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ABSTRACT 

For photovoltaic modules to became practical for large-scale electrical power 
production, they must undergo cost reductions and they must became 
sufficiently durable to perform reliably for many years. The Flat-Plate Solar 
Array Project (FSA), managed by the Jet Propulsion Laboratory for the U.S. 
Department of Energy, has established cost and life goals of $14.00/m2 and 
20 years. FSA research has identified and advanced technologies with 
potential for achieving the cost goal, and seeks to identify and advance 
relevant technologies for meeting the durability goal. 

The Quantifying Degradation Research Forum addressed identification and 
quantification of module degradation rates and mechanisms. Acquisition and 
analysis of degradation data and formulation of analytical models may 
facilitate assessment of the life potential of hardware designs, provide 
design criteria for Unproved hardware, and help develop tests and standards to 
assure the durability and quality of future modules. 

10 assess long-term durability from short-term field or accelerated testing, 
it is essential to identify, understand and quantify potential life-lliniting 
damage mechanisms. Approaches to identifying and characterizing degradation 
mechanisms such as corrosion, cyclic fatigue, photothermal aging, soiling, 
debonding, and electrical stress effects are addressed. Experience and 
approaches of other industries in achieving and assuring hardware durability 
are reviewed and discussed. 
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INIRODUCTION 

CUDDIHY: (bod IIDrning, and welcane to the JPL/OOE Research Forum on 
Quantifying Degradation. The concept for this Research Forum was spawned 
from a goal that photovoltaic modules have a potential 20- to 25-year 
service life. Yet these modules are fabricated with many new, low-cost 
materials that have no prior outdoor weathering experience, that have no 
track record. Questions arose as to how long these materials will la~t, 
and since nobody has used them outdoors, nobody knew. We wondered then 
about how to carry out a program of life prediction or product qualifi­
cation. How do we take these photovoltaic modules, these new engineering 
products, and tell you that they will perform for 20 or 25 years? 

How have industries done this before with other engineering products 
intended for outdoor service? Is there really a science to life pre­
diction or is it still alch~? Is there evidence for correlation between 
laborabory testing and real outdoor experience? What kind of success has 
there been with predictive models and analytical techniques? Of course we 
are also interested in what has not worked. We would like to know what 
not to do; that is, the negative experience itself is also information. 
This Research Forum attempts to understand the state of the art of life 
prediction, and the prognosis for carrying out a meaningful program that 
would permit reliable estUnBtes of the service life potential for photo­
voltaic modules. 

For this Research Forum, the organizing committee identifi~ six degrada­
tion concerns for photovoltaic modules: corrosion, cyclical fatigue, 
photothermal aging, soiling, debonding, and electrical stress breakdown. 
Technical papers on each of these six degradation concerns will be pre­
sented over the next two and a half days of this Research Forum. To begin 
the Research Forum, and to establish its theme, our first two speakers 
will be Dr. Ron Ross of the Fngineering Sciences Area at JPL, and Dr. 
Dalal fran the Chronar Corporation. Dr. Ross will describe thick-film 
crystalline silicon photovoltaic modules, and Dr. Dalal will describe 
thin-film photovoltaic modules, and emerging technology. Both presenta­
tions will emphasize specific degradation concerns for each of these two 
types of modules. After these theme presentations, our first session will 
be chaired by ~. Ross, and will consist of industrial speakers addressing 
industrial techniques, practices, and the state of the art of life pre­
diction. What works for them, and what lessons can we learn fran indus­
trial practices? This will be followed by Sessions II through V, consis-' 
ting of technical papers related to the six degradation concerns 
identified for photovoltaic modules. What I hope to derive fran this 
Forum is that there is a potential for saying that we can achieve a 
scientifically valid method for photovoltaic module product qualification 
and life prediction. 

Therefore, I would like to introduce Dr. Ron Ross of the Jet Propulsion 
Laboratory, and manager of our Fngineering Sciences Area, who will present 
our first theme paper on crystalline-silicon solar-cell photovoltaic 
technology. 
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1'HEME PRESENTATION 

QUANl'IFYING RELIABILI'IY/DURABILI'IY 
OF FLAT-PLATE POOTOVOLTAIC M:>DULFS 

R. Ross 
Jet Propulsion Laboratory 

ROSS: What I would like to do in the next 30 minutes is first provide an 
overview of photovoltaic performance parameters and materials of 
construction for the few of you in the audience who are outside of the 
photovoltaics program. Many of you are within the program, so you will 
find this, obviously, a repeat. Next, I would like to describe same of 
the work we have done to identify the levels of allowable degradation for 
various failure mechanisms, based on the economic goals of the program. I 
will start with what we want to achieve, from the point of view of overall 
product reliability, and then look at the allowable levels of degradation 
in various specific mechanism categories. ,That will provide a framework 
for defining what we mean by quantifying degradation and what we need in 
the way of assessment tools. 

A Generalized Reliability-Lifetime Target 

Tb repeat the overall photovoltaic program goal, as Ed described it, the 
program has been striving for a module price of 70¢ a watt, a 10% 
efficiency, and a 20-year lifetime. The cost and efficiency combine to 
yield an area cost of about $70 per square meter. From a lifetime point 
of view, the economists assume no degradation during the 20-year life, and 
zero performance after 20 years. All of us know that products don't work 
ideally for 20 years and drop off. Tb provide a useful engineering 
lifetime requirement I have generalized the 20-year ideal life into what I 
call the generalized reliability durability target. That is: life-cycle 
economic performance shall be equivalent to no degradation for 20 years. 
The equivalency allows for sqme gradual degradation over time, but also 
provides for extended operation beyond 20 years, to yield a total 
integrated performance that is equivalent to 20 years with no 
degradation. The target is thus based on life-cycle modeling of the 
aggregate energy obtained from the array and the aggregate o&M expenses. 
I will be addressing this in detail in a moment, but first let me define 
some of the photovoltaic definitions and nomenclature. 

Photovoltaic NOmenclature 

I am going to be speaking specifically of solar cells made from single­
crystal silicon or semicrystalline silicon, which is a matrix of small 
single-crystals. The crystalline silicon is manufactured into wafers that 
are typically 10 to 15 thousandths of an inch thick and 3 to 5 inches in 
diameter. MOst solar cells are made of p-type doped silicon, with an 
n-type doped layer on top, to give the p-n diode junction. To collect the 
power, a metallization is applied to the top surface--an open gridwork to 
allow the light to reach the silicon cell. The bottom is typically a 
continuous metallization. The cells are combined electrically into 
modules where they are surrounded by a pottant material and supported by a 
substrate on the bottom, a super strate on the top, or both. Either the 
top or bottom of the module may be a thin-film material, and I will 
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describe those in a little bit. The modules are subsequently aggregated 
into panels and arrays. The arrays themselves are connected to inverters 
to convert the dc power to ac. We are going to be lliniting our attention 
to the cell and module level, which is Where most of the life-lliniting 
failure mechanisms are. 

Mbdule Construction Materials 

Next, I would like to briefly summarize the typical materials used in 
present-day modules. As I ccmnented earlier, the cells are primarily 
silicon, particularly the ones in the field, although new thin-fibn]cells 
are also being developed. ~. Dalal will be speaking of thin-fibn cells 
in the talk following mine. 

The workhorse of metallization systems for quite a period of time was 
developed during the space program in the late sixties, and is compbsed of 
a silver-titanium-palladium sandwich. The palladium is actually in'the 
center. In addition to the Ag-Ti-Pd system, we have silk-screened silver 
metallizations, and various nickel-plating systems. These metallizatiQn 
systems create most of the corrosion problems associa~ed with the cells. 

Interconnects, used to connect the cells, are made primarily of copper; 
scxne aluminum. Copper, clad with other materials, is also being used to 
obtain Unproved fatigue resistance. 

The superstrates on t~e top of the module are typically glass or Tedlar; 
both of these have excellent antisoiling characteristics and 
weatl;terability. 

The pottant materials are EVA, silicone rubber, polyvinyl butyral, or EMA. 

The substrates on the bottom, in the case where glass is used on th~ top, 
are typically a MYlar or Tedlar laminant. In the case where thin fibns 
like Tedlar are used on the top, the substrate is a structural material 
like 'aluminum, steel, or glass. Same of the ,earlier modules were made 
with fiberglass substrates, either polyester or epoxy glasses. 

TYpical present-day photovoltaic modules are nominally about four feet 
long and ranging in width from about a foot up to two feet. 

TYpical Failure Mechanisms 

Next, let me summarize the failure mechanisms that are associated, or have 
been associated in the past, with these various parts of the module. 

Solar cell cracking is probably the most severe and most prevalent failure 
mechanism in the field. It is also probably the largest contributor to 
power loss. The cells are very brittle, like a sheet of glass, and can be 
easily cracked by bending or differential expansion stresses. If the 
cells are not properly interconnected with redundant interconnects, cracks 
can open-circuit the array and cause substantial amounts of power loss. 
Thermal cycling, humidity cycling, and hail llnpact stress are the primary 
culprits. 

4 



Interconnect breakage is another historical failure mechanism, starting 
with spacecraft arrays, and has been prevalent in some terrestrial 
arrays. It too is caused by differential expansion of materials due to 
thermal and hLmlidity cycling. Open circuiting of the cell strings is, of 
course, the major problem. 

Another linportant failure mechanism is cell metallization delamination, 
which causes series resistance increase due to increased contact resis­
tance between the metallization and the silicon wafer. Temperature/ 
hLmlidity/electrical-bias corrosion-type mechanisms are key in this area. 
Again, power loss due to increased series resistance is typically the way 
it is manifested. 

we next have a whole series of encapsulant-related mechanisms such as 
delamination, cracking and yellowing that I have grouped into a common 
category. All of the normal weather ing environments are involved here: 
temperature and hLmlidity cycling, ultraviolet, hail, wind and acnospheric 
oxidants -- all combining in chemical reactions with the encapsulants. 
This is one of the more difficult areas of degradation to quantify. 
Except in the case of yellowing, where you have a transmission loss, the 
prominent affect is slinply a reduction in the environmental protection 
afforded to the solar cells and the circuitry. The net result of 
encapsulant degradation is largely an acceleration of the other 
mechanisms, such as metallization corrosion. 

Electrical insulation breakdown from long-term dc stresses is one of the 
more interesting degradation mechanisms we are looking at. 

Optical soiling is a very linportant mechanism because it has a direct 
power loss associated with it. 

Another mechanism is hot-spot heating. Solar cells have the property that 
if you reverse bias them, with the voltage in ,the opposite direction of 
the normal voltage, you can create localized heating. One of the 
environments the encapsulant system must withstand is elevated 
temperatures associated with localized hot-spot heating within the cell, 
up to l6()oC if not properly controlled. 

Reliabili;Y Design Approaches 

In the next portion of ~ presentation, I would like to briefly summarize 
means of addressing these degradation problems. Basically, there are 
three approaches. One is to try to control the piece part failures 
themselves, by understanding the fundamental mechanisms and identifying 
materials or design approaches that solve them. A second approach is to 
incorporate redundancy to allow a certain number of failures, but still 
maintain electrical continuity and power fram the array. As a third 
approach, we can implement maintenance and replacement strategies that are 
available to us. 

How do we trade off these various solution approaches? As an example, I 
would like to consider solar-cell cracking, which happens to be probably 
the most prevalent failure mechanism in the field. We have good 
historical data fram two large applications, with almost 100,000 solar 
cells each, that were involved with very extensive audits. We found that 
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about 1% of the cells were breaking in the field every year due to ~arious 
mechanisms: hail, differential expansion, flaws that were there th~t 
simply opened up because of the differential expansion. But not all_of 
the broken ones failed. The metallization bridges the cracks quite often, 
and maintains continuity. It turns out that the number of cells that 
failed with an open-circuit failure, or a large loss of power, is 06lyon 
the order of about 1 per 1000. This was at a very heavily damaged site, 
so we consider this number of failures to be an upper bound. A typical 
failure level is expected to be on the order of 0.0001 per year. This 
very low failure rate places some fairly severe constraints on us in terms 
of trying to measure it accurately. 

Quantifying the Effect of Gell Failures 

Tb get a feeling for the significance of the cell failure level, consider 
an array that is wired with all of the cells in the source circuits in 
pure series. A IS-volt system, which is typical for a l2-volt batt,ery­
charging system, will have 36 cells in series. If we fail one cell per 
10,000 per year, at the end of 5 years our power plant will be d~ about 
1.8%. Not too bad. If we increase the voltage to 150 volts, a little low 
for residential applications, but in that ball park, we find the increase 
of the seriesing of cells has hurt us. With the same level of cell: 
failures the power is down 16% after 5 years. At a central power-station 
voltage level, around 1500 volts, we find that one cell failure per 10,000 
per year cell failure is disastrous. We have lost 85% of our power in 
five years. Clearly, we either have to achieve breakage levels far below 
one per 10,000 per year, or we have to incorporate redundancy strategies, 
or both. 

The question then becomes, how do you complete the power loss of a complex 
redundant system with a failure rate of only one per 10,000? It is very 
difficult, because you have such sporadic failures, and such a nonl;inear 
electrical circuit. fhwever, we have developed a methodology, a whole 
family of graphs, that allows us to compute the expected power -los~ of a 
plant as a function of the series paralleling and cell failure rate. we 
can thus understand the power losses associated with different seri'es­
parallel networks. 

The next question that arises is: Is it worth adding the extra 
interconnections fran an econcmic point of view, or do you simply make a 
replacement when a failure occurs? Tb achieve an answer to this question 
we have performed econanic analyses trading off the life-cycle cost,s of 
implementing redundancy as opposed to replacement strategies. There are 
two scenarios that we have looked at, one where we have no replacement 
whatsoever, and one where we replace every time a cell fails, assuming we 
can find the failed-cell module and are able to replace it at a ncminal 
cost. The optimal strategy fran a life-cycle-cost point of view is no 
maintenance whatsoever,- basically live with the failures, and have 
sufficient redundancy--something on the order of 200 series blocks per 
source circuit. The paralleling isn't particularly sensitive, although 
single strings, or eight or more parallel strings, is best. 
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Establishing Allowable Degradation Levels 

With this brief understanding of the failure mechanisms and available 
solution strategies, let me next address the problem of establishing 
allowable degradation levels. A useful figure of merit for the 
significance of each mechanism is the level that will lead to a 10% cost 
increase in the total energy from the plant, assuming optnnal 
series-parallel redundancy. Our results ~how that if we have about 6 per 
10,000 cell failures each year in the field, it will increase the cost of 
energy about 10%; the module failure rate is around 7 per thousand per 
year for a 10% cost increase. This is for a zero discount rate, which 
turns out to be fairly appropriate for assessment. If you were to work 
with an economic discount rate of 10%, these numbers are changed somewhat, 
but not terribly different. 

Next, I have generated a strawman degradation allocation for the levels of 
degradation that can be allowed for each mechanism category and still 
achieve 20-year life. I have arbitrarily chosen 1 per 10,000 per year for 
the cell failure rate. That is probably fairly easily achievable and 
represents only a small percentage of the total allowable degradation. 
For module failure rate, which is very difficult to quantify from field 
data because the designs are changing so rapidly, I have assigned 5 per 
1000 per year. A 1% per yea~ linear drop in power is allowed for things 
like yellowing, or increased series resistance of the metallization from 
corrosion. A 5% fixed drop in power is allowed to handle soiling. 

Tb make up for the energy loss associated with these mechanisms we need to 
extend the actual product life another 5 years, out to about 25 years. 

In summary I hope I have given you a feeling for the kind of degradation 
levels and failure rates-we can stand in various mechanism categories. 
The subject of the Research Forum is the available means for qu~ntifying 
the extent to which products meet these degradation levels, without having 
to wait for 25 years to find out. 
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Typical Materials of Construction (Cells and Modules) 

COMPONENT 

CELLS 

CELL METALLIZATION 

CELL INTERCONNECTS 

SUPERSTRATE 

POTTANT 

SUBSTRATE 

TYPICAL MATERIALS 

SILICON, CdS, a -Si 

Ag-Ti-Pd, SILK SCREEN SILVER 
Ni-PLA TING/SOLOER 

COPPER, ALUMINUM, CLAD METALS 

GLASS, TEDLAR 

EV A, SILICONE RUBBER, PVB, EMA 

MYLAR, TEDLAR, FOIL LAMINANTS 
FIBERGLASS (POLYESTER, EPOXY) 
ALUMINUM, STEEL 
GLASS 

Key Failure Modes and Mechanisms 

FAILURE MECHANISM 

SOLAR-CEU CRACKING 

CELL INTERCONNECT 
BREAKAGE (FATIGUE) 

CEU METALLIZATION 
DELAMINATION 

ENCAPSULANT 
DELAMINATION, 
CRACKING, AND 
YELLOWING 

ELECTRICAL INSULATION 
BREAKDOWN 

OPTICAL SOILING 

KEY ENVIRONMENTAL 
STRESSES 

THERMAL CYCLING, 
HUMIDITY CYCLiNG, 
HAIL 

, 
THERMAL CYCLING, 
HUMIDITY CYCLING 

TEMPERATURE/HUMIDITY 
ELECTRICAL BIAS 

TEMPERATURE/HUMIDITY 
CYCLING, ULTRAVIOLET, 
HAIL, WIND, 
ATMOSPHERIC OXIDANTS 

VOLT AGE STRESS 
HUMIDITY, TEMPERATURE 

DEW, ATMOSPHERIC 
CONTAMINANTS 
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EFFECT 

CELL STRING, 
OPEN CIRCUITING, 
LOSS OF CURRENT 

CELL STRING, 
OPEN CIRCUITING 

INCREASED SERIES 
RESISTANCE, LOSS 
OF POWER 

LOSS OF POWER, 
ACCElERATION OF 
OTHER FAILURE 
MECHANISMS 

MODULE FAILURE 
~ 

LOSS OF POWER 
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Effect' of Cell Failures on Array Degradation 
(No Cirquit Redundancy) 

(Cell Failure Rate R = 0.0001 per year) 

ARRAY SERIES POWER LOSS 
VOLTAGE CELLS AT 5 YEARS 

(S) 

15 36 . 18% 

150 360 16 5% 

1500 3600 83 5% 

POWER lOSS = 1- [1- (YEARS x R)]S 

Life-Cycle Energy Cost vs Series-Paralleling 
(Optimum Maintenance) 

cal FAilURE RATE" 1 PER 10000 PER YEAR 
SOURCE CIRCUIT c 2400 SERIES BY N PARALLEL, 

ONE DIODE PER SERIES BLOCK 
MODULE" 4 x 4 FOOT (}44 CELLS) : 

, 

I 

I 
ONE MODULE REPLACEMENT 
PER CELL FA I LURE ! 

~ ! , , 
..... _--- -------

{ 

4 PARALLEL 

WITH NO MODULE 8 PARALLEL 
REPLACEMENT 

1 PARALLEL 

006~--~~~~~~~--~~~~~~~--~~~~~~--~ 
1 10 

SERIES BLOCKS PER SOURCE CIRCUIT 
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Economic Impact of Degradation Types 

LEVEL CAUS I NG 10%Q 
TYPE OF DEGRADATI ON UNITS COST INCREASE 

k"O k = 10 

FIXED CELL FAILURE RATP'" FRACTION o 0006 o 0008 
PER YEAR 

FIXED MODULE FAILURE RATE FRACTION o 007 o 016 
PER YEAR 

LI NEAR DROP I N POWER FRACTION o 010 o 014 
PER YEAR 

FIXED DROP IN POWER FRACTION o 10 o 10 

DROP I N MODULE WEAR OUT LI FE YEARS 2.0 4 75 

*10% INCREASE IN LlFECYCLE ENERGY COST. k" DISCOUNT RATE 
''"SOURCE CIRCUIT" 8 PARALLEL x 200 SERIES BLOCKS WITH DIODES 

Strawman Degradation Allocations 
Equivalent to 20-Year Life 

TYPE OF DEGRADATION INCLUDED UNITS 
MECHANISMS 

CELL CRACKING. FRACTION 
FIXED CELL FAILURE RATE INTERCONNECT PER YEAR 

FATIGUE 

FIXED MODULE FAILURE RATE STRUCT FAILURE. FRACTION 
INSUL BREAK PER YEAR 

YELLOWING, FRACTION 
LINEAR DROP IN POWER AR COATING, PER 

CELL DEGRADATION YEAR 

FIXED DROP IN POWER SOILING FRACTION 

MODULE WEAR OUT LI FE 
OBSOLESCENCE, YEARS CORROSION 
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DISCUSSION 

GUILI.El': I just wanted to know how sensitive your econanic analysis is to 
such things as interest rates. 

ROSS: The discount rate was on the viewgraph and that basically reflects 
interest rate. You can see it is sensitive, but not terribly sensitive. 
This is canforting because it says that we don't h~ve to worry about 
trying to outguess where the eco~ is going. 

WAKSMAN: I had a question about treating the degradation rates as constant 
factors over time. Sane of these paraIIEters, such as soiling, I, would 
imagine would go up to a certain level and then level out, whereas others 
such as yellowing could very well get DDre and mre intense. They qBy not 
be constant-rate factors, and I wonder if you built these considerations 
into your DDde1s? 

ROSS: That is exactly what I have done. The fixed drop in power, in f~ct, is, 
due to DDdu1e soiling, because' our experimental measurements in the; field 
today indicate that soiling rapidly reaches a equilibrium state andi then 
stays at that level, fluctuating due to natural envirOI1l1lf'![lta1 cleaning 
processes. Other processes, like yellowing, yield a gradual increase. We 
have assumed a linear rate for yellowing, which is obviously a i 

magnification, but the econanic assumptions place mst of the weight on 
the first few years of product life and diminish in .. rtance as yOu get 
out beyond 15 year~ (if you have the higher discount rates). So the 
linear approximation is still a pretty good approximation for a lot of 
these mechanisms. .. 
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CUDDIHY: 1hank you for an excellent presentation. Next I would like to 
introduce Dr. Vic Dalal of the Cllronar Corporation. This canpany is 
developing thin-film amorphous-silicon modules for eventual 
ca:anercialization, and Vic will describe this emerging technology, as well 
as de,gradation concerns foreseen or already identified~in this new 
industry. With no further ado, Dr. Vic Dalal. 
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'!HEME PRESENrATION 

RELIABILI'IY AND DEGRADATION OONSIDERATIONS 
FOR TIIIN FIlM PHOroVOLTAIC DEVICES 

Vickram Dalal 
Chronar Oorporation 

DALAL: The purpose of my talk is to present reliability and degradation 
considerations for thin-fiLm photovoltaic devices. In the process, I will 
show that thin films are truly different from single-crystal silicon 
technology. They both offer certain problems that are unique. Thin 
films, however, offer same promises that are different from single-crystal 
and actually obviate or eillninate some of the problems and failure 
mechanisms described earlier for single-crystal photovoltaic modules. 

