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ABSTRACT 

This is the f i r s t  annual report in a program to 
identify and recommend polymers for use as encapsulants 

in solar cell arrays. Material properties are reported 

for controls and specimens exposed to indoor accelerated 

aginj conditions. 

solar modules are described. 

Trial encapsulations of miniaturized 
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1. SUMMARY 

Springborn Laboratories is  engaged i n  a stud] of evaluatjng poten- 

t i a l l y  useful encapsulating materials fo r  Task 3 of the Low-Cost Sil icon 

Solar Array project  ( U S A )  funded by ERDA. The goal of t h i s  program is 

t o  identify,  evaluate, and recommend encapsulant materials and processes 

for  the production of cost-effective, long-life so la r  cell modules. 

Materials for  study w e r e  chosen on the basis of exis t ing knowledge 

of generic chemical types having high resis tance to environmental weather- 

ing. 

broad range of mechanical properties and processing requirements. 

physical and opt ica l  properties were measured on the polymers and were 

redetermined a f t e r  exposure t o  indoor a r t i f i c i a l  accelerated aging con- 

d i t ions  covering four t i m e  periods. 

ous materials were revealed and data was accumulated for  the development 

of predictive methodologies. 

cost  have been upgraded i n  order t o  improve weathering resistance and are  

being retested.  

The materials varied from rubbers t o  thermoplastics and presented a 

Basic 

Strengths and weaknesses of the vari- 

A few marginally sui table  p l a s t i c s  of low 

Outdoor exposure t e s t ing  i n  Arizona and Florida has been recently in-  

Tr ia l  encapsulations and processing s tudies  on miniature so la r  cluded. 

cell modules is i n  progress. 

natural  and a r t i f i c i a l  aging conditions with subsequent physical and elec- 

t r i c a l  evaluations. 

Completed modules are being exposed t o  both 

Although many of the i n i t i a l l y  selected materials w i l l  not i n  them- 

selves be recommended as  encapsulants, s tudies  of t h e i r  properties have 

been useful i n  determining trends in  materials and processing require- 

ments. To date,  s i l icone rubbers. fluorocarbons, and acry l ic  polymers 

appear to have the mst promising combination of character is t ics .  The 

fluorocarbons may be used only a s  i i l m s ,  however, because of t h e i r  high 

cost. 
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I Encapsulation with pourable thermoset resins has posed relatively few 

difficulties, but the high-temperature, high-modulus thermoplastic polymers 

require the development of specific techniques for their successful use. 

Experiments with powder coating, soliition coating, and plasma spray 

processes are currently under way. 

fabricable at a temperature b e l o w  the melt point of the cell metalization. 

In general, the encapsulant m u s t  be 

Future activities will emphasize low-cost, readily processable materi- 

a ls .  
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2. INTRODUCTION 

This study is i n  support of the Encapsulation Task of the ERDA Low- 

Cost Silicon Solar Array (LSSA) project. The over-all program is aimed a t  

a ta rge t  date of 1982 and completion of the clzvelopment of photovoltaic 

arrays t h a t  demonstrate: 

. 

. Mass-production capabi l i t i es  

. Useful l i fe t imes of 20 years 

. High conversion e f f ic ienc ies  

Cost of less than $0.50 per  w a t t  

The goal of the program i s  to ident i fy  and test  materials and encap- 

sulat ion or  coating processes su i tab le  for the protection of solar cells 

to  provide an intermediate service l i f e  of f i ve  to  ten years and eventu- 

a l l y  a long-term twenty-year service l i f e  i n  a terrestrial environment. 

The work is being conducted a t  Springborn Laboratories* facil i t ies i n  

Enfield, Connecticut, with cel l  performance being evaluated by Solar Power 

Corporation under subcontract. 

Twenty-four materials selected fo r  t h i s  program have been chosen f o r  

three general properties: c l a r i t y ,  toughness, and. weatherability. The 

tes t ing  program incorporates evaluation of i n i t ' a l  properties and subse- 

quent re tes t ing  a f t e r  exposure t o  accelerated aging conditions. 

environments consis t  of combinations of heat, humidity, and u l t r av io l e t  

l i g h t ,  w i t h  sample t e s t i n s  a t  four time intervzls .  The tes t ing  program 

consis ts  of  the following three basic areas: 

The aging 

(1) Mechanical - t ens i l e  strength,  nodulus, b r i t t l eness ,  

impact strength,  etc. 

(2 )  Optical - total integrated transmittance, haze, absorp- 

t i on  versus wavelength, infrared attenuation, etc. 

* 
Formerly D e B e l l  & Richardson, Inc. 
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(3)  Miscellaneous - water vapor pemeability, insulation 

resistance, fungus resistance, abrasion resistance. 

In  addition. to the testing of aged materials, efforts w i l l  be made to 

develop predictive methods t o  aid i n  the correlaticn of natural to a r t i f i -  

c ia l  indoor weathering processes. 

Provision has been made for the natural weathering of candidate poly- 

mers i n  Arizona and Florida. 

The over-all program is also structured to include four other technical 

endeavors: cost analysis, selection of primers and enhancement of adhesion, 

upgrading W stability, and processing/encapsulation studies. 

I 

Actual encapsulation of small solar cel l  modules w i t h  the mre  promising 

polymers i s  currently under way. 

to accelerated and natural weather,.ig conditions to assess their viability. 

Completed modules are also being exposed 

The final report w i l l  encompass an over-all performance analysis and 

w i l l  include recommendations for optimum materials and designs for complete 

solar panels. 

I 
1 %  
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3. PROGRAM APPROACH 

The ultimate goal of the program is t o  find encapsulant materials for 

the solar cell  that w i l l  provide protection fo r  twenty years. 

termediate goal, is to  generate encapsulants fo r  shorter term protection of 

f ive t o  t e n  years. To accomplish this, the program out l ine shown below w a s  

followed: 

A second, in- 

A. Review of  Test Standards and Specifications 

B. Testing and Evaluation of Properties and Processes 

1. Procure Materials 

2. Sample Preparation 

3. Determine I n i t i a l  Properties and Provide 

Test Descriptions 

Tes t  Specific Properties Over a Temperature Range 4. 

5 .  Conduct a Cost Analysis 

6 .  Upgrade Adhesion of Coated/Encapsulated Solar 

C e l l  and Retest Specific Properties 

Investigate Processability and Amenability to  

Repair 

7 .  

C. Parametric Testing 

1. Expose Samples to  Accelerated Aging 

2. T e s t  Specific Propertias Af e r  Expos\rre 

3. Upgrade W Resistance, &-Expose, and Retest 

4. Expose and T e s t  Coated/Encapsulated Solar C e i l s  

D. Data Storage and Retrieval, Recommendations and Reports 

3-1 
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A. REVIEW OF TEST STANDARDS 

I 

This constitutes a survey of standard te.-.:- methods for the evaluation of 

potential encapsulant materials for photovoltaic arrays. 

array encapsulznts were selected and recommended on the basis of the follow- 

ing criteria: 

Tests for solar 

Applicability to the property being evaluated 

Conformity to standardized cr well-known test 

methods (where available) 

Accuracy of measurements 

Reproducibiliky 

The -various information sources surveyed for tests and specifications 

relevant to coated/encapsulated products, especially under outdoor weather- 

ing, were- ASTM (American Society for Testing Materials), Federal Test 

Methods, MIL Specs, ANSI (American National Standarcis Institute), IS0 (In- 

ternational Standards Organization), NEMA (National Electrical Manufactur- 

ers Association), UL (Underwriters' Laboratories), and other smaller organ- 

izations that may have published test standards. 

B. 1'ESTING AND ELALUATION CF PROPERTIES AKD PROCZSSES 

A list of materials was selected with emphasis on perfxmance and cost 

effectiveness. 

testing scheme discussed ha: J .  

These materi3ls were then subjected to the exposure and 

On the r a s i s  of the parameters established in Section A, Review of Test 

Standards, a testing program was =& up for property determination L. 1 fail- 

u r o  analysis of materials. 

areas of: Clarity, Toughness, Heat Resistance, Strength and Stiff,iess, 

Adhesion, 3lectrical and Miscellaneous. The more critical properties were 

run on all aaterials and less important properties run only on materials 
that were promsing - as evidenced by resistance to accelerated aging. 

These tests were divided into general property 

C. PARAMETRIC TESTING 

Samples were exposed under five conditions of accelerates i.iidoor aghig: 
0 circulating air oven at 55OC and 100 C; Rs-4 sunlamp at 55OC and 100°C; 

Weather-meter at 55 C; and RS-4 sunlamp at 55 C and 10 percent relative 0 C 

3-2 
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humidity with subsequent removal for testing a t  four time periods - 30, 60, 

120, and 240 days. Measurement of tensile strength, modulus, ultimate 

elongation, and optical transmittance are reported. 

The cri teria of s t ab i l i t y  after aging was retention of tensile proper- 

t i e s  and optical transmission. 

Polymers that were still promising af ter  120 days of accelerated aging 

are tsing used to encapsulate miniature solar ce l l  arrays. 

Processability and methods of encapsulation are .- cr i t ica l  part of the 

program. 
encapsulant and the silicon solar cell, m e t a l  interconnect, and s--bstrate. 

The encapsulated solar cells w i l l  be again exposed to accelerated aging - 
bu t  for  t w o  time periods of 60 and 120 days and under Rs-4 a t  5S°C and 

Weather-ter a t  55OC. 

properties w i l l  be checked. 

Also essential was +he upgrading of adhesion between the polymeric 

After each aging per-ad, electrical and adhesion 

Five materials that were a t  the lower end of the cost scale and of 

either borderline or moderate s t ab i l i t y  were chosen for upgrading of their 

W resistance by compounding or coating w i t h  s ix W absorbing formulations. 

The polymers chosen for encapsulation were analyzed for system costs 

on a firs+-cut basis to  obtain a perspective on the LSSA goal of $0.80 per 

square foot. 

Promising encapsulant materials are also currently being exposed to  

outdoor natural weathering, both as f l a t  sheets i n  Florida and Arizona and 

as encapsulated cells i n  Arizona under EMMAQUA outdoor accelerated aging 

conditions. 

ous exposure intervals. 

Adhesion and electrical properties are being examined a t  vari- 

Most of the parametric testing is complete and current efforts are 

focused on processing problems and encapsulation techniques. 

I 

A recent extension of the program involves the development of lower 

cost encapsulant systems, conprising a low-cost, less stable polymer as 

3-3 
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primary encapsulant and a higher cost ,  highly stable, W-protective outer 

film or coating. 
t 

"he accelerated indoor aging and outdoor weathering data w i l l  be anal- 

yzed in order to provide a basis for the correlation and prediction of 

twenty-year lifetimes from short-term aging. 

3- 4 
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4. MATERIALS CYARACTERIZATION 

? I "  

MATERUUS UNDER TEST 

As structural materials, p l a s t i c s  o f f e r  a t t r ac t ive  opportunities for  

outdoor use. Like most organic materials,  however, they are reactive t o  at- 

mospheric oxygen, mi s tu re ,  and l ight .  Thus i n  extended outdoor use they 

gradually deter iorate  by discoloration, loss  of gloss,  crazing, chalking, 

erosion, and cracking: embrittlement, loss  of strength and ex tens ib i l i ty ,  

and deter iorat ion of e l e c t r i c a l  properties;  and eventually they may even 

crumble away en t i re ly .  

Sn general, the weathering of polymers proceeds through a complex ser- 

i e s  of in te r re la ted  mechanisms that make prediction of performance d i f f i c u l t  

t o  es tabl ish.  There is, however, a f a i r  amount of informatien available on 

the actual outdaor weathering resistance of many polymers tha t  permits cer- 

tain structure-act ivi ty  relationships t o  be drawn. 

An a s p o p r i a t e  order of weather resistance of some familiar polymers is 
as  follows: 

Polymer 

Polytetraf luoroethylene 

Polymethyl methacrylate 

Polyethylene terephthalate 

Polycarbonate 

Polyethylene 

Polyvinyl chloride 

Cellulose 

Polystyrene 

N a t u r a l  rubber 

Nylon 

Resistance 

High 

High 

Medium 

Medium 

I n W  

L O W  

I n W  

T&W 

L O W  

L O W  

Encapsulant materials for  evaluation i n  this program were selected from 

gensric chemical classes of p l a s t i c s  already known for  t h e i r  desirable 

properties. 

4-1 
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The fluorocarbons are of particular interest in solar-cell encapsula- 

tion because of their excellent weatherability, chemical inertness, a d  

very good electrical and mechanical properties. 

many of these materials are hazy, thin films have adequate transmittance. 

Although thick sections of 

The entire family of commercial fluorocarbons is based on five fluor- 

inated mnomers. These are tetrafluoroethylene, chlorotrifluoroethylene, 

vinyl fluoride, vinylidene fluoride, and hexafluoropropylene. Tetrafluoro- 

ethylene also is available in 2 mdified form in which perfluoroalkoxy side 

chains (PFA) have been substituted. 

Unprotected specimens of polytetraflwroethylene (Teflon F E  - W o n t )  
have been exposed outdoors in Florida for a period of thirty years with lit- 

tle change in properties. 
ultraviolet component of sunlight and has carbon-cnroon and carbon-fluorine 

bonds with high dissociation energies. 

Polytetrafluoroethylene is trar.3parent to the 

All of the fluorocarbon polymers show excellent resistance to ultra- 

violet radiation, and Tedlar (polyvinyl fluoride) film is available with an 
inherent W absorber compounded in. Although the fluorocarbon polymers are 

expensive on a cost per pound basis, their outstanding properties may st 1 

result in cost-effective encapsulation designs when used as thin films. 

Acrylic polymers are an obvious choice of materials to be ir estigated. 

Low cost, ready availability, high transparency, and ease of fabrication 

are desirable characteristics that make acrylics ittractive candidates. 

Long-term field experience also shows these ma:erials to have excellent 

weathering resistance, and a wide variety of grades are available, permit- 

ting design flexibility. Two types based on polymethyl methacrylate (PMMA) 

were selected for this study. 

Silicone rubbers are seniorganic polymers based on silicon-oxygen bond 

units and are prepared from vulcanization (usually at room temperature) of 

liquid monomers. 

curing and are available in consistencies ranging from glass-like to rub- 

bery to gelatinous. They typically demonstrate high resistance to ultra- 

violet radiation and a broad range of environmental conditions. 

They have the ability to be poured into place prior to 

Two 
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mAium-modulus ( s t i f fness )  formulations were selected from t h i s  class of 

compounds, and one ge l  material. 
8 

Three polycarbonate res ins  were also included on the basis of t h e i r  

h-gh impact resistance,  transparency, and weatherability. Two types are 

t'iermoplastic (Lexan and C-41, and one is  a thermoset composition (CR-39). 

@ One ce l lu los ic  res in ,  Tenite 479 - cellulose acetate butyrate, w a s  

s l so  selected due t o  i ts  transparency and very low cost. Although t h i s  ma- 

terial is not inherently weatherable, it has potent ia l  f o r  the upgrading of 

its s t a b i l i t y  t o  a useful material. 

? 

u 

A t o t a l  of nineteen polymers were i n i t i a l l y  selected f o r  complete evalu- 

Appropriate grades were chosen on the basis $.tion and are listed i n  Table  1. 

a f  three general characteristics: op t i ca l  c l a r i t y ,  outdoor weatherability, 

and "toughness". Additional considerations were given to  cost, ava i l ab i l i t y ,  

processabili ty,  and W screening additives. Technical brochures were re- 

quested w i t h  each material and have been kept on f i l e .  

als on the list have been obtained and are i n  the process of being evaluated. 

To date, a l l  materi- 

The resins  were thoroughly dried under vacuum f o r  24 hours p r io r  to mold- 

ing and were stored i n  sealed jars. 

:'.nto sample plaques was conducted using conventional press-platen and chase 

techniques. 

conditions were determined by a series of trial moldings to produce uniform 

bubble-free plaques. 

p l a t e  to y ie ld  smooth opt ica l ly  clean surfaces, and the use of re lease agents 

that might add a s l i g h t  haze t o  the surface w a s  avoided as much a s  possible. 

T n e i m s e t  mater,a:.s (s i l icones,  urethanes) were prepared by coating the l iq -  

uid formula;.cns in to  open molds and then heat-curing according t o  the manu- 

f actul'e-7 3 recommended procedure. 

Compression molding of thermoplastics 

Records were kept of a l l  var ia t ions i n  procedure as the opthum 

A l l  moldings were made between sheets of polished nickel 

I 

t 

Generally, no d i f f i c u l t i e s  were encountered i n  any moldings, bu t  with a 

eew exceptions. 

edries i n  thick (over 1/4 inch) moldings. Udel 1700 polyaryl sulfone and 

Lexan 123 p'lycarbonate both required additional drying times i n  order t o  

Tefzel 280 and Kynar 460 developed small voids around the 

t 
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produce bubble-free plaques. The silicone thermoset res ins ,  Sylgard 184 

and RTV 615, both required extensive cycling under a l te rna t ing  vacuum/ 

pressure conditions t o  break th-  foam and deaerate the formulation a f t e r  

mixing i n  the catalyst .  

was eas i ly  mixed and cured, but the resul t ing res in  was extremely tacky and 

of such low moclulus and t ens i l e  s t rength that it w a s  inpossible to  prepare 

test specimens from t h i s  material. Testing, however, ,vas done for  i n i t i a l  

and degraded properties by placing the material i n  W transmissive quartz 

cells t h a t  were placed d i r ec t ly  i n  the spectrophotometer fo r  attenuation 

measurement. 

The self-healing d i e l ec t r i c  gel  s i l i cone  Q3-6527 

Tab le  1 shows the optimum molding conditions fo r  the materials being 

examined a t  preseat. 

Test specimens f o r  use i n  the determination of baseline properties and 

a l l  accelerated weathering tes t ing  were prepared by die-cutting or hot die- 

cut t ing where applicable. 

als (CR-39, d i a l l y l  glycol carbonate r e s in ) ,  the specimens w e r e  prepared by 

machining. 

In the case of very high modulus, b r i t t l e  materi- 

Microtensile "dogbone" (ASTM D-1708) samples were used throughout the 

accelerated aging program, and circular (1-inch disk) specimens were used 

fo r  op t ica l  evaluation. 

The investigation of other potent ia l ly  useful encapsulants is also 

under way. 

quently no data w i l l  be presented i n  t h i s  report: 

These materials were included la te  i n  the program and conse- 

Gls.ss .-.- 

Glass i s  an obvious choice of material to  be investigated i n  

t h i s  program because of i ts  low cost, high strength,  and high avail-  

ab i l i ty .  Compared to  polymers, most c o m n  glasses have lower ex- 

pansion coeff ic ients ,  lower moisture permeability, and better wea- 

therabi l i ty .  

reduce fatigue problems resul t ing from temperature cycling. 

The lower coeff ic ient  of thermal expansion may also 
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Because of the lower impact resistance of ordinary window 

glass, chemically strengthened glass was selected as a superior 

material. Chemically strengthened g lass  (Corning 0313) has been 

received from Corning G l a s s  and has been included i n  a l l  acceler- 

ated aging and t e s t  conditions. 

t ion  and consequently does not ye t  appear on the lists of test 

results. 

This material is a recent addi- 

It is of i n t e re s t  that it is  apparently possible t o  "tai- 

lor"  the W transmission cutoff to any value required by modifi- 

cation of the  formula. 

Polyvinyl Butyral (PVB) 

Another potent ia l ly  useful encapsulant has been included 

i n  the  program - polyvinyl butyral  (PVB), the res in  widely used 

for  laminating shatterproof glass. The fi lm cannot be used as 
received, however, because of the opacity created by the rough 

surface and release coating of powdered talc. 

Pressing the clean fi lm between polished nickel plates a t  
0 approximately 150 C gives clear plaques that  have been used to pre- 

pare t es t  specimens. This material will be exposed t o  the accel- 

erated aging conditions behind window glass and w i l l  also be used 

i n  t r i a l  cell encapsulations. 

Aliphatic Urethanes (Three Formulations) 

Three a l ipha t ic  urethane formulations are being investigated,  

two low-modulus encapsulants: 

a. Multron R-12A, cured with Desmodur NiOO (Mobay 

Chemical company) 

b. Desmophen 65lA-65, cured w i t h  Desmodur N75 (Mobay 

Chemical Company), a compound formulated par t icu lar ly  

for high W s t a b i l i t y  

and one high-modulus coating: 

c. Chemglaze VOOl (Hugilson Chemical Company) 
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Chemglaze VOOl  is  being used as a 5- to 10-mil coating 

on glass for the purpose of determining optical stabil i ty versus 

accelerated weathering conditions. 

Specimens prepared from the (a) and (b) urethane formula- 

tions (Multron R-12 and Desmophen 6Sl/Desmodur N100) were coated 

w i t h  a t h i n  (1-2 mils) protective layer of Qlemglaze VOOl prior 

to exposure. Only tensile and optical evaluations w i l l  be per- 

fonaed on these materials af ter  selected exposures to indoor aging 

conditions. 

OPTICAL PROPERTIES 

The most significant property to be measured i n  the testing program is 

the amount of usable solar energy passing through the encapsulant material 

versus exposure to the various aging conditions. 

Various tes t  methods have been examined and compared i n  order to deter- 

mine the most efficient test. 

ASTM D-1746 (Transparency of Plastic Sheeting), ASTM D-1003 (Haze and Lumin- 

ous Transmittance), and ASTM E-424 (Solar Energy Transmittance) are as 

follows : 

Briefly, the deficiencies in  test  methods 

Limited beam spread w i t h  no provision for measurement 

of scattered light. 

Limited frequency range. 

Multiple runs required for both haze and narrow-beam 

transmittance. 

Inaccuracy of measurements with high-haze specimens. 

A procedure combining the desired characteristics of each method has 

beer! developed. 

rapid and accurate assessment of total  integrated transmittance from 350 nm 

to 800 nm. This was achieved by relocating the sample compartment to a po- 

sit.ica i n  which an optically reflective integrating sphere would be used to 

measure both direct beam and 60° angle scatter transmission simultaneously. 

A Beckman 505 spectrometer has been modified t o  provide 
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A Monroe 1860 programmable calculator was then used t o  record the per- 

cent of transmittance every 50 m throughout the range and integrate the 

results t o  give total  percent transmittance. 

a 20-mil specimen thickness and the tes t  results are tabulated based on 

100 percent transmittsice. 

The function is normalized to 

A separate procedure is  required for ultraviolet transmission over the 

290-350 nm range. 

pears to be unsuccessful over this range because of the low reflectivity a t  

short wavelengths. 

rectly in the beam path between the lamp and photomultiplier tube and report- 

ing the results of ultraviolet absorption separately. A l l  transmission read- 

ings are again recalculated and normalized to  a 20-mil thickness. 

cases the transmission values can be seen to decrease from the control mea- 

surement made on unaged material (Tables 3-7). The t w o  most severe condi- 

tions are the carbon arc Weather-meter and the RS-4 Sunlamp exposure a t  

100°C. 

film, C-4 polycarbonate, and Tenite 479 (cellulose acetate butyrate) degraded 

to the point of crumbling i n  the worst case and consequently no measurements 

were made. 

The use of an optically reflective integrating sphere ap- 

The t e s t  is conducted by placing the t e s t  specimen di- 

In a l l  

In  some cases the material 2 3  not survive to  be tested. Tedlar 20 

Tables 3 and 4 givs the results of optical testing for each acceler- 

ated aging condition a t  30 and 60 days' exposure, respectively. It may be 

seen from the columns showing the percentage of control values that very 

l i t t l e  change is  evident i n  any of the specimens aged for 30 days (Table 4)  

under any condition. Only Udel 1700 (polysulfone) was significantly affec- 

ted, dropping t o  52 percent of control af ter  Weather-meter exposure and 

74 percent after RS-4 exposure a t  1 0 0 ~ ~ .  

