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ABSTRACT 

The l i f e  expec tanc ies  o f  T e d l a r  and o t h e r  p o l y -  
mer f i l m s  cons idered f o r  use as cover  m a t e r i a l s  i n  
t e r r e s t r i a l  p h o t o v o l t a i c  modules, were i n v e s t i g a t e d  
by exposing them f o r  more t h a n  13000 hours on an 
ou tdoor  t e s t  s tand and f o r  up t o  10000 hours i n  
several  a c c e l e r a t e d  mu1 t i  - s t r e s s  environments.  
V isua l  observa t ions ,  and d i a g n o s t i c  analyses o f  
we igh t  and mechanical s t r e n g t h  losses ,  were p e r i o d -  
i c a l l y  conducted t o  assess t h e  n a t u r e  and r a t e  o f  
degradat ion  o f  mechanical p r o p e r t i e s  and t o  assess 
t h e  e f f e c t s  o f  f i l m  t h i c k n e s s  and UV s t a b i l i z e r  
con ten t .  
degraded m a t e r i a l s  l i n k e d  we igh t  and mechanical 
p r o p e r t i e s  l o s s e s  t o  t h e  u n d e r l y i n g  
photo-thermal/photo-oxidation chemis t ry .  

Heavy doses o f  UV s t a b i l i z e r s  p ro long,  and e l e v -  
a ted  temperatures shor ten ,  t h e  u s e f u l  l i f e  o f  these 
m a t e r i a l s ;  h u m i d i t y  p l a y s  o n l y  a minor  r o l e .  The 
most h e a v i l y  U V - s t a b i l i z e d  f i l m s  a r e  expected t o  
u s e f u l l y  opera te  i n  a PV module f r o n t - c o v e r  a p p l i -  
c a t i o n  f o r  o n l y  5 t o  10 y e a r s .  The performance o f  
none o f  t h e  t e s t e d  f i l m s  appears c o n s i s t e n t  w i t h  
t h e  20-30 year  l i f e  g o a l s  o f  t h e  PV i n d u s t r y .  

Spec t roscop ic  analyses o f  p r i s t i n e  and 

INTRODUCTION 

A number o f  po lymer ic  f i l m s  a r e  i n  use o r  a r e  
under c o n s i d e r a t i o n  f o r  use as f r o n t  and/or back 
cover m a t e r i a l s  f o r  t e r r e s t r i a l  PV modules. These 
i n c l u d e  t r a n s p a r e n t  f r o n t - c o v e r  cand ida te  f i l m s  
such as Ted lar ,  i . e . ,  p o l y ( v i n y 1  f l u o r i d e )  - PVF, 
and assor ted  o t h e r  t r a n s l u c e n t  and opaque back- 
cover cand ida te  f i l m s  such as p o l y e s t e r s ,  
p o l y ( v i n y 1  c h l o r i d e s ) ,  and a c r y l i c s .  

P r i o r  f i e l d  exper ience w i t h  c r y s t a l l i n e - s i l i c o n  
( C - S i )  c e l l  modules has t a u g h t  t h a t ,  i n  as l i t t l e  
as 18 months o f  exposure t o  combined u l t r a v i o l e t  
and thermal environments,  po lymer ic  f i l m  m a t e r i a l s  
may degrade by d i s c o l o r a t i o n  ( y e l l o w i n g ,  browning),  
embr i t t lement ,  and c r a c k i n g .  Crack ing  and e m b r i t -  
t lement  compromise t h e  s t r u c t u r a l  and p r o t e c t i v e  
f e a t u r e s  o f  t h e  m a t e r i a l ;  i n  a f r o n t - c o v e r  a p p l i c a -  
t i o n ,  d i s c o l o r a t i o n  1 owers o p t i c a l  t ransmi  ss ion ,  
thereby  r e d u c i n g  t h e  s o l a r  energy a v a i l  a b l e  f o r  
convers ion  t o  e l e c t r i c i t y .  

Because module cover  m a t e r i  a1 s a r e  s u s c e p t i b l e  
t o  e n v i r o n m e n t a l l y  induced degradat ion ,  i t  i s  i m -  
p o r t a n t  t o  s u b j e c t  cand ida te  m a t e r i a l s  t o  a c c e l e r -  
a ted  env i ronmenta l  s t r e s s  t e s t i n g  i n  o r d e r  t o  ex- 
amine t h e  i n t e r p l a y  o f  environmental  and m a t e r i a l  

synergisms and t o  determine, i n  a r e l a t i v e l y  s h o r t  
t ime, f a i l u r e  mechanisms and degradat ion  r a t e s  t h a t  
may become apparent o n l y  a f t e r  l o n g - t e r m  exposure 
i n  t h e  a p p l i c a t i o n s  environment.  
t e s t i n g  w i t h  combina t ions  o f  environments - -  t h e r -  
mal, UV, and h u m i d i t y  - -  and w i t h  m a t e r i a l  combina- 
t i o n s  and c o n s t r u c t i o n s  t h a t  c o n t a i n  t h e  m a t e r i a l s  
synergisms o f  r e a l  PV modules. A d d i t i o n a l  s i n g l e -  
environment and s i n g l e - m a t e r i a l  t e s t s  a r e  o f t e n  
u s e f u l  t o  a l l o w  d e t a i l e d  p r o p e r t y  c h a r a c t e r i z a t i o n  
t h a t  i s  d i f f i c u l t  o r  i m p o s s i b l e  t o  accompl ish i n  a 
combined environment o r  i n  a composi te sample. 