There are two kinds of failures associated with thin-fiLm devices-­
intrinsic failure and extrinsic failure: intrinsic meaning intrinsic to 
the material itself or intrinsic to the way you made the material or 
intrinsic to the way you made the device, extrinsic meaning failure of 
such things as contacts, degradation of encapsulant, wafer cracking, 
delaminations, etc. So what I will do is subfactor a liability matrix ,and 
show how same known intrinsic and,extrinsic failures can be reduced in 
thin fiLm materials. I will describe same material systems that lead to 
degradation and same which avoid degradation. Finally, for the second 
half of the talk I will focus almost exclusively on amorphous silicon. 
With that technology, I will attempt to show how one can achieve 
reliability by establishing a research process that includes careful 
control of deposition, studying degradation mechanisms, and performing­
different kinds of life testing. This type of research program is ' 
designed to uncover both the intrinsic and extrinsic failures that may 
exist in amorphous silicon. 

Nbwobviously, when the material is only five years old, you don't have a 
guaranteed 20-year lifetime. So you have to do accelerated lifetime 
testing. I will describe what the pbotovoltaic industry in this country 
and particularly in Japan are doing to study long-term life character­
istics of amorphous silicon. 

First of all, let me emphasize that thin films are absolutely different. 
With single-crystal materials, you are talking about only 300- or 400-
micron-thick material. As opposed to that in thin film, the entire device 
may be on the order of half a micron. The individual layers, p+ for 
example, may be only 50 to 100 Angstroms, i may be 5000 and n+ may be 
another 100 Angstroms. The substrate may be either a thin metallic sub­
strate or a glass substrate. You really have to worry about such things 
as metallic grids. When the grids are wrong you are going to have 
trouble. If the wrong material is used you will likely have trouble 
because metallic contacts can diffuse through 50 or 100 Angstroms. You 
really have to worry about that sort of thing when you do thin films. It 
is not as sllnple as single-crystal silicon. You have to look at the whole 
system when you start designing it and when you start building the 
material to make sure that you don't end up with unanticipated problems. 
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The IOOre popular design that has been evolved is what is known as a : 
super strate structure. One of the advantages of a thin-film construction 
is that you can make the whole device-monolithic on a glass substrate. 
You start out with glass and then simply coat it with tin oxide. Tin 
oxide is a heavy doped semiconductor that has the tmique property of 'being 
able to pass light and yet provide reasonably good electrical I 

conductivity. Next, etch the tin oxide to fonn the strip connectionS. 
With this in place, one can deposit the thin-film layers. Later etcH the 
thin film, and deposit metallic contacts. Then canplete the device 1>y 
,using a laser etching technique. For example, with anDrphous silicon what 
one might do is start with glass, coat with tin oxide by using chemical 
vapor deposition (CVD), then put anDrphous silicon on either by CVD or 
pI.asma deposition, then evaporate altminl.ml and then laser etch the : 
altmim.m. During the process of laser etching, one can actually fonn the 
cell interconnects. So thin films can be formed monolithic on a substrate 
and therefore- the only encapsulation you have to worry about is on the 
back side. lbwever, one could consider putting in ~A as a pattant. ' 
Finally put an altminUID sheet on the back and seal the alUIDinUID at the 
edges of your panel holder. What you want is _ a very good terrestrial 
barrier against degradation. You don' t have to go in and solder things 
together. 

This is all well and good, but on the other hand, with crystalline 
semiconductor cells, you don' t have any major pinhole problems as is I 
possible with thin films. Also, both galliun arsenide and silicon are 
intrinsically very stable. Silicon cells, however, do have problems ,with 
cracking, delamination of encapsulants and to sane extent with inter':' 
connects. Single<rystal cells are not IIDnOlithic on a support. Crystal­
line silicon cells are sort of sandwiched between two supports and so you 
always have to worry about that sandwich caning off. Also, with I 

crystalline-silicon technology, the cell efficiency may be limited. : lbw 
that is a strange statement to make, considering that thin films are I only 
3% to 10% while silicon is above 14% efficiency. Thin films, however, 
may be made to be as high as 25% and 30% because there are approaches 
using multiple-junction cells that are inherently very simple to make with 
thin-film material but not so simple to do with single<rystal. 

The potentially big problem with thin films, as stated before, is pin­
holes. Remember, we are only talking about one-half a micron to a micron­
thick device where a pinhole, which allows the top metal to make contact 
with the bottan metal, can be a disaster. Stability is another concern 
for thin films. Amorphous silicon, gallilDl arsenide and cadmiLm telluride 
have been found to be intrinsically stable. 

With thin films, the ntmber of interconnects is reduced. (he interconnect 
is simply the tin oxide strip and the other intercormeet can simply be \ 
alUIDintm on the back side which canes over during the process of back­
contact metallization. Because they are m>nolithic on a support it is 
believed that encapsulation for thin film photovoltaic devices may 
actually be simpler. 

Let us look IOOre closely at the different degradation mechanisms. We will 
classify them as either intrinsic or extrinsic. Intrinsic, you have to 
worry about material stability in your basic material. Is your junction 
formation technology such that it is stable or is the junction going to 
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mdgrate? ]n these very thin films you have 50 to lOO~Angstrams-thick 
junction layers, so you have to worry about pinholes and diffusion. With 
amorphous silicon, if there are pinholes, forget it - the device will be 
dead in in a very short tUne. 

With extrinsic degradation problems you have to worry about contacts-­
electrochemical degradation of contacts--and preventing the alumim.un from 
being exposed to misture. You also will have sane interconnect failures 
with thin-film cell devices. 

You also will have to worry about the reliability of material as well as 
the reliability of the cell~ufacturing deposition technique. You want 
to have a deposition technology that is very tolerant, and that minimizes 
pinholes, assures good adherence and stoichianetry. Remember sane of 
these materials are binary and ternary compounds, so the deposition 
technology had better assure stoichiometry over very large areas. Also, 
you have to worry about reliability of extrinsic device design, i.e., 
junction formation, contacts and the encapsulants. 

I WQuld like to make the point at this tUne that the emphasis or focus of 
thin-film designers to date has been, and I think correctly, directed 
toward attempting initially to make a material and a device that is 
intrinsically stable. Extrinsically, we should now soon start utilizing 
developnents by JPL in their. Flat-Plate Solar Array Program, their silicon 
program, i.e. encapsulation technology, contact technology, blocking diode 
technology, etc. If possible, we should not try to reinvent the wheel. 
First, it has been necessary to worry about degradation of the basic 
material. The next step is to start worrying about finding appropriate 
solutions to all of the rest of the possible extrinsic-type problems. The 
extrinsic type problems are those which JPL has been worrying about for 
years. 

Which of the thin-film material systems, in my considered jud~t, are 
stable? The material systems that we are working on that I consider to be 
stable and can be achieved with high deposition yields are (a) cadmium 
telluride, (b) amorphous silicon and (c) galliun arsenide. Copper 
sulfide/cadmium sulfide (CDS) is intrinsically unstable and it is goiQg to 
require a major miracle to make it stable. Very few people today are 
considering it. As a matter of fact. two canpanies who had started work 
on it have dropped it. 

There is a very interesting new thin-film ~terial being developed by 
BoeiQg and also by ARCO Solar called copper indilllIl diselenide. The un­
fortunate thing is that it is made by very low-yield deposition. It is 
stable as far as the junction and the contacts are concerned. You may ask 
how do we define junction stability? <he way you define junct"ion 
stability can involve the use of the standard Arrhenill$ plot. You study 
the end migration of the junction by a variety of laboratory techniques. 
Sane techniques that are used include quantlllIl efficiency and specific 
spectroscopy methods. Basically, you heat-treat the junction to different 
temperatures--lOOOC, ISO, 200, 250, 300, etc. up to the limit that the 
material will stand (i .e. amorphous silicon will stand up to about 
35()oC) • Then you would like to plot how much junction might have 
migrated in by looking at the electrical characteristics. You can attempt 
to determine mean-time-before-failure. If the junction migrates twice as 
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much then obviously the efficiency will be reduced. You want to quantify 
the efficiency degradation vs temperature and from that you can make: 
predictions on whether or not that junction will be stable at 50, 60 or 
750 C. With all three thin-fiLm materials (cad telluride, amorphous ' 
silicon, and gallium arsenide) the junctions are remarkably stable. ' 
.Anx>rphous silicon IS stable up to about 3500C. 

Let's take a look at reliability in deposition techniques. What is , 
desired is to achieve a good working device on large areas. CVD, plasma 
and sputtering are all fairly good. Good means a process of deposit~on 
that yields very low pinholes, stoichiometry almost cer.tainly assured and 
multiple junctions that are easy to make. The operation is very poot- at 
each pinhole deposition. And it is also very poor against stoichiometry. 
The mUltiple junctions can be achieved. The electrochemical deposition is 
very good against pin holes arid can achieve very good stoichiometry.; It 
is very diff~cult to make multiple or even homo junctions using electro-
chemical depositions. ' 

How does one solve the pinhole problem? You have a/micron-thick thi~ fiLm 
and a pinhole will be death. The top metal layer contacting the bot~an 
metal contact (for example alumim.m contacting tin oxide) will be a : 
disaster. The way you reduce this problem down by an order of 108 is by 
using what is known as the barrier or the blocking layer. This was a 
concept invented by ~. Hanak at the RCA Princeton Laboratories for : 
amorphous silicon. He has demonstrated it on a m.mber of occasions on how 
one can reduce the pinholes. The idea is basically: put a very high, 
resistance, something whiCh has a resistivity or resistance per square of 
something like 1010 or 1012 0lmls per square. ~. Hanak has . : 
successfully used nickel- and platinum-based barriers to achieve very low 
pinhole density. Though we are finding now, both RCA and us, that when 
you do deposition directly on tin oxide-glass the pinhole density is: very 
low. We don't know why, but it is. I am not going to challenge it.; I am 
not going to canplain about something that works. , 

f 
,l'bw, I am turning to the second half of my talk, where I will discuss a 
little bit the physics of amorphous-silicon material, what kind of I 

material degradation problems exist and how one goes about trying to 
solve them • 

.Anx>rphous silicon, not being crystalline, has very short range order. A 
crystal has long range order, i.e. the order of 108 atOOlic distances, 
whereas amorphous silicon has short range order only to the extent of -
maybe 5 or 10 nearest neighbors. It is remarkable that the material' works 
at all with order only confined to the 4 or 5 nearest neighbors, but; it 
does. In a crystalline semiconductor, one can plot energy (or energy gap) 
versus the density of states. Density of states is basically a concept 
used in semiconductor physics to describe what the carrier density is in 
the allowed bands--the conduction band and the valence band. Crystalline 
semiconductors have a sharp structure characteristic. In amorphous 
material, on the other hand, because of only short range order, in 
addition to getting the long crystalline or the continuous crystalline 
bands, you sometimes have defects right in the middle of' the gap. 

l'bw, what the defects do is quite catastrophic. If the defect density is 
high they can trap out electrons or holes. Electron-hole failure would be 
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generated by light. These electrons and holes might get trapped in the 
defects and basically be lost fran the conduction process. It changes the 
field distribution in the amorphous silicon layer, which llnnediately 
changes the quantum efficiency because amorphous silicon relies on 
electric field to collect the carriers. Its intrinsic diffusion length is 
rather low and therefore it is relying on the electric field to a large 
extent to collect the carriers. Any tnne you change the electric field 
because you have trapped out electrons or holes, it will change the 
fields, which will change the quantum efficiency, which will change the 
short-circuit current. Tb trap out electrons, you reduce the photo­
conductivity and if you reduce the photoconductivity, series resistance 
shoots up. Instead of being 1 otm per centimeter square it may become as 
much as 10 or 100 ohms per centimeter square. This would be quite 
catastrophic for fill factors. The other thing these defects can do is 
act as recombination centers where both electrons and holes would go to 
the same defect and recombine and that would llnnediately lead to a 
reduction in current. -

Well, how do you eliminate these defects? A lot of work has been done in 
the last five years in trying to identify these defects, same of which are 
quite catastrophic. And I want to talk a little bit about that. It 
appears that a major defect is a clustered silicon-oxygen bond. Oxygen 
loves silicon. It is one of the strongest bonds you can form. It is 185 
kilocalories per mole, which is about the strongest silicon, strongest 
chanical bond, that you can form. During the deposition processes, if 
there is any residual oxygen anywhere in the chamber, for example moisture 
on the wall, if you are doing a plasma deposition, the plasma will ionize 
the moisture into ionic oxygen. Ionic oxygen will just grab onto the 
silicon atoms and not let go so you can easily form this kind of structure 
or even silicon surrounded by four oxygens, which is called the four­
center bond. That is a very strong bond and that has the property of 
trapping electrons. We are beginning to believe now that this bond is the 
reason why sane amorphous silicon is unstable. It is known as the 
Staebler-wronski effect, named after two researchers who at that time were 
at the RCA Princeton Laboratories. These two researchers initially 
discovered it. So the slightest amount of moisture forms this bond and 
then you have problems. 

• Once you identify a problem you can begin to solve it. 

One of the most llnportant conclusions that one canes up with is that the 
depoSition technique used influences degradation. There are techniques or 
tricks that one can use to reduce the oxygen down to very low levels in 
the chamber without having to go to very high vacuums. Obviously, if you 
go to very high vacuums and bake the thing out for three months, you can 
be successful. But this would not be considered a conmercial process! 

Let's look at the most popular deposition techniques and see how one could 
possibly reduce degradation mechanisms. 

Plasma deposition: with pla~ deposition, you either need a plasma 
deposition system and bake it out- for months, or use a load-lock system. 
What is a load-lock system? A load lock systeIIl is basically a two-chamber 
or a multiple-chamber design where you have a chamber where the deposition 
takes place and a chamber in which the substrate is loaded in. For 
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continuous deposition you would have a chamber that allows the substrate 
to be loaded into the outside chamber first. The inside chamber never 
gets exposed to air. Once it is built and tested out, the inside c~amber 
is never exposed to air. So whatever moisture is in there is gone ~fter a 
few runs. That is what the Japanese did, particularly Sanyo and Prof. 
Hamakawa and his group at the University of Osaka. By using load-lcpc 
systems, they have been able to make amorphous silicon that is rema~kably 
stable and has now achieved over 2000 hours of actual data. Now remember 
this material is only 5 years old - so 2000 hours of actual data is like a 
year's exposure with almost no loss in efficiency. 

Olemical vapor deposition: a second consideration is to use chemical 
vapor deposition. In chemical vapor deposition you have no ions, there­
fore there cannot be any ionic oxygen and there will be very littleichance 
of forming the silicon-oxygen lxmd. It is a much IOOre tolerant ' 
technology. This is the technology where Olronar has basically dev~loped 
amorphous silicon for photovoltaics, and so far with this method no: one 
has seen any degradation in chemical vapor deposition (CVD) thin films. 
Neither has IBM, who is using a different kind of CVD fran what Olronar 
uses. 

Sputtering: finally, sputtering. Sputtering is very similar to plasma. 
Sputtering has a lot of ions around that hit the wall and get the mbisture 
out. Again, you will have to go to load-lock systems in order to reduce 
the oxygen down and once you do that, you can indeed achieve very stable 
materials. 

Another curious problem is between yield and cross contamination. iYou 
have three layers, p, i and n, to make a PIN cell and the p and i layers 
are critical. The first layer and the second -layer are critical. jD'le p 
layer is typically 50'to 100 and the i layer is 5000 or 8000 Angstr~. 
Now contamination of the p layer by, for example, the n dopant, whi~ was 
introduced through the previous PIN run would inmediately reduce th,e open­
circuit voltage. Similarly, the i layer must be very pure. We are, 
talking about 1016 per cubic centimeter. The standard semiconductor 
purity is like 0.4 parts per million. So you can see the kind of Purity 
we want in the layers. Now what we have found over a period of years, by 
electrical measurements (the Japanese by other types of measurement), that 
if you do p first and then i, i layers are always contaminated with 
boron. The way to eliminate this problem is to go to a multiple-chamber 
system where you put p in chamber one, i in chamber two and n in chamber 
three so there is never any cross contamination. 1hat's a natural when 
you are doing a production process. You have a sheet of glass caning 
through, it goes into chamber one first, then into an intermediate chamber 
which does load locking then into chamber two and then into chamber 
three. Again, by going to this the Japanese were able to reduce the 
contamination level down fran a few times 1017 to below 1016 per cubic 
centimeter. 

One can improve the amorphous silicon reliability by using multiple~ap 
cells. A multiple gap-cell is a construction where you start out with a 
glass substrate that is coated with tin oxide and then you build up a 
series of PIN cells on top of it and finally put allminllIl on top. This 
allows you to get the same efficiency or perhaps higher efficiericy than a 
single cell because you are basically collecting light in three i layers 
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• instead of just one. You can make individual i layers much thinner than 
in a single gap cell. Because you make the individual i layers much 
thinner, the stoichiometry problems are reduced and the problem of field 
loss in an i layer is also reduced. The electric field is much stronger, 
so the carrier. collection is much better; therefore a little loss of 
electric field due to any insignificant effect will not be as catastrophic 
as it might be in a single cell. hIDrphous silicon allows you to do make 
multigap cells naturally and there is no big deal to it. 

(DlCLUSION 

In conclusion, then, we believe that thin-film materials and particularly 
amrphous silicon, using the appropriate deposition technology (CVD, 
plasma or sputtering) with load-lock systems can achieve stable thin-film 
material. Itm>- or multi-junctions are possible, made lOOtlolithic on 
glass, which eliminates s~ of the cracking and delamination problems. 
'J}ie contacts are non-noble metal (e.g., aluminum and nickel) which so far 
have proved to be very stable. Heat stability of the basic aiOOrphous 
silicon material is up to 300 or 35QOC, the temperature at which 
hydrogen begins to come out of the amorphous silicon. The efficiency of 
amorphous silicon is much less sensitive to temperature. t'brmally, in 
single-crystal silicon, the operating temperature efficiency is much less 
than the laboratory temperature efficiency, maybe as much as 20% less. In 
amorphous silicon the operating temperature efficiency is the same as or 
higher than under laboratory conditions, so again, you can afford to throw 
away a little efficiency due to degradation and still end up with a 
reasonable product. The Japanese have proved that by using an initial 
burn-in at the high temperature, they can achieve a very stable amorphous­
silicon device. 

Thank you. 
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DISCUSSION 

WHITE: Were you talking about raising the temperature of your thin fillns to 
test for the quantum efficiencies? Then you talked about your failure. 
What is your failure? Were you melting the films? 

DALAL: N:>. The failure rate there is a loss in efficiency because if you go 
to very high temperatures, the p and the n layers would begin to moye into 
the i layer. You cbange the p layer thickness then, of course. Basically 
you are losing more light into the p layer and the efficiency drops!. That 
doesn't happen at 350 and 4000C. Bill Carlson at the RCA Labs has done 
a very thorough study on migration of dopants into amorphous silicoh and 
the usual dopants that they use, boron and phosphorus, just s~ly do not 
move. Aluminum does. : 

WHITE: Then it's the movement of the dopants. That's not oxygen diffusion or 
anything like that. 

DALAL: N:>, oxygen does not diffuse. Hydrogen diffuses at a temperatur~ of 
35QOc and above. 

WHITE: OK. What is your criterion? A 10% drop? 

DALAL: The criterion is a 10% drop. Which is exactly what the Japanese did, 
by the way. They dropped the efficiency by 10% by int;ensive burning in 
the first two hours and from then on the cel~s are.absolutely stable. 

CUDDIHY: May I ask you a question, Vic? This is the first presentation 'I 
have really heard on thin film on that kind of level and I enjoyed :it, 
especially since same day I may have to worry about encapsulating it. in 
terms of long-term degradation, let's suppose you do have an encaps~lated 
thin-film device, amorphous silicon, or same of the other materials: you 
just described, what do you worry about or what do you foresee--5, 10, 15 
years? Is it even possible to make an educated guess at what kind pf 
degradation concerns we may encounter way out there in the field--lbng­
term? 

DALAL: I have been very sanguine about the basic material. I think the 
material technology and the device technology would be at a stage where 
you cannot distinguish between single-crystal and amorphous. From then 
on, its going to be the same problems that Ron (Ross) discussed, wh'ich is 
encapsulant failure, and is EVA going to stand up to 20 years of thermal 
stress? One great advantage of thin-film systems is because it is ' 
monolithic on glass. Glass is the one that is on top. You never worry 
about UV degradation. The UV is taken care of by the glass. But you do 
worry about the contact failures, you do worry about corrosion of the 
contacts and that very nice slide that Ron showed where the aluminum had 
became a little grainy and died away. ' 

LIANG: I just have a statement, rather than a question. I heard you talk 
about glass filtering out the ultraviolet light. I do want to make a 
point that we have some data indicating indeed that a lot of polymeric 
materials are degradable even with the Pyrex filter glass--that filters 
out the ultraviolet light. There is a lot of material that is degradable 
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as far out as about 3500 Angstroms that is not being filtered out by the 
Pyrex glass. 

DALAL: Thank you for bringing that up. Actually, I should have gone even 
further than I did, which is to say that the encapsulant is never going to 
see anything below 6000 Angstroms. That is what amorphous silicon 
absorbs. The only thing it gets out is the red. You can look at 
amorphous silicon on glass and all you can see is red because, obviously, 
otherwise how is it going to generate any power? All the light is 
absorbed either in the glass, the UV is absorbed in the glass, and then 
all the light up to 6000 Angstroms is absorbed in the amorphous silicon 
and then on top of that there is aluminum back contact that reflects 
everything back--right out. So the encapsulant, which is the back of the 
aluminum, sees very little UV, if any. Very little light, if any. And 
one can make it even roore certain by putting a second aluminum plate at 
,the back and sealing it up at the end. 

