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1. SRR OF POOR QUALITY

Springborn Laboratories, Inc. is engaged in a study of evaluating potentially
useful low cost encapsulation materials for the Flat-Plate Solar Array project
(FsA) funded by the Department of Energy and administered by the Jet Propulsion
Laboratory. The goal of the program is to identify, evaluate, test and re-
commend encapsulant materials and processes for the production of cost-effec-

tive, long life solar cell modules.

During the past year technical investigations concerned the development
of advanced cure chemistries for lamination type pottants; the contirued eval-
uation of soil resistant surface treatments, and the resuits of an accelerated

aging test program for the comparison of material stabilities.

New compounds were evaluated for efficiency in curing both ethylene/vinyl
acetate and ethylene/methyl acrylate pottants intended for vacuum bag lam-
ination of solar cells. One compound in nvarticular, designated Lupersol - TBEC
(Lucidol Division of Pennwalt Corp.) was found to be unusually effective in
promoting the rapid cure of both these materials. Formulation of these resins
with TBEC resulted in compositions of very high gel content, lower temper-
atures of activation, and much lower cure times, even in the ethylene/methyl
acrylate polymer that is more difficult to cure. It is expected that TBEC
modified pottant formulations may permit ihe lamination/encapsulation step

to be operated at lower temperatures, higher speed, higher throughput and a

much wider tolerance for intentional or accidental variations in the cure sched-
ule. Investigations of this new curing agent will be emphasized in the develop-

ment of future of formulations.

Two component aliphatic urethane casting syrups were evaluated for suitability

as solar module pottants on the basis of optical, physical and fubrication char-
acteristics. One formulation was selected as being acceptable for industrial
evaluation. This compound, designated Z-2591, is a prototype solar cell encapsulant
manufactured by Deveiopmwent Associates, Inc., N. Kingstown, RI, and is available

in pilot plant quantities. This urethane is characterized by high transparency,

low mix viscosity, fast cure time and surprising lack of moisture sensitivity

that has given trouble with previous urethane compositions. This material is

produced with an ultravidlet stabilizer system already blended in and similer
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formulations have a History of use in outdoor applications. Commercial

quantities are available for module fabrication.

Mild steel is a readily available and easily worked material that holds

the promise of being a cost-effective substrate. Its major deficiency is
that of corrosion sensitivity. Experiments are underway to assess the dur-
ability and cost effectiveness of coatings for protection of steel. ‘lest
specimens were prepared w.th a variety of films, paints and pottants and then
exposed to 35°C Salt Spray (ASTM B-1l17) and outdoor weathering conditions.
The specimens were evaluated for degree of corrosion, delamination and other
destructive effects at regular intervals. The salt spray and outdoor results
generally correlated well, except for the degree of attack, which was much
more severe in the heated salt fog. Untreated control specimens survived
three hou's under salt spray before extensive corrosion became apparent. . The
most successful coating identified so far is lamination with an EVA/Scotchpar

polyester combination which nas endured 5,000 hours of salt spray with no

signs of change. Other coatings based on EVA modified with zinc chromate have

also survived this period without change. These coatings are currently too
expen:- ve to be practical (approx. $10/m2), however they serve to demonstrate

proof of concept and show the effectiveness of chromate modification.

Investigations are continuing with commercial maintenance coatings based on
fluorocarbon and silicone-alkyd chemistries. Tests of these coatings show
good salt-spray resistance to 4,000 hours and the cost, including the steel
and both sides coated, is in the order of $3.50/m2. This is well within the
$7.00/m2 upper limit for substrate cost.

Wood products, such as hardboard, are potentially the lowest cost candidate
substrates identified to date. The high modulus (0.5 to 1.0 x 106 psi) and
low cost (approximately $O.l4/ft2) satisfy the cost and lcad deflection re-
quirenents. The difficulty with the use of these materials lies in the very
high hygroscopic expansion coefficients. Pecriods ¢? dryout followed by sub-
sequent moisture regain results in large expansions and contractions that
result in cell fracture when these materials are used as substrates. Ex-
periments were conducted to determine the effectiveness of occlusive coat-
ings to prevent this effect. Both metal foils and organic films bonded to
the hardboard with appropriate adhesives were found to dramatically decr.:ase

the hygroscopic response and lower the expansion coefficient by four orders

i
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of magnitude. These results improve the posit’ on of wood products as po-
tentially useful substrates and future experiments will continue to assess
the viability of tuis approach and identify cost effective coating materials

and technigques.

An experimental program continued to determine the usefulness of soil re-
sistant coatings. These coatings are intended to be surface treatments
applied to the sunlight side of sclar modules and function to prevent the per-
sistent adhesion of soil to the surface, aid in its removal, and consequently
keep the power output high. These treatments have been applied to "Sunadex"
glass, Tedlar and oriented acrylic film. The treatments are based on silicone,
acrylic, and fluorosilane chemistries. After one year of outdoor exposure,
the most effective treatment for Sunadex glass appears to be a fluorosilane
designated L-1668, and for both the organic films, a silane modified adduct
of perfluoric acid gave the best results. These treatments gave improvements
of 2.5 to 4% in power transmission measured with a standard cell. The sur-
face treatments were found to be "self cleaning" and power transmissions
varied with the degree of rainfall. Aftar one year of time there is evidence
that the treatments are slowly being lost and consequently a maintenance

schedule may be required to maintain effectiveness over long periods of time.

Primers were evaluated for effectiveness in bonding candidate pottants to
outer covers, glass and substrate materials. The bond strengths were deter-
mined by standard methods and measured in pounds per inch of bond line.
Successful primers were also tested after two weeks of water immersion and
two hours of boiling water. Good primers have been identified for bonding
EVA (9918) to almost all candidate materials and a new primer that is effec-
tive with polyester films was identified that gave bonds of 35 psi. Despite
the similarity in chemistry, the EMA is much more difficult to bond and, to
date, successful results have only been obtained with glass and mild steel.
The polyurethane cas:ing syrup has been effectively bonded to Sunadex, Tedlar
and Korad but additional work is required on steel and polyester. The butyl
acrylate syrup is the most difficult pottant of all to bond and is addition-
ally complicated by its inherently low tensile strength. Bonds to Tedlar
and Sunadex glass that survive the water immersion and boiling tests have
been achieved,however they are both low in bond strength, and do not exceed

1 to 2 pounds per inch of width.
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In order to ass2ss the relative stability of individual polymers and to

determine the effectiveness of varying formulations, Springborn Laboratories

I

is conducting a program of accelerated aging and life predictive strategies

that shoul?d pe useful for: (a) generating empirical and practical data re-

lating to longevity, and (b) generating data that may be used in a scheme

to predict properties as a function of exposure time and condition. 3

The conditions being used for the exposure of candidate encapsulation mate-
rials include outdoor aging, thermal aging (air oven), RS/4 sunlamp expo- .
sure, RS/4 sunlamp with intermittent water spray, Controlled Environment
Reactors (JPL equipment) and outdoor photothermal aging racks. The last
mentioned condition involves the exposure of test specimens to natural sun-

light but at elevated temperatures to accelerate the degradation reactions. T:

Data is reported for thie RS/4 ai.. thermal aging conditions only. Test results
from continuation of these tests and the other conditions will be reported as e?

it becomes available.

R/S 4 sunlamp exposure is a widely used industrial method of assessing the
relative stability of plastics to the degrading effects of ultraviolet light.
The results are useful for the ranking and comparison of the stabilities

of polymeric materials and the effectiveness of additives and formulations.
The EVA formulation A9918 is performing extremely well and has survived 27,000
hours exposure to date with no significant change in properties. In compari-
son, the uncompounded resin begins to degrade in about 500 hours. The other 7
pottants are alic surviving without change, however they have not yet accum- .
ulated the same numher of hours. The fully comp.ounded EMA has endured 10,000 .-
hours, and the casting syrups, polyurethane and butyl acrylate, have been '
exposed for 8,600 and %,700 hours, respectively. Pigmented back cover films

of Tedlar and Scotchpar and outer cover films of transparent Tedlar (100BG3OUT)

show no signs of deterioration to date. The low cost biaxially oriented

acrylic film, 3~rylar (3M Corporation) has been exposed to 12,000 hours so far

and shows no change in iseful properties, except that a 40% decrease in tensile

strength (from 24,000 ps; to 14,500 psi) occurred within the first 1,500 hours. T A
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This is believed to be due to stress relaxation ln the polymer and to have
no effect on the final performance and intended use of the film,

A new candidate outer cover film from Amer’can Hoechst has recently been in-
cluded in accelerated aging tests. This product is named "Hostaphan" (EH-
723) and is claimed to be a permanently stabilized polyester. No results

are available yet.

Based on a rough calculation of accumulated UV energy, one year of RS/4
exposure is approximately equal to 6.7 years of outdoor exposure in a hot
climate. This indicates that the EVA 9918 specimen has survived the equiva-~

lent of 21 years of outdoor exposure.

Thermal aging was performed on three candidate psttant compounds; EVA, EMA
and the aliphatic polyurethane. The specimens were aged at three temperatires
(BOOC, 105°C and 130°C) and in atmospheres of both air arid nitrogen to dis-
criminate between plain thermal instability (thermolysis) and reaction with

heat and oxgen (oxidation).

EVA and EMA both behaved similarly under these conditions. Neither were
particularly affected by the lower temperatures, however both developed
slight yellow coloration after 400 hours at the 130°% exposure. This effect
was probably due to thermolysis (cleavage of the ester gjroups) due to the
fact that it was observed in both atmospheres. The coloration is not
thought to present a limitation to the use of these materials as pottants
and additionally the 130°C conditionn is an extreme condition that is not
likely to be encountered in field service. The polyurethane was much more
affected by exposure to thermal aging than either of the two polyolefins.
Even at SOOC. the urethane developed slight yellow coloration, even though
the physical properties did not change. At 105°C, the tensile 3trength and
modulus steadily decreased to approximately 40% of the control values, but
only in the nitrogen atmosphere, the air exposed specimens remaining intact.
In both atmospheres, however, the specimen developed strong coloration and
the surfaces became sticky, indicating chain scission at the surface., Th=
130°C condition was severe and the test specimens lost their physical integ-
rity after the 100 hour mark with the develcopment of dark brown coloration.
At 400 hours, the specimens had melted to amporphous brown resinous masses

that were beyond testing.
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For all the pottants, no adverse effects from the presence of metals (60/40
solder, aluminum and copper) was noticed with the conspicuous exception of
copper. Slight reaction (coloration) in the presence of copper was noticed
in both EVA and EMA at temperatures as low as the 80°C exposure. At the
130°C, the degradation reactions resulting from the presence of copper are
severe. At the 400 hour point, strong coloration, debonding and flow of the
resins is noticable indicatiig severe degradation of the polymer. 1In the
polyurethane pottant, thesa reactions were even more pronounced. Exposure
to 105°C for 400 hours resulted in complete degradation of the resin in the

presence of copper, and resulted in dark coloration and flow.

During the past year, Springborn Laboratories alsc conducted some activities
in support of the FSA progran by preparing test samples for two other ccn-
tractors. Two cell experimental modules were constructed for Clemson Univer-
sity with a variety of candidate encapsulation moterials and modules were
fabricated in both substrate and superstrate designs. These test modules are
being used for determination of cell electrical parameters ander thermal/

humidity aging and to examine the effect of the pottant.

Specialty modules were alsc prepared for Science Applications, Inc. and con-
sisted of large arrays of individually wired cells encapsulated using glass
superstrates of varying thickness. These test modules are being used to
verif& the predictions of computer optical analysis concerned with the passive

concentration of sunlight by internal iight trapping.
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II. INTRODUCTION

The goal of this pr-gram is to identify and evaluate encapsulation materi-
als and processes for the protection of silicon solar cells for service in

a terrestrial environment.

Encapsulation systems are being investigated consistent with the DOE objec-
tives of achieving a photovoltaic flat-plate module or concentrator array
at a manufactured cost of §$0.70 per peak watt ($70/m2) {1981 dollare). The
project is aimed at establishing the industrial capability to produce solar
modules within the required cost goals by the year 1986,

To insure high reliability and long-term performance, the functional com-
ponents of the solar cell module must be adequately protected from the en-
vironment by some encapsulation technique. The potentially harmful elements
to module functioning include moisture, ultraviolet radiation, heat build-
up, thermal excurslons, dust, hail, and atmospheric pollutantsz. Addition-
ally, the encapsulation systemmust provide mechanical support for the cells

and corrosion protection for the electrical components.

Module design must be basedon the useof appropriate construction materials
and design parameters .ieces:iary tomeet the field operating requirement, and

to maximize cost/performance.

Assuming a module efficiency of ten percent, which is equivalent to a power
output of 100 watts per mz in midday sunlight, the capital cost of the mod-
ules may be calculated to be $70.00 per mz. Out of this cost goal, only ..
percent is available for encapsulation due to the high cost of the cells,
interconnects, and other related componants. The encapsulatiorn cost allo-~
cation?’ may then be stated as $14.00 per m2 which included all coatings,
pottants, and mechanical supports for the solar cells.

a. JPL Document 5101-68

The former cost allocation for encapsulation materials, was $2.50/m2
(0.25/£t2) in 1975 dollars, or $3.50/m2 ($0.35/ft2) in 1980 dollars.
The current cost allocation of $14/m2 is an aggregate allocation for
all encapsulation materials including an edge seal and gasket.
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Assuming the tlat piate collector to be the most efficient design, photo-
voltaic modvies are comyjosed of seven basic construction eluments. Thesc
elements ire (a) outer covers; (b) s“ructural and transparent superstrate
materials; (c¢) pottants; (d) substrates; (e) back covers; (f) edge seals and
gasket compounds; and, (g) primers. Current investigations are corncerned
with {dentifying and u-1ilizing materials or combinations of materials fcr

use as each of these eclemants.

Throughout this program, extensive surveys have been conducted into many
classes of materials in order to identify a compound or class of compounds

optimum for use as each construction element.

The results of these surveys have also been useful ‘n generating first-cut
cost allocations for each construction element, which are estimated to be
as follows (1980 dollars):

Approximate Cost
(a)

Allocation
Construction Elements ($/m2)
e Substrate/Superstrate 7.00
(Load Bearing Component)
e Pottant 1.75
e Primer 0.50
® Outer Cover 1.50
® Back Cover 1.50
e Edge Seal & Gasket 1.85

{a) Allocation for combination of construction elements: $l4/m2.

From the previous work, it became possible to identify a small numbexr of
materials which had the highest potential ag candidate low cost encapsula-
tion materials. The following chart shows the materials of current interest

and their anticipated functions.




1. Surface materials & modification

2.

4.

Status of Candidate Encapsulation Materials

(Identified in Springborn Labs Program)

Top Covers

(with UV screening property)
a. Glass

b. Tedlar X00 BG 30 UT

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

Pottants

a. Ethylene Vinyl Acetate
(A9918)

b. Ethylene Methyl Acrylate
(13439)

c. Aliphatic Polyether Urethane

(2-2591)

d. Poly Butyl Acrylate
(13870)

Electrical and mechanical spacer

a. Non-woven glass mats
Substrate panels
a. Hardboards

b. Strandboard
c. Glass-reinforced coacrete

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

Back .overs

a. Aluminum foils & polymer
laminates

b. Tedlar, Mylar, Korad
{polymer films)

c. Pigmented ethylene vinyl
acetate

d. Others
Gasketr

&. EPDM (standard or custom
profiles)

Sealants
a. "Tape" sealants

b. Gunnable sealants

Under development (Springborn)

Available
Available

Available

Available

Available

Availakle

Available

Available

Available

(DuPont)

(3M Corp.)

(Springborn)

(Springborn)

{Development Associates)

(Springborn)

(Crane Co.)

(Masonite, "Super-Dorlux",

Laurel 200, Ukiah Standuard Hardboard)

Under development (Potlatch Corp.)

Under development (MB Associates)

Available

Available

Available

Available

(DuPont, Excell, 3M)

(Springborr.)

Under development

Available

Available
Available

(Pawling Rubber Co, others)

(Tremco, Pecora, 3M)

(Tremco, 3M, others)
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In addition to materials, two encapsulation processes are being investigated:

1) vacuum bag lamination

2) Liquid Casting

The suitabiliity of these processes for automation is also being investigated,
however, the selecticn of a process is zlmost exclusively dependent on the
processing properties of the pottant. This interrelationship may have a

signi: cant influence on the eventual selection of pottant materials.

Recent efforts have emphasized the identification and Jdevelopment of potting
compounds. Pottants are materials which provide a number of functions, but
primarily serve as a buffer between the cell and the surrounding environment.
The pottant must provide a mechanical or impact barrier around the cell to
prevent breakage, amust provide a barrier to water which would degrade the
electrical output, must serve as a barrier to conditions that cause corro-
sion of the cell metallization and interconnect structure, and must serve
as an optical coupling medium to provide a maximum light transmissior: to the

cell surface and optimize power output.

This report presents the results of the past year which has been directed

at the continuing develcpment and testing of pottants and other components.

The topics covered in this repert are as follows:

(1) the study of improved cure systers for the candidate lamination
pottants, EVA and EMA. Curing agents are investigated that im-
prove the quality of cure, improve the speed and lower the ef-
fective temperatures;

(2) the extended investigation of aliphatic polyurethane compounds

intended for usc as pottants in the liquid-casting technique;

(3) an investigation of corrosion protective coatings for use with

mild steel to give a low cost long life substrate;

!
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(4)

(5)

(6)

(7)

(8)

11.

continued work on coatings to provide environmental stability to
low cost candidate substrate materials based on wood (hardboard)
products;

evaluation of the soil resistant coatings after one year of outdoor

exposure;

a continuing survey of primers for use in coupling the various inter-

faces between encapsulation materials;

a discussion of accelerated aging test techniques heing implemented
at Springborn Laboratories and presentation of the results of RS/4

exposure testing of candidate encapsulation materials; and

other activities at Springborn in support of the FSA program,
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III. POTTANTS

A. Advanced Cure Systems

a. Chemistry

Two compounds, ethylene-vinyl acetate and ethylene-methyl acrylate, were
chosen for the development of candidate pottant compounds for the lamination
process. Their selection was based on their transparency, low processing
temperatures and low cost. In order to function effectively in a module ap-
plication, the property of creep resistance (lack of flow) at the module
operating temperatures is a necessity. In order to accomplish this require-
ment, the copolymers must be compounded with chemical additives that permit
the resin to flow during the lamination cycle but then subsequently cresslink
(cure) at a later time. Crosslinking and/or vulcanization is defined as a
process for converting a thermoplastic material or elastomer into a thermo-
setting material that will no longer flow upon the application of heat. This
process converts the majority of the pulymer molecules into a single network
which then has the ability to retain many desirable physical and chemical

properties of the base polymer under higher temperatures.

The two major chemical processes (not including radiation) that result in
crosslinking are peroxide cure systems and sulfur cure systems. Only the
peroxide cure systems have been considered for the two candidate elastomers.
The main reason for this is that the sulfur cure systems, when used alone,
will not cure these saturated compounds and in addition they result in the
presence of dark sulfides that will reduce the optical transmission of the
final compound. Peroxide cures,in addition, have many other desirable char-
acteristics:
¢ Peroxide cures can be used with both saturated and unsaturated poly-
mers,
¢« Peroxides produce vulcanizates with better heat aging properties,
lower compression set, less color and lower odor,
« Peroxide vulcanizates generally have better low temperature flexi-

bility than the sulfur cured compounds, and,
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. Saturated elastomers that have been peroxide crosslinked have excellent
aging and thermal stability characteristics. This is due to the lack
of saturation in the polymer backbone and also to the higher bond en-
ergy of the carbon-carbon bond that results from peroxide crosslinking.

The carbon-carbon bond energy is 82 Kcal/mole and is therefore as stable
as most of the other bonds in the polymer. The sulfur cured elasto-

mers have crosslinks composed of both carbon-sulfur and sulfur-sulfur
bonds with energies of 66 Kcal/mole and 49 Kcal/mole, respectively.
These are, therefore, weaker crosslinks and result in an inherently

less stable compound.

The peroxide crosslinking of saturated polymers not only involves a large nuaber
of chemical reactions within the polymer itself, but also between peroxide de-

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

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

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

chemical reaction are:

(1) Peroxides thermally cleave to produce two oxy

radicals. Acyl peroxides yield acyloxy radicals; ROOR ég; 2RO*

alkyl peroxide yields alkoxy radicals.
(2) Oxy radicals are very reactive and abstract hy-

drogen atoms from polymer chains, where P = PH + RO* <» P« + ROH

polymer.
(3) Two polymer radicals then combine to form a 2pe P - P

crosslink, resulting in cure.

The ability of a radical, (R¢) to abstract hydrogen from a polymer, (P-H) to
Froduce a new polymer radical, (Pe¢) is determined by the bond dissociation en-
ergies of R-H and P-H. In general, the more the bond dissociation energy of
R-H exceeds that of P-H, the more rapid the hydrogen abstraction is likely to
occur. The comparative ease with which hydrogens are abstracted by oxy radi-
cals is a function of the hydrogen atom's reactivity. In order of descending
reactivity, they are functionally; phenolic > benzylic)> allylic) tertiary >
secondaryj? primary. In polymers the degree of crosslinking varies depending

on the type and number of hydrogens available for abstraction and the presence
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of other reactive groups. The degree of crosslinking is affected by (a) the
polymer type: saturated, unsaturated, chlorinated, etc.; (b) the peroxide type:
dialkyl, diacyl, peroxyester, etc.; (c) the processing parameters: peroxide
concentration, thermal decomposition rate, temperature, time, and (d) the inter-
action with other additives such as antioxidants, fillers, oils, stabilizers,

etc.

Dialkyl peroxides are generally the most efficient and most widely commercially
used for polymer crosslinking applications. Their high activation temperatures
yields compounds of excellent thermal stability during compounding and reduced

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

merciallv available.

The factors guiding the sclection of peroxide for the given application are as
follows: (1) generation of crosslinks as the only modification of the polymer,
(2) rapid decomposition at the desired cure temperature to yield efficient
cure, but (3) survives the polymer compounding and processing steps, (4) e -
fective in the presence of the other compounding ingredients such as antioxi-
dants and UV stabilizers, (5) must be soluble in the polymer compound and
preferably solid to prevent volatile losses, (6) is non-toxic before and after
decomposition, and (7) does not sensitize the polymer to heat or ultraviolet
light resulting in the accel-:rated aging of the cured elastomer. Peroxides
containing aromatic groups (such as dicumyl peroxide) should be avoided due to

their sensitizing effect on light stability.

