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REACTIONS AT THE SILVER/POLYMER INTERFACE: A REVIEW

Paul Schissel and A. W. Czanderna
Solar Energy Research Institute

Golden, Colorado 80401

ABSTRACT

One of the possible solutions for improving 'mirrors for long-life, inexpensive solar con-
centrators is to coat the reactive mirror material with a polymer. Polymer-coated re-
flectors may imprmi/e optical efficiency and reduce the cost of solar mirrors. Because
the mirror/polymer .interface may have long-term instabilities in a solar-stressed envi-
ronment, it is necessary to isolate the effects attribgtable to the bulk materials from
those of the interféce. Actual failure mechanisms are unknown, but we present several
possible explanationé for failure of the polymef/mirror interface. The purpose of this
paper is to'review the literature on one of the systems of great current interest, the
: éilver/polymer interface. First, the components of this interface are considered sepa-
rately. Studies of reactions of environmental gases with silver are summarized. Then,
several candidate ﬂuoropdlymers aﬁd polymethylmethacrylate | are considered
independently of the metal. The thermal, photo, and oxidative degradation reactions are

briefly outlined. Finally, the limited data actually obtained on the silver/ polymer

interface are summarized. Results obtained on the silver/Teflon-FEP interface are.

emphasized because its use for thermal control panels in the space program resulted in

extensive study.
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SECTION 1.0
INTRODUCTION

DISCLAIMER

This book was prepared as an account of work sponsored by an agency of the United States Government,
Neither the United States Government nor any agency thereof, nor any of lh-Elf anlovees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for (h'e acguracy,

y or ful ol any i i product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein 0 anvA sve:uhc

i i de name, L of ot . does
commercial product, process, o service by tra " ‘ d
not necessarily constitute or imply its endorsement, recommendation, or favoring by lhle United
States Govérament or any agency thereod. The views and opinions of suthors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof,

One of the major problems in c‘oncentrating solar radiation is to profect reflector sur-
faces so the reflectance will remain stable for ca. 20 years.: Polymer-coated reflectors
are one possible apbrqach f or protecting the metal from degradati'v'e surface reactions.
The purpose -of this review is to summérize the literature available to'us on silver/

candidate-polymer systems for solar applications.

Polymers are potentially cost-effective as overcoa.ts for substrate mirrors. For the
principal purpose of this paper, the direction of the incident radiation is not important; in
fact, later in the report, the authors will favor using a éuperstrate (second-surface)
mirror. If polym éric coﬁtings éou’ld be made more reliable, the potential gains in ease of
manufacture could. lower costs. The technology hés not advanced to the stage where a
major commitment"can be made to.mirrors p.rotected’by polymers. For example, in
‘arriving af their design for the Barstow pilot plant, McDénnell-Douglas [1] rejected
.acrylic, overcoat (first-surface) ref‘iéctofs due to forrﬁation of pinholes, staining, and

delamination. Acrylic coatings from several manufacturers were tested.

In contrast, the University of Mi-nnesota/ﬁqneyweu [2] group has reported results on
glazed parabolie concentrators; Tests at Pﬁognix, Arizona; showed negligible degrada-
tion of aluminum and silver mirrors protec_ied' by acrylic, Teflon, and glass after expo-
‘sures exceeding two years. Accelerated exposure 'tésts at Phoenix alsb gave negligible
degradation. However, similar tests at St. Petersblirg, Florida, and Minneapolis, Minne-
sota, were stopped because severe degradatioh in reflectance occurred in about one
year. No explanation is giveh for the lvariations in these empirical testé of gross fail-

ures. However, they emphasize the importance of making more fundamental measure-
3



ments related to the degradation processes if we hope to be able to estimate life spans

for these systems.

Macroécbpic- optical failures have also been reported from other effects than a gross
failure. For highly concentrating systems, the reflected ﬁght should be specular to a
high degree (engineering estimates suggest a tolerable error énglg of 2 milliradians for
one standard deviation for the most demaﬁding conditions). Various degradation mecha-
nisms can cause the scattering to become excessive. Probably the worst cause is simply
the accumulation of dirt [3] on the mirror surface. Empirical tests of these scattering
effects on transmittance and reflectance are leading to fhe' compilation of a handbook

for materials [4.

These empirical tests [4 include the effects bf .weatheril;xg, but no‘attempt is~ being made
to correlate chemical change with optical degradation. To be useful for the design of
high concentration systems, scattering.da'té at small anglés must be included and, at
present, they are not. Thé characteristics of reflected beam profiles at small angles
have been measured by Butler and Pettit [.) ,6,] and Lind [7]. The data provide useful in-

formation for the design of concentrators.

Reports [8] of tests on protective layers of Teflon-FEP, She_ldahl' ;;roprictary aerylie
coating, and other materials suggest that the aceélerated test procedures are inadequate
and that acrylic coatings show promise. In éontlfast, the summary report [8] states that
none of the materials escaped degradation during a 6-month exposufe and that acrylie
appears less reliable than Teflon-FEP. Unfortunately, the data are not presented for
independent analysis to resolve the apparent contradiction. The author [8] notes that the

specular reflectance tests utilized an 8-milliradian exit angle. For aﬁy results to be of



'meaningful use at large concentration ratics, the subtende'd‘ incidence angles should be

much 1ess than 8 mrad.

Isakson [9] tested polymethylmethacrylate (PMMA) and polyvinylidene fluoride (VDF)
modified with PMMA with accelerated Weathering devices and by outdoor exposure. The
~12.7-um samples were coated on mét_te—fiﬁished, bright aluminum panels. Nine months
exposure in Florida 'produced only minor band broadening in the IR sbectrum for PMMA,
while only 31 hours in a Dew Cycle Weatherome’ger totally obliterated the iR spectrum.
Data for the VDF modified By PMMA showed that the PMMA portion was attacked more

than the fluoropolymer.

A more recent summary [10 of solar reflective materials is available. Some of tﬁe ma-
terials considered for protecting solar mirrors have also been tested for protecting solar
cells. A comprehensive review of the application to solar cells has been reported [11].
Experience with po.lymers in this application has been quite varied ahd delamination and
moisture permeatioﬁ have been major sources of failure [11]. Similarly, materials for
space-flight application are potentially useful in solar apblications. Silver-coated fluori-
hate_d polymers have performed well in space [19]. If problems relating to the ambient

gases can be soiyed, these polymers might be used for mirrors.

Polymer-protected mirrors fail in ‘severél ways. Slow deterioration decreases the hemi-
spherical reflectance and can'lead to gross faﬁure. These c-hanges may decrease specular
reflectance more rapidly than hemispherical .reﬂectance. Color changes occur and
retention dirt is increased. Pinholes form. and expose the metal directly to the envi-
ronment; delamination of the polymer from large portions of the mirror also exposes the

metal. Attack may come from the mirror edges where a special sealing problem occurs.