CUDDIHY: Thank you, Vic. I am still trying to figure out what the 
encapsulation problems are. 
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CUDDIHY: These two theme papers have broadly described the state of the art 
of photovoltaic module technology, and associated degradation concerns. 
Now our attention turns to technical papers describing these degradation 
concerns in more detail, with emphasis on quantification of these 
degradations that could be utilized for estllnates of module service 
lifetimes. Therefore, at this time I take pleasure in re-introducing Dr. 
Ron Ross of the Jet Propulsion Laboratory, who will chair the first 
technical session of this Research Forum. Ron. 
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SESSION I: INDUS1RIAL APPROACHES 10 QUANI'IF"lll{; DEGRADATION 

R. G. ROSS. Jr. (Chairman): Let me begin by briefly sUIIIDarizing our program 
fqr this morning. We have a variety of people in attendance. as Ed has 
said. representing the photovoltaic industry as well as other industries 
with many of the same failure mechanisms that we have in the photovoltaic 
industry. In this session we are going to address the experiences of a 
variety of nonphotovoltaic industries, including paints and coatings; 
degradation of dyes and polymeric materials within photographic materials; 
electrical breakdown (in this case electric power cables); accelerated 
testing factors in electrical circuits at Bell Labs; and materials in the 
automotive industry (which encompasses a variety of types of ~terials). 
Many of these degradation mechanisms, even though they are in different 
industries than photovoltaics, are the same degradation mechanisms that 
occur to same extent within photovoltaics. It is hoped that there will be 
a synergism relative to approaches to understanding degradation mechanisms 
and achieving long-teDn life. 

With that brief introduction, I would like to have Neil Frick describe his 
activities with respect to paints and coatings. 
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EXPERIENCES AT QUANTIFYING DEGRADATION AND ASSESSING 
LIFE POTENTIAL OF PAINTS AND COATINGS 

N. H. Frick 

PPG INDrSTRIES, INC. 

Allison Park, Pennsylvania 

The difficulty of correlating accelerated weathering studies and true 
outdoor exposure has been extensively written about in the literature. 
Many references are available, and are to be found in the general litera­
ture. Since 1973, when Bill Warnick (Ref. 3) of PPG presented his summary 
of many of the factors that influenced the degradation of coatings, a lot of 
work has been done both at PPG and at many other laboratories. Much of the 
problem still exists. This can be highlighted by the National Coil Coater's 
Association study entitled "Comparison of the Severity of Outdoor Weathering 
Sites" published in August of 1982 (Ref. 1). The Association exposed at 24 
different weathering sites in the United States and Canada, six different 
coatings, (an alkyd, acrylics, siliconized polyesters and fluoropolymers) 
and tried to correlate the ~xposure and rank the different sites. These 
coatings were applied to hot dipped galvanized and cured as recommended by 
the coating supplier. There is an immense amount of data in this technical 
bulletin and if you care to study it, you can see there is great difficulty 
even correlating the exposures of varied quality of coatings at different 
natural weathering sites. This just emphasizes the extreme difficulty 
people have in correlating accelerated weathering in the laboratory with 
exposure. 

A coatings company is constantly trying to upgrade the durability of 
their coatings that must survive in the natural weathering atmosphere. As 
you will see, much of this work tends to be evolutionary because the pre­
judgement of technical people must be used to establish the durability 
required long before a system is put into commercial use. 

The limited amount of work presented in this talk indicates some of the 
difficulty of predicting the durability of even just evolutionary products. 
Some progress has been made, as can be seen in the open literature, on ac­
celerated weathering cycles that appear to correlate with natural exposure 
provided the study is conducted very carefully and with related systems. 
Known durability controls must always be included in any study. We, at PPG, 
use accelerated weathering studies to aid us in our research. We then rely 
on actual outdoor weathering studies before we commercialize coatings that 
require years of durability. This is particularly true when new classes of 
coatings are trying to be developed, proven, and then sold on the open 
market. We, at PPG, use approximately nine different exposure sites in the 
Northern Hemisphere, and at least one overseas. We don't expose all our 
coatings at all these sites, but the first five would get a heavy emphasis. 
A few of the parameters followed in our studies, i.e. gloss change, color 
change, etc. are shown in Figure 2. 
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Figure 3 is list of five pieces of equipment used for accelerated testing 
that are available on the open mar~et that we use in our labs. The Fado­
meter, the first one on that slide, is used very infrequently and is basi­
cally only used when a customer requ1res Fadometer studies to satisfy their 
specifications, since it seems to have the worse correlation with outdoor 
exposure. Some of the problems with accelerated weathering vs. real 6utdoor 
exposure can be seen in Figure 4 which graphs some of the spectra of the UV 
light sources. You can see they are quite different from sunlight. Figure 
5 highlights one other factor that must be considered when coatings are ex­
posed and must be durable to the weather. Panel temperatures achieved in 
Ft. Lauderdale, Florida have been studied, as you can see from Slide I 5.­
The temperatures are quite different in the same polymer type with different 
colors. This is not unexpected, but must be considered since increased 
temperature accelerates photooxidation. 

Figure 6 is just eight of the many cycles we have tested in QUV Fo try 
and correlate Florida exposure of many of our systems. Figure 7 is al sum­
mary of the correlation of these eight cycles plus Carbon Arc Weatherometer 
that we have seen with two year exposures in Ft. Lauderdale. As you can see, 
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Cycle G has the best correlation. Acrylics only are considered. Figure 8 
is a summary of color changes seen in four different types of coatingl sys­
tems in Ft. Lauderdale: two of the series in QUV; Series G being the good 
one and Series C not being very good along with Carbon Arc Weatherometer. 
Figure 9 indicates a QUV vs. Florida experience again on several different 
coatings in two colors. The siliconized polyester and the normal polyester 
are highlighted here as it is evident from this data, QUV, particularly with 
this cycle should not be used to try and rank polyesters either with each 
other or with other polymer types. My next two slides highlight the prob­
lems with making general conclusions about the correlation of QUV with acry­
lic exposure outdoors. Slides 10 and 11 are results of the same high' solids 
acrylic polymer exposed using four different cross linkers in Florida along 
with QUV testing. As you can see, quite different rankings are evident. 

My next series of slides compare four types of Weatherometer exposure 
and Florida exposure on a fluoropolymer and three, different grades of 
acrylics. As can be seen from these slides, the Xenon Arc Weatherometer 
provides the best prediction of durability ranking in these systems. 

So far, we have covered several different artificial weathering devices. 
When you are careful on picking the systems that you're trying to correlate 
with each other and outdoor weathering, we found that the Xenon Arc and the 
QUV Cyclic Tester are respectable in their predictions. This is bac~d up 
by work done at Rohm & Haas by DeTommasco (Ref. ,4). Slides 18, 19, and 20 
show their_correlations of exterior exposure with laboratory accelerated 
weathering. Our rankings of these accelerating laboratory devices and other 
people's are also confirmed by a study done at the Paint Research Association 
in Teddington, England, published in July 1981 (Ref. 5). If I may quote 
from the summary of that report, they indicate the following. "The Atlas 
Weatherometer Dew Cycle without filters produced the fastest changes in sur­
face film properties. Gloss and weight loss and the onset of chalking were 
relatively faster than the change in viscoelastic properties. Results, 
however, correlated less well with natural exposures than did those from 
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other cycles. Another quote from the same source, "The Dew Cycle, with 
filters, produced the second fastest change in most properties. Loss and 
gloss and the onset of chalking were, however, comparatively slow. The 
results obtained correlated reasonably well with the natural sites." 

The remainder of this talk will just mention briefly some of the 
studies (two, in particular) that have been used to try and detect early in 
natural exposure the onset of degradation. Reference No.2 published in 
1981 are the results of some ESCA and Fourier transform infrared work that 
was done to see if we could detect degradation in coatings by instrumental 
methods prior to seeing any visual changes in the surface properties, i.e. 
gloss change, chalk, etc. Some work has also been done at Xerox on ESCA 
studies of natural weathering phenomena on polymer surfaces (Ref. 6). Our 
work in this area is a long way from being completed and judgement is still 
being reserved whether these types of efforts will bear fruit in the future. 

Just before I conclude, there is one additional type of natural weath­
ering phenomena I would like to mention •. It also has a lack of correlation 
betweert natural weathering and accelerated testing. If you remember my 
first slide, the second exposure site listed was Daytona Beach, Florida. 
This is an excellent corrosion testing, seacoast weathering site. We have 
found that coatings applied to hot dipped galvanized and tested in the 
laboratory by ASTI1 Bl17 salt spray, compared to the natural corrosion de­
veloped at the seashore, Daytona Beach, do not correlate very well. We 
have found many reversals. The salt spray cabinet tends to develop massive 
blisters next to a scribe that are very rarely seen in weathering studies 
conducted outdoors. We have seen many instances, for example, in our cat~ 
ionic electrodeposition work, when these systems are applied to two dif­
ferent substrates (hot dipped galvanized,an~ cold rolled steel, both pre-

, treated) and tested in laboratoratory salt- spray and at Daytona Beach in 
Florida, we get reversals on the amount of corrosion on the two different 
substrates. The cationic can look better on treated cold rolled steel than 
it does on hot dipped galvanized tested in a salt spray cabinet; but it 
looks far superior on galvanized steel in outdoor weathering. 

To summarize, we, and other investigators, have found if you are very 
careful about your polymer types and your studies, that both QUV and Xenon 
~c can correlate with exterior exposure. The Dew Cycle Weatherometer run 
without filters correlates very poorly with natural weathering. In addi­
tion, much more work needs to be done with spectroscopic methods of evalua­
ting the onset of film degradation either on coatings exposed outdoors or 
degraded by accelerating devices in the laboratory. We believe, in the 
long run, the early examination of coatings exposed outdoors by spectro­
scopic techniques holds the hope of the future. 
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Slide Description 

Figure 1: 

Figure 2: 

Figure 3: 

*Figure 4: 

Figure 5: 

Figure 6: 

Figure 7: 

Figure 8: 

Figure 9: 

Figure 10: 

Figure 11: 

Figure 12: 

Figure 13: 

Figure 14: 

Figure 15: 

Figure 16: 

Natural Weathering Exposure Sites Used By PPG 

Parameters Observed During Exposure Testing 

Accelerated Testing Equipment Used At PPG 

Ultraviolet Spectral Energy Distribution of Light Sources' 

Panel Temperatures Achieved On Exposure 

QUV Test Cycles Investigated to Correlate With Florida 

Gross Retention Correlation of QUV With Florida Exposure 

Color Change (QUV vs. Florida) 

QUV vs. Florida Experience With Two Colors and Seven Coatings , 

Florida Exposure High Solids Crosslinker Study 

QUV High Solids Crosslinker Study 

Gloss Loss of Florida Exposure of Four Coatings 

I 

Accelerated Weathering Gloss Loss of a Fluoropolymer Coat~g 

Gloss Loss of a High Durability Acrylic Accelerated Weath~ring 

Gloss Loss of a Good Durability Acrylic Accelerated Weath~ring 
, 

Gloss Loss of Moderate Durability Acrylic Accelerated Weathertng 

Figure 17: Xenon Arc Weathering Study of Four Coatings 

*Figure 18: Xenon Arc Exterior Exposure Correlation of Two Acrylics 

*Figure 19: QUV Exposure Gloss Retention - Three Acrylics 

*Figure 20: Summary Performance of Accelerated Weathering Devices - Three 
Acrylics 

Figure 21: Acknowledgements 

The remaining slides on Photo Electron Spectroscopy and FTIR are incorpo­
rated by reference G. P. Cunningham, C. M. Hansen, Jour~l of Coatings 
Technology, 53(682) 39(1981). 

*These four figures are from Reference 4. 
DeTommasco et aI, Rohm & Haas. 
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Figure 1. Natural Weathering Exposure Sites 

FORT LAUDERDALE .. flORIDA (INLAND) 
DAYTONA BEACH .. FLORIDA (SEASHORE) 
SPRINGDALE .. PENNSYLVANIA <INDUSTRIAU 
NEW STANTON .. PENNSYLVANIA (HIGHWAY) 
LOUISVILLE .. I<ENTUCKY (MILDEW) 
TORONTO .. CANADA C1NDUSTRIAU , 
TORRANCE.. CALIFORNIA 
NATRIUM .. WEST VIRGINIA (INDUSTRIAL) 
SPLILTAIN .. FRANCE (ruRAL> 

Figure 2. Parameters Followed 

PRIME 
GlOSS CHANGE 
COLOR CHANGE 
CHAlK DEVELOPMENT 
DIRT COLLECTION 
MILDEW GROWTH 

SECONDARY 
EROSION RATES 

Figure 3. Acc~lerat~d Testing Equipment 

FADOMETER ' 

CARBON ARC WEATHEROMETER 

XENON ARC WEATHEROMETER 

DEW CYCLE WEATHEROMETER 

QUV ACCElERATER WEATHERING TESTER 
(Q PANR CO.) 
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Figure 4. Ultraviolet Spectral Energy Distribution of Light Sources 
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Figure 5. Panel Temperatures Achieved: Fort Lauderdale, Florida 

DAY (NOON) TYPICAL 
AIR TEMP RACK LEVEL 32°C 
AIR TEMP GROUND LEVEL 49° 
PANEL GLOSS WHITE 39° 

GLOSS WHITE <INSULATED) 40° 
HIGH GLOSS RED 4r 
HIGH GLOSS RED <INSULATED) 46° 
FLAT BLACK 4r 
FLAT BlXK <INSULATED) 49° 

NIGHT (11 P.M.) ALL 21°C 

MAXIMUM OBSERVED AIR 35°C 
FLAT BLICK 58° 
HI6H GLOSS Ral 53· 
HIGH GLOSS WHITE 40° 
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Figure 6. QUV Test Cycles 

uv CONDENSATION LIGHT HU~lIDITY 

SERIES TIME TEMP. TIME TEMP. CYCLE CYCLE -
A 2 HRS. 65°C 4 HRS. 55°C WEAK STRONG 
B 4 HRS. 65°C II HRS. 55°C MODERATE STRONG 
C 8 HRS. 55°C 4 HRS. 35°C STRONG WEAK 
D 3 HRS. 65°C 3 HRS. 35°C l"aODERATE MODERATE 
E 12 HRS. 65°C 12 HRS. '10°C MODERATE MODERATE 
F 9 HRS. 70°C 3 HRS. 40°C STRONG WEAK 

6 6 HRS. 75°C 6 HRS. 40°C STRONG MODERATE 
H 'I HRS. 70°C 4 HRS. 38° MODERATE MODERATE 

Figure 7. Correlation of QUV With Fort Lauderdale 
(24 rno) by 60° Gloss Retention 

SPEARMAN R RATING OF ~ 
SERIES TIME % AVE. 60° G.R. (ACRYLICS) CORRELATION -- -FT. LAUDERDALE 24 MO. 56 

(AVE. OF 3 SERIES) 

WV A llSO 62 .71 GOOD 
B 1000 62 .59 FAIR 
C 1053 52 .57 FAIR 
D 1333 62 .81 VERY GOOD 
E 1506 57 .71 GOOD 
F 1022 58 ' .70 GOOD 
G 1104 57 .92 EXCELLENT 
H 1506 57 .71 GOOD 

W-O-l1 2072 60 .53 POOR 
(CARBON ARC 1 BACK SPRAY) 
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, Figure 8. Color Change (QUV vs Florida) 

(24 MO.) 
FT. LAUDERDALE (45·S) SERIES 6 SERIES C' W-O-M 

RANGE A~ERAGE 1100 HRS. 1050 HRS. 2000 HRS. 
FAIR DURABILITY 2.5-3.0 2.7 2.6 4.2 3.0 

ACRYLIC 
GOOD DURABILITY 2.0-2.9 2.3 2.5 2.7 2.5 

ACRYLIC 
EXC. DURABILITY 2.0-2.0 2.0 2.4 1.8 2.5 

ACRYLIC 
GOOD DURABILITY 1.8-2.3 2.0 4.3 5.0 3.3 

P-ESTER 
FWOROPOLYMER 1.4-2.0 1.8 1.9 1.9 1.5 
MOD. DURABILITY 

LATEX 
1.0-2.0 1.3 1.8 1.3 1.7 

GOOD DUR. LATEX .7-2.0 1.1 1.2 .2 .6 
MOD. DUR. LATEX 1.0-2.2 1.4 2.0 .9 .9 

Figure 9. QUV 

6 HRS. 40·C CONDENSATION 
6 HRS. 75·C UV 

TAN BROWN 
% bE % bE 

FLORIDA GLOSS COLOR GLOSS COLOR 
EXPERIENCE RET. CHANGE RET. CHANGE 

1 FLUOROPOLYMER 85 0.3 95 0.9 
2 ACRYLIC LATEX A 88 0.5 69 5.7 
3 ACRYLIC LATEX B 59 1.0 58 5.5 
4 ACRYLIC LATEX C 28 1.1 47 8.2 
5 SILICONIZED POLYESTER 4 3.4 5 3.3 

-

6 ACRYLIC SOWTION 26 9.6 4 3.7 
7 POLYESTER 4 3.1 3 2.8 
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Figure 10. % Gloss Retention; High Solids - Crosslinker 
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Figure 11. % Gloss Retention; High Solids Acrylic-Crosslinker 
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Figure 12. Gloss Loss of Florida Exposure 
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Figure 1 3. Gloss Loss of Fluoropolymer 
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Figure 14. Gloss Loss of High-Durability Acrylic 
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Figure 15. Gloss Loss of Good-Durability Acrylic 
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Figure 16. Gloss Loss of Moderate-Durability Acrylic 
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Figure 1 7. Gloss Loss of Coating Systems in a 
Dew-Cycle Xenon-Arc Weatherometer 
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Figure 18. Correlation of Xenon-Arc With Exterior Weathering: 
Ethyl Acrylate vs Butyl Acrylate 
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Figure 1 9. QUV Exposure vs Gloss Retention 
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Figure 20. Summary Performance of Accelerated Weathing Devices 

BINDER .L JL ...L 
EXTERIOR FLORIDA'- 12 MONTHS 1 3 2 

WEATHEROMETER 
6000 WATT XENON-ARC 1 3 2 

QUV 1 3 2 

SUNSHINE CARBON ARC 1 2 1 

TWIN VIOLET ARC 1 1 1 

DEW CYCLE 3 3 3 
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DISCUSSION 

ROSS: Thank you, Neil. We have some time for questions fran people in the 
audience. 

BERNSTEIN: There is an implication, fran some of your results, that if you 
were able to properly stabilize the various coatings with UV stabilizers 
(and that may be more difficult than it sounds) you may not have to be as 
concerned about which type of accelerated weathering equipnent is used. 
Is that correct or incorrect? 

FRICK: That is incorrect. We do a lot of work with UV stabilizers in our 
coatings. For instance, our automotive coatings typically have them. 
Particularly the metallic shades, because they are very low in pi~nt 
concentration and need something to prevent that UV light fran going 
through the coating. We have found, frankly, that when we start putting 
UV absorbers into our coating systems, the rankings by accelerated lab 
testing get even worse, and we have to go to Florida, unfortunately. 

GUILLET: You have shown some results of chemistry changes in your coatings. 
Do they relate to photooxidation degradation primarily, or to hydrolysis? 
It is ~ impression that aLmost all plastic materials degrade by 
photooxidative mechanisms primarily and that hydrolytic changes are 
usually minor. Is that correct? 

FRICK: I believe that is correct. 

LABANA: we have done some work on hydrolysis rate on various kinds of coatings 
and we find, as Prof. Guillet said, that hydrolysis changes are minor, 
except in certain cases. I will show a little later that hydrolysis 
sometimes affects the photochemical reactions, and there the hydrolysis 
rates become very llnportant--not because of the hydrolysis itself, but 
because of the second-stage effect on the radical reactions. 

FRICK: There is also one other area where exposure to hydrolysis of the 
polymer system becomes very llnportant. If you are exposing in a corrosive 
atmosphere (for instance, Daytona Beach, with a galvanized metal that has 
a bimetallic junction with a weld or something) then you start changing 
many of your vehicles and you will see fairly gross failure-~inly 
chipping, cracking and peeling and delamination fran the substrate. That 
is where we see more hydrolysis effects. 

WAKsMAN: I have two questions. First, have you looked at other outdoor 
accelerated techniques such as EMMAQUA at DSET and how they correlate with 
your outdoor exposure? The second part of ~ question is with your loss 
in gloss, is it p~imarily chalking or is there also an influence of other 
factors such as delamination and corrosion underneath the coating? 

FRICK: we separate delamination, etc. fran gloss loss. You can pick out 
delamination pretty easily by taping the coatings using 610 Scotch tape. 
Chalking isn't always necessary to change the gloss. We have a lot of 
coatings that will degrade greatly in gloss outdoors, but will show no 
chalk if you run a black piece of felt across them. For instance, if they 
are white, it's a change in the surface topography that is caused by 
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oxidation. You get the chalking when the vehicle lets go of the white 
pi~t that you have inside the color. 

WAKSMAN: How are your correlations with EMMAQUA's caupared to outdoor? 

FRICK: We have done only limited testing in that area. We have done same 
work, for instance, ~n acrylics that correlates very well, but if we mix 
polyesters and acrylics in the same series, we run into problems. wHen 
you want to change polymer types you are in trouble. : 
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EDITOR'S NOTE: The following abstract is the only material received fran 
T. J. Hutteman in connection with his presentation. 
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QUANTIFYING THE IMAGE DEGRADATION 
OF PHOTOGRAPHIC MATERIALS 

by 

C. C. Bard 
Photographic Technology Division 

and 

T. J. Huttemann 
Photographic Technology Division 

Eastman Kodak Company 
Rochester, NY 14650 

Color photographic dyes fade as do all dyed materials. The 

nature of this degradation under both light and dark fading 

conditions is discussed. The use of the Arrhenius equation 

in accelerated dark fading and reciprocity effects in light 

fading are critical considerations in quantifying image 

degradation and correlating results with dye fade under 

ambient conditions. 
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DISaJSSION 

ROSS: Thank you very ruch, 'IOOl. Can we have some questions from the audience? 

COULBERT: I have two questions. First is this increase in stability that you 
have been discussing applicable to a loaded camera in a hot car? 

