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I. SUMMARY 

Springborn Laboratories is engaged i n  a study of evaluat ing po ten t i a l l y  use- 

f u l  encapsulating mater ia l s  f o r  Task 3 of the  Low-Cost S i l i con  Solar  Array pro jec t  

(LSA) funded by DOE. The goal of t h i s  program is t o  iden t i fy ,  evaluate ,  and 

recammend encapsulant mater ia l s  and processes f o r  t he  production of cost-effect ive,  

long-life s o l a r  c e l l  modules. 

During the  pas t  year ,  the  technica l  a c t i v i t i e s  emphasized the  re f  ormulation 

of a comerc i a1  grade of e thylenelvinyl  a c e t a t e  copolymer f o r  use a s  a po t tan t  i n  

s o l a r  c e l l  module manufacture. Po ten t i a l l y  successful  formulations were prepared 

bp compounding t h e  raw polymer with ant ioxidants ,  u l t r a v i o l e t  absorbers and cross- 

l inking agents t o  y i e l d  s t a b i l i z e d  and curable compositions. The r e su l t i ng  elastomer 

o f f e r s  lw cos t  (approximately $0.80/lb. 1, low temperature processabi l i ty  , high 

transparency (91% transmission),  and low modulus. Cured specimens of t he  f i n a l  

formulation have endured 4000 hours of RS/4 f luorescent  sunlamp rad ia t ion  without 

change. This  i nd ica t e s  exce l l en t  s t a b i l i t y ,  however, co r r e l a t ions  with outdoor 

exposure are being evaluated under other  phases of the LSA program. 

The compounded r e s in  was prepared i n  tvo grades; one c l e a r  t o  provide a cover- 

ing over the  c e l l ,  and one pigmented white t o  serve  a s  a r e f l e c t i v e  background be- 

hind the c e l l .  These compounde ; r e s in s  were then coverted t o  a more usefu l  form 

with an extruder  to  give pot tan t  i n  shee ts  t h a t  could be more eas i ly  used i n  lamina- 

tron. 

After  experimenting with a va r i e ty  of techniques, a vacuum-bag process w a s  

developed and found to  be an excel lent  encapsulation method. Miniature s ingle-  

ce l led  and multi-celled s o l a r  modules of both subs t r a t e  and supe r s t r a t e  designs 

were prepared by t h i s  technique. The r e su l t i ng  modules were of good appearance, 

were bubble-free, and successfu l ly  passed the JPL therna l  cycle  t e s t .  This method 

o f f e r s  a reasonably f a s t  f ab r i ca t ion  time (40-50 minutes) and has the po ten t i a l  

f o r  automated production. 

Adhesive s t rengths  and primers f o r  the bonding of e thylenelvinyl  ace t a t e  t o  

supe r s t r a t e  and subs t r a t e  mater ia l s  was assessed with encouraging r e s u l t s .  The 

incorporation of s i l a n e  compounds e i t h e r  d i r e c t l y  i n to  the polymer as a blend o r  



a s  a sur face  coating gave high bond s t rengths  (20 t o  30 :bs/in) t o  glass .  The 

bonds endured 24 hours of bo i l ing  water with no delamination. Adhesion t o  hard- 

board was a l s o  excel lent ,  however, t he  bonds were severely weakened by water i m e r -  

s ion ,  t he  f a i l u r e  occurring within the  sur face  o f  t he  hardboard. Some method 

f o r  providing i so l a t ion  from l i q u i d  water w i l l  be required t o  make hardboard 

products v iab le  subs t ra tes .  

The weathering e f f e c t s  on ten  o the r  polymers exposed t o  twelve months of weath- 

e r i n g  i n  Atizona, F lor ida ,  and under EMMAQUA w e r e  evaluated by determination of 

t e n s i l e  s t rengths ,  elongations, o p t i c a l  transmission, e t c .  A s  may be expected, the  

bes t  o v e r a l l  re ten t ion  of mechanical proper t ies  is found f o r  t he  fluorocarbon 

polymers, espec ia l ly  FEP. Tuo Plexiglas  e c r y l i c  compounds performed almost as 

w e l l  and a l s o  maintained high o p t i c a l  transmission values. PVC, polycarbonate, 

and ce l lu lose  a c e t a t e  butyra te  specimens a l l  degraded badly, los ing  almost a l l  

mechanical propert ies .  

Tuo-celled minimodules constructed with these  polymers survived the same ex- 

posure condit ions with results varying from unaffected t o  complete de t e r io ra t ion .  

The e l e c t r i c a l  outputs ( shor t -c i rcu i t  currents)  remained high (80-100 percent) 

however, regardless  of encapsulant condition. 

Hard coat ings containing u l t r a v i o l e t  absorbers were invest igated fo r  the pur- 

pose of providing a s o i l  r e s i s t a n t  sur face  and addi t iona l  weathering s t a b i l i t y  t o  

t he  s o f t  EVA pot tant .  Solut ion coatings of a c r y l i c s  were s tudied and a l l  found 

t o  be too b r i t t l e  t o  be darable  and, i n  addi t ion,  were d i f f i c u l t  t o  apply t o  t he  

module surface. Two comerc i a1  f i lms,  Tedlar 100BG30UT and Korad 2 0 1 4  have the  

po ten t i a l  t o  provide the required protect ion.  The Korad ( ac ry l i c )  f i lm w i l l  

probably prove t o  be more weatherable, but  has the  deficiency of loosing its W 

absorber a f t e r  severa l  years  'of outdoor exposure. Experiments a r e  being conducted 

t o  achieve permanence of t h e  W absorber within the  fi lm. Korad 201-R cos t s  approxi- 

mately $0.05 per  ft2 i n  t h ree  m i l  thickness.  

Corrosion s tudies  using a standard s a l t  spray t e s t  were used to  determine 

the  degree of protect ion offered t o  a var ie ty  of metals by encapsulation i n  EVA 

pot tant .  Excellent protect ion was found f o r  copper, aluminum, so lder  and galvanized 

s t e e l .  The specimens were unaffected a f t e r  1800 hours of exposure. Mild s t e e l  

(unprimed) d id  not perform q u i t e  a s  wel l ,  w i t h  r u s t  forming i n  .about 450 hours. 



A sumey of scrim materials  was a lso  conducted. These open hole weaves are 

intended f o r  use a s  spacers between the  c e l l  and subs t ra te  to provide a mechan~cal 

bar r i e r ,  improve  insulat ion resistance and prevent migration of the pigmented pot- 

tant over the cell surface. Di f f i cu l t i e s  with deformation of the weave were en- 

countered w i t h  the use of woven materials.  Non-woven g lass  c lo th  products solved 

these prtklems, and a material  tradenamed "Craneglass 230N appeared t o  be the  most 
2 

suitable.  This 5 m i l  thick c lo th  is available a t  a cost of $0.0018 per f t  and is 

e f fec t ive  in replacing one layer  of pottant .  The encapsulation cos t  saving is 
2 estimated a t  $0.034 per f t  of module surface. 

A mechanical engineering analysis  of composite s t ruc tu ra l  materials f o r  

use as substrates was performed. This approach o f fe r s  an a l t e rna t ive  to  the  s ing le  

sheet materials  examined i n  previous work and demonstrates the f e a s i b i l i t y  of 

constructing subs t ra te  based s o l a r  modules within the  LSA cost goal from con- 

ventional building materials.  

Although the use of EVA as the pottant  appears qu i t e  encouraging, other  

materials  a r e  a l s o  under invest igat ion,  including an a l ipha t i c  urethane, etSylene1 

propylene-diene rubber and a polyvinyl chloride p las t i so l .  These compounds may 

provide manufacturers u i t h  a l t e rna t ive  approaches fo r  c e l l  encapsulation. 



I I. INTRODUCTION 

The goal of this program is t:, identify and evaluate encapsulation materials 

and processes for the protection of siliccn solar cells for service in a terres- 

trail environment. 

Encapsulation systems are being investigated consistent with the W E  objec- 

tives of achieving a photovoltaic flat-plate module or concentrator array at a 
2 manufactured cost of $0.70 per peak watt ($7/ft ) (1980 dollars), with a projected 

first year production rate of 500 peak megawatts. The project is aimed at establish- 

ing the industrial capability to produce solar modules within the required cost 

goals by the year 1986. 

To insure high reliability and long-term performance, the functional compo- 

nents of the solar cell module must be adequately protected from the environment 

by some encapsulation technique. The potentially harmful elements to module func- 

tioning include moisture, ultraviolet radiation, heat build-up, thermal excursions, 

dust, hail, and atmospheric polldtants. Additionally, the encapsulation system 

must provide mechanical support for the cells and corrosion protection for the 

electrical components. 

Module design must be based on the use of appropriate construction materials 

and design parameters necessary to meet the field operating requirements, and to 

maximize cost/performance. 

Assuming a module efficiency of ten percent, which is equivalent to a power 

output of 100 watts per m2 in midday sunlight, the capital cost of the modules 
2 

may be calculated as $70.00 per m . Out of this cost goal only 5.4 percent is 
available for encapsulation due to the high cost of the cells. The encapsulation 

2 
cost allocation may then be stated as $3.80 per m2 ($0.35 per ft ) which includes 

all coatings, pottants and mechanical supports for the solar cells. 

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

different bask design variations have been considered: 



. Substrate Bonded: cells bonded to rigid 

substrate vith transparent pottant and 

top cciver. 

. Superstrate Bonded: Cells bonded to under- 

side of transparent superstrate with uptional 

top cover and with back side pottant and 

optional back cover. 

. Lainated; rigid single transparent laminating 
encapsdlant with optional top cover. 

Photovoltaic modules are presently envisioned as being composed of six basic 

construction elements. These elements are (a) outer covers; (b) structural and 

transparent superstrate materials; (c) pottants; (d) substrates; (e) back covers; 

and ( f )  adhesives. Current investigations are concerned with identifying and 

utilizing materiais or combinations of materials for use as each of these elanents. 

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. Properties being considered were cost, transparency, weatherability, 

and applicability of processing. Additional critical properties include dielectric 

strength, reflectivity and heat transfer characterjstics. 

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

cost allocations for each construction element, which are estimated to be as 

follows (1980 dollars) : 
Cost 

Allocation 
Construction Elements 

(sIF~') 

Pottant 0.08 

Adhesive 0.06 

Outer cover 0.01 

Back cover 0.07 

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

materials which had the highest potential as candidate low cost encapsulation 

materials. The following chart shows the materials of current interest and their 

anticipated functions : 



Candidate Encapsulation Ha te r i a l s  

S t ruc tu ra l  Element 
Supers t ra te  Design Elastomeric Pot tan t  Cover Adhesives 

Ethylene/vinyl a c e t a t e  Mylar As required 
Ethy lene/propylene diene Tedlar 

Soda-Lime Glass Polyvinyl ch lor ide  p l a s t i -  Aluminum foil 
so 1 

Poly-n-Butyl ac ry l a t e  
Si l icone/Acrylate  blends 
Aliphat ic  Polyurethanes 

Subs t ra te  Design 

Fiberboard 
Flakeboard (same a s  above) 
Mild s t e e l  
Glass reinforced concrete 

Korad 201-R 
Tedlar 100 BG 30 UT 

This repor t  presents  the r e s u l t s  o f  the  past  yea r ' s  work, which has been 

d i r ec t ed  predominantly a t  the development of ethylene/vinyl a c e t a t e  copolymer a s  

a pot tan t  and an inves t iga t ion  of the  systems and processes i n  which it may bes t  

be used. Ethylene/vinyl a c e t a t e  (EVA) was se lec ted  i n i t i a l l y  over the  o ther  

candidates due t o  its low cos t ,  des i rab le  physical proper t ies ,  and proximity t o  

i n d u s t r i a l  readiness.  The fallowing technical  e f f o r t s  w i l l  be presented: 

(1) Development of ethylene/vinyl ace t a t e  (EVA) copolymer. An encapsulation grade 

of EVA w a s  se lec ted  f o r  study a s  a p o t t a n t  from a list of low-cost thermoplastic 

polymers o r i g i n a l l y  i d e n t i f i e d  i n  mater ia l s  surveys. This mater ial  o f f e r s  low 

cos t ,  high transparency, low-temperature processabi l i ty ,  and the  p o t e n t i a l  t o  

be upgraded t o  provide a long se rv i ce  l i f e  outdoors. Experiments were conducted 

t o  develop formulations having high m e l t  flow, W s t a b i l i t y ,  and the  a b i l i t y  t o  

cure t o  a dimensionally stable composition. 

(2) Sheet e x t r w i o n  of EVA - s tud ie s  of t he  extrusion processing of EVA were con- 

ducted t o  produce the  7olymer i n  sheet  form from which i t  could be d i r e c t l y  

used i n  module fabr ica t ion .  

(3)  Vacuum bag process development in which EVA o r  any other  thermoplastic r e s i n  i n  

shee t  fonn, may be used t o  encapsulate s o l a r  c e l l s  and f ab r i ca t e  modules i n  a 

s i n g l e  operation. This method has a f a s t  cycle  t i m e  and is expected t o  be anunenable 

t o  an automated production l i n e .  



(4) Adhesion s tud ie s  t o  assess  bond s t rengths  and primer e f f ic iency  of t he  

pot tan t  t o  subs t r a t e  and supe r s t r a t e  surfaces.  

I n i t i a l  inves t iga t ions  of s i l a n e  coupling agents  were conducted with EVA t o  

determine the s t rength  and r e l i a b i l i t y  of these  cost-effect ive primers. 

( 5 )  Evaluation of t e n s i l e  sp=cimens and two-celled experimental modules exposed 

t o  weathering conditions.  This experiment provides a baseline of experience 

with the  a c t u a l  e f f e c t s  of weathering on various candidate cover and pot tan t  

mater ials .  I n  addi t ion  t o  the measured changes i n  physical  and o p t i c a l  pro- 

pe r t i e s ,  t he  e f f e c t  of polymer degradation on c e l l  performance was determined 

from measurements of shor t -c i rcu i t  current .  

( 6 )  Further inves t iga t ion  of ou ter  cover formulations. I n  order to  i n su re  t h e  

long l i f e  of EVA, o r  other  low cos t  po t tan ts ,  p ro tec t ion  from dus t  r e t en t ion  

and u l t r a v i o l e t  l i g h t  exposure is required. This is provided by t h e  outer  

cover. 

(7) Corrosion s tud ie s  - Specimens of metals completely and p a r t i a l l y  encapsulated 

i n  EVA were exposed t o  salt spray i n  order t o  determine the  degree of corro- 

s ion  pro tec t ion  afforded by t h e  coating. 

(8) The inves t iga t ion  of "scrim" mater ia l s  t o  serve as spacers between the  c e l l  

and subs t ra te .  These mater ials  help to  provide mechanical and e l e c t r i c a l  in- 

su l a t ion  t o  t he  c e l l ,  prevent t h e  flow of t he  white EVA l ayer ,  and lower the  

encapsulation cos t  by eliminating a layer  of po t tan t .  

(9) Substrate  analysis .  Rigid subs t r a t e  mater ials  supporting the  c e l l s  a r e  pro- 

bably the  most expensive construct ion element, estimated t o  b e  a t  l e a s t  

half  of the  cos t  a l l oca t ion  f o r  the  encapsulation package. Past  work has con- 

centrated on t h e  cos t  ana lys i s  of s ing le  homogeneous mater ials .  This repor t  

presents an engineerins and cos t  ana lys i s  of composite and s t r u c t u r a l l y  de- 

signed subs t r a t e s  a b e d  a t  a more e f f i c i e n t  u t i l i z a t i o n  of construct ion 

mater ia l s  . 
(10) Inves t iga t ion  of a l t e r n a t e  pot tan ts  . Ethylene/propylene diene rubber (EPDM) 

was used t o  prepare a base l ine  formulation from which extrusion and module 

fabr ica t ion  s tud ie s  were conducted. Baseline formulations of a l i p h a t i c  urethane 

polymers were a l s o  wed t o  cons t ruc t  t e s t  modules which are cur ren t ly  under ther- 

mal c y c L  t e s t i ng .  



111. ETHYLENE/VINYL ACETATE 
ENCAPSULATION MATERIALS 

a. Base Polymer and Formulation 

Pot tan ts  a r e  mater ia l s  which provide a number cf funct ions,  but primarily 

serve  a s  a buf fer  between the c e l l  and the  surrounding environment. The pot tan t  

must provide a mechanical o r  impact b a r r i e r  around the  c e l l  t o  prevent breakage, 

must provide a b a r r i e r  t o  water which would degrade the  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  conditions t h a t  cause corrosion of t h e  c e l l  meta l l iza t ion  

and interconnect s t ruc tu re ,  and must serve a s  an o p t i c a l  coupling medium t o  pro- 

vide maximum l i g h t  transmission t o  the  c e l l  sur face  and optimum power output. 

Pot tan ts  must obviously have very high transparency, with t3e  exception of super- 

s t r a t e  bonded designs i n  which c e l l s  a r e  e l e c t r o s t a t i c a l l y  bonded t o  the trans- 

parent  supe r s t r a t e  and have no po t t an t  over the f r o n t  surface.  

After an extensive inves t iga t ion  of t ransparent  elastomers,  ethylene/'-winyl 

a c e t a t e  (EVA) was se lec ted  from a c l a s s  of low-cost polymers as being a l i k e l y  

candidate pot t ing  compound f o r  w e  i n  t h e  f ab r i ca t ion  of s o l a r  c e l l  a r rays .  I t s  

s e l ec t ion  was based on cos t  (approximately $0.50 per pound) acd an appropriate  

combination of high o p t i c a l  transparency and easy processi..g conditions.  This 

polymer a l s o  showed the  most promising proper t ies  f o r  i m e d i n t e  use with a small 

amount of modification, but  without extensive development e f f o r t s .  

Table 1 presents  the p o t e n t i a l l y  su i t ab l e  g r ~ d e s  of EVA ava i lab le  on a com- 

mercial bas i s .  Only two 3. S. suppl ie rs  cur ren t ly  e x i s t ,  DuPont Chemical Co. and 

United S t a t e s  Indus t r i a l  Chemicals Co. (USI). The compounds of i n t e r e s t  may be 

se l ec t ed  using transparency as the f i r s t  c r i t e r ion .  Ninety-one percent  t rans-  
mission values are found for DuPontts Elrax 150, 250, 4260, 4320, 4355 and USL's 

EY902-30. O f  these t h e  ac id  modified terpolymers were eliminated due t o  the  melt  

f l o w  values being too high (Elvax 4320) o r  too lw iElvax 4260 a-d 4355) and ad- 

d i t i o n a l l y  t he  cos t ,  being around $O.lO/lb. higher than most other  grades. 

The EVA copolymer f i n a l l y  se lec ted  t o  inves t iga te  f e a s i b i l i t y  was Vynathane 

EY902-30 (U. S Indus t r i a l  Chemicals). The gum stock is readi ly  compounded by 

two-roll mi l l ing ,  -nay be calendered o r  extruded i n t o  shee t s  a t  low temperatures,  



and s o f t e n s  (ASTH E-28) a t  about  1 1 0 ~ ~ .  Tha m e l t  index is approximately 70 g/10 

m i u ~ L b s  i n d i c a t  inq low melt v i . i cos i ty  . 
A l i p h a t i c  peroxide  c u r e  systems ,nvas t iqa t ed  t o  g i v e  h igh  t r anspa rency ,  

low sco rch  w i t h  low process ing  times, and r a p i d  c u r e  at e l e v a t e d  tempera tures .  

A l i p h a t i c  a d d i t i v e s  were employed to avoid t h e  i n t r o d u c t i o n  o f  W-absorbing 

spcscies t h a t  miqht promote d o g r a d a t i ~ n .  Ammatic compounds conven t iona l ly  used 

f o r  c r o s s l i n k i n g  EVA ( t r i a l l y l  c j a n u r a t o .  d~c\rmtil peroxide ,  Vulcuy-R, etc.: 

known to be W absorberd  and cou ld  p o s s i b l y  praw>te instability to weather ing .  

Laboratory exper iments  i:l s h e e t  e x t r u s i o n  revealed t h a t  Vynatheae EY902-30 

qave excess ive  surfac- tack  end uneven ~ x t r u s i o n .  It is l i k e l y  t h a t  roll take-  

up o f  ex t ruded Vynathane EY902 would be d i f f i c u l t  due to its a g r e s s i v e  adhes ion  

when still  ho t  ( 5 0 - 6 0 ~ ~ 1  from t h e  e x t r u d e r  d i e .  T h i s  m a t e r i a l  a l s o  "blocks" 

badly ,  mizing two  s h e e t s  i n  c o n t a c t  w i t h  each  a t h e r  ex t remely  hard  t o  s e p a r a t e .  

Due to t h e s e  handl ing  problems. a m r o  s u i t a b l e  g rade  w a s  s e l e c t e d  from 

the w ~ d e  ranye o f  EVA copolymers c a m e r c i a l l y  a v a i l a b l e .  

c,f t h e  two  g rades  o f  Elvax remaining w i t h  h igh  t r ansmis s ion  (91%),  Elvax 

150 w a s  s e l e c t e d  ove r  t h e  250 a f t e r  L v ~ ~ d u c t i n q  t r i a l  e x t r u d e r  runs i n  t h e  

l abo ra to ry  to assess the procassnbi  l i t y  of t h e  formulated r o s i n .  Elvax 150 

i s  a more d e s i r a b l e  polymer f o r  t h o  reason o f  Lower e x t r u s i o n  temperatures 

requixed due t o  its l l iqher  melt index. The Elvax 250 qene ra tod  much more h e a t  

o f  shear dur ing  t h e  e x t r u s i o n  p rocess  t h a t  could  p o s s i b l y  degrade t h e  peroxide  

con ten t  anti lower t h e  s h e l f  l i f e  ana cur inq  off i c i e n c y  of t h a  canpoundad rcsi.1. 

lbo p ~ l i m i n a r ) . .  f o m u l a t i o n s  wvm davelopod us ing  Elvax 150, a c l e a r  

c m p o u ~ d  to cwver t h e  s u n l i t  s i d e  o f  the cell  and s pigmented wh i t e  compound 

to be used as a r e f l e c t i v e  background behind t h e  cal l .  The t r i a l  fo rmula t ions  

of these t w o  compounds, des iqna ted  EVA-2 and EVA-2W ( i n d i c a t i n g  c l e a r  and  whit^, 

r e s p e c t i v e l y )  are s h m n  as fo l lows:  



Function 

Resin 

Crossl inker  

Xnitiator 

W absorber 

W synergist 

Antioxidant 

Pigment 

Pigment 

C l e a r  
(Parts 

White 
(Par t s  

(a) These were the f i r s t  f u l l y  developed compounds containing 

stabilizers, antioxidants and curing agents. (Notebook No. A83261 

These components were compounded on a two-toll m i l l  f o r  a t o t a l  of 20 minutes 

a t  room temperature (25°C). The curing c h a r a c t e r i s t i c s  of t he  resu l t ing  elastomer 

were determined by s o l u b i l i t y / g e l  f r ac t ion  i n  toluene of specimens exposed to 

variour tlme/tempernture =ombinations. The at tacked graph depfcts  the approxi- 

mate cure curve (Figure 1). A s  may be seen, the  polymer is almost i nde f in i t e ly  

processable up t o  about l l O ° C ,  but  cures rap id ly  a t  140-150°C. 

Actcql experiments l o  module bui lding have shown t h a t  s a t i s f a c t o r y  cures a r e  

developed only a t  t he  higher temperati~res ( i n  excess of about 130°C) and t h a t  the 

cure mechanism is inhibited by air. The g e l  coat  n t s  (degree of crossl inking)  a l so  

vary somewhat according t o  cure conditions.  The white s tock averaged 50-60 per- 

cent  by weight g e l  and the  c l e a r  formulations 60-60 percent. This i nd ica t e s  chat 

the pigmect a l so  has some inhib i tory  e f f e c t  on cure.  



Compression-molded specimens w e r e  evaluated f o r  physical p roper t ies  a f t e r  

20-minute cure  a t  150°e, with the following resu l t s :  

ASTM-D6 38 

Tensi le  s t rength ,  p s i  

Ultimate elongation, $ 

Secrrrt &&us, p s i  (1003 
elongat ion) 

EVA-2 EVA-2W 
( C l e a r )  (Pigmented) 

After 24 hours a t  9 0 " ~  no creep could De noticed i n  the sheet  specimens 

hung ve r t i ca l l y .  

These preliminary formulations provided a basel ine compound from which fur- 

t he r  s tud ies  of EVA performance could be conducted. Nodule fabr ica t ion  tech- 

niques were a l s o  under development a t  the same time t o  determine the best process 

fo r  encapsclatinq cells with t he  new p t t i n g  compounds. Fabricat ion techniques 

w i l l  be discussed i n  a subseq-ent sect ion.  

With the background of fabr ica t ion  experience provided by the preliminary 

fomula t ions ,  it becows possible  t o  refornulate  the  EVA t o  y i e l d  a b e t t e r  com- 

pound. Some of the proper t ies  t h a t  needed improvenent intlucied: 

1. Inwer temperature cure. 

2 .  f a s t e r  cure,  shor te r  t i m e .  

3. Fewer ingredients ,  i f  possible .  

4,  h u e r e d  content  of v o l a t i l e  ~~~~lents t o  reduce bubbling 

under hea t  and vacuum. 

5. Optimized W s t a b i l i z a t i o n  system. 

6. The possible inco,p;rration af compouncis such as s i l a n e  primers t o  

improve the adhesisr. t o  subs t r a t e  o r  supers t ra te  surfaces .  



Conventional formulas fo r  crosslinking EVA frequently employ a co-crosslinking 

agent, e i the r  t r i a l l y l  cyanurate o r  SR-350 (trimethylol propane trimethacrylate).  

It was discovered t h a t  vith Elvax 150 polymer, b e t t e r  cures a r e  obtaiaed without 

*.is agent. EVA-3 (clear) w i t h  no SR-350, gives comparable g e l  of 900, and 

white EVA-- vith no SR-350 went up from 55% to  75% ge l  content under the same 

cure conditions . 
I n  addition t o  improving the  speed and degree of cure, the elimination of the 

SB-350 is advantageous because it removes the  large  quantity of a v o l a t i l e  c- 

n..nt tha t  may contribute t o  bubble formation during the vacuum bag processing s tep .  

Ethylene vinyl aceta te  copolymer has been compounded m la rge  quanti ty vi thout  

any SR-350 crosslinking agent and has a l so  been extruded on a p i l o t  plant sca le  

t o  yield a sheet of 30 inch -ddth fo r  experimental encapsulation studies.  The 

revised formulations a r e  as follows: 

Elvax 150 
Lupersol 101 
UV 531 
T inwin  770 
Irganox 1076 
Kadox 15 
Titanox RF-3 
Ferro An-105 

EVA-3 (clear)  
par ts  

100 
1.5 
0.25 
0.10 
0.50 - 

EVA-3W (white) 
pa r t s  

100 
1.5 - 

It vas noticed during the extrusion process tha t  the screw and ba r re l  tempera- 

tu re  rose t o  about 24S°F from the  heat of shear. This increase is dae t o  the 

absence of the  SR-350 which plast icized the res in  and lowered its m e l t  viscosi ty.  