Why these systems fail is mainly conjectural.. To learn how to improve the syétems, we
need to express the failure modes in more fundamental terms. We know, in basic terms,
how polymers fail. We do not know which of the basic failure modes is contributing to

actual mirror failures.

In an attempt to connect tﬁe~empirical test's with more fundameﬁtal measurements, let
us consider some basic mechanisms which may be effective. All systems‘ will face simi-
lar sets of stresses. The systems will operate at ,temp'era'tures' that-will range between
-30 and 55°C. TIn addition, they will be exposed to UV iight, ambient gases, and the
mechanical shocks of diurnal cycles. Mechanical stress during manufacture and installa-
tion may also be important. In practiclel'many stresses will act éimultaneously and, per-
haps, synergistically, but for purposes of discussion they may be considered individually.
Chemical changes due simply to therﬁm stress will probably not bé a principal factor.
Clearly, the systems will be chosen to be thefmally stable in an obvious wéy; hoWever, it
is not ,obviéus that any system' is thermally stable in the long—terr_ﬁ sehse required for
mirrors. Therefore, first we néed to know and account for the hasie thermaolysis mecha-
nisms. ‘'I'nen photolysis Wi]l'pmbébiy be more important and is’operative in several
ways. Bulk stability of the polymer clearly is required, but the considerations aﬁd the
caveat applied to thermolysis apply here also. Phatalysis of the polymer-metal interface
needs special consideration since little is known about how the r'ne'tal'aff ects the poly-
mer. Photolysis can occur at the air-polymer interface where photooxidation by the am~
bient gases virtua]ly always occurs. Oxygen is a cﬁief off ender; water vapor and specific
pollutants will also have to be considered. Diffusion of gases through the bulk of the.
pdlymer must also be éonsidered, and diffusion via imperfect edge seals directly along

the interface may be more important.



Mechanical, photo, thermal, and atmospheric stresses ecould cause mirror failure in vari-
ous ways. Degradation of the polymer, in some cases, produces low-molecular-weight
fragmentf which could be formed in the bulk or at the metai surface. If these fragments
accumulate at the interface, they could cause the delamination and pinholes. Alterna-
tively, more direct attack on the bonding species could cause delamination. Non-
chemical factors must be considered. The morphology‘ of the polyrhef changes during
crystalization at a metal interface. The stresses may interact with fhis transition zone
without significant- chemical change. If these con]ectures are replaced by understandmg, '

the procedures leadlng to better systems should become apparent.

The "same" polymeric material f-or a giyen system can vary. The catalysts usad in pre-
paring the polymer, the actual structures, tacticity, unreacted. m.onom‘er, residual cata-
lysts, and impurities all can alter the properties of the polymer. In general, our discus- '
sion uses information from the open literature, in which the materials are usually well
characterized. Coalmercial materials may have a variety qf additivés which improve

performance, the effects of ‘whi'ch must be cohsidered.






SECTION 2.0

OVERVIEW OF DEGRADATION MECHANISMS

Experience has shown that two metals and several polymers. are candivdates for glazed
mirrors; silver, aluminum,' polymethylmetﬁacrylate .(PMMA) polyVinyfluoride (VF), and
fluorinated ethylene propylene copolymer (FEP) These materxals are dxscussed and some
additional candidates are noted in Table 1 Smce all three polymers are relatlvely stable
under UV, temperature, and weatherlng, why do mirrors fa11‘7 Some theories are

postulated in this section.

2.1 THE AMBIENT GAS THEORY

The limitation for many applications of polymefs ’r'nay be the ‘permeation by the ambient
gases through the pdlym er, followed by‘attack at the metal intell'face.' : Al‘tern.atively, the

gases attack the edge seals and then the interface via diffusion along the interface.

There is little doubt, for example, that water vapor can cause accelerated damege. It
seems unlikely that simple diffusion throﬁgﬁ the bulk'is the cause. Esfimates o.f the per-
meation of water vapor through EOme theatheped polyrﬁ ers suggest tpat such long-term
exposure from permeatlon would be less than that recelved durmg the time of fabrlcatlon
in normal amblent atmospheres. We should not accept perm eation data on virgin materl—
al as being representative but rather should seek alternatlve reasons fpr the perme-
ation. Two alternatives have been documented. First, it has been observed that the
permeability of Teflon-FEP can ipcrease fbrty—fold during proéessi'hg subsequent to man-

ufacture [11]. For some polymers, weathering can cause surface microcracks which, as

they propagate into the bulk, could increase permeability. Second, a complex synergism
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between the effects of UV light and cyeles of moisture and/or temperature has been ob-
served [13]. Some questions could be answered by exposing mirrors to UV and heat in
vacuum. Some answers have. resulted from tests of materials for the space pro-
gram [12]. Comparable data are not availabie for permeation through edge seals and

along the interface [14.

2.2 THE MECHANICAL STRESS THEORY

There is a mismatch in the thermal expansion coefficients of the metals and polyrhers,
possibly accentuated by some degradation from UV and/or ambient gases, Sin:1ple "sort-
ing'-type experiments in which the stresses are applied one, two, or several at a time
could answer‘certain questions. For example, do mirrors which are thermally‘ cycled in
the dark fail more rapidly than those maintained in the dark at the upper temperature?
For some materials, such tests were carried out during the space program [12]. Thin sil-
ver films, vacuum-evaporated onto T'eﬂon.-FEP, were found to withstand thermal cycles

in vacuum without UV radiation.

2.3 TIE OUTGASSINC THEORY

Interfacial delamination and/or reaction could occur by formation of volatile species at
the interface or in the bulk, with subsequent concentration at the interface. The vola-
tiles could be the products of thermal or photochémical reactions. In fact, in some sys-
tems which have been plagued with bubble f orrﬁation and delamination, the problem ap-

pears to be due to thermal reaction of the adhesive. The adhesive.is shielded from UV by

n



both the polymer and the metal mirror. These thermal reactiqns could be catalyzed by

the metal.

2.4 THE UV-METAL THEORY

This theory assumeé that the conjunction of polymer, metal, UV, ahd possibly the am-
bient, is required to induce a chemical chahge at. 'fthe interface. If the sorﬁng—type ex-
periments suggest this is thé casé, the che'm_ist:'ry at the interfacg should be investigated,
which prompts interest in analytical methods for surfaces, such as electron spectroscopy

for chemical analysis (ESCA) and Fourier transform infrared spectroscopy (FTIR).
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SECTION 3.0
REACTIONS OF SILVER WITH ENVIRONMENTAL GASES

The reactivity of silver with gases is important if environmental gases can permeate the
polymer or if gases are formed by a UV—indpced reaction of the polyrher. The initial
stage of gas/silver-reat_:tion requires ads;)rption of the gas onto the'silver. Therefore,
' representative information from the literature about the. interactions of oxygen, carbon
dioxide, water, hydrogen, cax;bon monoxide, sulfur dioxide, nitrogén oxides, hydrogen sul-
fide, and hydrogen chloride with silver is discused in this section. Silver is relatively
inert to interaction with most gases until oxygen is adsorbed onto it, after which many
. gases will adsorb. For silver mirrors, it is likely that. even a protected silver surface
would have sufficient exposure to oxygen to [;roduce the necessary precursor for adsorp-

_ tion of other gases.

