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INTRODUCTION 

The advent of  more expensive energy than t h i s  na t ion  has been 

accustomed t o  i n  t h e  p a s t  has  s t imula ted  s u b s t a n t i a l  e f f o r t s  toward 

t h e  development of  s o l a r  energy a s  a, p o t e n t i a l  a l t e r n a t i v e  t o  

more convent ional  energy sources.  Sandia Nat ional  Labora tor ies  

(Albuquerque), a s  a  prime c o n t r a c t o r  t o  t h e  Department of Energy, 

has  been engaged w i t h  indus t ry  i n  the  development of  s o l a r  technology 

for  s e v e r a l  yea r s  [l-31. Primary emphasis i n  t h e  s o l a r  thermal a r e a  

has  been i n  pa rabo l i c  trough l ine- focus ing  c o l l e c t o r s  w i t h  ou tpu t  

f l u i d  temperatures  of  200  - 6 0 0 ° ~ .  Approximately one-half of  U. S. 

i n d u s t r i a l  process  h e a t  usage is below 6 0 0 ~ ~ ;  t h e r e f o r e ,  s o l a r  

thermal systems which a r e  e f f i c i e n t  i n  t h a t  temperature range a r e  

of i n t e r e s t .  

A pa rabo l i c  trough c o l l e c t o r  (F ig .  1) m u s t  t r ack  t h e  sun along 

one a x i s  so a s  t o  maintain t h e  sun i n  i t s  f o c a l  plane. The incoming 

rays  of  l i g h t  a r e  nea r ly  p a r a l l e l  and a r e  r e f l e c t e d  and concent ra ted  

a t  t h e  focus of  t h e  parabola where t h e  r e c e i v e r  tube is placed 

( F i g .  2 ) .  . . .  

The p r i n c i p l e  s t r u c t u r a l  member of a  focusing c o l l e c t o r  

system is  t h e  r e f l e c t o r  suppor t  s t r u c t u r e .  I t  m u s t  provide t h e  

c o r r e c t  o p t i c a l  shape fo r  t h e  r e f l e c t i v e  s u r f a c e  which i t  supper ts ,  

and maintain t h a t  shape within s p e c i f i e d  t o l e r a n c e s  during opera t ion  

under the  in f luences  of wind, g r a v i t y  and thermal e f f e c t s .  The 



. . 
r e f l e c t o r  suppor t  s t r u c t u r e  m u s t  a l s o  s u r v i v e  and p r o t e c t  t h e  

r e f l e c t i v e  s u r f a c e  under extreme weather c o n d i t i o n s ,  and withstand 

t h e  d e t r i a e n t a l  e f f e c t s  of long-term exposure t o  t h e  environment. 

This paper will d i s c u s s  an approach t o  t h e  f a b r i c a t i o n  of 'a 

- l ine- focus ing  parabo, l ic  trough r e f l e c t o r  s t r u c t u r e  which o f f e r s  t h e  

p o t e n t i a l  of high performance while u t i l i z i n g  mass product ion  type 

. technology w i t h  p o t e n t i a l  f o r  low c o s t .  The concept  is one of a  

molded s t r u c t u r e  of f i b e r  r e i n f o r c e d  p1as t i .c  with an i n t e g r a l l y  

molded s i l v e r e d  g l a s s  r e f l e c t i v e  sur face .  Sheet  molding compound 

(SMC), a  mixtur.e of g l a s s  f i b e r s  and inorganic  f i l l e r s  i n  p o l y e s t e r  , 

r e s i n ,  has  been s e l e c t e d  f o r  ' e v a l u a t i o n  a s  r e p r e s e n t a t i v e  of r e i n f o r c e d  

p l a s t i c  molding mate r i a l s .  

The purpose of t h e  work desc r ibed  i n  t h i s  paper was t o  e s t a b l i s h  

t h e  f e a s i b i l i t y  of molding g l a s s  m i r r o r s  i n t o  SMC s t r u c t u r a l  trough, 

panels ;  I f  t h e  e f f o r t  proved s u c c e s s f u l ,  the.  nex t  s t a g e  of development 

would, be demonstration of t h e  s t r u c t u r e  i n  a  trough c o l l e c t o r  ( F i g . .  

3 )  which incorpora tes  i n d i v i d u a l  SMC r e f l e c t o r  pane l s  (F ig .  4 ) .  The 

trough h a s  a  2 x 6 m a p e r t u r e  w i t h  s i x  i n d i v i d u a l  SMC pane l s  mounted 

on a torque tube a s  t h e  main suppor t  s t r u c t u r e .  

Glass  R e f l e c t o r s  

Second s u r f a c e  s i l v e r e d  g l a s s  m i r r o r s  a r e  cons idered  t o  be 

t h e  l ead ing  contender in  t h e  f i e l d  of r e f l e c t o r  m a t e r i a l s  f o r  t h e  

. f o l l o w i n g  reasons:  (1) t h e r e  is an e s t a b l i s h e d  technology and 

production f a c i l i t i e s  f o r  s i l v e r e d  m i r r o r s ;  ( 2 )  the, smoothness of 

t h e  g l a s s  s u r f a c e  g i v e s  high s p e c u l a r i t y ;  4 3 )  g l a s s  has  good 

d u r a b i l i t y  i n  a  weather ing environment inc lud ing .  UV and  ab ras ion  

r e s i s t a n c e ;  ( 4 )  g l a s s  has a  lower p ropens i ty  t o  d i r t  accumulation 
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and e a s i e r  c leaning .  than p l a s t i c  f i l m s ;  and, ( 5 )  raw m a t e r i a l s  fog 

. . .  
, . 

g l a s s  a r e  p l e n t i f u l .  The major des ign  c o n s i d e r a t i o n s  of g l a s s  m i r r o r s  

a r e  weight and f r a g i l i t y .  Specular  r e f l e c t a n c e s  of .88 t o  .95 can 

be achieved with g l a s s  r e f l e c t o r s .  

The primary g l a s s  m a t e r i a l s  f o r  r e f l e c t o r  m i r r o r s  a r e  chemical ly  

s t rengthened g l a s s  and thermal ly  formed (sagged)  g l a s s .  The 

chemical ly  s t rengthened g l a s s e s  a r e  u s u a l l y  a l u m i n o s i l i c a t e s  o r  

% b o r o s i l i c a t e s  processed i n  ano ion exchange ba th  t o  achieve  u l t i m a t e  

. . t e n s i l e  s t r e n g t h s  of 40 - 50,000 p s i .  A p i e c e  of t h i s  s t r eng thened  

g l a s s  is very s i m i l a r  t o  a  p i e c e  of medium s t r e n g t h  aluminum a l l o y .  

6 The Youngss Modulus is the  same', 10 x 10 p s i ;  t h e  two p i e c e s  a r e  

l i t e r a l l y  of t h e  same f l e x i b i l i t y  except  t h a t  when t h e  alunimum y i e l d s ,  

. t h e  g l a s s  f r a c t u r e s  and d i c e s .  

The sagged g l a s s  panels  a r e  u s u a l l y  low i r o n  f l o a t  g l a s s  of 

th icknesses  of .060 - -090 inch formed by h e a t i n g  and then p r e s s i n g  

o r  a l lowing t o  g r a v i t y  sag t o  the  mold contour .  Curved pane l s  a r e  

more d i f f i c u l t  t o  s i l v e r  . 
Reflec tor  Contour Accuracy 

Col l ec to r  r e f l e c t o r  performance is a l s o  dependent on t h e  

accuracy of the  pa rabo l i c  contour .  By d e f i n i t i o n  f o r  a  

parabola,  incoming p a r a l l e l .  l i g h t  r a y s  a r e  r e f l e c t e d  s o  t h a t  

they  a l l  converge a t  the  focus of t h e  parabola.  Inaccurac ies  

in t he  pa rabo l i c  contour would' cause  the  r e f l e c t e d  l i g h t  t o  m i s s  

t h e  locus .  



A t h e o r e t i c a l  pa rabo l i c  s u r f a c e  . . ,... can be .  de f ined  e a s i l y .  A 

t o l e rance  zone on e i t h e r  s i d e  of t h e  t r u e  parabola  can be s p e c i f i e d ,  

sometimes with a  very l i b e r a l  t o l e r a n c e ;  however, t h e  c r i t i c a l  

f a c t o r  is the .  s t a t i s t i c a l  summary of t h e  s l o p e  e r r o r s *  of t h e  e n t i r e  

r e f l e c t o r  [ 4 ,  51. A 2.5 m i l l i r a d i a n  rms s t a n d a r d  d e v i a t i o n  s l o p e  

e r r o r  (17 mrad = lo) is requ i red  f o r  a high performance r e f l e c t o r  

s t r u c t u r . e ,  

8 Since  a  r e f l e c t o r  s t r u c t u r e  is an o p t i c a l  dev ice ,  o p t i c a l  

means were developed t o  i n s p e c t  it. A l a s e r  r a y  t r a c e  dev ice .  was 

designed and developed which c a n  scan  t h e  parabola  w i t h  m u l t i p l e  

t r ansverse  t r a c e s  from rim t o  r im [6-91. The p o s i t i o n  of t h e  

r e f l e c t e d  beam of l i g h t  is sensed a t  o r  near  t h e  focus  by a 

d e t e c t o r  and t h e  e r r o r  recorded. The rms s lope .  e r r o r  is determined 

from a  l a r g e  number of d i s c r e t e  p o i n t s  on t h e  mir ror  s u r f a c e .  