This w a s  not expected t o  present a problem with the clear formulation: however, 

it had a s igni f icant  e f fec t  on the white formulation. The white compound ex- 

truded with very inadequate mixing of the pigments. The ingredients were poorly 

dispersed and came out of the extruder i n  small lumps whicn could be broken in to  

powder between the f ingers.  Only translucent s treaks of pigment appeared i n  the 

body of the polymer. It appears tha t  the SR-350 served a s  a dispersing agent and 



a flow modifier f o r  the  adequate blending pigment. An approach t o  solving t h i s  

problem was t o  masterbatch t h e  pigment i n t o  a small  amount of polymer on the  m i l l  

r o l l  o r  some o ther  high shear  mixing device and then blend i t  i n t o  the f i n a l  for-  

mulation as p e l l e t s .  This has t he  advantage of high shear  mixing a t  high tempera- 

t u r e  without degradation of t h e  peroxide which is blended with the  o ther  port ion 

of the res in .  

An add i t i ona l  approach t o  the problem of reducing the  hea t  of shear  developed 

i n  t he  extruder  w a s  t o  use a water cooled screw o r  ba r r e l ,  thereby permit t ing the  

r e s i n  t o  be worked harder without the  degradation of the peroxide that occurs with 

higher (122OC) temperature. 

Further inves t iga t ion  w a s  then conducted i n t o  the na ture  of t he  peroxide curing 

system. Zxperiments have shown tha t  t he  polymer may be cured t o  a 95 percent g e l  
(a) cofitent w i t h  0.5 phr ol" Lupersol 101 peroxide, one-third the  quantity used i n  

the o r i g i n a l  formulation. The re la t ionship  between g e l  content  and thermal creep 

r e s i s t ance  w a s  explored. Lou l eve l s  of peroxide were used t o  give a range of ge l  

content polpmers vhich were subsequently cured inta s l abs  of 3" x 1-112" x 0.5" 

thickness.  These s l abs  were then hung v e r t i c a l l y  i n  a c i rcu la t ing-a i r  oven at  

100°5 f o r  120 hours. Thermal deformation became not iceable  at 53 percent ge l ,  

ind ica t ing  t h a t  t he  cure system should generate crossl inking i n  excess of t h i s  value. 

Other a l i p h a t i c  peroxides were screened f o r  the  curing of EVA a t  t he  0.5 phr 

leve l .  The only three  t h a t  worked a r e  l i s t e d  a s  follows with the  r e su l t i ng  g e l  

contents: 

Cure Conditions 
15O0C 150°C 150°C 135°C 135°C 13S°C 

Peroxide 5 min. 10 min. 20 min. 5 mln. 10 min. 20 min. 

Lupersol 101 OX OX 92.93 OX OX 0.4% 
Lupersol 231 91.5% 91.9% 92.7% OX 79.8% 92.9% 
Lupersol 220-DSO 92.6% 93.2% 83.83 CX OX 84.63 

No curing occurred belav a temperature of 120°C a t  any length of time. 

The results indica te  t h a t  a s  l i t t l e  a s  5 minutes cure t i m e  a t  150°C may be 

f eas ib l e  using o ther  peroxides, o r  t h a t  the usual 20 minutes cure time map be used 

a t  a temperature of only 13S°C. Lupersol 231 (1,l-bis(t-Butyl peroxy) ?,3.5,- 

trimethyl cyclohexane) appear; t o  be the bes t  su i ted  peroxide f o r  EVA, i f  i t  proves 

t o  b e  compatible with the  o ther  addi t ives ,  espec ia l ly  the  ant ioxidants .  

(a) pnr;  P a r t s  per hundred p a r t s  r e s i n .  



The results of a more extensive investigation are shown in Table 2 (Appendix). 

Lupersol 101 and Lupersol 231 vere compared for cure efficiency by gel content in 

a typical EVA formulation incorporating W stabilizers and an antioxidant. Both 

Elvax 150 and 250 were used in this experinent to further compare the usefulness 

of the resins. The results indicate that F.lvax 150 is much more successfully 

cured than the 250 and that Lupersol 231 appeared to be the peroxide of choice for 

this application. 

However, severe problems were encountered when modules were constructed with 

this formulation. All modules (both 2 cell as well a,c 11 cell minimodules) fabrica- 

tion attempts resulted in the pottant layer filled with bubbles. These bubbles 

were small in size and uniformly distributed throughout the pottant. No variation 

in time/temperaturelpressure profile resulted in any improvement. A range of 

formulations were prepared to determine if one of the other ingredients was hav- 

ing an antagonistic effect on the peroxide and giving rise to the bubble problem. 

The peroxide alone was found to be responsible for the difficulty. Slower heat- 

ing rates during module fabrication did not improve the quality. No variation of 

the technique resulted in bubble free modules. The decisien was made to return to 

the original Lupersol 101 peroxide. The potential for bubbling of candidate 

pottants was assessed as follows: 

c. Compound Degassing 

An experiment was conducted to measure and compare the bubbling of pottant 

materials to give a quantitative comparison. This was done by foaming a specimen 

of the pottant in a vacuum oven at the fusion temperature and measuring the amount 

of foam by the resulting decrease in specimen density. The following table gives 

the results. 

Degassing Experiment 

Compound PVB A9918 A9906-C A9903-B Elvax 150 

Composition SR-10 EVA + EVA + White Uncomp . 
Lup. 101 Lup. 231 

Density, before (g/cc) 1.076 0.961 0.959 0.965 0.945 

Density, after (glcc) 1.099 0.950 0.891 0.989 0.955 

X Change +2.14 -1.14 -7.09 M.41 -1.06 



A s  can be seen from t he  percentage of  change i n  t he  bottom l i n e  of  the 

table, the formulation based on Lupersol 231 shared the g r e a t e s t  reduction i n  

densi ty  and com.equently the g r e a t e s t  amount of  bubbling, approximately six times 

t h a t  of the c l e a r  po t t an t  fonnulation using Lupersol 101 as t he  curing agent. 

Due t o  th is  d i f f i c u l t y  Lupersol 101 peroxide was used f o r  subsequent r'ormulations. 

d. Antioxidant s e l ec t ion  

Antioxidants a r e  general ly  used i n  rubber formulations t o  improve the  color  

and mechanical property s t a b i l i t y  and extend the usefu l  l i f e  of t he  material. 

With the  r e tu rn  t o  Lupersol 101 peroxide, i t  w a s  decided t o  perform a s e r i e s  

of experiments t o  s e l e c t  an improved ant ioxidant .  Formulations were prepared with 

d i f f e r e n t  candidate ant ioxidants  and molded into c u e d  plaques that were subsequent- 

l y  hea t  aged i n  a c i r c u l a t i n g  a i r  oven. Each plaque a l s o  contained a disc of un- 

primed copper to erlmine ury cormsion  e f f e c t s  that might occur. The compounds 

were evaluated f o r  -d gel content.  g e l  density (tight or loose cure), color  upon 

thermal aging and corrosion e f f e c t s  on the copper d isc .  Table 3 records the re- 

s u l t s .  The compounds t h a t  could be re jec ted  immediately vere those v i t h  low g e l  

contents ind ica t ing  in su f f i c i en t  cure. 

The ant ioxidants  were compounded i n t o  a complete formulation t o  include any 

antagonist ic  e f f e c t s  that could occur from other  ingredients .  A s l i g h t l y  lower 

l eve l  of peroxide (0.75 phr) was used t o  accentuate the f r e e  r ad i ca l  i nh ib i t i on  

e f f ec t  of the  mt iox idan t  (Table 3 ) . 
The bes t  ove ra l l  performance was found f o r  Naugard-P. This compound gave 

high g e l  contents ,  no corrosive a t t a c k  t o  the  copper d isc .  

After  90 hours a t  90°C the polymer specimen showed no s igns  of color  forma- 

t i on  and no r ing  could be seen around the copper d isc .  The thermal aging has 

been continuing and, t o  da te ,  the t e s t  specimens have been exposed t o  over GOO 

hours of 90°C.  No fu r the r  changes have been observed. A d i s t i t c t  advantage to  

the use of Naugard-P is that it is not a phenolic compound and, therefore ,  does 

not give r i s e  t o  W sens i t i za t ion  and possible  degradation of the polymer. Chemi- 

ca l ly ,  Naugard-P is an a lky l  a r y l  phosphite, a high v iscos i ty  t ransparent  f l u id .  



An i den t i ca l  set of experiments w a s  previously run with the Lupersol 231 

peroxide. None of the polymers/antioxidants performed a s  w e l l  a s  the Lupersol 101 

formulations, a l l  being equivalent t o  a color index of 2 t o  3 on the  char t  (Table 3 

and with noticeably more corrosion. It appears t ha t  the  Lupersol 231 cure y i e lds  

polymers t ha t  a r e  less eas i ly  s tab i l ized .  Current EVA formulations employ 0.2 phr 

of Naugard-P a s  the antioxidant.  

e. Compounding and lk t rus ion  

Any material  t o  be used i n  the  construction of s o l a r  modules must f i r s t  have 

the  required physical,  thermal, op t i ca l ,  and e l e c t r i c a l  propert ies;  but  second 

must be ava i lab le  i n  a form tha t  is ammenable t o  fabricat ion.  I n  order  t o  use 

polymeric mater ials  a s  pot tants ,  it is necessary tha t  the physical form cf the 

polymer be appropriate t o  the encapsulation technique being employed. 

P l a s t i c s  are commercially ava i lab le  i n  four bas ic  forms: l i qu id ,  pe l l e t s ,  

powder, and bulk (chunk). Some polymers a r e  r e s t r i c t e d  t o  handling i n  a spec i f i c  

manner, others  may be converted t o  more useful forms su i t ed  t o  the  pa r t i cu l a r  

application. Ethylene/vinyl ace t a t e  is a v e r s a t i l e  polymer t h a t  is manufactured 

i n  p e l l e t  form but may be converted t o  other forms such a s  l iqu id  ( in j ec t ion  mold- 

ing) or sheets  (extrusion).  The sheet form has been found. t o  be the  most useful  

t o  date  and is su i ted  t o  a wide var ie ty  of lamination techniques. 

Preliminary invest igat ions of the conversion of EVA copolymer i n t o  a usefu l  

precompounded sheet  form were conducted on a small sca l e  i n  t he  laboratory using 

a Brabender "Plasticorder". This device cons is t s  bas ica l ly  of an e l e c t r i c  motor, 

a gear reduction uni t ,  and a miniature single-screw extruder attachmeat. This 

equipment w a s  used to  determine the  basic  extrusion conditions fo r  t he  c l ea r  

(EVA-21, and pigmented white (=A-2w) EVA compounds (see i n i t i a l  formulation sec- 

t i o n  f o r  formulations). 

The temperature p ro f i l e ,  back pressure,  and screw speed were determined in i -  

t i a l l y  with the "Plasticorder" adapted t o  a 3/4 inch diameter extruder with a 6 

inch width f i lm die .  All three compounds were found t o  extrude eas i ly  a t  d i e  

temperatures of only 75-80°C. The d i e  back pressure remained f a i r l y  constant a t  

1600 p s i  and the screw speed was maintained a t  60 rpm. The extruded sheet was 

very c l ea r  and manageable; however, the thickness was variable  and could not be 

s e t  precisely using the pa r t i cu l a r  d i e  construction i n  use. 

The preliminary conditions established i n  the laboratory were then used to- 

wards a large-scale p i l o t  plant production. A major extrusion e f f o r t  was con- 

ducted using a Hartig 2-1/2 inch extruder with a two-stage screw containing a mix 

zone for  r e s in  blending. 



Large amounts (200-300 pounds) of both  c l e a r  and pigmented compounds were 

prepared by ribbon blending and were run d i r e c t l y  i n t o  t h e  ex t ruder  hopper. The 

h ighes t  temperature used was 95-100°C a t  the  mix zone and 75OC a t  t h e  d i e .  The 

back p r e s s u r e  was 2400 p s i  f o r  t h e  c l e a r  formulat ion (EVA-2) and about 3000 p s i  

f o r  t h e  whi te  compound (EVA-2W) . 
The following lists t h e  average ex t rus ion  cond i t ions  found f o r  both r e s i n s :  

EVA Extrusion Condit ions 

Equipment: Har t ig  2-112 inch ext ruder  wls ing le  s t a g e  polyethylene screw. 
Screw compression r a t i o ;  3.5:1, Water coo l  op t i cn .  
Screen Pack: 20, 100, 80, 20 Mesh 
D i e  width: 32 inches---full web. 

Temperature Pyof i l e :  

BARREL DIE 
Zcne -- 1 2 3 4 6 8 9 10 11 

S e t T e m p . " F  190 200 200 175 175 175 175 175 175 
RunTemp.OF 200 205 205 210 175 175 175 175 175 EVA-4-clear  
Run Temp. OF 200 200 210 220 180 180 180 180 180 EVA-4W - white  

Take up r o l l s :  Rol l  No. 2 - 80°F - Rol l s  3, 4 approximately 60°F. 

Back Pressures :  2600 p s i  (EVA-4 - c l e a r )  2650 p s i  (EVA-4W-white) 

Screw speed: 36 rpm (22%) 

Speed, Extrudate: 6.4 - 6.5 fee t lminu te ,  32 inch width:  approximately 110 l b l h r .  

Thickness: 18 m i l s  2 1 ( c l e a r ) ,  14 m i l s  ? 1 (white) 

Extrus ion proceeded smoothly with no d i f f i c u l t i e s .  Slow water t r i c k l e  through 
screw appeared t o  be e f f e c t i v e  i n  mainta ining t h e  temperature below 225OF 
(108°C). 

The s h e e t  was extruded a t  a r a t e  of about 8 f e e t  per minute and was taken up 

on chrome r o l l e r s  cooled t o  E I O ° C .  The th ickness  was uniform ac ross  the  24 inch 

wide s h e e t  a t  0.018" 2 0.01". The s h e e t s  were wound on cardboard cores  wi th  re-  

l e a s e  paper i n t e r l e a v i n g .  The i n t e r l e a v i n g  is necessary t o  prevent t h e  wound s h e e t  

zrom "blocking" or  s t i c k i n g  t o  i t s e i f  s o  t h a t  t h e  p l i e s  a r e  d i f f i c u l t  t o  s e p a r a t e .  

In  f u t u r e  s t u d i e s ,  embossing of  the  shee t  ( s i m i l a r  t o  polyvinyl b u t y r a l  s a f e t y  g l a s s  

shee t )  may be found s u f f i c i e n t  t o  prevent t h i s  blocking and may a l s o  a i d  i n  de- 

a i r a t i o n  during f a b r i c a t i o n .  A l t e r n a t i v e l y ,  a l i g h t  coa t ing  of an msorbab le  re-  

l ease  powder such a s  s i l i c a  might work. 



The sheet qua l i t y  was excel lent  and no cure advancing of the  r e s i n  was found 

to  have occurred. Blending of the  ingredients  was found t o  be uniform i n  both 

formulations, however, a d i f f e r en t  compounding procedure had t o  be used f o r  the 

pigmented compound. 

The c l ea r  EVA compour,d is  eas i l y  prepared by taking the  ingredients  a s  l i s t e d  

i n  the  formulation and simply tumble blending them i n  a ro t a t i ng  drum. The l i qu id  

ingredient; d i sperse  ov2r rho surface of the  EVA p e l l e t s  i n  t h i s  process and cause 

t he  powdered ingredients  t o  adhere i n  a un i fom layer .  After half  an hour of 

tumble blending the r e su l t i ng  mix can be used d i r e c t l y  a s  "hopper feed". Eio in- 

homogeneity can be noticed i n  the  f i n a l  product and the extrusion process y i e ld s  

a thorough blend. 

The pigmented formula requi res  a spec i a l  compounding operat ion and a number 

of experimental extrusions were run before a succeseful process was discovered. 

Simple tumble blending a s  is done f o r  the  c l e a r  compound is inef fec t ive ,  giving 

r i s e  t o  s t r eaks  and chunks of undispersed pigment throughout t he  sur face  of the  

film. The r e s u l t s  had been b e t t e r  i n  a p r io r  formulation i n  which the  SR 350 cross- 

l inking agent had been included which suggested t h a t  t he  incorporation of an 

appropriate dispers ing agent might solve the  problem. The addi t ion  of a s i l a n e  

(2-603012-6020,9:1) ('did not appear t o  help when added a t  a l eve l  of 1 p h r @ )  and 

the  extruded sheet  was still  speckled with small chunks of unblended powder. De- 

s p i t e  the pe r s i s t en t  lack of pigment dispers ion,  a l l  o ther  ingredients  appeared 

t o  have blended. G e l  contents of 70% o r  b e t t e r  were found a f t e r  the standard cure 

test. 

The compounding problem was f i n a l l y  solved by preparing a "mastarbatch" of 

the  pignent i n  a small amount of polymer and then blending it with the  bulk of 

the formulation p r i o r  t o  extrusion. 

The formulation i n  t o t a l  consisted of the following ingredients :  

EVA-4WT 
iFinal , Pigntented) 

Par t s  

Elvax 150 100 
Lupersol 101 1 .5  
Kadox 15 Zinc Oxide 5.0 
Ferro AM 105 0.5 
RF-3 Ti tan ia  2.0 

(a) Silanes, Dow Corn ing  Corporation 
(b) phr; Pa r t s  per  hundred p a r t s  resin 



It should be noted that i n  order  t o  increase the  opac i ty  and r e f l e c t i v i t y  of 

the f i lm  titanium dioxide pigment was included (the "T" su f f ix )  . This component 

was or ig ina l ly  excluded on the bas i s  t h a t  some grades of t i t a n i a  appear t o  give 

rise t o  W s e n s i t i z a t i o n  and subsequent degradation of t h e i r  r e s i n  vehicles.  This 

is true for anatase grades,  however, and not t he  r u t i l e  grades. A rutile grade 

was se lec ted  f o r  incorporation a t  the 2.0 phr. 

The AEI-105 is included ia the  masterbatch because i t  is a l s o  very d i f f i c u l t  

t o  compound by extrueion. 

The masterbatch was prepared on a two-roll d i f f e r e n t i a l  m i l l  a t  room tempera- 

t u r e  and consisted of the  fo l l a r ing :  

Elvax 150 
Kadox 15 
Ferro AM 105 
RF-3 Ti tan ia  

P a r t s  - 
2 5 
50 

5 

The masterbatch compound was the= cu t  i n t o  "hopper feed" using a ro ta ry  blade 

m i l l  a f t e r  f reezing the  compound i n  l i qu id  nitrogen. Extruder s tock  was prepared 

by blending cor rec t  amounts of the masterbatch with Elvax 150 and Lupersol 101 

peroxide i n  a tumble blender. The r e su l t i ng  product was then run d i r e c t l y  i n t o  

the extruder ,  which produced a good qua l i t y  thoroughly blended f i lm.  The equip- 

ment, temperatures and other  pa r t i cu l a r s  of the extrusion runs a r e  the same as 

those indicated i n  the  extrusion conditions previously repcrted.  

f .  Ul t rav io le t  S t ab i l i za t ion  

Only ac ry l i c s ,  s i l i cones ,  and fluorocarbons a r e  inherent ly r e s i s t a n t  t o  weather- 

ing. This l imi t a t ion  does not mean t h a t  p l a s t i c s  cannot be modified fo r  outdoor 

use, however. Weather-resistant coatings or i n t e r n a l  compounding of spec i a l  addi- 

t i ves  can achieve dramatic improvements i n  eavironmental res i s tance .  

The de te r iora t ion  of i n  outdoor weathering is caused primarily by 

sunl ight  - espec ia l ly  u l t r a v i o l e t  - frequently combined with atmospheric oxygen 



and o f t en  involving moisture, abrasion, and o ther  f ac to r s  a s  wel l .  Sunlight reach- 

ing the ea r th  is f i l t e r e d  through the atmosphere, removing sho r t e r  wavelengths up 

t o  290 mu before i t  reaches the  sur face  of the  ear th .  Thus u l t r a v i o l e t  e f f e c t s  

on p l a s t i c s  r e s u l t  primarily from wavelengths of approximately 290-400 an, which 

is approximately 5 percent of the  t o t a l  s o l a r  r ad i a t ion  reaching the  ear th .  

I n  general ,  u l t r a v i o l e t  energy i n i t i a t e s  breakdown by dis3ociat ing a covalent 

chemical bond i n r e  a f r e e  rad ica l .  This i n i t i a t e s  a f ree-radical  chain react ion.  

I n  the  presence of atmospheric oxygen, t h i s  usual ly becomes an oxida t ive  chain re- 

act ion.  Formation of degradation products l i k e  C = 0 and C = C double bonds, and 

hydroxyl 0 - H and peroxide 0 - 0 groups increases  the  number of groups which 

can absorb u l t r a v i o l e t  l i g h t  and thus acce lera tes  t he  degradation reac t ion .  

These chemical modifications of t he  polymer a r e  responsible  f o r  the de te r iora-  

t i o n  of o p t i c a l  and mechanical proper t ies  and u s u ~ l l y  r e s u l t  i n  reductions of 

t e n s i l e  s t rength ,  elongation, and transparency. 

Protect ion from W l i g h t  is obtained with s t a b i l i z e r s  known a s  u l t r a v i o l e t  

absorbers and quenchers; p rc tec t ion  from oxidation is achieved with the  use of an t i -  

oxidants.  Host f requent ly the  two used together have a syne rg i s t i c  reac t ion  i n  

which the  increase i n  weatherabi l i ty  is grea te r  than t h a t  obtained with the  use 

of e i t h e r  one alone. 

The absorbance a b i l i t y  of a group of common W absorbers is shorn i n  Figure 12. 

The absorption of u l t r a v i o l e t  l i g h t  may o r  may no: r e s u l t  i n  polymer degrada- 

t ion ,  depending on how t h i s  energy is d iss ipa ted .  I f  the absorbed energy is con- 

ver ted t o  heat o r  a longer wavelength (fluorescence),  no adverse e f f e c t s  may be 

observed. I f  t he  absorbed energy r e s u l t s  i n  chain sc i s s ion  o r  chemical rearrange- 

ment, degradation w i l l  occur. Polymers a f fec ted  i n  t h i s  manner must be protected 

from u l t r av fo l e t  t o  prevent decomposition. 

An addi t iona l  problem inherent  i n  W s t a b i l i z a t i o n  is compatabili ty,  a s  

is demonstrated by the  two systems below. Formulation A is  Compound EVA-3 and 

gives no color  a f t e r  heating i n  the  mold a t  1 5 ~ ~ ~  f o r  two hours,  However, when 

Tinuvin 327 is subs t i t u t ed  f o r  Cyasorb W 531 i n  formulation B,  the sheet  yellows 

a f t e r  two hours of heating. 



Elvax 150 
Lupersol 101 1.5 1.5 
T i n w i n  770 0.1 0 .1  
Cpasorb W531 0.3 - 
Tinuvin 327 - 0.3 
Irganox 1076 0.2 0.2 

Color a f t e r  mold- 
ing  120 adn. a t  OK Yellow 
15O0C 

The conpa tab i l i t y  of polymer add i t i ves  and the  ne t  r e s u l t i n g  hcrease i n  

stability Is b e s t  detetmined by an empir icai  approach of screening fonnulat iops 

and observing t h e  r e l a t i v e  s t a b i l i t y  of each. In acce lera ted  method of exposure - 
the RS/4 sunlamp - is used f o r  this purpose. 

Materials of i n t e r e s t  were subjected t o  RS-4 f luorescent  sunlamp exposure f o r  

a period of 5 mouths (4000 hrs) t o  i nd ica t e  t he  r e l a t i v e  s t a b i l i t y  of each t o  in- 

t ense  W r ad i a t ion .  Although the  r e s u l t s  of t h i s  exposure series a r e  sub jec t ive  

i n  nature,  u se fu l  informatioa is obtained a b ~ u t  t he  r e l a t i v e  s t a b i l i t y  of var ious  

formulations. The following gives t he  r e s u l t s :  

A. Elvax 150, con t ro l  Transparent,  co lo r l e s s ,  very tackp, s o f t  and cheesy. 

B. Elvax 150, cured w i t h  Lupersol 101, no s t a b i l i z e r s .  

Transparent,  very s l i g h t  ye l lov  co lor ,  tacky 
sur face ,  s o f t  but  higher  i n  t e n s i l e  s t r eng th  
than A. 

C. EVA-2, cured and s t a b i l i z e d .  

Transparent,  very l i g h t  yellow, tough r e s i l i e n t  
and rubbery, no su r f ace  tack, s l i g h t  haze. 

D. EVA-2W, white. Tough, r e s i l i e n t ,  no su r f ace  tack, s l i g h t  yel loving 
of surface.  

E* -1, uns tab i l ized ,  cured b e w n  two pieces of Korad 201-R. 

Unaffected, no apparent change i n  mechanical pro- 
p e r t i e s ,  very s l i g h t  haze t o  surface.  

F. EVA-1, -&stabi l ized,  coated w i t h  National Starch 42A acrylic W absorbing 
so lu t ion .  

C l e a r ,  t ransparent ,  coat ing i n  good condit ion,  
underlying polymer appears t o  be  w e l l  p ro tec ted ,  
no d isco lor ing .  

G. 
EVA-1, uns tab i l ized ,  cured between t w n  pieces  of soda-lims g l a s s ,  

SS4179 primer. 
No apparent change, no bond f a i l u r e .  

R. EVA-1, uns tab i l ized ,  cured between g la s s  and iCorad 201-R, SS4179 primer 
to  g l a s s .  

No s igns  of degradation of any kind, but  bond 
failures . 



I. EVA-1, unstabilized, coated with B-48N acrylic solution c~ntaining W 
absorbers. 

Specimen rolled up, coating fractured, underlying 
polymer soft tacky and degraded. 

J. Super-Dorlw No apparent change (color, surface delamination) 

A small piece of EVA-2 (cured with Lupersol 101, Sartomer 350 and Irganox 

1C76) has survived over 4000 hours of RS/4 exposure. Mechanical tosts were run 

on a small piece and gave the following  result:^: Unexpcrsed 
EVA- 2 Control -- 

Tensile strength 1800 psi 1890 psi 
Ultimate elongation 570 0 570 k 
stress at 100% elongation 360 psi 360 ~ s i  

The results are almost identical to the unexposed compound, indicating ex- 

cellent stability. 

In s u m r y ,  a commercially available grade of ethylene-vinyl acetate co- 

polymer has been found that appears to have many of the desired properties for 

a solar module encapsulating compound. High optical transmission, low melt 

temperature, low melt viscosity, ease of comwunding and l ~ w  cost all lead to 

a promising material. The grade selected for development has been successfully 

compounded to give a composition that may be extruded into sheet form with ease 

at a low taperature and subsequently cured to a creep resistant rubber at a 

higher temperature. The feasaility of compounding, extruding and handling 

:lot plant quantities of this fcrmulation has been demonstrated and module 

brication attempts have been successful (following sections). 

Although no conclusive statement ~m be made concerning the weatherabili: r 

or outdoor lifetime of this plymer, studies involving indoor accelerated at ..ig 

techniques suggest excellent stability to ultraviolet light, the most deleterious 

component. of outdoor weathering. Correlations with outdoor exposure are being 

evaluated under otherphases of the LSA program. 



IV. MODULE FABRICATION ATTEMPTS 

This section describes the early attempts a t  encapsulation w i t h  ethylene- 

vinyl acetate ';hat resulted in fa i lure ,  and is included here t o  document the 

t r i a l  and error  experiences that preceded the developatent of a successful method. 

