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INTRODUCTION

An important objective of the Flat-Plate Solar Cell Array Program is to
increase the service lifetime of the photovoltaic modules used for terrestrial
energy applications. The current—voltage response characteristics of the
solar cells encapsulated in the modules is found to degrade with service
time and this degratation places a limitation on the useful lifetime of the
modules.,

Corrosion appears to be one important physical mechanism that degrades
the current-voltage response of the solar cells, and any effort that increases the
lifetime by stopping the I-V degradation must address the question of minimizing
the corrosion activity associated with the composite metallurgy, anti-reflection
coating and p-n semiconductor materials that comprise a typical solar cell.

Minimizing the corrosion activity involves a consideration of both the
electrochemical characteristics of the various composite materials in the
cells and the ionic conductive properties of the pottant polymer used to
encapsulate the cells. Consequently, the most desirable flat-plate array
system would involve solar celle consisting of highly polarizable materials
with similar electrochemical potentials where the cells would be encapsulated
in polymers whose ionic concentrations and mobilities are negligibly small.
Specifying a suitable polymer for pottant use is not an easy task since cross-
linking agents, plasticizers, absorbed water and other ingrediants can
contribute significantly to the concentration of ions in the polymer.

Another possible mechanism limiting the service lifetime of the photo-
voltaic modules is the gradual loss of the electrical insulation characteristics
of the polymer pottant due to water absorption or due to polymer degradation
from light or heat effects,

A gsystematic study of the properties of various polymer pottant materials
and of the electrochemical corrosion mechanisms in solar cell materials is
required for advancing the technology of terrestrial photovoltaic modules. The
items of specific concern in the sponsored research activity at Wilkes College

involve:



« Electrical and ionic resistivity of various polymer pottant
materials when subjected to temperature, humidity, and
UV irradiation,

+ Water absorption kinetics and water solubility limits in
various pottant polymers at selected temperatures and
humidities.

. Corrosion characterization of the various metallization

systems used in solar cell construction.

QUARTERLY RESULTS/JUNE TO AUGUST, 1984

The work activity in the June, July, and August focused on:
(I) Electrical Properties of polyvinyl butyral (PVB) and ethylene vinyl
acetate (EVA) as a function of temperature and humidity.
(II) The kinetics of water absorption and water desorption in EVA,
(III) Ultra violet (UV) light effects on water absorption in PVB and EVA.
(IV) Influence of plasticizer on water absorption in PVB,

(V) Corrosion effects in solar cells.
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I, Electrical Properties of EVA and PVB

Experimental Procedure

Selected a.c. and d.c. electrical properties of PVB and EVA are being
evaluated as a function of temperature and humidity. The properties being
investigated are the:

(i) absorption current (d.c.)
(ii) ionic resistance (d.c.)
(iii) capacitance ( a.c.)

(iv) dissipation factor (a.c.)

The experimental procedure consists of encapsulating 200 mesh phosphorous
bronze screening as parallel electrodes in PVB and EVA samples. The samples
are then immersed in water for several weeks to obtain saturation equilibrium.,
Previous results (June Progress Report—Figure 2) show that the water
saturation equilibrium can be achieved in several weeks when the samples are
immersed in water. The samples are then transferred to the temperature/
humidity chamber at a selected termperature and at 100% humidity., After
equilibrating for an additional twenty-four hours, the electrical properties
we¢re measured and then the humidity is lowered. Since the deabsorption
kinetics are rapid (Quarterly Progress Report), twenty-four hours are
allowed to achieve equilibrium at the lower humidity level and then the
electrical properties are measured again. This experimental procedure
is repeated at progressively lower humidity levels, and the electrical
properties are determined isothermally as a function of the relative humidity.
The absorption current and ionic resistivity d.c. electrical properties
and the capacitance and dissipation factor a.c. electrical properties were

measured.



The capitance and dissipation factor of the samples were measured on a
General Radio Capacitunce Bridge. The ahsorption current was evaluated by
applying a 390 d.c. voltage driving step to the samples and monitoring the
time dependence of the d.c. current response function. When the current response
became relatively time independent, the current-voltage characteristics were

measured to determine the ionic resistivity.

Experimental Results: PVB -- d.c. Properties

The time dependence of the current response to a step 390 volts d.c. forcing
function for a PVB sample at 80°C and at 680 C are presented as a function of the
relative humidity in Figures 1 and 2 respectively. An examination of these
two figures shows that when the humidity is high (» 90%) the current response
obeys a single power law time dependency:

- A

T=1,t &
over the entire time frame of t he experiment until the current response becomes
relatively time independent. At intermediate humidity levels, (40% to 80%), the
current response exhibits a two-stage power law time dependency where an
exponentially decaying initial transient stage

I= I exp(-t/r) =)
is evident in the data at 68°C for 79%, 67% and 46% humidity levels (Figs. 2
and 3). This initial transientis not apparent in the 77%, and 64% humidity
data at 80°C. At low humidities, (& 30%), a single power law time dependency

preceeded by a exponentially decaying transient is exhibited (Figs 1 to 4)
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when the sample is at both 80 C and 68°C. Tables I and II present a summary
of these various time dependencies, their characterizing coefficients and the

time range associated with each response curve.

Model for Response Current

A model that accounts for these observed features of the experimental data,
suggests that the d.c. current ()response is the sum of four major

contributing current components: I , Ip, Iw’ and Ii (u chown /n Frgure c).
c

= + . +1l.
T=T_+I,+I, I, ®
where the individual mechanisms responsible for these component currents are:

(1) I (capacitance charging current)—The saraples are simple capacitors
(o}

and,if they can be represented by a lumped series capacitor—
resgistor circuit, the d.c. current response IC to a step d. c.
voltage forcing function will be exponentially time dependent

T, =TI, exp(-t/7) W

through an RgC time constant.

r= R,C (6)

(ii) I, (water dipole relaxation charging current)=Orientational polarization of

absorped water molecule dipoles in the polymer when subjected to an
applied d.c. field is expected to be time sensitive where this sensitivity

should yield an exponential tine dependert charging current response (Iw):

T, ~ exp (-t/7,) ((3)



where P is the gielectric relaxation time. Experimentally, the response
w

current is frequently observed to obey a power law time dependency:

by = Iw; t-“w 1)

wr

where the @, coefficient is believed to be related to the orientational mobility
of the water molecule dipole in the presence of an electric field. Since
absorbed water molecules are not incorporated into the polymer structure

by strong primary bonds, the orientation mobility of the water molecular
dipole is expected to be large and this large mobility for the dipolzs should
result in a relatively large value for the @&, coefficient if

a power law charging current is the characterizing response. Since dipole
orientation - .obility is expected to be sensitive to temperature but not to

the number of water molecules (r'.w ) absorbed in the polymer, the

coefficient will be temperature (T) dependent but not humidity (H) dependent:

2o, = fel(T i
R * Fet(H) C)

The value of the I factor in the power law expression is dependent on the
L 4

number of absorbed water moclecules and should then be a function of

humidity and temperature:

I, = (T, H) v

(iii) Ip (polymer dipole relaxation charging current) = Polar polymer

molecules will also experience a time dependent orientational
polarization when subjected to an applied electric field and this
time dependencecan result in a power law time dependence response

current (I ):
( p)

I,= It ()



7.
where both &y and Ip are expected to be temperatisre dependent but
o
not humidity dependent:
o, = fet(T) (12
3}
okp * fet(H) (
IP. s ‘G*(T) ")

T * fet(d) «9

Since polymer molecules are locked into an amorphous crystal structure
by strong primary bonds, the orientational mobility of the polymer dipoles
is less than that of absorbed water dipoles. The 1wty coefficient
should then be relatively small compared to ok ¢y
Ry € o ue)

(iv ) Ii (ion transport current) = Ions from impurities ( absorbed water

plasticizer, etc.) or from disassociated polymer, are mobile in
’A.“l,‘ ;uﬂ'ial{*

an applied field andﬁcontribute a time independent current response

(I):

T 7 ft(t) )

where this corrosion type current frequently obeys a Butler-Volmer
dependency on the applied voltage V.
I = 2I;. sinh ( FV/2RT) ®
where F is the Faraday equivalent. This dependency for polymer
samples is usually most evident at very large applied fields.
For the typical low fields used in this experiment, the Butler-

Volmer equation becomes:
I, = I FV/RT )
I.= oV (20)



suggesting that an ohmic I-V response is expected where : is

the ionic conductance whose magnitude F:.',-. / RT can also be

expressed as

q; = c‘_[n‘, My ¥ 0. 4. * N1, M,J & D)
where l“l.‘q and h’“. and n, are the number of ions from ionized

water molecules and disassociated polymer molecules respectively, and
where Ay A, and g are the respective mobilities of these ions. The

ionic current component then becomes:

A
I: = 9 ["u’ e * New “ou-

+tn, x|V (22)
Assuming that the mobilities of all ionic species are approximately equal
( RV P T at) , the ionic current becomes
I:= 1.«[204-1”0-",]\/ (2%
where K is the ionization constant of water and h,, is the equilibrium number
polymen
of impurity water molecules absorbed in the, at a given value of relative
humidity and temperature. The ionic resista;’xce would then be given by:
R, = [2knw*hp] (=4)
Thermodynamic considerations require that the equilibrium number of impurity
water molecules absorbed in the pilymer will be determined by the partial
preassure of water vapor in the surrounding ambient so ny;  will be proportioned
to relative humidity and temperature:
n, = ft (T, H) (29
Both the ionic resistance ( ‘,.2“ ) and the ionic current ( f,. 29 ) are
then functionally dependent on both temperature and humidity:

R, = ft(T,n); Ri~H" (26)
I« tl(T,H) 3 T, ~M (a7)

4
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Predictions of Model

When these component currents ( Eqs. 4, 7, Il and 22) are substituted
into Equation 3, the time dependent current response to a step d.c. applied
voltage becomes
I I enplth) 4T ¢ e I, 47 eq [2kn on,] mV (28)
where, at a sufficiently long time, the ionic current alone can be evaluated.
This equation as illustrated in Figure 5, is the basis upon which the
experiemental results were analyzed.
Some of the contributing current components in this equation may be small
enough to be neglected depending upon the temperature and humidity conditions.
When the humidity is high, the equilibrium impurity water content in the absorbing
polymer may be large enough so that
I, > T, (Y
since IWo is expected to be humidity dependent (Eg. 10) while Ipo is believed
to be insensitive to the humidity (Eg 15). Almost all of the dipole relaxation

current is then expected to result from the orientational polarization of

water molecules

It » T, £ (20)

w,

and with this assumption, Equation 2@ becomes

Te I anptt) oIyt “aqufkn, n,]v & D

If the resistance of the polymer is low at high humidity levels, the RC time

constant 7 will be small. When 7" is small enough, the exponential
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decay term will be too fast to be recorded by the experimental arrangement
and the capacitive charging coniponent current can be neglected. Equation
31, the apparent d.c. current response to a step voltage forcing function, will +hen

be given a single power law expression characterized by eb plus a time

W

independent ionic current contribution:

Is I‘;t'“"-Oq"u[anvtn']v (32)

This predicted single stage power law response is consistent with the
experimental data observed at high humidity ( » 90%) levels at both SOOC and
at 68°C (Figs. 1 and 2) where the slope for each single stage power law response
was evaluated numerically and taken to be the @R ., coefficient. The approach
to a time independent ionic current in Figures 1 and 2 appears to occur after
a run time of 100 minutes. Because of the long time involvement, the ionic
current was not recorded in great detail. In general, the ionic aurrent
was taken tobe the current value after 120 minutes of run time. lonic current
values extracted from the experimental data by this procedure, are recorded in
Tables I and II.

At intermediate humidity levels where the amount of absorbed water may he
sufficiently emall, the orientational polarization of both water molecules

and polymer molecules may contribute comparably to the dipole re!sxti€isn

current components. This suggests that at intermediate humidily levels:

T, = I, (3®

xl’
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The dipole relaxation would then be the sum of the twc power law time
dependencies:

Tt 7 eIt )
ard neither contributing factor may be neglected. At these intermediate
humidity levels, capacitive charging may be appreciable since the resistance
of the polymer sample may be sufficiently large that the RC time constant
is long enough to permit a measurement of this current component due to
capacitive changing. The total current response to a d.c. step forcing
voltage “unction would then be given by Equation 28 in its full form:

T=T et/ I, ¢ Ip.‘-n' squ[2kng+n,]V
and the experimental data should display a exponentially decaying transient
followed by a two stage power law time dependency which eventually sppreas hes
a time independent ionic current. These features are evident in the
intermediate humidity (79, 67, and 46%) data at 68°C shown in Figures 2 and
3. Again, the approach to the ionic current contribution is not recorded in great
detzil because of a limited time factor. Except for the inability to record the
initial transinont, the two stage power law feature is also apparent in the

o
77 and 64% intermeciate humidity data at 80 C for PVB (Figure l).

with As farge 9hope

Equation 16 requires that the first stage power law behavior be associated
with the orien:ation polarization of water molecules while the second stage
law
power‘behavior results from the orientation polarization of polar polymer
rnolecules. The slope of each first stage power law response is taken

to be the ot coefficent while the slope of each second stage power

W

law reeponse is assigned to the .‘P coefficient as shown in Figures 1 & 2.
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At low numidity levels where the number of water molecules B absorbed
in the polymer is probably small, the resistance of the polymer sample and
the associated RC time constant of the sample are both expected to be large.

pwble
Thehresult is a: measurable capacitance changing current component..
Also at low humidities, the dipole rela xation current is expected to be dominated
by the relaxation of the polymer molecules.