The results of 60-day aging (Table 5 )  are much more dramatic, many res- 

i n s  to ing  severely affected and Weather-Ometer being the worst condition. 

The po\ir performance of the fluorocarbons (Kynar, Halar, Tefzel, FEP, PFA, 

Tedlar, etc.) was surprising. 

Sylgard 184 silicone rubber performed quite well w i t h  respect to the 

other materials, and Plexiglas DR-61K (methyl methacrylate copolymer) ap- 

peared to be the least affected of a l l .  
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Although some polymers suffered d ras t i c  losses,  Udel 1700 retaining 

only 6 percent of control value i n  the Weather-meter, there were others  

that were encouraging. CR-39, Plexiglas DR, and Plexiglas V-811 retained 

99 percent, 89 percent, and 86 percent, respectively,  of their control val- 

ues a f t e r  120 days of Weather-Ometer exposure. 

The greatest e f f ec t s  can generally be noticed i n  conditions incorpor- 

a t ing  u l t r av io l e t  l i g h t  sources. 

After 240 days under all exposure conditions (Table 71, transmittances 

continued to decline i n  most cases, although a t  a slower rate .  

ously good materials - CR-39 and Plexiglas V-811 - could not be evaluated 

due t o  severe mechanical degradation. H a l a r ,  FEP, and PFA fluorocarbons 

s t i l l  retained high percentages of control values, as did the acry l ics ,  i n  

the conditions under which they survivel ( a l l  but Rs-4 a t  100°C). The best 

over-all performance of any encapsulant material  t es ted  is found in Q3-6527 

dielectric gel. Although some void spaces developed near the w a l l s  of the 

quartz-constraining cel l  and discoloration became @te strong, the trans- 

mittance remained over 90 percent throughout the exposure periods i n  a l l  

aging conditions. 

The previ- 

Ultraviolet  transmissions (290-350 nm) f o r  the exposure periods are 

shown i n  Tables 8-11. 

sion with t i m e  and severi ty  of condition. 

9705, and Sylgard 184, a l l  of which appear to become more transparent t o  the 

shorter  wavelengths. 

Again, the general trend i s  t o  decrease i n  t ransr i s -  

Exceptions are Kynar 460, PFA 

The low W transmission and f a i r l y  good s t a b i l i t y  of Kynar 460 might 

make it a useful protective fi lm candidate i n  subsequent studies.  

Several months a f t e r  the i n i t i a t i o n  of the tes t  program, as outlined i n  

the contract  work plan, a decision was made t o  include an additional aging 

condition incorporating both fluorescent lamp radiat ion and high humidity 

(70 percent RH). 

occurring from both. T a b l e s  1 2  m d  13 list the 30-, 60-, and 90-day trans- 

mission values i n  the v i s ib l e  and u l t r av io l e t  ranges, respectively. The 

This would permit observation of any synergis t ic  e f f ec t s  
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measurements again r e f l e c t  a general decrease i n  value w i t h  increasing ex- 

posure time. 

the high humidity condition, as opposed to  increasing i n  the dry chamber. 

A l l  other materials showed approximately the same trend as before. 

Sylgard 184 appeared to  decrease i n  W transmittance under 

In an attempt to fur ther  evaluate optical performance, a table w a s  con- 

structed of transmission index values (Table  1 4 )  fo r  a l l  materials under 

the f i r s t  f ive  conditions. 

To account for the init ial  transmittance and the degree of change af- 

ter exposure, the baseline integrated transmittance value w a s  multiplied by 

the percent of transmittance a f t e r  aging (T % times % Control). The resul- 
t ing  dimensiodess number (transmission index) is indicative of the over- 

a l l  performance of  the material, the higher values representing be t t e r  

su i tab i l i ty .  

A separate table w a s  prepared to  fur ther  reveal the effects of humidity. 

Tab12 15 lists data for  RS-4 and Weather-Ometer exposure a t  5SoC, and RS-4 

a t  55OC and 70 percent RH conditions, these being regarded as the most sig- 

nif icant .  The exposure conditions are arranged f r o m  lef t  t o  r igh t  i n  order 

of increasing water vapor content to observe any obvious decrease i n  trans- 

mission index value. 

Materials demonstrating hydrolytic s e n s i t i v i t i e s  w i t h  increased water 

exposure are Sylgard 184, U d e J  1700, Lexan 123, and C-4 polycarbonate. 

These polymers would perhaps be less suitable f o r  use i n  high-humidity 

climates. 

T a b l e  16 i s  em abstract of Table 15, l i s t i n g  transmission indexes fo r  

Weather-Ometer and RS-4/55OC aged specimens af ter  240 days. These two con- 

d i t ions  were selected because of their s imi la r i ty  to  actual  weathering con- 

dit ions.  Addition of the two index values gave figures that could then be 

arranged i n  order of magnitude to  give a ranking number. This number takes 

in to  account both the inherent transmittance of the material and i ts  resis- 

tance to  opt ica l  degradation, permitting a more accurate select ion of a 

viable encapsulant. The f i r s t  three are, i n  order, 43-6527 s i l icone ,  

Plexiglas DR acry l ic ,  and PFA fluorocarbon. 
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Provisions w i l l  be made l a t e r  i n  the program t o  recalculate the re- 

s u l t s  of op t ica l  t es t ing  including a compensation for  so l a r  c e l l  power 

output versus wavelength. 

mission" of the encapsulants t o  be calculated. 

This method w i l l  permit the t o t a l  "power trans- 

MECHANICAL PK,"ZRTIES 

Mechanical properties determined after i n t e r v a l s  of accelerated aging 

exposures consisted of yield strength,  modulus, elongatioa a t  break, hard- 

ness, and visual inspection. All of the values were determined using con- 

ventional s t ress-s t ra in  techniques (Instron - TY) except fo r  hardness, 

which used procedure ASTM D-2240 on the tabs  of the t ens i l e  specinens. 

Hardness Determination 

The procedure for  hardness determination relies on an instrument known 

as a Durometer and is based on the penetration of a specified indentor 

forced in to  the material under specified conditions. The indentation hard- 

ness is  in-rersely related t o  the penetration and is dependent on the elas- 

t i c  modulus and viscoelast i -  behavior of the material. 

This method covers two types of durometers - A and D - and the 

procedure for  determining the indentation hardness of materials ranging 

from s o f t  vulcanized rubbers t o  some r ig id  p las t ics .  

measuring the sof te r  materials, and Type D fo r  the harder materials. 

method permits measurements e i the r  of i n i t i a l  indentations o r  of indenta- 

t ions a f t e r  specified periods of time, or  both. 

Type A is used f o r  

This 

Tables 17-21 record hardness values of exposed and unexJosed materi- 

a l s  a f t e r  one second and f i f t een  seconds of indentation time. For a l l  ma- 

t e r i a l s  and a l l  conditions, surface hardness was found to decrease with 

increasing exposure t i m e  except fo r  the two s i l icone rubbers 

184 and .,TV 615. 

fa?e hardness w i t h  time regardless of aging condition and are  probably con- 

tinuing t h e  process of curing a t  a very slow rate.  

by the t ens i l e  resu l t s ,  however, which show general trends toward decreased 

t ens i l e  strengths and increased elongations. In  yecnral, the larger  changes 

- Sylgard 

Both of these materials show steady increases in sur- 

This is not supported 
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i n  hardness were found f o r  Weather-Ometer and RS-4 fluorescent sunlamp 

exposure a t  100°C. Least affected were the fluorocarbon reFins. 

This mechod is  an empirical test  intended primarily for control pur- 

poses. 

by this method and any other s ingle  material property tested.  

No simple relationship ex i s t s  between identation hardness determined 

Tensile Properties 

Tensile properties of  the nineteen materials w e r e  determined acct tding 

to  procedure ASTM D-1708 using ap. Instron mechanical t e s t  machi- 

mation resu l t ing  from this study has permitted quant i ta t ive ob! 

property changes versus aging to be made, and may help to estab 

f ica t ions  for encapsulants a t  a later date. 

Infor- 

-.ions of 

3peci- 

T a b l e s  22-47 record the four most useful t ens i l e  properties of the ma- 

terials under study a f t e r  0, 30, 60, 120, and 240 days of exposwe to 'Ihe 

f ive  accelerated aging conditions previously described. The four proper- 

ties determined are  b r i e f ly  defined as follows: 

. Yield Strength 

The stress measured a t  the onset of nonreversible, nonelastic 

deformation is the yield strength. 

tinct yield point a t  which the  specimen becoiles permanently elon- 

gated and continues t o  s t r e t ch  a t  a constant stress level.  Rub- 

3er materials show no such departure frorll l i nea r i ty  but gradually 

elcngate to  break under applied stress. 

Plastics usually s h o w  a dis- 

. Tensile Modulus 

The elastic modulus ("tangent modulus ' o r  " tens i le  modulus") 

is the r a t i o  of stress t o  s t r a i n  below the proportional l imi t  of 

the material. 

should be designed to acconamdate stresses t o  a degree w e l l  below 

th is .  

It is the most useful tens i le  data  because parts 

In p l a s t i c s  where the s t ress -s t ra in  relationship is i n i t i a l l y  

l i nea r  and equal t o  a constant, the property is also known as 

Young's Modulus. In very elastic materials where a constantly 
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changing s t ress-s t ra in  curve is  encountered, it is customary to 

report "apparent modulus" or "secant nodulus" .:ich is simply 

the stress measured a t  a specified elongation. Three elasto- 

meric raterials under study - Viton AHV, Sylgard 184, and 

FtTV 615 - were reported i n  t ' h i s  manner. 
I 

Elongation a t  Break ( U l t i m a t e  Elongation) 

As a material is  s t ressed to  i ts  breaking point,  the deurce 

of elongation ( s t ra in)  is expressed a s  the percentage of increase 

i n  length. For some applications where almost rubbery e l a s t i c i t y  

is desirabl .  

r i g id  arts, there is l i t t l e  benefit  i n  the f a c t  that they car. be 

stretched extremely long. 

a high ultimate elongation may be an asset. For 

There is  great benefi t  i n  moderate elongation, however, since 

this qual i ty  permits absorbing rapid impact and shock. Thus the 

t o t a l  area under a s t ress-s t ra in  curve is indicative of over-all 

toughness. 

elor gation would tend t o  be b r i t t l e  i n  service. 

A material of very high t ens i l e  strength and l i t t l e  

Tensile Strength a t  Break 

The stress measured a t  specimen rupture is the ultimate ten- 

s i le  strength and i s  expressed i n  pounds per square inch of cross- 

sectional area. 

The f i r s t  three tables i n  t h i s  se r ies  ( T a b l e s  22, 23, and 24)  sumtar- 

i ze  physical properties (contained i n  Tables 25-43) and are perhaps the most 

useful i n  observing trends taking place i n  the accelerated a g i w  of the plas- 

t i c s  under test. The widest var ia t ions are found in  the values fo r  elonga- 

t ion  a t  break, the most sensi t ive indicr t ion of polymer degradation. 

general trends may be seen: 

and (b) mst other res ins  increase during the f i r s t  30 days an l  decrease dur- 

ing the remaining exposure periods. 

of degradation a re  a t  work 

crosslinking and chain scission. 

Two 

(a) fluorocarbons tend t o  increase i n  elongatJon, 

This indicates t h a t  several  mechanisms 
- probably involving ccmpeting reactions of 

\. , 1 ? 
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Tensile modulus inxeased i n  a l l  cases under a l l  coi.ditions w i t h  the 

exception of the silicone rubbers, which showed errztic changes but general 

loss of modulus. 

Tensile s u e n g t h  a t  break showed the least variation in  values of the 

three properties tabulated. 

tested due to degradation failure, the only dramatic losses were found for 

the two acrylics - Plexiglas V-811 and Plexiglas DR-61K - that dropped 

to 33 percent and 28 percent of original values. 

Apart from the specimens that could not be 

An additional condition was included to reveal hydrolytic instabil i t ies 

of the candidace encapsulants by RS-4 fluorescent sunlamp exposure a t  70 per- 

cent relative imudity a t  55OC. 

can be found in elongation values between the humid (Table 46) and nonhdd 

(Table 23) conditions. Considerable reduction in  percent elongation can be 

noticed for Lexan, C-4 polycarbonate, renite 479 cellklosic, and Plexiglas 

DR-61K, which also showed a 60 percent reduction in  tensile strength. 

days of exposure (Table  47) resulted in the disintegration of Plexiglas 

DR-61 and of !Pedlar, the remaining results being similar to 120-day exposure 

under dry sunlamp conditions. 

After 30 days' exposure time, differences 

Ninety 

' .z Weather-Ometer and Rs-4/55°C conditions probably come the closest t o  

simulating natural environmental conditions. 

cri teria of performance, the most attractive candidate resins are the  fluoro- 

carbon polymers PFA, FEP, and Halar, along w i t h  the two silicone rubbers, 

RTV 615 and Sylgard 184. 

Using these two conditions as 

In the course of accelerated aging, some specimens did not survive cer- 

tain aging conditions to be tested; they are as follows: 

4- - 3  

a 

. -  b I I I 

I-- 

* 



Material 

Tefzel 280 

T e d l a r  20 

-1-F 800 

c-4 

Tenite 479 

Plexiglas DR-61K 

Plexiglas V-811 

i 

Condition 

FS-4/lOO0C - 60, 120 days 

RS-4/lOO0C - 60, 120, 240 
*YS 

Air O ~ M / ~ O O ~ C  

RS-4/lOO0C 

RS-4/lOO0C - 60, 120, 240 
*YS 

Weather-Ometer - 120, 240 
*YS 
Air oven/lOO°C - 120, 240 
ars 
RS-4/5S0C - 120, 240 days 

R S 4 / 1 O O 0 C  

Rs-4/1OO0C - 60, 120, 240 
*YS 

Rs-4/1OO0C - 60, 120, 240 
h Y S  

I 
'I 

Type of Failure 

Degraded 

Degraded 

Flowed 

Flowed 

Degraded 

Flowed 

Flowed 

Degraded 

Degraded 

Degraded 

Degradad 

Materials f a i l i n g  by degradation either embrittled to the point that 

they were too f r ag i l e  to  test or were already broken when reroved from the 

weatherino condition. 

For materials f a i l i ng  by flow,the g lass  t r ans i t i on  temperature or f l o w  

point has been exceeded, causing the specimen to deform too badly t o  be 

tested. This does not indicate degradation, however, except i n  the case of 

Tenite 479, which discolored noticeably, and flowed only in the  55OC condi- 

t ions  where u l t r av io l e t  l i g h t  w a s  present. 

FUNGUS TESTING 

The i n i t i a i  nineteen materials selected f o r  evaluation were tested for 
fungus at tack resis tance using standard ASTM procedure 621, "Determining 

Resistance of Synthetic Polymeric Materials to  Fungi". 
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The resin portion of these plastics is usually fungus resistant i n  

that it does not serve as a carbon source for the growth of fungi. 

generally the other components such as plasticizers, cellulosics, lubri- 

cants, stabilizers, and colorants that are responsible for fungus attack on 

plastic materials. 

It is B 

D Often the cbmges i n  electrical properties are due principally to sur-  

face growth and its associated moisture and to pH changes caused by excreted 

metabolic products. 

nonuniform dispersion of plasticizers, lubricants, and other processing ad- 

ditives. Attack on these materials may result i n  increased modulus, dimen- 

sional changes, loss of optical transmission, and the creation of ionized 

conducting paths that could cause short-circuit difficulties. 

Other effects include preferer.:ial growths caused by 

Pronounced physical changes are observed more often on products i n  film 

form or as coatings, where the ratio of surface '-a volume is high, and where 

nutrient materials such as plasticizcrs and lubricants contime to diffuse 

to the surface as they are utilized by the organisms. 

t 

Three specimens of each material were placed i n  petr i  dishes of inocu- 

A mixed spore suspen- lated agar and incubated for 21 days a t  28OC - 30°C. 

tion of five fungi known to  attack synthetic materials was used to inoculate 

the medium. 

moved, washed, and examined for persistent growth. The results are presented 

in Tasle 49. 

A t  the end of the incubation period the polymer discs were re- 

Most materials - 1 3  out of 19 - supported l ight coverings of fungi but 

showed great evidence of surface attack. Three materials, however, were 

very obviously damaged. Tenite 479 (cellulose acetate butyrate) showed sur -  

face hazing and many large dark green splotches of adhering fungus. 

tsm silicone rubbers, Sylgard 184 and rn 615, were much less affected but 

still had a light covering of readily visible persistent green dots. 

materials may require fungus-resistant coatings i n  fie-d use, or the com- 

pounding of fungicides and bacteriostats into the polymers prior to 

encapsulation. 

:. 

The 

These 
t 
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The 6 2 1  rating system is based on visual observation and Is conse- 

quently very subjective i n  nature; however, it appears to be a useful 

method. 

for optical transmission effects i n  order to obtain quantitative and objec- 

tive information. 

tion. 

Specimens of all the plastics used in t h i s  study are being tested 

The results w i l l  be reported i n  a subsequent coramunica- 

SOIL ACCUMULATION STUDY 

Uncut plaques of the nineteen candidate encapsulant materials were 

munted on a rack (45O inclination due south) on the roof of the Springborn 

Laboratories facil i ty i n  Enfield, Connecticut, for a period of six months. 

The plaques (20  mils i n  thickness) were routinely inspected for damage and 

accumulation of surface debris. All but three materials were fouad to have 

clean surfaces covered by a very t h i n  layer of dust that could be easily 

removed with a soft cloth. 

to winter (January 1'77) t o  accommodate seasonal variations i n  climate. 

The exposure t i m e  ran from summer (August 1976) 

After 2, 4, and 6 months of exposure to natural weathering conditions, 

the three plastics showing permanently adhering accumulation of d i r t  were 

evaluated by optical transmittance. 

mittance 1 % )  (350-800 nm! and are as follows: 

Measurements were made of total trans- 

Viton AMI 

Control - total  transmittance 83 

Z - ~ o n t h  (percent of control) 86 

4-mnth (percent of control) 83 

6-Month (percent of control) 80 

Sylgard l b 4  RTV 615 

78 82 

84 78 

39 62 

81 58 

Steady decreases i n  transmittance are found i n  ~ 1 1  cases except for 

the Sylgard 184, which mysteriously attained the lowest value a t  four 

months of exposure and increased after six months. Succeeding measurements 

were made on the same specimen, and duplicate tests gave identical results. 
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The anomolous values observed i n  the case of Sylgard 184 are most 

l i ke ly  due to "natural cleaning" processes. 

during the winter months and snow o r  ice formation over the specimens prob- 

ably caused the remval  of some soil during freeze/thaw cycles. 

The plaques were l e f t  exposed 

Decreases of 20 - 40 percent transnussion from the control  values in- 

dicate that these encapsulants of l o w  modulus and surface hardness may 

have t o  be used under a cover plate or soil-resistant coating. This is al- 

ready an accepted pract ice  amDirg c m e n t  manufacturers of solar cell panels 

that employ s i l icone  rubber pot tants  as the  primary encapsulant. 

A t  the  end of the six-month outdoor exposure period, 311 materials were 

evalxLted for transmission losses and the results appear in T a b l e  51. 

few cases (Tefzel 280 and Kel-F 800) the  ineasurements were i n  excess of con- 

t rol  value and probably due to long-term changes i n  the c rys t a l l i ne  struc- 

ture. Apart from the three materials w i t h  obviously contaminated surfaces, 

three other materials showed losses  i n  transmission. Kynar dropped to 80 per- 

cent of control value - probably due to c r y s t a l l i n i t y  changes; Udel 1700 

dropped to 67 percent of control  due to obvious degradation; and Tedlar f i lm 

 drop^ 3 to 73 percent of control.  

sumably due to  changes in surface mrpholugy. 

would not be very observable i n  a th in  (2-mil) film, degradation is  unlikely 

and no appreciable m t i t y  of soil  was found on the surface. 

In  a 

In  the last  case the decrease is  dre- 

As c rys t a l l i ne  variations 

In  the future,  a n t i s t a t i c  agents may a lso  be useful i n  retarding soil 

accumulation due to surface charge. 

MISCELCANEOUS PROPERTIES 

The necessity f o r  evaluation of op t ica l  and mechanical propert ies  of 

candidate encapsulation mater ia ls isobvious.  There a r e ,  however, a series 
of other related properties which may be of equal importance i n  the deter- 

lrination of a viable design fo r  so la r  ce l l  panels. A series of addi t ional  

t s s t s  w a s  selected on the basis of po ten t ia l  usefulness and conducted on 
unaged specimens of the nineteen polymers. A discussion of these follows. 
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Abrasion Resistance 

The results of abrasion resistance are given i n  Table E2 and show the 

relative resistance of the candidate polymers to marring and surface damage. 

The test method ASTM D-673 - "Mar Resistance of Plastics" - utilizes a fal- 

ling stream of 80-mesh silicon carbide grit to  abrade the test specimen, 

which is mounted a t  a 4S0 angle. 

abrasion that would be encountered in  the field and might closely simulate 

the effects of windblown sand - as would be found in  desert installations. 

This test is probably close to the type of 

Readings were taken w i t h  a Gardner Glossmeter after 200, 1000, and 

2000 grams of abrasive had impinged on the sample. 

i l y  i n  a l l  cases, the greatest losses being noticed i n  the cases of Resin 81 

and Kel-F 800 - two materials w i t h  l o w  surface hardness. The more signifi- 

cant t e s t  was measurement of over-all loss i n  total  integrated transmittance, 

measured before and after the final abrasive exposure. 

Gloss diminished stead- 

The most resistant plastics were CR-39 and Plexiglas V-811, which re- 

tained 97 percent and 94 percent, respectively, of their original transmit- 

tances. Most other plastics performed fairly well, retaining 70-80 percent 

of original value, except for the silicone elastomers. The grit adhered to 

the surfaces of these materials so tenaciously that optical measurements 

were not practical. 

Refractive Index 

When light strskes the surface of a material, it is  reflected, trans- 

mitted, or absorbed - depending on the optical properties of the material. 

As light passes through a transparent (encapsulant) material, reflection 

losses occur a t  the surface due to differences i n  refractive indexes. The 

less the difference in refraction, the lower are the reflective losses. 

Refractive index values may be used i n  calculations to  maximize "opti- 

cal coupling" by appropriate selection of materials and the sequence i n  

which they are used. 

layer an4 multilayer anti-reflection coatings are also dependent on refrac- 

tive index properties and may be found i n  the literature dealing w i t h  the 

physics of optics. 

listed i n  Table 53. 

Other relationships of importance dealing with single- 

Refractive index valaes for the candidate polymers are 
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As the temperature of a p l a s t i c  or rubber is 

the glass-transit ion temperature is reached where 

dergo a marked change i n  properties. Below t h e i r  

lowered, a point known as 

polymeric materials un- 
glass-transit ion tempera- 

ture ,  polymers have many of the properties associated w i t h  ordinary inor- 
ganic glasses including hardness, s t i f fnes s ,  b r i t t l eness ,  and transparency. 

Above the glass-transit ion point, polymers are more elastic, are capa- 

The change i n  ble  of deformation without breaking, and have lower d u l u s .  

mechanical properties w i t h  respect t o  temperature may dictate the applica- 

t ion of many materials i n  solar panel design. A continuing effort i n  the 

current program is t o  determine the actual mechanical properties ( t ens i l e  

s t r e n g t h ,  elongation, modulus, etc.) versus temperature. Glass t rans i t ion  

temperatures (Tg) are shown i n  Table 53. 