T h i s  r e q u i r e s  

TEST PROGRAM 

Environments 

I n  r e c o g n i t i o n  o f  these issues ,  a comprehensive 
p a r a m e t r i c  t e s t  program was s t r u c t u r e d  based on 
temperature/ultraviolet/humidity (T/UV/RH) 
combined-environment t e s t i n g  and u s i n g  p a r a m e t r i c  
t e s t  l e v e l s  t o  p r o v i d e  q u a n t i t a t i v e  d a t a  on t h e  
a c c e l e r a t i o n  f a c t o r s  a s s o c i a t e d  w i t h  each e n v i r o n -  
mental  i n g r e d i e n t .  The t h r e e  combined environments 
- - 65'C/85%RH/lsunUV, 85'C/lO%RH/lsunUV, and 
85'C/85%RH/lsunUV - -  were achieved u s i n g  a 3 '  x 3 '  
x 3 '  temperature/humidity-controlled Bemco oven 
r e t r o f i t t e d  w i t h  a water -coo led ,  2000 w a t t  medium- 
pressure  mercury vapor lamp capable o f  e m i t t i n g  1- 
sun o f  UV i r r a d i a n c e  a t  t h e  sample plane, F i g u r e  1. 

F i g  1. C o n t r o l l e d  Environment Tes t  F a c i l i t y .  

1043 

0160-8371/90/0000-1043 0 $1.00 1990 IEEE 



300 

100 - 

30 - 

10 - 
3 -  

1 -  

3 -  

Solar Spectrum: Air Mass 1.5 

Medium Pressure Hg Vapor Lamp 

g .I ' .03]{, , , , , , , , , ~ 

.01 
290 310 330 350 370 390 

WAVELENGTH, nm 

Fig 2. Spectral Irradiance of Medium Pressure 
Mercury Vapor Lamp with Water-cooled Pyrex 
Glass Filter. 

The resulting spectrum closely simulates the ter- 
restrial solar UV spectrum in the region of highest 
energy wavelengths, Figure 2 [l]. 

accelerating environment. Previous experience with 
polymer materials reveals that many chemical reac- 
tion rates increase with temperature in accordance 
with the classical Arrhenius relationship - -  log 
reaction rate inversely proportional to inverse 
absolute temperature [2,3]. Often this rate depen- 
dence is well approximated as a rate doubling for 
each 10°C increase in temperature [2-41. In this 
test program, however, the rate dependence was 
determined to be an increase by a factor of 1.6 per 
10°C increase in temperature. Since the relevant 
temperature acceleration factor is dependent on the 
relationship between the nominal operating cell 
temperature (NOCT) for PV modules in the field, and 
the exposure temperature (T) in the test chamber, 
the thermal acceleration factor for exposure at 
temperature T can be estimated as 1.6', where 
x = (T - NOCT)/lO. Parametric test levels of 65OC 
and 85OC were chosen to provide a modest accelera- 
tion of the reaction rates, while trying to avoid 
spurious reactions that might occur at higher temp- 
eratures. Using two temperatures allowed the ac- 
tual thermal acceleration factors of the observed 
degradation to be determined. 

Because previous JPL studies had shown that 
dependence on UV flux level can be highly non-lin- 
ear and complex [4-61, it was decided to conduct 
most testing at a nominally unaccelerated UV flux 
level of IsunUV, defined as the amount of UV pres- 
ent in 100 mW/cm2 of total solar irradiance on a 
clear day. 
or 4% of the total solar irradiance. A constant 
24-hour-a-day exposure at this flux level has been 
correlated, in a previous JPL study [4,5], to the 
total dosage of UV at various U.S. sites by pro- 
cessing site-specific SOLMET weather data on an 
hourly basis [ 7 ] .  For this study, however, we 
shall be content to assume that 24 hours of lsunUV 
exposure represents a time (t) acceleration of 5. 

Elevated temperature provided the principal 

This quantity is approximately 4 mW/cm2 

To allow explicit diagnosis of the UV dependence 
of certain reactions, such as weight loss, a number 
of samples were also aged in dark, dry, "non-UV" 
ovens (85'C/3%RH, 100°C/2%RH, and 85°C/vacuum). 

unknown, two broadly spaced humidity levels were 
used - -  10%RH and 85%RH. In hindsight this proved 
fortunate, as very little humidity sensitivity was 
observed: hence, ACC,, 1. 

In summary, Equation 1 lists the nominal accel- 
eration factors to serve as a basis for estimating 
experimental run times and field longevity: 

Because the synergistic effects of humidity were 

ACC = 1.6(T-NOCT)/10 
(1) ACCL, = 1 ACC,, = 1 ACC, = 5 . . . .  

If the individual degradation mechanisms are mutu- 
ally independent, then the Arrhenius formalism 
permits the multiplication of the corresponding 
acceleration factors : 

(2) ACC,,, = ACC, * ACC,, * ACC,, * ACC, . . . .  

Test SDecimens 

The various polymer film materials tested, along 
with their added UV stabilizer contents and thick- 
nesses, are enumerated in Table 1. 

The raw PVF films were cut into two geometric 
configurations - -  0.75" x 4" samples for weight 
1 o s s  determinations, and "dog-bone"-shaped samples 
with 2" x 0.40" test sections for monitoring mech- 
anical properties (force-elongation data). 

