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ABSTMCT 

Aithough t h e  i n t r i n s i c  s t r e n g t h  of s i l i c o n  d iox ide  g l a s s  i s  of t h e  o rde r  

of LO6 l t / i n . 2 ,  t h e  p r a c t i c a l  s t r e n g t h  is  roughly two o r d e r s  of magnitude 

below t h i s  t h e o r e t i c a l  l i m i t ,  and depends almost e n t i r e l y  on t h e  s u r f a c e  
cond i t ion  of t he  g l a s s ,  t h a t  i s ,  t he  number and s i z e  of flaws and t h e  r e s i d u a l  

s u r f a c e  compression (temper) i n  t h e  g l a s s .  Glass p a r t s  always f a i l  i n  t e n s i o n  
when these  f l a v s  grow under sus t a ined  loading t o  some c r i t i c a l  s i z e .  

Over t h e  p a s t  e i g h t  years zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, r e sea rch  a s soc ia t ed  with glass-encapsulated 
c r y s t a l l i n e - S i  pho tovo l t a i c  (PV) modules has g r e a t l y  expanded our  howledge of 

g l a s s  breaking s t r e n g t h  and developed a s i z e a b l e  d a t a  base f o r  commercially 
a v a i l a b l e  g l a s s  types.  A d e t a i l e d  des-;n a lgori thm has been developed fo r  

th i ckness  s i z i n g  of r ec t angu la r  g l a s s  p l a t e s  s u b j e c t  t o  p re s su re  loads.  This 

a lgori thm employs nornographs based on s o p h i s t i c a t e d  non-linear f ini te-element  

stress analyses  t o  determine t h e  maximum stress i n  a g l a s s  p l a t e .  This stress 

is  compared wi th  t h e  p r a c t i c a l  s t r e n g t h  of g l a s s  p l a t e s  der ived from a l a r g e  

body of e x i s t i n g  g l a s s  breakage da ta .  
s t r e n g t h  of g l a s s  under impact-loading cond i t ions  such a s  t h a t  caused by h a i l .  

Addi t ional  s t u d i e s  have examined t h e  

Although t h e  fundamentals of g l a s s  breakage are d i r e c t l y  a p p l i c a b l e  t o  

th in - f i lm  modules, t he  f r a c t u r e  s t r e n g t h  of t y p i c a l  commercial g l a s s  mus t  be 

yeplaced w i t h  d a t a  t h a t  ref l e c t  t h e  high-temperature t in-oxide processing,  
laser s c r i b i n g ,  and edge processing p e c u l i a r  t o  th in - f i lm  modules. 

This paper reviews the  fundamentals of g l a s s  breakage a p p l i c a b l e  t o  

thin-f i lm modules ,nd p resen t s  prel iminary f r ac tu re - s t r eng th  d a t a  f o r  a 

v a r i e t y  of 1-ft-square g l a s s  specimens r ep resen t ing  pre-processed and 
post-processed s h e e t s  from c u r r e n t  amorphous-Si module manufacturers.  

DISCUSSION 

The o b j e c t i v e  of t h i s  p r e s e n t a t i o n  i s  t o  examine t h e  a p p l i c a b i l i t y  of 

c u r r e n t  knowledge of g l a s s  breakage s t r e n g t h  t o  t h e  s t r u c t u r a l  des ign  of 
glass-supported thin-f i l m  PV modules. To t h i s  end, t h e  r e sea rch  a s s o c i a t e d  

with glass-encapsulated c r y s t a l l i n e - s i l i c o n  PV modules is  b r i e f l y  reviewed. 
The a p p l i c a b i l i t y  of t h i s  knowledge t o  thin-f i lm g l a s s  modules i s  examined. 

F i n a l l y ,  the  r e s u l t s  of prel iminary tes ts  t o  c h a r a c t e r i z e  the  mechanical 

s t r e n g t h  of glass-supported thin-f i l m  PV modules are summarized. 

The i n t r i n s i c  s t r e n g t h  of g l a s s  i s  on the  o r d e r  of LO6 l b / in . ;  The 

s i r e n g t h  of l a r g e  r e c t a n g u l a r ,  commercially , ~ a i l a b : e ,  soda-lime g l a s s  s h e e t s  

f a l l s  i n  t h e  range of 3,000 t o  20,000 l b / in . ’  dzperding on the  su r face  
cond i t ion  and temper of the g l a s s .  

i n t r i n s i c  and usab le  s t r e n g t h  of g l a s s  is due t o  the  f a c t  t h a t  g l a s s  i s  a 

b r i t t l e  mate r i a l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs such, it  always f a i l s  i n  t ens ion  a t  pre -ex i s t ink  s u r f a c e  

This huge discrepancy between t h e  
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flaws. The brittle failure mechanism of glass is helpful in explaining the 

dependency of the measured strength of glass on the factois delineated below: 

(1) Strength increases with increased residual surface compression 

(temper) becausi applied tensile Loading is reduced by the amount 

of the residual surface compression. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 2 )  Strength decreases with increased time duration of loading, 

because under a sustained load pre-existing flaws grow to some 

critical size, at which failure occurs. 