Brit t leness  Temperature 

This test (ASTM D-746) establishes the temperature a t  which 50 percent 

of the p l a s t i c  specimens exhibit bri t t le f a i lu re  under specified impact con- 

di t ions,  and may be used t o  predict  the behavior of materials i n  applications 

requiring low-temperature flexing. 

The test procedure employs clamped specimens that are hit w i t h  a s t r i k -  

ing edge of preset  dimensions, force, and speed. The percentage of f a i lu re s  

occurring a t  d i f fe ren t  temperatL-es i n  freezing baths is then determined. 

The results of b r i t t l eness  temperature tes t ing  are shown i n  Table 54 

and do not necessarily indicate  minimum use temperature but  serve as a guide 

t o  low-temperature performance. 

T e n s i l e  Impa c t  

This method - ASTM D-1822 - covers the determination of the energy 

required t o  rupture standard tension-impact specimens of p l a s t i c  materials. 

The energy u t i l i zed  in th is  method is delivered by a single  swing of a cali- 

brated pendulum of a standardized tension-impact machine. 

f racture  by shock in  tension is  determined by the k ine t i c  energy extracted 

from the pendulum of an impact machine i n  the process of breaking the 

specimen. 

The energy to 

c. 
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One end of the specimen is mounted i n  the pendulum. The other end cf 

the specimen is gripped by a crosshead which travels w i t h  the pendulum a- 

til the instant of impact and instant of maximum pendulum kinetic energy, 

when the crosshead is arrested. 

ferences in cross-sectional area of the specimens, the energy t o  break is  

normalized to units of kilojoules per square meter (or foot-punas-force 

per square inch) of minimum cross-sectional area. 

In order to compensate for the minor dif- 

2 The tensile impact results for each material are given i n  ft-lb/in. 

and tabulated in  Table 54. The highest impact strengths are found for the 

fluorocarbon polymers, the best being Tefzel 280 (439 ft-lb/in.2). 

one nonfluorocarbon - Lexan 123 - demonstrated a s imi l a r ly  high resistance 

(269 ft-lb/in.2). 

strengths (Plexiglas DR-61K - 7 ft-lb/in.2) or  could not be tested, as  in 
the case of the silicone rubbers. 

Only 

A l l  other encapsulants had either very low impact 

Insulation Resistance 

Encapsulants directly in contact w i t h  silicon solar cells, intercon- 

nects, or  any otner electrically active or conductive components of a solar 

panel must be insulators. 

to reduce the efficiency of power generation and may lead to system deterior- 

ation due to electrolytic effects. 

Even very s m a l l  short-circuit currents w i l l  serve 

Although each solar ce l l  individually produces less than 2 volts, large 

arrays oZ multiple modules may be designed to reach several thousand volts 

to  optimize power transmission over long distances. 

generally desirable to have the insulation resistance as high as possible - 
consistent W i t h  acceptable mechanical, chemical, and heat-resisting proper- 

ties. Since insulation resistance or conductance combines both volume and 

surface resistance or conductance, its measured value is  most useful when 

the tes t  specimen and electrodes have the same form as is required i n  actual 

use. 

For these reasons it is  

In this t es t  procedure - ASTM D-257 - specimens were prepared using 

electrodes of the same dimensions as solar cells and encapsulant thicknesses 

found i n  current panel designs. 
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A l l  materials tested show resistances sufficiently high to be accep- 

table for encapsulation (Table 541, the highest being Sylgard 184 a t  875 x 

10l2 ohms. 

43-6527, although it is s t i l l  an excellent insulator. An additional fea- 

ture of the gel is  the manufacturer's claim t h a t  the material w i l l  "self- 

heal" i n  the event of electrical breakdown, leaving no conductive path for 

further breakdowns. 

The lowest value was found for the dielectric gel  material, 

Changes i n  insulation resistance and electrical breakdown w i t h  respect 

to water absorption of polymers have not been studied but would be of im- 

portance i n  this program. Surface resistance or conductance changes rap- 

i d l y  with humidity, while volume resistance or conductance changes slowly, 

although the final change may eventually be greater. 

Permeability 

Permeation of water vapor i n t o  ce l l  encapsulants could result in pro- 

Possibilities include ion short circuits of found changes i n  performance. 

cells, corrosion of interconnects, delamination of dissimilar materials, 

loss of optical coupling, and degradation of physical properties. 

thetic polymers are permeable, although permeation rates vary by about three 

orders of magnitude. 

modulus polymers and lower for crystalline, high-modulus and nonpolar 

materials. 

All syn- 

Fates are generally higher for plasticized and low- 

Table 54 lists water vapor transmission rates derived from procedure 

ASTM E-96 in which the material to  be tested is  fastened over the mouth of 

a dish which contains a desiccant. 

phere of constant temperature and humidity, and the weight gain of the as- 

sembly is used to calculate the rate of water vapor movement through the 

sheet mate..ial under the conditions prescribed. 

The assembly is placed i n  an atmos- 

The fluorocarbons have the lowest permeation rates, the best being 

PFA 9705. The two acrylics (Plexiglas) and polycarbonates (C-4 and Lexan) 

had intermediate values and the silicone rubbers were found to be highly 

permeable. 
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The exclusion of atmospheric moisture from solar cel l  panels solely 

with plastics appears to  be unfeasible and may necessitate designs incor- 

porating moisture-resistant electrical and adhesive components. 

Flammability 

Two flammability tes ts  were employed to G2termine the burning rates of 

the candidate polymers: ASTM D-635 - "Flammability of Rigid Plastics"; and 

ASTM D-568 - "Flanrmability of Flexible Plastics". 

used on Tedlar, Sylgard, and TRV. Burning rates are expressed i n  terms of 

inches per minute (Table 541, and a l l  but one of the materials tested were 

found t o  be flammable. Viton AHV fluoroelastomer fused without burning. 

The la t te r  methc d was 

Low rates were found for  the fluorocarbons and very high rates for the 

silicone rubbers a t  approxisately 9 inches per minute for Sylgard 184 and 

32 inches per minute for RTV 615. Tedlar film (2-mil) gave a t e s t  result 

of 13.1 inches per minute 

of the other materials because of the rapid oxidation that occurs i n  thin 

films. Most of the encapsulants - especially the fluorocarbons - w i l l  be 

used as th in  films i n  clctual practice. 

- probably a more real is t ic  figure than the rates 

Thermal Conductivity 

Thermal conductivity is the rate a t  whick a material trsrismits heat 

when exposed to  a temperature differential and i n  this  method - 4 T M  D-2214 - 
is expressed as Btu per foot thickness per square foot of area per hour per 

degree Farenheit temperature differential. 

Specimens were sandwiched between metal plates having thermocouples 

mounted on the outer surfaces, and the difference was measured, according to 

the specification, after 7 minutes of heating on one side and cooling on the 

other. The average thermal conductivity,h , of a f l a t  slab of material was 

calculated from: 
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where 

q = t i m e  rate of heat flow 

L = specimen thickness 

A = area of isothermal surface 

tl, t2 = temperature (IC) of hot and cold 
surfaces, respectively 

B 

c 
Variations between the resins were wt large (Table 5 5 )  w i t h  the ex- 

ception of Q3-6527 dielectric gel, which had t w o  to three t i m e s  less the 

conductivity of the other polymers. 

D 

Conduction of heat is a desirable property i n  an encapsulant because 

If the power produced by silicon solar cells decreases w i t h  temperature. 

the encapsulant functions as an efficient heat-transfer medium (transferring 

to a cooler substrate), higher operating efficiency should be maintained. 

* 
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A basic cost analysis of the  polymers under investigation and t h e i r  

application t o  a basic encapsulation model may be found i n  Tab le  57. 

facturers of the res ins  (Table  i) were contacted f o r  current  (1977) pr ice  

quotes on bulk purchases and a l so  asked f o r  the product density so that a 

cost per unit Volume could be calculated. 

three columns of Table 56. 

Manu- 

These f igures  appear i n  the f i r s t  

In order t o  generate some perspective on the cost-effectiveness of the  

encapsulant materials with respect t o  the LSSA project  estimate of 80 cer.ts 

per square foot,  it was necessary t o  create a f i r s t - cu t  module design. The 

module is  assumed t o  be a close square-packed arrangement of cells with di-  

ameters of 2.5 inches and a thickness of 0.015 inch (0.01 inch cell thick- 

ness  and 0.005 inch adhesive layer) .  

Encapsulant is assumed t o  f i l l  the  space between the  cells and addition- 

a l l y  a layer  0.005 inch thick over the cells. 

then the volume of tke layer  covering the so la r  c e l l s  plus  the volume of the 

space between them. 

0.005 inch, which equals 0.72 in.3/ft2. 

culated from the t o t a l  panel volume (144 in.2 x 0.015 in . )  minus the volume 

of the cells contained in t h a t  area, and found to  be 0.4644 i r ~ . ~ / f t ~ .  

t ion  of in te rce l lu la r  and cover volumes gives a total encapsulant reguire- 

ment of 1.184 in .3/f t  

face. It must be noted that t h i s  model does not account f o r  extra  volumes 

that would occur fo r  irregularities such as interconnect spacings o r  "wall" 

e f f ec t s  where the packing efficiency is  reduced. 

Total encapsulant volume is 

The cover vo l .me  i s  calculated as 1 f t 2  = 144 i n . 2  times 

The volume between the  cells was cal-  

Addi- 

2 f o r  a representative square foot  of so la r  panel sur- 

Protective cover films of 5-mil thickness were employed i n  most cases 

and the cos t  added t o  the calculated cos t  of the primary encapsulant, t o  give 

a t o t a l  encapsulation cost  f o r  the system. 

those under actual construction a t  Springborn Laboratories for studies  of 

indoor and outdoor weathering on complete panels. 

The module systems described are 

5-1 

1 I E 

i 



I 

I t  should be noted tha t  the pr ices  shown are  for  materials only and 

do - not include s?tbstrates and fabrication costs.  

The lowest cost  of a l l  t he  materials surveyed w a s  found for  Plexiglas 

V-811 at $0.56 per pound. 

by a 0.005-inch layer,  the material cost  is found t o  be $0.028 per square 

foot of so la r  panel. 

(CAB) a t  $0.046 per square foot. 

Used a s  a primary encapsulant, covering the c e l l s  

The second most a t t r ac t ive  material was Tenite 479 

We w i l l  l a t e r  recommend tha t  these two materials be investigated fur- 
ther  (modified and more processable f o a u l a s )  because of t h e i r  low cost. 

I 

.L* 

F 
The experimental encapsulation s tudies  were designed primarily t o  study 

materials performance and not economics; however, the s i l icone gel/Plexiglas 

V-811 system had an a t t r ac t ive  ccst of $0.172 per square foLt. 

I 
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The deter iorat ion of plastics i n  outdoor weathering is caused primarily 

by sunlight - especially u l t rav io le t  - frequently combined with atmospheric 

oxygen and of ten involving atmospheric moisture, abrasion, and other factors  

as w e l l .  

removing shorter wavelengths up to  280-390 m,& before it reaches the sur -  

face of the earth.  

from wavelengths of approximately 290-400 m p . ,  which is approximatel:? 5 per- 

cent of the total  s o l a r  radiation reaching the earth. 

Sunlight reaching the ear th  is f i l t e r e d  through the atmosphere, 

Thus u l t rav io le t  e f fec ts  otl p las t i c s  r e su l t  primarily 

Most polymers comain functional groups which absorb u l t rav io le t  l igh t .  

Most prominent and frequently mentioned is the carbonyl (C=O) group, whose 

u l t rav io le t  absorptions have been observed at 279-360 mp i n  d i f fe ren t  com- 

pounds (polyesters, acryl ics) .  Aromatic r ings (such a s  i n  polystyrene) ab- 

sorb up to  350 m,& ; when combined witn the C = O  chroxwphore, they absorb 

up to  s t i l l  higher Wavelengths. 

Ultraviolet  l i g h t  witn wavelengths of 300-400 m f i  corresponds t o  energy 

A C=O group which absorbs a t  280 m+ cxresponds t o  levels  of 95-70 kcal. 

an energy leve l  of 100 kcal. 

many polymers, as can be seen from the following tabulation l i c t i n g  ultravio- 

l e t  wavelengths of maximum sens i t iv i ty  fo r  typical commercial polymers: 

Thus ul t rav io le t  alone can cause breakdown of 

A 

! d, 

9 I I 

1 

Polymer 

Polyesters 

Polystyrene 

Polyethylene 

Polypropylene 

Polyvinyl chloride 

vinyl chloriAe/acetate 

Polycarbonate 

Polymethyl methacrylate 

Polyformaldehyde 

6- 1 

Ultraviolet  Wavelength of 
Maximum Sensi t ivi ty  

325 

318 

3 00 

310 

310 

322-364 

205 

290-315 

300-320 
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If a radical tends to form, the presence of unsaturation and especi- 

ally aromatic resonance will stabilize it and thas favor the degradation re- 

action. Often atmospheric oxygen, and sometimes atmospheric moisture, also 

contribute to the reaction - either by lowering the energy level required 

for initial activation or by entering into the reaction sequence a t  a la ter  

stage. 

fr. general, ultraviolet energy ini t ia tes  breakdown by dissociating a 

covalent bond into a free radical. This init iates a free-radical chain re- 

action. 

dative chain reaction. 

C=C double bonds, and hydroxyl 0-H and peroxide 0-0 groups increases 

the number of groups which can absorb ultraviolet l ight and thus accelerates 

the degradation reaction. 

In  the presence of atmospheric oq-gen, this usually becomes an oxi- 

Formation of degradation products like C = O  and 

When a polymer molecule absorbs ultraviolet l ight throuc$~ such groups, 

this energy raises the structure to an unstable excited state. Such an ex- 

ciied state can then discharge this  excess energy in a variety of ways: 

1. 

2 .  

3. 

4. 

5. 

It can transfer the excitation to another molecule, and thus 

restabilize i tself .  

It can return stepwise to its ground energy level, meanwhile re- 

emitt'ng the excess energy i n  longer wavelengths of lower, harm- 

less energy levels such as visible light. 

escence. 

This is known as fluor- 

It can convert the excess energy directly into thermal vibrations 

as heat. 

It can undergo a reversible molecular structural rearrangement o r  

tautomeric shift, releasing the excess energy slowly as heat. 

If the excitt-cl molecule cannot dispose of the excess energy i n  any 

of these ways, it w i l l  dissociate to open a bond and ini t ia te  break- 

down. This is part of the process of degradation. 

I n  general, when ultraviolet energy disassociates a polymer molecule to 

produce an in i t i a l  free radical, t h i s  can lead to  the following types of 

processes: 
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1. 

2. 

3. 

4. 

5 .  

6. 

7 .  

0. 
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Cleavage into smaller fragments. 

Elimination of small  molecules. 

Formation of residual unsaturation i n  the polymer molecule. 

Depolymerization by elimination of monomer units from the radical end 

of the molecule, a simple unzipping or  reversal of the original polym- 

erization reaction. 

Permanent rearrangement of the molecular structure. 

Crosslinking between adjacent polymer molecules. 

Oxidation of the polymer, especially a t  the surface exposed t o  
atmospheric oxygen, and i n  the amorphous portions of the polymer 

through which oxygen can permeate. 

Photohydrolysis of sensitive groups - mainly amides, esters, and 

urethanes. 

The purpose of this study i s  to  improve the optical and mechanical per- 

formance of marginally weatherable polymers selected from the current program 

and to determine the most feasible method of upgrading them. The materials 

selected were Lexan 123, Tenite 479 (cellulose acetate butyrate), C-4 poly- 

carbonate, and the two acrylics - Plexiglas DR-61K and Plexiglas V-811, 

basic approaches were employed to  increase the ultraviolet stabil i ty of these 

polymers: 

Two 

internal compounding and external coating. 

Campounding w a s  performed on a two-roll m i l l  - permitting the incorpora- 

tion of other substances into the polymer a t  its m e l t  temperature. 

ally, four types of stabilizers are usually added to maximize degradation 

resistance : 

Gener- 

(1) Absorbers - compounds that absorb ultraviolet l ight 

strongly and preferentially, and convert the energy 

to harmless fluorescence or heat. 

Qnenchers - compounds that interchange energies w i t h  

excited polymer molecules and return them t o  ground 

state before bond scission occurs. 

( 2 )  
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(3) Metal deactivators - chela t i  wmpounds t h a t  

destroy the e f f ec t  of trace m e L a l s  that catalyze 

oxidation of the polymer mlecule. 

(4) Antioxidants - compounds that in te r rupt  free-radical 

chain-reaction mechanisms o r  decompose peroxides that 

give rise to bond scissioning and depolymerization. 

Each of the f ive materials previously mentioned was compounded with 

formulas A, B, and C - as follows: 

Stabilizer 

Cyasorb W-531 

Cyasorb w-1084 

Tinuvin P 

Uvinul N-539 

Pol- gard 

AM-105 

DSTDP 

Irganox 1010 

Function 

Absorber 

Quencher 

Absorber 

Absorber 

Metal deactivator 

Quencher 

A n  tioxidan t 

Antioxidant 

* 
Formula (phr) 

C - B - A - 
0.5 - - 
0.3 0.3 - 

- 0.5  - 
- 0.5 - 
3.3 0.3 0.3 
- - 0.3 

0.3 0.3 0.3 

0.2 0.2 0.2 

* 
phr = per hundred pa r t s  res in  

In three cases already upgraded materials were obtained from the res in  

manufacturers and substi tuted for the formula above. Lexan 123 - Formula C - 
was replaced with Lexan 9030; T e d t e  479 - Formula B - with Tenite 485; and 

Plexiglas V-811 - Formula B - w a s  replaced with Grade UVA-5. 

Two materials, Plexiglas V-811 and Tenite 479, w e r e  selected fo r  fur- 

ther upgrading studies by coatings. 

Since an u l t rav io le t  absorber i n  the i n t e r io r  of the polymer may sti l l  

permit some simultaneous attack on the polymer as well, it i s  sometimes 

worth while to  apply a surface coating containing a high concentration of 

u l t rav io le t  absorber - preferably i n  a stable binder such as polymethyl 
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methacrylate - to  keep the ultraviolet energy from ever reaching the seilsi- 

tive polymeric substrate a t  a l l .  Three approaches were used: 

(a) Tedlar f i lm - 100 BG30 UT (ultraviolet opaque) 

(b) Acrylic coating: Acryloid B-82 containing 4 percent 

Cyasorb W-1084 and 4 percent Cyasorb W-531 

(c) Photochemical rearrangement: solution of poly(resorciny1 

isophthalate). 

causing the polymer t o  undergc Fries rearrangement. 

Ultraviolet opacity is induced by UV, 

A l l  upgraded materials are presently undergoing exposure to Weather- 

Ometer and RS-4 a t  55OC accelerated aging conditions for periods of 120 and 

240 days. 

cal transmittance and the four tensile properties previously reported. 

Testing upon completion of exposure w i l l  comprise integrated opti- 

The performance of these materials w i l l  be reported i n  a subsequent com- 

m i c a t i a n  .) 
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The adhesion study is aimed at :  (a) assessing the adhesive strength of 

an encapsulating resin molded or  laminated to a silicon cel l ,  and (b) selec- 

ting and emluating adhesives and/or primers t o  improve t h i s  bond. 

eral  classes of materials - fluorocarbons, silicones, and acrylics - were used. 

Three gen- 

Since the cells are not self-supporting, the study also includes deter- 

minations of adhesive bond strengths to the substrate on which the ce l l  is  

mounted. Three candidate substrates w i l l  be evaluated: aluminum, polyester 

board, and e-wxy hzc? !?=A G10, only with Sylgard 184). 

P r i m e r s  and adhesives have been sel.ected to s u i t  four general categories 

of resin: fluorocarbons, silicones, acrylics, and miscellaneous (primarily 

polycarbonate). Selection is based on the following factors: 

Potential bonding strength 

Processing parameters 

Hydrolytic stabil i ty 

W stabil i ty 

cl,arity 

Manufacturer's recommendations 

hraluation of adhesivec and primers i n  the laboratory began w i t h  the con- 

struction of successfui trst mits - prepared by cementing standard comer- 

cially available silicon solar cells to clean (vapor degreased) 6" x 3" steel 

plates using epoxy glue (Epon 828 w i t h  10 percent triethylene tetramine). 

The cemented cells were then washed i n  toluene and methanol prior to final de- 

greasing in  toluene vapor. 

Adhesives and primers were applied to the ce l l  surfaces according to  

mnufacturers' recommendations and usual ly  required brushing on a t h i n  film 

w i t h  subsequent a i r  drying a t  a specified time and temperature. The thermo- 

set  polymers were bonded t o  the pretreated cells by curing i n  place directly 

c n  the cel l  surface. 

(15-20 mils) and the sheet/cell assembly then placed i n  a heated platen press 

Themplastic polymers were applied as t h i n  sheets 

'*. I 

! ? I 
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a t  moderate temperature and pressure. 

were placed on the platen surr'aces to give Ur-iform load d is t r ibu t ion ,  al- 

though cel l  f racture  s t i l l  occurred i n  some instances. 

Si l icon rubber pads (1 mm thickness) 

T 

- -  I 

Bond strengths were determined by s l i c ing  the r e s in  across the surface 

of the cel l  i n to  th in  s t r i p s ,  using a razor blade, and then measuring the  

load required to  peel a given s t r i p  back from the c e l l  a t  constant angle. 

A simple apparatus i n  which the cel l  w a s  attached to  a conventional elec- 

t ronic  laboratory balance w a s  used f o r  t h i s  determination and was excellent 

fo r  screening purposes. 

P e e l  strength (ASTM D-1876) and t ens i l e  shear (ASTM 3-1002) w i l l  be the 

tests used for  the f i n a l  evaluation of the most promising adhesives. 

sives,  primers, and processes are outlined i n  Table 58. The peel strength 

results obtained so f a r  are shown i n  T a b l e  59 and are recorded f o r  dry con- 

d i t ions  and one-week water immersion. 

Adhe- 

Silicones Sylgard 184 and RTV 615 w e r e  the f i r s t  res ins  t o  be investi-  

gated and were applied to  treated/primed cells by casting and curing d i r ec t ly  

i n  place. A t h in  layer of cheesecloth w a s  incorporated in to  the cast ing res in  

to  improve thestrength and manageability. Control cells with no primer or ad- 

hesive show peel strengths of 6.29 g/cm width (0.035 lb/in.) and are pee:ed 

easily.  A n  application of DC 436-060 prepolymer primer (3.5 percent solution) 

t o  the c e l l  raised the peel strength t o  an excess of 357 g/cm (2 lb/in.) and 

exceeded the t ens i l e  strength of the resin. 

the most effect ive of the adhesives examined. 

This treatment w a s  found to  be 

One week's imers ion  i n  water did not appear to  a f f ec t  the bond strength. 

This formulation was suf f ic ien t ly  successful that s tudies  with Sylgard 184 

were terminated and emphasis w a s  sh i f ted  to  the more challenging fluorocarbons. 

FEP was obtained as both commercially t reated (C-20 bondable) and un- 

t reated film. The t reated fi lm was much more amenable t o  adhesion than the 

untreated material, and an excellent bond strength of 4.3 lb/in.  (768 g/cm) 

w a s  obtained using Chemlok 607 primer. 

the strength t o  70 percent of control,  however, indicating a sens i t i v i ty  to  

hydrolysis. 

One week's immersion i n  water reduced 
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Untreated FEP w a s  found t o  be completely nonadherable, and no peel  

strengths were observed u n t i l  surface oxidation occurred. Good bond strength 

was developed using 436-060 primer on the cell ,  preceded by surface treatment 

of the f i lm with h E t  and benzoyl peroxide. 