Cure time and temperature can be determined in a peroxide cure system solely
from knowledge of the rate of peroxide thermal decomposition. It is this re-
action (homolytic cleavage and the generation of free radicals) that is the
rate determining step in the curing or crosslinking sequence of reactions. The
reaction follows first-order kinetics and is generally characterized by their
half-life temperature. This term is more useful than "rate-constant" and is
defined as the temperature at which fifty percent of the peroxide will decom-
pose within a given time period. The half-life temperature is useful as an
initial guide for the determination of processing safety and the selection of

cure temperatures. The decomposition rate is independent of the amount of
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peroxide present but does vary somewhat with the medium in which the decompo-
gition is taking place. The thermal decomposition rates in polymer svstems
are usually slower (than in solutions) due to the reduced mobility of the re-

sulting free radicals and the opportunity for recombination to occur.

In commercial practice, polymer cure conditions are often selected to obtain
six or seven half-lives in order to insure complete peroxide decomposition and
the maximum development of physical properties. The following table illus-
trates the relationship between the half-life and the percent of peroxide de-

composition:

Number of % of Original Peroxide
Half-Lives Decomposed
1 50.0
2 75.0
3 87.5
4 93.75
5 96.9
6 98.4
7 99.2
8 99.6

This general rule does not have to be followed providing that the following
conditions are fullfilled: (a) the excess remaining peroxide is economically
and chemically acceptable, (b) the ultimate in tensile strangth and compres-
sion set is not requried, and (c¢) the resulting gel content (degree of cross-
linking) is acceptable for the intended application. It is found that the
properties of modulug and tensile strength are within 90% of their ultimate
values after the decomposition of approximately 80% of the peroxide. It is
therefore recommended that the compound be cured for a minimum of three half-

lives at the selected cure temperature.
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A few cautions must be mentioned with respect to peroxide curing agents. These
compounds decompose in the presence of strong oxidizing agents, reducing agents
and accelerat.rs (such as dimethyl aniline, cobalt napthenate and metal salts).
Acids in particular decompose the peroxide into ions. When this type of ionic

decomposition occurs, alcohols and non-radical products result that cannot ini-
tiate the crosslinking reaction. Fillers and additives to the polymer should .

therefore be chosen that are not strongly acidic in nature.

Oxygen is also to be avoided during the cure stages of these compounds. Expo-
sure to oxygen causes a competing reaction to occur that reduces the efficiency
of the curing process, and more seriously, may lower the thermal stability of
the final compound. 1In the presence of oxygen, the polymer radicals resulting
from hydrogen abstraction may form hydroperoxides. The resulting hydroperox-
ides may then thermally decompose and result in polymer degradation accordiny

to the following mechanism:

00»
. o, _| P-H
R-CHCH,CH,-R'—— R-CHCH,CH;-R' ————
OOH o

| ]
R-CHCH,CH,-R'—R-C-H + CH;sCH-R’ + H)O

Due to the fact that most cures are done either in closed molds or in vacuum
baj laminators, as in the case of PV modules, th2 exclusion of oxygen is usu-
ally sufficient to prevent reactions such as these. Curing openly in the pres-

ence of air, however, must be avoided.

Ethylene,/vinyl Acetate

After an extensive investigation of transparent elastomers, ethylene/vinyl ace-
tate (EVA) was selected from a class of low-cost polymers as being a likely
candidate potting compound for use in the fabrication of solar cell arrays.

Its selection was based on cost (approximately $0.65 per pound) and an appro-
priate combination of high optical transparency and easy processing conditions.
This polymer also showed the most promising properties for immediate use with a

small amount of modification, but without extensive development efforts.a

a. Willis, Baum, "Investigation of Test Methods, Material Properties and
Processes for Solar Cell Encapsulants" DOE/JPL 954527-79/11, June 1979,

e
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Fourteen commercial grades of EVA copolymers were surveyed from two manufactur-
ers and a base resin, Elvax 150 (DuPont de Nemours Chemical Co.) selected on
the basis of its high optical transmission and low melt viscosity. This resin
formed the basis for the development of what is now a commercially available
lamination grade solar cell pottant, Springborn Laboratories formulation number
A9918. This compound has been widely evaluated and favorably received by the

photovoltaic industry at large.

In addition to the many other technical activities, Springborn Laboratories

is pursuing research concerned with the "technical optimization" of EVA, and
other candidate encapsulation materials. Considerations include areas such

as materials processing, lower temperature and faster cures, optimized ther-
mal stability, optimized ultraviolet stability, adhesive reliability and

lifetime prediction studies.

The first area to be reexamined in the formulation of potting compounds is that
of cure parameters. Due to limitations imposed by the chemistry, the cure sys-
tems must be evaluated first and the other additives are subsequently selected
for coupatibility with the selection of curing agents. Experiments to evaluate
new peroxide curing agents were conducted over the past quarter. The new com-
pounds have only just become commercial and have the desirable properties of
(a) aliphatic chemistry containing no UV sensitizing aromatic groups, (b) half
life temperatures in the range of 90°¢C to 130°C (one hour half-life) for stable
processing and rapid cure, (¢) solubility and compatability with ethylene co-

polymers and (d) the potential for faster and more efficient cure.

Curing (crosslinking) of the pottant is necessary to prevent thermal creep
of the resin at module operating temperatures. Excessive flow of the pot-

tant would result in deterioration of the module.

A preliminary study was conducted to determine if there exisced a relationship
between the type of EVA and the ability to be cured. A number of resins were
selected, varying in gel content and melt index, and the efficiency of curing
determined from the gel content. Using Lupersol-10l1 as the curing a: , the

following results were obtained:
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OF POOR Vinyl (a)
Resin Melt Index Acetate Weight # Gel Content
UE-646-04 25 28 79
Elvax 240 43 28 71
Elvax 250 25 28 83
Elvax 350 19 25 73
Elvax 420 15 18 62
Elvax 450 8 18 86
Elvax 550 8 15 82
Elvax 650 8 12 66
Elvax 750 7 9 61
PE-831 9 0

o .
(a) All polymers cured with 1.5 phr Lupersol-10l at 150 C/15 minutes.

As may be seen, the acetate group appears to be essential for crosslinking
in EVA resins. Even at 9% by weight, the acetate group results in a gel of
61%, however the pure polyethylene with no co-monomer gives no cure at all.
The degree of cure (% gel) does not appear to be dependant cn the amount of
vinyl acetate present in the polymer as long as it is there. Experiments

have shown that a minimum gel content of 65% is required to prevent thermal

creep in EVA(aZ The use of Elvax 150 was continued for all suvbsequent ex-

periments.

Four new liquid peroxides were evaluated. All are products of Lucidol Divi-

sion, Pennwalt Corporation; Buffalo, New York, and have the following proper-

ties:
Half-Life
——Tlemperature . p1agh Point
One Hour Ten Hour (Volatility) % Active
. [o] e ]
Lupersol 331-80B% 111% 93°¢ 40°%¢ 75%
(o]
Luperscl 99°° 118°¢ 99°% 77°% 75%
(o]
Lupersol TBEC " 120°%¢ 86°C 101°%¢ 100%
*D-5606° 96°c 762c 77% 100%
117°% 97°¢
[o]
Lupersol 101°%° 138°¢ 119°%¢ 43% 100%

(for comparison)

- —— T G P e A D D W e S D G D Y - -

*Contains two peroxy groups with differing half-lives

a. Willis, Baum, "Investigation of Test Methods, Material Properties and
Processes for Solar Cell Encapsulants" DOE/JPL 954527-79/11, June 1979.
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These compounds wera blended into EVA copolymer (Elvax 150, DuPont) by cold
milling at room temperature on a differential two roll rubber mill at a level
of 1.5 weight percent. No other additives were incorporated. The resulting
compounds were then cured by compression molding 20 mil thick plaques at a
temperature of 150°c for twenty minutes. This »asic test was useful for de-
termining if the basic cure chemistry of the psroxide was compatible with the
resin. The following table indicates the relative effectiveness of the per-
oxides as judged by gel content (percent insolubles) and the swell ratio (indi-
cation of the crosslink density):

®
Cure in Elvax 150

Peroxide Swell Iangf' Gel Contcnt“
Lupersol 331-80B 2,500 87%
Lupersol 99 2,800 89%
Lupersol TBEC 2,400 95%
D-S606 3,200 69%
Lupersol - 101 2,500 88s

*150°c/20 minutes

**In toluene

These initial results indicate that all the peroxides selected are successful
in developing cure in the EVA base polymer, and subsequent experiments were
conducted to determine chemical compatability in a fully formulated system
and also to determine the time/temperature profiles for processing. A stan-
dard formulation was prepared with each, based on Springborn Laboratories'

composition A9918, as follows:

Parts
Elvax 150 100.0
Cyasorb UV=-531 0.3
Tinuvin 770 0.1
Naugard ~ P 0.2
Candidate Peroxide 1.5

a. 1,1-di(t-butylperoxy) cyclohexane

b. di-t-butyl diperoxyazelate

¢. 0,0-t-butyl O-(2-ethylhexyl) monoperoxy carbonate

d. 4-(t-butylperoxycarbonyl)-3-hexyl-6-(7-(t-butylperoxycarbonyl) heptyl)cyclo=-
hexane

e. 2,5-dimethyl-2,5~-di (t-butylperoxy) hexane
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These compositions were then evaluated by determining gel content (degree

of cure) as a function of time and temperature. The range of 110°C to 160°C
was used to determine the speed efficiency of cure at the higher temperatures
and to determine 1f problems would be encountered with premature cure at
lower temperatures used in the sheet extrusion process (maximum temperature
approximately 115°C). The results of these experiments are given in Table 1
of the Appendix A.

With the exception of Lupersol D-S606, the results of advanced cure studies
with completely formulated compounds appear very encouraging. The peroxides
investigated all results in much higher cures of the EVA in shorter periods

of time and at lower temperatures. Additionally, they should all be compat-
ible with the extrusion process in which the temperature never exceeds approx-
imately 115°C and the barrel residence time is in the order of only three
minutes. Of the three, Lupersol 99 and Lupersol TBEC are a little more toler-
ant of premature crosslinking in the lower temperature ranges and both result

in very rapid cures at higher temperatures.

The performance of the new peroxide curing agents may also be summarized as

the times required for a specific gel cortent at known temperatures;

In EVA: Time Required for 70% Gel Content
Cure Temperature 120% 130°¢ 140°c 150°¢c 160°c
Lupersol 101 N/A /A 45 15 6
Lupersol 99 30 20 12 8 2
Lupersol 331-80B 15 10 5 2 2
Lupersol TBEC 30 10 4 2 1

These results indicate that, when compared to cure with Luperscl 101, the new
peroxide, Lupersol TBEC, may be capable of resulting in equivalent cure in one
third to one tenth the time, depending on the temperature selected. High de-
gree of cure at a lower temperature is also desirable due to the energy saviné,

and reduced time required for heat transfer during lamination.
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The rate of cure is dependent on the rate of peroxide decomposition and a
clogse correlation has been found between the development of acceptable gel
content (»55%) in EVA and the half-life vs temperature curve of peroxide
decomposition. This graph is, therefore, useful for providing tine and tem~
perature data points required for cure, The half-life graphs for the perox-
ides of interest appear in Appendir A, Figure 1,

Of the four efficient peroxides presentei, Lupersol TBEC currently appears

to be the material of choice and should be considered as a replacement fur
the Lupersol-l0l in future formulations. Its selection is based on; (a) it
has the highest curing efficiency of the crosslinking agents examined to date,
(b) it is 100% active and contains no DOPabr mineral spirit dilutents based
on its flash point, it has the lowest vapor pressure and consequently is less
prone to volatile losses. Lupersol TBEC appears to be a highly efficient hy-
drogen abstractor in the ethylene/vinyl acetate base rasin.

Ethylene/Methyl Acrylate

EMA has always been much more difficult to cure than EVA. Experiments were
performed to see if the new peroxides presented an advantage in the fully com-
pounded EMA pottant formulation. Compositions were prepared in the laboratory,
as before and a standard EMA formulation (EMA 13439) was used as the base for

this evaluation. The composition was:

Ethylene/Methyl Acrylate
(Gulf 0il Chemicals, TD-938) 100.0

Cyasorb UV-531 0.3
Tinuvin 770 0.1
Naucard ~ P 0.2
Candidate Peroxide 1.5

The time/temperature gel profiles were determined as for the EVA, except cver
a slightly narrower temperature range. Table 2 gives the results for the new
peroxides from 120°C to 150°C, as was done for EVA. As may be seen the new
peroxides are also of benefit in fhe EMA resin and result in much faster cure
times and higher gel contents than the usual formulation employing Lupersol
lo1.

P

a. Dioctyl phthalate, a frequently used diluent.
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Experimants so far have not indicated the necessity for curing the candidate
EMA pottant. At 90°C (the upper module operating temperzture) the base poly-~
mer shows no tendancy to creep, ever after three .ontls exposure. Curing is,
however, general.y recommended as a precaution againse long term creep and

additionally provides a chemical mechanism that is compatable with many prim-
ers and adhesion prometing agents. A gel content of 50% is currently thought

to be adequate for this composition.

As was found with the EVA, Lupersol TBEC is overall the most efficient curing
additive, however at lower cure temperatures (130°C) the Lupersol 331-80B gave
the highest gel contents.

Comparing these new curing agents, the minimum times to a 50% gel level are
given for each peroxide as a function of temperature.

Minimum Time to 508 Sel Content
130°%  140°c  150°%

Lupersol 101 N/A 260 | 30
Lupersol 99 30 15 5
Lupersol 331-80B 1z 10 5
Lupersol TBEC 25 5 < 2

It is apparent that the cure times in EMA may be reducsd by a factor as much
as fifteen and that gel contents as high as 73% may be obtained in the range

of times and temperatures investigated. This is a considerable improvement
over previous formulations.

0f the four efficient peroxides presenied, Lupersol TBEC currently appears to
be the material of choice for EMA also and should be considered as 2 replace-
mant for the Lupersol-10l in futures formulations. Its selection is based on:
(a) it has the highest curing efficiency of the crosslinking agents exanrined

to date; (b) it is 100% active, and (c) it has the lowest vapor pressuce and

consequently is less prone tc volatiie losses.
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The EVA and EMA elastomers compounded with these agents can be processed like |
any other rubber and, in addition to lamination, are suitable for injection ’
molding, comp.ession molding, transfer molding and profile extrusion. The low

softening point of these compounds allows processing at low temperatures, min-

imal tendency to scorch and the ability to be rapidly cured by an increase in

temperature in the order of 30 to 4o°c higher than the processing temperature. N

The use of these new peroxides, especially Lupersol TBEC, presents obvious
advantages to the PV industry. The lamination/encapsulation step may be oper-
ated at lower temperatures, higher speed, more efficient cure and wider cure
latitudes. It is expected that a TBEC modified pottant would be much more
tolerant of accidental or intended variations in the time/temperature cure
schedule, thereby allowing a wider margin for equipment malfunction or pro-
cess adjustment.

Before the development of a future commercially acceptable formulation based
on Luperscl TBEC, other evaluations must be conducted to assess overall per-
formance. Some of the concerns that remain are: (a) volatility - does the
peroxide evaporate fra:, the pottant during storage; (b) thermal stability -
does the peroxide retain its activity in the pottant during storage at room
tenmperature; (c) does the new cure systam give rise to volatiles and bubbles
during cure; (d) will the peroxide comfortably survive the extrusion process
in plant trials, (e) are any chemical species developed that are incompatible
with the other additives or result in photosensitization of the polymer?

In the near future, a pilot plant extrusion will be conducted with TBEC modi-
fied formulations of both EVA and EMA to assess the production scale perfor-
mance of this compound as well as mndule fabrication, adhesion experiments,

and accelerated aging experiments.

Aliphatic Folyurethanes

The pottants developed and investigated to date have emphasized production
in sheet form and consequently a fabrication method baged on sheet lamina-
tion. Although the vacuum bag iamination process has been found to be very
successful on experimental modules prepared to date, other methods of fabri-

cation may be desirable to provide manufacturers with alternative production

methods.

0 R AL, e
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Liquid casting systems have been used in the past by the asolar module indus-
try with considerable success. A disadvantage with these systems is that
they almost invariably employ high cost silicone resins. Alternative low
cost casting materials were therefore surveyed and a few were identified as
being potentially good candidates. Although not yet widely used, castable
urethanes have been employed as solar module pottants.

They are typically two part liquid systems that cure to transparent solids
after mixing. The time required for cure is temperature dependant and is also
limited by the pot life of the system. Urethanes may be formulated to have
cured physical properties ranging from hard and tough to extremely soft and
flexible. A wide range of chemistries are available for both parts, the
isocyanate and the polyol (parts “"A" and "B"). These are sometimes referred

to as ASTM tyve V urethanes.

Due to the application in solar modules, some desirable characteristics may

be specified as the mixed syrup and the subsequently cured material. The mixed
syrup must be pumped into a preformed cavity holding the cells and consequently
must be low enough in viscosity not to disrupt the cell arrangemert; the cure
characteristics (time and temperature) must be appropriate to the fabrication
process and must yield good throughput or production rates; the cured modulus
must preferably be below the 2,000 psi level to provide protection to the cells
at a "no thickness requirement” level; the chemistry should be aliphatic (not
aromatic) in order to have optimum resistance to ultraviolet light and outdoor
exposure; the cured resin should have no glass transition (Tg) within the tem-
perature range of operation (—40°C to + 90°C); and the components should be
pure and solvent free. These properties are the most important, although the
list could be extended considerably. This list of properties may be considered
as the criteria for the selection of candidate commercial materials for this

application.

The aliphatic urethanes were surveyed due to the general interest in these com-
pounds and manufacturers were contacted to determine if commercial products were
available with the desired properties. The following is a summary of this in-

vestigation with a specific material recommendation.

Specific companies contacted included Mobay Chemical Co., H.J. Quinn Co., Henkel

Corporation, Morton Chemical Company, and Upjohn Chemical Company. Information

P—
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on stabilizers was also obtained from Borg Warner, American Cyanamid, and
Ciba Geigy. Henkel, Upjohn, and Morton Chemical Companies offer no com-
mercial aliphatic systems that would be usable in this application. Mobay
has no off-the-shelf products that could be used; however, they showed in-
terest in having a meeting at Springborn in the future to discuss the re-
quirements more fully and possibly offer a specialized product for this
purpose. They suggest that products could result based on their Desmodur-w
(fully hydrogenated methylene diphenyl diisocyanate) or from adducts employ-

ing hexamethylene diisocyanate (HMDI).

Only two suppliers of potentially usable systems were identified in this
search, H.J. Quinn Company, Malden, MA and Development Associates, Inc.,
Kingstown, R.I. H.J. Quinn offers only one commercial product designated
Q0-621/Q-626 (fcr the isocyanate and polyol, respectively). This system has
the following properties.

MIXED SYRUP

(uncured)
Viscosity at room temperature 3000 cps
Pot Life, 70°F 3 hours

CURED RESIN

Tensile Strength 9000 psi
Ultimate elongation 300 psi
Total integrated transmission 89%
Color light yellow
Hardness, Shore A 65

Cure requirement 2 hours/ 95°C
Specific gravity 1.03
Cost: (mixed) approx. $2.20

(1982) $0.011/£t/mil



Plaques of the Quinn Q=621 urethanes were prepared and exposed to RS/4 ra-
diation conditions in order to determine its stability in comparison to other
candidate pottants. The unprotected specimens were found to be badly de-
graded after 1000 hours and flowed to diffuse shapes of dark yellow/brown
color. The protected urethanes survived the remaining test periods, however,
deterioration of the physical properties indicates that the degradation pro-
cess is still in operation. Glass provided the best stability to the ure-
thane at the 240 day exposure period, the tensile specimens retaining 960
psi of tensile strength and 440% elongation. The specimens behind Korad
film lost about 90% of the original tensile strength and the urethane be-
hind Tedlar film discolored and flowed completely to destruction.

During the survey of industrial compounds, some good input was obtained con-
cerning stabilization of aliphatic urethanes. Mobay and Ciba-~Geigy both
recommended the same system as follows: 0.5 phr Tinuvin 770, 0.5 phr Tinuvin
328, 0.1 phr Irganox 1010. This is thought by both companies to be a syner-
gistic combination that has a minimal effect on the cure of the resin. Amer-
ican Cyanamid offered a different formulation: 0.5 phr Cyasorb UV-5411 (a
benzotriazole) with about 0.1 phr of Cyanox 1735, a phenolic/phosphite com-

bination as the antioxidant.

Attempts at Springborn Laboratories to incorporate these stabilizers into
the Q-621 system were not effective. In all cases, it was found that each
of the recommended stabilizers was sufficiently chemically reactive with the
components of the mixed urethane system to severely inhibit the cure mechanism

and also rasult in the production of bubbles.

An additional difficulty experienced in the laboratory use of the pourable
urethane systams has been that of moisture reactivity with consequent bub-
bling of the pottant. Experimental modules preparedat Springborn all showed
difficulty in this respect and no modules could be prepared without small
bubbles appearing. Modules prepared with hardboard substrates were conspic-
uously the worst due to the hygroscopic nature of the wood fibers and the

high moisture content.

JaTT———
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A seriesof specially formulated prototype encapsulation syrupswere prepared
by Development Associates, Inc. and were subsequently evaluated for cure re-
quirements and physical properties. The casting syrups are two-part liquid
100% active urethanes and require the usual type of procedure involving mix-
ing under low shear conditions for several minutes and then degassing under
vacuum. The formulations supplied were variations of a commercial product
used as a bottle coating and as over-coatingson decorative emblems in auto-
motive use. This product is claimed to have outstanding weatherability and
to date, has endured six years of outdoor exposure with no appreciable de-
gradation. All the formulations submitted appear to have fast gel times,
in the order of 10 minutes at 30°c, and have recommended cure temperatures
of 65°-120°c. Cured films were tested for optical and physical properties,
the results of which are given in Table 1 in Appendix A.

The first property examined on any of the formulations was the total inte-
grated light transmission values, most of which were excellent. The second
property was glass transition temperature (Tg), due to the requirement for
stress relief at low operating temperatures. The first candidate, 2Z-2211
was found to have a Tg of +12°c. Tangent modules was run on this resin at
-30°C and found to be 8 x 104 psi, indicating that the composition becomes

very hard, as expected.