(3 :  Strength decreases with increased stressed area due to tne greater 

probasility of a flaw existing within the stressed area. 

13ecqu;e the strength of glass depends on the number and size of flaws in 
the specimen tested, it is not surprising that apparently identical test 

specimens and loading conditions exbibit widely different measured strengths. 

For this reason, the strength of glass must always be cited for a given 

probability of failure. 

In connection with the research devoted to glass-encapsulated 
crystalline-silicon PV modules, a design algorithm for thickness sizing of 
rectangular glass plates subject to pressure loads, such as wind, has been 

developed. This algorithm employs nomographs based on sophisticated non-linear 

finite-element stress analysis to determine the maximum stress in a glass 

plate. The maximum applied stress, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso obtained, is compared with the strength 
of glass plates derived from a large body of empirical glass breakage data. 

Highlights of this design algorithm are shown in the figures that follow this 

text. 

Thin-Film Glass Strength Tests 

As discussed above, it is desired to estaDlish 'ine strergth of the glass 
used for thin-film FV modules as a function of the processing to which the 
glass is subjected; i.e., 

(1) Edge treatment zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 2 )  Thermal treatments 

( 3 )  Coatings applied zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 4 )  Scribing 

To accomplish this, burst-pressure tests were done on 1 x 1-ft-square 
glass specimens. The apparatus designed to do this is shown in a figure. 

Essentially, it consists of a rigid aluminum frame that provides simple 
support to the four edges of the square glass plates. Tap water, a pressure 

regulator and a needle valve are used to slowly preLsurize the glass plate. A 
pressu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 transducer and a linear-motion transducer, with a strip chart 

recDrder, are used to record the pressure and displacement versus time. 

So far, 51 of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI x 1-ft-square gl:;s plates have been tested. These are 

described below by Lne number tested, thickness, temper, edge and surface zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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t reatments .  Note t h a t  t he  s u r f a c .  f o r  which t h e  s u r f a c e  t reatment  i s  desc r ibed  

was placed i n  t ens ion  (ccnvex) du r ing  t h e  t e s t .  

Nurcber Tested 2. s c r i p t i o n  

11 

21 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 

10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

0.125 in. - thick annealed f l o a t  g l a s s  with as-cut 

i n  t e n s i o n  edges t e s t e d  wi th  t i n  s i d e  

0.125 in . - thick annealed f 
edges t e s t e d  with t i n - s i d e  

0.125 in.-thick annealed g 
obtained from nanufac tu re r  

c o a t i n g  had been app l i ed  

o a t  g l a s s  with sanded 

i n  t e n s  i o n  

a s s  with as-cut edges 
af te r  T i 0  conductive 

0.042 in . - thick ar iealed g l o s s  with c a r e f u l l y  

rounded edge:: obtained frcm manufacturer a f c e r  
T i 0  conductive coa t ing  had been app l i ed  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.042 in . - thick annealed g l a s s  w i th  c a r e f u l l y  
roeinded edges obtained from manu€actrirer af ;er 

sc r i b  i ng  

Photographs a r e  included f o r  t h r e e  f r a c t u r e d  g l a s s  specimens: 

(1 )  0.12; L . - t h i c k  ar.,iealc.. g l a s s  with as-cu:: edge?. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 2 )  0.042 in . - thick annealed g l a s s  w i th  c a r e f u l l y  rounded edges and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

T.3 conductive coa t i ag .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 3 )  0.042 in.-tirick annealed g l a s s  with c a r e f u l l y  rounded edges,  T i 0  

and S i  c o a t i n g s ,  and sc r ibed .  

The burst-pressure d a t a  obtained from these  t es t s  were converted t o  

s t r e n g t h  daca using t h e  non-l inear  des ign  nomograp!. These s t r e n g t n  a a t a  a r e  
p l o t t e d  on a graph included here t h a t  shows g l a s s  s i r e n g t h  ve r sus  p r o b a b i l i t y  

of f a i l u r e .  Also shown on t h i s  graph i s  t he  g l a s s  s t r e n g t h  obtained from 
p rev ioJs  bu r s t -p re s su re  t e s t s  made by o t h e r  i n v e s t i g a t o r s .  Although somewhat 

on t h e  low s i d e ,  t he  s t r e n g t h  valucs  obtained i n  the c u r r e n t  t es t s  3re i n  
reasonable a g r e r m e x  w i t h  previoudls Jb t a ined  r e s u l t s  f o r  g l a s s  s t r e n g t h .  A s  

i s  o f t e n  t h e  case when s tudying glass breakage d a t a ,  t he  r e s u l t s  of t h e  
c u r r e n t  tes ts  defy s i m p l e  explanat ion.  It would be expected,  f o r  exarrple, 

t h a t  t h e  specimens of annealed i i 6  i n . - th i ck  glass wLth ground edges would 
e x h i b i t  higher s t r e n g t h  than the  specimens with as-cut edges,  but t he  tes t  

r e s u l t s  show a higher  s t r e n g t h  f o r  t h e  specimens w i t h  as-".ut edges. Another 
unexpected r e s u l t  is t h a t  the sc r ibed  0. "42 ;n.-thick specimens e x h i b i t e d  a 

higher  average s t r e n g t h  than t h e i r  unscr ibed coun te rpa r t s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- Hail Inipazt Resis tance 