There are substantial quantitative results on the: equilibrium and rates of adsorption and
desorption of oxygen on silver [15] . The most complete Work was done on silver powders
fhat had.been tregted ‘to be clean and to give reproducible rates of adsorption and total
uptakes of oxygen. Direct evidence shows that silver is not oxidized to a silver oxide in
the temperature. range of -78 to 400°C and with oxygen pressures ub to 90.7 kPa [16].
More extensive measurements at 1.33 kPa and temperatures up to 350° C corroborate this
conclusion [17]. Undef these circumstances one moriolayef of oxygen is the most that
can be adsorbed. As has been noted [18], results of oxygen adsorotion on <111>, (190)
and <110 single crystals [19-21] lead to the same bas'ic conclusions concerning the weak
chemisorption of oxygen. At 3500 kPa (35 atm) of oxygen and 250°C, AgqO forms [17],

but these extreme conditions are not encountered in solar applications.
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If oxygen is available in a more reactive state, onid'es do formf. For example, silver sub-
jected to a glow dlscharge in oxygen f orms AgZO wh11e ozone forms hlgher ox1des, pos-
“sibly AgZO and AgO [22]. The presence of ozone or smglet oxygen could adversely affect
silver for solar applications. Data on the reactlon of smglet oxygen w1th sﬂver have not

been located. .

"+ The gases CO, CO,, Hy, and HZO do not react w1th clean s11ver (mtrogen atoms will in-
teract but this is not 1mportant to solar apphcatlons 123]) However, 1f oxygen is first
adsorbed on sxlver, these gases will: 1nteract . For example, 002 w111 adsorb on the dis-
soclatlvely adsorbed oxygen on a one—f or-one bas1s 1n the mltlal stages, presumably form-
ing an Ag -0-COq adsorbed complex. The COZ coverage is proportlonal to the oxygen
coverage up to about half a monolayer of COZ [15 24] At about 30°C and above 5. 2 kPa A
of COgq, the coverage is insensitive to' CO9 pressure af ter at least half a monolayer of |
oxygen is absorbed. At lower COq9 vpressure.s,_ or higher temperatures of the silver,‘"carbon
dioxide is weakly chemisorbed (Ep ranges from 84 to 100 kd/mol) onto oxygen—covered
silver and its presence promotes ‘the des‘orption of molecularly adsorbed oxygen above 80-
90°C [25]. That COy does not react w1th silver except as a chem1sorbed species is cor-
roborated by Auger measurements [26]. Water vapor w111 also adsorb on oxygen-covered :
silver at room temperature, ‘but the available llterature is -notaquantltatlve w1th respect
to temperature and pressure dependence [15]. For solar applications, the absence of
water vapor adsorption data is unfortunate since multilayer adsorption near room tem-
perature is likely. The solution of acid-forming gases in this layer could result in serious

corrosive attack.

Optical microscopy and transmittance data show ‘that 52-nm films of silver on Pyrex
start to agglomerate between 100 and 150°C [16] At these temperatures, the agglomer-

ation is retarded slightly by the presence of oxygen. (The well-known thermal etchmg at

14



temperatures above 500° C probably has a different mechanism.) The observed mobility
of silver at such low temperattxres combined with the excess free energy of a large.thin
silver surface tayer suggests an unbacked mirror could faﬂ under solar stressing because
of the thermodynamic' potentiel and favorable- kinetic surface trénsport processes near
the temperature of pl’armed use. When oxygen is admAitted to the clean film at 25°C, the
transmittance decreases, which could result from the sehsiti_vity of the bptical constants

to an adsorbed monolayer of oxygen.

'Both hydrogen and‘carboh rhonoxide .will remove oxygen from silver as water and carhon
dioxide, respectirely. Although'moet of the~quantitative work reported was at tempera-
tures between 300 and 400°C, cyclic reduetion and reoxygenation has been carried out
near 100°C on silver supported by glass wool [27]. After extensive outgassing, adsorp-
tion, outgassing, and reduction cyeling on silver powder, both. Hy and CO reduced all but
0;1 monolayer of exygeh from the surface at room temperature [28].. Results of reduc-

tion reactions on (110> single crystals are similar to those obtained with powders [29].

‘The adsorptlon of sulfur dlo:tlde on sxlver is even less studled than CO, and HyO adsorp-
tlon. Sulfur is removed as SOZ and clean silver obtalned in the early stages of cyelie ox-
_ygen adsorptlon and carbon monoxxde red‘uctlon»at 350°C [30]. One cycle was sufficient
‘to ’,:ox‘:idize the sulfur to .a gaéeoﬁs "specie-s at this temperature, but for solar applications
the question of reactivity‘between su'lfur‘ ahd oxygen remains open. Furthermore, little
quantitative information is availab].e for the adsorptlon of SO:, on oxygen-covered sil-
ver. Although Lassiter [26] was unable to detect oxygen on silver usmg AES (Auger Elec-
tron Spectroscopy) he did obtain a sulfur signal at'low pressures of SOy and attributed
this to sulfur, Barber et al. [31] used SIMS (Seeoridary ten Mass Spectrometry) to show
that both sulfur and oxygen are adsorbed when silver is exposed to 1.3 mPa of 80, or to

mixtures of 10% S04 and 90% 09 at the same total pressure. These authors suggest the

15



reaction is SOy(g)—+-SOq(ads) followed by 2 SOy(ads)—S(ads) + SO4(ads).. They also found
sulfur is easily removed by heating in oxygen. “(Sulfur fi_lms are also reported to be easily'
removed from copper and aluminum by'oxygeﬁ at room ter.nperaturle [32].) The difficul-
ties in detecting AES signals by some researchers. [20,26] ~hav¢ not been-encountered by
others [19,21]; the work by Heiland et al. [21] yielded excellent ISS (Ion Scattering Spec-

trometry) signals from adsorbed oxygen.

There is a dearth of information concéi'ning the interaction of nitrogen oxides with oxy-
gen-covered silver. A reasonable speculation, based on the interaction of NO and NO,, ‘
with several oxide surfaces [33], is that NO and N’Oé would form a weak chemisorptivé

bond on oxygen adions.