The subsequent candidates had more promising properties. The 2-2451 and 2-
2391 both had glass transitions in the range of -30°C and alsohave high in-
tegrated transmission. As the Tg decreases, the tensile strength also ap-
pears to decrease; however, the low tensile strength should not affect per-
formance when used in a pottant (no-load) application. New formulations
continued at Development Associates with the goals of: (1) Tg below -40°C;
(2) tangent modulus below 2,000 psi; and (3) tensile strengths of 350 psi
or better.

These goals were never quite achieved; however, a product resulted, 2-2591,
that is considered acceptable for the Industrial Evaluation phase of this

program, Z-2591 has a mixed viscosity of approximately 250 centipcisze, a
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gel time of 20 minutes at room temperature, a glass transition temperature

of -239C, and cured properties of 160 psi tensile strength and 115% elonga-
tion. (See Table 1, Appendix A.) In terms of overall properties, this for-
mulation is thought to be the best choice at this time for further investiga-

tion.

Cured specimens of these resins are water white and very clear in appearance.
The bubbling difficulties experienced with other urethane compounds when
cured in the presence of moist air do not appear with these products. The
manufacturer claims that the catalyst system that they use does not favor
the isocyanate - water reaction that results in the presence of CO2 bubbles
in plaques cured under high humidity conditions. Small two-celled modules

have been prepared with these syrups with no difficulties.

These candidate urethanes are completely formulated with UV screeners, an-
tioxidants, etc., so that no further formulation work is being considered
by Springborn at this time. Formulations similar to these have also been
used for coatings applied to automobile vanity strips and consequently have
a successful history of cutdoor performance. Improvements in the formulation

may be considered after studies of aging and durability have been completed.

Recent laboratory experiments with module building show that these urethanes
are easy to mix and pour due to their low viscosities and that bubble-free
castings are fairly easy to prepare. A current limitation is that the mixed
pot life is very short, about 15 minutes. The mixed system must be degassed
and used in fabrication within this time. Development Associates claims that
the cure time may be easily controlled by reformulation and that the pot

life may be increased to hours, if necessary.

Of the materials evaluated to date, 2-2591 is recommended for trial encapsu-

lation studies. It wa~= selected over the Z-2391 on the basis of its slightly
higher optical transmission (Table 3) and longer cure time that made it easier
to handle in a laboratory setting. Its low modulus, high transparency and low

glass transition temperature make it a usable first-cut formulation for com-

mercial exploration.

Specimens of 2-2591 have been included in RS/4-509C sunlamp exposure in order

to provide a relative assessment of the ultraviolet light stability. To date

N
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specimens have survived 6,000 hours of exposure and retained the original
tensile strength elongation. These are good results for transparent poly-
mers, in general. As a reference point, polyethylene looses 90% of its
tensile strength within 500 hours of this type of exposure. The resin will
also have the significant advantage of being behind glass or a UV screening

film when used as a pottant in a fabricated module.

Some preliminary adhesion studies were performed using 2-2591 as a pottant
and bond strengths were measured to other candidate encapsulation materials;

the results are as follows:

Adhesion Tests (a)

2 Hours 2 Weeks
2-2591 Boiling Water
ToO: Control Water Immersion
Sunadex Glass 31 45 37
Tedlar 100BG30UT 5 2.5
Scotchpar 10CPW 0.2 0 0

Korad 63000-White

(a) surfaces primed with thin coating of Dow Corning 2-6020 amino silane
(10%) in methanol

The primer appeared to be very effective with the glass surface, however,
gave poor to marginal performance on the other materials. This is thought
to be due to the chemical incompatability between the primer and the sur-
faces attempted for bonding. Some type of surface activation will be neces-
sary to generate a surface that is chemically reactive with the silane primer
composition. An attempt was also made to combine the silane compcnent of
the primer directly into the urethane to create a self-priming composition.
A level of 0.5% of the 2-6020 was blended into the urethane and subsequent-
ly cast onto Sunadex low-iron glass and Mild steel sheets. This approach
did not appear to be effective and gave bond strengthsof 2 lbs/in (Sunadex)
and 2 lbs/in (steel), neither of which survived the boiling water test.

This urethane has been successfully used for the fabrication of laboratory

prototype solar cell modules by the casting method. In this process, the
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the two components of the urethane composition are held in stirred contain-
ers and degassed under vacuum. The vacuum is then released and the two com-
ponents, "A" and "B", are pumped into a common mixing chamber by a pair of
"Zenith" metering pumps that have a common gear drive. The two drives mesh
and the ratio of the two components is permanently set by selection of the
gear sizes. The composition is, therefore, held constant regardless of pump
speed. The output end of the mixer con:ains a saction of static mixer to
insure homogeneity. Compositions have been prepared continuovsly at a rate
of approximately one liter per minute. Using this device, modules as large
as 4 feet by 4 feet have been successfully prepared py simply permitting
the mixed composition to flow over the cell strings in a substrate design of
module. In a large scale automated factory operation, the compositicn would
most likely be pumped into a preformed and heated module cavity and permitted
to cure to at least a "demold" condition. A scheme such as that used in
reactive injection molding (RIM) may be envisioned. The urethane would be
handled in a manner to that shown in Figure 1. Directions for laboratory

casting and data sheets for 2-2591 are included in Appendix B.

The 2-2591 is available in plant quantities from Development Associates,
Inz., 300 014 Baptist Road, North Kingstown, Rhode Island, 02852; Contact
Mr. Bud Nannig, (phone: 401-884-1350). The price, based on the mixed sys-
tem, is expected to be in the order of $3.00 per pound; however, itmay fluc-
tuate slightly due to raw material costs. Development Associates also has
a few specialty primers available that may be effective for certain appli-

cations.
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IV. SUBSTRATES

Springborn Laboratories, Inc. has conducted extensive surveys into
materials that may be useful as cost-effective substrates for photo-
voltaic modules(a). The results of these surveys suggest that the
load bearing element, either substrate or superstrate will be the most
expensive single component in the encapsulation package. Given the
overall encapsulation ccst goal of $14.00/m2 (1980 dollars), the load
bearing element may amount to as much as 50% of the cost, or up to

$7.00/m2.

Surveys have identified potential construction materials on the basis of the
flexural strength required to meet the load deflection specifications and
the cost of the material at the required thickness. The materials identi-

field to date are as follows:

Candidate Material Estimated Cost
$/fre $/m2
Hardboards (Masonite, "Super-Dorlux",

Ukiah Standard Hardboard) 0.14 1.52
Strandboard (Potlatch-under development) 0.17 1.80
Glass-reinforced concrete (MBA Associates) 0.60 6.50
Mild steel (28 gauge) 0.25 2,70

(base cost appx. 1l¢ per sq. ft.
per mil of thickness)

Mild Steel

Mild steel is the least expensive metallic material found to date and
offers the advantage of =2asily shaped into structures that have integral
stiffening ribs incorporated into the manufactures structure. The stif-
fening ribs may permit the reduction of panel weight and thickness in

order to meet the deflection load specifications and additionally result in

a cost optimizea siructure.

Willis, P. and Baum, B., Investigation of the Test Methods, Materia:
Properties and Processes for Solar Cell Encapsulants, Annual Reports
ITI and III to Jet Propulsion Laboratories, Contract 954527, July 1978
and July 1979.
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The difficulty with the use of mild steel is its inherent corrosion
sensitivity. Modules deployed outdoors without some protection provided
for the steel, will probably not last the twenty year period without rust,
resulting in delamination of the encapsulated cell sztrings from the sur-
face and possible mechanical deterioration of the steel structure itself.
The solution to the corrosion problem depends on the form the corrosion
takes. The forms of corrosion found in metals are (a) uniform attack over
the exposed surface, (b) galvanic corrosion between two dissimilar metals,
(c) crevice corrosion in localized shielded areas, (d) pitting corrosion
and the formation of cavities, (e) intergranular corrosion at the metal
grain boundries, (f) selective leaching of metals from alloys, (g) erro-
sion from moving solids,/fluids and, (h) stress corrosion caused by the
presence of a tensile stress and a corroding medium simultaneously. Prob-
ably several of these mechanisms would come into action in steel exposed

to an outdoor environment.

The application of protective coatings is the easiest and most obvious
way of preventing the corrosion chemistry from occurring. Coatings form
a barrier between the meta. and its environment and isolate it from the
electrolytes that are required for any of the corrosion mechanisms to
occur. A good protective ccatiing must resist acids, alkalis, salts,
moisture, ultraviolet light and have good adherence to metal surface for

which it is intended.

Coatings may be divided into three groups; metallic, inorganic, and

organic.

Metallic coatings include metal spraying, cladding, hot-dip coatings

and electroplating. The least expensive metallic coatings is hot-dip
galvanizing with a cost increment of about 2C% over plain cold rolled
mild steel. Aluminum clad rolled steel is also available, however it

is almost twice as expensive (varies with grade and manufacturer).

P —
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Inorganic coating refers basically to porcelainization - a process of
applying a glass frit to the surface of the steel and then firing until

the glass fuses to the surface. This approach works well in tems of
corrosion protection, however it i3 sensitive to mechanical flexing and is
also axpensive. The steel sheet that is suitable for porcelain enameling
costs about 15% more than mild steel and the enameling process itself adds,
perhaps an additional 50% to the overall cost.

Due to the ease of use, the ability to coat complex geometries, and cost
benefits, our approach to the corrosion problem has emphagsized the use of
organic coatings. Several approaches are under consideration. The
possibilities include (a) encapsulation of the entire steel substrate

with the weatherable pottant compound, (b) lamination with an occulusive
foil (i.e. aluminum foil) and the use of a hot melt adhesive, (c) lamina-
tion with organic films, such as pigmented pnlyester, and (d) combinations
of these techniques. The goal is to systematically identify, assess and
cost out candidate coating systems that can meet th2 twenty year life cri-

terion at the lowest possible cost. The following scheme is proposed:
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Corrosion Protection Scheme
MILD STEEL SHEET
(28 Gauge)
SURFACE TREATMENT |
SAND BLAST None ACID WASH
PRIME
| | |
BONDERITE SILANE WASH ZINC CHROMATE
ZINC PHOSPHATE PRIMER PRIMER PRIMER
| |
| k
Bake cycle No bake
TOP COAT
] ] 1 1.0
EVA SILICONE SI L}CONE ACRYLIC FLUORO-
R9918 POLYESTER POLYMER
(AUTOMOTIVE) LATEX
N
I
Bake cycle Dry cycle

|

SOLAR MODULE SUBSTRATE
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The type of coatings that are expected to fit into this scheme are the
automotive and the maintenance coatings employed for durable siding
on buildings. A brief list of possibilities follows:

Coatings®' Cost, Bogh Sides b.
¢/ft
Polyvinylidene Fluoride (Primer + Enamel) ©o11.2
PPG Industries, 10 years outdoor to date
Silicone/polyester 5.4
Dexter-Midland, prototypes to 20 years
Polyester
Dexter-Midland, 50-10 years outdoors 4.0
Acrylic Coating 4.0

PPG Industries, 5 years outdoors

Polyester (Compliance Coat) 4.0
Dexter-Midland, 5 years outdoors

Acrylic Emulsion Coating 5.2
Dexter-Midland, 5 years (extrapolated)

Polyester Powder Coating 5.6
Dexter-Midland

"Bonderite" Primer treated conversion coating; to 0.2

be applied prior to coating

To date, a number of corrosion test specimens have been prepared with

a variety of coatings and evaluated for performance in outdoor exposure
and indoor heated salt spray (ASTM B-1l7) tests. These coatings are
based on adhesive/film combinations and also some maintenance coatings.
The results of these tests is given in Tables 4 and 5. The key for these
tables is given in Table 6.

a. Recommended by industrial consultant, Mr. Milt Glaser,
former Vice-President of Dexter - Midland Company.

b. The prices shown are for finished product cost, i.e.,
RMS and labor ccsts.

j
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The salt spray condition is conducted in a closed chamber at 35°c

with a continual spray of 5% salt solution sprayed on the test specimens.
This condition is widely used in the plastics and coatings industries for
the asseszment of procective coatings, but is recognizad as being a severe
test. Very often, the lifetime of test specimens is measured in hours.
This may be seen in the case of the mild steel control (Table 4), in which

extensive corrosion is observed after only 3 hours exposure.

All the tests specimens prepared for this experiment were sealed around
the edges with butyl rubber sealant tape (3M Cocporation Ne. 5354) and an
EPDM rubber gasket to form a water tight seal.

The first specimens to show a signs of attack used Aciylar acrylic film,
Scotchpar polyester and aluminum foil glued to the steel with an acrylic
pressure sensitive adhesive, number 4910 (3M Corporation). These specimens
gave indications of change after 200 hours of exposure. The other coatings
all lasted for at least 500 hours before any change was noticed, still few
were found to be e{fective. Specimens prepared with Korad, Stainless
steel, Tedlar and EVA (primed) coatings all showed sufficient attack that

they were removed at or before the 2,500 hour mark.

A few of the: candidate systems have survived with no signs of deteriora-
tion. The best, to date, is a combination of Scotchpar 20CP white pigmented
polyester film that is bonded to the steel with EVA 9918 and the appropriate
primers at the int.:faces. This specimen has endured 5,500 hours with no
noticable change. The other coatings that are performing well are EVA

9918 compression molded to the steel with the use of a zinc chromate mod-
ified silane primer, and a .ommercial fluorocarbon based topcoat from PPG
Industries, Pittsburgh, PA. with its recommended epoxy primer. These two

have both reached the 4,000 hour mark with minimal deterioration.

Other coatings under test includé an acrylic based automotive e¢namel and

a silicone modified alkyd paint. Both are surviving without change, howevar
they have not reached the 1,500 hour mark yet. The specimens that survive
the exposure period will be continued until deterioration does occur and new

materials will be brought into test a: they are identified.
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The outdoor aging exposure (Table 5) is not nearly as severe as the salt
spray condition, however the results correlated fairly well between the
two conditions. Every specimen that showed no signs of attack under

salt fog also showed no deterioration under outdoor weathering, and most
of the specimens that did show signs of change in salt fog also changed

in outdoor conditions, although to a lesser degree. Three exceptions were
found; aluminum foil, Acmitite and Tedlar 200 BS30 White. Specimens
prepared with these films were destroyed in salt spray but survived the
5,500 hour outdoor period with no effect. The control resulted in a light
layer of corrosion within the first 200 hours and rusted badly with 500

hours.

As with the salt spray condition, the specimens will be exposed until
deterioration becomes severe and new coating candidates will be added on

a continuing basis.

An economic analysis of the coatings attempted is given in Table 7. These
tables calculate a cost for the corrosion protective systems in $/m2 and
S/ft2 based on the known raw materials costs and an approximate cost for
the applicaticn and bake treatment where required. The cost analysis per-
mits an immediate comparison of the candidate coating systems for cost ef-

fectiveness and add-on cost to the mild steel.

The cost analysis indicates that spray-on maintenance coatings are the most
cost effective approach considered to date. The least effective appears to
be vacuum bag lamination of the steel with EVA at a cost of approx. $10-§$11
per m2. This is based on current cost and thickness, however, and was in-
cluded to demonstrate proof of concept. Thinner layers of EVA or some other
resin could prove to be much mere cost competitive. Due to the high cost of
the adhesive, glued films applied to the surface also result in expensive
laminates in the order of $6 per square meter, although these are much closer
to the upper limit of $7.00 per meter total substrate cost. Of the coatings
examined to date, the best cost/performance is probably found for the Dextar

75x102 coating, with a cost of $3.13/m?2. After 4,000 hours of salt spray,




this coating does show a few small spots of rust and the occasional hlister,
however its performance is judged as being quite good. Future experimental
work in this price range and more emphasis will be placed on corrosion in-

hibiting primers such as zinc rich epoxies and low fire ceramics.

Hardboards; Coatings

Wood products (hardboards) are potentially the most cost-effective sub-
strate materials available. To become viable candidates for this function,
the deficiency of hygrosccpic expansion must be overcome. Water absorp-
tion results in large dimensional changes (approximately 5 x 10-S inches/
inch/% RH) that result in warping and cell fracture as the hardboard ex-
pands. Over the 0% to 100% relative humidity range, the hardboard can

expand by as much as 0.4% (see Figure 3).

A series of experiments were run to determine if the hardboard substrates
could be "passivated" to humidity effects by cocating the surfaces, coating
the edges,or a combination of the two. Additionally, the idea of equili-
brating the hardboard at a high humidity prior to fabrication was briefly
investigated in order to examine the contraction (cell/pottant compression)

effects.

If the module is prepared with hardboard that has been equilibrated at 100%
RH, then it is bound to lose moisture in the outdoor environment until it
reaches the National average of 60% (providing that the coating supplied an

efficient damping factor).

Initially, the effects of just coating the edges and/or the surfaces with
polymer films was tried to determine the magnitude of the effect. Table 8
gives the resuits of this experimentation. The measurements indicate the
change in weight with respect to the entire module weight (Column A) and

percent change with respect to the weight of the hardboard only (Column B).

The least variation in weight changes was found for the specimens coated with
stainless toil and aluminum foil due to their lack of water vapor trans-

mission, In this case, moisture intrusion must have come through the edge
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seal and gasket. In the best case (stainless foil) the overall variation
over the test period was a total of 0.06% based on the weight of the hard-
board alone. The linear expansion coefficient of the hardboard used (“Super
Dorlux", Masonite Corporation) is approximately 0.04% per weight percent

of absorbed water. Using this approximation, the overall variation of the
foil laminated hardboard is in the order of 2.4 x 10-5. Of the combin-
ations of organic coatings examined, white 2.0 mil polyester ’Scotchpar

20CP - 3M Corporation) bonded with a pressure sensitive acrylic adhesive
had the lowest overall variation of weight amounting to 0.35%. This cal-

culates to a linear expansion of 14 x 10-5, or approximately six times the

expansion found with the foil coated specimens.

The uncoated control steadily gained weight and increased by 4.0% over the
sixteen week exposure, corresponding to 0.16% linear expansion. This is
almost four orders of magnitude more than the linear expansions observed

in the foil coated boards.

These experiments have been preliminary attempts to get an idea of the
potential effectiveness of using coatings of metals and polymers for the
passivation of candidate hardboard substrates in an outdoor environment,
The general conclusions are that this apprcach may be viable; however, a
more expanded study will be required to generate practical recommendations
for materials and techniques. The approach envisioned at this time is (1)
determine the moisture vapor transmission (MVT) through candidate coatings
by the ASTM "per cup" method, E-96, (2) determine the seasonal variation in
relative humidity from climatic tables, (3) calculate the thickness of the
coating required to "damp" out the humidity variations to maintain the hy-
groscopic expansions with intolerable limits, (4) prepare a cost analysis
to determine cost/effectiveness, and (5) prepare test specimens for outdoor

exposure to verify performance.
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V. SOILING EXPERIMENTS

The performance of photovoltaic modules is adversely affected by surface soil-
ing, and generally, the loss of performance incre:ses with the quantity of

soil retained on their surfaces. %5 minimize performance losses caused by
soiling, photovoltaic modules r.ot only should be deployed in low-soiling geo-
graphical areas, but also ~hould have surfaces or surfacing materials with low
affinity for soil retention, waxirnm susceptibility to natural removal by winds,
rain, and snow; and should b “eadily cleanable by simple and inexpensive main-

tanance cleaning techniquer.

Tke action of soiling is considered to incliude accumulation, natural removal by
wind, rain, and snow; and activation of mechanisms that result in surface soil-

ing that resists naturcl removal, thus requiring maintenance methods.

The theoretical aspects of soiling have been addressed recently in documents by

a.,b.

the Jet Propulsion Laboratory. The basic findings of these studies show
that the rate of soil accumulation in the same geographical area is material
independent and that rainfall functions as a natural cleaning agent. The ef-

fectiveness of the cleaning effect of the rain is material dependent, however.

Based on the postulated mechanisms for soil retention on surfaces, certain
characteristics of low-soiling surfaces may be assumed. These are: (a) hard,
(b) smooth, (c) low in surface energy, (d) chemically clean of water soluble
sales, and (e) chemically clean of sticky materials. It is possible that cost
effective coatings having these required properties may exist and be applied
to solar module surfaces and result in low maintenance rosts and preserve the

effective generation of power from these devices,

a. Cuddihy, E. F., "Encapsulation Materials Status to December 1979" LSA
Project Task Report 5101-144, Jet Propulsion Laboratory, Pasadena, CA,
January 15, 1980.

b. Hoffman, A. R., and Maag, C. R., "Airborne Particulate Soiling of Terres-
trial Photovoltaic Modules and Cover Materials", Proceedings of the Insti-
tute of Environmental Sciences, May 11-14, 1980; Philadelphia, PA.
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The candidate materials for the outer surface of solar modules currently con-
sists of low-iron glass, Tedlar fluorocarbon film (DuPont) and a biaxially
oriented acrylic film, Acrylar (3M Corporation; product X-22417). These ma-
terials are all relatively hard, smooth and free of water soluble residues,
consequently experiments were conducted to determine if an improvement in
soiling resistance could be obtained by the application of low surface energy
treatments.

A sur;ey of coating materials showed that very few commercial materials exist
that could be useful for this purpose and that experimental compounds may also
have to be synthesized.

A series of antimigration coatings designated FC-721 and FC~723 are available
from 3M Corporation and are claimed to have extremely low surface energies in
the order of 11-12 dynes/cm. These compounds are based on a flourinated acry-
lic polymer and are so effective in reducing surface tension that silicone
0il beads up on the surface of glass treated with this material. The diffi-
culty with these coatings is that they are very easily removed and have vir-
tually no permanence on the surfaces attempted. They were, therefore, not

used in the experimental soiling work and more durable candidates were select-

ed.

A total of seven coatings/treatments were selected for soiling resistance eval-

uations, as follows:

1. L-1668, an experimental fluorochemical silane produced by 3M Corporation
that is used to impart water and oil repellency to glass surfaces. This
material is not yet commercial.

2. L-1668 following treatment of the surface with ozone activation (for the
organic films only).

3. Dow Corning E-3820-103B, and experimental treatment consisting of perfluo-
rodecancic acid coupled to a silane (2-6020). This compound is not com-
mercially available.

4. The E-3820-103B following surface treatment with ozone to create active

sites on the organic polymer films.
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5. Glass resin 650, produced by Owens-Illinois (commercially available).

6. SK7-1000, a silicone based hardcoat resin produced by General Electric
(commercially available).

7. WL-8l acrylic resin produced by Rohm and Haas (commercially available).

Ozone treatments are not used with the glass because no surface activation

occurs in this case.

