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SUMMARY

This report is intended to organize and summarize prior and current
literature concerning the weathering, aging, durability, degradation, and
testing methodologies as applied to materials for plastic'solar thermal
colleccetoro.

Topics covered include

o Rate of aging of polymeric materials

o Environmental factors affecting performance

e Evaluation and prédiction of service life

® Measurement of physical and chemical properties.

@ Discussion of eﬁalhation techniques ‘and specific
instrumentation

o Degradation reactions and mechanisms

® Weathering of specific polymeric materials

e Exposure testing methodology.

Major emphasis has been placed on defining the current state of
the art in plastics degradation and on identifying information that can be
utilized in applying appropriate and effective aging tests for use in pro-
jecting service life of plastic solar thermal collectors. This information
will also be of value where polymeric components are utilized in the con-
struction of conventional solar collectors.or any application where plastic
degradation and weathering are prime factors in material selection.

One important result from this study is the realization that
pfedicting service life for materials under multiple stress conditions is
a difficult task. Most published weathering studies use single stress
environments and types and sizes of samples have varied to the extent that
extrapolation from one set of test conditions to another has very little
quantitative meaning.

The term ''weatherability', although commonly used in plastics
technology, is a poorly defined concept, since it refers to long-term service
under complex and variable conditions and because different properties of a
plastic material are affected to different degrees by a given environment.
Improvement in the ability to predict weatherability therefore requires

careful redefinition of the problem as well as a refinement of experimental

ix




techniques. This review shows that no simple correlation exists between
outdoor and artificial test exposure of plastics. Further, because the
rates and mechanism of deterioration are different when produced by visible
light, ultraviolet, heat, or moisture, an arbitrary "accelerated" weathering
test will distort the balance of respohse observed in the slower outdoor
exposure of plastics. “ ‘ ) |

There is dﬁiy limited information available about long-term
materials problems certain to be éssociated with plastic materials in solar
applications. Polymeric-materials:can exhibit long life under solar exposure
alone and there is evidence to support the premise that plastic solar col-
lectors can be designed and built to survive multiple stress environments
for periods long enough to allow effective and economic use. Conditions
and enVironmentsygxisting when applied. to plastic sol&r collectors are
generally not directly applicable .to current plastic test data and the
chlectors and plas;ic components must .be investigated under actual collector

.operating conditions to be realistic.



COMPENDIUM OF INFORMATION ON IDENTIFICATION
AND TESTING OF MATERIALS FOR -
PLASTIC SOLAR THERMAL COLLECTORS

INTRODUCTION

Plastics, coatings, adhesives, and other materials are all
attacked by the elements of weather(liz). Evaluating and solving these
material weathering problems is not'a simple'matter. There are at least
' three main reasons for this. First, there are a large number’of organic~ °
inorganic materials and formulations, all of which are affected in‘different
ways by the elements of weather. Second, there is aflack of standardized
methods for determining how weather affects the mechanical, physical, and
chemical properties of various organic-inorganic materials. Third, the
combination of stresses associated with the elements of weather and their
effects on materials are not well understood. '

The following discussion will attempt to organize prior and
pertinent literature studies concerning the weathering or durability of
materials in order to select candidate materials and develop an acceptable
testing methodology for analyzing plastics, coatings, and adhesives for

use ‘in plastic thermal solar collector systems.
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The term "aging" as applied to a plastic solar thermal collector
system refers to a change with time in some chemical or physical property
of all the materials or components utilieed in the solar collector which
results in a decreased performance capability or decrease in expected
service life of the total system., ' Factors most associated with the rate
and extent of aging of all materlals include climatic exposure and applled
stresses (internmal, extemrnal, sustalned or cyclic).

The prediction of the rates and effects of aging ie’necessary to
determine the proper types of usage of materials, components and systems
in specific exposure environments.

Laboratory testing technlques are utilized as quality control
procedures or are used to accelerate the natural aging processes of mate-
rials in order to estimae their durability or service life performance.

The goal of accelerated aging is to produce, in a much shorter time, the
changes in a component or material that would occur in real time of extended
duration. Thus, an accelerated aging procedure which fulfllls its goal
would permit short-term test results to be extrapolated to. long-term

per formance.

In designing any aging experiment under overstressed conditions
(accelerated testing), a major consideration is choosing a set of environ=-
mental parameters that will accelerate those degradation rates of materials
or interfaces thet control failure under normal stresses. Most often, it ;
is impractical to set up and control:all environmental parameters in a test.
Ideally, one would like to know a priori the dominant failure mode in the
device or materiai. Under such circumstances, the more that is known about
the behavior of the material or device, the better one can pick those envi-
ronmental parameters and their mhgnitudes that will'bring about the normel-
stress failure. lIn an absolute'sehse, an acceptable accelerated test design
does not require a knowledge of caose-and-effect directly; only an acceptable
correlation between service life or rate of aging and some measurable

quantity(ies) is required.



1. Rate of Aging of Polymeric Materials

The rate of aging of polymeric materials must be established in
order to estimate when a critical property or characteristic of the material
falls below an acceptable performance level under specific, general, and
actual exposure conditions.

In order to establish ratee of aging for materials, various
testing techniques are utlllzed and changes in phy31cal or chemical
properties are quantltatlvely measured over a given time period. Some of
the important parameters to be considered are the nature of the polymeric
material under test and the applied stress factors such as exposure, climate,
and load conditions. Another important consideration in estaplishing the
rate of aging for materials is the complete characterization of the
initial properties of the materials to be tested before application of
the stress factors. _

The service life of a materlal may be cla551f1ed by one of four
modes of performance for a given time period, as illustrated in Figure 1.
In the figure a measure value of a property of a material relating to its
intrinsic performance characteristics, e.g., hardness, extension, trans-
parency, etc, is measured over a certain time period for a given set of
applied stress conditions. 1In using this technique as a measure of service
life, a predetermined level of performance ("acceptable performance level")
for a partlcular property is usually identified above which the material
conforms to a certain spec1fied crlteria. ,

~ A material which is very stable w1th respect to a glven property
shows essentially no change occurring with time and always exhibits an
acceptable performance level (Curve A of Figure 1).

Materials which undergo a rapid 1n1tial increase in the value of

a desirable property, but then adjusts to its env;ronment and gradually

decreases in performance level, is depicted in Curve B of Figure 1.
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Curve C illustrates a material the performance properties of
which degrade linearly with time. If the slope of the line is known,
durability can be predicted. Gray and Cadoff(3) found that a plot of .
color change versus outdoor exposure time in months was approximately
linear for rigid polyvinyl chloride (PVC) ﬁqumers‘

Curve D illustrates a common type of durability curve. After
an ihitial decrease in property Value, it tends to 1evé1 off until some
point in time where a sudden break occurs and the property drops below

the acceptable performance level.

I1. Environmental Factors Affecting Performance

Three key factors that may degrade the performance capabilities
of a plastic solar collector component or material are (1) physical factors,
(2) chemical factors, and- (3) microbiological attack.

. Materials such as plastics, adhesives, and coatings are composed
of organic compounds. In general, organic compounds are susceptible to
chemicalAreaction with elements and compounds such as oxygen and water,
and these reactions can lead to éging: The warping iﬁ plastics, brought
about by mechanical st}ess,~is a good example of physical factors that
lead to changes and aging. Fungi is an exampie of the third possible
mechanism for degradation and microbiological deterioration. Fungl can
cause damage to solar collector materials composed of organic compounds.

Accélerated aging tests are designed to yield feSults which can
be extrapoiated to some in-use time. Environmental (primarily climatic)
factors that are considered to be important in the degradation process
are normally incorporated in these aging &ests. Some examplés of environ=-
mental factors which may be causes of degradation are temperature, moisture,
oxygen, ultraviolet radiation, wind, dust, sand, pollutants, ozone, salt,
acids, alkalies, rot organisms, mildew, bacteria, etc. Moisture, tempera-
ture, and ultraviolet radiation are probably the prippipal factors, with
the other factors having somewhat lesser effects."I; specific climatic

or geographical areas, individual factors may assume greater importance.




For example, salt spray is an important factor near an ocean as are wind

and sand in desert areas and chemical pollutants in industrial areas.

(a) Effects of Moisture

Moisture, in its role in reactions based upon hydrolysis, may
lead to the degradation of certain.materials. Often certain hydrolyzable:
groups such as amides,. nitriles,. esters and acetals are contained in
organic polymers. However, in many instances, the physical nature of
absorbed moisture is more important as a degradative influence. For
example, moisture absorbed in a glass-fiber reinforced polyester (GRP)
material may not be detrimental in chemicél deterioration, but when
freezing and thawing occurs, the expansion and contraction cycling may
result in a mechanical separation of the GRP fibers.

Moisture may also result in chemical corrosion of the skin
material or deterioration of the core material. Vapor penetration in
sandwich construction can cause delamination of the skin material by
weakening the adhesive joint.

Many test methods include exposure to moisture, since moisture
is an imbortént facfor in aging. Some'examples are humidity chambers and

light and water exposure apparatus.

(L) Lllects of Temperature ) L
The temperature changes to which solar collector components are

subjected through normal seasonal changes result in substantial movements

of these components. . The expansion and contraction observed with tempera-.

ture changes are material dependent, and restraint of component movement -
can result in increased stresses in a collector system.

Data published by the National Oceanic and Atmospheric Adminis-

tration (NOAA) in Climatological Data - National Summary, show that normal.

daily temperature variations of 25 to 35 F are not wuncommon in most parts
of the United .States. Also, recorded temperature extremes are often very
large. For example, Havre, Montana, has experienced temperatures varying

from-a high of 111 F to a low of =57 F -~ a difference of 168 F! The




average temperature variation in Havre due to seasonal changes is 56 .F
from a high of 70 F to a low.of 14 F. ) | :

Cullen(4) notes that a roof ekﬁdsed to solar radiation absorbs
heat, resulting in é surface temperature higher than thaf of the ambient
-air, and states that surface températures on -outer housing éompdnents as
high as 165 F are not unusual. Cullen also states that, by radiative
cooling, the temperature of a roof surface at night can drop below the
ambient air temperature.

The temperature changes observed in solar collector components
and materials may therefore be quite large on a daily basis and even ﬁore

sO0 on an annual basis.

(c) Effects of Ultraviolet Radiation

Sunlight considerably affects materials such aé coatings and
adhesives, as well as those composed of plastics, and a deterioration in
appearance and very often in function takes place. Many coatings fade,
crack or chalk when exposed to ultraviolet radiation. Such failures are
not only unsightly but may also result in the‘loss of serviceability, due
to the fact that the protective function of nonstguctural components such
as coatings is largely to protect other components and this function can
be severely hindered by degradation.

By definition, thé solar constant is approximately 1.92 cal/min
cm2 and is the energy failing on 1 sq cm area at normal incidence, outside
the earth's atmosphere, at the mean distance of the earth from the ‘sun.
Energy distribution is irregulaf in various parts of the spectrum, with
537% in the iqfraredf(0.75 to 25 micrometers), 437% in the visible (0.38 to
0.75 micrometers), and 4% of the total energy falling in the ultraviolet
(0.20 to 0.38 micrometers). The energy of the solar radiation decreases
as the wavelength increases so that the ultraviolet range is the primary
zone of photochemical action. Radiation energy is considered to be the
primary portion of the sun's enérgy spectrum which causes matefials degra-
dation and in the ranges listed above, its energy is sufficient to break

the chemical bonds(5) in the polymeré of paints, plastics, and associated

materials.




(d) Mechanical or Stress Factors B

An important factor in the aging of structural materials and com-
ponents 1is the presence of variouS'types of loads<in-service. Generally,
the structural componentAmust support a given load due to the dead weight
of .the structure.. As the live loads applied to the structure change, the
actual load will change, with large increases occurring when wind and snow
loads are applied.

Quite often.the'change_in the load-carrying capacity of the mate-
rial is used as a measure of durability. However, most durability tests
for structural materials do not require’an applied load during the test.
For example, in adhesives, the effect of load 1is 1ncluded in.the durability
test by requiring that a deadiload be applied during the test. This, how-
ever, does not account for the fluctuating or cyclic nature of the load in

the actual structure.
(e) Classification of Cliina‘tes :

There are many different generic types of climate in the United
States; however, existing accelerated aging procedures have not been designed
to account for these climate variations. It is necessary to distinguish and
identify types of climates to better understand the importance of specific
climatic conditions on the deterioration of polymeric materials. Six major
divisions of" climate are defined in a survey - .done by Bryson and Hare (6) In
this survey, the climates vary from tropical and desert to polar climates,
all divisions are found in the United States. .

The correlation developed between the accelerated test results
and natural aging in specific enVironment of ultimate exposure is the key
value of any accelerated aging procedure. As new procedures for accelerated
aging are developed ‘the varying weathering factors which are important to
the aging of plastic solar thermal collector components ‘and materials in
specific climates must be defined and incorporated Therefore, studies
are needed to define these. factors and to determine how they may be

feasibly considered in any techniques used in accelerated aging.




A Battelle study(7) determined the frequency and duration of
climatic or other environmental conditions that a related solar energy
application (photovoltaic cell solar, array technologies) would be expected
to experience over a. 20-year lifetime at various geographic locations.

This extensive report identified certain. environmental factors and levels
that could be used in testing polymeric materials and systems for such’
terrestrial exposures. )

The methodology develcped in this report -was applied to historical .
data for the 10-year period 1965-1974 for nine geographic locations repre-
senting widely different environmental conditions in the United States:

@ Albuquerque, New Mexico e .Fairbanks, Alaska .

@ Bismarck, North Dakota’ -* = @ Los Angeles, California
. © Boston, Massachusetts e Miami Florida

® Brownsville, Texas e Phoenix, Arizona.

o Cleveland, Ohio :

Climatic data (air temperature, relative humidity, wind speed, precipita-
tation, etc), insolation data (total horizontal), and air pollution data
(802, €Oy, . total. oxidants, etc) were merged .whenever: p0351b1e, to give
sets of measured values at actual correspondlng times at 3-hour intervals.
Over 7 x 10® measurements were processed in making. the analyses in this
study. . . :

The merged data for the geographic locations were used to generate
lO-year descriptive statistics, diurnal statistics at 3—hour intervals, and
statistics of weather events, in 'addition to the’ statistics related to"dura-'”
tions, and transitions for selected combinations of . env1ronmental variables
Representative results on the following combinations of Variables are included
in this report: ‘ -

e Air temperature, relative humidity; w1nd speed and

total insolation
e Air temperature and weather event (fog, rain, snow, eteé)’
"o Air pollutant (S0, NOZ’ total oxidants) and weather
event (fog, drizz e, rain, etc)
To demonstrate feasibility, the.methodology'was applied to the

following additional combinations of variables:
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@ Wind speed, wind direction, and weather event (fog,
rain, snow, etc)

e Air temperature, relative humidity, wind speed, and
computed values of direct insolation

o Air temperature, total insolation, and weather event
(fog, rain, snow, etc)

@ Air temperature, relative humidity, and air pollution
(co, SOZ’ N02, total oxidants, and soiling iﬁdex}.ﬁ”
This methodology was also applied to identify tést conditions -

that can be used to evaluate polymeric materials and systems, and provided
procedures by which test conditions can be selected and evaluated using
historical environmental data for each geographic location of interest.
These procedures result in weightipg factors that can be applied to expefi-
mentally determined degradation rates to'obtain values for the.expected
total degradation for each location. In general, different weights,'and
hence different values, are obtained for the expected total degradation at
each location. ‘ '~

A It was noted that environmental characterizations were limited by
the historical data available. For most geographic locations, for example,
it was found that (1) virtually no solar spectral data in.the ultraviolet
range are available; (2) total horizontal insolation data, if availabie,
are frequently of questionable validity; and (3) air pollution data are
usually intermittent and since they are taken at siteé where‘high'concentra-
tions are expected, they are not representative of suburban and rural areas.
However, it was found that available historiéal data can serve as an effective
basis for planning and analyzing laboratory tests and fiéld tests of polymeric

materials for solar collector systems. . ‘

The Battelle report also contains detailed information relating
to terrestrial service environments and test conditions. Detailed climato-
logical descriptions of nine geographic locations are given as well as the
complete diurnal statistics obtained for each of the nine geographic loca-
tions. Other additional information contained in this reference is as

follows:
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Ultraviolet Radiation
Data Sources
Forecasting
" Data Management
Meteorological Definitions
Derlvatiou uf Test Melhodology Theory.

III.  Estimation of Service Life on Durability
of Plastic Thermal Solar Collector
Components through Measurement of
Physical and Chemical Properties

The starting point for service life prediction of polymeric
materials begins with sﬁbjec:ion of the material to an exposure condition
(outside or in the laboratory) followed by detailed examination to determine
what change may have tékeﬁ place as a result of the ekposure test condition.
The observed changés are quantified with respect to time and are used to
estimate the service life of the material. In these estimations it is
important that the tests 6r evaluation techniques measure the e;tenf éf
change in selected properties (physical or chemical) related only to the
intrinsic serviceability of4thé material and notAéuperficial properties
or appearances(svg). '

(a) Physical Properties

Usually the first ‘sign 6f deterioration'or cﬁange,in éppearance
of a plastic material is noticed through visual inspection. This is
especially true in cases where climatic conditions result in changes in
surface appearance such as fading, discoloration, chalking (intense
ultraviolet exposure), cracking (extreme temperature cycling or hail
impingement) and dirt retention (pollution or dust environmentS).

Properties other than appearance which may be important parameters
in evaluating the dufébility of plastic'components include hardness, soften-
ing point, gloss reﬁention,'permeability, water solﬁbility, and others.
Impact resistance is important as are stiffness, compressive, shear and

tensile strengths when evaluating the durability of these components (10,11),
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{(b) Chemical Properties

In addition to measuring physical properties, it is also poésible
to measure chemical properties and attempt to relate them to service life,
Aging in plastic materials is normally attributed to a chemical degradation
mechanism, so that by measuring the rate of the degradation reaction one can

attempt to extrapolate the results to predict long-term degradation.

Gray and Wright (12) developed a colorimetric method for measuring
polyester degradation due to accelerated and natural weathering. Wallder(13)
described a method using multiple internal reflection spectroscopy in the
infrared region to detect and measure the carbonyl molecules which are
products of polyethylene oxidation. He found the aging period necessary
to detect meaningful changes to be short -~- on the order of 40 hours out-—
door exposure. A method(14) was developed -for detecting hydroperoxide
groups, which served to indicate chemical degradation, during the early

stages of polyethylene oxidation.

IV. Evaluation Techniques and Instruments
for Detection and Measurement of
Degradation Processes for Polymeric
Materials with regard to Prediction
of Service Life

4

Molecular-level degradative changes in polymerics are, at some
total integrated level, genéraliy accompanied or followed by changes in
morphological properties (e.g., such properties as crystallinity and
orientation). The latter may be thought of as property changes ai the
micrbscopic level., At still hiéhefAlevels of degradation, these molecular-
and microscopic-level changes manifest themselves as macroscopic changes,
e.g., changes in tensile strength, elongation, hardness, and heat distor-
tion temperature. ) : . o ;o

‘As has been indicated earlier, measures of molecular- and micro--
scopic-level changes, both of which occur earlier' in the degradative process
than macroscopic changes, are generally of more importance as early predictors
of degradation. Consequently, diagnostic tools that manifest such.changes

must, at the same level of instrument sensitivity/precision, be of prime
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importance in studies directed toward prediction of service life. Tﬁus,
in such studies it is important that diagnostic tools be identified that
can be used to quantify materials changes which are clearly precursors to

failure extremely early in the degradation process, i.e., primariiy at the

molecular and morphological (microscopic) levels. . &
:Some of- the techniques and instruments used to detect degradation

or changes in the physical properties of polymers are given in Table 1. - °
(a) Chemical Measurement Téchniques

In the chemical techniques category, analytical instruments
capable of detecting chemical changes related to degradation of components
were investigatedrl<These inclﬁde such things as carbonization of polymeric
surfaces due to oxidation and chain scission of polymers.

" The following analytical -instruments are considered most suitable

for detection of degradation of solar collector components:

o Fourier Transform Infrared (FTIR) Spectroscopy includ-
ing Attenuated Total Reflectance (ATR)

o Electron Spectroscopy for Chemical Analysis (ESCA),
X-Ray Photoelectron Spectroscopy (XPS)

@ Auger Electron Spectroscopy (AES)

@ ESCA, or XPS, and AES in conjunction with ion sputter-
ing for depth profiling

o Chemiluminescence (CI)
® Gel Permeation Chromatography (GPC)
® Combination of Mass Spectrpmet:y[Gas Chromatography (MS/GQ?

® Surface Energetics.

(1) Fourier Transform Infrared (FTIR) Spectroscopy. Infrared

spectroscopy is based upon the interaction of infrared electromagnetic
radiation with matter. This interaction results in absorption of certain
wavelengths of radiation, the energy of which corresponds to the energy of

specific transitions between various rotational or vibrational states of
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TABLE I. TECHNIQUES AND INSTRUMENTS USED TO DETECT PHYSICAL
AND CHEMICAL CHANGES IN POLYMERIC MATERIALS

Chemical
Chromatograﬁhy : . ) Electron Micfoprobe
Wet Chemistry IR Techniques (FTIR, etc)
Mass Spectrometer , Auger -
Emission Spectrometer Chemiluminescence
EPR ‘ XPS/ESCA
NMR , Fluorescent Probe :
Mossbauer Effect Electron Stimulated Desorption
Thermal/Vacuum Analytical Techniques Spectroscopy
SIMS 1SS
Neutron Diffraction LEED
X-Ray Diffraction Raman Spectroscopy
Elec¢trical |
Dielectrometry ‘Resistivity
Mechanical
Rheology Iﬁpacc Tests
Bond Strength . Acoustical Effects
Elasticity. ' Flexural Strength
Tensile Tests :
Optical
Spectroscopy . 'Photoelasticity
Microscopy - Magneto-Optical Effects
- Huze/Gluss Measurcments Piezo-Optical Effects
Optical Wave Guide Effects - Laser Diffraction
Ellipsometry . SEM
Reflectance : Holography '
Absorptance A ‘ Optical Multichannel Analysis
Scattering Phenomena : .
‘Thermal
Thermal Conductivity ) ' Thermal-Analyvtical Techniques
Thermal Expansion Coefficient (DSC, DTA, etc)

Heat Capacity

Other Physical Techniques

Water Vapor and Gas Permeability . = Photoacoustic Sbectrbscopy
Profilometry.

—_ -
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the molecules or groups of atoms wthin the molecule. The IR-absorption
spectrum of a material is a measure of the fraction of the incident radia-
tion absorbed as a function of wavelength. The magnitude of the absorption
can be related to the concentration of'specific absorbing groups and, there-
fore, IR spectroscopy is a quantitative tool. In polymeric systems, infrared
spectroscopy can be .used to measure the degree of regularity of the'arrange-
ment of ﬁacromolecules (i.e., degree of crystallinity or orientation of-.
stretched film or fibers). Number average molecular weight and degree of
branching can also be determined (15),

Conventional IR spectroscopy can be used as a quantitative tool
for studying degradative changes; however, Fourier transform infrared
spectroscopy offers the potential for significantly higher precision in
characterizing the small changes that are encountered during the service
life of a plastic material. .-

The photodegradation of most organic polymers results in the
formation of carbonyl groups. Since the oxidation is diffusion controlled,
the carbonyl concentration is higher at and near the surface than in the
bulk of the material. Carbonyl can be easily detected by FTIR and ATR-

FTIR can be used to measure carbonyl close to the surface. Carbonyl coh—
centrations as low as approximately 0.01 to 0.1 percent can be detected by
FTIR but calibration is required for absolute quantification. The minimum
amount of carbonyl change detectable has not been determined. Increases in
carbonyl can be detected after a relatively short time of outdoor exposure
for many organic polymers. Since the formation of carbonyl groups is felt
to be a precursor to failure caused by higher levels of oxidation, FTIR
should prove quite useful in service life prediction. It is applicqble to
any organic polymeric material used in a plastic solar thermal collector
system, but appears particularly applicable to polymeric cover materials
such as polycarbonate, polyvinyl fluoride, -and polymethyl méthacryiate"
Aside ffom its ability to detect carbonyl groups, FTIR can also be used to
follow changes in crystallinity and by using polarized light is also capable
of measuring orientation changes. These capabilities are important because
both types of change can occur as the result of outdoor degradation of

polymeric materials and both could conceivably lead to failure.
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(2) Electron Spectroscopy for Chemical Analysis (ESCA). With ESCA,

also known as X-ray photoelectron spectroscopy (XPS), the sample of interest
is exposed to a 10 kv source of monochrematic X-rays. This is followed by
analysis of the energy’spectruﬁwéf the resulting photoelectrons emitted from " - -
the sample. The method is capable of detecting elements pfeeent at an atomic
fraction of 10-2 to 10-3. The penetration depth is 5 to 15 X for metals,

15 to 25 g for inorganic compounds, and 50 to 100 K for organic compounds.
ESCA provides measures of binding energies of the electrons in both the
deep~lying shells and valence bands, and these in turn provide information

of a chemical nature about the bulk sample and, in particular, about its
surface. The experiment is carried out in ultrahigh vacuum and sambies are
generally solids-~small plates, powders, or frozen liquids.

With ESCA, the information content per spectrum is unsurpassed by
any other spectroscopic technique. The levels of available information are,
as pointed out by Clark(16), the following:

(1) Absolute bindingAenergies, relative peak intensities,

shifts in binding energies. Element mapping for solids,

analytical depth profiling, identification of structural
features, etc.

{2) Shake up-shake off satellites. Monopole excited states:
energy separation with respect to direct photoionization
peaks, relative intensities of components of "singlet"
and "triplet'" origin.

(3) Multlple effects. For paramagnetic systems, spin state,
distribution of unpaired electrons (analogue of ESR).

(4) Valénce enefgyAlevels.

(5) .Angular dependent studies. For solids with fixed arrange-
ment of analyzer and X-ray source, varying take-off angle
between sample and analyzer provides means of differen-
tiating -surface from subsurface and bulk effects. -Variable

. angle between analyzer and X~ray source yields angular
dependence of cross sections, asymmetry parameter 8,
symmetries of levels.

However, if,info%matioﬁ'from‘any one of'thesellevels obtained by ESCA is

compared with that available from the most competitive of the other avail-

able spectroscopic techniques, ESCA almost invarlably has the greater
sensitivity.
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Unlike all of the other snrface,spéctroscopic.tools'employing an
excitation beam and an analyzer such as AES, SIMS, LEED, and SSP, .ESCA can
be applied to polymeric systems. Because the ESCA dose rate is several
ordersiof magnifude,smaller than'that of the other surface methods, it is
essentially a nondestructive test when_applied to polymers. ‘

Much of the ESCA work done .to date on polymers has been done by
Clark (16), ‘He 1lists the follewing advantages of ESCA in studying polymerie

materials:
(1) Technique essentially nondestructive.

(2) High sensitivity and modest sample-fequi:ement.
(3) Large number of information levels available from a
single experiment. :

(4) For solids, unique capability of differentlating
surface from subsurface and bulk phenomenon.
Analytical depth profilingfpossible.

(5) Information level such that ab 1nitio 1nvestigations
are feasible. : : .o

(6) Data of;en complementary to that obtained by other
techniques. Unique capabilities central to the
development of a number of important fields.

(7) Theoretical basis well ﬁnderstbod;nresults of consid-
erable interest to theoreticians and may be quantified.

For polymers used in plastic solar thermal collector systens,
ESCA is particularly useful for measuring surface carbonylation, which is
frequently cdnsidefed to be an early precursor to several kinds of failure.
It has already been mentioned that these surface carbonyls can be measured
with FTIR w1th the aid of atsenuated total reflectance. Actually, however,
ATR—FTIR measures to a depth of 100 to 200 A whereas ESCA measures 5 to
100 A. ESCA, therefore, might be more appropriate for failure modes con-
cerned with surface and not bulk changes.

Since ESCA is a surface tool it cannot, of course, be used for
in situ interfacial analyses. It snould be.helpful however, in diagnosing
failure modes after tear-down or "autopsy" analysis of failed units provid-

ing the exposed interface is not too thick.
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‘ESCA is also useful in conjunction with ion sputtering for deter-
mining depth profiles, i.e., plots of concentration versus depth into the
polymer surface. Such information is éxpected to be particularly useful
for interfacial tear-down failure analyses. For an interfacial failure,
both surfaces could be depth profiles as an assist iﬁ the determination of
the cause of failure. For example, in a delamination involving two polymerie
materials, depth profiling of the surfaces may help to differentiate between
failure due to a low molecular weight species migrating to the surface and

that due to thermal stressing.

(3) Auger Electron Spectroscopy (AES). In Auger electron spectros-

copy, an electron beam (2 to 300 ev) is directed onto the surface of a tesf
specimen where it excites electrons in the surface and near surface atoms

of the sample. This excitation results in the removal or freeing of some
inner shell electrons from the atoms, creating vacant states. These states
are subsequently filled by outer shel% eléctrons, and this relaxation process
is accompanied by the ejection of electrons with energies characteristic of
the specific energy levels (and, hence, atomic species) involved. These
electrons are called Auger electrons. " An Aﬁger spectrum consists of a plot
of the derivétive of the energy dlstilbulivin of the cjeccted electrons wersns
energy.

AES is capable of detecting as little as 0.1 pércent.of an atomic
layer and has a penetration depth-of only a féw atomic layers.

AES has become a well-established techniqué for the qualitative
analysis of surfaces, particularly metals. 1Its acceptance as a quantitative
technique, however, has been less widespread owing to the difficulty of es-
tablishing suitable calibration standards and to the lack of a comprehensive
quéntitative theoretical analysis. Most attempté to quantify AES have been
empirical owing to lack of knowledge of ionization cross section, effects of
diffraction, chemistry, and surfaqe roughness, the enhancement of Auger signals
by backscattered electrons, the variation in average éscape depth for electrons
of different energies and inability of commonly used detectors to measure

absolute Auger currents.
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Many papers, nevertheless, report quantitative uses of AES.

These results are based on suitable calibration of the Auger signal strength
relative to some independent technique such as'elec;ron microprobe, ellip—
sometry, piezoelectric thickness monitors, and low-energy electron diffrac-
tion. West(L7) has shown that the long-term (112 days) reproducibility of
AES data in a study of alloys of known composition is in the vicinity of‘

+20 percent. In other work, Chang(ls) reported variations.in the reciprocal
sensitivity factor of up' to 30 percent from sample to sample and in different
materials. _ ' :

When used in conjunction with ion sputtering, AES is capable of
producing a depth profile, i.e., a plot of concentration veréﬁs depth into
the specimen. Such information should be especially useful in tear-down
testing for failure modes. For examﬁle, iﬁ'polymer—metal delaminations,
an oxide film may be detected between a polymer layer and a metaliizétion

layer indicating poor adhesion between the polymer and the metal oxide.

(4) Chemiluminescence. The chemiluminescenge technique measures

light, generally of very low intensity, which is emitted in the course of

a chemical reaction, particularly a reaction involving oxidation or degra-
dation of materials, e.g., hydrocarbononidation. In these instances,'part
or all of the energy change of the reaction goes to activate an electronic
state in some molecule rather than appearing as heat. The activated molecule
returns to the normal state by emitting the excess energy as radiation.
Chemiluminescence measurements are capable of giving kinet;cally and
mechanically significant results for reactions too slow to measure by other
means. The extreme sensitivity (down to reaction rates as low as 10-15
moles/year) of the chemiluminescence'technique makes it unexcelled in cases
where very slow reactions must be detected. This nondestructive techniqug.
should be useful in determining reaction rates associated with degradation
of the polymeric materials in a plastic solar collector such as the cover,
coatings, and adhesives. In general, for fransbarent daterials, the tech-
nique measures degradation of the bulk material. If the sample is opaque,
it measures surface degradation. Theoretically, the techﬂique is applicable
to polymer-polymer interfaces by first measuring chemiluminescence of the

interface and then measuring the separate components(lg).
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(5) Gel Permeation Chromatography (GPC). Gel permeation chromatog-

raphy is uéed to measure the molecular weight distribution of polymers. It
involves selective adsorption of the polymer onto various size gel particles
packed in a column. A differential refractometer detector and strip-chart
recorder are used to record the resulting chrométogram. It is potentially
useful for detection of molecular weight reduction in polymers: due to degra-
dative chain scission., Low molecular weight additives such as plasticizers
and residual monomer are also detectable, since the test output is an entire
distribution curve.

In spite of its apparent lack of ultrahigh precision, gel permea-
tion chromatography provides much information on low molecular weight addi-
tives and provides a method of separation of componeﬁts for use in infrared,
mass spectrometry, etc. If one considers the principal types of changes
that are likely to occur in a polymer during aging and looks at tools for
the study of these changes, only GPC appears relevant for following chain
scission and variation in low molecular weight nonvolatile components(zo).

[

(6) Gas Chromatography-Mass Spectrometry. " Gas chromatography, a

well-known technique for separating volatile organic compounds, can be
applied both qualitatively and quantitatively to a wide variety of materiéls.
The technlyue luvulves Llhie separation of componentso of a mixture by passing
it through a column containing a stationary phase, either solid or liquid.
Usually a gas is used to transport the mixture through the column. The
separation is caused by differential adsorption of the various components.
The detection of these components as they exit from the column may be
accomplished in many different ways. This section deals only with mass
spectrometric detection. Whatever type of detection is used, gas chromé-
‘tography is a very powerful tool because throughput can be effected very
rapidly and compounds with only very minor physical or chemical differences
can be separated.

In mass spectrometry, molecules of the material to be analyzed are

introduced into a vacuum chamber, where they are then ionized. The resultant
ion mixture-is then resolved on the basis of the mass to charge ratio (m/e),
usually by a magnetic sector analyzer, and the so-called mass spectrum --

ion intensity versus m/e -- is recorded. Usually the ionization is produced
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by impact of low energy (50 to 100-volt) electrons on the vapor molecules.
In some cases, the ions formed originally may degrade to fragment ions and
neutral species. Occasionally tﬁe parent ion is so unstable that it can be
detected ohly indiréctly by analysis of the major fragments. So-called
chemical ionization may sometimes be useful in avoiding such cases. 1In this
technique a reagent gas is introduced into the ion source at a pressﬁre of
about 1 torf. Some of the reagent gas molecules are ionized by electron
impact and these ions then cause ionization of the sample molecules.

Mass spectrometry is useful in itself and also in combination
with gas chromatography, where it can serve as a very sensitive detector.

In either case the use of modern data processing technology increases the
power and usefulness of the technique. Two types of computer-based MS/GC
analysis are used: repetitive scanning and selected ion monitoring. 1In

the first, the mass analyzer repeatedly scans over a mass range Selected

by the operator.. Scans take from 2 to 4 seconds. In a typical MS/GC run

of 30 minutes, 400 or more spectra are stored'in the combuter. At the com~
pletion of the rﬁn a total ionization chromatogram is obtained by computer
plot of the summation of the ion intensities for each scan versus scan number.
The primary use of such plots is to determine which scans contain mass spec-
tral data corresponding to each component of interest. However, since all
of the data are stored in the computer, they can be examined and plotted

in many different ways. A typical example is selected ion monitoring, in
which the ion current at selected masses is plotted versus time (or spectrum
number). These plots can be obtained either by having the computer extract
the data acquired by repetitive scanning or by having the mass spectrometer
continuously monitor selected ion masses. The latter technique has the
advantage of better quantitative reliability and sensitivity at least 100
times better. .

The usefulness of MS/GC in. the study of molecular processes lead-.
ing to possible degradation of plastic solar collector performance depends
critically on the generation of volatile fragments as the polfmer comnponent
of the collector degrades and on whether available apparatus is sufficiently
sensitive to detect and measure the material that is exuded. In the case of

the photolytic degradation of PMMA at room‘temperature(ZI), several volatile
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products have been detected. 1In addition to CH&’ H CO, and C02, methyl

formate, methanbl, and methyl methacrylate monomerszhave been detected.

Studies of vacuum photodegradation at 30 C hgve shown that at least one
molecule of carbon monoxide is ﬁroducgd per chain scission. The work

cited in Reference 21 provide§~encouragement to the concept that degradation
of polymeric méte;ials does produce detectable quantities of volatile products.
In order to apply MS/GC to the detection of these volatile materials, specimen
solar cells would have to be exposed to typical ambient temperatures and

- radiation in closed chambers. ' A constant flow of air or other gas would be

maintained to sweep the volatile materials into the inlet of a MS/GC appa-~

ratus, either directly or after concentration by cold ﬁraps.

(7) Surfacé Energy Apalysis. Wettability measurements combined Qith
proper mathematical analysis of the data provide an excellent'means of deter-
mining the cleanliness and bondability of.surfaces which are to be adhesively
bonded. A good example of the usefulness of the method is seen in some recent
work by D. H. Kaelblé;(zz)' In this investigation the degradation with time
of cleaned aluminum alloy surfaces was followed under vainus controlled
relative humidities. The specific measurements made were determination of
contact angles of several liquids habing vafioué surfaéé tensions and polar-
nonpolar properties. In the analysis it is assumed that the vérious inter-
facial energies can be repfesénted\as the sum of a cpmponent‘due to polart
forces and a -component due to distersiOn forces. The quantity'of interest
Ygy the surface free'energy of a solid in contact with a vapor phase (in
this case, air plus water vapor), is not directly measurable. However, it
can be determined by means of a procedure’descfibédbby Kaelble in the cited
publication. The analysis is summarized below.

For a drop of liquid’ih‘cdntact with a solid, the following equa-

tions are valid:
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where wa is the work of adhesion, © is the contact angle, Yoy and Yqy are

the interfacial energies for the liquid-vapor and solid-vapor interfaces,

and a B are the square roots of the dispersion and polar contribu-
L(S), "L(S)

tions to the respective interfacial energies of the liquid-vapor and the

solid-vapor interfaces.

. d P ’ . .
In practice, Yy and YLV are known, O is measured, and Wa is
calculated from the first equation above. aL and BL are obtained from

P
LV
versus Wa/2aL is made. This plot usually gives a straight line of

the square roots of ng' and Yy respectively, and a plot of (BL/a

L)
slope BS and intercept ag.
Kaelbe's work on aluminum alloys was successful in showing that
sur face energy analysis is applicable to detailéd studies of metal surface
degradafion. Decreéses with time were observed for the polar components
of Yoy and a strong dependence on :glat;ve.humidity of the characteristic

degradation was found.
(b) Electrical Measurement Techniques

Electrical measurements on polymeric materials is another method
of detecting changes in structure as a function of applied stress and time.
Typical electrical measurements made on polymeric materials are dielectric

constant determination, conductivity, and resistivity.
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@D Dielécﬁrometry;' 'b;eleétrometry has proven to be a useful tool

for in-process monitoring of the degree of cure of polymeric materials.(23’24)
Dielectrometfy is aléd of bétential interest in studies. of polymeric degra-
dation and its relation to the lifetime of solar collectprisystems. In addi-
tion to being sensitive to:seve;al of the factors aésociaégd with degradation
processes (e.g., absorbed Héo; ions, poiér polymeric breakdown products), it
is nondestructive and applicable to all dielectric materials.

| ~ The major,paraﬁeters éf{interest.in dielectrométry‘afe the dielec-
tric congtaht, e,.and the dielect:ic loss tangent of dissipaﬁion, D, given
by

.
D=Tan<S=F,
where 6§ is the dielectric loss angle and €" is the imaginary part of the

complex dielectric constant

e =¢' - 1ie" ,

The dielectric constaﬁt is'aefihed as thé ratio of the permitéivity of a
dielectric ma;erialvto the'pefmit:ivity of ffee space., It is, then, a
measure ofvthe_polarizabilify_and, hence, of the presence of polar species
in the material. The loss tangent is a measure of the energy dissipatéd

in the mate?ial as a‘coﬁseguénce of the attempt qf dipoles, contained
therein, to follow the.variations of an impressed ac electric field.

It is, theh, sénsitivé to faétqfé which determine the mobility of pola;
species, inclﬁding the pfoberties of the surrounding medium. Either of
these parameters (¢' and D) can, under proper conditibns, provide a means
for detécting and identifying'specific polar groups which might be present
as a result of environmentally induced degradative chéﬁges, impurity
absorptioﬁ/diffusion, etc. The loss tangent is’genérally thé more sensi-
tive of the»two. TheAdiéleétric loss fangent is somewhgt’analogous to the
loss tangent in dynamic-mechanical»property measu;emenﬁs and éxhibits simiiar
charécteristi;g Behavior:(e.g., teﬁperature depgndénée,of‘peéks, sehsitivity

to glass transition témperatufes, etc) in many cases.
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A study of the sensitivity of the loss-tangent»to-thelpresence_of
known quantities (determined by IR analysis) of specific polar groups, includ-
iug carbonyl groups, methyl~groups, hydroxyl groups, and terminal vinyl groups
in polyethylene (a nonpolar polymer) has been published.(zs) Other studies ;i
demonstrating the basic applicability of the technique to structural inves-

tigations and degradation studies (26) have also been published.

Techniques used in measuring dielectric constants'and dielectric
loss generally fall into one of two categories -- null methods and tesonant
circuit methods. The various types of capacitance bridges use nill methods
whereby the unknown in one arm of the bridge is balanced out against impedance
elements in other arms. Ihe resolution of the balance arms and the sensitivity
of the balance indicator are key factors in the accuracy of this technique.
Null-type measurements are:generally suitable for measurements in the frequency
range of 0 to 107 Hz. At higher frequencies, resonant circuit techniques
are more suitable. 1In this technique the unknown is incorporated into a
tunable microwave resonator which is then tuned through resonance. The loss
is measured by the width of the resonance curve. An 1nterest1ng discu551on
of one approach to resonant ‘circuit measurements of dielectric properties of
polymers appears in Reference 27. '

The key variables in dielectric spectroscopy studies are frequency
(of the ac electric field) and specimen temperature. As the frequency is
scanned from very low to higher frequencies, gradual steplike drops in the i"
dielectric constant accompanied by peaks in the loss curve are observed at
specific frequencies. These correspond to resonances of spec1fic dipole
species as they reach a point where maximum energy is absorbed from the.
field. At higher frequencies these species can no longer respond fast
enough to follow the field and, hence, their contrlbution to the dielectric
consant drops out. The presence of ions 1n a material can s1gn1f1cant1y .
alter the low-frequency loss characteristic. Varying the temperature while
monitoring dielectric characteristics at a fixed frequency allows the identi-
fication of phase changes and crystal structure changes through their effects
on molecular mobility. These also will be manifested as inflection changes

in the dielectric constant and loss curves.



26

it should.be noted, however, that in certain cases Ehe outdoor
performance of a plastic material may not’be reflected by a change in some
of its electrical properties.

In a study by NBS on the effects of weathering for ‘20 plastic
materials, no significant change in dielectric constant was observed for
these materials exposed at three different géographical locations. The
dissipation factor did, however, indicate significant changes Between
‘thick and thin samples; hence, this test may be useful as an early indi-

cator of deterioration for some materials(28),

(2) . Electrical Conductivity/Resistivity. . As with dielectrometry,

dc electrical conductivity measurements have'béen used to monitor curing
cycles in polymeric materials.(29) The volume conductivity of dielectric
mate;ials is sensitive to the presence of mobile ionic species and moisture,
and monitoring of this parameter could provide a sensitive means of detect-
ing significant changes in these- factors as precursors to corrosive degra-
dation,melectrical shuntihg effects, etc.. Detailed procedures for measure-
ments on high-resistivity dielectric materials such as glasses and polymers
are available from published test standards and procedures.(30) Since
these materials can have extremely high volume resiStivities, care must be
exercised 1n electrode arrangementcs tu allow dlsLiuguishigg Letween surface
and volume conductive effects.: Four-point contacting is recommended where
feasible. ' ' ’

The conductivity of dielectrics can be highly sensitive to tem-
perature so this parameter must be monitored_and/or.controlled during such
measurements. The temperature dependence of the conductivity of dielectrics
can also reveal significant‘information ébout the conductive species present,
their activation energies, etc.(3l) Glow curve-type measurements, in which’
excited carriers frozen into trapping levels associated with structural
defects and discontinuities are gradually released by raising the tempera-
ture, thereby giving discrete peaks in the conductivity at characteristic
temperatures, can also be used t0'derive-informatipn about the nature and

dénsity of microscopic defects. (31,32) This type of measurement could be
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useful in degradation diagnostic studies, although other available labora-

tory techniques might provide more direct and easily interpretable identi-

fications.

“(c). Optical Measurements and Techniques

Visual observation of defects iﬁ environmentally plastic materials

is the most direct method of detecting change in a solar collector system.

Some of the basic optically observable degradation processes are as follows:

(a)

(b)

(c).

(d)

(e)

Overall spectral transmission of a plastic material,

It is of fundamental importance to know the intensity
and spectral distribution of ‘light reaching the solar
thermal collector surface in order to be able to ascer-
tain what part of a change in collector efficiency out-
put may be attributed to optical property changes and
what part :to other causes.

First-surface damage. Damage to the first surface may
be a serious factor in degradation of output. It might
result from abrasion by wind-driven particles, by chemical
attack by atmospheric constitutents - S0, for instance -
or even from repeated washlng (33)  Included in this
category are ''remediable" occlusion of the surface by
dust, dirt, or grime.

Delamination. Plastic solar thermal collector systems
may be of a composite design; hence, delamination of com-
ponents could be a major source of failure under exposure
conditions and be defined as the formation of voids at
interfaces of these .components. The details and funda-
mental causes of delamination of plastic composites are
complicated, but can be studied optically.

Discoloration. The principal types of discoloration
that may be encountered are UV-induced yellowing of
polymers. Observable yellowing of polymers upon long
UV exposure appears(34) to represent the "tail' of
stronger absorption changes occurring at the shorter
wavelengths. It should be detectable well in advance
of any obvious degradation effects simply by measuring
the change in UV absorption.

Oxidation. Permeation of water vapor or other gases
may induce chemical changes, for instance, the forma-
tion of carbonyl bonds in polymers or additives. Haze
or opacification of a plastic material is usually first

detected with optical measurement techniques,
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(£) étrain.' Changes in strain, and thus in birefringence,

are obviously likely to occur wherever interfaces occur,

particularly in the presence of thermal cycling, clamp-

ing, or gas perme;tion. The changes in strain of great-

est interest are those for plastic solar thermal collectors.

The capabilities an& limitations of optiéal téchniques'fof measure-

ment of environmentally produced changes of the type of interest here may
perhaps be brought out by some elementary discussion of optical instruments
in general. Fundamentally, there are only one or two broad categories of
these optical instruments. An input beam (or set of beams) characterized
by a particular wavelength, intensity, polarization state, and direction
impingeé on some sample. Some or alllof the same characteristics are mea-
sured on an output beam (or beams) reflected, transmitted, or scattered by
the sample. If the input and output beams are reasonably coherent, their
relative phase can also be determined, leading to the interferometric class
of instruments. In principle, with a sufficiently large set of measurements,
rather complicated sample s&stéms can be analyzed optically; that is, from
our point of view, the‘important environmentally induced changes in optical
properties of the materials in the sample system can be detected and cor-
rectly differentiated. For examplé, in any interferometric experiment,
anything occurrihg to cause a change in optical-pathllength anywhere in the

system will cause a phase difference at the detector. Such a path-length

change might be due to flow-induced change in strain birefringence of a
polymér, to delamination, to a refractive-index change caused by a chemical
reaction, or to thermal expansion. As another excmple, in a simple absorp-
tion measurement, a change in transmitted intensity might result from a
darkening of one or more components induced by UV exposure, from an increase'
in light scattering owing to abrasion of the first surface*, or from a change
in reflectivity caused by delamination or bossibly a change in strain bire-
fringence. The various contributing effects might be separated out by
additional measurements. In the second example, UV-induced yellowing

would have a fairly characteristic spectral signature, light scattering

* The "first surface" is defined as that which is ordinarily exposed to
the atmosphere, and which is the first system interface encountered
by the incident beam. '
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could be monitored directly, and one could measure specularly reflected as
well as transmitted light. But it 1s not desirable to make all of these
measurements, and possibly more, in every test. Moreover, abf;sion-induced
scattering will affect the measured reflect}yi;y! delamipation in small spots
will affect the measured scattering (so will absorption if it is large enough),
and so forth. This debbnvolutiop problem is complicated by the paucity of
baseline databwhich would help in setting up optical experiments in the .
optimum way -- for example, the geometry of delamination is not known{
quantitative data on yellowing are available only for very few polymers;
and so on. Also, it is desired to measure these changes at the lowest
possible levels as well as at levels where obvious polymer detéfioration
occurs in order to make the most Teliable possible life predictions and to
indicate areas where preventive measures may be required. On the basis of
these arguments, the following conclusions have been reached:

e Tor plastic solar thermal collector assemblies to be

exposed to a variety of influences, such as by natural

weathering, only the simplest optical measurements are S
likely to be useful.

é There is a need for a test program aimed not only at
evaluating instruments and measurement techniques, but
also at providing some useful baseline data on compo-
nents and interfaces that are presently deemed most
likely to see service in composite plastic collectors.

(1) Optical Methods for Measuring Overall Spectral Transmission of

Plastic Materials. The objectives of this measurement are (a) to determine

changes in the light intensity per unit spectral range reaching the plastic
solar collector front éurface and (b) to determine the change in absorption .
coefficient with time. The first measurement, an absolute measurement, is
useful in determining at any given time what part of a change in collector
thermal output results from optical factors. The absorption measurement,

a relative measurement, is needed to predict the useful life of a polymer

and is essential in determining the true impact of the optical-property
degradation on total collector performance. An effective absorption coef-
ficient can be determined by comparing intensity transmitted through the

polymeric cover layers in a given spectral range with that from a glass
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plate standard. This will be an éffective, rather than ''true', absorption
coefficient since, intentionally, no corrections are to be made for reflec-
tion or scattering. The absolute change in tranémissivity to be detected
(i.e., required sensitivity) will depend on the planned allowable degradation
in optical quality over the life of the plastic collector, and thus on the
entire system design; for this reason the design requirements for trans-
missivity-degradation measurement techniques are difficult to specify.

In some scenarios, as little as 10 bercent overall degradation in optical
throughput to the collector over a life of 20Iyeafs is required for system
feasibility. In such circumstances, it would be necessary, in accelerated
life testing and in field testing, to detect absolute changes in transmission
of 1/2 percent, and preferably smaller, occurring over periods up to 1 year
in order to meet the first objective, and relative measurements of about the
same accuracy to meet the second. Particularly in view of the fact that

the overall transmission will naturally be large by design, there is a
difficult long-term precision problem to be solved -~ the transmission at
500 nm, say, is 90 percent today, while 1 year from now it may be 89.5 per~
cent. For short and long wavelengths, the precision necessary will not be
as great, but neither will detector respohse unless very complicated and
expensive multidetector measurements are resorted to. The most natural

way to make the measurement is to use a white-light 1n§ht and to measure -
the spectral transmittance with a spectrophbtometer,'since these instruments

are widely available 1ﬁ designs well suited for field use. (35)

(2) Optical Methods for Measuring First-Surface Damage. The princi-

pal mechanisms of first-surface degradation will be abrasion, chemical
attack, and occlusion. The principal optical effect of any of these mecha-
nisms is an increase in scattered light. The principal optical methods of

studyiﬁg first-surface damage may be categorized as follows:
o Direct optical observation =-- principally microscopy

e Enhanced direct observation -- enhanced by chemical
enlargement or by decoration of defects

© Scanning electron microscopy
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© Specular reflectivity, which will be reduced by the
increase in scattering

@ Direct measurement of scattered light.

‘(1) Direct Optical Observation.  The first of these is a hand-
held anampfphic* microscope(36) with its own light source. This instrument
was developed for the rapid analysis of roughening of steel surfaces prior
to painting, but should also work fairly well on glass or plastic. By the
optical sectioning method (imaging the oblique reflection of a slit), average
roughness to a level of around 15 um over an aperture of 7.5 mm may be esti-
mated. Something of this sort, which can be held and operated with one hand,
might be convenient for the rapid surveying or sampling of surface damage to
arrays in situ.

Of the various>types of phase and interference microscopes**, the
most generally useful commercially available type is the Nomarski differential
interference contrast microscope. In this instrument, the incident light is
passed through a Wollaston prism, prqducing)gyo perpendicularly polarized
beams traveling at a small angle to one anotﬁer. After passing through a
condensing lens, these beams pass through or are reflected from the sample,
go through the magnifying optics, and pass through another Wollaston prism
bringing them to the same polarization so they may interfere. The result
is an image closely approximating gradients in the optical path. For the
case of reflection from a rough surface, these gradients just result from
the different distances adjacent rays travel before reflection, and one
obtains a sharp topographic picture of the surface with excellent depth of
field. Besides being useful as a laboratory instrument for qualitative
assessment of the extent of damage, this type of microscope is useful for
distinguishing different types of surface damage and for determining just
what the effect on the surface has been: Binocular Nomarski microscopes
with magnifications up to 1000X are available from Carl Zeiss, Inc. The
instrument can also be used as a conventional bright—field or dark-field

microscope.

* That is, one which magnifies predominantly in one dimension; for the
instrument described here, 50X verticallto 10X horizontal,

*% A description and comparison of various types of interference micro~—"
scopes is given By ‘Claussen. (37)

A
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Among the direct optical techniques, multiple beam interferometry
should be mentioned. With this technique,“fairly abrupt surface topography
features, such as steps, in the 30 to 50 X range may be observed and measured
To apply this technique, the surface to. be investigated generally must be
silvered to obtain good reflectivity. .This of course requires care, is time-
conSuming, and must generallv'be considered destructive, and thus the tech—

nique has not found wide popularity.