The reaction Ag + HyS<==Ag-S (ads) + H, has bee;i ,studi'ed at high temperafures with
radioactive tracers and detailed isothérms ha\}e been obtained [34]. Adsorbéd sulfur en-
hances the surface mobility of silver [35]. It is more. difficult to remove adsorbed sulfur
with Hy(g) than with -Oy(g) [36]. 'i‘he rate of formation of AgyS from room air varied
from 0.5 to 2 nm per week, presumably depending on the impurity of the air [37]. Other
measurements of tarnish in air (tarnish is usually AgyS) show ratés ffofn 0.l nm/hup to 6
nm or more in one month. There is no tarnish in dry N, -whiie rgtés of 10 nm/h are ob-
tained in é humid atmosphere containing 10% HqS [38] - At tarnish thicknesses of about 6
nm, the rate of tarnish decreases; hoWever, at thickness of about 16 nm, needle forma-
tioﬁ occurs and the growth rate suddenly increases. Presurﬁably, HyS reacts with silver

at low temperatures only in the presence of both oxygen and water vapor [39], and halo-

gens can inhibit the formation of AgyS [40].

The salt-containing vapor of -artificial sea water did not visibly attack a silver sur-

face [41]. Low levels of .chlorine impurities in silver powder‘v can-be purified by a

. 16



hydrogen reduction reaction at .temperature's | greater .than 300°C, which results in
evolving HCI [17,36]. Alternatively, the reaction between silver and chloride-bearing
gases has been used frequently to inhibit the reactivity of ‘-silver surfaces to other gases,
. especia]ly when used for the catalytlc epoxidation of ethylene to ethylene oxide on
silver [42]. At the temperature used for thlS reaction, the reaction between silver and
pure ethylene dichloride is very rapld (many monolayers per hour) The rate of reaction
at room temperature- 1s much slower and the silver-surface adsorbs less oxygen, which
presumably is in the molecular f orm requlred for a.good catalyst. It is hypothes1zed that
oxygen adion s1tes are occupled by chlorlde ions. This established catalytic reaction
mechanism [42] is of considerable possible value for passivating solar m,i‘rrors. If oxygen~
bearing gases (HZO SOZ, CO,, NO,, ete.) adsorb on the oxygen adions on a silver surface
and these sites can be eliminated by the proper amount of adsorbed chlorine, then
pretreatment with adsorbed chlorine might passivate the silver surface against corrosive
reaction by oxygen-bearing gases,’ A' more systematic‘ appraisal of these reactions could
influence the polymer selection; for example,.if the primary pollutant is SO,, enhanced
permeability of oxygen relative to SOy might retard -Agzs f ormation. If the polutant is
‘primarily st the results cjuoted in the literature suggest'that reducing the quantities of
HoO, O9 or HZS will decrease the ‘tarnish. Alternatively, surface- treatments with
halogens could passivate the surface agamst both sources of -sulfur. For-example, the
oxygen remammg on the silver surface mlght not be of the proper f’orm to permit the

formation of AgyS from an HZS amblent. f

The reaction of seriously degraded coated (first-surface). silver mirrors with sulfur,
chlorine, and oxygen has been reported [43]. The pr'oducts were identified using ESCA,
ISS, AES and SIMS. Visually clear regions cont»ained silver to a depth' of over 50 nm,

while copious amounts of sulfur and oxygen were identified on visually reflecting regions

17



of the same mirzfors. Shifts. in the ESCA peaks for sulfur indicate partially oxidized

sulfur but the +6 state in the sulfate radical was not attained.

In summary, oxygen readily adsorbs on silver at room temperature, and atmospheric and
pollutant gases, such as Hy0, CO9, CO, SO9, and NO,, adsorb on the oxygen;covered sil-
ver. .At the conditions of solar stressing, formation.of bulk silver oxide compounds is un-
likely but formation of bulk silver sulfide, silver chloride, aﬁd silver oxysulfux‘-"compounds
is probable when silver is exposed to appropriate gases. The literature available is inade~
quate for deducing the potential compqund—forrhing reactidns by sevéral gases co-

chemisorbed onto silver.
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. SECTION 4.0
REACTIONS OF CANDIDATE POLYMERS WITH ENVIRONMENTAL GASES

4.1 FLUORINATED POLYMERS

If thermal stabiAlity‘.were'the only ctiter-ion, many polymers would be‘acceptabie. Theo-
retically, man& polymers are’ transparent to visible :and solar UV ]ight particnlarly in thin
films. They should be optlcally acceptable and ‘resistant to UV degradatlon. In fact,
many are prone to UV degradation, whxch may be due to secondary factors. For example,
oxygen can form charge-transfer complexes with some polymers which then permit ad-
sorption of radiation up to 340 nm [44,45]. An extreme example is polyethylene, which
degrades badly when unprotected. At the other extreme is PMMA, which degrades very
slowly. Most materials perf orming well as mirror glazes oWe their protection to their

transparency to UV.’

In general, the ﬂuorocarbon .polymers are of 1nterest because they are chemlcally inert,
have excellent re51stance to UV are thermally stable, and have exce]lent weatherabili-
ty. Thin filme of ﬂuorocarbons, are trans‘parent but their optical qualities in general are
not qulte as good as those f or PMMA. Unfortunately, ina recent exce]lent review of the
photolys18 of polymers [46] the’ photolysm of ﬂuorlnated polyethylenes is not men-
tioned. A summary of synthe51s methods is avallable [47. A summary [11] of the mate-
rials, their propertlas, and thelr apphcatlon for encapsulatlng solar cells is the basis for
this sectlon. In Table 1, the entire famlly of commercxal ﬂuorocarbons is listed. Only
polytetrafluoroethylene (TFE) is processed oy sintering methods. The other materials are
processed by more conventional means but still at relatively high temperatures. Very
little scientific evaluation of these materials is available so that a cohererit presentation
is possible only for thermolysis. However, a brief summary of the available information
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for each material is worthwhile. Although TFE s not of direct interest because of the
present difficulty of processing, a data summary is included as a guide to the behavior of

the other materials.

In contrast to the dearth of scientific papérs, there is considerable practical literature,
particularly regarding encapsulating solar cells [11]. Because these materials have such
outstanding qualities, the emphasis has been on the processing and particularly the bond-

ing of the materials to substrates. This is discussed in subsequent sections on interfaces.

