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Abstract : Theprotective properties of encapsul at-
ing materid ssuch asorganic coatingsdeposited onsm-
plified photovoltaic cellsmodul es (glass/ZnO/encap-
sulating material) and subjected to 0.6 M NaCl solu-
tionwereinvestigated. Theorganic coatingslifetimeis
related to the reactants diffusion into the bulk and to
the adhesion at the ZnO/encapsul ating materid inter-
face. EIS measurementswere used to investigatethe
corrosion phenomenaat the ZnO/encapsul ating inter-
face. Capacitance Fast Transient Technique (CFTT)
was utilized to evaluate water uptake and the barrier
propertiesof the polymericfilms, while DSC measure-

INTRODUCTION

Degradation of polymeric coating materials has
beeninvestigated for many years. Environmental fac-
tors, such aslight, oxygen, moisture, salts, acids, tem-
peraturearecritical factorsfor coating degradation™,
therefore, new productsare created and the main ma-

ments and SEM micrographs were employed for
samples’ characterization. According to the EIS data
obtained and analyzed a ong thetestsin neutral chlo-
ride sol ution, the protective performance afforded by
the lonomeric coating (polyethylene-acrylic acid co-
polymer includingionic species) was much more ef-
fectivethan the corresponding to the EVA (ethyl vinyl
acetate copolymer) and PU (polyurethane) coatings.
© Global Scientificlnc.

K eywor ds: PV encapsulation; Photovoltaic mod-
ule EIS; CFTT; Thinfilm.

terid propertiesaremodified.

Thethermal stability of polymer materials deter-
minestheir durability and the environment where can
beapplied. In practice, thefunctiona parameters, es-
pecidly lifetime, deteriorate according to the extent of
ageing.

A critica component of aphotovoltaic (PV) mod-
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uleistheencapsulation materid that providesstructura
support, optica coupling, e ectricd isolation, physica
isolation/protection, and therma conductionfor theso-
lar cell assemblyt?.

Takinginto account that thethin zinc oxidefilms
have many applications, the protective properties of
someencgpsulating materid sgpplied onthinZnOfilms
utilized in photovoltaic moduleswereinvestigated. With
this purpose, the ZnO was deposited on ceramic sub-
strates giving asresult metal filmswith high adhesive
strength even on smooth substrates?. It should be de-
noted that dueto itshigh optical transparency, materi-
als make of thismode are also used asfront contact
(transparent conductor) in solar cellg4. Inthiscase, the
light radiation coming from the ZnO sidereachesthe
CulnSe,, where the charges photo-generation takes
place. Thethus produced holes and e ectrons migrate
respectively towardsthe zinc oxide and molybdenum
wherethey could beused inthe external load®™> 7.

Figure 1 showsasimplified diagram of how work a
thinfilm photovoltaic cdl called CISmodule.

nG
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CulnSe:

Mo
Glass
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Figurel: Exampleof CISmodule

The photovoltaic cellsare prepared by chemical
vapor deposition (CVD) on glasssubstrates. During its
exposureto aggress veenvironment, and oncereached
by the penetrating agents, especidly water, thefirst layer
that degradesisthezinc oxidefilm, which undergoesa
ggnificantincreaseinitsresivity.

Infull daylight solar cellswork at temperaturesbe-
tween 70 °C and 90 °C, but during the night these last
canreach valueslessthan 0 °C, even up to -40 °C in
space applications. Asaconsequence of these changes,
the photovoltaic cellsare subjected to thermal cycles
of high amplitude, which makethat the materidsbeaf-
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fected by extremely severemechanical strains. There-
fore, thethermd stress playsamajor rolein the photo-
voltaic modulesdegradation and, inthisregard, the IEC
1646 standard for testing the aging of solar cellsto be
usadinprofessond ingd lationsestablish that thosemust
betested using thermal cyclesof -40°C to +85 °C. On
theother hand, themoistureandionicimpurities(sdts,
dust, etc.) represent some of the main enemiesof cell
photovoltaic modules. Thepresence of an electrolyte
solution could lead to the cell photoactivelayer (ZnO)
and/or eectrical contactscorrosion.