It i s  a l s o  d e s i r e d  t o  a s c e r t a i n  t h e  h a i i  impact r e s i s t a n c e  of g l a s s -  

supported chin-f i lm PV modules. Preliminary ha;! -impact tes ts  have been 

conducted on th in - f i lm  modules froin two mmuIac tu re r s  using t h e  h a i l  gun 
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developed for testing of crystalline-silicon zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY V  modules. 
air pressure to propel a frozen ice ball at a test specimen. These 
exploratory tests showed that the 0.125 in.-thick annealed-glass modules from 

one :mnufacturer were maiginally inadequate for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 -in.-dia ice balls at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
52 mi/h. 
modules. It is thought that the as-cut edges of these modules was a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
srgnrf~can: contyibutzr t3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthese faii2res. Photographs of two zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof these 

failures are included. The other module tested consisted of a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.042 in thick 

froct glass-cover bonded to a 0.125 in.-'nick back cover glass by a thin layer 

o t  a soft encapsulant material. This module survived 16 edge impacts of 

l-in.-dia ice balls at 5 2  miin. zi was ixt tcsced zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor larger ice balls. 
Finally, a bar graph shows the hail-impact rcsistance of PV modules for 
varir - module constructions. 

The hail gun uses 

Failure occurred in 2 of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 2  impacts made near the edges of three 

. .  

CONCLUSIONS 

The analytical and empirical tools developed over tne pasc eight years to 

characterize the mechanical strength of crystalline-siliccn PV modules are 

applicable to the stL xtural design o f  thin-film glass-supported PV modules. 

Preliminary test results indicate that glass-supported thin-film modules will 
be structurally adequate, but additional testing is ma iatory to characterize 
further the strength Df glass used for thin-film module. as a funccion of the 
surface treztments and processes :o which it is subjected. 
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Agenda 

Review o f  current knowledge of glass breakage 

Theoretical considerations 

Empirical results 

Application of this knowledge t o  thin-film glass modules 

Examine problems peculiar t o  thin-film glass modules 

Especially surface treatments of glass 

Glass Breakage Strength 

Inherent strength zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1,000,009 Ib/in.2 

Apparent strength = 3,000 to 20,000 Ib/in.2 

Brittle failure mechanism explains why 

Glass always fails in tension at f laws 

Sttength increases with increased surface compression (temper) 

Strength decreases with increased flaw size zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c Strength decreases with increased duration of load 

Strength decreases with increased stressed area 

Strength of glass is therefore stated for a given probability of failure 
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Glass zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThickness Sizing Method 

PRESSURE LOAD 
DIMENSIONS 
ELASTIC PROPERTIES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

AREA 
TEMPER 
LOAD TIME 
FAILURE PROBABILITY 

I APPLIED STRESS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

BREAKAGE STRESS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 - 0 - J  COMPARE 

Uniformly Loaded, Simply Supported Rectangular Plate 

Y 
t 

a = LENGTH OF PLATE 

b = WlDPH OF PLATE 

t = THICKNESS OF PLATE 

p = PRESSURE Jldj 
E = YOUNG'S MODULUS 

V = POISSON'S RATIO 

240 



Maximum Principal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAStress Contours 

$6240 

+X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Stress vs Load 

LND zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= NON-DIMENSIONAL LOAD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA=Dt Pb4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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ORjGiNAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPACE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIs 
OF zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPOOR QUALITY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA042 x 11.8 x 11.8-in. knneaied Glass Plate With 
Hounded Edges, FiO and Si Coatings, and Scribed; 

Faded a? 0.99 Ib h . 2  

I 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 



Hail Impact Resistance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
k : R Y L I C  

S Z E T  

SILICONE 
RUBBER 
POTTANT 

ANNEALED 
GLASS 

I - - 1 -  

I 1 I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 
I 

BROKE I 
I 
I 

ACRYLIC 

CRACKED 
I 

Block V Requirement 
1 in. diameter at 52 milh Si SOLAR L, 

CELLS I 
I 1  

BROKE 
GLASS 

FAILURE CRITICAL HAILSTONE DIAMETER, in. 

m x w 1 1% 1% 1% 
I MODE / /  

1 I 

TEMPERED 
GLASS 

THIN 10.042 in.) LASER- 
SCRIBED GLASS1 
EVAITHICK GLASS 

SCRIBED GLASS, 
NO BACKUP 

THICK (0.1 25) LASER. 

1 
SHATTERED I 
GLASS I 

I .  

I 
I 
I 

BROKE 
GLASS 

BROKE 
GLASS 

I I  ! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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