4.1.1 TFE

Among the fluorinated ethylene polymers, TFE is unique in that, when heated in vacuum
to about 450°C, 4it unzips to yield'96% monomer with an activatioﬁ energy of 339
kJ/mol [48,49]. The other members of this family preferentially eliminate hydrogen fluo-
ride under similar conditions. - Degradation is first order over the entire temperature
range with no evidence for any marked change in. acti\;étion energy. durfng conver-
sion [49,50]. - Several studies have shown that the material vis stable under thermol-
ysis [51-541, When TFE is thermalized in an ambient of monomer and gaseous pyrolysis
products, the thermolysis rate is decreased and the produet distribution altered; C3Fg is
dominant and the quantities of CoF4 and C3Fg are equal and half of the CgFg con-

tent [49]. (This may be more representative of the mirror interface).

Heating TFE in air at 400 to 450°C did not. change the subsequent rate of thermolysis in
vacuum. At 470°C the rate increased slightly [55]. Thus, TFE has a similar thermal
stability in oxygen and in vacuum [46]. A comparison of the reactivity of TFE and sever-

al other materials with oxygen atoms (Table 2) shows rather small variability in the rates
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of reaction [56]. These reactions took place at 40 to 70° C and were limited to the sur-
face; the bulk was unchanged. Other studies of oxidative thermal stability have been
reported [57a]l. TFE reacts with ozone to produce perfluoroformaldehyde and CO, while,

surprisingly, polyethylehe is relatively unreactive [57b].

Photooxidation results are meager, presumably because the material is "almost totally
resistant to photooxidation" [48]. . The bhotoinduced' thermal decomposition of TFE has
been given a cursory examlnatlon. It showed "only a feeble though deflmte response to

the UV light used" (a medlum-presure quartz mercury lamp) [58]

Gamma radiation in air greatly accelerates the rate of scission [59l. "Exposure to vari-
ous gases during radiolysis profoundly alters the EPR spectrum. It has been suggested
that radiation damage is altered by these gases™ [48]. It would be of interest to see if UV
has similar effects. Radical formation by irradiation by x-rays and the subsequent re-

action of the centers with oxygen have been observed [60].

4.1.2 CTFE

CTFE has somewhat less thermal stability than TFE. For example, a'sample (molecular
weight 100,000) was prepared w1thout catalyst and was formed into a 0.2-mm sheet.
Thermolysis in vacuum ylelded about 27% monomer and some CgF5Cl and
C3F4Cl, [6 1,62]. The activation energy was 238.5 kJ/mol [48,63]. The involatile residue
was a transparent glass. When oyrolyzed irl bulk or in the bresence of Ny, the yield of
monomer was much higher"(67%). Thermal oxidation studies have been reported [64].

| CTFE is essentially as thermally stable _in oxygeri as it is ir_x vacuum [46].
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CTFE also is "essentially totally resistant to photooxidation" [48]. It ';is stable to UV,
and only at high temperatures (250° C)- degradations occur" [65]. Photoinduced thermal
decomposition was carried out about 100°C b_elow the temperatures of the straight ther-
molysis studies [58]. These qualitative experiments showed that the addition of uv from
a medium-pressure quartz mercury lamp increased the decomposition rate to monomer
(time constan{t of ca. 30 minutes). Upon turning off the lamp, the decomposition rate
decayed slowi%y (time constant of ca. 30 minutesj. Arguments were presented to show
that the deca?y is a measure of intermediate radicals which, in fact, decay bimoleéular—'

|
ly. Radical f oit‘mation by irradiation hy x-rays has been observed [60].

CTFE has outstanding barrier characteristfcs to gases and especially water vapor; it has
the lowest tra%nsmission rate of water vapor of any transparent plastic film [66]. Unlike

other ﬂuorocai'bons, it is optically clear in1/8"-thick sections [66].

4.1.3 VP

Wall and coworkers have studied the pyrolysis of VF in vacuum t67,55]. Their data cover
only a small temperature range near 373°C, where the weight 16&@ was relatively rapid
(ca. 1% per minute). They measured an activatioh. energy of 230 kJ/x_ﬁol. ‘The data were
obtained using 0.1lmm Tedlar film. The principal products are hydrogen fluoride and
some benzene. Complete pyrolysis left 5% char, which the authors interpreted to be due
to thermally induced crosslinking., Prior irradiation with gamma rays greatly increased

the pyrolysis rates.

VF has less thermal stability in.air than in vacuum, in contrast to TFE and CTFE [46].

The -reaction with oxygen atoms was noted in Table 2. Phptodegradation of
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polyvinylchloride (VC) proceeds hv loss of HC], similar to its thermal degradation [48].
VF may do the same, however, data have not yet been located. ‘Radical formation by x-

rays is observed [60].

4.1.4 Polyvinylidene Fluoride (VDF)

Madorsky [68] studled a materlal which had been polymerlzed by gamma rays and was,
theref ore, hlghly crosshnked It was a hard, whlte, rubbery materlal and may not have
the requisite optical properties. .The same doubt applies to several copolymers contaln—
ing VDF whose thermolysis was measured [58]. Recently, durmg program: revxews, it was
reported that films .of biaxially orlented materlal have good optical propertles. Optical
and weathering tests are in progress. The ’_chermolysxs proceeds W1th an actu(atlon energy
of 201 kJ/mol and' at completion,‘leaves a carbona‘eeous reaidue whic‘h“ is easily pulver-
ized. Wall et al. [67] performed similar'»experiments using a’ commercial, milk-white
powder' (Kynar), whic'hlwas pressed int'o.a 0.25- :to 0.3-mm film (pbessiné for 30 seconds
at 242°C). AThe principai pfoduct 1s bydrogen ﬂuoride,' with leas benzene pboduced than
from VF. Pyrolysis to completion at 410°C left '30—35%.ohar and indicated that VDF is
somewhat more stable than VF. The authors note that prior irnadiaiion with'gamma rays
greatly increased tvhe pyholysia rate buticonﬁnmed ’tbe Qalue for the aotivatfon energy of
201 kJ/mol. 1t is 1nterest1ng that croashnkmg does not necessarlly mean enhanced pyro-
lytic stability [67]. Although probably adequate, the thermal stab111ty in oxygen is less

than in vacuum [46]. A -reaction between VDF and alummum has been noted [69].
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4.1.5 FEP

Pyrolysis of FEP results principally in the twd structural monomers, with sdmewhat less
total monomer yield than from TFE [58,70]. Initially, the relative amounts are 85% C3Fg
and 9% Cq9F,, while near the end of the degradation process the amounts are 19% C3Fg
and 68% CqF4. This suggests that FEP is about 80% TFE. The rates have a dual charac-
ter. The initial rapid volatilization, corresponding principally to loss of C3Fg, is followed
by a much slower ratc of volatilization similar to tho rate for TFE. FEP haes a much
lower activation energy (230 kJ/mol) than TFE (339 kJ{mol), but compensating pre-
exponential factors (FEP, 1012 s'l; TFE, 1019 571y result in thermal rates which are not

greatly different at the temperatures of the experiments.