-0y -y,
I, ¢t » It (39
Equations 28 then simplifies to an expression that contains only one power law
time dependence o
I=TI, enpl-t/r)sTpt’  +quf2kn, ena]v (3)

where this power law is characterized by the d' coefficient and where the
ionic current contribution is expected to be very small. The experimental
data at humidities less than 30% appear to be in reasonable agreement with
these predicted features. A single power law time dependency with its
assigned A, slope, is evident at 80°C for a 30% relative humidity
(Figure 1) and at 68°C for a 28% relative humidity (Figures 2). An exponential
transient is prominent in the 800/30% data (Figure 4), but not as prominent in
the 680/28% data (Figure 3). With one exception (SOG/BO%), the apparent
time independent ionic current gets progressively smaller as the humidity
decreases in both the 800C and 68°C data. (Figures |l and 2).

Based upon these predi:tions resulting from the proposed model for current
r esponse in water absorbing polymers, the data in Figures |l and 2 can be
a nalyzed for the various current components in the response characteristics
and the results are presented in Tables I and II for various conditions of

temperature and humidity.

)
- "
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Data Analysis Results

The values of the assigned od., and ok power law coefficients

]
at various temperature/humidity conditions are shown in Figures 1 and 2
and in Tables I and II. These coefficienis are found to be dependent on both
humidity and temperature (Fig. 6). The », coefficient increases with
temperature and decreases with humidity while the olg, coefficient
d ecreases with increasing temperature and humidity, The mechanisms
responsible for these dependencies remain a mystery particularly since
both ok, and o, Wwere expected to remain relatively independent
of humidity and were expected to increase with temperature.
From the proposed model, the dipole relaxation currents IP and

I\’, and the ionic current I can be obtained from the data. The Iw'
[ J (-4

and IP currents could be most easily extracted from the 4.c. response
[ 4
)

current data (Fig. 1) at 80 C for humidity runs where no exponentially
decaying transieat was apparent in the data. As suggested previously, the
ionic current was evaluated from the apparent approach to time independerce
for the response current, and the results for Ii"lwo' and Ipo are given in
Table I. After properly compensating tor the ionic current, the relaxation
currents IWo and Ipo were determined by extrapolation of their respective
defining power law dependencies to the t=l axis in Figure l. @ A comparison
of these IWO anag 1 Py values with the Ii values in Table I clearly shows
that the ionic currents are usually almost an order of magnitude smaller than
the initial dipole relaxation currents. A plot of these component currents as
a function of the relative humidity (Figure 7) shows that: Iw is dependent

(e}

on the relative humidity as suggested in Equation 10; Ipo is relatively indepen-

B

w J
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dent of the relative humidity as suggested in Equation 15; and I  is a strong
i

function of the relative humidity as suggested in Equation 27, The data in
Figure 7 suggests tha the humidity dependence of I, and Ii can be expressed
o

as

T, ™ 124 (10"%) exp ( 12 W) (77

I = 5007 enp (.15 W) (98}

The ionic resistance (Ri) of PVB as a function of temperature and humidity
was also evaluated, but the evaluation did not involve a simple application

of the relationship:

R. = 3o vol“’l/I; (N)

To evaluate the ionic resistance, the I-V characteristic response of the PVB
samples was determined after the d.c. current response to the 390 volt step
decreased to its time independent ionic current value. Typical I-V characteristic
curves at go°c and 68°C for various humidities are shown in Figures 8 and 9;
the ohmic response predicted by Equation 23 is apparent. The ionic resistance
is det2rmined from the slopes of thesecurves:
R o= 4|y o)
and the results at 68°C and 80°C as a function of humidity are shown in Figure 10.
These results suggest that the ionic resistance is exponentially related to the
relative humidity by the equation:
R, (68%) = i (10") @xp (- .078 ") MY
R (goe) = 1.5('®) exp (= .15 wz)
‘While the ionic resistance was expected (Eg. 25) to be a function of the humidity,
the exponential nature of this relationship was unexpected.
The final aspect of the d.¢. current data that requires some comment is the
feutures associated with the exponentially time decaying initial transient that
is apparent in the data at 68°C (Figures 2 and 3 and Tables II). This exponential
behavior was attributed tc capacitive charging, and the experimentally determined

R _C time constants ( r )

= RC (vp

©
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are found to be slightly dependant ( Fig. 11) on the humidity:
Y= ,033H + o3 (19
This experimentally determined relationship suggests that both the initial
resistance (Ro) and the capacitance (C) of the polymer are only slighlty humidity
s ensitive where Ry is expected to decrease with increasing humidity while C is
expected to increase with increasing humidity according to the approximate

relationships:

R, & [ @17 9
¢ = YH+{ (vé)
Numerical values for the initial resistance can be evaluated from the experimentally
determined pre-expnential factors (B) listed in Table II since, for a 390 voltage
d rive function:
R,= 3Go vets/ B v
These initial resistance values as a function of humidity fer PVB at 68°C are
presented in Table II and Figure 12 where a strong humidity dependence of
R, = 11(10"Y) exp E-078H) (v8
is apparent. This humidity dependence is considerably stronger than predicted by

Equation 45,

Results: PVB - a.c. properties

The capacitance (C) and dissipation factor ( fan § ) for PVB at 680/95% as a €unchrn
ef frequency are shown in Figure 13, Inthe 500 to 5KHp range, both C and
tand are highly dependent on the frequency, and PVB appears to a high loss
material. The humidity dependence of C and tam§ at 68¢ »dfwl{’ are
s hown in Figure 14, Both C and +aw § increase with humidity according to the

functional relationships:

C(pfds) = 2.8H +190 (¥Y
tan § = S(")H (52
These capacitance values at 500 Hz and the inital resistance values for PVB
at 68°C can be employed to calculate the time constant for charging the capacitive

s ample. These time ccnstants are compared in Table III with the experimentally

measured values, Significant differences exist between the two sets of values.
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The differences would be considerably less if the frequency dependance of the
capacitive values were taken into account. Even with this possible c.rrection,

the calculated and measured values cannot be reconciled because the measured
time ~onstants increase with humidity while the calculated time constants decrease

with humidity.

Results: EVA - d.c. properties

n VA
The time dependence of the d.c. current response to a step 390 volts forcing

function is shown in Figure 15 for various humidity values, The response
involves an initial transient (Figure 16) that, except for very short times, is

an exponential decay. This exponential decay is followed by a single stage power
law time dependence and then by an apparent approach to a time independent

c urrent value (Fig. 15).