HIJ'ITEMAN: Yes. The technology is applicable to the extent that our current 
product would be better than our ~revious products, like same of the 
slides I showed. }lJwever, we don t recoomend that you put a camera in the 
glove box in a hot car. ' 

COULBERT: The other question I have has to do with progress in the finn 
base. I asslJlI!e that in the old days film got brittle. Is there progress 
in that area? 

HIJ'ITEMAN: Yes. A number of years ago, we actually went from nitrate and 
acetate--a nitrate base mainly--to polyester and some acetate base; with 
color paper we have gone from simple fiber-base material to resin coat on 
both sides of the fiber. As you are alluding to, there are stability 
problems with all substrate materials and we have had to look at the 
stability of substrates also. So it is a good question. 

COULBERT: But there is progress--corresponding progress? 

HlJITEMAN: Yes. 

LEIPOlD: Your last slide on chicken and eggs notwithstanding, the use of the 
Arrhenius equation is often very good for reasons we don't understand. 
Could you cooment further on two points: When you have used it, do you 
generally find differences in the activation energy, or the 
preexponential? Second, have you attempted to use it for other things 
than temperature--for example, humidity or illumination? 

ID.JTI'EMAN: 1b answer your first question. For whatever the reason, we find 
very good correlation between the types of tests we run at 40% relative 
humidity--and I will emphasize 40% relative humidity for the answer to the 
first question. Again, there is no reason that you would' expect the 
Arrhenius equation to work with the dark keeping of dyes, but all the 
testing that we have done so far says that it does, and it is a very good 
correlation. 1b answer your second question, we are in the process right 
now of looking at factory experiments involving various humidities and 
temperatures. That obviously takes a lot of testing equipment and a long 
testing period. We also have one person that is in the process of looking 
at accelerated tests for combined accelerated l~t plus accelerated 
dark. There are a mmber of problems involved in doing that, but it is 
sanethiog that has to be done, as I showed in one slide. l-bst 
photographic materials are kept under a combination of light and dark, 
especially if it is a print material that is displayed. With negatives 

. and slides you normally just worry about dark keeping, except with slides 
that are projected a lot at high intensity. We actually do a rultiple 
projection test for slide materials. 
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ROSS: Tan, just one question of my own. I do quite a bit of photography 
myself and in a recent workshop one of the issues that came up was 
analogous to one that we found" "in photovoltaics. In photovoltaics we are 
finding that frame seals and materials in contact with the module migrate 
or diffuse into the base material and the module encapsulant starts 
changing chemically. I found out the same thing happens in prints; it 
depends on the lIDunting boards and iDats that people use. Are you looking 
at the chemical stability issues relative to materials migrating into the 
film? 

HU'ITEMAN: Excellent question. We actually have a whole talk dealing with 
nothing but use of lacquers, use of lIDunting boards, use of the types of 
glues or binders that you use to attach prints to lIDunting boards. You 
are right. These are chemical in nature and they will affect the 
stability of dyes. We have to be concerned about it and we do a lot of 
testing along that line because many of your lacquers, for example, or 
laminants, will have organic lIDlecules that will diffuse into the 
pho~ographic film and ihto the dye layers. 
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Materials Testing of Power Cables for Electrical Applications 

Bruce S. Bernstein 
Electric Power Research Institute 

Washington, DC 20036 

Materials testing of power cables for electrical applica­
tions (Fig. 1) has made significant advances in recent years. 
The insulation material in the majority of such cables consists 
of either polyethylene (PE) or PE that has been cross-linked 
(XLPE) via thermally-induced peroxide decomposition. Materials 
tests can be arbitrarily divided into two categories: (a) 
factory and laboratory tests on freshly prepared (extruded) 
insulation to aid in assuring adequate processing, and (b) 
diagnostic tests that 'can be employed to evaluate field-aged 
cables, often employed for those that have failed prematurely 
(Fig. 2). It is in category (2) that advances have been applied, 
and which wi 11 be reviewed in this paper. However, ·to provide 
proper perspective, the philosophy of category (1) tests must be 
briefly reviewed. 

Materials tests for extruded dielectric power cables are 
described in industry specifications (Association of Edison 
Illuminating Companies [AEIC] or Insulated Cable En~ineers 
Association LICEA]) (Fig. 3 a&b). These tests cons1st of stress­
strain measurements (tensile strength, elongation), solvent 
extraction for XLPE insulation and heat distortion meas'urements: 
voids and contaminants are also sought microscopically. These 
tests are intended to focus on gross deficiencies that may 
inadvertently result during manufacture, not the more subtle 
aspects of insulation properties. They are intended to 
supplement the very important factory electrical tests which are 
designed to judge field performance '(Fig. 4). 

More advanced analytical techniques tests have been applied 
for diagnostic purposes recently, primarily because of the fact 
that a surprisingly large number of these cables in the 15-35 kV 
distribution class are failing earlier than anticipated. Pre­
mature failure is attributed primarily to loss of electrical 
integrity when the cables are direct buried, or are in duct, and 
when water is present. "Water-treeing" or (electrochemical 
treeing) is the term applied to the defects observed to such 
cables when they are removed (even prior to failure) and examined 
microscopically. Electrical tests, such as power factor 
measurements or volume resistivity have not been fully revealing 
of cable behavior. 

The application of newer analytical techniques has become 
more common over the past five years. Much of this work has been 
sponsored by the Electric Power Research Institute and the U.S. 
Department of Energy (Fig. 5). 
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Differential scanning calorimetry (DSC) has been employed to 
characterize the melting and fusion behaviqr of PE and XLPE, both 
before and after aging. DSC studies of melting behavior of low 
density polyethylene-insulated cables show that changes occur on 
aging in the field, as compared to being stored in the warehouse 
(Fig. 6). DSC techniques have also been used to evaluate the 
activity of antioxidants present in the insulation: antiox1dant 
is incorporated into polyolefins primarily to prevent degradation 
during processing, however, it may playa role in delaying 
electrical-induced degradation. Evidence has developed to show 
that antioxidant activity changes on aging of cable insulation" 
but LDPE and XLPE do not appear to behave in the same manner, and 
this phenomenon is not completely understood. 

High Pressure Liquid Chromatography (HPLC) techniques have 
also been used to evaluate antioxidant in LDPE cable insulation 
(Fig.- 7, a&b). HPLC has a lso been employed to eva luate XLPE 
insulation and changes in volatile products that result upon 
aging (Fig. 8, a&b). Chemiluminescence techniques have shown 
that radical intensity differs at different distances from the 
termination (Fig. 9), and also that changes in CL (radical 
intensity) occur on aging. FTIR and NMR techniques are also 
being explored for diagnostic purposes. Promising results have 
come from the application of Gel Permeation Chromatography (GPC) 
to LDPE insulation, and difference,s in molecular weight 
distribution between different PE grades can be demonstrated 
(Fig. 10 a,b,c). 

Scanning electrqn microscopy has been employed to evaluate 
the morphology of XLPE, a virtual'ly unexplored area until 
recently. A 1981 EPRI sponsored workshop reviewed the state-of­
the~art (Fig. 11) and, an EPRI-sponsored project to facilitate 
understanding of XLPE morphology, and its potential influence on 
electrical behavior, is now taking place (Fig.12) 

The potential of applying these analytical techniques has 
only been initiated. Further application of such methods for the 
evaluation of insulating materials should help facilitate an 
understanding of why electrical insulation materials fail. 
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MATERIALS TESTING OF POWER CABLES 
FOR ELECTRICAL APPLICATIONS 

ELECTRIC POWER RESEARCH INSTITUTE 

Bruce S. Bernstein 
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Figure 1. Extruded Electric Poyver Cables 

INSULATION MATERIALS: 

MATERIALS TESTS: 

o POLYETHYLENE -- low DENSITY 

o POLYETHYLENE -- CROSSLINKED --low DENSITY 

o ETHYLENE-PROPYLENE RUBBERS -- EPR OR EPDM 

o FACTORY AND LABORATORY TESTS: ON NEWLY 
EXTRUDED CABLES TO ASSURE ADEQUATE PROCESSING AND THAT 
NO MAJOR DEFECTS ARE PRESENT 

o DIAGNOSTIC TESTS: As AN AID TO UNDERSTAND CHANGES AS A 
RESULT OF FIELD AGING 
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Figure 2. Typical Industry Specifications for Power Cables 
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Figure 3. Utility Industry Cable Specifications 

GROUP TITLE 

ICEAlNEMA CROSSLI NKED-THERMOSrn I NG POLYETHYLENE 5-66-524 
INSULATED WIRE AND CABLE FOR THE TRMJS-
MISSION AND DISTRIBUTION OF ELECTRICAL 
ENERGY. 

. ICEAlNEMA TlIERr~OPLASTI C INSULATED \~,I RE AND CABLE " S-61-402 ' 
FOR THE TRANSMISSION AND DISTRIBUTION 
OF ELECTRICAL ENERGY 

AEIC THERMOPLASTIC A.'ID CROSSLHtKED POLYETHY- AEIC-CS5-79 
LENE HlSULATED SHIEI.]ED pm/ER CABLES 
RATED 5 TO S9KV 

AEIC SPECIFICATIONS FOR ETHYLENE-PROPYLENE AEIC-CS6-79 
RUBBER "INSULATED SHIELDED PO\'/ER CABLES 
RATED 5 TO S9KV 
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Figure 4. Utility Industry Cable' Specifications: 
Materials Tests 

USER REQUIREMENTS ARE MINIMAL FROM A MATERIALS-ORIENTED PERSPECTIVE 

TESTS ARE PRIMARILY EMPIRICAL IN NATURE 

TESTS ARE DESIGNED TO FOCUS ON ~ OR ~ DEFICIENCIES AFTER PREPARATION OF CABLES 

TESTS NOT DESIGNED TO FOCUS ON MORE SUBTLE CHANGES THAT MAY OCCUR UPON AGING 
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Figure 5: ·Diagnostic Tests of Cables 

RECENT STUDIES HAVE FOCUS~D ON CHANGES IN INSULATION 
THAT OCCUR ON AGING 

PURPOSE: To UNDERSTAND AGING-INDUCED CHAN6ES THAT MAV CAUSE PREMATURE FAILURE. 

To COMPARE RESPONSES OF DIFFERENT INSULATION MATERIALS. 

BATTELLE COL~"BUS.LA'ORATORIES: A BASIC STUDV OF THE AGING IN SOLID DIELECTRIC CABLES: 
SPOHSOR~D BV u.S. DEPARTMENT OF ENERGV (1978 TO PRESENT) 

"IVERSITY of CONNECTICUT. tNSTITUTE of MATERIALS SCIENCE: COMPARISON OF LABORATORY- AND 
FIELD-AGED HMWPE-INSULATED CABLES: SPONSORED BY ELE~TRIC POWER RESEARCH INSTITUTE (1979-
1982) 

BATTELLE COLUMBUS LABORATORIES: 
HAVE FAILED IN NORMAL SERVICE: 
PRESENT) 

CHARACTERIZATION OF EXTRUDED SOLID DIELECTRIC CABLES THAT 
SPONSORED BY ELECTRIC POWER RESEARCH INSTITUTE (1981-

INSTITUTE PE RESCHERCHE DE L'HYDRO QUEBEC (IREQ): PROPERTIES OF EXTRUDED DIELECTRIC CABLE 
MATERIALS: SPONSORED BY ELECTRIC POWER RESEARCH INSTITUTE (PROJECT COMPLETED) 

UNIVERSITY of UTAH: MORPHOLOGY OF EXTRUDED DIELECTRIC XLPE CABLE INSULATION AND ITS 

INFLUENCE ON ELECTRICAL BREAKDOWN STRENGTH: SPONSORED BY ELECTRIC POWER RESEARCH 
INSTITUTE (1981-PRESENT) 
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Figure 6. 

DIFFERENTIAL SCANNING CALORIMETRY CURVES FOR TWO DENSITY POLYETHYLENE-INSULATED CABLE 
SAMPLES: NOTE THE SHIFT IN TM AND NEW ENDO AT ABOUT 60 0 e FOR SEVEN-YEAR FIELD-AGED, 
ENERGIZED CABLE VS. WAREHOUSE STORED CABLE. (UNIVERSITY OF CONNECTICUT, INSTITUTE OF 
MATERIALS SCIENCE, EPRI PROJECT RP-1357-03) 
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Figure 7a. High-Pressure LiqUid Chromatography: 
Aged Cable ' 

HPLC CURVE FOR UN-AGED LDPE-INSULATED CABLE (WHATMAN COLUMN); PEAK AT 20.2 MINUTES SHOWS 

A"~IOXIDANT (4~41 THIOBIS [3-METHYL-6-TERTIAR~ BUTYL P~ENOL1) 

BATTELLE COLUMBUS LAB9RATORIES~ SPONSORED BY u.s. DEPARTMENT OF ENERGY 

,- i ·1 iii i , iii iii , iii' iii -I i "I' f' , i ' , ., , Ii' , i I 
16.121 17.8 18.rtJ 2I2I.S 21 .ra 22.9 23.13 2+.9 25.S 

MIN UTE 5 
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Figure 7b. High-Pressure Liquid Chromatography: 
Unaged Cable 

"PLe CURVE FOR LOPE-INSULATED CABLE AGED AT 600 Hz/247 VMIL-1/90 DC FOR 735 HOURS (WHATMAN 

COLUMN); NO ANTIOXIDANT IS PRESENT~ AS COMPARED TO UN-AGED CABLE· HPLC CURVE AFTER 20 
MINUTES SUGGESTS POSSIBLE PRESENCE OF ANTIOXIDANT REACTION PRODUCTS· 

BATTELLE COLUMBUS LABORATORIES~ SPONSORED BY u.s. DEPARTMENT OF ENERGY 

, , iii i' Iii , 1 iii' - i ., iii i' .- -iii iii I i -I iii iii i I 
. 16.B· 17.8 18J?J 19.0 2121.0 21.B 22.0 23.0 2 .... 0 25.0 

MINUTES 
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Figure 8a. HPLC Chromatogram of Unaged XLPE Cable Insulation 
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Figure ab. HPLC Chromatograph of ?<,L.PE Cable Insulation Sample 
Aged 600 Hz/247 Vmil- _ /90 o C for 991 Hours 
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Figure 9. Chemilumine~cence From XLPE-Insulated Cable 
. Aged 600 Hz/247 Vmil- 1/90 0 C for 30 Days 

ALL SAMPLES CLEANED IN- ISOPROPYLACOHOL. IN SUBDUED LIGHT 6 INSERTED 
INTO Cl CONTAINER PRE-HEATED TO 150°C. AIR CIRCUL.ATION DURING 

TEST MEASUREMENT. 

(BATTELLE COLUMBUS lABORATORIES 6 SPONSORED BY u.s. DEPARTMENT OF 

ENERGY) 
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Figure 10a. Molecular Weight Distribution 

o INSULATION MATERIALS ARE COMPOSED OF POLYMERIC CHAINS HAVING A RANGE OF MOLECULAR 
WEIGHTS. 

o SINCE MOLECULAR WEIGHT INFLUENCES PROPERTIES 1 KNOWLEDGE OF THE DISTRIBUTION OF THE 
MOLECULAR WEIGHTS IS OF IMPORTANCE. 

o AVERAGE MOLECULAR WEIGHTS CAN BE MEASURED BY GEL PERMEATION CHROMATOGRAPHY. 

o MOLECULES IN SOLUTION ARE PASSED THROUGH A POROUS STRUCTURE (COLUMN) AND THE 
MOLECULES PENETRATE THE P~RE STRUCTURE OF THE GEL COLUMN AT A RATE DEPENDENT ON 
ITS MOLECULAR WEIGHT. 
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Figure- 1 Ob. Molecular Weight Distribution 

MOLECULAR WEIGHT AVERAGES ARE GENERALLY CALCULATED AND EXPRESSED AS THE: 

o NUMBER OF MOLECULES OF EACH WEI6HT~ IN A GIVEN 
MASS OF MATERIALS 

o WEIGHT OF EACH MOLECULE IN A GIVEN MASS OF MATERIAL 

1bl -- Is A MEASURE OF MWD 
MD 

FOR POLYETHYLENE~ VALUE IS GENERALLY IN THE RANGE OF lO-20~ BUT VALUE VARIES WITH 
POLYETHYLENE GRADE 

.. 
" 
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Figure 10c. Gel Permeation Chromatography 

~OLECULAR WEIGHT DISTRIBUTION CURVES FOR TWO LOW-DENSITY POLYETHYLENE-INSULATED CABLES 
RECOVERED FROM THE FIELD AFTER AGING: CURVE A IS FROM A SOUTHEASTERN U.S. UTILITY AND 
CURVE B IS FROM A WESTERN U.S. UTILITY. DIFFERENCE IN MWD's IS DUE TO DIFFERENT GRADES OF 
PE USED IN CABLE MANUFACTURE. 

(UNI~ERSITY OF CONNECTICUT 1 INSTITUTE OF MATERIALS SCIENCE 1 EPRI PROJECT RP-1357-03) 
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Figure 11. 
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• MAIN QUESTION RAISED WAS WHETHERI AND TO wHAT EXTENT1 

OBJECTS REVEALED ON THE SURFACE OF ETCHED SPECIMENS 
TRULY REPRESENT INTERNAL STRUCTURE OF THE POLYMER - .. '.. ~ 

" 

-. . 

• ETCH TECHNIQUES THEMSELVES'CAN DEGRADE 1 SWELL OR ALTER 
POL YMER STRUCTURE - - - " :" " . . 

* MORPHOLOGy'~O~K S~OUL~ 'I~~L~tiE'USE OF ;oLA~IiINr. OPTICAL 
MICROSCOPE PICTURES OF VERY . .'THIN SECTIONS1 TO IDENTIFY 
SPHERULITIC AND CRYSTALLINE "STRUCTURES .. " 

• CONTROL SPECIMEN~ '~F"~~O~Nv S;RU~TURE SHOULD "BE USED AS . 
CONTROLS1 ALONG WITH SUPPLEMENTAL ~XPERIMENTAL TECH-- . , 
NIQU~S WHERE P9.~SIBLE .. :..-- .. -~ ~ l:"f-::~ .. ~".-:-~ .. 

• AL. THOU'G"H MORP~O(OG'i ~~L ~ CHA~A~':E~ I sTieS! NFLUErtCE VOID • 
SIZE1 DISTRIBUTION AND QUANTITY1 IT IS PREMATURE TO 
ATTEMPT T~ RELATE TH~S .to PARTIAL DISCHARGE PHENOMENA. 
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Figure 1 2. Polymer Morphology: EPRI Activities 

RP-7891 -- MoRPHOLOGICAL STUDY OF EXTRuDED DIELECTRIC CABLE 

OBJECTIVES: 

MATERIALS . 

PRINCIPAL INVESTIGATOR: PROFESSOR PAUL PHILLIPS 
UNIVERSITY OF UTAH 

DATES: APRIL 1981 TO MARCH 199q 

A. EVALUATE MORPHOLOGY OF EXTRUDED DIELECTRIC CABLES; EMPHASIS 
ON TRANsMissION cABLEs (69KV AND up). 

B. DEVELOP AN UNDERSTANDING OF THE INFLUEr.CE OF (1) DIfFERENT 
~~iHNG _METHODC?LOGIES AND (2) CONTAMiNaTS~' ON ;10RPHOLOGICAL 
CHARACTERISTICS. 

C. DETERMINE NHETHER mIFFERENT MORPHOLOGICAL CHARACTERISTICS 
INFLUENCE TREE INCEJDTHlN Arm/OR TREE PROPAGATION. 

D. DETERMiNE wHETHER IIfFFEREN'T 1II0RPHoLOGIES HAVE i-NFLuENcED 
PARTIAL DISCHARGE UI.CEPTIrON VIilLTAGE A.'ID/OR BREAKDOWN 
STRENGTH.-
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DISCUSSION 

ROSS: Thank you, Mr. Bernstein. May we have sane questions fran the audience? 

GUILLET: In this case, where you have breakdown or treeing of the cable, can 
you see a gross change in the dielectric loss factor in the polyethylene 
itself, or do other electrical measurements that you can make on these 
cables show this degradation? 

BERNSTEIN: Breakdown is the only change that one observes; the power factor 
does not change. The electrical resistivity of the insulation changes 
just prior to breakdown. By that tLme, and that has been demonstrated in 
the laboratory, the cable has been so far degraded that it's not a viable 
test to look at it in the field. You raise an interesting point. What 
does one do with an installed cable in the field, operating for 5, 10, 15 
years and you want to test it? Well, what the utilities do now is run a 
dc test. There is sane evidence that the dc test itself, if it doesn't 
pick out the failed cable, may cause a problem that shows up later on. 
You are building up space charge. So we have a multitude of failure 
mechanisms (phenomena) taking place, and sorting them out is a real 
problem. 

CUDDIHY: Gould you give an explanation of what you consider to be the best 
modern theory for electrical degradation? 

BERNSTEIN: Well, the area that people are most concerned about today is the 
one of water treeing, because it is causing a problem in certain 
geographical regions of the country after a very few years. The problem 
shows up after as little as five years in the Southeast--Florida, 
Tennessee. The Northwest isn't having the problem. The Northeast is. We 
are at a point where we have been working on this for about 10 years and 
we still don't understand the mechanism. We have a lot of theories as to 
what is happening: how the moisture gets in; how the water causes 
failure; is it mechanical; is the ac stress causing mechanical failure? 
Unfortunately, there is no convincing evidence for any of these theories. 
Research is carried to a point, and then dropped. Hopefully, we, at EPRI, 
can help provide a source of funding to resolve this. 

LANDEL: First, let me say I like the way you used the word stresses in a 
general sense of mechanical, thermal, chemical, etc. I think that is a 
useful way to consider the general sense of the problem. MY specific 
question is considering morphology. For example, the sort of things that 
you happen to discuss here have to do with gross morphology, but the 
problem itself in the treeing represents same sort of local change and a 
local diffusion, and a local rearrangement, etc. Are there means, or are 
there people looking at that? For example, are people looking at, as Jlin 
said, dielectric measurement? Dielectric measurement over a range of 
frequencies, over a range of voltages, or mechanical conditiQns to which 
it might be sensitive to crystallite boundary regions? Are those sort of 
things being done, and if so, are they revealing? 