Furthermore, the combined action of water and
temperature can promotethe coating delamination and,
withthis, promoting afaster contact substrate/penetrat-
ing materia sunderneath the outer coating. Asaresult
of dl theseevents, the ZnO aging affectsthe semicon-
ductors properties, reason by whichitisnecessary iso-
lateit fromtheenvironment. Thiscan madeencapsul at-
ing themodulewithinert materias. The protective coat-
ing should provideabarrier against external agentsas
well asresistanceto mechanical stresses. Besides, the
encapsulating materia must®:

e tocontainonly solvent not harmful tothe photoective
layer;

e toprovidean effective barrier against water, oxy-
genandionic species,

e tobestableagainst thesunlight;

e tobetransparent to solar radiation of wavelengths
between 400 and 1100 nmto dlow thelight reaches
thephotoactivelayer;

e toberesstant totherma fatigue;

¢ tohavemechanicd strength and surface hardness;

¢ to have good adhesion properties with the sub-
drete;

e toensurethedectricd isolation of thePV module,
limiting theleakage current to the outside.
Thebarrier effect offered by an organic coatingisa

key factor inthe anticorrosive protection provided to

the substrate sincethe water, oxygen and aggressive
ions are the species responsible for the onset of the
corrosion process®. Hence, the coating degradation
evol ution has been monitored by measuring the coated
systemimpedance because many authorsreported that
changes of theresistive and capacitive components of
suchimpedanceduring theimmersioninchloridesolu-
tionl*% were attributabl e to the coating degradationY.
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Thethermal stability of polymer materials deter-
minestheir durability and the environment wherethey
can beapplied. In practice, thefunctiona parameters,
especidly lifetime, deteriorate according to the extent
of ageing.

Assome polymeric materialsare able of solving
the encapsul ation system, the aim of the present work
wasto study how the barrier propertiesand water ab-
sorbed by the organic coating arerelated to the degra-
dation process of the underlying photovoltaic modules.
The polymeric coating behavior hasbeen investigated
by e ectrochemica impedance spectroscopy (EIS), be-
causeit alowsobtaininginformation about properties
of the coating system such asthe presence poresand/
or other defects, adhesion, etc. Inthissense, itisevi-
dent that for obtaining these resultsisnecessary to dis-
tingui sh the contribution of the different system’ com-
ponentsto theoveral impedancevaluesmeasured asa
function of thefrequency, therefore, tofound an equiva-
lent electrical circuitsmode that canfit adequately the
impedance spectra®?.

Electrochemical techniqueswereutilized to moni-
tor thedegradation of both the polymeric encapsulating
and the photoconductive substrate during the exposure
timetotheaggressveenvironment. Electrochemicd Im-
pedance Spectroscopy (E1S) measurementswere used
to investigatethe corrosion phenomenaat the ZnO/en-
capsulating interface and the obtained datawerefitted
by usingan equivaent circuit devel opedto smulatethe
organi ¢ coating surface degradation. Capacitance Fast
Transient Technique (CFTT) wasused to evaluate the
water uptake and barrier properties of the polymeric
films, while DSC measurementsand SEM micrographs
were employed for samples’ characterization. The ex-
posuremediumwasan agrated 0.6 M NaCl solution at
25°C or 80 °C.

Inthiswork, three encapsul ating materid sfor pho-
tovoltaic (PV) modules, namely, EVA (ethyl vinyl ac-
etate copolymer), PU (polyurethane) and lonomer
(polyethyleneacrylic acid copolymer without and with
Na" and Zn?* asionic species) wereinvestigated.

Ethylenevinyl acetate (EVA) copolymer has sev-
eral applications, such ascorrosion protection, el ectri-
cd insulation, scratch films, hoses and manufacture of
adhesives, including hot meltg*¥, Variousformulations
containing vinyl acetatein polyethylenematrix aresus-

ceptibleto changesintheir crystallinity asother physi-
cal and chemical featured?+1", For PV applications,
the content of thevinyl acetateis about 33% witl®l.

Allen et al."¥ investigated the thermal oxidation,
sabilizationsand yellowing by thermo-gravimetricand
hydroperoxideanalysis, FTIR, fluorescence spectros-
copy and yellownessindex of ethylene-vinyl acetate
copolymer (EVA-17 and 28% wt vinyl acetate units).
Theresults show that the main degradation routesfor
EVA involvetheinitial lossof acetic acid followed by
oxidation and breakdown of themain chain, confirming
date of the McNeil et a.l*¥. The degradationrateis
greater in an oxygen atmosphere asistheformation of
cured products. Hydroperoxidationisanimportant route
intheoxidation and yellowing of EVA copolymersgiv-
ing riseto ketone and unsaturated ketone groups.