The two stage power law time dependency apparent in the PVB data at inter-
mediate humidity levels is not evident n EVA, The single stage power law
dependency in EVA at all humidity levels can be justified from the basic

e quation (Eg, 28) for the current response. Assuming that EVA absorbs relatively
small amounts of water even at elevated temperatures and humidities, the
water dipole relation current contribution (lwo ) will be small compared to
Ipo at all humidity levels:

IV

[

< I 5 &

From Equation 28, the anticipated current response for EVA would then be given

b
Y I= I%MP(‘W + Ip .1 (s2)

which involves a single power law time dependency as evident in the experimental
data of Figure 15, The slopes of the power law dependence in Figure 15 can then
be equated to the o, coefficient’and o4, as a furction of humidity can be

evaluated, The results are presented in both Table IV and Figure 1§, and are

plotted in Figure 17 where it is apparent that o, is weakty dependent on the

[
humidity

Ko = =05C("DH + 43 )

e
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Table IV presents the current response behavior, the characterizing time
c onstants and coefficients for the exponential transient and the power law
beh. >r respectively, and the evaluated initial resistances (RO) and
ionic resistance (Ri) as a function of the relative humidity., The time
c onstant ( 9 ) is found to increase as the humidity decreases ( Fig. 17)
Te -.9H +% €17
The initial resistance at the various humidity levels is determined from Equation
47. The results expressed as the initial conductance 6: where
G'. = R, (s8)
are found to be linearly related (Fig. 18) to the relative humidity:
G, = 8(10")H + 4(ie™") 56
The inital resistance would then be given by ol
R = [8o )M +4("] (s7
which is consistent with expectations (Eq. 26) based upm ionic resistance
c onsiderations.
The ionic resistance (Ri) was also evaluated after the termination of the
tinte dependent absorption current. The procedure to obtain Ri was identical
to that already described for the PVB data analysis. The characterizing
I-V response for EVA at 68° and various humidity levels was also ohmic
(Fig. 19) and the slope was used to evalu ate Ri' The ionic resistance was

found to decrease linearly (Fig. 18) with increasing humidity:
R = =11.3CoDH + 14 (1™ (58

Results: EVA - a,c. properties

The capacitance (C) and dissipation factor ( fan § ) were measured at 68°C/95%
as a function of frequency and at 680C/500Hg as a function of humidity., The
C and fan § for EVA are relatively independent of the frequency (Fig. 13)
and are only slightly dependent on the humidity (Fig. 14):

C(pfds) = o©.:SH +102 (v
tan §

7(00" %) N (69

*)
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when compared with the humidity dependence of C and *cn: for PVB (Fig. 14).
Also, the magnitudes of the C and hv\: values were considerably smaller for
EVA than for PVB, and EVA appears to be a low loss polymer.

These capacitive values and the initial resistance values for EVA at 680C. and
various humidities were used to calculate the RC time constants, and these
calculated values were significantly smaller than the measured time constants
(Table IIT). The only apparent agreement between measured and calculated

values was in their humidity dependencies.

Summary and Future Work

A summary of the expected and the experimentally observed dependence of
Ri' Ro’ C, “Yan é.‘ﬂp , Olw, and 7 parameters on humidity is presented in
Table V. The thrust »f future work wi'" be to resolve some of the unexpected
features that are apparent in this comparative summary. Theoretical models
for describing the detailed dependence of many of these parameters on humidity
arerequired. Future work must also resolve some of the anomalous features
evident in the experimental data as such:
(i) The current response data at 30% humidity in Figure 1 is not
systematically consistent with the data at other humidity levels.
(ii) The ionic resistance data at 800C in Fig. 10 exhibits several disturbed
features that may result from possible thermal aging effects.
Another aspect of the future work will be to determine experimentally and

theoretically the temperature dependence of these parameters for comparative

purposes,
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TABLE I

MEASURED JMD CHLLULNHTED TWE ConsTie7S Fok
CROICITIVE CHESING OF EVA ANO PUB SAMPLYS AT 68°C

Hemd, ‘? ( %) Tome  Constants (ruk)
PUB (7
., messured  calcufated measured  calcalated
79 2.9 1(0™%) 07 2.5(n"Y
67 Y 500" 17 35(1?
Y6 I +49(r0"Y 23 42 (16

28 ne ¥ (107") 26 2.9 (10°3)
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. Kinetics of Water Absorption and Desorpt.c., in TVA

Results :

The kinetics of water absorpticn and tne kinetics of water desorpticn in
EVA were evaliated gravimetrically at various temperatures between 40° and
880C. The experimental procedure consisted of weigning EVA samples that had
been dried in a desiccator for several weeks, The samples were of constant
thickness, and represented a semi-infinite p ate geocinetry. Each dried sample
was ''quenched'' intc a temperature-humidity chamber operating at a 1006% humidity
level ard at a selected femperature vetueer 46° and 880C. The weight gain of
each sample was monitored continuousiv a: water was absorped from the surroundiug
ambient, A comparison of the weight "’A)‘oe of the desiccated
dried sample and the measured star*iag weight o
at zero time of the sample in th. ie ap rature—humidity chamber is shown in
Table I where it is apparent the: the measured starting, weight is considerably
larger than the dessicated dried weight which is the expected starting weight of
the sample. This comparison suggests that EVA surface absorbs a layer of
water immediately upon insertion into the temperaturc-humidity chamber. The
weights (w%. - u—",e') oi these initially formed layers
at the various temperatures for water absorption ar= iisted in Table I, To
correct for variations in sample size, the weight of this initially formecd surface
layer is normalized by the w5 expected starting
weight, and the resulting nermalized [W,‘L“'-Joq-l /w,e values
(Table I) are found to be temperature dependent (Figure 1) according to the

relationships:

e = BT +1s (1)

where T is the temperature in degrees centigrade, An attempt is currently being

made to justify this linear tempcrature dependence, The feature that the intercept

) )
is 15°C rather than 0°C defies explanation,



The time dependence of the apparent normalized weight gain WU /w%..
due to water absorption at 400, 500, 600, 750, and 880C in a 100% humid
environment is shown in Figure 2 while Figures 3 .0 7 present a more
detailed analysis of the data at the various temperatures. This detailed
analysis shews that water absorpfion in F.VA occurs in two stages. The
initial stage (Stage I} displays a linear time dependence for the normalized

weight gain:

% —At+B (2)
Wo

«

where the rate constant A and the intercept B determined at the various run
temperatures are presented in Table II. The rate constant A is found to be

exponentially temperature dependent (Figure 8):

/4 = 0.2 anp(- 350/1-) (3)

which. when expressed ip Arrhenius form:
I
A=A, exp (- @, (RT)

gives an activation energv Q: for this Stage 1 absorption of 0.7 Kcal. /mole
and a pre-expcnential value of 0.2 hrs. as shown in Table III. Tais iaitial

stage of water absorption ;s followed hy a second kinetic stage (Stage U) where

the normalized weight gain appears to obey (Figures 3 to 7) a square root of

time kinetic response:

w, ,
L - cth

— +D ()

Ny
1]
¥

{=#)



The rate constant C and the intercept D determined at the various run temperatures

qre shown in Table II. The rate constant C is exponentially temperature

d ependent {Figure 9):

C = 23 exp(-255¢/T) = C, expl- @a /RT)

.
giving an associatad activation energy Qﬁ of

[\

5.1 kcal. /mode and a pre-exponential CO value of 23 hr, { Table III).