These coatings/treatments were applied to each of the three candidate outer
surfaces using the recommended application technique. The organic film mater-
ials, Tedlar and Acrylar were supported by a piece of glass on the underside,
and attached with a colorless and ultraviolet stable pressure sensitive adhe-
sivegn The completed test coupons were then mounted in outdoor racks on the
roof of Springborn Laboratories' facilities in Enfield, Connecticut. Evalua-
tion was performed monthly and a record of rainfall was kept in order to cor-

relate soiling effects with precipitation.

The degree of soiling on the completed specimens was measured by power trans-
mission using a specially designed standard cell device. This instrument
measures the drop in short circuit current, I;. at negligible voltage drop
(high input impedance) when the soiling specimen is placed between the standard
cell and the light source. This method was found to be the measurement of op-
tical transmission with a spectrometer. Poor correlation with I and T re-
sulted from large experimental errcrs due to difficulties with mounting the

soiling specimen to the port of the spectrometer.

The results of one year of outdoor exposure are recorded in Tables 9A through 11B
in the Appendix. The soiling data is given in two forms; the change in short
circuit current, Ig., using a standard cell (Tables -A) and percent change in

the short circuit current with respect to the unexposed control measurement
(Tables -B). Examination of the -B Tables reveals the general trends in soil-
ing which are also presented in graphical form, Figures 4,5, and 6. Only the

contreol and the three most effective treatments are graphed, for clarity.

a. Royal M6112 acrylic pressure sensitive adhesive-Uniroyal Chemical Co.
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Observation of the data reveals that a fluctuating but generally increasing
loss in power is found for all specimens. The degree of loss varies according

to the type of surface treatment and the particular month of exposure.

sunadex glass, and the treatments applied to it, gave specimens with the best
overall inherent soil resistance. The control and most of the coated specimens
followed the same pattern of rising and falling simultaneously throughout the
exposure period and the ninth month (winter) showed a dramatic decrease in pow-
er in all cases. A constant differential was found between the control mea-
surements and the two most effective coatings, as may be seen, Figure 4. The
two most effective coatings were L-1668 and the E-3820 fluorosilane treatments.
Both showed significant improvements oven the control specimens, and after 12
months gave power loss values of -1.0% and -1.3% respectively. The uncoated
control specimen lost ~3.1% of power throughput. All the other coatings/treat-
metns gave inferior performance to the control. The specimens may be ranked

according to the average % power loss over the twelve month period as follows:

Coating/Treatment Mean Power Loss
L-1668 -1.18%
E-3820 -1.58%
Control ~2.59%
0I-650 -3.27%
SHC-1000 -4.16%
WL-81 -4.24%

The Acrylar acrylic film formulations soiled much more severely than the Suna-
dex glass specimens. All the specimens steadily lost power throughout the ex-
posure period, however, almost all of the treatments had a beneficial effect.
The uncoated control specimens soiled very badly and at one point (10th month)
dropped to a low -10.8%, power loss. After the twelfth month, the control
value returned to a -7.8% power loss, with most of the trcated specimens show-
ing a 4 to 5% loss. The effectiveness of the coatings/treatments may be com-
pared by ranking them according to the average power loss, as before. The

results are as follows:
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Coating/Treatment Mean Power Loss
Ozone, E-3820 -3,07%
L-1668 -3,61%
E-3820 -3.69%
Ozone, L-1668 -4.03%
WL-81 -4.,14%
0I-650 -4.39%
SHC-1000 -6.29%
Control . -6.35%

After the twelfth month, the treatment with the best final transmission resulted
from the ozone treatment followed by E-3820. The results of the performance of

the control and the three best coatings is displayed in Figure 5,

The third, and last, candidate outer surface .0 be investigated was Tedlar
(100BG30UT), a transparent UV absorbing film of poly(vinyl fluoride) manufac-
tured by DuPont. As with the Acrylar film, this material was mounted on glass
squares with a pressure sensitive acrylic adhesive and deployed with the usual
series of coatings/treatments. The overall performance of these specimens was
better than the acrylar, but worse than the Sunadex glass. The control degraded
steadily in power throughput reaching almost 9% loss in the tenth month and re-
covering to a total -6.5% loss by the twelfth month. All the coatings/treat-
ments applied to the Tedlar were more efficient in retarding soil accumulation
than the control. As with the previous two candidates, the fluorosilane treat-
ments gave the best performance, the best being the E-3820 compound, which con-
sistantly gave a 4% to 5% improvement in performance over the exposure period
and recovered to a loss of only 2.4% in the twelfth month measurement. Ranking

the effectiveness of the coatings by mean power loss, as before:
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Coating/Treatment Mean Power Loss
E-3820 ~1.70%
Ozone, L-1668 -3.17%
L-1668 -3.40%
Ozone, E-3820 -3.75%
WL-81 ~-4.00%
SHC-1000 -4,06%
Control -5.06%
0I-650 -5.16%

The most severe soiling and consequent loss of power is seen in the eighth,
ninth, and tenth months of exposure. These months were January, February, and
March, during which period of time there was precipitation as snow, but vir-
tually none as rain. All the specimens began to regain their transmission as
the spring rains occurred in the eleventh and twelfth months (April and May).
Increases were also seen earlier during the fourth month (September) in which
there was also a large amount of rain (5.92"). Although even more rain oc-
curred in the fifth month (October, 6.72") the specimens failed to regain much
of their power transmission, and the overall values tend to decline after this
point. (A Table of rainfall in included in the Appendix, Table 12) . This may
be due, in part, to the loss of surface treatment in some cases. In Acrylar,
treatment with L-1668 appears to outperform the specimen that is treated with
ozone + L-1668 for the first five months, and then becomes gradually worse.
This may be due to gradual loss of the L-1668 treatment that is prevented by
the chemical activation with ozone in the latter case. Weathering effects
that alter the surface chemistry are also likely. All the specimens retrieved
from the outdoor aging racks were found to have lost a good deal of their water
repellency. When sprayed with a jet of distilled water, all the exposed sur-
faces showed wetting, even the Sunadex/L-1668 specimen. In contrast, freshly
treated surfaces are conspicuously water repellent and water droplets bead up
instantly. An attempt was made to determine the surface energy of the exposed
specimens by the contact angle technique, employing liquids of varying surface
tension, however difficulties were encountered with the measurements and no

meaningful data resulted,
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In addition to these surfaces and candidate treatments, specimens of glass
and polymers coated with experimental liquid glasses developed at ICI/
University of Delaware are also included in the test scheme. These include
soda-lime glass and acrylic panels coated with chromium phosphate, iron
phosnphate and titanium dioxide film. One specimen of glass that was iron
plated with magnesium fluoride was also put under test. These are more
expensive coatings, due mainly to the application method, however they
were considered to be worth trying. The results are given in Table 13.

As may be seen, the surface treatments are less effective than the control.
In a number of cases, discoloration of the specimen had occurred and the
results were felt to be less significant than these previously reported.

This series of exposures were terminated after seven months.

s new candidate outer surface has bcen included in the outdoor exposures.
This r2terial is a stabilized polyester film designated "Hostaphan" EH-723
(American Hoechst) and has been deployed with all the surface treatments of

current interest.

In summary, low surface encrgy treatments based on fluorosilane chemistry
appear to be effective in retarding the accumulation of dirt on the candidate
outer surfaces of interest. The most effective soil retardant treatments
identified to date are: for Sunadex glass, L-1668; for Acrylar, ozone acti-

vation followed by E-3820; and for Tedlar, treatment with E-3u20.

After one year of outdoor exposure, the best treatments gave improvements of
2 1/2% to 4% in light throughput measured with a standard cell and light source.
The removal of accumulated soil correlated well with rainfall but not with pre-

cipitation as snowfall.

The obvious visual difference in the wetting of exposed versus freshly prepared
specimens indicates that the low surfice tension treatments are prone to either
chemical degradation or physical loss and may have to be replenished on a per-
iodic basis. A maintenance schedule needs to be determined based on the cost
of produced power gained by employing the coatings versus the cost of routine
maintenance required for cleaning and recoating the surfaces. This study will
be performed in the proceeding months of this program and the cost effective-

ness of these approaches will be dotermined.
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VI. PRIMERS AND ADHESIVES

Adhesives, primers or some other mechanism are necessary for the high
reliability bonding of the assembly components to one another in order to
insure the structural integrity and long life performance of the module.
The adhesion between the pottant and other components, i.e., substrate,
superstrate and outer cover, was investigated in the past year and some

encouraging results were obtained with the use of primers.

A primer operates by creating a reactive chemical interface between two
components, whereas an adhesive is a discreet compound that constitutes a
separate phase to which the two other comjonents may bond. Primers have
been emphasized in the bonding studies due to a number of advantages they
present in use. Primers are (a) used in exceedingly small gquantities,

(b) are cost effective, are (c) easily applied to surfaces, (d) function by
the formation of high strength chemical bonds, and (e) may possibly be com-~

bined into the pottant systems to eliminate the priming step.

Table 14 shows the results of adhesion bond strength evaluations of
materials and primers investigated to date. The test specimens were pre-
pared in a manner similar to tha’. which would be encountered in a actual
module fabrication., All substrate/superstrate specimens were evaluated

by ASTM method D-903 for the peel or stripping strength of laminates, in
which the polymer layer is pulled back off the substrate at a 180 dearee
ancle. For flexible specimens, such as polymer bonded outer cover materials,
ASTM method D-1867 ("T" - Peel) was employed. All values are reported as
pounds of stress per inch of width of bond line. Specimens showing high
control values were further tested after water immersion for two weeks and

exposure to boiling water for periods of two hours.

The tables record the measured stress values at break, and are shown as
separate tables for each of the pottants; EVA, EMA, polyurethane and huatyi

acrylate.
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Primers that are effective for bonding EVA to almost all the other

candidate surfaces have been identified, as may be seen on the chart.

One extremely useful primer has recently been identified and added to the

1ist. This primer is effective for bonding EVA to polyester film, one

of the most difficult surfaces to prime. This primer, which was develcp-

ed at Dow Corning, is a silane modified melamine compound which is thought
to bond by forming an interpenetrating polymer network as well as chemicul
bonds. The ingredients of this formulation, designated 14719 (Springborn

number); are as follows:

Parts
. Dow Corning 2Z-6040
(glycidoxypropyltrimethoxy silane) 1.25
. Monsanto "Resimene 740"
(melamine/formaldehyde resin) 23.75
. Isopropanol, anhydrous solvent 75.00
100.00

The above mixture may be further diluted with more solvent, if desired.

The mixture should be kept tightly closed and free of moisture and water
contamination. This primer results in extremely high strength bonds when
applied to polyester film with subsequent lamination and curing with EVA.
Scotchpar 20CP white polyester film, a substrate back cover candidate, was
swabbed with the mixture, allowed to dry for 10 minutes at room temperature
and then compression molded with EVA 9918 at 150°C for 15 minutes. The
test specimens gave peel strengths of 30 pounds per inch of width and sur-
vived two hours of boiling water with a bond strength of twenty pounds per

inch.

Despita the similarities in cure chemistry, EMA is much more difficult to
bond then the EVA. Primer formulations effective with EVA are sometimes
only marginally useful with the EMA. To date,the only primer that has given
good results with this pottant is Al1861, which gave excellent strength to

Sunadex glass and goof performance with mild steel.
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A number of new primers were evaluated for the adhesive bonding of the
aliphatic urethane and the butyl acrylate (BA) syrup pottants. Neither of
these pottants have any measurable bond strength to unprimed surfaces.
26032W primer was effective with the butyl acrylate system and Tedlar film
but only marginally effective with other surfaces such as polyester or
Korad acrylic film. These materials may require surface activaction or a
different primer system. A recommendation from Dow Corning resulied in an
excellent primer for bonding the BA pottant to glass. This primer,
Springbecrn number 145886, consists of Dow Corning 2-6020 crosslinked with a
small amount of ethyl silicate to hold it tc the glass surface. This primer
appears to work well and gives cohesive failure to glass, even after two
weeks water immersion. Exposure tc two hours of boiling water gives a
bond strength of 1.4 1lbs per inch of width, or about half the cohesive
break strength. The bond strength of the butyl acrylate specimens is
limited by the low tensile strength of the polymer, which appears to be

approximately 3 lbs per irch width in optimally bondad specimens.

The most recent prototype urethane fcrmulation from Development Associates,
2-2591, was used with Dow Corning 2Z2-6020 primer with a variety of surfaces.
Marginal bond strengths were found with Korad and Tedlar but excellent
bonds resulted with Sunadex low iron glass. Values in excess of 30 lbs

per inch of width were measured after the three conditions of control, boil-
ing water immersion and room temperature water immersion. Development As~
sociates has also recently supplied us with their own proprietary composi-
tions, one air dry and one bake primer. These formulations were not found

to be effective.

The identification of primers and/or adhesives for the high reliability
of module components will continue until a recommendation can be made for
vach interface. Adhesion specimens will also be evaluated in a program of
outdoor exposures to determine the long tarm weatherina effects on bond

stabi’ity.
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VII, ACCELERATED AGING EXPERIMENTS

A. Methodology

The materials and designs selected for use in constructing solar cell medules
must be capable of enduring the operating temperatures, insolation, precipi-
tation and other elements of the outdoor exposure in the geographical region
selected. Although the sei.rity of these conditions may be fairly accurately
3auged {Llimatic atlias, weather records, etc.) the performance of individual
materials or combinations of materials is not as easily as: ssed. The chemi-
cal pathways and rates at which materials age in outdoor exposuras are very

complex and predictive techniques often turn out to be inaccurate.

Many degradation processes, including those that ultimately result in the fail-
ure of polymers are associated with thermal, chemical, mechanical, electrical,
and radiation induced disruption of the chemical bonds. These stresses, either
alone or in combination, can produce certain active chemical intermediates that
may continue to react further with the polymer chain and result in macroscopic
changes in the electrical, mechanical and optical pioperties of the mate:rial.
In most polymers, the degradation mechanisms involve the stress-induced separa-
tion of electrons from the covalent bond that results in bond rupture and the
formation of two fraee radical intermediates. These active iree radicais may
then propagate a series of reactions in which oxidation, discoloration, bond

scission and loss of physical properties result.

The degradation of polymeric materizls in outdoor weathering is caused primar-
ily by sunlight, especially the ultraviolet component. In actuality, the de-
teriorating effect of light is usually enhanced by the presence of oxygen,

moisture, heat, abrasion, etc. and in many case= may ke referred to as photo-

oxidation, resulting from the combined effects of oxygen and sunlight.

Sunlight reaching the earth is filtered through the atmosphere, removing shorter
wavelengths up to 290 nm before it reaches the surface of the earth. Thus, ul-
traviolet effects on plastic result primarily from wavelengths of approximately
290-400 nm, which constitute less than 4 percent of the total solar ra.iiation

reaching the earth.

[T
[——
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The shorter the wavelength af light the greater is its potential to produce a
chemical change in material. This energy must first be absorbed, however.
Plastics vary considerably in their ultraviolet absorbing properties, but few
are completely transparent in the 290 to 400 nm range. Once the radiant energy
has been absorbed, the likelihood of chemical action will depend on the degree
of absorption and the stability of the chemical bonds in the polymer. The in-
duced chemical modifications are responsible for the deterioration of optical
and mechanical properties and usually result in reductions of tensile strength,

elongation and transparency.

The degradative effects of these environmental stresses may be effectively in-
hibited by the incorporation of specially formulated additives to the pclymer.
Compounds that serve as ultraviolet light absorbers, antioxidants, hydroperox-
ide decomposers, metal deactivators, etc. may result in dramatic improvements
in the service life of polymeric systems. Regardless of the inherent sensitiv-
ity of tre polymer or the effectiveness of the additives and formulation, the

question of lifetime under service conditions remains an important question.

Accelerated tests are frequently used to assess long term aging effects and com-
pare the effectiveness of stabilizers in providing improved protection against
environmental deterioration. Typically, propert:es such as tensile strength,
elongation at break, apparent modulus, resistance to flex cracking and other
properties re measured on samples aged for known periods of time under speci-
fied conditions. These tests are useful for determining the relative stability
of polymers and formulations, but correlation with actual service is often poor.
This is especially true for outdoor aging where the conditions of weathering
cannot ke precisely simulated or accelerated in the laboratory. Changes in the
ratio of crosslinking to chain scission, temperature variations, differing oxy-
gen concentraticns, ultraviolet flux, dark cycle reactions, etc. add to the
difficulty of correlation and performance prediction. Accelerated tests are
useful, however, for the relative ranking and rating of materials and can pro-

vide approximate acceleration factors that are useable over a certain range.




S52.

In order to assess the relative stability of individual polymers and to deter-
mine the effectiveness of varying formulations, Springborn Laboratories is
conducting a program of accelerated aging and life predictive strategies that
should be useful for: (a) generating empirical and practical data relating

to longevity, and (b) generating data that may be used in a scheme to predict
properties as a function of exposure time and condition. If the resulting
test data can be interpreted statistically, then plots of log property vs.
temperature (Arrhenius) or log time vs. change in property (induction perioq)
may provide quantitative information regarding formulation 2ffectiveness and

possibly life prediction analysis.

For the evaluaticn of individual materials and/or combinations of materials,

seven types of exposure conditions are being used, as follows:

1.

Outdoor aging: this is the simplest approach to accelerated aging when an
exposure site is selected at which the environmental effects are the most
severe and at which the polymer degrades most rapidly. To accomplish this,
the selected sites, Arizona and Florida, have conditions of intense sun-
light and sunlight plus high humidity. This method has been used exten-
sively for the testing and rating of stabilized formulations and is valu-
able in that it simulates the actual use conditicns of the candidate poly-
mers. This approack has been widely used to establish regional acceleration
factors and to provide reasonable estimates of the service life in specific
localities.

Thermal Aging: this exposure involves the simple thermal aging of test
specimens in a circulating air oven at varying times and temperatures. Aall
the tests will be performed in sealed jars to prevent the abnormal loss of
volatile stabilizers that is often encountered in forced air ovens and also
to prevent cross-contamination of materials?” Candidate encapsulation ma-
terials are being exposed at temperatures of 60°C, 80°C, 105°C and 130°%¢ ir
atmospheres of both air and nitrogen. The first three of these temperatures
are close to the worst case temperatures that may be expected for in modules
mounted in open air (60°C), roof top mounted (80°C), anG solar cell hot

spotting (lOSo‘). The highest temperature, 130°C, is being used to provide

a.

This also represents the "hermetic” or non-breathable design of module in
which additives are prevented from diffusing out.

"
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an upper acceleration limit. Exposure in both air and nitrogen in the
absence of light should also provide information concerning the inherent
heat stability of compounds with and without oxidation reactions and with-
out photo-induced reactions.

Outdoor Photothermal Aging racks (OPA): these are devices recently con-
structed at Springborn Laboratories that constitute a new approach to ac-
celerated weathering. The predominant cause of outdoor deterioration is
photothermal aging; the combination of heat and ultraviolet light. 1In all
the laboratory techniques devised to date, it is mainly the light that is
increased (photoacceleration) through the use of arcs and discharge lamps.
In the OPA reactors, natural sunlight is used as the light source and the
specimen temperature is increased. The OPA reactors consist of heated alu-
minum blocks surfaced with stainless steel and mounting hardware to hold
the test specimens flush with the surface. The reactors are tilted at 45°¢
South and the device turns or. at sunrise and off at sunset. Three temper-
atures have initially been selected: 70°C, 90°C, 110°C. This approach
eliminates the difficulties associated with the irregular spectrum of ar-
tificial light sources, exposes the specimuns to other environmental con-
ditions such as rain and pollution and additionally incorporates a dark
cycle. The only acceleration therefore is in the temperature, all other
environmental conditions being present in their natural occurrence and in-
tensity.

Controlled Environment Reactor: (CER): this is a device designed and con-
structed at JPL2: and subsequently provided to Springborn Laboratories.

It consists of a ciicular test chamber utilizing a filtered medium pres-
sure mercury arc lampn, optional heaters and a water spray nozzle. The
chamber permits the acceleration of solar ultraviolet up to 30 suns in in-
tensity while maintaining a temperature of the absorbing surface at 30°C
to 60°C. It is operated at a 60°C specimen temperature with twenty-two
hours of "on" time and 2 hours of distilled water spray in the dark.

RS/4 Sunlamp: this exposure condition consists of a rctating table car-
rying the test specimens beneath a General Electric RS type sunlamp. This
lamp consists of a medium pressure mercury arc lamp in a quartz tube bal-

asted by a tungsten filament. The assembly is mounted in an inert gas

E. Laue, A. Gupta, "Reactor for Simulation and Acceleration of Solar Ultra-
violet Damage" JPL Document 5101-135, September 21, 1979
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filled bulb with a reflective coating and a tranamission cut off near 290
nm. The bulb is additionally filtered with a piece of pyrex (cut off 300 nm)
to insure the ahsence of spectra below the terrestrial limit. This con-
dition is one of the most easily monitored and is widely used throughout

the plastics industry for the purpose of comparative aging. This device

is a modification of the test procedure ASTM D-1501, "Exposure of Plastics

to Fluorescent Sunlamp" and is operated at a temperature of 50°C.

6. RS/4 Sunlamp - Wet: this condition is identical to the previous descrip-
tion but with the addition of a twenty minute spray of distilled water once
every two hours. The water reservoir is thermostated to 509C so that there

is no fluctuation of temperature during the spray cycla.

7. RS/4 - 85°Cf85\ R.H.: this condition is identical te that described in
(5.) except that the operating temperature has been raised to 85°C to in-
crease the sevarity of the condition and to simulate the highest tempera-
ture suspected to result from the rooftop mounted solar module under the
highest isclation. The relative humidity has also been increased to 85\
to further initiate chemical reactions that may result from atmospheric

moisture.

For a general program of materials evaluation, the failure of the polymer should
be based on those properties that are relevant to the particular service appli-
cation. With respect to candidate encapsulation materials, four life-limiting
classes of properties were selected for evaluation: physical, optical, elec-
trical and corrosion. These general properties were used for the preparation

of a universal chart for polymer aging studies and serves as a universal chart
for recording exposure dates, control properties, exposyre hours and aging

test results (see Tables 15 thru 24). These charts will be used to monitor the
results of all the exposure conditions under consideration. Most of the test
conditiong have been set up and are in operation, however only the Rs/4

(bu“c - Dry) and thermal aging will be reported.