(11) Enhanced Optical Observation.  Since the object of optical
examination of the specimen surtaces 1s to reveal defects at the lowest level
possible, anything that will enhance the visibility of the defects will be
welcome. Nondestructive methods are clearly preferable, but not absolutely
necessary. The most obvious technique to try is etching; besides being
destructive, this will be successful only in limited circumstances, partic-
ularly on noncrystalline materials such as a plastic. An example in which
etching is not particularly effective is afforded by the careful work of
Tomandl(38) who studied sandblasted and etched glass by both light scatter-
ing and SEM. Calculation of shapes of pits etched with HF from stereo-SEM
pairs showed that these pits.were shallow ellipsoidal depressions. Upon
further etching, these depressions appear just to gradually enlarge without

change of shape, as determined by light-scattering measurements. (39,40)

(iii) Scanning Electron Microscopy. Under the most favorable
circumstances, features as small as 2000 to 3000 X may barely be resolved
using optical microscopy. To discern smaller features, scanning electron
microscopy (SEM) has become the method of choice, despite_the high cost of
the instrument, because of its simplicity and versatility. 'Oniy "conven- -
tional" SEM for study of surface topography is considered here, other uses
being more chemical or electrical in nature. Present- day commercial instru;
ments, when properly maintained have a lateral resolution in the range 50
to 100 A. Because these microscopes~have great depth of field, resolution
in depth is of the same order of magnitude, with a suitable "viewing angle'.
By the use of more than _one viewing angle, the detailed topography of pits,

microcracks, and other surface‘features can be reconstructed to a high
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degree of accuracy, as mentioned above. Scanning electron microscopes which
can generate stereo photographs inireal time are.now available. for'SEM of
dielectric materials, it is generally necessary to lightly metallize (with
gold, usually) the surface to be studied in order to avoid changing it.
Metallization of the sample cannot really be considered a nondestructive
technique, since the characteristics of the surface and thus its future
degradation rates are likely to be altered by the film deposition and removal
processes. Aside from perhaps making it possible to observe the progress of
surface damage resulting from weathering at an earlier stage than otherwise
possible, the chief use of SEM is to provide the detailed information which
can assist in developing an interpretation of the nature of the damage
process. SEM is not suitable for investigating defects in depth because

of the charging problem and the energy straggling of the electron beam
inside the solid material '

(iv) Specular Reflectivity. As stated above, the principle of
these measurements is simply that light which is scattered is'not'Specularly
reflected, and the drop in reflectivity is generally large enough’ to measure.

AbraSion of plastic surfaces of only 28 A in roughness depth is
sufficient to cause a reasonable drop ‘in reflectance(Az) hence chemical
attack: or physical abrasion on a surface can be characterized by simple

reflectivity measurements.(41 42,43)

(v) Direct l‘,;1easuremen’t of Scattered Light. - The most obvious
technique for this purpose can be carried out successfully by straight- b
forward bistatic reflectometry(38) or by a number'of other:techniques
'surveyed by Eastman(41), 1In reflectometry, the surface is generally
Imetallized(38), both to increase the reflectance and to eliminate problems
from scattering from other interfaces and bulk'materials in the system. ‘
This and the other methods generally require very careful work and/or very
specialized instruments in order to get reliable quantitative scattering
data. Even given the data, relating it to the statistical surface rough-
ness is a difficult task, as a review(44) of the theoretical approaches
that have been tried reveals. Overall, a combination of the other methods
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described seems more generally useful than direct scattering studies. Small-
angle forward scattering-meaSurements are of speciél interest though, since
"light scattering owing to first-surface deterioration is likely to complicate
the study of light scattering due to other dauses, such as delamination. It

is possible that the first-surface scattering might be studiéd under controlled
conditions by use of the optical multichannel analyzer for detection, as
described in the following section; whether its effects can adequately be
separated from other sources of scatterihg is another question.

To summarize, simple specular reflectivity measurements may be
satisfactory for observing the presence of first-surface deterioration at
fairly low levels. Some simple experiments to verify and quantify this
should be performed. Optical and electron microscopy and light-scattering
measurements on the same samples would provide more detailed information on
the nature of the damage, which should improve the predictive capability of

the technique.

(3) Optical Methods for Detecting Delamination. The seriousness of

delamination as a failure mode in composite plastic solar thermal collector
systems has been already referred to several times. It is not only of conse-
quence in itself, but also as a precursor of other modes of degradation and
failure, since delamination may open pathways for chemical attack.

From the optical standpoint, the simplest delamination model con-
sists of replacing a plane interface, between say Materials A and B, with
two interfaces separated by distance d with "vacuum'" or air between them.
Also, in its incipient stages the delamination may not occur uniformly over
a sizable area, but rather may take place at numerous small spots.

The methods that have been examined for optical observation of

delamination are
e Specular reflectivity(45,46)
@ Ellipsometry(47’48)
e Holographic interferometry(é9‘55)

e -‘Light scattering(56).

T
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“l. (4)

comes to mind concerning discoloration of plastics is whether the color

Optical Methods_for Measuring Discoloration. The question that

changes involved can be detected at low levels by some method other than
direct measurement of the absorption changes involved, such as a change
in reflectance. ' ' .

To get a feeling for the time-gcales involved, the results of
Oster et al(34) on absorption of lZ:um-thick Saran film irradiated with
UV at 2540 X for various times were considered. The solar UV radiation
reaching the earth's surface will of course be peaked at longer wavelengths
and thus will have a lower duantum efficiency in producing yellowing than
the source used in the experiments. To avoid problems in extrapolating the
data to long wavelengths, a measurement wavelength of 4750 X was assumed.
Neglecting a.small background absorption, the absorption cross section at
this wavelength is épproximately 0.67 x 10722 cm2/photon. If all air mass
2 solar photons with wavelengths shorter than 3200 X were as effective. in
darkening the plastic as the 2540 Z photons were, a 12-um Saran sheet would
become completely opaque (<0.1 percent transmission at 4750 X) in about 16

months' outdoor exposure, assuming no other chemical changes. Since the

actual quantum efficiency will be much lower, obvious yellowing over a 5 to
10-year life range may be anticipated, showing the desirability of acceler-
ated teéts. Some‘data on exﬁosure of polystyrene (very photosensitive) and
polymethyl methacrylate to sunlight for S‘to 31 months are given by Winslow. (57)
EpoxyAadhesives are particularly apt to degrade in sunlight, according to
daﬁa of Mauri.(sa) )

| In laboratory experiments it 1is usually possible to monitor the
absorptance of a material at some wavelength in the ultraviolet (say 0.3
um) where the optical density changes from UV.exposure are much greater
than those in the visible spectrum. If the data on Saran is.any guide, it .

should be possible to detect color changes this way in a time span of 10 to

20 percent of that required to observe them directly in the visible spectrum.
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" (5) Optical Methods for MeasuringﬁOxidatiqn. The oxidation of
polyﬁers proceeds Sy a complicated and imperfectly understood chain of
reactions(57), requiring radiation to pfoduce free radicals as well.as
oxygen or another oxidative reactant. The reaction propagates, though
withoﬁ; multiplying; so one initial radical may lead to consumption of
hundreds of oxygen molecules. Fortunately, it is not necessary to address
.the reaction details, but only to consider the net effect, which is to
replace one hydrogen attached to a carbon with a hydroperoxide (OOH) radical.
At the interféces where we expect oxidation primarily to occur, these peroxide
radicals will be very unstable and will soon be replaced by more stable. -
doubly bonded oxygen (with evolution of water) or possibly by a hydroxyl
group (with reevolution of oxygen). Such characteristic groups could of
course be detected by infrared absorption spectroscopy; the possibility
of detecting thém by their effects on the refractive index in the visible
_ spectrum will.be examined here. |
- Such changes are easily estimated for polymers using the concept
of molar refractivity. There are various approaches to this concept; the
Lorenz~Lorentz type formulation is used here.(59) According to this formu-

lation, the refractive index of a polymer at some characteristic wavelength

_ (1 +2z\1/2
" (1-2) ’

where Z = Rp/M, where R is the sum of tabulated(sg) universal molar refrac-

(usually 0.589 pm) is given by

tivities for one repeat unit of the polymer, p is the bulk density, and M
is the molecular weight of the repeat unit. As a simple example, the
refractive index of polyethylene in which various small percentages of C=0
or HCOH groups were substituted for CH2's was estimated, assuming that the
density changes could be neglected. It was found that for 1 percent of the
repeat units altered in one of these ways, the index change expected would
be 0.005 to 0.007. In a bulk sample, this would be easily measuréble, but
here it is just a change in the first few molecular layers at the interface;

and is well below detection by any of the methods so far discussed -- this
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at a rather heavy degree of oxidation. The conclusion is obvious -- measure-
ment of optical properties in the visible spectrum is not a suitable way to
study interface oxidation effects, at least not unless much larger secondary

effects are assoclated with them.

" (6) Optical Methods for Measuring Strain. '~ As mentioned previously,

sizable strains are likely to be present in the composite systems of interest
here, 'and these strains will change with time, both as a result of environ-
mental exposure and through slow relaxation mechanisms. Strains which might
be precursors of delamination between transparent layers are of particular
interest. The presence of strain is recognized optically by the presence
of strain birefringence. 1In this section, factors involved in measuring
changes in this quantity are discussed.

Polymers, as is well known, show birefringence even when they are
not being stressed. This birefringence depends on the polymer production

method and its whole thermomechanical history. In particular, it may result
from(60)

® Preferential chain alignment from high-temperature shear

© Bond distortion from low-temperature stress, including
scratching

® Presence of crystalline or semicrystalline regions

e Presence of boundaries .between different types of mate-

rial, as in block copolymers.
These effects may be loosely referred to as strain or intrinsic birefrin-
gence. ' ‘

When a polymer sheet is bonded to another material, a stress bire-
ringence will be added to the intrinsié birefringence. 1In principle, the
former property could be distinguished from the latter by its characteristic
dependence on the geometry of the sample and the bond, but it is not known
that this has been demonstrated. Even if this composite is not subjected to
any environmental stress, the birefringence may in many cases change with
time as the polymer tries to relieve the mechanical stress on it. If there
are environmental effects in addition -- say just moderate temperature

cycling -- there will be thermally produced irreversible changes in the
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mechanical properties of the sample, leading to changes in the stress and
strain birefringence. In addition, there will be thermal changes in the
basic refractive indices and stress-optic coefficients to consider if
measurements are to be made at other than room temperature. The problems
involved in performing and interpreting this kind of experiment for just

a single polymer, not bondéd to some other material, are well set forth by
Kovacs and Hobbs.(69) The field of investigation where measurements at
temperature are involved is called thermooptical analysis. It is still in

its rudimentary stages. The present circumstance presents a rather more

complicated situation to study than those generally attacked so far, even

if experiments are limited to measurements at room temperature. As has
been repeétedly stressed, many of the optical measurements so far discussed
will be more or less sensitive to these birefringence changes. However,
some part of these birefringence changes may be characteristic of internal
strain changes (which must occur) preliminary to delamination; so it might
be possible to obtain useful data along these lines from any of these mea-
surements, or perhaps from more conventional birefrigence studies, as

described in References 61 .and 62.

(7) Summary—Optical Measurement Techniques.

e Optical experiments to be carried out shonld he directed
partly toward obtaining relevant optical data on materials
and combinations of materials likely to be used in plastic
solar thermal collector systems, as well as toward evalu-
ating instruments and measurement techniques.

@ Light-scattering measurements should be made on some mate-
rials of interest to determine whether first-surface de-
terioration, delamination, and some polymer aging charac-
teristics can be detected and differentiated by this tech-
nique, alone or in combination with other measurements.

@ The suitability of simple reflectance measurement for
evaluation of first-surface deterioration through
abrasion, etching, etc, should be determined experi-
mentally for a variety of likely first-surface materials.
Data on probable rates of.surface deterioration in various
locations should be gathered in order to allow useful-life
predictions to be made. '
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e Holographic interferometry experiments should be consid-
ered with the objectives of determining trade-offs between
area scanned and overall sensitivity and reliability of
the technique; and determining whether strain birefringence
changes, possibly precursuory to delamination, can be de-
tected in this way.

e Optical measurements performed on complete plastic solar
thermal collector systems should be limited at first to
simple tests, such as spectral transmitted intensity
(including UV), possibly at only a few selected wave-
lengths.

(d) Thermal and M :chanical Measurement Techniques

This category includes the thermal and mechanical properties of
materials and related diagﬁostic teéhniques. Many of the potential solar
collector failure modes are related to changes in the mechanical properties
of the materials caused by environmental stresses. Mechanical prépertieé
of interest here include the elastic moduli, yield strength, ultimate ‘
strength, impact strength,~fatigpe, elongétion, hardness, creep, and bond
strength. This category also includes rheological measurements which may
be useful both as an analytical tool for developing data on engineering
properties, and in detecting flaws such as delaminations.

Failure modes relating to changes in thermal properties are less
clearly defined. The thermal conductivity, specific heat, and thermal con-
tact resistances will determine solar collector operating-temperature dis-
tributions. Mechanical stresses will then be determined in part by differ-
ences in coefficients of thermal expansion. The contribution of changes in
these prdperties to plastic solar collector failure is not clearly established.
In addition to the usual thermal properties, this category also includes the
thermal analytical tools, such as differential thermal analysis, differential
scanning calorimetry, thermogravimetric analysis, and thermomechanical analysis,

and special techniques such as infrared thermography. ‘

(1) Glass Transition-Temperature Properties in Polymers. Character-

istics of major importance in polymers include the changes in properties

associated with various transition temperatures, the primary ones being




the glaSS‘transition temperature (T ) and the crystalline melting tempera-

ture (T,).(63)"

;hard, rigid glasses, while above Tg, the individual molecules are mobile
”and rearrange tnemselves to form,soft and flexible (amorphous) segments .
nich or without attendant regularly structured hard: (crystalline) segments.
Thus, anyAmaterial deéradarion which shifts the glass rransition_temperature
through the operating-temperature range of a collector has‘the potenrial of
seriously altering the performance of ‘the collector and:may lead to failure.

Many factors affect'the.glass transition.
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'Below the glass transition temperature, the materials are

morphological factor is-the'chain stiffness or flexibility.

factors include the molecular polarity and backbone symmetry.

factors include molecular weignr, ﬂegree of'crosslinking; and amount of

plastici;ation.

changes in T

by

g

where Mn is the number average molecular weight, T
tion temperature at infinite molecular weight, and K is a constant which
is characteristic of a given polymer.

and using Tgo = 100 C, the following numerlcal values may be obtained

Nielsen (64) gives some empirical rules for estimating

~ In the range of practical molecular weights, T
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My Ty C dTg
106 99:83 ° 5.7 x 106
105 9825 57x104
104 825 5.7 x 102

The effect of crosslinking on Tg is giyen by the equation

IS . 4
0 M

c

The most important
Other chemical

Structural

© is the glass transi-

- For polystyrene, K = 1. 75 X 105 ‘
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As may be seen from the literature, shifts in Tg of more than 80 degrees
are not unusual for systems such as thermosetting resins.
Plasticizers are low molecular weight liquids (and occasionally

solids) which are: purposely introduced’to lower the glass transition téedm-

" perature. The loss$ of these plasticizers during environmental exposure

‘can‘have a significant effect on the'giaSS transition temperatufe. Mikture

rules for predicting Tg for a plasti¢ized material are

Tg = Tga®a + Typop

and -

where TgA and TgB are the glass transition temperatures of the base polymer

and the plasticizers, respectively, QAzand ¢B are the volume fractions and

WA and WB are the weight fractions. . Typical values of TgB are between =50

and -100 C, so that the Tg of the mixture may vary anywhere from T to T

gB T TgA’

depending upon’ the amount of plasticizer.

' Because of the importance of the glass transition temperature,
diagnostic methods based on the measurement of thie quantity should be
particularly useful in degradation'studiee. Techniques which can be used

to measure Tg include
o Differential thermal analye?s
] Differential scanning calorimetry
@ Thermomechanical analysis

o Dynamic mechanical analysis.
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(2) Thermal-Stress Properties in Polymers. Thermal stresses usually

involve quantities such as EaAT, where E is the modulus of elasticity, a is
the linear thermal expansion coefficient and AT is the temperature change
from an unstressed condition. Any changes in either E or o are thus likely
to change the thermal stress paﬁterns. ‘Empirical rules which relate the

i
S

volume coefficients of expansion above and below Tg to Tg are

= (63).
Bng 0.16(63)

. (64)
(82 - Bg) = 0.113

where 82 and Bg are the coefficients of expansion above and below Tg"

B8
respectively. These rules taken together predict that 2. 3 to 4. While

b

this change in expansion coefficient may be significant, it may be over-
shadowed by the much larger changes that can occur in the modulus of elas-

ticity as the Tg is shifted.

Nielsen(64) has presented graphs which show the effects of several
variables on the shear modulus of polymers. These graphs showed the effect
of molecular weight on the modulus temperature curve fo;.an amorphous polymer
such as normal atactic polystyrene. At the glass transition temperature,
the modulus drops by about three orders of magnitude. Below Tg, molecular
weight has practically no effect on the modulus. For sufficlently lLigh

molecular weights, T_ and the drop in modulus are also independent of

g
molecular weight. Above T_, the molecular weight has a larger influence,

as the tendency for viscoug flow becomes more pronounced.

The effect.of Crosslinking on the modulus temperature curve is
also important in thaf first, thé modulus above Tg is greatly~increased as
crosslinking progresses apd, second, the glass transition temperature shifts
to higher values with increased crosslinking, as was discussed earlier.
Finally, the transition region is broadened with increased crosslinking.
Below Tg’ crosslinking has.little effect on the modulus. The shear modulus
of certain polymers is essentially unaffected by crystallinity below Tg, but
increases m;fkedly with increasing ¢eg;ees of crystallinity above Tg. For

the most _part, polymeric solar collector materials will be noncrystalline

N
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since most semicrystalline materials are opaque (ruling out top-cover appli-

cations) and have properties which are particularly sensitive to thermal A

‘history. However, where crystalline or crystallizable polymers are used,

Ehe effect of crystallinity on modulus and‘other physical properties will

bé éignificant. v .~ o
The respgﬁsé'of a solid under the influence of an oscillating or

otherwise time-dependent forcing function is governed by a complex modulus

G* = G' + iG". The imaginary term gives rise to a damping or dissipation

of energy, while for small to medium damping, the ‘real term is the same as

the modulus measured by other methods. The ratio of the loss modulus, G",

to the real modulus, G', is called the loss tangent and is defined by
tan § = G"/G'

Another convenient damping term is the logarithmic decrement A which is
related to the peak amplitudes of successive damped natural vibrations

Al and A2 by

In terms of thé complex modulus, A is given by

A= %T‘ for &<l

For a given polymer, the complex dynamic modulus depends on both the tempera-

ture and the frequency of oscillations. For most polymers, T, and the damp-

ing peak are increased about 7 C for an order of magnitude inirease in
frequency.

Change in damping resonse of a polymer is also reflected by
differences in its moleéular weight distributions. Above Tg, the damping
depends strongly on molecular weight, and the value of damping at the
minimum in the curve may be used as a measurement of the numéer average
molechlar weight. |

' Many polymers exhibit additional damping peaks at temperatures
below Tg' These are called secondary glass‘transitions. Prominent second-l
ary glass transitions are usually found for tough, ductile, glassy polymers
and those with high impact.strength, so thét changes in these‘secondary tran-

sitions may be indicators of changes in ductdility and impact strength.
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Nielsen gives approximate_equations by which dynamic mechanical
data taken over a range of frequency can be used to calculate the creep
compliance and stress-reiaxation modulus, which are useful engineering
properties. (64) S : ‘ )

The melt viscosity of a polymer which is important in.manufactuf;a
ing processing conditions can be-extremély sensitive to changes in molecular
weight(63). Above a critical molecular weight, M,,, the melt viscosity méy

be repreéented by the equation
log n = 3.4 log M, +A ,

where A is a constant which is characteristic of a given polymer, but is
independent of molecular weight. The critical molecular weight depends
upon the structure of the polymers and may vary from 2000 to 60,000. For

low molecular weights, two empirical expressions are given for the viscosity:

logn=nlogM + B .

\4
where n = 1 and B is a constant, and
log n = Cl Mw;: +,C2 R
[
where n = 1/2 and C, and C, are constants.

1 2
A similar situation exists for the viscosity of concentrated
polymer solutions. Below a critical molecular weight, the viscosity is

proportional to M, while above M the viscosity is proportional to M3-4,

e
Thus, for sufficiently high molezular weights, a small percentage change
in M produces a substantially larger change in n, and measurements of n
would be a sensitive detector of degradation by modes in which the molecular
weight is changed.

The dependence of many polymer properties upbn molecular weight

may be described by the relation: :

where X is the value of the prdpefcy X at infinite molecular weigﬁf and

A is a constant for a given polymer. Many properties, including density
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and specific heat, attain their asympfatic Qalues at molecular weights
well below the real polymer range. On the other hand, the tensile strength

does vary significantly with Mn within the range of real macromoleculesx.(64
65, 66) NPT

Sy e

In addition to tensile strength, other features of the stress-
strain relatlonship for polymers may be sensitive to degradation. The
elongation at break is a frequently measured property which changes with

aging.(67’68)

(3) Recommended Mechanical Property Measurements. The following

selected methods and instrumentation for measurement of pertinent mechani-
cal properties of polymeric materials and components for plastic solar

thermal collectors are discussed in the succeeding sections:
" ® Torsion Pendulum and Torsion Braid
® Rﬁeovibron Viscoeleastometer
© Other Dynamic Mechanical Analyzers

¢ Ultrasonic Techniques.

(1) Torsion Pendulum and Torsion Braid. These techniques dis-
cussed below are types of dynamic mechanical measurements, which may be
separated into two categories. In the first category, the response of a
sample to free or natural oscillations is measured, while in the second
category, the response to forced oscillations is measured. Strains imposed
upon the samples are usually small so that the sample may be assumed to be
in the linear viscoelastic region. The applicability of some of the instru-
ments to the measurement of viscosity is also discussed.

The two most important free-oscillation techniques are the torsion
pendulum and the torsion braid. Among all the dynamic mechanical analysis
instruments, only the torsion pendulum is recognized as an ASTM method
(D—2236).(70) The torsion pendulum was pioneered in this country by Nielsen(69),
among others. The specimen is clamped at each end. One end is rigidly figed,'
while the other is clamped to an inertia bar and is free to move. The speci-

men may be either rectangular or cylindrlcal Rectangular specimens are to
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be 0.015 to 0.10 inch in thickness, 0.10 to 0.60 inch in width, and 1 to

6 inches in length (exclusive of material in the grips). Cylindrical
specimens are to be less then 0.30 inch in radius and to have the same
length as above. At least 1/4 inch of specimeﬁ is to be held in each grip.

In operation, tﬁe inertia member is given an initial angular dis-
placement of less than 2.5 deg/cm of specimen length. The resulting damped
harmonic oscillation is recorded by some suitable means sueh as linear
variable differential transformers(69), rotational variable differential
transformers(71), or optical techniques(72). ] . ‘

The useful*témperature range of this technique is 4.2 to 600 K. (73)
The frequency of oscillations is not generally an 1ndependent varlable, but
rather is determined by the propertles and geometry of the sample and the
moment of inertia of the inertia bar. However, a’ normal frequency range of
0.1 to 100 Hz may be given. Since only about ten cyeles of oscillation
need to be observed, a given test will take at most 2 minutes.

. Estimates of the prec1510n of the technique may be obtalned from
the results of an ASTM interlaboratory round robin. (70)  with 15 laboratories
participating, the interlaboratory precision was: for G’ below Tg, +7 per-
cent; for G' in the glass transition region, *30 percent; for G" and A above
Tg’ +20 percent; and for G'" and A below Tg’ +10 percent. Using the measured
values of G' and .G", or A, the glass transition temperature could be deter-
mined to within #3 C. It was found that the values for intralaboratory pre-
cision were about half those for inteflaboratory precision.

Although torsion.pendulums have usually been laboratory-constructed
devices, a commercial model is now aﬁaileble from Plastic Analysis Instruments,
Inc., of Princeton, New Jersey. This model is automated and with a computerized
data acquisition system, the precision and accuracy is improved over that
quoted ebove. Precisions of a few tenths of 1 percent may be possible. with
this instrument.(74) This instrument is described in Reference (72). -In
addition to tlie usual torsion pendulum mode, the instrument may also be used
for torsional braid analysis. Here, tﬁe usual film specimen is replaced by
an inert b;a'd which is dipped into a polymer solution and then the :solvent

is removed.
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(ii) Rheovibron Viscoelastometer. The most widely used forced
vibration viscoelastometer is the Rheovibron. The specimen in the form of
a film or bar is held in tension by a pair of grips. An oscillating strain
of a known frequency is imposed on one end of the specimen. The resulting
'stress is measured at the other end. From the magnitudes and phases of the
stress and strain; the complex dynamic tensile modulus and the loss tangent
are computed.. The loss tangent may be read directly off a meter. ‘

The temperature range of this instrument is from -150 C to 250 C.
Discrete frequencies of 3.5, 11, 35, and 110 Hz and continuously variable
frequencies between 0.0l and 1 ﬁz may be imposed on the specimen. Two
" models are available. Maximum specimen sizes are 0.05 x 0.4 x 5 cm for
Model DDV-II-C and 0.5 x 1 x 7 cm for Model DDV-III~-C. The ranges of
dynamic modulus which can be measured are 106 to 1012 dyné/cm2 for DDV—II—C
and 107 to 1012 dyne/cm2 for DDV-III-C. The range of loss tangent measurable
is about 0.001 to 1.7.

Massa(75) has analyzed a mechanical model for the DDV-II, and has
derived expressions for the moduli to take into account the effects of system
compliance, sample yielding within the tensile grips, and system inertia.
He showed that these effects require a correction to the raw data of 20 to
30-percent for glassy polymers. The correction factor was found to vary
significantly with temperature, frequency, and sample width and thf&kness,
and among different polymers. When appropriate corrections are taken into
account, Massa estimates the accuracy of dynamic modulus values to be around
5 percent.(76) Accuracy is partially limited by the inability to obtain
perfectly uniform specimen cross sections and by problems in mounting the
samples in order to obtain uniform strain across the sample. Precision of
dynamic modulus measurements is somewhat better, possibly around 1 to 2
percent. It is difficult to assign an accuracy or précision value to the
loss tangent, except to note that 10~3 is the lower limit of detection.

Provided no damage is done to the specimen by the gripping
arrangements, the measurement has no effect on the sample, so that the
same sample may be remeasured after various degrees of degradation.
Specimen- setup time is about 10 to-15 minutes, and with a temperature scan
rate of 2 C/min, a complete scan from -150 C to 250 C at ‘a given frequency

will take about 3-1/2 hours.
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This is a laboratory instrument and as such is generally not
portable. The instrumént is produced by the Toyo Baldwin Co., Ltd., of
Japan and is distributed in the Unitéd States by IMASS of.Accord Mass.

Several descriptions of modlflcations to the Rheov1bron have
appeared in the literature. Murayama and Silverman(77) have adapted the .
instrument to allow measurement in a gas medium, while Lowton and Nurayama(78)
have extended this modification to a liquid medium. Massa(75) has developed
a new sample holder to adapt the Rheovfbron from a tensile geometry to a
flexural geometry. Shah and Darby(79) described a parallel-plate modifi-
cation of the sample holders to obtain oscillatory data in the,shear mode

for several high-density polyethylene melts.

(111) Other Dynamic Mechanical Analyzers. Other instruments
in this category are the Wéiséenberg Rhengoniometer(so), the Du Pont
Dynamic Mechanical Analysis System which is a module for their Thermal
Analysis System, the Rheometrics'Insttument'and the Dynastat Transient
and Dynamic Viscoelastic Analyzer (sold by IMASS).

(1v) Ultrasonics Techniques. Techniques based upon the propa-
gation of ultrasonic waves are widely used in nondestructive testing. When
an ultrasonic wave traveling in one nedium reaches an interface with another
medium having a different acoustic impedance, a fraction of the incident wave
is refracted. For a wave incident normal to the interface, the po&er reflec~

tion coefficient is given by

2
P1C1 = £2C2

R=| —rt22
P1C1 * 92Cy

1 and C2

acoustic veloc1t1es in the two media. Thls reflectlon is the ba51s for

where Py and p2 are the densities of the two media and C are the

the pulse-echo flaw—detectlon system, in which(81) an ultrasonic transducer
bonded to the surface of the material under test emlts a pulse which travels
through the materlal. At each interface that the pulse encounters, a certain

fraction of energy is'reflected and is picked up by the transducer. This
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technique requires that the transducer be'acoustically coupled to the
material. The coupling can be effected by various means, such as cements
or thin films of water or. oil ' ‘ ' .

Equipment for ultrasonic inspection'usually'consists‘of'three
basic items: R ‘ - v '

‘e One or more ultrasonic transducers, possibly combined
with a mechanical scanning device

) Electronic signal processors which generate and detect
the ultrasonic pulses or waves and other reference sig-
nals, and which convert the signals into usable data

o Units for displaying'and/or recording the various signals.

Instrumentation would‘probably be assembled'in modular form,'with applicable
equipment being available from such'companies as Krautkramer-Branson, Panae
metrics, Automation-Industries (Sperry Division),,Nortec Corporation, Sonic
Instruments, - -and Balteau Electric Corporation. _ .

While ultrasonic techniques have been used for many years to de-
tect the presence of disbonded regions or.delaminations in adhe51vely bonded
systems, it is only recently that these techniques have been applied to the
quantitative determination of the quality of an adhesive bond prior to actual
disbonding. J. L. Rose and his associates at Drexel University have been
working on a S-year program which started in January, 1973, with the objective
of developing ultrasonic procedures for.a~quantitative determination of
adhesive bond strength. (82) Most of the work has‘been directed at predict-
ing the failure load of aluminum-aluminum step-lap joints, although the work
is to be extended to metal- to—composite structures. Hathematical models
were developed to allow a study of the basic ultrasonic wave.interaction
mechanisms with an adhesive bond.®3) The models studied were identified
as the reference. bond model, the material,property gradient model, the
surface preparation model, and the combined property gradient and surface
preparation model. The reference bond model considers the adhesiye layer
as a homogeneous, isotropic layer with isotropic substrate layers on either
side. The material property gradient model is based upon the expectation

that chemical migration, gas entrapment, and cure variation problems will
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cause a variation of mechanical properties across the thickness of the
adhesive. This variation would then affect Ehe transmission- and reflection
of ultrasonic waves through the adhesive. To make calculations, the adhesive

was artificially subdivided into up to five layers having different acoustic

- properties. The surface preparation model is based on the expectation that

surface contaminants may result in microscopic points of nonbonding uniformly
distributed over the adhesive-substrate interface. This model then assumes
that the interface consists of many points of contact separated by microscopic
voids. The use of computer programs was necessary to obtain quantitative
results. The results showed that variations in ultrasonic reflections may

be small and that a careful signal analysis is necessary to avoid overlook-

ing these small variations.

(4) Thermal Analytical Technigques. Thermal analysis involves the use

of a family of techniques by which the response of some material property is
studied as a function of temperature. The most widely used techniques in-
clude differential thermal analysis (DTA), differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), and thermomechanical analysis (TMA).
Other techniques in this family may include dynamic mechanical analysis (DMA),
torsional braid analysis (TBA), thermooptical analysis (TOA), thermoacoustical
analysis (TAA), electrical thermal analysis (ETA), thermometric titrimetfy,
and thermal evolution analysis (TEAj.

All thermal analysis teéhniques have four main components: (1) a
transducer to measure the response of the material,; (2) a'prpgrammer which
controls the heating and cooling rates of the materiél, (3) an amplifier
which conditions the transducer signal, and (4) a recorder which yields a
permanent record of the transducer response as a function of temperature.
Various temperature scanning rates may be used and, depending upon what
effects are being looked for, total running time may vary from about 10

minutes to 2 hours or so.
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(i) Differential Thermal Analysis (DTA). 1In differential thermal
analysis, the temperature of a sample and a thermally inert reference mate-
rial are measured_as a function of temperature. The quantity which is recorded
is the temperature difference. Here the transducers are thermocouples, which
are individually placed directly within the~vsample and the reference material.
The sample and reference are placed in identical chambers in a block, the
temperature of which is automatically controlled. As the block is heated,
any transition which the sample undergoes will be accompanied by either
liberation or absorption of heat, with a corresponding increase or decrease
in the sample temperature with respect to the reference material. A record
of this temperature difference (AT) as a function of programmed temperature
(usually the sample temperature) gives information about the temperatures
at which transitions occur and whether the transition is exothermic or endo-
thermic. The area under the AT curve gives a rough indication of the amount
of heat transferred in or out of the sample, but is not generally used for
quantitative purposes. (85) _

Since the thermocouples are embedded directly within the sample,

DTA provides the highest thermomeﬁriC'accuracy of any of‘the thermal analysis
techniques, and thus can be used to study small changes in transition tempera-
tures which may be associated with other physical properties. Sensitivities

of approximately 0.002 C are common for AT. However, this precision may not

be realized in practice in measuring absolute temperatures of thermal events.
Thermograms resulting from DTA runs generally show a number of peaks (associ-
ated with first-order transitions such as the melting point) and baseline
shifts (associated with second-order.transitions, such as the glass transi-
tion). Furthermore, there is inevitable rounding of the peaks and shifts

so that various extrapolation techniques must .be used to obtain transition
temperatures. The shape of the DTA curve is influenced by two general types

of variables: instrumental factors and sample characteristics. (86) Instru-
mental factors include furnace atmosphere, furnace size and shape, sample-
holder material, sample-holder geométry, wire and bead size of thermoco&ple
junction, heating rate, speed and response of recording instrument,Aand\
thermocouple location in sample. Sample characteristics include particlL

size,‘thermal conductivity, heat capacity, packing density, swelling or
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shrinkage of sample, . amount of sample, effect of diluent, and degree of
crystallinity. It is thus imperative that as many as possible of these
factors be held constant when searching for small changes in transition
temperatures. It should also be noted that the act of scanning a sample
through a certain temperature range may lead to irreversible effects, such
as those due to thermal degradation. In fact? a common practice is to
erase a éample's previous history by performing one scan and then another.
Such a procedure must be used with caution in degradation studies in order
to avoid confusion between service degradation and changes induced by the
actual measurement.

The use of thermal analysis in the determination of transition

temperatures of polymers is covered by ASTM Designation D3418-75. Resﬁlts

of an interlaboratory round-robin showed that-duplicate determihatidns of -

first and second-order transition temperatures on two specimens of the same
sample by the same analyst should not differ by more than 1.5 C and 2.5 C,
respectively. Similarly, duplicate determinations of first and second-order
transition temperatures on specimens of the same sample analyzed in different
laboratories should not differ by more than 2.0 C and 4.0 C, respectively.

" DTA instruments are produced by a number of companies(87), with
Du Pont and Perkin-Elmer being perhaps the better known ones. Many of
these instrﬁments afe modular in design, with one basic programmer and
recorder being used with separate modules for DTA, DSC, TGA, etc.

Numerous applications of DTA to polymers have been reported in

the literature. (88) From the viewpoint of this study, the most important
application appears to be the determination of shifts in the glass transi-
tion temperature. One examﬁle of this use is the study of the curing and
thermal degradation of thermosetting resins by monitoring Tg.(89) In this
study, changes of ovgr'80 C in Tg were noted. Another potential use may be -
for determining the degree of crystallinity through measurements of the

melting boint.(ss)
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(i1) Differential Scanning Calorimetry (DSC). Differential
scanning calorime&ry is somewhat similar to DTA. Howevef, bSC 1s more
quantitative thén DTA in regard to measurement.of quantities of heat,
i.e., DSC has a higher calorimetric accuracy than DTA. The dependent
variable on the output curve of a DSC is proportional to the difference
in rates of heat transfer between the sample and the reference material.
The two factors which are necessary to the generation of quéntitative
energy data are (1) a controlled heat path into the sample and reference
materials and (2) location of the temperature sensors external to the
sample.

Two approaches to these requirements appear to. have been taken.
In a Perkin-Elmer DSC apparatus, the sample and reference material are
provided with both separate temperature sensors-and heaters. As the
temperature is scanned, the sample and reference temperatures are con-
tinuously maintained at the same level by adjusting the power which is
supplied to them. The differeqtial power input is'then recorded as the
ordinate on the output chart. (90) 1In a Du Pont ﬁSC appératps, a thermo-
electric disk of closély controlled dimension and configﬁration acts as
the major path of heat flow into the sample and reference.‘.The disk pro-~-
vides one leg of a thermojunction while the other leg is made by attaching
thermocouple wires to the disk. Then, under operating conditions, the
differential of heat flow into the sample and reference materials is pro-
portional to the differential temperature.(BS)

Calorimetric sensitivities as low as 3 ucal/sec have been feported
(for DuPont Model 910).(91)

One primary use of DSC is the measurement of heats of transi-
tion at first-order transitions. An example of this is the heat of fusion;
also, the degree of crystallinity may be correlated with the heat of fusion.
The DSC may also be used to determine specific heats and heat effects associ-
ated with material decomposition, polymerization, and curing of thermosetting

resins.
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(iii) Thermogravimetric Analysis (TGA). Thermogravimetric
analysis is a technique whereby the change in weight of a sample can be
measured as a function of temperature.(gz) Many of the commercial instru-
ments use Cahn electrobalances. These are null-type balances, in which
.beam displacements caused by weight changes are detected with a light
beam-shutter-photocell arrangement.(87) Changes in sample weight cause
the beam to deflect momentarily. This motion produces a change in the
phototube current which is amplified and fed to the coil attached to the
beam. The change in coil current while in the field of the magnet produces
a torque on the beam wich restores it to its original position. The coil
current thus serves as an indicator of weight change. The Cahn RG electro-
balance has a capacity of 2.5.g and a sensitivity of 0.1 uyg. A number of
companies, including Perkin-Elmer, make TGA's based on Cahn-type thermo-
balances.

DuPont makes a somewhat different TGA, in that a horizontal
configuration, used to avoid buoyancy and aerodynamic effects, permits
axial flushing of the furnace tube with various gases. Ihis instrument
has a capacity of 1 gram and a sensitivity of about 1 ug. The temperature
range is room temperature to 1200 C, and the pressure range is 1 torr to
1 atmosphere pressure. Precision and accuracy of weight measurements are-
0.4 and 1.0 percent of full scale, respectively. Depending upon the sample
size, as little as 0.5 percent of the sample weight may be displayed full
scale. '

As with DTA, many factors can influence the shape of a TGA curve.(86)
Instrumental factors which are important are furnace heating rate, recording
or chart speed, furnace atmosphere, geometry of sample holder and furnace,
sensitivity of recording mechanism, and composition of sample container.
Important sample characteristics'are amount of sample, solubility of evolved
gases in sample, particle size, heat of reaction, sample packing, nature of
the sample, and thermal conductivity. These factors must be considered when
attempting to look for small changes in weight associated with degradation.

The method is necessarily destructive of the sample.
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TGA should be useful in degradation studies in determining changes
in amounts. of additives. such as plasticizers and UV stabilizers. The effluent
from the gas purge may be further analyzed by gas chromatography, mass spec-

trometry, etc.

(iv) Thermomechanical Analysis (TMA).  Thermomechanical analysis
is one of the newest of the thermal analysis téchniques. The transducer in
the TMA is a linear variable differential transformer that detects linear
movement of a probe in contact with tﬁe sample. Various types of probés may
be used for detecting different thermomechanical properties as the sample's
temperature 1is scanned.(ss)

In the expansion mode, changes  in sample length are measured
directly. The slope of the resuiting curve is the coefficient of thermal
expansion. The glass transition temperature may be observed by the change
in slope of the expansion curve,'while the melting temperature can be observed
as a sudden change in dimension. The temperature range of operation is.-l60 c
to 1200 C. The maximum sensitivity is 50 uiﬁ. of probe deflection per inch
of chért paper. Linearity is *1/2 percent up to *0.05-inch total displacé-
ment. Various size samples up to 0.375 inch in diameter may be used.

With other probe configurations, the TMA may be used to obtain‘
softening temperatures, tensile modulus, compression modulus, shrink temﬁera—
tures, viscosity, and stress relaxation.

With regard to degradation studies, TMA should be useful in
détecting changeé in glass transition temperatures, as well as in providing

quantitative data on changes in coefficient of the thermal expansion.

(5) Summary—Thermal and Mechanical Measurement Techniques.

® Since the properties of polymers are in some cases very
sensitive to the glass transition temperature, it is
recommended that this property be measured by a suitable
means. The:simplest and most rapid:methods for measuring
T, appear to be differential thermal analysis and differ-
ential scanning calorimetry. In\the absence of specific
information regarding the accuracies of these two tech-
niques with regard to measurement of Ty, DSC measurements
are recommended since the resulting thermograms can be
interpreted quantitatively. N
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) An alternative method for obtaining T is dynamic mechani-
cal measurements. -In addition to providing a measure of
g’ this family of techniques yields potentially valuable
“ifformation on the mechanical behavior of the materials.
If these measurements are undertaken, the measurements
by DTA or DSC will probably be unnecessary. Dynamic
mechanical measurements would thus be recommended over
DTA or DSC. Since temperature is a more important. vari-
able than frequency for dynamic mechanical measurements,
any of the previously described techniques may be used,
depending upon availability and ease of measurement.

- (e) Other l"hySical Property Measurement
Techniques for Polymeric Materials

.(1) Infrared Thermovision. Infrared thermovision is a name

applied to several commercial instruments which are used for detecting
temperatures or temperature differences by measuring the infrared thermal
radiation emitted by objects. Radiation emitted by an object is collected
by a lens system and the object of study is scanned by a system of prisms.
The radiation is then focused onto an infrared detector, the voltage output
of which 1s sent to a television-type display unit. The display may be
either black and white, in which the lighter areas represent higher tempera-
tures, or colored in which different colors represent different temperatures.
Thermovision systems have been used to monitor and test solar

photovoltaic cell systems under various ‘stress applications (93,94)

(2) Profilometry.- The stylus profilometer has been a major

engineering tool for measuring surface topography and surface roughness

for many years. The instrument consists basically of a diamond stylus’

that moves horizontally relative to the surface of the test sample. The
vertical displacements of the stylus are detected and converted to analog
or digital signals that can be recorded on strip charts or displayed on
appropriate-meters. In. some cases, the sample is moved and the sensing
head is stationary, while in others, the stylus is moved across a stationary
samplet The technique displays an accuracy comparable to that of the X—ray
and optical interference techniques used in the measurement.of film_thick-

nesses and profiles.(95) Vertical resolution for standard stylus-type
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measurements is limited to about 20 X by the electrical and mechanical noise
associated with the meaSufing instrument. The horizontal resolution depends
on the contour of the stylus tip, although it is not limited to lateral
geometries larger than the stylus-tip diameter. Reference (95) gives an
excellent exampie of a high-resolutionbprofile in a series. of strips 3.5 um
wide and 450 X thick made by using a 0.0005-inch (%13 um)-radius stylus.

.The combining or direct interfacing of profilometers.with digital
computers over the bast few years(96’97) has had a major impact on the
accuracy and effectiveness of the technique. The ﬁse of the computer
greatly simplifies the task of analyzing and evaluating the data to deter-
mine average and rms surface roughness and eliminates the element of indi-
vidual interpretation present in the graphical analysis techniques previously
used. In addition, computer processing of the data can include elimination
of the contributions of electrical noise and instrument drift. Limif_sensi—
tivities of the order of 5 X (signal/noise = 1) are reported for configura-
tions of this type.

In selecting instruments for characterizing the surfaces of
plastic materials, and particularly degradative changes of these surfaces
associated with abrasive or chemical attack, it should be kept in mind that
it will probably be desirable to look at those surfaces at several different
levels of magnification. Certain types of chemical attack (e.g., cértain
leaching or etching reactions) may result in a high density of relétively
small pits or defects that might appropriately be evaluated by.SEM studies.
Other types of chemical and abrasive attack could have a more gross effect
on surface roughness which might, for example, ultimately result in increas-
ing the dirt accumulation rate. Some of these types of effects might be
studied, pérticularly where quantitative assessments over large areas are
desired, by profilometry. Profilometry provides a quantitative measure of
surface roﬁghness in its range of sensitivity, and evaluation of the data,
especially when coupled with a computer, is reasonably straightforward.

It should also be pointed out that it is not essential that the computer
interface directly with the profilometer. The data can be recorded in
digital form (e.g., on tape) at the measurement site and transported to

the computer for processing in cases where no on-site computer is available.
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In view of the sensitivity and accuracy of present day surface
proflling instruments, and partlcularly considering the quantitatlve nature
of the 1nfprmatiop it supplies, it is felt that profilometry can be a useful
tool invdegradation and life-testing studies, particularly in environmental
situations where abrasive or other forms of relatively gfoss attack are

potentially significant factors.

(3) . Photoacoustic Spectroscopy. Photoacoustic spectroscopy (PAS)

is a technique which has only recently found application in the study of
solids, although its origin can be traced to early studies of the '"opto-
acoustic effect" in gases by Alexander Graham Bell and others in the 1880'5.(98)
The technique consists of illuminating a sample with a modulated, high-
intensity, monochromatic.light beam (UV-visible-near IR) while it is enclosed
in a sealed, small-volume cell which also contains a sensitive microphone.
The incident light is absorbed by the sample, resulting in the excitation of
electrons to higher energy states. These electrons then decay back to the
lower energy states through primarily nonradiétive processes, thereby creat-
iné a periodically varying (due to the modulation) heat distribution in the
vicinity of the point of absorption. This heat diffuses to the sufface of
the sample where it creates periodic pressure waves in the gas-boundary
layer. These are propagated through the bulk of the gas to drive the micro-
phone and produce the output signal. Both the amplitude aﬁd the phase of
the signal contribute useful information. These signal properties depend
upon a number of factors, including the optical absérption and thermél dif-
fusion properties of the sample, the modulation or chopping frequency, and
the cell/sample geometry. The basic instrument consisps of a light source
with either an electrical or a mechanical modulation capability, a mono-~
chromater, the sealed sample cell, and suitable electronics for determining
and displaying the amplitude and phase of the output.(99,100) The cell is
basically a sealed unit with a transparent window for light admittance. con-
taining some means of sample support and a sénsing microphone. The physical
dimensions of the cell and tﬁe therhél properties of. the . gas aré important

factors in .determining the. sensitivity of the photoééqustic_spectrometer.(101)




59

PAS can be used to study both thé'opticgl absorption properties
and the thermal diffusivity/thermal conductivity properﬁies of a material.
A principal advaﬁtage of the technique is its ability to obtain spectra
directly from various types of solids such as crystals, powders, gels, and
other forms and types of materials where scattered light or opaqueness
might present a significant problem for more conventional spectroscopies.
The technique has been used advantageously in studies of biological mate-
rials (PA-Z), organometallic compounds(loz), and nonradiative processes
in luminescent solidé(;03), and in the separate determination of bulk- and
surface-absorption coefficients in &eakly absorbing materials(104),

In the study of. the degradation of plastic materials for solar
thermal collect6r<épplications, PAS offers several potential advantages -
as a laboratory tool.

® PAS providés.detailed information on chahges in both the
optical and thermal properties of materials. .

o PAS has the capability of measuring changes in bulk optical
properties in cases where unrelated degradation of surface
properties (e.g., abrasive attack) might make characteri-
zation by more conventional techniques extremely difficult.

e With PAS, by varying the region in which the photon energy
is deposited (i.e., by varying the wavelength of the inci-
dent radiation), it may be possible to obtain information
that allows discrimination between several degradation
modes/mechanisms occurring simultaneously.

e With PAS, with proper choice of photon wavelength and
modulation frequency, changes in the properties of bonds
at material interfaces might be detected, thereby pro-
viding a means of predicting delamination. (102)

" (4) Water Vapor and Gas Permeability. The permeability of

materials used in plastic solar thermal collector systems to gases and

"water vapor is of interest in degradation studies from two points of view.

On the one hand, it controls the level of exposure of those elements of the
collector that are vulnerable to attack by water vapor, oxygen, and other

corrosive agents; hence, increases in permeability to these agents could be
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precursive of increased rates of attack by theﬁ. On the other hand, changes
in the permeability of polymers are generally the result of structural, mor-
phological, and chemical changes that could lead to failure because of non-
corrosive effects such as embrittlement, weakening of bonds, etc, in which
case, the permeability is a potential diagnostic tool for detecting and
measuring such changes. The permeability (P) of a material to a gas or
vapor is the.product of the solubility (S) of the gas or vapor in the
barrier matérial and its diffusivity (D) in and through the material:
P = S:D. This quantity (P) can be directly measured- and is normally ex-
pressed as the rate of transfer of the penetrant (e.g., cm3/sec) per unit
area, per unit pressure differential, and per unit thickness of the barrier
material. The diffusivity is.basically related to the physical limitations
of diffdsion, such as the size and shape of the penetrant molecule and the
size and shape of the spaces or passages in the solid material through which
the molecule must pass. The-soiubility is influenced by interactions between
the penetrant molecule and the surrounding medium due to molecular forces
such as those associated with the degree of the molecule's polarity and the
medium. There are a number of ways to determine S and D from permeability
data when that is desired. 1In some cases, independent data on solubility
can be obtained without great difficulty (e.g., from immersion tests in
the case of water vapor), thereby permitting calculation of-D. 'This approach
can, however, be difficult for species exhibiting low solubility. Alterna-
tively, diffusion coefficients and diffusivities can be deduced from studies
of the kinetics of sorption and transmission processes in the transient
(nonequilibrium) stage.(los)

Permeability measurements are generally made by impressing a
pressure or partial pressure gradient of the gas or vapor across a sheet
of the material and measuring the rate at which it is transmitted to the
low pressure side. The means of measuring the transmission rate varies
with the pene;ranf Spgcies and the level of sensitivity desired. 1In the
ASTM methods (E-96-66 and C355-64) for measuring water-vapor transmission,
the film materials are sealed over a dish or container in which desiccant

(or water) has been placed. The change in weight due to the aborption
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(or escape) of water is measured to determine the .transmission rate. Some
of the more advanced systems use IR detection systems to measure water vapor
and carbon dioxide transmission rates(loe), and one manufacturer uses a.
"coulometric" fuel:cell-type detector to measure oxygen transmission rates(l°7).
These techniques offer advantages in speed and sensitivity.

The permeabilify of polymeric films to water vapor, carbon dioxide,
and oxygen has been of concern to the packaging industry for many years and
considerable information has been developed and published in this afea. The
importance of water vapor perﬁeability in photovoltaic module construction:
materials was recognized.early in the terrestrial photovoltaic module devel-
opment program, and studies of this property for a number of candidate mate-
rials have been conducted. (108) ‘ ‘ ;

The potential of permeability as a diagnostic tool for studying
changes in polymers has been indicated recently reported studies by Professor

(109) .

C. Rogers of Case Western Reserve University. His investigations of

the effect of UV exposure on the permeability‘of polymers to water vapor and -
nitrogen have shown clear correlations between the degree of oxidation
(carbonyl concentration) of the pol&mer, as determined by FTIR measurements,
and changes in the permeability properties. Detailed examinations of ‘the
solubility and diffusivity have permitted deductions céncerring the nature

of some of the changes occurring (i.e., structural densification, increases
in polarity). The potential applicability of permeability meaéurements és

a laboratory technique for studying degradation associated with structural
and chemical changes in polymers is apparent from these studies. One might
ultiﬁately envision a diagnostic test in which the ﬁermeabilities of a series
of liquids, gases or vapors of various molecular size and polar character-

istics are used to characterize degradative ' change: in polymers.(llo)»
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(5)  Summary-Other Physical Property Measurement Teéhniques
for Polymeric Materials :

Profilometry, when combined with computer processing of the
data, could be a powerful tool for quantitative assessment
of changes in surface roughness over large areas) such as
that which might occur due to abrasive attack of polymeric
top surfaces of thermal solar collector systems.

Photoacoustic spectroscopy (PAS) offers some potentially
unique capabilities in studying optical, thermal, and
possibly bonding characteristics of polymers.

Permeability measurements of polymeric materials are
important for establishing their barrier properties
against potential corrosive agents; however, these mea-
surements.could also be useful in diagnosing chemical
and structural changes associated with degradation modes
that are not related to corrosion. '
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(f) Outdoor Exposure (Natural Weathering) Techniques

Outdoor weathering is used for service life and durability test-
ing because of the difficulty in simulating environmental conditions, par-
ticularif‘suﬁiight, in laboratory tests. The National Bureau of Standards
maintains outdoor exposure sites at seven locations: Alaska, Washington,
Nevada, New Jersey, Maryiand,Aand Puerto Rico, but there are also commercial
exposure -stations in southern Florida (Subtropical environment) and in New
Mexico and Arizona (desert environmehf).(;ll) B ‘

It is difficult to correlate outdoor weathering test results
between various exﬁosure sites because‘of-the variation in élimétié con-
ditions and the‘;ack of sufficient measurements of important environmental
parameters. Anothernméjbr broblem with_ou;door exposure meﬁhqu is the
time required to obtain test results. Several years of exposure are often
required to achieve detectable changes in properties. It is not always
practicable or economically feasible to wait for lengthy tests except for
long-range research purposes.

In natural weathering tests used for end-use service testing, the
samples are usually mounted at a 45-degree angle facing south (ASTM D1435).(112)
A suitable property is then measured periodically to determine material changes.
This technique hés many limitations. First, it is unreasonable to test a
material expected to last-20 years in this manner. Second, samples have
often been mechanically unstressed during the test while they may .be stressed
‘in use. Third, the mounting angle affects the results since a 45-degree
angle will not always receive the maximum solar energy. The 45-degree angle
also fixes the moisture runoff condition. These conditions may or may not
duplicate use conditions. However, the most serious limitation in many
natural'weathering tests has been that the weater parameters influencing
the samples' deterioration have not always been recorded. For example, the
UV~-radiation inteﬁsity.imﬁinging on a test sample (which is the most impor-
tant single parameter) the sample temperature, thermal fluctuations and
gradients, and the dura;iop of moisture on the sample are often not measured.