The Stage Il kinetic response concludes when the monitored weight

becomes time independent and the EEVA is saturated with its equilibrium

amount of absorbed water. Reaching equilibrium is & time consuming

experimental process that could not ne completely justified for the amcunt of

useful information that could be obtained. As a result, equilibrium was

never unambiguously achieved before the experimental absorption runs at the

various temperatures were terriinated, However, the runs were terminated

when the experimental weight gain results clearly indicated that equilibrium

\7as being approached. The final measured sample weight W,

shown in Table I for each run tempera*ure is believed to be represcntative of

the equilibrium water saturated EVA sample weight.

final meusured weigkts, the true weight Ccharge =i, - we,

of each water saturated sample at their respective absorption run temperatures

can be evaluated. The results are presented in Table I. This true weight

than,c is believed to represent the sum of weights of both the water absorbed

inside the EVA sample ana the water film absorbed on the surface of the
EVA sample.

The water desorption kinetic run staxted with the termination of each
abscrption kinetic run.

water saturated sample frorm. tle temperature-humidity chamber and ""quenching"

the sample in a dry hox maintained nt the same temperature and at a 0% humidity.

From these valu=~s of the

The experimental procedure conristed of removin? tae

(5)



The weight of the sample was monitored continuously during this quenching-
deabsorption process., The final measured weights during the absorption runs

were  the expected starting weights fow the desorphion vuns as indicated
inTable I. The weasured starting weights Wi of the

desorbing samples were significantly smaller than the expected starting
weights as indicated in Table I. Ihe difference between the expected and

measured siarting weights (WZQ_ - "-*f;a ) shown in

Table I, is believed to represent some surface film water that is instantaneously
evaporated when the quenching operation is consuated. When normalizing

this gy - Wy

. weight difference by the expected starting

o
weight to correct for differences in sample area, the true weight change

ratio [y -, ) _/ W of this instanteously lost surface
e LR e Y

layer can be evaluated at each run temperature. The results (Table I) when plotted
agains. the run temperature (Figure 10) exhibit a considerable amount of
scatter from a linear type of dependence that was evident (Figure 1) in the
absorption data.

The time dependence of the normalized weight loss due to water

desorption from water saturated EVA samples at 400, 500, 600, 750 and 830C in a

zero percert humidity environment is comparatively displayed in Figure 2
with the analogous normalized weight gain absorption datze., Desorption is
clearly a faster kinetic process than absorption.

The details of the time dcpendence for the water desorption process in
EVA at each run temperature is shown in Figures 11 to 15. Similar to abosrption,
water desorption in EVA is also a two stage kinetic process where the
first stage ic linear with time (Eg. 2) und the second stage is linear with ithe
square root of time (Eg. 4). The characterizing rate constants A and C and
intercepts B and D for Stage I and Stage Il kEehavior respectively for the
desorption process are presented in Table II for the various run temperatures,

The Stage I rate constant A is exponcatially temperature dependent (Fig. 8):

A= (67 exp (-3050/T) (6)



I
which yields a characterizing activation energy CDD for Stage 1
water desorption uf 6.1 Kcal/mole. The Stage Il desorpticn rate constant
C can be represented by an exponential temperature dependency (Fig. 9—
dotted line) provided vne data print is neglected,and this particular temperaiure

dependency is given by the relationship:
11 8
C = i59 exp(-2050/T) = C, exp(- Qo [RT)

. - . I
where the characterizing activation energy QD

is 5100 Kcal/mole. Table III presents a comparative summary of the activation
energies and the pre-exponential rate c~onstant factors for the 3tage I and Stage II

absorption and desorption kinetics processes.

-

(@)



Discussion of Results

The two stage kinetic response evident for both water abscrption and
desorption in EVA is identical to the kinetic response previously observed
in PVB (Quarterly Report—May 31, 1984). The nmiodel previously employed
to explain the kinetic behavior in PVR would also be appropriate for EVA,

in the absorption process, tnis model suggests that water in the atmosphere
reacts with a denydrated polymer by being absorbed into the polymer aad by being
adsorbed as a layer on the surfaced the polymer. The final result is a hydrated
polymer covered by a surface water film as shown in Figure 15. The overal

reaction for waier would then be:

Hzo (“" 4*‘”"5) g '4.‘0 (l;‘ m‘y‘mcr and 5 suvfece C.Lm) (8)

This overail reacticn can be expressed as the sum of several component sequential

reaction steps as is alco illustrated schematically in Figure i6. These reacticn

A A . A
steps with their asscciated rate constants k. s kZa. . ond kab ave
Step I
kA
Hgo (in o.fvnas.‘) ——p Hgo (rﬂono\oYQy- on suv{qcc) (Q)

StepRa.: .
W
H=0(\'n o"hot) * “‘O (mor\o\uqcv ov tur‘m) - H'O(yu,rface ﬁ/h\) (10)

Step 2b:,
k
uzO(mawloYev on swrface —% HeO (i polymev-) (n)

=



|
|

where Step | corresponds to the condencation of atmospheric water as a mom-
layer on the surface of the polymer; Step 2a corresponds to the condensation
of successive monnlayers to form a film of water on the polymer surface;
and Step 2b which occurs simultareously with Step 2a corresponds to the
water molecules on the surface diffusing into the polymer sample.