. R§/3_Exposures

Specimens o. all the candidate pottants, outer covers and back covers have been,
3 s T 0 ~
o1 are continuing under Ri./’4 exposuve at 50 C¢. Although the test periods in the

past have varied, the current "pull" schesdule is in multiples of 2,000 hours.
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As a point of comparison, unstabilized polypropylene is physically degraded
after approximately 160 hours and unstabilized low density polyethylene is
degraded after approximately 450 hours of exposure. Outdoors, the degradation
rates of these polymers varies according to their location. At Enfield, Con-
necticut, polypropylene with no stabilizers degrades to brittleness in approx-
imately 8 months (5,700 hours) and low density polyethylene fails at about 18
months (12,000 hours). Areas where the sunlight is more intense, and there are
fewer cloudy days, results in more rapid degradation. Exposure to higher tem-
peratures is also significant; the degradation rate in polypropylene is almost

doubled for every 10°C increase in temperature.

Due to the dependence variations in temperature and light exposure, the deter-
ioration of plastics is also location dependent. Exposures in Mexico City

have been found to be about twice the acceleration of the Enfield location.
Based on these actual outdoor lifetimes, approximate correlation factors can

be calculated for RS/4 to outdoor weathering. 1In comparing RS/4 to Mexico City,
for polypropylene the acceleration factor is approximately x18 and fo. polyeth-
ylene approximately x13. Although these acceleration factors provide a useful
basis of comparison, it should be remembered that considerable variations may
be found between different outdoor locations and/or simulated weathering con-
ditions. Factors affecting the degradation rates include specimen thickness,
spectral distributicn, heat history, additives, temperature, polymerization
catalyst impurities, etz. Due to the difference in degradation pathways, ac-

celeration factors are alsc material dependent.

Another way in which an acceleration factor may be determined is by measuring
the total energy in the ultraviolet range. Sunlight has approximately 4% of
its total energy in the ultraviolet between the wavelengths of 295 nm and 400
nm. At air mass 1.5, with a total insolation of around 650 milliwatt/cmz, the
total ultraviolet energy received is in the order of 2.34 mw/cmz.a' Measure-
ments of the RS/4 bulbsb'show that the integrated energy over the same wave-

length vange averages to 3.44 mw/cmz. This equals approx. 1.4 suns, however the

a. Brandhorst, "Terrestrial Photovoltaic Measurement Procedures" NASA TM 7370,
1977.

b. Estey, "Ultraviolet Spectra of Mercury Lamp" JPL-IOM_ Septem-
ber 4, 1979.
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RS/4 lamp is on continuously whereas the sun, averaged over the year, is equi-
valent to only 5 hours of exposure per day. This, then, results in an overall
acceleration factor of #.7 for the RS/4 sunlamp, excluding the effect of in-
creased temperature (50°C). Equivalently, one 1 year of outdoor exposure is
accomplished in approximately 1,300 hours of RS/4. If one uses the general
rule that reaction rates double for every 10°c increase in temperature, then

an additional factor of 2 to 2.5 may be used to correct for temperature.

This results in an overall acceleration factor of between 14 and 17, which is

in accordance with the experimental data from the aging of a number of plastics.

The test results and control properties of candidate encapsulation materials
exposed to RS/4 sunlamp are given in Tables 5 thru 16, and reports the results
of recently terminated exposures as well as materials still under exposure.

The properties evaluated include tensile strength at break, ultimate elongation,
tensile modulus (extrapolated to zero strain) and two measurements, gel content
and swell ratio, that are sensitive to changes in the crosslink density. Changes
in optical properties are monitored by visual appearance, the ultraviolet cut-
off wavelength and total optical transmission. No values are given for the
total integrated transmission at this time due to a change in the type of equip-
ment to be used for these measurements. Due to the fact that solar cells have

a response in the near infrared, and extended range spectrometer will be used
for these measurements and will be reported at a later time. There is no in-
tention to examine dielectric or corrosion properties in the RS/4 condition at

this time, consequently these values are not given.

The candidate pottants are discussed first. By far, the longest specimen ex-
posure accumulated to date is a small piece of an EVA formulation designated
A8310C (Table 15). This compound is a prototype of the now commercial A9918

EVA formulation 2nd was started in July, 197%. It has accumulated 30,000 hours
of RS/4 exposure with little change in properties. The specimen is still clear,
although a faint yeilow color has appeared, and total integrated optical trans-

mission in the range of 400 to 750 nm still gives a value of 89%. The surface
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is free from any signs of fracture or tackiness and the specimen is still
easily flexible. The test results show that tensile strength and elonga-
tion at break have decreased slightly and that the gel content has dropped
from 72% to 45%. The change in properties is not considered to be deleter-
ious to the function of this compound as a solar module pottant. However,
its high temperature creep resistance should be re-evaluated to determine

if an acceptable level has been retained.

Following the obvious successful performance of this prototype EVA compound, a
full set of specimens of the commercial A9918 formulation were placed under ex-
posure (Table 16). The total accumulated exposure of this formulation reached
15,120 hours before an equipment malfunction (thermal override) degraded the
remainder of specimens. At the end of the 15,120 hour exposure, the test re-
sults showed no change in the physiéﬁl or optical properties and the compound
appeared the same as the control specimens. These are excellent results for a
transparent stabilized polyolefin. The base polymer, uncompounded Elvax 150
(DuPont), shows significant signs of degradation after only 500 hours of RS/4

and loses most of its tensile strength and surface hardness.

The second candidate lamination pottant is based on ethylene-methyl acrylate
copolymer and was also exposed in its fully compounded and stabilized form s
formulation number EMA 13439 (Table 17). This compound is continuing under ex-
posure and to date has accumulated 7,600 hours. This material shows no signi-
ficant change in tensile strength, however the modulus has decreased to 60% of
control value, the ultimate elongation has increased by 20% and the swell ratio
has doubled. These results indicate that there may be a decrease in the degree
of cure (number of crosslinks) even though the gel content appears to be unaf-
fected. These changes in properties are not considered to be deleterious to the

use of this compound as a solar module pottant.

The candidate casting syrup pottants are also under RS/4 test evaluation, the
first of which is an aliphatic urethane compound designated 2-2591 produced by
Development Associates, Inc., N. Kingstown, Rhode Island (Table 18). This for-
mulation contains a proprietary stabilizer system and prototypes of this formu-
lation are claimed to have endured over six years of unprotected outdoor expo-

sure with no loss of properties. Test specimens have so far endured 6,000 hours
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of exposure with virtually no change in properties. The slight increase in
tensile strength with time is probably due to residual curing reactions that
slowly continue to postcure the compound. At the 6,000 hour mark the forma-
tion of a faint yellow color was noticed; however, the integrated transmission
remains high at approximately 90%. This is excellent performance for a urethane

compound, judging from previous testing of urethane compounds,

The second casting syrup pottant is an experimental poly(butyl acrylate) com-
pound (BA 13870) developed jointly between Springborn Laboratories and JPL. The
formulation contains a first-cut stabilizer system and crosslinking additives to
generate the cure. Specimens of this formulation are continuing to be exposed
and, to date, have accumulated 7,600 hours of time, (Table 19). The performance
of these materials has also been very good and, except for uniformly lower tensile
strength values, shows no significant signs of change. The specimens are still

clear, colorless, flexible and have optical transmissions of approximately 89%.

In substrate designed modules in which no glass is used, outer cover materials
are essential. Pottants, by nature, must be rubbery and low in surface hard-
ness, consequently they have a strong tendency to accumulate soil. A transpar-
ent outer cover is necessary to provide a weatherable, cleanable, and hard sur-
face for the top of the module. Four candidate outer cover materials have also
been under RS/4 exposure for some time. The first is Tedlar 100BG30UT (DuPont)
poly(vinyl fluoride) film of 1 mil thickness that also contains a UV screening
agent and costs 5¢/ft2/mil. This film is aging well and has accumulated 15,200
hours of exposure to date (Table 20). Although there has been a decrease of
20% in its tensile strength, no other properties appear to be affected. The
optical transmission is still found to be close to 90% (400-750 nm) and the
slightly hazy (natural) film shows no other signs of change. The other Tedlar,
type 4462 (Table 21) does not appear to be quite as stable. After 10,800 hours
the elongation was found to be only 38% of the control value and the tensile
strength had increased by 40%. This indicates that perhaps some crosslinking

is occurring in the film.

Of the four outer covers being examined, the most cost effective of these can-

didates is Acrylar film (X-22417) from 3M Corporation, (2.25¢/ft2/mi1 of thick-

ness) and is a biaxially oriented acrylic tilm intended for outdoor applications.

L

oy
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To date, this film has been exposed to 12,000 hours of RS/4 exposure with no
major change in properties, except a decrease in strength at break (Table 22).

A drop in tensile strength to 50% of contrcl value was observed after the first
1,500 hours and was initially thought to be due to stress relaxation of the
polymer at the exposure temperature (50°C). To verify this speculation, aged
and unaged specimens were compared for molecular weight degradation by intrin-
sic viscosity measurements. The unaged Acrylar X-22417 had an intrinsic vis-
cost’y of 0.54 dl/gm or an approximate molecular weight of 116,000(M,). The
aged specimens were found to have viscosity average molecular weights of 100,000
at 1,440 hours exposure and 94,800 after 12,000 hours exposure. Although there
has been little change in the tensile strength since the drop in the first 1,000
hours, the results indicate a slow decrease in molecular weight subsequent to
this time. Apart from this observation, no other change in properties could be

noticed.

The last ocuter cover to be examined is Fluorex-A available from Rexham Corp.,
Matthews, North Carolina. This film is a polymer alloy of poly(methyl methacry-
late) and poly(vinylidene fluoride) with a UV absorber alsoc blended in. This
material is very expensive, at a cost of approximately 18¢/ft2/mil of thickness
and was initially selected as an alternative in the event that the other can-
didates did not perform well. The test specimens were extended as far as 8,640
hours exposure {(Table 23) and appeared to perform well with the exception of

the scattered points measured for ultimate elongation. Due to the superior per-
formance of the Tedlar film and the high cost of this product, experiments with

Flourex-A will not be continued.

A new ovuter cover film candidate has been included in RS/4 and other aging stud-
ies. This material is designated "Hostaphan" EH-723 (American Hoechst) and is

a polyester film containing a UV stavilizer system that is claimed to be non-
fugitive. The use of primers and the construction of laboratory scale modules
with this film has been successful, however no results of accelerated aging are

yet available.

The last category of materials to be evaluated for RS/4 aging are the candidate
back cover films. These films perform the function of providing a reflective

back surface for superstrate designed modules that aid in heat dissipation and
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also additionally provide environmental protection to the back layer of pot-
tant. Three candidates were selected; Scotchpar 20CP-white (3M Corp.), Tedlar
150BS30WH (DuPont), and Korad 63000 (Xcel-Georgia Pacific Corp.), Tables 24,
25, and 26, respectively. All these candidates have endured 8,000 hours of ex-

posure to date and show no major change in any property.

RS/4 has proven to be a useful tool for determination of the relative stabili-

ties of polymeric materials and assessing the efficiency of stabilizing addi-

tives and other compounding approaches. The difficulty encountered in the -
current program is that the candidate encapsulation materials are so stable

that extremely long times are required before failure points result that may

be used for the comparison of materials and formulations.

The more rigorous conditions that will be imposed in some of the other accel-
erated tests, such as CER and RS/4-85°C, should overcome this problem and pro-

vide methods for materials stability evaluations in shorter time frames.

The specimens currently under test will continue until signs of degradation be-
come apparent and new compounds will be added to each test condition as new

candidates and formulations are identified.

Thermal Aging

Heat aging is one n»f the simplest (ccelerated tests for determining polymer

stability and the effectiveness of formulations in resins intended for service

at elevated temperatur~s. Specimens of the candidate compounds are heated at

known temperatures for known periods of time and examined for appearance,

mechanical properties, chemical composition, etc. Cther indications of the

stability of the composition may be drawn from measurements of plasticity, so-

lution viscosity and the formation of insoluble gel or the loss of cure in vul- -

canized systems.

Although this method is simple in concept and easy to implement there are
certain potential sources of error that should be considered prior to run-
ning the tests., For example, forced air ovens may result in an abnormally
rapid rate of loss of the antioxidants and other compounding ingredients.

Even stobilizers of reasonably high molecular weight are subject to loss by
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evaporation and continual extraction by the air stream. The transfer of stabi--
lizers and other ingredients between different polymer specimens also present

a problem. One additive contaminating a commonly shared oven may tend to de-
stabilize another polymer and result in a distorted test result. Although the
changes in polymer properties may be studied by accelerated aging tests at high
temperatures, the correlation with performance at use temperatures is often
inaccurate. Changes in the degrees of chain scisgsion to crosslinking at
different temperatures and oxygen concentrations make it difficult to use high
temperature data to predict performance at lower temperatures. For this reason,
it is desirable to heat age the resins under test conditions that are close to
the exp. .ted service conditions. Over narrow temperature ranges where the de-
gradation rates at different temperatures may be plotted in a linear fashion

with reasonable accuracy.

Two general types of thermal degradation may take place in the polymer systems
of interest; (a) thermal oxidation, in which a chemical reaction occurs between
the polymer and oxygen in the atmosphere, and thermolysis, in which the energy
provided by heating causes a change in the chemical structure of the resin by

itself.

In the thermal aging tests at Springborn, the encapsulation test specimens are
aged in sealed jars to prevent loss of stabilizer, cross contamination of com-
pounds, and also to provide aging in atmospheres of both air and nitrogen. Aan
individual set of specimens is evaluated for each condition so that a inconsis-
tancies in rate do not occur from allowing an entire set of aging specimens to
cool to room temperature before being returned to the elevated temperature.

The results of the testing are given in tables 27 through 44 , using the uni-

versal form that was also used for RS/4 data previously presented.

The results are given for the first 400 hours of aging at temperatures of BOOC,
105°C and 130°C in both air and nitrogen. Three pcctants have been examined

to date; EVA, EMA and the polyurethane (2-2531).

The EVA compound, A9918, is the first to be tested (Tables 27 thru 44). For
temperatures of 80°C and 105°C, the properties ot the EVA appear to be essen-
tially unchanged after the 400 Lour exposure time. A slight increase in tensile

strength and & decrease in solvent swell ratio seems to happen in all cases.
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This suggests that residual cure reaction may still be taking place due to re-

maining peroxide activity although this reaction is not usually observed at
temperatures in this range. The only notable erffect at these temperatures is

the reaction with metallic copper. At the 400 hour point, at 80°C and 10J
hours at 105°C, slight reaction with metallic copper may be noticed as a ‘aint
yellow color appearing around the edges of the metal strip. This effect is
typical of polyolefins in general and the wire and cable industry has used
"metal deactivators" in polyethylene insulation for many years to inhibit cop-
per reaction. The faint discoloration observed in the EVA specimen is not
thought to be detrimental to the performance of the pottant at these tempera-
tures, however observations of this phenomenon will be made up to the 3,000
hour mark, as indicated on the test chart. No color reaction was noticed with

the other encapsulated me'als, aluminum and solder (60/40).

At 130°C, changes in EVA become more noticable., The physical properties, such
as tensile strength, elongation and modulus, have not changed appreciably after
400 hours e:tposure, however a yellow color can be noticed. This is due to a
well documented reaction in EVA which is based on simple thermal degradation
(thermolysis), the chemistry of which is represented as follows:

H H H H

! ]
~C =-C - C C’V'~*——’4VC - C =C - C~

<$ Unsaturation

+ CH3COOH (Acetic Acid)

The thermal energy imparted to the molecule results in the cleavage of the
acetate group and the abstraction of a hydrogen atom from the polymer back-
kone to yield acetic acid. This results in the formation of double bonds in
the resin that (when conjugated) gives :ise to the yellow color. This reaction
has been shown to be approximately first order with respect to the liberation
of acetic acid and has an activation eneryy of 3¢ - 40 kril/mole. The forma-
tion of coloration at this temperature is not felt to be detrimental to the

use of EVA as a pottant material, as the 1300; is well beyond the range of
solar module operation. 1In a previous report, Springborn Laboratories report-
ed on specimens of EVA that had been thermal aged for over 7,000 hours at

90°C with no formation of color or degradation in physical properties.
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At the 130°C temperature the major antagonistic reaction is that with
metallic copper. 1In as little as 25 hours coloration and flow may be
noticed in the area where the EVA comes in contact with metallic copper.
The effect is more pronounced in air (compare Tables 31 and 32) than in
nitrogen. This is consistent with the theory that the metal-discoloration
reaction involves a hydroperoxide intermediate that will forms in the

presence of oxygen.

All the experiments concerning the thermal aging of EVA will be cortinued
out,at least to the 3,000 hour mark,and a subsequent report will give
additional details such as the total integrated transmission, dielectric
strength and the reaction with copper dust (monitored by optical trang-

mission).

EMA, commercial fcrmulation 13439, was the next material examined by the
thermal aging and is reported in Tables 33 through 38. This compound ap-
pears to be stable throughout the 80°c and 105°C exposures with respect to
its mechanical properties, however an increase in solvent swell ratio and
a decrease in gel content suggest that some scission of the crosslinks may
gradually be taking place. However, this effect will be verified as the
exposure is continued. As with the EVA, the main effect noticed in EMA is
that of copper metal reaction, again more noticable in the presence of air
than nitrogen. After 400 hours at 105°¢ in air, the specimen molded around
a strip of copper had a strong yellow color and showed signs of degradation
(blistering, separation from the metal, flow). This effect is typical for
polymers at high temperature and isolation from copper is a requirement. No
reaction was noticed in contact with aluminum or 60/40 lead/tin solder. In
future experiments nickel, titanium and silver will also be included in the

temperature-metal corrosion tests.

The 130°C condition also resulted in the formation of coloration in the EMA
specimens. Although no acetic acid is produced, a similar reaction involving
the cleavage of the acrylic ester group is likely, as the C-0 bond is less

stable than the C-C bonds in the backbone of the resin. This is a high
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temperature for polyolefin copolymer service and considerably above the
maximum module operating temperatures expected in field service.

The aliphatic polyurethane, 2-259), was comparatively the most thermally
sensitive of the three candidate pottants tested to date. Even at SOOC

the development of a small amount of yellow color (although faint) was
noticeable at “he 400 hour point. The 105°C condition brought more notice-
able changes in property. The tensile strength And modulus were found to
steadily decrease to about 40% of control, but only in the nitrogen atmos-
phere, the air exposed samples remaining unchanged. The major material
change at this temperature was the formation of coloration. After 400
hours, in both air and nitrogen, the test specimens had developed a strong
yellow-brown color and the surfaces exposed to air had become sticky, in-
dicating chain scission. The reactions with copper metal at IOSOC were in-
tense and at the 400 hour mark the corrosion specimens were found to have
degraded with melting and dark brown coloration. The specimens had to be

scrapped off the bottom of the test container to be retrieved.

The 130°C exposure was by far the most severe. The physical -:nvaarity of
the test specimens lasted tc the 100 hour mark, however at 400 hours the
tensile bars had all melted to amorphous masses of dark brown sticky resin.
Coloratior developed within the first 25 hours and became dark within 10C
hours. The reaction with copper resulted in melting and degradation of l.e
resin with the first 25 hour period., No reaction between the urethane and
other metals, aluminum or solder, was detectable at any of the test times or

temperatures,

In conclusion, the polyolefin based pcttants, EVA and EMA, are considered to
have good thermal stability over the times and temperatures explored so far.
The polyurethane is more questionable. The formation of color in this com=-
pound at temperatures as low as 80°C could possibly place a limitation on

its use in solar module applications. All the pottants remair to be evaluated
for performance over long periods of time. One conspicuous result of the
thermal aging work is the adverse reaction with copper. It igs felt that in

no circumstances should the pottant compounc’ contact metallic copper, as signs

of "corrosion" are noticed in almost all cases.
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VIII. SUPPORTING ACTIVITIES

Dur...g the past year, Springborn Laboratories has engaged in other
activities in support of the FSA effort administered by JPL. Arrange-
ments were made to provide two other contractors with experimental tes™
modules ‘abricated within materials and techniques designed to evaluate

a particular facet of PV mecdule operation.

Science Applications, Inc.

Science Applications, Inc. (SAI) has invested considerable effort in the
development of light trapping technology and, as a result, holds the United
States Patent No. 4,246,042 "Fixed Solar Energy Concentrator” for light
trapring techniques. Because of the importance of using light trapping
techniques in the design of solar PV panels, JPL funded a study at SAI to
investigate the cost benefits of light trapping used in PV modules under an

agreement that SAI's patent righté would not be affected.

Three pairs of Springborn Laboratories' 12 inch by 16 inch modules were
prepared for this study. One module (the control module) of each pair
used the "standard" design. The other module of each pair employed design
modifications, only to the degree needed, to incorporate desired light trap-
ping features. The two modules of each pair were then used side-by-side
under natural sunlight or a test source to demonstrate the benefits of
light trapping in terms of potential module costs and the amount of silicon
required to provide a given panel energy output. Two cell configurations
were used, the Solar Power Corporation 100 mm diameter silicon photovoltaic
solar cell and the 75 mm half cell. Pairs of modules include:

. One pair using 100 mm diameter cells; the packing fraction

of light trapping module is anticipated to be 0.75.

. One pair using 75 mm diamecer half cells, packing fraction

of light trapping medule is anticipated to be ~0.50.

. One pair using 75 im diameter half cells, packing fraction

of light trapping module is anticipated to be " 0,25,

o
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Design details for each pair of modules include:

Maximum and minumum performance tolerances of the solar cells

to be used with both modules.

The relative location and the physical and material definition
of the several layers (back cover, spacers, pottants, substrate
and/or superstrate, and the edge seal and gasket) that make up

the modules.

Tyre and application of diffuse reflective coating at the bottom

of substrate and on ce¢ll (top-surface) metallization.

Individual cell interconnections.

Side-by~-side tests will be condncted in sunlight and under a test source.

The panels' performances will be evaluated and compared under conditions

of no load, short circuit, and peak power tracking for typical operational

sun angles. The 1elative contributions of dire and scatteced sunlight

to panel output will also be evaluated. Test @ ults will be made avail-

able to JPL.