Also, airborne chemical pollutants have usually been ignored in data analyses
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because atmospheric pollution data are often lumped into a single quantity
(1.e., air-quality index) which does not delineate between specific chemical
pollutants. ‘ S

There are still further limitations to the natural weathering tests.
In tests lasting 2 years or less, the time of the year at which the test
begins strongly affects both the results and the analysis.(ll3) A sample
tested for 18 months may encompass one summer or two. A sample enduring
two summers has undergone a much more severe test than the sample tested
through one summer. The physical property tested is sensitive to the type
of degradation that has occurred. Surface-oxidized samples, for example,
may exhibit little loss in tensile strength, yet show a much more brittle
behavior and a reduced elongation prior to failure.(114,115) The appropri-
ate.property for measurément is one that is sensitive to, but also indicative
of,‘the end use of the material. Solar collector materials that retain
their tensile strength yet'lose their transparency are obviously failures.
Ideally, the property should be tested by a nondestructive technique to
eliminate the large number of samples needed to reduce sample-to-sample
variation and still permit testing at various times. Finally, outdoor
wéather tests are valid only in the area in which the tests are conducted.
Reference (116) discusses how different failure mechanisms occur in outdoor
weathering in the Panama Canal Zone, a small geographical area compared
" with the continental United States.’-

Many of the above limitations can be easily overcome. Mounting
the samples equatorially so' that they always reﬁeive‘the maximum amount of
radiation eliminates the mounting-angle dilemma. Although such mounting
is not always consistent with end-use exposure, it maximizes the degradation
rate and enables the results to be corrélated with UV-tadiation intensity.
. UV-radiation intensity impinginé'on"the samples must be recorded. Such d'*
méasurement provides a better exposure parameter than days, sun hoﬁrs, or
total solar radiation. UV radiation includes both direct solar radiation
and scattered skylight.  If the samples are to be mechanically stressed in
use, they can be stressed in the weathering test. The level of stress
applied to the test sample should be the same as that in the'prototype,

thus avoiding a change in the failure mechanism.
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Sample temperature, thermal gradients, and thermal fluctuations
should also be recorded, as should humidity and the duration of surface
moisture on a sample. Duration of surface moisture is more important than
total rainfall. A heavy reinfall during the night that drains off the
sample by morning will have much less effect on the degradation of a polymer
than dew that remains and is exposed to sunlight. Airborne pollutants will
also have to be monitored.

Oxygen level, while quite constant at a specific locale, does vary
with altitude. For that reason, the barometric pressure should be recorded
at each testing locale. ‘ '

, As mentioned previously, sample testing ideally should be nonde-
structive. Measuring changes in IR reflectance, UV-absorptance, gloss,
light transmission, ﬁSR, and.chemiluminescence, as discussed later, enable
chemical change3>in the sample‘to be monitored. .Attempts can then be made
to relate these changeS'to the macroscopic oroperty of interest.

' Unfortunately, the above procedures do not ‘remove the limitations
of geographical differences, nor do they abbreviate the testing time span.
Equator1a1 mounting of the samples with focused mirrors (de51gnated EMMA
Equatorial Mount with Mirrors for Acceleration, by Desert Sunshine Exposure
Tests, Inc. ) has been utilized to accelerate degradation by concentrating
the solar radiation on the sample by a factor of eight. There has not been
a simultar. . -~ight-fold increase in degradation rate, however. Correlation
is lacking tﬁ-. s¢ UV intensity does not have a simple multiplicative effect
on degradation. Various degradation reactions occur, often 51multaneously,
often competitively, and sometimes alternately. With several reactions
possible, increasing only one parameter will‘not increase the overall degra-
dation rate prooortionately. Even more serious 1is the fact,that the prime
degradation mechanism may change. Schafer shows how the degradation mecha-

nism of PVC changes when UV intensity is increased above a certain level. (117)
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A summary of outdoor aging methods in ASTM Standards appears in
Tables 2 and 3:

Table 2. Outdoor Weathering Methods in ASTM Standards (1971)

Table 3. Summary of Exposure Conditions and Procedures 1n
ASTM Standards for Outdoor Weathering (1971)
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TABLE 2. OUTDOOR WEATHERING METHODS IN ASTM STANDARDS (1971)

{Test Number (ASTM Part Number) (Materials for
Possible Use in Solar Thermal Collector Systems)] .

c-48§ Q14) (fipishes'fér thermal 1qsulatioﬁ)
D-518 (28) (soft rubbe;)
D-904 (16) (adhesives)

Adhesive-bonded joints and structures: D-1828 (16), D-2918 (16),
. D-2919 (16)

Nonmetallic materials: G-7 (30)

Organic coatings: C-488 (14), D-1006 (21), D-1014 (21), D-1641 (21),
D-1654 (21), D-2830 (20,21), G-11 (21,30)

on metal: D-1014 (21), D-1654 (21), G-11 (21,30)
on pipelines: G-11 (21,30)

on thermal insulation: C-488 (14)

on wood:' D-1006 (21), D-2830 (20,21)
Varnishes: D-1654 (21)
Plastics: D—1_435 27) |
Rubber: D-5187(28)

Various materials: G-24 (24,30)

Atmospheres, Definitions

c-62

Cc-216 Areas in the United States defined by Weathering Index
Areas in the United States defined and indicated in a map
according to Weathering Index, which is, for any locality,
the product of average annual number of freezing cycle days
and average annual winter rainfall in inches. Areas in the
map include those with

Severe index, over 500

Moderate index, 100-500

Negligible, less than'100
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TABLE 2. (Continued)

D-1435 As defined by National Oceanic and Atmospheric Adminis-
tration (NOAA), and shall include

Sunlight energy data, if available, as integrated
in¢ident expressed in langleys (g-cal/cmg)

Deseription of climaté and summary of data at site
from NOAA

Rainfall
Percentage of possible sunshine
Temperature average and extremes

_Humidity average and extremes

D-1828 Rural-pure (ASTM site: State College, Pennsylvania)
Industrial-sul furous gases present (Pittsburgh, PA)

Marine-seacoast where chlorides are deposited on specimens
(Kure Beach, North Carolina)

Tropical or southern Florida under conditions of heat and
- high humidity (Freeport, Texas) oo

and -shall include
Average monthly relative humidicy

. Average ﬁonthly temperature’
Total monthl; rainfall
Average dailly solar radiation, if available
Total solar radiation on specimens,-if available
Air pollution data, if available

References to instrumentation which meets NOAA requirements

G-7 Tropical or subtropical, inland
Tropical or subtfoficai; saltracmosphere
Temperature, inland
Temperature, salt atmosphere
Desert
Arctic or subarctic
:Industrial,-low pH
Industrial, high pH

502, or O3

Industrial, NO,,
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TABLE 2. (Continued)

¢~7 (continued)
Daily maximum, minimum, mean temperatures
Daily ‘hours of fain and dew (wetness)
‘Daily total inches of rainfall
Daily irradiation: total langleys, spectral langley;s (wave-
length band specified), ultraviolet sun-hours (solar

irradiation above an intensity of 0.823 cal/em? min.)

1 langley = 1 g~cal/cm? o 11.62 W/m2 = 41,840 J/m2

G-24 Includes:
Date and location, including approximate latitude

Haxim;n.‘minimm, mean daily air temperatures and relative
- humidity

Humidities

mgsure t!ge

Direct (to all prevailing atmospheric conditions): B=-537, C-488,
p-518, D~1006, D-1014, D-1435, D-1641, D-1828, D-2830, G-11

Window (in cabinet under glass): G-24

Sunlight Exposure Method:' Specimens exposed in glass-covered
cabinet between 9:00 a.m. and 3:00 p.m. (standard time) on
¢clear, sunny days. At all other times, specimens are removed
from the cabinet and stored in a dark and dry storage area
at normal room temperature.

Daylight Exposure Method:  Same as for Sunligﬂt Exposure Method
except that the specimens are left in the exposure cabinet
continuously 24 hrs a day and are removed only for inspection.

Window (under glass, not in cabinet): D~904

Direct or Window: G-7

Positioning and mounting of specimens
C~488 45 degrees from horizontal, facing south

D-518 45 degrees facing south

. D-904 45 degrees facing south

D~1006 Vertically facing both south and north on test fences. 1If
dust collection and mildew resistance are not pertinent,
north vertical exposure may be eliminated.

D-1014 45 degrees facing south
45 degrees facing north

Vertical facing south

Vertical facing north
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TABLE 2. (Continued)

D-1435 45 degrees facing equator '
90 degrees facing equator
Kgrizontal ‘ .
D-1641 45 degrees facing south
D~1828 45 degrees facing south v S S oo
D-2830 90 degrees on test fences as in D-1006
G-7 Most common: 45 degreés from horiz&ntal fécing equator
Ocﬁéfs: ' , »
Vertical facingiSOugh and north
Horizontal “

Angle from horizontal equal to latitude of location
1n degrees, facing equator

Normal service position k
Angle o£V30 degrees from horizontal, facing equafor
. Angle of 5 degrees frqm horizontal, facing equator
G-11  Horizontal

G~-24 Angle from horizontal equal to approximate latitude of
location.in degrees,. facing equator

Rack, fence, exposure cabinet design

Exposure cabinet: G-24

Racks: D-1435, D-1828, G-7, G-11

Test fences, racks: D-1b06:.
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TABLE 3. SUMMARY OF EXPOSURE CONDITIONS AND PROCEDURES IN ASTM

_STANDARDS FOR:OUTDOOR WEATHERING METHODS (1971)

TEST NUMBER (ASTM PART NUMBER) TEST TITLE AND EXPOSURE DETAILS

C-488 (14)

D-518 (28)

D-904 (16)

D-1006 (21)

D-1014 (21)

D-1435 (27)

Standard Method for Conducting Exterior Exposure Tests of
Finiahes for Thermal Insulation

Direct esposure. Specimens mounted 45 degtees from hori—
rontal, facing south.

Standard Method of Test for Surface Ctacking Resistance of .
Stretched Rubber Compounds

Direct exposure. Specimens mounted at 45 degrees facing’
south,

For accelerated weathering method, see Table VI.

Standard Recommended Practice for Determining the Effect
of Artificial (Cawbon-Arc Type) and Natural Light on the
Permanence of Adhesives

Window exposure not in cabinet. Specimens mounted at 45
degrees, facing south, protected with transparent shield
vhich transmits solar radiationm.

Pb? accelerated weathering method, see Table VI,

Recommended Practice for Conducting Exterior Exposure Tests
of Paints on Wood '

Direct exposure. Specimens mounted vertically facing
both south and north on test fences. If dust collection
and mildew resistance are not pertinent, north vertical
exposure may be eliminated. Description of test fences
end racks. : ’

Standard Method of Conducting Exteriot Exposure Tests of
Paints on Steel

Direct exposure.
Specimens may be mounted as follows:

45 degrees facing south
‘45 degrees facing north
Vertical facing south
Vertical facing north

Stan&ard Recommended Practice for Outdoor Weathering of
Plastics

Direct exposure.

Specimens may be mounted as iél;owa:
45 degrees facing equator
90 degrees facing equator ) \
Eorizoﬁtal

Dascriﬁtion of racks.
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" fABLE 3.  (Continued) -

D-2641 (21)

D-1828 (16)

standud Mothod”o! Test for Exterior Durability of Varnishes
niroct expooure. <Specinanl mounted 65'deareel facing louth.

Standard Raconnended Pratice for Atmospheric Bxposure of
Adhesive-aonded Jointe and Structures

'Ditect expoaute. ‘Specimens -mounted 45 degrees facing south

Deacription of racks

D=2830 (20, 21) Standard’ Hethod of Test for Durability and Compatibility of

G-7 (30)

G-11 (21,30)

G-24 (24,30)

" Factory-Primed Wood Products with Representative Finish Coats
Direct exposure. .
90 degrees from horizontal on test fences as in D-1006

Tentative Recommended Practice for Atmospheric Environmental
Exposure xesting of Nonmetallic Materials -

Direct or window exposure.
SPecimens usually mounted 45 degtees to horizontal facing
equator. May also be mounted as follows:

Vertical facing south and north

Hotizontal ’

Angle from horizontal equal to latitude of location
in degrees, facing equator

Normal service position
Angle of 30 degrees from horizontal facing equator
Angle 6f 5 degrees from horizontal, facing equator

De&(iiption of !eehe

Tentative Hethod of Test for Effects of Outdoor Héathering
on Pipeline Coatings . R

Direct exposure

Specimens mounted horizontally

" Description of racks

Standatd'Recommended Practice for Conducting Natural Light
(Sunlight and Daylight) Exposures Under Glass
ﬂindov exposute

Angle from horizontal equal to approximate latitude of
location in degrees, facing equator

Description of exposure cabinet.
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() Laboratory Accelerated Aging Techniques

~ There are many problems associated with lengthy outdoor testing,
and in an attempt to solve these problems, several methods have been devel-
oped to accelerate the aging processes of materials. These methods and
their technical problems are as follows: :
o' ' Laboratory methods must be devised to simulate outdoor
weathering conditions but at the same time naturally

accelerate its effects on materials and components
used in plastic solar thermal collector systems.

@ Climatic factors, types and extent of exposure, which
cause the aging of materials must be measured accurately.

o Both chemical and physdcal mechanisms of aging should
" be accelerated and evaluated.

e The specimen size may play an important factor in
‘accelerated aging as well as in outdoor exposure
testing. The total system as well as individual
materials or components should also be tested in
order to obtain valid results. .

In devising a laboratory method to simulate and still accelerate
the aging processes, it is important to eonsider the effects of acceleration
on the true mechanisms of aging leading to limited serviee life capability.
Even 1if it is possible to accelerate the effects of aging caused by outdoor
exposure loAa laporatory, the mechanism(of both conditions4must(be the same
or have the same relationship between time of ‘exposure and measured change
in physical or chemlcal properties'relating to the service life of the
materials or systems tested. ' 4

Individual effects or stresses of various environmental factors
separately applied to materials do oot always predict the. true service
life of a total system. It is much more desirable to apply combinations
of stresses (ultraviolet radiation, temperature cyclirg, humidity, etc) in
order to approximate actual weathering exposure conditions closely resemb-
ling actual environments in the product to be used. For this reason,
geographical testing locations throughout the United States are utilized
to measure the serviceability of materials and obtain realistic information

on product performance and evaluation.(lls)



A summary of accelerated aging methods in ASTM Standards is pre-
sented in Tables 4 through 6. ﬁ

Table 4. Accelerated Aging and Weathering Methods in ASTM
Standards (1971)

Table 5. Summary of Exposure Conditions: and Procedures in ASTM
Standards for Accelerated Weathering (1971)

Table 6. Criteria for Outdocr. and Accelerated Weathering Methods.

ey “
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TABLE 4. ACCELERATED AGING AND WEATHERING

METHODS IN ASTM STANDARDS (1971)

TEST (ASTM PART NUMBER) (BUILDING MATERIALS SUITABLE
FOR POSSIBLE USE IN SOLAR THERMAL COLLECTOR SYSTEMS)

B-117
B-287
c-481
c-510
c-669

D-518

D-529

D-750
D-756

p-822

D-904

D-1037
p-1101
D-1148
D-1149
D-1151
D-1167
D-1183
D-1499
D-1501
D-1565
D-1654
D-1735
D-1754
D-1870
D-2126
D-2246
D-2247
D-2248

D-2249

(7,21,31).
(7,21,31)
(16)

14)

14)

(28)

(11)

(28)°

@n

(21)

(16)
(16)
(16)
28)
(28)
(16)
(11,21)
(16) |
(21)
@n
(28)
1)
(21)
a1
(27,28)
(28)
(21)
(21)
(21)
(14,21)

- (metals, coafings on metals)

(metals; coatiﬁgs‘;n métals)

(sandwich constructions)

(joint sealants)

(sealants used in back bedding and face glézing)
kéoft rubber)

(bituminous materials)

(vuicanized rubber)

(plastics)

(organic coatingé)

(adhesives) )

(wood~based hardboard, particleboard)

(adhesive joi@és'in‘sc;yciurqlli?gipatéalyood)‘,
(vulcanized rubber)
(vulcaﬂized rubber)
(adheéive bon&é)
(asphalt, emulsion coatings on built-up roofs)
(adheéivgs) , ' '
(plastiés)‘

(blastics)

(Qinyl fqag)

(organic coatings on metal)

(o;ganic coatings)

(asphalt)

(polymers)

(rigid cellular plastics)

(coated metal)

(coated metal)

(organic coAtings)

(sealants used in glazing and bedding)
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TABLE 4. (Continued)

D-2366 (21) (exterior house paints on wpod)-.

0;2645 (26) (propylene plastics)

D-2559 (16) (adnesives)

D=-2563 (27) (plastics)

D~2803 (21) (organic coatings on ;etai)

D-2831 (20,21) (latex paints on masonry and asbestos~cement shingles)
" .p=-2898 (16) (fire-resistant treatment of wood)

D-2918 (16) (adhesive joints)

D~2919 (16) (adhesive joints)

G=-23 (24,27,30) (nonmetallic materials)

G-25 (24,30) . (nonmetallic materials)
G~26 (30) (nonmetallic mAterials)
G-27 (30) ‘ (nonmefallic materials)

Type of Exposure

Light exposure appar#cus

Carbon-arc type: G-25, D-904
Xenon-arc_type:  G-27

Light and water exposure apparatus

Carbon-arc type: C-510, C-669, D-529, D-750, D-822, D-1499,
D~2249, G-23
Xenon-arc type: D~-2565, G-26
Fog chamber: D-1735 ‘

Hunidiry chamber: D-2247
Humidity chamber and cold box =~ cycling: D-2246

Salt-spray cabinets: B-117, B-287, B-368, D~-2803

Various exposure couditions: C-62, C-67, C-88, C-216, C-217, C-481,
C-510, C-666, C-669, C-671, C-682, D-518,
-, D545, D-756, D-1037, D-1101, D-1148,
~ D-1149, D-1151, D-1167, D-1183, D-1501,
'D-1565, D-1654, D-1754, D-1870, D-2126,
D-2248, D-2366, D-2445, D-2559, D-2803,
D-2831, D-2898, D-2918, D-2919
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TABLE 5. SUMMARY .OF EXPOSURE CONDITIONS AND PROCEDURES IN ASTM
STANDARDS FOR ACCELERATED WEATHERING METHODS

TEST NUMBER (ASTM PART NUMBER) TEST TITLE AND EXPOSURE DETAILS

B~117 (7,21,31) Standard Method of Salt Spray (Fog) Testing

(for organic coatings on metal).

Specimens mounted between 15 and 30 degrees from vertical, such

as to permit free settling of fog on surface; preferably parallel

to horizontal flow of fog.

Salt solution: 5 % 1 parts by weight NaCl in 95 parts distilled
water; pH of salt solution shall be 6.5 to 7.2 when atomized
at 35 C (95 F).

Exposure zone of salt chamber at 35 (+1l.1 or -1.7) C.

Period as agreed on. Recommended periods 16, 24, 48, 96,
200, 240, 500, or 720 hours.

B-287 (7,21,31) Standard Method of Acetic Acid -~ Salt Spray (Fog) Testing
(for organic coatings on metal)
Specimens as in B~117
Salt solution: 5%1 parts by weight NaCl in 95 parts distilled
water; pH of solution shall be adjusted with acetic acid to
3.1-3.3 as measured on a sample of the collected spray and
measured at 25 C (77 F).

Temperature of exposure zone and periods of exposure as in B-117.

C-481 (16) Standard Method of Test for Laboratory Aging of Sandwich
Constructions

Description of two aging cycles:
Cycle A:

1. Totally immerse specimen horizontally in water at 49322 C
{12013 F) for 1 hou;.

2. Spray with steam and water vapor at 93:3 C (200%5 F)
for 3 hours.

3. Store at -12:3 C (105 F) for 20 hours,

4., Heat at 99%2 C (2103 F) in dry air for 3 hours.

S. Repeat Step 2.

6. Heat in dry air at 99+2 C (210+30 F) for 18 hours.
Cycle B:

1. Totally immerse specimen horizontally in water at
493 C (120+5 F) for 1 hour.

2. Spray with hot water at 7113 C (160%5 F) for 3 hours.
3. Store at ~40%3 C (-40t3 ) for 20 hours.

4. Heat in dry air at 71%3 C (160t5 F) for 3 hours.

5. Repeat: Step 2. B

6. Heat in dry air at 71*3 C (1605 F) for 18 hours.
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TABLE 5. (Continued)

C-510 (14) Standard Hethod of Test for Staining and Color Change of
One~ or TVO-Part Joint Sealants S

a) Expose forAIOO hours in light and water exposure apparatus,
Type - A, conforming to ASTM G-23. Specimen témperature o
14025 F (603 C). Water temperature 75:4 F (24:2.4 C).

b) Expose other samples at 73.4#20 F (23:1.1 C) and 50+10
percent relative humidity for 14 days. Immerse in dis-
tilled water for 1 minute once a day (5 days per week).

C-669 (14) Standard Specification for Gloziné Compounds for Back
Bedding and Face Glazing of Metal Sash -

Specimens prepared and expooed as in D=2249,

D-518 (28) Standard Method of Test for Surface Cracking Resistance
of Strecched Rubber Compounds

(for soft rubber)

Continuous exposure of rubber test specimens, held under stain,
to weather and sunlight at 45 degrees facing south or to air-
ozone mixtures as in D-1149.

D-529 (11) Recommended Practice for Accelerated Weathering Tes:
of Bituminous Materials

(modification of G—23 with optional cold air exposure in Daily
Cycle B)

Daily Cycle A: .
1. Light only (140:5 F) (603 C) black panel

; temperature for Slimin
5 2. Light with spray (spray water 45%5-F or

! 723 C at nozzle) for 9 min
% Total, 22 periods : 60 min

Daily Cycle B:
- 1. Water spray only (70+5 F) (2123 C) for 1 hr.
2. Light exposure only (140:5 F) (60¢3 C) for  1-1/2 hr
3. WVater spray only (70¢5 F) (2123 C) for 2 hr |
8. Ligof only (1405 F) (60£3 C) for . 16-1/2 hr
5. Cold (refrigerator) (0:10 F) (-1846 C) for _1-3/4 hr
TOTAL 22-3/4 br
D-750 (23) Recommeudod Practice for Ouerating Light- and Water-
Exposure Apparatus (Carbon-Arc Type) for Artificial
Weathering
’=sting uf Rubber Compounds.

(fo . vulcanized tubber) (modification of G-23)

Rubber spécimens exposéd either with or without elongatioh.
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TABLE 5. (Continued)

D-756

D-822

D-904

(27) Standard Methods of Test for Resistance of Plastics to
Accelerated Service Conditions

Seven test procedures which prescribe conditions - for different
tyres of exposure: six cover exposure at gradiated levels of
temperature and extremes of humidity; the seventh covers alter-
nate exposure to high and low temperatures.

Procedure ) Cycle or Exposure
A 24 hrs at 60 C (iAO F), 88 percent relative humidity
24 hrs at 60 C (140 F)- in oven
B 72 hrs at 60 C (140 F) in oven
c 24 hrs at 70 C (158 F), 70-75 percent telative humidity

24 hrs at 70 C (158 F) in oven

D - 24 hrs at 80 C (176 F) over water
24 hrs at 80 C (176 F) in oven

E 24 hrs at 80 C (176 F), 70-75 percent relative humidity
© 24 hrs at =40 C (=40 F) or =57 C (-20.6 F) as specified

24 hrs at 80 C (176 F) in oven
24 hrs at =40 C (=40 F) or 57 C (~70.6 F) as specified

F : 24 hrs at 38 C (100.4 F), 100 percent relative humidity
: - 24 hrs at 60.C (140 F) in oven

G 24 hrs at 49 C (120.2 F), 100 percent relative humidity
24 hrs at 49 C (120.2 F) i{n oven

(21) Recommended Practice for Operating Light- and Water-Exposure
Apparatus (Carbon-Arc Type) for Testing Pain:. Varnish,
Lacquer, and Related Products

"(for organic coatings) (modification of G-23)°

Exposure apparatus, as in G-23, specified in Table 1 for
various panel sizes.

Duration of exposure may be mutually agreed on or may be the
number of hours required to produce a mutually agreed on change
in the test specimens or in-a standard sample.

(16) Standard Recommended Practice for Determining the Effect
of Artificial (Carbon-Arc-Type and Natural Light on the
Permance of Adhesives (see Table II for outdoor exposure).

Specimens exposed to carbon-arc, air femperature 35-50 C, for 10
hours or until significant change 1is observed. Specimens mounted
vertically or at angle not over 30 degrees such that the light
from the arc has a normal incidénce on the specimens.

D-1037 (16) Standard Methods of Evaluating the Properties of Wood-Based

Fiber and Particle Panel Materials

(for wood-based hardboard. particleboard)
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TABLE 5. (Continued)

D-1037 (continued)

Accelerated aging cycle, Sections 118-123:

1. Immerse in water at 12013 F (49:2 C) for . 1hr
2. 'Spréf wiih.stéam and water vapor at 200%5 F

(933 C) for ) 3 nhr

3. Store.at 10:5 F (#1é¢3'c) for . . 20 hr

4, Heat at'210:3 F (99+z c> in dry air for 3 hr

5. nRepeat Step 2 ‘ ' 3hr

" 6. Heat in dry air at 21043 F (99:2 C) for _18 hr

- ' TOTAL 48 hr

D-1101 (16) - Standard Method of Test for Integrity of Glue Joints
in Structural Laminated Wood Products for Exterior Use

1. Impregnate specimens with water in an autoclave by means
of two vacuum-pressure cycles (specimen immersed in water):

1.1 Vacuum applied 20~25 in. (508-635 mm) Hg
for 15 minutes

1.2 Pressure applied -150+5 psi (1034$34 kN/m2)
for 2 hours

Total time, Zlcycles, approximately ....4~1/2 hr

2. Dry in circulating air oven at 80-85 F-(27-29 C), 25-30
percent relative humidi:y. circulation at a rate'of

500450 ££ (150£15 ) /mIN weeevenesiocnnaness 91-1/2 hours
Repeat Steps 1 and 2 for total of ........... 8 days

D-1148 (28) Standard Method of Test for Discoloration of Vulcanized
Rubber: Organic Finish Coated or Light Colored

Exposure to ultraviolet light source:” calibrated sunlamp in
test chamber.

| ] ] D-1149 (28) Standard Method of Test for Accelerated Ozome Cracking
of Vulcanized Rubber

Specimens under tensile strain exposed.to various air-ozone
mixtures in a chamber at various temperatures from ambient
to 70 C (158 F) ’ . :

D-1151 (16) Standard Mecthod of Test for Effect of Moistute and
Temperature on Adhesive Bonds’

Test specimens preconditioned for 70 days at 50:2 percent relative
humidity and 23:1 C (73.421.8 F), ‘then subjected to designated
exposutre conditions as in Table II .for prescribed time, .
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TABLE 5. (Continued)

Standard Test Exposures (n—_usi)

Test prosure Temperature(a) . :
Numbéy deg. C. deg. F. Moisture Conditions
1 -57 -70 ‘a8 conditioned-
. 2 =34 - =30 as conditioned
' 5 -34 -50 preaoaked(b)
4 . 0 32 " as conditioned .
5. 23 1.4 50 percent relative humidity
6 23 ] 73.4 itmersed in water - '
7 . 3§ 4100 288'petcent relntive hnmidity
8 63 C 148 oven, uncontrolled- humidity
,é ‘ 63 T -165 over vater(c)
i9~. 63 145 immetsed in vater
-.ii ;0 iSB_ ' oven. uncontrolled huniditi"-
12 70 l iéél E ovet water(c)
13 82 " 180 - oven, unconttolled humidicy
14 . 82 180 over water(c)
15 100 22 - oven, uncontroiled humidity
16 100 212 innersed.in vater |
17 ) ioﬁ 521 oﬁen.‘unconttolled humidity
18 149 300  -oven, uncontrolled humidity
19 204 400 oven. sncontrolled humidity
20 : iso 500 oven;,nnconttoiied humidity
21 316 600 oven, nnconttoiled humidity

(a) The tolerance for test temperature shall be *1 C 6r 1.8 F up to
82 C or 180 F and :1 percent for temperatures above 82 C or 180 F.

(b) Presoaking shail oonsist of submerging specinens in water and apply-
ing vacuum at 50 cm (20 in.) of mercury until weight equilibrium is
reached.

(c) The relative humidity will ordinatily be 95 to 100 percent.
specimens are tested . ;
(a) under conditions at which they are exposed'

(b) immediately after conditioning,for,é,hrs ‘at 5022
percent relative humidicy and 23:1 C (73.6:1.8 F);

(c) immediately after conditioning:for‘7 days at 50%2
percent . relative humidity and 23:1 C (73.6:1.8 ).
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TABLE 5. (Continued)

D-1183 Standard Methods of Test for Resistance of Adhesives to. Cyclic
Laboratory Aging Conditions.

Cyclic exposure to high and low temperatures, high and low
relative humidicies as defined in table below.

Cycles: Test Procedures
Period _ Temperature - Relative Humidity
Procedure , Name hrs deg. C. deg. F.. ~percent
A Interior 24 23:t1.1  73.452 85 to 90

24 48.5:3 12045 less than 25
72 23:1.1 73.422 "85 to 90
48 48.523 12015 léss than 25

B Interior 4§ 603 14025 less than 25
48 38.542 100£3.5 85 to 90
8 -1842 0+3.5 about 100
64 38.522 100£3.5 85 to 90

c Exterior, 48 7183 16025 less than 10
lend and alr .0 234000 73.422  4zmersed in water
8 -5713 -70t5  about 100
64 38.5:2  10043.5 4bout 100

D Exterior, - - 48  71%3 160+5 less than 10

Marine 48 23:1.1  73.422  immersed in substitute
ocean water

8 =~ =573 -70tS about 100

64 23:1.1 73.4%2  immersed in substitute
: ocean water

D~1499 (27) Standard Recommended Practice for Operating Light- and
Water-Exposure Apparatus (Carbon-Arc Type) for Exposure
" of Plastics (modification of G-23)

Black panel temperature (spray off) -63+5 C (145%9 F) but lower
temperature may be used if specimens are temperature sensitive.
If water spray is not'requited, proceed as in G-25,

D-1501 (27) Standard Recommended Practice for Exposure of Plastics
to Fluorescent Sunlamp

Definition of three exposure conditions for plastics"

Procedure A, Exposure to fluorescent sunlamp at ambient
temperature

Procedure B. Exposure to fluorescent sunlamp in heated air
© " at 50-60 C (131-140 ‘)
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TABLE 5. (Continued)

D-1501

D-1565

D-1654

(27) (continued) .

Procedure C. Exposure to fluorescent seﬁlamp‘at 55-60 C

(131-140 F) with interruptions for exposure

in fug chamber. Cycle as follows:

1. Fog ChHamber..ecaeeecesscnsernsessis 2 hrs

2. Heat and light as in Procedure B... 2 hrs

3. Fog chanber....eeeeseeesscraiocsses 2°hrs

4, Heat and light as in Procedure B...18 hrs ~
Tot8lecessrsseseoncssrnesescrsessse2d hrs
for total of 240 hrs ‘

Turntable and fog chamber recommended: Figures 3,

4, ASTM Recommended Practice D-795 (discontinued)

(28) Standard Specification for Flexible Foams Made from
- Polymers or Copolymers:of Vinyl Chloride

Air oven aging test, sections 22-27: Exposure of specimens in
forced-ventilation oven for 22 hours at 110 C (212 F)

(21) -Standard Method of Evaluation of Painted or Coated
Specimeas Subjected to Corrosive Environments

Scribe the specimen with a special tool vertically, near the
center, penetrating the coating. For flat specimens, begin the
seribe at approximately 1/2 inch from one edge and continue to

. 1/2 inch from the opposite edge.

D-1735

-D=1754

D-1870

Bxpose the specimen as in B-117, B-287, D-1014, or by any other
mathod as mucually agreed.

Treat as in Method A or B:

.Method A: Rinse with a gentle stream of water at 100:10 F
) (38%5 C) and clean with an air blast as prescribed.

Method B: Rinse with a gentle stream of water at 100:10 F
(3825 C) and scrape ‘with a tool as prescribed.
(Zi) Standard Method for Water Fog Testing of Organic Coatings

Specimens 15 degrees from vertical and parallel to horizomtal
flow of fog. Exposure zone of fog chamber 100+2 F unless other-
wise specified. Recommended exposure period intervals of 24
hours to the total of 96, 192 504, or 1008 hours.

(11) Standard Method of Test for Effect of Hea: and Air on
Aaphaltic Materials (Thin~Film 0ven Test)

Heating 1/8 inch film of asphaltic specimen in oven at 163 c
(325 F) for 5 hours.

(27,28) Sstandard Method of Test for Elevated Temperature
" Aging‘Using a Tubular Oven -

(for polymers)

sﬁecimens heated at specifiEd temperatdre in tubular oven and
changes in physical properties measured.
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TABLE 5. (Continued)

D-2126 (26) Standard Method of Test for Resistance of Rigid Cellular
Plastics to Simulated Service Conditions

Specimens conditioned and exposed to one of seven conditions
of temperature and relative humidity:

Temperature " Relative Humidity

Procedure deg. C. deg. F. percent

A 2321 73.4+1.8 50 2

B -2923 =20.245.4 -

c k1333 100.4:1.8 90 - 100

D 760+1 . 140:1.8 90 - 100

E 7021 158+1.8 : -

F 7011 158+1.8 90 - 100

G 1001 212:1.8 . -

D-2246 (21) Standard Method for Testing Finishes on Primed Metallic
Substrates for Resistance to Humidity - Thermal Cycle Cracking

Specimens in rack O to 30 degrees from vertical
Cycle as follows:

1. Humidity cabinet, 100 F (38 C)
100 percent relative humidity....veeeo....24£1/2 hrs

2. Cold box, -10:3 F (2332 €)evevvarecesnsss20£1/2 hrs
3. ROOM tempPerature.ccsssssoscssvsacascascses 411/2 hrs
TOTAL 48 hrs
Run for 15 cycles or as mutually agreed on.

D-2247 (21) Standard Method for Testihg Coated Metal Specimens at
100 Percent Relative Humidity

Specimens placed in humidity chamber in such a way as to permit
condensation on surfacegs. Temperature of saturated air 38:1 C
(10012 F). Test may be used as a continuous humidity test or
as part of a cycle.

D-2248 (21) Standard Method of Test for Detergent Resistance of
Organic Finishes .

(for organic coatings)

Test for resistance to detergent of organic coatings on metal
panels by suspending the specimens vertically and immersing at
least half of the surface area in a standardized detergent )
solution at 74:1 C (1652 F), the solution being replaced every
168 hours, Period of test not prescribed. - -
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TABLE 5. (Continued)

D-2249 (14,21) Standard Meihod of Predicting the Effect of Weathering
on Face Glazing and Bedding Compounds on Metal Sash

(for sealants used in glazing and bedding) (modification of G-23)

Specimens knifed and pressed into a special aluminum and glass
a3sembly to simulate face glazing and bedding.

_One of the Units of Type D through G of G-23 used for eiposute,
with addition of 102-18 cycling cam and black panel thermometer
accessories.

Specimens exposed verficaliy with surface of sealant facing
light source, at black panel temperature of 60+3 C (1405 F),
with 102-18 cycling cam.

Specimens examined after each 100-hour exposure to a maximum of
300 hours.

D-2366 (21) Standard Method for Accelerated Testing of Moisture Blister
‘Resistance of Exterior House Paints on Wood

Expoee:specimens in a blister box or cabinet containing water at
a specified temperature; air temperature 100:2 F (38:1 C), 95-100
percent relative humidity. Exterior air temperature 772 F

(25t1 C); relative humidity 50*5 percent.

D-2445 (26) Standard Method of Test for Thermal Oxidation Stability
of Propylene Plastics

Exposure time detefmiﬁed for pellets of plastic to become
embrittled in an oxygen atmosphere at 150 C (302 F)

D—2$59 (16) Standatd Specification for Adhesives for Structural Laminated
Wood Products for Use Under Exterior (Wet Use)

Exposure Conditions
Section 13:
Test for resistance to delamination during accelerated exposure:

1, Impregnafe specimens with water in an autoclave by means
of two vacuum-pressure cycles (specimen immersed in water)

1.1 Vacuum of at least 635 mm (25 in) Hg applied
for S min.

1.2 Preasure of 5.27:0.141 kg/cm? (752 psi)
applied for 1 hour.

Total time, 2 cycles, approximately.........2-1/6 hrs

2. Dry in an oven at 65t2 C (150%3.6 F),
relative humidity 15 percent or less, for........21-22 hrs

3. Subject specimens to steam at 100 C (212 F) for..1-1/2 hrs

4, Add water, apply a pressure of 5.27:0. 141
kg/em? (75:2 psi) for 40 min.

Repeat Steps 1 and 2; total test period..cc..se... 3 days
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TABLE 5. (Continued)

D-2565

(27) Standard Recommended Practice for Operating Xenon-Arc Type
(Water-Cooled) Light and Water-Exposure Apparatus for
Exposure of Plastics . ' ‘

(modification of G-26)

Water-cooled xenon~-arc, Types A, AH, B, BH in G-26

. Details on lamps, filters, operating procedures for equipment

D-2803

D~-2831

but otherwise not on exposure conditions.-

(21) Standard Method of Test for Filiform Corrosion Resistance
of Organic Coatings on Metal

(Filiform corrosion is a special type which occurs under coatings
on metal and is characterized by a threadlike structure and
direction growth. This usually occurs between 21 and 35 C

(70-95 F) and 60 to 95 percent relative humidity.)

Test procedure:

1. Scribé specimens as mutually agreed on. Recommended
procedure: D-1654.

2. Expose specimens in a salt-spray cabinet as in B-117
for at least 4 hours but not more than 24 hours.

3. Remove sbécimens from the cabinet and rinse thoroughly
with distilled or demineralized water. -

4. Place the wet specimen in a humidity cabinet at 25:1.7 C
(7743 F) and 85+2.percent relative humidity unless
otherwise specified.

5. Inspect the specimens at intervals of approximately 168 hrs.

The normal test period 1s 6 weeks (1008 hours) but other
periods may be used as mutually agreed.

(20,21) Standard Method of Test for Evaluating the Ability of
a Latex Paint to Resist Efflorescence from the Substrate,
Parts 20, 21.

Prepare test specimens from asbestos cement shingle blanks and
latex paint as prescribed. :

Test procedure:

1. Fill container with tap water so that the water level is
1 to 1-1/2 inch (2.5-3.5 cm) below the surface of the
panels when in place.

2. Regulate temperature of water to 40:3 'C (10425 F).

3. Place panels on pan over the water, painted side down,
and expose for 16-17 hours.

4. Turn panels over; dry 1~2 hours or more, flat, with
painted side up.
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TABLE 5. (Continued)

D~2898 (16) Tentative Methods of Test fdr Durability of Fire-Retardant
. Treatment of Wood

Description of apparatus, test specimens, exposure cycles
(Methods A and B)
Method A (cycle):

1. Water spray at 35-60 F (2-16 C)uececsvsvcvnccecsse96 hrs

2. Drying in moving air stream at ’ :
1357140 F (57-60 C)evecsoscecssoncocccsnssnseseeassl2 hrs

TOTAL ‘ 1 week

Method B (cycle): ﬁlttaviolet light from sunlamps is

evenly distributed over the specimen surface.
1. Water spray at not over 90 F (32 C).......,:..... 4 hrs
2. Drying at 1505 F (63£3 C)evevererarensnsnansnaes b b8
3. Repeat water spray a§ in Step levieececcescssesss & hrs

'4. Repeat drying as in Step 2...cscvecesscecascsscsses & hrs

5. RBSBL.ttieeesesrscccsvscrsossasccsssassssscavsssseass 8 hra.
TOTAL 24 hrs

" Repeat for total of 1,000 hrs.

D-2918 (16) Standard Recommended Practice for Determihing Durability
. of Adhesive Joints Stressed in Peel

Clamp upper end of test panel to frame and attach desired weight
to lower end. Force on adhesive should be a multiple of 450 g
(1.0 1b). Suggested stress 25, 50, 75 percent of normal peel
strength as measured by D-1876. .

Expose specimen to one of Standard Test Environments in Table II.
Test at least 3 specimens under each set of conditions (test
environment and stress)

Standard Test Environments

Test Environment

Number Temperature (a) Moisture Conditions(b)
1 . 23 C (73.4 F) immersed in distilled or
deionized water
2 23 C (73.4 F) ‘ 50 percent félative humidity
3 23 C (73.4 F) 15 percent relative humidity
4 35 C (75 F) 90 percent relative humidity
s 35 € (95 F) 100 percent relative humidity

(continued)
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TABLE 5. (Continued)

Standard Test Envirohmencs (continued)

Environment

TeP:Numbet Temperature (a) | Moisture Conditions(b)
6 ' 50 C (122 F) 90 percent relative humidity'
7 : 50 C (122 F) 190 percent relative huﬁidicy
8 . 3sc(5F) 5 percent salt fog
9 Ambient (oucdooés) Ambienc (outdoors)
10 - Other (Specify) ' Other (incliding aqueous
. solutions or nonaqueous
liquid (specify)
(a) The tolerance for the teet temperature ehall be *1 C or *1.8'F

(®)

G-25

for environments'l to 8.

The moisture conditions may be provided by controlling the relative
humidity of a box, room, or other chamber by any convenient means.

(24, 30) Standatd‘Recohmended Practice fcr bpefcting Enclosed
. Carbon-Arc Type Apparatus for Light Exposure of
Nonmetallic Materials .

Description of apparatus and operating procedure for carbon-arc
light exposure apparatus without specificacions for exposure
conditions except as noted.

Exposure intended to simulate G-24 Sunlight Exposure (Method A)
or Daylight Exposure (Method B).

Specimens mounted vertically unless vertical mount 1is -impracticable.
Temperature measurement and control based on black panel thermometer
unit.

Two Types of exposure are described:

Method A. Continuous exposure to light and
Method B. Al:ernate exposure to light and darkness

In Method A, the relative humidity is adjusted to 30%5 percent at
the exit of air from the chamber, unless otherwise specified.
Black panel temperature is adjusted to 63+#3 C (145+5 F). Controls
are adjusted so that 20 hours continuous operation produces 18+2
atandard fading hours as determined by color standards.

. In Method B, the relative humidity is adjusted to 3535 percent during

the light-on period and to 90:5 percent during the light-off period.
Black panel temperature at equilibrium during the light-on period
shall be 63:3 C (145:5 F).

Unless otherwise specified. controls shall be adjusted for a cycle
of 1 hour darkness and 3 hours light.

Apparatua is calibrated in térms of standard fading hours by
means of color standards.
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TABLE 5. (Continued)’

G~-26 (30) Standard Rernmmended Practice for Operating Light= aud Water=
Exposure Apparatus (Xenon-Atc Type) for Exposure of Nonme:allic
- Materials .
(formerly E-239)
Deactiptibn of apparatus and operating prbcedufes for xenon-arc
light and water exposure apparatus without specifications for
exposure conditions except as noted.

Specimens mounted vertically.

Temperature measurement and control based on black panel
thermometer unit.

Water strikes specimens as a fine spray, evenly distributed,
at a temperature of 60.829 F (1625 C); pH of water 6.0-8.0.

Types of light and water exposure apparatus described (6):
A, AH, B, Bﬂ, ¢, D

Iypes A, AH, B. BH are water-cooled.

Types C and D are air-cooled.

Types A, AH, -C, D have automatic humidify control.

Types A, AH, B, BH, D havé automatic temperature conttol.

All types have_ automatic cycle control.

G~-27 (30) Standard Recommended Practice for Operating Xgnon-Ar; Type
Apparatus for Light Exposure of Nonmetallic Materials

Description of apparatus and operating procedure for xenon-arc
exposure apparatus without specification for exposure conditions
except as noted.

Exposure intended to simulate G-24 Sunlight Exposure (Method A)
or Daylight Exposure (Method B).

Specimens mounted vertically.

Temperature measurement and control based on.black panel
thermometer unit. . .

Apparatus may use water-cooled or air-cooled xeﬁon-arc. '
Types of exposures (Methods A and B) are described as in
G~25 with the ‘same conditions. However;, ‘the” apparatus is
not calibrated in te'rms of standard fading hours but color
standards are used as references with test specéimens.

-
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TABLE 6. CRITERIA FOR OUTDOOR AND ACCELERATED WEATHERING METHODS
AND EVALUATIVE TECHNIQUES IN ASTM STANDARDS (1971)

B-117 (7, 21 31) (for organic coatings on metal)
!xtent of corrosion(a)
Visual examination(b)
B-287 (7,21,31) (for organic cdafings on metal)
‘ Extent of corrosion(a)
Visual examination(b)
C=481 (£6) (for sandwich constructions)
Measurement of properties before and after aging:’

Shear test, C-273
Compressive strength, C-364
Delamination strength, C-363
Tension test, C-297 )
Flatwise flexure test, C-393 .
Climbing Drum Peel Test, D~1781 _ o

C-488 (14) (for finishes for therga{(insulation)

Blistering, chalking, crazing, cracking, discoloration,
flaking, and shrinkage(a)
Visual observation(b)

C=-510 (14) (for joint sealants)

Change in color of sealant as compared with control

specimen(a,b)
C~-669 (14) (for sealants used in back bedding and face glazing)

Changes not greater than illustrated by photographs in
D-2249(a,b) '

Surface cracking and peeling, No. 5, ?1a§e No. 1;
Deep-bead cracking, No. 5, Plate No. 2; Loss of
adhesion, Nos. 4,5, Plate No. 3; Wrinkling, Nos.
4,5, Plate No. 4; Oiltexuaation, No. 5, ‘Plate No. 5

D-518 (28) (for soft rubber) -

Appearance of first minute surface cracks(a) by visual observa-
tion, using 7X magnification(b)

Percent elongation of tapered specimens(a b)'

D-750 (28) (for wvulcanized rubber) K .
Visual examination(b) for. the degree and number of cracks(a)

and for evidence of crazingfa) = - " .-

Tensile strength .and ultimate elongation, . D-1012(a b)

(Specimen preparation for tests, D=15)

See‘footnotq§ on.page 96.
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TABLE 6. . (Continued)

D-756 (27) (for plastics)

Noticeable changes in surfaces, outline, ‘general apbearance
including changes in color, surface 1rregularities, odor,
splito, oo in p-083(a,b) :

Changes in weight and dimensions(a b)

D-822 (21) (for organic coatings)

Visual examination(d) for:
Blistering, D-714(a)
Chalking,’ D-659(a)
Checking, D-660(a)
Cracking, p-661(a)
- Erosion, p-662(a)
Flaking (Scaling), D-772(a)
Rusting, p-610(a)
Change in color, E-308, D-2244(2:b)
Change in reflectance, g-97(a,b)
VChange in specular gloss, p-523(a+b)

D-904 (16) (for adhesives)

Visual change in appearance(a-b)
Results of physical and chemical testa(a,b)

D-1006 (21) ont organic coatings on wood)

Racording on standard form as in p-1150€a,b)

D-1014 (21) (for organic coatings on steel)

Visual examination(b) for:
Blistering, D-714(a)
Chalking, D-659(a)
Rusting, D-610(a)

D-1037 (16) (for wood-based hardboard, particleboard).

Visual 1nspection(b) for delamination or other disintegrétion(a)
Measurement of cupping and twisting(a,b)
Changes (3:b) 1q

Static bending

lateral nail reﬁiscénée

gail withdrawal

Water absorption

Nail Head Pull-Through
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TABLE 6. (Continued)

i

D-1101 (16) (for adhesive joints in structural laminated wood)

Percentage delamination(8,b) a Length of open glue joint area
on end-grain surface x 100
Total length of end-grain joincs

D-1148 (28) (for vulcanized rubber)

Change in color or test specimen in relaticn to original sampla(a)
as expressed by numerical rating of daegree of disgnloration(b)

" D-1149 (28) (for vulcanized rubber)

Cracking(a)
. Time to first observed cracking, using 7X magnification, e%cépc

for triangular specimens of Method D-1171, where the magnification
shall be 2x(b)

D-1151 (16) (for adhesive bonds)

Various strength properties measured before and after exbosure(anb)
Performance A = (A/C) x 100(a)

Performance B = (B/C) x 100(a), where

A= average screng:h after exposure

B = average strength after exposure

C = original strength after conditioning

D~1167 (11 21) (for asphalt emulsion coatings on built-up toofs)

Heat Test(b), Section 12‘
Examine coating for sagging, slippisg, blistéring(a).
Record extent of sagging or slipping past reference line in
decimals of inch, and the presence or absence of blisters.-
Hater Resistance‘b) “Section 14:

Examine for blistering and re-emulsification as evidenced
by asphalt particles in the water(a).

D-1183 (16) (for adhesives)

Change in appearance(a b)

Change in strength properties as(a,b);
Cleavage strengch of bond, D-1062
Impact strength of bond, D-950
Peel or stripping strength of bond, D-903
Flexural strength of assemblies, D-1184
Shear by tension loading, D-906, D—1002
‘Tensile properties of bond, D-897

~Tensile proper:ies of cross-lap specimens. D-1344




93

TABLE 6. (Continued)

D-1435 (27) (for plastics)

Appearance Properties
~ coLor(a)
Color difference(b), D-1535, D-1729, D-2244, E-308
. Yellowness(b), D-1925, E-313
GEOMETRIC DISTRIBUTION(B)
Gloss(b), D-523, D-2457
Haze (P}, D-1003
Transparency (b), D-1746
Electrical Progerties(ﬂ)
High-voltage, low-currenc arc resistance, D—695(b)
Dielectric breakdown, dielectric sttength, D-149(b)
Mechanical Properties(a) ‘
Dimensional change, D-1042, D-1204(b)
 Impect, p-256(b)
Indentation hardness, D—785. D—2240(b)
Stiffness, D-747(P) ' )
Tear resistance, D-1004, D-1938(b)
Tensile. and elongation properties, D-638, D-882, D-1708,
D-1923, D-2289(b),

D~1499 (27) (for plastics)

Evaluation covered in ASTM methods or. apecifications for specific
materials.

D-1501 (27) (for plastics)

Color change (none, slight, appreciable, extreme)(a-b)

Surface changes (as chalking(b) dulling) by visual observa:ion(a)
Deep-seated changes (as checking. crazing, warping, discoloration)(a b) )
Physical and chemical tests to determine extent of degradacion(a b)

D-1565 (28) (for vinyl foam)

Percentage change in indentation-load deflection or compression-
load deflection(a,b)

D-1641 (21) (for varnishes)

General appearance and visual observation ®) or checking(a),
cracking(8), discoloration®), dulling(a), recoatability(a)




94

TABLE 6. (Continued)

D-1654 (21) (for organic coétings on metal)

loss of adhesionta). extent of blistering(d), corrosion(a), and
rust(8) are evaluated by measuring the distance between the scribed
mark and the edge of the unaffected area of the finish(b).
Numerical ratings-are based on these measufemqnts. .

Rating Schedule No. 1:”_§eport maximum And minimum creepage

from the scribe and use numerical rating(b). A

Rating Schedule No, 2: Rate by percentage failure asAcofroaion
spots, blisters. Recommend use of counting grid._‘Pho;ograéhié
reference standards may be used as in D—610.'ﬁ-716(b);

D-1735 (21) (for organic coatings)

Visual observation(a)
Blistering, D-714(b)
Rusting, D~610(b)

D-1754 (11) (for asphalt)

Reduction of penetration as in D-5(8:b)
Loss of weight(2:b)
D-1828 (16) (for adhesive-bonded joints and structures)

General appearance dimensions'(inclﬁding warpage)(a'P) o
Change in properties(a,b) ’ :

D-1870 (27,28) (for polymers)
Change in physical properties in percent (a;b)
D-2126 (26) (for rigid cellular plastics)

Change in appearance(a,b) _
Percentage change in weight, dimensions; and other properties(arb)

D=-2246 (21) (for coated metal)

Cracking(a) by visual observation(b), using a grid, and counting
number of grid squares within which one or more cracks is visible.

D~2247 (21) (for coated metal)

Degradation of finish as observed visually(b):
Blistering, D-714(a) '
Corrosion, D-1654(a)

Rusting, D-610(a)

Loss of adhesion, D-2197(a,b)

Change in Indentation Hardness, D-1474(a,b)r
Change in Specular Gloss, D-523(3:b)




TABLE 6. (Continued)

D-2268 (21) Not prescribed but the usual coacings tesca are applicable
(D—523. D-610, D-714, D-1474, D—1654 D—2197 D—2248)

D-2249 (14,21) (for sealants used in glazing and bedding)

4 .

. Visual estimation(2), using numerical scale(b), of loss of
adhesion(2), surface cracking and-'peeling(8); deep bead -
cracking(8), wrinkling(a), and oil exudation(a).

D-2366 (21)' (fot exterior house paincs on wood)

Evaluate degree of blistering and percentage of test area on.';
which blisters occur after 1, 2, 4, 7, and 14 days(a) by p-714(®),
Percentage of panel area on which blisters have formed may be .
determined by means of a counting grid(b)

Ares blistered, percent = Number of squares covering blisters £'10°
Total number of squares.over test area

D-2445 (26) (for propylene plastics)

Pellets tested for brittleness(3) by 1lightly applying a Iight
compressive force manually and observing whether they crush
easily to powder form(b). The specimen has~féiled if atnleast
8 of the first 10 pellets tested are completelf embfittleq.

D-2559 (16) (for adhesives)

Section 13: Delaminacion on end-grain surfaces(a b):

Percentage delamination = Length of open glue joinc area . 100
Total length of bond line

D-2565 (27) (for plastics) . N P
(a,b)

Appearance
D-2803 (21) (for organic coatings on/metalj

Note filiform corrosion as threads initiating at,che-scribe<a).

Description of photograph may be used for reporting(b).
p-2830 (20,21) (for organic coatings on wood)

Visual examination(b) for appearance(a). mildew(a), and film
failure(a), -
Test for adhesion between the primer and top coac(a b),

Cut a small X to penetrate the substrate sligh:ly.

' Apply cellophane tape to cross the X; ptess; remove quickly.

D-2831 (20,21) (for latex paints on asbestos cement shingles)

Visual observation(d) of efflorescence(“), rated as none,
elight, moderate, or severe.

D-2898 (16) (for fiie-ré;ardanc treatment of wood)

Pire tests as in E-84, E-286, D-108(8:b)
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TABLE 6. (Continued)

D~-2918 (16)l (for adhesive joints)

Rate of peel of adhesive from joint(a:b)

Plot distance peeled versus time and divide the curve into six
eqqal parts. If the peel rate varies less than a factor of 2 over
all six parts of the curﬁé; obtain the average peel rate (slope of
the curve) for the specimen. To assess durability, compare peel
rates under d;fference levels of stress and environment and plot

log peel versus stress. ..