It has been demonstrated that FEP can be vacuum deposited by fhermolysis to form thin,
colorless, transparent films [71]. In contrast, films of TFE cannot be made by this pro-
cess; TFE films formed by r.f. sputtering -aré ¢oloréd. While FEP is less stable In oxygen
than it is in vacuum, the rate of weight-loss is probably slow enough for 20-year life-

times. FEP undergoes scission and erosslinking during UV irradiation [6.5,72] .

4.1.6  PFA, E-TFE, E-CTFE, Polytrifiucroethylene (TriFE), and Poly (1, 1-dichloro-2, 2-

diflucroethylene) (DCDFE)

Data on the degfadation-of Teﬂon-PFA were not found. Some tests have shown darken-
ing with use as covers for solar cells and moderate loss of transmitténce with acceler-
ated weathering [73]. E-TFE becomes gold colored upon exposﬁre to UV [12]. It showed
moderate transmittance loss with weathering and accelerated wéathering [73]. For E-

CTFE, weathering tests -have been reported [74]. TriFE is not a commerecial material.
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. Like VF, TriFE volatilizes to form hydrogen- fluoride. DCDFE is not a commercial mate-
rial either, but it may offer an optimum combination [75]. It appears that addmg fluorine
to polyethylene increases UV and oxidative stablhty wh11e adding chlorme to polyethy-

lene decreases perm eablhty

Comparisons are available regardmg the thermal stablllty of a number of poly—
mers [55,61, 68] The data show the percentage of sample volatahzed by malntalnmg the
sample at successively hlgher temperatures for thlrty mmutes. .There are several inter-
esting generahtles.- There are two types of materials, those w1th 100% volatlhty and
those that form an involatile char. TFE is the ‘most stable, but many materials would be
sufficiently stable if the only stress were thermal. In Table 3 ualues from the published
data are presented for the temperature at which 50%.weight—loss occurs.in' 30 minutes.
The relative‘ stabilities are, in general, not sensitive to temperature. Additional data on

non-commercial polymers are available [46].

4.2 POLYMETHYLMETHACRYLATE (PMMA)

PMMA is colorless and has solar transmittance of 82—85% for thin films, good dimen-
sional stability;. and excellent 'resistance to ou—tdoor weathering Water absorption has
little effect on its optlcal quaht1es.~ Thermoly51s of PMMA in an oxygen-free environ-
ment proceeds almost excluswely by sequent1a1 ehmmatlon of monomer units (i.e., 95%
monomer yield) [76]. Madorsky [77] pyrolyaed two PMMA samples: sample A (molecular
weight 150,000) was made using benzoyl perOXide ‘as promoter; sample B (molecular
weight 5,100,000) was made without a promoter.- Sample A,t0.6% residual benzoyl perox-
ide) was pyrolyzed at 240-270°C (138 kJ/mol); w'Nhile-Blrequi.red temperatures of 310-

325°C (230 kJ/mol). When A was preheated and then pyrolyzed, it behaved like B. The
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author - concluded that the difference in behavior was not due to the ‘difference in
molecular weight. Rather, it appears that benzoyl peroxide acts also}as a catalyet for
decomposition. More recent work shows that "low-molecular-weight PMMA has a more
complex pattern of degradation than those of high molecular Weight because of the much
increased importance of chain-end initiated depolymerization" [78,79]. 'f‘his difference is
correlated to the mode of polymerization [46]. PMMA can be destabilized by chlorine
radicals (from polyvinylchloride) [80,81] and hy acetate (CH3COO') radicals from
polyvinylacetate [82] or silver acetate [80]. Jellinek (83l lfouhd little difference in the
activation energy (259.4 to 284.5 kj/mol) for fhermal degradation of the isotactie,
syndiotactie, and atactic forms, although the syndlotactlc form was somewhat more
stable. Madorsky [63] has dlscused the dlscrepancles in the values of activation"

energies.

Ranby and Rahek [65], Geuskens [46], and Gupte [84] have ;discussed ,the photolysis of
PMMA and have provided the basis for our surhrhary. _The‘ul‘traviolet absorptioh spec-
trum of PMMA indicates that eésentiaﬂy no photolysis should f'occ'_ur under AM1 illumina-
tion. Empirical tests on PMMA, alone and with mirfors, ‘ver,ify this eonjecture [851;
Long-term, subtle effects lead to failure. ,'To‘e'ccentuate the photolyeis; most 'laboratory
experiments have used shorter wavelength radlatlon (usually 253 7 nm) where absorptlonl
is still low enough to allow penetratlon of the bulk of the polymer. As Gupta [84] has
emphasized, care must be exerclsed in using such data to estlmate the behavxor of PMMA
at AMI1 conditions. PMMA, if not unique, is unusual among . polvalkvlacrylates in that
crosslinking does not occur during phOtOIySlS of films in air [86]. PMMA is unusual also in

that the number of cham scissions per molecule tend to be hnear w1th u'radlatlon

time [86].
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Fox and coworkers [87,88] observed-the principal products methylformate, methanol, and
methylmethacrylate with quantum yields of 0.14, .0.48, .and 0.2, respectively, from pho-
tolysis in vacuum. Photolysis:in air yields thg same speciés and also rbethane, hydrogen,
carbon mono;ddg, and 'carbon dioxide. Allison (89] obsérﬂ}ed that the low-molecular-
weight fmgments webe chféfly carbon monoxide, methyifbbmate, and methanol when
photolysis was in vacuum. These‘ogcurred in a ratio of 3, 6,.and 10 mbiecules, respec-
tively, per chain sciés-iqn. Ackerman [90] photolyzed thin films of PMMA in oxygen and
observed the products methano'l,' form_aldéhyde, rﬁ:ethylacetate, methylforrbate, water,
formic acid, carbqri dioxidé,"and me.tbane. ~Methylmethacrylate can occur from chain

unzipping or unreacted monomer, which could account for variability of results.

-Gas is formed du>rir'1g high-energy irradiation of PMMA. Wben the internal pressure of
the gas formed in the reaction is sufficient to overcome the Aviscosity pf the irradiated
polymer, bubbling bccuré. By suitable control of 'thg irradiation dose and subsequent
heating of the-polyrber, this bubbling effect can transform PMMA into a foamed materi-

al [46].

ESR spectra of PMMA ir-radiated with UV and gémma rays are almost identical [65] while
the structures of the radicals, which are f ormed, are controversial. ‘Some evidence sug-

gests that radical formation is‘relat'ed to mireaéted monomer [91].