The absorption kinetics of the polymer will then be determined by the rate
constant K of the slowest sequential reaction step. When the slowest
sequentia’ reaction step involves two simultaneously occuring reactions,

the absorption kinetics can exhibit a two-stage kinetic response where

the first stage is governed to the faster of the two reactions while the second
stage’governed by the slower of the two reactions, becomes evident in the
experiinental data when the first stage recction has gone to completion. If

the rate constants for the component reaction steps lie in the sequence

k. > ks >k,e ()

the model would predict a two-stage kinetic r2snonse where the first stage
corresponds to the building up of successive monolayers (Step 2a--Equation 10)
to form a surface film. The surface film will continue to grow .n thickness
unt:l an equilibrium thickness is achieved and then the second stage simul-

taneously occuring kinetic response,corresponding to water molecules,

?

diffusing into the polymer from the surface (Step 2b - Equation 1l), will



become apparent. The kinetic theory of gases suggests that the growth of a
film of water on the polymer surface during the first kinetic stage of water
absorption wil' result in a weight gain that is linear with time while

simple diffusion theory with the appropriate boundary conditions predicts

that the second kinetic stage for diffusing water into the polymer will

resuli in a weight ga n that is linear with the square ront of time. The

fact that these predictions are consistent with the experimental observations
(Figures 3 to 7) provides credibility to the proposed model for water abgorption
in EVA,

While the kiretic theory of gases predicts the experimentally observea
lirear time dependence {or weight gain during the first stage behavior, the
theory also predictis that the weight gain rate should be miuch more temperature
sensitive than is observed experimentally,and that the activation energy
zhould be significantly larger than the experimentally obtained value of
0.7 Kcal/mole.

The desoipticn Finetics can alsc be modeled by a sequence of r=actions
involving a rate limiting step, as was suggected in the previcus PVB work,.

The overail reaction is given by:

HIO (n'n polymev ans 1w surface 4’.1».) —— H'O (= atmos.)

(13)
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and this reaction is proposed ic be the sum of the sequential component reacticr.s:

S'fep l: kn
H.O (M Pd,w and in surface £ilm) — “’O (in poly mer) “‘O (.'n atmex) ‘l‘)

Step?:
H,O(:’n po(vmcv-) -k—’-’ H.O (momh;ycv- own Su*;tcc) ll‘)

S"i;t’s"" 3'. [
, k (3
H‘o (m.nc.lq.I(v- on Suv.~ry) - H‘O (= qﬁnm.) u )

These reactions are presented sche.aatically in Figure 17 where the first step
in the reaction sequence (Equation 14) involves the evapcration of the
absorbed layer of water on the surface of the polymer. This reaction must go to
completion before the necessary boundary conditions are established for
the second reaction step (Equati~n 15) to be activated. In the second
reaction step, water molecules in the interior o the polymer diffuse out to
the surface where they fcrm a molecular monolayer which then evaporates
(Step 3) into the atmosphere.
This reaction sequence is consistent with experimental weight loss
desorption observations if the ¢ i~ constants for the desorption component

reaction stepes issmallest for “ ep |l and largest for Step *:

[*]

ky, > ky >%/ (1)



Initially the weight losa kinetics would then be determined by Step 1
veachen
(Equation 14} until this evaporation goes (o completion. Upon completion,
the weight loss kinetics would then be given by diffusion of water out of the
polymer (Step 2--Equation 15) until the polymer is completely dehydrated.
The weight loss kinetics would then occur in two scages where the first
stage is due to evaporation of a surface film and is expected to be linear
with time, while the second stage results from velume diffusion of wate:
out of the polymerjand is expected to be linear with the square root of
fime. These expected features for the weight loss kinetics are evident
in the experimental desorption data (Figures 1l to 15). This two stage
behavior with its associated time dependencies for desorption kinetics is the veverse

equivalent to the absorption kinetic response but an important distinction

exists. If the proposed reaction mechanisms correctly model the absorgtion

the
and desorption prccesses, Stage I and Stage Il reaction mechanisms
whare
(Equations 9 and 10) occur concurreantly in a\bsorption6 the ‘Lage I reaction

response is assumed to initially mask the Stage 1I reaction mechanism response.
In desorptisn kinetics, the Stage | reaction and the Stage Il reaction mechanisms
(Equations 14 and 15) occur s.eiuehf‘Q"Y where the Stage Il reaction initiates only
aiter the Stage [ 1eaction terminates. This very important distinction has
considerahble usetfvllness in a subsequent discussion of several anomalous

feaiuircc associated with the second stage rate constant data.




-

The suggesticn that Stage I and Stage IT behavior occur concurrently in
absorption permits a more detailed analysis of the ahsorption data where
this analyeis will result in an indication of the sclubility limit of water in
I'"VA ar a function of temperature. The solubility of water in EVA cannot be
¢xtracted trom the true weight chan,;,_ given in Table I because this weight
change is the sum of the weight of the water film adsorbed on the surface and
the weight of the water ahsorbed into the EVA to its solubility limit. Since
filn® formation and volume diftusion are occuring concurrently in water
absorption,the Stage Il — square root of time absorption kinetic respors=v
in Figures 3 to 7 can be extrapolated to a zero time inrtercept. The value

of this intercept 1s the normalized weight cain T, /woa

due to forming a {ilm of equilibrium final thitkness. Table IV presents these

:.ntvrct-pts along with the total normalized weight gain W”/ %..

as deterrnined from the time independent, saturated normalized weight
gain values for each absorption run. From these values, the total weight

gain T, ) the weight gain Wy,

due to surface film formation, the weight gain ™',  due volume absorption,

and the solubility limit of water in EVA can be evaluated. T[he results are

presented in Table IV and in Figure 18 where the temperatur-e dependence

for the limit of water gnlubility in VA is diesplayed. The solubility increases
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)
with increasing temperature up to approximately 80 C. The retrograde
ahove 80%
solubility suggests that the EVA water phase diagram is characterized by
o
an invariant reaction at approximately 80 C.
The other piece of information that can be extracted from the information
in Table IV is the equilibrium thickness of the water film adsorbed
tc the EVA surface. This thickness can be easily calculated from the
surface water weight (-w',) data, and the results
as a function of temperature are presented in Figure 19. The explanation
for this unexpected dependence continues to be mystifying.
The final aspect of the data that requires some discussicn is rate

a T r i x x
- -
constant data and their associated 8 3 GA 5 Qo and A

activation energies for the two-scage kinetics in both water absorption and

o Ir
water desorption. The O! and Qc

activation energies are associated with second stage behavior in absorptior
and desorption respectively. Since second stage behavior involves the
bulk diffusion of water molecules irto the polymer and out of the poiymer

4 I
in absorption and desorption respectively, the Q“ end Qo achvation ever g s hould

|‘,
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be numerically equal. Numerical equality is suggested in Table 1II, but an examination

-~

of Figure 19 reveals a difficulty in unambiguously determin ing the value of
E S
the QD activation energy for Stage II

descrption kinetics. The difficulty resides in the fact that the Stage II

desorption rate constant data points do not obey a well-defined Avvhenius

temperature dependency as expected for a volume diffusion controlled mechanism.
In contrast, the volume diffusion controlled Stage II a bsorption behavior

rate constant data points do obey the Arrhenius Law (Figure 9) which yields a well