D-2919 (16) (for adhesive joints)

Maximum, minimum, average length of time to failure of stressed
specimens exposed to environment (3,b)

G~7 (30) (for nonmetallic materials)

One or more of the following may be pertinent:
Appearance, electrical and mechanical properties, D=1435(8+D)
Appearance, visual observation of checking, cracking, discolora-
tion, dulling, and recoatability, D-1661(5'b)
Visual observation(b) of
Blistering, D-714(a)
Chalking, D-659(a)
Checking, D-660(a)
Color Change, c-24(a)
Cracking, p-661(a)
Erosion, D-662(2)
Flaking (scaling), D-772(a)
Rusting, D-610(a) )
Number of cracks in film as determined by high-voltage
gspark and counting grid, D-1670(b) v

G-11 (21,30) (for pipeline éoatingé)

Visual observation(b) of blistering(a), checkihgca), cracking(a),

corrosidn(a), undercutting from intentional scribe(a,b),

G-23 (24,27,30)
. Evaluation covered in AST™ methods or specifications for
specific materials.

G~24 (24,36) . . . N
Evaluatfon covered in ASTM mechbds or specifications for specific
materials.’ e

G-25 (24,30) (for nonmetallic materials)

Evaluation covered in ASTM_pe;hods or specifieécion for apeéi{}c

materials. .,
. G=26 (30) =~ Evaluation covered in ASTM methods for specifications \\\\
) for opecific materials. ' . TN
G~27 (30) == Evaluation covered in ASTM methods. or spacif}ceciona h

for specific materials.

(a) Criterion. : S
(b) Evaluative technique or test. .
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Accelerated Aging Procedures Without Applied Stress. Most

accelerated aging methods are used without the application of stress to
the test specimen. While these methods are appropriate for certain non-
structural components, they are commonly used with structural components
as well. They may involve continuOus exposure to a given set of condi-
tions, thermal cycling, humidity manipulation; water spray, etc. Tests
are designed to determine the resistance of the material or component to
such environmental conditions as temperature; moisture, oxidation,
pollutants,‘solyents, acid, alkali, dust, sand, wind, salt, rot organisms,

and bacteria.

(1) Techniques to Intensify Sunlight, Simulate Ultraviolet Radiatiom,

'and Combine'Light and Water Exposure Conditions. A.Since it is seldom prac-

tical to test a material for'20 years, efforts have been made to develop
accelerated testing methods which can be used to predict actual service
life. In general, ‘these efforts have been disappointing The major diffi-
culty is that "weather" cannot be accelerated. In accelerated aging
tests, one of the degrading forces (uSually,UV radiation) is increased
above normal levels in an attempt-to accelerate the rate of degradation
of the material. EMMA and EMMAQUA* are devices designed to accomplish
this. (119,120) The intensity of uv radiation is increased by a factor
of eight in these devices. Even though these techniques intensify solar
radiation, one report(lzl) showed that‘there wasnlittle correlation between
data obtained from outdoor exposure of polypropylene and polyethylene
u31ng EMMA and data obtained from accelerated aging tests involving a
light and water exposure apparatus..

In laboratory units, artificial sources are used to generate
UV radiation. Figure 2 shows the UV energy distributionyof several common
UV sources in comparison to solar radiation The xenon arc most closely
matches solar radiation, although differences are still evident. Many of

the reported accelerated tests used a carbon arc as.the radiation source.

~
. % EMMAQUA is an EMMA device which periodically sprays water on t;e\samples.
(Desert Sunshine Exposure Tests, Inc., Phoenix, Arizona).
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The carbon arc is highly deficient in UV radiation between 0.30 and 0.34 um,
a range particularly damaging to polymers. The intensity of radiation from
the various sources also fluctuates.. Radiation from the carbon arc fluctu-
ates in a highly erratic manner.(lzz) The sunshine qafbon arc, which more
élosely approximates solar radiation (0.35 to Q.40 um) than the enclosed
carbon arec, 'conslsts of three filaments which burn sequentially. They were
found to radiate at different intensities. Commercial genon-arc lanmps
produce steédyAradiation (0.30 to 0.72 um) which gradually decreases with
time. (122) |
Because of the variability ‘in radiation frequepcy between the
artificial UV sources and the sun, it is difficult to equate impinging
artificial UV radiation with solar radiation. Usually, the test samples
are located so that the incident radiation most closely approximates the
integrated UV energy of the sun at some avefage condition (e.g., noon in
the month of June). Attembts,at increasing the radiation intensity to
achieve aéceleration will further distort the differences between the
solar radiation and the artificial radiation. Therefore, tests are usually
run continuously to accelerate the expOSuré time to UV radiation. Even
this tactic is not ideal in that the cyclic nature of UV solar radiation
is not simulated. Somé accelerated-weathering devices have a night cycle,
but this does not simulate the natural cYclic daytime intensity of solar
UV radiation. The "night" cycles last oﬁly several minutes out of every

hour. .

In most accelerated testing'devices,.deioniZed, distilled water
is sprayed on the samplés periodically. Some devices even maintain a con-
stant hﬁmidity. All maintain a constant temperature, and very few introduce
any of the other important parameters. Clearly, artificial,weathering does
not simulate natural weathering. The only majéf accelerating parameter is
w exposure. Because natural degradation is a complex combination of many
factors, it. is not surprising that artificial weathering tests do not corre-
late with natural weathering tests. When one considers.that outdoor exposure
tests in Cleveland, Ohio, cannot be correlated with similar tests in Miami,
Florida, because of the difference in climate, it is not surprising that
laboratory tests, which simulate neither: weather situation, cannot be

correlated to either one.
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The major use of laboratory weathering tésts has been to rank
materials in order of degradation stability and to evaluate the effective-
ness of stabilizers and pigments.(122)

The '"dew cycle"(124) 1s frequently used in.light and water ex~
posure apparatus. This consists of irradiating.the sample with unf%ltered
light from a carbon arc while spraying the backs of the specimgnﬁmwith
cold water to induce the deposition of dey,on the exposed face.”;Other )
cycles used include boiling water, imﬁersion in vapor,; and water éoakiﬁg
alternating with exposure in the 1light and water apparatus. |

A fluorescent sunlamp-blacklamp(lzs) has also been reported to
yield accelerated aging results which correlate well with Florida and
Arizona weathering of rigid polyvinyl chloride films(126) and the xenon
arc light source has been used to accurately predict outdoor_wéathering
of plastics (127), Another study(lzs) showed xenon arc weathering to
compare favorably with outdoor weathering of plastics, especially when
the samples were sprayed periodically with watér. Studig§ to compare

the light sources for artificial weathering.have been reported.(129,130,131)

(2) Environmental Test Chambers and Specimen Size Criteria. - Most

laboratory accelerated testing is done in relatively small exposure cabinet
facilities; hence the material sample size is small or only a model of a
full-size system. , ‘

In plastic solar thermal collector systemskwhere several plastic
components having different physical properties (different extrusioﬁ pro-
cessing histories, different thermal shrinkagé values, dissimilaf coefficients
of thermal expansion, etc) are joined together, a small model of this system
may not feflect the true aging deformatioh experienced in a life-size sample.
For certain plastic solar thermal collector constructions, it would be

advantageous to run accelerated tests on full-size systems.
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(3) Continuous and Cyclic Testing. Exposure conditions may be held
constant or cycled. '

The use of various environmental conditions in a cyclic mode is
basically sound,.since the component is subjected to this type of environ-
mental change in service. Ihe problem is to accelerate the aging process
by accentﬁating cyclic conditions. It should be noted, however, that in—.
creasing the severity of the conditions may not necessarily accelerate
aging. |

Cyclic tests are used to simulate alternating environmental ex-
posures. Testing methods for laboratory aging of sandwich constructions
and wood-baée fiber or particle panel materials include ASTM Methods
C-481-62 and D-1037-64(132), respectively. Both incorporate cycles of
freezing, oven drying, steam or hot water spray, and water soaking.

An.ASTM cyclic~aging test -for adhesives, D-1183-70(132) provides
different test cycles‘of temperature and moisture exposures for interior
and exterior services. Seven different testing methods are available for
the cyclic aging of various plastic specimens as described by ASTM D756~
56. (112) Each procedure in this test contains variations in the severity

of temperature and moisture conditions.

(4) Accelerated Aging Tests with Applied Stress. In the development

of weathering methods having an applied stress factor, the prime objective
is to provide a means of evaluating structural components. A good measure
of component strength will utilize short-term testing under a limited set

of conditions. The stress level the component will undergo as a function

of time will be the parameter of interest. '

For the rheological response of a structural adhesive material
to a static stress, Lewis (133) has prbposed a model. The model identifies
the types of damage at various levels of relative stress. )

The relative stress is defined as the ratio of applied static
stress to short-term bond strength. This particular type of model signi-
fies that the strength of the short-term tests must be much greater Fhan
the design strength. The ultimate deéign‘strength of the short-term
strength, based upon this model for adhésives, should be less than 25

percent, according to engineering standards. This model was developed
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for a specific material with the concept being (that the short-term test
must be greater than the design strength) and will apply to most structural
components. The distinction between short-term test results and strength
retention with time is a good example of how such models can be useful in
the development of relevant criteria. ,

In this section, testing methods will be described; They are
crack propagation, dead load (sustained load) testing, cyclic load (fatigue)
testing, and progressive ‘load testing. Cyclic load testing and crack
propagation are less advanced in their application to durability:testing
relative to progressive loading and sustained loading. In regard to these
testing methods, many articles exist in the scientific literature describ-

ing their development, illustration, and applicability to durability.

(i) Crack Propagation. . Fracture mechanics makes it possible
to quantitatively measure a material's ability to resist fast crack exten-
sion in the presence of a flaw. Fast crack extension is associated with
low toughness while slow crack extension will indicate hiéh toughness.

Fracture mechanics have been used to evaluate’ the velocity of °
crack propagaﬁidn in epoxy bond systems as reported by ‘Mostovoy and
Ripling,(134’l35) The experiment utilized & cdntoured double cantilevef_
beam adhesive specimen, a uniform double cantilever beam specimen, and
a tensile specimen. The adherend was aluminum. '

Recently, Riplihg,_Mostovoy; and Corten{136) concluded that
fracture mechanics are applicable to the evaluation of structural adhe-
sives. The test is designed so that energy lost during the course of
crack extension is éssentially zero. The major advantage is that all
adherend parameters are extraneous to the value of fracture toughnesé.
This allows (which is hopeless with peel and shear tests) a comparison
of a chosen adhesive with vérious adherends. ‘

A theoryvon‘érack propagation reported by Gurney and Amlihg(137)”'
refers to the normal separation of elastic strips bonded’ to one another.
1f the adherend strips are relatively strong to resist bending, then the

work of tearing can be extrapolated from a plot of load and deflection.




103

(ii) Dead Load Testing. The concept of dead load testing is
defined as a sustained load to a material and the measurement of the time
to failure or chaﬁges of defined parameters with time. This approach simu-
lates the effects of long-term loading. While under a sustained stress, a-
material can be exposéd to chosen environmental conditions closely simulat-
ing natural weather conditions. '

Small specimens are evaluated by dead load testing. The smaller
approach is common for-l—in. x 6-in. dogbone plastic specimens in order to
evaluate adhesive-bonded lapjoihts. Stress—-rupture curves can be obtained

from various sustained loads applied to individual specimens. This curve
is a plot of a given strength factor versus time plotted on a semi-log or,
log-log scale. (138-145) srudies such as those by Cass and Fenner(138-140)
show a subsequent flattening of the curve so that for many materials the
curve can be extrapolated to obtain long-term predictions of performance
from short-term data. The extrapolated value is referréd to as the endur-:
ance limit and is defined as the stress level a material can withstand
indefinifely. A finite time 10,000 hours has been arbitarily taken as

a practical limit. Acrylic and methacrylate based plastics have been evalu-
ated by dead load testing using a cantilever flexure test(140,141) ywith
outdoor exposure. ASTM methods for measuring time-to-failure of plastics(llz)
and creep properties of adhesives(l32) have been developed.

A dead load test consists of hanging weights attached to a speci-
men. As many as 90 specimens 2.5 cm in width and 14 cm long can be evaluated.
Carter(l46) has proposed an outdoor weathering rack in which lap-shear joints
can be stressed up to 3000 psi. wegman(14?) has used both the Sharpe(148)
jig with artificial environments and a stressed outdoor weathering frame in
evaluating the durability of adhesive-bonded joints, and both were found
promising for durability testing.

The basic principle behind dead load fixtures can be applied to
many different materials for which sustained stress might be a factor. A
major drawback exists in most cases with the deéd load approach. This is
due to the long time needed to obtain useful curves which can be extrapo-

lated to give an endurance, limit,
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(1ll) ‘Cyc11c Load Testing.  The sustained load that a loadbear-
ing material withstands is not constant 1oad. The load varies constantly
with environmental changes. A sandwich type construction with a paper
honeycomb core and stressed steel facings is a good example.- Surface_
temperatures as high as 160 F can exist on the steel facing when’ exposed
to sunlight and would result in steel expansion.. Contraction of the steel
‘would ‘occur in cold weather.- A.stress in the bond will result 1if the
thermal . expansion coefficients between core and skin materials is different.
The result is unwanted differential movement between the two. This move--
ment would place additional stresses on the composition: of the sandwich
panel, an effect called fatigue.

Hearle (149) published a report on fatigue in fibers and plastics
in which he described a fatigue test apparatus used in his studies. This
apparatus was not adapted for environmental aging, however.k

Little(lso) defined three kinds of fatigue tests: (1) S-N
(preliminary tests), (2) P—N (life tests), and (3) P-S (strength tests)

His discussion was based on the P-S—N model and described the three

fatigue variables as:

S = fully reversed stress amplitude, or fully reversed
strain amplitude

N = number of stress or strain cycles imposed

P = proportion failed prior to N stress or strain cycles.

(iv) Progressive Load Testing. Progressive loading is a means
by which one can inAa significantly shorter time determineithe endurance
limlt of a stressed material than that required by the stress-rupture curve.

In 1948, E. Marcel Prot(lsl) presented a method of accelerating
the cyclic fatigue testing of materials. Prot showed that by progressively
increasing the load on a specimen by increments until failure.occurs, one
should be able to predict the stress level a specimen is .capable of with-
standing without'rupture for an infinite time. As ektrapolated from the
. stress~-rupture curve, the stress 1evel should be approximately the s;me as

the endurance limit. This method consists of subjecting the specimen to .
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progressively increasing loading rates resulting in failure. Mathematical
equations are applied to the failing loads so that one can obtain a graph
which can be related to the endurance limit.

Boller(152) modified the Prot equation to determine the endurance
limit of glazss-reinforced plastic laminates. His conclusions were that -
(1) the endurance limits from the Prot.and sustained load methods were in
good agreement at 10,000 hours duration-and (2) the Prot method can be' con-
ducted on.one material -at one condition.within 1 week, compared with 4 years
by the Wohler (sustained load) method. A

Prot's workh was the catalyst of Loveless, Deeley, and Swanson(153)
in their development of a hyperbolic eduation-relating rupture stress and

time to break. The equation was: . -

(Sg - E) ty =k ,

where

S, = Stress at rupture“
E = Aendurance ;imit

t, = time to break

k = material constant.

They discovered it more usefui to relate the endurance limit to
the slope of the curve because of the substantial extrapolation involved
and their equaticn was reliable in measuring long-term strength. Boller
had related the endurance limit to the intercept after extrapolatlon

Lewis, Klnmonth ‘and Kreahllng(154) proved that the Prot method,
modlfled by Loveless, Deeley, and Swanson gave a reasonable estlmate of the

long-term endurance strength of an adhesive joint.
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V. General Considerations of Environmental
Degradation Reactions and Mechamsms
of Polymerlc Materials -

(a) Abrasion Resistance

Polymeric materials having superior optidal ciarity,.abrasion
resistance, and:.ability to withstand severe envi;onmental'equsurg cpndi—
tions have been the subject of several investiéations. Polymericimaﬁérials
having these properties can be used in periscope lenses,-aircraft windshields,
and covers for photovoltaic cell covers(155’156’157).

One of the earliest studies examines various commercial ﬁlastic
materiéls for vision devices with the specific requi;ement of their ability
to withstand severe abrasion testipg. The overall object of this investi-
gation was to find a polymer with abrasion resistahce superior to that of
methyl polymethacrylate and approaching that of glass. Abrasion .data
obtained with falling carborundum and measured by variations in surface
gloss showed that such commercial plastics as methyl alpha—chloropoly-
acrylate, allyl diglycol carbonate, methyl polyacrylate, and crosslinked
polyesters satisfied these requirements. A relative listing of Gommercial
plastics and their abrasion resistance is given in Table 7(155)5

Although this study was limited to abrasion testing of materials,
many of the plastic substrates might find commercial application in present-
day solar thermal collector systems.' o

Plastics having excellent abrasion resistance while maintaining
good optical clarity also become an important factor with regaré’;o”their
dirt retention capability. Easily abraded sdrfaces'tend to coliéct.more
dirt than those having high abrasion resistance which in turn affegfé

actual service life optical transmission qualities of plastic ma;erials(lss).
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TABLE 7. ABRASION RESISTANCE OF COMMERCIAL PLASTICS

’Materials Tested

Gloss After 800 Grams of
Carborundum Impingement

(ASTM Specification D673-44)

Plate Glass

Melamine Formaldehyde Coating on
Cellulose Acetate

Allyl Diglycol Carbonate (CR=39 -
PPG Industries)

Methyl Polyacrylate

Allyl Diglycol Carbonate Copolymer
with Triallylcyanurate

Methyl Methacrylate-Methyl Acrylate
Copolymer (1:10 ratio)

Methyl Alpha-Chloropolyacrylate

Methyl Methacrylate-Methyl Acrylate -
Copolymer (1:5 ratio)

Allyl Diglycoi Carbonate Copolymer
with Methyl Methacrylate

Methyl Polymethacrylate (Lucite - Du Pont

andAPlexiglas - Rohm and Haas)
Ethyl Polymech#crylate
Hethyl,Polymethacrylaée
Butyl Pol&meghacrylate

.Polyactylate Coated with Methyl
Polyacrylate (63-mil thickness)

Polyacrylate Coated with Ethyl
Polyacrylate (10-mil thickness)

Methyl Methacrylate~Methyl Acrylate
Copolymer (1:2 ratio)

Polyacrylate Coated with Methyl
Polyacrylate (10-mil thickness)

Heat-treated Polystyrene

Polyacrylate Coated with Methyl
Polyacrylate (20-mil thickness)

Polyacrylate Coated with Ethyl
Polyacrylate (20-m{} thickness)

?olystyrene

99
98-99

97-98

97-98
97

97

95

94
94
92

92
91
89
89

85
" 85
85

85
82

77

56
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TABLE 7.-‘(Continued) e oo

Gloss After 800 Grams of
Carborundum Impingement
Materials Tested (ASTM Specification D673-44)

Styrene Crosslinked Polytriethylene
Clycol Maleates :

Styrene to Polyester Ratio: 2:10 96-98
: : <3810 - oL 96-98
5:10 96-98
7:10 96-98
9:10 . 95

.Methyl Polymethacrylate Crosslinked
Polytriethylene Glycol Maleates

Polymethacrylate to Polyester Ratio:
3:10 97-98

5:10 96
7:10 95 -
15:10 94
9:10 i 93

Styrene Crosslinked poly-(Polyethylene
Glycol 200) Maleates

Styrene to Polyester Ratio: 2:10 ‘ 97-98

3:10 97-98
5:10 97-98
7:10 . 97-98

9:10 . 96
Methyl Methacrylate Crosslinked poly-
(Polyethylene Glycol 200) Maleates
Methyl Methactylate tu Pulyester Ratio: :
3:10 - 97-98

5:10 97-98
7:10 97-98
9:10 _ ’ T - 97-98
15:10 ' © 96

Styrene Crosslinked poly-(Polyethylene
Glycol 200) Itaconates

Styrene to Polyester Ratio: 2:10 : - - 97-98 -
3:10 ’ . 97-98 .
'5:10 97-98
7:10 97-98 . -

9:10 . 96
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(b) Photochemical and Thermal Effects .- .

The environmental aging of pléstics is primarily a photooxidation-
pﬁétothermal process and ultimately results in changes in mechanical (em-
brittlement), optical (discoloration), and electrical (increased dielectric
loss) properties. Embrittlement results from molecular and/or morphological
changes due toAchain scissions and crosslinking réactions. Discoloration
is associated with the formation of polyene chromophores. Dielectric loss
increases with increases in polar group concentration produced by reactions
with oxygen and other reactive species.

The principal steps in the degradation process may be described
as . '

(1) Absorption of energy

(2) Chain scission (dissociation) and free radical forma-
tion

(3) Free radical chain reactions (with and without oxygen

(4) Radical combination to form new products (polymeric
and nonpolymeric, with and without oxygen=containing

groups).

Since most polymefics contain additives (stabilizers, plasticizers, pro-
cessing aids, etc), changes in these low'molecular weight materials also
‘contribute to the degradation process. An example is the stabilizer
system. It may contain one or several materials of relatiﬁely small
molecular size and functions, through one of several mechanisms, to pre-
vent available energy from reacting with the polymeric. However, with
time, it is consumed and the degradadtion rate of the polymer accelerates.
Moreover, as it is consumed, like most other additives, by-products can be
formed that adversely affect materials properties. Molecular defects or
impurities in the polymer also may be regarded as additives in the sense
that they also cause a;typicai pol§ﬁer performance and accelerate degra-
dation, , '
Degradation in polymers can be defined in terms cf the occurrence
of one or more of a number of primary events within the material that pro-

duce changes at the molecular level. Principal among these primary events
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are chain scissions, crosslinking reactions, development of unsaturation,
depolymerization, molecular rearrangement, volatile'product formation, and
attendant reactions with foreign moieties (onygen, water vapor,.etc)

Certain events also can be anticipated in the low molecular weight additives
present in. the:formulation. These principally are.of the latter three types
mentioned here.

Within the polymer, the occurrence of the events may be random,
i. e., scattered throughout the bulk of the material or, more commonly, be
concentrated at exposed surfaces of the polymer. The location at which
primary events occur will be dependent on the nature of the degrading
elements. UV degradation, for example, will be nonrandom. Degradation
due to ionizing .radiation, on the other hand, might be enpected to be
random. .

In addition to primary events within and/or at the surface of
materials, molecular level changes at materials interfaces must be consid-
ered. Here primary events of the types identified above will occur during
the degradative process. However, because of multimaterial involvement,
these are‘somewhat more complex and, therefore, 1ess understood than those
associated with individual polymerics. Further, mechanically induced
stresses are more relevant precursors to failure at Such interfaces.

Molecular level degradative changes in polymerics are generally,
at some total level of change, accuwpainied or followed by changes in mor-
phological properties, e.g., such properties as crystallinity, orientation,
etc. The latter may be thought of as property changes at the microscopic
level. At still greater levels of degradation, these molecular and micro-
scopic level changes manifest themselves as macroscopic changes, e.g.,
changes in tensile strength, elongation, hardness, heat distortion tempera-
ture, etc.

As might be expected, measures of molecular and microscopic level
changes, both of which occur earlier in the degradative process than macro-
scopic types, generally are of more importance as early predictors of degra—
dation. Con-equently, diagnostic tools that manifest such changes must,
at che same level of instrumental sensitivity/precision, be of prime

importance in studies directed toward prediction of service life. Thus,
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in such studies it is important that diagnostic tools be identified that
can be used to quantize materials changes extremely early in the degrada-
tion process, i.e., primarily at the molecular and morphological (micro-
scopic) levels. Moreover, a number of such tools must be available so
that each of the principal modes of failure of the key materials and mate-
rials subsystems within the plastic solar collector can be followed(159’;60).
Table 8 lists important weather and other environmental param-
eters that can affect the service life of polymeric materials. Perhaps the
most important of these is ultraviolet (UV) radiation. Since radiation
below a wavelength of 0.29 um is filtered out by the earth's ozone layer,
UV radiation between~0.29 and 0.40 ym is of the greatest concern.(l6l)
This radiation is in the range (70 to 100 kcal) of the dissociation energy
of the chemical bonds found in the polymers.(l62) In addition to bond
cleavage, UV radiation can radicalize double bonds, excite electrons, and
activate other chemicals which will promote degradative chemical reactions
in the polymer molecule. (163) The principal reaction results afe chain
scission, crosslinking, and/or depolymerization (unzipping). The specific

reaction varies- from polymer to-polymér.(164)

Chain scission reduces the-
polymer's molecular weight, makes it more susceptible té'vapor diffusion,
and weakens the macrostructure. Crosslinking entails an increase in local-
ized density, which creates internal stresses and the development of micro-
cracks that embrittle the material, reduce light transmittance, and increase
the surface area open to chemical attack.

While UV radiation is always less than 10 percent of the total
spectral radiation, its intensity varies markedly from season to season
and from hour to hour. Cloud cover sharply reduces UV intensity; intensity
at certain wavelengths varies more than at .others.{(165) Commercial polymers
exhibit absorbance peaks in the UV range at which they are particularly
sensitive to degradation reactions. (166,167)  some peaks are listed in
Table 9. . As a result of these observations, the total integrated
intensity of sunlight, which is a commonly measured index of solar-radiation

intensity, does not adequately represent actinic UV radiation.
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TABLE 8. WEATHER AND OTHER ENVIRONMENTAL PARAMETERS
AFFECTING POLYMER DETERIORATION

Parameter . Description
UV Radiation . . 0.29 to.0.40zum wavelength range D
Oxygen ' 0y or 03 .
Water ’ Rain, snow, dew, frost, fog, direct heat transfer fluid
_ ' contact, and humidity ’
Temperature *  Absolute value, thermal gradient, and thermal fluctu-
' t ations - .
Chemical Pollutants S0,, NO,, CO, and NaCl
Particle Bombardment Dust, sand hall bird droppings, and insects

TABLE 9. ACTIVATION-SPECTRA MAXIMA IN ULTRAVIOLET
REGION FOR SEVERAL POLYMERS

: °
Polyme¥r . . . Acllvalion=-3pectrum leak, A

Polyesters (various formulatlons) . A - 3250

Polystyrene : e 3185

Polyethylene . ' 3000

Polypropylene . . . . . 3700

Polyvinyl chloride 3200

Polyvinyl acetate ' : . . . <2800

Polycarbonate o : : 2850-3050 and 3300 3600

Cellulose acetate butyrate - ' 2950-2980

'Styrene acrylonitrile. . o . - 2900-3250 . .
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Oxidation is one of the‘major reactions promoted by UV radiation.
Oxygen concentration at the. Surface ‘often is essentially constant, and the
diffusion rate through polymers is low. And,_except in thin films, the UV
light does not Penetrate very far. into the'material. Therefore,‘oxidation
occurs at the surface of the polymer. (168,169) Thelspecific,effects of
oxidation reactions vary,-although they'often‘inyolve discoloration and
embrittlement. | . . _ |

Water has two effects on a polymer.‘ it can react with the polymer
to weaken it, or it can leach out stabilizing chemicals or clean a degraded
urface, thereby exposing a new surface’ for attack (170) The various forms
in which water can contact ‘a surface greatly complicate the analysis of its
weathering effect. While oxygen: concentration is constant, the amount of
water vapor in the- air changes continually. Water 1n the form’ of 11qu1d
moisture also varies in occurrence, thickness of coverage, and duration of
coverage. The effects of rain are less well known than the effects of ‘dew
or humidity, since ‘rain often contains,atmospheric contaminants. Moreover,
reactions between water-and the polymer are- often activated by UV radia-
tion. (164) |

The makimum temperature that an exposed polymer can be expected
to reach in a photovoltaic‘module has been estimated in one analysis to
be 77.C(171’172), while a solar thermal collector may experience tempera-
tures,on the order of 90 C or even higher. bow‘temperatures are not suffi-
cient to cause thermal breakdown of the more stable polymers.(164) High
temperatures do increase degradation reaction rates, however. and this fact
is particularly pertinent since the highest UV-radiation intensity occurs
in the summer months when the temperature is also highest.(1§7) Thermal
gradients and thermal fluctuations also affect material degradation. These
factors result in stresses being set up in the material. Stressed polymers
not only chemically react more rapidly(173), but also increase the tendency .
of the polymer to delaminate if it is laminated to a substrate with a differ-

ent thermal expansion coefficient(174).
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The effects of chemical pollutants are less well known. lStudies
only recently have been initiated to evéluate these effects.(175) Because
of the variable nature of weather and polymers, it has been difficult to
separaté the effects of atmospheric pollutants from the major factors in

-polymer deterioration discussed previously.

(c) Selected Examples of Degradation Reactions
and Mechanisms for Certain Polymeric Materials

In 1961, R.W.H. Lee compilgg'ag extensive bibliography on
"Proﬁerties and Degradation of Polyethylene Terephthalate and Methyl
Methacrylate Polymers'. This bibliography covered literature citations
from 1947 through 1961 and is especialiy valuable for'its documentation
on weathering (degradation reactions and mechanisms) of these two polymeric
materials.(17§) .

In plastic.solar thermal collectors and flat-plate solar collector
absorber coatings containing polymeric binders, the long-term temperature
effects alone contribute greatly to the ultimate degradation of polymeric
materials.(177)» It should also be noted that many‘commercial plastics '
or coatings suitable for use in solar collector applications are homo-

polymers such as pqumethylmethacrylate and polycarbonate.

o CH, CH, ‘l
" i ' '
CH, =C~-C~-O0CH, ———3 =~~~ CH, - C - C v
2 v 3 2 ' '
CH - C cC=0
3 1 '
OCH OCH3 n
Methyl Methacrylate ' .
Monomer Polymethylmethacrylate

Homopolymer

0

CH, 0

1) "

Ho-@- —@-oa+coc1 S 0 -C- ¢c oyo0-c-o
1

A CH,

Bisphenol ‘A ‘ Phésgené Poiycarbonate Homopolymer
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However, the majority of acrylic polymers on the market today are designated
as copolymeric materials. These copolymers are made from several monomers

which are polymerized‘together to form a single structure.

CH3
v
CH, = C + CH, = CH ~————>
3 ' 2 '
C=0 C=0
] 1
OCH3 OCH3
Methyl Methacrylate Methyl Acrylate
CHs CHy
CH, = C + CH, = CH ~——> ~~t—CH, -~ C ~'CH, - CH
2 ' 2 ' 2 ' 2 '
C=0 C=0 o N " C=0 C=0
] ' ]
OCH3 2 2CHZCH3 ~ OCH3 OCHZCHZCHZCH3.J
Methyl Methacrylate Butyl Acrylate : Copolymer

The presence of a small amount of a second or third monomer copolymerized
into a single structure can have a profound effect upon the stability or

other physical properties for this hybrid material which would be signifi-~

cantly different from a homopolymer containing only one monomer componént(178).

Thermal degradation studies for methyl methacrylate (MMA)/methyl
acrylate (MA) and methyl methacrylate (MMA)/butyl acrylate (BA) copolymers

covering a wide compositional range
(112 (MMA)/1 (MA or BA) - 2 (MMA)/1 (MA or BA)]

were examined utilizing thermogravimetric anélysis (TGA) and thermal vola-
tilization analysis (TVA). The results of these studies showed that the

copolymers became more stable to thermal breakdown as the acrylate content

* was increased. The gaseous degradation products, liquid products, chain

fragments and residue were each examined separately using infrared spec-
troscopy, gas-liquid chromatography, and mass spectrbmetry. The main
gaseous products were found to be carbon dioxide and smaller amounts of

hydrogen from the methyl acrylate copolymer and carbon dioxide and but-l-ene
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from the butyl acrylate copolymer. The most important liquid products
found were metbyi methacrylate mongmer’from both systems and n-butanol:
from the butyl acrylate copolymers with ﬁigh butyl acrylate contents.
Molecular weight measurements on the residue indicated that
breakdown by randoﬁ sciésion processes on the polymeric backbone becomes
more important relative to breakdown by dépolymerization processes .as the
acrylic content of the copolymer is increased. As degradation proceeds
the color of the residual polymer goes through yelibw to brown and for
similar extents of decomposiﬁion thé copolymers of greater acrylate con-
tent exhibit more pronounced coloration(179). A general outline of the

thermal degradation reactions for MMA/MA copolymerg is given below.

Copolymer molecule

: Thermal input energy
1), Chain scission
(;andom)

\'4
Terminal chain radicals

(2)- "Depropagation to first
MA unit '

\\'4
Monomeric MMA +
MA-terminated radical

Intermolecular

(3) Depropagation %) Intramolecular (5) transfer
transfer
(predominantly
random)
MA monomer Chain fragments' Chain radical
{
|
(6)y M)
Chain scission ' CHy, ~H2’ un-
and CO2 saturation,
and
colorétion



As was mentioned earlier, most outdoor weathering degradation
reactions for»polymers are initiated through some sort of photochemioal
mechanisn. The first step in any photochemical sequence of events is the
absorption of light energy by the polymer followed by some sort of photo-
physical process to an excited state intermediate. This polymeric excited
state intermediate then undergoes a chemical reaction or rearrangement
(chain scission, etc) which ultimately leads to a loss in physical proper-

ties of the material.

polymer (p) ——BY 5 p* (excited state
intermediate)
p* — > products

Many polymers; theoretically, should not have the capability of
absorbing UV energy such as polyolefinic materials since pure saturated”
hydrocarbons do not contain major absorption bands above 280 nm which is
about the cutoff point for atmospheric solar radiation. Unfortunately,
many commercial polyolefins contain trace amounts of metallic impurities
or carbonyl groups which are formed during the polymerization process and
hence exhibit some capability of directly absorbing UV-radiation from the
environment. In these situations the polymer backbone can be easily photo-
degraded into an unusable product(lso). .

o0

"
polyolefin polymer ‘""“*‘“’“—'CHZ -C- CH2 -

hv

v

(polyethylene, polypropylene, etc)

0]

"
- CH,C - + * CH, ™~/

2 2

(chain scission)

Combined stress (photochemical at low UV-radiation wavelength
of 254 nm and thermal or photothermal reactions) studies on copolymers of
MMA/BA showed that both degradation mechanisms are similar (photothermal

or thermal alone) in that chain terminal radicals are formed from these
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stresses under similar conditioms. TheAdifferencé between photdthérmal
and thermal-only degradation reactions ié‘in the type and distribution of
observed products. For this copolymer (MMA/BA), butyraidehyde, which is
combletely absent from the prbducts of therﬁal degrédétion, is produced in
the photothéfmal reaction whiie but-l-ene and carbon dioxide,- which ére
significant products of thermal degradation,. are not produced photo-
‘thermally(181), o - _ |

Thermal and photoinduced oxidation reactions are also common for
environmentally streéséd polymeric materials. In these reactions the pro-
cess is initiated on the polyﬁer chain by photochemical or photothermal
mechanisms followed by direct combinations of the polymeric chain radical
intermediates with atmbspﬁéric oxygen to form reactive hydroperoxides.
Further thermai or photoghemical stress degrades the polymeric hydro-

peroxide and causes further degradation of the polymer chain(lsz).

. HP ——— PH '-hV or thgrma1> HP. (polymer radical)
(polymer chain) ‘

——> HPOO-

HP: + 0,
HP —— PH + HPOO» —> HPOOH + HP —— P
(hydroperoxide)
HPOOH —IY OT s ypg. + -OH
thermal .

HPO: —————> poiymeric’cafbonyl formation.

These types of stress enviroﬁment (combinétions of photochemical,
photothermal, and photooxidation) are probably the most. important consider-
ations in accelerated testing of plastic materials. ;

Polystyrene materials, although not generaliy considered for use
in plastic solar thermal collector systems, have been well characterized
with regard to poor weathering performance and can be used as a control
to correlate effects of outdoor degradation reactions for other polymeric
materials(183,184), .
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Thermal degradation reactions for polystyrene results in mainly
depolymerization which produces moﬁomgric styrene starting materials; how-
ever, photochemical reactions (2537 Z UV-radiation wavelenéths) for poly-
styrene leads to the fdlldwing sequénce of events:

. H
re=r~r polystyrene — CH, — C——CH, 6~ %

) 2 'il‘ 2

R + R+ ———— 5 crosslinked polymer
H + RH —mm ——> H2 + R.

H* 4+ Re ———eoou> unsaturizfon + Hz'

R* + 02-————4> ROO* —— 3 colored products{

-Crpsslinking reactions associated with photochemical degradation
of polystyrene also have a pfon0unced effect on iis diffusion and permability
coefficients for CO, and can be used as a method for determining extent of
degradation(;85). )

Polyvinyl chloride (PVC) plaétics are important building materials
and can be used in a wide variety of gpplications. The principal method of
degradation for PVC is through photochemical-induced dehydrochlorination to
produce conjugated unsaturated functionality along the polymer backbone.
This conjugated unsaturated functionality is a strong UV absorber and can’
cause further photoinduced degradation reactions which lead to the ultimate

failure of the polymer(186). 
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PVC —BY 3> e CH=CH-CH= CH=
h

—~CH=CH-CH=CH)— —2Y-» —¢CCH=CH- CH=CH>

excited state

(CH =CH - CH = CH= -+ ~—CH, —~CH - CH)), - CH ~——
L L

c1 ax  —>
PVC

—{-CH CH CH = CH=— + CH2 —€&CH =‘CH)n - CH ~ + HCL
\J
ground state C;

where n can vary from 2 up to 9.

Polycerbonate meterials, esﬁeeialli UV-stabilized compositions,
have the~potential of'ueiug used es a major component in plastic solar
thermal collector systems. These.polymers ate much more tﬁermally stable
than thermoplastic acrylic polymers, but they do undergo rapid photo—
decomposition reactions unless properly stabilized for outdoor environ-
ments. ' .

There are two basic phnfochemical initiated degradation mecha-
nisms associated with polycarbonate materials. The first such mechanism
is a Fries-type resrrangement to produce yellow products attfibuted-tp

dihydroxylbenzophenone molecules:

@+t <@ —

(dipheﬁyl carbonate model structure)

(phenyl salicylate) ~ yellow products
(dihydroxybenzophenones)
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The second mechanism, and probably -the most important, is .a direct chain

cleavage reaction and subsequent formation of yellow phenolic products(187).

<§>—0‘-'Eé m — W OH +

(polycarbonate) yellow prbducts

“

The previous discussions treat some of the general mechanisms or
reactions associated with weathering of certain polymers while the following
section will review more detailed weathering studies for specific polymer

systems. '
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VI. Weathering of Specific
Polymeric Materials

(a) Polyolefins.

An early investigation by Titus'on the "Weatherability of Poly-
olefins(lss) covered the effects of various natural and artificial weather-
ing condltlons for a series of clear and plgmented nonrelnforced plastic
materials (polyethylene, polyethylene copolymers, polypropylene, polyvinyl
chloride-polypropylene and an ethylene-butene copolymer). This report in-
cluded exposure testing methods, weathering expOSUre testing at different
geographical locations, as well as various means of stabilization and the

effects of different pigments in the polyolefinic materials.

- Correlations were also made for environmentally and unnaturally
influenced stress cracking of these polymeric materials, losses in elonga-
tion and the effects of weathering conditions on stressed and unstressed
polyolefin samples(les).

Some of the important results from the study showed that, in
general, unmodified polyolefins have poor inherent weatherability but can
be upgraded through the use of appropriate additives such as antioxioents,
UV stabilizers, certain pigments and especially carbon blacks.

~ Oxidation, a primafy cause of failure in polyolefins at high
temperacures(lsg), was shown to be negligible under low-temperature condi—
tions except in combination with UV light radiation. The degradation of
polyethylene by UV radiation was attributed to the presence of'carbonyl
groups in the polymer backbone caused by the initial polymerization
reaction. These carbonyl groups absoro UV energy and cause polymeric
chain scission or degradation, especially in ohe presence of oxygen, and
can be controlled through the use of UV absorbers, antioxidants, and
certain pigment structures<190)

Polypropylene materials have high degrees of crystalllnlty which
reduces the access of oxygen to the active reaction sltes (Substltuted
carbon atoms) in the main chain. 1In polypropylene material the antioxidants
and UV absorbers concentrate in the amorphoue regions of the polymer which
tends to reduce its photooxidation rate .and increase its outdoor exposure

lifetime.

|
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Pigment additives uSed'to enhance polyolefin outdoor -weathering
stability were carbon blacks (2 to 37 concentration levels) and certain
other pigments used as mercadmium red, cadmium yellow, and’irdn oxide
(0.5 to 27% concentration levels)., The stabilization of these polyolefins
was also improved through the use of ultraviolet absorber compounds such
as substituted benzophenone or salicylic acid derivatives,

In general, the best weathering results wefe obtained from a
high—densiéy, high moleqular weight, éarbon black-filled poiyolefin mate-
fiél{ It was also reported in this study that cert;in pdlyethylene co-
polymers have enhanced ultraviolet stability over the homopolymer sysﬁems.

In ; similar étudy by Dunn and Hill(lgl), a series of five tyﬁes of
polyolefins (polypropylene, high- and low-density polyethyleﬁes, poly-
ethylene biends, and polyethylene-ethyl acrylate copolymer) were exposed ‘
for 4 years in Australia at four different locations having widely differ-
iﬁg élimatic'conditions. The samples tested (both pigmented and clear
formulations) were injection molded plaques, and mechanical or electrical
properties were determined before and after exposure testing.(lgl)

- The conclusions drawn from these studies indicated that only the
polyolefins pigmented with carbon black showed excellent resistance to .
degradation after outdoor exﬁosure durations of 4 yéars.' All of the non-
black pigmented and clear polyolefins were rapidly degraded under these
éxposure conditions (Australian climates) and their service life was con-
siderably less than 4 years. In addition, the clear polyolefin samples
all éhowed excessive chalking, pitting, 'and crazing after exposure and
the crazing patterns on the sample surface were similar to stress patterns
observed in unexposed specimens. If these stress patterns were eliminated
during the molding process; then the resistance to weathering of polyolefins
would be greatly improved.

The major cause of degradation in polyolefins, as was mentioned
previously, is due in part to ultraviolet light radiation which initiates
chain-scission réactions and results in cracking, embfittlement, loss in

tensile strength, and reduction in elongation at break.
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Electrical properties such as the measurement of tﬁe power
factor of exposéd and unexposed samples and mechanical testing were used
as a method of determining the service iife or weathering changes in
these polyolefinic materials(191), / |

' A short review by Baum on the "Weathering Degrada;ion'of
Pplyoléfins“ confirms the results of‘p;eQiogs>studies in tﬁéfﬁpho;qj
dégradation reactions of these materials are an important factor féf
deterﬁining service life. This review also considered. variations in
spectral radiation, température, density of the polymer ;nd polymer
absorption spectra, orientation of the sample and sample, thickness as
related to property deterioration. Stabilization of‘polyoléfins through
the use. of ultraviolet absorbers and special pigments were also brieflyl
mentioned in this article(192),

1) Applicatiau;of Polyolefins in Plastic Solar Thermal Collector

Systems. One unique application of polyo;efin materials in thermal solar
collector systems is the.use of ethylene propylene diene monomer (EPDM)
"rubber (carbon black loaded for maximum UV degradation protection) extruded
tubular mats. These solar radiation absorbing tubular mats allow water to
flow through the entire system providing thermal radiation transfer for an
efficient heat collection system. Since the EPDM tubular mats are filled
with carbon biack, their expected service lifetime is projected for at
least 30 years. Similar EPDM formulations for electrical applications

have been in service for at least 20 years (193), -
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(b) Acrylic Polymers
! " Acrylic polymers and copolymers cover a broad class of materials
synthesized from alkyl esters of acrylic acid or methacrylié acid'compohents.
One of the advantages of using these polymeré is their high purity and usual
absence of deleterious ultraviolet light absorbing chromophores; hence, they
have an inherent capability for improved weathering resistance over other
plastié materials. Acrylic and methacrylic polymers also haye a uniqu§
chemical composition that tends to resist environmental attack along their
backboné structures. Acrylic acid-ester polymers are more susceptible to
degradation reactions than similar methacrylic acid ester polymeric struc-
tures in that hydrogen atoms are more easily removed in the former case as

opposed to methyl group removal in methacrylic' acid ester components.

, éasily
& removed
] . ™ . H .
" . |
—---.acrylic po,lymer--w--wCH2 = C e

K .

C=0

. .

0-R

v - acrylic acid ester polymers
where R is an alkyl group
not easily
BT AP o .
‘ CH removed
" e [ 3
-~ methacrylic. polymer <CH2 e

\J
c=0
]
0-R

methacrylic acid ester polymers
where R is an alkyl group

One of the most promising materials having proven test require-
ments for 17-1/2 years serQiceability undér desert weathering conditions
is a crosslinked polymethylmethacrylate premium grade sheet material con-
taining UV absorbers and manufactured by Rohm and Haas (Plexiglas 55).

This plastic was obtained from Rohm and Haas in 1956 and waé mounted in an
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.

outdoor test exposure faciiity at Sandia Laboratories, Albuquerque, New
Mexico, for 17 years and 8 months. Afer this exposure time period the
sample was evaluated for extent of degradation by optical, chemical, and
mechanical methods of analysis.

The optical transmittance of a material before and after weather-
ing is an important factor in the design of plastic solar thermal collector
systems. In the case of the 17-1/2-year weathered crosslinkéé polymethyl-
methacrylate sample, its integrated or total transmission was only about

10 percent less than an unexposed similar control material. These losses

could also be improved upon had the sample been coated with a more abrasion-
resistant material such as a crosslinked polymethylsiloxane polymer. o

Chemical analysis of thé aged versus a similar control polymer
sample showed that there was very little change in the carbon/hydfogen
ratio for both systems.

Mechanical property evaluation with thermal mechanical, torsion
pendulum, and flexural analysis techniques indicated that the aged polymer
had a significant reduction in the glass transition teﬁperature, increased
in brittleness, and showed a 51 percent decrease in flexural strength over
a similar unaged contrdl sample. These changes in physical properties are
indicative of some form-of polymer degradation related to a reduction in
chain length-and increases in crosslink density(194). ' .

The superior weathering characteristics of acrylic—méthacrylic
polymers and copolymers qualify these materials for consideration as major

components in plastic solar thermal collector systems.

(1) Applications of Acrylic Polymers in Plastic Solar Thermal

Collector Systems. A blgck-liquid solar thermal collector system was

developed at BCL using extruded acrylic materials, Acrylite SDP double-
'skinned sheet, available from CY/RO Industries. The black-liquid solution
was ;irculated upward through 72 small passages and the basic flow.pattern,
manifolds, and hole sizes were designed to produce very uniform flow
velocities in each of the 72 channels. This work is continuing and is

the subject of a report on "Development of a-Law-Coét, Black-Liquid

Solar Collector System(195),
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Aqrylic flat sheet materials can also be used as glass glazing
substitutes for more conventional metal flat plate solar thermal collector
systems(l96). ‘

,
]

(c¢) Polycarbonates
. . L :

It has béen found that certain pqucarbona;elsheet materials
(UV—spgbiliéed.and nonstabilized having a 12-mil thickness dimension)
subjected to outdoor weathering in a temperate northern climate for
relativély short periods (20 to 82 mqnths) develop a network of surface
microcracks on the side exposed to solar radiation. The back side or non-
exposed side does not exhibit these microcrack structures. Artificial
weathéring prodgcés microcrack formation under the influence of light
radiation in conjunction with cycling of either temperature and moisture
or temperature alone. The use of radiation by itself (4200 hours), or
eveh relatively severe cycling of temperature and humidity»without radia-

tion (2100 cycles), does not induce microcracking(197).

(1) Surface Microcracking During Outdoor Weathering. Poly-

carbonaté sheets (UV-stabilized and unstabilized) weathered outdoors at
Ottawa, Canada, developed surface microcracks on the side exposed to solar
radiation. Initial crack formation occurred after 20 to 23 months of ex-
posure. The very narrow (0.1 to 0.2 um in width), randomly oriented
initial cracks propagate slowly with‘aginé and interact to form a network.
The network of relatively shallow cracks divides the surface of the sheet
into predomipantly_triangular and four-sided polygons. Areas confined
between the intersecting cracks decréasé with weathering because the
surface resinﬁlayefs continue to fracﬁure, forming new cracks.

The surface microéracks of the unstabilized sheet are deeper and
wider than those of the sheet made from stabilized materials; their number
péf unit area of surface (density of cracks) is also greater, as evidenced

by the smaller area of the polygons formed by the cracks.
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Thé~back side of the polycarbonate sheet which.was exposed to
essentially the same envirommental conditions except for. the action of
radiation did not show any evidence of surface microcracking. This indi-
cates that a combination of stresses (radiation + environment) is necessary

for crack formation.

(2) Accelerated. Weathering (Radiation Cycling and Humidity-Tempera-

tute .Cyeling), Polycarbbnaﬁa sheets exposed tQ alternate cycles of radia-

tion, water spray, and temperature in Xenon Arc Weather-Ometer ‘-resulted in
the formation of surface microcracks. in-the exposed (front) side of the
samples. Initial craéks‘(cracks formed after 370 to 375 cycles) were mostly
parallel with a few intersecting cracks to produce a more regular polygon
network.

The polygons formed by Weather-Ometer aging were regular in shape
(rectangular) due to the reproducibilitykof cycles and relatively uniform
;,chéngé in the environmental conditions at the sample during any given cycle.

This is in direct contrast -to the irfegular polygons formed during outdoor
~weathering, where the environmental conditions are quite variable during a

cycle and. from one cycle to another.
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The back side (unexposed) of the polycarbonate sheets did not

exhibit any signs of surface cracking.

(3) Accelerated Weathering With Continuous Radiation and Constant

Temperature and Humidity.r Surface microcracking in polycarbonate sheet'

was not observed after 4200 hours constant irradiation at 55.C sample

temperature and 50 percent relative humidity

(4) Therma15Cycling of Preirradiated Polycarbonate Sheet. . Pre-

irradiated polycarbonate sheet (2100 hours) was subjected to temperature
cycling between -18 and'25 C (0 to 77 F) and developed very fine surface
-microcracks after 1200 temperature cycles. ‘Network formation occurred
after further cycling (1800 cycles) but only on the preirradiated side.
Thermal cycling did not induce microcracking in the nonirradiated (control)
sheet. Extended exposure ‘times (4200 hours) reduced the cycle times (845)
to produce single microcrack formation as well as network structures
(1450 cycles)

(5) Exposure to Variable Temperatures and Humidity Without Radiation.

Polycarbonate sheet subjected to cycles of humidity and temperature did not
develop surface microcracks even after 2100 cycles.
Cycling of temperature and humidity induced localized alternating

microstresses between the surface resin layer and the bulk of the material
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and at flaws and in homogeneous points in the surface, causing a type of
stress fatigue.

These observations demonstrate that surface microcracks in a
sheet of polycarbonate are not caused by environmentally induced stresses
alone even if they‘are relatively severe; the degradative action of combi-

nation of radiation stress is also required.

(6)‘ Mechanism of Surface Microcracking. In outdoor we;thering and
in most of the'aging treatments described, the polymeric material in the
surface region of the sheet undergoés dimensional changes as a result of
cyclic variations in temperature and humidity. Cyclic changes of tempera-
ture result in alternating volume expansions and contractions of the material; .
cyclic variations of humidity cause absorption and desorption of moisture,
and this in turn results in alternating swelling and shrinking. Dimensional
changes induced by both temperature and moisture may be in the same or in
opposite directions, depending upon the exposure conditions to which the
material has been subjected.

For example, during very hot, humid summer days,_plastic sheets
exposed outdoors undergo thermal expansion at the same time as swelling
caused by water absorption. During hot, dry periods they undergo thermal
expansion, but moisture-induced volume change may be in the opposité direc-
tion because of water desorption. Similar volume change relations can occur
during artificial exposure. »

Part of the mechanism of crack formation in polycarbonates 1s due
to the action of the ultraviolet portion of solar radiation in which the
material of the exposed surface layers undergoes a gradual decrease in
molecular weight(198) by a process of photooxidative chain scission(199),
This decrease which does mot occur in the bulk material nor in the surface
layers of the side not exposed to solar radiation, is in proportion to the
amount of irradiation by ultraviolet light. .

A decrease in molecular weight causes a lowering of the total
attractive.forces between adjacent polymer chains, and this, in turn,

lowers the resistance of the resin to fracture. When the fatigue limit
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at a given site becomes lower than the environmentally induced differential
stresses,'fracture of the surface resin occurs, producing microcracks. -
Because of gradients in the stresses involved, the cracks grow from the
surface inwards and are V-shaped,'with the median planelapﬁroximately
perﬁendicular to the sheet; the cracks are 1imited to the exposed surface
region. . ’ ’

Studies on relatively thin polyca;bonéte films (1 mil thick but
the reseérchgrs did not mention if the films contained UV étabilizers or
not) showed'that, after 1,000 hours UV exposufe aloné under ambient condi-
tions, there‘waé considerable changé\in‘the glass trénsition'tgmperature
(Tg) and molecﬁlar weight distribution (ﬁb).(198)

TABLE 10. GLASS TRANSITION TEMPERATURE AND MOLECULAR WEIGHT
DISTRIBUTION FOR THIN POLYCARBONATE FILMs(198)

. 4
Tg’ c . Mw x 10 ‘
Unaged film : : 152 = 2 2.9
' l,OOO-hr.exposure : 132 + 1 1.0
" (aged with a RS sunlamp) . :
1,000-hr UV exposure 123 * 2 1.0
with tepeated thetrmal : '

analysis

The drop in Tg for the UV-aged sample cofresponds to a decrease-
in weight average molecular weight (M) by a factor of 2.9. Repeated
thermal analysis decreases 10 C. from the original value, wheras no such

change was observed for the T_ of the unaged samples. These results are

consistent with mixing in of fow molecular weight degradation products on
the surface into the bulk sample material during thermal cycling, effecting
a lowering of Tg (plasticized during subsequent runs).

The UV-aged films showed a distinct yellow color but remained
relatively transparent. 1In addition, the aged film is véry brittlg, and

shows a 6 percent weight loss upon extraction with methanol.
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Surface attenuated infrared reflectance measurements and UV
spectral analysis detected phenolic intermediates (bisphenol-A type
products) as well as aromatic esters and ketones in the degraded sample.

Photodecomposition of model compounds shown below

v

{diphenyl carbonate) -

OH

0
oH | u
& ot
- @

‘ye1]ow products

(phenyl salicylate)
. - vy (dihydroxybenzophenones )

results in a Fries—type rearrangement to produce yello& products attributed
to dihydroxybenzophenone molecules(zoo); These types of rearrangements
would be similar to those expected for polycarbbnate pléstic'materials; .