Spectral changes have been observed during phofolysis when fhe polymer yellows. It has
been suggested that yellowing is due to formation 'of ‘conjugated double bonds [89] and
that carbonyls are also formed [92]. These new species produce chromophores at 240 nm

and 285 nm, respectively, which could cause the onset of more rapid photodegradation.
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A rather complete, plausihle reaction scheme can be devised for the photoly- .
sis [65,46,84]. It is based on the radicals formed, the changes in- optical 'spectra, and the
volatile products. Use of these data as they apply”directlyto .mirror:failures is much
more d1ff1cu1t For the present we note the major points. Wlth the exceptlon of hydro-
gen, at low temperatures all of the gaseous products have been shown to orlgmate from
the ester side chain, probably via formatlon of -COOCH3. . As _the temperature is in-
creased, depropagation becomes tmp_ortant and yields'monomer'as an additional gaseous
product. The degradation produces 'new‘ chromophores which are i'ncorporated in the -

degraded polymer and not in the volatile products.

Prlce and Fox [93] have studled the surface reactxons of several polymers under UV irra-
diation in air. Their crlterlon for reactlon was wettablhty, determlned thh hqulds of
known surface tension. Wettability is also 1nﬂuenced by changes 1n crystalllmty [94] and
other factors [93], so actual structural changes are somewhat conJectUral Fox [88] et al.
observed chain scission in PMMA to be the dommant reactlon due to Uy, both in vacuum'
and in air. -This led them to con]ecture«-that the accumulatlon of low-molemnar-wp;ght
fragments on the surface altered wettablllty, w1th surface OdeatIOI\ being a secondary
factor. Their observatlons relate to the polymer—alr mterface and may not be directly
apphcable, but this mechanism could also’ ~operate at the polymer-metal mterface and

contribute to dclamination.

A Permeaoili'ty may be more significant for PMMA than for the fluorocarbons. ‘Rosen sug-
~ gests stress-strain mechanisms from a penetrant lead to enhanced permeation via miero~
fractures [95,96]. He specifically notes that stresses on unsupported PMMA enhance
permeation even though microscopic stress cracks are not visible. Similar phenomena of
stress-increased permeation have been measured for Pyrex glass. It is quite interesting

that a Mylar which is craze-resistant did not show stress-increased permeation.
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The diffusion of oxygen in PMMA which has been irradiated with gamma' rays or elec-
trons is also stress related. Barker [97] has used an optical method to measure the diffu-
sion coefficient of oxygen in PMMA and to note its variation with stress. In regions of

tensile stress, diffusion is enhanced; it is retarded under ¢ompressive stress.

Bueche [98] measured the diffusion coeffidient of water- vapor for PMMA by comparing
the rate of weight:gain 'to the equilibrium value of ‘weight .gain for ‘t'hin' polymer films.,
He noted the anomaly that sorptlon and desorption l’yield diff erent values f or'the dif fusion
coeffxclent. He relates these results to permeablhty and calculates a'value of 5.2 x 10” -8
g cm cm 2 hr~!1 torr~! at 25°C. He states that this value is in reasonable agreement with
unpublished, direct permeability measurements: made at the Rohm and Haas Co. His re-

sult is higher than other published data [99].

Practical tests of PMMA» have included thermal, UV, and weathering stresses over seven-
teen years of outdoor exposure in New Mexico [85]. The samples were mounted 45° to
the horizontal facing south The principal optical degradation, due to surface abrasion,
amounted to 10%. Thus, research on abrasmn—resxstant coatmgs is clearly needed The
researchers further observed that the bulk transmlttance losses (3%) increased progres-

sing from the back to the f rontsurface of the sampl_es. ’

Clark and Thomas [100] analyzed a series. of polymethacrylates, including PMMA, and
established a basis for further ESCA measurements. “As the authors point out, these are
relatively difficult materials to analyze w1th ESCA The. spectrum for the carbon ls
level shows the carbon with the double-bonded oxygen clearly separated from the re-
maining carbons and the carbon with the smgly—bonded oxygen appears as a shoulder on
the major carbon line (i.e., the line corresponding to carbons with no oxygens attached).

Deconvolution techniques a]low these three carbon types to be isolated. The oxygen ls
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signal also shows doublet character corresponding to the two types 'of éxygen bonding. A
more refined analysis of all the differently situated carbons is not possible. From more
detailed spectral analyses, the authors conclude the samples have carbon/oxygen compo-
sitions corresponding to that expected from model compounds. They further conclude
that the samples are homogeneous to the surface as defined by ESCA escape depths.

There is no preferential ordering of alkyl groups at the surface.
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SECTION 5.0
THE SILVER-POLYMER INTERFACE

5.1 SILVER—FLUOR[N_ATED POLYMER

Empirical experienee with this system is extensive‘ The moet'pertinent work was done
for NASA on silver-FEP coatmgs for space apphcatlons [12. ThlS work prov1des valuable
mformatlon whlch could be used in developmg silver-FEP mlrrors. "“The goal for space
applications was to develop the thermal coatmg with appropriate adhesive and to scale-
up laboratory procedures to attain reproduc.ible mahufacture in quantities to coat
148.6 m? per space flight. The baeic configuration consists of 0.127 mm Teflon FEP vac-
uum-coated with 125 nm of silver over ','whi'ch a 25-nm proteetive coating of Inconel 600
is deposited. Thié unit is attached to the main ffarhe of the spacecraft with double-sided

adhesive tape.

"The FEP-Ag interface ha'sigood adhesion during thermal‘ cyeling in vacuum, .but thick sil-
.ver films may have poerer adhesion'[lot]. An earlier report summarizes methods of
bonding ﬂuoroearbons [102] . ,It;is hoted that the'pee'l strength between FEP and a silicon
solar cell was reduced .b}t short-term ekposure to high humidity and. temperature [103].
Additional exposure caused delammatlon, whlch was- attrlbuted to water vapor perme-
ation. The authors mdlcated that the heat seahng process can increase the water vapor
permeability of FEP forty-fold [103]. A more .systematlc approach to the delamination
pneblem showed that water vapor was just as et‘f ecti\ie"a delaminating agent for the FEP-
Ag interface as was the vapor over artificial'sea water (No was bubbled through the "sea
water" to ensure dissolved salt entered the Vapoi'). The data indicate that delamination

is very sensitive to the relative humidity, and that the time until initiation of
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delamination increases as the water vapor content decreases. The same tests indicate

that the Mylar-Al interface was not affected [41].