M u l e  manufacturers and other EVA users will h~pe fu l ly  beuefit fran knowledge of 

these i n i t i a l  experiments. Several aaroaches to mdule fabrication were attempted, 

the object being t o  =capsujdte the c e l l  by a f a s t ,  reproducible process t h a t  d id  

not damage the cell or  incorporate buhbles, voids, or any other defect tha t  could 

serve as a l o a s  for  fai lure,  A l l  the techniques a t t q t e d  were variations of a 

process eaploying heat to  fuse the EVA pottant and vacuum to remove trapped air 

and bubbles. 

Standard fabrication test dules w e r e  constructed measuring 3" x 3" (7.6 an 

x 7.6 a) and containing one solar c e l l  (57 ma dianreter); these were used through- 

out the range of erperincnts w i t h  only minor variation. 

Simple laminates were  prepared by assembling layers of the raw materials 

c-sing the encapsulation package. For substrate-based designs these laminates 

consisted of 3" x 3" (7.6 cm x 7.6 an) squares of the following materials i n  or- 

der, frcm topside to  undersi6e: 

Clear rn (formula EVA-1) 

57 mp Diameter  Solar Cell, Active, Face Up 

"lear EVA (formula EVA-1) 

White EVA, (formula EVA-1W) 

Super-Dorlux, Vacuum Dried 

For superstrate designed modules, the materials consisted of ,  from top to  

bcttam: 

Soda-Lime G l a s s ,  Primed 

Clear EVA (fornula m-1) (a) 

57 mt in. Diameter Cell,  Face up, Active 

C l e a r  EVA (EVA-1) 

White EVA (EVA-1W) 

(a1 EVA-1 is a formula for caanpornded EVA coctaining only curing agents, 

btit no UV stabil izers.  This compound was used for  i n i t i a l  fabrications 

in  order t o  provide specimens for degradation studies. 

The 1ami.mtion processes attempted w i t h  the preassembled modules went through 

a nrmrber of changes before evolving t o  a viable ant:-sulation method. The pro- 

cesses used and the modifications made are Lf :rib€ , as follows: 



A. Vacuum Oven 

The first technique tried was that of simplv placing the preassembled module 

into a preheated vacuum oven and permitting the module to come to fusion tempera- 

ture (approximately 60°C) under evacuation. The vacuum step is necessary, as 

modules fused in a circulating-air oven fuse with large amounts of trapped air. 

A full vacuum of 30 in. Hg was applied to the oven immediately after loading 

the module and the fusion temperature was reachzd in about half an hour. 

Laminates prepared in this manner failed due to bubbling and blistering of 

the molten resin. The highest temperature obtainable before the onset of this 

difficulty was found to be 70°C 2 5O. Single sheets of EVA responded in the 

same msnner indicating that in part the de~assing was also a property of resin 

composition. Increases in temperature to YO or 100°C made the situation worse. 

Modules iunoved below the 70°C temperature were poorly fused with irregular sur- 

faces. some la-se bubbles oi entrapped air and poor appearance. Variations in 

the time-temperature-pressure profile broupht no improvement. 

B. Vacuum Fusion-With Backfill 

In an attempt to reduce the degassing and inhibit bubble formation. the vacuum 

oven ~ 3 s  operated at full vacuum until ,rrimarv fusion had taken plqce at about 

iO°C and wss then buckzilled wit,, nitrogen to ambient pressare. Nitropen was 

used as the backfill $as becausz the oxygen component of air tends to inhibit the 

cure of percxide crosslinked svsttms. It was espected that the increase in pres- 

sure at the fusion point would solve the hubble problem bv reducing the vapor 

pressure of the resin, however, no success resulted from this appr03ch. The highest 

temperature attainable was 80°C. at which point the onset of irreversible bubbling 

occurred a~ain. Additional problems included the absence of cure (due to low 

temperature), cell shifting, and excessive loss of resin over :he edges of the 

substrate. 

C. Vacuum Pack 

In order to take further steps towards the suppression of bubbles. a direct 

cont.~c t ;ipproach was tried. Posi tivt: pressurc was a p p l i e d  directly to the snrf.lcc* 

of  the module bv .~ssemblin~ a sandwich "pack" of sheet materi;~ls around the module. 

V.~ryinl: pressures were then applied to the ~ssemblv bv placing weiphts on the top 

suri,tce. The "pack" consisted o t  the following .~ssemblv: 



Top Sect ion:  

Middle Section:  

Bottom Section:  

Weight 

Aluminum support  p l a t e .  6"s6"x1/16" 

Cardboard, 6"sb"xl/8" 

S i l i c o n e  rubber,  6"x6"~1/32" 

FE? fi lm. 3"x3"x0 -01" 

C e l l  lay-up. as i n  (A) 

Cardboard, 6"x6"x1/8" 

Aluminum, 6"x6' x1/16" 

Cardboard, 6"~6"x1/8" 

Aluminum p l a t s ,  6"x6"~1/16" 

Each m a t e r i a l  w a s  included t o  provide a s p e c i f i c  funct ion.  

The FFP f i l m  was placed over  t h e  module s u r f a c e  t o  serve as a r e l e a s e  sur-  

face.  t h e  cardboard served t o  slow down the  heat  t r a n s f e r ,  a l lowing a longer 

evacuation time (be fo re  fus ion) :  and t h e  aluminum p l a t e s  s e r v e s  a s  r i g i d  support  

members. The f i n a l  assembiy w a s  taped over t h e  edges t o  prevent  t h e  assembly from 

s h i f t i n g .  

Losdinp t h i s  pack i n t c  t h e  vacrum oven wi th  0 . 2  t o  0.5 p s i  ( r e s d l t a n t  weight 

on t h e  3"r3" module su r face )  p ressure  r e s u l r t d  i n  much improved modules wi th  f l a t  

su r faces .  The l i m i t i n g  temperature was found t o  be approximateiv 70°C. a s  be- 

'ore. Up t o  t h i s  temperacure modules could be produced r n t i r e l v  bubble-free. we l l  

fused. and of gocd appearance. Above i O ° C  d e ~ a s s i a g  began. again  r e s u l t i n g  i n  

bubble inc lus ions ,  al though not q u i t e  as severe lv  a s  previously.  

The mt.Jule i n s i d e  the  pack assemblv is estimated t o  reach 70°C i n  about 45  

minutes i n  t h e  vacuum oven. 

The w i n  problem remaining was s t i l l  t h - t  of r a i s i c p  t h e  module t o  a s u f f i -  

c i e n t l y  high temperature t o  c u r e  the  EVA encapsulant  without t h e  d e s t r u c t i v e  de- 

gass ing.  

The po t t an t  i n  t h e  modules produced by anv of t h e  preceding processes  was 

found t o  be uncured and completely thermoplas t ic .  Curing does not appear t o  

occur a t  70°C - 100°C regard less  of h w  long the  r e s i n  remains a t  temperature ( s e e  

cure  curve,  Figure 1). 



D. Vacuum Pack with Backf i l l  

A combination of the  preceding methods was t r i e d .  The module "pack" assemb- 

lies were fused under f u l l  vacuum t o  a temperature of 70°C and the  oven back- 

f i l l e d  witn n i t rogen  t o  ambient pressure a s  before.  The temperature was then 

r a i s ed  t o  150°C f o r  an add i t i ona l  period of tvo hours and the  modules remaved. 

About 20% of t he  modules r e s u l t i n g  from t h i s  process were w e l l  fused, bubble- 

f r e e  and shoved no s igns  of c e l l  damage. The remainder were f a i l u r e s  and although 

they had some bubbles, f a i l e d  more from excessive r e s i n  exudation ( l o s s  of encap- 

su l an t )  than any other  d i f f i c u l t y .  Additionally,  the  po t tan t  had low l e v e l s  of 

cure. ALthough the  polymer was found t o  cure  w e l l  i n  a compression mold a t  150°C. 

vacuum packs a t  the  same t q e r a t u r e  shoved almost no c ross l ink ing .  This is thought 

t o  be due t o  slow and i n e f f e c t i v e  hea t  t r ans fe r  causing the  peroxide t o  decompose 

before  t he  cure  temperature was reached. 

E. Vacuum Pack-Air Oven 

Successfully fused and bubble-free modules prepared bv procedure (C) were 

l e f t  i n  t h e i r  pack assemblies and cure  was attempted i n  a c i r c u l a t i n g  cven. Load- 

ing i n t o  an oven d i r e c t l y  a t  the  des i red  150°C r e su l t ed  i n  the  usual  bubbling 

problem, so a more gradual approach was taken. Nodule packs were rewved from 

the vacuum oven a t  70°C and placed i n  an air oven a t  90°C. The temperature was 

then ra i sed  10°C every 1 /2  hour u n t i l  L50°C was reached. Xost modules survived 

d e l l ,  with only 20% (approximately) f a i l u r e  r a t e  due t o  bubbling and degassing. 

Despite adequate time fo r  equ i l i b r a t i on  a t  a s u f f i c i e n t l y  high temperature, the  

cure  of the  ENX was s t i l l  found t o  be marginal a t  g e l  contents  of 10-20X. These 

modules d id  not surv ive  temperature cvcl ing st 90°C and flowed t o  des t ruc t ion .  

These r e s u l t s  suggest t ha t  the presence 02 a i r  i n h i b i t s  t he  high temperature 

cure,  even i n  a pack lay-up; and t h a t  a rapid hea t  t r a n s f e r  map be necessarp t o  

overcore i nh ib i t i on  e f f ec t s .  Thermal decomposition of the peroxide a t  t empera t .~es  

below those required f o r  c ross l ink ing  may a l s o  be t he  cause of low g e l  contents .  

F. Autoclave 

A f a r  experiments were run with a miniature laboratory s c a l e  autoclave t ha t  

could be pressurized with nitrogen. 

Supers t ra te  sel l  lay-ups with no pack a s  described i n  (A)  were placed i n  a 

preheated autoclave a t  120°C and immediately- evacuated tc 30" Hg. After a length 

of time under vacuum t o  remove entrapped a i r ,  the autoclave was backf i l l ed  with 

nitrogen co a pressure of 280-300 p s i  and l e f t  f o r  half  an hour. The idea w a s  to 



backf i l l  .n t  the  onset of fusion and suppress bubble formation with the high pres- 

su re  atmosphere. Modules pressurized a f t e r  5, 10 and 15 minutes of vacuum s t i l l  

gave poor r e s u l t s  with bubbling and degassing of the EVA. 

Throughout t he  s i x  approaches sumsarized so f a r ,  t h e  following problems were 

encountered: 

1 Bubble formation - occurring i n  a l l  casev except (E). 

(2) Incomplete cure - occurring i n  a l l  cases.  

(3) Lack of adhesion - occurring i n  mcst cases.  

(4) Severe r e s i n  flow and c e l l  sh i f t i ng .  

5 Pigmented r e s in  overlapping c e l l  surface - p a r t i a l l y  solved 

by using l i gh t ly  precured pigmented res in .  

A fabricat ion method is therefore required that prevents a i r  inh ib i t ion  of the  

resin cure system, holds the module components physically i n  place and appl ies  a 

pressure tc *.L system t o  insure rapid heat t r ans fe r  and suppression of bubbling, 



V. VACUUM-BAG FABRICATION 

A success fu l  and reproducible  module f a b r i c a t i o n  technique was f i n a l l y  

achieved us ing a vacuum bag. The "Bag" cons i s ted  of an  aluminum p i c t u r e  frame 

support ing a f l e x i b l e  s i l i c o n e  rubber diaphragm. This  frame was then placed on 

a s o l i d  aluminum support  p l a t e  covered wi th  a t h i n  l a y e r  of g rease  and t h e  whole 

assembly evacuated through a p iece  of tubing i n  t h e  s i d e  of t h e  frame. (See 

Figure 2 ). Module lamination was achieved by assembling a "lay-up" of materials 

as before:  ( s u p e r s t r a t e  example) 

FEP Film - r e l e a s e  f i l m  

Pigmented EVA - r e f l e c t i v e  rear p o t t a n t  

Clear EVA - t r ansparen t  p o t t a n t  

So la r  C e l l s  (Face Down) 

Clear EVA - Transparent p o t t a n t  

Soda-Lime Glass - s u p e r s t r a t e  

This assembly was then placed between t h e  support  p l a t e  and t h e  diaphragm 

he ld  on t h e  p i c t u r e  frame. Applying t h e  vacuum (30 i n .  Hg) r e s u l t e d  i n  removal 

of air  trapped berween t h e  s h e e t s  of encapsulant and a l s o  compressed t h e  assembly 

t o  14.7 p s i  from t h e  a c t i o n  of the  diaphragm. While under vacuum, t h e  e n t i r e  

vacuum bag was loaded between t h e  prehezced (150°C) p l a t t e n s  of a hydrau l ic  p ress  

which served as t h e  h e a t  source. The ram pressure  was j u s t  s u f f i c i e n t  t o  c l o s e  

t h e  p ress  and i n s u r e  good heat  t r a n s f e r  t o  t h e  vacuum bag. The t i m e  required f o r  

adequate fus ion  and cure  w a s  determined by placing a micro thermocouple over t h e  

module assembly. Twenty minutes of cure  time w a s  allowed a f t e r  a temperature 

of 140°C is reached. Samples of encapsulant from modules prepared i n  t h i s  manner 

show adequate cure  and g e l  contents  i n  excess of 75%. A graph of t h e  time-tempera- 

ture-pressure cyc le  is  a t t ached ,  s e e  Figure  3. 

It is necessary t o  mention t h a t  t h e  edges of t h e  module l a y  up were sea led  

wi th  masking t ape  p r i o r  t o  loading t o  prevent t h e  EVA polymer from f i l l i n g  t h e  

i n s i d e  of the  vacuum bag. Although t h e  edges were secure ly  taped,  entrapped a i r  

appears t o  d i f f u s e  through with no d i f f i c u l t y  under evacuation.  

Solar  Power Corporation has recen t ly  used t h i s  technique t o  prepare glass-  

s u p e r s t r a t e  modules of 11" by 15" dimensions and conta ining li e l e c t r i c a l l y  

a c t i v e  c e l l s .  Thesa modules a r e  f u l l y  cured, bubble f r e e ,  of good appearance and 



show no c e l l  damaget. Additionally the use of recently discovered General 

E lec t r i c  SS4179 pr- resulted i n  excel lent  adhesion. Glass/EVA specimens 

using this prinrar have sunrived three weeks of water impsrsion with no signs of  

delamination. D r .  Edwin Plueddeman of  the  Dow Corning Corporation under contract  

to JPL has also discovered e f fec t ive  p r h s r s  for bonding EVA t o  g lass  that are 
(a) water r e s i s t a n t  . 

Springborn Laboratories concentrated on the  vacuum bag fabr ica t ion  of one- 

ce l led  modules t o  be used i n  accelerated degradation experiments (see Figure 41 

and Solar P w e r  Corporation (under subcontract) constructed most of the  la rge  multi- 

ce l led  modules (see Figure 5 ) .  The modules produced by t h i s  lnethod were of two 

types: supers t ra te  v i t h  soda-lime glass, and subs t ra te  on Super-Dorlwr. Both 

c o a s t r u c t l o ~ s  vere of good qual i ty ,  v e l l  fused, crosslinked, and almost bubble- 

free.  One spec ia l  module was prepared v i t h  a cover of Korad X201R ac ry l i c  f i lm 

a s  an in tegra l  par t  of the  encapsulation process (see Figure 6 ) .  

Using the vacuum bag concept, a further  improvement of the  module fabr ica t ion  

process resulted. The apparatus was modified by including a top cover and an 

addit ional  hose f i t t i n g  (see Figure 7 ) .  This adaption enabled both cav i t i e s  above 

and belaw the  f l e x i b l e  diaphragm to  be evacuated. The advantage t o  t h i s  modifica- 

t ion  is tha t  it is possible t o  keep the  module assembly under d i r e c t  and fu!l 

vacuum while the  pressure from the diaphragm of the  top surface may be varied 

from zero t o  frr l l  atmospheric pressure (30 in. Bg). The pressure resul t ing  on 

the  surface of the  module can a l so  be changed v i t h  time and t e q e r a t u r e  to  avoid 

excessive loading of the c e l l s  when the  pottant  is still too in f l ex ib le  to  provide 

s t r e s s  r e l i e f .  This "double vacuum bag" process yields improved modules with 

fewer defects  such as c e l l  cracking, bubbles and i r regular  surfaces and provides 

greater  control  over the time/temperature/pressure cycle thereby giving grea ter  

control over the  fabricat ion process. 

It was discovered empirically tha t  the  bes t  r e su l t s  were achieved when f u l l  

evacuation of the  top cavity i s  continued u n t i l  a f a i r l y  high temperature is 

reached (approximately 120°C) during the cure cycle. A t  t h i s  point the  vacuum 

is slowly released and the  diaphragm puts the  module in to  compression. 

I n  previous work, :he top cavity was returned t o  d i e n t  pressure upon the 

beginning of the cure cycle, thereby putting the  moduie i n  compression before 

the  r e s in  had reached the melt st-se. With the new technique the pressure of the 

diaphragm is applied t o  the  surface of the module gradually over a 10 minute 

(a) Plueddeman, E . ,  "Chemical Bonding Technology for  Ter res t r i a l  Solar Cell  
Modules" JPL Document 5101-132, J e t  Propulsion Laboratory, Pasadena, 
California,  September 1, 1979. 



period when t he  r e s i n  is i n  a m e l t  s t a g e  and, therefore ,  capable of supplying 

stress r e l i e f .  Cel l  cracking appears t o  have been t o t a l l y  eliminated with t h i s  

process because the  c e l l s  are f r e e  t o  f l o a t  i n  t he  r e s i n  during the  compression 

s t age  and subsequent cure. The s t a t i c  load occurring i n  the  f lu sd  aedium ellmi- 

na tes  loca l ized  s t r e s s e s  t h a t  could appear on t h e  c e l l  surface. Bubbles a l s o  have 

been eliminated due t o  longer time ava i lab le  f o r  degassing under a no-load condition. 

All l a rge  and small modules produced i n  t h i s  program w i l l  employ t h i s  technique. 

A graph of the  temperature and pressure conditions versus t i m e  is shown Fa t h e  

at tached F i g u r e 8 .  The temperatures shown were determined v i t h  a n  iron/coastantan 

thermocouple placed on the sur face  of the  module throughout t h e  vacuum bag process.  

The f ab r i ca t ion  s t e p s  followed i n  the double v ~ a c ~ * m  bag process may be summa- 

r i zed  as follows: 

(1) Assemble the  module construct ion mater ia l s  as shown i n  Figure 9, 

including the  FEP r e l ea se  fi lm, the aluminttm shim s tock  and t h e  

masking tape. Seal  t he  edges f i rmly v i t h  the tape, making su re  

t h a t  the  comers  a r e  covered. 

(2) Place the  preassembled module i n  t he  2cr1ble vacuum bag chamber 

between the diaphragm and support p l a t e  (lower cavi ty) .  

(3)  Evacuate t he  e n t i r e  assembly (both cav i t i e s )  through the  s i d e  

connections t o  a pressure of 29 - 30 in .  Hg f o r  a period of a t  least 

10 minutes. 

(4) With the  vacuum s t i l l  applied, p lace  the  vacuum bag assembly be- 

tween the  heated p l a t t e n s  of a hydraulic press  o r  any o ther  heat 

source capable of making int imate contact.  

(NOTE: i f  a hydraulic press  is used, the  ram pressure should only cause the  

p l a t t ens  t o  close,  but not compress the gaskets of the  vacuum assembly.) 

(5) Permit t he  assembly t o  hea t  a t  a r a t e  of approximately 4OC per minute 

u n t i l  a temperature of 120°C is reached. This should take around 23 

minutes. 

6 )  A t  the  120°C point  t he  top cavi ty vacuum should b e  released slowly, 

so  t h a t  the  cavi ty  r e tu rns  t o  ambient pressure i n  8 - 10 minutes. 

(7) Continue the heating process u n t i l  a temperature of 150°C is reached. 

The time between 140°C and 150°C should be approximately 10 minutes. 

This is the point a t  which most of the  curing of the  pot tan t  occurs.  

Allaw an addi t iona l  5 minutes a t  the  150°C point t o  insure  t ha t  ade- 

quate heat t r ans fe r  has taken place. 

(8) Remove the heat source, and permit the e n t i r e  assembly t o  cool w i t h  

the  vacuum s t i l l  applied t o  the lower cavi ty .  



( 9 )  The module may be removed whenever the  assembly becomes cool  enough 

t o  handle. 

This process has been used s u c c e s s f u l l y  i n  t h e  p repara t ion  of s i n g l e  c e l l e d  

laboratory  modules of 4 x 4 inch s i z e ,  double c e l l e d  modules of 4 x 8 inch s i z e  

and 11 c e l l e d  modules of 11 x 15 inch s i z e .  

It should b e  emphasized a t  t h i s  poini: t h a t  hea t ing  r a t e s  a r e  important  i n  

t h e  f a b r i c a t i o n  of modules t h a t  a r e  adequately cured and r e s i s t a n t  t o  thermal de- 

formation. 

A module w a s  prepared i n  the  usua l  manner, except t h a t  t h e  hea t ing  r a t e  w a s  

lowered t o  about ha l f  t h a t  normally used. Ins tead  of a t t a i n i n g  150°C i n  about 45 

minutes, t h i s  module w a s  i n s u l a t e d  s o  t h a t  150°C was reached i n  90 minutes. A 

zero  g e l ,  o r  no c u r e  condi t ion r e s u l t e d .  This  i n d i c a t e s  t h a t  a cure  schedule  must 

be developed t h a t  s p e c i f i e s  t h e  minimum hea t ing  r a t e  required t o  g ive  accep tab le  

g e l  content .  I f  t h e  hea t ing  r a t e  is too slow t h e  peroxide w i l l  probably undergo 

thermal decomposition and be dep le ted  be fo re  t h e  temperature required f o r  cross-  

l i n k i n g  is  reached. 

Presumably the  hea t ing  r a t e  map be too rap id  a s  we l l .  I f  t h e  polymer is 

brought t o  cu re  cond i t ions  too soon, i t  may have i n s u f f i c i e n t  time t o  proper ly  de- 

gas and bubble entrapment may occur.  The p rec i se  cure  r a t e s  w i l l  vary wi th  

changes i n  p o t t a n t  formulation.  The formulations a r e  s t i l l  i n  a process of  evolu- 

t i o n ,  consequently p r e c i s e  c u r e  curves  have not  been determined ye t .  

The advantages found wi th  t h i s  encapsula t ion method may a l s o  be b r i e f l y  

summarized, and a r e  a s  follows: 

Rapid f a b r i c a t i o n ,  approximately 1-hour c y c l e  

Free of bubbles and voids  

Ease of m a t e r i a l s  handling 

Good cure  of t h e  r e s i n  

Good adhesion (with t h e  primers used t o  da te )  

No c e l l  s h i f t i n g  

Minimal l o s s  of encapsulant  dur ing fus ion 

No c e l l  o r  in terconnect  danage 

P o t e n t i a l  f o r  automation 

The l a r g e  11 i n .  x 15 i n .  modules have success fu l ly  passed the  JPL thermal 

c y c l e  test, JPL  document LSA 5101-65. 



A br ie f  cos t  ana lys i s  was conducted f o r  both subs t r a t e  and supe r s t r a t e  modules 

prepared by t h i s  method. Calculations were r e a l i s t i c a l l y  based on a c t u a l  measure- 

ment of t he  thickness of t!le po t tan t  layer  and determination of t he  amount of r e s i n  

used. For a routinely prepared module, t he  t o t a l  encapsulant p r o f i l e  was found to  

be i n  the  order of 0.045 inch. This f i gu re  excludes t he  thickness of the  sub- 

s t r a t e  o r  supers t ra te .  

After fusion, the  module sur face  is  q u i t e  f l a t  and it is assumed t h a t  the 

po t tan t  has become evenly d i s t r i bu t ed  throughout the module. Of the  measured 

C.045 in .  p ro f i l e ,  0.015 layers  of po t tan t  res ide  above and below the c e l l  sur face  

with an addi t ional  0.015 in .  l ayer  f i l l i n g  the space between the c e l l s .  Subtract- 

ing  the  volume of t he  c e l l s  ( a t  a 70% packing fac tor )  from the encapsulant l ayer ,  

the  volume of pot tant  used was calculated t o  be 5 cubic inches per square foo t  of 

module snrfac>. The cost  of the  po t tan t  may be found by multiplying t h i s  f i gu re  

by the  cos t  per  it volume of the res in .  The cost  of the  EVA compound was de- 

termined by simply s ~ d i ~ g  the cos t s  of tne  individual  components i n  the formula- 

t i o n  times t h e i r  rest>ec , i v e  weight f rac t ions .  This was calculated t o  be $0.7408 

per lb .  ($0.0267 per cu. in . )  f o r  the  c l e a r  compound and $0.6985 per lb.  ($0.0252 

per cu. in . )  f o r  t he  pigmented compound. 

An estimatien of the  t o t a l  encapsulation cost  can be calculated by adding i n  

t he  cos t s  of the other  construction elements, a s  i n  the  following table:  

Estimated Module Encapsulation Costs (2) 

$ / ~ t ~  
Material  Supers t r s t e  Substrate  

EVA, c l e a r  0.0889 0.0889 
EVA, pigmented 

(1) 
0.0419 0.0419 

Primer, SS-4179 0.0066 0.0066 
Soda-lime Glass (90 mil) 0.26 --- 
Hardboard, Super-dorlux (118 in .  ) 0.10 

Total  Encapsulation $0. 397/ft2 $0.237/f t2 

2 
(1) Primer applied a t  a weight of 0.5 gram (0.001 lb . )  per f t  . 
(2) Calculated on the maximum volume p r i ce  reduction (1979 d o l l a r s ) .  



Module Warp 

Modules prepared using Super Dorlw subs t ra tes  a l l  appear t o  warp during and 

a f t e r  the vacuum bag encapsulation step. This is believed t o  be primarily due t o  

i n t e rna l  moisture changes within the  hardboard. An experiment was done t o  t e s t  

t h i s  hypothesis. A two c e l l  subs t ra te  module was exposed t o  an 80% RH environ- 

ment f o r  48 hours. A considerable warp aevelope; along the  long edge of t h e  

module: approximately 1/4 inch over an 8 inch span. The module was then placed 

i n  a vacuum oven a t  50°c and evacuated t o r  a period of 3 hours. The warp vanished 

and the  module assumed its desired f l a t  contour. The unencapsulated s i d e  of t h e  

module w a s  painted (Rustoleum-white) immediately upon removal from the  vacuum 

oven and the  pa in t  permitted t o  dry under ambient temperature and humidity con- 

di t ions.  The warp reformed slowly over a period of two days, bu t  was much l e s s  

than before,  i n  the order of 3/32 inches over an 8 inch span. This suggests t h a t  

the  pa in t  is retarding the  inf lux  of water vapor i n t o  the  hardboard. An occlusive 

backside coating of some minimum thickness might be s u f f i c i e n t  t o  achieve a humidity 

balance i n  the  hardboard and therefore serve as a warp r e s i s t a n t  coating. This ap- 

proach w i l l  be investigated i n  future work. 