In other artificial and natural environmental conditions? samples
of 1/8-inch-thick polycarbonate sheet (UV-stabilized and unetabilized) ware
exposed to severe rain erosion (simulated fain impact testing at 400 and
600 mph) and outdoor weathering (30 weeks) in central Florida. (201)

Rain impact causes the surface of the polycarbonate to flow and
lowered the optical transmission without significant removal of material.

Limited weathering studies indicated that UV-stabiiized polycar-
bonate retained its original tensile strength (elongation was not meésufed)
only slightly better than the unstabilized materials (201) '

A recent study on the synthesis of new, more weather~resistant
polycarbonate materials and novel stablllzatlon concepts has been initiated
by Hughes Aircraft Company, but these materials are ver§4expensive and

' probably'would only find use in highly specializea'applications(zoz).
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(7) Applications of Polycarbonates in Plastic Solar Thermal Collector

sttemé. Commercial UV-stabilized polycarbonate plastics (General Electric's
Lexan; Mobay's Merlon; Rohm and Haas) are easily extruded into about any
configuration which readily suggests their use in low-cost solar thermal
collector systems. These materials also offer unique physical properties

such as high impact strength and higher heat resistance over other thermo-
plastic polymers and can be readily sﬁbstituted for glass glazing in conven-
tional flat plate metal solar collector systems(2°3’204).

Ramada Energy Systems, Inc., a Ramada Inns, Inc., company, located
in Phoenix, Arizona, has develoﬁed an extruded polycarbonate solar collector
having a unique triple-layer construction. The top two layers are normally
used as insulating layers while the bottom channel is the fluid-carrying
channel, These panels are'approximately 1 foot wide and 20 feet long,
although they can be produced in any length while the width is determined

by the size of the extruder(205),
FAFCO, Inc., located in Menlo Park, California, is also producing

an experimental coaxial extrusion plastic solar collector system utilizing
polycarbonate materials(206), ‘
Franklin Research Center has obtained a patent on a coextruded

solar collector for air systems using polycarbonate.(207)
(d) Fluordcarbon Polymers

Fluorocarbon polymers are one of the best materials for resisting
environmental effects of outdoor exposure. These polymers have high chemical
and thermal stability, low water absorption, excellent resistance to hydrolysis
reactions, and overall excellent weatherability characteristics. There are
fbur major commercial fluorine plastics: polytet?afluoroethylene (Teflon);
fluorinated ethylene-propylene (FEPiycopolymer; polyvinyl fluor;de (PVF);
and polyvinylidene fluoride (PVF), but only thin films of FEP and PVF have
high optical clarity and excellent solar transmittance values suitable for
use in plastic solar collector systems(zos). For example, FEP and PVF films
are extremely weather resistant and after a S;year ekposure study in Florida,

they retained about 95 percent of their original solar transmission(209,210),
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Other weathering studies on fluorinated polymers also demonstrated their
unique ability to maintain their physical properties under a wide variety

of exposure test conditions (211-214)

(l) Application of Fluorinated Polymers in Plastic Solar Thermal

Collector Systems. Fluorinated polymers have. been used ln transparent
film or honeycomb structures betﬁeen the absorber plate and,the}trans—
parent cover in conventional flat-plate solar collectors. Tnese composite
structures increase the eff1c1ency of the collector by suppre591ng heat
losses and can act as an 1nsulating barrier for the total systems(zl5 216),
In related solar energy technologies, fluorlnated polymers have
been used in plastic solar stills, lenses for concentrating collectors,

and encapsulant materials for solar photovoltaic cell modules(217,218),
(e) Other Polymeric Materials

‘Detailed weathering studies on polystyrenes and related copolymers
and terpolymers(183 220); fiber reinforced plastics and polyester»gel o
coats(221,222); polyvinyl chloride(223‘225); urethane foams (226) ; silicone
polymers and sealants(227-233); textile polymers(234) acrylonitrile-
butadiene styrene terpolymers(235 236) polyamide fllms(237), and elasto-
merlc vulcanizates (238, 239) have been reported but w1ll not be dlscussed .
ln this rcport singe these po]ymers probably do not have major or d1rect
appllcabillty in plastlc solar thermal collector systems. The exposure
testlng methodologles 'in these reports, however, are similar to those
previously mentioned thronghout thls text and do not warrant further

elaboration.
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VII. Exposure Testing Methodology
(a) Prediction of Service Life for Materials . |

Prediction of service life for materials under multiole stress
conditions is difficult in that many published weathering studies have not
been done under carefully controlled conditions. The types and sizes of
samples varied greatly between different experiments so that extrapolatioﬁ
from one set of test conditions to another has very little quantitative
accuracy. '

The term "weatherability", although commonly used in plastics
technology, is a poorly defined concept since it refers to long-term service
under complex and variable conditions and because different properties of
a plastic are affected to different degrees by a given environment.
Improvement in the ability to predict weatherability therefore réquires
" careful redefinition of the problem as well as a refinement of’experimental
technique. A review of the extensive literature on outdoor and artificial
exposure of plastics shows that no simple correlation exists between these
two modes of testing. Further, because the rates and mechanisms of deterio-
ration are'différent when produced by visible 1light,. ultraviolet, heat, or
moisture, an arbitrary "accelerated" weaﬁheriﬂg test will distort the balance
of responses observed in the slower outdoor exposufe of plastics.

In an ideal procedure, the effects of specific weathering param-
eters are established for specific propérties of a given material using con-
trolled artificial environments; the makeup of the weather at a given outdoor
location is analyzed in terms of tﬁese parameters; and finally, by suitable
mathematical models, the results to be expected on exposure of the material
to this given composition of weather can be computed. While this appxoéch
is admittedly complex, its feasibility has been demonstrated. For routine
studies where the mathematical .approach may be impractical, it appears
necessary to abandon the goal of a "universal" artificial weathering test
unless only qualitative or screening comparisons are desired. Quantitative
predictions, using presenﬁ testing technology, will be most reliable if
restricted to a comparison of materials which are fairly similar in compo-

sition.
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The first consideration in accelerated testing is the choice of

light source used to irradiate the sample. This light source should approxi-

'mate the solar spectrum at a given latitude or location but with long-term
stable output energies so that uniform steady state illumination can be con-
tinued over extended time periods. . y

The Weather-Ometer (artificial xenon arc light source) most often
used in accelerated testing is capable of equating 1 hour of supposed noon-
day ‘'sun at Chicago comparable with actual solar illumination which gives
about 12 hours of daylight with' maximum intensity centered at 12:00 moon
plus or minus 2 hours (Figure 2). (122).

Correlation between actual outdoor exposure testing and arti-
ficial Weather-Ometer'exposure (UV wavelengths=--280 to 383 nm) at constant
relative humidity'and'ignoring other climatic conditions (rain, temperature
cycling, ete) for 22 hours was found to be equivalent to 1 week of actual
outdoor exposure in Stamford, Connecticut, as measured by loss in original
tensile strengths of the polystyrene sheet materials (Figures 3 and 4). (240)

In order to equate uv intensity alone as a- single outdoor expo-
sure variable and to attempt to. standardize a Weather—Ometer for accelerated
testing, BCL analyzed available data on average hourly, daily, and monthly
total daylight radiation intensities (UV range--280 to 383 nm) for the
climatic region of Philadelphia, Pennsylvania. This analysis was ‘based on
gtudies prepared by the National Cancer-Institute on the'effectiveness'of
UV radiation in producing skin erythema at different locations throughout
the U.S. through use of a "Sunburning UV-Meter . This device records a
measure of the cumulative amount of ultraviolet radiation as produced in
the solar spectrum which passes through its filters and photosensors.
Half-hourly recordings may ranée from zero to slightly over 1,000 counts,
depending on the geographical locationAand the meterological conditions
prevailing at the UV-meter site. A count of appro#imately 400 is estimated
to produce skin erythema ("sunburn") on the typical Caucasian skin(241);
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In Figure 5 is a plot of’the average number of UV counts recorded
normalized to the'noon hour (501 maximum UV counte) at Philadelphia, Pennsyl~-
vania, versus average number of daylight hours for each month of the year
(1974). It can be readily seen from Figure 5 tnat.theAlowest UV counts re-
corded are in the winter months (December, January, etc) with the highest
UV counts recorded being in the summer months (July = maximum UV counts).
Major UV intensity effects (UV. count range, 200-500) occur only at about
half the total number of available daylight hours. '

There appears to be a strong correlation between annual UV-count

versus degrees north latitude (Figure 6). From this relationship

(Figure 6), then Des Moines, Iowa; 41.5 latitude (degrees northern) should
have approximately the same total annual UV—count as Chicago, Illinois{
41.5 latitude (degrees northern). Tﬁe maximum average UV-count recorded at
the noon hour in July for Des Moines, Iowa, was 572 counts and the total
average annual UV-count for all available daylight hours was 1,251,567
counts/lZ months or 1 year in 1974

If we . assume that 1 hour of noon summer sun at, Chlcago or Des
Moines is equivalent to the average maximum UV intensity output of the
Atlas Weather-Ometer per hour, then ‘the foilowing relationeﬁips are

proposed:

14

1 hour of noon sun in 572 average = 1 hour in Atlas

July, Des Moines = Chicago UV counts Weather-Ometer
1,251,567 total ’ ' : available
UV average counts ) 572 average v daylight
Des Moines = Chicago s UV _counts "=. 42 hours
52 weeks noon “hour A . week

year (1974) July

This calculation implies that 42 hours of artificial Atlas Weather-Ometer
exposure time should be equivalent to 1 week of actual outdoor exposure in
Des Moines or Chicago geographical locations. This, however, is not the
case for Stamford, Connecticut (41.03 degrees north latitude) in which only
22 hours of UV exposure in the Atlas Weather-Ometer was experimentally

determined equivalent to 1 week of outdoor exposure(240), The difference
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actual and calculated'exposure"times cduld be caused by other experimental
or climatic factors (altitude, cloud cover, latitude difference etc) but

is probably due to the fact that calculated 42 hours per week represents

all average uv counts over a total number of available daylight hours. 'In
reality, aoout 1/2 of the total numper of available daylight hours represents
UV counts in the range of 200 or 500 or higher intensity UV radiation.

An attemptvto correlate different experimental test results on
aging of polystyrene sheet materials is given in Figure 7. The variables
are exposure times, conditions and time required to reach 50 to 60 percent
loss in tensile strength (weeks) versus polystyrene sheet thickness.

Three-mil-thick polystyrene sheets failed in relatively short
time.periods (43 wéeks outdoor. exposure at Stamford, Connecticut, or 800
hours exposure in a Weather-Ometer). Another different set of polystyrene
samples (125 mils thick) and different exposure testing conditions (3 years
outdoors at Dover, New Jersey) also lost 50 to 60 percent .of their tensile
strength during this time period(242)

In work carried out at BCL, we have exposed some 10-mil-thick
polystyrene sheets to 1600 hours of uv’ exposure in a Weather-Ometer and
recorded a 50 to 60 percent loss in original tensile strength of the
samples.

Equating over 1600~hour artificial expOSure conditions to out-
side real time, assuming environmental conditions in Stamford, Connecticut
(latitude 41.03 degrees north) are not much different than Dover, New Jersey

(latitude 40.53 degrees north), requires the following considerations:

1) 22’hours in Weather-Ometer is equivalent to 1 week
outside exposure in Connecticut. Therefore, 1600
hours Weather—Ometer time approximates 73 weeks

real time exposure.

(2) 1600 Weather-Ometer hours, extrapolated time, equates

to 65 weeks actual outdoor exposure.

3 A53uming Des Moines = Chicago noon summer sun or
42 hours in Weather-Ometer is equivalent to 1 week;
hence, 1600 hours relates to 38 weeks outdoor ex-.

posure.
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1
(4) Averages of 22 and 42 Weather~Ometer hours per
week of qutdodr exposute;,hence, 1600 Weather-

Ometer hours relates to 50 weeks outside exposure.

The best fit of the data was obtained with an average Weather-

Ometer exposure time of 32 hours = 1 week outdoor exposure time
(b) Major Experimental Aging Tests and Models

Literature data on aging of polymeric materials are quite exten-
sive. The types of aging studies found can be divided into two almost
mutually exclusive classes according to the goals of the study. The great
bulk of literature on aging of polymeric materials provides purely deserip~
tive data, for example, material prbbefties before and after aging for a
given time under a given set of conditions. The other class includes .
studies that attempt to describe aging behavior by mathematical modeling.
The latter type of. information is discussed in this section of the report.
The most pertinent findings, both with respect to the data illustrated and
to the methodology brought to bear on their mathematical representation,

are summarized in this section.

1) NBS—MCA Study. One of the most ambitiouo studies of ndtural
and accelerated weathering to date was the joint industry-government program
undertaken by the National Bureau of Standards and Manufacturing Chemists
Association. In this program, 20 plastdc'materials, including six generic
plastic species, were exposed beginning in 1966 in Miami, Florida; Phoenix,
Arizona; and Washington, D.C. Both clear films and white films of various
thicknesses were exposed. Table 11 describes the materials expdsed and
lists the properties measured. The program was designed to last for 10
years, but was almost aborted for lack of funds after only 6 years.

Property measurements were made initially at 3-month intervals and later
in the program at l-year 1ntervals., Sirice the stated goal of the'study was
to correlate accelerated and natural aging data, Weather-Ometer testing was

also done on the same materials(243)
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TABLE 11. MATERIALS AND PROPERTIES EVALUATED
IN NBS-MCA STUDY ON WEATHERING OF

PLASTICS
Number of e Materials Evaluated o '
Compositions .Generic Class Color . Thickness, mils
Two Polycthylene : Translucent 1 and 60
One Polymethylmethacrylate Clear. 60
One Polyvinylfluoride ‘ Clear 1
One Polyethylene terephthalate Clear . . S
One Crosslinked polyester Clear .~ 60
Fourteen Various PVC materials Clear and 9, 10, and 60
white '
Properties Evaluated
Color Tensile properties -
Haze “Flexural properties
Glass - Electrical properties

Surface roughness UV spectra

In the NBS data-analysis approach the property-versus -time
data were fitted to the following equation derived from the Weibull
probability density function: ’ '

t + by\ bg1Y '
P by exp{[. b32) 4]}+b5 Y

where P is the property level at time, t, and b1 through bS are fitted
parameters. The five fitted: parameters were claimed to have phy51cal

- significance as follows

b; - 1s related to maximum property level

b, = is related to pre-.or post-aging

b3 - is related to characteristic life deflned ‘as the time required
for 63 percent property degradation .

b, - is related to the presence or absence of-an initial induction
period ,

bs - is the asymptotic property level at 1nfinite time.

Because of these relationships, the bj's- were called the exposure parameters.
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The next step in the data analysis consisted of fitting the
important exposure parameters, or meaningful functions of them (such as
characterisfic life) to a linear equation iq meterorological variables és
follows:

bi = C, + CIL(L) + CiU(U) + CiH(H) + C (R) + C

i iT( )

where L is total radiation in'laﬁgieys, U is UV radiation (Coblentz
langleys), H is relative humidity, R is inches of rainfall, T is air
temperature, and the Ci's were paraﬁeters fitted by stepwise regression.
Thus, from the basic meterorological variables L, U, H, R, and T, it
should be possible to predict the values of bi’ which in turn could be
used to predict property levels or rate of property change at time, t.

The complete data analysis was made only for elongation at
break and only for 3 years of data. Therefore, a judgment as to the
success or failure of this approaéh is rather difficult. From the limited
data analysis, however, successful results appear to have been obtained for
some of the material-site combinétions, whereas gross deficiencieé were

apparent for other combinationms.

(2) Leikina and Tatevos' yan Study. In this accelerated aging study,v

a central-composite, response- surface experimental design was employed to
study the effects of temperature, _1 (30 to 65 C), and radiation intensity,
X (150 to 300 W/mz), on tensile étrengﬁh, elongation to break, and IR
absorption (1720 to 1780 cm~l) of 0.l-mm polyethylene film. This type of
design allowed each response to be fitted to a second-degree polynomial
equation in X; and X, as follows:

P=bg+biX] +baX2 + byy X12+ byyXa2 + b1pX Xy
where P is the fit;ed property and the bi's are parameters fitted via
multiple-linear-regression analysis. Statistical-significance testing

.indicated that the equations fitted within experimental error. From the

fitted equations, interpolations, possible within the limits of the design,

enabled property predictions for conditions not actually evaluated. Since °
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such fitted equations are purely empirical, however, extrapolation outside

of the design limits results in predictions with a high level of uncertainty§244)

a

(3) Leikina, Tatevos'yan, Kuznetsova, and Melkumov Study. In this

study, the effects on polyethylene and polyvinyl chloride of four variables --
irradiation intensity (350-700 w/mz), specimen surface temperature (20 to

75 C), fraction of time exposed to water during test cycle (1/6 to 1/2), and
total test time (170 to 340 hr) -- were investigated The investigators
employed a Soviet DKSTV-6000 weatherometer with a xenon lamp. The experif'
mental design‘emplo&ed was a full 2% factorial in which all combinations

of the two levels of the four variables were examined. This design.per-
mitted the fitting of the following ennirieal equation to the same proper-

ties as in the previous study:

4 4 4
P=by+ 23 biX;+ }E b XiXj
=1 =1 i=l

where, again,.P is the property level and_the bi's are fitted parameters.
Again, theAfitted equations were useful for interpolation, but not for
extrapolation. |

This study and the previous one are significant because the
experimental designs enabled interactions between different independent
variables to be elucidated Synergistic effects go undetected in classical
one—variable—at-a-time experimentation, but may be the most important 1nfor—
mation obtained from an experimental investigation. For example, for .
polyethylene tensile strength, the interaction between exposure time and

temperature turned out to be the most significant effect(245),
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(4) Kamal Study. ~ Kamal's study is similar to the two Russian studies
- Just cited, bnt is somewhat more rigorous even though it predetes them.‘
ﬁsingva xenon-arc weatherometer, he set up a program consisting of 16 sets

of fixed weatherometer conditions (e.g., fixed temperature, fixed length

of wet time, and fixed fraction of ‘total time sample was wet). For each

set of conditioms, polystyrene, polyvinyl chloride, and crosslinked—polyester
samples were exposed for 400 hours, and properties of interest, including ‘
- tensile strength, color change, and UV absorption, were measured at 100-hour

intervals. Property-versus-time data were fitted to the equation:
log P =:b_  +b (t'-250) ,

where P is the property level at time, t, and b and b, are fitted parame-

1
ters. Clearly, b is the log of the property level .after 250 hours, and
b is the logarithmic rate of change of the property with time. Kamal
referred to b and b1 as exposure parameters and fitted each of them to a

quadratic equation in the weatherometer variables as follows: .

_ 2, 2
bo or b1 = C + Clx1 + sz + C3X3 + C 1Xl C22X2
2
+ C33X3 + Cllex2 + C13X1X3 + CZ3X2x3 .
where Xl = temperature, X, = length of wetlcycle, and X3 = percent of time -

in each cycle during which the sample was wet.

As part of this study, samples of the same materials were exposed
outdoors with concurrent estimates of temperature, wetness, and UV energy
conditions. From information in the above equation, outdoor property-values

were predicted as a function of time and compared with the actual exposure
data. (240)

~
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(5) Natural Rubber Producers Research Association (NRPRA) Study. ‘In

this study, K. D. Thomas and R. Sinnott predicted room—temperature modulus

changes in both polyarcylonitrile and polychloroprene elastomer systems for
up to 5 years from accelerated heat-aging data at 100 to 150 C. Assuming
first=order degradation kinetics, they fitted the equation:
. P
log =t - kt
P ]
o
whe're Pt and Po are property levels at time, t, and time zero, respectively,
and k is -the first-order rate constant. Then then related k to temperature,

T, using the Arrhenius equation:

k=A exp ("B/RT) ’

where A and B are fitted constants (B is the activation energy for the
process causing failure). These equations were than used to predict P at
room temperature for several properties for up to 5 years. The results
are shown in Table 12 for 100 percent modulus along with actual property
levels from concurrent outdoor testing. As can be seen, the results are
quite good, especially in view of the fact that extrapolations were made

over wide temperature and time intervals. (245)

TABLE 12. RUBBER AND PLASTICS RESEARCH ASSOCIATION
(RAPRA) 5-YEAR PREDICTION RESULTS FOR '

MODULUS -
Change in Modulus, percent
Time at -
Room Teniperature, Nitrile Rubber Neoprene Rubber
years Predicted Observed (RAPRA) - Predicted Observed (RAPRA)
1 6 5 4 16
2 12 11 : 8 19
3 19 17 12 20.
4 26 22 16.3 22
5

34 27 21 23
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(6) Lockheed Study. The purpose of this study‘was to predict service
life of a proﬁellént. In the accelerated testing plan,-cartonsvof the pro-
pellant were aged under nitrogen at 30, 70, 86, 115; and 145 F/and‘at OIand
5 percent strain for periods up to 120 weeks. Gel content, degree of swell,
‘creep compliance, dilation, and crack propagation weré measured at intervals
during the testing period. 'The property-versus-time data were fitted to one

of the following equations:
P = Pb + k log t , or

_ 2
P = ?o + kl log t + k2 log" t .,

where P and Po‘are property levelé at time t and 1 week, respectively, and
k, kl, and kzyare fitted rate constant;. The linear equation usually was

adequate. Where it was not, the quadratic equation was employed. The rate
1’ and k2

tion (k = A exp (-B/RT)). The compliance equations were extrapolated over

constants k, k were related to temperature by the Arrhenius equa-

time and temperature to arrive at a predicted 1 sigma (o) service life inter-
val of 4.6.to 11 years. Good agreement with 7- to 8-year modulus data was

claimed.(247)k

(7) Hill Air Force Base Study. In this study, several properties of

various components are being monitored at storage conditions to ''detect
changes which could reduce service life estimates". The components include
various potting compounds, adhesi&es, spiralloy, and pressure seals. Prop-
erties includeutensile strength, elongation, hérdness, and lép-shear strength.
Breakway torque and leak rate are measured. on the seals; Data are presently
available for up to 8 years for the adhesives and potting compounds and 13
years for the seals. Measurement intervals for all but the seals are approxi-
mately 1 year except for the first year where 1l- and 6-month measurements

were made for some properties. The number of replications at each data point
vary from three to ten. Pressure seals are tested every other month with

no replication.
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Reported data treatment consists simbly of fitting a linear

relétioqship to the data as follows:

P = P0 + blt s
where P is property level at time ¢, P° is initial property level, and bl
is the fitted slope. The slope is then tested for statistical significance.
No attempts are made to predict service life or to evaluate alternative

models. (248)
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APPENDIX A

BCL EXPERIENCE WITH MATERIALS
AND TESTING METHODOLOGIES FOR
PHOTOVOLTAIC SOLAR CELL COMPONENTS

This study, although not directly aimed -at plastic solar thermal
collectors, does examine many related state-of-the-art materials and test~
ing methodologies suitable for use or application in plastic thermal col- .

lector systems.
INTRODUCTICN

Today, a major emerging technology is that of photovoltaic con-
version, 1.e., the conversion of solar energy (sunlight) into electricity.
This process utilizes solar cells to generate electricity through a mecha-
nism that involves electron displacement within the cell by photons of
sunlight. B

The amount of electricity generated by individual cells is small,
of the order of hundredths of a watt, but larger amounts can be obtained
by utilizing a number of such cells combined electrically. An initial
combination of some 10 to 100 cells is called a photovoltaic array. A.
further combination of a number of arrays is termed a module. Ultimately,
large ﬁumbers of modules are combined that occupy acres of area and are
the source of large quantitieé ot electt¥ic¢cal power.

Before solar energy can provide electricity competitively on a
large scale, however, solutions must be found to a number of technical

problems. The first of these is process efficiency. Current solar cells,

of silicon, operate at an efficiency of only about 10 percent. Maximum
possible efficiency of such cells at the earth's surface is about 21 per-
cent and is further reduced by (1) surface reflections, (2) high electrical
resistivity of the transparent cell cover, and (3) imperfections in silicon

A-1
due to chemical impurities and structural irregularaties.( )




Next, there is the problem of long-term (20-year) protection of

the cells in weathering environments. The solar cells cannot maintain

optimum electrical performance unless the adverse effects of weather on
both the amount of sunlight reaching the cells and the photovoltaic con-
version process are minimized. ' -

' To maximize the amount of sunlight received requires that the
encapsulant components on the sﬁn-side of the cell be transparent to the.
solar spectrum. In addition, the optical coupling of the encapsulant to
the silicon surface must be such that reflectipn losses in the solar spec~-
trum are low. To maximize system performance with time in the weathering
environments requires that the encapsulant provide protection to the elec~
trical-componentry.' On the basis of experience with silicon devices,
primarily in the microelectronics field, silicon sclar cells might be
expected, with substantial confidence, to have a service life of 20 years
in terrestrial use, provided they are protected from the eﬁvironment.

This need for protection also includes protection for the cell interconnects
and’ the metallizations on the cell which aid in the current-collection pro-
cess. -

Finally, it will bé necessary to maximize cell efficiency and
system performance at a total cost that is competitive with those of other

sources of energy.



It is thé oVerali.bbjective of‘cﬁrrent-Lo& Cost Solar Array (LSA)
Projects to deveiop éolutioné to each of the méjor technolégical problems
identified above and to prpvide a total high-performance system at a cost
of not more thah $500/kilowatt on ‘the baéis of 1974 dollars.. It is the
goal of this preseht BCL study on encapsulation materials to provide candi-
date encapsulant system designs with identified materials/processing methods
that will insure long-term array performance at a cost that is consistent

with that of the overall LSA Project goal.
OBJECTIVES CF THE BATTELLE PROGRAM

To date, the encapsulation systems (materials/procéssing methodé/
design) that have been used in the commercial manufacture of photovoltaié
arrays have not met the requ;fements of the LSA Project. None has provided
the appropriate mix of properties, i.e., high conversion efficiency, long-
term performanée, and low cost, that is necessary to assure a competitive
position for photovoltaics in the marketplace. As a result, a considerable
need exists for information on the properties, processing, and aging charac-
teristics of polymeric an& glass materials that are encapsulant candidates
for low-cost array designs.

A Consistent with this need, it has been the overall objective of
‘this program at Battelle to evaluate selected materials and material combi-
nations fof use in encapsulation systems(bn the basis of (1) critical
initial properties and characteristics and (2) their behavior over time in
selected environments. . The environments included high relative humidity,
temperature cycling, and ultraviolet radiation. The emphasis was placed on
screening evaluétions, within the scope of.the effort, to make possible
initial comparisons fqr the many materials and material combinations in a
relatively short time éeriod, and to permit recommendations of materials
and systems for subseduént development.

The program differs from other LSA Project studies in that
system and suhsystem_perfofmance,'i.e., performance of combinations of
mate.als, r. levaat t0'poténtially very iow-cost ensapsulaﬁt'system designs

has been émphasized. ‘Materials have not been excluded from. consideration

A-6




solely on the basis of materials and processing costs. Rather, it has been
Battelle'slapproach to emphasize system designs that require minimal amounts
of materials and, in this way, provide an alternate approach to the attain-

ment of program cost goals.

BACKGROUND
Materials-Performance Considerations

In any hostile'environment: there appear to be two principal
reasoﬁs for the deterioration in photovoltaic cell output. These are
(1) réduction in the amount of light (300-1200 nm) transmitted to the
cells and (2) failure of the electrical system (cells,‘interconnecté,
leads, etc) to utilize available light. A number of causes of each of
these types of system deterioration have been observed and are identifiéd

below.

1. Causes of Light Transmission Losses

a. Degradation of encapsulant material(s) in the
light path to the cells (discoloration, hazing,
yellowing, etc, from UV, thermal oxidation, etc)

b. Delaminations at the encapsulant cover/adhesive
(or pottant) or adhesive (or pottant)/cell inter-’
faces (formation of air or water gap)

c. Surface abrasion of the encapsulant cover

d. Surface reactions of the encapsulant cover with
' water and/or ‘other chemicals

e. Accumulation of dirt, salt, ice, snow, etc, on
the encapsulant cover '

2. Causes of Faiiure of Electrical System to Utilize
Available Light '

a. Corrosion of metallic members associated with
‘water (or other) vapor permeation through the
adhesive (or pottant)/cell interface or with
outgassing (establishment of corrosive condensed
phase in contact with metallic elements)




b. Corrosion of metallic members resulting from de-
lamination and/or environmental stress cracking
to provide paths for 'vapors" to the corrodable
components

R ¢. Corrosion of metallic members brought about by
absorption and/or reaction of the encapsulant
materials with water vapor and/or other chemicals

. followed by swelling,  degradation of barrier
properties, etc.

Materials/Processing Cost Considerations

~ In addition to long-term performance‘during exposureS»to weather-
ing environments, a requirement that imposes a high degree of oonstraint_
on materials,seleotion, raw materials, and prooessing costs provide still
a second such requirement. Currently, it would appear that short-term o
(1980-1985) costs for encapsulant materials, including the use of certain
preformed components, e.g., polymeric sheet,,reinforced substrate, etc,
will be in the- $10—$15/m2 (v~ $1.00-$1. 50/ft ) range. Such costs are predi-
cated on the use of a simple‘sheet -film or sheet-conformal coating encap-
sulant design in which the sheet member is structural and may serve either
as the transparent cover or as the substrate of the array. |

In estimating the $10-$15/m? cost, a system was assumed composed'

from top to bottom, of a transparent film cover, a 50-125 wm (2=5 mil)
layer of adhes1ve (or pottant), a 300-um (12-mil) layer comtaining cells
at a geometric fill factor of 67 percent and adhesive, a second 50-125 um
layer of adhesive, and a structural substrate. It was further assumed
that a minimal amount of sealant was applied to the edge areas of the
laminate.b Based on prOJected long-term LSA goals, this cost figure
probably is high by a factor of at least 3 to 5. Consequently,,cost con-
siderations are a very major factor and further sizeable reductions must
await the development of new and/or improved materials and processing

methods.



EXPERIMENTAL

Encapsulant Materials Selection

. Property guidelines used. in the selection of encapsulant materials
candidates are identified in Table A-l.‘ In’ terms of specific properties,
transparency in the solar spectrum was a primary consideration in the selec-
tion of. all materials exclusive of the substrates discussed below. Other
properties/characteristics that were weighed particularly heavily were
weatherability, useful temperature range, and processability.' The latter
includes handleability, repairability, and ease of automation.

Materials costs and availability also were important in the
selection process. However, because both processing considerations and
the finalized system design(s) are basic to the establishment of total
system costs, certain materials having relatively high unit costs (e.g.,
certain s11ic6nés;'éﬁéx1¢s, and fluorocarbons) were selected for consider-
ation. These.materials appear to fulfill functioms in certain conceptual-
iéed,designs for_the encapsulation system that cannot, be obtained with
lower cost materials; It is anticipated that design modification could be
made, if-required, to minimize the amounts required of certain of these
bigh-cost materials while maintaining their unique system functions;
Ultimately, it is anticipated that materials development programs are
likely to provide less expensive replacements for, or modifications of,
these materials. ‘ a

It should be emphasized that the materials candidates that have
been examined 1n this study are, in many cases, only representative of a '
number of viable ones available from a variety of manufacturers/suppliers.
The identification and characterization of all materials of potential
interest for each end-use application (adhesives, coatings; etc), of couféé,'
is not feasible. It is believed, however, that the materials selected are
consistent with tbe general property requirements of interest for terres-
trial solar-cell encapsulation. A discussion of the selected materials

according to the several end-use applications follows.




TABLE A-1. PROPERTY GUIDELINES USED
IN MATERIALS SELECTIONS

Cover

Low cost

Transmittance

uv stability/weatherability

Abrasion resistance

Barrier ptoperties'(e.g., to moisﬁure)
Low adhesion of dirf and other pollutants
Appropriate structural properties(a)

Adhesive

Good adhesion to cover and substrate

Low cost (including primer, if nécessary)
Transmittance (depending on location)

UV stability/weatherability

Low mo&ulus (probably)

Forms moisture barrier with cell/cover
Substrate

ﬁow cost
Moisture barrier
Weatherability

Appropriate structural properties(a)

(a) Structural properties required depend
upon design of‘encapgulgnt.syscem,
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Adhesives

Adhesives can be classified either as structural or nonstructural.
Generally, the former are load-bearing materials that will strengthen struc-
tures, often to the extent that the bond becomes as strong or stronger than
the materials joined. These high—strength materials are resin based and
are used to join various types of materials: metals, glass, plastics, etc.
For the most part, they are thermosetting types and available both as dry
film (prepreg) and as liquid resins. Generally, curing is effected with
heat. Most epoxy adhesives are examﬁlés of this class éf materials.

The nonstructural adhesives are ﬁonload—bearing, and are used
with a variety of materials where there is no need fofAhigh stress resis-
tance. They are therﬁoﬁlastic, or noncuring; and éan.ﬁave either é rubber
or resin base. Certain silicones aﬁd ﬁretﬁanes afe éxémples of the rﬁbber-
based adhesives; certain acrylics»are representative of the resin-based
nonstructural éystems. .

The high strength attributable to the structural adhesives gener-
ally is accompanied by a high degree of rigidity. The rubber-based non-
structurals, on the other hand, have excellent flexibility. Between these
two extremes are the resin-based systems.

From the standpoint of the utilizafion of adhesives in solar-
cell encapsulation,- considering varieus potential designs for the ultimate
encapsulant system, both the structural and nonstructural materials
classes must be considered. Howéver, in the current work, emphasis has
been placed on the use of low-modulus materials and, consequently, non-
structurals pfedominate. The adhesives selected for. evaluation are listed
in Table A-2. A detailed property informatidn compendium is presented in
Appendix B. It is recognized here, as in the selgction of materials
examples for other types of end—use ;pplications, that a number of other
materials representing the same classes may provide equally good, or
possibly superior, propértiés'for the éhcapshlation &ésk.

Adhesives.candidates for bonding silicon cells to the plastic
cover must be clear and UV stable. Of the structural types, the epoxy
(Scotch-Weld 2216 B/A, clear) or an aliphatic-isocyanatejcured urethane

/
i

1
i
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TABLE A-2, SELECTED ADHESIVES CANDIDATES

Trade Name Manufacturer/Supplier Class

STRUCTURAL
Cavalon 3100S (TS)(a) Du Pont : . Room temp. curing acrylic
Scotch-Weld 2216 B/A M Room temp. curing epoxy
"Scotch-Weld 3520 B/A 3M ‘Room -temp. curing epoxy
".Structural 3532 B/A 3M _Room temp. curing urethane
NONSTRUCTURAL

>

L @ -

N -Acryloid B-7 (TP) a : Rohm & Haas Thermoplastic acrylic
B-2397-10 Hughson Laminating urethane
Chemlok '7000/7203 Hughson Laminating urethane
Chemlok 7002/7203 Hughson ' Laminating urethane
DC 282 Dow Corning Pressure sensitive silicone
RTV 118 G.E. Room temp. curing silicone
Scotch Grip 4475 - 34 Resin contact (plastic)
Scotch Grip 4693 3M Elastomeric contact
Silastic 732 RTV Dow-Corning Room temp. curing silicone
Silastic 734 RTV Dow-Corning Room temp. curing silicone
Silgrip SR-573 G.E. - Heat sealable silicone
Silgrip ‘SR-574 G.E. Pressure sensitive silicone

(a) The abbreviations S and TP designate chermosettlng and thermoplastic
. materials, respectively.




have the best potential if flexibility and moderate strength are desirable.
Also agceptable are such nonstructurals as Acryloid B-7 (acrylic), Silastic
732 RTV or RTV 118 (elastomeric silicones), and Silgrip SR-573 (silicone
resin). '

For certain bonding applications associated with cell encapsula-
tion (e.g., substrate-to-cell bonding), optical clarity and UV stability
are not necessary requirements. Scotch-Grip 4475 and 4693 are adheéives
of this type. They have been étudied primarily because of their excellent
bond strengths to certain plastics. Adhesives of this type also are impor-
tant from the standpoint of applicability to high-speed film 1aminafions
with good bond strengths.

"Cover Films and Sheets

In discussing the selection of materials for use és covers in
encapsulation systems, the distinction between films and cﬁatingq (dis~
cussed later) is’méde_on theibasis that films are separaté'structural
units formed prior to application. As such, they are generally distin-
guished from sheet materials only arbitrarily, on the bas;s of thickness.
The dividing line is not well defined, but certainly materials less than’
500 um (¥1/16 inch) or more can be classified as sheet.

Film and sheet selections evaluated in this study are listed in
Table A-3 and have been drawn primarily from the acrylic, halocarbon, poly-
carbonate, and thermoplastic polyester materials ciasses.' These classes
have provided a broad range of moduli from very flexible to quite rigid.
Also identified in Table A~3 13 a specialty film material, 3M Company's
Flexigard. It is a film laminate proposgd By_the manufacturer for use as
outer windows of solar collectors. Film/sheet materials can be used as
protective materials (moisture barriers) for the underside of the encap-
sulant design as well as in cover applications. Aclar-type film, for

instance, is especially good for moisture-barrier properties.
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TABLE A-3. SELECTED COVER CANDIDATES

Thickness,

Trade Name. - -Manufacturér/Supplier Class,x, pm (mils)
Film -

. Aclar 33C Allied : Halocarbon .51 (2)
-Dyed Mylar (weatherable) Martin Processing Co. Polyester (TP)(a) 178 (7)
Halar Allied Halocarbon 127 (5)
‘Korad A Xcel Acrylic 2153 (6)
Flexigard 3M Acrylic-Polyester 127 (5)
Tedlar 400 BG2GTR Du Pont Halocarbon 102 (4)
“"Teflon" FEP (Type c)(b) Du Pont Halocarbon 127 (5)
_Tuffak No. 90230-D Rohm and Haas Polycarbonate 508 (20)

Sheet . |
Acrylite American Cyanamid Acrylic 3175.(125)
Lexan 9030 (UV - stab.) G.E. Polycarbonate: 3175 (125)
Sun~Lite (Premium) Kalwall GR Polyester 635 (25)

(a) TP designates‘thermoplastic-type ma&erial.

(b). Type C is treated .on one side to promote bonding.




Coatings and Pottants

In considering various designs for fhe encapsulation of solar
.cells, polymeric coatings may find utility in any of a number of different

protective épplications. They may be of value (1) in improving the resis-
tance to ultraviolet (UV) radiation, abrasion, and other environmental
effects on a brotective cover, (2) in protecting soft potting compounds
from dirt and other environmental hazards and in facilitating the removal
of ice and snow from such materials, (3) in relieving thermal stresses
between other components of the assembly, and (4) providing high electrical
insulation between system components and a barrier against moisture and
other environmental effects through direct application to‘the silicon cells
and interconnects. ' |

The selected list of coatings and pottants for evaluation is
shown in Table A-4 and includes the acrylic, epoxy, urethane, pol&(vinyl)-
butyral), and silicone classes of materials., The list includes materials
that may be of interest directly as solar-cell coatings as well as general-
purpose coatings.for various compdnents of the encapsulation system.

Coatings with clarity, UV stability, moisture resistance, and
moisture-barrier properties would Be ideally suited for conformally top
coating the solar cell. Most coatings in the table above were selected
for such an evaluation. ‘ ' l

Pottants (or potting compounds), generally, are one- and two-
component liquid systems. Potting iéban embedding process. in which the
material or mixture of materials is 'poured" into a "container'" and bonds
directly to it.- Usually no mold is used, and the container becomes an
integral part of the assembly.

The problem areas associatéd with the potting of electronic
components include high curing exotherms, resin shriﬁkage and subseduent
stress development, inadequate thermal-shock‘resistance of materials and
components, process control problems associafed both with raw materials
and proéessing, and outgassing and corrosivi;y problems. For the LSA
Project, these problems are compounded by thé added fequirements for
optical clarity and small coefficient-of-expansion differences with

silicon, at least in the majority of envisioned encapsulation designs.
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TABLE A-4.

COATINGS AND POTTANT CANDIDATES

Trade Name

Manufécﬁdrer/Subplier

" Class

Butvar B-79
Butvar B-98
Butvar BR _ A
Butvar Dispersion FP
DC-3140 (1204 primer)
Eccocoat AC-8
Eccocoat RTU
Eccocoat VE :
Glass Resin 650 (50%)
Glass Resin 650 (25%)
(GR-70105-2)

Q3-6527 A/B (gel)
RTV-615 '
RTV-655

Sylgard 184

Coatings

Monsanto

Monsanto -
Monsanto

Monsanto

Dow Corning
Emerson and Cuming
Emerson-and Cuming
Emerson:and Cuming
Owens-I1linois

Owens-Illinois

Pottants :

Dow Corning
Goneral Electric
General Electric
Dow Corning

4 ?oiy(Vinyl butyral)

Poly(vinyl butyral)
Poly(vinyl butyral)
Poly(vinyl butyral)
Silicone

Acrylic

Urethane

Epoxy

‘"Silicong"
A"Siliéone"

Silicone
Silicone
Silicone
Silicone
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In Table A~4, Q3-6527 A and B requires heat to accelerate cure,
although it will gel at room.temperature in 24 hours.. Heat also will
speed the cure of Sylgard 184.

The option of using a coating on the underside of the solar cell
requires that the coating be selected on the basis of three principal prop-
erties. Thesg are adhesion, weathering resistance, and low moisture permea-
bility. 1In such an encapsulant design, it is likely that the top of the
cell woula'be bonded to a clear cover (glass of polymer).. Coatings for
this appliéation need not be clear, and could include materials based on
butyl rubber (Butyl LM430~Exxon), polyisobutylene, polyvinylidine chloride~
polyvinyl chloride qopolymer, and halocarbons resins. Silane or titanate
‘coupling agents can be used to achieve good bonding where marginal adhesion
of the coating.to the gsolar cell is experienced. (Alternatively, metal

foil or sheet can be used if insulated from the cells and interconnects,)
Substrates

A number of materials typéé are cahdidate substrates, including
metals, glasses, and polymerics. In considering the polymer materials,
reinforced materials 6r laminated strucfures are viable forms for the
.thermal and mechanical requirements (e.g., epoxies and poiyesters).

In considering reinforced sheet materials it was anticipétéd that
the sheet would likely be bonded, either adhesively or mechanicalLy,‘to a
suitable retaining structure to form the final assembly. It has been
recognized, of course, that certain system designs may not require a
structural substrate as defined here. For example; the roofing-shingle
or roll-out blanket~type designs would be attached directly to a retaining

system without a substrate as defined.

Other Substrate Materials. Two other materials, a 102-pym (4-mil)

aluminum foil and an 89-pym (3.5-mil) composite (Alure CX) were used as sub-
strates in several film-laminate encapsulant constructions. The latter

material (St. Regis) 1is composed of a 13-pm (0.5-mil) metallized polyester

A-17 -




and a 76-um (3.0-mil) coextruded high-density polyethylene. ‘It is reported

to have excellent water vapor barrier properties. Wood products coated steel
sheet and styrene foams are also candidates but were not included in the scope

of this evaluation.
Measurement of Materials Properties

In this section, the property measurements made on 1nd1vidua1
materials and combinations of materials are described, and the test cabinets
used to expose these materials as well as the encapsulated cells are identi-
fied. 1Included were normal light transmittance measurements, moisture barrier
property evaluations, and bond tests. These were made on '"as-received" or
"as-prepared" samples and following exposures to ultraviolet (UV) irradiationm,
thermal cycling, high humidity, and high temperature. The test methods and'
environmental exposures employed in this study are described, together with

pertinent equipment and instruments identification.

Light Transmittance Measurements

A Cary Model 14M spectrophotometer equipped with a Model D lamp
power supply was used to measure normal optical transmittances of selected
cover film (sheet) materials, of free adhesive films, and of materials sub-
s&stems. OpticalAcharacterizations were performed before and-after exposures
to specific weathering environments. Where ‘adhesives were used in combina-
tion with the film (sheet) materials, the latter were precleaned with methyl
ethyl ketone (MEK) or hexane. Adhesive application was made by brushing
where solvent attack on the film (sheet) washnot a problem. Where such a
problem existed preformed free films of the adhesives were used. The free
:films were prepared by wet casting onto a release paper followed by a pre-
application solvent-evaporation step. . '

Film (sheet) specimens with adhesive.applied were cured at room
temperature,_where required, prior to environmental exposures. For exposures,
samples were mounted on 7.6 x 22.9-cm (3 x 9-in.) aluminum panels using 3M
Magic MendingvTape (No 810). Following exposures, samples 2.5 X 5 cm)

(1 x 2 in. ) were prepared for use in the Cary. Normal transmittance (opti—

cal densities) were determined over the frequency range from 300 to 1200 nm.
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Water-Vapor-Barrier Property Measurements

Water-vapor-transmission-rate (WVTR) measurements were made on
film (sheet) materials according to ASTM D96-66, using a Vapometer (Thwing-
Albert Instrument Company). The Vapometer is a cup 6.4 em (2.5 in.) in
diameter and 5.1 cm (2.0 in.) deep. A circular disc of the film or sheet
maferiél, measuring 7.6 cm (3.0 in.) in diameter, was held in place on the
cup- by a retaining ring and setscrews. Fifty grams of Drierite were used
inside each cup. Total exposed film (sheet) area was 0.0032 m2, Test
temperature was 23 C, and outside the cup the relative humidity was main-
tained at 95 percent.

' The measurement of the rate of water-vépor transmissien through
film/adhesives was accomplished through the use of a film pouch (or "pillow
pack”). Figure A-l shows a schematic of one-half of the pouch,' A indi-
cated, two square films.(8.9 cm (3.5 in.) on a side, were bonded together
along the outside edges of the films., The bond area was 1.27 cm (0.50 in.)
wide; the total bonded area was 38.7 cm? (6.0 in.2).‘ WVTR calculations are
. based on the film area éncompassing the desiccant, 81 cm2 (12.5 in.2).
Pouches were prepared by bonding three sides, inserting the desiccant

(10 grams'of Drierite), and finally sealing the fourth side. Exposure to
UV and temperature cycling was conducted prior to inserting the desiccant
and sealing off the fourth side.

A box-type container was employed to determine the rate of water-
vapor transmission through the rigid sheet/adhesives. A schematic drawing
of this arrangement is shown in Figure A-2. The top and bottom of the con-
tainer were pieces of sheet material 6.4 cm (2.5 in.) square. Two 'picture
frame" center sections were made with the same overall size as the top and
bottom pieces. Each picture frame was 1.27 cm (0.50 in.) wide. When
assembled, a cavity 3.8 cm (1.5 in.) square by 0.64 cm (0.25 in.) deep was
formed that would hold 10 grams of desiccant. Water-vapor-transmission
rate calculations are based on the total sheet area encompassing the
desiccant, 29 cm? (4.5 in.2). Exposure to UV and temperature cycling was
performed before adding the desiccént and bonding the top sheet to the

assembly.
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(3.5 mn.) ‘

Thickness
127 ecm __
(0.50 in.)

Bond Area
Desiccant

FIGURE A-1.  SCHEMATIC OF FILM POUCH (PILLOW PACK) USED IN
DETERMINING WATER-VAPOR TRANSMISSION THROUGH
FILM/ADHESIVE SUBSYSTEMS

{Drawing shows one half of square pouch.)

| 6.4cm - )
(2.6in.) _ L

Bond Area
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(0.501in.)

L
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\— Desiccant

FIGURE A-2. SCHEMATIC OF BOX-TYPE CONTAINER USED IN DETERMINING

WATER-VAPOR TRANSMi3SION THROUGH SHEET/ADHESIVE
SUBSYSTEMS

(Drawing shows one half of square container.)
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Following'preparation, the f£ilm pouches and sheet containers were
placed in a closed 23 C environment in which the relative humidity, exterior
to the samples, was maintained at 95 percent. Periodically, test samples
were removed and weighed. Data from successive weighings against elapsed
time were plotted. The slope of the resulting straight-line plot defined
the WVIR.

Bond Strength Measurements

Tests of the adhesive bonds were performed using a modification
of ASTM D1002-72. Although numerous bond test methods have ‘been investi-
gated, none is universally appiicable nor accepted. For thefgcreening
evaluations of this study, this test appeared useful and cost effective,
However, it should be noted that daté sﬁitable for design pufposes are not
obtained. Specimens were'prepared by cutting two 2.5 x 12.7-cm (1 x 5-in.)
strips of film on a‘TﬁI Precision Paper Cutter. An area of approximately
6 cm? on each was marked off for adhesive application. The film areas to
be bonded were cleaned with either hexane or MEK. Adhesive was applied to
each by brushing on a uniform layer; assembly was carried out according to
adhesive manufacturers' suggestion. Most specimens were assembled within
a 2 to 3-minute time period after adhesive épplication; Some, however,
required longer drying periods for removal of solvenf from the adhesive
or curing agent.

For bonding with nonstructural adhesives, a 2.0-kg (4.5-1b)
rubber-cove;ed roller (Pressure Sensitive Tape Council, Glenview, Illinois)
‘was used to apply pressure to the bonded'axea. For structural adhesive
specimens, assembly was made by contaéting the two specimens and exerting
only sufficient pressure (with the fingers)-to insure good wetting of the
film substrates. Adheéives were cured or conditioned for 3 to 5 days,
depending on adhesive type, followed by a A—hqur heaﬁ treatment at 50 C.
For environméntal exposures, épecimens were mounted on aluminum panels
as described earlier. ‘

Four types of controls were used in this study. Included were
unexposed specimens and specimens exposed to 45 C, to 58 C, and to 90 C.
Humidity was not controlled in the forced-air ovens used for the thermal

t

controls.
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After exposures, bond-~-strength measurements were performed using

a table model Instron Tester at a jaw separation speed of 0.5 cm/min (0.2 in./

min). Three specimens were measured for each specimen type evaluated. For

thermal controls, only one or two samples were used for each temperature.

The reported values are those representative of the highest load that was

appiied before adhesive or cohesive failure or film breakage or elongation

took place.

Measurement of Solar Cell Parameters

A substantial portion of the evaluation of encapsulant materials

was augmented by measuring the current-voltage (I-V) characteristics of

commercial solar cells which were encapsulated.by the selected materials '

or material combinations. For all of the measurements reported, a single

type of cell was utilized. The identifying features are listed below.

e Supplier: Spectrolab, Sylmar, California

o Material: Silicon (n/p)

e Dimensions: Round disc, 5.1 cm (2 in.) iﬁ diameter
0.25 to 0.30 mm (10 to 12 mils) thick

® Metallization: Silver,

o Antireflecting coating: Sif,.

silk screened

According to the supplier, the metallization is applied by thick-

film techniques. Different silver "pastes"”

are used for the collector grid

and back (solid) contacts. Annealed copper leads were soldefed to the

metallization grids and back collector.

I-V characteristics were measured in the as-received (unencapsu-

lated) condition for each cell for which encapsulated data are reported.

It is to be noted that considerable nonuniformity in characteristics was

measured among the cells used.

Efficiencies ranged from approximately

8 percent to 13 percent. In most of the results reported, changes in cell

parameters rather than absolute values are given so as to obviate these

nonuniformities to some degree.
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Specific cell parameters were measured in the as-received condi-
tion, after cleaning, after initial encapsulation, and after exposures to
a particular eﬁvironment for a measured length of time. The environments
are described in- subsequent paragraphs of this section. The parameters
determined were:

‘@ Opeu=-circuit voltage, Voc.

® Short-circuit current, Isc

e Maximum power, Pmax

-] Curren; at maximum power, ) S

o Voltage at maximum power, Vo.x .

o Fill-factor (electrical), F.F.
) Sefies resistance, Rs

e Shunt resistance, R
. . sh

e Efficiency, in percent, n.

These parameters assume the conventional equivalent circuit wherein a
current generator is in parallel with an ideal diode and a shunt resistor.
A resistance is in series with the load.

The light source for the cell measurements consisted of 4 ELH
lamps (General Electric or Sylvania) mounted in a lighttight enclosure and
radiating onto a water-cooled copper.plate 50 cm from the lamps. A regulated
supply bqwefed.the 300-W lamps. A light iptensity of 100 mW/cm2 was employed
" for the "high-intensity", or standard, meaéurement. This quantity was deter-
mined with a standard cell fabricated by NASA LeRC (Standard Qeil 2-34) .

Environmental Exposures

Four types 6f»environmental exposures were used in this program.
These were ultraviolet radiation, thefmal cycling, high humidity, and iso-.
thermal aging at ele&éted temperature. The UV exposures were carried out
in either a xenon lamp Weather- O—Meter, Atlas Model 60W, or a carbon arc

Weather-O-Meter, Atlas Model XW-R. Thermal cycling from =40 to +90 C at
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a 6 cycles/day rate was performed in a Webber cabinet (Model No. WF-~6-125~-
300). High-humidity exposures (100 percent R.H. and 38 C) were carried out
in a Precision Scientific Company (Army-Navy AeronauticalfSpee AN-H-31)
cabinet. High-temperature aging treatments were performed in a conventional
alr-circulating oven. Cell-parameter aud materials-property measurements

were made before and after the different environmental exposures.

Materials Evaluations

Summarized in this section are the results of the initial screen-
ing evaluations of presently available, candidate encapsulation materials,
combinations of materials and their interactions/interfaces, and encapsulated
cells rep;esenting the selected encapsulation system designs and materials
described'eariier. Comments afemmaAe about the results and the behavior of
the various materials in the aging environments described previously. The
first part of this section gives the results for "total polymeric systems"
(all of the encapsulation'components are polymers). The results for systems
employing glasses as the top cover, and in some cases also as the substrate,

are discussed next.
Light Transmittance Studies

Values of normal light transmittance were obtained in the Cary
instrument at 100-nm increments over the range 300 to 1200 nm for selected
film, sheet, adhesive, and adhesive/film or sheet cembinations, before and
'atter exposure to specifie weather environments. The berformance of mate~
rials has’been characterized by comparing transmittances before‘and,after

exposure and computing values of R as defined by the equation:

R = Texposed .

unexposed

where T is the transmittance. Generally, R values are reported for the
wavelength range 300 to 700 nm, the range 700 to 1200 nm, and the total
range 300 to 1200 nm. These values are designated Ryjg, Ryp» and RT’
respectively, For each range,'the transmittance was incrementally inte-

grafed at 100~-nm intervals.
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Optical Performance of Film and Sheet Cover Materials. For

selected film and sheet cover candidates, the effects of individual
exposures to UV, thermal cycliné,‘and high humidity on normal light
transmittance were determined. ' The data (summarized in Table A-4)
indicate that the materials generally are not significantly affected
by either'UV~or_thermal cycling:t3Tﬁe.transmitténce of Sun-Lite sheet
appears to decfease somewhat after‘théfmal cycling (RT = 0.88).

o High-humidity exposure appears fo affect the optical properties
of Korad A filmé, particularly in the iR range. The films turn milky after
several hourslof exposure, with a ;esulﬁant Rp value of 0.91. All other
film and shégt candidates were not markedly affected by the:high-humidity

exposure.