Clemson University

Clemson University has a contract with JPL for the accelerated stress

testing of encapsulated silicon solar cells. The accelerated stress tests

include bias-temperature tests, bias-temperature-humidity tests, thermal

cycle testing, thermal shock testing, and power cycle tests. The encap-

sulated cells are characterized prior to stress exposure and at periodic

down times using electrical measurement techniques, visual inspection and

metal adhesion tests. he electrical parameters being measured include

short cicuit current, open circuit voltage, and current at the maximum

power point. Data is also obtained on the cell series and shunt resis-

tances.

b

-

-
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Springborn Laboratories has assisted Clemson University by manufacturing

encapsulated cell test modules for this program. The modules supplied

to Clemson consist of 5" x 9-1/2" modules containing from one to three

cells. Silicon solar cells were obtained from nine manufacturers and used

in the construction of over one 100 test modules using five different en-

capsulation schemes. The encapsulation systems used were as follows:

Type 2 - Scda lime glass/EVA/cells/EVA/Tedlar 150BL30WH

Type 3 - Soda-lime glass/EMA/cells/EMA/Tedlar 150BL30WH

Type 5 - Soda-lime glass/EVA/cells/EVA/soda-lime glass
6
7

Type Soda~lime glass/EVA/cells/EVA/aluminum foil (1.5 mil)
Type Tedlar 100BG30UT/EVA/cells/EVA/mild steel substrate

laminated with EVA and Scotchpar 20 CP white polyester

film to yield a corrosion proof steel.

Clemson University is in the process of exposing these modules to the
stress conditions previously described and is determining the response
to these stresses for each cell type and encapsulation system. The results
of this work will yield data concerning failure probabilities and be use-

ful in establishing reliability and qualification test protocols.
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IX. CONCLUSIONS AND RECOMMENDATIONS

The new aliphatic peroxide, Lupersol TBEC (Lucidol Division, Pennwalt
Corporatior.) has been found to be much more effective curing agent
then the commercially used Lupersol 101 in both the EVA and EMA candi-
date pottant systems of interest. This new compound permits the cure
temperature to be lowered in both these resins, results in faster cure,
may be found to be less prone to volatile losses, and gives higher gel
conterts thaa prcviously ach’eved. The advantages to the use of this
new curing agent are lower temperature operation, faster cure and con-
sequently nigher throughput, higher cure reliability and wider cure
latitude. Future work should definitely emphasize this peroxide as a

replacement for Lupersol 101.

In addition to the lamination type of pottant, candidates for the
liguid casting process have also been researched. One class of com-
powile, aliphatic poiyuret :ane~ have peen investigated for chis purpose.
After contacting a number of industrial suppliers and formulating a
product with the required properties, a candidate pottant is now ready
for this type of encapsulation scheme. The urethane is a two part
system designated 2-2591 and is available from Development Associates,
Inc., North Kingstown, Rhode Island. The system features low viscosity,
low color, rapid cure time and surprisingly high resistance to ultra-
violet light. The cost for the mixed system is in the order of $3.00

pe: pound and commercial quantities are available.

Mild steel is an attractive substrate candidate due to its cost to
deflection resistance ratio. The steel is produced in sheet form and
has the potential to be shaped and formed with integral ribs to
further enhance its mechanical rigidity. The deficiency with mild
steel is its poor resistance to corrosicn in an outdoor environment.
Costings to inhibit or prevent ruzting of mild steel are being selected
and evaluated by outdoor exposure and 35°C salt fog testing. To date,
several coatings have been discovered that appear to be effective and

have prevented any observable attack to the steel after 5,000 hours of
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salt spray (unscribed). To date, the best coatings appear to be com-
binations of EVA lamination pottant with a polyester film topcoat and
EVA modified with a zinc chromate containing primer. This approach is
toc expensive to be practical, however it serves to demonstrate the
concept of using laminated films and the effectiveness of chromate mod-
ification. Thinner films of less expensive resin may still be a cost

effective technique.

The most promising coatings discovered to date are based on silicone
modified polyester chemistry and a bakoable fluorocarbon maintenance
coating. These materials have survived over 4,000 hours so far with no
signs of deterioration,and cost in the order of $3.00 to $3.50 per
square meter (including steel cost) for both sides coated. Coating
materials such as these should result in a weathered mild steel based
substri.c well within the maximum cost limit of $7.00/m2. Future work
will identify, evaluate and report on further work with these and other

candidates.

The results of testing soil resistant surface treatments show that the
most effective treatments are based on fluorocarbon chemistry, however
these compounds appear to be slowly lost as outdoor exposure time in-
creases. More developrment is required in the area of permanence of
these treatments to maintain the effectiveness for longer periods of
time. This approach could ai.o benefit from an extended structure-
activity correlation to gencrate compounds that reduce the surface

energy to the practical minimum.

The polyolefin based pottants, EVA and EMA, are considered to have
good thermal stability over the time and temperatures explored so far.
The polyurethane is more questionable. The formation of color in this
compound at temperatures as low as 80°C could possibly place a limita-
tion on its use in solar module applications. All the pott.nts remain
to be evaluated for performance over long periods of time. OCne con-
gpicuous result of the thermal aging work is the adverse reaction with
copper. It is felt that in no circumstances shouuld the pottant com-
pound contact metallic copper, as signs of "corrosion" are noticed in

almost all cases.
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TABLE 1

Advanced Cure Studies: EVA

Time/Temperature/Gel Profile

EVA Formulation With Lupersol 331-80B
(Compound No. 14745-2)

Al

Time
Minutes: 110°c  120°%  130°%  140°%  150% 160°%
2 79.5 84.5
5 88.8 86.9 88.7
10 0 68.2 84.2 | 89.3 88.0 87.6
15 0 80.4 87.4 92.4 88.9
30 0 78.5 92.0 89.9
EVA Formulation With Lupersol TBEC
(Compound No. 15259)
Time o o °
Minutes: 110°% 120°%  130%  140%  150°% 160°%¢
2 0 73.4 81.5 84.2
5 60.3 83.7 88.6 91.0
10 0 75.0 88.2 91.6 92.3
15 0 85.0 90.2 93.5
30 65.0 82.7 92.2 92.6
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TABLE 1- (Continued 2)
Advanced Cure Studies: EVA

Time/Temperature/Gel Profile

Standard EVA 239918 Formulation, for Comparison

(Lupersol 101)

Time
Minutes:  110°%  120°%  130%  140%  150°%  160°%
2 1.0 4.1 29.5
5 0 11.8 21.1 73.0
10 0 0 1.0 23.5 63.2 82.6
15 0 0 2.3 59.3 88.3
30 0 (o} 3.4 68.2
EVA Fermulation With Lupersol D-S606
(Compound No. 15267-A)
Time o ° o o ° o
Minutes: 110°¢c 120°¢C 130°¢C 140 C 150°¢C 160 C
2 0 -
5 0 18.9 -
10 - - 0 15.4 42.4 -
15 - 0 0. 32.0 69.2
30 - 0 0 40.0
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TABLE 1 - (Continued 3)

Advanced Cure Studies:

EVA

Time/Temperature/Gel Profile

EVA Formulation With Lupersol-99
(Compound No. 14745-1)

Time

A3

Minutes:  110°%  120°%  130°2  140%  150°%  160°%c

2 low 75.2

5 low 70.7 79.0

10 0 low low 72.2 77.7 79.9
15 0 8.1 69.5 74.9 78.4
30 low 76.1 82.1 77.7 79.9
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Advanced Cure Studies: EMA

Time/Temperature/Gel Profile

EVA Formulation With Lupersol D-5606

(Compound No. 15268-B)

Time

0
Minutes: 120°%¢ 130%: 140°%¢ 150°¢c
2 0
5 0 o]
19 0 0 0 19.4
15 0 0 low 22.0
30 0 0 10.0 28.0
EMA Formulation With Lupersol 331-80B
(Compound No. 15257-B)
Time o ° ° °
Minutes: 120°C 130°C 140°¢C 150°C
2 7.3
5 0 0 52.6
10 - 43.8 49.8 56.7
15 - 70.1 53.0 55.7
30 - 70.0 9.9 59.6
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Advanced Cure Studies: EMA

Time/Temperature/Gel Profile

EMA Formulation With Lupersol-99
(Compound No. 15257-B)

Time
Minutes: 120°% 130°%¢ 140°% 150°%
2 0 0
5 0 0 53.4
10 0 v. low 36.8 57.8
15 0 v. low 61.6 51.7
30 v. low 57.3 51.1 51.6

EMA Formulation With Lupersol TBEC

{(Compound No. 15257-C

Mi::t:s: 120% 130°¢ 140°% 150°%
2 0 69.3

5 0 53,2 68.8

10 0 26.3 51.6 74.0
15 0 40.7 54.2 71.3
20 low 46.3 59.6 71.3
30 15.0 52.8 63.2 72.4
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(Continued 3)

Advaiced Cure Studiss: FMA

Time/ Temperature/Gel Profile

Standard EMA Fcrmulation No. A-13439, for Comparison

(Lupersol 101)

cure Time  120°C 130°%c 140°%¢c 150°C 160°¢C
2 minutes T B 9.5
5 minutes 21.5
10 minutes 0 48.6
20 minutes 0 0 37.0 48.6
30 minutes 0 low gel 53.0

40 minutes low gel 34.0 63.0

60 minutes J’ low gel 47.0 65.0
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Table ¢
CURROSION MONITORING

Key: :
_Specimen Conaltion :
I. Nu ubservable change
II. Some signs of deterioration
LIT. Noticeable deterioration
R. Removed from further testing:
specimen deteriorating badly
Steel Condition
1. Dulling of surface
2. Light corrusicn visible (scattered spots)
3. Madium corrosion visible (10% of surface)
4. Extensive corrosion visible (over 25% of surface)
Coating Condition
a. Blistering
b. Slight delamination
c. Medium delamination
d. Complete delamination
e. Coating discoloring, some surface attezck
f. Coating degrading/corroding

2. Failure of sealant/gasket
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Table 7

CORROSION PROTECTIVE TREATMENTS: COSTING AL3
Notebook Number ; 14304-1 14304-2 14304-3 14304-4 14304-5
tee e » mild mild mild mild mild
Manufacturer
Thickness, mils 28 28 28 — 28 78
Cost, $/m" $2.70 $2.70 $2.70 $2.70 $2.70
Surface Treatment
|_Type :
 Chemistry
| Cost, $/m*
Primer Treatment
Designation 4910 4910 49190 4910 ATT1851
Manufacturer WM | _3M M IM oringborn
i _Chemistry acrylic acrylic acrylic acrylic silane
Application method 3 3 3 3 1
Cost, $/m* $2.ec 2,60 $2.60 $2.60 $0.20
Bake temp.,°C none none none none ~ (air)
Bake time, min, - - - - -
Bake cost, $/m” 0 0 0 0 0
Top Coat { first) Acrylar Scotchpar Foil Korad EVA (@)
Designatisn X-22417 20CP-white | Aluminum | 63000 A998
Manufacturer IM 3IM Reynolds xce: Srringborn
Chemistry acrylic polyester metal acrylic olefin
Thickness, mils 3.0 2.0 1.5 1.5 18
Application method roll roll roll roll vacuum bag
Cost , $/m” $1.46 $1.10 $0.76 $1.26 $7. 40
Bake temp,,°C none none none none 150°C
Bake time, min, none none none none 20 mun,
Bake cost, $/m“ 0 0 0 0 $0. 01
Top Coat ( second ) None None None None None
Designation
Manufacturer
Chemistry
Thickness , mils
Application_meihod
Cost, $/m”
| _Bake temp,,°C
Bake time , min,
Bake cost, $/m°
~otal Cost ¢
$/£t¢ $0.63 40,59 $0,56 <0, b1 $0.96
$/m? $6,76 $6, 40 $6.06 $6.56 $10.31
Application method :
1. Dip 2. Spray 3. Flow coat 4. ele ‘oplate 5, electrodeposition 6, fluid bed

(a)

{a) Proof of concept only, cost does ot reflect final material choi z:s.
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Table 7 (Continued 2) Al4

CORROSION PROTECTIVE TREATMENTS .

COSTING
Notebook Number 3 14576-6 14576~7 14576-8 14576-~9 14576-~-10
|_Steel Tvype ; mild mild | milg mild _mild
Manufacturer
| Thickness, gile 28. 28 28 28 28
Cost , ﬂm $2.70 $2.70 $2.70 $2.70 $2.70
| Surface Treatment
Type ;
Chemistry
Coat, $/m®

Primer Treatment
Designation 4910 4910 4910 4910 1861/107D
Manufacturer M 3N IN Epringborn
Chemistry acrylic acrylic acrylic acrylic silane

181118 T
Application method 3 Ik 3 3 3
Cost, $/m $2.60 $2.60 52.60 $2.60 $0.20
Bake tem_gLL"C none none none none {air)
Bake_time, min,. - e - - -
Bake cost . $/m* 0 0 0 0 p)

Top Coat ( firat ) Korad Acmitite Tedlar Stainless EVA
Designation X212-R 150B530wW foil A9918 (a)
Manufacturer Xcel Acme DuPont Teledyne | Springborn
Chemistry acrylic polyester lvinyl fluoride metal EVA
Thickness, mils 2.0 1.5 1.5 2 nil 18

| Application method roll roll roll roll bac. beg
Cost, $/m $1.30 $2.14 $1.62 $5.40 $7.40
Bake temg"'C nons none DOLA none . JSDOC
Bake ...ne, min, _ = - - - 20 min
Bake cost, $/m° a a o a 2,01

Top Coat ( second ) none none none none Ecotchpar
Designation 20 CP whit
Manufacturer IM
Chemistry polyester
Thickness , mils 2.0
Application method bacuum bag
Cost, $/m sl.10
Bake temp,,*C included
Bake time , mi:_:% _
Bake cost , $/m -

_Tztal Cost ¢
$/0t $0.61 §0.69 $0.64 1.52.99 $1.0€ (a)
$/m $6.60 $7.44 $6.92 €10.70 $11.31

Application method :
1. Dip 2. Spray 3. Flow coat 4. electroplate 5. electrodeposition 6. fluid bed

{(a) Proof of concept only, cost does not reflect final material choices.

PR P
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Table 7 (continued 3) ALS

CORROSION PROTECTIVE TREATMENTS

Notebook Number 14576-11 14576-12 14576-13 14591-14 14701-15
| _Steel Tvpe ; mild _ mild mild mild mild
Manufacturer
Thickness, ?ilu 2t 28 28 28 8
L Cost, $/m $2. 70 $2.70 $2, 70 $2. 70 $2, 70
|_Surface Treatment
| Iype :
Chemistry
| Cost, $/m®
Primer Treatment Coil primer
Designation A11861  [A11861/107D| Z-6020 14590 T 3305
Manufacturer Springborn{Springborn | DowCornin §griijorn PPG
Chemistry silane silane silane silane epoxy
Application method 1 1 1 1 3
Cost , $/m' $0.20 $0.20 $0.20 $0.20 . $0, 08
Bake temp,,°C (air) (air) (air) (air) 200°C
Bake time, min, - - - - 15 min
Bake cost, $/m® 0 0 0 0 $0. 005
Top Coat ( first) EVA EVA Scotchclad | EVA Duranar
Designation A9918 A9918 XB-5863 A9918 S5MW932377
Manufacturer Springborn | Springborn IM Springborn PPG
Chemistry olefin olefin urethane olefin fluorocarborg
Thickness, mils {dry) 18 18 ] 18 0,8
Application method !vacuum bagivacuum bag 3 vacuum ba, 2,3
Cost, $/m $.7.40 _$7.40 $2.84 $7.40 $0.75
Bake temp.,°C 159°C 150°C none 150°C 200°0C |
Bake time, min. 20 min 20 min - 20 min 15 min
Bake cost, $/m* $0. 01 $0.01 0 $0. 01 30. 01
To% Coat ( second ) Stainless Tedlar None None None
Designation 302 100BG30UT
Manufacturer Teledyne DuPont
Chemistry metal pinyl fluoride
Thickness , rils 2.0 1.0 .
Application method roll vacuum bag
Cost, $/m’. §$5.40 $1,08
Bake tenp,,°C none none
Bake time , min - -
Baka ;.t R 5/1-52 included | included
Total Cost (a\ (a)
$/£tc $1.46 71 51,06 $0,53 0, 96 $0. 33
$/m! $15. 7 $11.39 $5.74 $10. 31 $3.56

Application method ¢
1. Dip 2. Spray 3. Flow coat 4, eiectroplate 5. electrodeposition 5, fluid bed

(a) Preof of concept only, cost does not reflect final material choices.



ORIGINAL PAGE 3
OF POOR QUALITY

Table 7 (continuted 4) A6
CORRCSION PROTECTIVE TREATMENTS
Notebook Number 14713-16  14713-17
|_Steel Type ; mild mild
Manufacturer
Thickness, pnils 28 28
Cost . $, m° $2.70 $2,70

Surface Treatment
Type ;: .

Chemistry
Cost, $/m"

Primer Treatment Dextar Dextar
Designation 9X165 9X165
Mamfacturer Dexter- Mid|Dexter-Mid
Cheniistry epoxy epoxy
Application method rotl roh

{ Cost, $/m* $0.08 $0.08
Bake temp,,°C _250°C 250°C

|_Bake time, min, 1 min_ 1 min
Bake cost, $/m® $0, 006 $0. 006

Top Coat ( first) Dextar Dextar

Designation 75 X102 DXD-889
| Manufacturer Dexter-Mid | Dexter-Mid
Chemistry ilicone-psty acrylic
Thickness, mils (dry)| 0.8
Application method roll roll
Cost, $/m $0,34
| _Bake temp,,°C 250°C
Bake time, min, 1 min_
[ Bake cost m“ $0. 007
Top Coat ( second )
Designation
Manufacturer
| Chemistry
Thickness , mils
Application 'Ezetbad
Coet, $/m
Bal:s ‘emp.,°C
Bake time , min
E_'--a cost, $/m
Total Cost ¢
L_s/ac $0, 29
$/m $3.13
Application method :
1. Dip 2, Spray 3. Flow coat 4, electroplate 5. electrodepcsition 6, fluid bed
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ORIGINAL PAGE IS
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Table 15
6072, 1 POLYMER AGING STUDIES
D ey
Exvosure Condition : RS/4 DRY
Material : EVA Notebook No: A8901C
Atmosphere : Air Temperature : 50 oc

Description ;: Prototype frrmmulation of A9918

Candidate pottant

Page:
A28

3 » moderate color

6 = extreme degradation

Exposure, Hrs. 0 (coatrollf] 15,520 22,720 30, 000 15,000
g Dats : (add 4Khrd 7/9/79 11/8/80 | 7/8/81 | 5/8/82 [ 12/2/82
% | Unit No.: 4 4 4 1
a
)
No. of Specimens 1 1 1 1
Tensiie strength, psi 1, 890 1,590 1,580 1, 450
Ult. .iongation, % 677 % 600% 605 % 480%
. t 100%aetrn
- | Modulus , psi 160 450 833 a,
o
<
'-; Swell Ratio b, b, 12,9
£
- Gel content , % 72% b. b. 45 %,
Appearances Clear ok ok ok
Total optical , %T
8l UV cutotf , am 62 b. 365 367
I3
Clcolor * Clear 1 1 2
= | Dielct. Stgth., V/mil a. . a.
9
L]
@ | Leak current, ma 3. a. T
_ | Copver dust, %T n’'a n/a n/a n/a
* . [Covper meal —
21 Aluminum —
s ROMO Solder —
= | Nickel —n
3[Titanium —
Sx-l!gr —
Notes : a. insufficient specimen available
b, not measured
1 = no change 4 = strong color 7 » melted
2 = faint color 5 = degraded 8 = broken

9 = surface cracks

o™
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Table 16

Material : EVA A9918

RS/4

YMER AGING S
Exposure Coodition ;

DRY

Notsbook No: A12504-3

——

Page:
A29

31 = moderate color

6 = extreme degradation

9 = surface cracks

Atmosphere ; Alr JTemperature : 50 °¢c
Description : Candidate pottant ; standard commercial grade EVA
Exposure, Hrs. 0 (controtf 2,880 | 5,760 | 8,640 15,120 |
E Date : 1/15/80 11/12/80( 3/13/81 7/13/81 4/13/82
é"' Unit No.: 3 5 5 3 3
No. of Specimens 10 5 5 5 5
Tensils strength, psi | 1, 890 1,930 1, 340 1, 460 1,520
Ult, elongation, % 510 631 550 590 570
- Modulus , psi 890 780 820 850 875
9
'i Swell Ratio 32,2 a. a. s, 28.5
& Ge! content , % 74% a. a. a. 69.8%
Appearance ?ﬁng:xp‘?en 1 1 1 1
Total optical , % T
8l uv curett, om 355 155 356 157 157
8-‘ Color * Clear 1 1 1 1
2| Dielet, Stgth., V/mil b. b, b, b,
9
L]
@ | Leak curreat , ma b. b. b, b.
| Cooper dust, KT n/a n/a n/s n/s n/a
.g Covoper metal —
2| Aluminum S
860740 Soider —
» [ Nickel w——
3 Timaium —
Stlver w——
Notss : a, not measured
b. insufficient material
1 = oo chaage 4 = strong color 7 = meited
2 = faint color 5 = degraded 8 = broken
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6072,

1

Exvosure Condition :

Material :

EMA 13439

ORIGINAL PAGE 1S
OF POOR QUALITY

Table

17

QEYMER AGING_STUDIES

RS/4 Dry

Dotebook Nos 13872-1

Atmosvohere :

Alr

Description : Candidate pottant

Temperature ; 50 °¢

Page:
A30

Exposure, Hrs. 0 (control){ 2,880 | 5,760 | 7,608 10, 000
2 Date : §/26/81 9/27/81 ] 1/27/82 | 4/13/82 7/22/82
E Unit No,: 4 4 4 1
o
)
No. of Specimens 10 5 5 3
Tensile strength, psi 2, 000 2, 690 2,420 2, 400
Ult. elongaticn, % 570% 623% 647 6807,
_ | Modulus , psi 3,240 a. a, 2,000
]
9
T;. Swell Ratio 11.2 a. 24,3 28. 4
= Gel conteat, % 62% a. 20% 59%
Appearance Clear 1 1 1
Total optical , %T
S| UV cutoff, am 354 a. a. 360
Ol Color * Clear 1 1 1
2| Dielet, Stgth,,, V/mil b. b. b.
3]
o
@ | Leak current , ma b. b, b,
Coover dust, %T n/a n/a n/a n/a
“g Covper metal e—
2| Aluminum a——
&8160/40 Solder e
& | Nickel —
8 Titanium me
;EL.! —
Notes : a, not measured
b, insufficient sample
1 s no change 4 = atrong color 7 = melted
2 = faint color 5 » degraded 8 = broken

3 » moderats color

6 » extreme degradation

9 = surface cracks



ORIGINAL PAGE IS
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3 « moderate color