BERNSTEIN: Well, the only electrical measurements that people have looked at 
along with electrical breakdown are power factor at 60 Hertz, and volume 
resistivity. While there does appear to be a correlation between loss of 
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electrical integrity and power factor on small samples in the laboratory, 
no one has been able to relate, ,that to what happens in the field where we 
have very large samples. High frequency diagnostics--I don't think we 
have done very much in that area, except for high-frequency-induced aging 
to increase partial discharges per unit tnne. 

LANDEL: You have not said anything about the sort of accelerated tests that 
might have been done. There is a test called the ''PROI''' test which I 
first encountered actually in electrical insulation. It is a test in 
which, instead of applying a steady voltage or a steady mechanical load, 
you increase the load. It is equivalent, in a mechanical sense, to a 
constant strain rate test, and it can be more revealing for same kinds of 
testing of the statistics of failure than can the steady load itself. Has 
that sort of thing been successful in these types of insulation failures? 

BERNS1EIN: Increasing the rate of rise--yes, this has been done. You do 
get an apparent increase in breakdown strength as the rate of rise 
increases. However, it hasn't told us how to predict. It has shown the 
same trend as the step tests. The electrical testing to breakdown is the 
one area that has been looked at thoroughly, although at 60 Hertz, over 
the years. That is why people are looking elsewhere now. Perhaps Keith 
Nelson might have more to say about that tomorrow. 

ROSS: Just one question. Can you cooment on the knowledge base for direct 
current failure of cables? Clearly the mechanisms are somewhat different 
than they are for ac. What the data base looks like for dc? 

BERNS1EIN: Well, you mean like I mentioned the dc test on fuel cables? 
Hardly any. There is very little known about that. Frank, of Bell Labs, 
did a paper five years ago on tree d~v~lopment on dc and instead of 
getting bow-ties, he got'half -a' oow':"tfe:":' '~That has been published. 

CUDDIHY: Have there been insulation failures on dc lines? 

BERNSTEIN: There are not that many dc lines around. Ibwever, a key 
contributor to our dc experience occurs when a utility has a problem line 
and wants to see if it is about to fail. In this case, they will take 
portable equipment and run a dc thumping test, sending dc through the 
line. Or, if they have a failure and they want to locate it, they will do 
this: if a cable does not have its original degree of dielectric 
integrity it may pass below what is called BIL--basic insulation level-­
which is defined in the utility specs, and it may fail. If it doesn't 
fail, you can see that it might build up a space charge that could 
interact with a thunderstorm a day later, or a month later - I don't know 
how long this space charge may last. This is an area, by the way, that we 
are going to be looking at within the next six months, for about three 
years. 

CUDDIHY: Isn't it true that a lot of the hydroelectric power, or at least 
power that comes down from the northwest to the Los Angeles area, is dc 
transmission? 

BERNSTEIN: Yes, but we don't have a very big data base on that, I'm afraid. 
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ENVIRONMENTAL TESTING TO STUDY CIRCUIT FAILURE 
MECHA~I~~~ AND ACCEL~RATION FACTORS 

by 

Neil L. Sbar 
Bell Telephone Laboratories, Incorporated 

555 Union ~oulevard 
Allentown, Pennsylvania 18103 

(215) 439-6671 

This paper is a review of a segment of the environmental , 
testing work to study circuit failure mechanisms and 
acceleration factors at Bell Telephone Laboratories. The 
topics covered include experimental test specimens and, 
equipment, effects of corrosive atmospheres on thin film 
metallizations, and the use of acceleration factors for 

- predicting device failure rates. 

Test Specimens and Apparatus 

Slide 3 shows a conductor test pattern on a 24 pin dua1-in­
line-package (DIP) sized ceramic substrate. The conductors 
are 3 mils wide and spaced 3 mils apart. And a potential is 
applied between adjacent conduct~rs while the specimen is 
exposed to the test environment. ~imi1ar test circuits 
(Slide 4) were printed on both' beam-leaded and wire bonded 
silicon chips. The chips are mounted on ceramic substrates 
to facilitate interconnection. These specimens are used to 
test the effectiveness of conformal coatings in reducing 
leakage currents and preventing corrosion. 

The above test circuits are plugged into Teflon sockets, 
which are mounted on stainless steel 'racks (Slide 5), and 
exposed to high terr.()erature and humidity conditions in an, 
aging oven. The same test specimens can be exp~s3d to an 
environment contaminated with 0.5 to 2.0 ppm C1 2 ' using the 
apparatus shown in Slide 6. L~akage currents between 
adjacent conductors are measured in situ with the data 
collection equipment shown in ~lide 7. 

Corrosive Environment Testing 

Test circuits were exposed to cor~osive conditions (e.g. 
85°C, 80% RH, 1 ppm Cl ) to simuli;lte the effects of process 
residues and/or enviro~mental contamination. The objectives 
of the work are stated in Slide 8. 

In this study, the performance o~ Ti-Cu-Ni-Au (TCNA)4 and 
Ti-pd-Cu-Ni-Au (TPCNA) thin film metallization systems was 
compared with that of the standard Ti-Pd-Au (TPA) 
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metallization (Slide 9). Slide 10 shows in situ leakage 
currents for unencapsulated thin film conductors in a Cl 
contaminated environment. All specimens were shorted by 600 
hours due to metal migration and the growth of dendrites 
between oppositely biased paths. Slide 11 illustrates the 
effectiveness of an RTV silicone rubber encapsulant in 
significantly reducing leakage currents. In fact, no shorts 
were observed after 1000 hours of aging. 

Metal migration between conductors is shown in Slide 12. 
The dendritic structures grow along ceramic grain boundries 
from the cathode to the anode. SEM energy analysis has 
shown the dendrites to be mostly Au with somewhat less Pd. 
The migration of Ni, Cu, and Au was observed for the 
unencapsulated TPCNA and TCNA samples (Slide 13). No 
growths were observed on conductors that had been 
encapsulated with the RTV silicone rubber encapsulant. 

Galvanic corrosion was also observed on the unencapsulated 
thin film specimens. Slide 14 presents a comparison of TPA 
samples with those containing Cu and Ni. Heavy greenish 
corrosion products were observed for the base metal systems. 
And their chemical structures were identified using SEM and 
X-ray diffraction techniques (Slide 15). Little or no 
galvanic corrosion products were found on the encapsulated 
samples. 

As part of the study of galvanic attack, leads, 
thermocompression bonded to the thin film metallizations, 
were pulled after 1000 hours exposure. The metal 
delamination that resulted is shown in Slide 16. For TPCNA, 
Au peeled away exposing cu due to corrosive oxidation of the 
intermediate Ni layer. TCNA specimens without the' ·Pd 
barrier layer also exhibited Ti-Cu delamination. The TPA 
samples were most resistant to galvanic corrosion. 

~lide 17 presents the chemical considerations for dendritic 
growth. For example, Cl- ion, formed by the reaction of C1 2 gas and water, undergoes an electrochemical reaction with Au 
at the anode to form the tetrachloro-gold complex. These 
soluble complex species diffuse to the cathode by virtue of 
their concentration gradients and are chemically reduced 
leading to dendrite formation. Slide 18 illustrates the 
role of pores in galv~~ic'corrosion. The less noble metal 
is oxidized in the- presence of an electrolyte~ This 
reaction can proceed without applied potential and can 
result in delamination of the more noble metal. 

Slide 19 shows how the methyl polysiloxane encapsulant cures 
and reacts with surface h~droxyls to form'"oxygen bridges" 
to the alumina substrate. This reduces the number of 
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hydrophilic surface sites and minimizes the condensation of 
moisture on the insulator surface. 

The main conclusions from the corrosive environment work are 
listed in Slide 20. 

Acceleration Factors 

The final topic of this paper is th~_determination of 
acceleration factors which can be used to relate device life 
under high stress (temperature, humidity) laboratory 
conditions to device life under normal use conditions. The 
objectives are stated in Slide 22. It is assumed throughout 
that the device failures are due to electrolytic conduction. 

Although surface conductance was measured on a variety of
7 test vehicles and over a range of experimental conditions 

(Slide 23), only a small segment of the work will be 
discussed in this paper. The effects of relative humidity 
and temperature on thin film conductors and l23xl48 mil test 
chips (Slide 4) will be reviewed. These chips had a 
conductor pattern of 10~m TPA lines spaced lO~rn apart on 
Si3N4 dielectric. 

Leakage current measurements were used to calculate surface 
conductance as a function of relative humidity for several 
fixed temperatures (Slide 24). There is a significant 
difference in slopes be~ween enqapsulated and unencapsulated 
specimens: i.e. the humidi ty- 'acceleration is greater for 
unencapsulated specimens. 

The effects of temperature at constant relative humidity 
were also measured. As an example, activation energies for 
'unencapsulated and encapsulated triple track conductors and 
Si N test chips are listed at.80% RH in Slide 25 •. 
un~n~apsulated samples had lower activation energies 
implying a different surface conduction mechanism than that 
for RTV coated samples. 

In Slide 26, the constant temperature and constant relative 
humidity data were combined to yield surface conductance, G, 
as a function of these two independent parameters. The 
surface conductance acceleration factor (Slide 27) can then 
be defined as the ratio of G at the high stress conditions 
to G at normal use conditions. 

The key ingredients for circuit failure rate estimation are 
listed in Slide 28. The first piece of information is the 
failure distribution of the device under high stress 
conditions. Failure distributions for digital integrated 
circuits at 8SoC, 8S%RH are shown in Slide 29. The data 
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include both encapsulated and unencapsulated samples. The 
second ingredient is the surface conductance acceleration 
factor for this type of device. An acceleration factor 
nomograph is shown in ~lide 30. By locating the use 
temperature and relative humidity on the plot, one can read 
off the acceleration factor relative to the 8SoC, 85% RH 
test condition. 

For example, the acceleration factor for unencapsulated 
devices in Baton Rouge, La is 7.1. This means that they 
will take 7.1 times longer to fail in ~aton Rouge then in 
our test chamber. If the chip dissipates sufficient power 
to raise its temperature 200 C above ambient, the humidity in 
its vicinity is redgced and the acceleration factor 
increases to 1.6xlO • 

With the median life of unencapsulated devices and the above 
acceleration factor, one can use standard procedHres to 
calculate the failure rates plotted in Slide 31. A failure 
rate of -1 FIT is predicted from the present (NLS) work. 
For comparison, acceleration factors extracted fr~mlOarlier 
studies are also used to calculate failure rates.-' The 
implication is that if a device dissipates sufficient heat 
so that the relative humidity in its vicinity is low, it can 
function reliably even though it is unencapsulated. 

Slide 32 shows similar data for the same devices coated with 
RTV silicone rubber. The median life at 8SoC, 85% RH was 
3.SxlO hours and the predicted failure rate (NLS) was -10-4 
FIT. 

Finally, the failure rates for encapsulated voltage 
reference devices, which do not dissipate significant power, 
were calculated. In the severe Baton Rouge environment, the 
failure rate was -1000 FITs. A failure rate of -70 FITs was 
predicted for average conditions in Allentown, pa., and a 
failure rate of -1 FIT was computed for an air conditioned 
environment. This shows that an encapsulated low po~er 
device might not be suitable for high reliability systems in 
a severe environment. 
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Figure 1 

ENVIRONMENTAL TESTING TO STUDY 
CIRCUIT FAILURE MECHANISMS AND 

ACCELERATION FACTORS 

BY 

NEIL L. SBAR 

BELL TELEPHONE LABORATORIES 

ALLENTOWN, PA 

Figure 2. Outline of Talk 

• TEST SPECIMENS AND EXPERIMENTAL APPARATUS· 

• EFFECTS OF CORROSIVE ENVIRONMENTS ON THIN 
FILM METALLIZATIONS ' 

• DERIVATION AND USE OF ACCELERATION FACTORS 
FOR PREDICTING DEVICE FAILURE RATES 
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Figure 3. Triple-Track Pattern on 24-Pin Ceramic Header (Aging Mode) 
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Figu,re 4. Meander ,Pattern .' 
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Figure 5. Bias-Humidity Test Hclrdware 

DEVICE TO BE TESTED 
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Figure e". Corrosive Gas Apparatus 
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Figure 7. Te,st 'Set for In-Sit~ Le_akage-Current 
and Resistance Measurements 
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Figure 8. Corrosive Environment Testing 

OBJECTIVES: 

1. TO STUDY ELECTROLmc AND GALVANIC 
CORROSION MECHANISMS FOR SEVERAL 
THIN FILM METAWZATION SYSTEMS 

2. TO EVAWATE THE EFFECTIVENESS OF AN 
RTV SILICONE EN,CAPSULANT IN 
PREVENTING OR RETARDING CORROSION 

Figure 9. Metallization Systems 

TPCNA Ti-PeI-Cu-NI-Au 

TCNA TI-Cu-NI-Au 

TPA Ti-Pel-Au 
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Figure 10. Leakage Currents on Unencapsulated 
- Triple-Track Conductors 
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Figure 11. Leakage Current on Encapsulated 
Triple-Track Conductors 
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Figure 12. Metal Migration on a Contaminated 
Ti-Pd-Au Triple Track 
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Figure 13. Dendritic Growth From TPCNA Triple-Track Conductor: 
85°C, 80% RH, 100-V Bias, 1.8 ppm C12 
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Figure 14. Corrsoion of Unencapsulated Conductors: 
85°C, 80% RH, 1.8 ppm C12 

(0) Ti - Pd - Au 70 X (b) TPCNA 70X (e) TCN+A 70X 



Figure 1 5. Identification of,C~rrosion Products 

EXPOSURE/CONTAMINANT ENERGY DISPERSIVE X·RAY X·RAY DIFFRACTION 

:E;240HRS/1.6ppm Cl z Ni, Cl UNIDENTIFIED .. 

1000HRS/l.8ppm Ciz Cu, Ni, Ci Cu, NiCt z • 3 [Cu, NiCOH)z] 

189HRS/O.46ppm SOz Ni, S NiS03 • 6HzO ANDN,iSO"· 6HzO 

'" 1200HRS/O.46ppm SOz Ni, S NiSO • XNiCOH)z • YHzO 
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Figure 1 7. Chemical. Gopsiderations 

(12 + H20 ~ HO(I + H + + (1- (1) 

Au + 4(1-~ Au(1 4- + 3.- EO= 1.0V (2) 

Pd + 4 (1-~ Pd (1 4- 2 + 2.- EO= O.62V (3) 

NJ ~ Ni+2 + 2.- EO = -.2S0V (4) 

Cu ~ Cu+2 + 2.- EO = O.337V (5) 

Figure 18. Galvanic Corrosion 
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METALLIZATION SYSTEMS 
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Figure 19. Silicone Polymer Crosslinking and Bonding to Surface 

SILICONE POLYMER CROSSLINKING 
AND BONDING TO SURFACE 
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Figure 20., Corrosive Environments: Conclusions 

1. MECHANISMS FOR DENDRITIC GROWTH BETWEEN 
UNENCAPSULATED CONDUCTORS OF SEVERAL _ 
THIN FILM METALLIZATION SYSTEMS HAVE BEEN , 
D'ETERMINED 

2. RESISTANCE TO GALVANIC CORROSION: 
TPA ) TPCNA) lCNA 

3. CORROSION PRODUCTS ON TPCNA AND TCNA 
METALLIZATIONS EXPOSED TO THE TEST 
ENVIRONMENTS HAVE BEEN IDENTIFIED 

4. THE RTV SILICONE RUBBER ENCAPSULANT 
PREVENTED DENDRITIC GROWTH AND RETARDED 
GALVANIC CORROSION 
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Figure 21. New Acceleration Factors for 
Temperature-Humidity Bias Testing 

Figure 22. Objectives 

1. TO DETERMINE NEW ACCELERATION FACTORS 

FOR ELECTROLYTIC CONDUCTION BElWEEN 

BIASED METALLIZATION LINES 

2. TO EXPLO~E THE USE OF THESE 

ACCELERATION FACTORS IN ESTIMATING 

DEVICE FAILURE RATES 

Figure 23. Surface Conductance Measurements 

A. PARAMETERS (NVESTIGATED 
1. BIAS VOLTAGE 

2. TEMPERATURE 

3. RELATIVE HUMIDITY 

4. ·INSULATOR SURFACE 

B. TEST VEHICLES 

1. TRIPLE TRACK CONDUCTOR 

2. 'l23 I 148 MIL TEST CHIP 

10" LINES, 10 p. SPACES, 3.2 I 10.5 c INSULATOR 

a. r~Pd·Au, Si3N41NSULATOR 

b. Ti.Pd·Au, AlZ03 INSULATOR 

c. li·'fjN.Pt·Au, Si3N4 INSULATOR; .. 

UNIFORM Au PROCESS 

93 



Figure 24. Surface Conductance vs Relative Humidity: 
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Figure 25. Activation Energies 

AT 80' RH 
AV. EA STD. DEV • 

UNENCAPSULAllD TTC • 51.14 
I 

ENCAPSULATED ITC .70 .03 

UNENCAPSULATED Si3N4 TEST CHI~ .46 .21 

ENCAPSULATED Si3N4 TEST CHIP .64 .05 
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Figure 26. Calculated Isotherms (G 1 vs RH) for 
Unencapsulated Triple-Track Conductors 

CALCULATED ISOTHERMS (G 1VS RH) 
FOR UNENCAPSULATED TRIPLE TRACK CONDUCTORS 
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Figure 27. Surface Conductance Acceleration Factor 
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Figure 28. Failure Rate Estimation 
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Figure 29. Bias-Humidity Testing of Digital ICs: 
85°C, 85% RH, Reverse Bias 

BIAS - HUMIDITY TESTING OF DIGITAL Ies 
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Figure 30. AcceleratJon Factor (Aa) w.r.t. 85°C 85% RH 
for Unencapsulated Si3N4 Metallization Testers 
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Figure 31. Digital IC, Instantaneous Failure Rate: 
No Encapsulation 

EXTRAPOLATED FROM 85°C - 85% RH - REVERSE BIAS 
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Figure 32. Digital IC, Instantaneo"us Failure Rate: 
. DC 96-084 Encapsulation 
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Figure 33. Voltage Reference Instantaneous Failure Rate: 
DC 96-084 Encapsulation 

EXTRAPOLATED FROM 85°C 85% RH 
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DISCUSSION 

ROSS: Thank you. Can we have scxne questions? 

WHITE: When you were talking about using your triple track test and you were 
putting S02 and chlorine ?Dd stuff like that in there, were you actually 
making your measurements while you were stressing it? 

SBAR: That's right. We measured device output currents while they were in 
the 'chamber being exposed to the environment. 

WHITE: Did you have any problem with the wire that you biased it, with 
corroding? 

SBAR: No. It was at high 'relative humidity, but it wasn't saturated in that 
chamber. we soldered the wires-~e didn't have printed circuit boards-­
you can't use those in this type of test. TYPically, we use Teflon 
sockets with wire soldered to the sockets, and that wasn't a problem for 
the duration of the test. 

WHITE: In your examples, you stuck pretty close to the chlorine. Was there 
a reason for that? Was the chlorine more hannful than the S02? 

SBAR: No. It was just a time factor. We have explored the effect of ~ 
in past papers. 

CDULBERT: In your curves presented here, what is the significance of the 
failure rate reaching a maxllnum and then decreasing with tline? 

SBAR: That's just a function of the failure;..rate distribution. It is the 
long-time-period portion of the bathtub curve'coming up. The early part 
of the bathtub-type curve is, of course, infant mortality, and this is the 
other end of it. 
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EDI'IDR'S OOI'E: tb copy of S. Uibana's presentation was received for 
publication. 
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DISCUSSION 

ROSS: We are a little bit late, but we can take a couple of questions. 

POCIUS: Could you describe your cathodic polarization test that you glossed 
over, and what parameter you deteonine in that test? Second, relative to 
your discussion on carbon contamination on surfaces, we at 3M have looked 
a lot at ways of removing that carbon contamination. I was wondering if 
you had tried any of the three-dimensional abrasive-surface conditioning 
treatments for removing that carbon contamdnation? 

LABANA: Addressing your second question first: yes, one can abrade the 
carbon, but there is a simple solution to it. You tell the steel canpany 
to get the carbon off. And that works quite nicely. With respect to your 
first question--the cathodic polarization test--you have a steel panel, 
which is painted and then scribed. The sample is imnersed together with a 
test zinc electrode, and then you measure th~ cathodic polarization 
current. You then use salt to reDDve the molsture--put a tape on the 
scribe--pull the 3M tape and measure the weight loss of the coating at the 
scribe. '!he test is just galvanic polarization of zinc versus steel; 
there is no externally applied voltage. 

0' AIELlD: '!his question relates to your cazment about the non-linearity of 
the response in some of your cyclic testing to predict longer-term 
degradation. '!his lOOming we saw some applications of'microanalyses to 
looking at corrosion mechanisms. I wondered if you had any caonents on 
applying some of the more advanced techniques like ESKA and X-ray 
fluorescence to examine your specimens to deteonine the beginnings of sane 
of the failure mechanisms? 

l.ABANA: Yes, we have. We have done extensive work on the techniques such as 
ESKA, Auger analysis and FITR to study chemistry at the interfaces and the 
changes that take place at the interfaces. We are not sure right now 
whether those techniques can tell you about the rates of coating failure. 
We have to wait for that. '!hey give you lots of useful information, 
that's for sure. 

KF:IOLA: In your work with the f1.JV, have you noticed any variations in 
uniformity within the device, given the fact, as you pointed out, that 
variations in hurnddity have dramatic effects on the rates of formation of 
nitroxic radicals? 

LABANA: Well, the QlN that I was referring to are saoewhat differ~t fran the 
cmmercial QUV. '!hese are research-type QUV, which we have instrumented 
quite highly. We have a temperature trace, a humidity trace, and there is 
controlled humidity. I don't believe that you can use a QUV in which you 
cannot assure constant temperature, constant humidity and constant 
intensity of light. If you cannot assure those three things, you 
shouldn't expect any correlation. '!he IN source tubes that you have for 
the QUV have to be replaced at regular intervals. You also have to make 
sure that the htmidity is right and the temperature control is not out of 
line. 