VI. ADHESION STUDIES 

Adhesives, primers o r  some o the r  mechanism a r e  necessary f o r  the  high r e l i a b i l i t y  

b o d i n g  of the assembly components t o  one another  i n  order  t o  i n su re  t h e  s t r u c t u r a l  

i n t e g r i t y  and long l i f e  performance of t he  module. The adhesion between the  po t t an t  

and 0th- components, i.e., subs t r a t e ,  s u p e r s t r a t e  and ou te r  cover, was i nves t i -  

gated i n  the paat  qua r t e r  and some encouraging r e s u l t s  were obtained with t h e  use 

of prlmers. An advantage is presented by t h e  use  of e thylene/vinyl  a c e t a t e  copolp- 

mers as po t t an t s  because these  materials have adhesive p rope r t i e s  t o  begin wi th  

sod a r e  widely used i n  t h e  Industry i n  t h e  foranulatioa of hot-melt adhesives. 

Primers were inves t iga ted  ins tead  of adhesives i n  order  t o  generate  the highly 

dependable bonds needed betueeu the  components. Ptimers were se l ec t ed  f o r  initial 

inves t iga t ion  because of d i s t i n c t  advantages over adhesives they present ,  which 

are as follows: 

a. Cost e f fec t iveness ,  only a very t h i n  l aye r  is required t o  c r e a t e  

an e f f e c t i v e  bond. 

b. Primers a r e  f requent ly  1002 a c t i v e  systems r equ i r ing  no drying 

times t o  remove so lvent  vehicle .  

c. High transparency, such a thin l a y e r  is used t h a t  no l o s s  of 

transmission is encountered i n  the  o p t i c a l  path. 

d .  Adhesion usually occurs by chemical bonding, giving a high de- 

pendabi l i ty  bond. 

e. Eas i ly  appl icable  t o  su r t aces  by d ip  o r  spray process o r  any 

technique f o r  low v i s c o s i t y  f l u i d s .  

f. May be incorporated by blending in to  the pottant before the encapsulation 

step t o  g ive  a self primvlq camposition. 

g. Rapid bonding ... no lengthy cure  cyc l e  required. 

Table 4 (page T-5)shows th, r e s u l t s  of adhesion bond s t r eng th  evaluat ions of 

materials and primers inves t iga ted  to  da t e .  The test specimens were prepared i n  

a manner s imi l a r  t o  t h a t  vhich would b e  encountered i n  a c t u a l  module fabr ica t ion .  

A l l  s ubs t r a t e / supe r s t r a t e  specimens were evaluated by XS7Y method 0-903 f o r  t h e  

peel  o r  s t r i p p i n g  s t r eng th  of laminates,  i n  which the  polymer layer is pul led 

back of f  the  s u b s t r a t e  a t  a 180 degree angle.  For f l e x i b l e  specimens, x c h  as 

polymer bonded outer  cover ma te r i a l s ,  ASTM method D-1867 ("TW-Peel) was employed. 

All values a r e  reported a s  pounds of s t r s s s  per inch of width of bond l i n e .  

Specimens showing high cont ro l  values were fu r the r  t e s t ed  a f t e r  water immersion 

f o r  two weeks and exposure t o  bo i l i ng  water f o r  periods of two hours and twentp 



four  hours.  According t o  one resea rcher ,  2 hours of b o i l i n g  water i s  approxi- 

mately equivclent  t o  one year of water exposure outdoor weather ing(3) .  

I n  s u b s t r a t e  module cons t ruc t ions ,  pigmented whi te  o r  poss ibly  c l e a r  EVA is 

t o  be bonded t o  Super-Dorlux hardboard. The bond s t r e n g t h s  were found t o  b~ s a t i s -  

f a c t o r y  a f t e r  molding and cur ing  without t h e  use  of any p r h e r s  o r  adhesion promo- 

t e r s .  Molding p l a i n  s t a b i l i z e d  EVA t o  t h e  s u r f a c e  of S ~ p e r - 3 ~ r l w  gave a good 

bond t h a t  f a i i e d  by cohesion i n  t h e  p o l p e r  a t  a break s t r e n g t h  of 24 l b s .  pe r  

inch wi th  no s u r f a c e  treatment.  Adhesion of t h e  whi te  pigmented compound under 

t h e  same cond i t ions  d i d  not  perform q u i t e  a s  w e l l ,  producing bond s t r e n g t h s  

averaging 12.3 l b s .  p e r  inch of width. 

Sanding t h e  s u b s t r a t e  f i r s t  does not  appear t o  s i g n i f i c a n t l y  improve the adhesion 

probably due t o  a loosening of the  immediate s u r f a c e  (A8912-4). Drying t h e  Dorlux 

before  bonding (A8912-7) r e s u l t e d  i n  g r e a r l y  reduced adhesion,  wi th  a n  average bond 

s t r e n g t h  of 4 l b s . / i n .  of width. ?he b e s t  adhesion wi th  whi te  EVA was found when 

t h e  s u r f a c e  was primed wi th  SS--4179 sLlane (o r  A8330B s i l a n e ) .  This t rea tment  re-  

s u l t e d  i n  cohesive f a i l u r e  wi th in  the  polymer a t  24 l b s .  / i n .  

The conrept  of incorpora t ing  t h e  prim,rs d i r e c t l y  i n t o  t h e  r e s i n  was i n v e s t i -  

ga ted i n  order  t o  a s s e s s  t h e  f e a s i b i l i t y  of e l imina t ing  t h e  priming s t e p  e n t i r e l y .  

This would e l imina te  a production opera t ion  and, the re fo re ,  speed up t h e  l a r g e  

s c a l c  module f a b r i c a t i o n  process.  

Primers combined i n t e r n a l l y  wi th  t h e  polymer were not  q u i t e  a s  e fEec t ive  i n  

promoting bond s t r e n g t h .  One p a r t  pe r  hundred r e s i n  of mixed s i l a n e  !A-8121-2) 

i n  t h e  polymer formulatior. gave an accep tab le  s t r e n g t h  of 17.1 l b s . / i n .  Whzn these  

two components a r e  f o r c i b l y  separa ted,  t h e  f a i l u r e  occurs p r i n c i p a l l y  w i t h i n  t h e  

imuediate s u r f a c e  of t h e  hardboard and EVA p u l l s  away wi th  a t h i n  covering of 

Dorlux a t t ached  t o  i t .  Soaking i n  hot  (60°C) to luene fo r  s e v e r a l  hours followed 

by forced s e p a r a t i o n  leaves  a l a y e r  of s t r o n g l y  adhering EVA on t h e  s u r f a c e  of t h e  

hardboard t h a t  appears t o  be chemically bonded. 

Surface  delamination wi th in  t h e  hardboard appears t o  be t h e  b igges t  p o t e n t i a l  

ptcblem with  t h i s  m a t e r i a l  and i n d i c a t e s  t h a t  t h e  bond s t r e n g t h  w i l l  b e  l imi ted  

t o  the  cohesive s t r e n g t h  of the  su r face .  Some s o r t  of s u r f a c e  h a r d e u i ~ g  treatment 

may be p o s s i b i e  i 2  h igher  bond s t r e n g t h s  a r e  found t o  be desirable. 

(a )  Edwin P.  Plueddemann, Dow Corning Corporation,  p r i v a t e  communication. 



water immersion of the  hardboard specimens w a s  found t o  be an inappropriate  

t e s t  method i n  most cases. Only two specimens, white EVA t o  sanded Dorlux and 

EVA with i n t e r n a l l y  compounded primer (specimen A8930A:, re ta ined  good bond 

s t rengths  of 12 t o  14 lbs/inch. A l l  specimens t h a t  f a i l e d  (by peel ing)  revealed 

the  f a i l u r e  t o  be i n  t he  h e d i a t e  surface of the  hardboard and the  polyme.: pul led 

away with a covering of wood f i b e r s  on the  surface.  Boiling water immersion re- 

duced al' t he  bond s t rengths  t o  an average value o f  2 lbs/icch. These experiments 

i nd ica t e  that i s o l a t i o n  from l i q u i d  water is e s s e n t i a l  f o r  long bond l i f e  with 

hardboard products. 

Adhesion t o  g l a s s  does not  occur a s  r ead i ly  as t o  hardboard and the  we of 

primers is absolutely necessary t o  obtain any peel  st-ength a t  a l l .  The EVA fo rm-  

l a t i o n  molded and cured d i r e c t l y  over the g l a s s  has e s s e n t i a l l y  no adhesion (0.3 

lbs .  / in . ) .  The approach t o  bonding g lass  w a s  essentially the  same a s  f o r  hard- 

board, using primers both wi th in  the  polymer and applie? t o  the  surface,  the  s ides  

were d i f f e r en t i a t ed ,  however. Soda-lime g l a s s  is prepared by a process of f l o a t -  

ing tl-n m e l t  on a bath of molten t i n .  This r e s u l t s  i n  the  g l a s s  having two s ides ,  

an air s i d e  and a t i n  side,.which may give very d i f f t r e n t  adhesive cha rac t e r i s t i c s .  

The s ides  were iden t i f i ed  with the  use of an u l t r a v i o l e t  l ighc  (shortwave - 256 nm) 

which causes the  t i n  s i d e  t o  f iuoresce  with a pa l e  yellow glow. The air s ides  

were labeled A o r  1 depending on which l o t  of g l a s s  w a s  being tes ted .  

Excellent r e s u l t s  were obtained with both techniques. For sur face  applied 

primer, t he  most e f f ec t ive  treatment was found with A8330-B (Table 5 ) . I n  use, 

t h i s  primer is ,wabbed onto the  sur face  of g l a s s  t h a t  has been precleaned with de- 

tergent ,  hcetone and r insed i n  d i s t i l l e d  water. The coating weight (wet) is 

approximately 0.5 ,,rams or .001 lb s .  per square foot .  After  an a i r  d r y  period of 

half  an  hour a t  ambient temperature the  g l a s s  is  ready f o r  laminatinn. 

A833Cd gave a cont ro l  value of 21.9 lbs . / in .  and did not appear t o  be a f f ec t ed  

by immersion i n  e i t h e r  room temperature o r  bo i l ing  water. Two weeks water inrmer- 

s ioa  a t  rom temperature gave a bond s t rength  of 23.5 Ibs . / in .  (average) and 24 

hours i n  boi l ing  water only reduced the  bead t o  17.5 l b s  .!in. In  a l l  the speci- 

mens the bond was b r ~ k e n  by c3hes5ve f a i l u r e  i n  t he  polymer, marked by a (b) next 

t o  the  break s t rength  ie Table 4 .  

I n t e rna l ly  blended primers (one p a r t  per  hundred res in)  a l so  gave goad re- 

s u l t s ,  the  bes t  ove ra l l  A8921-2 primer. Control values were found to average 23 

lb s . / i n .  and immersion i n  boi l ing  water f o r  24 hours gave a f i f t y  percent reduc- 

t i o n  t o  11 lbs . / i n .  A l l  specimens a l s o  f a i l e d  by cohesion i n  t he  polymer. Only 

i n  one case did a s ign i f i can t  d i f fe rence  appear between the air s i d e  and the t i n  

s i d e ;  i n t e r n a l l y  blended SS-4179 gave s i g n i f i c a n t l y  higher bond s t rengths  on the 

t i n  s ide.  



Of the formulations and techniques t r i e d  with glasz,  the  bes t  on an o v e r a l l  

perforuance bas is  a r e  sur face  applied A8330-B and in t e rna l ly  blended A8921-2. Both 

these foraulat ions a r e  equally e f f ec t ive  on both s ides ,  and give cont ro l  bond 

s t rengths  of 20-30 lbs . / in .  After 24 hours i n  boi l ing  water the  bond is sti l l  in- 

t a c t  a t  17.5 lbs . / in .  (A8330B). These tvo formulations a r e  a l s o  f r e e  of the  v ide  
(a) 

va r i a t ion  i n  values found f o r  many other  primers t e s t ed  . 
A feu experiments were t r i e d  i n  bonding the EVA pot tau t  t o  copper and al-1- 

num f o i l  ( a po ten t i a l  back over mater ial)  but  without success. With o r  without 

primers no bond s t rengths  o f  any value were recorded i n  our  study. A d i f f e r e n t  

primer system cons is t ing  of nine p a r t s  of Dow Corrning 2-6030 and one p a r t  of 

2-6020 s i l a n e s  has been successful ,  hawever. Fahesive bond f a i l u r e  a f t e r  4 days 
(b) of w a t e r  inmersion w a s  found f o r  both copper and alminum . 

Bonding the  r e s i n  to ou te r  cover materials produced va r i ab l e  results. The 

k n d  s t rength  tc Korad 2 0 1 4  f i lm  gave var iab le  values ranging from 1 t o  17 lbs./ in.  

f o r  the  water hmersion conditions and a l e s s  var iab le  and r a the r  lcrw 2.3 lbs./in- 

c o n t r d  value. Tedlar UT gave a cont ro l  s t rength  of 13.2 lbs./ in.  and had less va- 

r i a t i o n  i n  tho water k r s i o n  specimens. No primers o r  any o ther  treatment was used 

with these two fi lms,  t he  bond s t rengths  r e su l t i ng  f r o m  f r e e  r ad i ca l  crossl inking 

&wing  the  cure of the N A .  The cacrse of the va r i a t ion  i n  bond ef f ic iency  is not 

k n m ,  however, it is suspected t o  be a r e s u l t  of surface condition. Perhaps a 

standardized cleansing procedure of some var ie ty  o r  an appropriate  primer w i l l  be 

found t h a t  generates predictable  r e su l t s ,  

(a) Primer formulations a r e  shcwn on Table 5. 

(b) Plueddeman, E. ,  "Chemical Bonding Techlology for T e r r e s t r i a l  Solar Cel l  
Modules" TZL Document 5101-132, Jet Prapulsion Laboratory, Pasadena, 
Cal i fornia ,  September 1, 1979 



VXX.  OUTDOOR ACING 

A t  the beginning of this contract  e f f o r t  (nay 19771, twenty four po lymr ic  

materials  were selected f o r  study on the basis of t h e i r  transparency and weather- 

a b i l i t y .  Although wt of these or ig ina l ly  investigated polymers were found to 

be cos t  inef fec t ive  and/or not amenable to any processing method t h a t  could be 

used t o  encapsulats solar c e l l s ,  a study of thoir propart ies  provided valuable 

experlencm tararda the se lec t ion  of =re succosaful candidates, such as EVA. 

The i n i t i a l  choice of materials w a s  direc ted  sole ly  a t  transparent pottants and 

did not includa other  possible construction elements such a s  subs t ra tes ,  however, 

same of the polywrs could possibly same as protect ive outer  ~uvars in later 

phases of t h i s  program. 

As a continuation of t h i s  or ig inal  program, data was obtained from outdoor 

exposures a s  w e l l  a s  from the  i n i t i a l  accelerated aging exposures so tha t  correla- 

t ions between natural  and artificial accelerated environments might be made. From 

these o r ig ina l  twenty four p l a s t i c s  a group of eleven were chosen fo r  outdoor 

weathering studies.  Tensile bar samples were put outdoors i n  Florida and Arizona 

a t  6S0 angle exposure, a d  i n  Arizona i n  the  EMHAQUA (a  device combining natura l  

sual ight  with a r t i f i c i a l  accelerat ion by means of mirror concentrators plus a 

water spray). Specimens were withdrawn a t  various t i m e  i n t e rva l s  and evaluated 

fo r  op t i ca l  transmission and mechanical properties.  

Two materials reqbired specia l  preparation: P W  and 43-6527 gel.  In the 

case of the  polyvinyl butyral  lPVB - "Saflex" PT-lo), it  was desired t o  expose 

the macarla: behind g lass  i n  order t c  simulate use conditions. Bonding t o  the 

g lass  occurred, howwer, and necessitated that  the material be sandviched betweec 

l -mf l  fi lms of FEP f i r s t  LO s e n e  a s  release surfaces. 43-5527 d i e l e c t r i c  sili- 

cone gel  was a lso  exposed behind glass by pouring the uncured l iquid in to  a g lass  

c e l l  (3-1/2" x 1" x 0.062"l and permitting po1ymariz;tion t o  take place. Only 

a visual  inspection could be used t o  evaluate theae l a s t  two maceriais, a s  the  

specimen m u l d  not f i t  i n to  a spectrolGster o r  Instron t e s t e r .  

I n  addition t o  t ens i l e  specimens. 34 miniature two-celled, e l e c t r i c a l l y  ac- 

t i v e  modules were constructed from the most promising materials considered a t  Ctat 

t i m e .  Six d i f fe ren t  constructicns o r  "systems" were b u i l t  using the materials 

in  the following tabulation : 



Two-Celled Hodulss 

System 
Number Subs t ra te  Pot t a n t  Cover - 

5 F i l l ed  poiyesLer RTV-615 Halar 500 

6 F i l l ed  polyester  Sylgsrd 184 PFA 3105 - 
I F i l l ed  po lyes te r  Vitan AI-!V Plexig las  DR-61-li 

8 F i l l e d  polyester  43-6527 Plexig las  V-811 

12 Aluminum 43-6527 Soda-lime g l a s s  

13 Ghss /epoxy Sv'gard 184 Tedlar 1 0 U S G  20TR 
N e m  G10 

These modules were f ~ b r i c a t e d  using appropriate  primers. adhesive,  and cure  

t v c l e s  t o  give ~pcimum , i f  e  (see Springborn T ~ b o r a t o r i e s  .Annual Report dated 

Ju ly  1977 - "Investigation of Test  Methods, Naterial Proper t ies ,  and Processes 

f o r  Solar  Ce l l  Encap;ulsnts"). Mechanical s t a b i l i t y  was judged from v i s u a l  in- 

spect ion,  and e l e c t r i c a l  performance was deterained by measuring the short-  

c i r c u i t  cur ren t  (ISc) before and a f t e r  esposure. 

A l l  mechanical test specimens and experimentsl minimodules have completed 

t h e i r  exposure times under var ious condi t ions.  Table 6 ou t l i ne s  t he  performance 

of the two-celled tucdules a f t e r  four and e ight  months of exposure t o  DMAQUA. 

Wssther-heter ,  and RS-& sunlsmp. Probably the  bes t  performance was found f o r  

the system (No. 5 )  using the RTV-615 po t t an t  w i t h  a Hallar 300 fluorocarbon 

cover. .Apart from s l i g h t  d i sco lora t ion  of the s u b s t r a t e ,  the &u16s appeared 

t o  have experienced no damage. Other s y s t e m  varied from complete de t e r io ra t i on  

(Viton AHV po t t an t ;  F lex iq las  DR cover) to nunor damaqe (Sylgard I d 4  : EPA cover) 

Ttre e igh t  modules using 43-6527 d i e l e c t r i c  ge l  performed wel l  but formed 

bubbles i n  a l l  cases.  This may be a r e s u l t  of shrinkage caused by fu r the r  polv- 

rnerizstion occurring a t  a slow r a t e  during the exposure time. 

The Sylgnrd 184fledlar 400SG ZOTR cover system f a i l e d  badly, the Tedlar de- 

l d n a t i n q ,  cracking, mil becoming b r i t t l a  - espec ia l ly  a f t e r  RS-4 e-qmsure 

(see Figure 10) . 

The sho r t - c i r cu i t  cu r r en t s  (I re ta ined high values i n  most cases ,  averag- 
SC 

in9 90-100 percent s f  o r i q i n a l  measurement. Four modules t e s t ed  had cu r r en t s  i n  

excess of cont ro l  values,  perheps due t o  an increase rn a p t i s a l  coupling between 

the encapsulant layers .  The l w a s t  value found was 92.5 percent far the Sadly 

degraded Sylgard ld4i'Tedlar 4OCSG 2OTR modula. 



Hechanicsl test specimens of t e n  polymers se lec ted  f o r  s tudy were evaluated 

a f t e r  exposure t o  the  following conditions: 

Condition Months 

Phoenix, 45. south, f ixed  angle  12 

-QUA 12 

Flor ida,  45. south, f ixed angle  12 

The test r e s u l t s  a r e  cont .~ined i n  Table 7 through 9. The p rope r t i e s  measured 

included u l t r a v i o l e t  and v i s i b l e  transmissions; and y i e ld  s t rength ,  modulus, u l t i -  

mte elongation, and t e n s i l e  s t rength .  A s  expected, t he  fluocarbons shoved the  

g r e a t e s t  r e s i s t ance  t o  weathering. Tedlar performed very wel l  under these condi- 

t i ons ,  decaying t o  80 percent of its t e n s i l e  s t rength  a f t e r  12 months of -QUA 

exposure. A l l  o ther  materials were af fec ted  t o  some degree, 12 months of -QUA 

being the  worst condition. 

P lex ig las  DR. a graf ted  rubber fc tau la t ion .  arpeared t o  outperform P lex ig l a s  

V-811 (homopolymer), r e t a in ing  higher percentages of t e n s i l e  s t r eng th  and elonga- 

t ion .  Splgard i8O d id  w e l l  i n  a l l  previous cases: unfortunately,  t he  12-month 

EMMAQUA specimens were missing, having torn  awav from the mounting board during 

exposure. 

The most cons is ten t  l o s s  of p roper t ies  vas  noticed f o r  PVB. Every test speci- 

men i n  every condi t ion flowed t o  an unrecognizable mass t h a t  could not be t e s t ed  

( see  Figure 11 ) .  The l i g h t  yezlow color  of t h e  ne l ted  polymer suggests  t h a t  de- 

gradat ion has a l s o  occurred. h ~ e r i m e n t s  conducted bv t he  manufacturer (Yonsanto) 

a r e  i n  agreement with our r e s u l t s ,  and thev ind i ca t e  t h a t  aR oxpgen/W synergism 

occurs t h a t  degrades t h i s  compound rap id ly .  The exclusion of a i r  is t h e  reason 

why PVB becomes s t ~ b l e  and funct ions success fu l ly  a s  a s a f e ty  g l a s s  i n t e r l aye r .  

Monsanta's statement t h a t  this product (Saf lex PT-10) i s  not intended f o r  out- 

door use i n  nonlaminated construct ions is i n  agreement v i t h  our experimental 

f indings . 



Tables 10 through12 compare t h e  percentages of t e n s i l e  s t r e n ~ t h .  r lonps t ion .  

and o p t i c a l  t ransmiss ions  re ta ined  bv these  m a t e r i a l s  i n  var ious  exposure condi- 

t ions .  The b e s t  o v e r a l l  r e t e n t i o n  of mechsnical p r o p e r t i e s  is found f o r  the  

f luorocarbon polymers - e s p e c i a l l y  FEP. Halar,  Kel-F, and Tedlar  a r e  not q u i t e  

a s  s t a b l e .  P lex ig las  a c r y l i c  formulations a i s o  demonstrate ~ o o d  performance. 

ps r t i cu la r1 . r  Type DR, r e t a i n i n g  63 t o  100 percent of o r i g i n a l  t e n s i l e  s t r e n g t h .  

T e n i t e  4 7 9 - C m ,  and Lexcn polycarbonate l o s t  aimost a l l  e longat ion and desraded 

severe lv  under a l l  exposures. 

The b e s t  o p t i c a l  transmissions re ta ined ,  i n  terms of n e t  transmission.  were 

found f o r  t h e  P l e x i g l a s  a c r y l i c s  and Kel-F fluorocsrbon.  

Th i s  s tudy  demonstrates t h a t  s i l i c o n e ,  a c r y l i c s  and fluorocarbons have the  b e s t  

weathering p r o p e r t i e s ,  a s  is g e n e r a l l y  acknowledqed. Corrosion e f f e c t s  on t h e  .steta1 

in te rconnec t s  were more not iceab le  wi th  s i l i c o n e  p o t t m t s ,  however, probably due to 

t h e  high water vapor p e m e a b i l i t y .  The rap id  deqradat ion of p o l w i n y l b u t y r a l  (FVFI 

i n  t h e  presence of oxygen ~ n d i c a t e s  t h a t  t h i s  m a t e r i a l  w i l l  have t o  be i s o l a t e d  iron 

t h e  atmosphere i f  it is t o  su rv ive  as a s o l a r  cell e:icapsulant. Ted la r ,  a candidate  

o u t e r  cover f i l m ,  dropped t o  about 30% o p t i c a l  t ransmiss ion i n  a l l  weathering con- 

d i t i o n s  and phys ica l ly  - 3 t e r i o r a t e d  i n  a n m b e r  cf cases .  Although Ted la r  has  been 

repor ted  t o  weather acceptably ,  this p ~ r t i i u l a r  q rade ,  100SG ZOTR, d i d  not  g i v e  en-  

couraging r e s u l t s .  

Even though the d e t e r i o r a t i o n  o f  some of t h e  test modules was q u i t e  apparent  

(@.a* ,  d e l m i n a t i o n ,  water  s p o t t i n g ,  d i s c o l o r a t i o c ,  e t c .1  very  l i t t l e  e f f e c t  on 

s h o r t  c i r c u i t  c u r r e n t ,  Isc, was n o t i a d .  The modules deqraded more i t 1  t e a m  of 

t h e i r  ccr .struction and appearance than i n  t h e i r  power i i ~ p u t .  



VIII. OUTER COVERS FOR SUBSTRATE DESIGN MODULES 

Soft elastomeric materials must be used fo r  pot tants  i n  order t o  prevent 

cracking of the  s i l l c o n  c e l l s  due t o  stresses resul t ing  from thermal expansion 

differences. Soft materials a r e  prone t o  so i l ing  and dust retention,  however, 

which reduces the  l i g h t  transmission and impairs the  module eff iciency.  Hard 

coatings are ,  therefore, desirable to  avoid t h i s  problem. Additionally, the 

function of UV screening is required fo r  the outer  cover i n  order t o  reduce the 

e f fec t s  of photolytic degradation and provide the  maximum useful l i fe t ime f o r  the  

pottant  and other  components. 

The propert ies  of an ideal ized outer  cover may be s t a t ed  as fol lovs:  

ELtgh o p t i c a l  transparency. 

Compatible r e f rac t ive  index propert ies  t o  the pot taa t  tha t  

favor op t i ca l  coupling. 

Chemical compatibility with e i the r  the  pot tant  or  a su i t ab le  

primer o r  adhesive t o  insure a high r e l i a b i l i t y  bond tha t  w i l l  

not delnminate during the  useful l i f e t ime  of the module. 

Inherent weatherability. 

Ultraviolet  l i g h t  screening properties t o  protect  the  under- 

lying pottant .  

Anti-reflective propert ies  to  increase the  t o t a l  l i g h t  trans- 

mission ( i f  used on the s u n l i t  s ide ) .  

Resistance t o  thermal cycling without melting, cracking, o r  

deforming . 
Surface hardness su f f i c i en t  to  re tard  so i l ing  and to  withstand 

cleaning processes i n  routine maintenance. 

Abrasion res is tance  t o  prevent loss  of material  o r  su f f i c i en t  haze 

t o  impair the  transmission charac ter is t ics .  

a .  Coatings 

In  previous work, experiments were conducted t o  determine the  f e a s i b i l i t y  

of preparing tough low-cost, W-absorbant coatings. Solution ac ry l i c  coatings 

were chosen a s  the vehicle (Acryloid se r i e s ;  Rohm & Haas Company) due to the i r  

low cost ,  transparency, and inherently excellent weathering charac ter is t ics .  Uir 



absorbers were blended in to  the coating formulation and subsequently ca s t  and 

dr ied  i n t o  f i h  0.001 inch thick.  