Laser r ay  t r a c e  d a t a  can a l s o  be u t i l i z e d  t o  provide o t h e r  va luab le  

information regarding  the c h a r a c t e r  i s t i c s  of t h e  r e f l e c t o r  such a s  

f o c a l  length, '  warping, l o c a l  a r e a s  'of deformation,  e t c .  The ' l a s e r  

r a y '  t r a c e  is no t  a  product ion i n s p e c t i o n  t 'ooi ;  i t  is a  va luab le  R 

' .  & D and process  development t o o l .  

EARLY INVESTIGATION OF SMC 

Sheet molding compound has  been used f o r  15-20 y e a r s  i n  t h e  

manufacture 0.f bus iness  machine c a s e s ,  e l e c t r i c a l  components, 

and c o n s t r u c t i o n  m a t e r i a l s .  More r e c e n t l y ,  the '  need t o  produce 

*Slope e r r o r  is def ined  a s  t h e  d e v i a t i o n  from t h e  t h e o r e t i c a l  
s lope  of a - p a r t i c u l a r  po in t  on a  p a r a b o l i c  s u r f a c e .  



. . 

l i g h t e r  weight, more e f f i c i e n t  automobiles  has  l e d  t o  the  
. . 

,. . . . replacement  of s h e e t  metal  assembl ies  with molded SMC by- a l l  t h e  . . .  ...., . . 
. . 

major automobile manufacturers.  The primary purposes a r e  r educ t ion  . 

of weight and f a b r i c a t i o n  of  a  s i n g l e  molded p a r t  t o  r e p l a c e  a 

complex assembly. 

I n  a d d i t i o n  t o  being a  mater i a l /des ign  p r e s e n t l y  used in  mass 

product ion,  o t h e r  f a c t o r s  i n d i c a t e d  t h a t  SMC was p o t e n t i a l l y  

4 
a t t r a c t i v e '  f o r  u s e  in  s o l a r  r e f l e c t o r  s t r u c t u r e s .  Those cons idera-  

t i o n s  include c o s t ,  t a i l o r  a b l e  thermal and mechanical proper t i e s ,  

d u r a b i l i t y  in  outdoor weathering [lo], and a  proven technology f o r  

t h e  f a b r i c a t i o n  of l a r g e  curved s t r u c t u r e s  [ll,  1 2 1 .  

To f u r t h e r  i n v e s t i g a t e  t h e  p o t e n t i a l  f o r  SMC a s  a  r e f l e c t o r  

s t r u c t u r e  m a t e r i a l ,  pane l s  of SMC were inc luded i n  a  p r o j e c t  

aimed a t  i n v e s t i g a t i n g  a  wi-de v a r i e t y  of m a t e r i a l s ,  m a t e r i a l s  

combinations,  and f abr i c a t  ion techniques  s u i t a b l e  f o r  producing 

pa rabo l i c  t rough .  s t r u c t u r e s .  Pa rabo l i c  pane l s  4 x 2 f t ,  w i t h  a  

45' rim angle ,  and 3 0 '  inch f o c a l  l e n g t h  were f a b r i c a t e d  on 

a n  aluminum male mold. Haveg I n d u s t r i e s ,  Santa  Fe  Spr ings ,  

C a l i f o r n i a ,  produced t h e  female p a r t  of t h e  mold w i t h  the  r i b  

p a t t e r n  shown i n  Fig.  5, and molded a  number .of u n i t s  w i t h  a  g e n e r a l  

purpose SMC. Various r e f l e c t o r  mater i a l s  were a p p l i e d ,  the  u n i t s  

were inspected  w i t h  t h e  l a s e r  r a y  t r a c e ,  and then s u b j e c t e d  t o  an  

a c c e l e r a t e d  thermal cyc l  ing environmental  t e s t i n g  program. 

The thermal cyc l ing  c o n s i s t e d  of an eight-hour  c y c l e  w i t h  

two hours a t  each extreme temperature of - 2 0 ' ~  and +130°F', and 

a two-hour t r a n s i t  ion time be tween t h e  extremes. Relat  ive 



humidi ty  was c o n t r o l l e d  between 4 5 %  and 85%. Laser  i n s p e c t i o n  was 

conducted a t  r e g u l a r  i n t e r v a l s .  The SMC p a r t s  proved t o  b e  dimen- 

s i o n a l l y  s t a b l e ;  l i t t l e  change was observed  i n  f o c a l  l e n g t h  o r  rms 

s l o p e  e r r o r  a f t e r  1 3  months of  chamber exposure  [13] .  

SMC t rough  pane l s  p o t e n t i a l l y  o f f e r  two a d d i t i o n a l  s i g n i f  i- 

c a n t  advantages  over o t h e r  f a b r i c a t i o n  t e c h n i q u e s :  1) molding 

of  t h e  g l a s s  r e f l e c t o r  i n t o  t h e  SMC s t r u c t u r e ,  t h u s  e l i m i n a t i n g  

secondary bonding o p e r a t i o n s ;  and 2 )  p rov id ing  bonded, t o t a l  

e n c a p s u l a t i o n  p r o t e c t i o n  f o r  t h e  s i l v e r e d  c o a t i n g  on t h e  g l a s s  

which enhances  a  long-term envi ronmenta l  c a p a b i l i t y  . 
S e v e r a l  a t t e m p t s  a t , m o l d i n g  g l a s s  m i r r o r s  i n t o  SMC were made 

by Haveg f o r  Sandia  and o t h e r  companies. There  were some 

s u c c e s s e s  and some f a i l u r e s .  F l a t  molded s e c t i o n s  tended t o  

. . s u r v i v e .  Molding wi th  annea l ed  g l a s s  m i r r o r s  which were e las t i -  

c a l l y  p re s sed  t o  a  curved s e c t i o n  g e n e r a l l y  f r a c t u r e d .  Bare g l a s s  

would n o t  adhere  t o  t h e  SMC. The SMC g e n e r a l l y  bonded t o  t h e  

p a i n t  o f  t h e  s i l v e r / c o p p e r / p a i n t  c o a t i n g .  

Th i s  e a r l y  work w i t h  SMC e s t a b l i s h e d  i t  a s  a p o t e n t i a l  m a t e r i a l  

f o r  pa rabo l  i c  t rough  r e f l e c t o r  s t r u c t u r e s ;  i t  a l s o  d e l i n e a t e d  

s p e c i f i c  problem a r e a s  which r e q u i r e d  f u r t h e r  i n v e s t i g a t i o n .  



MOLDING STUDIES 

The primary o b j e c t i v e  of the '  molding program was t o  

determine the  s u r v i v a b i l i t y  of chemical ly  s t r eng thened  and sagged 

g l a s s  i n  t h e  SMC molding opera t  ion.  Secondary o b j e c t i v e s  inc luded 

t h e  de terminat ion  o f :  (1) t h e  e f f e c t s  of molding temperatures  and 

p ressu res  on g l a s s  and s i l v e r  c o a t i n g s ;  ( 2 )  " s ink"  e f f e c t s  a t  r i b s ;  

( 3 )  t h e  e f f e c t  of the  b i m a t e r i a l  response of two m a t e r i a l s  with 

d i f f e r e n t  c o e f f i c i e n t s  of thermal expansion on t h e  o p t i c a l  accuracy 

of a  SMC/glass p a r t ;  ( 4 )  t h e  e f f e c t  of g l a s s  on one f a c e  

of t h e  p a r t  on the  cu re  of t h e  SMC; ( 5 )  t h e  environmental  d u r a b i l i t y  

of panels  with molded-in g l a s s  m i r r o r s ;  and ( 6 )  t h e  a p p r o p r i a t e  

processing parameters and handl ing  and p rehea t ing  of  t h e  g l a s s .  

P a r t  D e s c r i m  

S t r u c t u r a l  a n a l y s i s  i n d i c a t e d  t h a t  S M C  pane l s  could be simpl i f  i ed  

and l igh tened  by t h e  e l i m i n a t i o n  of some i n t e r n a l  r i b s  and s t i l l  meet 

design requirements [14] . To e v a l u a t e  t h e  simpl i f  ied  concept ,  t h e  

previous ly  used 4 x 2 f t  mold was modified t o  al low f a b r i c a t i o n  

of panels  in  two conf igura t ions .  Conf igura t ion  I c o n s i s t e d  

of a  curved 4 x 2  f t  f r o n t  f a c e  with a  p e r i p h e r a l  r i b  o r  f l ange  

on the  back s i d e  a l l  t h e  way around t h e  p a r t ;  t h e r e  were a l s o  

c e n t e r l i n e  r i b s  running i n  b o t h  d i r e c t i o n s .  A l l  r i b s  were 

1.875-in deep, -250-in th ick  a t  t h e  ruut arid -125-irl,  thick 

a t  t h e  t i p .  ' Configurat ion I1 (2-r i b )  d e l e t e d  t h e  c e n t e r l i n e  

r i b s ,  The SMC f a c e  of the  panel  was 0.155-in t h i c k .  

A t o t a l  o f  18 p a r t s  were t o  be molded i n  t h e  two conf igura-  

t i o n s .  For each con£ i g u r a t i o n ,  i t  was planned t o  mold t h r e e  



u n i t s  o f  all-SMC ( n o  g l a s s ) ,  three u n i t s  w i t h  t h e  Code 0317 

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

a n n e a l e d  Code 0317 g l a s s  t h a t  had been t h e r m a l l y  f o r m e d , ( s a g g e d )  

t o  t h e  p a r a b o l i c  c o n t o u r .  The SMC m a t e r i a l  s e l e c t e d  was 'Haveg's 

9220-30, a  low p r o f i l e ,  CaC03 f i l l e d  f o r m u l a t i o n  w i t h  30 w e i g h t  

p e r c e n t  1- in  l o n g  chopped f i b e r g l a s s  r e i n f o r c e m e n t .  