ROSS: '!hank you very much, Sandy, for a very enlightening talk. 
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~SION II: ANALYTICAL MJDELnK; OF DEGRADATION 

R. F. IANDEL (Chairman): This session was introduced mst appropriately by 
Sandy Labana's concluding slide, in which he described the need for 
understanding the mechanism before you could make a reliable prediction. 
So there are two kinds of IIDdeling that one can describe: one is empirical 
IIDdeling, in which you try to relate the observed results as a function of 
tUne or temperature--or as someone said earlier, a generalized stress, 
whether it's the temperature or humidity, the electrical load, and so on 
--with the observed response of the device under use. There is another 
type of IIDdeling that uses the mechanisms by which these changes are 

.. occurring. After all, nature doesn't operate in a vacuum; these changes 
occur because scmething has happened, and so we would like to think that 
if we knew what that mechanism is and what the rates are, then we should 
be able to make a prediction about what has occurred. The problem of the 
first approach has already been alluded to--you do not know how reliably 
you can extrapolate in time--and in the second case, the problem is always 
one of trying to get a sufficient aroount of data or in SCJIJe cases in 
trying to find out the actual means of carrying out your analyses. So we 
are missing data, or missing techniques in the second case. The net 
result is that it appears to take, and does take, a great deal of time to 
get to a realistic and even reasonably reliable model. Both of these 
ccmnents as I have made them <mit then a third i.nqx>rtant point, again one 
which has already has been referred to, namely, that the loads will vary; 
temperature, the mechanical loads, when you are running down the road, 
vary statistically, and so do the properties of the material; so we must 

/incorporate the properties of the material and also the statistical 
variability of the generalized load and the properties of the materials in 
our system. And in the sequence of .four papers that we have here, these 
aspects are touched on--not in. sequence /-:ilot in tum--but they are all 
touched on. The first one, "General Concepts of AcCllDUlated Stress 
'Jesting," will be given by Jerry Maxwell fran Intermedics. 
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ACCELERATED STRESS TEST MODELING 

J. L. PRINCE, G. G. MAXWELL and K. R. INFINGER 

Intermedics, Inc. 

Freeport, TX 77541 

The primary intent of accelerated stress testing is time compression. 
The qoal is to subject a statistically meaningful sample from a product10n 
lot to a test or series of tests which will cause a percentage of the sample 
to manifest failures. The definition of a "failure" must be established. 
Parametric shifting in excess of established limits is usually known as a 
"degradation" failure. Mechanical breakage or open or shorted electrical 
circuits are examples of catastrophic failures. 

Product qualification and improvement can be accomplished throuqh ac­
celerated stress testing. A product is qualified for its intended use by 
surviving a series of stress tests. The tests are designed to manifest weak­
ness of design, components or assembly. Product improvement is ass·ured when 
the produc'1: can survive under stress testing which is more severe than that 
used in establishing the oriqinal level of reliability. 

The results of accelerated stress testing can be used to obtain an in­
stantaneous hazard or failure rate. The latter can be used to establish an 
expected product return percentage. 

It is necessary to accelerate normal use conditions when the time to 
failure must be significantly longer than production t1me and billings cycle. 
An accurate business plan, including warranty reserves, service and pro­
duction support depends on the ability to forecast field failure rate. This 
is true at product development and must also be true during the evolutionary 
phases of the life of the product. 

A critically important aspect of accelerated stress test modeling is 
that failures introduced under the accelerated conditions must correlate to 
those which occur under normal usage. Mathematical tools are available to 
aid in this determination and will be discussed later. In addition, the 
stress test must be designed to accelerate the physical mechanism(s) which 
result in failure. In the integrated circuit industry some standard testing 
regimes are temperature, voltaqe, moisture, and mechanical stress. Care is 
taken to choose proper magnitudes and duration of stress. 

A table is included entitled, "S.u...ic.on Semic.ond..u.ctoll. Vev.,[c.e Fa.i.i.wLe 
Mec.ha.n.i..6rn6 and Rela;ted S.tILe.6.6 Fa.doM". In it are displayed structural 
features, physical failure mecllanisms or "reaction", accelerating agents and 
approximate activation energies. 

Activation energies are quasi-continuous or discrete, and are classified 
as chemical, physical or mechanical~ Energy must be induced to cause a 
change from a "well" to a failed state. Schematic representations are shown. 
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Stress used can be either constant in time or increased with time. The 
latter is usually called "step stress". A figure is shown illustrating that 
in either case, the median time to failure should be the same. 

Design of accelerated stress testing requires selection of sample sizes, 
choice of the test regimens which will exercise parts sensitivity, data 
sampling procedures, measurement techniques, formulation of failure criteri~ 
thorough data analysis planning and action plan forethought in the case of a 
"pass" or "failure" conclusion. Failure analysis is an integral part of the 
experiment. 

Too often time and money are wasted because the experimental plan is too 
vague, data inconclusive and those who regard reliability wor~ as black magic 
are hesitant to take precipitous action when the conclusion of the experiment 
is that the reliability risk is assessed as excessive. 

An example of an actual integrated circuit qualification protocol is in­
cluded. 

Curves and equations of several useful cumulative distributions and in­
stantaneous hazard rates are shown, including Gaussian, lognormal, Weibull 
and exponential. The lognormal distribution is in acceptable use for chemi­
cal/physical failure mechanisms of integrated circuits. The Weibull distri­
bution has been used in connection with metal failures. 

Twenty-eight operational amp11fiers were subjected to 250°C under 30 
volts bias. A lognormal plot is shown revealing a sigma of 2.6. Failure 
analysis revealed that beam tape bonding was improperly done. Even though 
the data looked. nice when plotted, except for a slightly high sigma, the 
failures were not correlatable to use conditions or inherent dice problems. 

A plot is shown of bias life testing of eight CMOS 4012 wafers which 
were processed in the'same fabrication lot. Units, packaged,as shown in the 
figure, from wafer 5 and 22 showed statistically significant variation, ex­
ceeding the .01 level of significance as computed from the Analysis of Means. 

Further testing on wafers 21 and 22 was done and the results are tabu­
lated. Criteria used was military and commercial limits. It is obvious 
that it is dangerous to use sample testing for wafer acceptance. 

A comparison of storage life fa1lures and bias life is also shown. Bias 
life testing produced significantly more failures using MIL-STD limits than 
storage life. 
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Plastic packaged CMOS 4012 units were subjected to bias life testing at 
250°C, 225°C, 200°C, 175°C and 150°C, for up to 2000 hours. A lognormal 
plot of the failures is shown. A sigma of 1.5 to 2 is indicated, giving con­
fidence that one failure mode is involved. An actl.vation energy of .55 eV 
was derived and it was concluded that there should be failures from the same 
mechanism at 2000 hours for units at 175°C and ·failures at 1836 hours from 
units on test at 150°C. As shown there were none, leading to the conclusion 
that the failures at the higher temperatures were unique to hl.ghtemperatures 

CMOS 4011 plastic dual in line package~ were tested at temperatures of 
125°C, 150°C, 175°C, 190°C and 200°C. The data at 175°C show a bimodal 
failure mode as evidenced bya break in the slope whl.ch indicates two sigmas. 
Two sets of data are shown at 150°C and labeled Test 1 and Test 2. Test 1 
shows a lower failure rate than units which 'were tested at 175°C. A fresh 
sample was retested at 150°C, labeled "Test 2". This sample showed a failure 
rate fitting the curve between .l25°C and 175°C. Units tested at 190°C and 
200°C showed a similar anomaly. Analysis showed an instability in the parts 
which caused high IDD failure at room ambient after the units were bias life 
tested. No conclusion was reaChE!d. 0; ." 

A final plot shows time to rupture of'plastic packages from a particular 
manufacturer. Photographs of the packages are shown. 
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Purpose of Accelerated Testing 

• Time CompressIon 

• Failure Modes Manifestation and Effects 
- Catastrophic 
- Degradation 

• Product Assurance 
- Design - Worst Case 
- Components 
- Process 

• Reliability PredIction 

Why Accelerated Testing 

• HIgh Reliability Components 

• Development Time 

• Market/Billings Demand 

• Profitability 
Warranty Reserves 
Service 
Sustaining 

Sample Plans to Demonstrate 0.005%/1000 Hour 
Failure Rate With 125°C Life Test 

BOOO-Hour Test 90% Confidence 
Failure Rate 

%/1000 Hours 

0.005 

. Sample Size 

o FaIlure 1 Failure 
5600 9400 

BOOO-Hour Test 60% Confidence 
Failure Rate 

%/1000 Hours 

0.005 

Sample Size 

o Failure 
2300 
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Use Condition-:-Accelerated Test Condition 

• Definitions/Control of Use and Environment 
Use 
Test 

• Correlation 

• Accelerating Factors 
Type 
Magnitude 
Duration 

• Sensitivity Vs. Accelerated Test Efficacy 

Accelerating Regimens 

• Temperature 
• Constant, Elevated Above Use, Below Spurious Failure Mode Introduction 
• Constant, Lowered Below Use, Above Spurious Failure Mode Introduction 
• Cycled Between Specified Max/Min limits, Air to Air 
• Shocked Between Specified Max/Mm Limits, Liquid to Liquid 

• Voltage 
• Voltage Used to Set Up E1ectnc Field or Current Density 
• Power Stress and Secondary Temperature Effects 

• MOisture 
• Humidity, e g , 85°C/85% R H 
• MOisture Cychng 

• Mechamcal 
• Shock, e.g., Impact 
• Acceleration, Sine Wave or Centrifuge 
• Pressure, e.g., I.C. Herrneticlty Testing 
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STRUCTURE 

Metalllzallon 

SIlicon OXIde 
and 

SIlicon SIl,corf 
OXIde Interface 

Silicon Semiconductor Device Failure 
Mechanisms and Related Stress Factors 

REACTION 

Electromlgratlon 

CorrosIon 
ChemIcal 
Galvanic 
ElectrolytIc 

Contact 
Degradallon 

Surface Charge 
AccumulatIon 

D,electric 
Breakdown 

ACCELERATION 
AGENTS 

T J 

H V T 

Vaned 

T. E 

T E 

ACTIVATION ENERGY 

Ea ~05-12eV 

Ea a!0 3 - 081 eV [for electrolysIs I 
V may have threshold, 

Btpolar E. ~1 0 -} 05 eV 
MOS E. ~ 1 2 - 1 35 eV 

Bonds and Other 
Mechanical Interfaces 

Intermetaillc 
Growth 
I-atlgue 

T All Au E. == 1 - 1 05 eV 

Herml!lclt~ 

V voltage 
T temperature 

• 
• Contrnuous 

E 

Energy 

• DIscrete 

Eo 

• Mechamcal 

FlIle Gross Leak 

G T (Cycling) 

T (Cycling) 
Pressure 

E - electnc held H - hum,d,ty 
J current denSity G - acceleratIon shock 

Acceleration of Expected Failure 

Acttvated state 

or:' ~tants ~_ 

E - ER = ActIVatIon energy 

E - Ep = Re-Actlvatlon energy 

Products 

E 1 - Eo = ActIvatIon energy (from state Eo to state E 1) 

Til = CllkJ EkJ - Hookes Law 

Strain 
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Step Stress and Constant Stress Relationship With Time 

en en 
QI ... 

ci5 

Distiibution 
of Stress 
to Failure 

t' I -r-
I I 

Distribution 
of Log Time 
to Failure 

I I 
__ .....,L.~_ 

Log of Time 

Experimental Design 

• Planmng Procedure 

LTPD's 

Time / Stress Levels / Type Stress / Part Sensitivity 

Down Time: Frequency / Penod / Methodology 

Attributes / Vanables Data 

Measurement Technique 

Failure Criteria 

Failure AnalysiS 

Data Analysis 

Experiment Integrity Control 

Conclusions I) Answer I) Other Experiments ? 
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Qualification Test Protocol 

MIL-STO-883B MAXIMUM NUMBER 
ACCEPT OF 

TEST METHOD CONDmON LTPD NO INCREASE 

Subgroup 1 , 
Thermal Shock 1011 A 15 1 1 
Temperature Cycling 1010 Note 2 
MOIsture Resistance 1004 
Seal 

A Ane Leak 1014 A. or A. 
B Gross Leak 1014 C 

Visual Examination 2009 
EndpOint _Electrical 

Subgroup 2 

Mechanical Shock 2002 B 15 1 1 
Vibration. Variable Frequency 
Acceleration 2007 A 
Seal 2001 D 

A Ane Leak 
B Gross Leak 1014 A. or AI 

Visual Examination 1014 C 
Loose Particle Detection 2009 
Endpoint Electrical 2020 8-

Subgroup 3 

Operating life Test 1005 1000 Hrs 5 1 1 
125°C 

Electrical -- - 5 1 1 
Bond Strength 2011 CorD 2 0 0 
Operiltlng Life 1005 2000 Hrs 15 1 1 

125°C 
Electrical -- IS 1 1 
Internal Water Vapor 1018 Procedure 50 0 

1 

Life Distributions 

Normal (or GaussIan) Symmetnc dIStributIon. usually not used as a failure model 

Lognormal Implies that the logarithms of the lifetImes are normally 
dIstributed. WIdely used as a faIlure dIStributIon for 
semiconductor deVIces 

Welbull An extremely flexible family of dlstrtbutlons whIch can be 
written to Include Increasing and decreaSing failure rates 
Originally assoctated with fatigue cracking of metals 

ExponentIal Useful when failures are random Its appbcability IS 
bmited by the constraint of constant failure rate 
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F(t) 

Normal Distribution Mathematical Functions 

A(tl 

Cumulative density function Instantaneous failure rale. hazard rale 

2 
1 t 1 (~) 

F(t) = -- J e-"2 a dx 
a/2'7r 0 

Significant Dlstrlbullon Properties 

Median (50% failure) t = 1,,0'1. = J.l. 

Mean (average) t = J.l. 

Mode (highest f (I) J t = J.l. 

Location parameter = J.l. 

Shape parClmeler = a 

s, estimate of a, can be calculated as t~O'1'o - t 1(0''(. 
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F(t) 

Lognormal Distribution Mathematical Functions 

0'=05 

A(t) 

0'=3 

t 
Cumulative density function. 

1 t 1 _1(fnx-IL)2 

t 
Instantaneous failure rate. hazard rate 

F(t) = O'.J2n J
o 

;- E 2 0' i::Ix 
'\ f(t) 
1\ (t) = 1 - F(t) 

F(t) 

Slgmficant DIStribution Properties 

Median (50% fadure) t = t5O'I> = Ell 

Mean (average). tav = E(IL+ ~2} 
Mode [highest fIt)]: th = E<IL-0'2) 

Probablhty density function = f (t) 

Location parameter = Ell 

Shape parameter = 0' 

s, estimate of 0; can be calculated as 

Weibull Distribution Mathematical Functions 

Cumulative density function: 

-e --y {3 
F(t) =1- E ex 

Significant Distribution Properties 

Location parameter = t = ex 
Shape parameter = {3 

Instantaneous failure rate, hazard rate' 

TIme-delay parameter = -y, a factor used only when the data 
do not fit the distribution, except with the use of a ttme delay 
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Exponential Distribution Mathematical Functions 

F(t) 

Cumulative density function Instantaneous failure rate hazal d I iltt' 

F (t) = 1 _ f - A t 
hazard rdLt! 

Alt) = A 

Significant Dlstnbutlon Properties 

Mean (average) or MTBF t = A 

Lognormal Plot of a Single Distribution 

-O'l 
..Q 

0.5 10 50 98 

Cumulative Percent Failure 

Lognormal Plot of a Combined Distribution 

-O'l 
..Q 

0.5 10 50 98 

Cumulative Percent Failure 
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Arrhenius Plot 

--Cl 

~ 
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Arrhenius Equation 

-Ea 

R(T) =C e kT 

Acceleration equation: 

Activation Energy equation: 

Ea =k In (AF) 
1 1 
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CMOS 401 2 Bias Life; Plot- of Wafer Variability 
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CMOS 4012: Comparison of Wafers 21 and 22 on Bias Life 

Wafer 21 
(N = 15 ea.) 

Wafer 22 
(N = 15 ea.) 

Number of Units Exceeding MIL-STD & Commercial limits -

250°C 225°C 200°C 
1048 Hrs. Total 1500 Hrs. Total 1366 Hrs. Total 

Mil 

6 

15 

Com 

1 

9 

Total Wafer 21 

Total Wafer 22 

Mil 

6 

14 

Mil ' 
16 (35%) 

42 (93 %) 

Com Mil 

1 4 

8 13 

Com 
4 (9%) 

22 (49%) 

Op Amp Bias and Storage Life, Comparison 
of Package Systems for Total Percent Failures 

Com 

2 

5 

24r-----------------------~'·'-'------------------------~ 

22 
20 
18 

~ 16 
'"' ~ 14 
fa 

I.L. 12 
P:P 
co 10 
(5 8 
E-

6 
4 
2 

Bias life 30 V 
0 ... 

...... 

......... 0 ...... MII,.-STD limits 

I:. , , ... .... , , 

..... 
... -0------0 

" Comml limits 
'.6 ___ ... 

--1:.------4 

Storage life 

MIL-STD limits __ 0,,-

0-------0----- "' ..... , 
I:.~q~!!ll h~i!S- - _-1:.- ---:. ~I:. 

O~~=_~~----~~--~------~----~----~----~~ 
~WW~~~~~~~W~~~~~ 

(Unsealed) (Unsealed) 
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CMOS 4012 Bias Life, 12.5 V (Iss < 250 nA) 
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CMOS 4012 Bias Life (MTF on Wafer No. 22) 
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Lognormal Plot of Type 4011 CMOS Static Stress Test 
Data: Manufacturer A, Date Code 71 5, VDD = 12 V 
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Time to Package Rupture for Manufacturer B Devices vs 1 OOO/T 

Temperature (OC) 

275 225 175 125 
10, 000 r-r---r---,.-~-~-r-,.----, 

3000 

1000 

300 

100 

E = 1.5 eV 

10 
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1~~~-~~-~~~ 

1.8 2.0 2.2 2.4 
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Typical Appearance or Ruptured Package, Manufacturer B 
Unit, After 300 Hours of 200°C Temperature-Voltage Stress 
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A. 300x visible light micrograph showing migrated 
silver. Manufacturer A unit, post-3000 hours at 
175°C (non-fail) 

B. Scanning electron microscope view of migrated 
silver. Manufacturer A unit, post-3000 hours at 
175°C (non-fail) 
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DISCUSSION 

LANDEL: Is anyone using integrated circuits? 

MAXWELL: Yes. 

LEIPOLD: MOst of your tests appear to be basically MIL-standard type tests. 
Have you found it necessary to tailor tests s~cifically to your 
application or deteomining whether or not those tests relate to your 
specific application and conditions? 

MAXWELL: You mean in this work? 

LEIPOLD: In pacemakers, specifically. 

MAXWELL: We recently put some general specs together and did a detailed 
analysis on that and found that our specs are in same cases looser than a 
Class B type of integrated circuit and in cases tighter than a Class A. 
In general we like to work with MIL specs as much as we can because it is 
a standard test and the vendors understand it. However, I recently wrote 
a spec for capacitors and really modeled it after a military spec and did 
what I thought was a work of art and all the vendors had a heart attack 
when ,they saw it. But, yes, we stay pretty close to MIL spec. 
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ESTABLISHMENT OF CRITICAL LIFE LIMITING PROPERTIES 
OF PHOTOVOLTAIC MODULES BY COMPUTER SENSITIVITY ANALYSIS 

Aiexander Garcia III 

Spectrolab, Inc. 

Sylmar, California 91342 

As part of a multi-phased program, methodology to analyze photovoltaic 
encapsulation systems was developed. Computer moduling programs were 
developed to determine module performance and durability based on design 
and material properties. Five computer models were developed in these 
areas: 

Structural deflection analysis 
Thermal structural analysis 
Thermal analysis 
Optical analysi.s 
Electrical analysis 

The models were used to predict performance and solar cell stress on cer­
tain specific test designs. These predictions compared favorably with test 
results. From these analyses certain mat~rial properties have been identi­
fied as those most critical to module life. 

Figure 5 shows the module concept which was used for the structural deflec­
tion modeling. The NASTRAN (a finite element modeling analytical computer 
program) model used in the structural ana:J.yses is depicted in Figure 6. 
Both linear and non-linear analyses were done as conditions required 
(Figure 8). Figure 9 shows typical data for a series of computer runs. A 
1.2 meter x 1.2 meter, 1/8" tempered glass superstrate module with a 50 
lb/ft2 pressure loading is modeled. The amount of stress transferred to 
the solar cell is plotted versus the thickness of pottant between the cell 
and the load bearing glass. Various moduli of elasticity are plotted. 
From data like this a master curve with reduced variables was constructed. 
Figures 10 and 11 show the master curve and how to use it. This particular 
master curve 1s for pressure loads less ~han 30 lb/ft2 • Other curves are 
still being developed. Figure~ ~2 and 13 ~r~ similar curves showing solar 
cell stress caused by 100°C temperature excurs~on. In these cases stress 
is caused by mismatches in thermal expansion coefficients. Figure 14 shows 
a master curve for thermal stress. From inspection of these curves it is 
concluded that modulus of elasticity is the most sensitive life limiting 
material property. A pottant in which the modulus increases with age could 
easily cause failure. Higher modulus would lead to cracked cells. Addi­
tionally, any changes in thermal or hygroscopic expansion coefficients may 
lead to failure. Hygroscopic expansion can be treated in the same way as 
thermal expansion. As an example, the failure of a moisture barrier on a 
wood substrate would cause failure. 
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A thermal program was developed to determine the cell temperature. 
This is coupled with the optical program which determines the amount of 
light reaching the cell. A typical module energy balance is shown in 
Figure 17. A simplified model for showing non-optical parameters determin­
ing cell temperature is shown in Figure 18. By fixing certain parameters, 
curves showing sensitivity to emissivity and thermal resistivity can be 
developed as in Figures 19-22. Typical thermal conductivities are shown in 
Figure 23. Figure 22 best illustrates the relative insensitivity of cell 
temperature to thermal resistivity. Changes in thermal properties seem 
unlikely to be major factors in module life. However, the formation of 
bubbles in a pottant might cause sufficient thermal rest'stivity changes to 
drastically change cell temperature. Emissivity changes should not cause 
failure. 