To understand material synergisms, a set of 
module-like test coupons was fabricated by laminat- 

200-XRB-165-PT 5.0 
300-XRB-165-PT 5.0 
400-XRB-165-PT 5.0 
400-XRB-177-SA 2.5 
400-SG-20-SE 1 .o  
_--______-________-_____________________---_------- ~ _ _ _ _ _ ~ ~ _ _ _ _ ~ _ ~ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ~ ~ ~ ~ ~ ~ ~ ~ _ _ ~  

Back-Surface Materials 

Manufacturer's Generic Thi c kness 
---______---______--____________________-------.... 

imi 1 s )  Desiqnation Polymer 

A. Mylar poly(ethy1 ene 2 
B. Metallized Mylar terepthal ate) 2 1/2 
C. Fasson 890 poly( vinyl 3 
D. Fasson 1900 chloride) 3 

F.  Korad 63000 acryl i c 3 
E.  Fluorex acrylic copolymer 3 

1044 



ing the PVF test films with ethylene vinyl acetate 
(EVA) on a 4" x 4" piece of glass. 
samples consisted of small sections o f  a 2' x 4' 
amorphous-silicon (a-Si) PV module with a PVF front 
cover, and of a glass-superstrate a-Si module over- 
covered with clear Tedlar/EVA. 
bration of the test environment, small samples were 
a1 so included from an available unweathered Tedl ar- 
covered batten-and-seam module identical to those 
field weathered at the Southwest Residential Ex- 
periment Station several years ago. In this roof- 
top weathering environment, this module type failed 
in 18 months due t o  severe cracking o f  the Tedlar. 

The last group of specimens consisted of 
assorted film/adhesive systems under consideration 
as rear cover materials for photovoltaic modules. 
The UV test environments used here represent a 
significant acceleration for these materials that 
are normally only exposed to reflected UV from 
surrounding surfaces. 
of both 4" x 4" module test coupons with polymer 
back covers, and a variety of self-adhering films 
1 aminated on 4" x 4 "  square a1 uminum substrates. 

Additional 

To provide a cali- 

Rear cover samples consisted 

Diaqnostic Tests 

Three types of diagnostic tests were performed 
on the 0.75" wide samples. 
ments were made on the samples exposed in the 
85'C/vacuum, 85'C/lO%RH/lsunUV, and 100°C/2%RH 
environments. These tedious measurements were not 
conducted on samples exposed to the 
65'C/85%RH/lsunUV and 85'C/85%RH/lsunUV envi ron- 
men t s . 
were subjected to a pull test, in which the elonga- 
tion-to-break and the peak force exerted to achieve 
rupture were measured, Figure 3. 

Because of the inability to directly measure the 
mechanical and optical properties of the 4" x 4" 
laminated Tedlar/EVA/glass specimens, a special 
ball-detent test was developed to qualitatively 

Weight loss measure- 

Rat h er , the se " dog - bo n e 'I - s h aped spec i men s 

Fig 3. Pull Test Apparatus. 

Fig 4. Tedl ar/EVA/Gl ass Coupon Undergoing 
Push-Testing. 

measure the onset of brittleness, Figure 4. The 
ball "push test", developed at JPL, uses a steel- 
ball tip (0.0625" diameter) through which a known 
force is applied to the PVF film. 
sample responds by forming a depression in the 
laminate as the forced ball depresses the PVF film 
into the EVA. An exposed sample will form a small- 
er depression and will exhibit concentric cracks 
around and into the circular depression. 
gree of sample degradation was measured by the 
amount o f  force required to cause the cracking. 

A pristine 

The de- 

TEST RESULTS 

Visual Observations 

The bare films in the 85'C/lO%RH/lsunUV environ- 
ment exhibited curling, cracking, and discolora- 
tion. The 4" x 4" laminated samples and module 
coupons exhibited cracking and crazing of the PVF- 
film front covers, Figure 5. Among the back cover 
film candidates, puckering of the metallized Mylar 
film and cracking of the Fasson 1900 PVC film has 
occurred in the 85'C/lO%RH/lsunUV environment after 
2952 hours. After 4080 hours at 85'C/85%RH/lsunUV, 
the Fasson 890 exhibited obvious cracking and the 
Fluorex acrylic copolymer film has delaminated from 
its substrate. The films exposed outdoors for 
13056 hours were dirty but otherwise exhibited no 
obvious signs of embrittlement. 

Weiqht Loss Measurements 

In the 85'C/lO%RH/lsunUV and 85'C/85%RH/lsunUV 
environments the PVF-film samples steadily lost 
weight at approximately the same rate, while in the 
non-UV ovens, an initial weight loss was followed 
by a long period of no weight loss, as typically 
depicted in Figure 6. The performance of the cand- 
idate back-surface films was similar - -  samples in 
the UV environments lost considerably more weight 
than did samples in the non-UV environments. In 
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Fig 5. Laminated 4"x4" Tedlar/EVA/a-Si/Aluminum 
Coupon with Surface Cracks and Crazing 
after Test-Chamber Exposure. 

4WxRB 177% v 2.5 1 400 SG 20 SE A 1.0 1 
Samle Batch Y1 - 1 1 hmple Batch 612 .------- 

0 2000 4WO W O  

I 
-9 1 I I 

TIME. HR 

Fig 6. Weight Loss vs Exposure Time for 0.75"x4" 
Tedl ar Samples. 

particular, the poly(viny1 chloride) films exper- 
ienced the greatest weight loss and, in fact, ex- 
hibited the most obvious visual deterioration. 