6 = extreme degradation

9 » surfacs cracks

Tabls 18
Project Nu, 6072, 1 POLYMER AGING STUDIES Page:
A3l
Exposure Condition: _ RS/4 DRY
Material 1 PU_Z-2391 Notsbook Nor 14600
Atmosphere : Air Temperature : 50 °C
Degcription : Candidate pottant - casting system
Exposure, Hrs, 0 (control)] 2,160 | 4,125 6, 000
g Date : 10/26/81 1/20/82 4/13/82 | 6/30/82
g Unit No.: 6 6 6 6
@ [Remaining
No. of Specimens 22 18 14 11
Tensile strength, psi 160 196 131 199
Ult. elongation, % 115 143 108 143
= | Modulus , psi 254 263 241 222
[
@
i Swell Ratlo 2.7 a. 3.3 3. 45
f
~1Gel content, % 93.2% a. 91, 7% 93%
transparen
Appearancs sheet 1 1 2
Total optical , % T
3| UV cutoff , am 366 66 367 367
81-\30101- - Clear 1 1 2
- Dielct. st'th.o V/mil b, b, b,
J
(2l
S| Leak current , ma b, b, .
. LCovper dust, %T n/a n/s n/a n/a
o LCooper metal s
2| Alumiaum —
5160/40 Solder —
» | Nickel —
3 [ Titanium -
ilver —
MNotes : a., not measured
b, insufficient san.ple
1 = no cna. 2= 4 = atrong color 7 = melted
2 = faint color 5 » degraded 8 « broken




Project No, 6072,

ORIGINAL PAGE 1S

Table 19

Exposure Condition :

Material ¢

Atmogphere @

1 gé!g& AGING ngDIE

RS/4- DRY

BA 13870

Alr

Notebook No:

13870

Temperature ; 50 °¢

R32

3 « moderate color

6 » extreme degradation

9 « surfacs

Description : Candidate pottant - casting system
Exposure, Hrs. 0 (control)| 2,880 5,760 | 7,608 10, 000
é Date : 5/26/81 9/27/81 1/27/82 | 4/13/82 | 7/22/82
S| Uit No.: . 4 4 1
-3
)
No. of Specimens 10 - 5 4
Tensile strength, psi 293 147 162 172
Ult, eloagation, % 110 95 98 97
— | Modulus , psi 90 87 8s 9
[}
1%}
i Swell Ratio 2,39 8. 2,01 1.88
i G.l content , % 86. ‘% E 99 83. 3% 39. ‘%
Appearance Clear 1 1 1
Total optical , %T
2| UV cutoff , nm 385 a. 386 384
8-‘ Color * Clear 1 1 1
2| Dielct, Stgthe, V/mil b, b, b,
(%)
L]
Gl | Leak current , ma b, b. b,
Copoer dust, T n/a n'a n/a n/a
“e Copper metal —
81 Aluminum —
5160/40 Solder o
» [ Nickel —
3 [Titaniues —
{lver w—
Notes : 5, not measured
b, linsufficient sample
1 & 20 change 4 s strong color 7 » melted
2 » faint color § « degraded 8 « broken

cracks
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3 s modersts color

é = extreme degradation

OF POOR QUALITY
Table 20
Project No, 6072.1 YME AG UD1L Page:
Ad3
Exposure Condition ; _ RS/4 DRY
Material ¢ Ted'ar 100BGIQUT Notebook No: A12811
Atmosphere ; Air Temperature ; 50 *2
Description : Outer cover ~andidate
Exposure, Hrs. 0 (coni=nlM 2, 880 5,760 9, 744 15,120 20, 000
g Date ; 9/20/80 | 12/20/80f 4/20/81 10/3/81 5/20/82 12/9/82
9 | Unit No. 6 6 3 3 3
%‘ 1 35:&[‘5' No.)
No. of Specimens 10 20 13 8 [
Tensile strength, psi 17, 700 19,819 16, 200 16, 400 14, 500
Ult, elongation, % 7% 70 78 69 65
| Modulua , pei 2.4x10° Jex10®° |2.5x10°|10%10° |2x10°
L]
o
i Swell Ratio na na na na n/a
E Gel content , % na na na na n/a
Appearance hazy 1 1 1 1
Total optical , %T
S| oV cutett, am 356 355 356 354 354
& [slight blue 1
Color * hasy 1 1 1
2| Dielct, Stgtha, V/mil s, a. a. [
7]
L
3| Leak current , ma 1. a. a. a.
Cooper dust, %T - na na ns na
o+ |zoppar cus
« | Covper metal —
8| Aluminum w——
8[€0740 Solder —
& | Nickel —
S [ Titasium —
ver —
Motes : a, insufficient sample
1 = no change 4 = strong color 7 = maelted
2 = faint coler 5 = degraded 8 « broken

9 = surface cracks
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Table 21

BrojectNe, 60721 EQUIMER _AQING STUDIES Page
) A2

Exposure Condition; RS/4 DRY )

Material ; Tedlar 4462 Notabook Noj  13406-3
Atmogyhere ; Alr Temperature ; 50 °¢c
__I)ueﬂpdon 1 Candidate outer cover
Exposure, Hrs. 0 (control)f 2,880 |, 760 8, 640 10,800 | 16, 000
E Date ¢ 1/26/81 $/26/81 | 9/27/81 1/27/82 4/20/82 11/22/82
; Unit No.t '3 7. #7 #7 LA
No. of Specimens 10 5 ] 5 3

Teasile streugth, psi 10, 600 14, 900 15,200 17,000 15,000

Ult, elongstion, % 180 53 n he 70
| Modulus , pai 2x10° s s a  |z.1=10°
[}

"i Swell Ratio Insoluble n/a n/s a/a a’a
E Gel content , % i.goluble n/s als n/a n/a
sy blus

Appearance fim . H 1 1 1

Total optical , 4T
g UV cvtoff , am 368 a 368 368 165
8- Ve 1IE2

Color = sit. shase 1 1 1 1
< | Dielct, Stgth.., V/mil b, b. b, b.
1%

[}
G| Leak curreat , ma b, b, b. b.

Copper dust, 4T n/s n/s n/s n/a a/a
*
< L.Copper metal ansen
9| Aluminum ——

360740 Solder w—
o 'Niekel —
d[Ilmaium —

Siives =

Notas : a. not measured -
b, insufficient sample

1 = no chaage 4 = strong color 7 = melted
2 = faint color 5 » degraded 4 « brokea
3 « maderats color  § o extreme degradstion 9 = surface cracks
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Table 22

POLYME
L

AGING

Exposure Condition; RS/4 DRY

Matorial ; Acrylar X22417

Notabook No: A12528

Puge:
Ad

tmoephe Alr Temperature ; 50 ¢
Description 1 Outer cover cundidate ; biaxially oriented acrylic film
Fxposure, Hrs. 0 (contral)] 1,440 2,880 5,760 | 12,000

z Data :

3 Dait No. 1 4 ‘ ‘ 4 4
Nn. of Specimens 10 L L] 5 5
Tensila straogth, pal | 24, 000 24, 000 13, 200 15, 000 14,500
Vit, eloagatiorn, % 1 1 1 é 7

' 5
< | Modulus , pei 4.4x10° Jex10° . 6x10° |s=x10

[5]

E Swell Ratio Soluble n/s n/a n/a n/a

£ Gel contart , % Soluble n'a n/a n/a n/a

Transpare
Appearance film Pa_ !F 1 1 1 1
Total optical , %7T

3| UV cucett , am 182 181 282 382 181

8‘ Color & Clear | 1 1 1

2| Dielet, Stgthe, V/mil b. b, b, b.

1)

[ 3

3| Leaak curreat, ma b. b, b, b.
rmg_mr n/s n/a a/a n/a n/a

*
 Goopey metal —

5 Alumis. ——

360740 Soider ——

& [ Nickel ——

3 [ Titanizem —

gr a—
Notss : | 77, © 116, 000 ono. 000 a. s. - | 94,800
a, uot measured c. Viscosity average molecular weight
b, ilnsufficieat specimen
1 » no change 4 = stroag color 7 s maltad
2 = iat color S » degraded 8 » brokea

3 « modersts color

6 = axtrems degradation

9 ¢ surface cracks
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Table 23
Project Nﬂ;6°72' 1 g&‘mé éGING g'l‘UDIES Page:
36
sure Condition ; _RS/4 DRY A2
Material ; Fluorex-A Notebook Nop 13406-2
Atmogphere 3 Alr JTemperature; 50 °C
Description : Outer cover candidate ; Acrylic/vinylidene fluoride alloy
Exposure, Hrs. 0 (control)] 2,880 ! 5,760 | 8,640
S |Date:
£
i Unit No.: T 7 ? 7
)
No. of Specimens 10 H 5 3
Tensile strength.pai | 5,560 3.790 5. 800 5, 440
Ult. elongation, % 328 4“4 47 113
- | Modulus , psi l.4x 105 a. a. a.
"
o
'i Swell Rato Soluble n/a n/a a/a
A Gel content , % Soluble n/a n.a n/a
ranspare
Appearance film 1 1 1
Total optical , %7
2| UV cueott, am 340 . 340 341
8. Color * Clear 1 1 1
.| Dielet, Stgth,, V/mil b, b, b,
2]
L]
& | Leak curreat, ma b, b, b,
 Copper dust, % T a/a n/a n/s a/a
’e Covper maetal S—
3 | Alumi o ——
8 [€0740 Sorder —
% [ Nickel —
G Titasiam —
“r —-——
Notes : a. not measured
b, insufficient specimen
1 = oo change 4 = strony color 7 « melted
2 » faint color S o degraded 8 » brokea
3 o moderats color ¢ , extreme degradation 9 » surface cracks

IR T
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Table 24
Project No, 8072.1 MER A TyDL Page:
Exposure Condition ; RS/4 DRY A37
Material ; Scotchpar 20CP Notebook Noz 14321-2
Atmosphere ; Air Temperature ; 30 °C
Description ;: Back cover candidate
Exposure, Hrs. 0 (control)f 4. 320 6,548 8. 000
g ) g T/13/81 | 1/13/82 ) 4/20/82 [ 615782
3 Uait No.: 8 8 5 s
No ot bpectinens 10 12 8 6

Tensile strength, pei 29, 400 28, 000 23, 000 28, 600

Ult. elongation, % 27 15 20 18
_ | Modulus , psi 3.6x10° a. . 5 x 10°
o
o
“;: Swell Ratio Soluble n’a n/a n/a
E Gel content, % Solub.e n/a n/a n’a
White
Appearance fim 1 1 1
Total optical , %T Qpaque n/a n/a n/a
3 UV cuteff , am n/a n/a n'a n/a
S- Color * White 1 1 |
2| Dielet. Stgtha, V/mil b, b, b.
<
&
| Leak current , ma b, b, b,
Cooper dust, %T n/a n/a n/a n/s
- r__L;
e L.Gogper metal vaaned
9| Aluminum w—
5160/40 Solder —
= [Nicksl —
8 Tliaaium S—
Sliver S—

Notes : a. not measured
b, insutficient sample

1 «» no change 4 « strong color T =« melted
2 « faint color 5 » degraded 8 = broken
3 « moderate ¢olor  § 4 gxtrems degradation 9 « surface cracks



Project No,

6072, 1

ORIGINAL
OF POOR

Exvosure Condition :

PAGE 1S
QUALITY

Table <5
PO&YMER AGING Sng[ES
RS/4 DRY

Material : Tedlar 100BS30WH Notsbook No: 14321-3

Atmosphere ¢

Air

Description : Back cover candidate

Temperature : 56 °C

Page:
Al8

Exposure, Hrs. 0 (controll] 4,320 | 6,648 8, 000
g Date : 7/13/81] 1/13/82 | 4/20782 | ¢/15/82
E Tnit No.: 8 8 H ]
& Remaining
No. of Specimens 10 12 8 6
Tensgile scrength, psi 14, 000 14, 500 14, 600 14, 300
Ult, elongation, % 59 68 62 65
13
_ | Modulus . psi 2.8x10°] a. 2.3x10° [2.7x10°
L]
9@
i Swell Ratio N/A n/a n/a n/a
a Gel content , % N/A n/a n/a n/a
White
Appearance film 1 1 1
Totsl optical , %T Opaque n/a n/a n/a
21UV cutoff , am N/A n/a a/a a/a
Color = White 1 1 1
< | Dielet, Stgth., V/mil b, b. b,
(4]
©
G| Leak curreat , ma b. b, b,
Copper dust, % T n/a n/a n/'a n/a
'g Cooper metal —
91 Aluminam —
o160/40 Solder —
® [ Nickel —
8 Titasiom —
Silver wa—
R
Notes : a. not measured
b. insufficient sample
1 = no change 4 « strong color 7 = melted
2 = Aaint color 5 a degraded 3 « broken

3 » moderats color

6 = extreme degradation

9 = surfacs cracks



ORIGINAL PAGT 19
OF POOR QUALITY

Table 26
Proiect No, 6072.1 POLYMER AGING STUDIES Page:
A39
Exposure Condition : RS/4 DRY
Material : Korad 63000 Notebook No: 14321-1
Atmosphere :  Air Temperature : 50 °c
Description : Back cover candidate
Exposure, Hra, 0 (control)| 1, 440 4,320 | 6,648 8, 000
E Date : T/13/81 9/13/81 1/13/82] 4/20/82 | 6/15/82
g_ Unit No.: 8 8 8 5 5
0| Remainimg
No. of Specimens 10 12 8 4 3
Tensile strength, psi 4,250 5,120 4,690 3,995 5,040
Ult. elongation, % 28 18 16 19 15
_ | Modulus , psi 2x 105 a. a. 1.3x10° |1.5x 10°
L}
4]
E Swell Ratio Soluble n/a n/a n/a n/a
o Gel content , % Soluble n/a n/a n/a n/a
White
Appearance film 1 1 1 1
Total optical , %T Opaque n/a n/a n/a n/a
§ UV cutoff , am n/a n/a n/a n/a n/a
o
Ol Color * White 1 1 1 1
2| Dielct, Stgthe, V/mil b. b, b. b.
3}
[}
3| Leak current, ma b, b. b. b,
Covovper dust, %T n/a n/a n/a n/a n/a
'c Cooper metal a—
£ [Aluminum ———
8160/40 Solder —
» [ Nickel —
J | Titanium —
Silver —
Notes : a, not measured
b, insufficient sample
1 = no change 4 = strong color 7 = melted
2 = faint color 5 = degraded 8 = broken

3 = moderate color

6 = extreme degradation

9 = surface cracks
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OF POOR QUALITY
Table 27
Project No, 6072, 1 POLYMER AGING STUDIES Page:
4
Exposure Conditicn ; _ Thermal Aging Ao
Matarial : EVA Notebook No: A9918
Atmosphere : Air Temperamre : 80 °C -
Description :
Exposure, Hrs. [} (conhol)l 25 100 400 1, 0%0 3,000
E Date :
-2. Unit Neo.:
Y
No. of Specimens 10 5 5 5
Tensile strength,psi | 1,890 2,890 2,820 3,020
Ult. elongation, % 510% 684% 648% 621%
- | Modulus , psi 890 980 878 922
-
Q
‘i Swell ratio , % 32.2 18.4 19 - 18.9
£ Gel content , % 74% 74.2% 79.1% 69.5%
Avpescaace_ [Goloriens | C |
Total optical , &T
5 UV cutoff » DI
8- Color *» Colorless 1 1 1
2| Dielet. Stgth,, V/mil
o
°
5| Leak current, ma
Copper dust, % T
’: cmr mu —— If 1 2
S| Aluminum e— 1 1 1
21'€0/40 Soider — 1 1 1
b [ Nickel —
.»3 Titanium same
Silver d
Notas :
1 = Do change 4 = strong color 7 a melted
2 = faint color S = degraded 8 = broken

3 « moderate color

6 = axtrems degradation

9 = surface cracks
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3 = moderats color

6 = extreme degradation

9 s surface cracks

Table 28
Project No, 6072.1 POLYMER AGING STUDLES Puge:
a4l
Exvosure Condition :  Thermal Aging
Material ; EVA Notabook Noy _A9918
Atmosshese ;  Nitrogea Temperature : 80 «¢c
Description : .
Exposure, Hrs, 0 (control 25 100 400 1,000 3,000
% |Dace ¢
E
§= Trit No.:
No. of Specimaens 10 5 5 5
Teansile strength, pai 1,890 2,780 2,990 2,670
Ult. elongation, % 510% 696% 655% 592%
- Modulus , pst 890 940 904 951
o
'i Swell ratio, % 32.2 24.4 17.8 12.5
i Cel content , % 74% 70.8% 64.1% 76.8%
I L |
Total Wud . %T
5 UV cutoff , am
5‘ Calor = Colorless 1 1 1
2| Dislct, Stgtha, V/mil
Q
[
! Leak carrent , ma
Copper duat, %T
b Cogper metal a— 1 k3
' _5. Aluminam — 1 1
5160/40 Solder — 1 1 !
2 [ Nickel S—
3| Titaniom _—
"r ——
Notss
1 = no change 4 = stroag color 7 = malted
2 = faint coler 5 » degraded 8 = brokea

e pen




3 « moderate color

6 = extreme degradation

9 = surface cracks

AGE 18
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Table 29
Project No. 6072.1 4 AG I Page:
Exvosure Condition : _ Thermal Aging Aaz
Material : EVA Notebook No: A9918
Atmosphers : __ Air JTemperature ; 105 _°C
Description :
Exposure, Hrs. 0 (control)] 25 100 400 1,000 | 3,000
$ |Date :
£
g Unit No.:
No. of Specimens 10 5 H S
Tensile strength, psi 1, 890 2,230 2, 410 2,590
Ult. elongation, % 510% 670% 700% 659%
= Modulus , pei 490 950 1,050 916
9
i Swell ratio. % 32.2 42.9 26.8 25,5
£ Gel content , % T74% 50.2% $9.2% 66.1%
Appearaace C&‘:f}.'f' 1 1 1
Totl optical , %T
5 UV cutoff , nm
8- Color * Colorless 1 1 1
2| Sielet, Stgthe, V/mil
)
L)
G| Leak current , ma
- | Cooper dust, %T
« [ Cooper metal —— 1 o 4
2 Alumisum — 1 1 1
8 [€0740 solder — 1 e H
[ Nickel —
3| Titanium —
Silver m—
i
Notes
1 = no change 4 = strong color 7 = melted
2 = faint color S = degraded 8 = broken

[Ip——
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3 « moderats color

6 = extreme degradation

9 = gurface cracks

OF POOR QUALITY
Table 3C
Project No, _ 072, ° POLYMER AGING STUDIES Page:
. 43
e Copdition ; The-mal Aging A
Material i EVA Notsbook No: A9918
Atmosphere ; Nitrogea Temperaturs ; 105 o¢
Description : .
Exposurs, Hra. 0 (contrel) 25 100 400 1,000 3,000
é|Data:
E
:!,. Uﬂt No.:
No, of Specimens i0 H 5 5
Tensile strength, psi | 1,890 2, 640 2,610 3,110
Ult. elongation, % 510% 644% 668% 651%
- | Modulus , pei 890 855 849 916
[ ]
9
E Swell ratio , % 32.2 27.5 28.6 17.9
& Gel conteat , % T4% 66.9% 53.0% 65,3%
Appearance c&‘f::‘-‘f' 1 1 1
Total optical , %T
_3 UV cutoff, am
& Color *» Colorless 1 1 1
2| Dielet, Stgtha, V/mil
2]
[
| Leak current , ma
Cooper dust, T
* . [Covper metal — 1 3
S| Aluminum a— ] 1 2
31 60/40 Sotder e— 1 2
é Nickel —
Titaniam —
"r —_—
Notas 3
1 = 0o change 4 = stroog color 7 = melted
2 = faint color S = degraded 8 = broken




Project No, 6072,1

ORIGINAL PAGE IS

Table 31

QEYMER AGING STUDIQ

Exgosure Condition ; Thermasl Aging
Material : EVA

Notabook Not_A9918

Page
Ad4

3 » moderats color

6 = extreme degradation

Atmosphere 1 Alr Temperature : 130 °C
Dascription 3
Exposure, Hrs, 0 (coatrol 25 100 400 1000
é[Date :
E
7] .
% Uait No.:
No. of Specimens 10 3 L
Tensile strength,psi | 1 390 1, 440 1, 700
Ult., elongation, % 510% 703% 624%
- | Modulus , psi 890 910 873
<
4
i Swell ratlo , % 32,2 29.4 25.4
£ Gel content , % 74% 51.2% 43.8%
Colorless
Appearance Clear . 3
Total optical , %T
§ UV cutoff , am
Color * Clear 3
2| Dielet. Stgtha, V/mil
1%}
9
| Leak current, ma
Copper dust, %T
*B E° r metal ow— 3.7 4, 6; 7
2{ Aluminurmn — 1
: 60/40 Solder — 1
n | Nickel —
S Timnium o
ire: =
Notes :
1 = no change 4 = strong color 7 = melted
2 = faint color S = degraded 8 « broken

9 = surface cracks

T R T
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Table 32

3 « moderate color

6 » axtreme degradation

9 = surface cracks

BrejestNe. 60741  EQLIMER Aohvg STUDIES Puge.
ondition Thermal Agin M3
Materisl ;  EVA Notebook Nog A9918
Ao re Nitrogen go&um § 130 ‘g
Description :
Exposure, Hre. 0 (contraly 25 100 400 1,000
g Date
.g' U“‘ NO.!_
No. of Specimens 10 H ]
Tensile strength,pei| 1,890 1,500 2,070
Tlt. elongation, % 510% 656% 5589,
— | Modulus , pei 890 752 918
[ ]
o
is-u ratio, % 32,2 1.1 9.2
& Cel content, % 74% 35,09, 7. 7%
Appeasance St iens 1 3
Total optcal , T
E UV cutoff , am
51 Calor *» Clear 1 3
2| Dialct. Stgthe, V/mid
[}
[ 5
5 { Leak current, ma
| Copper dust, %T
*g[Govpez meal = )
E 50/40 Solder — {
o ckel ant—
3[Timainm —
“’ ——
Notes 3
1 » oo change 4 = strong color 7 = malted
¢ = faint color S = degraded 8 = broken

L e an L el Bl
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3 « modersta color