Moldinq P r o c e d u r e s  

A f t e r  minor a d j u s t m e n t s  o f  t h e  c h a r g e  p a t t e r n  and w e i g h t ,  t h e  

t h r e e  all-SMC p a r t s  were molded s u c c e s s f u l l y .  The female  mold 

h a l f  was a t t a c h e d  t o  t h e  t o p  ( f i x e d )  p a r t  o f  t h e  p r e s s  and t h e  male  

( p a r a b o l i c  f a c e )  h a l f  o f  t h e  mold t o  t h e  lower  (moveab le )  p a r t  o f  

t h e  p r e s s .  T h e i r  a l i g n m e n t  was s u c h  t h a t  t h e  molded SMC f a c e  

between t h e  two mold h a l v e s  was n o t  o f  uni form t h i c k n e s s .  The t h i c k -  

n e s s  v a r i e d  between .090 t.0 .160-in. To a l l e v i a t e  t h i s  v a r i a t i o n ,  . 

mechanica l  s t o p s .  i n  t h e  form o f  t h i n  m e t a l  sh ims  were p l a c e d  

on t h e ' f l a t  f a c e s  between t h e  two mold h a l v e s ;  t h e s e  sh ims  

provided p a r a l l e l  a l i g n m e n t  o f  t h e ' t w o  h a l v e s  and produced SMC p a r t s  

w i t h  uni form f a c e  t h i c k n e s s e s .  T h i s  u s e  o f  s t o p s  may have  been t o  

t h e  d e t r i m e n t  o f  t h e  m a t e r i a l  c h a r a c t e r i , s t i c s  o f  t h e  molded SMC 

due t o .  t h e  l a c k  o f  f u l l  and c o n s t a n t ' p r e s s u r e  on  t h e  SMC d u r i n g  

its cure c y c l e ,  

The c h a r g e  f o r  c o n f i g u r a t i o n  I ( i n t e r n a l  r i b s )  c o n s i s t e d  o f  a 

s t a c k  o f  s h e e t s  o f  SMC o v e r  90% o f  t h e  mold a p e r t u r e  p l u s  two o r  

t h r e e  s t r i p s  o f  SMC a b o u t  1-3/4" wide  runn ing  a l o n g  t h e  two c e n t e r -  

l i n e s  t o  p rov ide  m a t e r i a l  f o r  t h o s e  r i b s ,  The as-molded a p p e a r a n c e  

o f  a  c o n f i g u r a t i o n  I p a r t  is shown i n  F ig .  6. 



The mold ing  o f  t h e  c h e m i c a l l y  ' s t r e n g t h e n e d .  g l a s s  was a t t e m p t e d  

w i t h  t h e  same SMC c h a r g e .  The  f l a t  g l a s s  m i r r o r  was  p r e h e a t e d  t o  

1 2 8 0 ° ~  t o  a v o i d  t h e r m a l  s h o c k  o.n t h e  g l a s s  when p l a c e d  i n  t h e  mold.  

Two d i f f e r e n t  a p p r o a c h e s  were t a k e n  i n  l o a d i n g  t h e  c h e m i c a l l y  
. . .  

s t r e n g t h e n e d  g l a s s  a n d  ~ ~ ~ . . c h a r ~ e .  I n  o n e  a p p r o a c h ,  t h e  h e a t e d  mold  

was o p e n e d ,  t h e  p r e h e a t e d '  g l a s s  was p l a c e d  i n  t h e  mold a n d  t h e  c h a r g e  

was p l a c e d  o n  t o p  o f  t h e  s i l v e r e d  s i d e  o f  t h e  g l a s s .  The w e i g h t  o f  

t h e  c h a r g e  o n  t h e  f l a t  g l a s s  c a u s e d  i t  t o  f l e x  downward a n d  a l m o s t  
I 

I 

confo rm t o  t h e  m a l e  mold. The p o s i t i o n  o f  t h e  g l a s s  was c h e c k e d  

and t h e  mold c l o s e d .  Mold p a r a m e t e r s  w e r e  670 p s i  a n d  3 0 0 ' ~ .  T h e  

o t h e r  s e q u e n c e  was t o  remove t h e  p r e h e a t e d  g l a s s  f r o m  t h e  o v e n ,  p l a c e  

t h e  SMC c h a r g e  o n  t h e  s i l v e r e d  s i d e  o f  t h e  g l a s s  a n d  l o w e r  t h i s  

c o m b i n a t i o n  i n t o  t h e  mo ld ,  p o s i t i o n  i t  c ' a r e f u l l y  a n d  c l o s e  t h e  mo ld .  

C o n s i d e r a b l e  c a r e  was t a k e n  t o  a s s u r e  t h a t  t h e  f a c e  o f  t h e  

m a l e  mold was c l e a n .  Any p a r t i c l e  o f  g r i t  b e t w e e n  t h e  g l a s s  

and  t h e  mold would b e  h i g h l y  l i k e l y  t o  c a u s e  f r a c t u r e  o f  t h e  

g l a s s ,  The f i r s t  u n i t  o f  s t r e s s e d - g l a s s  molded  q u i t e  s u c c e s s -  

. ' f u l l y .  The s e c o n d  o n e  was h e a r d  t o  f r a c t u r e  j u s t  a s  t h e  mold 

c o m p l e t e d  c l o s i n g .  The  p a r t  was  c u r e d  a n d  removed f r o m  t h e  

mold.  F rac tu re  o f  a s t r e s s e d  p i e c e  o f  g l a s s  c a n  b e  t r a c e d  t o  

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

s o u r c e  p i e c e s  o f  g l a s s  were pos t -mor t emed ;  i t  was d e t e ~ m i n e d  

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

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

s t r e n g t h e n e d  g l a s s  w e r e  molded s u c c e s s f u l l y  w i t h  no  p r o b l c m s .  

I t  s h o u l d  b e  n o t e d  t h a t  t h e  p r e s s u r e  o f  t h e  SMC c h a r g e  o n  

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



t h e  mold and  d i d  n b t  a l l o w  e i t h e r  t h e  r e s i n  o r  f i b e r g l a s s  o f  

t h e  SMC t o  r u n  u n d e r  t h e  g l a s s .  The  f r o n t  s u r f a c e  o f  t h e  

g l a s s  wzs c l e a n  e x c e p t  f o r  some mold r e l e a s e  w h i c h  r e q u i r e d  

c l e a n i n g  w i t h  a  s o l v e n t .  A molded  p a r t  w i t h  a  c h e m i c a l l y  

s t r e n g t h e n e d  g l a s s  mirror s u r f a c e  is shown i n  F i g .  7. 

Molding o f  t h e  s a g g e d  g l a s s  p a n e l s  was  o n l y  s l i g h t l y  d i f f e r e n t  

i n  p r o c e s s .  The s a g g e d ,  a n d  a n n e a l e d  c u r v e d  g l a s s  p a n e l s  were t o o  

weak t o  j u s t i f y  p l a c e m e n t  o f  t h e  SMC c h a r g e  o n  t h e  g l a s s  p r i o r  t o  

p l a c e m e n t  i n  t h e  mold;  t h e r e f o r e ,  t h e  g l a s s  was  p l a c e d  i n  t h e  

mold a n d  a l l o w e d  t o  b e  h e a t e d  b y  t h e  mold f o r  a f e w  m i n u t e s  p r i o r  

t o  p l a c e m e n t  o f  t h e  c h a r g e  o n  t h e  back o f  t h e  g l a s s ,  

The m o l d i n g  o f  t h e  s a g g e d  g l a s s  u n i t s ' r e s u l t e d  i n  b r e a k a g e  i n  

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

l a s t  u n i t  was i n c r e a s e d  t o  t h e  maximum p r a c t i c a 1 : T h e  r e s u l t a n t  

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

u n i t s  b u t  no  m a j o r  c o n c l u s i o n s  c a n  be d i a w n  f r o m  t h i s  d i f f e r e n c e .  

I t  a p p e a r s  t h a t  t h e  s t r e n g t h  o f  t h e  c h e m i c a l l y  s t r e n g t h e n e d  g l a s s *  

i s  i m p o r t a n t  t o  s u r v i v i n g  SMC m o l d i n g  c o n d i t i o n s .  

I t  a p p e a r s  t h a t  t h e  a c c u r a c y  o f  t h e  s a g g e d  g l a s s  d o e s  n o t  

e q u a l  t h a t  o f  t h e  m a l e  mold; t h e r e f o r e ,  when t h e  p r e s s u r e s  o f  

mo ld ing  f o r c e  t h e  g l a s s  t o  c o n f o r m  t o  t h e  mold c o n t o u r ,  t h e  

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

s t r e s s e s .  T h e r e  i s  a l s o  a  t e m p e r a t u r e  d i f f e r e n c e  d e v e l o p e d  

a c r o s s  t h e  t h i c k n e s s  o f  t h e  g l a s s .  The mold ( b o t t o m )  s i d e  o f  

t h e  g l a s s  i s  a t  3 0 0 ' ~ ;  t h e  u p p e r  s i d e  o f  t h e  g l a s s  ( t h e  s i l v e r e d  

s i d e )  i s  c o o l e d  b y  t h e  SMC c h a r g e  w h i c h -  i s  i n i t i a l l y  a t  room 
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temperature.  The temperature ' d i f f e r e n t i a l  induces  t e n s i o n  i n  

t h e  s i l v e r e d  s i d e  of  t h e  g l a s s .  The combined s t r e s s e s  appear t o  

be higher than g l a s s  can s t a n d ,  and i t  f r a c t u r e s .  The p r o s p e c t s  of  

molding sagged p a n e l s  a r e  no t  promising. 