I 

Procedure 1 2  on Table 58 gives a method f o r  the chemical etching of all 

D fluorocarbon f i l m s  that  appears t o  be highly effect ive.  The etchant ("Tetra- 

Etch") is  believed t o  be a dispersion of sodium naphthalene and gives sur -  

faces that bond w e l l  Wi th  Chemlok 607 primer and DC 282 s i l icone  adhesive. 

Typical peel s'zengths range f r o m  6 -/in. to 14 W i n .  - both cell  and sub- 

strate. 

cured state and a b i l i t y  to absorb differences i n  expansion a t  the interface.  

Sil icone adhesives a l so  have high hydrolysis resistance.  

e DC 282 i s  addi t ional ly  desirable  because of its l o w  modulus i n  the 

0 
Although fluorocarbon res ins  w i l l  not i n  themselves be recommended as 

primary encapsulants, they may prove to  be useful as th in  protect ive cover 

fi lms and have provided useful inronnation on t h e i r  adhesive properties.  

The acry l ics  - Plexiglas DR-61K and Plexiglas V-811 - gave the bes t  re- 

sponse t o  systems 5 and 6 (Table  58). Both of these adhesives, Versilok 506 

and Hughson B-1958, are two-part compositions requiring cure cycles a t  ele- 

vated temperatures. 

l ink  w i t h  the  acry l ic  polymer, giving chemically bonded s t ructures .  Bond 

strengths exceed the t ens i l e  strength of the res in  i n  many cases. 

systems are a l so  highly e f fec t ive  w i t h  Teni te  479 ce l lu los ic  res in  and peel 

strength was again found to exceed t e n s i l e  strength. C-4 polycarbonate had 

the best  response to Hughson B-1958 (System 6). 

It is l ike ly  that the peroxide curing aqents also cross- 

These two 

With the exception of the s i l icone rubbers cured over Q36-060 primer, 

a l l  other materials demonstrated the optimum adhesion with two-part (curing) 

systems such as Versilok 506, Hughson B-1958, and DC 282 - probably because 

of mutual crosslinking reactions. 

Adhesives are beiilg investigated f o r  various other  pairs of materials 

anticipated t o  be primary encapsulant/cover combinations. 

promising types of adhesives, generically,  a r e  the s i l i cones  - because of 

t h e i r  high peel strengths,  resistance to hydrolysis and u l t r av io l e t  i r rad ia-  

t ion,  and t h e i r  low modulus character is t ics .  

To date the most 
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8 ENCAPSULATION/PROCESSING STUDY 

This study provides for  the actual encapsulation of ce l l  systems w i t h  

the materials under investigation and subsequent exposure to both ar t i f ic ia l  

and outdoor (EMMAQUA)* weathering conditions prior to testing. 

that problems arising from material properties, fabrication, ce l l  function, 

design, etc., w i l l  be revealed by real field experience w i t h  these modules. 

It is expected 

Because the cel ls  and interconnects are not self-supporting, a rigid 

structural component is required. 

purpose from a list of previously identified potential substrate materials- 

Polyester/fiberglass, aldnum,  and epoxy-glass (NEMA G l O )  were used i n  the 

construction of a l l  miniature ce l l  modules, 

by Solar Power Corporation under subcontract and consist of two electrically 

active cells bonded to the substrate w i t h  an interconnect between them, and 

one a t  either end connected to the power line. 

Three substrates were selected for t h i s  

These tes t  modules were prepared 

Power leads are soldered to either side of the ce l l  fixt'rre and come out 

through the underside of the substrate to permit electrical testing. 

of encapsulant systems selected for this task is  shown i n  Table 60. 

t e r ia l  combinations were chosen to  optimize the amount of useful data obtain- 

able while examining definite possibilities for feasible systems. 

A list 

The m a -  

Completed ce l l  modules are being exposed to  Weather-Ometer and RS-4/55OC 

fluorescent sunlamp conditions for two time periods - 4 and 8 months. 
* 

The outdoor accelerated aging condition - EMMAQUA - is also being used 

a t  the same exposures. 

trating natural sunlight about ten times on the specimen while spraying a fine 

stream of disti l led water on the surface. 

This device simulates long-term weathering by concen- 

Testing of electrical characteristics (I/V curve) i s  performed before 

and after encapsulation to  determine i f  ce l l  or interconnect damage has oc- 

curred and again after the exposure times. It is hoped that the effects of 

moisture, delamination, corrosion, etc., w i l l  be observable in  t h i s  study. 

~~~~ ~ * 
Equatorially Mounted Mirror Accelerator, 
Phoenix, Arizona 
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The most expedient methods of fabr icat ing the encapsulated systems are 

still being developed. 

res in  d i c t a t e  the  processing methods which may be used. 

In  most cases the propert ies  of the encapsulating 

In the  easiest cases, the primary encapsulant is merely poured in to  

place a s  a l iqu id  and cured i n  an oven [Sylgard 184, RTV 615, and dielectric 

ge l  (Q3-652711. 

manner w i t h  no d i f f icu l ty .  

the primary encapsulant varied s l igh t ly .  

place over constraining walls and the module was then f i l l e d  with uncured 

ge l  using a hypodermic syringe inser ted through a hole i n  the w a l l .  

holes, one f o r  f i l l i n g  and one f o r  air  exhaust, were sealed with RTV 732 ad- 

hesive and the ge l  permitted to cure a t  r o o m  temperature. 

The three systems using s i l icone  rubber were prepared i n  this 

The two systems based on the d i e l ec t r i c  ge l  as 

The covermaterialswere glued into 

The 

This technique might be w e l l  sui ted to automatic array assembly. C e l l s  

could be attached t o  the substrate,  covers glued on, and the empty panels 

then f i l l e d  with s i l i cone  through a "grease f i t t i n g "  type of f ixture .  

Encapsulation with thermoplastic materials i s  a much more d i f f i c u l t  

task, the f e a s i b i l i t y  of which is s t i l l  under investigation. 

d i f f i c u l t i e s  encountered a re  the high melting points of thermoplastics and 

The two major 

the ease with which s i l i con  cells fracture.  

Compression molding is a conventional and usually simple technique but 

cannot be used with any material other than Tenite 479 (cellulose acetate 

butyrate).  

have "melting" points i n  excess of the  solder and metalizaiion melt tem- 

perature. 

The reason f o r  t h i s  is  that a l l  the other polymers of i n t e r e s t  

Compression molding is st i l l  not quite feasible  with Tenite 479, how- 

ever. 
t o  shat ter .  

build-ups, but s t i l l  produce a high percentage of fa i lure .  

Sl ight  var ia t ions i n  molding pressure cause the f r a g i l e  s i l i con  cells 

Very low molding pressures applied fo r  long t i m e s  reduce stress 

Present experiments show tha t  s in te r ing  i s  a feasible  process - a t  

l e a s t  as a laboratory technique. 

ered with a l aye r  of powdered resin and heated to  flow temperature i n  an 

oven. As t h e  res in  fuses, the molten solder on the cel l  surfaces does not 

appear t o  migrate, and s o l i d i f i e s  qu i te  i n t a c t  during the cooling cycle. 

In  t h i s  procedure the c e l l  module is  cov- 
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Temporary application of vacuum during fusian is found t o  produce good 

This process continuous, f a i r l y  bubble-free coatings a s  thick a s  200 mils. 

appears to be a promising approach t o  the t w o  systems using Tenite 479 and 

the s inqle  system with Plexiglas V-811 (see Table 61). 

hesives to bond res in  t o  cel l  and substrate was required f o r  these tempera- 

tures (2OO0C), however. 

Re-evaluation of ad- 

High-temperature epoxy formulations are beginning to work w e l l  - based 

on Epon 828 (Shell Chemical Company) and cured w i t h  an anhydride hardener 

ra ther  than an amine. 

of small quantities of an antioxidant (1 percent by weight of Sandostab P- 

EPQ) gave clear, thermally stable and very adhesive coatings. 

The hardener used was Ciba-Geigy 907, and the addition 

Attempts to fuse premolded sheets  of polymer over the module were unsuc- 

cessful  and trapped many air  bubbles i n  addition t o  not flowing around the 

interconnects. Only powdered resin,  approximately 50 mesh, has been effec- 

t ive.  This method i s  not su i tab le  for  Resin 81, C-4 polycarbonate, o r  Viton 

AHV because crf t h e i r  high fusion temperatures. 

An a l te rna t ive  uethod of exapsula t ion  that may be employed is solution 

coating. 

"bui l t  up" with drying Setween each coat i n  order t o  achieve the required 

thickness. 

method. 

A disadvantage of t h i s  process is  that multiple coats have t o  be 

Solvent emissions are a l so  an undesirable aspect of this 

The solution coating process has been successful with the Viton AHV 

fluoroela3tomer, which does not appear t o  be usable by any other method. 

Correct solvent composition and drying cycles are the most important factorz 

control l ing uniform and bubble-free coatings. 

The best  r e su l t s  were achieved by applying 20-mil coatings of a 30 per- 

cent solution of Viton AHV i n  methyl isobutyl ketone and drying for 1 2  hours 

between coats. A si l icone primer (DC 2-6020) treatment of both c e l l  and sub- 

strate appeared to  give adequate adhesion. 

Encapsulation with C-4 polycarbonate ( i n  progress) w i l l  a l so  use a sol- 

vent cast ing process, but w i l l  additionally be baked on over an epoxy 

adhesive. m 

b 8-3 

I 

1 
r 
1 ' - 7  



I 
' 5  

1 

Although none of the afoxementioned techniques w i l l  be recommended 

as commercially useful processes, they w i l l  a id  i n  assessing material  per- 

formance and design criteria. 

Only one other process from those mentioned f o r  encapsulation is being 

considered a t  this time. 

use with Resin 81 (Kel-F 6060) and may be applicable to automatic array en- 

capsulation with other  thermoplastics. 

spray and is a comerc ia l ly  available process. 

feeding a stream of i n e r t  gas (nitrogen) between two coaxial electrodes 

charged t o  voltage. 

where it m e l t s  and may be sprayed upon a surface i n  the same manner as a 

pa in t  from a spray gun. 

This is perhaps the only possible technique f o r  

The technique is known as plasma 

A plasma is generated by 

Powdered r e s in  is  then fed in to  the ionized gas "flame" 

The real advantage t o  t h i s  system is  t h a t  high melting point polymers 

can be deposited on a cool cel l /substrate  without melting the solder. 

Springborn Laboratories i s  now working with another company having such 

f a c i l i t i f t s  and w i l l  determine the f e a s i b i l i t y  of t h i s  process fo r  Resin 81, 

C-4 polycarbonate, Plexiglas 73-811, and Tenite 479. This process i s  claimed 

t o  be energy intensive and less expensive than other coating methods. 

Invest igat iois  of the various encapsulation methods described have re- 

vealed a number of possible problem areas which are ident i f ied  as: 

. Metalization m e l t  temperature l o w  (350'F). Encapsulant materials 

must be applied such that the solder j o in t s  and metalization do 

not m e l t .  

. C e l l  f r a g i l i t y .  Compression o r  inject ion molding techniques apply 

too nuch stress t o  the cel l  surface, causing fracture.  This has 

been found t o  occur even when the cel l  is r ig id ly  supported on i ts  

underside. 

. Different ia l  thermal expansion. Differences i n  thermal expansion 

have been found t o  cause delamination of high-modulus materials 

from the module, resul t ing i n  warping and cell  f racture .  

. Substrate outgassing. Polyester/fiberglass substrates contain 

vola t i le  substances t h a t  outgas a t  elevated temperatures 

i 
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(approximately 200OC) and result in bubbles in tlie coatings. 

difficulties were noticed with the aluminum or NEMA epoxy sub- 
strates. 

No 

. Thermal decomposition of adhesives. Appropriate formulations should 

be usea For the temperatures in use. 

. Encapsulant outgassing. Materials such as Plexiglas V-811 and 

Tenite 479 absorb small quantities of water upon exposure to humid 

air and will bubble when fused. Vacuum drying is necessary before 

molding. 

. Surface wetting. Multiple applications or the addition of wetting 

agents is sometimes required with adhe: .ves and primers to give uni- 

form coatings. Primary encapsulants will occasionally "pinhole" 

over areas inadequately primed. 

. Oil films on aluminum substrates. M i l l  oil must be removed by 

vapor degreasing. 

. Substrate chalking. This effect was noticed only in the case of 

polyester/fiberglass substrates. 

. Entrapped air under cells. 

thermoplastic and 

under vacuum operations. 

This gives rise to bubbles in both 

zrmoset materials an? may cause cell fracture 
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9 .  CONCLUSIONS 

1. For routine mechanical tes t ing  of polymers, ASTY D-1708 o r  ASTM D- 

638 (Instron) procedures appear to  55 sa t i s fac tory  to determine the 
four basic properties of t ens i l e  strength, yiold strength,  elonga- 

t ion,  and modulus. 

2. optical transmittance of transparent materials must be done w i t h  a 

spectrometer or photometer incorporating an integrating sphere so 

that wide-angle scat tered l i g h t  (as received by the ce l l )  is also 

measured. 

3. Data developed from materials exposed to  Weather-Ometer and S - 4 /  

55 C conditions has been given greater  consideration because 06 

the closer s imi la r i ty  t o  outdoor weathering. Actual correlations 

have n o t  ye t  been made, however, and consequently the efficacy of 

the method i s  inconclusive. 

0 

4. A general conclusion of the aging data so f a r  obtained i s  t h a t  there 

is no inherently weatherable low-cost transparent p las t ic .  

fluorocarbons weather extremely w e l l  (e.g., Kel-F Resin 81) but can 

only be used as very th in  films t o  provide cos t  e f fec t ive  protection. 

The 

5. The results of op t ica l  t es t ing  over the v i s ib l e  range a f t e r  the 240- 

day exposure period indicate tha t  a l l  materials decrease i n  t r a n s -  

mission from t h e i r  control values. The mst dramatic changes can 

be seen i n  the most severe conditions (Weather-meter, Rs-4/100 C), 

and degradation to the point of disintegraticln was observed i n  

Tedlar, C-4 polycarbonate, and Tenite 479. The worst decreases i n  

transmission were found for  Udel 1700 (polyaryi sulfone),  Tedlar, 

Sylgard 184, and RTV 615 a f t e r  Weather-meter exposure. The l e a s t  

affected were ?A, CR-39, and both Plexiglas formuihtions. 

0 
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6. Transmissions measured over the iA+raviolet range ( a f t e r  240 days of 

exposure) showed generally slowly decreasing values with no par t icu lar  

connection to  the type of exposure condition. Uniform increases i n  

u l t r av io l e t  transmissions were found f o r  Kynar 460 and Tenite 473. 

7. A comparison of op t ica l  losses vercus humidity may be found i n  

Tab le  15. The Weather-meter (incorporating water spray) w a s  less 

severe than Rs-4/55°C and 70 percent r e l a t ive  humidity. Sylgard 184 

shows the most dramatic loss i n  transmission from combined ultravio- 

l e t  and humidity exposures. 

indicating t h a t  s i l i cone  res ins  have varying s t a b i l i t y  (and chemistry). 

RTV 615 w a s  not nearl.1 as much affected,  

8 .  The most opt ica l ly  stablc ( re taining high transmissions) materiais 

were determined from "Material Transmission Indexes" ( T a b l e  14) anu 

found t o  be PFA fluorccarbon, 43-6527 s i l icone  gel, and the t w o  P lex i -  

g las  formulations. 

3. Results of  hardness (ASTM D-2240) evaluations demonstrate the tendency 

fo r  a l l  materials to  decrease i r :  surface ha rdnks  with t ine i n  a l l  con- 

di t ions.  The only exceptions are the two s i l icone rubters,  Sylgara i94 

and RTV 615, t ha t  s teadi ly  increase i n  hardness. 

10. Mechanical properties determined by conventionai Instror, t e s t ing  s ' ,Dwed 

the fAlowing trends (based on Weather-Ometer and RS-4 dd°C): 

(a) Tensile strength does not appear to  change much with aging, 

with the  exceptions of dramatic losses (30-50 percent) f o r  

Sylgard 184 and PLexiglas V-811. 

(b) Tensile modulus does not show great  var ia t ions with aging fo r  

most materials studied. 

(c) Elongation a t  break appears t o  be the mst sens i t ive  indica- 

t ion  of polymer degradation, showing the  widest  changes i n  

values as aging proceeds. The most severely alfected plas- 

tics were acry l ics  (Plexiglas),  cellulosics (Tenite 4791, 

and the polycarbonates (Lexan, C-4). 
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d) Fluorocarbon polymers demonstrate the least susceptibil-  

i t y  to weathering- 
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11. In general, the most useful classes of materials are the fluorocar- 

bons, si l icones,  and acrylics.  

12. Sc i l  accuinulation spechens all lost a small percentage of or ig ina l  

oFtical transmission (except for Udel 1700, wkich degraded) but ye- 

ta ine1 Latively clean surfaces. RTV 615, Sylgard 184, and Viton 

AEIV were the only materials that were severely affected and w i l l  

have to be used outdoors with protective (high-modulus) coatings. 

13. Fungus t e s t ing  demonst-. ked that most  of the res ins  supported only 

ligt-t growth and were generally unaffected. Only RTV 615, Sylgard 

184. and Tenite 479 showed pers i s ten t  splotches of fungt- and sur- 

face attack. The use of bacteriocides may be necessary with these 

materials. 

14. Cost effectiveness of encapsulant materials ( T a b l e  56)  may be con- 

The veniently expressed i n  t e r m s  of cost per un i t  volume, $/in-3. 

most attractive polymers are the acrylics, followed by cellulosic 

(Tenite 478) and the 43-6527 d i e l e c t r i c  gel. The cos t  effectiveness 

of acry l ics  is fur ther  reason to invest igate  t h i s  generic c l a s s  more 

extensively. 

15. The most s ignif icant  conclusion t o  be drawn from processing and en- 

capsulation studies is  that no material - regardless of its trans- 

parency, s t ab i l i t y ,  etc. - is useful unless it can be fabricated i n t o  

solar cel l  modules. 

Trial encapsulation studies have revealed t w o  general observations: 

(a) The encapsulant must be applied a t  low stress leyels to 

avoid cell fracture.  

(b) Encapsulant processing temperatures must be below the m e l t -  

ing point of solder metalization o r  junctions (plasma sprav 

may prove t o  be an exception, if suc:essful). 
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10. RECOMMENDATIONS 

1. For the evaluation of mechanical properties, ASTM D-1708 or ASTM D- 

638 (Instron testing) appears to be adequate. For evaluation of opti- 

cal properties, a spectrometer or photometer utilizing an integrating 

sphere is recommended. 

2. No specific type of accelerated weathering procedure can be recom- 

mended a t  this time because of incomplete correlation w i t h  natural 

weathering conditions ( in  progress). 

3. Easel on the difficulties encountered w i t h  the usage of materials in 

t h i s  program, we recommend that an extensive survey of low-cost poly- 

mers be investigated w i t h  the primary emphasis on processability. 

Acrylic copolymers are t h e  most likely choice because of their stabil- 

i t y ,  transparancy, and cost. 

4. Increased emphasis should be applied to  the modification and stabil- 

ization 9f cellulosic polymers due t o  their high clarity, relative 

processing ease, low cost, and the fact that they are not petrolem 

derivations. 

5 .  A study of the environmental effects on high-bond-strength, low-  

modulus adhesives would be valuable, as these materials serve as 
stress-relief regions between mechanically incompatible materials. 

6. Of the materials and systems exarllined to date i n  t h i s  program, the 

most likely encapsulant systems for  successful intermediate lifetime 

(5-10 years) are: 

? 

(a) Silicone rubber with a thin fluorocarbon cover glued i n  

place w i t h  a silicone adhesive. 0 

(b) Q3-6527 dielectric silicone gel with a glass cover. 

7. The expanded metal type of interconnect between cells is  recommended 

on the basis of the reduction i n  module profile and consequently 

lower encapsulact volume. 
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8 .  Due t o  the widespread use of s i l i cone  rubbers as encapsulant materi- 

als, it may be useful to f ind a chemically compatible fungicide or 

bacter ios ta t  to decrease the poss ib i l i t y  of fungus at tack,  which ap- 

pears to occur readily. 

9. Dielectric strength and/or insulat ion resis tance should be determined 

for highly permeable polymers as a function of humidity (after equili- 

bration).  Moisture content could cause a serious f a i lu re  of electrical 

properties in encapsulant materials. 

10. Other invest igators  i n  the f i e l d  of solar cell encapsulation have re- 

ported that thermal cycling causes cell fracture  i n  encapsulants of 

high modulus. 

ranging from high to low, with subsequent cycling and t e s t ing  so that 

a f a i lu re  rate versus modulus curve can be drawn. 

might determine an upper l i m i t  modulus value and consequently estab- 

l i s h  a useful material specification. 

C e l l s  should be embedded i n  materials having moduli 

This experiment 

11. Although it is not appropriate t o  recommend any spec i f ic  encapsulation 

method a t  this t i m e ,  the most  commercially a t t r a c t i v e  techniques would 

appear to be one of the following: 

(a) Spraying (plasma o r  nonsolvent based) 

(bl Dipping 

(e) LRM ( l iquid reaction molding) 

0 
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' 1. FUTURE ACTIVITIES 

1. The results of flexural testing of chemically strengthened glass 

(172 DIU) w i l l  be presented for the four exposure times i n  the 

five accelerated aging conditions. 

2. Optical and mechanical tes t  results for the three urethane encap- 

sulant materials included late i n  the program w i l l  be tabulated. 

3. Optical a& mechanical properties of aged and unaged specimens of 

PVB resins behind glass w i l l  be reported. 

4. All of the s o i l  accumulation specimens w i l l  be cleaned according 

to a specified procedure and retested for optical transmittance 

to determine any change. 

1 

5 .  Evaluation of high-temperature epoxy primzrs and adhesives for 

the fusion and plasma spray methods of encapsulation w i l l  con- 

tinue and be reported. 

6 .  The results of attenuated total reflectance (ATR) i n  the infrared 

region of the spectrum w i l l  be presented as a function of material, 

exposure time, and exposure condition. A n  improved method of cal- 

culation w i l l  be used. 

t 

7. Optical transmittance attenuations of those polymers experiencing 

fungus attack w i l l  be reported. 
f 

8 .  Mechanical and optical property variations resulting from fixed- 

angle exposures of 6 and 12 months i n  Phoenix and Miami w i l l  be 

reported for thirteen materials selected from the present program. 

A t t e m p t s  w i l l  be made to correlate the results w i t h  indoor a r t i -  

f ic ia l  accelerated weathering conditions. 

9. The results of mechanical and optical testing of materials exposed 

to EMMAQUA aging w i l l  be givon for 4, 8 ,  and 1 2  months of exposure. 

Correlations w i t h  indoor accelerated weather conditions w i l l  be made. 0 
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10. The effects of 4 and 8 months of EMMAQUA exposure of encapsulated 

cell  modules w i l l  be reportel, including I D  curves. 

11. The mechanical and optical prot cies found for accelerated aging 

of polymers versus exposure times w i l l  be graphically presented 

The following relationships w i l l  be plotted i n  order to establish 

correlations and predictive methodology: 

Linear - t i m e  versus property 

. Semi-log - log property versus time 

. Log-log - log property versus log t i m e  

Pm-iections w i l l  be made on the cost effectiveness of encapsulation 

techniques. 

12. Final encapsulation methods and detailed techniques w i l l  be reported 

for a l l  ce l l  systems. 

13. Mechanical and optical prop2rties of those materials upgraded for 

W s t a b i l i t y  w i l l  be reported af ter  120 and 240 days of exposure. 

The efficacy of W stabilization methods w i l l  be determined and com- 

pared. Specific systems or goals w i l l  be recommended. 

14. Temperature-modulus curves of selected polymers w i l l  be reported 

over the range of -4OOC to +120°C. 

15. A wide range of inzxpensive processable inaterials w i l l  be surveyed 

under a recent contract extension and subsequently upgraded and used 

for t r i a l  encapsulation. 
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Temp* 
(OF) 

Mold Cool 
(min.) (min.) 

Pre-  
heat 
(min.) 

Resin Generic Type 

Polyvinylidene 
fluoride 

Kynar 460 Pennwalt 

KeL-F 800 
Chlorotrifluoro- 
ethylene /vinyli- Mining & Mfg. 
dene fluoride 

Udel 1700 

Lexan 123-1 11 

P o l y r y l  sulfone 

Polycarbonate 

500 1 3 2 2 

350 3 2 2 
Plexiglas 
V-811 

Polymethyl 
methacrylate 1 Roym & Haas 

I 1. I I 
. 

L 

TABLE 1 
Materials Selected and Molding Conditions 

(Compr es sion Molding) ( b 

Section A - Thermoplastic Resins 

Manufacturer 

I Allied 
Ethylene/ chloro- I t ri flu0 r oe th ylene Halar 500 

Ethylene /tetra- 1 DuPont I fluoroeth yleae Tefzel 280 

DuPont 
Pe rfluoroethyl- 
ene propylene FEP 100 

~~ 

PFA 9705 I Perfluoroalkoxy I DuPont 6 2 0 1 4  1 2  1 3  

Hexafluor opro - 
Viton AHV pylene vinylidene 4 0 0 1  I 1 DuPont 

, 

4 80 3 2 3 Chlorotrifluor o- 
ethylene 

Resin 81 Minn e s o ta 
Mining & Mfg. 

Union Carbide 

General Elec. 380 1 2 1 1  1 2  

c -4 I Polycarbonate Union Carbide 
Cellulose ace- 
tat e butyrate Eastman Tenite 479 

Rohm 8t Haas I Methyl methac - I rylate c o p o l p .  
P1 exigla s 
DR-100 

1 I 

(1) Preco Press, Model PA-7, 6" x 6" platens; and 
Service Physical Testers Press ,  Model HP-SOT, 
8" x 8" heated platens 

12-1 . . . Continued 
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Resin 

Sylgard 184 

Q3-6527 

Table 1 (Continued - 2 )  

Generic Type 

Silicone 

Silicone gel 

Section B - Thermoset Resins 

Manufacture r 

Dow-Corning 

Molding Conditions 

Cast, cure for 1 hour at  100°C 

(RTV 615 I Silicone 

PPG Industries 

Silicone "glass 'I 
resin 

I Resin 650 

Cast - prepared by mfr. CR-39 

Tedlar 20 DuPont 

~ 

gly- 
col diallyl car- 

Polyvinyl fluoride Extruded - prepared at factory 

Strengthened Ceramic I glass I Dow-Corning 

I 
: 

Prepared at  factory 

Cast a t  ambient temperature I into quartz cells 
D ow - Corning 
General 
Electric 

ICast, cure 1 hour at 100°C 

Owens -Illinois Not fabricable I 

12-2 
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Generic Type 
~ ~ ~ 

Brand Name(s )  

Acetal Celcon, Del- 

Polv krfuryl alcohol Opaque 

Polycaprola ctam, 
Nylon 11, Nylon 12, 
Nylon 6, Nylon 6-6 i Low transrnis sion; hy- 

drolytic instability; 
W unstable. 

Nylon( s) Zytel, Troqamid, 
Grilon, lvfinlon 

Ptenol/formaldehyde Opaque 

Polyamide-imit2e LOW transmission; UV 
unstable. 

t 

t 

TABLE 2 
~ 

Materials Rejected 

Chemistry Reason(s) f o r  Rejection 

LOW transmission; poor 
weatherability . ABS Cycolac, Abson, I Lus t ran  

Acrylonitrile/Butadi- 
ene /Styrene 

Acrylonitrile / St yr ene 
Acrylic 

Low t r -asmission;  poor 
weatherability. M A  Luran-S 

1 
~~~~~ 