Figure 25.shows the relative power conversion efficiency of various 
silicon cells with respect to wavelength (based on an AM 1.5 spectrum). 
Polycrystalline cells have been improved since the generation of this data. 
Figures 26 and 27 show the function of power generated in 0.05 micron bands 
by representative single crystal and amorphous silicon cells. This illus­
trates the greater importance of the shorter wavelength band in thin film 
devices (amorphous silicon). Figure,28 shows the suitability of EVA/ 
Cranglas encapsulation. Figures 29-32 show AR coating effects on cell 
output. Power outputs are in watts from a 4" x 4" cell in Figures 30 and 
31. Rings are in .002W intervals (0.134 is missing on Figure 31). From 
this data it is concluded that transmittance of light with > 0.45 micron 
wavelength is the most important optical parameter. Changes in the index, 
at refraction with aging would cause relatively small power degradation. 
Loss of the AR coating, however, would be quite serious. 

A series capacitance model (Figure 34) was used to determine maximum 
voltage-breakdown strength of the encapsulation. This represents the ideal 
case with no flaws. Using a thermal-electrical analogy as shown in Figure 
35, a finite element field analysis can be done. Figure 36 shows a finite 
element model of a test coupon which was constructed (also shown). The 
results of the electric field analysis are shown in Figure 37. As the 
ratio of the radius of curvature to the pottant thickness falls, so does' 
the dielectric strength. Thus a cracked cell with a sharp corner would 
greatly reduce the encapsulation's dielectric strength, possibly to the 
point of failure. Additional analyses are underway to determine the 
effects of edge sharpness. The life limiting electrical properties are 
most likely dielectric strength. A polymer may absorb water and lose its 
dielectric strength. Dielectric constant would be a problem only if in 
multilayer system the constants changed in opposite directions. This 
seems unlikely. If the radius of curvature changed, this would be a 
secondary effect. The primary cause of failure would be that which caused 
the crack. 

In conclusion, on the basis of these analyses, three material proper­
ties are the critical life limiting parameters of encapsulation: 
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1) The modulus of elasticity of the pottant, an increase causes 
increased cell stress from thermal and deflection stresses. 

2) thermal/hygroscopic expansion coefficient~, any increase in 
these properties will cause increased cell stress. 

3) Transmittance of encapsulation above the cell, naturally 
transmittance loses will cause power loss. 
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Figure 1 

ESTABLISHMENT OF CRITICAL LIFE LIMITING PROPERTIES 

OF PHOTOVOLTAIC MODULES BY COMPUTER SENSITIVITY ANALYSIS 

ALEXANDER GARCIA III 

SPECTROLAB. INC. 

DECEMBER 6. 1982 

Figure 2. Acknowledgements 

JPL CONTRACT #955567 (Eo CUDDIHY. TECHNICAL MoNITOR) 

JOINT EFFORT OF SPECTROLAB AND HUGHES AIRCRAFT COMPANY 

J. F. COAKLEY - THERMAL. OPTICAL ANALYSES 

L. B. DUNCAN - STRUCTURAL ANALYSES 

I. R. JONES - PROGRAM MANAGEMENT 

J. M. KALLIS - ELECTRICAL. THERMAL ANALYSES 

Figure 3. Introduction 

PHASE I - DEVELOP MODEL. PREDICT 

PHASE II - QUALIFICATION TESTING. MODULE CONSTRUCTION 

PHASE III - CORRECT DEFICIENCIES. IMPROVE MODELS. 

GENERATE DESIGN AIDS. IDENTIFY RESEARCH AREAS 

PHASE IV - OPTIMIZED DESIGN 
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Figure 4. Objective and Approach 

• DEVELOP METHODOLOGY TO ANALYZE PHOTOVOLTAIC 
ENCAPSULATION SYSTEM DESIGNS 

• ApPROACHED USI~G FIVE MODELS 

- STRUCTURAL DEFLECTION ANALYSIS 
- THERMAL STRUCTURAL ANALVSIS 
- THERMAL ANALYSIS 
- OPTICAL ANALYSIS 
- ELECTRICAL ANALVSIS 

• VERIFY MODEL BV TEST 

Figure 5. Module Concept 

1.2 METERS 
(117.244 IN.) 
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SVMMETRIC 
EDGE 
CONDITIONS 

Figure 6. NASTRAN Model Det~ils 
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Figure 7. Constraints 

• 1.2 N x 1.2 M nODULE 

•. ~. x ~. x 0.010· SOLAR CEll 

• SIMPly-SUPPORTED EDGE CONDITIONS 

l34 

~TOPLAVER -
ENCAPSULANT 
AND SOLAR CELL 

] BOTTOM lAVER 

-

FREE EDGE 
CONDITIONS 



VI 
~ 
V') 
V') 
LI.I 
~ .... 
V') 

~ 

< 
0.. 

(,,) 
z 
~ 
0.. 
x 
< 
:E 
~ 
~ 
LI.I 
(,,) 

~ 

~ 
0 
V') 

Figure 8. Assumptions 

ANALYSIS: 

LARGE DEFLECTI ON THEORY (HON LI NEAR) 

• STRESS/DEFLECTION ANALYSIS OF UNSTIFFENED FLAT PLATES 

UNDER PRESSURE LOADING 

sr~LL DEFLECTION THEORY (LINE~R-ELASTIC) 

• TEMPERATURE EXCURSION AND DEFLECTION ENCAPSULATION 

SENSITIVITY STUDIES 

• RIB DESIGN CONCEPTS 

Figure 9. Deflection Analysis: Glass Superstrate Design 

1/8 INCH THICK, TEMPERED GLASS 
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Figure 10. Usage Guide for the Pressure Stress Master Curve 

1. DETERMINE MAX. STRESS IN THE STRUCTURAL PANEL (NOTE: USE JPL 
CURVES· OR OTHER ANALYSIS). 

2. COMPUTE (TIE) r1~3 

S Mt1/8 
3. USE MASTER CURVE TO DETERMINE VALUE OF Cs WHERE 

SP 

SSP = MAX. STRESS IN STRUCTURAL PANEL. 

4. CALCULATE CELL STRESS. SC' 

Figure 11. Master Curve for pressure Stress Analysis 

107r-------------------------~------~~------__, 
Sc = SOLAR ceLL MAX STRESS (PSI) 
SSP =:; ~U~~1. ~ANEL MAX STRESS (PSI) 
M = MODULUS OF STRUCTURAL PANEL (KSI) 
T = THICKNESS OF STRucTURAL PANEL (MIU 
t = THICKNESS OF POTTANT (MIL) 
E = MODULUS OF PoTTANT (KSI) 

105~ ____________ ~~------------~~----------~ 
10-11 10-10 10-9 10-8 
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Figure 1 2. Thermal Stress Analysis (T - 1 00 0 C): 
Glass Superstrate Design 
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Figure 13. Thermal Stress Analysis on Aluminum Substrate 

AlUMINUM PROPERTIES: 

MODULUS M ·10 x 106 Ib/in.2 

THERMAL-EXPANSION COEFFICIENT a· 24 x 10-6 DC-I 0.5 

10~1~~~~~~--~~~~1~0--~~~~lOO 

t, POTTANT THICKNESS, mils 
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Figure 14. Master Curve for Thermal Stress Analysis 

S • SOlAR CEU MAXIMUM PRINCIPAL STRESS, 
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Figure 1 5. Life-Limiting Structural Properties 

o MODULUS 

o NOT ELONGATION AT BREAK 

o THERMAL/HYGROSCOPIC EXPANSION COEFFICIENTS 

Figure 16. Thermal Analysis Philosophy and Assumptions 

GI OBJECTIVE - PROVIDE FLEXIBLE THERMAL/OPTICAL PROGRAM FOR EVALUATION 
, OF ENCAPSULATION DESIGNS CONSIDERING 

VARIABLE NUMBER OF LAVERS 

VARIABLE LAVER r'1ATERIAL~ THICKNESS 

VARIABLE VOLUMETRIC OPTICAL PROPERTIES AND SURFACE 
PROPERTIES 

• CONSTRAINTS - PROVIDE FLEXIBLE DESIGN TOOL NO EDGE EFFECTS OR 
INTERCONNECTION PHENOMENA ARE INCLUDED IN THE MoDEL 

CELL SIZE 

NODULE SIZE 

• ASSUMPTIONS - RADIATIVE HEAT Loss COMPONENTS MODELLED THROUGH 
SPECIFICATION OF GROUND AND SKV TEMPERATURES 

CONSIDER ONE CELL CENTRALLV loCATED IN MODULE 
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Figure 17. Module Energy Balance: Superstrate Design 
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Figure 1 8. Thermal Conduction Model 
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Figure 19. Solar-Cell Temperature 
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Figure 20. Solar-Cell Temperature 
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Figure 21. Solar-Cell Temperature vs Back~ide Emissivity 
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Figure 22. Open-Circuit Cell Temperature vs Thermal Resistance 
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Figure 23. Thermal Conductivities 

K WATTS-MIL REP RES ENTAT IVE THERMAL 
MATERIAL 'FT2 - °c TH ICKNESS, L. MILS RES I STANCE, (UK) 

ACRYLIC FILM 7 X 102 3 4.3 X 10-3 

GLASS 3 X 103 125 41. 6 X 10-3 

EVA 9 X 102 10 11.1 X 10-3 

STEEL 2X1cf 28 0.14 X 10-3 

WOOD 7 X 102 125 178 X 10-3 

MYLAR 6X 102 3 5 X 10-3 

ALUMINUM FOIL 7 X 1cf 2 0.003 X 10-3 

SS FOIL 2 X 1cf 2 0.01 X 10-3 

Figure 24. Life-Limiting Thermal Properties 

o THERMAL CHANGES UNLIKELY TO BE MAJOR FACTORS 

o MINOR POWER DEGRADATION COULD OCCUR WITH LARGE 

THERMAL CONDUCTIVITY CHANGES (E,G, BUBBLES FORMING 

IN POTTANT), 

OR 

EMISSIVITY OF OUTSIDE SURFACES BECOMING SMALLER 

(NOT LIKELY), 
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Fig~re 25. Power Conversion Efficiencies: Silicon Cells 
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Figure 26. Spectral Contributions to Power Output: 
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Figure 27. Spectral Contributions to Power Output: 
Amorphous· Cell ~. 
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Figure 28. Relation Between Spectral Contributions to Power 
Output and Pottant Transmission Spectrum 
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Figure 29. AR-Coating Reflectance vs Wavelength (Coating 
Optimized for Encapsulant-Silicon Interface) 
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Figure 30. Module Conversion Efficiency at AM 1 .5: 

POTTANT 
INDEX 
OF 
REFRACTION 

AR Coating Refractive Index = 2.2 

10 
10 

1 1 

12 

13 

14 

1.5 

16 

17 

18 

19 

2.0 

COVER INDEX 
OF REFRACTION 

14 1.5 16 1.7 18 1.9 2.0 

146 

1.8 



Figure 31. Module Conversion Efficiency at AM 1 .5: 
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Figure 32. Ratio of Power Input to Power Output 
vs AR Coating Thickness 
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Figure 33. Optical Life-Limiting Properties 

o TRANSMITTANCE> 0.45 MICRONS 

o INTEGRITY OF AR COATING 

Figure 34. Determination of Breakdown Voltage 
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Figure 35. Thermal-Electrical Analogy 
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Figure 36. Finite-Element Electric Field Analysis 
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Figure 37. Results of Electric Field Analysis 
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Figure 38. Electrical Life-Limiting Properties 

o RADIUS OF CURVATURE CHANGES (E.G. CRACKED CELL) 

o A SECONDARY 'EFFECT 

Figure 39. Conclusions 
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DISCUSSION 

WHITE: When you first started talking about your roodels and came up with 
a final roodel, you had a bunch of different parameters. I was curious how 
you decided from your roodeling whether each of those parameters would be 
equally llnportant or if there was one that would be more llnportant than 
the other and how you actually came up with your roodel? 

GARCIA: Well, we basically looked at what you have to put into it, the 
computer roodel, to come out with these results. And those are the 
parameters that are necessary to detennine the ratio of stress in the 
super strate to the cell itself. We looked at a whole range of material 
properties, which are the ones that directly affect stress transfer from 
the load-bearing member to the cell itself. What other properties would 
you consider? We ended up with a pretty all-inclusive list. Now we are 
looking into cell thickness. We have done a separate study of the cell 
thickness. Another thing we are going to have to look into is actual cell 
size. Here we are looking at a single cell's size. Also, the aspect 
ratio of the cells are Unportant. This was just an overall curve with the 
data we had at the tllne. I don't know if that answers your question. 

LANDEL: In a certain sense, the example that was indicated here, as you 
actually stated, is sample geometry. It is an.analysis, let's say, ·around 
the interconnect. HOw the roodulus of the pottant affects that analysis 
might be a question that could arise. What happens at the edge of the 
cell? We have corner effects. He didn't discuss those. 

GARCIA: This is a simple cell--there are two of these--one for a uniform 
pressure on the roodule and another for differences in thermal expansion 
between the load-bearing member and the cell itself. To actually predict 
failure you have to add these ··two stresses algebraically to find out where 
the actual stress on the cell is. One warning on this curve: this curve 
here is fo~ relatively low load pressures. We are developing further 
curves where, depending on which side the pressure is applied, the curve 
is slightly different. You have membrane-stretching effects, and if you 
apply it fram the cell side or from the load bearing side you get slightly 
different effects. They are on the order of 50% when you get into higher 
ranges. 

DALAL: I would ~ee with you on· the assessment on amorphous silicon, but if 
you indeed cut off all radiation below 4500 Angstroms you would have a 
little loss in efficiency. That is precisely the reason I emphasized the 
superstrate, which I think just about everybody in the industry is now 
using for not only amorphous but a lot of other thin-fiLm technology, 
i.e., glass with glass; we do not simply have the alloying problem. I am 
glad you discussed the problem with the pottant and the stress being 
transmitted through different elasticities in the pottant. On a 
superstrate concept you sllDply don't worry about the pottant as something 
after the amorphous silicon, and which is covered with some sort of 
flexible foil at the back. What sees the stress is the front of the glass. 

GARCIA: Well, the question then is: is there enough stress built up in a thin 
cell to cause that thin cell itself to crack or come apart? 
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IANDEL: In I have to worry about coefficient of expansion mismatch between 
the cell as deposited and the glass? 

DALAL: Absolutely not. You deposit it at 3000C and we shove it down with 
liquid nitrogen temperatures. It's stable between 770 K and 6500K. 
There is no terrestrial environment where you are going to came anywhere 
near those limits. 

GARCIA: So we don't have to worry about that on thin-cell. That's nice to 
know. 

LANDEL: Saneone might say, is that a shock or is that fatigue? lbw would 
it stand up under fatigue? 

DALAL: I can expose it and we have exposed it and so has RCA to 
770 K for days and weeks at times and also at 6QOOK and we have also 
cycled it fairly rapidly from 2000C down to liquid nitrogen basically in 
a matter of a few minutes. 

GARCIA: What if you deflect it? What if you had a large panel and you 
deflected it? 

DALAL: well everybody knows how to make a large glass panel and you obviously 
can make a glass panel the size of this roan, but if you make it 2 x 4, 
it's no big·problem keeping it alive. 

GARCIA: I am worried about the stress transfer to a very thin cell that is 
directly bonded or is intimate with a glass panel. Is the silicon thin 
enough so that it won't cane apart when the whole panel is deflected? 

DALAL: Well, that is' the point I'm trying to make, namely, that the silicon 
is only a micron thick; it's less than a micron thick as opposed to glass, 
which is an eighth to a quarter of an inch. . 

WILSON: You have shown that the modulus is the important property of plastic 
materials in encapsulation of solar cells. In the embrittlement of 
plastics on exposure, -is it possible that this can be followed sooner and 
IIDre readily by elongation at break than by modulus, even though it is not 
as important in actual performance as modulus? 

GARCIA: I would have to throw that out to saneone who is IIDre of an expert 
in materials than I am. The correlation between elongation at break and 
modulus is not per feet. 

WILSON: That is correct. We have done quite a bit of exposure work in sane 
of our laboratories and we find· elongation at break is one of the most 
sensitive properties for following changes in plastic materials. 

GARCIA: Did you measure modulus at the same t~? 

WILSON: <Ale of the advantages of increasing elongation at break in 
following its early changes is that it is easier to measure than the 
modulus when you begin to get small changes. 
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lANDEL: I think we would agree that, yes, the elongation at break, 
particularly if it is combined, as it practically always is with stress at' 
break, would be a more sensitive measure of the change in modulus as a 
simple practical way of measuring modulus. Following the change is really 
following the chemical structural change within the material, which is 
reflected in both modulus and in elongation. Elongation is a more 
sensitive way of following it. 

Let me turn the question to you in a different way. I would suspect that 
perhaps Bernstein would like to ask a question about electrical 
properties. You have talked about the mechanical and thermal properties 
and early on in Ross's summary of areas of potential failure the question 
of electrical failure was raised. Is that in the works? What kind of 
discussion can we stnnulate? 

GARCIA: We can say that what we have been looking at basically is the 
geometry of the cell; right now we are looking into the field crowding 
effects and how that affects the dielectric strength of the pottant around 
the cell. In a module, I cannot conceive, for instance, the thickness of 
the pottant changing enough to cause a dielectric breakdown. Now the 
actual dielectric strength of the pottant may be the important factor. 
The point I was trying to make was that if the cell cracks and you get the 
sharpness of a corner and edge, that can cause a secondary failure, which 
may be more catastrophic than the cell crack in itself. We have not 
looked into the actual dielectric strength of the pottant itself, which is 
an important parameter, and obviously that is going to degrade with tnne. 
That is not sanething we have looked at, such as FNA taking up water-how 
does its dielectric strength change? That might be another area of 
degradation. 

lANDEL: A change at any rate. 

GARCIA: Right. 
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ANALYTICAL MODELING OF GLASS FRACTURE 

D. Moore 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena, California 91109 

The need for a straightforward method of determining the thickness of glass 
required for solar collector panels subject to pressure loads is evident. 
These panels must sustain wind, earthquake, ice, snow and dead-weight 
loads, all of which may be characterized as pressure loads. On the face 
of it, this problem appears deceptively simple: Calculate the stress in 
the plates and compare that stress with the strength of glass. The 
difficulties in adopting this classical method of structural analysis are 
described below: 

It is well known that plates loaded normal to their plane develop 
substantial mid-thickness membrane tension at moderate loading. This 
results in a non-linear stiffening effect as the plate is loaded beyond 

,the point at-which the center deflection is about one-half the plate 
thickness. The stress and deflection of plates subject to moderate to 
high pressure loads are significantly lower than predicted by linear 
theory, which assumes that these loads are resisted solely by bending 
stresses. Until recently, however, solutions for the stress and 
deflection of rectangular plates in the non-linear regime were 
unavailable. To complicate matters further, the practical strength of 
large glass parts is difficult to ascertain. The strength of the glass 
depends more on the kind and number of flaws in the surface of the glass 
than on the inherent strength of the glass. 

These considerations led early window-glass researchers to develop 
empirical glass-thickness selection methods based on the breakage of a 
large number of pressure-loaded glass plates of various sizes and 
thicknesses. Typically, these empirically developed curves show the glass 
thickness versus glass area required to sustain-a one-minute wind load 
with a failure rate of 8 windows per 1000. Use of these glass thickness 
recommendations for the design of glass plates used in solar collector 
panels has several limitations. Because solar collector panels are tilted 
from tne horizontal, loads of long-time duration such as dead weight, snow 
and ice are applicable to their design. The window-glass thickness charts 
are intended pr~ari1y for wind loads of short duration. Also, design for 
failure rates other than 8 per 1000 is not considered. 

Recently, a number of researchers, recognizing the need, for better glass 
thickness selection tools, have been reworking this problem. Jet 
Propulsion Laboratory (JPL), Pittsburgh Plate Glass Industries, Inc. (pPG) , 
and Texas Tech University (TTU) published glass-thickness selection 
procedures or theoretical glass failure prediction models in 1979 and 
1980. These methods and models all use finite -element or other 
state-of-the-art analytical procedures to solve the non-linear problem to 
obtain an accurate prediction of the state of stress in the plate. These­
models differ chiefly in their treatment of glass breakage strength. This 
presentation discusses JPL's glass-thickness sizing method. 
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The method follows the conventional theme of structural analysis already 
mentioned. Stress in the plate is accurately calculated and compared with 
the glass breakage stress determined as a function of load duration, area 
of the plate and the desired failure rate at the design load. 

An extensive nonlinear finite element analysis of rectangular plates has 
been performed using the ARGUS structural-analysis program design curves 
have been developed. These curves yield center deflection, center stress 
and corner stress as a function of a dimensionless parameter that describes 
the load intensi~y. Results are included for plates having 1ength-to-width 
ratios of 1, 1.5, 2, 3 and 4. The load range considered extends to 1000 
times the load at which the behavior of the plate becomes significantly 
nonlinear. This shows that the stress and deflection are markedly lower 
at higher ~oads than predicted by linear theory. These results are to be 
in excellent agreement with the analytical and experimen~a1 results of 
other investigators. It remains to establish a rational means of ascer­
taining a glass breakage strength that can be compared with the stress in 
the glass obtained from· the design curves. 

While the theoretical strength of silica glass is of the order of 1 million 
1b/in.2, and glass fibers approach this value, the average strength of 
large glass.parts is known to depend almost entirely on th~ surface condi­
tion of the glass, that is, the number and size of flaws and the residual 
surface compression (temper) in the glass. Stress concentrations at the 
tips of these flaws are not relieved by plastic yielding. For this 
reason, glass parts always fail in tension when these flaws grow under 
sustained loading to some critical size. This glass-failure model 
explains why long load durations and large surface areas decrease apparent 
glass ,strength, whereas residual surface compression increases apparent 
glass strength. This model also explains why apparently identical glass 
samples fail at widely different loads. Those samples with more and 
larger flaws can sustain less load. 

A large body of glass-breakage data has been analyzed by __ this author, 
including data on more than 2000 broken glass plates reported by five 
investigators or organizations: R. Bowles and B. Sugarman, R.L. Hershey 
and T.H. Higgins (Libby-Owens-Ford Co.), Ontario Research Foundation, 
B. Jonsson, and Texas Tech. The stress-versus-10ad nomographs already 
developed were used to. convert this data from pressure load at breakage to 
applied stress at breakage. Least-squares curve-fitting tech~ique~ are 
used t9 develop functional relationships of breakage stress versus load 
duration, glass surface area, and plate length-to-width ratio. ,These 
relationships are then used to normalize all breakage stress data to that 
stress that a 1-m-square plate would sustain for a l-min load. Weibu11-
type curves are fitted to the normalized data to obtain a functional 
relationship between glass strength and failure probability. In the form 
of design curves, thes~ analyses permit the designer to es~imate. the glass 
breakage strength applicable to his use. 