EVALUATION OF MOLDED UNITS 

Evaluat ion of  t h e  molded SMC parabo las  was conducted i n  four  

areas: (1) s u r f a c e  mapping w i t h  t h e  l a s e r  r a y  t r a c e ;  ( 2 )  mechan- 

, i c a l  proper ty  measurements a s  a  f u n c t i o n  of  l o c a t i o n  i n  t h e  

s t r u c t u r e ;  ( 3 )  thermochemical a n a l y s i s  ( d e g r e e  of  c u r e ,  component 

volume f r a c t i o n s ,  f i l ament  o r i e n t a t i o n ,  e t c . ) ;  and, ( 4 )  dimen- 

s i o n a l  s t a b i l i t y  under temperature and humidi ty c y c l i n g  c o n d i t i o n s .  

As-Molded Opt ica l  C h a r a c t e r i s t i c s  

Laser ray  t r a c e  r e s u l t s  f o r  t h e  SNC p a n e l s  i n  t h e  as-molded 

cond i t ion  a r e  g iven  i n  Table I .  Comparison .of t h e  2 - r ib  and 3- r ib  " 

r e s u l t s  f o r  t h e  all-SMC u n i t s  ( n o  'molded i n  g l a s s )  shows t h a t  both  r i b  

c o n f i g u r a t i o n s  a r e  w i t h i n  one p e r c e n t  of  t h e  mold f o c a l  l e n g t h .  

Configurat ion I ( 3 - r i b )  has  c losed  s l i g h t l y  ( lower f o c a l  l e n g t h )  

w i t h  r e s p e c t  t o  t h e  mold and t o  Conf igura t ion  11. A s i m i l a r  

r e s u l t  was seen on previous  moldings w i t h  i n t e r n a l  r i b s  (6 , 

1 3 ) .  The cause o f  t h e  high s l o p e  e r r o r s  i n  Conf igura t ion  I i s  

unknown. Examination of p l o t s  of  s l o p e  e r r o r  v s .  s u r f a c e  l o c a t i o n  

f o r  Configurat ion I shows a  g e n e r a l  s u r f a c e  roughness between t h e  

r ibs  and a  s p i k e  i n  s l o p e  e r r o r  along t h e  v e r t e x .  Visual  examinat ion 
. . 
of the  3 - r ib  pane l s  revealed a  n o t i c e a b l e  s i n k  o r  d e p r e s s i o n  along 

t h e  ver tex  r i b .  Sink was no t  e v i d e n t  'a t  t h e  rim-to-rim i n t e r n a l '  r i b .  
'I 



Slope e r r o r s  in.Configuration I1 (2-rib '  panels)  a r e  uniform over 

the surface  except.  for a small increase a t  the  vertex and a r e  com- 

parable to  previously observed r e s u l t s  [6, 131. The d i s t o r t i o n  a t  

the  vertex may be due t o  the mold i t s e l f  because s imi l a r  behavior 

has been seen i n  other mater ia ls .  I t  appears t h a t  the r i b  

spacing in  the  3-r ib  design is s h o r t  enough t o  influence the  cure 

shrink behavior i n  the face shee t  which causes deviat ions  from 

t h e  mold surface .  

Optical c h a r a c t e r i s t i c s  for  2- and 3-rib panels w i t h  molded-in 

s i lve red  g l a s s  surfaces  i n  the  as-molded condit ion a r e  al.so' shown 

i n  Table I. Both conf igurat ions  appear equivalent  in  

behavior w i t h  a ,  molded-in, thermally-formed (sagged) g l a s s  

surface.  In both cases,  the d i f f e r e n t i a l  expansion between the 

g l a s s  and SMC has caused the parabola t o  open up t o  a longer 

focal  length. The increase in foca.1 length '  from .the mold repre- 

s en t s  a change of 4 . 5  percent. Slope e r r o r s  w i t h  the  sagged 

g la s s  surfaces  a re  on the order expected for  g l a s s  sur faces ,  i .e . ,  

1 .5 -2 .0  mrad.  h he surface plots of slope e r r o r  show them to  be 

qu i te  smooth and uniform except fo r  some d i s t o r t i o n  a t  the vertex.  

L i t t l e  d i f ference can' be seen between the  2- and 3-r i b  designs,  

even a t  the vertex. There is no evidence of s i n k  e f f e c t s  or of an 

e f f e c t  of the  cracks on the l a s e r  measurements. 

As shown i n  Table I, s l i g h t  d i f fe rences  i n  o p t i c a l  charac- 

t e r i s t i c s  a re  seen between the two designs w i t h  molded-in 

chemically strencj.thened g la s s  surfaces..  The 3-rib panels have 

opened s l i g h t l y  more than the  2-r ib. Such an e f f e c t  might be 



e x p e c t e d  because  t h e  h i g h e r  s e c t i o n  modulus . . o f  t h e  3-r i b  p a n e l  would 

a l l o w  t h e  SMC t o  i n f l u e n c e  t h e  f i n a l  geomet ry  t o  a g r e a t e r  e x t e n t .  

T h a t  a  s i m i l a r  d i f f e r e n c e  was n o t  s e e n  w i t h  t h e  t h e r m a l l y  formed 
. . 

g l a s s  s u r f a c e s  may be  due , t o ,  t h e ,  c r a c k s  i n  t h e  g l a s s  a l l o w i n g  some 

amount of  s t r e s s  r e l i e f .  ~ ' i g h e r  s l o p e  e r r o r s  a r e  a l s o  e v i d e n t  i n .  

t h e  s t r e n g t h e n e d  g l a s s  s u r f  a c e  u n i t s .  Examina t ion  o f  t h e  s l o p e  e r r o r  

p l o t s  and v i s u a l  o b s e r v a t i o n  o f  t h e  s t r e n g t h e n e d  g l a s s  p a n e l s  

r e v e a l e d  t h a t  ' t h e  g l a s s  d i d  n o t  form i n t o  a  smooth p a r a b o l i c  a r c ,  

a' 
b u t  r a t h e r  deformed i n  a '  s e r i e s  o f  s h o r t  s t r a i g h t  s e c t i o n s  o r  c h o r d s  

t o  t h e  a r c .  Such b e h a v i o r  r e s u l t s  i n  s u n l i g h t  b e i n g  r e f l e c t e d  i n  

a s e r i e s  o f  b u n d l e s  a s  s e e n  i n  F i g u r e  7 ,  r a t h e r  t h a n  i n  a n  i d e a l  

uni form a r c .  Chording was a l s o  o b s e r v e d  i n  t h e  2 - r i b  p a n e l s ,  b u t  

t o  a  l e s s e r  e x t e n t .  How t h e  SMC f l o w  and c u r e  b e h a v i o r  d u r i n g  mold ing  

i n f l u e n c e s  t h e  g l a s s  d e f o r m a t i p n  mode is unknown and  w i l l  

r e q u i r e  f u r t h e r  s t u d y .  

The l a s t  two p a n e l s  molded i n  C o n f i g u r a t i o n  I1 u t i l i z e d  Haveg 's  

9230-30 f o r m u l a t i o n  and  c h e m i c a l l y  s t r e n g t h e n e d  g l a s s  i n  o r d e r  t o  

p r o v i d e  p a r t s  of a d i f f e r e n t  SMC m a t e r i a l .  The i n c r e a s e  i n  f o c a l  

l e n g t h  was s l i g h t l y  g r e a t e r  t h a n  f o r  t h e  9220-30 m a t e r i a l ;  

s i m i l a r l y  t h e  s l o p e  e r r o r  was g r e a t e r  ( S e e  T a b l e  I ) .  The 

i n c r e a s e  i n  f o c a l  l e n g t h  is i n d i c a t i v e  o f  t h e  h i g h e r  e x p a n s i o n  

o f  9230-30. Both o f  t h e  9230-30 u n i t s  r e s u l t e d  i n  damage t o  

l o c a l  a r e a s  o f  t h e  s i l v e r / g l a s s  i n t e r f a c e  d u r i n g  molding.  For 

unknown r e a s o n s  t h e  SMC m a t e r i a l  p u l l e d  t h e  s i l v e r  l o o s e  from t h e  

g l a s s  i n  a r e a s  a l o n g  one  s i d e  o f  o n e  u n i t  and  b o t h  s i d e s  o f  t h e  

o t h e r .  P o s s i b l e  c a u s e s  i n c l u d e :  a  high.er  v i s c o s i t y  o f  t h e  m a t e r i a l  

d u r i n g  molding;  p o s s i b l e  e f f e c t s  o f  a  d i f f e r e n t  r e s i n ,  o r  poor , 

q u a 1  i t y  s i l v e r  ing  . 



.. . ~ e c h a n  ic 'a l  P r o p e r t i e s  

Tens i l e  specimens. were machined from an SMC panel  and a  

panel with a  sagged g l a s s  s u r f a c e  (both  Conf igura t ion  I )  t o  

determine whether the  g l a s s  a f f e c t e d  SMC flow o r  cu re  dur ing  

molding. Specimens were taken  a t  vat  ious  l o c a t i o n s .  . i n  t h e  r  i b s  

and face  of the  p a r t s .  S ix  specimens of each type were t e s t e d  

on an Ins t ron  un ive r sa l  t e s t  machine a t  a c r o s s  head speed of 0.05 

in/min. S t r a i n s  were monitored w i t h  a  s t r a i n  gage extensometer.  

Modulus and s t r e n g t h  r e s u l t s  a r e  given i n  Table 11. The extreme 

s c a t t e r  ev iden t  in  t h e  d a t a  makes i t  d i f f i c u l t  in  some c a s e s  t o  

draw meaningful conclus ions  about t h e  flow behavior  of t h e  SMC. 