I

defined value for the QA activation energy. This experimentally

observea noncompliance with Arrhenius for Stage II desorption rate constant

data and compiliance for Stage II absorptionrate constant data can be

explained by appealing again to the proposed models where Stage II volume

diffusion during absorption was suggested to occur concurrently with

Stage I surfacefilm formation while Stage II volume diffusion during deso:ption

was suggested to occur sequentiaily after the Stage I surface film evaporation

reaction gees to completion. The analysis for both =bsorption and desorption

Stage IT bpenavior consisted of analyzing the normalized weight cnange for a

square root of time dependence where the time values were referenced to an

origin at the instant of quenching. This origin is correct for the absorption

run where volume diffusion occurs concurrently with surface filmformation 4

and starts at the instunt of quenching. This origin is not correct for the



E & ||
~

15,

desorptic1 run where volume diffusion does not start at the instant of quenching,
but rather starts at the time when the surface film is completely evaporated,
and Stage I behavior terminates. The Stage II absorption analysis should then
_yieid correct information and the resulting rate constants should obey an
Arrhenius relationship as is observed experimentally. The Stage II de-crption
analysis is based on a time origin at the instant of quenching will not yield
completely correct informiation about rate constants, and it is not surprising
that an Arrhenius relationship is not strictly obeyed. These Stage II absorption
rate constant data points, if not completelv correct, 2ie in approximate enough
agreement with an Arrhenius slope of the 5.1 Kcal/mole ( Fig. @ ) activation

I Ir
energy to suggest that Qg = X

The observation of Arrhenius compliance and non-compliance for Stage I{,
absorption and desorption rate constant data respectively as a result of choosing
the time origir at the instant of quenching, provides a measure of indirect confirma-
tion for the valiaity of the proposed models. Because of the uncertainty in
choosing the appropriate time origin for the Stage Il desorption data anzlysis,
wo atternpt has been made yet to re-examine and correct this d-ta.

e n
While the G, and @, Staqc L wvolume d4:0fusion controlled

activation energies are cxpected to bz equal from volume diffusion ccnsiderations,

” & 1
the Qn and @o |

activation energies associated the Stage I absorption condensation and desorption
evaporation reactions respectively, are not expected to be equal particularly

if the polymer i s even slightly hydrophobic. If the polymer has hydropihobic
tendencies, evaporation of a surface film will be much faster than condensation,
The Stage I kineticscar then be represented by the typical energy barrier diagram
shown in Figure 20 where the energy to climb over the berrier for the condensation

reaction is significantly larger than the barrier clearing energy for the reverce

evaporation reacticn., The implications of this diagram are that the Stage 1




16.

desorption kinetics are faster than the absurption kinretics as is dbserved experimentally
and that Q:‘ O: as seen in Table III.
The preceeding discussion does provide a reascnable explanation for the nbserved
experimental results but the one feature associated with the rate ~onstant data that
has yet to be resolved is that the Co pre-—exponential factors for the Stage II volume
di ffusion mechanism in both absorption and desorption were ervpected to be equal and

were found to differ (Table III) by almost two orders of magnitude.

Future Work
The kinetics of water absorption and desorption in EVA are campleted. Except for
several minor experiements to further evaluate the proposed models for absorption

and desorptinn, the work effect is being terminated.

)
)
v
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88°C
T5°C
60°C
50°C

40°C

g8°C
75°C
60°C
50°C

40°C

STAGE I .
Wt = At+ B
Woa

A il

Absorption

(hrsT')

. 080 1.0

. V80 1.0

. 068 .0

.071 1.0

. 031 1.0

Desurption
-1

(min. )

. 030 1.C

« 021 1.0

. 0175 1.0

» 10130 1.0

. 0073 1.0

TABLE II

STAGE II
1/2z
W¢ = Ct +D
Wo,
_C _D
(hrs. =1/2)
. 0190 1. 285
. 0125 1. 460
. 010 1.570
. 0082 1. 490
. 0062 1. 335
~1/2)
( min. )
0723 1. 063
. G690 1.070
. 0605 1.071
. 44] 1. 066

Characterizing rate constants for Stage I and Stage II kinetic
behavior for the normalized weight gain in water absorption and the normalized
weight luss in water desorption in CTVA.



Absorption

Desorption

Absorption

Desorption

STAGE I 4= Surface Film

-1
QI (kcal/mole) Ao (min. )
I
0.7 (=Q°A) .0033 (0.2 hrs.
1 167
6.1 (=Q D)
STAGE II - Volume Diffusion
I, . -3
Q" (Kcal/moie) Co (min__ %)
b4
5.1 (:QHA) 3 (23 hrs. %)
II
A (= 15
5.1 (=Q D) 9
TABLE III

Activation energies and pre-exponcntial

factors for Stuge I and Stage II kinetic response in
water absorption and desorption in EVA,

(«)
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ITI. 1V Light Effects on Water Absorption in PVB and EVA

CGravimetric techniques were enployed to monitor the influence of UV
radiation on the wacer asborption kinetics of PVE and EVA. The normalized
weight response of plasticized PVB samples in a 100% humid environment at 75° and
50° C while being expcsed to UV radiation 1s shown in Figure 1. For comparative
purposes, the nocrmalized weight resporsse for non-irradiated PVB samples exposed
to the same temperature/humidity cnvironment is also shown in Figure 1.

The experiemental arrangement proved to be awkward, and a considerable amount of
sratter in the data was evident. Even with this '—‘certainty, the data clearly
showed that non-irradiated PVB samples gained much more weight than the UV-irradiated
samples. The other feature evidert ia the data is that at longer exposure times,
the UV-irradiated samles lost weight. The implicacions of these data is that
an exposure to UV light will hinder the water abscrption characiteri~tics of PVB
arc will accelerate the kinetics of plasticizer loss in PVB. These tentative
conclusions are pariially supporteZ? by simple observations of the samples

after teminating the experiements. The non-irradiated samples had a non-
tra,spurent cloudy appearance which is typical of PVB o .taining a large amount
of water. The UV-irradiated samples remained transparent throughout the

entire experimental run, iundicating that very little water was absorbed. After
the nmns were terminated, another noticeable distinction was apparent between the
irrad_ated and nonirradiated < umplet. ‘e UV-irradiated samples col lapsed around
the wire s pport nicture frame across which they hac een attached, while ron-
irradiated samples remained intact, stretched across the frame. Apparentl;,, the
PVB samples after TV light exposure at 1u0% humidity and temperatures in excess
of 50°C, lost a considerable amomnt of strength as a probable result of chain
scicsion by the UV light. The oollapsed UV-irradiated PVB samples were soft

and flexible indicating that chailn scission could have occured or that the

amount of plasticizer loss is these camples was minimal. A sumary of the
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ocontrasting characteristics between the irradiated and non-irradiated PVB samples is
presented in Table I.