Optical Performance of Film- and Sheet-to-Adhesives Combinations.

Film and sheet total encapsulant designs will contain é combination of a
film or a sheet and an adhesive above the silicon cell. This combination
will constitute tﬁe matefial path that must be traversed by iight incident
on the array. To examine the effect of weathering en?ironments on such
subsystems, combinations of film or sheet and adhesive, or three plies of
these materials in which the adhesive us the inner layer of the sandwich,
were subjected to'ligh—transmittance measurements with R-value computations
as above. .

' Transmittance data for a number of selgcted adhesives with the
"major cover film and sheet materials are listed in Tables A-5 and A-6,
In several cases, free films of the adhesives were cast and subjected to

the same environmental aging.

Scotch-Weld 2216 B/A. Data obtained for various cover candi-
dates with Scotch-Weld B/A, a moderately flexible, structural epoxy, are
presented in Table A-6. Note that three types of specimens are included:

a "free" film of the adhesive, a film (or sheet)/adhesive combination, and
a film/adhesive/film (or sheet) sandwich. The adhesive alone and the

film/adhesive specimens were exposed to the various environments for
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TABLE A-5. TRANSMITTANCE RATIOS(3) OF ENVIRONMENTALLY EXPOSED
FILM AND SHEET COVER CANDIDATES

Film or Sheef Exposure Exposure S R T .
Material (Thickness) Type(b) Time, hr RT IR RVIS
Tedlar (102 um) ‘ none ' - - - -

0)'4 1002 - 0.98 0.97 ’ -1.00
TC : 1009 0.94 0.94 0.95
HH ) 500 0.96 0.96 0.97
Korad A (152 um) _ none - - —_— -
' uv N 1002 0.99 0.99 1.00
TC - 1012 0.99 0.97 1.02
HH 500 0.91 0.94 0.87
Tuffak (508 um) none - - —_— C—
: uw 1001 - 0.99 1.00 0.98
TC 1176 0.97 0.94 0.99
HH - 500 0.98 0.97 0.99
Mylar (178 um) none — - - R
uv 1034 0.99 0.97 1.02
TC 1032 0.97 0.98 0.96
HH - - - -
"Teflon" FEP (127 um) none - - - T -
) uv 1034 1.00 0.99 1.00
TC 1133 0.98 0.98 0.98
HH 500 0.97 0.98 0.95.
Halar (127 ym) none -_— == —_— -
' uv 490 0.98 0.98 0.97
TC ) 500 . 0.96 0.96 0.97
HH _ 500 . 1.00 .99 1.02
Sun-Lite (635 um) none - - —_ -
. t uv 490 1.23 1.37 1.09
TC ' 500 0.88 0.93 0.83

HH | 500 1.11 1.10 1.11

(a) Transmittance ratios, designated Ry, RIR, and Ryrs, are the ratios of
normal light transmittancz of exposed to that of unexposed samples over
the ranges 300 to 1200 nm, 700 to 1200 nm, and 300 to 700 nm, respec-
tively., Ratios were computed from measurements on single samples.

(b) UV, TC, and HH designate ultraviolet radiation (xenon lamp), thermal-
cycling, and high~humidity exposures, respectively,
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TABLE A-6. TRANSMITTANCE RATIOS(2) OF 'FNVIRON.JEI\TAL' Y
EXPOSED MATERIALS COMBINATIONS (SUBSYSTEMS)
BASED ON SCOTCH-WELD 2216 B/A

. Fxpoigse Exposure R "R " R
Film/Adhesive Materials Type Time, hr T . IR VIS
Scotch-Weld 2216 B/A none —-—
Clearlc) 4 .
ditto _ U.v. 490 1.08 -1.05 1.14
" T.C. ' 500 . 1.00 ~0.99 1.02
" : H.H. 500 0.72 "0.74 0.69
Sun—Lite/2216(d) none -— » .
ditto U.V. 490 ’ 1.45 - 1.50 1.38
" ’ T.C. =~ 500 0.70 - 0.69 0.73
" 4 ’ H.H. 500 0.54 0.65 0.41
Tuffak/2216 . none e
ditto . u.v. 490 . l.Ol »1.00 1.02
" T.C. 500 0.98 0.99 0.97
" - . H.H. 500 . 1.05 1.05  1.05
Tuffak/2216/Tuffak ' none - .
ditto u.v. 1001 1.13 ~ 1.10 1.18
" T.C. ‘ 1176 1.10 1.07 1.13
" 58C 1001 1.05 0.97 1.17
" 90C 1001 1.01 0.98 1.05
"Teflon" FEP/2216 none -
ditto u.v. 490 0.85  0.85 0.86
" T.C. 500 0.91 0.95 0.86
" H.H. 500 1.01 1.04 0.96
"Teflon" FEP/2216/ : none N )
"Teflon" FEP ‘ . o -
ditto ‘ U.Vv. 1001 1.03 ‘1.05 1.01°
" . T.C. ' 1034 1.06 -1.05 1.08
n 58C 1001 0.99 1.01 0.97
s 90C ‘ 1001. 1.01 '1.06 0.95
Korad A/2216 none - - ‘
ditto , U.V. 490 1{01 "1.00 1.01
. - T.C. 500 . 0.87 0.88  0.85
H.H. 500 0.48 0.62 0.26
Korad A/2216/Korad A none - ; -
ditto T U.V. 1002 111 1,13 1.08
" T.C. T 1012 1.09  -1.09 1.10
" 58C 1001. T

. ' 90C 1001
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TABLE A-6. (Continued)

_ Exposure Exposure K R R
Film/Adhesive Materials Type (P) Time, hr T IR - VIS
Tedlar/2216 ' none - ) o

ditto - | u.v. 490 1.04 1,00 ’“1.08

" T.C. 500 - 0.94 0.96 . '0.90
,.. H.H. 500 0.85 0.90  0.77
Tedlar/2216/Tedlar none - : :
ditto - u.v. 1002 1.22 1.20 0.24
" T.C. © 1009 1.01 1.05 0.93
Halar/2216 none - ‘ _ .
ditto U.v. 490 1.02 1.04 0.98
" T.C- 500 0088 0094 0179

" H.H. 500 0.96 0.98 0.94

e

(a)

(b)
(c)
(d)

—

Transmittance ratios, designated Ry, RIR, and RyIS, are.the ratios: of
normal light transmittance of exposed to that of unexposed samples over
the ranges 300 to 1200 nm, 700 to 1200 nm, and 300 to 700 nm, respec-
tively. Ratios were computed from measurements on single samples.

UV, TC, and HH designate ultraviolet radiation (xenon lamp), thermal-
cycling, and high-humidity exposures, respectively.

Adhesxve alone; no film or sheet material.

Abbrev1ated form designates the Scotch-Weld 2216 B/A clear.
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approximately 500 hours; the saﬁdwicheé were exposed for approximately
1000 hours. With the free film, only the high—hﬁmidity exposure seriously
affected the transmittance. l

Exposure of the film/adhesive comginétions to high humidity gave
rather curious results. The transmittance is of course affected by the
presence of interfaces and absorption in the elements, and thus some vari-
ance in the results with the various films could be expécﬁed. However,‘the
size of the variance is rather unexpected. Note that with Sun-Lite and
Korad A the reduction in transmittance’was large, while the reduction was
comparatively much lower with Tuffak, "Teflon" FEP, Tedlar, and Halar.’
The éxplanatioﬁ for such results is not clear§ they may be due to the type
of interaction between the adhesive and film.

Exposure to UV did not seriously affect the transmittance of anf
of the specimens, but it must be remembered that the UV exposure time is
extremely short compared with 20 years. The thermal-cycle exposure like-
wise did not produce large effects. The large ratios for Sun-Lite after

UV exposure are as yet unexplainable.

Acryloid B-7. Exposures to ﬁigh“humidity for 500 hours reduced
the optical transmittance of‘free films of Acryloid B-7 significantly
(Table A-7). When the adhesive was evaluated in combination with a number
of film (sheet) materials, only combinations with. Tedlar and Halar main-
tained good light transmittances after the same level of high-humidity
exposure. < A ‘

Generally speaking, all subsystems except those involving Sun-
Lite sheet maintained stable transmittance after 500 hours of UV exposure.
The Sun-Lite subsystem and, #o a lesser extent, the‘Tuffék and "Teflon"

FEP subsystems were adversely affected by thermal cyclings of 500 hours.

Silgrip SR-573. This silicon resin adhesive can be used directly
as a thermoplastic iaminating adhesive or can be cured with an amine or
peroxide catalyst to provide increased thermal stability. Exposure to
high humidity for 500 hours reduced the optical transmittance levels‘bf
Korad A, Halar, and Sun-Lite in combination with the uncatalyzed adhesive.
The Ry values obtéined for these subsystems were 0.54, 0.69, and 0.51,
reépectively (Table A-8). ' :
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TABLE A-7. TRANSMITTANCE RATIOS(3) OF ENVIRONMENTALLY EXPOSED MATE-
RIALS COMBINATIONS (SUBSYSTEMS) BASED ON ACRYLOID B-7

_ ‘ Expo?gse Exposure R R R
Film/Adhesive Materials Type "’ Time, hr ’ T IR V1S
Acryloid B-7 Adhesive(C) none -

ditto u.v. 490 1.28 ' 1.13 1.50
" T.C. 500 1.09 1.01 " 1,22
" H.H. 500 . 0.47 0.50 0.42
Korad A/Acryloid B-7 none . -
ditto u.v. 490 . 1,04 1.04 - 1,03
" T.C. 500 1.04 1.06 1.01
"o H.H. 500 - 0.70 0.78 0.57
Halar/Acryloid B-7 none -
ditto U.v. 490 0.95 0.97 0.94
" T.C. - 500 1.02 1.04 0.99
" H.H. 500 1.02 1.01 1.02
Tedlar/Acryloid B-7 none -
dicto U.v. 490 1.04 1,03 1.04°
" T.C. 500 0.98 0.99- - 0.97
" H.H. 500 1.00 0.98 1.02
"Teflon" FEP/Acryloid B-7 none - . N
ditto U.N. 490 0.94 © 0.93 0.96
oo T.C. 500 0.93 0.94 ~-0.93
" H.H. 500 0.69 0.76 0.61
Tuffak/Acryloid B-7 none - 1
ditto U.N. 490 ' 1.04 1.02 1.06
" . ; T.C. 500 . 0.86 0.79 0.93
" , H.H. 500 - 0.68 0,69 0.67
Sun-Lite/Acryloid B-7 none -
ditto U.v. 490 0.84 0.87 0.80
" T.C. 500 0.74 0.74 0.74
1 0.31 0.31

" . ' H.H. 500 0.3

(a) Transmittance ratios, designated Ry, RrR; and Ryrg, are the ratios
. of normal light transmittance of exposed to that of unexposed
samples over the. ranges 300 to 1200 nm, 700 to 1200 nm, and 300
to 700 nm, respectively. -Ratios were computed from measurements
on single samples. .

(b). UV, TC, and HH designate ultraviolet radiation (xenon lamp),
. thermal-cycling, and high-humidity exposures, respectively.

(c) Adhesive alone; no film or sheet material.
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TABLE A-8. TRANSMITTANCE RATIOS(3) OF ENVIRONMENTALLY
EXPOSED MATERIALS COMBINATIONS (SUBSYSTEMS)
BASED ON SILGRIP SR-573

Film/Adhesive Materials Exposure Exposure . R R R
Combinations Type(b) Time, hr T IR VIS
Korad A/Silgrip SR-573 none -
ditto Uu.v. 490 1.01 1.02 1.00
o : ' T.C. 500 1.18 1.14 1.27
" H.H. 500 0.54  0.55 . 0.52.
Korad A/Silgrip SR-573(C)/ none -
Korad A
ditto u.v. 1002 0.98 0.94 1.07
" : T.C. 1012 0.83 0.75 0.99
llalar/Silgrip SR-573 none -
ditto ‘ U.v. 490 1.04 1.09 0.98
" T.C. 500 0.98 1.11 0.85
" H.H. 500 0.69 0.78 0.58
Tedlar/Silgrip SR-573 none - -— .
ditto u.v. 490 1.10 1.10 1.11
" T.C. 500 0.94 1.00 0.88
Tedlar/Silgrip SR—573(C)/ none =
Tedlar
. ditto u.v. . 1002 0.95 1.06 0.75
" T.C. 1009 1.63 1.64 1.61
"Teflon'" FEP/Silgrip none -
SR-573
ditto u.v. 490 0.94 1.00 0.87
" T.C. 500 0.65 0.70 0.60
" H.H. 500 0.87 0.88 0.86
"Teflo?g)FEP/Silgripf
SR-573""//"Teflon" FEP none | —_— ' ; ‘
ditto Uu.v. 1046 1.79 1.74 1.87
" T.C. 1133 1.49 1.52 1.45
" 58C 1001 1.38 1.45  1.30
" 90C © 1001 1.04 1.00 1.09
Lexan-Silgrip SR-573 none - . :
ditto U.v. 490 1.07 1.09 1.06
" : . T.C. . 500 1.14 1.15 1.13
" H.H. 500 0.96 0.99 0.93
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TABLE A-8, (Continued)
Film/Adhesive Materials Exposug Exposure’ R R R
Combinations Type Time, hr -T IR Vis
Lexan-Silgrip SR-573(d)/ none -
Lexan
ditto u.v. - 1001 1.81 1.91 1.69
" T.C. -1176 2.16 2.25 2,06
" 58C 1001 1.18  1.17  1.19
" 90C 1001 1.61 1.46 1.82
Mylar-Silgrip SR-573(d)/ none - .
Mylar ‘ ,
ditto u.v. 1034 1.09 1.11 1.06
" T.C. 1032 2.55 2.19 3.46
" 58C 1001 2.80 2,49 3,57
" o 90C 1001 2.61  2.27  3.46
Sun-Lite-Silgrip SR~573 none - _ :
ditto u.v. 490 1.47 1.64 1.30
- " T.C. 500. 1.36 1.31 1.41
H.H.

”
———

500

(a) Transmlttance ratios, designated RT, RrR, and RVIS, are the ratios
of normal 11ght transmittance of exposed to that of unexposed samples
over the ranges 300 to 1200 nm, 700 to 1200 nm, and 300 to 700 nm,

respectively, Ratios were computed from measurements on single

samples .

(b) UVQ TC, and HH designate ultraviolet radiation (xenon lamp),

thermal-cycling, and high-humidity exposures, respectively,

(c) 'Silgrip adhesive catalyzed with SRC-30, a peroxide catalyét.
(d) silgrip adhesive catalyzed with 1.5 percent benzoyl peroxide.
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It appears that under certain conditions Silgrip SR—573 continues
to cure in the presence of catalyst when exposed to elevated temperatures
or UV. This suggestion stems from the fact that Ry values much 1arger than
one were obtained. It appears that only Korad A subsystems with SRC-30
catalyzed adhesive are adversely affected by thermal cycling. All sub~
gystems tested held up well to UV exposures of up to 1000 honrs.

_ Silastic 732 RTV. This elastomeric silicone is cured by atmos-
pheric moisture. It was examined in combinations with films of "Teflon"
FEP, Korad A, and Tedlar (Table A-9). Of the three, the "Teflon" FEP sub-
system appeared to perform best over the different environmental exposdres.
However, decreases in transmittance were observed with these subsystems
following thermal cycling, especially in the"ébo to 700-nm range. The
Tedlar subsystems generally were somewhat more affected than the "Teflon"
FEP by the different environments. The Korad ‘A subsystem generally per-
formed morezpoorly,'with the transmittances being reduced markedly by
aging at both 58 and 90 C. Interestlngly, the thermally cycled Korad A

subsystem held up reasonably well.

“RTV 118.%" This elastomeric silicon was evaluated only in sub-
systems with "Teflon" FEP and Mylar (Table A-10). . The llght.transmittance
of the "Teflon" FEP subsystem decreased substantially after thermal® ‘
cycling (Rp = 0.76), whlle the Mylar subsystem decreased markedly after'
uv exposure (R = 0. 60). 0pt1cal performance was unaffected or sllghtly L

improved for specimens of both subsystems exposed to the other env1ronments.

Cavalon 3100S. This thermosetting acrylic, reacted with one of
three activators (3300S, 3303S, or benzoyl peroxide), was evaluated in
subsystems with "Teflon" FEP, Mylar, and Tedlar films. The adhesive system
using activators 33008 and 3303S darkened in color on exposure to. both UV
and heat. No appreciable initial color was observed with benzoyl peroxide,

but unreacted peroxide produced opaqueness.
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TABLE A-9, TRANSMITTANCE RATIOS(3) OF ENVIRONMENTALLY
EXPOSED MATERIALS COMBINATIONS (SUBSYSTEMS)
BASED ON SILASTIC 732 RTV

Film/Adhesive Materials f“Fxpos e . Exposure R, R R
Combinations ~ Type (b) Time, hr T IR VIS
"Teflon" FEP/Silastic none . . .. ==
732 RTV/"Teflon" FEP ‘ " _ L
ditto vV, . 1046 ©1.13 1.12. 1.14
c : . T.Cc. 7 . 1133 °  0.75 0.80 -0.69"
" 58C 1001 1.20 1.18 1.23
" 90C 1001 1.07 1.06 - 1.11.
Korad A/Silastic 732 RTV/ none - i
Korad A - I
ditto u.v. 1002 0.86 0.86 0.88
" T.C. 1012 0.87 0.92 0.78
" 58C 1028 0.62 0.75 - 0.47
"o 90C 1028 0.52  0.62.. 0.39..
Tedlar/Silastic 732 RTV/ none - ‘
Tedlar _
ditto . U.V.. 1002 0.88 0.93 0.83
" o . T.C. 1009 0.88 0.97 0.76
" ’ 58C 1028 0.85 0.91 0.77
0.92  0.82

" 90¢ 1028 0.88

(a) Transmittance ratlos, desxgnated RT, RIR, and Rylis, are the’ ratios of
normal light transmittance of exposed to that of unexposed samples over
the ranges 300 to 1200 nm, 700 to 1200 nm, and 300 to 700 nm, respec-
tively. Ratios were computed from measurements on single samples

(b) UV, TC, and HH designate ultraviolet radlatlon (xenon lamp), thermal-
. cycling, and high-humidity exposures, respectively.
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TABLE A-10.TRANSMITTANCE RATIOS(2) OF ENVIRONMENTALLY
EXPOSED MATERIALS COMBINATIONS (SUBSYSTEMS)

BASED ON RTV 118

Film /Adhesive Materials’

Exposure ' Exposure R R R
Combinations Type b Time, hr T IR VIS
"Teflon" FEP/RTV 118/ none -
"Teflon'" FEP ‘ .
ditto u.v. 1034 1.08 1.06 1.12
" : T.C. 1133 0.76 0.78 0.74
"o 58C 1001 1.17 1.13 1.22
Com - 90C 1001. 1.15 1.10 1.23
Mylar/RTV 118/Mylar none -
ditto U.v, 1034 0.60 0.63°  0.54
" A T.C. 1133 1.23  1.31 . 1.13
" . 58C 1001 1.01 1.14 0.85
" : 90C 1001 1.11 1.28 0.90
(a) Transmittance ratios, designated R, Ryp, and Ryrg, are the ratios

(b)

of hormal light transmittance of exposed to that of
.samples over the ranges 300 to 1200 nm, 700 to 1200

to 700 nm, respectively. Ratlos were computed from

on single samples.

unexposed
nm, and 300

measurements

UV, TC, and HH designate ultraviolet radiation (xenon lamp)
thermal cycllng, and high-humidity exposures, respectively.
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Optical transmittance data are presented in Table A-1ll. It
should be noted that the Tedlar-Cavalon 3100S (5% benzoyl peroxide) sub-
system improved in optical transmittance following exposure:to UV, thermal
cycling, or thermal aging. This is p:obabli due to the facﬁ that benzoyl
peroxide cure is accelerated by eilther UV or heat aﬁd initial opaqueness
of the adhesive film clears as the crosslinking.reaction proceeds.. If an
appropriate combination of cure conditions could be eétablished, it is
possible that this adhesive may be practical for solar-cell-cover épp114
cations. Cure will be governed by the temperature and timelrequired and
the heat-distortion characteristics of thé_cover material used. As it is,
this adhesive still may be of interest for encapsulant bonding applications
where optical clarity is not important. '

Scotch-Grip 4693, Scotch-Grip 4475, and Scotch-Weld 3520 B/A.
These adhesives have been studied only in single subsystems'in the current
program (Table A-12. Scotch-Grip 4693 and Scotcthr;b 4475~ﬁbrmaily>are
used to bond plastic materials. Scotch=-Grip 4693 did not perform well in
combination with Korad A. After thermal aging of 90 C for approximately
1000 hours, an Ry value of 0.47 was obtained. Scotch-Grip 4475 has a low
softening point. In subsystems with Korad A; partial delamination and
adhesive darkening occurred-during both thermal cycling and 90 C thermél
aging exposiires.
- | Scotch-Weld 3520 B/A is a structural epoxy. Subsystems with
Mylar maintained good 6ptical transmittance after exposures to UV, thermal
cycling, and thermal aging. Studies of other subsystems containing 3520

appear warranted.
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TABLE A-11. TRANSMITTANCE RATIOS(®) OF ENVIRONMENTALLY EXPOSED MATE-
RIALS COMBINATIONS (SUBSYSTEMS) BASED ON CAVALON 3100S

¥

i, - g .
' Film/Adhesive Materials Expo?uge Exposure R R R
Combinations Type 22 Time, hr T - IR VIS
"Teflon" FEP/Cavalon 3100S none " T -
(Activator.3300S)/"Teflon! . :
FEP .
ditto ~ u.Vv. - 1001 " 0.95 1.01 0.82
"o T.C. . 1133 0.87 .1.09 0.41
" 58C 1001 1.46 1.43 1.53
" ’ 90C - 1001 0.98 1.18 0.57
Mylar/Cavalon 3100S none T - '
(Activator 3300S)/Mylar : . _ :
ditto Uu.v. 1034 1.03 1.13 0.87
" : T.C. 1032 1.10 0.87 1.02
" 58C ‘ 1001 1.16 1.25 1.02
?‘ . 90C 1001 . 0.84 0.98 0.62
Tedlar/Cavalon 3100S none
(Activator 3303S)/Tedlar
ditto . N § 1N 1002 . 0.61 0.67 0.51
" T.C. 1009 1.07 1.12 0.99
" 58C 1028 0.69 0.81 0.53
oo s L %0C 1028 0.61 0.78 0.39
Tedlar/Cavalon 3100S - - none —
(5% benzoyl peroxide/
Tedlar
ditto U.v. 1002 1.76 1.89 1.57
" ~ T.C. 1009 1.47  1.54  1.37
N ' 58C 1028 1.67 1.93 1.29
" .- .%0c - . 1028 2.19 1.93 . 2.58

(a) Transmittance ratios, designated Rp, Ryg, and Ryyg, are the ratios of
normal light transmittance of exposed to that of unexposed samples
over the ranges 300 to 1200 nm, 700 to 1200 nm, and 300 to 700 nm,
respectively. Ratios were computed from measurements on single
samples. :

(b) UV, TC, and HH designate ultraviolet radiation (xenon lamp), thermal-
cycling, and high-humidity exposures, respectively.
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TABLE.A-12.  TRANSMITTANCE RATIOS(2) OF ENVIRONMENTALLY EXPOSED
MATERIALS COMBINATIONS (SUBSYSTEMS) BASED ON SCOTCH-
GRIP 4693, SCOTCH-GRIP 4475, AND SCOTCH-WELD 3520 B/A

Film/Adhesive Materials - Exposure Exposure R R ‘R
- Combinations ~_Type Time, hr - T IR VIS
Korad A/Scotch-Grip 4693/ none -
Korad A. : '
.ditto Uu.v. 1002 . 0.97 1.01 0.39
" T.C. 1012 1.26 1.27 1.25
" 58C 1028 0.68 0.78 0.55
" 90cC 1028 0.47 0.57 0.36.
Korad A/Scotch-Grip 4475/ none -
Korad A
ditto u.v. 1002 1.09° 1.13 1.03
" T.C. 1012 0.47 0.56 0.29
" 58C 1028 0.35 0.45 0.24
" 90C 1028 0.13 0.20 0.04
Mylar/Sceotch-Weld 3520 none -
B/A/Mylar A :
ditto u.v. 1034 1.14 1.17 1.11
LU T.C. 1032 1.26 1.33 1.16
" 58C 1001 1.22 1.34 1.06
" 90C 1001 1.23 1.35 1.06

(a) Transmittance ratios, designated Ry, Ryg, and Ryrg,
of normal light transmittance of exposed to that of
samples over the ranges 300 to 1200 nm, 700 to 1200
to 700 nm, respectively.  Ratios were computed from

on single samples.

are the ratios
unexposed

nm, and ‘300
measurements

(b) UV, TC, and HH designaté ultraviolet radiation (xenon lamp), thermal-
cycling, and high-humidity exposures, respectively.
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Normal Light Transmittance of Polymer Sheet/Film Materials

A critical evaluation parameter for cover materials for cells 1is,
of course, the transmittance of Ehe cover material itself and the combination
of Ehe material and the adhesive used to attach Ehe cover to the cell. The
‘normal transmittance was measured for selected sheet/films with and without
adhesives in the wavelength range 300 to 1200 nm. Such data ‘were taken
before and after exposure to 2515 hours of ultraviolet radiafibﬁ'(approxi-
mately 1 sun). Table A-13 identifies the selected films and adhesives, and
presents the measured results. See Tables A-2 and‘A—3 for further identifi-
cation of the materials employed. Note that in Table A-13, the wavelength
‘range of 300 to 1200 nm is covered only for the unexposed samples. Equip-
ment troubles prevented ob&aining comparable postexposure data in the 700

to 1200 nm range. Note also that the data represent only normal tra@s—u
mittance. Radiation scattered into the cell can also lead to light-generated
" current, so that the measuréd values represent a minimum flux that could
,agtualiy pe absorbed by tﬁé cell. Moreover, most of the flux not trans-
mitted is represented by reflection at the surfaces, not By absorption.

The thicknesses of the materials represent those easily obtainable ‘from
. commercial soufcgs. (Material developmeﬁt,was not in the scobe of this

program. )
"Teflon™ FEP

;Compared witﬁ-thé feét'of the materiaié evaluated, "Teflon" FEP
alone givés rather_high‘fpanSmiftéﬂce in bothvtﬁe4loﬁg (700 to 1200 nm)
and short (300 to 700 nm) wavelength fanges.' Liké&ise; it. exhibits low
sensitivity to UV degradation, at least in the short wavelength range,
as expected. (Results are given in Table A-13.) .

In the long wavelength range, and befofe UV exposure, none of
the adhesives reduced the transmittance substantially; the largest reduc-

tion was caused by the epoxy adhesive Scotch-Weld 2216. A substantial
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TABLE A-13. NORMAL LIGHT TRANSMITTANCE OF POLYMER FILMS AND FILM/ADHESIVE LAMINATES
BEFORE AND AFTER EXPOSURE TO 2515 HOURS OF ULTRAVIOLET RADIATION (1 Sun)

Transmittance After UV Change due to

) ) Before UV Exnosure'? Exposure, UV Exposure,
.. Filwm o Adhesive . 7000 t? 3000 to 3000 to 3000 to
D Thickness ~ _Thickness 12,000 alc) 7000 alc) 7000 A(b,c) 7000 A
Type pm  (mils) Type um (mils) Percent S.D. Percent S.D. Percent S.D. Percent §5.D.
FEP Teflon - 127 (5) None e - 91.7  0.93 85.8 0.87 - 82.2 1.40 - 4.2 2.04
’ 127 (5) Scotch-Weld 2216 76-102 (3-4) - 82.2 1.28 62.7 1.96 59.8 0.81 - 4.6 2.57
127 (5) Silgrip-SR 573 25-51 (1-2) . 90.4 1.98 83.8 2.12 73.1 4.31 -12.1 4.544
127 (5)  Acryloid B-7 o 25-51 (1-2) 88.3 1.66 84.6 2.30 79.9 2,68 - 5.5 3.92
Tedlar - 102 : (4) None Cemt T ae 74.7  0.48  59.8  2.41 56.3  3.72 - 5.9 2.85
: ST . 102 (4) Scotch-Weld 2216 ©  76-102 (3-4) . 76.6 1.15° 50.4 1.24 54.6 3.26 + 8.3 3.85
- 102 (4) Silgrip~-SR 573 F) § (2) . 81.2 1.75 68.9 2,00 62.1 © 4.40 - 9.8 5.42
102 (4) Acryloid B-7 - 25-51 (1-2) 80.3 0.79_ " 65.8 .71 62.5 3.99 = 5.1 3.87
Halar . - 127 (5) None - - 86.9  1.04  68.8 2,17  65.1 3.06 ~-'5.4 3.06
. 127 (5)  Scotch-Weld 2216 76-102. (3-4) 82.3 0.77~ 56.8 0.71 56.9 - 1.76 0.5 2.76
. 127 (5) Acryloid B-7 25-51 (1-2) 87.3 2.22 70.6 3.31 64.1 2.20 - 9.1 2.55
sun-L1ce™” 635 (25) Nome , - - 16.7  3.70- 141  2.48  1L.8 . 4.00 -17.8 16.6
. . 635 (25) Scotch-Weld 2216 76-127 (3-5) ~ 18.9 5.04 " 13.6 3.19 12.1 5.08 -15.2 23.7
. . 635 (25) Silgrip~SR 573 51-76 (2-3) 19.8 5.45 14.6 3.00 17.6 6.30 +18.1 23.4
Tuffak 508 (20) None - - 89.2 0.71 81.5 1.64 66.3 0.61 18.6 2.21
N 508  (20) scotch-Weld 2216 76-102  (3-4) 82.2  2.65 62.5 1.9 58.5 2.41 - 6.4 5.14
508 -(20)  Acryloid B-7 25-76 (1-3) 82.9 2.64 78.0 4.38 63.1 0.86 ~-18.9 5.24
Acrylite 3175 (125) Nore - - 89.3 0.67 75.9 1.39 7620 1.04 - 3.8 1.46
3175 (125) ° Scotch-Weld 2216 102-127- (4-5)  Bl.6 1.53 62.1 2.28 63.1- 2.09 + 0.1 2.86
3175 (125) Silgrip-SR 573 51-76 (2-3) 86.5 ° 2.07 68.9 1.10 68.4 1.79 - 0.6 3.85
3175 (125) Acryloid B-7 25=51. (1-2) 85.4 1.87 73.8 0.35 69.6 1.57 - 5.7 1.98
Flexigard ‘ 102, 4) None - - 86.5 0.82 62.9 1.80 58.1 2.00 - 7.6 1.36
102 (4) Silgrip-SR 573 - 51-76 (2-3) ~ 87.4 1.27 58.5 1.06 57.1 1.68 - 2.4 2.02

(a) »

(b)
(c)
(d)

Measurements made with Cary 14 spectrometer.
Measurements made with Cary 118 spectrometer; values foé.TedJar, Halar, and Sun-Lite corrected to Cary 14 data.

Average of five samples.

rLowlnormal transmittance due to light scattering by glass fibers in Sun-Lite.




reduction did occur for the epoxy adhesive in the low wavelength range.
This result occurred for all sheet/film candidates. That is, the epoxy
exhibits considerable absorption in the 300 to 700 nm range.

The major effect of UV exposure in the short wavelength range
was a 12 percent reduction in transmittance owing to the presence of the
silicone‘adhesive Silgrip SR573. '

Tedlar

~Ihe halocarbon, Tedlar, shows rather poor normal transmittance
compared with that of the other sheet/films (with the exception of Sun-
Lite which has lower normal trensmittance), particularly in the 300 to
700 nm range. Exposure to 2500 hours of UV radiation reduced the trans-
mittance in this range by about 6 percent. :

‘ Without exception the transmittance of Tedlar is increased with
the application of an adhesive. This result clearly stems from improvement
in optical coupling among the Tedlar/adhesive4interfaces; Again, the
application of Scotch-Weld 2216 adhesive leads to a decrease in transmittance
in the short wavelength range; Exposure to UV radiation leads to a decrease
in transmittance ranging from about 5 to 10 percent, except for Scotch-Weld
2216. Here an increase of 8 percent was manifest. Whether curing by UV

was a cause for the increase is unknown but possible.

Halar

For Halar, another halocarbon, ‘the transmittance in the long
wavelength range is rather high 87 percent, but rather low in the short
wavelength range,-69 percent. Typical of the other halocarbons, the reduc-
tion due to UV exposure was about 5 percent.

.Application of Scotch-weld 2216 reduced the transmittance in both
ranges, but, again, largely 1n the 300 to 700 nm range. Acryloid B-~7, an
acrylic, increased the transmittance slightly. As with Tedlar, UV exposure
increased (slightly) the transmittance with Scotch-Weld 2216/Ha1ar.
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Sun-Lite

The normal transmittance of.Sun-Lite, a glass-reinforced polyester,
id very low for the total wavelength range examined, primarily because of
light scattering by the glass_fibe;s. As expected, the addition of adhesive
layers does not affecﬁ the tfaﬁémittance nmuch. UV exposure of Sun-Lite
alone redﬁces transmittance substantially; comparable results are found with
the Scotch~Weld/Sun-Lite laminate. Silgrip caused an increase, but as in
all of these samples, the variability is large:. note (in Table A-13) the
large values of the standard deviation. As discussed later, Sun-Lite does
not decrease the light flux reachiﬁg a solar cell as much as indicated by

the relatively low normal transmittance.
Tuffak

Tuffak, a polycarbonate, exhibits a comparatively high trans-
mittance over the whole wavelength range. However, exposure to UV reduced
the transmittance by approximately 19 percent. A comparable decrease was
found with the Tuffak/Acryloid B-7 laminate under UV exposure. The reduc-
tion in the short wavelength range again shows up when Scotch-Weld 2216

1s used.
Acrylite

Rathe; high tranémittance is exhibited by Acrylite, an acrylic,
in bqfh wavelength ranges, especially the high range. About 8 percent
reduction was found upon UV exposure. Changes in transmittance in the

300 to 700 nm range are small for this material with all adhesives examined.
Note (Table A-13) the rather large thickness of the Acrylite employed.
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Flexigard

Flexigard is a commercial laminate structure, probably an acrylic/
polyester laminate., The film alone showed rather'high transmittance in thé'
700 to.1200 nm range, and a rather low value in the 300 to 700 nm range.
Direct comparison with the other 'polyester, Sun-Lite, is not fruitful because
of the light-scattering effect in the latter material. An 8 percent reduc-
tion in transmittance was found which is attributable to UV exposure. With

Silgrip SR573 adhesive, the reduction resulting from UV ‘exposure was small.
Moisture-Barrier-Property Studies

Barrier Performance of Film and Sheet Materials. Water—vapor-

transmission-rate measurements were made in'ddblicate for a nﬁmber of film
and'sheet cover candidates using the technique'described”earlier. Measure-
ments were made on unexposed samples and on samples subjected to UV radia-
tion using a carbon arc and to temperature cycling. The data are summarized
in Table A-14. These were the only carbon-arc UV exposures used in this
program and were employed on the basis of equipment availability; all others
Qere xenon-lamp exposures.. . '

Use 6f the carbon-arc UV source, which contains sizable amounts
of radiation in the 240 to 300-nm wavelength range, which is not present
in xenon lamp exposures, had a detrimental effect on most of the materials
that were exposed. Only the "Teflon'" FEP and Halar films were unaffected,
at least visually, by 500-hour exposures. The acrylic materials (Acrylite,
Korad A, and Flexigard) yellowed and exhibited surface crazing. The poly-
carbona;es (Lexan sheet and Tuffak), the Sun-Lite sheet, and Tedlar also
yellowed. Tedlar also embrittled. Surface blooming of either an édaitive
or degradation product of the Mylar, occurred and the bulk film bécame'very
cloudy. . ' ' ’

Examination of the data of Table A-1l4 1nd1cates, 1nterest1ngly,
that the .carbon-arc exposure, although having pronounced effects on surface
characteristics, generally did not markedly affect barrier characteristics.
Only the Halar and, to a lesserAextent, the Mylar énd Korad A were adversely

affected by carbon-arc exposures to 500 hours. The Sun-Lite sample appeared
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WATER-VAPOR-BARRIER PROPERTIES(2) OF POLYMERIC FILM AND

TA?LE A-18. SHEET COVER CANDIDATES BEFORE AND AFTER ENVIRON-
MENTAL EXPOSURES :
WVTR, g/24 hr/m2 at 23 C and
95% R.H. (at Indicated Thickness)
Thickness, . " uv=50(b), _(b)

Material pm (mils) Unexposed 45-58 C. TC-500
Halar 127 (5) 1.07 1.51 2.88
"Teflon" FEP 127 (5) 1.13 1.08 1.21
Lexan 3175 (125) 1.29 1.27 1.31
Acrylite 3175 (125) 2.16 .1.67 1.53
Mylar 178 (7) 2.25 2.67 2.17
Sun-Lite - 635 (25) 4.37 2.84 3.85
Tedlar 102 (4) 4.70 - 3,85
Tuffak 508 (20) 5.14 5.29 4.86

Flexigard 127 (5) 5.31 5.57 5.34
Korad A 152 22.81 26.10 23.51

(6)

(a) Measurements were performed in duplicate.

(b) UV~-500 and TC-Sbb designate exposures of 500 hours to UV radiation

‘and to thermal cycling, respectively.

For these samples a carbon-arc

source of UV was used. .In all other studies described in this report

the UV source was a xenon lamp,
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to be improved by the UV exposure, but this may be the reéulc of sample-tb-

sample variations in filler content. More work is needed with Ehis material.
Thgrmal—cycling exposures of 500 hours appeared to have littlé

effect on most of the cover candidates. Again, the barrier characteristics

of the Halar film were most affected.

Barrier Performance of Film— and Sheet-to-Adhesive Subsystems.

Results of WVIR measurements of subsystems of "Teflon" FEP and Mylar with
selected adhesives are summarized in Tables A-15 and A-16, respectively.
For studies of "Teflon" FEP, the adhesively bonded;pouéh was used as a
measure of the effectiveness of the adhesive as a moisture-vapor barrier.
The best overall ﬁerformance with "Teflon" FEP was achieved with Scotch-
Weld 2216 B/A, Silgrip SR-573, Silgrip SR-574, and Acryloid B-7. However,
some bubble formation was observed after temperature cycling with the two
Silgrip adhesives. l

' The Cavalon 3100S (3300S) darkened considerably during both UV
and temperature-cycliﬁg exposures, and performed somewhat more poorly than
other subsystems. However, it was markedly affected by UV. The greatest
average increase in WVIR was recorded with the moisture-cured silicone
adhesives (RTV-118 and Silastic 732 RTV). |

Evaluation of the data obtained with the various Mylar subsyétems
(Table A-16) indicates that, with the exception of the Silastic 732 RTV

subsystem, none performed satisfactorily through the UV and temperature-
cycling exposures. The Silgrip SR-573, Scotch-Weld 2216 B/A, Acryloid
B-7, and Cavalon 3100 S adhesives all failed, primarily because of loss of
adhesion. Only the Silastic 732 RIV performed well. It is possible that
the "pouch'" technique may not be satisfactory for determining barrier
properties with high-modulus (stiff) film materials. The 'bowing" effect
created by the desiccant inside the pouch puts a considerable stress on
the adhesive bonds. The Silastic 732 RTV being an elastomeric, apparently

was better able to withstand these stresses.
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TABLE A-15, WATER-VAPOR-BARRIER PROPERTIES(2) OF “TEFLON” FEP
(127-um THICK) FILMS BONDED WITH VARIOUS ADHESIVES
BEFORE AND AFTER ENVIRONMENTAL EXPOSURE -

WVIR, g/24 hr/m2
at 23 C, 95% R.H.

uv-1000(b) ,

Adhesive : Unexposed 45-58 ¢ . TC-1000(b)
Silgrip SR-573 0.204 0.258 0.237
Silgrip SR-574 0.250 0.217 0.244
RTV-118 0.224 0.255 0.344
Silastic 732 RIV 0.282 0.401 0.237
Scotch-Weld 2216 B/A 0.201 0.221 " 0.189
Aeryloid B-7 0.273 0.203 0.181

" Cavalon 3100s 0.167 0.240 0.216
None (hcat sealed) 0.154 0.151 0.162

(a) Measurements were performed in duplicate.

(b) UV-1000 and TC-1000 designate exposures of 1000 hours to UV
radiation (xenon lamp) and to thermal cycling, respectively.
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TABLE A-16. WATER-VAPOR-BARRIER PROPERTIES(2) OF
WEATHERABLE MYLAR (178-ym THICK) FILMS
BONDED WITH VARIOUS ADHESIVES BEFORE
AND AFTER ENVIRONMENTAL EXPOSURE |

WVIR, g/24 hr/m2
at- 23 C, 957 R.H.
uv-1000(b)

Adheéive ,"_ * Unexposed ~45-38 ¢ g 1c-1000¢b)
Silgrip SR-573 1.85 2.25 . 1.90(e)
Silastic 732 RTV 1.77 . 1.80 1.81
Scotch-Weld 2216 B/A_ 1.80 190 . 1.85(e)
Acryloid B-7 | 2.21 () (e)
Cavalon 31008 | 1.74 @ - (d)
(a) Measurements were performed in duplicate, .

(b) UV-1000 and TC-1000 designate exposures for 1000 hours to UV
_ radiation (xenon lamp) and to thermal cycling.
(¢) Some:loss of adhesion was noted.
(d) Some loss of adhesion and darkening were noted. '
(e) Single determination. Loss of adhesion.of one sample occurred.
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- The results from studies of the barrier properties of suhsystems
of the sheet material cover candidates. (Acrylite, Lexan,;and Sun—Lite) are
presented in Table Ael7. Bubble formation occurred during 1aminations in-
volving the thermoplastic acrylic adhesive (Acryloid B-7) and the Acrylite
and Lexan sheet materials. It is likely that .solvent in: the adhesive formu-
lation is being absorbed on the surface of these sheet materials and 1s .
releasedjto produce bubbles when heat and pressure are abplied;. A:number
of failures (high'rate of water-vapor transmission depleting the desiccant)
were observed in‘the unexposed and thermal-cycled samples. No bubSles were
noted with the Sun-Lite/Acryloid B-7 subsystems. - )

| The Acryloid B-7 and Scotch-Grip 4693 perform better than Silgrip
SR~573 with the Sun-Lite material. With the Acrylite and Lexan materials,
the Scotcthrip'4693 and Silgrip SR-573 are superior to Acryloid B-7.

Bond Strength Studies

Bond tests of film/adhesive and sheet/adhesive subsystems combi-
nations were carried out to identify, from among the adhesives candidates
identified in earlier work those adhesives that are most likely to provide
encapsulation systems that are resistant to delamination and other forms of
failure during exposures to various hostile weathering environments. In
this work lap-shear measurements have been used to index bond strengths.
Lap shear was selected primarily on the basis of its. relative ease of measure-
ment, since the screening task has dealt with vary large numbers of materilals
combinations. It,is recognized, of course, that other methods of evaluating
adhesive bonds using various types of stress, e.g., tensile, shear, etc,
could also have been used to provide information in characterizing the bond,
- as noted in the experimental procedures section.

ThroughOut the discussion that follows, summarv tables of the
bond strength data are provided; these have been condensed from'original.
detailed tabulations of the data. Bonding characteristics of six candidate
film covers with selected adhesives were studied before and after environ—
mental erposures.' All samples were preconditioned by storage at 23iC and
50 percent relative humidity for 12 to 24 hours prior to.testing{ ‘Environ-
mental exposures included UV radiation, thermal cycling, and isothermal aging
at 45, 58, and 90 C. '

A~48




69-vV

TABLE A-17. WATER-VAPOR-BARRIER CHARACTERISTICS(a) OF VARIOUS SHEET/ADHESIVE COMBINATIONS

"WVTR, g/24 hr/m? at 23 C, 95 R.H.

Ma§2:i;1 Adhesive Unexposed UV-500 UV-1000 TC-500 TC-1000
Acrylite - Acryloid B-7 (b) 3.31 4.95(b) 6.35(¢c) 9.31
Lexan Acryloid B-7 6.01(c) 1.81 1.97 (b): (b)
Sun-Lite  Acryloid B-7 3.90 4.63 4.44(b) 4,89 2.93
Acrylite  Scotch-Grip 4693 5.55 2.83 (d) 3.27 3.26
Lexan . Scotch-Grip 4693 1.34 2.62 1.63 3.36 3.38
Sun-Lite  Scotch-Grip 4693 =  3.53 3.76 4.09(b) 5.16 4.96
Acrylite - Silgrip SR 573 3.44 3.03 2.75 . © 3,52 (b) -
Lexan - Silgrip SR 573 1.41 1.82 1.66 3.64 4.41
Sun-Lite,  Silgrip SR 573 3.76 5.53 3.96 6.06 5.25

(a) HMeasurements were performed iﬁ_duplicaté} .

(b) These samples failed,

(¢) One of two samples on test failed.

(d) Bubbles formed in the adhesive after lamination.



Bonding to "Teflon" FEP Film. The relative strengths of adhesive

bonds formed between "Teflon' FEP (127-um thiék) and five adhesives candi-

dates were determined. before and after environmental 2xposures using the

lap-shear method. These data are summarized in Table A-18. They reveal
that the predominant failure mode is film elongation outside the bond area
at a load of approximately 6.2 x 104N/m2 (9 psi), independent of exposure.
Only the Silastic 732 RTV system produced any failures of the:cohésiVe or
adhesive type at a load less than that required for‘film elongation. - Thus,
generally speaking, the yield strength of the "Iefldn"»FEP film defines the
load limit that'can be applied to these subsystems if tensile and shear
forces of the type present in the lap-shear test are representative of those
that might be experienced by the encapsulant. Cavalon 3100S with Activator
33008 provides a bond strength in excess of film yield stréngth, but dis-

colors when exposed to UV or heat. The limitations of Silastic 732 RTV with
"Teflon" FEP'were mentioned above. Thus, the Scotch-Weld 2216 B/A appears
to be the best structural adhesive for this application, while both RTV 118
and Silgrip SR-573 (cured with 1.5% benzoyl peroxide) are satisfactory non-
structural adhesives. The RIV 118 would be most applicable if an elastomeric
is desirable, while the Silgrip material would be favored for applications
in'which a less flexible, more heat-resistant adhesive is required. An
important point here is that thermal cyélings of 1000 hours (250 cycles)
produced no delaminations. This appears to be an inherent advantage of the
use of the film (sheet) laminate encapsulation design with low-modulus
(flexible) adhesives.

Bonding to Mylar'Film. The five adhesives evaluated with

178-um~thick Mylar all failed adhesively or cohesively. This was not
unexpected in the unexposed sampleg since the data suggest a tensile
strength in excess of 69.0 x':lO4 N/m2 (100 psi) for the Mylar. However,
it also was found that bond strengthsAgenérally were not markedly affected
by the differentkfypes of environmental exposures (Table A—19)¢

As in other studies, it'was(observed that the Cavalon 3100S with
Activator 3303S discolors when eprse& to UV or heat. With the Scbtch—Gfip
4693 and Silgraip SR-573 (1.57% benzoyl peroxide), bond strengths appear to
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TABLE A-18.

“TEFLON” FEP FILM LAMINATE BOND EVALUATIONS

Lap Shear(a), 104 N/m2

Predominant

) o -1000~-Hour - 1000-Hour
: " 1000-Hour Temperature Thermal Aging " Failure '
Adhgsiye Unexposed . UV Exposure Cycling 58 C 90 C Mode .
RTV 118 5.4-6.1 6.3 5.9-6.4 6.2 6.3  Film )
_ elongation
Silastic 732 RTV 5.5-6.2 5.3-6.5 4.6-6.5 6.1 6.3 ditto
Silgrip SR-573 (1.5% 6.1-6.2 6.3-6.4 6.2-6.4 6.0 6.2 "
benzoyl peroxide) . . : o :
Scotch-Weld 2216B/A 6.1-6.2 6.2-6.4" 6.2-6.5 6.2 6.3 "
Cavalon 31008 3.3-6.1 6.2-6.3 - - 6.2-6.3 6.2 6.1 "

(Activator 3300S)

‘() The calculations of bond strength-are -based on -a‘’bond

area of 6".45"(;m2 (1 in.z)y 1 N/m? = 1.45 x 10-9 psi. -

(b) "Film.elongation" indicates that the specimen -elongated:-but not im the bond area.

~The -bond strength indi- .
~cated, in such cases, is equal to or smaller than the actual bond strength. '
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TABLE A-19. MYLAR FILM LAMINATE‘BONDEVALUA"'I‘IONS

Lap Shear, 10* N/m2(2)

1000-Hour . .1000-Hour Predominant
- 1000-Hour Temperature - Thermal Aging Failure
- Adhesive Unexposed UV Exposure Cycling 58 C 90 C Mode

Scotch~-Grip 4693 47-60 65-70 69-71 76 59 Cohesive.
failurg

RTV-118 25-45 47-60 24-58 51 63 Adhesive/
- ’ cohesive

failure

Scotch-Weld 3520 B/a 46-48 52-55 45~50 58 56 Adhesive
failure

Cavalon 3100S 48-68 41-67 57-68 438 54 " Adhesive
(Activator 3303S) failure -
Silgrip SR-573 (1.5% 37-46 48-66 70-76 63 70 Cohesive
benzoyl peroxide) failure

(a) 1 N/m2 = 1.45 x 10

_4'psif




improve after exposure to UV 6r thermal cycling. Thermal treatmentfimproves
bond strength, probably through further curing, as can be seen from‘the data
for the thermally aged samples. An exception is the behavior of Scotch-Grip
4693 at 90 C. The three other adhesives seem to be éompletely unaffected

by environmental exposures. Here again it should be noted that the low
moduli of the adhesives ﬁsed in bonding Mylar prevented aﬁy delamination'
during thermal cycling (=40 C to 90 C) after 1000 hours of exposure. '

Bonding to Tuffak Film. Bond test data obtained with Tuffak
film (508-um~thick) are bresented in Table A-20. This film has a yield -
strength of approximately 103 to 110 x 10* N/m2 (150 to 160 psi). Two
adhesives, the Scotch-Weld 2216 B/A and Structural Adhesive 3532 B/A, prq-
vided laminate bond streﬁgths in excess of this yield stréngth; 3532 B/A .

is an unclear urethane and was the only adhesive from this class of materials
that was available at the time of this work. It should provide a measure
of the general effectiveness of this class of adhesives with Tuffak. ‘

The adhesive next in order of effectiveness was the Silgrip SR~
573 (1.5% benzoyl peroxide). Bond strengths with this material weré some-
what lower than film yield strength, but were not adversely affected by
UV or thermal cycling. To the contfary,‘as noted in'other studies Qith
this adhesive, some further curing occurred and bond strength incre@sed.
The improvement with cufing was particularly noticeable with thermal con-
trols, with bond strengths in the 62 to 76 x 10% N/m2 (90 to 110 psi)
range being obtained. : ' . E

The two plastic adhesiveé (Scdtch-Grip 4475 and Scotch—Gﬁip 4693)
were affected by one or more of the exposures. Scotch-Grip 4475 again was
affected by the 90 d thermal cycling exposure and by thermal aging at 90 C.
In both exposures, specimen delamination occurred. Bond s;;engthsiwith'
Scotch-Grip 4693 were réduced markedly by UV exposure affer as few as
500 hours of exposure. The bonds maintained strengths on thérmal éging
at 58 C. However, this.adhesive subsystem is affected by highey tempera;
tures; delamination occurred during aging at 90 C. L

Both 4475 and 4693 are supplied with solvent, as are mosf "con;
tact" adhesives. It is-likely that the solvents in thesevadhesiveé caused

film crazing; delamination may have resulted from built-in stresses produced
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TUFFAK FILM LAMINATE BOND EVALUATIONS

TABLE A-20.
Lap-Shear, 10" N/m2(2)
1000-Hour ‘1000-Hour Predominant
. . . 1000-Hour -Temperature Thermal Aging _ Failure
Adhesive Unaxposed "DV Exposure Cycling 58 C~ 90 C mode
'Scotch=Grip 4475 "105-113 - “105-109" delamination 112"  delamination  Film
elonga-
tion{(b
- Scotch-Grip 4693 47-83 0-8.6 37-83 56 delamination Cohesive
failure
Structural Adhesive 3532 B/A 105-119 97-112 110-113 111 114 Film
elonga-
tion
Silgrip SR-573, 1.5% .3-37 19-39 18-51 73 62 Cohesive
benzoyl peroxide failure
Scotch-Weld 2216 B/A 104-113 113 110-117 112 124 Film
’ ' ‘ . elonga- -
tion

(a) 1 8/m? = 1.45 x 107% p

(b) "Film elongat1on indicates that the speclmen elongated but not in the bond area.
1nd1cated, in such cases, is equal to or smaller than the: actual bond..strength.

4 -

The bond strength




by solvent effects. Note that here again the moderately low-modulus struc-
tural adhesives (2216 B/A and 3532 B/A) and the nonstructural Silgrip SR~
573 did not delaminate during the thermal cycling study.

Bonding to Korad A. Bond strength measurements were made for
five adhesives with Korad A (152 um thick). These are listed in"TaBIe
A-21, With é}l but Silastic 732 RTV, failure occurred by film elonga-

tion, in&icating that the adhesive is as strong or stfongéivyhanfthe yield
value of the film, which is approxiﬁately 17 to 19 x 104 N/m2 (25 to 27 psi).