Some of the  v a r i a t i o n  i n  t h e  mechanical p r o p e r t i e s  may be due t o  

a l ack  of pressure  throughout  cure  because s t o p s  were used between 

the mold halves.  S c a t t e r  is a l s o  a  c h a r a c t e r  i s t i c  of t h e  var i- 

a b i l i t y  of SMC i t s e l f .  C o e f f i c i e n t s  of v a r i a t i o n  of  15  pe rcen t  

i n  modulus and 20  pe rcen t  i n  s t r e n g t h  a r e  r o u t i n e l y  seen f o r  SMC 

t e n s i l e  t e s t s  [ IS ] .  

Some amount of an i so t ropy  is seen between t h e  f a c e  m a t e r i a l  

and r i b  mater.ia1 i n  t h e  SMC u n i t s  a s  evidenced, by t h e  h igher  

modulus in  the r i b s  (Table 11). L i t t l e  d i f f e r e n c e  is seen  bet-  

ween the  r i b  depth and l e n g t h  which i n d i c a t e s  t h a t  no p r e f e r r e d  

o r i e n t a t i o n  is taking p lace  dur ing  flow i n t o  the  r i b s .  Also 

shown i n  Table I1 a r e  r e s u l t s  from f l a t  pane l s  which were pressed 

t o  s tops .  The low v a l u e s  from the  f l a t  s h e e t s  a r e  i n d i c a t i v e  of t h e  

need t o  provide adequate p ressu re  on t h e  SMC during cure. 



Comparison o f  t h e  r i b  p r o p e r t i e s  w i t h  and w i t h o u t  a  g l a s s  

s u r f a c e  ( T a b l e  11) i n d i c a t e s  t h a t  t h e  g l a s s  . i m p a r t s  l i t t l e  o r  no  

i n f l u e n c e  on t h e  f low b e h a v i o r  o f  t h e  SMC. The low s t r e n g t h s  

s e e n  i n  t h e  r i b  d e p t h  spec imens  w i t h  sagged  g l a s s  a re  b e l i e v e d  

due  t o  a  l a c k  o f  u n i f o r m i t y  i n  t h i c k n e s s  and a r e  n o t  r e p r e s e n -  

t a t i v e  o f  t h e  m a t e r i a l  i t s e l f .  

Good a d h e s i o n  between t h e  SMC and t h e  g lass /Ag/Cu/pain t  

m i r r o r  l a m i n a t e  is c r i t i c a l  t b t h e  mechan ica l  and e n v i r o n m e n t a l  

performance o f  t h e  SMC r e f l e c t o r s .  A s h e a r  t e s t  was d e v i s e d  t o  

e v a l u a t e  t h e  q u a l i t y  o f  t h e  SMC-mirror bond. Thick  adherend 

a d h e s i v e  t e s t i n g  t e c h n o l o g y  a s  d i s c u s s e d  i n  R e f .  1 6  was used t o  

minimize bending on t h e  specimen.  The s h e a r  spec imens  were 

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

because  a  v a l i d  s h e a r  t e s t  ' cou ld  n o t  be  d e v i s e d  f o r  cu rved  

specimens .  F a i l u r e  i n  t h e s e  spec imens  i n i t i a t e d  a t  f l a w s  i n  t h e  

f l o a t  g l a s s  s o  t h e  d e t e r m i n e d  s h e a r  s t r e n g t h  o f  2200  p s i  must b e  

viewed a s  a  lower  bound. Once i n i t i a t e d ,  t h e  c r a c k  a lways  propa- 

g a t e d  w i t h i n  t h e  p a i n t  l a y e r .  

Note t h e  e f f e c t  o f  t h e  9230-30 m a t e r i a l  on t h e  s i l v e r / g l a s s  

i n t e r  f a c e  d i s c u s s e d  e a r l i e r .  There  .is c o n c e r n  r e g a r d i n g  t h e  e n t i r e  

glass/silver/copper/paint/SMC i n t e r  f a c e  a r e a .  

Thermochemical C h a r a c t e r i z a t i o n  

T h e r e  was some c o n c e r n  a b o u t  t h e  c u r e  b e h a v i o r  o f  t h e  SMC 

n e a r  t h e  g l a s s  s u r f a c e  because  o f  t h e  poor h e a t  t r a n s f e r  t h r o u g h  t h e  

g l a s s .  To d e t e r m i n e  d e g r e e  o f  c u r e ,  t h r o u g h - t h e - t h i c k n e s s  t h e r m a l  

expans ion  c u r v e s  were d e t e r m i n e d  f o r  t h e  SMC f a c e s  w i t h  and w i t h o u t  



. . 

g l a s s .  Expansion was measured on a  Perkin-Elmer Thermomechanical 

Analyzer  TMS 1. A 5 gram l o a d  was a p p l i e d  t o  t h e  0.15 in 'ch d i a m e t e r  

e x p a n s i o n  probe.  Three  spec imens  e a c h  o f  SMC w i t h  and w i t h o u t  a  

g l a s s  s u r f a c e  were run .  Averaged r e s u l t s  f o r  t h e  two t y p e s  o f  s p e c i -  

mens a r e  p l o t t e d  i n  Fig .  8.  A somewhat h i g h e r  e x p a n s i o n  is s e e n  i n  

t h e  SMC w i t h  a  g l a s s  s u r f a c e .  Higher  e x p a n s i o n  i n  t h e r m o s e t  r ' e s i n s  

is i n d i c a t i v e  o f  a  lower  c r o s s - l i n k  d e n s i t y  o r  d e g r e e  o f  c u r e .  The 

e f f e c t  on g l a s s  t r a n s i t i o n  t e m p e r a t u r e .  Tg, is s l i g h t ,  however. Tg 
is d e t e r m i n e d  from t h e  c u r v e s  i n  F i g .  8 a s  t h e  i n t e r s e c t i o n  o f  

t a n g e n t s  drawn t o  t h e  l i n e a r  s e c t i o n s  o f  t h e  c u r v e s  above and below 

t h e  i n f l e c t i o n  p o i n t  o r  knee. Using t h a t  method, t h e  Tg o f  t h e  SMC 

w i t h  g l a s s  is lowered 11°~ t o  2 8 9 ' ~  compared t o  t h e  3 0 0 ' ~  Tg o f  t h e  

all-SMC p a n e l s .  Such a  s l i g h t  e f f ec t  is n o t  c o n s i d e r e d  s i g n i f i c a n t  

t o  t h e  performance  o f  a  r e f l e c t o r  s t r u c t u r e ;  however,  it s h o u l d  b e  

n o t e d  t h a t  t h e s e  development  u n i t s  were s u b j e c t e d  t o  a  l o n g  c u r e  

c y c l e  ( 1 5  min)  . Use o f  a  s h o r t ,  p r o d u c t i o n  c u r e  c y c l e  may e x a g g e r a t e  

t h e  lower  d e g r e e  o f  c u r e  o f  t h e  SMC n e a r  t h e  g l a s s .  

Chemical  a n a l y s i s  was a l s o  performed on t h e  molded p a n e l s  w i t h  

and w i t h o u t  g l a s s .  The o b j e c t i v e  o f  t h e s e  e v a l u a t i o n s  was t o  

d e t e r m i n e  whether  any f low s e p a r a t i o n  o f  components  o c c u r r e d  i n  t h e  

two t y p e s  o f  u n i t s .  Weight and volume f r a c t i o n s  o f  r e s i n ,  g l a s s ,  

and CaC03 from t h e  f a c e  and r i b  s e c t i o n s  a r e  g i v e n  i n  T a b l e  111. 

Resin  c o n t e n t ,  which i c c l u d e s  low p r o f i l e  a d d i t i v e s  and o t h e r  

o r g a n i c s  b e s i d e s  t h e  p o l y e s t e r  r e s i n ,  was d e t e r m i n e d  by b u r n o f f .  

CaC03 c o n t e n t  was d e t e r m i n e d  by d i s s o l u t i o n  i n  4 p e r c e n t  H C 1 .  G l a s s  

c o n t e n t  was d e t e r m i n e d  by weighing t h e  r e s i d u e  - a f t e r  b u r n o u t  and 

d i s s o l u t i o n .  Voids were d e t e r m i n e d  by d i f f e r e n c e .  F i l a m e n t  

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

conducted  c a r e f u l l y .  No p r e f e r r e d  f i l a m e n t  o r i e n t a t i o n  was e v i d e n t  



i n  any o f  t h e  samples .  Three  s e p a r a t e  samples  .were run  i n  e a c h  

1 , o c a t i o n  t o  o b t a i n  t h e  d a t a  g i v e n  i n  T a b l e  111. The volume f r a c t i o n  
. .. . .  . . .. , . . .  

d a t a  i n  ~ a b ' l e  I11 shows no a p p a r e n t  e f f e c t  o f  ' t h e  g l a s s  on f low 

o f  t h e  SMC: The o n l y  t r e n d s  which a r e  d i s c e r n i b l e  a r e  a n  i n c r e a s e  

i n  t h e  v a r i a b i l i t y  o f  t h e  c o n s t i t u e n t s  i n '  t h e  r i b  s e c t i o n s  and a  

h i g h e r  v o i d  c o n t e n t  i n  t h e  r i b s  o f  b o t h  all-SMC and g l a s s  s u r f a c e  

p a n e l s .  

Thermocycling Behavior  

A s  d i s c u s s e d  p r e v i o u s l y ,  t h e  glass-SMC t h e r m a l  e x p a n s i o n  

mismatch r e s u l t s  i n  a  b i - m a t e r i a l  e f f ec t  i n  t h e  p a n e l  d u r i n g  

cooldown from molding t e m p e r a t u r e .  The SMC a t t e m p t s  t o  c o n t r a c t  

more t h a n  t h e  g l a s s  producing r e s i d u a l  stresses i n  b o t h  m a t e r i a l s  

a s  t h e  p a n e l  opens  u p  t o  a  l o n g e r  f o c a l  l e n g t h .  The r e s u l t a n t  

s t r e s s e s  a r e  compress ion  i n  t h e  g l a s s ,  t e n s i o n  i n  t h e  SMC f a c e ,  

s h e a r  a t  t h e  i n t e r f a c e  and compress ion  n e a r  t h e  t i p  o f  t h e  r i b s .  