Transmittance measurements shov these f i lms t o  be approximate!.y 80 percent 

transmissive i n  the v i s i b l e  regions, and from zero t o  11 percent transmissive 

i n  the  u l t r a v i o l e t  range. Four formulations had no transmittance a t  a l l  i n  t h e  

W region, and these ranged from $0.0092 t o  $0.0122 pet  square foot  per  m i l  i n  

cos t .  

To test the  e f f i cacy  of these coat ings,  an u l t r a v i o l e t  degradable polymer, 

polypropylene ( P r o f a x  6523, Hercules Chemical Company), w a s  coated to a 1 - m i l  

th ickness  and exposed under t he  RS-4 f luorescent  sunlamp. An a c r y l i c  coat ing for-  

mulation containing 5 s h r  Tinuvin P and 1 phr Cyasorb 'JV-1084 was t he  most promising, 

demonstrating apprcximately a f i f t e e n f o l d  increase i n  the usefu l  l i f e  of polypropylene. 

A l l  these f i lm fo rmula t ion~  had d i f f i c u l t i e s  associated v i t h  t h e i r  use, how- 

ever, the o p t i c a l  transmission was not a s  high a s  would be des i rab le ,  the  d r i ed  

f i lms were b r i t t l e  and hard t o  handle and the  W absorbers were capable of leach- 

ing out  of t h e  film, leaviag i t  without i ts  pro tec t ive  function. 

More recent  inves t iga t ions  of solvent  based coatings have involved work with 

some custom made a c r y l i c  c o p o l p e r s  prepared by National Starch and Chemical 

Corporation. These solvent/polymer compositions are similar t o  the  Rohm and Baas 

ac ry l i c  coat ing Acryloid 8-64, except t h a t  t he  composition has been modified v i t h  

a W absorber during the polymerization s tage .  The W absorber is a product of 

National Starch and Chemical and is referred t o  as Permasorb-MA. This comp~und 

is a benzophenone type UV absorber t h a t  has been appropriately chemically modi- 

f i ed  v i t h  a v inyl  funct ional  group, permitting i t  t o  be homopolymerized o r  copoly- 

merized t o  a high molecular weight with other  monomers. Three formulations were 

evaluated f o r  e f fec t iveness  a s  W screeninq f i lms,  each varying I n  the  amount of 

UV absorber present : 

Number 

38B 
42A 
42B 

Solids ,  X Copolymer, Z Permasorb-MA 

39.2 2.5 
41.4 5.0 
40.6 10.0 

Clear f l ~ x i b l e  f i lms were e a s i l y  ca s t ,  and showed W screening proper t ies  

s imi l a r  t o  forinulations where the monomer was ju s t  mixed i n  r a the r  than copolv- 

merized. The cut-on frequencp was f a i r l y  sharp,  beginning a t  about 365 nm, with 



no transmission peaks i n  t he  lower u l t r a v i o l e t  (No .  -42.A; 3-mil f i lm) .  Permasorb- 

HA ap2ears t o  be approximately equal to  Cyasorb W-531 (American Cyanamid) i n  

a b s o q t i o n  eff ic iency bu t  has t h e  advantage of being nonextractable i n  polymer systems 

where it is used as a comonomer. The protec t ive  e f f ic iency  of these  coat ings is being 

compared, as before,  by means of coat ing specimens of polypropylene and examining the  

r a t e  of degradation durinq f luorescent  sunlamp exposure. 

To date ,  2-mil f i lms  over polypropylene appear t o  have provided exce l len t  

pro tec t ion  during a 54 week exposure period. No evidence of chalking, cracking, 

o r  d i sco lora t ion  can be  noticed, and the  t e s t  specimens r e t a i n  t h e i r  o r i g i n a l  

f l e x i b i l i t y .  Unprotected, polypropylene crumbles a f t e r  about 150 hours of expo- 

sure.  This is equivalent t o  a sixty-fold increase  i n  performance. 

b. Films 

illthough the  solvent  based coatings have demonstrated the  a b i l i t y  to  provide 

adequate pro tec t ion  t o  polymers exposed t o  UV rad ia t ion ,  they a r e  inconvenient 

t o  use. Whatever the method of appl ica t ion ,  a problem with solvent  removal e x i s t s .  

When applied d i r e c t l y  t o  the  sur face  of t he  module, marring a l s o  occurs from 

solvent  a t t a c k  of the underlying pot tant .  Preparing dr ied  f i lms f i r s t  necess i ta ted  

long drying t i m e s  and f i lm  handling equipment. An adhesive would a l s o  be re- 

quired t o  bond t h e  f i lm  t o  t h e  module sur face  i n  an addi t iona l  coating s t ep .  

The t o  these d i f f i c u l t i e s  surveys were conducted i n t o  the  exis tance of commercially 

ava i l ab l e  f i lms t h a t  could possibly serve these functions. 

me f i r s t  requirement is tha t  the f i lm be highly t ransparent  i n  order  t o  in- 

su re  =ximum power output from the  mder lg ing  c e l l s .  An o p t i c a l  transmission of 

90% or  b e t t e r  is des i rab le .  The second requirement is t h a t  the  f i lm  be inherent ly  

weatherable due t o  its placement on the outer  sur face  of the  module t h a t  w i l l  re- 

ceive the g r e a t e s t  exposure t o  the  elements. Only three  c l a s se s  of polymeric 

materials have been identiziec: as being inherent ly weather r e s i s t a n t ,  s i l i cones ,  

fluorocarbons and acry l ics .  From these c lasses ,  only fluorocarbon and a c r y l i c  

polymers have been iden t i f i ed  a s  being produced connnercially i n  t ransparent  f i lm 

form. Only one fluorocarbon f i lm  has been iden t i f i ed  as a poss ib le  candidate f o r  

use a s  an outer  cover t o  date;  Tedlar f i lm (DuPont). I n  addi t ion  t o  having high 

o p t i c a l  transparency (91% - t o t a l  integrated)  t h i s  mater ial  is ava i l ab l e  with an 

u l t r a v i o l e t  absorber already compounded. The pa r t i cu l a r  grade se lec ted  fo r  in- 

ves t iga t ion  is 100BG30UT. The propert ies  of t h i s  mater ia l  a r e  a s  follows : 



Tens i le  Strength (ps i )  16,000 

Yield Strength (ps i )  6,000 

Elongation, X 115 

Tens i le  Modulus (ps i )  250-300,000 

Die l ec t r i c  Strength Kv/mil 3.4 

Refract ive Index, "D 1.46 

Optical  transmission (1 mil) 91% 

Cost $/ft2/.11 0.0482 
2 

$/m /25 urn 0.518 

The f i lm is ava i lab le  i n  r o l l  form with four  d i f f e r e n t  grades of gloss ,  and 

has the  option of being t r ea t ed  t o  y i e ld  one s i d e  adherable f o r  use with adhesives,  

coat ings and laminations (100 BG30 IT). Tedlar is an extremely tough polymer wi th  

exce l len t  res i s tance  t o  both thermal and mechanical s t r e s s  and a l s o  combines hard- 

ness and a l o w  surface tension f o r  ready c leanabi l i ty .  Questions remain about 

t he  weatherabi l i ty  of Tedlar, however. Springborn Laboratories has exposed ten- 

s i l e  specimens and module prepared with Tedlar t o  d i r e c t  sunl ight  i n  t he  EMMAQUA 

acce lera tor  a t  DSR, Inc. i n  the  Arizona deser t  and recorded des t ruc t ive  degrada- 

t ion .  W o n t  has recent ly introduced a "solar  energy" grade intended f o r  thermal 

co l l ec to r s ,  referred t o  as 400XRB160SE. After  f i v e  years of Florida exposure they 

repor t  a 95% re ten t ion  of trans&ssion cha rac t e r i s t i c s  and about a 50% re t en t ion  

of physical propert ies  (DuPont Bul le t in  -31). Although the  i n i t i a l  p roper t ies  

a r e  high the degradation r a t e  s t i l l  suggests t h a t  t h i s  mater ial  w i l l  not perform 

s a t i s f a c t o r i l y  f o r  a period of twenty years outdoors. Additionally,  the cos t  is 

high a t  almost $0.05 per square foo t  i n  the th innes t  grade ava i l ab l e  ( 1  mil-25 urn) . 
As Tedlar is the l e a s t  expensive of the fluorine-containing f i lms,  general ly ,  i t  

may be assumed tha t  the  flourocarbons a r e  too expensive f o r  use i n  th5s applica- 

t ion. 

A product from the a c r y l i c  family has recent ly been introduced t o  the market. 

This is an extruded f i lm product v i t h  high transparency and a UV absorber already 

compounded i n t o  the  r e s in .  The cos t  has not been f ixed ye t ,  but  is an t ic ipa ted  to 

be i n  the order of $0.016 per square foot per mil o r  a p p r o x i - ~ t e l y  $0.17 p e r  

square meter per 25 urn of thickness.  This product Line is tradenamed "Korad". 



The o u t e r  cover of c u r r e n t  use  and i n t e r e s t  is Korad X201-R, suppl ied  by 

Xcel Corporation, Newark, New Je r sey .  This product is an a c r y l i c  f i lm,  a v a i l a b l e  

only  i n  a 3.0-mil th ickness  and not  y e t  c c m e r c i a l ;  however, commercial develop- 

a e n t  is c ~ r r e n t l y  under way. This  copolymer f i l m  has t h e  following p r o p e r t i e s :  

T e n s i l e  s t r e n g t h ,  p s i  4400 

Yield s t r e n g t h ,  p s i  4200 

Elongation,  % 130 

Light t ransmiss ion,  X 92 

Haze, % 1.3  

Gloss a t  60" 9 2 

Glass t r a n s i s i o n  (Tg) 88°C 

I n  t h e  r e c e n t  module f a b r i c a t i o n  experiments, 201-R was incorporated i n t o  

the  encapsula t ion package p r i o r  t o  vacuum-bag fus ion  and cure.  The f i l m  w a s  

placed a s  a cover over  t h e  top p iece  of W A  i n  t h e  s u b s t r a t e  cons t ruc t ion ,  based 

on Super-Dorlux. Af te r  vacuum-bag laminat ion t h e  f i l m  was found t o  be  phys ica l ly  

unaffected,  formed a sn~ooth t r ansparen t  coa t ing  over t h e  EVA, and was s t r o n g l y  

bonded t o  t h e  s u r f ~ c e .  A minia ture  module was immersed i n  water  f o r  a one-week 

p e r ~ o d .  No evidence of d-lamination of t h e  Korad f i l m  could be no t i ced .  

No primers o r  adhesives  were used wi th  t h e  f i l m  i n  t h e  laminat ion process .  

The bonding is thought t o  be a r e s u l t  of t h e  cure  mechanism of t h e  EVA. Free 

r a d i c a l s  generated by t h e  decompositicn of t h e  peroxide cause the  c r o s s l i n k i n g  of 

t h e  EVA by a b s t r a c t i n g  a hydrogen atom from t h e  polymer chain  and then pe rmi t t ing  

t h e  polymer macroradicals t o  reccmbine, thereby forming t h e  c r o s s l i n k .  This  is 

a l s o  a known e f f e c t  i n  polymers cf  a c r y l a t e s ,  which a l e  probably a component of 

t h e  Kcrad f i lm.  

I t  is suspected t h a t  t h e  f i l m  is chemically c ross l inked  t o  t h e  EVA s u r f a c e  

i n  t h e  fus ion /cure  process  and r e q u i r e s  no f u r t h e r  adhesive  a i d .  C r i t i c a l  and 

q u a n t i t a t i v e  s t u d i e s  of adhesion and permanence w i l l  fol low. The c o s t  of the  201-R 

f i l m  is  expected t o  be i n  t h e  o rde r  of $0.05 per square  f o o t .  

An a d d i t i o n a l  p o s s i b i l i t y  f o r  t h i s  f i l m  is t h a t  of chemical modif ica t ion of 

t h e  su r faces .  Saponif ic? t ion of t h e  s u r f a c e  wi th  d i l u t e  a l k a l i  may be used t o  re-  

genera te  carboxyl ic  a c i d  f u n c t i o n a l i t i e s  which could then be ion exhanged wi th  

an i o n  such a s  a'uminum. There may then r e s u l t  s u r f a c e s  wi th  improved p r o p e r t i e s  

such a s  i n c r ~ a s e d  abras ion  r e s i s t a n c e ,  r a i n  and humidity r e s i s t a n c e ,  and more 

c l o s e l y  matched r e f r a c t i v e  index c h a r a c t e r i s t i c s .  



A disadvantage t o  the use of G r a d  201-R fi lm is the  fug i t ive  nature of the  

W absorber tha t  is necessary t o  provide the protect ive propert*? of the  film. 

Xcell Co:poration has s t a t ed  tha t  the W absorber (Dioctyl benzophenone) I s  l o s t  

a f t e r  about two years of outdoor exposure, thereby leaving the  f i lm transparent 

t o  the  shorter  wavelengths. This would resu l t  i n  the  degradation of the  under- 

lying pottant.  Experiments a r e  currently underway t o  determine a method of chemi- 

c a l l y  react ing a UV absorber in to  the Korad polymer pr ior  t o  the  f i lm extrusion 

process, thereby binding it permanently. 

Under a separate JPL contract  No. 9549951 Dow Corning Corporation, Midland, 

Michigan, has synthesized experimental quan t i t i e s  of a si l icone/acryl ic  coating 

material  that contains chemically incorporated Permasorb-MA. In addition t o  its 

high transmission and W screening permanence, this fi lm has the propert ies  of 

water resistance,  o i l  resis tance and surface hardness. These propert ies  have 

been found t o  be desirable in  providing a s o i l  r e s i s t a n t  and eas i ly  cleanable 

surface. This promising new coating w i l l  be thoroughly evaluated f o r  f i e l d  per- 

formance by Springborn Laboratories i n  future phases of t h i s  program. 



IX. CORROSION STUDIES 

Experiments were conducted t o  determine the  r e l a t i v e  amount of corrosion 

pro tec t ion  t h a t  could be provided t o  the  c e l l s  and other  me ta l l i c  components by 

encapsulation i n  EVA. This experiment used the  ASTM procedure number B-117 i n  

which coated specimens a r e  exposed t o  a salt fog containing 5 p a r t s  by weight of 

sodium chlor ide  and a t  a temperature of 35°C. This t e s t  is general ly  regarded a s  

severe and rauaes rapid corrosion of inadequately protected metals. 

Mater ials  included i n  t h i s  test vere  aluminum, mild s t e e l ,  galvanized s t e e l ,  

copper and whole s o l a r  c e l l s  both primed and unprimed. Specimens were prepared 

by ccmpression molding d i s c s  between two shee ts  of EVA and curing a s  usual.  This 

gave a f a i r l y  uniform coating of approximately 10 mils (0.25 mi thickness.  A 

second s e t  of specimens w a s  prepared with cu t  edges t o  revea l  t he  depth t h a t  t he  

corrosion would penet ra te  from an exposed edge. Irr addi t ion  to  these specimens, 

some experimental corrosion monitors were prepared. These u n i t s  consis ted of a 

copper mesh/zinc mesh galvanic couple separated by a layer  of EVA and then t o t a l l y  

encapsulated i n  EVA. The purpose of these un i t s  w a s  t o  record any galvanic ac t ion  

t h a t  might occur i n  the  event t h a t  transmicsion of water vapor and ions took 

place i n  t he  pot tan t .  

The r e s u l t s  of salt fog exposure a f t z r  varying lengths of time a r e  recorded i n  

Table 13. The unencapsulated con t ro l  specimens developed s igns of corrosive a t t ack  

within the  f i r s t  few days, t'- most s e n s i t i v e  being copper and the  mild and galva- 

nized s t e e l s  which formed oxidat ion prcducts within the  f i r s t  s i x  hours of exposure. 

Aluminum bagan t o  show s igns  of a t t a c k  a f t c r  about 3 days. The mild and galvanized 

s t e e l  specimens with the  edges exposed were a l so  the  f i r s t  t o  show signs of a t t a c k  

a f t e r  about 3 days. The mild and gkl.vanized s t e e l  specimens with the  edges exposed 

were a l so  the  f i r s t  t o  show s igns  of a t t ack  but with ao s i g n i f i c a n t  delamination 

occurring f o r  about 300 hours exposure. A t  t h i s  point ,  the  aluminum and copper 

exposed edge specimens began t o  show s igns  of corrosion, and the  pot tan t  covering 

receded by about a millimeter.  A l l  the f u l l y  encapsulated specimens performed re- 

markably well .  The f i r s t  t o  show a t t ack  was, again, the mild s t e e l  which showed 

surface dul l ing  and some color fo r sa t ion  a f t e r  450 hours exposure. I n  con t r a s t ,  

the  aluminum and copper specimens were s t i l l  uneffected a f t e r  1600 hours (10 

weeks) cf s h l t  spray dzd re ta ined  t h e i r  o r i g i n a l  br ight  sur faces .  The encapsulated 



s o l a r  c e l l  performed s imi l a r ly  w e l l  and gave no appearance of  a t tack .  The use 

of primers did not  appear to  be i n f l u e n t i a l  i n  i nh ib i t i ng  the r a t e  of corrosion 

o r  t he  delamination that eventual ly occurred on the specimens where one edge w a s  

l e f t  expossd. 

The galvanic corrosion monitors were tes ted  with a s e n s i t i v e  voltmeter a t  

each time i n t e r v a l  and no current  was observed, even a f t e r  v i s i b l e  s igns  of corro- 

s ion  (color  formation) appeared. This serves a s  an 'adicat ion t h a t  no ion ic  

species  a r e  p re se i~ t  i n  t h e  polymer t h a t  r e s u l t  i n  a conduction path. 

After the  i n i t i a l  1600 hour exposure period, the  t e s t  was continued but  i n  

a modified form. Exposure a l t e rna t ed  on a weekly b a s i s  between continued s a l t  

spray and RS-4 f luorescent  sunlamp exposure, t he  in t en t ion  beins  t o  observe any 

syne rg i s t i c  degradation t h a t  could r e s u l t  from the combined s t r e s s e s .  After four  

addi t iona l  months, amounting ta a t o t a l  of 1800 hours or' s a l t  spray and 200 hours 

of RS-4 r a d i a t i ~ n ,  the  test was discontinued. The E V A  began t o  show signs of de- 

gradation, surface cracks appearing on many of the specimens and occasionally a 

ho le  opening i n  the  encapsulant layer .  The degradation e f f ec t s  appear t o  be worse 

i n  a reas  where drainage of the  s a l t  so lu t ion  was impeded and tended t o  accumulate. 

A t  t h i s  point  t he  completely encapsulated specimens of aluminum, galvanized s t e e l ,  

copper and so l a r  c e l l s  a l l  appeared t o  be i n  good shape with no s igns  of corrosive 

a t tack .  It may be concluded t h a t  thorough encapsulation with EVA provides exce l len t  

protect ion t o  most of the  s e n s i t i v e  metals studied. Although p l a in  mild s t e e l  is 

not a s  e a s i l y  protected, its galvanized counterpart  appears t o  perform very wel l  

i n  providing long term performance when encapsulated i n  EVA. 



X. SEPARATOR MATERULLS 

Materials  a r e  being inves t iga ted  t o  provide mechanical a e r r i e r s  between 

module components t h a t  requi re  a pos i t i ve  separat ion between each o ther  f o r  

p r q e r  funckioning. 'ItrJo c l a s se s  of separa tors  have been ident iCied  t o  d a t e ,  non- 

WOT?F. c lo ths  and "scrimn mater ials .  The non-woven c lo ths  cons i s t  of a mat of ran- 

d c z y  or ien ted  fib;rs held in pos i t ion  w i t h  a s m a l l  quant i ty  of binder.  

A scrim is defined as a c l o t h  of very open weave such that holes  o r  " ce l l s "  

G f  a s p e c i f i c  s i z e  a r e  present  throughout khe body o f  t he  weave. The reasons f o r  

the  use of these  mater ia l s  are a s  f o l l c  w: 

a. The scrim would provide f o r  a f ixed d is tance  between the  c e l l  and 

subs t ra te ,  insuring a complete encapsulation i n  t he  pot tan t ,  and 

providing s t r e s s  r e l i e f .  

b. The scrim mater ia l  placed behind the  c e l l s  i n  the supe r s t r a t e  de- 

s ign  wouid serve  t o  maintain the in su la t ion  r e s i s t ance  between 

c e l l  and back cover (espec ia l ly  i f  t h e  cover is aluminum f o i l ) .  

c.  The scrim serves t o  prevent t he  overlap of pigmented white EVA over 

the c e l l  sur face  during the  melt s t age  i n  vacuum bag fabr ica t ion .  

This e l iminates  the  necessi ty  of using a n  addi t iona l  piece of c l e a r  

EVA behind the c e l l .  

d .  The scrim provides a i r  channels between the popymrr layers  t ha t  a i d  

i n  evacuation during t h e  vacuum bag process.  

e. The scrim/separator would provide electrical i so la t ior .  .etween the  

c e l l s  m d  subs t r a t e  i n  modules using sheet  metal subs t r a t e s  s u c ~ ~  as 

galvanized steel. 

A list of  po ten t i a l l y  usefu l  low cos', scrims appears i n  Table 14 .  Selected 

scrims of severa l  geometries and com+ositions were evaluated by f ab r i ca t ion  i n t o  

one c e l l  modules. Four scrims and one g l a s s  c lo th  werc used: 

a .  Bay%%, QX 8410/F-14, 10 m i l ,  polyester  

b. Apex X i l l s ,  Duralon S-50, 8 m i l ,  nylon 

c. Apex Mills, Alto, 5 m i l ,  nylon 

d. Windsow screen, 12 m i l  polyester 

e. General purpose g l a s s  c lo th ,  8 m i l ,  g l a s s  (woven) 

All products were usefu l  i n  helping t o  recard the  flow of pigmented EVA :3 

some degree, the  bes t  being the g l a s s  c lo th  due to  its small hole size. A i r  entrap- 

ment i n  the c e l l s  of the veave was a problem i n  some of the modules, those ~ s t n g  

monofilament weaves. 



It is strongly suspected that  multiple a i r  channels along the  f ibe r  of the  

scrim or  cloth a r e  required for  proper evacuation of the module during the fusion 

process. Large weaves of s ingle  filament materials invariably trapped a i r  i n  t)le 

c e l l s  and par t icular ly  in the  center of the  module. Glass c lo th  is superior i n  

th i s  respect, presenting the l e a s t  d i f f i c u l t y  with air  entrapment and the most 

e f f i c i en t  evacuation. Glass cloth is a lso  su f f i c i en t ly  white and re f l ec t ive  t h a t  

i t  may be possible t o  ellminnte the  pigmented EVA i f  the  replacemect is determl-ned 

to  be cost  effective. 

The rcrim addition is expected t o  r e s u l t  in a module cost-add on i n  the  order 

of $0.615 t o  $0.025 per square foot .  

Due t o  the improvec p o p e r t f e s  of glass cloth, experiments continued t o  de- 

=ermine its usefulness. A wide var ie ty  of woven glass  products a r e  available, the  

ia rges t  supplier being Burlinston Glass Fabric Company, Rockleigh, New Jersey. 
2 

The cost  is expected co be i n  the range of .04 t o  .06/ft . 
In swmary, the  scrims examined were d i f f i t u l t  t o  use for  a number of reasons: 

the fabr ic  w a s  dimensionally unstable, the  weave d i s to r t ing  eas i ly  when l a id  dawn 

on the  module; the white pigmented EVA was not held i n  place a s  ef fec t ive ly  a s  

expected, some pigment overlapping onto the c e l l s ;  the edges presented a problem 

because the cloth hung out and did not bond t ight ly .  

Many of these problems were salved with a t o t a l l y  d i f fe ren t  concept; t h a t  of 

fiberous non-woven t ex t i l e s .  ltm kinds appear t o  be available;  g la s s  and polyester.  

The polyester t e x t i l e  is used primarily f o r  e l e c t r i c a l  inszllation and is available 

from Pellon Corporation, Lowell Mass. The l e a s t  expensive t e x t i l e  they produce cos t s  
2 

about $0.019/ft a t  a thickness of 1 . 2  mils. The nonroven glass  t e x t i l e s  a r e  more 

desirable in that they are ~ e s a  expensive for  greater  thickness and are m i e  ine r t .  

They are made by Crane and Company, Dalton, Mass., and d is t r ibuted  through Electro- 

lock, Inc., Chagrin Fal l s ,  Ohio. The major advantage tha t  the glass  products have 

m r  the polyester materials is cost.  The l e a s t  expensive polyester (see Table 151 is 

1 . 9 ~  per f t 2  fo r  a 1 .2  m i l  thick t e x t i l e .  This is equivalent i n  cost  :o a 12 m i l  

thick glass cloth from Crane & Co. The best grade o f  non-woven glass   clot;^ found 

to  date is  "Craneglass 230" wh' ;h is manufactured primarily fo r  e l e c t r i c a l  insu- 

l a t ion  and uses a l e s s  expensive and larger  diameter f iber .  Some of the useful 

properties s ta ted  bv t h e  manufacturer are:  



Design F lex ib i l i t y  - Available i n  thicknesses of 3, 5, 7, 9, 12, 15, 20, 30, 

60 and 125 m i l s .  

Thermal Endurance - Craneglas 230 is unaffected by high temperatures. The 

r e s i n  o r  laminating mater ial  alone determines the temperature l i m i t s  of the 

system. 

Pos i t tve  Space Factor - Craneglas 230 von't degrade under high temperature 

a-d shock. It remains i n t a c t  a s  a pos i t ive  spacer under abnormal temperature 

as-3 locd F ,' tuat ions.  

. D i m n s i o ~ L  S t a b i l i t y  - The g l a s s  f i b e r s  von't s t r e t c h ,  shr ink,  swell  o r  warp. 

. Fracture F.esistance - Some saturated reinforcing webs v i l l  f r ac tu re  vhen 

folded or creased. Crangelas 230 r e s i s t s  t h i s  problem because of random 

r r - e n t a t i o n  and na tura l  sof tness  of the  low denier f i be r .  

Improved Die lec t r ic  Performance - Even vetting-otit of res in .  Resin r i c h  

areas a source of po ten t ia l  d i e l e c t r i c  f a i l u r e  i n  voven s t ruc tures ,  a r e  

e~imina ted .  

Improved Workability - Craneglas 230 is easy t o  handle i n  its na tura l  web 

form. I n  saturated o r  laminated form, i t  can be eas i ly  machined. 

Increased Economy - Signif icant  cost-performance improvement is  real ized from 

Craneglas 230 because of its lower f i r s t  cos t .  

The mterials of in ' ierest  f o r  module construction wculd be the  3 ,  5 and 7 

m i l  weaves, cost ing 0.66, 0.78 and 0.97 cents  per square foot ,  respect ively (see 

Table 16). These a r e  the l e a s t  expensive c lo th  mater ials  found to  date.  Two c e l l  

modules have been prepared i n  the laboratory using these scrim mater ials  with en- 

couraging r e su l t s .  The non-woven c lo th  serves t o  separate  the c e l l  from the sub- 

s t r a t e  without the  danger of an interconnect or soider high point coming through 

a hole a s  could be the case with the open c e l l  mater ials  o r ig ina l ly  investigated. 

Migration of the  pigmented layer  is a l so  no longer a problem, the  pigment appears 

t o  be t o t a l l y  restrained by the  c lo th .  