Low transmission; 
chalks w i t h  LTV; poor 
weatherability. 

Polyformaldehyde 

Oddizes rapidly; I embrittles. Styrene / Butadiene SB Kraton, K-Resin 

Palymeg, Duralon 

Ionomer A roprietary W unstable; poor I weatherabilitv. 

Melamine/formalde- Darkens w i t h  W; 
embrittle s . hvde I Melamine 1 Cymel, Plaskon 

I 

I Gznal, Durez, 
1 Eake&te 

PhenoU c 
~~ 

Phenylene oxide 1 Opaque 
~~ ~ ~~ 

Amide-imide Torlon, Rhodeftal 

I Polyimide 1 Kapton, Vespel, 
/Kinel, Kerirrzide 1 

Polyimide 
i 

LOW transmission; W I 
I u s  tzble. 

~ ~~ 

W unstable; oxidizes i rapidly. 

r -  I Polyaryl e the i  Arylon T Polyaryl ether 

. . . Continued 
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Polyester 
(The rmo - 
plastic) 

Table 2 (Continued - 2 )  

Celaner, Mylar, Polyesters,  mainly Hydrolytic instability; 
PBT terephthalates. crazes:  UV unstable. 

Generic Type I Brand Name(s) I Chemistry I Reason( s) for Rejectiou 1 

Unsaturateu 
Pol  yes t e r 

Hetron, Laxninac, Maleic acid e s t e r s  and Hydrolytic instability; 
Dion, Atlac others W unstable; chalks. 

Polycther 
sulfone 

PES-200 UV unstable; crazes.  Diphenyl ether su l -  

Polyethylene DYNH, Hi-Fax, 
(and ethylene Petrothene, Alka- 
copolymers) thene, Alathon 

Polyethylene Low transmission 

Polyolefin TPR, TPX, Pro-  Polybutene, poly- Crazes  and oxidizes 
f a x ,  Tenite rapidly methyl pentene, poly- 

propylene 

Polyphenyl- 
ene Sulfide 1 Polyphenylene sulfide 

I 

Polystyrene I Bakelit e, Lustrex I Polystyrene 

Opaque 

Yellows: embrittles 1 
SAY 1 Lustran, Tyril 1 Styrene/acrylonitrile I Yellows; crazes I 
Urea- 
formaldehvde 

Avisco, Plaskon, Urea- Darkens ; decom?os es 
Beetle 1 formaldehyde 1 ' Y H H e  pliOvic' 
Geon, Tygon 

9 

Polyvinyl chloride Darkens; degrades 

12-4 
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TABLE 3 

Resin 

- 
Kynar 460 

Halar 500 

Tefzel 280 

Baseline Optical Properties 
(Visible Xange) 

Integrated Transmittance Over 350-800 nm 

Trans - 
Generic Type Manufacturer mittance 

(%I 
Polyvinylidene fluoride Pennwalt 59 

81 Allied Chemical 

DuPont 71 

Ethylene /Chlorotri- 
fluoroethylene 
Ethylene /Tetrarluoro- 
ethylene 

~~ 

PFA 9705 

Tedlar 20 

1 FEP 100 
~ ~~ 

Perfluoroalkoxy DuPont 88 

Polyvinyl fluoride DuPont 77 

r- 

Resin 81 
( K e l - F  6060) 

Kel-F 800 

Sylgard 184 

Pe rfluor oethylene I propylene 

~~ 

82 

85 

Chlorotrifluoroethylene Minnesota 
Mining & M f g .  

Chlorotrifluoroethylene / Minnesota 
Vinylidene fluoride Mining & Mfg. 
Silicone D ow- Corning 75 

I DuPont 

43-6527 

RTV 615 
Udel 1700 

Lexan 123-111 

C -4 

Silicone gel Dow-Corning 94 

81 Silicone General Electric 
Polyaryl sulfone Union Carbide 86 

Polycarbonate General Electric 88 

Polycarbonate Union Carbide 91 

t 

t 

91 

92 

90 

Cellulose a catate 
Tenite 179 butyrate Eastman 

Diethylene glycol diallyl PPG bdustries 
ca r bona t e 
Me thy1 methacrylate 

CR-39 

Plexiglas Rchm & Haas DR-61K copolymer 
Plexiglas Polymethyl methacryl- Rohm Haas 
V-811 ate 92 I 

I DuPont H exafluo r opr o p yl en e 
vinylidene fluoride I Viton M1v I 85 i 

? 

I 
1' I E l 
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B 

Cont ro 1 
Value 

' T (70) 

t 

Optical - 120 Days 90 Days 
Rs- 4, Weather - Rs-4 55OC 
5 5% 70% RH 

t 

' Lexan 123- 11 1 1 88 I 64.2 I 46.6 1 36.9 

TABLE 15 

Hydrolytic Sensitivity 

Transmiss ion  Index for Selected Conditions 

c-4 91 70. 1 60. 1 40.0 

Tenite 479 92 (b; (b) (b) 
' CR-39 92 82. a 83.7 (a 1 

Plexiglas  V- 81 1 92 77.3 72.7 74.5 

~ Plexiglas DR-61K 90 72.0 72.. 0 60 .3  

Y 

Resin 

I I I I 
I I I I 

Kynar 460 I 58 I 17.4 I 16.8 I 16*5 

.- -- - ~ - ,-- ~ 

NT = Not tested 
(a) Discontinued Mater ia l  
(b) Melted/Degraded 

12-17 
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Resin 

Kynar 4 6 0 

Halar 500 

T e f z e l  280 

FEP 100 

PFA 9705 

Optical  - 240 Days 
(T% x % Control\a,  Ranking 

Value Number 
Control  

('I Weather- RS-4, 
Ometer 55OC 

58 16 N.T. - 
a i  58 57 6 

71  N.T. N.T. - 
a 4  66 57 5 

88 70 62 4 

- 

Teni te  479 

CR-39 

Plex ig las  DR-61K 

92 ( b) (b) - 
92 N. T. N.T. - 
90 70 72 3 

I 

TABLE 16 

Material Ranking 
240-Day Opt ica l  Performance 

I Tedlar  20 I 76 I 23 I 26 I 12 

(a) Transmission index N.T. = Not Tested 
(b) Specimens flowed too 

badly t o  be t e s t e d  

12-18 
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TABLE 17 

Control, 
No 

ExDosure 

Hardness - ASTM D-2240 

Halar 500 

Tefzel 280 

FEP 100 
r 

Shore Readings at 1 Second And 1 5  Seconds 

D 72/70 
D 62/62 
D 57/55 

Control Results 

I Kynar 460 I D 75/73 ~ I 

12-19 
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~- ~ 

Udel 1700 

Lex= 123-111 1 

TABLE 18 

[ D  83/82 ID 78/77 D 79/77 13 75/74 

D 77/76 , D 80179 D 80/79 D 80/79 

Hardness - ASTM D-2240 

D 76/75 

D 68/68 

D 75/75 

(a) 

D 80180 

D 72/71 

Shore Readings at 1 Second and 15 Seconds 

Mater ia ls  Aged for 30 Days 

Aeed - 30 Davs 

D 77/77 

D 86/85 

D 78/78 

D 68/65 

D 781.15 

D 73/73 
I 

- v 

A i r  Oven Rs-4  s c  

Resin 55OC I l0O0C 55OC .. 

CR-39 I D  88/86 

c-4 D 69/68 

Tenite 479 I D 70168 

D 87/87 D 87/86 D 84/84 

D 77/75 D 79/78 D 76/75 

,,D 68/65 D 74/66 D 68/66 

Plexiglas DR-61K D 79/7b D 80177 D 80/?8  D 59/58 

Plexiglas V-811 I D  88/86 dD 55/54 D 63/b2 D 76/75  
4 

W e at he r - i lamp I 
I~IOOC Ometer  

D 77 /71  D 72/70 

D 67/66 D 71/70 

D 65/63 D 67/67 

D 52/51 D 53/50 

D 30/5*? D 52/51 

D 78/77 D 75/75 

A 56/54 A 56/55 

- 

- -  

-+=? D 56/55 A43143 

D 59/59 I A39146 I 
D 72/72 I D 76/75 I 

* 

(a) Flowed/Deformed - no test 

(b) Gel - no measurable  surface hardness  

9 
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TABLE 19 

Hardness 

ASTM D-2240 - Shore A and D 
Readings at 1 Second and 15 Seconds 

Mater ia ls  Aged for 60 Days 

C ont ro 1, Aged - 60 Days 
nrrr I A i r m e n  I R S - 4 S ~ l a r n p  

Aged - 60 Days C ont ro 1, 
Air Oven RS-4 SUlarnp No 

Exposure 55OC I l0O0C 55OC 1 l0O0C 
Res in , Weather- 

Ometer  

D 61/61 

11 U II  

Exposure11 55OC 1 100°C I 55OC 1 100°c 
Kynar 460 D 75/73 flD 63/62 I D 66/65 I D 65/64 1 D 68/67 

Halar 500 D 72/70 llD 59/58 I D 57/56 I D 53/52 I D 59/59 D 62/61 I 
D 62/62 D 54/53 D 58/57 D 53/53 (1) 
D 57/55 D 51/50 D 47/47 D 46/46 D 40140 

D 55/53 D 43/43 D 38/37 D 45/44 D 4013; 

D 72/69 D 65/64 D 65/65 D 67/67 (1) 

A 54/46 A 57/56 A 57/56 A 54/53 A 52/51 

D 77/74 D61/60 D 61/60 D 64/63 D 64/63 

D 51/38 D 4Of45 D 43/42 

Texzel 280 

FEP 100 

~ P F A  9705 

Tedlar  20 

Viton AHV 

Resin 81 (Kel-F 6060) D 61/61 

D 50/48 K e l - F  800 

Sylgard 184 

Q3-6527 - - - - (3) 
A 28/28 A 56/56 A 6316' A 56/56 A 65/65 

3 83/82 G 63/68 D 68/67 D 66/66 D 68/68 

D 77/76 D 66/66 D 6?/69 D 71/71 D 68/68 

- 

-- 
D 67/66 D 6 7 / 6 6  D 67/66 D 67/66 i (1) 

RTV 615 

Udel 1700 

Lexan 123- 11 1 
D 68/68 

D 66/65 

D 64/64 I c - 4  

I Tenite 479 D 70/b8 llD 56/5/: I D 65/64 I D 52/52 I (2) I D 57/56 1 
D 88/86 D 68/67 D 45/45 D 68/67 D 38/38 D 52/51 

D 79/76 D 65/63 D 65/63 D 73/72 D 66/64 D 64/63 

D 88/86 D 76/75 D 69/67 D 76/75 D 73/72 

(1) 
(2) Flowed/Deformed, no tes t  
(3) 

Too brit t le to test, degraded 

Gel - no measurable  surface hardness  

12-21 
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I 

Resin 

Kynar 460 

C 

Aged 120 Days 

Air Cven RS-4 Sunlamp 
1 

Weather- 
Ometer 

D 69/67 D 64/63 D 65/64 D 67/66 D 62/61 

5 5°C A oooc 5 5°C I 00°C 

E 

Halar 500 D 55/53 D 60159 1 D 52/60 D 59/58 D 68/66 

Tefzel  280 I D 61/60 D 51/52 D 59/57 D 56/55 (1) 

FEP 100 D 51 149 D 49/47 D 4 ?  148 D 5r)/47 D 43/41 

P F A  9705 D 50I-39 D 45:44 D 48/46 D 52/51 D 38/37 

Tedlar  20 

Viton AHV A 56/56 A 55/54 A 5 8 / 5 8  A 58/57 A 53/53 
Resin 81 ( K e l - F  606G) I D 66/63 D 61/60 D 6816;; D 67/64 

Sylgard 184 I A 64/64 A 65/65 ' A  68/68 A 7O/?C I h 71/71 

RTV 615 ' A 58/58 A 57/57 A 56/56 A 64/64 A 71/71 

Udel 1700 D 71/71 D 71/71 D 71/70 D 7 1 / 7 0  D 69/69 

Lexan 123-111 D 69/68 D 68/67 , D  71/71 D 73/72 

- 
D 74/73 D 64/64 D 70170 D GL'/6d (1) ~.-- 

K e l - F  800 I D  56/51 D 48/46 (2)  D 45/42 I (2 1 

Q3-6527 1 (3)  
-- _L 

I 

c -4 D 71/70 

Tenite 479 D 61/59 

CR-39 D 71/70 

Plexiglas DR-61K D 66/64 

Plexiglas V-811 D 76/75 

53/5-7 (1) I) 74/72 D 71/70 D 76/74 

D 58/56 (2 )  (1) (2) 

D 75/74 D 61/60 D 77/75 

D 67/65 D 71/69 D 78/75 (1) I 
D 77/76 D 72/71 - -I 

(1) 
(2) Flowed/Deformed; no t e s t  
(3 )  

TGO bri t t le  to tes t ,  degraded 

Gel - no measurable  sur face  hardness  

12-22 
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Weather- 
Ometer 

Resin 

I 

I 

Air Oven RS-4 Sunlamp 

SSOC i ~ O O O C  55OC l loooc 

t 

Halar 500 

Tefzel 280 

8 

I 

D 641'63 i D 59/57 D 63/61  

Discontinued I 

c 

I - FEP 100 

PFA 9705 ?0/48 D 49/'47 

Tedlar 2 0 

Viton AHV A 56/54 A 60/59 

D 65/63 D 64/62 Resin 31 
(Kel-F 6060) 

It 72/72 , D 70/70 -- 

1 

I 
D 49/47 I D 47/46 D 50/48 

1 

D 67/66 1 D 71/70 (1) 
1 

A 60/58 I A 57/57 A 56/54 

D 65/63 D 66/63 D 62/60 I * 

I 

I L) 49/47 D 50/47 D 47/46 i D 51/49 

I 

D 50/48 

TABLE 21 
Hardness - ASTM D-2240 

Shore A and D Readings at 1 Second and 1 5  Seconds 
Materials Aqed for 240  Days 

Kel-F 800 

Sylqard 184 

Q3-6527 

RTV 615 

t Aged 240 Days 1 

Discontinued 

A 58/68 i - 9  60/60 I A  65/65 1 A 63/63 

A 59/59 / A  6 o \ s g m i  58/58 

( 3 )  Gel - Not Tested 

Lexan 123-111 

c -4  

Tenita 479 

CR-39 

I Plexiglas DR-61K 
I PlexiTias TI-811 

Discontinued 
-- 

r 
D 75/74 D 69/67 D 75/74 D 65/64 (1) 

( 2 )  D 59/57 (1) (1) ( 2 )  

Giscontinued 

3 69/67 D 67/65  D 69/67 D 8 O / i 8  ( 2 )  

D 73/70 D 73/71  I D  74/'72 1 Brittle (1) 
i 

A 66/66 

(1) Too brittle to test; degraded. 
(2) FlowedjDeformed; no tee.: 

(3) G e l  - 110 measurable surfsce hmincss 

* I I 
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c 

Yield Modulus E long ation Tensile 
Strength at Break Strength 
(psi) ( 7 0 )  at Break (X l o 5  psi) Material 

(psi) 

TABLE 2 5  

Kynar 460 

Halar 500 

Tefzel 280 

D 

6810 1.99 50 4750 

5030 2-23 175 6 O?c! 

4270 (a) 1.80 200 , 5380 

i 
i 

D 

FEP 100 

PFA 9705 

I 

2130 (a) 0.704 220 2800 

2000 (a) 0.532 150 2980 

Baseline Mechanical Properties 

Controls - Unaged 
Test Specification ASTM D- 1708 

Apparatus: Instron TM with Extensometer, 200:l 

Viton XHV 

Resin 81 (Kel-F 6060) 

I 
a 

340 LO 3 ~ s ~ ( Z O O ~ ~ ) ( ~  : 2430 39.5 

5690 1.72 130 5680 

Kel-F 800 

Sylgard 184 

Q3-6527 

? 

1260 0,232 ~ 1 1 1;:; 1 
(b) 586 psi(10001o) 

Gel - Requires special testing 

(b) 
10,000 

L 

389 psi( 100%)(cg 123 520 

3.33 16 7860 

Lexan 123- 11 1 

c - 4  

Tenite 474 
CR-39 

Plexiglas DR- 6 1 K 
Plexiglas V- 8 11 

~ 

I I Tedlar 20 I 5820 (a) I 3.60 I 120 i 12,100 

I 1 

8500 3-14 104 I 8160 

5320 1.67 49 5570 

3470 1.54 81 4 400 

(b ) 2,67 4 4940 

5630 2.20 17 5380 

4030 4. 18 5 j 9030 

i 

I 
(a) Pseudo yield point; approximation 
(b) No observable yield point 
( c )  Apparent Modulus - -  at  indicated elongation 

12-27 
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t 

Mate rial 

Kynar 460 

TABLE 26 

Strength 
-.t Break 

Yield Modulus 
Strength (x I O 5  ps i )  at Break  
(psi)  

185 
I 

6970 2.14 

I I 

Halar 500 

Tefzel 280 

FEP 100 

Mechanical P rope r t i e s  
Test Conditions: Weather-Caneter - 5S°C - 30 Days 

5030 

4530 (a) 

2030 (a) 

1940 (a) 

5860 (a) 

Tes t  Specification ASTM D-1708 
Apparatus: Instron TM with Extensometer ,  200:l 

2.10 

1.77 

0.707 
0.762 

2.22 

I 

205 6760 

26 3 6370 

285 2520 

230 2960 

175 11,050 

I (b) RTV 615 

Udel 1700 (b) 
Lexan 123-111 8920 

c-4 5480 

Tenite 475, 3770 

CR-39 b) 
Plexiglas DR-61K 5600 

Plexiglas V- 81 1 (b 1 

(‘1 152 46 0 277 psi(lOO7o) 
3.41 4 aooo 
3.88 32 7450 

2.43 85 5770 

1. 99 86 2760 

3.19 4 5630 

2,25 42 5410 

4.66 2 3170 

1 Viton AHV 

, 1 5::i Resin 81  (Kel-F 6060) 

K e l - F  800 2370 

I Sylgard 184 1 (b) 