The performancerdliability of the EVA copolymer
encapsulantsused for photovoltaic moduleswas stud-
ied by Pern and Czandernd®%, They have observed
delamination of the EVA encapsulated solar cellsfrom
glasssuperstratesor Tedlar™ substratesand blistering
of the Tedlar™ backing film due to gaseous organic
products accumul ated from EVA degradation. Pern*9
showed that UV-induced EVA browninginsolar cells
at 8542 °C is much greater than from simple heating at
thesametemperature. The EVA discol orationrate can
beaffected by chemica and physical factors. Thechemi-
ca factorsincludethe: (a) EVA formulation and addi-
tive used; (b) presence and concentration of curing-
generated; UV-excitable chromophoresthat depend on
thetypeof curing agent used; (c) lossrate of the UV
absorber; (d) curing agent and curing conditions; and
(e) photo bleaching reactions of chromophoresresulted
from diffusion of air (oxygen) into thelaminated films.
Thephyscd factorsincludethe: (a) UV light intensity;
(b) UV-filtering effect of glass superdrates; (C) gas per-
meability of polymeric superstrates; (d) lamination-
delamination; and (€) laminated film thickness?9.

Thetransport of water and gases (oxygen and car-
bon dioxide) through EVA filmsof different VA content
were analyzed by permegti on measurements proposed
by Maraiset a. Theresultswill indicate that thein-
creaseinwater sorption extent with the VA content leeds
to asteady increase in the water permeability in the
EVA copolymers. Gas permeation, both O, and CO,
and whatever the VA content of the copolymersused,
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was characterized by aconstant diffus on coefficient.

Polyurethane (PU) isnow beingincreasingly used
for thesurface protection of materiaslikemateriadslike
metals, plastics, wood, glassfibers, aswell asinthe
microel ectronicsindustries?!!. Photo-oxidative degra-
dation and yelowing/discol orationin polymers/coaings
upon UV irradiation are acommon phenomenoni?23,
Therefore, itisimportant to study itscorrosion resis-
tancein aggressive environmentsand it has not been
sudiedindetall.

The photodegradation process of polyurethane
codingswasinvestigated to Zhang et d .2 by positron
annihilation spectroscopy and adirect correlationwith
cross-link density was observed. Thecorrelation was
interpreted in terms of a classic photodegradation
mechanism involving radical formation after breaking
chemical bonds, formation of new cross-linksand loss
free-volume. Thisprocesswill eventualy leedtofailure
of the protectivefunction of polymeric coatingsor |oss
of coating durability.

Pulat et al.* investigated the structura and sur-
facepropertiesof polyurethane membranesof different
porosities prepared by a classical solvent-casting
method. Theresults showsthat water permesability of
the polyurethaneincreasesasthe porosity increaseand
can be compared to the water permeability of some
commercial membranesusedinwound healing.

lonomer can be defined as macromol ecul es (poly-
mer) containingasma | percentageof ionic groups (typi-
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cdly lessthan 10% mol) chemicaly bound and distrib-
uted in non-ionic backbone chainsand it hasbeenin-
vestigated by many research group with agreat dedl of
interest’?. From the academic and industrial point of
view, therel ationship between the chemical structure,
the morphology and the physical properties of the
lonomer isof primary interest. Themodulus, glasstran-
gtiontemperature, viscosity, mdt strength, fatigue, trans-
port and many other properties can beinfluenced by
ion incorporation onto to polymer. Thus, lonomer are
technicaly important polymerswith many commercia
applicationsand itsproperties have been extensively
studied?=,

MATERIALSAND METHODS

Samplespreparation

On soda-limeglass substrates of 10x 10 cmpro-
vided by Zentrum fiir Sonnenenergie und Wasserstoff-
Forschung —ZSW, Stuttgart, Germany, the thin ZnO
filmsweredeposited by PV D techniqueusing DC-mag-
netron outtering equipment operating under proprietary
conditions. Then, these sampleswere covered with any
of thefollowing encapsul ating materid s EVA (ethyl vi-
nyl acetate copolymer); PU (polyurethane); lonomer A
or lonomer B with abase of polyethylene-acrylicacid
copolymer including ionic speciesof patented compo-
stion, TABLE 1. Thethicknessand compasition of the
tested samplesarea soreportedinthisTABLE.