Modules have been successful ly  prepared using the scrim c lo th  and eliminating 

a layer  of c l ea r  EVA; a s  follows: substrate ,  white EVA, scrim, c e l l s ,  c l ea r  EVA, 

top cover. This eliminates a lqver of pottant which r e s u l t s  i n  another cost  saving 

s t e p  fo r  module fabricat ion.  

Currently, +he cost  of pigmented EVA, i n  the  thickness used, is approximately 

$0.042 ~ 2 r  square foot .  

The use of g lass  c lo th  replacement of an EVA layer  r e s u l t s  i n  approximately 

a 137; saving of the a l lo ted  $0.25 fo r  the encapsulation goal. 



XI. SUBSTRATE ~ Y S I S  

The results of surveys to f ind  suitable candidates f o r  the various construc- 

t i on  elements i nd ica t e  that the  load bearing subs t r a t e  (or  supe r s t r a t e )  w i l l  be 

the most expensive component i n  the encapsulation padcage. Based on t h e  1980 en- 
2 

capsulat ion c o s t  goal of $3.78/m , the subs t r a t e s  w i l l  have an estimated a l loca t ion  
2 

o f  about $2.lO/m , o r  56% of the t o t a l .  Alternat ively,  t he  system cost may be ex- 
2 

panded to $14- 00/m (1980 d o l l a r s )  i f  t he  support frame and moun t i~g  is included. 

In previous work only f l a t  shee t  materials were considered. haever, ignoring 

structural Gesigns that could possibly result in l i g h t e r  weight, l a v e r  cost, and 

more e f f i c i e n t  use of mater ials .  The fo l lcn ing  is an abbreviated enginming 

analysis of  grid and sandwich panel  subs t ra tes .  including a capponent c o s t  analy- 

sis and pro jec ted  tatdl encapsulation cost based on cu r ren t  construct ion el-t 

pr ices .  The approach used has been to ca l cu la t e  t h e  required dimensions of poss ib le  

canformations and c d i n a t i o 1 1 s  of  construct ion materials such that they form paneis  

meeting t h e  spec i f i ca t ion  (JPL) for def lec t ion  under uniform wind loading. The 

quant i ty  of mterials used and their p r i c e s  permitted comparative cos t ing  o f  t h e  

t r i c l  designs. Al l  p r i c ing  is in 1978 dol la rs .  

Wind Loading 

Wind is e s s e n t i a l l y  the  only load t o  which the  panel wlll be exposed. Uder 

cur ren t  s o l a r  module performance guidelines,  the  panels must be a b l e  t o  withstand 

uniform wind loadings of 2.4kPa (50 pounds per square foot )  without f l ex ing  t o  the  

point a t  which some form of f a i l u r e  occurs. Assuming t h a t  the o ther  components 

make no s t r u c t u r a l  contr ibut ion,  the  subs t r a t e  vill  carry the  e n t i r e  load. 

Considering a subs t r a t e  panel of length L and v id th  W subjected t o  wind load- 

ing a t  a ve loc i ty  V and dens i ty  Q. The r e su l t an t  u n i t  wind load (drag) D would 

be: 

where C = drag coe f f i c i en t  D = c D a  -- 2s' d 

g = gravi ty  constant  

In  the worst casa,  the panel would be positioned normal t o  the  wind direc-  

t ion.  For the  pa r t i cu l a r  case of 1:" x 45" (0.4 x 1.1 m) subs t r a t e s ,  the aspect 

r a t i o  i n  the wind d i r ec t ion  ~ o u l d  be 45/15=3. From aerodynamic char t s ,  the re- 

s u l t i n g  drag coef f ic ien t  C would be approximately 1.30. In  considerat ion of the D 
design wind ve loc i ty  of 120 mph (176 f t /sec) . ,  the a i r  d e n s i t y d w o u l d  be approxi- 

3 
macely 0.078 l b / f t  . At these conditions the  u n l t  wind load vould be:  



D = 48.8 lb / f t2  (minimum) 

Let wind load D = 50 lb / f t2  (0.347 psi) 

Analysis of Grid Panels 

Consider a ribbed grid panel of one material of a simplified geome- 

try as  shown, 

- 

where h rs the rib spacing and the width of the s t r i p  bean, t, is the 

flange thickness, d is the r i b  depth, a is the web thickness, and is 

the distance to the neutral axis a s  indicated. The s t r i p  beam would 

span the 15 inch direction and the panel would be sapported a s  m the 

sandwich panel analysis above. Longitudinal ribs of 6 / 2  depth and 2b 

spacing would also be used for self-supporting rigidity.  

From the s t r i p  beam geometry, 



2 
ad + 2btd + bt2 

Y = - 
2 (St + ad) 

and 

The maximum bending stress W will be: 

For the required deflection b , 

Trial grid panel desiqn: assume a grid panel molded of talc-filled 

polypropylene. Let 

5 
2.5 x 10 psi at 160°F 

1.50 in. rib spacing 

0.0625 (1/16) in. 

0.3625 (1/16) in. 

0.25 in. 

0.347 psi 

45 in. 

15 in. 

3.675 in., rib depth 



P = 0.59181 in. 

Ixx = 5.590 x 10'~ in4 - sat isfactory 

Evaluating s t resses ,  

= 1550 psi - safe  f c r  material a t  160°P 

Approximate cost  factors for  45" x 45" panel: 

Surface volume 42.1875 in3 

Ribs volume 19.6172 

Stringer volurne 5.0413 

66.846 in3 

Analysis of Sandwich Pulels 

Consider a sandwich panel composed of two outer skins, having a 

f lexural  modulus of e l a s t i c i t y  El and thickness tl, bonded o r  otherwise 

structural ly connected t o  a core (foam, honeycarnb, e t c . ) ,  having a flex- 

ural modulus of e l a s t i c i t y  E2 and thickness t2. The structure w i l l  be 

analyzed using a unit  s t r i p  from the short s ide  (15 inch direction) of 

the  panel, considering tha t  the panel is simply suppo-ed along the long 

sides (45 inch direct ion).  The s t r i p  can then be analyzed a s  a corn-posite 

transformed t o  a material of moduluc7 El. The geometry would be a s  follows: 

I I 
L- 

1 
Str ip  Beam Transformed 

Cross-Section Cross-Section 



In the transformed beam, 

b' = - E2 b, but 1 > 2 ( a t  least by 103) 
El 

The beam loading w u l d  be as shown, where 

R = !@ (and i s  the maximum shear) 
2 

Load Diagram Shear Diagram Moment Diagram 

Minimum def lec t ion  o f  '\e center of the span, and thc resu l t ing  

radius of curvature, are the governing factors .  The def lec t ion  b is 

given a s :  



or I can be estimated as 
lot 

The radius 02 curvature rs is given by 

Elfxx 
= -- , therefore, 

S M 

For the outer skins, the maximum bending stress is 

For the core material, the maximum bending stress 0 1 2  is 

The transverse snear stress g v 2  in the core at the neutral axis 



The transverse shear a t  the bond l i n e  (CTvg) is 

T r i a l  san3wich panel design No. 1: a s s i e  a sandwich panel having 

two outer PVC p l a s t i c  skins bor.ded t o  a 2 l b / f t 3  polyurethane foam core. 

Let 

x lo5 p s i  (at 160°F) 

5 x 102 p s i  

0.040 inch 

45 inches 

15 inches 

1 inch (uni t  s t r i p )  

0.347 p s i  

0.25 inch 

R = 2.603 lb  

M = 9.759 in-lb 

I + 4.575 x 10-3 in4 

Evaluating s t resses ,  

(fi = 552 p s i  - safe for  PVC a t  160°F 

q2 = 1.17 p s i  - safe f o r  polyurethane foam 

G v 2  = 5.44 ps i  - safe  fo r  polyurethane foam 



Approximate cos t  f ac to r s  i n  45" x 15" panel: 

$ - 
PVC sk ins  - 2.34 Ib a t  S0.50fl.b 1.17 

PU foam core - 0.34 lb  a t  $O.7O/lb 1.24 

Adhesive - 0.59 lb at $1.00/ lb - 0.59 

Cost per panel 

c o s t  per  f t 2  

cos t  pe r  ~2 

T r i a l  sandwich panel design No. 2: assume a sandwich panel having 

two outer  s t e e l  skins  bonded t o  a r i g i d  polyurethane foam core. Let 

3 x 107 p s i  

5 x 102 p s i  

0.010 inch 

0.25 inch 

45 inches 

15 inches 

1 inch 

0.347 p s i  

0.347 &/in. 

0.25 inch 

2.603 Ib 

9.759 in-lb 

Q1 = 3,900 ps i  - s a f e  f o r  s t e e l  

r2 = 0.06 p s i  - s a f e  f o r  polyurethane foam 

Qv2 = 10.0 p s i  - sa fe  f o r  foam a t  4 l b / f t 3 ;  densi ty  at  E2 2 

lo3  ps i ,  ge t t ing  marginal fo r  2 pcf PU foam 

However, s ince  the  panel c o n s t v c t i o n  a s  configured appears adap- 

t a b l e  t o  a 4 f t  x 8 f t  module, the s t r i p  beam w i l l  be analyzed in the  

simply supported 48-inch dimension. After calculat ion:  



1 
6 1 = 39,890 p s i  - marginally high fo r  long-term s t e e l  loading 

Cf ; = 1.24 p s i  - safe fo r  polyurethane foam 

QV; = 32.C p s i  - foam w i l l  f a i l  unless density is increased 

The panel would need t o  be supported a t  in tervals  t o  r e s i s t  transverse 

shear i n  foam. 

Consider then a wood frame supporting structure under the  substrate 

such tha t  the maximum span, W1 = 16 inches due t o  symmetry, only half the 

beam length nerd be studied, f o r  which is found, 

Q; = 3.750 p s i  - safe f o r  s t ee l  

r; = 0.12 p s i  - safe f o r  foam 

t. 
Qv2 = 12.9 ps i  - safe a t  4 l b / f t 3  density 

2 
Approximate cost factors ,  4 f t  x 8 f t  panel (2.97 M l :  

$ 

2 s t e e l  skins - 26.1 l b  a t  25@/lb 6.52 

4 pcf PU core - 2.7 l b  a t  S0.70/lb 1.85 

Adhesive - 1.0 l b  a t  $l.OO/lb 1-00 - 
Total for 4 x 8 - 29.8 l b  9.41 

cos t  per ft2 

cos t  per ~2 

Approximate cost  of support s tructure and foundation: 

2 x 4 ' s  and 2 x 3 ' s  

Nails 

Paint 

Lag bo l t s  

Concrete foc-ndation posts 

cos t  per M~ 2.56 

Total  cost/^^ for  substrate, 
support, and foundation 



T r i a l  sandwich panel .:esign No. 3 : I f  t he  s t e e l  skidpo1:rurethane 

foam core concept of sandwich panel design No. 2 is modified by increas- 

ing the moment of i n e r t i a ,  then possibly t h e  core cos t  can be reduced 

by a re turn  t o  a 2 l b f f t 3  density foam and the support s t ruc tu re  cos t  

can be reduced by wiJer j o i s t  spacing. Therefore, l e t  

EI = 3 x 107 p s i  

E2 = 5 x l o 2  psi 
tl = 0.010 inch 

t 2  = 0.375 (3/8) inch 

W, = 0.347 lb / in  

Cansidering the  16-inch span spacing of design No. 2: 

4 y 2  = 8.7 p s i  - sa fe  f o r  2 pcf polyurethane foam 

But is appears t h a t  the  spacing cannot be widened. The cos t  saving, 

however, f o r  a 4 f t  x 8 f t  subs t ra te  would be $0-47, $0.015/ft2, o r  $0.16/ 

M2. Weight per panel would a l so  be reduced by 0.7 pound. 

I f ,  however, t 2  were increased t o  0.50 (1/2) inch, then, 

and i n  the above 16-inch span: 

VV; = 6.6 p s i  - safe  f o r  foam 

Considering a supporting s t ruc tu re  having 24-inch rib spacing instead 

of the  16-inch spacing: 

I I  vv2 = 9.9 p s i  - safe  f o r  2 pcf foam 

The cos t  of the subs t ra te  remains the same a s  i n  design No. 2 ($3.17/ 

M2) , but the  support s t ruc tu re  is reduced by $1.10, or $ 0 . 3 7 / ~ * .  



Approximate cos t  factors ,  4 f t  x 8 f t  panel (2.97 M ~ )  : 

C O S ~ / M ~  f o r  support s t ruc tu re  and 
toundation 2.17 

Total   cost/^^ f o r  substrated, support, 
and foundation 5.34 

T r i a l  sandwich panel design Bo. 4: assume a sandwich panel having two 

cu te r  s t e e l  skins  bonded t o  a g r id  of 1/2" x 2" wood (pine o r  f i r  a t  25+/ 

board foot )  a t  2-inch spacing i n  t he  long d i rec t ion  and support s t ruc tu re  

rib spacing in the  shor t  direct ion.  From design No.3, l e t  span spacing 

be three  beams a t  32-inch spacing: 

E~ = 3 x 107 p s i  I 
I b -- 

E2 = I .2 x lo6 p s i  I 
tl = 0.010 inch 

t2 = 0.50 inch 

D = 0.347 p s i  

a = 2 .OO inch 

b = 4.00 inch 

I = 6.036 x 10'~ in4 (1.509 x 10'~ a t  u n i t  width) 

q v i  = 28.03 p s i  - sa fe  f o r  wood 

Qll = 6,050 p s i  - sa fe  fo r  s t e e l  

g2' = 240 p s i  - sa fe  fo r  wood 

Cost f ac to r s  fo r  4 x 8 panel: 

S tee l  skins 

Wood s l a t s  - 10 board f e e t  a t  
254/bd f t  

Adhesive 



The support s t r u c t u r e  would be a s  i n  design No. 3: 

Total  c o s t / ~ 2  f o r  subs t ra te ,  support,  
and foundation 5.54 

T r i a l  sandwich p m e l  design No. 5: assume a sandwich pane: of two 

s t e e l  skins  bonded t o  a s tyrene g r i d  core of 1- inch spacing. Let  

El = 30 x lo6 p s i  

E2 = 3 x lo5 p s i  

! In  a 1-inch sec t ion  (of width b=l) I 

I tl = 0.010 inch 1 

Using t h e  32-inch support frame spacing ( see  design No. 4 ) :  

I f 
t2 = 0.50 inch 

1 

Qv2 = 261 p s i  - safe  f o r  s tyrene 

Q1 = 6,938 p s i  - s a f e  f o r  s t e e l  

4 2  = 68 p s i  - s a f e  f o r  s tyrene 

Since t h e  stress l eve l s  a r e  ( ~ n s e r v a t i v e ,  t r y  t w r  48-inch spans: 

f' , - 
I I L-  -- - - 

I 
w v 2  = 413 p s i  - s a f e  for s tyrene 

Q{ = 19,497 p s i  - maximum allowable fo r  s t e e l  

a = 0.05 inch 

b = 1.00 inch 1 
I I I L.- 

Construction i s  safe :  

Radius of curvature, r' = 392 inch; 93.75 inches: s a f e  s 



Approximate cost factors: 

Styrene - 
Volume = 75.56 in3/ki2 at $0.35/lb 

cost/& = $1.14 

This is more expensive than designs 2, 3, or 4. 

Stee l  skins ,  0.01 in. 

Styrene grid 

Adhesive 

2 Cost/H for sqprt structure, 48-inch 
spans 2.02 

Total  cost/^^ for substrate, support, 
and foundation 5.69 

A sumation of the cost analyses resulting from this study appears in *he 

cast ccxnparison (Table 17) and, although the figures are estimated, demonstrates 

the feasibility of constructing substrs'les and solar cell modules well vithin 
2 

the 1980 cost goa of $14/m , including support frame. 

This study indicatcs that sizeable cost reductions over 'sirigle sheet" 

substrates m y  be achievsd through the use of basic structural engineering. 

For the materials examined, sandwich panel designs provided the most effecti~ 

use of the construction materials. When the cost per square meter figures are 

compared, however, the single sheet substrates based on wood prcducts still ap- 

p e e  to be much more promising than structurally engineered composites. The 

following is a compariscn of the lowest costing products discovered in each 

class of constructLon materials surveyed to date: 



Material Class 
(bwest Costing Product 

Cqst ,  $/mL 
(Without Frame o r  Supports)  

Mecting 9ef l e c t i o n  S-pec. 1 (1978 Dol la r s )  

P l a s t i c ;  Arcc Dylark 238 $ 5.70 

Metal; Hot r o l l e d  steel S 4.52 

S t r u c t u r a l  c q s i t e s  $3.17 

Ceramics : Soda-Lime Glass  $3.13 

Wood Prodiicts 
(Strandboard, Sardboara, e t c .  1 $ 1.51 (estimated) 

S ing le  s h e e t s  of g l a s s ,  as would be used ia s u p e r s t r n t e  des igns ,  a r e  zp- - 
proximately equivalent  i n  c o s t  t o  t h e  s t r u c t u r a l l y  engineered products examined 

i n  t h i s  study. Wood products,  however, are less than h a l f  t h e  cos t .  Quarter  

Inch t h i c k  pipcods  and chipbcaras  t h a t  would be reco?nsended f o r  LSA c o s t  o u t  
2 

a t  approximately Sl.Sl/rn . Hardboard products  wi th  d e n s i t i e s  i n  excess  of 
2 

50 1 b s / f t 3  are a v a i l a b l e  a t  c o s t s  c l o s e  t o  $1.07/m and meet t h e  d e f l e c t i o n  

r e s i s t a n c e  c r i t e r i o n  wi th  a s i n g l e  c e n t e r  r e i n f o r c i n s  s t r u t  i n  t h e  s tandard 

15 x 45 inch design.  

Strandboard, a not  y e t  commercial wood product, 1s expected t o  have a 

modulus i n  excess  o f  chipboard and a .:ost approaching ~ 1 . 2 9 . h n ~  (19i8 d o l l a r s )  

a t  a 1/4 inch th ickness .  

An a d d i t i o n c l  advantage t o  the p a r t i c l e ,  f l a k e  and strandboard products is 

t h a t  they may be pi-epared by a p l a t t e n  p r e s s  of laminatior. process  t h a t  w i l l  

permit the required re in forc ing  r i b s  and tr-~sses to be molded i n  dur ing manu- 

fac tu re .  It is expected t h a t  f u t u r e  engineering e f f o r t s  t o  d iscover  t h e  most 

c o s t  e f f e c t i v e  s u b s t r a t e  w i l l  employ t h i s  approach. 



X I  ALTERNATE POITANTS 

Preliminary invest igat ions of candidate -potting compounds other than EVA ham 

a l so  Seen conducted during the  past year. These compounds represent "second choice" 

materials i n  the  w e n t  t h a t  the EVA pottant  appears t o  be unsuitable for  a par- 

t i c u l a r  module design o r  process. This, hopefully, v i l l  a l s o  r e s u l t  i n  a feu 

h l t e raa te  choices of pottant  f o r  so la r  m d u l e  manufacturers who may be pursuing 

d i f ferent  fabricat ion concepts than those emphasized i n  t h t s  report.  

The c r i t e r i a  f o r  the se lec t ion  of alternate pottants  a r e  essent ia l ly  the  

same fo r  EVA; high transparency, processabil i ty,  weatherability (or the potent ia l  

t o  be arade weatherable) a d  ~ t t r a c t i v e  cost .  

& E P ~  Pottant 

Preliminary invest igat ions of an EPDn (ethylene-propylene diene rubber) base 

polymer have be- s t a r t ed ,  the  f i r s t  c r i t e r i a  being trarsparency and extrudabil i ty.  

Samples of NORDEL rubber, uumbers 1320, 1560, 2522, and 2746 have been received 

from W o n t  Chemical Gmpany. These a r e  t h e i r  recommended s t a r t i n g  compounds. 

Extrusion was attermpted v i t h  1320 and 2522 only, the other two coupounds being 

too hazy t o  give good transmission values. The laboratory sized Brabender 3/4  inch 

extruder was used equipped v i t h  a film d i e  s z t  fot about 15 n i l s  thickness. Both 

EPDn compounds extruded smoothly a t  ba r re l  temperatures of 175°F (80°C) and a d i e  

temperature of 22SJF (107OC). 

Yo tackiness o r  handling problems vere encountered v i t h  the =truding melt, 

and i t  was taken up betveen sheets  of s i l i cone  re iease  paper as with EVA. Al- 

though the extrusion temperatures a r e  hot ter  for  EPDEf than EVA, no problems i n  

formulating a successful cure and s t ab i l i za t ion  sp3 tern for  the  higher temperature 

a r e  anticipatzd. 

Tine following page gives typica l  formulae arrd cured propert ies  for NORDEL 

rubbers as published by DuPont C?'lemical Co. Samples of EPW f r o m  the only o t l e r  

manufacturer, Zxxon Chemicals, w i l l  a l so  be evaluateri. 



XORDEL @ 1560 (pellets) 
NoRDn @ 2522 
NoRDZL @ 2744 

Tufflo 6204 

Cab-0-Sil 

Stearic Acid 

Dl-Sop R 

Irganox 1076 

StressIS train 

Original 

100% Hcxiulus, psi 

200% Modulus, psi 

Tensile Strength, psi 

Elongation, Z 

Eiardness 

Aged 3 da~s/212~F 

lCOf Xodulcs, psi 

300% Eodulus, psi 

Tensile Strength , psi 
Elongation, X 

Hardness 

50 50 

- - 
50 50 

30 30 

15 15 

I 1 

3 6 

1.6 1.6 

tURED PROPERTIES 

Bubbles 
in 

Slabs 

Nordel 1320 was chosen for study as a baseline EPDN compound due :o its high 

optical transmission and its l w  melt viscosity. The folloving formulation was 

devised and a laboratory investigation started: 

Baseline =DM Formulation 

Compound Parts 

Nordel 1320 (EPDM) 100 
Lupersol 231 1.0 
Cab-0-Sil Xi-7  3 - 0  
Tinuvin 770 0.1 
Cyasorb W-531 0.3 
Goodrite 3114 0.2 



Compounding was performed on a d i f f e r e n t i a l  two r o l l  m t l l ,  the  polymer sheeted 

o f f ,  and chopped i n  a ro ta ry  m i l l  with the  a i d  of l i qu id  nitrogen. The ground 

mater ia l  was then fed i n t o  t he  hopper of the Brabender laboratory extruder and 

converted t o  sheet .  This polymer, being a rubber, is more d i f f i c u l t  t o  handle than 

t h e  EVA copolymers. The m e l t  v i scos i ty  is higher, the  extrusion speed lwer and 

higher temperatures are required f o r  extrusion. "Scorch" (premature crossl inking)  

a l s o  must be taken i n t o  account a t  t he  higher extrusion temperatures required 

(225°F). The use of Lupersol 231 i n  t h i s  formulation presents  no problems with 

bubble forpration during vacuum bag processing. This is probably due t o  the  diene 

func t iona l i ty  of the  r e s i n  *ich is much more r eac t ive  v i t h  the  peroxide a t  lwer 

temperatures. Lupersol 101 has t o t  been found t o  be a s u i t a b l e  curing agent f o r  

t h i s  polymer ( l w  ge l  contents).  The la rge  module presented no d i f f i c u l t i e s  i n  

vacuum bag encapsulation and is cur ren t ly  undergoing JPL thermal cycle  qua l i f i ca t i on  

tes t ing .  

b. Aliphat ic  3rethane 

To date,  our surveys have iden t i f i ed  only cnc cas tab le  100% s o i i d s  a l i p h a t i c  

urethane system. This is ava i l ab l e  from 8. J. Quinn & Co., Walden, Xass. The 

isocyanate prepolymer is designated 4-621 and is a transparent l i qu id  of 3,400 cen- 

t i po i se  v i s cos i t y  and an equivalent veight  of 520 -540. It may be cured with a 

var ie ty  of d iu l s .  Quinn recommends t h e i r  polyether d i o l  designated 4-5829 o r  4-626. 

After mixing the  two q a r t  system, the  pot l i f e  is approximately 3 hours a t  70°F. 

Cure conditions a r e  2 hours a t  290°F o r  about 6 hours a t  120°F. The cure r a t e  is 

ad jus tab le  and depends on the  quant i ty  of c a t a l y s t  used. The cost  of the  mixed 

system is e s t i m t e d  t o  be i n  the  order  of $1.30 per pound. 

Test modulrs have been prepared from t h i s  system a t  Springborn Laboratories. 

The urethane is not found t o  be any more d i f f i c u l t  t o  handle than any other  l i qu id  

c ~ s t i n g  system. One precaution, however, is  t h a t  the  mixed o r  unmixed system must 

be f r e e  of water and kept i s c l a t ed  from atmcs?heric humidity due t o  t he  des t ruc t ive  

e f f e c t  of u s t e r  on the  isocyanate. The hydrolysis react ion of the  isocyanate pre- 

polymer a l so  produces carbon dioxide which may r e s u l t  i n  bubbles appearing i n  the 

pottant .  The modules a r e  undergoing thermal aging t e s t s  t o  deternine the oxida- 

t i v e  s t a b i l i t y .  A s l i g h t  yellowness can be noticed a f t e r  100 hours of aging a t  



90°C. Specimens are in preparatiou r'or RS/4 exposure to determine the relative 

W resistance of this baseline compound. Other manufacturers are also being per- 

sued. It is believed that Hobay and ~pencer/Kellog companies may also have a 

comparable product. Lord-Hughson and Naftone companies also are said to be de- 

veloping product lines in this area. 

Eleven cell mini-modules will be prepared and submitted for the thermal 

cycle qualification test in the near future. 



In s u b s t r ~ t e  design modules, the s i l i c o n  s o l a r  cell w i l l  probably be en- 

capsulated w i a  ethylene/vinyl acetate copolymsr, an e l a s t m r i c  copolymar. 

To provide 20 year l i fe  not  only does this po t t an t  contain W absorber but  it 

is protected w i t h  an a c r y l i c  f i b  (Urad 201R) a l s o  toxSxining ffV absorber. 

PolymethynmthacryLate (mrad  201R) i s  r?rt scra tch  o r  abrasion resistast. 

Over the years, wind blown dus t  could mar the surface of the outer  acrylic film 

decreasing Light tranmbsian and may consaqaently decrease the electrical pmmr 

output. 

To a m i d  this l o s s  of power a survey has been made of abrasion r e s i s t a n t  and 

low f r i c t i o n  (high s l i p )  films. The ra t iona le  is the  harder o r  (perhaps) the  more 

s-Ippery,  the  mare scra tch  r e s i s t a n t .  Po lys i l i ca tes  provide the  harder film; 

fluorocarbons the lwer f r i c t i o n  f i l m s .  However, i t  is doubtful t h a t  fluorocarbon 

f i lms would provide anywbere near the scratch and abrasion res i s t ance  of the  

hard polys i l ica tes .  

Po lys i l i ca tes  

Po lys i l i ca tes  have been in use f o r  many years to protect a c r y l i c  and poly- 

carbonate glazing in aircraft. Wens-I l l inois '  glass res in  and DuPont's i4bcite 

(a f luomcarban-si l icate)  are early examples of these coatings. 

The following companies now produce, o r  are iaves t iga t ing  po lys i l i ca te  coat- 

ings. 

- Daw Corn ing - G.E.. - E. I. W o n t  - B o b  L EIaas - 3u - bmerican Optical  - weas I l l i n o i s  - Berg 
These coatings, polpsf l ica tes  o r  fluorocarbon-silicate ; D Q ? ~ U ? ~ S ,  a r e  applied 

i n  extremelp t h i n  layers  and y ie ld  hard t ransparent  and w t - r t z r  ' es is tant  coating. 