Pull-Test Measurements 

For each PVF material the pull-test data were 
reduced to graphs of rupture force and elongation- 
to-break versus time; the variation of these param- 
eters with time was approximately linear but the 
data scatter was considerable. From these graphs, 
plots of rupture stress versus strain-at-break at 
the various exposure times were generated. Typical 
plots for the samples in the 85'C/85%RH/lsunUV 
environment are presented in Figures 7 and 8. We 
see that for fixed exposure conditions, the rupture 
stress and strain-at-break decrease with time, 
i.e., the energy to rupture decreases as the ex- 
posure time increases, but the ratio of rupture 
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Fig 7. Rupture Stress vs Strain-to-Break at 
Various Exposure Times for 5% 
UV-Stabilized Tedlar Films of Various 
Thicknesses. 

stress to strain-at-break, i.e., the rupture modu- 
lus, remains constant. Figure 7 shows the varia- 
tion of mechanical strength with thickness (thinner 
films embrittle more rapidly with exposure than 
their thicker counterparts), and Figure 8 its vari- 
ation with UV content (the higher the UV stabilizer 
content the slower the rate of embrittlement). The 
data in Figure 7 may also suggest that thinner 
films have larger rupture moduli than thicker 
films. 
rupture modulus is larger at higher temperatures. 

Push-Test Measurements 

It has additionally been observed that the 

An unexposed 1 aminated Tedl ar/EVA/gl ass module- 
like test coupon, when push-tested, shows a smooth 
depression with a gently-rolling edge. 
exposed briefly, when push-tested, exhibit faint 
concentric rings (cracking) within the depression. 
The longer the exposure, the more numerous and 
noticeable are the cracks, now running in every 

Samples 
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Fig 8. Rupture Strength vs Strain-to-Break at 
Various Exposure Times for 0.004" Tedlar 
Films of Various UV Screening Levels. 
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d i r e c t i o n ,  and t h e  more c l i f f - l i k e  become t h e  w a l l s  
o f  t h e  depress ion .  I n  summary, t h e  v i s u a l  e f f e c t s  
no ted  are  a f u n c t i o n  o f  bo th  sample exposure t ime  
and t h e  amount o f  f o r c e  exer ted .  

F i g u r e  9 p r o v i d e s ,  f o r  each UV exposure e n v i r o n -  
ment, a t i m e  l i n e  o f  observed e f f e c t s  o f  t h e  push 
t e s t  on t h e  Tedlar/EVA/glass samples, i n c l u d i n g  t h e  
f i r s t  o b s e r v a t i o n  o f  n a t u r a l  c r a c k i n g ,  i . e ,  c r a c k -  
i n g  & induced by t h e  p u s h - t e s t  apparatus.  

amount o f  UV sc reen ing  agent (400-SG-20-SE and 
400-XRB-177-SA, Table 1) a re  t h e  same ones t h a t  
e x h i b i t  t h e  g r e a t e s t  we igh t  l o s s  and t h e  g r e a t e s t  
l o s s  o f  mechanical s t r e n g t h .  

I n  summary, t h e  T e d l a r s  t h a t  c o n t a i n  t h e  l e a s t  

DEGRADATION CHEMISTRY 

A knowledge o f  PVF s t r u c t u r e  and t h e  chemical  
behav io r  o f  PVF i n  response t o  thermal and UV s t i m -  
u l i  w i l l  be u s e f u l  i n  i n t e r p r e t i n g  t h e  above v i s u a l  
observa t ions  and t h e  r e s u l t s  o f  t e s t i n g  t h e  exposed 
Ted lar  f i l m s .  

T e d l a r  f i l m  i s  p repared by m i x i n g  f i n e l y  pow- 
dered PVF polymer w i t h  a s o l v e n t  and a h i g h  molec- 
u l a r  we igh t  UV absorber.  The m i x t u r e  i s  then ex-  
t r u d e d  th rough a d i e  a t  h i g h  temperature,  t h e  so l -  
vent  removed, and t h e  r e s u l t i n g  f i l m  spooled on a 
take-up r o l l e r .  Commercial f i l m s  a re  tough and 
c l e a r ,  w i t h  a s l i g h t  b l u i s h  haze. 

Thermal Deqradat ion  o f  T e d l a r  

Tedl a r  degrades a t  temperatures exceeding 100°C. 
Hydrogen f l u o r i d e  (HF) i s  r e l e a s e d  and a doub le  
bond (-C=C-) forms on t h e  polymer main cha in .  
These f u r t h e r  c a t a l y z e  t h e  PVF [8]  and, g r a d u a l l y ,  
a l t e r n a t i n g  (con jugated)  double bonds form, which 
are r e s p o n s i b l e  f o r  t h e  d i s c o l o r a t i o n  observed 
a f t e r  hea t ing .  