The SMC m a t e r i a l  w i l l  i n  t'ime t e n d  toward s t r e s s ' r e l i e f ;  t h e  
r 

molded SMC may c r e e p ,  p a r t i c u l a r l y  a t  e l e v a t e d  t e m p e r a t u r e s .  Such 

s t ress  r e l i e f  b e h a v i o r  r e s u l t s  i n  changes  i n  t h e  f o c a l  l e n g t h  o f  

t h e  molded p a n e l .  S i g n i f i c a n t  changes  i n  a  p a r t  i n  s e r v i c e  would 

be  u n a c c e p t a b l e  due t o  d e c r e a s e d  performance  o f  t h e  c o l l e c t o r .  

r To examine t h e  d i m e n s i o n a l  s t a b i l i t y  o f  t h e  molded p a n e l s  

under a c c e l e r a t e d  c o n d i t i o n s ,  some o f  t h e  molded p a n e l s  were 

thermocycled  i n  t h e  p r e v i o u s l y  used  e n v i r o n m e n t a l  chamber. The 

p a n e l s  were removed on a  p e r i o d i c  b a s i s  and mapped w i t h  t h e  l a s e r  

r a y  t r a c e .  A p l o t  o f  f o c a l  l e n g t h  v s .  number o f  c y c l e s  f o r  t h e  

C o n f i g u r a t i o n  I p a n e l s  is g i v e n  i n  F i g u r e  9. S i n c e  o n l y  one  'specimen 

o f  a  g i v e n  t y p e  was s u b j e c t e d  t o  t h e  t h e r m o c y c l i n g  env i ronment ,  a  

9 5  p e r c e n t  c o n f i d e n c e  l e v e l  f o r  t h e  l a s e r  t e c h n i q u e  is shown f o r .  , 

e a c h  d a t a  p o i n t .  The r e s u l t s  i n  F i g u r e  9 show t h a t  f o c a l  l e n g t h  



a a i p l e s  were run i n  each l o c a t i o n  t o  o b t a i n  the  d a t a g i v e n  i n  da able 
* '  . . . 

111. ' The volume f r a c t i o n  d a t a " i n  Table I11 shows no apparen t . e ' . f f ec t  

of the  g l a s s  on flow of t h e  SMC. The only  t r e n d s  which a r e  d i s -  

c e r n i b l e  a r e  an inc rease  i n  t h e  v a r i a b i l i t y  of t h e  c o n s t i t u e n t s  i n  

t h e  r i b  s e c t i o n s  and a  higher  void  c o n t e n t  in  t h e  r i b s  of both 

all-SMc and g l a s s  s u r f a c e  pane l s ,  

Thermocycl i n g  Behavior 

A s  d iscussed  p rev ious ly ,  t h e  glass-SMC thermal expansion 

mismatch r e s u l t s  i n  a  b i - m a t e r i a 1 , ' e f f e c t  i n  t h e  panel  during 
t 

cooldown from molding temperature.  The SMC a t t e m p t s  t o  c o n t r a c t  

more than the  g l a s s  producing r e s i d u a l  s t r e s s e s  i n  both m a t e r i a l s  

a s  the  panel opens up t o  a  longer  f o c a l  l eng th .  The r e s u l t a n t  

s t r e s s e s  a r e  compression i n  t h e  g l a s s ,  t e n s i o n  i n  t h e  SMC f a c e ,  

shear  a t  the  i n t e r f a c e  and compression near the  t i p  of t h e  r i b s .  

The SMC mate r i a l  w i l l  i n  time tend toward s . t r e s s  . . r e l i e f ;  t h e  
, . . ' . . ; . ::. ,... ,: _ , . .  . . ..)I.... . , . .. . . .., . ' ' ... <.:.I&+, . . 

molded SMC may creep ,  p a r t i c u l a r l y  a t  e l e v a t e d  temperatures .  Such 

s t r e s s  r e l i e f  behavior '  r e s u l t s  i n  changes in  t h e  f o c a l  l e n g t h  of 

t h e  molded panel .  S i g n i f i c a n t  changes in  a  p a r t  i n  s e r v i c e  would 

be unacceptable due t o  decreased performance of t h e  c o l l e c t o r .  

To examine the  dimensional s t a b i l i t y  of t h e  molded panels  

under a c c e l e r a t e d  c o n d i t i o n s ,  some of t h e  molded pane l s  were 

thermocycled in  the  p rev ious ly  u s e d  environmental  chamber. The 

panels  were removed.on a  p e r i o d i c  b a s i s  and mapped w i t h  t h e  l a s e r  

ray  t r a c e .  A p l o t  of f o c a l  l e n g t h  vs.  number of c y c l e s  f o r  the  

Configurat ion I 'panels  is given i n  Figure, 9. S ince  on ly  one specimen 

of a given type was sub jec ted  t o  t h e  t.hermocycling environment, a  

95  percent  confidence l e v e l  f o r  t h e  l a s e r  technique is shown f o r  

each d a t a  poin t .  The r e s u l t s  in  Figure 9 show t h a t  f o c a l  l eng th  



i n i t i a l l y  changes with time. Focal l e n g t h  of t h e  g l a s s  s u r f a c e  

parabolas  decreases  u n t i l  a  s t a b l e  va lue  is reached a f t e r  approx- 

imately 50 cyc les .  Continued c y c l i n g  has  l i t t l e  immediate e f f e c t .  

Af ter  291 c y c l e s ,  f o c a l  l e n g t h  h a s  been reduced o n l y  0.3 pe rcen t .  

The all-SMC parabola d i sp layed  t h e  o p p o s i t e  behavior by i n i t i a l l y  

inc reas ing  i n  f o c a l  l e n g t h  (F ig .  9 ) .  Again, s t a b i l i t y  was a t t a i n e d  

, a f t e r  approximately 50 cyc les .  Focal l e n g t h  changes i n  t h e  all-SMC 

panel a r e  be l ieved t o  be due t o  t h e  r e l i e f  of molding s t r e s s e s  caused 

by shrinkage.  

Surface  s l o p e  e r r o r s  i n  t h e  Conf igura t ion  I pane l s  were a l s o  

a f f e c t e d  by thermocycling. The' 2.5 mrad nominal s l o p e  e r r o r  seen i n  

parabolas  with a  s t rengthened g l a s s  s u r f a c e  (Table I )  was reduced t o  

1.8  mrad a f t e r  25 cyc les .  Addit.iona1 c y c l i n g  produced no f u r t h e r  

change in  s lope  err .or up t o -  291 c y c l e s .  Chording.of t h e  s t r eng thened  

g l a s s  s u r f a c e  was noted t o  decrease  and v i r t u a l l y  d isappear  v i s u a l l y  

a f t e r  25 cycles .  The sagged g l a s s  s u r f a c e  panel  a l s o  s t a b i l i z e d  a t  

a  s lope  e r r o r  of 1 .8  mrad a f t e r  25 c y c l e s .  

Slope e r r o r s  i n  the  all-SMC panel  were a l s o  reduced by thermo- 

c y c l i n g ,  but a t  a  much slower r a t e .  The i n i t i a l  3 . 3 6  mrad s lope  

e r r o r  (Table I )  dropped t o  2.70 mrad a f t e r  25 c y c l e s ,  t o  2.42 mrad 

a f t e r  150 c y c l e s ,  and f i n a l l y  t o  2.08 mrad a f t e r  4 2 U  cyc les .  

No f i rm conclus ions  a s  t o  t h e  long term environmental  

d u r a b i l i t y  of t h e  SMC/glass r e f l e c t o r s  can be drawn from t h e  

da ta  i n  Fig. 9  because of t h e  s h o r t  d u r a t i o n  of t h e  t e s t .  I t  

does appear ,  however, t h a t  t h e  u n i t s  may be dimensional1.y 

s t a b l e  a f t e r  an i n i t i a l  s t r e s s  r e l i e f  o r  anneal ing  cyc le .  In 
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a d d i t i o n ,  t h e  q u a l i t y  o f  t h e  SMC-paint bond a p p e a r s  t o  be good.  

No d e t e r i o r a t i o n  o f  t h e  s i l v e r  h a s  b e e n  o b s e r v e d  i n  t h e  

c h e m i c a l l y  s t r e n t h e n e d  g l a s s  p a n e l s .  On ly  v e r y  l i m i t e d  s i l v e r  

d e t e r i o r a t i o n  h a s  b e e n  o b s e r v e d  a l o n g  t h e  cracks i n  t h e  s a g g e d  

g l a s s  a f t e r  420 c y c l e s .  

C y c l i n g  r e s u l t s  f o r  t h e  C o n f i g u r a t i o n  I1 p a n e l s  a r e  g i v e n  

i n  F i g .  10 .  A s i m i l a r  r e s p o n s e  is s e e n  w i t h  a s t r e n g t h e n e d  

g l a s s  s u r f a c e  compared  to  t h e  C o n f i g u r a t i o n  I p a n e l .  A s m a l l e r  

o v e r a l l  c h a n g e  i n  f o c a l  l e n g t h  is shown by  t h e  C o n f i g u r a t i o n  I1 

p a n e l  which is i n d i c a t i v e  o f  t h e  l o w e r  s t i f f n e s s  o f  t h e  SMC 

s t r u c t u r e .  A f t e r  t h e  i n i t i a l  ' a n n e a l i n g  s t a g e ,  . b o t h  c o n f . i g u r a t i o n s  

s t a b i l i z e d  a t  a  31.0 i n c h  f o c a l  l e n g t h  which  t h e n  d r o p p e d  t o  30.9 

i n c h e s  a £  te r  291  c y c i e s .  The all-SMC C o n f i g u r a t i o n  1'1 p a n e l  d i s p l a y e d  

l i t t l e  change  i n  f o c a l  l e n g t h  w i t h  t h e r m o c y c l i n g  . ( F i g .  . l o ) .  The 

s t r o n g  i n f l u e n c e  o f  t h e  c e n t e r  r i b  ( C o n f i g u r a t i o n  I )  o n  t h e  c u r e  be- 

h a v i o r  o f  t h e  SMC may be s e e n  by compar . ing t h e  all-SMC u n i t s  i n  

F i g s .  9  a n d  1 0 .  