These coatings a r e  expected t o  find use i n  s c l a r  modules fc: c5e following reasons: 



a. Prevention of abrasion by wind blown sand. 

b. Reduce dus t  accumulation. 

c .  Cleanabi l i ty;  t he  coat ings a r e  hard, oleophobic and hydrophobic and 

consequently should be more e a s i l y  cleaned than o ther  surfaces.  

d.  They should r e t a rd  the  rainwater ex t r ac t ion  lo s ses  of any low molecular 

weight components present in the  polymer outer  cover such as ant ioxidant .  

e. Serve as a weathering b a r r i e r  t o  provide add i t i ona l  pro tec t ion  t o  t he  

outer  cover. 

f .  Hay provide add i t i ona l  W absorber protect ion,  depending on formula. 

ARC Coating (Daw Corning) 

An article, in Process Engineering News, June 1977, describes i n  depth 

the Daw Corning ARC coating; 

"A new s i l i c o n e  r e s i n  coat ing uuterial has  been designed t o  g ive  super ior  abra- 

s ion  pro tec t ion  t o  polycarbonate, a c r y l i c s  and o the r  t ransparent  p l a s t i c s .  The 

Dov Corning ARC coating is ava i l ab l e  from Dou Corning Corp., Midland, Mich. Be- 

sides a c r y l i c  and polycaxbnatc ,  ARC coat ing reportedly has been successfu l ly  

appl ied to  a l l y 1  d ig lycol  carbonate (such a s  PPG's CR-391, c e l l u l o s i c s ,  

s ty ren ic s  and unsaturated polyes te r  without need f o r  a film-forming primer," 

"Abrasion t e s t  r e s u l t s :  Taber abrasion tests on f l a t  samples were performed 

using Taber Abraser CS3.0F wheels under 500-gm load. Uncoated PC shoved 25% in- 

c rease  in haze :per A S M  D-1003-61) and uncoated a c r y l i c  15: increase  a f t e r  100 

cycles ,  while  an uncoated CR-39 cas t ing  increased 7.5% i n  haze a f t e r  500 cycles .  

These same th ree  mater ia l s  with 3-5 micron ARC coating a l l  showed less than 1% in- 

c rease  (0.7-0.9X) i n  haze a f t e r  500 abrasion cycles.  (For comparison, Luci te  .=, 
DuPont's a c r y l i c  shee t  coated with Abcite f luorozarbon-si l icate  copolymer, showed 

8% more haze a f t e r  500 cycles .  Window g la s s  reportedly increases  0.3-0.4X i n  haze 

by t h i s  t e s t  .) " 

"Pencil hardness of a c r y l i c  o r  CR-39 v i t h  2.5-3.0 micron ARC coat ing is s a i d  

t o  be 3-9 8, compared with 3-4 H f o r  ARC-coated PC. Company spokesmen say t h a t  

a 5-micron ARC coating on PC can obta in  a penci l  hardness of 8-9 8." 

Accordibg t o  Dow Corning, one advantage of XRC over c e r t a i n  other  pro tec t ive  

coating mater ia l s  is its high hydrolyt ic  s t a b i l i t y .  Lab exposure t o  elevated 

temperature and high humidity reportedly has no s ign i f i can t  e f f e c t  on the abrasion 

protect ion afforded by ARC, though i t  does on o ther  coatings.  ARC a l so  retained 

its proper t ies  b e t t e r  i n  t e s t s  v i t h  the  Atlas  carbon-arc Weather-O-Meter. (Company 



sources note  t h a t  while ARC Is i t s e l f  nearly t ransparent  t o  W l i g h t  and very 

weatherable i t  will not be s u i t a b l e  f o r  long-term e x t e r i o r  s e rv i ce  on subs t r a t e s  

which a r e  not themselves W s tab le . )  

I n  addi t ion  t o  abrasion res i s tance ,  ARC coatings reportedly provide considera- 

b l e  pro tec t ion  aga ins t  chemical and solvent  a t t ack .  For example, PC reportedly is 

qui te  prone t o  stress cracking a f t e r  chemical exposure. Yet Dov Corning t e s t s  a r e  

s a id  t o  show t h a t  ARC-coated PC and a c r y l i c  s u f f e r  no damage from exposure t o  a 

n d e r  of common solvents ,  including aromatics, chlor inated hydrocarbons, ketones 

and alcohols,  plus  an t i f reeze ,  motor o i l ,  gasol ine,  e tc .  

Adkesion of ARC has been tes ted  by three  p u l l s  of tape across  a crosshatched 

g r id  pat tern,  showing no coat5no removal. 

ARC is supplied as a l iqu id  s i l i c o n e  r e s i n  of low-to-medium viscos i ty .  It 

can be applied by dip,  sp in ,  f lw or  spray-coating techniqnes. Various chemical 

pretreatments may be needed t o  condition t h e  subs t r a t e  surface,  dependips I the 

p l a s t i c  type and cleanl iness .  (A "clean-room" environment is required - apply- 

ing the coating. ) 

The coat ing is oven cured a t  temperatures as low a s  150°F. h e  cure time is 

such a s  t o  requi re  batch operat ians rather than p e r s i t t i n g  continuous web process- 

ing. ARC i s  not considered usefu l  on highly f l e x i b l e  subs t r a t e s  - i.e., f i lms  - 
o r  i n  appl ica t ions  requi r ing  extensive elongation i n  processing o r  end use. ARC 

i t s e l f  has only 1-1-114% elongation. 

Raw mater ia l  cos t  f o r  a 3-5 micron coating on .? *? s i d e  of a subs t r a t e  is 

pegged a t  around 2 ~ / s q  f t , .  Users of ARC must obta in  a l i cense  from Dow Corning 

involving payment of a running royal ty.  

One l iceasee ,  Air-Lock, Inc., Milford, Corn., has coated space helmets f o r  

astronauta,  i ls t rument  panel covers, watch c r y s t a l s ,  s a f e ty  face  v i so r s ,  r ec rea t iona l  

face  sh i e lds  and auto trim. 

The p o t e n t i a l  of t h i s  materlal was recent ly invest igated a t  JPL. 

Half of a s i n g l e  c e l l  module (Masonite - Super Dorlw - substrate-ethylene/vinyl 
ace t a t e  pottant/korad 201R outer  f i l m  was coated by Dow Corning with t h e i r  ARC 

material .  The coated ~ o d u l e  was abraded by hand with a b r i l l o  pad. Onlv the 

uncoated half  was scratched. 



We w i l l  be working with Airlock Corp., l icensee of Dow Corning, i n  pu t t ing  

on the ARC coating onto one c e l l  modules. 

C . E .  - 
General E l ec t r i c  has  two po lys i l i c a t e  systems. One, SHC 1100, is used with- 

out a primer and is st i l l  experimental. The ,- .h r r  system uses a ~hople/emulsion 

primer, SHP-100 and a s i l i c o n e  hardcoat, SHC-1;OO. 

The coating procedure is a s  follows: 

PRIMER 

(1) I n  a wel l  ven t i l a t ed  area, preferably having a f i l t e r e d  (dust f r ee )  a i r  

supply, apply a 4% (so l ids )  primer so l a t i on  t o  the  pa r t ( s )  by d ip  o r  flow 

coating. U s e  caution because t he  primer solvent(s)  may be hazardous. 

(2) Primer should d ra in  and air dry f o r  20-30 minutes. Be su re  t o  remove d ip  

tank o r  t r a j  a s  soon as primer is applied. Do not expose uncured primer 

f i lms t o  solvent  vapors. 

(3) Cure primer coat  f o r  30 min. a t  120-12S°C. Use an oven having s t rong mechani- 

c a l  (forced) air c i r cu l a t i on  and f a s t  heat recovery. 

(4) Remove sample(s) and cool  to  room temperatere before applying SHC. This 

is a c r i t i c a l  s t e p  - do not coat pa r t s  warm a s  op t i ca l  defec ts  can r e s u l t .  

COATING 

( 5 )  Using the  same vent i la ted  area* a s  i n  Step 1, dip  o r  flow coat the pa r t s  

with S i l icone  Hard Coat (SHC). 

( 6 )  Coating should d ra in  and a i r  dry f o r  10-39 minutes. Be sure  t o  remove d ip  

tank o r  t r ay  a s  soon a s  coating is aqplied. Do not expose uncured Hard Coat 

f i lms to  solvent vapors. 

(7) Cure the  SHC re s in  for  30-60 minutes a t  120-125°C. Use the same oven type 

a s  i n  Step 3. 

(8) Cool t o  room temperature. Pa r t s  prepared with Si l icone Hard Coat a r e  ready 

fo r  se rv ice .  

*Relative humidity i n  t he  coating area should not exceed 502 R.H. 

The top coat (SHC-100) contains a UV s t a b i l i z e r  which they bel ieve r eac t s  

with the  s i l i cone  and thus has teduced e x t r a c t i b i l i t y .  

One c e l l  modules w i l l  be sen t  co D r .  W. Kray of G.E.  f o r  po lys i l i c a t e  coating. 

The cha rac t e r i s t i c s  of t h e i r  r a c e r i a l s  are  shown on the following char t s .  



Compound 

Manufacturer 
W P ~  
Substrates 
Hardness 

Process 

1) P r i m e r  

2 )  Bake 

3) Application 

Thickness 

I n i t i a l  cos t / f t  
2 

Weatherability 

License 

F i l m s  

Se l l  Solution 

Remarks : 

Compound -- 
Manufacturer 
Type 

Substrates 

Hardness 

Process 

1) Primer 

2 )  Bake 

3) Application 

Thickness 

I n i t i a l  cost/f t 
2 

Weatherability 

License 

General Elec t r ic  
Sill.cones 
PC, a~rylic-primer 
Depends on substrate 

Rhoplex SHP-100 

120°c 

3ip,  flow spray-possible 

Primer 0.05 mils 
Top coat 0.2 miis 0.25 mils t o t a l  

.09 - .10 

PC 5 yehrs e s t .  
acryl ic  excellent 

No 

Yes 

Yes 

Delaminates fron PC a s  PC degrades. 
The top coat should ac t  a s  a s o i l  releas? 
sixce it r e s i s t s  painting. 

G.E. 
Silicone 

Acrylic - Plexiglas S trouble w/molded/ 
Aeriview extruded unless 

primed 

Depends on substrate 

No-Yes others 
cost  acryl ic  

120°c 

Dip, flow, spray 

0.2 - 0.25 m i l s  

Excellent - 3 years PC 

No 

Film 

Se l l  Solution 

Yes 

No 



E. I. DuPont 

E. I. DuPont has an abrasion r e s i s t a n t ,  s i l i ca te - type  coat ing put on by a 

d ip  process. Harry Begg, P lan t  Manager, t r i e d  t o  coat  pieces of Tedlar UT and 

Korad 201R but could not because of too g rea t  a f i lm  f l e x i b i l i t y .  Their coating 

can only be applied t o  a r i g i d  subs t ra te .  

Rohm 6 Haas 

Rohm 6 Eiaas s e l l s  polycarbonate with an  abrasion-resis tant  costing. They 

a l s o  sell ARC 360 f o r  the  i n t e r i o r  of a i r c r a f t  windows. No s p e c i f i c  information 

was provided although they are wi l l i ng  to  coat  samples f o r  us on an  experimental 

bas is. 

3H - 
3M has a coating with similar abrasion properties t o  ARC. They 

w i l l  not s e l l  so lu t ion  but  w i l l  coat  r o l l  s tock only. They would not provide cos t  

data .  Their present technology has c e r t a i n  flaws s ince  i t  does not  s t i c k  wel l  

t o  ac ry l i c .  On ce l lu lose  a c e t a t e  Butyrate a f t e r  6-9 months i n  F lor ida ,  t ne  

coat ing is crackfng and checking. 

American Optical  

Gordon C u r t i s  informed us t h a t  A0 is producing a n  abrasion r e s i s t a n t  coating 

ca l l ed  A05OM. It is applied by dipping t o  a thickness of 3 nm with a bake 

temperature of 165-200°F. It is designed f o r  polycarbonate. 

A0 puts on a Dow Corning ARC f i lm i n  t h e i r  Brat t leboro operatLon. 

I n  t h e i r  abrasion test they use a pad with abrasive and grind i n  water. 

On a s c s l e  of 1 - 10 (10 bes t )  they r a t e  the  following coat ings f o r  abrasion 

res i s tance .  

Mater ial  Rating 

Berg Vac deposi t  7 

AO50M 4 

D m  Coning  Ah2 4 

W o n t  4 

G.E. 3 



Owens I l l i n o i s  

According t o  Don Gagnon t h e i r  Glass Resin 650 (one of t h e  e a r l i e s t  i n  t h i s  

f i e l d )  c o a t e l  on metal  has undergone 12 years exposure i n  F lo r ida  without change. 

2 
Cost is 2 . 3 ~ / f t  a t  3.3 M i l s  t h ick .  Applications have incladed polycarbo- 

n a t e  and a c r y l i c  i n  a i r c r a f t .  Transparency is improved 1-3%. The m a t e r i a l  i r  a 

methyl s i l i c o n  homopolymrr and a s  coated is 89% s i l i c a .  C h a r a c t e r i s t i c s  a r e  a s  

follows : 

Compound 

Manufacturer 

Type 

Subs t ra tes  

Hardness 

Process 

1) P~dmer  

2) Bake 

3)  Application 

Thickness 

Costlf  t 
2 

Weatherabil i ty 

Films 

S e l l  s o l u t i o n  

Remarks 

Glass r e s i n  650 

Owens I l l i n o i s  

P o l y s i l i c a t e  

Polycarbonate Acrylic 

No 

80-90°C, wi th  c a t a l y s t  5 '-2 h r s  . 
Spray o r  d i p  

0.3 m i l s  

0.023 

Good - 12 years  on metal  i f  F lo r ida  - 
no change 

Claim abras ion equal t o  ARC 

Berg I n d u s t r i e s  

Mr. Berg, Ontar io ,  Canada, i n d i c a t e s  t h a t  h i s  s i l i c a  coat ing is  vacuum de- 

posi ted  on l enses .  The coat ing is  about 3 run t h i c k  wi th  about 3  nm embedded i n t o  

t h e  p l a s t i c .  Thinner coat ings  may be  poss ible .  He claims a  high degree of 

hardness,  exce l l en t  impact and a n t i s t a t i c  p r o p e r t i e s .  Capi tol  cos t  i s  estimated 

a t  about $700,000; coat ing c o s t s  a r e  high. 



XIV. CONCLUSIONS 

1. Appropriately compounded ethylene-vinyl a c e t a t e  copolymer (EVA) altpears t o  

be a usefu l  po t tan t  f o r  t he  low cos t  encapsulation of s o l a -  -dules.  Although 

s t r i c t  co r r e l a t ions  cannot be made between the  r e s u l t s  of 2 . . f i c ia l  eccele- 

ra ted  t e s t i n g  and a c t u a l  outdoor performance, the  prognosis i3 encouraging when 

t e s t  r e s u l t s  are compared t o  the performance of o ther  mater ials .  It .~oald be 

des i r ab l e  t o  continue with experiments i n  s t a b i l i z a t i o n ,  l i f e t ime  diagnosis  

and f i e l d  t r i a l s  of ac tua l  modules. 

2. Vacuum bag processing appears t o  be one of t he  most promising methods of s o l a r  

c e l l  encapsulation. This method employs assemblies of p r e c u t  mater ia l s  with 

long she l f  l i f e  and a complete f ab r i ca t ion  time of half  an hour t o  f o r t y  f i v e  

minutes. This method is a l s o  ammenable t o  automated production and the  

f in i shed  modules requi re  no fu r the r  cure  cycle .  
- 

3.  Good methods have been devised f o r  t h e  production af c l e a r  EVA shee t ,  simple 

blending anrl extrusion g ive  excel lent  r e s u l t s .  The pigmc.rted composition 

needs f u r t h e r  development, however. Yle masterbar-h technique 1s s a t i s f a c t o r y  

f o r  laboratory s c a l e  inves t iga t ion ,  but cannot be used successful ly  on commer- 

c i a l  s c a l e  due t o  t he  lenqth of t i m e  required f o r  blending on the  m i l l  r o l l  

and the  expense of grinding the  f i n a l  product with l i qu id  nitrogen. 

4 .  Good r e s u l t s  have been obtained t o  da t e  with the  use of s i l s n e  primers t o  pro- 

mote g l a s s  ind hardboard subs t r a t e s  have exceeded the  cohesive s t rength  of 

the  polymer a t  s t rengths  of 20 t o  3" polmds per  inch of width. The bes t  

ove ra l l  primer discovered t c  d a t e  is hydrolyzed Dow Coneng 2-6030 (our Nunber 

A8330B). More work i n  t h i s  a rea  would be des i r ab l e  t o  improve the p r e d i c t a b i l i t y  

of bonding as some of t he  r e s u l t s  a r e  var iab le .  

5 .  A hardboard praduct - Super Dorlux (Masonite? Corporation) has been found t o  

be usefu l  a s  a subs t r a t a  mater ia l  i n  having a good balance of low cos t  and 

adequate mechanical propert ies .  In  order t o  become a f u l l y  usable product a 

c e r t a i n  amount of development remains. One probleril i s  t h a t  of sur face  cohesion. 

Wnen a polymer bond is forced apar t ,  t he  f iberous sur face  of the hardboard is 

what y ie lds ;  t he  bond s t r eng th  i s ,  therefore,  l imited by the sur face  property 

of t'le board. A more ser ious  problem is t h a t  of humidity and wote- e f f e c t s .  

Hardboard shee ts  and modules prepared with hardboard sr*tJstrates tend to  warp 

with f l u c t u a t i o ~ l s  i n  humidity and swell  badly a t  + edges Sn contact  with 



l i qu id  water. A waterproofing treatment of some v:. :ety v i l l  be requi ied t o  

reduce these  e f f e c t s  and r e t a r d  the  in f lux  of v a t e r  vapor t o  the  surface.  

6 .  Outdoor weathering experiments, incl*lding both na tu ra l  exposure t o  dese r t  

sun and MMAQUA, were performed 3n t e n s i l e  specimens and modules preparzd from 

a va r i e ty  cf potent ia l ly  usefu l  encapsulation mater ials .  The most r e s i s t a n t  

mater ia l s  were found t o  be the  fluorocarbons, espec ia l ly  Kel-F r e s i n  and FEP 

Teflon f i h .  These polymers showed the least amouilt of change t o  any condi- 

t ion. Tedlar f i lm  (1008G30UT) was found t o  decay badly in o p t i c a l  tr&smission 

and degraded t o  the poin t  of f r ac tu re  i n  t h e  module system expwsid t o  m m g ~ A .  

The amst resistant of the law c o s t  polymers were the a c r y l i c  mterials, r e t a in ing  

both exce l l en t  optical. p roper t ies  and acceptable mechanical proper t ies .  Outer 

covers based on a c r y l i c  polymers should perform w e l l .  

7.  L w  modulus pot tan ts  a r e  required f o r  the encapsulation of s o l a r  c e l l s  i n  

oreer  t o  r e l i e v e  st-esses re su l t i ng  from thermal excursions. The low modulus 

is a l s o  accompanied by 3 !ow sur face  hardness vhich gives rise t o  a prablem 

of so i l i ng  on the outer  s-arface. I n  order  t o  r s t a r d  the  s o i l i n g  e f f e c t ,  

maintain high transmission, and pro tec t  t he  underlying po t t an t  a high modulus 

high s-lrface hardness coating is reqdired. In  ~ r d e r  t o  extend the  uso,fui w r k -  

ing l i f e  of the module, the  funct ion of W screening has a l s o  been imposed on 

the  outer  cover. I n e  t~ materials of current  i n t e r e s t  f o r  t h i s  funct ion a r e  

Tedlar 100 BG SO UT and the  multipolymer a c r y l i c  Korad 201R. Both a r e  found 

to  bond successful ly  t o  EVA, have high sur face  hardness, provide W screenlag 

and 'nave high transparency. Tedlar has shown very var iab le  performance under 

outdoor exposure and more f i e l d  experience is necessary t o  qualify t he  useful- 

ness of t h i s  material .  Korad, i n  addi t ion  t o  being l e s ~  expensive than the  

rdlar, kas a b e t t e r  orognosis f o r  long term weather s t a b i l i t y .  The deficiency 

of Korad is t h a t  the UF s t a b i l i z e r  exudes from the  f i lm and becomes l o s t  a f t e r  

a feu  years.  Development work is required t o  p r e ~ e r ~ t  t h i s  loss .  

8. Ec~apsu la t ion  &th EVA has been s h a m  t o  provide goocl long term re s i s t ance  t o  

cctrosion i n  a severe salt spray environment. Aluminmi, g a l v a r ~ z e d  s t e e l  

and copper were pa r t i c rda r ly  u ~ l - f f e c t e d  and remained shiny a f t e r  almost eleven 

weeks of salt fog a t  35°C. Mild st?el was the most a f fec ted ,  shoving s igns  

of corrosion a f t e r  aboat three weeks. In c o a t r a t ,  the cont ro l  specimens be- 

gan t o  corrode i n  a : = t t e r  of hours af ter exposr;te. 



9. Experiments with "stria" materials have fobad tha t  the bes t  s e l ec t ion  t o  da te  

is "Craneglass 23OW, a non-woven g lass  c lo th  ananufactv-~d by Crane Co., Dalton, 

hss. This c lo th  is ava i lab le  i n  a va r i e ty  of thicknesses a t  lov cos t .  The 
2 5 m i l  thickness cos ts  $0.0078/ft . The use of t h i s  scrim has been found to: 

(a)  successful ly  replace a layer  of EVA pottant:  (b) prevent t he  flow of the 

pigmented layer;  (c) provide a f ixed dis tance betveen the  c e l l  and subs t ra te ;  

(d) a i d  i n  vacuum evacuation; and (e) lower the fabr ica t ion  cost.  

10. Eyineer ing  s tudies  of mater ials  and designs f o r  the subs t ra te  funct ion indi- 

ca t e  t h a t  t he  cost  ,-c-1s a r e  achievable with a var ie ty  of approaches. Grid 

and sandwich panei constructions appear to  be f eas ib l e  with the  use of r a w  

r ra te r ia l s  such as s t e e l ,  f i r  s l a t t i n g  and low density polyurethane foam. The 

lowest c3s t  found so  f a r  i s  f o r  a s t e e l  polyurethane sandwich construction, 
2 wnich, including frame, foundation and supports adds up t o  a cos t  of $5.34/m . 

The inclusion of cos ts  fo r  po t tan ts  and outer covers brings the  t o t a l  t o  $6.53/m 
2 

(1975 do l l a r s ) .  This is  encouraging and w e l l  v i t h i n  the  t o t a l  a l l oca t ion  f o r  
2 encapsulation of $8.90/m (1973 dol la rs ,  including support frame) . 

11. Al terca te  pot tan ts  t o  the EVA system a r e  current ly under invest igat ion,  but 

fu r the r  evaluation of these materials w i l l  be required before they reach a 

s t a t e  of i ndus t r i a l  readiness.  The two mater ials  being emphasized a t  t h i s  

point a r e  a l i p h a t i c  polyurethane and EPDM (ethylene/propylene-dienc monoxner 

rubber). 

i2.  Comnercial abrasion r e s i s t a n t  coatings have been found t o  provide an  extremely 

hard and abrasion r e s i s t a n t  sur face  to  the  Korad coated modules prepared t o  

date. One of the  more a t t r a c t i v e  is ARC manufactured by Dow Corning, Midland, 
2 Michigan. This coating may be applied a t  a cos t  of $0.02/ft . These coaf- 

ings a l ~ ?  need more evaluation by f i e l d  t r i a l s  to f u l l y  assess  their use- 

f ulness . 



The fo l lov ing  technical  items w i l l  be included i n  t he  coming year 's  work: 

1. Construction and t e s t i n g  of l a rge  numbers of s i n g l e  and double ce l l ed  modules 

v i l l  be car r ied  out  f o r  t he  putpose of more c l e s r l v  def ining f ab r i ca t ion  tcch- 

niques and fu r the r  assessing the  performance of t he  EVA pot tan t ,  when used 

i n  r - , tua l  systems. 

2. Erparimants v i l l  be petformed to def ine  more adequately the heat ing rates 

and cure of t he  EVA during the  vacuum bag encapsulation process and set of 

s?ec i f lca t ions  w i l l  be wr i t t en  t o  a i d  module manufacturers i n  t h e  production 

of modules of reproducible cha rac t e r l s t i c s .  

3. Studies of t h e  u l t r a v i o l e t  s t a b i l i z e r s  and an t ioxidants  used t o  optimize the  

s e r v i c e  l i f e  of t he  EVA pottarit w i l l  continue with the  a i d  of RS/4  sunlamp. 

EMMAQUA and na tu ra l  weather exposure for  evaluation. 

4 .  More extensive vork on the  use of sur face  applied p raae r s  t o  generate high 

r e l i a b i l i t y  bonds Ln c r i t i c a l  a reas  w i l l  be cond-lcted, with an emphasis on 

cos t  and industrial usabi l f  t y  . 
5 .  The concept of blendkap s i l a n e  zd tss ion  promoters d i r e c t l y  i n t o  the  EVA formu- 

l a t i o n  v f l l  be reinvest igated t o  fu r the r  assess i f  t h i s  approach is feasiblo-. 

6 .  Experiments v i l l  i nves t iga t e  the f e a s i b i l i t y  of Incorporating a chemically 

bound and non-extractable irV absorber I n t o  an a c r y l i c  f i lm  vehicle.  I f  success- 

f u l ,  i t  is hoped tha t  t h i s  approach w l r l  y i e l d  an outer  cover with the  bes t  

cos t /per formnce  as a protectiwe f i lm  f o r  the  underlvlng pot tan t .  

7 .  Experiments with c h a c a l  sur face  modification of a c r y l i c  outer  cover mater ia l s  

w i l l  be  conducted t o  improve hardness, abrasion r e s i s t ance  and resistance t o  

v a t e r  permeability. 

8. Low cos t  abrasion r e s i s t a n t  coatings w i l l  be  invest igated i n  the laboratorp 

f o r  e f f ic iency  and app l i cab i l i ry  t o  aiodule manufztture. 

9. The evaluation of EPMl (ethplene/prop?lene/diene rubber) a s  an a l t e r n a t i v e  

pot tan t  t o  EVA w i l l  be continued. Fornulation. coqoundicg. extrusion and 

moaule construct ion w i l l  be c~ . l t i~ lued  t o  i nves t ig s t e  tha usefulness o i  t h i s  

p o i w e r  . 



10. Development work w i l l  continue on a l i pha t i c  urethanes a s  a l t e r n a t e  po t t an t s  

to  t h e  SVA system. Pransparency, weatherabi l i ty  and cos t  w i l l  be emphasized 

i n  t h e  s e l ec t i on  of a manufact~trer usable system t h a t  may be used as an a l -  

t e rna t e  t o  t h e  s i l i c o n e  cas t ing  products. 

11. Studies  w i l l  be conducted t o  assess  the v i a b i l i t y  of wood and wood products 

(like hardboard and flakeboard) as subs t ra te  mater ia ls .  Mechanical p r o ~ e r t i e s  

and r e s i s t a c e  t o  l i q u i d  water and humidity w i l l  be considerei.  