Photodeqradat ion  o f  Tedl  a r  

Pure PVF has v e r y  l o w  UV absorbance; however, 
manufac tur ing  i m p u r i t i e s  and t h e  thermal f o r m a t i o n  
o f  doub le  bonds r e s u l t  i n  UV absorb ing  groups. 
These groups then p a r t i c i p a t e  i n  r e a c t i o n s  i n v o l v -  
i n g  UV and oxygen t h a t  c h e m i c a l l y  a l t e r  t h e  polymer 
s t r u c t u r e  [9]. These r e a c t i o n s  r e s u l t  i n  t h e  
b r e a k i n g  o f  polymer bonds, f o l l o w e d  by e m b r i t t l e -  
ment, and t h e  f o r m a t i o n  o f  f r e e  r a d i c a l  c a t a l y s t s .  
These chemical  processes may a l s o  r e v e r s e  t h e  d i s -  
c o l o r a t i o n  seen i n  t h e r m a l l y  degraded f i l m s  due t o  
o x i d a t i o n  o f  t h e  doub le  bonds. 

T y p i c a l l y ,  l o s s  o f  t e n s i l e  e l o n g a t i o n  i s  t h e  
f i r s t  mechanical  symptom o f  aging, which i s  then 
f o l l o w e d  by c r a c k i n g .  

P h o t o s t a b i l i z a t i o n  o f  T e d l a r  

Unscreened T e d l a r  degrades r a p i d l y  i n  a UV en- 
v i ronment  [ l o ] .  Most unpigmented T e d l a r  f i l m s  
i n c o r p o r a t e  a UV screen ing  agent, t y p i c a l l y  a low 
m o l e c u l a r  we igh t  polymer c o n t a i n i n g  hydroxybenzo- 
phenone absorb ing  groups, t o  absorb UV energy and 
d i s s i p a t e  i t  as h e a t  b e f o r e  any degradat ion  reac -  
t i o n s  can occur .  

UV s t a b i l i z e r  l e v e l s  i n  PVF f i l m s  t y p i c a l l y  
range f rom 0.1% t o  0.5% by we igh t .  The p a r t i c u l a r  
PVF f i l m s  i n v e s t i g a t e d  i n  t h i s  research  f e a t u r e d  
u n u s u a l l y  h i g h  l e v e l s  o f  UV s t a b i l i z e r  (1% - 5% by 
we igh t )  added t o  them d u r i n g  t h e  f a b r i c a t i o n  p ro -  
cess. 

INTERPRETATION OF EXPERIMENTAL RESULTS 

V isua l  Observa t ions  

The observed c u r l i n g  i n  p a r t i a l l y  de laminated  o r  
f r e e - s t a n d i n g  f i l m s  i s  caused by shr inkage o f  PVF 
induced by exposure t o  h i g h  temperature.  Because 
thermal s t r e s s e s  d i f f e r  i n  t h e  machine and t r a n s -  
verse d i r e c t i o n s ,  an unsupported sample w i l l  tend  
t o  c u r l .  

The t h e r m a l l y  induced d e h y d r o f l u o r i n a t i o n  and 
a u t o c a t a l y s i s  r e a c t i o n s  i n  PVF f i l m s  produce con- 
j u g a t e d  doub le  bonds on t h e  polymer main c h a i n  
which, as p r e v i o u s l y  exp la ined,  a re  r e s p o n s i b l e  f o r  
t h e  observed d i s c o l o r a t i o n .  

E m b r i t t l e m e n t  and c r a c k i n g  are  due i n  p a r t  t o  
p h o t o - o x i d a t i o n  t h a t  r e s u l t s  i n  polymer c h a i n  s c i s -  
s i o n  and i n  p a r t  t o  d i f f e r e n t i a l  shr inkage.  As t h e  
t o t a l l y  edge-clamped o r  f u l l y  bonded f i l m  heats,  i t  
s h r i n k s  and, n o t  b e i n g  f r e e  t o  c u r l ,  w i l l  c r a c k  
i ns tead .  

T y p i c a l  observed response o f  PVF m a t e r i a l  t o  a 
t h e r m a l - o n l y  environment i s  i n i t i a l  we igh t  l o s s  
f o l l o w e d  by a l o n g  p e r i o d  o f  no we igh t  l o s s ,  which 
i n d i c a t e s  t h a t  a v o l a t i l e  component, most l i k e l y  
t h e  r e s i d u a l  p r o c e s s i n g  s o l v e n t ,  i s  be ing  removed 
e a r l y  i n  t h e  heat exposure. 
85°C/10%RH/lsunUV environment undergo c o n t i n u a l  
we igh t  l o s s ,  F i g u r e  6, suggest ing  t h a t  e i t h e r  
h u m i d i t y -  and/or UV-induced e f f e c t s  a re  o c c u r r i n g .  
H u m i d i t y - r e l a t e d  we igh t  l o s s  e f f e c t s  were n o t  ob- 

Samples i n  t h e  
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served, so we conc lude t h a t  t h e  observed we igh t  
l o s s  p r o f i l e  i s  most p r o b a b l y  t h e  r e s u l t  o f  i n i t i a l  
l o s s  o f  r e s i d u a l  e x t r u s i o n  s o l v e n t  f o l l o w e d  by 
p h o t o - o x i d a t i v e  l o s s  o f  UV absorber.  