1.95 I 190 I 5.795 
I 1240 I 26 0,884 

462 psi(9370)(~’  I 93 I 430 
~~~ ~~ ~~ ~ 

Gel - Requires special  testing I I 43-6527 

- ~ ~~ 

(a )  Pseudo yield point; apFroximation 
;b 1 No observable yield point 
( c )  Apparent Modulus - -  a t  indicated elongation 
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D 

Material 

Kynar 460 

? 

Yield Elongation Tensile 
Strength Modulus at Break Strength 

(psi) (x 105 psi) (%I at Break 
(psi) 

7410 2.21 100 4940 

I 

~ ~ ~ ~ ~ ~~ - - ~  ~ -~ - 

Tefze l280  4220 (a) 2 .-2 9 232 5740 

FEP 20 2080 (a) 0.733 250 2600 

PFA 9705 1760 (a) 0.68 290 3320 

Tedlar 20 5540 (a) 1.98 

Vito-i  AHV 314 94.5 psi(20070) (e: >2,950 no break 

Ream 81 (Kel -F  6060)' 5800 2.05 165 5520 

Kel-5 '  800 2420 0.649 70 1600 

185 10,600 

- 
r 

e 

( c )  I 115 903 

P 

RTV 615 

Udel 17CO 

I 

I 

(c)  175 42 4 

3890 3.35 20 7370 

(b 1 160 psi( 100%) 

I 

Lexan 123-111 9030 3.45 130 841 0 

c - 4  5380 2.09 90 5680 

Tenite 479 3730 1.74 90 41 10 

CR-39 5380 2.09 4 5680 

Plexiglas DR-61K 5790 2.41 60 5560 - -  

I 

I Plsxib-ts V-811 

TABLE27 

Mechanical Properties 
Test Conditions: Air Oven - 55OC - 30 Days 

(b) 4.50 3 9130 

Test Specification ASTM D- 1708 
Apparatus: Instron TM with Extensometer, 200:l 

I Halar 500-  I 5037 1 2.18 1 253 I 6840 

I Q3-6527 I Gel - Requires special testing 

- 3- - - ~~ ~~ 

*! 'zeudo yield point; approximation 
-I 9':servable yield point 

3 t.arent Modulus - -  a t  indicated elongation 
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I 

Yield 
Strength 

(psi)  

I 
'p 

I 
Elongation Tensile 

Modulus at Break  Strength 
(x 105 ps i )  (70) at Break  

(Psi) I 

TABLE 28 

Mechanical P rope  A t. ies 
Test Conditions: Air Oven - 100°C - 30 Days 

Halar  500 

Tefzel 280 

FEP 100 

Test Specification ASTM D-1708 
Apparatus: Instron TM with Extensometer ,  200:l 

4720 2.25 235 6400 

4270 (a) 1.70 288 6180 

2080 (a) 1.02 310 2860 

Mate rial 

PFA 9705 1.31 

Tedlar  20 2.07 

~~ ~ ~ 

2 45 2813 

175 10,700 

Kynar 460 I 7240 I 2.25 I 50 1 4440 I 

Viton AHV 
Resin 81 (Kel-F 6060: 

~ ~ 

557 112 psi(2006J0) (c) 2 2 , 4 4 0  1317 

5240 1.99 125 4900 

Sylgard 184 1110 7 5 8 psi ( 1 0 0% (b) 
I 

43-6527 

RTV 615 

Udel 1700 

Lexan 123- 11 1 

c - 4  

Tenite 479 

CR-39 

Plexiglas DR- 6 1K 

Plexiglas V-811 

Gel  - Requires  special  testing 

(c: 115 348 (b) 248 psi(  100%) 
10,800 3.65 10 7990 

j ,  400 3.32 30 7830 

5920 2.11 55 5450 

5420 2.06 60 5 590 

(b) 3.10 1 1050 

5600 2.32 3G 5420 

(b 1 4.35 3 ' 8330 

! 

I 
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I 

Yield Elongation Tensi le  Modulus 
(X lo5  ps i )  

Mate r i a  1 Strength at Break  St rengtI: 
(70  1 at Break  (psi)  

(psi  1 
Kynar 460 7130 2.13 170 5310 

Halar  500 5170 2.26 230 5920 

Tefzel  280 4740 (a) 1.76 2 40 5900 

FEP 100 2100 (a)  0.774 2 90 2750 

1 

Viton AHV 

i 

350 176 psi(ZOO%) ( C )  IS, 610 37.6 

I 

K e l - F  800 

Sylgard 184 

Q3-6527 

R T V  615 

Udel 1700 

Lexan 123-111 

TABLE 29 

Mechanical P rope r t i e s  
Test Conditions: Rs-4 - 55OC - 30 Days 

1680 

(C) 150 832 
I 

2680 1 . 5 5  60 
I 

. (b) 311 psi(lOO%) 
Gel  - Requires special  testing 

(b 1 202 psi(100%/ ') 190 610 
7510 3.62 9 7937 

9460 3.44 120 8070 

Tes t  Specification ASTM D-1708 
Apparatus: Instron TM with Extensometer ,  200:l 

c-4 

Tenite 479 

D 

5600 2.83 40 5150 

3560 1.60 70 3780 

CR- 3 9 

Plexiglas DR-61K 

2.23 i 190 I 11,130 I I Tedlar  20 I 5850 (a) I 

~ ~~ ~ 

(b) 3.31 4 6120 

6090 2.47 30 5760 - 
Plexiglas V - 8 1 1 , (b) I 4.57 

f I Resin 81 (Kel-F 6060) I 5660 1 1.77 I 157 1 5500 I 

2 1 7960 

e 

(a) Pseudo yield point; approximation 
(b 1 No observable yield point 
( C )  Apparent h".dulus - -  a t  indicated elongation 
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I 

- 
Yield Elongation Tensile 

Mate r i a l  Strength Modulus at Break  Strength 
(psi)  (x 105 ps i )  (70 1 at Break  

(psi)  

Kynar 460 7170 2.34 25 5800 

Halar 500 4990 2.07 22 0 5780 

Tefzel 380 4820 (a) 1.85 25 4650 

FEP 100 2160 (a) 1.00 330 3060 

P F A  9705 1950 (a) 0.737 275 3460 

Tedlar  20 (b) Broken 15 2380 

Viton AHV 460 83.5 psi(20070) (C)  2160 65 

Resin 81 ( K e l - F  6060) 6010 2.03 162 5440 

- 

I 

K e l - F  800 

Sylgard i84 

Q3-6 527 

I 

Flowed - no t e s t  

(b ) 575 psi(6570) (c )  65 374 

G e l  - Requires  special  Testing 

t 

L 
RTV 615 (b) 514 psi(lOO%)( 100 494 C )  

Udel 1700 (b) 4.02 6 10,100 

Lexan i23- 11 1 10,600 3.31 12 9550 

I 

c-4 (b) 

I "  

I 

2.22 psi(20074 (c  1 c 1  72 7 

TABLE 30 

Tenite 479 

CR-39 

Plexiglas DR-61K 

Plexiglas V-811 

Mechanical Prope  rtie s 
Test  Conditions: RS-4, - 100'C - 30 days 

Flowed - no test 

(h) 3.02 2 3880 

C 800 2.42 8 4960 

(b 1 4.37 1 31 d0 

Test  Specification ASTM D-1708 
Apparatus: Instron TM with Extensometer ,  200:l 

~~ ~~~~ 

(a) Pseudo yield point; approximation 
(b 1 No observable yield point 
( C )  Apparent Modulus - -  a t  indicated elongation 

i 

12-32 

1 
f 

/ 

4 

I 



t 

Kynar 460 

I 

E lung ation Tensile Yield Modulus 
at Break Strength 

(psi) (70) at Break 

7210 2.45 I 170 546 0 

(x 105 psi) Strength 

(psi) - 

TABLE 31 

Halar 500 

Tefzel 280 

Me c hanic a1 Pr ope rtie s 
Test Conditions: Weather-Cmeter - 55OC - 60 Days 

4960 2.29 215 6060 

4230 (a) 1.77 310 66bO 

Test Specification ASTM D- 1708 
Apparatus: Instron TM with Extensometer, 200:l 

PFA 9705 

Tedlar 20 

1 
rp 

1850 (a) 0.691 265 2980 

5710 (a) 2.48 175 10,500 

Mate rial 

Viton AHV 
L 

no break 433 90 psi (20~0: >2950 
Resin 81 (Kel-F 6060) 5490 

Kel-F 800 2610 

I FEP 100 I 2020 (a) I 1.05 I 250 I 2340 

1.95 1 ' 0  5200 

1.05 80 1540 
I 

Sylgard 184 (b 1 
I I 

C) 
638psiflOWd 95 576 

c) RTV 615 (b) 295 psi 000,' 
Udel 1700 (b 1 3.40 

180 647 

4 5300 

Lexan 123-111 

c-4 

Tenite 479) 

CR-39 

Plexiglas DR- 6 1 K 

Plexiglzs V-811 

8680 3.33 12 7160 

5620 2.31 80 5800 

3770 1.79 25 3200 

(b) 3.22 4 5315 

5710 2.45 20 5260 

(b) 4.81 4 7480 - 

i 
12-33 
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TABLE 32 

Halar 500 

Tefzel 2"O 

FEP 100 

P F A  9705 

Mechanical Prope  rtie s 

Tes t  Conditions: Air Oven - 55OC - 60 Days 

5280 

4450 (a) 

000 (a) 

1880 (a) 

- 
Test  Specification &TIM D- 1705 

Apparatus: Instron TM with ExtensQmeter ,  200:l 

2.53 

2.21 

I I I 

260 7290 

250 5620 

I Kynar 460 I 7350 

0.730 

0.713 

1.97 

112 psi (200%)") 
2.17 

i 

320 3060 

2 80 3350 

185 11,900 

> 2295 68.9 

150 6250 

(CI 
(b) 441 psi  (lOO'?'d Sylgard 184 

Tedlar  20 '.140 (a) 

4 

105 517 

2.36 I 6o 

. 
03-6527 

RTV 615 

Udel 1700 

Lexan 123-111 

c - 4  

Tenite 479 

CR-39 

Plexiglas DR-61K 

Plexiglas V-811 
I 

Gel  - Requires special  tes t ing 

(b 1 224psi  ( 1 0 0 ~ 4 ( ~ 1  150 532 
10,400 3.65 40 6910 - 

9460 3.50 6- 8040 

5680 2.37 80 5790 

3960 1.75 70 3 840 

(b 1 3.08 4 5 740 

5630 2.43 35 ! 5310 

(b ) 4.66 4 842 0 

--- 

1 Kel-F-800 I 2450 I 1.19 ! 130 I 1790 I 

E 

L 

12-34 
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? 
i 

Elongation 
at Break 

Yield Modulus 
Mate r i a  1 Strength 

I 

Tensi le  
Strength 
a t  Break  

TABLE 33 

r 

I lo5 psi’ 
(psi)  

I 

(Yo 1 I (ps i )  

Mechanical P rope r t i e s  
Tes t  Conditions: Air Oven - 100°C - 60 Days 

~~ ~ - ~~ ~ ~- 

Kynar 460 7507 2.23 30 4873 

Halar 500 4900 2.26 205 6020 

Tefzel 280 4520 (a) 1.83 230 5770 

t 

Viton AHV 

Resin 81 (Kel-F 6060) 

Kel-F 800 

Tes t  Specification ASTM D- 1708 
Apparatus: Instron TM with Extensometer ,  LOO: 1 

76 I 90 psi (2007‘d (c) 1 1605 6 52 

5729 ! 2.11 150 5430 
I -.. 

I 
.-I-. ‘ 

Flowed - no test 

Sy lg a r d ( C )  90 456 I 101 ps i  (1007’0) 

I FEP 100 I 2100 (a)  I 0.808 I 285 I 2860 

( C )  

I P F A 9 7 0 5  I 2030 (a )  I 0.757 I 315 I 3920 

115 I 590 

I Tedlar  20 1 6440 (a)  I 2.36 I 190 1 12,300 

Lexan 123-111 L=-L 10,900 I 3.94 3.53 

Udel 1700 

c - 4  6230 2.41 

20* 10 10,177 

30 5590 

Tenite 479 1 5600 

CR-39 (b) 

Plexiglas DR-61K 5790 

Plexiglas V-811 (b) 

2.08 55 5760 

1.99 1 971 

2.36 30 5540 

4.44 3 7819 

- 
-. 1 

V 

P 

I 

12-35 
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_ _  

T Yield ~ 

(psi)  
Ma 2 r ial Strength 

Kynar 460 7320 

TABLE 34 

~ ~~ 

- I  - 

Modulus 
St rt-rgth 
at Break  (x 105 psi) 

2.36 170 5500 

I 

Tefzei 280 t-- FEP 100 

t 

4460 (a) 2.07 255 

2080 (a) 0.791 31C I 

Mechanical P rope r t i e s  

Test Conditions: Rs-4 - 55OC - 60 Days 

I T-dtar  20 

Tes t  Specification Ac ,'M D-1-8' 3 
Apparatus: Instron > M  with Extensometer ,  200:l 

6000 (a) 2.21 

Y. 

I 180 19,300 

1 2.33 I 230 I 6390 I I Halar  500 1 5060 

Resin 81 (Kel-F 6060) I 5380 

Kel-F 800 2440 

1.92 175 542 0 

1.05 60 1580 

I I P F A  9705 I 1920 (a) I 0.31 I 230 I 2850 

! 2 7 * 5  - I ?2640 
91 psi (20070) 

I Q3-6527 I G e l  - Requires  special  tes t ing I 
i I 

3.63 8 8370 

3.60 12  7950 

2.41 25 5000 

1.75 2 2350 
-- 

CR.-39 ' I (b) 
Plexiglas DR-61K 5790 2.38 I 1 
Plexiglas  V-811 (b 1 4.81 6040 I 

LI 

1 I 

(ai Pseudo yield point; approximation 
(b 1 No observable yield poinl 
(c)  Apparent Modulus - -  a t  indicated elongation 
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Yield 

(psi)  (x 105 psi) 
Streny'h Modulus I 

I 

-_c 

Kynar  460 . 7603 2.38  

Elongation Tensi le  
at Break  1 Strength 
(40) at Break  

(PS ii 
30 4000 I 

1 Halar 530 5100 2.33 1 265 5920 I 

?;E? 100 2130 (a) 0.861 

PFA 9705 2050 (a) 0.730 

295 I 2950 

325 3950 
I 

Tedlar  20 Broke 

! 
Viton AHV 
R e s &  81. ( K e l - F  6060) 

Kel-F 800 

1 >2180 I 266 

6060 2 .14  130 5310 
94 psi (20@7d 532 

I Flowed - no test 

U a e l  1700 

Lexan 123-111 

c-4 

(b i 3.61 6 I 9430 

9950 3 .74  7 9950 

I3 roke 
I 

CR-39 

Plexiglas DR- b 1K 

Plexiglas V- 8 1 1 

c 

k 

(b! I 3.30  2 j 2560  
I -- I 

- De g r aded 

Deg r aded 

TABLE 35 

Mechanical P ro2e r t i e  s 

Test  Cmditions:  RS-4 - 100°C - 60 Days 

- 
Tesi  Specifkat ion ASTM D-1708 

&par -+ .s: Instron T X  with Extensometer ,  2GO:l 

x -  

. -  
i 

t 

h 

Y 

I Broke I I I Tc L e l  280 
i 

L 

: c  

'. 
8 
1 

i r 

i 
i ~~ ~~ 

(4 57  si lOOc'/d I Sylgard 1 8 4  ~ 

1 43-6527 I Gel - Requires  special  testing i' .. 

, t: 

1 Melted/Degraded I 1 Tecite 479 

i- 

+ 
? 8 (a) Pseudo yield point; approximation 

(b 1 No observable y k i d  point 
A?parent Moduli :~ - - a t  indicated elongation 

12-37 
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J P L  954527 

# 
k 

I 
' I  

TABLE 36 

Mechanical P r c per ti e s 

Test  Specificatior ASTM D-1708 

Test  Conditions: Weather-Ometer - 5SoC, 120 Days 

Apparatus: Ins'rron TM With Extensometer, 200:l 

+ 
E locga tion Tensile 

Streng'h 
at Break 

(psi 1 
150 5250 

2 35 6790 

245 5920 

32 5 3000 I 

at  Break 
(oil 

2 15 2 660 

175 10,300 

>3000 no break 

170 5540 

68 1280 

9 5  557 

{a) 
(b) No observable y-ie!d 2ojP.t 
(c) 

Pseudo yield poizt; LFFZ .>ximation 

Apparent Modulus - -  itt indicated elongation 

I .  
i 

a ;  
f 

L 

1 

., 

.. 
? 

12-38 
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JPL 954527 

TABLE 37 

Mechanical P rope r t i e s  

T e s t  Specification ASTM D-1708 
T e s t  Conditions: Air Oven - 55'C, 120 Days 

Apparatus:  Instron TM With Extensometer ,  200:1 

Yield 
Modulus 

s t r eng th  ( x 105 psi)  I (psi)  
Re s in  

n 

K y n a r  460 7790 2.40 

Halar  500 5480 2.34 

Tefzel  280 I 4220 I 1.72 

FEP 100 1860 (a) 0.705 

PFA 9725 1870 0.715 
_______ ~-~ ~ 

Ted la r  20 - 6080 2.19 

Viton AHV 5 74 

Resin 87 ( K e l - F  6060) 5 980 2.09 

I 

K e l - F  800 I 2220 I 1.07 

Tensi le  
Strength 
at Break  (70) 

(psi 1 
165 5410 

2 30 6990 

Elongation 
at Break 

210 1 5480 I 
2 37 I 2297 I 
325 I 3890 I 
175 11,700 

2 140 24 3 

175 5940 

60 1320 
80 I 457 I 

43-6527 

RTV 615 (b) 211  psi(^^^@ 155 491 

Udel 1700 10,900 3.83 20  8090 

Gel  - Requires  special  testing 

Lexan 123-111 T 9 2 9 0  3.67 I 100 1 8350 1 
~~ ~ 

c - 4  ~ I 5  5 10  2.23 100 6080 

Tenite 479 42 80 1.95 85 4610 

CR-39 (b) I 3.42 4 5750 

PJexiglas DR-61K I 5800 I 2.48 I 40 I 5430 I 
~p 

Plexiglas V-811 1 (b) 1 4.35 1 3 I 8400 I 
(a) Pseudo y i e l l  point; approximation 
(b) No observable yield point 

(c )  Apparent Modulus - -  at  indicated elongation 

12-39 



~~ ~ 

Tefzel 280 

FEP 100 

FFA 9705 
Tedlar 2 0  

481U (a) 2.09 

1990 (a) 800 

1980 0.781 
6010 (a) 1.95 

Viton AHV 

Resin 81 ( K e l - F  6060) 
8370 =psi  (m%) 
5 740 2.08 

Kel-r" 800 

Sylgard 184 

Flokred - no test 

(I) k19 p& (lW,!o) ('' 1 85 1 52 7 

RTV 615 

Udel 1730 

~ ~~ ~ ~~ 

(b) 642 psi@Td (c) 
.10,300 3.60 

Lexan 123-111 1 10,409 

c-4 I 6150 

3.64 

2.25 

110 
10 

12 

55 

- 
688 

8720 

8720 

5550. 

Plexiglas V - 8 1 1 (b) 4.42 

--- .~ 1 -..-- 
J P L  954527 

TABLE 38 

Mechanical Properhes 

Test  Specification ASTM D- 1708 
Test  Conditions: Air Oven - 10C°C, 120 Days 

Apparatus: Instron TM With  Extensometer, 200:l 

t 

I 
i 

= \  Tensile 
Strength 
at Break 

(Psi 1 
4980 

7660 

Elongation 
at  Break 

(70) 

I K p a r  460 I 7150 I 2.55 35 

I Xalar 500 1 5360 I 2.53 2 65 

245 642 0 

2 a5 2660 

2 65 
175 

3310 
11,000 

1370 8430 

170 5460 

~ -- 1 Gel - Xequires special testing Q3-6527 

Tenite 479 i Melted / I  

25 1 5370 I 
3 I 7730 - 1  

(a) Pseudo yield point; approximation 
(b) KO observable yield point 
( e )  Apparent modulus - -  at  indicated elongation 

a 
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TABLE 39 

M echani c a l  F roper  ti e s 
Test Conditions: RS-4 - 55"C, 120 Days 

Test Specification ASTM D-1708 
Apparatus: Ins t ron  TM With Extensometer ,  200:l 

Resin 
Yield Elongation 
S tr ength a t  Break Modulus 

( x 105 psi) (70) I (ps i )  
I I I 

Kynar 260 I 7350 I 2.80 I 130 

Halar 500 I 4920 I 2.37 I 230 

Tefze l  280 4700 2.19 2 90 

FEP 100 2210 la)  0.867 285 

Tens i le  
Strength 
a t  Break 

(ps i )  
6000 

' 
6320 

6860 

~ -3050 

1 2850 

Udel 1700 i 9950 I 4.06 I 8 

I 9570 I 3.84 I 17 I 7540 I Lexan 123-111 
~ ~ ~~ ~~ 

c-4 5830 2.52 16 5000 1 
Tenite 479 Me1 ted /De graded 

CR-39 cb) I 3.77 I 5 I 6880 

Plexiglas  DR-6 1K 2.66 5 4530 

Plexiglas  V - 8 1 1 4.57 2 6040 

(a) Pseudo yield point; approximation 
(b) No observable yield point 
f:) Apparent Modulus - -  at indicated elongation 
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1 

I 

? 

(b) 192 pd (5070) (' 65 

(b) 3.87 4 

J P L  954527 

3 35 

7370 

TABLE -- 40 

Mechanical P rope r  ties 

T e s t  Specification ASTM L) - 1708 
T e s t  Conditions: E - 4  - lOC';C, 120 Days 

Apparatus:  Instron TM With Extensometer ,  2OO:l 

Re s in  

Kynar 460 

Halar  500 

Tefze l  280 

FEP 100 

P F A  9705 

Tedlar  20 

Viton AHV 

Resin 81 ( K e l - F  6060) 

K e l - F  800 

Sylgard 1S4 

RTV 615 

Udel 1700 

-- 

-- 

Q3-6527 

r- __-  

Lexan 123-111 

c - 4  

Tenite 479 

CR-39 

Plexiglas DR-6 LK 

Plexiglas V -8 1 1 

Tens i le  
Strength 
at Break  

(psi 1 

Yield Elongation 
strength at Break Modulus 

( x 105 ps i )  (70) (psi)  
~ ~~ ~ 

7110 2.17 30 6150 

5200 2.41 165 4260 

(e)  (e1 (e 1 (e) 

2080 0.85 2 95 2820 

1990 (a) I 0.803 I 270 I 3190 
Broken 

716 676 
6220 2.31 55 

8510 I 3.23 I 6 I 8470 

Degraded 

Denraded 

I I 28.70 

~ ~ ~~ 

3.18 2 

Degr a t z d  

Degraded 

(a) Pseudo yield goint; approximation 
(b) No observable yield point 
( C )  Xpparaot ,Modulus - -  at indicated elongation 
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t 

I 

Kynar 4 6 0 
Halar 500 
Tefzel 280 
FEP 100 
PFA 9705 
Tedlar 20 

z 

I .- 
Discontinued 

5140 2 . 2 7  255  6900  
Discontinued 

1883 0 . 7 3 9  312  2700 
1888 (a) 0 . 5 2 5  238 2855 

I 

5821. (a)( 2 . 0 1  172 10,150 

I‘ 

Viton AHV 

t : 8  

L I 

397 93  psi L€) 2267 9 3  
200% E 

5 
r. 
& .  

03-6527 

RTV 615 

I. 

I I 

Gel - Requires Special Testing 
(C) 

(b) 355 psi at 1 3 3  560 
100% E 

,I 

Udel 1700 
Lexan 123-111 
- 

I c 

Discontinued 
Discontinued 

TABLE 41 

c- 4 

Tenite 479 
CR- 3 9 
Plexiglas DR-61K 

Mechaaical Properties 

Test Specification ASW D-1708 
Apparatus: Instron TM with Extensometer, 200:l 

Test Conditions: Weather-Ometer - 5SoC, 240 Days 

5636 I 2 . 4 5  21 I . 5064 

Discontinued 
Discontinued 

2 . 4 7  4 

I 

I 1 t 3208 

Res in 

Plexiglas V-811 (b) 1 

Mod2lus 
(x 10- psi) 

Yieid 

(psi) 

4 . 5 7  2 7200 I 

Elongation 
at Break 

( a )  

Tensile 
Strength 
at Break 
(psi) 

I I 1 

I 2 . 0  I 1 6 5  I 5480 Resin 81(Kel-F 6060)  I 5675 

Kel-F 800 Discontinued 

Sylgard 184 
t I (c) I I 

88 I 468 i I (b) 352 psi at I 50% E 

1- 
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TABLE 42 

Mechanical Properties 
Test Conditions: Air Oven - 5SoC, 2 4 @  Dais 

Test Specification ASTM D-1703 
Apparatus: Instron TM with Extensometer, 20O:l 

r 
Tensile Yield 

(psi) 
.Resin Strength 

Kynar 4 6 0 Discontinued 
H a k r  5 0 0 
Tefzel 380 Discontinued 

FEP 100 2036 ( 0.66 308 2972 a) 

PFA 9705 1889 (a! 0.63 290 3330 

Tedlar 20 6038 ( 2.12 171 11,515 a) 

I 

5322 2.16 1 241 1 6879 

I I I I -- 
I I ( c )  I I 

Viton AHV 104 psi at 1 2085 I 41.1 I 467 I 200% E 
I I 

Resin 81 (Kel-F 6060) 5658 1.81 170 5588 
Kel-F 800 Discontinued 

I 
( C )  

Sylgard 184 241 p s i  at 50 14 8 
50% E 