12. A pourable polyviryl  ch lor ide  (PVC) p l a s t i s o l  compound w i l l  be d e v e l o w  as 

an a l t e r n a t e  pottant f o r  use i n  case e n c a p s u l a t i o ~  system.;. 

3 A poly-n-butyl ac ry l a t e  po t t an t  w i l l  be invest igated a l s o  a s  an a l t e r n a t e  ma- 

t e r i a l  f o r  cas t ing  systems. 

14. A complete cos t  ana lys i s  w i l l  be performed on each candidate encapsulation 

system proposed. 
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TABLE I 

Ethylene - Vinyl .=cetate Copolymer Survey 

(1) Tota l  in tegra ted  t ra tsmission,  s o l a r  normalized. 350 - SOCrrm. 

Compound 

t̂P 901-25 

EY 902-30 

UE 651-35 

(2) ASTM Test  D638; Type IV Spzcimen. 

(3)  Melt index f igures  obtained from ASTM Test  Dl238 E. 

Viny'_ 
Acetate 

X 

40 

(4) Cost values l i s t e ?  f o r  maximum quant i ty  of ma te r i a l .  
Prices shown in 1979 dollars. 

Density 
(g/cci 

0.962 

960 

1 

Tens i le  @ Break (2) 

(ps i )  

1200 

30.635 
I 

40 1 0.962 1 800 

0.954 UE 638-35 

I UE 646-04 

1,000 

870 33 

720 3 1  

$0.64 

$0.645 

Elongation (2) 

@ Break (XI 

700 

0.954 660 

28 1 0.9491 1,100 770 1 $0.615 
I 

Cost (4 1 

($/lb.)  

$0.64 

I 

Elvax 150 

Elvax 240 

Elvax 250 

1,050 

900 

9 50 

1,000 

700 

3 3 

28 

28 

$0.575 

SO. 545 

$0.545 

$0.545 

$0.545 

0.957 85C 

I 

Elvax 260 1 28 

$0.505 

$0.675 

$0.635 

$0.665 

0.951 

0.951 

0.955 

Elvax 420 1 18 ' 0.937 

1,050 

1,400 

2,800 

9 50 

0.948 Elvax 350 1,600 25 900 

Elvax 4260 28 0.955 

0.947 

0.952 

Elvax4320 

Elvax 4355 

2,700 1,000 
-- 

7 50 900 I 25 

25 2,800 1,000 



TABLE I (Continued) 

.:thylene - Vinyl Acetate Copolymer Survey 

(1) Tota l  in tegra ted  iraasmission, solar normalized, 350 - 800nm. 

( 2 )  ASTM Test D638; T y ~ e  XV Specimen. 

-- 

Compound 

EY 901-25 

EY-902-30 

(3) Kel t  index f igures  obtained from ASTY Test  Dl238 E. 

Composition 

EVA 

- 

Manufacturer 

US1 

US1 

(4)  Cost  values l i s t e d  f o r  maximum q-~anti:? of macerial. 
Prices shown in 1979 J o l l a r s .  

OF: 654-35 

UE 638-35 

UE 646-04 

Elvax 150 

Elvax 240 

Elvar 250 

W IZ 

7 4 
! 

LSI 

F i s  T% 

86 

I 

24 -0  

25.0 

43 

86 

8 5 

9 1 

89 

Refract ive 
Index nd 

- 
1.482 9: 

84 

7 7 

7 7 

7 3 

66 

6 8 

EVA 7 5 

US1 

US1 

DuPgnt 

DuPant 

W o n t  

- 
- 

l.&82 

1.485 

Elvax 260 

Elvax 420 

Average (3) 

( e l l 0  min) 
E::advalent 
Melt Index 

7.5 

70.0 
1 

EVA 

EVA 

EVA 

EVA 

EVA 

EVA 9 1 

W o n t  

DuPont 

1 

78 - 
1 

I 
4 3 

1.485 

1.492 

1.489 

86 EVA 

Elvax 350 

Elvax 4260 

Elvax 4320 

48.0 

1.485 

6 

151 

19 

68 

DuSont 

8 7 1 1.485 1 6 . 0  

25 

EVA 

W o n t  

DuPont 
1 

9 1 

91 

6 1  1 I 
82 

EVAi~cid Ter . 
EVA/Acid Ter. 1.486 

1.482 Elvax 4355 

EVA 

67 

67 

FlA/Acid Ter . 
150 

6 .O DuPont 

1 

73 1 87 

67 

I I 



PEROXIDE CURE VERSUS GEL CONTENT 

ELVAX 150 

A 

100 

1.5 

B 

100 

1.0 

- 
0.1 

0.3 

0.2 

t 

A8937 A - 
Elvax 150 

Lupersol 101 

I '3i.911 91.U 88.11 1 
1 

C 

100 

0.75 

- 
0 . 1  

0.3 

0.2 

Lupersol 231 - 
Tinuvin 770 1 0.1 

150 C/20 rnin 
Gel, % 

W-531 

Irganox 1076 

D 

100 

- 
1.5 

0.1 

0.3 

0.2 

0.3 

0.2 

89.9I 86.r% j 86.6Z 

135 C/20 min 
Gel, X 

E 

100 

- 
1.0 

0 .1  

0.3 

0.2 

- 

F 

100 

- 
0.75 

0.1 

0.3 

0.2 

85.6% - 

I 
A8937 B - 

Lupersol 

Lupersol 231 

Tinuvin 770 

Llr-531 

Irganox 1076 

1 5 0 C / 2 0 m i n  
Gel, X; 

135 C/20 rnin 

1 1 

- 190.8% 

ELVAX 250 

1 0 0 1  100 Elvax 250 

88.2: 

- 
0.75 

0.1 

0.3 

0.2 

87.4% 

C! 

1 

- 
1.5 

0.1 

0.3 

0.2 

86% 

82.3% 

103 

- 
1.0 

0.1 

0.3 

0.2 

88.9% 

85.1% 

0.75 

- 
0.1 

0.3 

0.2 

0 

1.5 1 1 . 0  

100 100 

- 

- 
0.1 

0.3 

0.2 

85.6% 

I - Gel, f 
I 

100 

- 
0.1 

0.3 

0.2 

84.6% 

- 



TABLE 3 

ANTIOXIDANT STUDY 
(with Luperso!. 101) 

All formulations prepared by milling the antioxidant into a standard formulation of: 

Notebook No. A9920 - 

Antioxidant 

1. Goodrite 3116~' 

2. Dilauryl Thiodipropionate 

3. Polygard 

6. Disteryl Thiodipropionate 

5. Irganox 1076" 

6. Naugard P 
I 

Elvax 150 100 phr 
Lupersol 101 0.75 pt.r 
Tinuvln 770 0.1 phr 
W-531 0.3 phr 
Antioxidant ( ) phr 

Plagues prepared by compression 
molding and cured at 150°C for 
Went7 minutes. Copper disc molded 
into plaque for corrosion effect. 

a. Thermal evaluations performed by subjective assessment ,-.f color formation: 

Level 
(phr) 

1. lo c3lor fotmation 6. Noticably yellow 
2. Very iight color 5. Bright yellow 
3. Light color 

Hours at 90°C 
Thermal Corrosion 
Stability Effect on 
Colora 

4 

3 

- 7 

b. Cortosio~ - -  10 determined by color of ring around copper aold,d into polymer. 

Gel 
Density 

1 

7. Naugard P 
Irganox 1035' ' 

c. Theaolic compound, wssibly causing U4 sensitization. Omitted from selection. 
Omitted fc: lot gel ccntent; No.'s 1, 2 

Gel 
Conten: 

X 

2 

0.2 

0.2 

0.1 
0.1 

Final selection: Nsugard-P selec d over Poirgard ( 3 )  for better corrosion protection 
a, 150°C thermal aping. 

17.6 

62.9 

78.5 

0.2 

0.2 

high 

high 

1 

8. Irganox 1010~' 
MD 1024 

9. ~ontrol-no AO 
L 

low 

law 

l o w  

2 

4 

1 

1 

79.3 

76.9 

62.9 

1 

1 

1-2 

0.2 

1 

1 

0.2 

0.1 

high 

87.4 high 

1 l w  

1 

o high 1 9 2 

69.4 

2 

1 



Amism BOND SnmcT3 EVALUIlEION 
A v e r 8 8 8  Bond Strength by ASRl W33 or ASDI Dl876 

(PC- par inch of Width) 

- - - 
Test Spechen 1 

t I BoififJJ Boiliq 
Xotebook ! I Water ! Water 

- - -- - -- --  - - -- 

1 ~1912-6  f Dotlux. w h i t e  EVA rA8330~ [ (b) 23.5 7 - f  1.6 [ 1.7 1 

i !b. : X s t e r i d r  I ?-r 1 Coatrol 1 ?lieelm 2 &s. ; 26 Ers. 

A8912-2 1 Dorlux. c l u r  EVA 
1 / (b) 26 7.9 1 1.6 1 2.5 

Jorlux. vhite EVA ! Son8 

1 / ~ 8 9 2 8 - 3  / Aluminum foi l ,  clur EVA I Zd03CW I (a)  ! I - J - i  - I 

12.3 1 4.8 1 1.0 ! 2.6 

-[- 

i -- I A89lZ-7 I Wrlux. nr. dded .  rh l re  EVA[ %me 0.02 , I & 
e j 1.Y / - j I - !  I - 

I A8913-5 I C l u s  1. c f u r  EVh j % e  1 o.51 I , _ 1 - :  - I 

I ! l~uinu to i l .  cl..r EVA ] k n e  1 (a) i 0 1 - ! - I 

A8912-1 1 Djrlux sanded, vtrite EVA 1 ?bme i 11.9 
I I 

1 2 3  1 3.1 I 0 

I 

/ M913-2 C h u  A. c l u r  EVA iSSo179 i ( b 1 2 1 . 5  / 5.6 \ 2.2 
# 

I 

I I I I 

iA8929-Ct/Glass ,  c l r .  nA+*s921-2  1 t l  ( 3 )  3 (b) 21 ( b )  30 i (b) ll 

1 A892941 1 Glass. c l r .  EVA + SSb179 : 1nterrul /  9 . J  3.5 2.3 2 . 2  1 - I ~ 8 9 2 9 4 1  i C l u ~ ,  c l r .  EVA + A8921.-2 ~ n t e n u l !  (b) 32 b 2 / 10 ' 

i 
10.5 ; 

L3.3 

!a) Delaminated. no scrmgth.  (b) Cohesive f a i l u r e  i n  polymer. 

I A8913-3 , C l ~ s  9. c l u t  EVA 1SS4179 i ( b ) l d . J  ! 5.7 I 2.5 I ( b ) B r ~ k e n i  

A89134 1 Class A, c l u r  EVA i A8330B I (b) 21.) j (b) 2 3 . 5  1 (b) 30.01 (b) i i . 5  

I A8913-5 / Cius 0.  c l u r  EVA 3 3 0  b 20.8 b 27 9 b 25 3 
I 

I A8928-1 1 i b r d  2018. clur EVA I v a b  ! n a b l e i  va r iab le?  
k 

2-3  1 - 1 7  1 1 - 1 6 !  1 - 1 6  1 



TABLE 5 

PRIMER FORMULATIONS 

a. SS-4179 Proprietary formulation, General E l ec t r i c  Co. 

*b. A8921-2 A mixture of D m  Corning s i l a n e  primers; 

......... 26030 s i l ane .  9 pa r t s  

Z6020 s i lane . . .  ....... 1 par t  

c. A8330 B Hydrolyzed Dow Corning 2-6030 primer; 

Z-6030................49.8% 

Methanol .............. 39.8% 

Water. ................ 9.9% 

........... Acetic acid 0.39% 

Mix and heat t o  r e f l ex  fo r  one hour or  permit t o  
stand a t  room temperature fo r  24 hours before using. 

*Should be us 1 w i t h i n  one month period of time a f t e r  mixing and kept 
under refrigerr,t,:?n when not  i n  use. 



TABLE 6 --- - - 

Two-Cell Experimental Modules - Exposure Studies 

(a) I,, - short-circuit current, % remaining after exposure ... Continued 

1 

Condition Upon Exposure 

Excellent; browning of sub- 
strate, mild corrosion of 
interconnect; slight haze on 
cover. 

Excellent; same as above, but 
slight increase in browning 
of substrate. 

Excellent; light yellowing of 
substrate; haze on cover of 
deposit. 

Identical with 4 months ex- 
cept for more corrosion of 
interconnect. 

Excellent; light yellowing 
of substrate. 

Excellent; dark yellowing of 
substrate; some corrosion of 
middle interconnect 

Good; browning of substrate; 
delamination of silicone near 
one cell; no corrosion. 

(a) 
16, 

(a)  

lo6 

100 

90.1 

97.9 

log 

99.4 

98 

System 
N d e r  I 

5 

5 

F:. 
5 

6 

Exposure 

Condl  t lon 

EMMAQUA 

EMMAQUA 

We-Om 

We-Om 

RS-4 

RS-4 

EMMAQUA 

Pottant 

RTV-615 

RW-615 

RTV-615 

RTV-615 

RTV-615 

RTV-615 

Syl. 184 

Tlme 
(blonths) 

4 

8 

4 

8 

4 

8 

4 

Spec~men 
Number 

- 

4880-2 

4880-1 

4880-3 

4985-1 

4884-1 

4884-2 

4889-1 

Cover 

Halar 

Hal ar 

Halar 

Halar 

Halar 

Halar 

PFA 

Subscrate 

Po1.yester 

Polyester 

Polyester 

Polyester 

Polyester 

Polyester 

Polyester 
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TABLE 6 (Continued - 3) 

I 

Substrate 

Polyester 

Polyester 

Polyester 

t 
1 7  

8 

P 

E; 4898-15 Pclyaste~ 

6685-1 

6680-1 

4898-16 

I 

Pottant 

Viton 

Viton 

43-6527 

43-6527 

43-5527 

Cover 

DR-61K 

DR-61K 

V-811 

V-811 

95.4 

' 

84*1 
i 

8 

4 

4898-10 Polyester 43-6527 V-811 

4898-13 Polyester q3-6527 V-811 

4894-1 Polyester 43-6527 V-811 

bsbbles in pottant. 

Fair; hazy deposit on cover; 
light yellow substrate; very 
few brbbles. 

Good; light yellow: a few s m d 1  
bubbles. 

Fair; strong yellow of pottant 
m d  substrate; few small bubbles. 

Exposure 

Condition 

- 

RS-4 

RS-4 

EMMA2UA 

- 

we-~m 

RS-4 

=sc 

(%) 

90.6 

- 

94.2 

Time 
(Months) 

4 

8 

4 

EMMAQLJP- 

I 

-. 
Conditinn Upon Exposure 

Destroyed. Delamination of 
cover; yellowing of substrate; 
browning of pottant. 

Poor. Dark brown pottant; 
some delamination of cover; 
bubbles in pottant. 
- 

Fail; light browning of sub- 
str3te; very slight delamina- 
tion. Many large bubbles 
over cells. 

97.7 8 

- 1 

Fair. light brown substrate; 
some bubbles in pottant; very 
slight edge delamination. 

108 4 J-811 
Fair; hazy deposit on cover; 
light yellow substrate; few We-Om 
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TABLE 10 

TENSILE SPECIMEN EXPOSURE 

Percent Tensile Strength Retained 
A f t e r  Exposure 

(a) Disintegrated NT = Not Tested 

(b) Missing from test site ( c )  Severely flowed 

Material 

F6P 100 

Halar 500 

Kel-F 6060 

Tedlar 400SG20TR 

Plexiglas DR61K 

C o n t r o l  
(psi) 

2800 

6090 

5680 

12,100 

5380 

Weather- 
meter 

8 
Months 

% 

113 

% 

84 

60 

Plexiglas V811 

Sylgard 184 

Tenite 479 

Lexan 123 

Saflex PT 

80 

50 

(a) 

NT 

(c) 

9030 

930 

4400 

8160 

4010 

Phoenix 

12 
Months 

100 

48 

(b) 

(a) 

85 

( c )  

1 

E=wuA 

7 5 

109 

(a) 

8 3 

( c )  

4 
Months 

116 

61 

5 7 

18 

82 

(c) 

12 
Months 

120 

85 

88 
-- - 

80 

99 

8 7 

80 

84 

93 
-----. 

87 

68 

86 

107 



TABLE 11 

TENS U E  SPECIMEN EXPOSURE 

Percent Elongation Retained 

(a) Disintegrated 

(b) Eight-month data 

FEP 100 

Halar 500 

Kel-F 6060 

Tedlar 400SG20TR 

Plexiglas DR61K 

Plexiglas V811 

Sylgard 184 

Tenite 479 

Lexan 123 

Unaged 
Control 

Elongation 

(a) 

220 

175 

130 

120 

17 

5 

106 

81 

104 

4 
Months 

120 

104 

54 

121 

76 

40 

133 

(a) 

7 

240 Days 

12 
Months 

133 

79 

61 

9 7 

41 

30 

102 :b' 

(a) 

10 

Weather- 
meter 

142 

145 

127 

143 

23 

60 

8 3 

(a) 

(a) 

RS-4 
Sunlamp 

120 

133 

118 

74 

6 

3 0 

82 

(a) 

(a) 



TABLE 12 

TENSILE SPECIMEN EXPOSURE 

Percent Transmission Retained 
After Exposure Period 

(a) Disintegrated 



TABLE 13 

CORBOSION MNtlORINe 

ru t  Spacfoenr ! Sal t  Soray Corrosion Conditions 

Xocobook No. 

~8919-3 

M919-4 

, ~8919-6 

k t e r i a l s  

~lurinu in EVA. ub exposed 

Galvanized at-1 in EVA 

W v . r r i z d .  EVA. cab exposed 

Primer 

A89194 S l d  s t e e l  in ePA 1 1 / 1 1  1 1  2 1 5 . 8 ' 5 . 8  

26 120 300 650 700 1 1600 

5 1 6 16.8 16.8 f 6.8 
I I 

1 1  1 1  1 

%ne M919-7 

a919-9 

Bra 

6.8 

1 

W d  stul. EVA, tab expoad 

. Br. 1 lln / Krs I Brs I Brs . 
1 16.1) 14.8 j ~ . a /  5.1 ma8 

I 

~ i l d  Steel. EVA 1 ~ 9 2 1 - 1  

I 

I A89194 

#one 

!lone 

C . l v m i r d  s c e d .  EVA IA8921-1 

I j l  1 1  
I 

U S t n l  - Control 

' 1 [ 1 ! 1 ~ 1 / 3 ~ S . 8  

5 / 5 16.8 16.8 i6.81 6.8 

U~coat.d 

1 / L  

1 1 Copper Concrol 

I 

6 

L 
I 

6 i 6 

Uncoacmi / 6 
6 1 6 1 6 1 6 1 6 

6 1 6 6 

k l w  Control ,Uns9atedI 1 / 5 1 6 / 6 j 6 1 6 

I , 

i 1 W V & ~  control U a c a t e d i  6 / 6 ! 6 / 6 / 6 1  6 / 
I I ~ n p m c e c t c d  ~ r l l - ~ o n t r o l  U l v o r t Q ( 1  4 / 5 / 6 ! 6 /  6 1 

/ A6922-1 

in EPA None 

Copper in EVA / None 1 1 1 I I l I  1 

.u919-2 i firmi- i n  EVA I L 1 1 1 i 1  - 
1 1 

M922-3 I ~ 9 i l - 1  1 / 1 i 1  1 11  1 

~ 0 ~ 1 9 ~ - I  Solar c a  i a  EVA None ~ l l i l i l j ~ j  1 

A8923-2 S o l u  Cell in EVA 
I 

~8923-3 1 Solar C e l l  in EVA 

A6920-1+2 I W v a n i c  C e l l .  Copper-Zinc 

' M921-4 ' Galvanic C d l .  Cu-2n.Yh.W l u 9 2 l - 1  1 1 11.9 1.9 3.91 3.9 
I 

1 ~8922-4 j c o P p e r ~ w A .  t s b a p o s d  Isone 1 1  ' 1 ? j , a / s . 8 ! 5 , a i  5.8 

1. Uneffected 6. fIeavy corrosion visible (over 20% surface) .  
2. Sl lght  dulling of surface. i .  Discoloration of po2gmer. 
3. Xoticable dulling of surface. 8. Delamination a t  interfaca.  
L. Ughc corrosion vis ible .  9 .  So mmaraursble currant.  
5. Yedxum corrosion v i s ib le  

(10% of surface).  

I 

M9U-1 ( I  

GE ssllld 1 

~ 9 2 1 - 2  Cdvaule  Cel l ,  c0pp.r-ziac 

I 

1 1 

aa921-3 / C.~JUIIC cell. CU-Z~.U~.EVA 

1 

!Ion. 

~ 9 2 1 - 1  

I 

1 / 1 1 1 1 

Son. i r I 1 I 1,g / 1.9 13.91 3.9 I 

I 1 11.9 1.9 13.91 3.9 

1 I L 1.9 11.9 13.9i 3.9 
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TABLE 15 

POLYESTER SEPARATOR MATERIALS 

ELECTRICAL INSULATION GRADES 
POLYESTER 

Style 6600 

Fiber Polyester 

Fiber Orientation 

2 k'eight (g/m ) 

Random 

60 

Average thickness ( .001") 4.0 

Tensile strength (1bs/211) MD 18 
AMD 49 

Elongation ( X )  MD 13 
AM) 34 

2 Price S / f  t non- a. 

volume ! 

Polyester 

Random 

Polyes ter Polyester 

Random Undirectional 

a. No volume price reductions offered with this  product. 



TABLE 16 

NON-WOVEN GL..SS SEPARATOR MATERIALS 

Supplied by: 

a. 
Crane and Co., Dalton, Mass. 

Thickness-Inches* - 
Proper t i e s  .003 .007 - .012 - .005 - - .009 - 

Substance Weight-Lbs. 
(17" x 22" - 5001 3.5 6.1 7.8 11.2 15.2 

GramslSquare Meter 13.2 22.9 29.3 42.1 57.1 

3 Density (grams/cm ) 0.17 0.18 0.18 0.18 0.19 

M.D. 
C.D. 

Elongation (XI 1.2 1.2 1.2 1.2 1.2 

Tear (Elmendorf) 

M.D. (grams) 2 3 3 5 4 3 7 2 8 4 
C.D. (grams) 17 25 30 5 7 6 2 

a t  .5" water) 785 515 360 25 6 200 

Cost per pound $hi, 2.45 1.68 1.63 1.58 1.55 

yd2/lb 41.3 23.7 18.5 12.9 9.5 

f t 2 / l b  317 213 lb6  116 85 

Cost c/ft 2 0.66 0.78 0.97 i .36  1 .81 

a. Dis t r ibuted by Electrolock,  Inc., Chagrin F a l l s ,  Ohio 

Ivrhickness is an approximate value  to be used only as as guide. 



TABLE 17 

Cost and Construction Comparison - Sandwich Substrates 

( 4  Foot by 8 Foot Modules) 
ALL PRICES IN 1978 DOLLARS 

fasign Number 1 2 3 4 5 

. Sandwich 
Skin maturial PVC Steel Steel Steel Steel 
Skin thickness (inches) 0.04 0.01 0.01 0.01 0.01 

Core material PU Foam PU Foam PU Fcam Fix Styreme 
Slatting Grid 

Core thickness (inches) 0.25 0.375 0.50 0.50 0.50 

Skin costs ($1 1.99 6.52 6.52 6.52 6.52 

Core costs ($1 1.64 1.89 1.89 2.50 3.38 

Adhesive coats ($1 4 -03 1.30 1.00 1.00 1.00 

Totdl cost, 4' x 8' 
(2.97 M2) ($1 13.66 9.41 9.41 10.02 10.90 

cost par ft2 ($1 0.43 0.29 0.29 0.31 0-34 
Cost par n2 ($1 4.59 3.17 3.17 3.37 3.67 

. Support and Foundation 
(a) 

Woodwork, nails, etc. ($1 5.50 6.60 5.50 5.50 4.99 
Foundation, concrete posts ($1 1.00 1.00 1.00 1.00 1.00 

cost per MZ ($1 2.19 2.56 2.19 2.19 2.02 

. Substrate, Support, and 
Foundation 

Total cost per M2 ($) 6.78 5.73 5.34 5.57 5.69 

. Remaining Encapsulants (b1 
Pottant cost per M2 ($1 0.65 0.65 0.65 0.65 0.65 

Outer cover cost per M2 ($1 0.11 0.11 0.11 0.11 0.11 
Adhesive cost per 0.43 0.43 0.43 0.43 0.43 

Approximated Total 
Encapsulation Cost ($/m21 7.97 6.92 6.53 6.76 6.88 

(a) Using support system from Design No. 3 
(b1 Prices from tentative cost allocations 



A?PRoXI.mTE 
CURE COIiDXTIONS 

TEMPERATURE r C )  

(m: SoPporit~ons a not c u m  blow LZO'CI 



flexible rubber di.phrap 

/ 



FIGURE 3 

VRCUGU B K  FABRICATION CYCLE 

Tina, Hfnutes 

Vacptnn AppUad Thmushout Cycle, 30 in. 89. 

a T ~ m p ? ~ t u r a  Evacuation 

(b) Onset of Beat Cycle 

(c) m i o n  a d  Curr 

(dl Coolina 











FIc;ORt 8 

TiP1./?emperatttre/Pr~aure Cycle 
Vacuum Bag Wdul8 Fabrication 

Start 
Assembly pressure cooling 

1. L~ad a a s d l a d  module fnto vacuum bog and pump b o a  crv ic fu  to 30 tn.Sg for a period 
of 20 ainutes. 

2 .  Load into preheated plattm p r e s s  t o  haat aodula a t  approximate rate of S b C / m i n .  3 0 ~  
c a d t i a s  are kept W y  evacuacsd. 

3. A t  a temperature of 12O'C b e  ptusura of the upper cnvicp is gradually released and 
paraittad to coma to  tam pressure over a 10 minute period. 

. Tha assanbly ts left in the press for 10 minutes a f t e r  a temparahlta or' LAObC has been 
reached, then removed vith che iovar caoitp still under evacuacic3. 

3. 3 e  nodule is removed from crle vacuum bag direr ~ o o l i j g  for LO ztnutes. 



Fimre 9 

Module Layup - Substrate ~ e s i ~ n ~ '  

(Vacuum bag fabticntion technique) 

iUrrmfsum sheet - 
(0.006 Fncbfa! 

FSP film 
(C .a10 inches) 

Outer Cover 

Clear EVA r 1 

(20 m i l )  

Cell assembly - cfhf~x*'r 
Scrim ( 5  mil) - 
White EVA 
(appx. 12 dl) 

f t 

Substrate 

Note: Layup as shown above is secured by seal ing the edges with masking tape. - 
a. Superstrate design is similar, but uses CLhe fo11OYLD.g order of materials: 

from topside: glass, clear EVA, cells ,  scrim, vhite EVA, FEP film, aluminum sheet .  







Figure 12 

ULTRAVIOLET ABSORBERS 

Comparison of Commercial Compounds 

(10 mg/Liter, 1 an Cell) 

Nanometers 

Compound Absorptivity Maxima, nm 

Tinuvin-P 70 34r3 

Naftone W-340 129 338 

~emasorh-MA ( 1) 4 3  '90 

Cyasorb W-531 4 8  29 0 

Acrylic copolymer from National Starch 

F-12 