On t h e  o t h e r  hand, t h e  observed f i r s t  occur ren-  
ces o f  v a r i o u s  l o s s - o f - m e c h a n i c a l - s t r e n g t h  i n d i c a -  
t o r s  f o r  m a t e r i  a1 s exposed t o  t h e  85°C/10%RH/lsunUV 
and 85'C/85%RH/lsunUV environments,  as recorded i n  
t h e  t i m e l i n e  o f  F i g u r e  9, shows a s i g n i f i c a n t  
h u m i d i t y  c o n t r i b u t i o n  t o  t h e  mechanical  d e g r a d a t i o n  
o f  T e d l a r  300-XRB-165-PT (5% UV s t a b i l i z e r ) ,  a 
modest e f f e c t  upon T e d l a r s  400-XRB-177-SA (2.5% UV 
s t a b i l i z e r )  and 400-SG-20-SE (1% UV s t a b i l i z e r ) ,  
and no e f f e c t  on T e d l a r  400-XRB-165-PT (5% UV s t a b -  
i l i z e r ) .  There may be some h u m i d i t y  degradat ion ,  
perhaps h y d r o l y s i s  o f  t h e  UV s t a b i l i z e r ,  b u t  t h e r e  
seems t o  be no s o l i d  c o r r e l a t i o n  o f  h u m i d i t y  and 
l o s s - o f - m e c h a n i c a l - s t r e n g t h  i n d i c a t o r s ;  hence, we 
adopt ACC,, =r 1. 

Loss o f  Mechanical  P r o D e r t i e s  

P u l l  Tes t  - A r r h e n i u s  A n a l y s i s .  The degradat ion  
c h e m i s t r y  induced i n  t h e  a c c e l e r a t e d  t e s t  e n v i r o n -  
ments l e a d s  t o  t h e  steady, l i n e a r  d e c l i n e  o f  r u p -  
t u r e  s t r e n g t h  and s t r a i n - t o - b r e a k ,  as d e p i c t e d  i n  
F i g u r e s  7 and 8. T e d l a r  400-SG-20-SE, t h e  m a t e r i a l  
w i t h  t h e  l e a s t  amount o f  UV s t a b i l i z e r ,  e x h i b i t e d  
t h i s  b e h a v i o r  up t o  2600 hours i n  t h e  
85'C/85%RH/lsunUV environment and up t o  6400 hours 
i n  t h e  65'C/85%RH/lsunUV environment,  a f t e r  which 
i t  r u p t u r e d  a t  a mere touch. T h i s  f i l m  shows an 
" i n d u c t i o n  p e r i o d "  phenomenon - -  c l e a r l y ,  two deg- 
r a d a t i o n  r a t e s  a r e  b e i n g  observed. 
l a t e s  t o  g radua l  p h o t o - o x i d a t i v e  l o s s  o f  UV s t a b i l -  
i z e r ;  t h e  second t o  thermal  and p h o t o - o x i d a t i v e  
d e g r a d a t i o n  o f  t h e  PVF i t s e l f .  

be mode l led  as A r r h e n i u s  r a t e  r e a c t i o n s .  Ar rhen ius  
p l o t s  ( l o g  t i m e  versus  i n v e r s e  a b s o l u t e  tempera- 
t u r e )  o f  t h e  p u l l - t e s t  d a t a  [Ill shows t h a t  e m b r i t -  
t l e m e n t  occurs  more r a p i d l y  t h e  lower  t h e  m a t e r i a l  
UV s t a b i l i z e r  c o n t e n t .  The s lopes  o f  t h e  Ar rhen ius  
p l o t s  r e f l e c t  changes i n  t i m e  by f a c t o r s  r a n g i n g  
f rom 1.4 - 1.7 p e r  10°C, somewhat below t h e  approx- 
i m a t i o n  engendered i n  t h e  fac to r -o f - two-per - lOOC 
r u l e .  

The f i r s t  r e -  

Such chemical  r e a c t i o n s  as these can g e n e r a l l y  

Push Tes t  - A r r h e n i u s  A n a l y s i s .  Ar rhen ius  p l o t s  
f o r  t h e  f o l l o w i n g  t h r e e  l o s s - o f - m e c h a n i c a l - s t r e n g t h  
i n d i c a t o r s  observed d u r i n g  t h e  push t e s t s  - -  ( 1 )  
t h e  o b s e r v a t i o n  o f  t h e  f o r m a t i o n  o f  c o n c e n t r i c  
c racks  a t  20 l b s  p u s h - t e s t  f o r c e ;  ( 2 )  t h e  observa- 
t i o n  o f  t h e  f o r m a t i o n  o f  c o n c e n t r i c  c racks  a t  2 l b s  
p u s h - t e s t  f o r c e ;  and (3) t h e  o b s e r v a t i o n  o f  s u r f a c e  
c racks  and c r a z i n g  w i t h o u t  a p p l i e d  f o r c e  - -  r e v e a l  
s lopes  cor respond ing  t o  t i m e  a c c e l e r a t i o n  f a c t o r s  
r a n g i n g  f rom 1.2 - 1.8 p e r  10°C, aga in  below t h e  
approx imat ion  engendered i n  t h e  f a c t o r - o f - 2 - p e r -  
l0'C r u l e .  

SPECTROSCOPIC ANALYSIS AND RESULTS 

Examinat ion by  U V / v i s i b l e  spectroscopy 
(300-700 nm) o f  p r i s t i n e  and aged PVF f i l m s  r e v e a l s  
t h a t  t h e  exposed f i l m s  s u f f e r  a decrease i n  absorb- 
ance, c l e a r l y  i n d i c a t i n g  l o s s  o f  UV s t a b i l i z e r ,  
F i g u r e  10. 