6 » exmtreme degradation

9 « surface cracks

Table 33
Project No, 6072.1 PQLIMER ACING STUDIES Page:
A6
Exposurs Gondition ; Thermal Aging
Material ; EMA Notabook Nog 13439
Asmosphere ; Air Jemperssmre; 30 ¢
Degcription 1
Exposurs, Hrs, 0 (comtrol)] 25 100 400 1, 000 1,000
g Date
3 Uait No.t
No. of Specimaens 10 4 L] 5
Tengile strength, pel 2, 000 2, 260 2,940 2, 500
Ult. slongatien, % 570% 6289 654% 645%
- | Modulus , pet 3,240 3,580 3,000 3,250
-
i Swell ratio , % 1.2 17.3 14. 6 20.3
£ Geal cc_tent, % 62% 51.8% 52,8% 48.8%
Appearance Clear 1 1 1
Total optical , %T
_3_ UV cutoff , am
8- Calor » Colorless 1 1 1
9
[}
3| Leak current, ma
» —— -
g pxouper metl
Q| Alumisum el —
e s e
[
d[Timasinm e
v =1
Notes
1 = no change 4 = strong color 7 = melted
2 » faint color S » degraded § = broken

———
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3 « moderate color

6 s extrexe degradation

9 = surface cracks

Table 34
rolect Yoo S072:1 ESiIMEa_scic Jivpur Page:
Lxposure Condition ; Thermal Aging M7
Material ;  EMA Notsbook Noy 13439
Atnogphere ; Nitrogen ® ratare 80 'c
Degecriptioa
Exposure, Hrs. 0 (control)f 25 100 400 1, 000 3, 000
3 Date
3 Unit No.t
No. of Specimaens 10 ] 5 g
Tensile streagth, pel | 2, 000 2,390 | 2,670 2,530
Ult. elcagation, % 570% 652% 640% 650%
| = |Modulas , pei 3, 240 3,600 3,250 3, 280
' i Swell ratio , % 11,2 13.9 21.5 28,9
£ Gel content , % 62% 59.1% 41.1% 29, 4%
Appearance Clear, 1 1 t
Total optical , %T
;é TV cutoff, am
8- Calor *» Colorless 1 1 1
| Dielct. Stgtha, V/eail
ﬁ Leak current , ma
’g w — 1 : .
307 e = T 1
- Ml —
3 jaunm- =
Notes :
1 @ 5o change 4 = stroi g color 7 « melted
2 » faiat color S s degraded 8 « brokea

o ki i et st

Ut 10 e el i
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3 s moderata color

6 s extreme degradation

9 = surface cracks

Table 35 ; :
Brolsctlo, 721  EOLIMER AGHvC STUDIES Page: i
Esvorure Condition ; Thermal Aging e
Material ; EMA Notsbook Nos_ 13439
Ammeephere Alr Temperamre ; 105 *C
Description :
Exposure, Hra. 0( wa 2% 100 400 1,000 3,000
g Date : 4'
i Tait Nool
No. of Specimens 10 5 L] 5
Tensile strength, pai 2,000 2,340 2, 220 2,300
Ult. eloagation, % 570% 650% 6559, 575%
- | Modulus , pei 3,2 4,160 3,950 3,370
[ ]
o
‘: Swell ratio, % 11.2 23.4 20,0 22.2
i Gel content , % 62% 38, 0% 44,1% 4“4, 4%
Appearance Clear 1 1 1
Total optical , %T
3| UV cutott , 2m :
- 3
8- Color = Colorless 1 1 1 :
g Dielet, Stgth., V/mil
L
3| Leak current, ma
 Copper dust, BT
.s sms metal [ 2 3 &j
2 Aluminam — 1 1
$[%0/40 Solder — 1 1
] m l —
[ o= &
3 [ Timaivm —
hatd bmaeed N
Notss ¢
1 = 0o chaage 4 = stvoag color 7 = melted
2 = faint color 5 = degraded 8 = brokea

—

e T R T T
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Table 36

LRRISGRR ARG SIURES
Ixpesare Condition ; Thermal _A_‘Ln!

Page:
Ad9

Material; EMA Notebeok Noy 13439
Atmospheyey Nitrogen = Jempepmtare; 103 “C_
Description
Exposare, Hre. 0 (comtrol)] 25 100 400 1,000
E Date @
3 Unit No.t
No. of Specimens 10 H] L] L]
Tensile strength,pei | 2,000 2,550 2,640 2,390
Ult, elosgation, % 57T0% $94% 603% 591%
o | Modulus , pei 3,240 3, 340 3,250 3, 660
b
'isﬂn ratio , % 11.2 22,6 21.8 20,9
t Gel contsnt, % 62% 41% 32,.5% 42, 0%
Appearance Clear 1 1 hazy
A AR
Total optical , %T
g UV catoff , am
8. Color » Colorless 1 1 1
J| Dielet, Stgthe,, V/mail
Q
L
Leak currest, ma
| Gopper dust, $T
“g[Sczermem] = L L z
E 50/40 Soldes a— 1 1 X
_E‘;.\-I‘“J ——
Notes ¢
1 « oo change 4 = strong colaz 7 = maelted
2 » faint color S » degraded 8 » brokesn
3 ¢ moderats colo? 4 , extreme degradation 9 « surface cracks
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Table 1/
JEmesure Conditioq s Thermal ngieg

Project No, 0073.1

i

Page:
AS50

Material ; EMA MNosabook Noy 13439
Atpespheret Air . Jemperstyre: 130 °C
Description 1
Exposure, Mrs. 0 (comtrol)] 29 100 400 1, 000 !
; Date
3 Tnit No.t
Neo. of Specimens 10 ] s )
Tensile streagth, pei 2, 000 1,870 1. 430 1,780
Tlt. eloagation., % $70% 637 497% $33%
- | Modulua , pet 3, 240 3,470 4, 080 3, 500
3
‘-.;s-nn nado , % 1.2 21,4 18, 4 17,9
! QCel content , % 62% 16, 4% 45, 4% 483, 6%
Appearancze Clear hasy 3, haay
Total optical , %T
-
3 TV cutoff , am
3. Calor * Colorleas 1 ]
-
2| Dislat, Stgth,, V/mil
9
5 Leak current , ma
rqust 8T 6. 7
* égi:.m.u = : LT
| rﬁnum — ’ L
$[40/40 Soidey = 1
& (Nickel =
3| Timateny —_—
‘a1 — L
Notes @
| = oo change 4 = stroag color 7 » melted
3 « falat color S o degraded 8 « brokea

3 ¢« moderate color 4 , qytreme degradation

9 « surface cracks
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OF POOR QUALITY

3 o moderate calor

& » extreme degradation

Table iR
raject Noy o072 EQIIMER_AGH'G SIURES Prge:
Exposure Gondition :  Thermal Aging e ‘ \
Material ; EMA Notebook Nop 13439 :
Amm.n 3 NR”!OI\ » rafare 130 *¢& .
Description
Exposure, Hra. 0 (control) 28 100 400 1,000
3 Date @
3 Uit No.:
No. of Specimens 10 5 ] ]
Teasile streagth, pei | 2 go00 2,160 1.080 1,330
Ult, slongation, % $7T0% $78% 430% 378%
- | Modulus , pei 3, 240 3, 080 3,290 3,200
<
9
'Es'.u ratio , & 1.2 13, 4 5.7 12.0
£ Gel contant , % 62% 62, 4% 52,9% T 2%
Appearsnce Clear 1 2 -4
o
Total optical , %T
g UV cutoff , am
8-‘ Color * Colorless 1 2 3.4
2| Dialee, Stgth., V/mil
Q
L}
B | Leak curreat , ma
| Gopger dust, BT
*q [Sovper menl = ‘ L A
3 Alymisem — ' ‘ :
§ 0/40 Solder
e !‘ck.l —
S8 [Timat —
ﬂ!‘t —-——
Notes :
1 = oo change 4 = atrong calor 7 » multed
2 o falnt color S « degraded 8§ » rr3kea

9 » sarface cracks

:
%
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3 « moderate color

4 = extreme degradation

9 » surface cracks

OF POOR QUAL
Table M
Proiect No. 6072,1 QELMER Acg gggglg Page:
Exgosure Condition ; Thermal Aging AS2
Material : PU Z-2551 Notebook No: 2591
Atmogphere ; Alr Temperature : 80 ‘C
Description :
Exposure, Hre, 0 (coatrel 28 100 400 1. 000 3, 000
E Date :
3 Uait No.:
No. of Specimena 10 s < s
Tensile atrength, psi 160 183 273 201
Ult. eloagatica, % 115% 114% 192% 138%,
- | Modulus ., pei 254 180 228 248
L]
'
‘i Swell ratio , & .7 3.4 2.6 L9
£ Ge) coatent , % 93,2% 96, 6% 6, 6% 96, 7%
Appearance Clear 1 t 2
iotal optical , KT
_3 UV cutoff, am
3 Color &“3& 1 1 2
| Dielet, Stgthe,, V/mil
9
¥
S| Leak curreat, ma
opper %7
"¢ [Souper meml s L 1 :
§ Alumung e L L ;
5 \xl:o‘gcmn — 1 1 1
b cke ————
§(Ilmaium =
“r -
Notes :
1 = no change 4 = strong color T = melted
3 = faint color S » degraded $ » broken
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Table 40

31 » moderats color

4 » extreme degradatioz

POLYMER AGING STUDIES Page
Q
Exvosure Condition ; Thermal Aging As?
Material : PU Z-2591 Notebook No: 2591
Atmosphere ; Nitrogen Temperature : 80 °*C
Description :
Exposure, Hrs. 0 (controll] 23 100 400 1. 000 3,000
S |Date 2
E
$ | Unit No.:
&
No. of Specimaens 10 5 5 S
Tensile strength, pei 160 210 210 187
Ult. elongation, % 115% 123% 149% 18%%
= | Modulus , psi 254 230 237 167
-
9
E Swell ratio, % 2.7 3.1 3.4 4.5
i GCel coatant , % 93,24 96.5% 96, 0% 89.2%
Apvearancs Clear 1 1 2
Total optical , %T
§ TV cutoff , am
&l cator » Fawoe 1 1 2
2| Dielct, Stgth., V/mil
93
9
| Leak curreat, ma
| Cooper dust, %T
*g [Covger meal = ! ! 2
5 Alumisum — ! 1 1
830740 Solder — ! ! !
= 'Nlickel —
!3 Titasinm b
Uver d
Notss :
1 « 20 change 4 = strong color 7 u melted
2 = faint color S = degraded 8 » broken

9 = surface cracks
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Table 41
Project No, 5072.1 YMER AGING Page:
Exvosure Coadition : Thermal Aging AS4
Material : PU_ Z-2591 Notebook No: 2591 h
Atmoeohere ;:  Air Temperature ; 130 <c
Description :

Exposure, Hrs, 0 (control) 25 100 400 1,000 | 3.000 -
$[Date ; L
E
9 Ullit &o:

i
No. of Specimens 10 5 s s .
Tensile strength, psi 160 182 142 -0- ..
Ult. eloagation, % 115% 191% 370% -0- {

= Modulus , pei 254 130 50 -0- _

s .

E Swell ratio , % 2.7 3.8 5.1 n/a

i Gel content , % 93.2% 95% 86. 7% n/a

tick d

Appearance Clear 3 : 3c.4y e:,:?m

Total optical , %T
S| UV cutoff, am
& Faint

Color » Yellow 3 3-4 4, brown ..
< | Dielct, Stgth., V/mil
9
[ ]

& | Leak curreant , ma -
| Covper dust, KT 4.6.7 | 467 6

.ﬂ Smr metal —— 3 4.6,7 [

S Aluminum — 1 -

3160/40 Solder m—— 1 1

= { Nickel — 1 .
Pt —

[ Titainm —

Stlver —

Notas :
1 = no change 4 s strong color 7 = melted
2 = faint color 5 » degraded § « broken
3 » moderats coloT 4 , extreme degradation

9 = surface cracks v




3 « moderate color

6 = extreme degradation

OF POOR QuALITY
Table 42
Project No. 6072.1 POLYMER AGING STUDIES Page:
Exposure Condition ; Thermsl Aging A%
Material : PU_Z-2591 Notebook No: 5oy
Atmosphers : Air Temperature : 105 °c
Description ¢
Exposure, Hrs, 0 (controll} 25 100 400 1.000 . | 3.000
5 Date :
E
§~ Unit No.:
No. of Specimens 10 5 5 5
Tensile strength, psi 160 180 166 204
Ult. elongation, % 115% 115% 127% 208%
= Modulus , psi 254 140 170 172
9
E Swell ratio, % 2.7 3.3 3.6 3.6
Z Gel conteant , % 93.2% 95. ™% 95. 3% 94, 6%
Appearance Clear 2 3 sticky. 4
Toal optical , %7T
_§ TV cutoff , am
5"‘ Faint
Color » yellow 2 3 4
2| Dielet, Stgthe, V/mil
9
Q
i3 | Leak current , ma
 Covper dust, KT 4.6.7
’c Covper metal Jr— 1 3 4,7
8| Aluminum — 1 1 1
8160/40 Solder —_— ! ! ! A
» [ Nickel — ! |
3| Timasium —
ilver d
Notas :
1 = o change 4 = strong color 7 = melted
2 = faint color 5 = degraded 8 = brokea

9 s surface cracks

¥
£
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3 s moderats color

6 » extreme degradation 9 = surface cracks

OF POOR QU
Table 43
Project No. 6072.1 POé;MEé AGING smg Page :
Exnosure Condition : Thermal Aging : A36
Material ; PU  2-2591 Notabook No: 2221
Atmosphere ; Nitrogen Temperature : 105 °C
Dasecription :
Exposure, Hrs. 0 (comtrol)] 25 100 400 1, 000 3, 000
$|Date :
E
9 Uﬂlt m.:
&
No. of Specimens 10 5 5 5
Tensile strength, pai 160 209 215 69
Ult. alongation, % 115% 158% 190% 199%
- | Modualus , psi 254 221 197 61
L]
o
E Swell ratio , % 2,7 3.2 3.5 4.0
£ Gel content, % 93.2% 96, 3% 95.7% 91, 0%
Appearance Clear 1 2 3-4
Total optical , %7T
Siuvcutetf, am
& cotor « T ol 1 2 1.4
<1 Dielet, Stgth,,, V/mil
9
]
3| Leak curreat, ma
Copoer dust, T 4,6,7
'3 Covper metal — 1 2 4,6.7
Sl Alumimom —— 1 1 1
3160/40 Solder o — 1 1
[ Nickel —
§ [ Ilagium —
"r L}
Notes :
1 = no change 4 = strong color 7 = meited
2 = faint color S = degraded 8 = brokea
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Table 44
Project No, 60721 gé;ba:n gmc s;ggg Page:
' sure Condition : Thermal agin AS7
Material : PU _ Z-2591 Notebook Nes 2591
Atmosphers :  Nitrogen Temperature : 130 ¢
Description : .
Exposuse, Hra, 0 lcortral)] 25 100 | 400 1. 000 3, 000
$(Date :
E
é Unit No. 3
No. of Specimens 10 5 s 8
Tensile strength, pei 160 172 149 (s)
Ult. elongation, % 115% 195% 87% 5)
= Modulus , psi 254 152 60 (5)
9
'i Swell ratio , % 2,7 3.9 5.1 NT
£ Gel content, % 93.2% 95,5% | 86.6% NT
Appearancs Clear . 3 4, sticky 4,6,7
Total optical , %T NT
2oV cumtf, am : NT
8* #a'mt
Color » yellow 3 4 4
| Dielet, Stgthe, V/mil
(%]
[}
& { Leak current , ma
Copper dust, %T NT NT
*ﬁ m’ metal —— 4 6.?; 6,7
S [Aluminom = T T YT
8160/40 Soider — 1 1 N?
[ Nicksl —
§ | Titanium —
lver —
Notas :
1 = no change 4 = strong color 7 = meltad
Z = faint color 5 = degraded 8 = brokes

3 = modersta colo? ¢ 4 extreme degradstion 9 = surfacs cracks
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Figure 3

HARDBCARD PRODUCTS
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Soiling Experiments
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Soiling Experiments
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Soiling Experi ments
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Recommendations for the Hand Casting
me ] - t hane

The two-part casting systems developed by Development Associates Inc.
are composed of a "Part A" which contains hydroxyl terminated components
combined with various addii.ves, and a "Part B" which contains a diisocy-
anate terminated prepolymer. These two parts when mixed together react
to form the polyurethane polymer. The isocyanate (NCO) groups in the
Part B are capable of not only reacting with the hydroxyl groups of
the Part A to form the solid polyurethane elastomer, but also react with
any group containing an active hydrogen ie: water, amines, carboxylic
acids, etc. In normal use the most troubling of these undesirable reac-
tions for the manufacture of solid elastomers is the NCO/water reaction.
When water reacts with the diisocyanate the result is carbon dioxide gas.
The CO> forms bubbles and uses up NCO groups which are needed for the
proper formation of the elastomeric polymer. The formation of foam or
large bubbles in the casting indicate that the compound has been contami-
nated with water.

The Part A is less reactive than the Part B but it is hygroscopic and
if allowed to stand open it will absorb moisture from the air which will
cause bubbles when the casting is made. At the time of manufacture, both
Parts A and B are degassed to remove all traces of moisture and the con-
tainers' head space is purged with dry nitrogen. The containers should
be kept closed whenever not in use, and the materials should be blanketed
with dry nitrogen if they are to be stored for long periods of time.

To insgre the dryness of the Parts A and B, warm them to approximately
50°C (125°F) and degass in a vacuum chamber until the bubbling stops.
Remove the containers from the vacuum chamber and seal them until the
material cools to room temperature. Determine the desired batch size and
select a clean and dry mixing container which has at least twice the vol-
ume of the material to be mixed, using an oversiczed container helps when
it comes time to degass the mix. Accurately weigh the two parts into the
mixing vessel, too much or too littlie of either component will produce a
final product which is soft and sticky. Mix the components until the
mix goes clear and no more striations can be seen. Stir carefully so as
not to entrap more air than necessary. Also scrape down the sides of the
vessels and spatula to insure all the material gets mixed in. Next place
the mixture in the vacuum and degass until the bubbling slows down or
stops. It may be necessary to let air into the vacuum several times be-
fore the foam, formed by mixed-in air, "breaks" and the mixture bubbles
freely. After the mixture is satisfactorily degassed, carefully pour on
the previously prepared substirate. By pouring slowly at one spot, it will
be easier to get the .material to flow under embedments and reduce or el-
iminate entrapped bubbles.
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The preparation of the substrates, molds and encapsulations is just
as important as material preparation for successful castings. All sur-
faces must be free from grease, mold release, flux, acid residue and
moisture. If the surface is to adhere to the urethane, it should be
primed with the appropriate primer and thoroughly dried. If the sur-
face is to release from the urethane, a suitable mold release must
be applied. In order that moisture does not condense bagk onto the
surfaces to be cast over, keep the parts warm—-so C (125°F

After casting it may be desirable to vacuum the whole assembly be-
fore the casting material gels. Normally however, it is only necessary
+0 pour carefully and as soon as possible after mixing. Keep the cast-
ing warm and undisturbed until the casting material has gelled. It is
helpful to place a drop of the casting material next to the part being
cast to test for degree of cure. After the mat rial has ggllea. the
cure can be completed at a temperature of 50—70 € (122-15 The
length of the cure cycle depends on the gel time of the material, the
mass of the material, starting temperature of the components, the cure
temperature, the heat transfer properties of the mold, etc. 1In general
the longer gel time required for hand mix application makes room temper-
ature cures impractical because of the long cure cycle (24-72 hours),
increasing the chances that the casting will ge dlSt rbed or contamin-
ated. Typically a casting can be cured at 65°C (150 F) in less than
two hours. The material can be formulated for quick cures but the gel
time becomes proportionately shorter making.hand :mixing more difficults.

Allow the casting to cool to room temperature before touching the
front surface. The material will continue to post cure or "Finish"

at roog temperature for several days until ultimate properties are
reache

bt
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Common Problems, Causes and Remedies in
- S

Eroblems

Bubbles in casting

Soft, sticky
castings

Swirls and
striations

Cause

Moisture i.1 the A
or B comprnrents

Moisture in the mix-
ture introduced by
humi - air.

Coniam.nated substrate
or encapsulation

MNecl.anical entrapment
of air

Improper mixing ratio

Bad mixing

Renedy

Degas both components
prior to use.

Degas this mixed com-
ponent.

Completely clean, dry and
prime all surfaces in con-
tact with the cast urethane.
Keep parts warm to prevent
readsorption of moisture on
surfaces.

Mix carefully and degas mix.
Pcur carefully while the ma-
terial is still low in vis-

cosity.

Accurately weigh components
into clean and dry mixing
vessel.

Mix thoroughly but careful-
ly until no more striation
can be seen and material is
clear.,
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Material: 2-2591 Clear Aliphatic Urethane Compound

Use: Photo Voltaic Cell Pottant

Type: Two component reactive polyurethane

Hazards: Part A for industrial use only, non hazardous.

Part B contains an isocyanate. Good ventilation must be used.
Storage: Both materials should be protgcted from moisture. Storage

temperature should be 60 - 80

1. Component Z-2591 Part A
1-1 Appearance: clear liquid

1-2 Specific Gravity: 1.01 @ 25° g
1.005 @ 38"C.

1-3 Brookfield Viscosity:
as manufactured:

150-220 cps @ 23°c RVT #2 spindle, 50 rpm
40-100 cps @ 38°C RVT #2 spindle, 50 rpm

1-4 Hydroxyl Value: 120-126
1-5 Acid Value: 0.1 max
1-6 Water Content: (as packaged) 0.l1% max

2. Component 2-2591 Part B
2-1 Appearance: crystal clear liquid

2-2 Specific Gravity: 1.07 @ 25°c
1.06 @ 38°c.

2-3 Brookfield Viscosity:
as manufactured:

100-500 cps @ 25°C RVT #2 spindle, 50 rpm
50-200 cps @ 38°C RVT #2 spindle, 50 rpm

2-4 % NCO: 27 - 29%
3. Mixing Information
3-1 Ratio by Weight: Part A 71.2

" B 28.75
3-2 Ratio by Volume: Part A 72.5
" B 27.5

3-3 Gel Time: From 3 -to 60 min. @ 25°C as resuzred. As supplied for

hand casting 20 - 40 min. @ 25°¢.

3-4 Cure Rate: 5 min. to 72 hrs. dependent on temperature and gel time.

As supplied for hand casting 1 - 2 hrs. @ 65°C.

ML INFOPUMATION, D7 ATI =™ 2aNfe] 20 "“‘I""“"‘ ‘s CUTANED
HEREIN ART TO 'w I T I . FRALE BV
BUT 215 MADE W e .. - ‘v‘ . '; "1
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4. Physical Properties

4-1 Hardness - Shore A-2 45

4-2 Tensile Strength 160 psi

L-3 Elongation 115%

k-4 Tangential Modulus 254 psi

4-5 Transmissivity 90.5%

4-6 Tg Below -34°C, no sharp brittle point above -56°C
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