TABLE 1: Specification and thicknessof the samplesfurnished by ZSW

Thickness (um)

Samples Composition : -
ZnO  Organic coating
S1 ZnO + EVA (ethylvinylacetate copolymer with 33% vinyl acetate) 0.5 200
2 Zn0O + PU (polyurethane) 0.5 400
S3 ZnO + lonomerA (polyethylene-acrylic acid copol ymer) 0.5 300
A ZnO + lonomerB (polyethylene-acrylic acid copolymer including 0.5 230

Na" and Zn** asionic species)

Thickness measur ements

Coatingsthicknesswas measured by the Helmut
Fischer equipment DUALSCOPE MP4.

Electrochemical behavior

A systematic study of the corrosion behavior of the
ZnO/encapsulation materia sin aqueous aerated chlo-
ride solution was carried out by Electrochemical Im-

pedance Spectroscopy (EIS) and Capacitance Fast
Trangent Techniques(CFTT). Theaccel erated immer-
sionteststook placein aerated 0.6 M NaCl solution,
pH 7, a 25 °C or 80 °C.

Inall cases, thethree el ectrodes electrochemical
cell was made by sealing aglass cylinder onto each
sample (working electrode) by an O-ring, which | eft
an exposed sample surface area of 3.14 cm?; the
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reference and counter electrodes were respectively
one of Ag/AgCl and a platinum mesh. Throughout
thispaper, al the el ectrochemical potential valuesare
referenced with regard to the Saturated Calomel
Electrode (SCE).

ElS measurementswere performed inthefrequency
range between 102— 10°Hz using a Solartron 1255
Frequency Response Analyzer (FRA) coupled to a
Solartron 1296 diel ectric interface, and asinusoidal
voltagesignd of 50 mV. Theexperimenta spectrawere
interpreted on the basis of equivalent eectrica circuit
model s obtained from the ZView fitting software de-
vel oped by Scribner Associates®.

The CFTT measurements based upon the coating
capacitance evol ution determined from the Brasher—
Kingsbury®! equationisthe most direct way to esti-
matetheamount of water contained withinan organic
coding:

Iog(Ct / CD)

log(e,,) @
where, C isthe coating capacitance at thetimet, C,
the“dry” coating capacitance, and g  thewater uptake
dielectric congtant.

Thediffusion coefficient was cal culated using the
followingequation:

o=

1
D==L*%¥’x
2 2

where, L istheorganicfilmthicknessand 'V isthedope
of thelinear part of thecurve

C
L= vs ©)

where Cisthe coating capacitance or water mass up-
take at time (t) and C_ is the coating capacitancein
condition of water saturation.

The CFTT measurementswere carried out a afre-
quency of 10*Hz for 16 hoursusing an eectrochemica
interface Solartron 1287.

All the measurementswere performed at |abora-
tory temperature (24+2 °C), and with the electrochemi-
ca cell insdeaFaraday cagetoreduce externa inter-
ferencesasmuch aspossible.

Morphology

The samples morphology was characterized by
SEM imagesusingaLEICA S440 microscope.

Differential scanning calorimeter measur ements

TheDifferentid Scanning Cdorimeter (DSC) andy-
siswas performed with aMettler-TA89A equi pment
operating in nitrogen atmosphere at aheating rate of 10
°C/min. Two-step swept from 20 °C to 200 °C at con-
stant rate was performed to obtaininformation about
thesamples’ thermal properties. Open-top aluminum
cruciblestogether with an empty crucibleasreference
wereusedin eachtest.

Thesamplinginvolved toremovesmal amounts(~
10 mg) of thepolymericfilmwith ascapd, placethem
inthecrucible, which was sed ed tight and analyzed.

Inorder toimprovethe experimental datareliabil-
ity, threereplicates of each specimen were measured
after characterizingtheir surface parameters.

RESULTSAND DISCUSSION

Electrochemical behavior
(a) EISmeasurements

TABLE 1 reportstheidentification symbol, chemi-
cal composition and overall coating thicknessof the
samples prior to exposure. It was possibleto observe
that they were uniform and bright throughout theentire
surface. Ascan be seen, al the sampleshad smilar and
uniform thicknessthroughout the entire surface.

A quadlitative description of the coating protective
propertieswas obtai ned by e ectrochemica impedance
spectroscopy measurements performed at room (25
°C) or high (80 °C) temperature.