The water apsorption characteristics of UV-irradiated and non-irradiated EVA
at 75°C and 100% humidity are shovn in Figure 2. The scatter in the data is
again uncamfortably laryge, but che results clearly demonstrate that FVA abscrbs a
relativity small amourit of water while it is being radiated with UV lignt,
compared to the amcunt of water absorbed Ly the non-irradiated EVA sample. A
vistal camparison of the irradiated and non-irradiated EVA samples after
terminating the experimental run 4id not reveal any distinquisable differences

between the samples in their transparency or mechanical characteristics (Table I).



Table I

a S5O hewe
Characteristics of EVA ard PVB samplecs after , exposure to
100% humidity at temperature above 5¢°C

uv- non- Uv- non-
irradiated irradiated irradiated irradiated
PVE PVB EVA EVA
color transparent cloudy transparent transparent
strength weak strong strong strong
water small large small large

abscrption
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IV. Influence of Plasticizer on Water Absorption in PVB

Previous progress reports showed that the plasticizer in PVB has an
enormous influence on the resistivity. The plasticizer is also expected to
influence the water absorption characteristics of PVB since plasticized PVB
is expected to acocommodate about 10 weight percxantkwhﬂ; the unplasticized
PVB in the absorption studies (May J'rogress Report) appears to saturate at a
normalized weight of about 2.0 which ~orresponds to a 5C weight percent
composition.

The water absorption characteristics of unplasticized PVB and plasticized
PVB were evaluvaicad. Samples of both materials were immerced in water at 25°¢C
and the weight gsin characteristics were 1onitored periodically over a time
span of 500 hours. The results are showil in Figure 1. The unplasticized
PVB absorbs considerably more water than th= plasticized PVB. This result
suggests that the plasticizer occupies an exclidable volume in +he PVB, and
when the plasticizer is removed, this excludakle volume can be occupied bv
water. Experimentally observed numbers appear to support this suggestion.
Thirty weicht percent of PVB is plasticizer, and plasticized PVB can absorb
about 10 weight percent water. On an excludable wlume-wight perrent basis,
unplasticized PVR would be expected to ccoammodate wp to 40 weight percent: water
which is in reasonable agreement with the observed 50 weight percent saturation
value. The numbers appear to add wp correctly but there is no fundamental

reason why they should.
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¥ — CORROSION EFFECTS IN SOLAR CELLS

A systematic study of corrosion effects in solar cells was initiated. A
previous investigation indicated that corrosion in solar cells results from
t hree najor causes:

(i) Intracel! galvanic action corrosion -- The composite structure of

dissimilar materials: (metallization 1ayers, anti-relection coating, silicon
subststrate) in ohmic contact on a single cell will result in corrosion effects
on that cell provided the encapsulating polymer can serve as an electrolyte.

(ii) Intercell impressedvoltage corrosion -- The potential differences

that must exist between adjacent cells in an illumiated array, makes one soclar

cell anodic relative to its cathodic neighbor. In the presence of an electrolytic
encapsulating polymer, the resulting oxidation reaction at the anodic solar cell

is corrosive while the asscciated reduction reaction at the cathodic solar cell

can result in plating. Both reactions are expected to degrade the output character-
istics of their respective solar cclls.

(iii) Intercel]l diode current corrosion -- The current that flows through the

solar cells anjunction diode structure as a result of illumination can be corrosive
on each individual cell as a result of the IR potential drop that must exist across

each cell,

The ultimate questions to be resolved in a study of corrosion effects in solar
cells are: What is the relative magnitude of each of these corrosion causing
effects and how can these effects be minimized to obtain reliable-long lifetime
cells?

The initial study attempts to evaluate the influence of each of these corrosion
causing effects on the I-V characteristic response curves of the illuminated cells

a nd on the visual physical features of the cells., Figure 21 illustrates the experimental

arrangeiments used to separate and evaluate each corrosion effect. Arrangen-ent
#4 represents a single solar cell. When this cell is immersed in an electrolyte,

the galvanic corrousicn efiect only is occurring and being evaluatad in this
g \ g
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experiniental arrangement. Jn arrangement #3, a single sclar cell is forward
biased to produce a diode current through the cell. When immersed in an
electrolyte, both salvanic action and diode current corrosion effects are
activated. A comparison of the corrosion characteristics of the cells in
arrang:ments #3 and #4 yields the diode current corrosion effect. Arangement
#2 consists of two solar cells properly connected to a power supply 50 a
potential difference exists betwcen the _ells but no didode current flows through
the cells. When immersed in an electrolyte, only a corrosion current flows
between the cells.

A comparison of the corrosion characteristics of the cells in arrangeme«nts
#2 and #4 give tlie impressed voltage corrosion effect at an anodic and a cathodic
cell, Arrangement #1 is used to simulate actual corrosion conditions in solar
cell arrays where all three corrosion effects are present. The solar celis used
in these studies were supplied by ASEC,

The corrosion testing consisted of immersing one set of cells in these four
raangemets, in water as an electrolyte at ZSOC, Another set was encapsulated in
EVA and then immersed in water at 85 C. The cells were allowed to corrode
‘or 120 hours. During the corrosion time, the solar cells were removed occasionally |

from the bath and their I-V characteristic rcsponse carves were evaluated, The
normalized short circuit response as ¢ function of corrcsion time is shown in
Figures 22 and 23 for a qater electrolyte and a EVA electrolyte respectively. A

v isual inspection of the cells after the 120 hour corrosion treztment revealed 2
number of effects caused by the corrosion treatment. These effects for the=
various corrosion conditions are presented in Table V. A careful cormparative
examination of Table V and Figures 22 and 23 indicates that the intracell galvanic
effect is not a major contributor to corrosion in solar cells. In general, the
intracell diode current effect does not appear to be dominantly instrumental in
causing corrosion degradation of the cells. Corrosion appears to result mostly
from potential differences between adjacent cells. These conclusions are
tentative since there was no real definitive trends apparent in the data, and since
several cells were apparently of poor quality and went bad almost immediately

daring corrosion testing. One trend apperent when comparing Figure 22 with Figure

)
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23, is that the cells in EVA degraded significantly faster than the cell tested in

water. The only apparent reason for thie behavior is that EVA with its

absorbed water may be a more hostile e’ectrolytic environment than water, A

simple pH test oppears to confirm this suggestion. A sample of EVA was

placed in a beaker of water for three months. The pH of the water was originally

6.7 and after three months the ph was 6.2. A similar test using a PVB sample

resulted in a final ph of 4.5 Table VI. Apparently water absorbed in EVA or PVB

can be acidic, and corrosive to solar cells.

N el
—
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Original Water 6.7

Water after three
months with immersed
EVA sample Y

Water after three

months with immersed y
PVB samnle

vy

TABLE VI

The influence of immersed EVA and PVB samplec op

the pH ot water.
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