Exposure to UV and thermal cycling had no effect on Silastic 743
RTV, Silgri§ SR-573, or Scotch-Weld 2216 B/A. Bond strengths with Scotch-
Grip 4693 and Scotch-Grip 4475 were not affected by thermal c&cling, but .
some slight deterioration upon UV exposure was observed after 1000 hours..
Interestingly, no delaminations occurred with either &uring 90 C thermal
aging. It appears that except for 732 RTV all adhesives tested are satis-
factory for-bonding Korad A. )

Bonding to Tedlar Film. The yield strength of 102—um¥thick

Tedlar film appears to be approximately 15 x 104 N/m? (22 psi). 1In the
study of the bonding of Tedlar with five selected adhesives, film elonga-
tion was the predominant failure mode, both before and after environméntal
exposures (Table A-22). Only unexposed specimens containing Cavalon 3100S
(5% benzoyl pe;oxide) failed adhesively o# cohesively (that is, at a
strength much below 15-x 104 N/mz). Even with this material, however,
further curing appeared to occur during exposures and bond strengths im-
proved. Some '"wetting~out' problems were observed on the unexposed
Silgrip SR-573 with SRC-30. Scotch-Weld 2216 B/A and Silastic 732 RTV
appear to be. the best overall performers with Tedlar,

Bonding to Flexigard Film. TFour of the five adhesives selected

for evaluations oanlaxigard film (127~um Ehick) were‘strong‘enough to cause
f1lm elongation for the majority of the specimens evaluated (Table A=23),

Film yield strength appears to be 23 to 26 x 104 N/m% (33 to 37 psl). Film
bond strengths with Silastic 732 RIV were éomewhat affected by thermal aging

A-55




96-v

TABLE A-2]. KORAD A FILM LAMINATE BOND EVALUATIONS

Lap-Shear, lOA.N/mz(a)

1000-Hour ‘ 1000-Hour Predominant
S v 1000-Hour .Temperature ‘Thermal Aging Failure
Adhesive Unexposed UV Exposure Cycling . 58 C %0 C Mode
" Silastic’ 732 RIV 10-13 12-14 0 10-11 137 11 aAdnesive
failure
Silgrip SR-573, SRC-30 16-18 19 18 18 18 . Film
o e : ’ : : elonga-
tion
Scotch-Weld 2216 B/A 16-18 17-19 17-18 18 17  Film
: ; * - elonga-
tion .
Scotch-Grip 4693 17-18 15-17 18 18 17  Film
C elonga-
tion-
Scotch-Grip 4475 16~18 11-14 18 - 18 18 ©  Fiim
e y . elonga-
tion

(a) 1 N/m2 = 1.45 x 1074 psi.

(b) "Film elongation' indicates that the specimen elongated but not in the bond~area.

indicated, in such cases, is equal to or smaller than the actual bond strength.
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TABLE A-22. . TEDLAR FILM. LAMINATE BOND EVALUATIONS

--Lag:Shear, 104 N/mz(a)
o - 1000-Hour . 1000-Hour Predominant
R ~ . 1000=Hour- - Temperature ‘Thermal Aging Failure
. Adhesive Unexposed . UV Exposure Cycling 58 C 90.C.. Mode . ..
. Silastic 732 RIV 13-14 14 14-15 14 15  Fiim
) ) _ elong.(b)
-Scotch-Weld-2216 B/A 13-14 . 14-15 14-15 15 15 Film -
. : elong-
tion
-Silgrip SR-573, SRC-30 11-14 . 14 14-15 14 15  Film
- : - elonga-
tion
Cavalon 31008 . 13-14 14 15 14 1S . Film _
.. (Activator 3303S) : ' . elonga-
T : tion
Cavalon 3100S, 5% '5-10 10-14 14 14 14 Film
benzoyl peroxide : ’ elonga-
. tion

(a) 1 N/m2 = 1.45 x 1074 psi.

(b) "Film elongation" indigates that the specimen -elongated but not in the bond area.

indicated, in such cases, is equal to or smaller than the actual bond strength.
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TABLE A-23. FLEXIGARD FILM LAMINATE BOND EVALUATIONS

Lap Shear, 10% N/mz(a)

. . .1000-Hour

Predominant

. 1000-Hour
. 1000-Hcur Temperature Thermal Aging Failure
Adhesive Unexposed UV Exposure | Cycling 58 C 90 C Mode
" Scotch-Held 2216B/A . 23-27 25-28 23-25 34 25 .. Film
C : elongation
Cavalon 3100S (1.5% : 10-11 24-31 24-25 24 26 Film
- benzoyl peroxide) ’ S - ~ elongation
Scotch—CGrip 4693 20-23 25-27 23-24 25 26 © Film
_' . elongation
Silgrip SR-573, SRC-30 24 24-26 23 24 24 Film
elongation
Silastic 732 RIV 18-23 15-21 14-19 16 16 Adhesive
‘ : ' failure

(a) 1 N/m2 = 1.45 x 107% psi.

:(b) ™Film elongation" indicates that the specimen elongatéd but not in the bond area..
..indicated, in such cases, is equal to or smaller than the actual bond strength.

The bond strength

(b)

(b)




and thermal cycling, and adhesive-type failures predominated. Cavalon
31008 (1.5% benzoyl peroxide) again failed either cohesively or adhesively
ﬂefore exposure and improved with exposﬁres, apparently as further curing
took plaq?. The other three adhesives (Scotch-wéld(2216 B/A, Scotch-Grip
4693, ané Silgrip SR-573 with SRC~30) were unaffected by the~several types
of exposure. '

A shortcoming with Flexigard appears to be the care required in
applying the various adhesi?es to optimize performance. With the exception
of Scotch-Weld 2216 B/A, an adhesive recémmended by the manufacturer of
Flexigard, film/adhesive composites generally are difficult to preﬁare
with gdod'opticgl clarity. Work to define application techniques will be

necessary with a majority of the adhesives candidates.
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DATA ANALYSIS

In earlier work(A‘z’ A-3)

, a number of polymeric materials iden-
tified as potential candidates for use as components of encapsulation
systems for solar arrayé. Potentially low-cost encapsulation designs of
the film (sheet) laminate and conformally top-coated types were emphasized
and principal uses of polymerics in such designs are as optical-quality
adhesives,  films (sheets), conformal coatings, and pottants.

In the current BCL experimentalzprogram, certain key properties
of these materials types for specific ‘end-use appligations have been identi-
fied that can be associated with the major tybes of systems:failure (loss
of optical ciarity, moisture»transpért and corrosion, énd"délamination) and,
thus, used to index systems performance. These are the optical, moisture
barrier, and strength properties of the individual and composite materials,
and the effects of weathering environments (UV irradiation thermal aging,
thermal cycling, high humidity, etc.) on these properties.

Throughout the discussion ;hat follows, materials'are rated pfin—
cipally by three designations: (+), (0), or (-), signifying levels of per-
formance as poéitive, average, and negative. Occasionally, use is made of
the symbol (++) to differentiate among levels of positive performance.

Table A-24 is a recapitulation of the study of the. optical trans-
mittance stability of certain of the film and sheet cover candidates during

environmental exposures., From the earlier study(A-z)

, each of these materials
was identifigd'as having "as prepared" optical characteristics that are
consistent with those required for the array cover.. During exposures to each
of the three environments, all six materials maintained good optical proper-
ties and were given positive ratingé. The fact that ali rated positively

is not surprising since these materials were "handpicked" for.this study on

the basis of a detailed literature investigation.
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TABLE A-24

RATINGS OF FILM AND SHEET MATERIALS ON
BASIS OF -OPTICAL TRANSMITTANCE STABILITY
DURING ENVIRONMENTAL EXPOSURES

'R-Value(a)
~ 0V-500; HA=500,
Material  45-58 ¢ TC-500 38 C, 1004 R.H.  Rating
Sun-Lite  1.23 0.88 R
" Lexan 0.98 0.96 0.99
FEP 0.94(0)  .g3(b) 0.88(b)
Korad A 0.99° 0.95 0.91
Tedlar 1.00 0.94 0.96
Halar 0.98 0.96 .00

(a) R = Texp/Tunexp’

(b) May be low - unexposed value appeared high (90.4%).
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Continuing with the film (sheet) cover candidates, moisture
barrier property measurements (Table A-14) suggest that all but Korad A
are initially good and, for the most part, maintain good barrier properties
after different types ofvenvironmental exposures. . Perhaps even more mean-
ingfnl, however, are the abilities of the materials in combination with
other polymerics, prlncipally adhe31ves, to provide protection from water
vapor (and other contaminants) to the encapsulated photovoltalics. This
latter property may not be directly relatable to barrier properties since
the 1nterfaces associated with cover/adhesive (or pottant) and adhesive
(or pottant)/cell also influence cell protection. These interfacial effects
have been considered in the highyhumidity exposure studies of encapsulated
cells. These data are anelyzed later in the discussion.

Also of major importance to the identification of encapsnlant
materials candidates are the strength of bonds formed betyeen‘pqumerics,
e;g., between film (sheet) and adhesive in a laminate design, and between
polymer and cell. Unfortunately, time has not permitted experimental
studies of the latter type of bonding. iny film-to—~adhesive bonding has
been' considered here and, as described in the text of'the fExperimental"
section, several adhesives, namely, Scotch-Weld 2216 B/A, Silgrip SR-573,
and Acryloid B-7, nave provided the best overall perfermances.4'These,
consequently, nave been utilized most frequently in ether evaluations of
materials subsystems. ' 4 - ’

In terms of the adhesive-to-cell or cbnformal coating-to-cell
bonding, one comment again seems very pertinent. That is, with but a
few exceptions, delaminations did not occnr.and that is very likely
attributable to the fact that low-modulus materials in contact with the
cell have been advocated and emphasize in this program as appropriate to

the film (sheet)-laminate and confornally top-coated encapsulation designs.
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In Table A-25, cover laminates, i.e., combinations of film
(sheet) and adhesive, are rated on the basis of optical performance during
exposures to the several environment types. The study was iimited to the
three adhesives, Scotch-Weld 2216 B/A, Silgrip SR-573, and Acryloid B-7,
that were judged to perform best in the bond strength studies. This does
not, however, rule out certain of the other adhesives used in this inves-
tigation. Limitations in terms of required work volume and time necessi—
tated a preliminary selection from amoﬁg'the adhesives candidates.

As can be seen from an examination of the data of Table A-25,
the performance differences among the various materials combinations aré
discerned primarily from their performances during 500 hours of high
hurmidity exposure at 38 €., With a few exceptions, all systems performed
well during UV irradiation and thermal‘cycling. Again, it is noteworthy
that only rarely did delaminations occur with the selected materials
combinations during the rather severe thermal cyciing exposure, pointing
out the very real design advantage of the use of a low-modulus adhesive
in the dual role of adhesive and cell pottant.

In rating the materials combination of Table A-24, there does
not appear to be any real pattern to the performance. As expected, the
best performing adhesive is specific to a particular film (sheet) material.
The materials ratings may be too severe in that, as pointed out above,
most of the pooé performances were associated with a very severe high
humidity exposure. Nevertheless, neutral and negative ratings were given

to those materials that had
RT-values < 0.85 and < 0.60, respectively.

The performances of a number of adhesives and conformal coatings
as protective encapsulants for photovoltaics during high humidity exposure
are rated in Table A-26., The rating was made on the basis of a composite
of changes in the four identified electrical characteristics of the encap-
sulated cells. Interestingly, in judging adhesives performance (Table
A-26), two of the materials rated best in bond strength testing (Scotch-
Weld 2216 B/A and Acryloid B-7) were among the beat performers in this
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RATINGS -OF COVER

TABLE A-25

. LAMINATES ‘ON BASIS OF OPTICAL
TRANSMITTANCE STABILITY DURING. ENVIRONMENTAL EXPOSURES

Korad - 573

- R-Value R
; =500, . - . HA-500,

Material 45-58 C . TC<500 . 38 C,-100% R.H. Rating
Lexan - 2216 1.01 0.98 1.05 +
Lexan - 573 1.07 1.14 0.96 +
FEP - 2216 0.86 0.91 1.01 +
Tedlar - B-7 1.04 0.98 1.00 +
Halar - 2216 1.02 '0.88 0.96 - +
Halar - B-7 0.95 1.02 1.02 +
Tedlar - 2216 1.04 0.94 0.85 +
Tedlar - 573 " 1.15 0.94 . -- +/0
Sun-Lite - 573 1.47 1.37 0.51 0
Lexan - B-7 1.04 0.86 0.68 0
FEP - B-7 0.95 0.93 0.69 0
FEP - 573 0.94 - 0.65 0.87 0
Korad - B-7 1.04 0.98 0.63 0
Halar - 573 1.03 Q.99' 0.69 0
‘Sun-Lite - 2216 1.45 0.71 0.54 -
Sun-Lite - B-7 0.84 - 0.74 0.31 -
Korad - 2216 1.01. . 0.87 0.48 -

1.01 - 0.54 -
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TABLE A-26
: RATINGS OF CONFORMAL COATINGS AND ADHESIVES ON BASIS OF ELECTRICAL .. -
RESPONSE STABILITY OF COATED CELLS DURING 38 C, 100% R.H. EXPOSURE (450- 550 HOURS)

"APm,(a) an, (@) ARS(Q)
mW % AFF(a) mQ ~.Total Ranking

Scotch-Weld 2216 B/A - 69.6 (1) 3.78 (1) 0.181 (2) 168 (1) . (5) +
Scotch-Grip 4475 46,5 (2). 3.1 (1) .0.182 (1) 157:.(1) - - = (5)- +
Eccocoat ACS8 " * ' 64.8 (1) 3.60 (1) *0.018 (3) 200 (1) -(6) +
Silgrip SR-573 " 60.5 (1)- 3.36 (1) 0.150 (2) - 76 -(3) (7) +
Scotch-Grip 4693 53.3 (2) 2.91 (2) 0.139 (2) 160 (1): (7) +
Acryloid B-7 47.4 (2) 2.62 (2) 0.153 (2) 165 (1) (7) +
DC 3140 60.0 (1) 3.3 (1) 0.088 (2-1/2) 83 (3) - (7-1/2) 0
Q3-6527 A/B 50.8 (2) 2.76 (2) 0.136 (2) - 136 (2) (8) 0
Butvar B-79° 34.0 (2—1/2) 2.00 (2—]/2) ‘0.125 (2) 101 (2-1/2) (9-1/2) -
Eccocoat RTU - 42.6 (2) 2.33 (2) 0.121 (2) 14 (3-1/2) (9-1/2) -
Eccocoat VE 14.6 (3) 2.73 (2) 0.022 (2) 61 (3) (11) -
RTV 118 16.3 (3) 0.87 (3) 0.028 (3) 56 (3) (12) -
(a) a Property = (Prop unexp - Prop exp)uncoated ce11 - (Prop unexp ~ FOP Jcoated cell.

exp




category. Among the conformal coatings, the Eccocoat AC-8 and the DC 3140
are outstanding. These materials certainly are worthy of serious consider-
ation in looking at candidates for use in the conformally top-coated encap-
sulant design. Again, the comment should be made that these conclusions
are based on data from individual samples and replicate samples and longer
term exposures, particularly to UV irradiation, are needed before any final
comparisons of materials performanoe are made. ;

Table A-27 provides data on which a. similar rating of eight
total film and sheet laminate encapsulants was made. Only the Scotch-

Weld 2216 B/A and Silgrip SR-573 adhesives were used in these construc-—
tions. As mentioned in the "Experiméntél" section, the Acrylite, Tedlar,
and "Teflon" FEP-1 systems were superior to the others tested.i‘The poor
performance of the "Teflon' FEP laminate containing the Alure cx backing
may be due to the use of a lower lamination temperature during its construc-
tion,

A preliminary overall assessment on'thé basis of performance only
of the film (sheet) cover candidates has been made based on a combination
of data obtained in this study and certain other key propertyicoﬁsiderations.
This assessment ié detailed in Table A-28. (+),'(O), and - (=) éymbols have
the same significance as indicated above. The (x) symbol refers to an
absence of data associated with the pérticular property of iﬁterest. It
should be noted that those materiais known: to contain?UV stabilizers or
plasticizers were ranked negative nn this peint and thooe materials.having
structural elements or other additionally desirable properties were given
additional positive ratings. '

Overall, the assessment indicates that "Teflon'" FEP, Acrylite,
and Sun-Lite are the leading cover candidats on the basis of individual
properties only and that only Korad A and Mylar are rated lower than a
(+) ranking. At this time, all of the materials 1deﬁtified heré are
still regarded as candidates for the enéapsulant cover application,

-
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‘ - TABLE A-27
RATINGS OF FILM AND SHEET- LAMINATE ENCAPSULANTS ON BASIS OF ELECTRICAL RESPONSE
STABILITY OF LAMINATED CELLS DURING 38 C, 100% R.H. EXPOSURE

Laminated Structure E¥$;23re 'APmax(a) : An(a) AFF X ]03(a) ARs(a) _

- (Top to Bottom) hrs mw/d - %/d /d /d Total . Ranking
Acrylite/2216/Alum foil . 312 -0.39 (1) -0.23 (1) +0.15 (1) +3.00 (1) 4. “t
Sun-Lite/2216/Alum foil 312 -2.50 (3) -0.54 (1) -0.92 (2) - -3.30 (3) 9 +
Sun-Lite/573/Alum foil - 240 - -0.50 (1) -1.50 (3). -6.10 (4) +5.90 (1) 9 +
FEP/573/FEP - 240 -1.50 (1-1/2) -0.70 (2) -3.10 (3) -2.00 (2)  8-1/2 +
FEP/573/Alure CX ' 144 -3.33 (3) -1.67 (3) -6.14 (4) +8.33 (1) 11 0
Flexigard/573/Flexigard 144 +2.50. (1) -0.83 (2) -5.00 (4) -2.33(2) 9 .- +
Tedlar/573/Tedlar 144 -0.83 (1-1/2) -1.33 (3) -7.00 (5) -1.17 (2) mN-172 0

Mylar/573/Mylar - 144 -5.00 (4) - -2.67 (4) -9.00 (5) -7.00 (4) 17 -

Property Value % hrs

Exposure Days

- Property Value 0 hrs

(a) A Property =
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TABLE A-28 -

PRELIMINARY OVERALL PERFORMANCE RATING OF FILM/SHEET
MATERIALS CANDIDATES (AT INDICATED THICKNESS)

Optical -  Barrier Bonding Stability to'?)

Overall
Transmittance Properties Characteristics UV TC HH Misc. Rating
"Teflon" FEP (5 mil) + + +H  -++ -ixx + Low R.I. ++
Lexan (20 mil) + 0 +++  +HH+ O #xx - UV Stab. +
Korad A (6 mil) + - + +0+  +0+  4xx - Plasticizer 0
Halar (5 mil) + X +0x  +-x  #xx : - +
Tedlar (4 mil) + + +-+ XX -- +
Weatherable Mylar (7 mil) + 0/+ + x0+ x++ xxx - UV Stab. 0
Flexigard (5 mil) + 0 + . X+ xH XXX ‘ - ++
~Acrylite (125 mil) + 0/+ X x+X  xtx xxx  + Structural ++
. . . + Coeff.
Sun-Lite (25 mil) + 0 X +HX  HEX XX + Structural +
. : o .+ Structural ‘
Lexan (]25'm11)A + + 0 XEX XX XXX e +

(a) In order - optical, barrier,.bondin;'characteristics, : R




TABLE A-29

PRELIMINARY OVERALL PERFORMANCE RATING OF
FILM/SHEET - ADHESIVE ENCAPSULANT ‘COVER CANDIDATES

Optical
‘Stability to
Optical . Bonding Environments

Transmittance Characteristics (UV, TC, HH) Rating
Tedlar - B-7 + X N R +
Halar - B-7 + X +++ +
FEP - 2216 0/+ + 4 +
Sun-Lite - 573 + X ++0 0/+
Tedlar - 573 0/+ + ++x +
Tedlar - 2216 + + +++ +
Halar - 2216 0/+ X +++ +
Lexan (20 mil) - 2216 0 + 4+ 0/+
Lexan (20 mi1) - 573 0 0 4t 0
Lexan (20 mil) - B-7 + X . ++0 0/+
Sun-Lite - B-7 ‘ + X 00- 0
Sun-Lite - 2216 + X +00 0
FEP - 573 0/+ + +0+ 0/+
FEP - B-7 0/+ X ++0 .0/+
Korad - B-7 - + + ++0 0/+
Korad - 2216 + + - ++- 0
Korad - 573 0] + +x0 0
Halar - 573 0 X ++0 0/+
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GENERAL CONCLUSIONS

On the basis:of the materials studies described-above, three

important general conclusions appear warranted. These are

(1) Utilizaeion of film (sheet) laminate and conformally
top-coated photovoltaic encapsulant designé appear
attractive both from the standpoint of long-term
performence and of cost. Of particular importance
to the;former array design has been the finding that
the use of low=modulus adhesives to perform:the dual
function of'film (sheet) bonding agent and.photovbltaic
encapsﬁiant has minimized ;he'delaminatibniﬁroblem
associated with temperature cycling,‘atAleaet through
some 250, 4-hour cycles covering the -40 to +90 c

tempera;ure range.

(2) A numbef of materials cendidatee for use as components
(cover, adhesive, etc) of the film' (sheet) laminate
and conformally ﬁop-coated encaPSulapt'desiéns have
been identified that perform well in terms ef mainte-
nance of key properties during relevanﬁ environmental
exposufes. However, it appears that materials selec-
tion for any array design‘will have to be tailored for
use ln different gevgraphic areas. A number of_éaﬂdi—
date polymerics appear to have properties that dietate
againsérgeneralized usage, i.e., they have one or more
proéer;y limitation, e.g., poor elevated temperature
propefties, poor resistance to abresion, poer response

at high humidity, etc.

(3) Befere.fufther judgments can be ma&e relative to mate-
rlals selectlon, evaluations of leadlng candldates
must be extended to longer exposure times and to combi-
nations of weathering environments with sample replica-
1on at a level in which the statlstlcal 51gn1f1cance

of the results can be establlshed
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APPENDIX B

" PROPERTY INFORMATION FOR
SELECTED POLYMERIC MATERIALS
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PROPERTY INFORMATION FOR
SELECTED POLYMERIC MATERIALS

Appendix B is set up as a series of Fact Sheets for the various materials of interest. They
" are further separated by applications as follow:
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ADHESIVES

. Acryloid B-7 (Rohm and Haas Co:mp.an.y) (a)

Acryloid B-7 is one of the family of acryloid resins which are polymem denvatnves of *
acrylic and methacrylic acids. The resin will “set” merely by solvent evaporation. The “set
film will remain permanently soluble. Acryloid B-7 is available as a 20 percent sohds solution
in ethylene chloride. 1t is useful in adhesive applications requiring a colorless, transpurc.nt and
flexible joint of good water, electrical, and chemical resistance. The acryloids provide tough
thermoplastic bonds with such materials as metal, glass, plastics, natural or synthetic rubber,
and fabrics.

(3}

Acryloid B-7 can be applied by brushing, roller coating, or spraying. Frequently it is neces-
sary to reduce the vnscosnty particularly for spray application. Such solvents as coal tar hydro-
carbons. chlorinated hydrocarbons, ketones, esters, ether alcohols, and ether esters in general are
suitable tor thinning.

The following properties apply to Acryloid B-7:

1. Water-white color, perfect transparency, and resistance to discoloration .-

2. Good electrical resistance '

3. Resistance to water, alcohol, alkali and acids

4, ,_Resnstam.e to mmeml oils, vegetable oils, and greases
S. Resistance to c.hemmals

6. Good adhesion and flexibility.

Acryloid B-7 is available in 0.0037-0.0189 m3 (1-5 gal) pails at $3.79/kg ($1.72/1b). also
in 240 kg (530 Ib) drums at $1.59 kg ($0.72/1b).

(a) Lists of trade names, company names, and cities are contained in Appendix B.
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Cavalon 3100 S (E. 1. du Pont de Nemours, Inc.)

Cavalon 3100 S is a 100 percent-reactive modified acrylic structural adhesive designed for
high-strength bonding ot steel, aluminum, fiberglass-reinforced polyester; and other high-strength
structural materials. It also is a high-(juality adhesive for general purpose bonding of many
decorative or functional nonstructural assemblies. '

Cavalon 3100 S provides an excellent balance of shear and peel strength across a wide
temperature range up to 121 C (250 F). It is formulated for quick-setting, rapid-cure bonding,
Fixture time on most substrates is 3 to 5 min and full cure takes place within 24 hours at
room temperature. The cure takes place by contact with a surface activator, Cavalon 3300 S,
placed on one of the bonding surfaces. A peroxide accelerator, 3340 S, alsg is available for
incorporation into the adhesive where extremely rapid cure and minimum fixture times are
desired. Cost is approximately $6.61/kg ($3.00/1b) for the adhesive. '

Physical property data and other pertinent information for Cavalon 3100 S are listed below.

Physical Properties L

A Property Property Value
Solids, percent 100
Viscosity, N s/m2 : “10-14
Density, 1000 kg/m3 : 1.0
Flash Point-Seta Closed Cup 17C (62 F)
DOT Classification Flammable
Shelf Life at 24 C (75 F) ~ 12 months minimum
Working Life Following 3340 S 14 days
Addition at 24 C (75 F) ,
Color Translucent
Open Time, min L1
Fixture Time (With 3340 S), min 2-5
Fixture Time (Without 3340 S), min 4-9
Bondline, Min/Max, um 76.2/762
Maximum Thermal Exposure 121 C(250 F)
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Cavalon 3100 S — Continued

Typical Initial Bond Strengths

Tensile Shear
(106 N/m?2)

Bonded to

Cold-Rolled ‘Steel

Oily

Abruded

“Coarse grind
‘Cor-Ten Steel

Oily

Coarse grind
Aluminum 2024-T3

oily =

Abraded

FPL acid etch
Stainless Steel

Alkaline cleaned

Abraded
Electrogalvanized Steel

Oily

Treated .
Fiberglass-Reinforced Potyester
ABS-
PVC '
Polycarbonate
Nylon
Acrylic -
High Impact Polystyrene’

*Indicates substrate failure.
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17
22 .
28

17
30

17
27
27

27
19

10.
11
5.5%
4.1*
8§ *
6.3*
6.2*%
4.8%
3.4%

T-Peel .

(N/0.0254 m) -

89
156
267

156
919

44
62
2133
111
156




Cavalon 3100 S — Continued

Bond Performance With Various Environmental Exposures

Exposure Tensile Shear (106 N/m2)
5% Salt Spray, 38 C (100 F) [nitial 4 weeks
~ Cold-rolled steel 17 7
Cor-Ten steel . 17 15
Aluminum 2024-T3; etched 28 2
Electrogalvanized steel 10 S (1]
100% RH 38 C (100 F) Initial 8 weeks
Cold-rolled steel 17 [
Cor-Ten steel . 17 S
Aluminum 2024-T3 abraded 28 - 13
Aluminum 2024-T3 etched 28 ‘ 25
Water Immersion 38 C (100 F) Initial 4 weceks
Cold-rolled steel : 7 - - 14
Aluminum 2024-T3 . ) ©28 26
"Electrogalvanized steet 1o - 10
100-Octane Fuel Immersion . Initial - 4 wecks
Aluminum 2024-T3 etched 28 : 28
70 C (158 F) Aging o Initial 8 weeks
Cold-rolled steel ' 17 - R Vi
Aluminum 2024-T3 28 28
Fiberglass reinforced - . -
Polyester : 6 6
Ambient Aging Initial 2 years
' Cold-rolled steel, oily 14 1S
Florida Exposure 45 Degrees Initial 6 months
South, unprotected .
Cold-rolled steel, oily , - 15 l6
Cold-rolled steel, it blasted 23 20
Atlas Weatherometer X-41 Cycle Initial 1000 hr -

Cold-rolled steel, oily : 15 o 17

B~-6




are desired. It can be cured at room temperature or rapidly at elevated temperature. Adhesion
to metals, glass, ceramic and plastic is excellent. The flexibility of Eccobond 45LV is deter-
mined by the amount of Catalyst 1SLV which is used. Application is by brush, knife, or roller.

Typical uveruge properties are presénted below.

’ Eccobond 45LV (Em‘erson-Cﬁming, Inc.)
Eccobond 45LV is a clear. controlled flexibility-epoxy- adhesive having u viscosity con- © -
* siderably less than that of Eccobond 45. It is designed for use where shock and peel resistance

Property ‘ Property Value
Uncatalyzed Viscosity, N-s/m2 35
Temperature Range tor Use -56t0 147 C

(-70 to +300.F)

Bond Strength in Shear at Room . © 222 x 100

Temp, N/m= - B
After 30-Day Soak in Water, N/m? 20-x 100
Flexural Strength, N/m2 38 x 100
[zod Impact, J/0.0254 m of Notch 5.4
Dielectric Strength, kV/mm . 16.1
Volume Resistivity, ohm-cm : 3x 1013
Dielectric Constant, 102 to 107 Hz 3.2t0 29
Dissipation Factor, 102 to 109 Hz :.03 to .04 -

Of the several formulations given below, the semirigid one is used most frequently.

Hardness (.Shore Durometer) 40
Rigid Formulation 100 parts Eccobond 45LV

, 25 parts Catalyst 1S5LV
Semirigid Formulation 100 parts Eccobond 45LV-
: ' 50 parts Catalyst ISLV
Flexible Formulation - 100 parts Eccobond 45LV

100 parts Catalyst 15LV

Eccobond 45LYV is available at $4.96/kg in 27.2 kg pails. The catalyst 15LV costs
$6.06/kg in 18.1 kg pails.




Epo-Tek 310 (Epoxy Technology, Inc.)

adhesive designed for bonding glass to glass, glass to metal, and metal to metal. It has low
viscosity and a long pot life. It can be cured at room temperature or with heat. In addition
1o its excellent adhesion and optical properties, Epo-Tek 310 will withstand thermal cycling.

It can be applied by spatula, brush, hypodermic needle, and commercial dispensing equipment.
Other properties are listed below.

|
Epo-Tek 310 is-a two-component, 100 percent solids, flexible, optically clear epoxy . |
Mixing Ratio 10 parts “‘A” and 5.5 parts "B

: , ., (hardener) A /
Curing Schedule Overnight at room temperature
2 hours at 65 C (149 F)

Pot Life . ) 8 hours
Lap Shear Strength : 4 x 106 N/m2

(Aluminum to Aluminum)
Temperature Cycling Pass

(3 Cycles -50 to 85 C) .
Shelf Lit‘e One year at room temperature

Epo-Tek 310 currently is available at from $40.00 kg (318.15/Ib) in lots of 0 45-4.1 kg
(1-9 lb) to $26. 68/kg ($12.10/1b) in 22.7 kg (50 1b and over). ’
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Scotch-Weld 2216 B/A (3M Company)

Scotch-Weld 2216 B/A is a transparent, two-part, room-;empcrature~curing»structural
adhesive. [t is;of the modified-epoxy class. Normally, the epoxy base and modified amine
accelerator are mixed in equal parts by weight or volume and applied with a spatula, trowel, -
or by pressure gravity flow. It has a work life of approximately 90 minutes at 24 C (75 F).
It is used to bond -rubber, metal, wood, most plastics, and masonry products. -Curing requires .
7 days at 4 C (40 F). 2 hours at 66 C (150 F), 5 minutes at 121 C (250 F), or 2 minutes at

177 C (350 F).

Cost is $251.99/kg (3114.28/gal) for the equal-parts combination of base resin and

accelerator.

Performance characteristics of Scotch-Weld 2216 B/A are listed below.

Property Performance Data

Property

- Overlap Shear Strength at -55 C (-67 ©)
Overlap Shear Strength at 24 C (75 F)

" Overlap Shear Strength at 82 C (180 F)
T-Peel Strength at 24 C (75 F)

Thermal Conductivity
Coefficient of Thermal Expansion
0-40 C (32-104 F)
40-80 C (104-176 F)
Arc Resistance |
Dielectric Strength
Dielectric Constant at 23 C (73 F)
Dielectric Constant at 60 C (140 F)
Dissipation Factor at 23 C (73 F)
Surface Resistivity at 23 C (73 F)

Volume Resistivity at 23 C (73 F)

Property Value

14 x 106 N/m2 (aluminﬁm FPL etch)
{7 x 106 N/m2 (aluminum FPL etch)

2.8 x 106 N/m2 (aluminum FPL etch)

111 N/0.0254 m of width (aluminum
FPL etch) :
0.391 W/mC

102 x 106 C-!
134 x 106 C-1
130 seconds
16.1 kV/mm
5.51 (measured at 1.00 kHz)
14.17 (measured at 1.00 kHz)
0.112 (measured at 1.00 kHz)
5.5 x 1016 ohms (measured at
500 volts dc)
1.9 x 1012 ohms-cm (measured at
500 volts dc)

#The above data were developed using 7-day cure at a temperature of 24 C (77 F) and a pressure of

1.38 x 10% N/m2.
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Scotch-Weld 2216 B/A — Continued

Overlap Shear Strength After Environmental Aging

Tes't‘ Results 7(24;; C ).l

Environment Time, days 106 N/m2

100% RH at 49 C (120 F) 14 - 20
: - 30 S 14
90 10
Salt Spray at 35 C (95 F) 14 . Coe 16
' S 30° : .35
’ 60 : 2:1
Tap Water at 24 C (75 F) 14 22
30 20
90 .. 14
Air at 71 C (160 F) 35 R 32
Air at 149 C (300 F) 40 N 34
Anti-Icing Fluid at 24 C (75 F) 7 . 23
Hydtaulic Oil at 24 C (75 F) 7 26

JP-4 Fuel 7 . 22,
Hydrocarbon Fluid 7 23
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“Teflon” FEP (E. 1. du Pont de Nemours, Inc.)

“Teflon” FEP has a balance of properties including chemical inertness, excellent dielectric
properties, nonaging characteristics, performance in temperature extremes, and, in thin sections,
excellent optical properties. Unlike “Teflon™ TFE, which does not melt in the usual sense and
_ must be processed by methods reminiscent of powder metallurgy, “Teflon’* FEP can be melt
processed by extrusion, compression-, injection-, and blow molding. The distinct melting point
also permits the use of *‘Teflon” FEP as a hot-melt adhesive.

Few adhesives can match the broad capabilities of “Teflon” FEP film. It is excellent for
bonding many materials — metals and nonmetallics as well. It produces strong bonds between
two surfaces of TFE or between TFE and other substrates. It also can be used as an adhesive
for bonding like FEP films to one another or to other materials.

Because it is available in film form, on a roll, in a range of thicknesses from 12.7-2286 um
(0.5-90 mils) “‘Teflon” FEP is more convenient to handle and store than many other adhesives.
At a thickness of 127 um (5 mils) current costs are $28.67/kg ($13.00/1b) or $7.77/m2 (80.72/ft2).
Property information for “Teflon” FEP is given below.

Typical Property Values — “Teflon” FEP

ASTM
Property Method Property Value
Tensile Strength, 23 C (73 F), N/m?2 D638 21-28 x 1006
Elongation, 23 C (73 F), percent D638 300
Flexural Modulus, 23 C (73 F), N/m? D790 655-724 x 100
Impact Strength, -54 C (-65 F), J/0.0254 m D256 39 ,
Impact Strength, 23 C (73 F), J/0.0254 m D256 No break
Hardness, Durometer D2240 D55
Deformation Under Load, 23 C, D621 1.8
6.9 x 106 N/mz, 24 hours, percent
Melting Point, C - 250-279 C
(482-534 F)
Coefficient of Linear Thermal Expansion D696  14.9-18.7 x 1075
per C-1 (<7310 70C) *
Thermal Conductivity, W/m-C C177 ‘ 0.251
Specific Heat, J/kg-C _ - 1173
Continuous Service Temperature, C - 204 C (400 F)
Flammability (Vertical Flame Test) (UL 83) Does not support
combustion
Dielectric Strength Short Time, D149 82.7
0.254 mm, kV/mm
Dielectric Constant, 60 to 10% Hz D150 21
Dissipation Factor, 60 to 109 Hz D150 .0001-.001
Volume' Resistivity, ohm-cm D257 >1018
Water Absorption, percent D570 <0.01
Weather and Chemical Resistance - Excellent
Specific Gravity D792 2.12-2.17
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RTV 108 (General Electric Company)

RTV 108 is a one-component diméthyl silicone adhesive/sealant with ou;stdnding dielectric
properties. It is useful throughout a temperature range from -90 to 205 C (-130 to +400 F) for
bonding and sealing. ‘Properties of the uncured and cured resin are presented below. '

Property - Property Value
Typical Uncured Properties '
Color ' Transparent =
Consistency ' " Paste©
Shelf Life, months 12
Typical Cured Properties
Specific Gravity - 1.07
Hardness, Shore A Durometer . .30 )
Tensile Strength, N/m2 2.4 x 106
Elongation, percent 400 a
Tear Resistance, Die B, N/0.0254 m - 200
Brittle Point, C ' <-68
Linear Shrinkage, percent 0.12
Maximum Continuous Service 204
Temperature, C ’
Thermal Conductivity W/m-C at - 0.206
93 C (200 F) A
Coefficient of Thermal Expansion, <27 x 10%3
-18 to 177 C (0-350 F), C-! :
Dielectric Strength, kV/mm 19.7
Dielectric Constant at 60 Hz . 2.8
Dissipation Factor at 60 Hz . .0026
Volume Resistivity, ohm-cm ~ 3x 1005

RTV is currently available at $5.69/kg ($2.58/1b) in a 204 kg (450 Ib) drum, greater than
10 drum quantities at $5.03 kg ($2.28/1b).
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RTV 118 (General Electric Company)

RTV 118 is a one-component dimethyl silicone adhesive/sealant similar to RTV 108. ,l
Uncureq and cured. properties are given below.

Property Property Value
' Typical Uncured Properties '
Color O o Transparent
Consistency Self-leveling
Viscosity, N-s/m2 35
Sheif Life, months R Y
Typical Cured Properties

Specific Gravity 1.07
Hardness, Shore A Durometer ‘ p 22
Tensile Strength, N/m2 " 3.1 x 100
Elongation, percent 430 ‘
Tear Resistance, Die B, N/0.0254 m . o 147 . .
Brittle Point, C ) <-59 .
Linear Shrinkage, percent ' _ 03
Maximum Continuous Service s 204

Temperature, C ..
Thermal Conductivity, W/m-C at : - 0206 ©

93 C (200 F) L
Coefficient of Thermal Expansion, ‘ . <27 x '10'5

-18 to 177 C (0-350 F), C"!
Dielectric Strength, kV/mm 19.7
Dielectric. Constant at 60 Hz 2.7 .
Dissipation Factor at 60 Hz . .0004
Volume Resistivity, ohm-cm : 2 x 1013

RTV 118 is available at $14.33 kg ($6.50/1b) in a 204 kg (450 1b) drum, _grea.te_rAthan
10 drum quantities at $13.67 kg ($6.20/1b). .
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COATINGS

Eccocoat AC-8 (Emerson and Clrmin& Inc.)

Eccocoat AC-8 is a one-part water-white 'aerylic based coating material.

I .‘}

It can be applied

by brush, dip, or spray methods. As a clear coating for metal surfaces such as brass, aluminum,
and steel, it exhibits excellent adhesion, clarity, and durability. Eccocoat AC-8 is applied at
ambient conditions, and dries to' a tack-free state m '15-30 min. Adhesion and film hardness
are improved by a 30-min bake at temperatures up to 149 C (300 F) Property ‘data are

tabulated below.

Property

Vrsc.osnty (No. 3 spmdle)
Flexibility

- Color
Service Temperature

Weatherability

Dielectric Constant, 60-106 Hz.

Dissipation Factor, 60—106b Hz

Property Value

1.5 Ns/mh2 .
Unaffected by bend ovér -
0.635-cm mandrel -
Water white
-54 to 177 C (-65 to 350 F)
[slight yellowing at 177C =
(350 F)]

Unaffected by 6 months’
exposure in Canton, Mass.
3.0-2.6
0.04-0.01

Eccocoat AC-8 costs $4.19/kg in 18.1 kg containers.
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Kynar 202 (Pe_nnwalt Corporation)

Kynar is a polyvinylidesne fluoride resin that is characterized by toughness, corrosion
resistance, and application versatility. It is a crystalline, high-molecular-weight polymer and
hus a good balance of properties — chemical, mechanical, electrical, and thermal. Kynar 202
is a dispersion of the material in selected latent solvents. It is an excellent weather resistant
barrier coating. ' :

Cured Kynar dispersions usually measure approximately one-third of the wet film thick-.
ness. Curing normally is carried out in an air-circulating oven preheated to 160-250 C -
(320-482 F). The temperature is then raised to about 297 C (567 F) for about 30 min.
Properties of the homopoly mer resin are given below. .

Property ASTM Method Property Value
Specific Gravity 55 D792 1.75-1.78
Reftractive Index, np D542 1.42
Clarity - Transparent to
: translucent
Melting Point, Crystalline, C Fischer-Johns 171 -
Water Absorption, percent D570 . 0.04
Water Vapor Permeability, g/25.4 um/ - 1.0
24 hr-/m2/atm ‘ R
Resistance to Weathering - Excellent
Tensile Strength : g
25 C (77 F), N/m?2 D638 36-52 x 106
100 C (212 F), N/m? D638 19-23 x 106
Elongation ' B
25 C (77 F), percent D638 25-500
100 C (212 F), percent D638 400-600
Yield Point
25 C (77 F), N/m? D638 36-51 x 106
100 C (212 F), N/m? D638 19-23 x 106
Flexural Modulus, Tangent, N/m?2 D790 1393 x 106
Compression Strength,.25 C (77 F), N/m2 D695 55-69 x 106
1zod Impact, Notched 25 C (77 F), D256 4.6-5.2
J/0.0254 m <
Hardness, Durometer, Shore, D D676 70-80
Thermal Conductivity, 25-163 C - 0.243-0.186
(77-325 F), W/m-C
Specific Heat, J/kg-C _ - 1371
Thefmal Expansion, 25-60 C (77-140 F) D696 14.4-15.3 x 107

Thermal Stability, 1 yr 149 C (300 F)

Weight Loss — None
Change in Color - Slightly darkened
Thermal Degradation Temperature, C TGA (Du Pont) 410-432
Deflection Temperature, 46 x 104 D648 ' 149
‘N/m2, C _
Deflection Temperature, 182 x 104 D648 91
N/m2, C '
Low-Temperature Embrittlement, C D568 <-62
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Kynar 202 — Continued

Property

Burning Rate

Volume Resistivity, ohm-cm
Surface Arc Resistance, sec
Dielectric Strength, Short Time
(500 V/sec), kV/mm
3175-um thickness
- 203-um thickness
Dielectric Strength, Step by Step
(1 kV Steps), kV/mm
Dielectric Constant
60 Hz
103 Hz
106 Hz
109 Hz
Dissipation Factor
60 Hz
103 Hz
106 Hz
109 Hz

Cost is $24.26/kg ($11.00/1b) in 340 kg (750 Ib) quahtities.

ASTM Method

Property Value

D635
D257
D495

D149
D149

D149

D150
D150
D150
D150

D150
D150
D150
D150

Self-extinguishing
Non-dripping
2x 1014
50-60

10.2 -
504
374

8.40
1.72
6.43
2.98

0.049
0.019
0.159
0.110



“Teflon” FEP (E. 1. du Pont de Nemours, Inc.)

(The general properties of “Teflon” FEP were described earlier.)

The material is available in aqueous dispersions for coating applications. Dispersion data
are listed below. :

Grade Container Weight of Resin Cost "
Type 30 0.11 m3 (30 gal) 93 kg (205 1b) $9.04 Kg (4.10/Ib)
Type 30B 0.11 m3 (30 gal) 93 kg (205 1b) $9.15 kg (4.15/1b)
Type 42~ 0.11 m3 (30 gal) 46 kg (102 1b) $9.04 Kg (4.10/1b)
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“Pyre-M.L.” (E. 1. du Pont de Nemours, Inc.)

“Pyre-M.L.” wire enamels are solutions of polyamic acids formed by. the reaction of aro-
matic diamines with aromatic dianhydrides. When the enamel is baked, it is converted to an
inert polyimide. The polyimide is known for its excellent thermal stability, radiation resistance,
solvent resistance, cryogenic resistance, and electrical propertie‘s.

Five “Pyre-M.L.” enamels seem to be the most useful of several solvent vanatxons
marketed. These are hsted below, :

Properties of Five Pyre-M.L. Wire Enamels

f :
RC-5069 RC-5057 - RC-5019 RC-5044 "RC-5063

Polymer Solids Percent* 14.0 16.5 17.0 17.0 17.5
* 0.5% . . .

.. Converted Polymer 12.8 - 15.2 15.6 -15.6 16.0 .
Solids Percent £ 0.5% .
Gallon Wt/(kg/m3) & 1045 -~ 1055 1092 1092 1093

0.0s : .
“Sol. Density (kg/m3 at 1049 1059 1096 1096 - © . 1097
25 C) (77 F) £ 0.07 o
Visc. (N-s/m2 at 25-C) 0.5-1.2 5-7 .57 57 . 8115
(77 F)**
Fiash Point (C) 75 75 96 “ 96 ’ 96
(Open Cup) ' AU ' _
Solvents NMP NMP NMP . NMP NMP
(Aromatic  (Aromatic -
Hydro- - = Hydro- .
carbon) carbon) -

NMP = N-Methyl-2-pyrrolidone
*Solids Test Method — 1 g polymer with 1 ml NMP solvent added and baked 1 hr x 160 C (320 F).
*5Viscosity at time of manufacture measured with Rrookfield LVF Viscoicter Nu. 3 Spindie at 12 rpm except for
RC-3069 which uses No. 2 Spindle at 30 rpm.

The mechanical properties of ‘“‘Pyre-M.L.” polymer films are excellent and are retained over
a wide temperature range. The zero strength temperature is 800 C (1472 F). The flex modulus.
approximately 2.758 x 106 N/m at ambient temperature, increases by only 25 percent when
measured at -190 C (-310 F) and decreases by about 50 percent when measured at 250 C
(482 F).

Many of the properties of wire coated with’ “Pyre -M.L.” depend on the degree to which it -
is cured. This dependence is demonstrated as follows.
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“Pyre=M.L.” — Continued

Properties of Heavy Build No. 18 (1.024 mm)
Wire Coated With “Pyre-M.L.”

'Degree of Cure Incomplete  Moderate Thorough Very Thorough

Dissipation Factor(!), percent 2.0 04 025 0.15
Dielectric Constant(1) 4.5 39 3.7 - 32
Weight Loss(2), percent 16 3 1.6 1.3
Crazing(3) Very severe  Moderate Slight Very slight
Crazing After 1/2 Hr x . Severe - None ° - None None
150 C (302 P4 : :
Crazing After 1 Hr x None None None None
200 C (392 F)(3) . ' .
Flexibility(6) : Borderline Passes Borderline ~ Passes
2X 2X 1X X
Intercoat Adhesion Good Good Fair Fair
Undirectional Scrape Resistance - 1.02-1.17  1.06-1.27 1.19-1.50
(kg) (0.23 mm) ’
G.E. Scrape 40-70 15-35 20-40 25-45
Dielectric Strength 8.5kV 12 kV 11 kV 11 kV

Oil and Water Resistance(?) ,
Flexibility Poor Good Good Good -
Dielectric Strength 2 kV 7 kV - 8.5kV 5.5 kV

(1) Clean wires with soft cloth and bend into U'shape. Dip wire in mercury. Connect one end of wire to
bridge; place the other lead from the bridge in mercury. Make measurement at 25 C (717 F) at 1000 Hz.

(2) Weigh 70 g of wire degreased with acetone wet cloth. Bake 5 min at 300 C (572 F) or 2 hrat 200C
(392 F). Cool 2 min and weigh. : ’

(3) Wrap wires on 1X through 6X mandrels and dip in 2:1 mixture of N-methyl pyrrolidone and dimethyl- -
acetamide. Examine under 10X microscope. Many other solvents will give similar results.

(4) As above but bake coils for 30 min at 150 C (302 F) before dipping in solvent.

(5) As above but bake 1 hr at 200 C (392 F). .

(6) Quick snap by NEMA snap test and wrap on 1X and 2X mandrels.

(7) Place NEMA twists in 7-in. (177.8 mm) length of 3/4-in. (19.05 mm) iron pipe. Add 50 cc of trans-
former oil and three drops of water. Seal pipe ends and age 88 hr at 200 C (392 F). Cool. Remove
wires and measure dielectric strength and note flexibility.

Cost information for “Pyre-M.L.” varnishes are listed below.

RC-5063 $8748/m3
RC-5057 (10 or more gallons) ~ $7680/m3
RC-5019/RC-5044 (10 or more gallons) . $8584/m3
RC-5069 $6975/m3

Thinner for use with *“Pyre-M.L.” varnish, designated '17-8585 is priced at $6605/m3.
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Parylehe C (Union Carbide Corporation)

Par'ylené is a specialty coating produced by vapor-phase deposition and polymerization of

para-xylene (or its chlorinated derivatives). The polymers are highly crystalline, straight-chain
compounds that have been known for over 15 years as tough materials with excellent dielec-

tric characteristics. Molecular weight is*approximatély 500,000.

i

f

Parylene is extremely resistant to chemical attack, excepti'onally low in trace-metal con-
- tamination, and compatible with all organic solvents used in the cleaning and processing of
electronic circuits and systems. Although parylene is insoluble in most solvents, it will soften

in certain solvents at temperatures in excess of 150 C (302 F).

In current applications, parylene is deposited in thicknesses ranging from 6.4-38 um
(0.25 to 1.5 mils) in a single coating operation. Because it requires no catalysts or solvents,
parylene offers the advantage that no foreign substances are present that might adversely affect
- the performance of the coating. Further, it is applied without increasing the temperature of
the object to be coated much above room temperature, eliminating all risk of thermal damage.

) Parylene C, poly-mor{ochloro-para—xylylene is the most widely used member of the group
of parylenes because of its excellent barrier properties. Property data for Parylene C are pro-

vided in the following tabulation.

Property

Tensile Strength, N/ m?
Yield Strength, N/ m?2
Elongation to Break, percent
Yield Elongation, percent
Density, kg/m3 :
Coefficient of Friction
Static
Dynamic
Water Absorption, percent (24 hours)

Index of Refraction, Np (23 C)
Melung ot Heat Distortion
Temperature, C
Linear Coefficient of Expansion, C-1
Dielectric Strength, Short Time,
kV/mm at 0.0254 mm
Volume Resistivity, 50% RH, ohm-cm
25 C (77 F)
Surface Resistivity, 50% RH, ohms
25C (717 F)
Dielectric Constant
60 Hz
103 Hz
106 Hz
Dissipation Factor
60 Hz
103 Hz
106 Hz
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Property Value

69 x 106
55 x 106
200
2.9
1289

0.29
0.29
0.01 (thickness-
483 um) '
1.639
280

6.9 x 10-5
220

6 x 1016

1014

0.020
0.019
0.013



In addition to offering a license for in-house use by customers, Union Carbide provides a
Development Custom Coating Service at its Bound Brook facility. Parts coating costs are as
follows:

Usable coating volume 9.5 cm x 9.5 cm x 55.9 cm

Cost per run $360.00, coating thickness up to 0.038 mm
Usable coating volume 20.3 cm x 20.3 cm x 66.0 cm
Cost per run $890.00, coating thickness up to 38 um.
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DC-3140 (Dow Corning)

DC-3140 is a clear, ﬂexrbie one-component’ silicone coating that cures at room temperature'
(72 hours) without emitting acetic’ acid or other corrosives. It can be applred by drppmg, brush-

ing, or’ spraymg

The material’s good’ tear strength and toughness allows its use in applications requiring
ruggedness anid high durability. It has very low water absorptron and low dielectric losses that
make it ideal for protecting electronic componentry. Other- rmportant features include (1) ease
of processing, (2) noncorrosrvrty 3) wrde useful temperature range (4) envrronmental resrstance,

and (5) ease of reparr

DC- 3140 is avauable for $27. 00/kg ($12. 25/1b) in large quantmes DC-1204 primer is rec-
ommended where maxrmum adhesion is desxred The latter costs $9. 26/kg (54. 20/lb) '

Typrcal propertres of DC-3140 are presented below.

'_ Property

Physical Properties

Color
Specific Gravity
Durometer, Hardness Shore A
Tensile Strength, N/m
Elongatron percent
Tear Strength, Die B, N/0.0254 m_
Peel ‘Strength From Primed Alummum,
' N/0.0254 m
Thermal Conductivity (25 to 100 C), W/ m- C
Volume ‘Expansion (25 to 100 C), c-1
ASTM D-149 Electric Strength kV/mm
ASTM D-257 Volume Resistivity, ohm-cm
ASTM D-150 Dielectric Constant at 25 C (77 F)
100 Hz
- 100 kHz
ASTM D-150 Dissipation Factor at 25 C (77 F)
- 100 Hz
100 kHz

Application Properties

Consistency

Viscosity, N-s/ m2

Coating Thickness per Dip, mm
Skin-Over Time, minutes

Tack-Free Time, hours

Cure Time, 635 mm, hours

Cure Time, 3175-um Thickness, hours
Full Cure, 3175-um Thrckness days
Thin-Section Cure .
Nonvolatile Content, percent

Shelf Life, months
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Property Value

Clear
1.05
22 ‘
2.1x 106~
350
89 -
107
0.122
8.8 x 1074
197

sx 1014

2.64
2.63

0.0016
0.0004

Flowable
- 35
0.38
25
1-1/2
24
72
R
Excellent
.97
6




Glass Resin Type 650 (Owens-lllinois)

Glass resins are semi-inorganic polymers with a “‘back-bone" of silicon and oxygen. The
manufacturer claims the materials contain more than 80 percent silicon and oxygen and :are
supenor to commercxal sxlleones . . e

e

The resins are presently supplied in the form of prepolymers in ethyl alcohol solution.
The resin concentration is 65 percent. For use in coatings, the alcohol is evaporated: and :the
prepolymers are rednssolved in acetone. When cured, they are thermoset silicones which will
not soften when heated and are msoluble in all common solvents. Heat must,be applied to
wre the c.oatmg : :

Glass Resin Type 650 is the more reactive of the two available types and has exceptional
light transparency. Coatings thlcker than 25 um (1 mil) are-somewhat brittle: coating thick-
nesses of 12.7 pm (0 S. mﬂ) are ﬂexnble and adhere well to a variety of substrates. General resin
properties are listed below.