Figure 2ashowstheimpedance modul eval ues of
samplestested at theinitid and after 90 daysof immer-
sionin 0.6 M NaCl solutionat T =25 °C. As can be
seen, only the S2 impedance val ues decreased signifi-
cantly after 90 daysimmersion. However, the part b)
of thisfigureillustrating the phaseangleevol ution dem-
ondtratesthat the corresponding to S1 and 4 samples
evidenced the presence of morethan onetime constant
fromthefirstimmersion day, whileit was seen after 90
daysfor 4 samplesand not at al for S3samples. This
suggeststhat in S1, S2 and $4 samplesthe solution
arrived to the polymer/ZnO dlowing the devel opment
of hydroxides of themetal accordingto thefollowing
generd reaction:

ZnO + H,0— ZnO(OH),
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Figure 3a-b shows respectively the impedance
module and phase anglevalues of samplestested at the
initia and after 90 days of immersionin 0.6 M NaCl
solutiona T=80°C. By analyzing the impedance spectra
plottedinthisfigureiseasy of seenthat thedegradation
processes observed in S1, S2 and S3 samples at 25
°C were strongly accelerated by increasing the expo-
suretemperature. Again, the 4 samplesresponsedid
not show any changevisible by naked eye.

(b) Modeling the degradation process
A quantitetiveinterpretation of theimpedance spec-
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traevol ution wasconducted by fitting the 100% of data
obtai ned fromeachindividua test and acceptingamaxi-
mum error < 5%.

After many attemptsto find the better equivalent
circuit capableof smulatetheexperimentd impedance
datait was assumed that the most probable onewas
theshownin Figure4. Init,C__ andR_ correspond
respectively to the coating capacitance and resistance,
while C, (€lectrochemical doublelayer capacitance)
and R, (chargetransfer resistance) were associated to
the corrosion process.
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Theresultsat 25 °C were mostly modeled with an
equivalent eectricd circuit only formed by the coating
resstance(R ) inparallel with aCPE (constant phase
elements), whichreplaced the C__, ascomponent of
the described circuit.

Figure5aillugratesthecoatings (CPE__, R ) pa-
rametersevolution at 25 °C for the tested samples. In
thisFigureisimportant toremark theabsenceof R,
va ues corresponding to S3 samples; sucharesult could
be explained assuming that being thephaseanglevaue
almost constant and ~ 90° (see Figure 2b) in the entire

frequency range swept, the coating dwaysbehaved as
animperviousdidectric, avoiding asaconsequencethe
occurrence of other physicochemical processes (diffu-
sion of water and chemicals, corrosion reactions, etc.)
within aso complex interface. Besides, thismeansnot
only that intheimpedance datafitting the CPE must be
replaced by acapacitor but alsothat theR__ magni-
tudetendsto “infinite”. The other three coatings also
showed avery high and continuous protective capacity
withR__ vauesgreater than 10° Q.cm*and C_, less
than 10° F.cm2 throughout the entire test. Asagen-
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eral rule, theseresistance and capacitancevaluesare
characteristic of lessdeteriorated organic coatings®Y.
Besides, thismeansthat theamount of water uptakein
each case could belessthan 5% of the painting system
volume® over thetest.

Figure 5b showsthat the coatings degradation pro-
cesseswere more evident by increasing thetempera-
tureupto 80 °C; particularly in the case of S3 samples
where such degradation was evidenced by theR__,
decrease from 10" Q.cm? to = 10%8 Q.cm? before
100 h exposure. With regard to S1 and S2 sampl es,
their coating resi stance was about one order the mag-
nitude less than the obtained at 25 °C, while the
coupled capacitance valuesremained very similar in
therange 10'°-10™ F.cm® Thestrongly lower R_
values obtained at 80 °C than those at 25 °C for S3
and $4 samples did that the test of both types was
given by ended after 700 h exposure. To explainthis
shorter protective performance was presumed that the
high temperature of the electrolyte medium turned it
very aggressive towardstheorganic coating structure,
provoking the accel erated breakup of the polyethyl-
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ene-acrylic copolymer forming part of the lonomeric
coating formulations.

CFTT measurements

CFTT measurementswerecarried out to evaluate
thewater uptake and itsdiffusion coefficient withinthe
tested organic coatings.

In agreement with the most recognized model for
evaluating thewater uptaketrend in organic coatings,
i.e. monitoring of the coating capacitancevariation asa
function of theexposuretime squareroot (\t), itis pos-
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sibleto observethreedistinct regionswhich are sche-
maticaly reportedin Figure6. Initidly, thereisahomo-
geneouswater diffusion withinthedry coating - region
|; thefast increase of thefilm capacitanceat short im-
mersion timesisgenerally associated to thewater per-
meation withinthe coating, whichfill uptheintrinsic
coating free volume, and to thefact that the water di-
electric constant (g, ~ 78-80 F.cm™ at 25°C) is much
greater than the corresponding to the organic coating
(e,~4-8 Fcm™). Attheend of thisfirst step, the poly-
mericmatrix saturatesand its capacitancevaueremans
stable- region|l. Finally, afurther increasein the coat-
ing capacitanceva ueisattributed to the coating swell-
ing and/or the water accumul ation at the coating/sub-
strateinterface- region|ll.
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Figure6: Schematic plot of theor ganic coating capacitance
evolution asa function of the exposuretimeto an aqueous
electrolyte.