4.Q - 

0.0 - 
Joo yo 3 0  420 *60 so 

WAVELENGTH, nm 

F i g  10. UV Spectroscopy o f  P r i s t i n e  and Aged 
Ted1 a r  F i l m s .  

A l though d i f f i c u l t  t o  q u a n t i f y ,  t h e  areas under 
t h e  absorbance curves  r e l a t e  t o  t h e  amounts o f  s t a -  
b i l i z e r  p resent ,  which i n  t u r n  c o r r e l a t e s  w i t h  t h e  
degrees o f  w e i g h t  l o s s  and mechanical f a i l u r e .  

Aged and unaged f i l m s  were a l s o  examined by 
i n f r a r e d  spec t roscopy  (FTIR).  The UV screen ing  
agent i s  known t o  be an a c r y l a t e  polymer w i t h  a 
s u b s t i t u t e d  hydroxybenzophenone group, and conse- 
q u e n t l y  has two c h a r a c t e r i s t i c  ketone bands; t h e  
phenyl  ke tone band a t  1624 cm-' (venzophenone) and 
t h e  e s t e r  ketone band a t  1737 cm- 
Abso lu te  absorbance v a r i e s  w i t h  f i l m  t h i c k n e s s ;  
consequent ly,  changes a r e  i n d i c a t e d  by c a l c u l a t i n g  
t h e  absorbance r a t i o s .  Comparison o f  t h e  absorbance 
band r a t i o s  (A,62JAl 7) i n  aged and unaged f i l m s  
shows t h a t  t h e  pheny? ke tone decreases i n  p ropor -  
t i o n  t o  t h e  e s t e r  ketone w i t h  cont inued exposure t o  
t h e  c o n t r o l l e d  environments,  F i g u r e  11. T h i s  sug- 
g e s t s  t h a t  s c i s s i o n  o f  t h e  p r o t e c t i v e  hydroxyben- 
zophenone group i s  o c c u r r i n g ,  which i s  f o l l o w e d  by 
v o l a t i l e  l o s s  f rom t h e  f i l m .  These r e s u l t s  a re  
c o n s i s t e n t  w i t h  o b s e r v a t i o n s  o f  we igh t  l o s s ,  de- 

( a c r y l i c ) .  

ESTER KElONE 

,,, :IL 9ooo 

WAVE NUMBER, cm-' 

F i g  11. FTIR Spectrum o f  400-XRB-165-PT T e d l a r  
F i lm,  P r i s t i n e  and Exposed f o r  4100 Hours 
@ 85OC/ 1 O%RH/ 1 s unUV . 
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Tab le  2 

UV STABILIZER AND WEIGHT LOSS 
R e s u l t s  o f  Spec t roscop ic  A n a l y s i s  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. ------_____----____----------------------~-------- 

T e d l a r  No. I n i t i a l  Weight Absorbance 
S t a b i l i z e r  Loss R a t i o  

Weight A,&, 7 Change 
% % I n i t i a l  g g e d  % 

.--.---_________________________________----------- 

300-XRB-165-PT 5.0 -4.3 2.09 0.68 67.5 
400-XRB-165-PT 5.0 -2 .7  2.2 1.0 54.6 
400-XRB-177-SA 2.5 -4.2 1.67 0.36 78.4 
400-SG-20-SE 1.0 - 1.86 0.37 80.1 
_ - - - - - -_______-_________________________- - - - - - - -~ - -  

Exposure: 4100 hours @ 85°C/85%RH/lsunUV 

crease i n  UV absorbance and d e t e r i o r a t i o n  o f  p h y s i -  
c a l  p r o p e r t i e s .  Tab le  2 compares sample we igh t  
losses  w i t h  t h e  decreases i n  absorbance r a t i o s .  

PERFORMANCE EVALUATION 

Back-Cover F i l m s  

Among t h e  v a r i o u s  back-cover f i l m s  t e s t e d ,  o n l y  
t h e  My lar  p o l y e s t e r  and t h e  Korad 63000 a c r y l i c  
polymer f i l m s  appeared t o  weather unscathed t h e  
v a r i o u s  exposures. 
e m b r i t t l e d  and cracked o r  delaminated f rom t h e i r  
s u b s t r a t e s  i n  v a r y i n g  degrees. 

The remain ing  f i l m s  e i t h e r  

T e d l a r  PVF F i l m s  

We c o n s i d e r  here  t h e  u t i l i t y  o f  PVF f i l m s  i n  a 
PV module f r o n t - c o v e r  a p p l i c a t i o n .  
i n  t h e  way o f  performance f rom such a m a t e r i a l  i s :  
(1) h i g h  t r a n s m i s s i o n  o f  energy across t h e  wave- 
l e n g t h  band w i t h i n  which t h e  u n d e r l y i n g  PV c e l l s  
a re  s t r o n g l y  absorb ing ;  ( 2 )  good environmental  
i s o l a t i o n  c h a r a c t e r i s t i c s ;  and (3) r e l i a b i l i t y  and 
d u r a b i l i t y .  The f i r s t  c r i t e r i o n  i s  compromised by 
t h e  c o l o r - f o r m i n g  r e a c t i o n s  t h a t  occur  d u r i n g  t h e  
thermal decomposi t ion o f  PVF f i l m s .  PVF f i l m s  a r e  
recogn ized as b e i n g  good m o i s t u r e  b a r r i e r s  [12] ,  
b u t  r e a c t i o n s  l e a d i n g  t o  e m b r i t t l e m e n t  and c r a c k i n g  
w i l l  e v e n t u a l l y  compromise t h i s  p r o p e r t y .  The 
t h i r d  c r i t e r i o n ,  r e l i a b i l i t y  and d u r a b i l i t y ,  essen- 
t i a l l y  imposes a u s e f u l  l i f e t i m e  requ i rement  on t h e  
m a t e r i a l  f o r  t h e  in tended a p p l i c a t i o n ;  i n  t h e  case 
o f  PV modules, t h e  commonly quoted des ign  l i f e t i m e  
o f  a PV power g e n e r a t i o n  s t a t i o n  i s  30 years .  