~~~ 

43-6527 Gel - Requires Special Testing 
(C) 

RTV 615 fb) 272 psi at 138 474 
100% E 
Discontinued Udel 1700 

Lexan 123-111 Discontinued 
- 

c- 4 5473 I 2.16 I 69 I 5535 
I 4069 I 1.69 I 86 I 4155 

Discontinued I CR- 3 9 

Plexiglas DR-61R 5943 38 40 5496 

Plexiglas V-811 (b) 4.18 1 8309 

(a) Pseudo yield point: approximation 
(b) No obsenra: le yield point 
(c) Apparent modulus at indicated elongation 
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B 

8 

8 

8 

8 

t 

8 

Mod l u s  
(x 10 psi) !! Strength 

(psi) 

TABLE 43 

Tensiv 

(psi) 

Strength 

( % I  at Break at Break 

1 

Kynar 460 

Halar 500 

Mechanical Properties 

Test Specification ASTM D-1708 
Apparatus: Instron TM with Extensometer, 200:l 

Test Conditions: A i r  Oven -- 100°C, 240 Days 

I I I 

Discontinued 

4957 1 2.25 I 225 1 6603 

Resin 

Tefzel 380 

FEP 100 

PFA 9705 

Tedlar 20 

Viton ABV 

Resin 81 (Kel-F 6060) 

1 

Kcl -F  800 

Sylgard 184 

Discontinued 

2138 (a) 0.83 229 2892 

1980 0.69 318 3810 

6303 2.26 171 10 , 475 
(cl 

1074 105 psi at 1368 998 

5650 1.78 151 5459 
Discontinued 

(CJ 

(a) 

(a) 

200% E 

(b) 397 psi at 87 643 
I 50% E 

93-6527 

RTV 615 

Udel 1700 

Lexan 123-111 
c- 4 
Tenite 479 

~~ ~~ ~~ 

G e l  - Requires Special Testing 
(b) 505 psi aV) 98 475 

100% E 
Discontinued 
Discontinued 

6070 2.06 45 5459 I I 
Broken/Degraded 
Discontinued 

~ 

Plexiglas V-811 (b) 1 4.11 1 7779 1 
(a)  Pseudo yield point; approximation 
(b) No observable yield point 
( c )  Apparent modulus at indicated elongation 
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c 

Resin 

-- 
Kynar 4 6 0 

Halar 500 

Tefzel 380 

FEP 100 

PFA 9705 

Tedlar 20 

Viton AHV 

Resin 81 (Ktl-F 606C.) 
Xel-F 800 

Sylgard 184 

Q3-6527 

RTV 615 

Udel 1700 

i" 

Tensile Yield maulus Elongation Strength 
(x 105 psi) at Break at Break 

(psi) 
Strength 

(psi) (8) 

Discontinued 

I I 234 I 6653 . 5233 2.23 

2060 la) 
(a) 

1892 
(a) 

6108 

548 

6164 

I (C) 
(b) 415 psi at 87 554 

50% E 

Gel - Requires Special 'Zesting 
C 

(b) 348 psi it' 390 627 
100% E 
Discontinued 

TABLE 44 

0.61 1 268 - 

Mechaniczl Properties 
Test Conditions: Rs-4 Sunlamp - 5S0C, 240 Days 

Test Specification ASTM D-1708 
Apparatus: Instron TM with Extensometer, 20O:l 

3053 . 

(C) 
85 p s i  at 
200% E 

Discontinued 
I 1 

1940 32 

0.71 265 2510 

~ 

Lexan 123-111 
c- 4 
Tenite 479 
CR-39 

Plexiglas DR-61X 

Plevlglas V-811 

~ 

Discontinued 
5763 2.4 14 3228 

BrokenIDegraded 
Discontinued 

1 I 

(b) 2.09 1 1525 

(bl 3.26 1.5 2961 
* 

I 7149 -- 2.23 89 

1.87 1 154 I 5763 
Discontit ~ u e d  
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r .  

Yield 
Stren?th Resin 

(PSI) 

f 

Tensile Elongation Strength 
(x 105 psi) at Break at Break 

(psi) ($1 
Modulus 

- 

Kynar 460 
Halar 500 
Tefzel 280 

FEP 100 

PFA 9705 

d 

Discontinued 

Discontinued 

2070 ( 0.84 318 3089 

2035 0.65 301 3608 

(b) I 4.8 1 3 I 3730 

a) 

(a) 

-- TABLE 45 

Viton AHV 

Mechanical Properties 
Test Conditions: 

Test Specification ASTM D-1708 
Apparatus: Instron TM w i t h  Extensometer, 200:l 

RS-4 Sunlamp - 100°C, 240 Days 

(C) 
244 69 psi at 2342 106 

200% E 
Resin 81 (Kel-F 6060) 

Kel-F 800 
Sylgard 184 

6446 2.25 45 5188 

Discontinued 
Degraded 

I I 

Tedlar 20 I Broken/Degraded 

R'iV 615 

- 
(b) 421 psi at 540 

50% E 
Udel 1700 

Lexan 123-111 

43-6527 

Discontinued 

Discontinued 

Gel - Requires Special Testing 

I 1 

Plexiglas V-811 Broken/Degraded I 

~ 

c- 4 
~- ~ 

Broken/Degraded 
~ ~ ~ 

I 

~~ 

Tenite 479 i--- ~ Helted/Degraded 
CR-39 Discontinued 
~ ~~~ 

Plexiglas DR-61K I Melted/Degcaded I 

(a) Pseudo yield poin t ;  approximation 
[b) Yo observable yield point 
(c) Apparent modulus at indicated loqgation 
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FEP 100 . 