Figure 7ashow capacitancetransent for S1sample
(ZnO+EVA) for 16 hoursof immersionin neutral 0.6
M NaCl solution at 25 °C (Figure 7a) and 80 °C (Fig-
ure 7b), respectively. Dataobtained at 25 °C obey a
typical Fickian behavior up to thefreevolumewithin
the coating film was saturated with the permeated wa-
ter. The presence of asecond linear region can be at-
tributed to the presence of abi-layer coating structure.
A deeper andysisrelated to thetransport properties of
theselayers suggest a structure made of an outer po-
rous and inner compact layer. Thiscomplex coating
structure could beattributed to the processing adopted.
It must bementioned that for 16 hoursof immersionin
thetest solution, the phase anglevalueremained stable
at approximately 89.4°, suggesting a homogeneous
water distribution within the coating.

AsshowninFigure 7b, quite different wastheab-

sorption behavior at 80 °C. The initial lineal rise of ca-
pacitancefatly disappears being replaced by adecrease
of the sameasthetimeelapsed. Thephaseangleval-
ues, however, did not differ from that observed at 25
°C. The different water absorption kinetic at high tem-
perature could beinterpreted assuming that the water
diffuson rateincreased in such amanner that thewater
permesability of thecoatingfilmissohighthat itsdidec-
tric behavior doesnot comply with theassumptionsmede
to solvethe calculation model™, i.e., with the Fick’
lawsrelated to the masstransport. In addition, thewa
ter uptake could provoke the swelling of the coating
and, consequently, anincreaseof thefilm effectivethick-
ness, variablethisindirectly correlated to the coating
capacitancevalues.

Figure 7c) and d) show thetransientsof the coat-
ing capacitancefor S2 samples (ZnO+PU) immersed
in 0.6 M NaCl solution at 25 °C or 80 °C, respec-
tively. In both plots, an increase of the capacitance
valuesasafunction of the exposuretime can be seen;
on theother hand, suchincreaseswere simultaneoudy
accompanied by adecreased of the phase angleval-
uesfrom 87° to 80°. The continuous coating capaci-
tanceincrement associated to adecreasing phaseangle
suggested that the presence of water moleculesclus-
terslead to decrease the diffusion coefficient value
but to increase the number of conducting pathways of
lower resistanceto the e ectrolyte diffusion short-cir-
cuiting the organic coating film4.

Figure 7e) shows that data obtained for S3
samples (ZnO+lonomerA) at 25 °C also obey a typi-
cal Fickian behavior upto thefreevolumewithinthe
coating film was saturated with the permeated water,
after this, amoreor |essdefined plateau was observed.
On the other hand, the part f) of thisfigure allows
seeing that at 80 °C the coating capacitance did not
changesgnificantly.

Thisresult suggestsasimple Fickian behavior as
far asthetransport of water isconcerned. Theconstant
phase angle 90 e 89 respectively supportsaFickian
kinetic of water sorption into the polymeric matrix.

Figure 7g) and h) show thetransentsof the coating
capacitancefor $4 samples ((ZnO+lonomerB) during
16 hoursof immersionin 0.6 M NaCl solution at 25°C
or 80 °C, respectively. The appearance of a first pla-
teau a C ~ 17.2 pFcm2 at about 15 minutesof immer-
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Figure7: Evolution of S1, S2, S3and $4 samplescapacitanceasafunction of ¥t duringimmersionin 0.6 M NaCl solution at

a) 25°C or b) 80 °C.

sion, observed at 25 °C (Figure 7g), indicates that the
codingisreachingitswater saturationval ue. Suddenly, a
new increase of thed ope of the capacitance curveindi-
catesthe starting of new phenomenasupposed to in-
volveformation corros on productsin the coating/ZnO
interface. Thisbehavior suggeststhat ionic species(Na'
and Zn?* added in copolymer) doesnot improveitsad-
hesion properties. After 3 hours of immersion asharp

increase of capacitancewas observed which could be
attributed towater condensation in voidsor the coating
metalicinterface. Inthiscase, asmdl percentageof wa
ter actsasaplasticizer and causes swelling of the poly-
mer structurewhich makesit possiblethat water mol-
eculesenter intermol ecular voidsthat weretoo small be-
forethisswelling occurred. Onthe other hand, the part
h) issmilar Figure 7f and thesame considerations apply.
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M or phology behavior