T h e r m o c y c l i n g  r e s u l t s  f o r  t h e  p a n e l  molded  w i t h  t h e  h i g h e r  

e x p a n s i o n  9230-30 m a t e r i a l  a n d  a s t r e n g t h e n e d  g l a s s  s u r f a c e  a r e  a l s o  

shown i n  F i g .  10 .  A f t e r  i n i t i a l l y  a p p e a r i n g  t o  f o l l o w  t h e  

a n n e a l i n g  t r e n d  d i s p l a y e d  by t h e  u n i t s  w i t h  t h e  9220-30 m a t e r i a l ,  

t h e  9230-30 SMC p a n e l  showed a n  u n e x p e c t e d  d r o p  i n  f o c a l  l e n g t h  

above  200 c y c l e s .  The r e a s o n s  f o r  t h i s  b e h a v i o r ,  a r e  unknown a t  

t h e  p r e s e n t  time. 

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

r e f l e c t o r s  ( s t r e n g t h e n e d  o r  a n n e a l e d )  d e c r e a s e d  d u r i n g  the rmo-  



c y c l i n g .  O r i g i n a l  v a l u e s  ( T a b l e  I )  d e c r e a s e d  and t ended  t o  s t a -  

b i l i z c  a t  a b o u t  2.0 mrad. The all-SMC 3 - r i b  u n i t  a l s o  s t a b i l i z e d  

a t  a b o u t  2.0 mrad. The all-SMC u n i t s  which were the rmocyc led  

showed a s l i g h t  d e c r e a s e  i n  s l o p e  e r r o r  (2.17 t o  1 .7  mrad) .  The 

r e a s o n s  f o r  t h e s e  changes  c a n  be c o n j e c t u r e d .  A l l  p a r t s  f a b r i -  

c a t e d  on t h i s  male mold have  d e m o n s t r a t e d  a  c h o r d i n g  e f f e c t  which 

is b e l i e v e d  t o  be  a  r e p l i c a t i o n  o f  t h e  mold. The molding o f  t h e  

SMC u n i t s  f o r c e d  t h e  g l a s s  t o  conform t o  t h e  a c t u a l  c o n t o u r  o f  

t h e  mold d u r i n g  c u r i n g .  A s  t h e  SMC m a t e r i a l  was s t r e s s  r e l i e v e d  

( o r  a n n e a l e d )  d u r i n g  t h e r m o c y c l i n g ,  t h e  s t r u c t u r a l  s t i f f n e s s  o f  

t h e  g l a s s ,  w i t h  i ts  s i g n i f i c a n t l y  h i g h e r  Young's modulus,, r e -  

a s s e r t e d  i t s e l f  and dominated  t h e  l a m i n a t e  c o n t o u r .  The g l a s s  

assumed a more uni form a r c  a s  t h e  SMC responded t o  t h e  thermo- 

c y c l i n g  by c r e e p i n g  o r  stress r e l i e v i n g .  

S t r e s s  r e l i e f  may be t h e  b e t t e r  t e rm t o . d e s c r ' i b e  t h e  

phenomenon which produces  a  d e c r e a s e  i i ~  t h e  f o c a l  l e n g t h ,  s i n c e  

c r e e p  d o e s  n o t  t y p i c a l l y  o c c u r  a t  t h e  low stress l e v e l s  i n d i c a t e d  

. by t h e  a n a l y t i c a l  model. A g r e a t e r  u n d e r s t a n d i n g  o f  t h e  t i m e /  

t e m p e r a t u r e / s t r e s s  r e l i e f  mechanism is needed.  S i m i l a r l y ,  a n  

a n n e a l i n g  s c h e d u l e  is needed which would s t r e s s  r e l i e v e  t h e  

p a r t  and t a k e  it' t o  a  s t a b l e  s t a t e  p r i o r  t o  i n s t a l l a t i o n  i n  t h e  

f i e l d .  C o n s i s t e n c y  i n  t h e  SMC m a t e r i a l  c h a r a c t e r i s t i c s  would be  

o f  major impor tance .  

A n a l y s i s  o f  Bi-mater i ,a l  E f f e c t s  

An a n a l y t i c a l  model o f  t h e  SMC/glass s t r u c t u r e  was 

developed based on l a m i n a t e  t h e o r y  t o  p r e d i c t  t h e  p a n e l ' s  r e s p o n s e  



t o  t h e  d i f f e r e n t i a l  e x p a n s i o n  b e t w e e n  t h e  g l a s s  a n d  t h e  SbiC. Cal -  
. .. . . 

c u l a t i o n s  w i t h  t h e  model '  . . assumed t h e  g l a s i  a n d  t h e  SlqC a c h i e v e d  a 
. . . . ' .  ,.. : . .  . 

. . . 9 .  . ;.,; ;:(:::..~!,'.~,. 

cc9mon t e m p e r a t u r e  ( 3 0 0  F.)f.'in . . t h e  mold : d u r i n g  . .  . .. . .., c u r e .  A s  c o o l i n g  

b e g a n  upon e x t r a c t i o n .  f r o m  t h e  m o l d ,  t h e  SMC h a r d e n e d  a t .  a  
, ' 

. . .  

t e m p e r a t u r e  o f '  260°F' ' w h e r e  t h e  b i - m a t e r  i a l  phenomenon b e g a n  t o  t a k e  

p l a c e .  A s  t h e  p a n e l c o o l e d  t o  room t e m p e r a t u r e  ( a s s u m e d  60°F) ,  t h e  

SMC would a t t e m p t  t o  s h r i n k  more t h a n  t h e  g l a s s ,  c a u s i n g t h e  p a n e l  t o  

o p e n  up. 

, 
The t h e o r y  i n d i c a t e d  t h a t  t h e  Young ' s  m o d u l u s  o f  t h e  S#C h a d  a  

minor  e f f e c t .  C a l c u l a t i o n s  w i t h  a l l  o t h e r  v a r i a b l e s  h e l d  c o n s t a n t  

w h i l e  v a r y i n g  E f o r  t h e  SMC i n d i c a t e d  t h a t  E o f  1 . 0  t o  1 . 5  x l o 6  p s i  

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

s t resses  i n  t h e  l a m i n a t e .  The ma in  d r i v e r  i n  t h e  l a m i n a t e  r e p o n s e  

i s  t h e  e x p a n s i o n  c o e f f i c i e n t  ( a )  o f  t h e  S X C .  S l i g h t  v a r i a t i o n s  i n  

t h e  e x p a n s i o n  ( f r o m  1 0  t o  1-1 x  ~ o - ~ / o F )  make n o t a b l e  d i f f e r e n c e s  

i n  t h e  f o c a l  l e n g t h  a n d  t h e  r e s u l t a n t  s t r e s se s  i n  t h r  l a m i n a t e .  

O b v i o u s l y ,  v a r i a t i o n s  o f  t h e  e x p a n s i o n  c o e f f i c i e n t  w i t h i n  a molded 
. . 

p a r t ,  would c a u s e  i n c o n s i s t e n t ,  u n p r e d i c t a b l e  r e s p o n s e s .  

I n  a t t e m p t i n g  t o  c o r r e l a t e  t h e  o b s e r v e d  l a s e r  r a y  t r a c e  d a t a  a n d  

t h e o r e t i c a l  f o c a l  l e n g t h  c h a n g e s ,  c a l c u l a t i o n s  were made b a s e d  o n  t h e  
. . 

fol . l ,owing.  c o n d i t i o n s :  

Glass  E = 1 0  x  l o 6  p s i ;  q = 5 x i n / i n ° F  

6  SMC E =  1 . 2  x 1 0  p s i ; .  a = 1 0 . 5  x  i n / i n O ~  

bT = 2 0 0 ~ ~  

Mold f o c a l  l e n g t h  was 30.00" 



. . ~ - -  . . 

- - , R e s u l t s  f o r  a  C o n f i g u r a t i o n  I u n i t  w i t h  s t r e n g t h e n e d  g l a s s  
.. . . 

p r e d i c t e d  a  f o c a l  l e n g t h  change  from 30.00 t o  31.766. A c t u a l  . .  l a s e r  ... . 
. . . .  

. .  . . . 

i n s p e c t i o n  d a t a  showed an a v e r a g e  f o c a l  l e n g t h  o f  31.79 ( T a b l e  I.). .. 

C o n f i g u r a t i o n  I .  u n i t s  w i t h  s a g g e d  g l a s s  a n d  C o n f i g u r a t i o n  I1 u n i t s  

w i t h  sagged and c h e m i c a l l y  s t r e n g t h e n e d  g l a s s  a l l  d e f i e d  t h e o r y  and  

produced a c t u a l  f o c a l  l e n g t h s  o f  a b o u t  31.35 i n c h e s  ( T a b l e  I ) .  - Pre-  

d i c t e d  f o c a l  l e n g t h  f o r  C o n f i g u r a t i o n  I1 u n i t s  w i t h  t h e  same t h e r m a l  

e x p a n s i o n  and Young's Modulus was 32.015 i n c h e s .  A d e c r e a s e  i n  

t h e r m a l  e x p a n s i o n  from 10.5 t o  8.8 x ~ o - ~ / O F  would e x p l a i n  t h e  lower  
I 

r e s u l t a n t  f o c a l  l e n g t h .  A d d i t i o n a l  work on  c o r r e l a t i o n  is needed.  