PFJ. 9705 

Tedlar 20 
- 

2260 (a) I 0.873 320 3270 

2 l u 3  (a) 0.721 2 75 3450 

6760 (a) None 125 7 540 

~~~ ~ 

c-4 

Tenite 479 

CR- 39 

1 

5 730 2 42 15 4990 

(c) ( c )  ( c )  (c) 
(b) 3.40 < I  1530 

Plexiglas DR-6 1K (b) 2.42 < I  1810 

TABLE 46 

Mechanical Properties 

Test Specification ASTM D- 1708 

--- 

Test Conditions: RS-4 - 5SoC, 30 Days, 70% Humidity 

Apparatus: Ins%m TM Wit.; Zxtensometer, 200:l 

Tensile 
Strength 
at  Break 

(psi 1 

E 1 onga ti on 
a t  Break 

I 
Modulus 

i x 105 psi) (70) 
-- 

I Yield 
Re sin Strength 

(psi 1 

Kynar 460 7680 2.59 25- 3950 

Halar 500 5490 2.55 2 10 6210 

Tefzel 280 4660 (a )  1.92 2 65 6710 

RTV 615 

(a) Pseudo yield point; approximatior 
(b) No observable yield point 
( c )  Specimen broke/degraded 
(d) Specimen melted /flowed 
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I Yield Modulus Elongation Tensile 
Resin Strengh !x 105 psi) at Break Strength 

(psi) (%I at Break 
(psi) 

Kynar 460 7750 2.56 35 442 5 

Halar 500 5320 2.27 230 6260 
L 

I 

Hardness 
ASTM-D2240 

D62 160 

D67/65 

a 
-- 4' 

r 

FEP 100 2150 (a) 0.892 320 ! 3460 

FPA 9705 1950 (a) 0.786 2 80 I 3150 

I 

TABLE d -  

Mechanical Froperti . q  

Couditjon: RS-4 70% RH Temp. :55'C Time: 90 days 

D52 149 

D51/49 

I 

Viton AHV 49 0 170 psi  >2800 

Resin 81 (KeLF 6060) 5680 1.97 150 

100% 

s 

Test Specification MTM D-1708 
Apparatus: Iastron TM With Extensometer, 2OO:l 

no 
break A61!6! 

5180 D69/67 

i 16Q 109% 

315 psi 150 670 
looyo 

RTV 6'5 

3.88 6 9900 Udel 1700 

Lexan 123-111 (b 1 3.40 6 9380 

c-4 5950 2.68 I t  4770 

(b ) 

(b) 
c 

A60/60 

D77/76 

D71/70 

D76 175 

Tenite 479 - Me It / Flowed - - 
3.32 1 1-89/88 

3.26 '7 j 5030 I D67i65 , t 
I 4 - CR-39 b) 
Plexrglas DR-61K - - Broken - - 

1 \b) 
Plexiglas V-811 



, c  

I 
t f  

i 
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TABLE 49 

Resin 

K y a u  460 
H d a r  500 

Fungus Attack According to  ASTM G-21 
21-Day Exposure 

Rating 

2 

2 

b 

Tefzc l280  
FEP 100 
P F A  9705 

D 2 

1 
2 

-~ ~ ~ ~ ~ 

Tedlar 2 0  2 

Viton AHV 2 

Resin 81 (Kel-F 6060) 2 

a 

- - ~ - 

- 1  4 
~~ 

RTV 615 

Udel 1700 3 

Lexan 123- i ?  1 2 

c-4 1 

Terite 479 4 

e 

I 2 I Kel-F  800 

1 Sylgard 184 I 2 

1 43-6527 I 2 

I 1 CR-39 

I 2 I 1 Plexiglas DR-61K 

-~ - 1  2 I Plexiglas V-811 1 
- ~- ~ -~ - 

(a) Observed Growth on S,pecimens: Rating 

None 0 
Trace  of growth (less than lO'$u) 1 
Light growth (10-30%) 2 
Medium growth (30-60s)  3 
Heavy growth (60% to  complete coverage)  4 
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TABLE 50 
So i l  Accumulation Study 

Severely Affected Materials - 
45O south Mounting - ~nfield, Connecticut 

Reference 

Control (total transmittance) 

Transmittance, Percent 

Viton Sylgard RTV 
AHV 184 615 

83 1 78 82 

(350-800 

- 

Two-month percent of control 

Four-month percent of control 

86 84 78 

83 39 I 62 

'-2-52 

Six-month percent of control 80 1 8 1  58 

'7 - i 



I I I 

Resin 

TABLE 5 1  

96 Of Transmission Control 
st Value 

Soil Accumulation Test 
6- Month Outdoor Exposure 

. Optical Transmirsion(') > 

I 4% 84 

FEP 100 

PFA 9705 

Tedlar 20 

IHaLar 500 I 79 i 97 I 

79 94 
83 95 

66 73 

lTefzelt80 1 79 I 112 I 

Resin 81 (Kel-F 606F) 

K&F 800 

Sylgard 184 

Q3 - 6 5 2 7 
RTV 615 

Udel 1700 

L ~ r a n  123-111 

79 99 

88 106 

63 

I 
I 81 

no tei:t 

47 . 58 

57 67 
86 98 . 

Viton AHV I 67 I 81 I 

c-4 I 90 99 

Tenite 479 

CR-39 
Plexiglas DR- 4 1 K 

Plexiglas V- 81 1 

(a) 350-800 nxn integrated transmittance normalized to 
solar spectrwn 

~ ~~ 

87 96 

92 i 00 
88 96 

89 97 



. I ,  

43-6527 

RTV 615 

Udel 1700 
Lexan 12" 111 

c - 4  

Tenite 479 

4 
I 

(b) 
(a) 

68 

04 
90 

79 

TABLE 52 

Abrasion Resistance 
ASTM Method D673tC) 

'Mar Resistance of Plastics" 

'.'his method uses a falling stream of 80 mesh silicon carbide 
grit to abrade the test specimen mounted at 45O. The effects 
alae meaeured with a Gardner Glossmeter and a Bausch & 
Ltvnb 505 visible spectrophotometer. 

----. 

Glos smeter Readings 
% Reflectance 

Mia ttrial 
Grams of Abrasive 

1 200 1000 - 
Kynar 4.,;0 

Hdar  54 0 

Tefzel t 10 

FEP 100 

PFA 9705 

Tedlzv 2C 

Viton AHV 
b S b  81 (Rel-F 6 0 6 ~ )  
Kel-F 800 

Sylgard 184 

-- 
91 
63 

86 

79 

74 

89 

(4 
66 
51 

(4 
(a) 
(a) 

54 
61 
79 
63 

84 
72 
7: 

2000 

80 

53 

79 

72 

72 

75 

(4 
44 
44 

(4 
(b) 

(4 
43 
52 
7 .  
I A  

52 

79 
62 

64 

Optical Traasmis sion 
(5 Transmittance: 

350-800 em) 

Control 

57 

81 

70 

84 

87 

90 

83 

ao 
83 

78 
(b) 

82 

85 

88 

91 

91 

02 

90 i 92 

(a; 
(b) 
i s )  Eighty-merh silicon carbide gr i t  

Abrasive grit adheres to surfaca; no ncasuranient 
Gel - not amaaable to testing; no resistance 

12-54 

After 
Final 

Abrasion 

40 

46 

48 

52 

73 

70 

(4 
68 
'PO 

(4 
(b) 

(a) 

57 
75 
74 

67 

90 
64 

a7 
I 

9t of 
Control 

70 

56 

68 

61 

83 

77 

(4 
85 

84 

(a) 
(b) 

(4 
67 
85 

81 

73 

97 
71 
94 

I 

1 -  
! 



e 

i 8  
I 
I 
I 
I 

' a  
i 

I 

TALLE 53 

Refractive Index 

(Based on Sodium D Line) 

Glass Traneition Temprature (Tg) 

Kynar 460 

Halar 500 
Tefzel280 

FEF 100 
PFA 9705 
T e d h  20 

Viton AHV 

Resin 81 (Kel-F 6060) 

Kei-F 800 

Sylgard 184 

RTV 615 
-72%' 1700 

43-6527 

Lc;;tn 123- 11 1 

c - 4  

Tenite 479 
GPb-39 
Pledglaa DR-6lK 

Plexiglas V- 81 1 

20 - nd 

1.42 

1.447 
1.40 

1.34 
1.35 
1.46 
1.370 
1.435 

1.435 

1.43 
1.435 
1.43 

1.63 
1.586 
1.46 

1.48 
1.50 

1*54 

1.50 

Reference 

- 3'1 

- 64 
- 51 

+ 90 
+ 85 - 20 

- 14 

+ 52 

- 10 

- 123 - 123 
- 123 

+190 
+150 

tk25 
+138 

t130 
+loo  
+114 

(a) 

(b) 

( c )  Supplier's information 

Physical Cbnstants ofLinear Hxnopokfmers .. 0. Griffin Lewis 
Springer-Verlag New York Inc. C 1968 

Calculated f rom individual monomer Tg values 
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TABLE 55 
The m a l  Conductivity 

ASTM D-2214 

0.57 
Halar 500 

w 

Tefzel 280 0.63 I 
FEP 100 0 .74  

PFA 9705 0.73 

Tedlar 20 0.96 

%ton AHV 0.40 

0.53 I Resin 81 (Kel-F 6060) 

IKel-F 800 I 0 .67  I 
I Sylgard 184 I 0.41 I 

0.13 I I Q3-6527 

RTV 615 

Udel 1700 

Le- 123-111 

I Tenite 479 I 0.71 I 
1 CR-39 I 0.36 I 
I Plexiglas DR-6 1K I 0.75  1 
I Plexiglas V-811 I 0.47  I 

(a) Thermal Conductivity; measured 7 minutes into test. 

B TU- Ft /Ft2 /hr /OF 
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TABLE 56 

Materials Cost Analysis 
- ' CurreLC ' Cost Per Cost As 

Volume Film (52mil) 
$/in. $/fie 

Resin Cost Density 
$ /lk. lb. /in. 

Kynar  46C 5.50 0.0636 0.3496 0.251 

Halar 500 7.90 0.0606 0.4795 0.345 

Tefzel 280 8.50 0.0614 0.5221 0.376 

FEP 100 16.70 0.0773 0.8503 0.612 

PFA 9705 11.10 0.0776 0.8536 0.615 

T d l a r  20 5.90 0.0531 0.3134 0. 168(a) 

Vilton AHV 11.00 0.0657 0.7234 0.521 

Resin S i  (Ktl-F 6060) 22.50 0.0773 1.7399 1.253 

K e l - F  800 22.00 0.0668 1.4704 1.058 

9.02 0.0379 0.3422 0.246 Sylgard 184 

3 

-- 

I 
I 

43-6527 
I 

RTV 615 8.84 0.0368 0.3257 0.234 

Udel 1700 2.95 0.0448 0.1322 0.095 

Lexan 123-111 1.14 0.0433 0.04941 0.035 
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TABLE 57 

Cell Encapsulation 
System Costs 

r , 
Primary Film Primary(a) Cover Totalb! 

Encapsulant Cover Encapsulant Film Encapsulation 
Material Material Cost $ / f tO2  Cost $/ft.' Cost $/ft. 

1 

Polyester Substrate 5 mil ;e) 
Resin 81 Coating -- 1.253 1.253 

Tenite 479 Kynar 460 0.046 0.251 0.297 

c -4 Tedlar 2G 0.168 - Not 
Available 

P1 exigla s 
Halar 500 0.028 0.345 0.373 V-811 

RTV 615 Halar 500 0.385 0.345 0.73 

Sylgard 184 PFA 9705 0.405 0.615 1.02 

I 
I I I I d 

V i b n  A-HV 1 P1eg'as 1 0.856 1 0.025 1 0.881 1 DR-61K 

Plexiglas 0.172 0.155 C. 017 V-811 
Gel 

0.612 0.658 
Aluminum Substrate I 

I Tenite 479 FEP 100 0.046 
I I 

- 5 mil (c) Not 
Available I coating - c -4 

Soda-lime (dl 
PVB 0.213 0.30 0.513 glaes 

Gel 
Soda -lime (d) 

0.155 0.30 0.455 glaa 2 
I 

Nema G10 Siybstrate 

Sylgard 184 Tedlar 20 0.405 0.168 

~ 

0.573 

3 2  (a) Based on 1.184 in. / f t .  required for close square-packed cells. 
See text. 

(b) Does not - include substrate cost. 
(c) Only primary encapsulant used. 
(d) Thickness of 0.08 inch. 
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TABLE 58 

Tzial Adhesive Systems 

Adhesive System 

1. C Oont Cavalon 3100s 

2. FlameTreatment 
(Polyester Board) 

3. IWn~mto Gel= FtA-1159 
(35 percent solids) 

~ ~ 

5. EIughson V e r s i l a k  506 

Steps 

Put on thin Film of Catalyst 33005 

Squeeze out some 3100s adhesive 

press films together 

Permit to  cure a t  mom temperature for 
approximately 5 hours 

U s e  "Burnzomatic Torch" - t i p  of flame 

Brush back and forth at approximately 
3 inches 

Continue u n t i l  sli9ht yellow color 
appears 

~ -~ __ ~~~ ~ _ _ ~  ~~ 

Coat clean panel, approximately 4 mils 
(both) 
Bake for 2 hours a t  75Oc 

Lambzte/press for 15 minutes a t  120% 
and 25 psi  

Coat bo% surfaces, approximately 
4 mils 

Bake for 2 hours a t  75Oc 

Iaminate/press for 15 minutes a t  120°C 
and 25 psi 

Swab thin layer of Accelerator 4 OP both 
surfaces 

Brush on layer of VErsilok 506 

Press/rub both surfaces together 

Put in press a t  r o o m  temperat-3 for 
5-10 mi-?utes (within 5 minutes) 

Postcure a t  r o o m  temperature for several 
hours 

... Continued 
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Table 58 (aOntinued - 2) 

systems 

6. iiughson B195846 

7. Daat Oornina 436-060 

8. Dow Corning DC 282 

9. Elughson Chemlok 607 

IO. Kenrich Ken-React 
Tsw 2-7 

Steps 
- 

r;cams - P r e F x e  adhesive: 

B-1959-46 5.0 
F!2801-65 0.2 --I 

Coat both surfaces - approximately 4 mils 

Air-dry for 10 minutes, oven-dry at 76% 
for 5 minutes 
Press for 5 minutes at  120°C and 25 p s i  

Swab both &aces w i t h  DC 436-060 

Air+ for 2 hours at  3OoC 

Press/l3minate for 15 minut&.j a t  U O 0 C  
and 25 p s i  

Prepare catalyst solution: 
toluene 

Mix 3% ca+-alyst w i t h  DC 282 

Coat both pieces of material 
Bake for 5 minutes at 80%; 8 minutes at 
lSO°C 

Press S minutes at lSO°C and 23 psi  

10% BPO i n  

Swab both sides w i t h  Chemlok 607 

Air-dry for 15 minutes 

Press for 1s minutes at  lSO°C and 25 ps i  

Prepare the following: Grams 

I soprropanol 
TSM 2-7 
MMA 
EPO 

1 
?9.0 
1.0 

20.0 
0.2 

L 

Swab onto both surfaces; laminate 

Press for 10 minutes I. a t  150°C and 25 psi  

. .Continued 
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Table 58 (Con+cinue1 - 3: 

a 

Adhsaive Systems 

11. Epoxy for Glzriag Cells 

~~ 

12. Fluorocarbon Treatment 

13. E p t r y  Lor High-ModtiLus 
Encapsulants 

-1 
I steps -* 

PreparG : Gr-. 
Versamid 125 7 
Epon 820 3 

Spread on one surface 

Laminate/press 

Cure a t  75OC for 1 hour 

Shake can of "Tetra Etch" 

Swab on liberal quantity 

Allow to react for: Seconds -- 
PFB 20 
KYn= 60 
Hal= 60 

'Hash: acetone, water, acetone 

Epcn 828 2.5 

HIIPA (Hardener) 1.0 

Benzyl d i m e ~ y 1  amine 0.023 

E-21 (leveling additive) 0.14 

Sandostab P-EPQ (ant'oxidant) 0.035 
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ID 
Uuntber 

5204-1 

I 5205-2 
c 

5205-3 

5207-4 

5210-7 

5212-8 

5213-9 

I 5214-10 

G 
5216-12 

521S15 

5219-16 t- 5208-5 

5206-6 

52li-13 

5217-14 

5224-21 

5225-22 

5225-23 

5225-24 

5225-25 

(a) Refe 

TABLE 59 

Adhesion Study 

r r - 
(a) I Pee l  sw--igth (*/in. ! 

Ixmersed in 
water. -1 W-eb. 

Resin Substrate AdheSim/pr- m t e ~  -- 
Substrate - - -- 

?EP C-LO 9 4.4 5 . 3  

- 1.3-1.9 0.4-1.1 

PEP c-20 c-  I1 8 8 1.1-3.3 1.5-3.1 

+ T 
,FEp c-20 CC Ii 26020 

- 
BEP C-20 Ce l l  177% - 1.25 0 

I 
~ 

p P  c-20 cell 9 9 0 0 

FEP c-20 cell 26020 - 0 0 

FEP c-20 cell 8 8 2.8-3.6 2.8-3.6 

r"Ep c-20 cell KR-TTS ICR-TTS 0 0 

FEP c-20 PSTR 8 a 1.3- 3.9 1.7-2.2 

FEP c-20 PSTR 9 9 3.3-4.4 2.8-3.0 

FEP 100 PSTR 8 8 1.9-3.5 3.3-4.6 

, 

I r 

- I cell S tee l  I 11. 11 - 
DC 184 cell 9 9 0.13 0 

DC 184 PLX-DR 7 7 C. 66-0.88 1.2 

DC 184 3STR 7 7 0 VI. 44 

DC 184 PSTR 7 7 N 0.84 

DC 184 Glass 7 7 PJ 0.19 

mx-crt PSTR 4 4 0.9 0 
- 

dLX-DR PSTR 3 3 6.8-9.0 1 7 -  
PLX-DR PSTR 10 10 I 0 0 

PLX-CR PSTR 5 5 3.5 2.1 

to Table 58 

I 
-- I 

! 

... Continued 
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59 (-tin& - 2) 

1 

t 

I 

I I 

PsT2 6 6 >Tensile 

5225-29 PLX-OR Ps? 5 5 >Tiensile 

I 
5225-30 PLX-DR PSI .  7 7 I 3.5 

PsTR 3 I 3 I 3.5 5225-31 PX.X-8I.l 
I 

I 10.0 

3.5-6.0 

> 'pensile 

2.9 

1.5 

4.8 

522l-18 -100 PSTR 7 7 5.4 5.4-0.5 

5221-19 ' Am pslg 7 7 1.4 1.5-2. 0 

5221-20 t E?,% PSTR 8 0 6.7-7 . 0 8 . 0-12 . 0 

I 

1 

5221-27 BLR PSTS 8 8 9:s-14. 0 3.0-4.5 

5221-23 TgD 20 PSTEl 9 9 7.0-8.0 0.46 

Elu F m  c-20 Bw 9 9 2. U-2 -4  0.3 

EulB FKP 5 2 0  LLHV 8 7,8 1.68 3.3 

E l M  1 TgD 20 Dc 154 9 9 1.12 0.5 

Bl3B T m 2 0  Dc 184 7,s 8 1.4 2.75 

AS23+1 llresr 479 
- 1 3  

3 3.37 3.2 

r 

b5233-2 'Ega 479 PSTR 5 5 >Tensile - 
2DA Tm 479 PSTR 1 1 3.37 0.5 - 
AS240-2 P L x 8 l l  psrx 5 5 >Tensile rJ 

1.0 Tensi.cn A5140-3 PLX8l.l PSlS 6 

-- 
0.5 

E5c PPA DC 184 12,9,8 0.5 

. . .Continued 
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Table 59 (Oontinued - 3) 

Adhesive/€?rher syotel 

12,9,8 

~~ 

7A A m  PSTR 

5238-2 C-4 PSTR 

~ 

0 0 

2.2 0.5 

108 C-4 AL 

3D C-4 PSTR 

A 5  1 I '  

2.79 2.2 

0.56 N 

>Tensile )Tensile 

- 0 

A5238-3 C-4 PSTR 

4D PLX 811 PSTR 
~ 

A5237-3 KE' PSPR 

A5237-2 lW PSTR 

SA R!cv 615 P m  

6A DC 184 PSTR 

5240-1 PLX 811 PSTK 

5240-2 PLX 811 PSTFi 

5239-3 TEN 479 PSTR 

- 

B2A lrynar lm 479 

O I  0 

O I  0 
~ 

7 7 

7 7 
~ 

)Tensile > Tensile 
>Tensile > Tensile 
>Tensile >Tensile 

N /v 

~ ~~ ~~ 

B3A TED 20 C-4 

838 TED 20 c-4 
A 

1.12 1 rv 

-4.5 
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Table 59 (Continued - 4) 

ID 
thmber 

B5B 

B&p 

B6B 

B9A 

E9B 

524U-8 

524108 

cu 
c4A 

c3A 

C7b 

5241 B1-9 

5241 B2-5 I- 5241 6B-3 
F 

12-66 
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T A B U  60 

Cell Encapsulation Systems 

Substrate Systems: Polyester/Fibergl.r, Aluminum, and NEMA G10 

I I 

Tenik479 Low Yes sdech* Kynar.460 Give. a m  protection: 
8borbr UV. deg. 

Has lowest W trans. of 
fopr best  recandory fi lms. 

C-4 I M&. I Yes ' I TedtartO I i deg. 
I I 1 

Halar ahodd be used on at 
least one high-modulus pri- 
mary PI. use on low- 
modulw RTV 615. 
High-modulw f i 'h  VS.  OW- 

184. 
Yea Soil  Hslar 500 modulus film on Eylgard 

I 
Splgard 184 High Ye8 soil PFA 9705 

Highex ranking ItO-dap 
optical, vs. Tedlrr 20, 
which is y ~ e d  with Nema 
G10. 
1. Higid rheet ne eded. 
2. Compare vs. Plexialass 

I PldghS8  

v-311 below. 
OR 61K Vitm AHV Egh Yea Sail 

G d  Low Yea soil Pleriglars 
v-an 

1. Rigid sheet needed. 
2. Compare vs. DR61K 

.bovc. 

I I Aluminum 
1. f i 8 C t i C . l  SystCm. 

2. Over high modulus pri- 
mary vs. over low 

! modulua- primary below. I I 

, . . Continued 
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Table 60 (Continued - 2) 

Needed Reason Material Material 
- 

Rationale for Use cost 

I. Need u n d e r r t a ~  of 

artiea asing mutable pri- 
mary. Thir primary uaed 
because it is not yet a fully 
commercial material. 

effect of W on cell prop- Yes,  but 
ell not 
tare. 

MeCh. 
deg. Md. c-4 

1. ffietoryof 
experience. 
2. Known technology. 

PVB High Y e s  Soil 

sods. 
Lime 
Qas a 

1. Nr5d rigid material. 
2. Glass is a significant 

possibility. 

Lowest ranking optical of 
four recoodrry films. 

Low Y e s  soil -1 

NEA4A G10 

Sylgard 184 I High Yea Soil Tadlar 20 
I - 1 I 

12-68 



Electrostatic or plasma 
spray 0- Gelva RA-ll59 
adhesive 

Glueetched f i l m  on 
w i t h  436-060 prhmr 
and M: 282 adhesive 

Four in place wLth con- Glue-etched f i l m  on 
S t W g w a l l s ;  436-060 With - 607 pi- 
Pr- m and DC 282 adhes. 
Solution-cast over aughson Glm on with iiughson 
81958 adhesive B1958 adhesive 
pour i n  place with con- Place over gel, seal 
StEZl&lg walls 

- 
edges with R!FV 732 

Pour in  place w i t h  con- 
straFning walls and Dc 
436-060 primer 

Glue on with Q36-060 
priaer and DC 282 ad- 
hesive 

Y I 

3 

/ 

QI 

TABLE 61 

P Tentative Cell Encapsulation Methods 

priararp Process 
0 

Polyestar substrate 

&sin 81 I -  
K p a r  460 I Tenite 479 

Glue on w i t h  I)(= 282 Electrostatic or plasm 
C-4 

0 ElectrosItatic or plaora 
m y  omr Gel- RArll59 
adhesive 

Gl-tched f i l m  on 
With 436-060 
and DC 282 adbesivei 

P l e x i g l a s  v-8ll RAlnr so0 

615 

Plexigles I D R 6 l . K  Viton AHtr 
3 

V-811 

AltDinumsubstrate! I I 
Teni?x 479 I FEP loo 

Electrostatic or plasma 
spray ower Eughson B195A or 
Gelva RA-1159 adhesive 

Glue on w i t h  Q36-060 
priaer and DC 282 ad- 
hesive 

I -  P l a a w  spray or electm- 
static coat over RA-1159 
adhesive - 

C-4 None 

PVB Soda lime Solution-cast or conpras- I mwression laminate I ghss i sion laminate B 
- 

Soda lime Pour in place w i t h  con- Glue on With RCV 732 
glass atraining walls s.dhasive/sealant G e l  

NEMA G l O  Substrate 

I 2o 
Sylgard 184 



APPENDIX A 

DRAFT OF RECoMp(gblDED TEST STANDARDS 

JP?, Contract 954527 



DRAFT OF RECOMMENDED TEST STANDARDS 

This constitptes a S U ~ V ~ P  of standard tes nrsthods for the evaluation of 
potential encapsulant materials for photo-voltaic arrap. For conveni- 
ence a d  to make possible brief comparison, each of the tests has been 
listed in the following tabulation, showing test number, method, and 
suitability. 

leses for candidate solar array encapsulamts were selected and recom- 
mended on the basis of the following criteria: 

. Applicability to the p r q  -:rty being evaluated 

. Conformity to ntandardiaed or well-known test 
methods (where amilable) 

. . Accuracy of measurements 

. Reproducibility 

The variona information sources St~Veyed for tests and specifications 
relevant to coatedlencapsulated products, especially d e r  outdoor wea- 
thering, are: The ASTM (American Soaety for  Testing Materials), 
Federal Test Methods, MIL Specs, ANSI (American National Standard8 
Institute), IS0 (International Standards Organization), NEMA (National 
Electrical Manufacturers Association), UL (Underwriters' Laboratories), 
a d  other smaller organizations that m a y  have published test stsndarde. 

Discuesion of teat m ~ t h o d ~  and tke rationale for selecting each follow 
d e r  the general headings of the ~ o p e r t y  being determined. 

Optical Propertiea 

The most important property to be measured in the testing program is 
optical clatity or luxtinoourr transmittance. Various teat methoda have 
been examined and compared in order to determine the most efficient 
+est. Briefly, ths defidendea in test methods ASTM D-1746 (Trans- 
parency of Mastic Sheeting) a d  ASTM D-1004 (Xaze and X4urninouo 
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Transmittance), a r e  lack of compensation for beam dispersion, 
frequency limitation, and multiple testing required to obtain 
total light transmittance as would be seen by the silicon cell. A 
Beckman 505 spectrometer has been modified to provide rapid 
a d  accurate atsessment of Inminous transmittance from 350 n m  
to 820 nm. The light beam passes through the sample and enters 
an inwgrating sphere prior to measurement by a photomultiplier 
tube. Total light transmitted is then calculated as a function of 
wavelength - independent of scattering angle. A Monroe 1866 
programable calculator is then used to record the percent of 
transmctance every 50 n m  throughout the range and integrate the 
results tcl give total percent transmittance. The function is nor- 
malized based on 100% transmittance. 

At Springborn Laboratories (formerly DeBell & Richardson, Inc. ) 
the testing program also involves percent tranemittance measure- 
menta in the 210 n m  - 350 n m  ultraviolet range. Although these 
wavelengths do not dgniEcantly contribute fa the power output of 
silicon solar cells, they a re  responsible for many polymer degra- 
dation mechanisms. The degree of I'screening'l protection provid- 
ed by some materials and additives m a y  be assessed iu th is  range. 
This test method is the only nonstandardized procedure wed in  the 
Springborn Labs encapsulant evaluation program and has no exact 
literature reference; however, it bears the most resemblance to 
ASTM E-424. 

Abr asi on 

Plastics which lose excessive amounts of light transmission as a 
result of the surface scratching and lndrring effect of wind-blown 
dust, s a d ,  3ranches, etc., would not be of interest. 

It would appear that most of the abrasion te t ts  a r e  too ievere to 
evaluate performance in the end use anticipated. 
MIL-810B-510 should be suitable but i s  limited to very  fine sand 
grit (the primary icterest of this test is penetration of fine grit into 
moving parts). This method enables the retenaon of fine grit super- 
ficiallv embedded in  the surface art 63OC, which may not be realistic. 
The embedded grit would, of course, adversely afitct light trans- 
m i 8  sion. 

Test method 

Test Methcd ASTM D-673 is a simpler test using a mixhare (in effect) 
of fine and coarser grit which more closely duplicates the anticipated 
use conditions than does the MIL 810B-510 finest airborne grit only. 

4 
I 

c, ; 
i 
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F.esistance to F\mgurr 

Fpngue growth can survive 
is etched and dirty, axxi high humidity conditims prevail. The growths 
can not only shut off sunlight but. can sometimes digest the plastic surface 
as well. 

plastic surfaces - especially if the surface 

Published t e n t  lpethods for resistance to fungus include: 

- for fpnsne attack on wood I ASTM D-1413 

ASTM D-2017 

South African Bureau of Standards M472 - fungal attack by 
Aspergillus Wiger 

South African Bureau of Standards hd277 - fungal attack by 
Chaetorpima Globoemn 

I n t e r n a d d  Standard 1 s ~  Ii846 - similar to the G-21 test 
method discussed below, except that Wecilomyces Varioti is 
used instead of Pullalaria Fullalans 

SAA (Australian) Int-88 RPKL41-504 - similar to G-21, using 
some different fungi 

MSZ (Hungarian) - similar to G-21 

GOST (Russian) 13410-67 - similar to G-21 

1 JapaneseInd. Std. 22911 
British Standard BSI 1982 
MIL D 7850 
MIL V 173 

Not available at SL 

There a re  uo great differences in there procedures. Foreigh tests (South 
African, Australian, Hungarian, Russian, etc.) are  similar to Method 
C-21. The G-21 test offerr a choice between a broth or a aysteL of s a m -  
ple resting on 8oil. The broth is our best courae of action. There is no 
rea8on to believe &hat the G-21 method will not be adequate. One problem 
with  any of these testa is that the general-purpoae fungi used m a y  not 
attack the plastic being tested while a foreign fungue iound in the field 
may show some activity. 
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Salt Spray 

Salt spray tests a r e  usually employed to evaluate the ability of a coating to 
resist sali water penetration between coating and substrate, In our t p p l i -  
cation, salt penetration between wiring or cell and the plastic encapsulant 
would cause failure. Some adihesive systems fail with continuous humidity 
exposure. 

Test Method ASTM B-117 is a most generally used and widely accepted test 
aad should be adequate for OUT purposes. Othar tests which a r e  similar 
but offer no particular advantage over B-117 are: 

. ASTM B-287 - sixrrilar to B-117 but with pH 3.1-3.3, adjusted 
with acetic acid 

, ASTM 6-368 - similar to B-287 but with 1 gram CuC22-2H20 
per gallon 

. Federal Test 406-6071 - similar to B-117 

. BSI (British Standards) AV 148-2 

Teses B-287 and B-368 accelerate the undercutting 3r corrosion of some 
alloys, but are more specialized. In solar cell applications, tempera’,ure 
cycling before, or in conjunction with, salt spray cyc1t:s m a y  be mcae 
eEcacious in  spot5ng marginal systems than simple salt spray d y .  

i~~x-ct Resistance 

it 4s important that &.e plastic encapsulant have the ability to protect the 
solar cell from falling o-jects - resist cracking, impact whitening, or  
other Zailure rePulting from falling objects. 

The main categories of impact testing a re  Izod impact, tho Chzrpy pro- 
cedure or tenrile impact, a d  falling ball. The Tensile-Charpy and 
l a d  impact utilize a conrtant velocity and measure energy absorptian. 
The drop-ball tests usually employ increasing velocity to eventually effect 
a crack or even shatter the plaque, although some tests utilize increasing 
weight at constant height. 
in  all of the tests. 
three polymers with increr ling impact properties of reasonable ptoperty 
spacing would usually rate in &e same order, regardless of test procedure 
selectee. 

Thickness of specimen can affect the results 
All of the tests a r e  effective, 2nd a series of, say, 

I i “ G I  
. 
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a 

8 
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B Although the drop-dart impact resembles the envisioned end use, there are 
a nurnber of drawbacks: 

1. 

b 
2. 

4. 

I) 

I) 

0 

0 

The method is not suitable for rubbery materials - e.g. , FEP, 
PF.4, silicone. 

For variable drop distance teats, the velocity increases yeo- 
metrically witk dietance of drop, thereby decreasing accuracy 
at high impact loadings. 

Tbe drop. dght for plaque crack-through is generally mom 
variable than Isod, etc. , numbers. 

The plaques have to be fairly thick (0.125 inch or more) unless 
a film impact teat is used. Thicker plaques are hard to degrade 
in accelerated weathering tests. 

The Izod and Charpy tests are also useless for rubbery materials (FEP, 
PFA, silicone). This leaves only &e tensile impact test, which would 
be a g d  choice in any case Bince it can field numbers for a rubbery 
material - numbers that will decline if thc Tnbbery material degrpdes on 
aging. 

Low -T emperature Brittlezies s 

lhvisioned use of the solar cell arrays includes impacting in Arctic or 
winter environments. The question arises as to minimun use temperature, 
and t h i s  is best set by empirical brittle temperature testing rather than by 
Tg rat-8; 
em#rical testing required. 

especially if weatheiing or Beating cause embrittlemeat is 

The ASTM 758 test utilizes an Izod impactor in a low-temperature chamber. 
This test is useful W probably should not be put to use i f  ASTM haa aban- 
doszed it. This leaves the ASTM D-746 test {or similar IS0 or  Federal 
Standard teste). 
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TemperatureicJldulus Curve 

Design of the cell array encapsulant system for a given environment 
requires knowledge of the maximum use temperature of load-bearing parts 
(sag) a d  low-temperature stiffness properties. A temperature/modulus 
curve gmerally indicates the range ovei which a material is useful. 

ASTM D-1043 or D-1053 apparatus a d  procedures a re  s-&tabla tc our 
purposes. 

Thermal Ccductivitp 

The silicon cell operates more efficiently at ~OWQP temperatures. Ability 
of the plastic to conduct away the hett  buildup in the array is  importakt in 
maintaining optimum ou’put. 

Laboratory devices a re  available to m e a s n e  thermal conductaace, average, 
C, of E b d y  betweem two definite surfaces - the time rate of heat flow be- 
tween these surface&, under steady-state conditiom, divided by the differ- 
ence of their average temperatures and by the area of one of the surfaces. 
The average temperature is one which adequately approximates that obtained 
bv. integrating the temperatwe Gf the entire surface. The thermal conduc- 
tance of a . a t  slab is calculated a s  follows: 

Thermal conductivity is usually reported in calories per square centimeter 
per an thickness per second at P°C differential. The ASTM D-2214 Cenco- 
t r tch apparatus provides an easy test method, but ASTM C-177 g:ves higher 
. ;:curacy and is generally more applicable 

Coefficient of Thermal Expan sion 

The desiga of high. surface area arrays having a composite sil:.con/rubbery 
material!rigid aurface structure require8 a knowledge of the coefficient of 
thermal expansion of the various materials to avoid undue stresp buildup in  
the design. 

The test in widespread uue is D-696. 
rigid materLals and is baaed on expansion of a standard sample against a 
spring micrometer. 

The D-696 method works well for 

Low-modulus materials cannot expand readily against 
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the dial micrometer sprirg, however, and it may be necessary to run 
ASTM D-864 on soft materials. 
immersing the sample in mercury and determining volume of expansion 
versus temperature. The cube root of the corrected reading givecr the 
h e a r  coefficient of thermal expansiol... 

D-864 (cubical -,&on) is perfotmed by 

Mechmical Properties - Tensile Properties 

A large ntimber of excellent tensile test methods exist, but all a re  vhria- 
t ians of a general rnethod em$oying similarit5es in spec3xxn shapes and 
loading rates (as a function of size and sti 
includes a procedure for determining elongation at yield, load at yield, 
breaking load, ultimate elongation. 

The general test method 

Test specimens vary from 1.3 inches (D-412; Fed. 601-4111) to l?. inches 
(D-638) in length and frorr, 0.125 inch in  width (D-412; Fed, 601-411?.) t u  
1.5 inckes (D-638). Most of tke tests utilize dogbone s h q e s ,  bui D-882 
atiliaes strips. 

Although many tests a r e  available to choose from, we are  utilizing ASTM 
D-1708. l%e D-1708 specimens are  small and provision is made for ?xigh 
packing density in artificial weathcring chambers. In this test a .-.train 
gage extensiometer is used to increase the resoluiian of the O W  ~ ~ l i t t a i n  
curve and to enable accurate modulus data to be determined !rr.odulw is 
commonly run with D-882 strips without reservationj. The D-412 rr.c!thw’ 
also offers smaller dogbane sizes than the D-1708 test, but the D-412 keet 
is presently recommended only for rubbery materials. 

Hardnes s 

Hardness is generally u s e d  tct characterize materials - especially with 
respect to their scratch resistance. To resist mincr vandalism or handlkg 
scratches, the outer surface should preferably exceed a Shore D of 40. 

The ASTM D-2240 durometer (pnetration depth) and 3-785 (Rockwell 
Hardness - indentation hardness) procedures arb in rncst widespread use. 

Flammabi. 

A self-extinguishing or nonbzning plastic array wmld have certain advan- 
tages. A distant forest fire would be less likely to ignite the array by 
radiation or falling embers. 
flaming as  a result of shorts o r  ilearby fires, etc., i a  certainly desirable. 

On structures (rocia, etc. ), resistance to 
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Certainly there are ai: this point numerow teats to evaluate flammability. 
ln recent p a r a  it wad found that "nmbvdng" maieriah by a bar burning 
test frequently yield less favorable readta in a burning brildhg. In a 
s%xturi, bcraing drips can propagate tne Sre. intense heat cap decom- 
p e  the plrrtic, exakling evolution of flammable gases, There is a t r d ,  
for i d m r  fire meatid, to use tunnel ovens (E-CA, E-286), nlme spread 
tests (E-84, 32-286, E-162), OP to consttact comers of buildizqe or entire 
buildingo for tests (E-119, E-1S2, E-163). Smoke tests (NBS, D-2843) are 
of more concern in indoor applications. Oxygen index (1)-2863) correlates 
w$th heat of cammtion, ASW D-635, and UL-94 ratings to Y rea2onable 
extent. It is PO substitute for the more empirical testing, however. 

3 
For our purposes, numy tests are saitable and in crmman w e  - e.g., D-568, 
D-1692, D-635. E-162, UL-94.. W e  ha-te specified UL-94 became i t  qpears 
to be tk= tea? in rpcst widespread use for small ramples, presently, a d  is 
c a r c e r d  With burning d n p a  ail M r g  tima. The UL-94 test ia also a 
v e r t i d  test (more severe than horizontal tests), 

Insulation Resistance - Volume Rtsistivitp 

A high resistance to electric carrc;lt leakage is essential - especially if 
high voltage (series) arrays are employed, Since hunidity can lower the 
insulatioxx resistan x, it is desirable to have the testing carried oat at high 
hurniditp. 

The irululation resistance section of D-257 is closest to a imdat ing  actual 
use conditions and ca3 readily be carried oat at 90% relative humidity. 
The test measures surface and volum~ reeistiv'ty. 

PermeaSility - Moisture 

Although tight aciesion to the silizm solar cen can reduce +he moisture at 
the rili :on rurface to alm m t  zero, this cannot or should not be totally re- 
lied upon. Materials of construction with a low moisture permeability 
have an inberent advantage, other factors k i n g  equal, 

The pertinent tests are all vtry similar in principle, differing in details 
of apparatns construction ody.  We have IUP E-96 and D-1653 with no 
difficulties for m y  years a d  recommend t h i s  metla& of testi3lg. 

3 

3 

A -8  
3 
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a 
Io summation, we feel that the following test method8 will be adequate 
for initial determinations of solar cell encapsulant materials. 

Temt 

c 
e 

0 

6 

e 

. Clarity 
Hase a d  r\lminoae transmittance 
AbrariClXl 

Redstance to ftmgtm 
Salt spray 

. Tcmgheso 

Tensile impact 
Low-temperature brittlenesr 

. Heat Reaiatance 

Temperature modulus curve 
Thermal conductivity 
Coefficient of thermal expamion 

. Mechslnical Properties 

Tensile strength 
Ultimate elongation 
Tenrile yield a t r e q t h  
Yield elowtion 
Tenaile modulus 
Hardnee a 

1 

Method 

D&R 
ASTM D-673 or 
MIL STD 810B. 
Method 50 
ASTM G-21 
ASTM B-117 

ASTM D-1822 
ASTI4 D-746 

ASTM D-1053 
ASTM C-177 
ASTM D-696 

AS'S-M D-1708 or 
ASTM D-638 

ASTM D-2240 

Flunmlhility UL-94 
Insulation resirtance (run at 90% RH) ASTM D-257 
Permeability - water vapor only ASTM E-96 

An outline of methods surveyed follows: 
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