(a) DSC measurementscurves

Figure 8a-b showsthe experimental resultsof the
DSC techniqueapplied on thethermoplastic samples.
AsseeninFigure 8a, the peak detected at 51 °C dur-
ingthefirst heating of S1 sampleappeared lesssignifi-
cant and displaced at 61 °C during the 2™ one, in both
cases, such peakswereattributed to the solvent evapo-
ration. The S2 sample response exhibited no peak but
further arubbery conduct. On the other hand, the S3
and $4 samples (Figure 8b), without any sol vent added
toitscoating formulation, presented aqualitatively smi-
lar evolution asafunction of thetemperatureand awell-

defined peak at 100 °C which could be attributed to
thefusion coating.
(b) SEM morphologies

F gure 9 showsthe surfaceimagesobtained by SEM
of the: @) “as-received”; and (b, ¢ and d) after electro-
chemically treated samples. Samplesthat arenot listed
showed no particular characteristics.

After exposed to the NaCl solutionat T=80°C,
and performed the EISmeasurements, theorigind “tis-
sueform” structure of S2 sample (Figure 9a) changed
to asurface covered with bubbles (Figure 9b).

Ontheother hand, after the same exposure condi-
tions, the CFTT measurementscarried outin S1 sample

-1000 — ——————1
N @ —#&— S1 1th heating
A ——S1 2th heating
0 —8— S2 1th heating
—0O— S2 2th heating
1000 [
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Figure8: DSC measur ements.
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(Figure 9c) show aclear break of the fibber, result
clearly in agreement with the high capacitance values
illustrating the Figure 7b. Finally, the Figure 9d con-
firmsthefibber degradation of $4 sample, demondtrated
by itscapacitance evolution (Figure 7h), thisresult was
quitesimilar tothe obtained but not reported when the
S3 samplewastested.

CONCLUSIONS

Fromtheresultsgenerated during theinvestigation
of the protective properties of encagpsulating materials
such asorganic coatings deposited on simplified pho-
tovoltaic cells(glass/ZnO/encapsul ating materid) and
subjected to 0.6 M NaCl solution at 25 °C or 80 °C,
thefollowing conclusionscan bemade:

e theprotective properties of thetested polymeric
filmsexhibited aremarkabl e dependenceontheex-
posuretemperature, which significantly accel erate
theglobal coating degradation;

e a thehigher testing temperature (80 °C), all the or-
ganic coatings propertieschanged making possible
eas er water permeation. Asaconsequence, thedeg-
radation of boththe coating protectiveaswell asthe

ORIGINAL ARTICLE

100 um

43 0
N | S _ S
Figure9: Coatingssurfacemorphology: (a) “as received”; (b) S2 sample after EIS measurement at 80 °C; (c) S1 and (d) S3
samplesafter CFTT measurementsat 80°C.

zinc oxidedectricd properties started sooner;

e based ontheresistivity valuesexhibited by each
sampleat 80 °C, the following ranking of the sys-
tem performance can be established: ZnO/Ionomer
>ZnO/EVA > ZnO/PU samples,

¢ thedectrochemicd best performancewasoffered
by the both lonomer (ZnO/lonomerA and ZnO/
lonomerB) followed by ZnO/EVA sample;

e theZnO+PU sampleexhibited thefastest degra-
dationrate.

e CFTT techniqueprovided useful information onthe
kinetic of water diffus onwithintheorganic coating.

ACKNOWLEDGEMENTS

The Comision de Investigaciones Cientificas de la
ProvinciadeBuenosAires(CICPBA) andtheConsgo
Nacional de Investigaciones Cientificas y Técnicas
(CONICET) of Argentina

REFERENCES
[1] S.M.Hamid; Handbook of Polymer Degradation, 2™

Revised and Expanded Edition, New York, Marcel
Dekker, (2000).



324

ChemXpress4(4), 2014

ORIGINAL ARTICLE

[2] C.Brabec; Solar Energy Materialsand Solar Cells,
83, 273 (2004).

[3] R.D.Sun, H.Yoshiki, D.A.Tryk, K.Hashimoto,
A.Fujishima; Electrochemistry, 67, 11 (1999).