I n  o r d e r  t o  de termine t h e  l i f e t i m e  o f  PVF f i l m s  
i n  a f r o n t - c o v e r  PV module a p p l i c a t i o n ,  i t  i s  ne- 
cessary t o  assess t h e  r e s u l t s  o f  d i a g n o s t i c  t e s t s  
performed on these m a t e r i a l s  i n  o r d e r  t o  judge when 
these f i l m s  have l o s t  t h e  a b i l i t y  t o  per fo rm t h e i r  
in tended f u n c t i o n .  For example, we may adopt as a 
c r i t e r i o n  t h e  l o s s  o f  mechanical p r o p e r t i e s  sug- 
gested by t h e  o b s e r v a t i o n  o f  obvious s u r f a c e  c racks  
i n  t h e  p u s h - t e s t  d i a g n o s t i c s .  
f i l m s  would no l o n g e r  be a b l e  t o  keep m o i s t u r e  f rom 
c o n t a c t i n g  t h e  module c i r c u i t r y .  I n  t h e  85OC en- 
v i ronment,  t h i s  occurs from about 3100 - 4100 
hours.  I n  t h e  65OC environment,  t h i s  occurs  f rom 

What i s  d e s i r e d  

I n  t h i s  case t h e  

about 8000 - 9600 hours .  F o r  an NOCT o f  6OoC (ap- 
p r o x i m a t e l y  t h e  NOCT o f  PV modules i n  a f r e e -  
s t a n d i n g  a p p l i c a t i o n ) ,  t h e  r e s p e c t i v e  a c c e l e r a t i o n  
f a c t o r s  (Equat ions  1 and 2) a r e  16.2 and 6.3, which 
t r a n s l a t e s  i n t o  about 6 - 8 y e a r s  a t  a f i e l d  s i t e  
where t h e  o n l y  env i ronmenta l  s t r e s s e s  a r e  tempera- 
t u r e ,  UV, and r e l a t i v e  h u m i d i t y .  

o b s e r v a t i o n  o f  mechanical  p r o p e r t y  l o s s  (push t e s t :  
20 l b F ) ,  t h e  exposure t i m e s  a r e  2700 hours (85'C 
environment)  and 5000 hours  (65'C environment) ,  
cor respond ing  t o  p r o j e c t e d  f i e l d  l i f e t i m e s  o f  3 1/2 
t o  5 years .  I n  t h e  85OC environments,  s e r i o u s  
we igh t  l o s s e s  occur red  a f t e r  approx imate ly  2700 
hours o f  exposure; thus  these p r o j e c t e d  l i f e t i m e s  
may be regarded as c o r r e l a t i n g  t o  l o s s  o f  UV s t a b -  
i l i z e r  w i t h  assoc ia ted  d i s c o l o r a t i o n  ( r e d u c t i o n  o f  
t r a n s m i t t a n c e )  o f  t h e  PVF f i l m s .  

As p r e v i o u s l y  s t a t e d ,  t h e  p a r t i c u l a r  PVF f i l m s  
i n v e s t i g a t e d  i n  t h i s  research  f e a t u r e d  u n u s u a l l y  
h i g h  l e v e l s  o f  UV s t a b i l i z e r  (1% - 5% by we igh t ) ;  
hence commercial f i l m s  w i t h  normal a d d i t i v e  l e v e l s  
w i l l  f a i l  i n  c o r r e s p o n d i n g l y  l e s s  t i m e .  Also,  t h e  
s t a b i l i z e r  w i l l  e f f e c t i v e l y  i n h i b i t  UV degradat ion  
o n l y  so  l o n g  as t h e  s t a b i l i z e r  i t s e l f  i s  n o t  de- 
graded. 

same l e v e l  o f  v i s u a l  d e g r a d a t i o n  i n  a m o d u l e - l i k e  
chamber t e s t  coupon as i t  does i n  a deployed 
module, such as a t  t h e  Southwest R e s i d e n t i a l  Ex- 
per iment  S t a t i o n ,  b r a c k e t s  t h e  a c c e l e r a t i o n  f a c t o r  
o f  t h e  chamber a t  f r o m  about 1.5 t o  14, depending 
upon t h e  normal o p e r a t i n g  tempera ture  o f  t h e  mater -  
i a l  i n  i t s  i n t e n d e d  a p p l i c a t i o n .  These numbers a r e  
i n  accord  w i t h  f a c t o r s  determined f rom an Ar rhen ius  
a n a l y s i s  o f  t h e  p u s h - t e s t  and p u l l - t e s t  da ta .  

I f  t h e  performance l o s s  c r i t e r i o n  i s  t h e  f i r s t  

Comparison o f  t h e  t i m e  i t  takes  t o  reach t h e  
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