Enhanced initial adhesi_on may retard attack by water vapor. Methods developed to im-
prove adhesion between FEP and gold may be emulated for silver. These include chemi-
cal treatment [104], sputtering [105] ,' crosslinking by activated species of inert
gases [106,107], and electron irradiatioﬁ [108]. Some evidence suggests that formation of
a thin, oxygen-containing layer on FEP increaseé the adhesioﬁ. ‘One procedure éreates
this layer by first vaporizing aluminum onto FEP and then dissolving it off with sodium
hydroxide. Electron spectroscopy shows that the aluminum reécts with the fluorine in
FEP and both are removed during the dissoiution, at.which time the oxygen-containing
film forms. In other adhesion studies, Bhésin [109]. plasma-polymerized TFE (PPTFE)
onto 304 stainless steel, Al, and Ag. Peel stfengths were 107, 107, 111 kg cm"z, respec-
tively. Peel strengths were independent of the type of metal and failure occurred in the .
polymer film. Variable amounts of polymer were left on the metals. Invisible residual
polymer was revealed by ESCA. PPCTF_E (plasma-polymerized chlorotrifluoroethylene)
behaved very differently. Peel strengths were 94 + 21, 72, and 181 kg em™2 for 304
stainless steel, Al and Ag, respectively,. and residual polymer was never visible. While
the rupture apparently was always near the interface, ESCA again showed that fluorine
and chlorine were transferred to the metals. It is 'interesting that PPCTFE, in contrast

to CTFE, has low molecular weight (1300-1600), is not highly crosslinked, and is relative-

ly soluble.:

The fundamental limitation of polymers may be their permeability to ambient gases. The

least.permeable polymers are more permeable than glass by several factors of ten [110]. '
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Some tests have indicated that permeafion of water vapor through FEP structures may
be more dependent on the quality of edge seals and interface adhesion than on bulk
permeation [148]. The FEP-Ag-Inconel units developedbfack spots ohv the silver during
storage periods of about one year. - ThlS occurred without elevated femperatures or UV
light. Acéelerafed teStiﬁg using atmospheres enriched w:i'th HZS showed very rapid deg-
radation of the silver. The metallized coatings (Ag and Inconel) had pinﬁbles so the mode

of attack was not proven 'to be permeation through the FEP.

Several studies have shoWh .that FEP, in-vacuum, is stable under UV irradiation [1o01].
Real-time exposﬁres of 15 years in. Florida‘have not altered the transmittance of FEP
films [111]. The FEP-Ag interface is also stable under vacuum conditions (exposure rate
of five suns for 600 equivalent sun hours) [112. However, when irradiafed in an ambient
of oxygen, a large decrease in reflectange occurs [112]. MoreAexperiments are needed to

determine if this failure is due to a reaction at the interface.

Teflon-TFE has been fested as a highftemperéthre insulator for siiver and silver alloy
electrical conductors [113]'.:} Enviranﬁentél tests includeq high—ter'nperaturé salt spray,
femperature cycles, and humidity. In each of these tests the insulation remained in-
tact. In each test the surface of the wire showed slight tarnish which was insignificant
for electrical applications but vslfhi:ch ma& be detrimental for mirrors; Dixljing a water
immersion test, the TFE-Ag wire déV;ve-loped: r.iont—metallicblack spots; during temperature
cyeling the TFE-silvef aﬂdy ‘di'cli the sahe. The spots Wéré _séattered over the entire
length of the wire surface. The-bulk of the vﬁré,wésnot corroded and the insulation was
intact. From tﬁese experiments, it seems that I_the _bprid between TFE and Ag is weak and

may result in a "capillary-type" penetration alo'ng-thé interface.
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Silver and copper have been observed to be incompatible even when separated by thin
films of nickel. The result is an electrochemical corrosion so common as to be named
"Red Plaque". Small openings in the nickel (and silver) are points of failure, possibly sim-
ilar to the pinholes found in the HyS tests on FEP-Ag mentioned above [113]. Carbon
black [114, sintered metals (Au,Ni), and metal blacks (Au,Pt) are observed to increase
the degradation, and decrease the melt viscosity of TFE [115]. The high surface area
and, possibly, catalytic effects -enhance degfadation. Large surface areas for the Ag- '
polymer interface may be a meanslof accelerated testing for reactions at mirror sur-

faces.

5.2 SILVER-PMMA

‘Data relating specifically to tﬂis interface as used in mirrc;fs_ haé nét been located; pos-
sibly because PMMA provides insufficient protection. The earliér discussions suggest
possible failure mddes. The long-term outdoor exposure tesfs demonstrate the stability
of the polymer [85], but the long-term stability of the silvervand of the polymer in the
presence of silver is unknown. The thermal and photochemical degrédatfon does produce
volatile species which may preferentially accumulate at the interface [116]. Silver méy
catalyze reactions of the polymer analogous to the copper-catalyied 6§ldation of poly-
ethylene [117]. PMMA is destabilized by chlorine radicals [80,81], and by acetate radi-
cals [82] from silver acetate [80]. Methyl acetate is observed during the decomposition
of PMMA in air [90]. Perhaps a reaction at the interface due to concentratién of acetate

radicals is enhanced by the silver.
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Table 1. Commercial Fluorocarbon Polymers®

Abbre- L
Generic Name viation Structural Repeat Unit " Trade Name = Manufacturer
R »
Polytetrafluoroethylene "“TFE -C':-?- . . Teflon ' Du Pont
' ' FF
- ¢F
Polychlorotrifluoroethylene CTFE -CC- Aclar Allied
o S  Kel F 3M
FF |
HH o
Polyvinyl fluoride VF ' -(;,-(li- " Tedlar Du Pont
o HF o |
. HF . , o
Poiyvinylidene fiuoride . - VDF = = -é#- _— . Kynar. * Pennwalt
5 . :
H F . :
Tetrafluoroethylene- . o §F 'u: C.F 3 - ,
hexafluoropropylene ~ FEP : CCljC—~C- “Teflon"FEP Du Pont
copolymer ,': ;': fl: ﬁ '
5-25
FRIEe |
Perfluoroalkoxy-substituted PFA cCi1CC- - - "Teflon"PFA DuPont
polytetrafluoroethylene ' FF &6CnF2n+1 - '
‘ HHFEF . -
Ethylene-tetrafluoroethylene  E-TFE ’ -¢-C~é-€l3- . Tefzel Du Pont
copolymer T H lli ,': F - .
~ | - qHeE
Ethylene-chlorotrifluoro- E-CTFE 4 -C-C-Cl)-(lZ— . : Halar . Ailied
ethylene copolymer ‘ A ,.'1 FF

aHeference 1.
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Table 2.

REACTIVITY OF SEVERAL
POLYMERS WITH OXYGEN
ATOMS :

Rate of Reaction
(gx 104/em?/min)

Material

. TFE 0.13
"FEP - 0.09
- VF - - 0.52
. PMMA 0.44




Table 3. THERMAL STABILITY OF POLYMERS

Temperature for 50%
Weight Loss in 30 minutes

Polymer Cc)
Teflon TFE 510
Teflon FEP . 510
Polyvinylidene fluoride 4458
Poly-p-xylylene 435

- Polymethylene 415
Polyvinylfluoride 388
Kel-F 380 -
Polystyrene 365
PMMA 325

8rorms char.
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