[4] J.Springer, E.M.Ozsan, A.Kazandjian, N.Niegish,
M.Mennig, H.Schimit, J.Fei chtinger, M.Hartmann,
L.De Rosa, F.Bellucci; EEC IV RTD Framework
Publishable Report, (1999).

[5] L.DeRosa, C.R.Tomachuk, J.Springer, D.B.Mitton,
S.Saiello, F.Bellucci; Materiasand Corrosion, 55,
602 (2004).

[6] C.R.Tomachuk, L.DeRose, J.Springer, D.B.Mitton,
S.Saiello, F.Bellucci; Materia sand Corrosion, 55,
665 (2004).

[7] C.R.Tomachuk, D.B.Mitton, J.Springer, T.Monetta,
F.Bdlucci; Materialsand Corrasion, 57, 394 (2006).

[8] A.W.Czanderma, F.J.Pern; Solar Energy Materi-
alsand Solar Cells, 43, 101 (1996).

[9] Y.Xu, C.Yan, J.Ding, Y.Gao, C.Cao; Progress in
Organic Coatings, 45, 331 (2002).

[10] P.Carbonini, T.Monetta, PMastronardi, F.Bellucci;
Progress in Organic Coatings, 29, 13 (1996).

[11] M.Del Grosso Destreri, J.Vogelsang, L.Fedrizz,
F.Deflorian; Progress in Organic Coatings, 37, 57
(1999).

[12] PL.Bonora, F.Deflorian, L.Fedrizzi; Electrochimica
Acta, 41, 1073 (1996).

[13] GW.Gilby; Ethylene vinyl acetate copolymers, in:
Developments in rubber technologies-3. London
Applied Science PublishersLtd., (1982).

[14] M.L.B.Martinez, T.P.F.Gomez, J.M.M.Martinez;
Adhesives Age, 4, 32 (2001).

[15] M.Giurginca, L.Popa, T.Zaharescu; Polymer Deg-
radation and Stability, 82, 463 (2003).

[16] N.S.Allen, M.Edge, M.Rodriguez, C.M.Liauw,
E.Fontan; Polymer Degradation and Stability, 71, 1
(2001).

[17] JA.R.Marcilla, J.A.R.Labarta, F.J.Sempere; Poly-
mer, 42, 5343 (2001).

[18] I.C.McNeil, A.Jamieson, D.J. Toshand, J.JMcClune;
European Polymer Journal, 12, 305 (1976).

[19] FJ.Pern, A.W.Czanderna; Solar Energy Materials
and Solar Cells, 25, 3 (1992).

[20] F.J.Pern; Polymer Degradation and Stability, 41, 125
(1993).

[21] C.GRoffey; Photopolymerization of Surface Coat-
ings. New York, John Wiley & Sons, (1982).

[22] A.G.Ghaffar, G.Scott; European Polymer Journal,
13, 83 (1977).

[23] A.G.Ghaffar, G.Scott; European Polymer Journal,
13, 89 (1977).

[24] R.Zhang, PE.Mallon, H.Chen, C.M.Huang, J.Zhang,
Y.Li, Y.Wu, T.C.Sandreczki, Y.C.Jean; Progressin
Organic Coatings, 42, 244 (2001).

[25] R.PSingh, N.S.Tomer, S.V.Bhadraiah; Polymer
Degradation and Stability, 73, 443 (2001).

[26] M .Pulat, C.Senvar; Polymer Testing, 14, 115
(1995).

[27] A.Eisenberg, M.King; lon-Containing Polymers-
Physical Propertiesand Structure. New York, Aca-
demic Press, (1977).

[28] Y.Lee, S.Han, M.H.Kwon, H.Lim, Y.S.Kim,
H.Chum, J.S.Kim; Applied Surface Science,
203& 204, 875 (2003).

[29] L.Holiday; lonic Polymers. London, Applied Sci-
ence Publishers Ltd., (1975).

[30] A.Eisenberg, M.King; Introduction to lonomers,
New York, Wiley & Sons, (1998).

[31] D.M.Brasher, A.H.Kingsbury; Journal of Applied
Chemistry, 4, 62 (1954).

[32] C.1.Elsner, A.R.Di Sarli; Journal of the Brazilian
Chemistry Society, 5, 15 (1994).

[33] E.E.Schwiderke, A.R.Di Sarli; Progressin Organic
Coatings, 14, 297 (1987).

[34] H.Leidheiser Jr., M.W.H.Kendig; Corrosion, 32, 69
(1976).