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

of g l a s s  u n i t s  were n o t  e x p e c t e d .  No p r e d i c t i o n s  were made r e g a r d i n g  

t h e s e  changes .  

- FUTURE 

The n e x t  s t e p  i n  development  o f  SMC t r o u g h  p a n e l s  w i t h  

molded i n  g l a s s  r e f l e c t o r s  is t h a t  o f  d e s i g n  and f a b r i c a t i o n  

o f  f u l l  s i z e  p a n e l s  which c a n  b e  a s s e m b l e d  i n t o  a  f u n c t i o n a l  

t r o u g h  c o . l l e c t o r .  T h i s  d e s i g n  h a s  been comple ted .  From p r o p o s a l s  

r e c e i v e d  on a  c o m p e t i t i v e  p rocurement ,  s e l e c t i o n  was made and  a  

c o n t r a c t  p l a c e d  w i t h  t h e  Budd Company, T e c h n i c a l  C e n t e r ,  F t .  

Washington,  Pa., t o  d e s i g n  and  f a b r i c a t e  t o o l i n g  a n d  t o  p roduce  a 

q u a n t i t y  of SMC/glass p a n e l &  f o r  e v a l u a t i o n .  

The b a s i c  d e s i g n  c o n c e p t  o f  a  2 x  6  m t r o u g h  was shown i n  

F ig .  3 .  The i n d i v i d u a l  ' p a n e l s ,  which mount on t h e  l o n g i t u d i n a l  

t o r q u e  t u b e ,  a r e  shown i n  F i g .  4.  The . p r e s e n t  p a n e l  d e s i g n  

. - ex tends  o n l y  from v e r t e x  t o  r im ( 1  m e t e r ) ,  and one  meter i n  l e n g t h ;  

two o f  t h e s e  p a n e l s  a r e  f a s t e n e d  t o g e t h e r  a l o n g  t h e  v e r t e x  



t o  form the  f i l l  2 m r i m  t o  rim t rough s e c t i o n .  The ha-lf  

parabola was chosen p r i m a r i l y  on t h e  b a s i s  of lower t o o l i n g  . 

c o s t s  f o r  development. A one-piece rim-to-rim panel  would be 

used 'for produc.tion u n i t s .  

The too l ing  has been designed and f a b r i c a t e d .  P a r t s  a r e  t o  

be molded I n  June,  1980. The p a r t s  w i l l  be inspec ted  t o  

determine t h e i r  accuracy and evalua ted .  The o b j e c t i v e s  of t h i s  

p r o j e c t  a r e  t o  e s t a b l i s h  t h a t  SMC mass 'p roduct ion  techniques  can 

, 'achieve the  d e s i r e d  t o l e r a n c e s  and performance and w i l l  have t h e  

r equ i red  long-term environmental  c a p a b i l i t y .  

SUMMARY 

Ref lec to r  s t r u c t u r e s  f o r  p a r a b o l i c  trough c o l l e c t o r s  f a b r i c a t e d  

of SMC with molded-in-glass m i r r o r s  appear t o  be f e a s i b l e .  The. 

r e s u l t s  of t h i s  p r o j e c t  i n d i c a t e  t h a t  t h e  sagged and annealed g l a s s  

panels  w i l l  no t  su rv ive  the  p ressu re  and tempera ture  c o n d i t i o n s  

(600-700psi, 300 '~)  encountered i n  SMC molding. However, t h e  . 

chemical ly  s t rengthened g l a s s  mi r ro r s  were e l a s t i c a l l y  formed t o  

t h e  pa rabo l i c  contour and were s u c c e s s f u l l y  molded a s  an i n t e g r a l  

p a r t  of the  s t r u c t u r e .  The 4 x 2 f t  p a r a b o l i c  pane l s  c o n s i s t e d  of 

a  f r o n t  s h e e t ' o f  s i l v e r e d  g l a s s  molded with a  back f a c e  s h e e t  of 

SMC p l u s  pe r iphera l  r i b s  and i n t e r n a l  r i b s  f o r  s t r u c t u r a l  s t i f f n e s s .  

Ribs were s u c c e s s f u l l y  molded with no " s i n k n  e v i d e n t  on t h e  r e f l e c t i v e  

s u r f a c e  of t h e  g l a s s .  

The environmental  c a p a b i l i t y  of t h e s e  pane l s  appears  t o  be 

excel l 'ent  based on t h e i r  response t o  a c c e l e r a t e d  thermal 

cyc l ing  t e s t s .  The s i l v e r  coa t ing  ( inc luding  copper and pro tec-  

t i v e  p a i n t )  is  t o t a l l y  encased wi th in  t h e  SMC m a t e r i a l  f o r  



e x c e l l e n t  weather p r o t e c t i o n .  The SMC appears  t o  bond t o  t h e  

p r o t e c t i v e  p a i n t .  

. , A b i m a t e r i a l  e f f e c t  is observed in  t h e  pane l s  due t o  t h e  

d i f f e r e n c e  i n  thermal expansion of t h e  g l a s s  and t h e  SMC. Upon 

cool ing  from mold temperature,  t h e  u n i t s  opened up, inc reas ing  t h e  

p a n e l s t ' f o c a l  l eng th .  Subsequent thermal cyc l ing  produced s t r e s s  

r e l i e f  ( o r  anneal ing o r  c r e e p )  i n  the  SMC and t h e  p a r t s  c losed  

again ( f o c a l  l e n g t h  decreased.). The s t r e s s  r e l i e f  response is n o t  

f u l l y  understood. 

Addi t ional  development work is needed t o  achieve a  m a t e r i a l s /  

design s u i t a b l e  fo r  use i n  high product ion of s o l a r  c o l l e c t o r s .  

S p e c i f i c  a r e a s  r e q u i r i n g  a t t e n t i o n  a r e : .  

1. Tai lo r ing  of the  SMC c o e f f i c i e n t  of expans ion t o  match 

more c l o s e l y  t h a t  of t h e  g l a s s  i n  o rde r  t o  minimize the  b i -ma te r i a l  

e f f e c t .  

2. .Determination of s t r e s s  p r o f i l e s  in  the  p a r t  and shear  

s t r e s s e s  a t  t h e  SMC/glass i n t e r f a c e .  

3 .  Determination of a  the rmal ' schedu le  t o  r e l i e v e  t h e  r e s i d u a l  

s t r e s s e s  produced by t h e  expans ion mismatch. 

4 .  Evaluat ion of d e f l e c t i o n  due t o  w i n d ,  g r a v i t y  and d a i l y  

temperature cycl ing .  

5 .  I n v e s t i g a t i o n  of e f f e c t s  of molding on the  s i l v e r /  g l a s s  

i n t e r f a c e  and the  adherence of . t h e  SMC t o  t h e  p r o t e c t i v e  p a i n t  o r  

o the r  coa t ings  on the  g l a s s .  
. . 

6. Continued environmental  eval.uat  ion. 
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T a b l e  I 

As-Molded O p t i c a l  C h a r a c t e r  istics of 4 '  x 2 '  SMC p a r a b o l i c  t r o u g h s  

C o n s t r u c t  ion Number Mean F o c a l  ~ e n g t h ( ' )  S l o p e  E r r o r  
Rib P a t t e r n  S u r f a c e  Spec imens  I n c h e s  mrad 

I SMC 3  29.79 * . 2 ~ ( ~ )  3.36 * - 2 2  

I s a g g e d  g l a s s  ( 3 )  3  . . 31.36 ' .26 1 . 9 5  5 .ll', 

s a g g e d  g l a s s (  3 ,  1. 

s t r e n g t h e n e d  g l a s s  3  

s t r e n g t h e n e d  g l a s s  4 

s t r e n g t h e n e d  g l a s s  2 
a n d  9230-30 SMC 

( 1 )  mold f o c a l  l e n g t h  30.00 i n c h e s  

( 2 )  ' S t a n d a r d  d e v i a t i o n  

( 3 )  g l a s s  c r a c k e d  



Table I1 

SMC : 

Face 

Tens i l e  Proper t i e s  of Molded Parabolas 

Rib l e n g t h  

Rib depth 

Mo u l u s  
l o g  p s i  

SMC w/sagged g l a s s :  

Rib l e n g t h  

Rib depth 

F l a t  S h e e t s  

. . 
, . . . .  

Ult imate  Strength  . . . .  . 

p s i  

+ standard d e v i a t i o n  



T a b l e  I11 

Chemica l  C o n t e n t  of Molded SMC P a r a b o l a s  

P r e s e n t  Volume F r a c t i o n s  

L o c a t i o n  G l a s s  CaCo3 R e s i n  

SMC 
Face 

' R i b s  1 8 . 2 0  0 . 9 4  3 1 . 5 4  0 . 2 1  4 4 . 4 0  1.110 

SMC W/Sagged Glass ' 

F a c e  1 9 . 0 1  .0.'86 3 1 . 6 3  0 . 4 5  4 6 . 8 1  0 . 6 0  

R i b s  1 7 . 9 5  1 . 2 7  3 1 . 4 8  0 . 7 8  4 4 . 9 9  0 . 6 7  

V o i d s  ' 





Focal Plane 

\ 

' Figure 2. Parabolic.Ref1ector 
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Figure 8 Transverse Thermal.Expansion of SMC Panels ~ o l d e d  with and 
Without Glass Surfaces. 