Property S Progerty Valué

Specific Gravity' 1.3
Flammability b e Nonflammable
Tensile Strength, Nm2 = =~ ' 24 x 106
Elongation, percent ‘ Approx zero
Compressive Strength, N/m? 207 x 106
Flexural Strength, N/m?2 34 x 106
Modulus of Elasticity Flexural, N/m?2 - 1379 x 106
Impact Strength, lzod (J/0.0254 m notch)‘ - 0.04
Hardness,  Rockwell R Scale S 120-140
(6350-um-thick sample) S R
Dielectric Strength: (1270-um sample) o 35.4

Short Time (kV/mm)
Dielectric Constant

60 Hz : : ’ ‘ 4 l
106 Hz . 3 v 3 2
Dissipation Factor et - '
60" Hz 30 x 104
106 Hz . : 70 x 104
Arc Resistance, seconds Lol T 130-195
Volume Resistivity, ohm-cm .
25C (77 F) 1 x 1014
75 C (167 F) e 1 x 1016
Coefficient of Linear Expansion: """~ 130 x 1076
c-1 0-300 C (32-572 F) . '
Thermal Conductivity, W/m-C . 10.142
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Light transmission >*= specific to Glass Resin Type 650 follow:

Light Transmission,

Wave Length, nm - © percent
360-700 85-95
300 - oo - 70
230 . 60 .
195 - : - 0.1

The price schedule for Glass Resin Type 650 is:

Flake Form, B Stage ' 5 P
Less than 45 kg $33.07/kg 0.45 kg in bag,

4.5 kg in drum
45 kg up to 450 kg ~ .$30.86/kg 45 kg drum
450 kg up to 900 kg ‘ $27.56/kg 45 kg drum
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FILMS

Korad A (Rohim and Haas Company)

Korad A film is a durable all-acrylic polymer supplied in film form, and actually may be regarded
as a 100 percent solid, prefabricated, quality controlled acrylic coating. As such, it provides complete
freedom from the problems of solvents, pigment settling, viscosity-solids limitations, film formation,
and thickness variations. It also offers a balance of fabrication, hardness, and toughness not yet

attained with liquid systems.

Although adhesives are required for lamination to metal and most cellulosic surfaces, excellent
adhesion to ABS and PVC plastic substrates can be achieved with heat and pressure only. Such film-
to-plastic laminates can be readxly embossed and vacuum formed.

Korad A is available in the clear form in gauges from 50.8 to 152.4 um. Widths up to 1.57
meters are available routinely while greater widths are manufactured to order. Cost information for

Korad A clear film in various gauges follows:

Approx. Yield, Approx. Cost,

Thickness S/kg m2/kg S/m2
50.8 um 430 17.34 .2487
76.2 um 4.30 11.56 .3724

152.4 um 4.30 578 7449

The following tabulation lists pertinent property information for the free fiim.

Property Test Method Typical Values*
Thickness, um : 50.8, 76.2, 152.4%*
Specific Gravity, degree ASTM D-792-60T 1.26
Area Factor, m? kg 10.2
Dimensional Stability, percent 10.2-cm-disk in air oven
' 10 min at 80 C (176 F) 0
10 min at 130 C (266 F) 20
10 min at 200 C (392 F) 59
Blocking ' 4.1 (10)4N/m2 16 hr C . 66
Gloss (60 deg), percent reflectance ASTM D523-62T 35
Contrast Ratio deg ASTM D-589-66 >.98
WVTR, g/24 hr/.064 m2/atm ASTM E-96-63T 6 to 9
Water Absorption, percent ASTM D-570-63 24 hr at 23 C (73 F) 1.4 to 1.6
Tear Resistance, N/mm ASTM D-1004-61 (0.08 cm/sec) 175
Tensile Strength, N/mm2 ASTM D-882-61T 0.08 cm/sec; 10.2-cm GL
Yield : ' 35 x 106
Rupture 33 x 106
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Korad A (Rohm and Haas Company) — Continued

Property Test Method ~ Typical Values

Tensile Elongation, percent ASTM D-882-61T 0.08 cm/sec; 10.2-cm GL

Yield T o - X 1

Rupture ' : 75
Dielectric Strength, kV/mm ASTM D-149-64T - 86.6
Dielectric Constant, at 60 Hz ASTM D-150-65T 4.8
Dielectric Constant, at 103 Hz ASTM D-150-65T : 4.4 ..
Volume Resistivity, ohm/cm3 ASTM D-257-61 1x 1016
Surface Resistivity, ohm/cm? ASTM D-237-61 - 2x 1014

CODE: GL - gauge length
*Based on 76.2-um film. M
**QOther thicknesses can be manufactured should sufficient volume be determined.

L

Solvent resistance results with Korad A film, based on immersion tests [run in accordance with
ASTM D-543-60 T, 7 days immersion at 24 C (75 F)] are listed below.

Solvent .. ., Results
Ethyl Alcohol (100 percent) Swollen
Iso-octane (100 percent) No Change
Gasoline No Change
JP-4 Jet Fuel No Change
Motor Oil (SAE-30, ASTM No. 3) . No Change
Ethyl Acetate Dissolved -
Toluene Dissolved
30 percent H7S8O4 No Change
10 percent HNG3 No Change
10 percent NaOH No Change
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Kynar (Pennwalt Corporation)

(The general properties of Kynar Homopolymer resin were described earlier.)

y -

Kynar film+is available in thicknesses greater than 127"pm (5 h\ilé). It can be vacuum formeé Y

. readily. The film resists aging, abrasion and biological attack. It is fungus resistant and has low
moisture vapor transmission. '

Typical properties of 127 um (5 mil) Kynar film 5re listed below:

Property . Property Value
Transparency Clear
Flammability Self-Extinguishing
Nondripping

Stability to Ultraviolet Excellent
Thermal Stability (1 year, 150 C) No Weight Loss

. Slight Color Change,
Tensile Strength, N/m? 41-55 x 106
Tensile Elongation, percent 150
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Tedlar (E. 1. du Pont de Nemours, Inc.)

The unique properties of Tedlar (polyvinyl fluoride) film include excellent resistance to
weathering,- outstanding mechanical propemes, and mertness toward a wide vanety of chemlcals and

solvents.

For glazing and solar—ehergy applications, a 101.6-um (4—mil) transparent Tedlar has been devel-

oped, designed to obtain maximum strength and toughness.
total incident solar energy have been measured by pyranometer.

Transmissivities of 92 to 94 percent of
The main losses are caused by sur-

face reflection, with negligible absorption. After 5 years’ Florida exposure, the film has retained
about 95 percent of its original transmissivity and about half of its original strength and toughness.

Tedlar is available in grades designated 400BG20TR, for use with adhesives, and 400SG20TR.
The former can be used to bond to a variety of substrates. Tedlar film costs $0. 43/m2/25 4 mm

(30.04/ft2/mil).

Property data for Tedlar film are contained in the following tabulation.

Property
Density

Impact Strength
Moisture Absorption

Moisture Vapor Transmission
Refractive Index

Ultimate Tensile Strength
Ultimate Elongation

Gas Permeability
Carbon Dloxide

Helium
Hydrogen
Nitrogen
Oxygen

Weatherability

Aging
Heat Sealability

Linear Coefficient of Expansion

Typical Property Value

1.38-1.57 x 103 kg/m3

Ncm

1.0-2.2

<0.5% for all types
157-205 g/(100 m2)

¢hr) (25.4 ym) (53 mm Hg)

1.46
48-124 x 106 N/m2

115-250%

11.1 cc/(0.06 m2)

(24 hr) (atm) (25 um)
150 cc/(0.06 m2)

(24 hr) (atm) (25 um)
58.1 cc/(0.06 m2)

(24 hr) (atm) (25 um)

© 0.25 ¢c/(0.06 m2)

(24 hr) (atm) (25 um)
3.2 ¢c/(0.06 m2)
(24 hr) (atm) (25 um)
Excellent

3000 hours

Some varieties - see
Bulletin TD-14
5.0x 107> C!
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Test Method*
Weighed samples

Du Pont Pneumatic Tester

Water immersion

ASTM E-96-58T; 39.5 C
(103 F), 80 percent RH
ASTM D-542 Abbe Re-
fractometer; 30 C (86 F)
ASTM D-882, Method A
100% elong./min-Instron
ASTM D-882, Method A
100% elong./min-Instron

ASTM D-1434
ASTM D-1434
ASTM D-1434
ASTM D-1434

ASTM D-1434
Florida exposure; facing
south at 45 degrees to
horizontal
Circulating air oven;
. 150C (302 F)



Tedlar (E. 1. du Pont de Nemours, Inc.) — Continued

Property
Shrinkage (Type 20) MD & TD
(Type 30) TD only
(Type 40) TD only .
Temperature range
Continuous use

Short cycles or release, 1-2 hr
Zero Strength
Dielectric Constant

Dielectric Strength, kV/mm

Dissipation Factor, percent

Volume Resistivity, ohm-cm

Typical Property Value
4% at 130 C (266 F)
4% at 170 C (338 F)
2.5% at 170 C (338 F)

-72Cto’107C’
(-100 F to 225 F)
Up to 175 C (350 F)
260 C to 300 C (500-572 F)
9.9
138
1.4
1.7

3.4
16,

7x 1014
1.5 x 1011

*All tests were performed at 23 C (72 F) unless otherwise noted.
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‘Test Method™

Air oven, 30 min
Air oven, 30 min
Air oven, 30 min

Hot bar
ASTM D-150; 1kHz
ASTM D-150; 60 Hz
ASTM D-150; 1000 Hz
ASTM D-150; 1000 Hz,
70 C (158 F)
ASTM D-150; 10 Hz
ASTM D-150; 10 Hz,
70 C (158 F)
ASTM D-257 .
ASTM D-257; 100 C
(212 F)



“Teflon” FEP (E. I. du Pont de Nemours, Inc.) '

(The general properties of “Tefloh” 'FEP;Were;'"desci‘gifl')éd earlier.)

The matenal is avaxlable as film in contmuous sheetmg up to a thlckness of 2413 um (95 mlls) i e
“Teflon” FEP fllms can, be heat bonded and sealed vacuum formed and lammated to various
substrates. . o |

Type 9500L lining film 2413 um (95 mils) thick is available at $34.18/kg (815.50/1b) or
$185.38/m2 in 90.7-271. 6 kg (200-599 1b) quantmes and- $32. 85/kg ($l4 90/lb) or $178.21/m2 for
quantities greater than 271 6 kg (600 1b). '

'Lexan (UV Stabilized) (General Electric Company)

Lexan polycarbonate film offers an unusual combination of properties including clarity, dimen-
sional stability, toughness, flexibility, heat resistance, and excellent dielectric performance. It is heat .
sealable and usable over a range of temperature from -101 to +135 C (-150 to +275 F). It is
available in thicknesses from 25-508 um (1-20 mils). '

Lexan film 127 um (5 mil) costs $0.936 m2 (30.087 ft2) or $6.17/kg ($2.80/1b).

Property data for Lexan film are summarized in the following table.

Property Test "Property Value
Area Factor, mz/kg R 32.8.(25 um film)
Specific Gravity .20
Tensile Strength, N/m2 ASTM D-882-56T . 58-62 x 106
Elongation, percent -ASTM D-882-56T 85-105 L
Bursting Strength, Mullen points ASTM D-774 25-35 (101.6 um- film) |
Tearing Strength, N/um o -ASTM D-1004 . -. 0.20-0.27
Ileat Disturtion Temperature, C S ' 153
Folding Endurance - - ASTM D-643-43 (B) 250-400. -
Water Absorption (24 hr), percent ASTM D-57O 0.35
Dielectric Constant at 25 C 60 Hz 2.99
1 kHz 2.99
- 1 MHz 2.93
Power Factor at 25 C, percent - 60 Hz . 0.13-0.23 -
1kHz . 0.13
- 1 MHz , 1.10
Dielectric Strength, kv/mm - 59.1

... Yolume Resistivity at 25 C, ohm-cm 7 e 1016
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Mylar (E. I. du Pont de Nemours, Inc.)

Mylar is a polyester film made from polyethylene terephthalate. Mylar has exeellent "dielectric
properties, good tensile, excellent resistance to most chemicals and moisture and .can:withstand tem-

perature extremes from -70 to 150 C (-94 to +302 F).

It is available in roll or sheet form; thick-

nesses range from 3.6 gm (1/7 mil) to 355.6 um (14 mils), and widths from 6.35 mm(1/4 in.) to
3.05 m (120 in.). It can be lamiriated, metalized, or coated. Adhesives are available. for laminating -
Mylar to itself and practically any other material. The film can also be coated with heat-sealable

materials. Typical property data for Mylar film are presented below.

_ Typical Property Value
25 um Type A 25 um Type T
172 x 106 N/m2 310 x 106 N/m?2

Prog‘ertx.
Ultimate Tensile Strength (MD)

Ultimate Elongation (MD) 120% 40%

Tensile Modulus (MD) - 3792 x 106N/m2 5515 x 106N/m2

Impact Strengfh o o _ 2 3 N cm 23 Nm%m
Bursting Sirehgth (Mullén). .. | 45.5-x .10_4N/m2_ 37.9 x 104N/m?
Density 1395 kg/m3 - 1377 kg/m3
Refractive lndex (Abbe) . - 1.64nD?25. =

Area Factor (sq m/kg/25 um) - 28.45 -29.16

. 250 C(480F)
-70 C to 150 C (-100 F to 300 F)
17 x.10°6 C1 ‘

Melting Point

Service Temperature

Coefficient of Thermal Expansion : -

Coefficient of Thermal Conduc- 0.150 alvf
tivity (25 um Type A) '

Heat Sealability

Specific Heat

Dielectric Strength-Short Term
for 25 ym Film

None unless coated or treated
1173 J/kg-C
551 kV/mm
295 kV/mm
197 kV/mm

3.30

3.25

3.0

2.8

3.7

0.0025

0.0050

0.016 .

0.003

0.0040
018 ohm-cm -
1013 ohm-cm

Dielectric Constant

Dissipation Factor

Volume Resistivity
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Test Method
ASTM D882-64T
Method A-100% min
ASTM D882-64T
Method A-100% min
ASTM D882-64T
- Method A-100% min
Du Pont Pneumatic impact
ASTM D774-63T
ASTM D1505-63T
ASTM DS542-50

Calculation
AFisher-J ohns

Modified ASTM D696-44
30to SO C (86 to 122 F)
24t0’77C(75t0 170 F)

500 volts/sec. dc’

ASTM D149-64 and D2305-68: 60 Hz

150 C - 60 Hz
ASTM D150-65T; 60 Hz
"1 kHz

1 MHz
1 GHz
150 C — 60 Hz
ASTM D150-65T; 60 Hz
1 kHz
'1-MHz
1 GH:z
150 C — 60 Hz

ASTM D257-66 and D2305-68
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Mylar (E. 1. du Pont de Nemours, Inc.) — Continued

Property

Surface Resistivity

Insulation Resistance

Corona Resistance 76 um (3 r'nil)

Typical Property Value

1016 ohms

1012 ohms
1012 ohms

30 hours (single sheet)

*All tests were performed at 25 C (77 F) unless otherwise noted.

L 'y . - S
AT L e e - NS
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Test Method

ASTM D257-68;
23 CG-30% R.H.
23 C-80% R.H.
ASTM D257-66 and D2305-68;
35 C-90% R.H.
Modified ASTM D2275-64T,;
3000 VAC. 50 Hz



Flexigard (3M Combaﬁy)

Flexigard is a durable flexible, transparent, weather—remstant composxte film that is specxally de-
signed for solar apphcatlons where temperatures do not exceed 77 C (170 F). Flexigard has not had-
extensive usage to: date. Therefore, property data are limited. However, it has been exposed in Flor-
ida at 45 degrees south for 10 years with no signs of degradatlon It has also been evaluated at the
3M Solar Energy Test Site since November, 1974, with like results. Tensile strength is 145 x 106 N/m2.

The product is available in rolls 1.2 m x 45.7'm %127 um at the following prices:

Rolls Meters2 Cost/Meter2
1 s6 3711

2-4 111 $3.34

5-7 179-390 $3.01

8 446 and over $2.69
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-POTTANTS

Epocast 212/9617 (Furane Plastics, Inc.)

Epocast 212/9617 is a two-part general purpose epoxy pottant that cures at room temperature
to a clear material. The flexibility of the cured resin can be modified by changing the ratio of resin
to hardener used in the cure. Typical properties are presented in the following tabulation.

Property ' : Property Value
Uncured Resin Properties -

Resin Number 212

Hardener Number 9617

Resin in Mix, parts by weight 100

Hardener in Mix, parts by weight : 60 (variable)

Typical Cure, hours/temperature, C - 48/27

. - S 3/66

Viscosity, N*s/m2 at 24 C (75-F) e 3.2

Pot Life, min (100 g, 25 C) 85

Cured Resin Properties

Hardness, Shore D - ‘ : 87/84

Specific Gravity A ' 1.13

Flexural Strength, N/m?2 69 x 106

Weight Loss after 48 hr at 149 C (300 F), ‘ 3.33
percent ' ‘

Weight gain after 24-Hr Water Immersion at - 0.36
25 C (77 F), percent :

Volume Resistivity at 24 C (75 F), ohm-cm 9.9 x 1014
93 C (200 F) 1.6 x 108
149 C (300 F) 8 x 107
104 Hz 3.6
106 Hz 3.4

Dissipation Factor at 60 Hz ‘ ' .009
104 Hz .010
106 Hz ‘ .021

Epocast 212/9617 is avaxlable in 18.1 kg (40 1b) lots for $151. 60 0.21 m3 (55 gal) drums at

Dielectric Constant at 60 Hz. : 3.7 . -
$800/drum.
|
|
|
|
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Stycast-1269A (Emerson and Cuming, Inc.) -

Stycast 1269A is a two-part, crystal-clear epoxy casting resin well suited to optical applications.
When cured, it has outstanding toughness. Where optical clarity is a prime objective, cure should be
carried out at a temperature no higher than 88 C (190 F). If a fast.cure is required, higher cure
temperatures may be used, but the cured material will normally become light amber. When fully
cured, Stycast 1269A has good high-temperature properties; some discoloration can be expected when
the material is exposed to temperatures above 120 C (250 F). Except for the color change, other
properties are unaffected. Stycast 1269A exhibits good adhesion to most materials, and negligible
exotherm on curing. Excellent electrical propemes coupled with exceptxonal clarity are the
outstanding features of this material.

Stycast 1269A is available at a cost of $8.16 kg. Pertinent property data are tabulated below.

General Properties

Specific Gravity : : 1.2
Flexural Strength, (N/m2) 228 x 106
Thermal Conductivity, W/m-+C 0.272
Coefficient of Thermal Expansion, C-! 75 x 1076’
Dielectric Constant, 106 Hz 3.8 -
Loss Tangent, 106 Hz Below 0.005
Volume Resistivity, ohm-cm 7 x1014
Dielectric Strength, (kV/mm) 16.9
Hardness, Shore D

at 25 C (77 F) 85

at 93 C (200 F) 40

Index of Refraction 1.5401

Optical Transmission

Percent Transmission:

Wave-Length Stycast 1269A Pyrex Glass

Meters, x 10-6 4.4 mm 7.2 mm 2.0 mm
0.70 88.5 89.5 91.9
0.65 85.2 87.0 91.9
0.60 83.2 85.0 91.9
0.55 83.0 85.0 91.8
0.50 825 85.0 91.8
0.45 81.0 82.8 91.5
0.40 75.9 75.9 91.3
0.35 47.8 37.1 86.2
0.30 0 0 0
0.28 ‘ 0 0 0

The shelf life is 6 months when stored in unopened containers at temperatures no higher than
25 C (77 F).
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RTYV 615 (General Electric Company)

RTV 615 is a two-part dimethyl silicone rubber pottant that cures at room temperature. It is
‘““easily pourable” in the uncured state and has ideal dielectric properties for potting applications
over a wide temperature range. RTV 615 is available in 200 kg (440 1b) kits at $18.63/kg ($8.45/ib)
for 1-3 kits. Greater than 4 kits at $18.04 kg (38.18/lb). Typical uncured and cured properties are
listed below. '

Property Property Value
Typical Uncured Properties
Color Clear
Consistency Easily pourable
Viscosity, N*s/m?2 3.0
Shelf Life, months ' 6
Typical Cured Properties
Specific Gravity 1.02
Hardness, Shore A Durometer 35
Tensile Strength, N/m2 6.4 x 106
Elongation, percent 150
Tear Resistance, Die B, N/0.0254 m 111
Brittle Point, C <-68
Linear Shrinkage, percent 4 <2
Thermal Conductivity, W/mC at 93 C 0.206
Coefficient of Thermal Expansion, C-1 270 x° 1076
(-18to +177 O)
Dielectric Strength, kV/mm 19.7
Dielectric Constant at 60 Hz 3.0
Dissipation Factor at 60 Hz .001
Volume Resistivity, ohm-cm 1x 1015




RTYV 619 (General Electric Company)

RTV 619 is a low-viscosity liquid which, with the addition of a curing agent, cures to a clear,
energy-absorbant gel. It is useful as a dielectric potting material over a wide temperature range. In
the uncured state, it pours easily and can be cured at room temperature without exotherm.

The following cure schedule generally is used with RTV 619:

Cure Temperature Approximate Time
25C(77TH) 24 hr
65 C (149 F) 12 hr

100 C (212 F) 30 min
150 C (302 F) 15 min

Typical properties of the uncured and cured resin are presented below.

Typical Uncured Properties A
RTV-619A RTV-619B

Base Compound Curing Agent
Color Clear "~ Light blue
Consistency Easily pourable Easily pourable
Viscosity, N+s/m2 0.750 . ~0.050
Specific Gravity 0.97 0.97
Solids,; percent 100 . 100

Shelf Life at 25 C ' 6 6
(77 F), months ' :

Typical Uncured Properties (curihg agent added)

Viscosity, N+s/m2 0.500
Working time, hr 4
Typical Cured Properties
Color ' Clear
Specific Gravity 0.97
Penetration S mm (Universal Penetrometer,
19.5-gram shaft, 6.35-mm
diameter)
Freezing Point, C <-65
- Temperature Effect Approximately 1% volume
on Volume- ) increase by 10 degrees C
Thermal Conductivity, 0.172 N
wW/mC
Dielectric Strength - ASTM D-149, kV/mm , 19.7
Dielectric Constant - ASTM D-150, 103 Hz 3.0
Dissipation Factor - ASTM D-150, 103 Hz 0.001
Volume Resistivity .- ASTM D-257, ohm-cm 1 x 1015

B-37




RTV-655 (General Electric Company)

RTV-655 is a transparent, low-viscosity silicone liquid that cures with the addition of a curing
agent to form a rubber-like, tough, -transparent solid. It provides environmental protection and
mechanical support to encapsulated or fabricated components and assemblies. RTV-655 protects
against thermal shock, vibration, moisture, ozone, corona, dust, chemicals, and many other
contaminants and, because of its transparency, will permit easy component identification and repair.

RTV-655 is available at $28.53 kg ($12.94/Ib) in 1-3 kit lots (200 kg/kit). Greater than 4 kit

lots are $27.94/kg ($12.67/1b). Typical property data for the uncured and cured material are glven
in the following tabulation.

Property ‘ ~ Property Value

Typical Uncured Properties
Color T "~ Clear — light straw
Viscosity at 25 C (77 F) _ S Ns/m2
Consistency _ L ‘ ' Easily pourable
Solids Content (nominal), percent ’ . 100
Specific Gravity at'25 C (77 F) e 1.07
Shelf Life at 25 C (77 F) i 6 months minimum
Pot Life at 25 C (77 F) ((,urmg agent added) 4 hr
Refractive Index 1.435
Typical Cured Properties
Color o 4 hr/66 C (150 F)
Transparent, clear
light straw
Specific Gravity C A o 1.07
ASTM-D676 Durometer, Shore A ) 35
Thermal Conductivity, W/m-C >0.172
Temperature Effect on Volume <1% volume increase
o per 10 C
Tensile Strength, N/m2 : 5.9-6.9 x 106
Elungation 150%
Weight Loss, percent after 1000 hr/200 C (392 F) . o 3.0
Dielectric Strength-ASTM D-149 * 19.7 kV/mm
Dielectric Constant-ASTM D-150, 103 Hz ‘ 3.00
Dissipation Factor-ASTM D-150, 103 Hz .001

Volume Resistivity-ASTM D-257 - - 1x 1013



Sylgard 184 (Dow Corning)

Sylgard 184 is a clear, low-viscosity, room-temperature curing dimethyl silicone rubber for use in
potting. It is a two-part system and exhibits excellent dielectric properties from -65 to 250 C (-85

to 482 F).

The price of Sylgard 184 resin and catalyst is $18.41/kg. DC 1201 "adhesion-promoting
primer is $9.26/kg. Pertinent properties of the uncured:and cured elastomer are presented below.

Property Property Value

ASTM D-1298 Specific Gravity at 25 C (77 F) 1.05
ASTM D-1084B Viscosity at 25 C (77 F), N's/m2 : 5.5
Pot Life at 25 C (77 F) with Curing Agent
Added, hours - o 2

v Cured Properties
Color 4 . Clear
ASTM D-2240 Durometer Hardness, Shore A 35
ASTM D-412 Elongation, percent o - 100
ASTM D-792A Specific Gravity at 25 C (77 F) . 1.05
ASTM D-412 Tensile Strength, N/m2 6.2 x 106
Thermal Conductivity W/m+C o 0.146
Linear Coefficient .of Thermal Expansion, '

C! from -55to 150 C 3.0 x 1074
Volume Expansion, C! from-55t0 150C . ‘ 9.6 x 1074
Weight Loss, percent after 1000 hr at 150 C (302 F) o 1.6

after 1000 hr at 200 C (392 F) ' 4.0
ASTM D-570 Water Absorption After 7 Days

‘Immersion at 25 C (77 F), percent 0.10
ASTM D-746 Brittle Point, degrees . ‘ -65 C (-149 F)
ASTM D-1218 Refractive Index . - 1.430
ASTM D-150 Dielectric Constant, at 60 Hz 275t

100 kHz 2.75*

ASTM D-150 Dissipation Factor, at 60 Hz . . 0.001°*

100 kHz T : . 0.001"
ASTM D-275 Volume Resistivity, ohm-cm ‘ 1x 104
ASTM D-149 Dielectric Strength, kV/mm ’ 21.7*
ASTM D-150 Dielectric Constant, at 60 Hz 2.65""

100 kHz . 2.65**
ASTM D-150 Dissipation Factor, at 60 Hz 0.001™*

100 kHz 0.001**
ASTM D-257 Volume Resistivity, ohm-cm ' 2 x 1014
ASTM D-149 Dielectric Strength, kV/mm 23.6""

*1575 um specimens cured 4 hr at 65 C (149 F).
**Aged 1000 hr at 200 C (392 F).
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SEALANTS

MONO (The Tremco Manufacturing Co.)

MONO is an acrylic terpolymer sealant. [t does not need modifiers for adhesion, workability, or
long life. The desired sealant characteristics of exceptional adhesion and elasticity are an inherent
and permanent part of the basic polymer. They will not migrate or disappear with time as is the case
with many other high performing sealants. The sealant is highly weather resistant: resisting
ultraviolet, oxygen, moisture, heat, and cold.

MONO is available in 0.3 kg (11 oz) tubes at $2.40/tube in case lots.

Performance characteristics of MONO are detailed in the following tabulation.

Property

Adhesion-In-Peel
Staining
Ultraviolet
Through Glass
Accelerated Aging

Sagging
Curing Time
Resistance to Salt Spray

Weight Loss After Heat
Aging, percent
Durability (bond and cohe-
sion after 4 days water
immersion; heat and cold
conditioning)
Gunnability

Property Value

44 to 89 N
None
Excellent resistance
No adhesive failure
No adhesive, cohesive failures or
oil exudation after 5000 hr
~ Passes
21 days at 24 C to 51 C (75 F to 120 F)
. No adhesive or cohesive, failure after
200 hr at 40 C (105 F) in 5% salt
solution »
12to 14

50% extension at -18 C (0 F)
Passes requirements on mortar,
glass, and aluminum

" Flow rate more than 20 g in 2 min

through 2.54-mm orifice 41 x 104
N/m2, 25 C (77 F)
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Test Method
TT-S$-230a; 19-GP-5b
TT-$230a; 19-GP-5b
TT-S-230a; 19-GP-5b

ASTM E-42, Method E
TT-S-230a; 19-GP-5b
TT-S-230a
ASTM E-117-57T
- TT-§230a; 19-GP-5b

. TT-$230a




Tremco 440 Preshimmed Tape _(Tfemco
Manufacturing Co.) — Sealant Type

Tremco 440 tape is formulated from 100 percent solids, combining butyl and polyisobutylene.
It contains no solvent or other volatiles. It is not recommended for use in joints subjected to
_prolonged periods of water submersion or temperatures exceeding 93 C (200 F).

440 Tape is supplied in different length rolls in the following sizes and shapes: standard sizes
(thickness and width): 3.175 mm by 9.525 mm; 3.175 mm by 12.7 mm; 4.7625 mm by 12.7 mm.
Other sizes such as 6.35 mm by 12.7 mm available on special order. Comes in aluminum and

black/bronze colors.

The cost of Tremco 440 Tape is $0.535/roll for a 4.7625 mm x 12.7 mm x 7.6 m tape
(3/16 x 1/2 x 25 ft) roll in case lots of 20 rolls per case. :

" Performance characteristics of 440 Tape are given below.

Test Method « Result
Dynamic Movement and Voss Tester (as described in Cana- No pumping, no sagging,
Vibration dian Spec. 19-GP-5) 6.35-mm to no-significant effect on
12.7-mm preshimmed Tremco adhesion

440 Tape cycled 100,000 times
at laboratory conditions and
100,000 times at 71 C (160 F)
: using infrared lamp

Dynamic Movement Specimen forming a joint 4.7625-mm No adhesive or cohesive
wide, 12.7-mm deep, and 152.4-mm failure
long is compressed and extended
85 cycles each at 25%, 50%, and
100% extension and compression

Adhesion Tested on steel, aluminum, glass, : Excellent
and concrete after 14 days of
water immersion, 14 days of con-
ditioning at 82 C (180 F) and 14
days ultraviolet exposure

Heat Resistance Specimen conditioned at 135 C No oil exudation, blistering,
(275 F) : » flow or loss of adhesion
Squeeze-out Specimen subjected to dynamic ex- Very nominal under
: tension and compression, also to severe conditions

static and dynamic test at
University of Miami

Accelerated Aging 1000 hr exposure in accelerated test - Adhesion still excellent:
unit (equivalent to 6-10 years 20 to 30 Shore A
qxposure) hardness
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Tremco 440 Preshimmed Tape — Tremco
Manufacturing Co. — Sealant Tape — Continued

1 .
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Result

- No loss of adhesion; no

* cracking -

 Compatible with all

* Tremco Sealant$ rec- - =
ommended for glazing, !
setting panéls or sealing -
ngullipns
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Vistalon 404 (Exxon Chemical Company)

sztalon 404 is an ethylene-propylene copolymer for use in sealant applxcatlons Because it is a
completely saturated hydrocarbon elastomer, it can be formulated for use in a wide variety of appl:—
cations in which service aging is critical. The material has exceptlonal ozone and heat’' resistance, is’
resistant to weather, sunlight, and chemicals, has low compression set, good resilience and good
low-temperature flexibility.

The performance of peroxide-cured, filled Vistalon 404 is presented below.

Formulation
Vistalon 404 100
AgeRite Resin D 2
FEF Black - . 60
Zinc Oxide o 5
TAC-75 2
DiCup 40 C , 10
Specific Gravity 1.12
' Processability Properties

Mooney Scorch at 121 C (250 F) (MS) +10, min 30

132 C (270 F) (MS) +3, min 9
Mooney Viscosity, ML 1 + 8 100 C (212 F) 90

Physical Properties

Hardness, points 68
100% Modulus, N/m2 4.3 x 106
200% Modulus, N/m2 11.4 x 106
Tensile Strength, N/m2 12.4 x 106
Ultimate Elongation, percent 230
Compression Set, Method B, plied

70 hr at 100 C (212 F), percent 11

22 hr at 120 C (302 F), percent - ' 14

‘Physical Properties, Aged
Air Oven, 70 hr at 150 C (302 F), ASTM D573

Hardness, points change +5
Tensile Strength, percent change ‘ -1
Ultimate Elongation, percent change : +4
Air Oven, 70 hr at 175 C (347 F), ASTM D573 - :
Hardness, points of change +5
Tensile Strength, percent change -28
Ultimate Elongation, percent change ~26
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Lasto-Meric Liqnid Polymei" Sealant
(Tremco Manufacturing Co.)

Lasto-Meric is é_$pecially-formulated 100 percent polysulfide liquid polymer base sealant.

Iasto-Meric is a nonshrinking, nonoxidizing elastic sealant for gla'zing. and resealing all types of
panels and curtain wall construction. It resists long-term exposure to sunlight and will not stain
most masonry surfaces.

This long-lasting sealant bonds well to all types of masonry, metal, glass and wood. Lasto~
Meric resists cyclical movement without loss of adhesion or cohesion — it remains flexible in a
temperature range from -51 to 93 C (-60 to 200 F). The material returns to its original shape and
dimensions after penods of deformation.

Gun-grade consistency, Lasto-Meric is designed for general use in caulking, glazing, and sealing,
and for filling expansion joints. A two-part compound, Lasto-Meric is blended together before .
application. After proper mixing, the compound begins to cure and eventually becomes a firm,
resilient rubber.

Joints sealed with Lasto-Meric are weatherproof, watertight and permanently flexible regardless
of temperature, moisture, or exposure to solar radiation. Porous masonry surfaces should be pnmed )
with Tremco No. 1 Primer prior to applying Lasto-Meric. -
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SHEET/TUBING

Plexiglas (Rohm and Haas Company)

Plexiglas is the Rohm and Haas Company trademark for a family of thermoplastic acrylic sheets:
and molding powders for injection molding and extrusion. Among the many desirable propertles of

- Plexiglas, two are preeminent:

e Unexcelled durability indoors and outdoors

e Superlative optical properties and clarity.

Resm properties are typified by those of Plexiglas V(81 1) which is-available with varying
degrees of ultraviolet transmission.

Average Physical Properties of Plexiglas Molding Pellets

Property
Refractive. Index
Specific Gravity -
Tensile Strength -

Flexural Strength

' Compressive Strength

Impact Strength

Rockwell Hardness

Light Transmission
“As Received” -

Effect of Accelerated
Weathering on Appearance
of Clear Material

Deflection Temperature
Under Load, unannealed
Melt Flow Rate by Extrusxon

Plastometer
~Condition H
—Condition 1

Test Conditions

ASTM D-542-50
~ ASTM D-792-64T
ASTM D-638-64T
6.35 mm specimen (0.8 x 1074 m/s)
maximum, N/m2 :
ASTM D-790-66
Span-depth ratxo 16
(0.4 x 1004 m/s) max1mum, N/m?2
"ASTM 'D-695-68T
(0.8 x 10°4 m/s) maximum, N/m2
ASTM D-256-56 (1961)
Izod molded notch
(per 0.0254 m of notch) J
ASTM D-785-62.
ASTM D-1003-61
Total white, percent
LY 406a-6024 (240 hr)
. Crazing
Discoloration
Warping
Unmolding
ASTM D-648-56 (1961)
2 C (3.6 F)/min, 182 x 104 N/m2
ASTM.D-1238-63T
g/10 min
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Property Value

1.49
1.19
72 x 106

110 x 106

117 x 106

0.5

M-97
92

None -
None
None
None

92 C (198 F)



Plexiglas (Rohm and Haas Company) — Continued

Progerfy Test Conditions . Property Value -

Flow Temperature ASTM D-569-59 (1961) : 160 C (320 F)
Vicat Softening Point, ASTM D-1525-58T, C 110 C (230 F)

2 C (3.6 F)/min, 254-um
penetration, 1000-g load

Shrinkage From Mold ASTM D-955-51 (1961) " 2-6

Dimension ' (Cold mold to cold piece) ‘

mm/m 48 hr T

Dielectric Strength - ASTM D-149-64 kV/mm 197
Dielectric Constant - ASTM D-150-68, 60 Hz 3.7
Power Factor ASTM D-150-68, 60 Hz 7008
Loss Factor ASTM D-150-68, 60 Hz © 019
Arc Resistance - ASTM D-495-61, sec No tracking
Flammability ASTM D-635-68 burning rate, m/s 3.0x 1074
Water Absorption ASTM D-570-63 Wt gain on 24-hr - 0.3

' Water immersion ) '

Dimensional change on immersion, percent ' None

Plexiglas G is the standard type of cast plexiglas sheet. Plexiglas G sheet 1.2 x 2.4 meters is”
available at $11.19/mZ2 in 3.175-mm thickness with masking on both sides or at $10.11/m2 with
interlayers. ’

Plexiglas II UVA (ultraviolet absorbing) sheets have the same general properties as Plexiglas G;
but are manufactured to more exacting standards of optical quality. The cost of 3.175-mm
(1/8 inch) sheet is $29.81/m2 ($2.77/ft2); 6.35 mm (1/4 inch) sheet costs $41.64/m2 ($3.87/ft2).
Average physical properties, applicable to both Plex1glas G and I UVA sheet materials, are * "

given below.

Average Physical Properties of Plexiglas Sheet

Propert ASTM Method(2) Property Value
Yroperty sroperty Value

Thickness, mm : . 6.35
Specific Gravity D792 1.19
Refractive Index D542 , 1.49
Light Transmittance and Haze, percent D1003
*“As Received” — parallel, ' 91
' — total 92
— haze ‘ . ' 1
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Plexiglas (Rohm and Haas Company) — Continued

Property

After 5-Yr Outdoor Exposure, Bristol,
Pa.. 45 deg. angle facing South, percent
— parallel
— total
— haze
After 240-Hr Artificial Exposure,

Carbon Arc Type, per ASTM G-23, percent

— parallel
— total
~— haze
Artificial Weathering, Fluorescent
Sunlamp With Dew, 10 cycles, 240-hr
Exposure — crazing
— warping
Instrumental Measurement, Change In
Yellowness Index After Artificial
Weathering
Ultraviolet Transmission, 320
nanometers, percent
Tensile Strength (6.35 mm Specimen-
0.8 x 1074 m/s)
Maximum, N/m
Rupture, N/m?2 ‘
Elongation Maximum, percent
Elongation Rupture, percent
Modulus of Elasticity, N/m?
Poisson’s Ratio
Flexural Strength (Span Depth Ratio
16, 0.4 x 1074 m/s)
Maximum, N/m2
Rupture, N/m?2
Modulus of Elasticity, N/m2
Impact Strength

Izod Milled Notch, J/0.0254 m of notch

Rockwell Hardriess
Thermal
Hot Forming Temperature, C
Maximum Recommended Continuous
Service Temperature, C

ASTM Method(2)

D1501
_ or .
Fed. Test Std.
406, Method 6024
D1925

Beckman DU-792

D638

D790

‘D785
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90.
92

90
92

None
None
1.0

72 x 106
72 x 106
4.9
4.9
3100 x 106
0.35

110 x 106
110 x 106
3100 x 106"

0.5
M-104 -

143-182 (290-360 F)

82-93 (180-200 F)



Plexiglas (Rohm and Haas Company). — Coritinued

Property
Coefficient of Thermal Expansion,
clx 105
-40 C (-40 F)
-29C(-20F
-18C(0F)
~7C(20F)
4C40F)
16 C (60 F)
27C (80 F)
38 C (100 F)
Coe\{lﬁcient of Thermal Conductivity,

m-C J

Specitic Heat at 25 C (77 F), kg C
Electrical

Dielectric Strength, Short Time
Test, kV/mm
Dielectric Constant

60 Hz

1,300 Hz

1.000,000 Hz
Power Factor

60 Hz

1,000 Hz

1,000,000 Hz
‘Loss Factor

60 Hz

1,000 Hz

1,000,000 Hz
Arc Resistance
Vulume Resistivity, ohm/cm
Surface Resistivity, ohm/square

Water Absorption (weight gain) After

Immersion, percent for:

1 day '

2 days

7 days

28 days

56 days

84 days

ASTM Method(?2)

R&H. P4A

Cenco-Fitch

D149
D150

D150
DISO

N495
‘D257
D257 .
D229
~and
D570 -

Progertx Value

5.0
5.2
5.6
5.9
6.5
7.0
7.6.
83 .

0,186

1454

19.7

3.7
33
25

0.05
0.04
0.03

. 019
013~

. 0.08

No tracking

6 x 1017

6 x 1018

0.2
03
0.4
0.8
1.1
1.3




Lucite (E. 1. du Pont de Nemours, Inc.)

Lucite acrylic resin is a thermoplastic noted for many desirable qualities: clarity, outdoor dura-
bility, unique light-transmission characterisitics, light’ wexght and shatter resistance. It is available in
injection molding and extrusion grades and as preformed sheet. Property information for Lucite 140 -
resin, a medium-molecular-weight composition priced: at $1.32 kg (30.60/1b) and well-suited for
injection molding and extrusion processing with good heat resistance, is given below.

Properties of Molded ‘‘Lucite” 140 Acrylic Resin

Property ASTM Method Progerty Value

!
Tensile Strength, N/m2 3.175 mm thick : S :

-57 C(-70 F) : . D638 : . 1oo x 106

23 C (73 F) ' D638 o S 72'x 106

70 C (158 F) - D638 : >34 x 100
Tensile Elongation, percent

-57C(-70 F) D638 - 2.

23 C(73 F) D638 3-5

70 C (158 F) D638 80
Tensile and Flexural Modulus of Elasticity s :

23 C (73 F), N/m2 D638 2758-3447 x 106
Shear Strength, N/m2 D732 , 65 x 106
Impact Strength, Izod, Milled Notch - : '. '

6.35-mm Bars 23 C (73 F) J/0.0254 m D256 0.4
Stiffness 23 C (73. F) N/m?2 D747 . 2965 x 106
Flexural Strength 23°C (73 F) N/m?2 D790 110 x 106
Hardness, Rockwell ' D785 M95
Coefficient of Linear Thermal Expansion _

-18 to 38 C (0-100 F, average) C‘\l . 1D696 3.4 x 1075
Thermal Conductivity, W/m+C Cenco Fitch -0.200
Specific Heat, J/kg-C 1454
Deformation Under Load 14 x 106 N/m?2 , _—

24 hr, 50 C (122 F), percent - D621 . 0.3-0.4
Deflection Temperature ' B o .

182 x 104 N/m2, C : D648 | 92 (198 F)

45.5 x 106 N/m2, C D648 99 (210 F)
Dielectric Strength, Short Time, 3.175 mm, - :

kV/mm D149 15.7
Arc Resistance ’ D495 No tracking
Volume Resistivity, ohm-cm D257 >1015
Dielectric Constant

60 Hz D150 : 3.5

103 Hz D150 3.2

106 Hz 4 D150 2.7
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Lucite (E. I. du Pont de Nemours, Inc.) — -Continued

Property ASTM Method Proger_fy Value

Dissipation Factor '
60 Hz =~ D150 .0.06 '
103 Hz . DIso ©0.04
106 Hz " D150 0.02
Index of Refraction, ng - D542 .. 149
Luminous Transmittance, 3.175 mm, percent E308 T 92
Haze, percent ' ' D1003 - i <3
Water Absorption, 24 hr, percent . Ds70 o
Weight Gain Plus Soluble Matter Loss ' A . .. 03
Soluble Matter Loss ) . '<0.1
Flammability, 3.175 mm, mm/s D635 . . 0.38-0.51
Specific Gravity D792 I 119
Mold Shrinkage D551 0.003-0.007

“Lucite” cast acrylic sheet is available as a linear (L) and cross-linked (XL) composition. Both
have excellent optics, high impact resistance, excellent weatherability, and close thickness tolerances.
Either is suitable for most glazing applications; however, “Lucite’” XL sheet offers advantages in
solvent resistance. The high-temperature elastic strength of “Lucite” XL minimizes the probability .

of tear during thermoforming operations. “Lucite” L is easily cemented, using appropriate solvents. - .

It is available in clear sheet sizes of 91 cm x 91 ¢m up to 284 cm x 381 cm, cut to size within
these limits; it has a nominal thickness range of 3.175 to 6.35 mm. Costs in 13,605 kg minimum»d
quantities are $1.72/kg (3.175 mm), $2.25/kg (4.75 mm), and $2.74/kg (6.35 mm). Average physical
properties of .“Lucite” L and XL are given below. ' ‘ -

Property Data — “Lucite” L and XL

~ “Lucite”
Property ASTM " Land XL

Specific Gravity D792 1.19
Refractive Iidex D542 1.49
Light Transmittance D1003 .

Parallel 91%

Total : A 92%

Haze 1%
Spectral Transmission Beckman

290 to 330 nm, 6.35 mm ' DU-792 5%

Sheet, max percent
Tensile Strength D638 ‘

Rupture ) 74 x 106 N/m?

Modulus of Elasticity 2944 x 106 N/m2

Elongation at Rupture 4.5%
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Lucite (E', I;'du Pont de Nemours, Inc.) — Continued

Property .

Flexural Strength
Rupture
Modulus of Elasticity
Rockwell Hardness
Hot Forming Temperature
Heat Distortion Temperature C
(182 x 104 N/m2)
Coefficient of Thermal Expansion, cl
(average value), :
Maximum Recommended Continuous
Service Temperature, C
Coefficient of Thermal Conductmty, W/m-C
Shrinkage, max percent
Specific Heat, J/kg*C
Surface Resistivity, ohm, 75% RH
Volume Resistivity, ohm-cm =
Dielectric Strength, kV/mm
Short-Time Test
Dielectric Constant
60 Hz
103 Hz
106 Hz
Power Factor "~
60 Hz -
103 Hz
106 Hz
Arc Resistance
Water Absorption (Wt Gain on
Immersion For 24 Hr), percent
Odor o
Taste

.. ASTM
"D790

D785

D648

D696

D257
D257

D149

D150
D150

D495
D570
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“Lucite”
L and XL

103 x 106 N/m2 -
2944 x 106 N/m?2
M-100

135175 C (275- -350 F).

95 (203 F)
7.0 x 105

80 (176 F)
0.207
2.5
1454
>1016
1015

20

4
4 ‘.
3

0.06
- 0.04
0.02

. No tracking
0.3

None
None



XT-365 (American Cyanamid Company)

XT-365 is a clear, tough, rigid, modified acrylic molding compound. It is referred_to as an acrylic-
based multipolymer. American Cyanamid’s cost for this.resin is $1.12/kg ($0.51/Ib) in ‘truck-load
quantities. Typical property data for the bulk.resin are: given in’ the following tabulation.

Property : ASTM Method
Color T _Transparent’
Light Transmission, percent - D-307-44 ‘ N 87
Haze, percent D-1003-52 9
[zod Impact Strength, D-256-56
Notched
J/0.0254 m of notch
(6.35 mm bar) .
23 C (73 F) 2.0
0C(@32F) 1.6
-40 C (-40 F) 1.2
Tensile Strength, N/m?2 D-638-60T 48 x 106
Tensile Modulus, N/m2 D-638-60T '2600 x 106 -
Tensile Elongation, percent D-638-60T : 28
Flexural Strength, N/m2 D-790-59T 76 x 106
Flexural Modulus, N/m2 D-790-59T 2400 x 106
Compressive Strength, N/m2 D-695-54 65 x 106
Rockwell Hardness D-785-60T RIl14
, M4s5 -
Deflection Temperature, C D-648-56 86 (186 F)
(182 x 104 N/m2) -
Coefficient of Thermal Expansion, C-1 D-696-44 9.0 x 10°5
Specific Gravity D-792 1.1
Water Absorption, percent D-570-59T -
24 Hrat 23 C(73 F) 0.3
Weight Change, percent
One Week Immersion at 23 C (73 F)
Water 0.6
Dielectric Constant at: D-150
100 Hz 3.25
1,000 Hz '3.21
1,000,000 Hz 2.82
Dissipation Factor at:
100 Hz 0.028
1,000 Hz 0.30
1,000,000 Hz 0.023
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Lexan (General Electric Company)

Lexan polycarbonate molding resin offers the toughness and performance of many metals, yet
provides the processing and design advantages of an engineering. thermoplastic. It provides impact
strength and support unmatched by any other thermoplastic. It is available in a number of grades
as sheet material in sizes ranging from 61 x 122 cm (24 x 48 in.) to 183 x 244 ¢cm (72 x 96 in.), .
and in thicknesses from 3.175 to 12.7 mm (1/8 to 1/2 in.). Lexan 9030 sheét is the standard out-
door glazing grade. It has outstanding resistance to the detrimental effects of sunlight, rain, erosion, -
atmospheric chemicals, and temperature change.

Typical resin properties are listed below.

Property Data — Lexan Resin

~ Property A . Property Value

Specific Gravity R 1.20
Tensile Strength, N/m2 A 62 x 106
Izod Impact Strength ' '

J per 0.0254-m Notch : ‘ ' 217
Coefficient Thermal Expansion _

clx 103 : 6.75
Heat Deflection Temperature, C

(at 45.5 x 104 N/m2) ‘ . 138 (280 F)

(at 182 x 104 N/m2) 132 (270 F)
UL Continuous Use Temmperature, C . 115(239F)

Flexural Modulus, N/m2 . . o 2344 x 106
Percent Loss ' ' - -
"~ Apparent Modulus

14 x 106 N/m2

1000 hr 23 C (73 F) 16
Percent Loss '

Apparent Modulus

14 x 106 N/m2 - o

1000 hr 93 C (200 F) ' : : 18
Dielectric Strength, kV/mm ' ' ' 15
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Lexan (General Electric Company) — Continued

Property Data — Lexan 9030 Sheet

Property - Property Value

Weight, 3.175-mm Sheet, kg/m?2 - . 3.81
4.763-mm Sheet, kg/m2 ' 5.71
6.350-mm Sheet, kg/m?2 o 7.62
9.525-mm Sheet, kg/m?2 _ 11.42
12.70-mm Sheet, kg/m?2 15.23

UV Transmission at 0.385 um, percent - <0.1

UV Transmission at 0.400 um, percent . - 50

Tensile Strength, N/m?2 65 x 106

Elongation, percent 110

Compressive Strength, N/m?2 . 86 x 106

Flexural Strength, N/m?2 _— 93 x 106

Modulus of Elasticity, N/m2 T 2378 x 106

Lexan 9030 is available in 1.22 x 2.44 m (48'x 96 in.) sheet, At 3.175 mm (1/8 in.), cost is
$25.72/m?2 ($2.39/ft2). ' - o .



Tuffak :(Rohm and Haas Company)

Tuffak polycarbonate is a hghtwelght high-impact sheet that transmits 82-89 percent of mcndent
light depending on sheet thickness. It is available in 1. 8x27m(6x9ft)and 2.7 x 3.7 m (9 x 12°
ft) sheets and sheet thxcknesse. from l 5875 mm (1/16 in.) to 12.7 mm (1/2 m)

Average typical properties of Tuffak are given in the following tabulation.

Property ‘ ASTM Method Progertx' Value
Specific Gravity o D-792 ' 1.2
Optical -
Refractive Index . D-542 - 1.586
Light Transmittance, percent _ o " D-1003 ' < 8591
Haze, percent L D-1003 . 0.5-2.0
Tensile Strength, N/m2 ‘ -
Ultimate _ D-638 S 66 x 106
Yield L D-638 . 58x106
Elongation, percent IR D-638 S 100 .
Flexural Strength, N/m D-790 93 x 106
Flexural Modulus, N/m2 - . D790 . . ' 2300 x 106
Compressive Strength, 0.2 x 104 m/s, N/m2 D-695 o 86 x 106
Impact Strength : : ‘ ' '
Izod (3.175 mm notched), J/0. 0254 m D-256
of notch ) ‘ ' 21.7
Rockwell Hardness : D-785 R 118
‘ M 70-78
Thermal
Heat Deflection Temperature, C ‘
Under Load 182 x 104 N/m2 -D-648 ' 135 (275 F)
45.5 x 104 N/m2 141 (285 F)
Coefficient of Thermal Expansion, C'lw D-696 6.8 x 1073
Coefficient of Thermal Conductivity, —— mC C-177 0.193
Specific Heat, J/kg*C 1246
Electrical
Dielectric Strength, Short-Time, Test .
(at 3.175-mm thick), kV/mm D-149 15.0at 25 C
17.7 at 100 C
Dielectric Constant D-150
60 Hz - 2.9
1,000,000 Hz 2.9
Volume Resistivity 23 C (73 F), ohm-cm D-257 1014
Miscellaneous _
Water Absorption, percent : D-570
Equilibrium at 23 C (73 F) 0.35

Equilibrium at 100 C (212 F) . : : - 0.58
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Sun-Lite (Premium Grade) (Kalwall Corporation)

Sun-Lite is a specially designed cover material for solar collectors. It is a fiberglass-reinforced

polyester available in regular and premium grades. It features solar properties equivalent to or
better than those of glass, low.cost, low thermal expansion, light weight, and good strength. It is-
available in 1.2 m (4 ft) and 1.5 m (5 ft) widths up to 366 m (1200 ft) long in thicknesses of
635-1016 um (0.025-0.040 in.). Costs are $3.01 and $4.95/m?2 for the thicknesses. Property data
for the premium grade are presented below.

Average Property Method o Property Value

Solar Energy Transmittance, percent E 424 Method B 85-90
Estimated Solar Lifetime, yr - o ‘ - 20
Thermal Sensitivity at 93 C (200 F) - ‘ ' : Excellent

at 149 C (300 F) _ o : . Good
Heat Transmittance, percent ’ ' 5-20 microns . 10
Index of Refraction ' : D 542 : . 1.52 |
Tensile Strength, N/m2 ' : D 638 76 x 106
Flexural Strength, N/m2 . : D 7% - . 152 x 106
Flexural Modulus, N/m2 : -D 790 4100 x 106
Shear Strength, N/m2 . D 732 _ 83 x 106
Izod Impact, J/0.025 m . D256 13.6
Water Absorption, percent . o : D 570 ~ 0.500.60

"ie.ial Expansion, C1 x 10‘5 - : D 696 ’ . 25

unl Conductivity, W/m-C ci1m ' ' 0.124

specitic Heat, J/kg*C " . D2766 S © 1454
Specific Gravity . . D 792 : 1.4
Weight, kg/m2 ‘ ‘ " 'NBS PS53 . 0.85-1.43
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