In summary, the designer compares the applied stress 9btained as a 
function of pres~ure load and plate dimensions with the glass breakage 
strength obtain~d as a function of load duration, glass surface area, 
1ength-to-width ratio, and acceptable failure rate. 
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Overview· 

Objective: 

o Thickness sizing of rectangular glass panels subject to pressure 
loads 

Background: 

o Non-linear behavior of pressure-loaded plates 

- Tensile membrane stresses at mid-thickness 
- Less deflection and stress than linear theory 

o Statistical nature of glass breakage 

Current Window Design Practice: 

o Empirical curves for glass thickness and area vs load for 8 per 
1000 failure rate 

Recent Developments: 

o PPG, TTU, JPL - 1980 

o Good estimate of stress obtained by non-linear FEM 

o Statistical methods applied to glass breakage strength 
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Glass Thickness Sizing Method 
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a = LENGTH OF PLATE 

b = WIDTH OF PLATE 

t = THICKNESS OF PLATE 

p = PRESSURE 

E = YOUNG's MODULUS 

1) = POISSON's RATIO 
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STRESS CONTOURS LABELED IN Ib/in.2 
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Y STRESS CONTOURS LABELED IN Ib/in.2 
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Maximum Principal Stress Contours 

CONVEX SIDE OF 60 x 96 x .225 in. SIMPLY·SUPPORTED 
GLASS PLATE WITH UNIFORM NORMAL PRESSURE OF .7 Ib/in.2 

STRESS CONTOURS LABELED IN Iblin.2 
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Stress vs Load 

NOTE: 
CENTER STRESS BELOW BREAK IN CURVES 
CORNER STRESS ABOVE BREAK IN CURVES 
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Glass Breakage Strength 

Brittle failure mechanism 
G Fails in tension at flaws 
• Inherent strength:::: 1,000,000 Ib/in.2 

• Apparent strength:::: 10,000 Ib/in.2 

Depends On: 
• Load duration time 
• Surface area of plate 
It Length/width ratio of plate 
It Probability of failure 

Approach: 
e Analyze existing glass breakage data 
e Least·squares curve fitting: 

UB = f (T, A, Pf) 
o Weibull statistical analysis: 

UB = f (Pf) 

Glass Breakage- Data 

SOURCE SIZE 

Bowles and Sugarman 41 x 41 x .110 TO .373 in. 

Texas Tech (TTU) 16.3 x 19.8 x .125 in. 
28.5 x 60.5 x .219 in. 

Ontario Research 60 x 96 x .225 in. 
Foundation (ORF) 

Libbey Owens Ford 30 x 48 x .090 in. TO 
120 x 168 x .312 in. 

Swedish Data 39.4 x 39.4 x .118 in. TO 
66.9 x 66.9 x .236 in. 
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TOTAL NO. 
ANALYZED 

' 220 

50 
10 

120 

1300 

600 ' 

2300 
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ORF Phase II Oata, Manufacturer B 
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Average 1-min Breakage Stress ys Area of Plate 

N 
C 

~ 15000~~~~~------~--~--~~~~~~------~~ 
:: 
~ 
c 
~ 10000 
cc 

~ 8000 
..... 
~ 

~ 6000 
~-
u:.. 
iii!!! 
Q 4000 ..... 
c 
c:t 
cc ..... 
> 
c:t 
II 

[] alb = 1 to 1.25 • 
• alb = 1.26 to 1.75 
6 alb = 1.76 AND GREATER 

_ 2000~~~~------~----~~--~~~~~----~~ 
10 6 8 10 20 40 60 80 100 200 

A = AREA OF PLATE, tt2 

Fraction of Strength of 1 x 1-m Plate vs Area of Plate 

..... 
~ 
c:t 
~ 
Q. 

E - 1.0 x 

- 0.8 

ly~ ..... 
Q 

= 0.6 
~ >2 b e 
2 ..... 

0.4 cc 
~ 
en 
..... 
Q 

2: 
CI 
i= 0.2 u 
c:t 
cc ..... 
II 

c:t 0.1 -
0.1 0.2 0.4 0.6 0.8 1.0 2.0 4.0 6.0, 8.010.0 

A = PLATE AREA. m2 
. . 

165 



22 

20 

~ 18 

"'.!i ea: 
~E 16 
oX 

I~ 
~g 14 
" .S :::is 
a: -:;;..; 12 

~5 
~~ 10 
~-
III" 
~_ 8 
ea: ..... co 
~ ... 

Glass Strength vs Pf 

_(a11 _ au) m 
Pf = 1 - e ---00--

TEMPERED GLASS 

O~ VD BOWLES AND SUGARMAN DATA. PLATE GLASS 
• A • BOWLES AND SUGARMAN DATA. SHEET GLASS 
x TEXAS TECH DATA. WEATHERED GLASS 
o JPL DATA. TEMPERED GLASS 
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Pf = PROBABIlITY OF FAILURE. % 

Pf = PROBABILITY OF FAILURE, % 
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Sample Problem 

48 in. ,x 48 in. 
50 Ib/ft2 ' 
1000·min LOAD DURATION 

DETERMINE APPLIED STRESS 
a = 48 in. P = 0.3472 Ib/in.2 

b = 48 in. E = 10.000.000 
t = 0.125 in. V = 0.22 

Et3 
0= 12 (1 .v2) = 1710 

LND = ~: = 8620 

aND = 1120 (FROM CURVE) 

a = O2 aND - aRC = 6650 • 3500 = 3150 Ib/in.2 
b t 
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HEAT·STRENGTHENED GLASS 
3500 Ib/in.2 SURFACE COMPRESSION 
Pf = 0.01 

DETERMINE GLASS BREAKAGE STRESS 

all = 3850 
fT = 0.71 
fA = 0.93 

COMPARE 
3150> 2540 

NG 



DISCUSSION 

WHITE: When you did this step, you said you cycled the pressure; you put 
pressure on, took it off and put pressure on it again? 

MOORE: We didn't do the glass breakage test. I was just trying to make a 
case for the reasonableness of the design problem. 

WHITE: But your IOOdel is based on cycling the pressure? 

MOORE: No, it's based on a degradation of the total area under the stress 
time curve. 

WHITE: So basically you have a constant stress or pressure on the glass? 

MOORE: You can have either one you would like. 

LANDEL: Let me try a clarification. The analysis which you had was for a 
steady load. 

MOORE: That's right. 

LANDEL: And you are asking what happens when you change the load. So now you 
have your load which is tline-to-break. Is that going to change under a 
cyclic loading condition or is that the same load lifetime curve? 

MOORE: That's a good question and it is best explained by an equation I had 
written in red on one of these viewgraphs, and th~t is the basic equation 
that researchers are using to show the equivalents of different time 
bearing loads. You take the stress versus t~ function to the power 
alpha. Now the power alpha happens to be the slope on the curve that I 
showed for the log time curve and it is actually the inverse of that slope 
and is of order 16 to 20--this alpha here--so you take that and you 
integrate. You first take your stress/time function to the alpha power 
and then you integrate between time zero and the time-to-break and that 
will be a constant. What it means is that dynamic loads have a much 
longer equivalent. In other words, if you had a ramp load, it could have 
about 16 times as long to fail as a step-function load. For any cyclic 
load, you will have less area under this curve. It will take a great deal 
more total time to fail the plate than if you just put the load on all at 
once and let it sit there until it broke. 

LANDEL: Other questions? 

D'AIELLO: You mentioned that the breakage of the glass is statistical. Could 
you comment on the differences between tempered glass of various kinds 
versus untempered glass with regard to the statistical distributions found? 

-
~RE: The only test data I have on tempered glass was done at JPL by Abe 

Wilson. There seems to be less variability with tempered glass and it 
also seems that there is same minlinum stress, probably the residual 
stress, below whi~h that glass slinply will not fail. In other words, if 
you don't exceed the residual stress in the glass you will never have the 
tensile stress in the glass and there is no reason for the glass part to 
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fail at all. You should have zero probability of failure if you do not 
exceed the residual compressive or the so-called glass temper. 

LANDEL: Do you have an idea what that residual stress might have been in that 
sample? We could deduce it, if your argument is correct. Do you have 
any independent evidence? Only here we have the specification which calls 
for greater than 3200 lb/in2• 

M:ORE: In the case of tempered glass, it is greater than 10,000. The federal 
specification calls for greater than 10,000 lb/in2 for tempered glass. 

LEE: I believe you mentioned one of your data sets that you analyzed was on 
weathered glass from the Ontario group. What were the conditions of 
weathering and what was the net effect of the weathering on your analyses? 

MOORE: The one weathered glass sample that is shown on this viewgraph is the 
one defined by this cross and it has reduced the average strength of the 
glass, but it also has reduced the variability, so that even though the 
average strength is down, its strength at a low probability of failure, at 
least according to this type of curve fitting, suggests that the strength 
at 1% probability of failure is higher than some samples of brand-new 
glass. Other investigators have noticed this before and they said that 
abraded glass--if you take glass and abrade it by sandblasting it--you 
will reduce the mean strength but you will also reduce the variability. 
They didn't say it was stronger, they just said that you would reduce the 
mean strength and the variability of the strength. 

LANDEL: I have a question relating to the underlying procedure. In your 
case, you described this as a non-linear problem--this is a structural 
non-linearity, to distinguish it from Labana's case, where he was talking 
about non-linear material behavior in elastomers. Now in this case, since 
you are now going to consider deflections large enough to reach non­
linearity, does the addition of encapsulant in cells, etc., influence the 
stress distribution enough to influence these results particularly? 

MOORE: We looked at sandwiches early in this program and the modulus which is 
below 1000 lb/in2 or so. 

LANDEL: Which is in the region in which you saw it was appropriate to avoid 
cell cracking? 

MOORE: Right. Then it is very hard to make the skin that is separated by 
that sandwich. Again, also if the sandwich is reasonably thick, the 
design curves that Ed (Cuddihy) and Alex (Garcia) have been working on--I 
will point to that--so if the encapsulant is fairly thick and has a low 
modulus, you won't influence the stress in the structural member--that is, 
the glass. 

LANDEL: A second question about the Weibull analysis itself. If that 
applies, then there should be a direct relationship between a curve such 
as this independent of normalization and the actual volume of the 
material. Is the distribution itself a function of the volume of the 
sample? Did you use that in the normalization? 

MJORE: Yes. The volWJe is implicit in the surface area of the plate. 
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LANDEL: Yes. But it seemed to me, and I wasn't sure about this, that you 
-took the data and normalized things to a unit area--

MX>RE: Yes. 1b a unit area. 

LANDEL: -But in fact, that relationship should be a part of the parameters of 
the Weibull distribution, and I was wondering if you had used that as well? 

KJORE: tb, we didn't. 
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MODELING OF POLYMER PHOTOOXIDATION 

UNIVERSITY OF TORONTO 

Professor James Guillet 
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Encapsulated Solar-Cell Environmental Hazards 
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Module Encapsulation Functional Design Elements 

MODUU (LiMENTS 
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Chemical Weathering Effects 

SOLAR (UV) CYCLE 

TEMPERATURE CYCLES 
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MOISTURE 

POLYMEt:? COMPOSITION 

173 

STRUCTURE 

FORMULATION 

IMPURITIES 

ADDITIVES 



Chemical Weathering Factors 

MOLECULAR WEIGHT CHANGES 

Scission: Embrifflement 

Permeability 

Crosslinks: Shrink ing 

Wrinkles 

PHOTOTHERMAL OXIDATION 

Unsaturation: Discoloration 
Transparency 

Polar groups: Electrical properties 

Wettability 

Our Approach 

COMAJT~R SIMULATION OF POLYMER 

PHOTO OXIDATION 

• DEFINE THE SYSTEM CHEM/CALL Y 

• ELUCIDATE THE MECHANISTIC MODEL 

• SET STARTING CONDITIONS 

INTEGRATION PARAMETERS 

• PERFORM NUMERICAL INTEGRATION 

• VPLlDATE THE PROCEDURE 

• CORRELATE CHEM/C~ CHANGE WITH FNLURE 

• GAIN CONTROL THROUGH UNDERSTANDING 
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Defining the System 

ETHYLENE-VINYL ACETATE (EVA) 

UV stabilizer 
Antioxidant 
Crosslinking residue 
Etc. 

OTHER SPECIES 
o 
" -C-, 

H H H H 
I I I I 

-C-C-C-C-
I I I I 
H H H 0 

I 
C=O 
I 
CH3 

Ketone 

Hydroperox ide 

Unsaturation 

-C-O-O-H 
." 9 0 -c=c- -c-C!-

Oxygen . Moisture 

STARTING POINT 
Linear polymer (RH) 
Amorphous PE, above T g 
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· The Mechanism 

MODEL: 51 ELEMENTARY REACTIONS 

INITIATION RH...1....> R. 

R-~-R h))~ R-8. R· 
R-O-O-H ~ ~ R- O· ·O-R 

PROPAGATION 
R· ..2L> R02 

R02+RH --;:> ROOH+R· 

ROOH --~ RO·+OH· 
OH·+RH --;:> HOH+R· 
RO·+RH --;:> ROH + R· 

TERMINATION 

R02 + R02 -;:> RO·-;:> Alcohol 

~ 
R-o-O-R (Crosslink) 

R02 + R92 -~ Ketone tD!.> Scission 

Computer Simulation 

INPUT 
Mechanism (rates) 
Conditions 
Integration parameter 

INTERFACE 
Block of prdinary differential 

equatIons 

SOLUTION 
Numerical integra tion 

STIFF· GEAR 

OUTPUT 
Concentration vs. time 

10-20 years 
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Validation of Program 

Cesium flare (7 reactions) 
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Starting Conditions 

SUBSTRATE RH (cf. -amorphous linear PE) 

INITIATORS Ketone 10-3 M 
Hydroperoxide 
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OXYGEN Constant 

TEMPERATURE Ambient 
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SOURCE 

Literature (cf. fluid) 
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Factors That Control Lifetime 
(Aging) of 'Unstabilized Polymer 

INITIA noN RA TE (k
i
) 

Light intsnsity 

Initiator type and concentratl.on 

PROPAGATION RATE (k ) 
P 

Lability of C -H bond 

TERMINA TION RA TE (k
t
) 

DlffuslOD of peroxy radicals 

In geaeral. 
k 0.75 

Rats of pbotooxidation ex: ~~P.....".....,= 
k 0.38[0.50 

t 

Photooxidation of Unstabilized PE 
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TIME TO FAILURE AS A FUNCTION OF PROPAGATION RATE CONSTANT 

~ °2 R0
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2
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Reaction Matrix 
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Stabilization Mechanisms 
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. DISCUSSION 

LANDEL: Thank you, Jim. You can see a step here in the process for designing 
chemical systems with something similar to what the previous speaker 
addressed for the design of a physical system. 

I.&1IS: The graph that you had, the QI rate constant that was flat on the 
bot tan. That was the concentration of quencher? 

GUILLET: Yes. 

LEWIS: Is that the same thing as a W absorber? 

GUILLET: lb. A Wabsorber simply absorbs the light and doesn't allow--it's 
competitive, essentially--you put a compound in that has a very high 
absorbance in the W and it simply absorbs roost of the light and doesn't 
let the hydroperoxides or ketones absorb very much. But a quencher is a 
molecule that either collides with the other one and exchanges energy or 
rerooves the excited-state energy. 

LEWIS: You showed that a radical trap or a peroxide dec~er had a large 
effect, and I don't remember which one was the effect of the light 
intensity caused by the absorption of the W light. 

GUILLET: U!t me put that back on. This is the one you are talking about. 
The quencher of the ketone excited states did not turn out to be very 
effective. 

LEWIS: What about the effect of a W absorber on initiation? 

GUILLET: I have that--I dealt with that a little earlier under the 
intensity effect. All it does is to change the intensity. So you have 
that inverse square-root dependence. 

LANDEL: (b this scale then it would go up with a slope of a factor of 2, 
. depending on which way you are going. 

LEWIS: If these effects are so much larger, do we really need a IN absorber? 
It also absorbs same of the visible light that the solar cell utilizes. 

GUILLET: Well, if you had one that really worked in this perfect way, you 
wouldn't. The fact is that when you put them in they are real campounds 
and they don't necessarily do only the thing you ask them to do. They 
also do other things. For example, if you put a W absorber. in, there are 
two things it does. (he is that it diffuses to the surface and gets 
washed off or evaporates so that the absorber can be easily lost through 
just evaporation fran the surface and as soon as the screen is gone the 
oxidation takes place at about the same speed as it did before. The other 
thing that· can happen is that it is absorbing light and may not canpletely 
convert that light into heat. It may do sane chemical reaction which 
causes its concentration to change. It may be built up in absorbance 
somewhere else, and so on. So there are side reactions that the 
stabilizers themselves undergo which reduce their efficiency. We could, 
in principle, model that if we knew enough about the stabilizer chemistry. 
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LE.WIs: So you can't say, at this point, whether or not the protection would 
lose its effectiveness if we took out the UV absorber because it is 
preventing the UV from catalyzing some of these other reactions. 

GUILLET: I think most people like to have a redundant system, so add a little 
pinch of absorber and a little pinch of UV stabilizer and a little bit of 
peroxide decomposer and hope that it is going to work. 

LE.WIS: We are giving up solar efficiency doing that. 

GUILLET: That is right, but I think in principle if you could find something 
that would react with the peroxy radicals that would be the key. Of 
course it has to be transparent and it has to be stable to 20 years in 
Arizona and all those things. 

LIANG: Could you put that viewgraph back up again? You see, here you are 
assLming a rate of 106 as the quenching rate. I:k> you have any data or 
calculations showing what happens if that rate is different? Let's say it 
is 105• WOuld that effectively change the tUne to reach failure? 

GUIILET: It would make a change, yes. We do not have those rate constants. 
They could be neasured. 

LANDEL: I believe it was sort of a hypothetical question. Let's see you went 
from 106 to the 105 or 107• What happens to this curve? 

GUIILET: The point is, if this was in solution--this is based on actual 
rate constants for the reduction of hydroperoxide by dibutyl peroxy 
carbonate or one of those peroxide decomposers. That has been done in 
hydrocarbon solution and we have adjusted it for the slower diffusion 
constant in polyethylene. I believe ii:is' perhaps 107 in hexane and we 
have reduced it by one order of magnitude to the reduced diffusion 
constant in polyethylene. 

LIANG: ~ question: hypothetically, is it very sensitive to the radical 
quenching rate? In the plot over there--in the tllne-to-failure. 

GUIILET: I don't think we have had a chance to do all the permutations on 
that. But we could do that. 

LIANG: If the material is cross-linking, obviously your quenching rate is 
going to be changing. 

GUIILET: Remember that the diffusion constant doesn't depend on crosslinking 
until you have very high degrees of crosslinking. You have to be well 
over 10% crosslinking before there is much of a change in the rate 
constant. It is a bit like gel. A gel looks solid, but it has a 
diffusion constant just about like the liquid that is in the gel. 

LANDEL: Let me preempt the question. I:k> you have a plot of the rate of 
branching change as compared to the rate of RH disappearance? This is a 
continuation, I think, of Ranty's (Liang) question, in a different vein. 
We have heard c<mnents about the effect of thecrosslinking, we will call 
it branching in this case, on other physical properties but the curve that 
you showed us was the total disappearance of RH. 
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GUILLET: We have one that has branches on it, yes. But it is one of these 
logaridhmic curves. Just a moment while I find the viewgraph. 

LANDEL: I,remember seeing that but I couldn't really relate that to the 
earlier one of the disappearance of RH where you ,showed that dropping off, 
you may recall. 

While he is looking, let me pose a question for industrial compatriots: 
would you have any comments on this technique, and wheth~r you can shed 
any insights on directions that the polyethylene system might go, based on 
your own company observations or published observations~ 

GUILLET: The scale is not the same but the hydroperoxide is in--the top 
curve there--again it shows this log linear relationship, so it really is 
not very different. 

LANDEL: What was the difference in scale? Well, 101• 

GUILLET: Hon~st, we hav~ a computer program that puts the mol on the same 
scale but the computer was down last week. 

LANDEL: We will take a look at it afterwards. It may not be important. 

GUILLET: It's not easy because it compr~.sses the scale to match. They do 
show a s~lar effect. The only difference is whether the slope is the 
same, I think, in this upper part. Of course, the important thing to 
remember is that the mos~ important chemistry occurs in all curves in this 
early section. If you can stop that happening, then the rest of it is--

LANDEL: Well, you have given us a sort of rule of thumb that you had adopted 
for discussion purposes---a 5% change, for example, in the RH. 

GUILLET: That was to define a time of failure. 

LANDEL: I just wondered what that meant in terms of the nunber of branches •. 

Let's go on to the question that I threw out before for our industrial 
colleagu~s who have been brought here to help participate in the 
discussion on degradation systems. Does anyone have any comments about 
this potential utility, hopefully? 

KLEMCHUK: It is really difficult, as you might expect, to answer your 
question directly, but what really seems to be needed is the opportunity 
to look at the data--have a paper on it--to determin~ what some of the 
assllIlptions have been and check them for validity. Ibwever, this is an 
interesting approach and one that causes people to think about the 
processes that are going on and to look at them in more de~ail, and 
certainly from that point-of view it looks like a worthwhile approach and 
one that will provide same help and better understanding of the various 
processes that are going on. I have just a little bit of a feeling, 
sitting here today and listening more to the details than I have heard 
before, that same of the things that Jim (Guillet) has said are a little 
bit simpler than the real sit~tion as I view it--as we -have experienced 
it in the actual working with the polymers and studying the stability of 
them. I think it is worthwhile, and challenging to people, to look 
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forward to an opportunity to sit down and talk in detail, with a paper 
available, to look at the details. 

LANDEL: 1b those of us who are not directly involved with the model-~e are 
all concerned, obviously--you said there are same things that have not 
been incorporated, which might be an example of a sensitive issue that has 
not been addressed? There are many, and I am sure Jim (Q.Jillet) would 
recognize them, but what would you like to offer to the audience, because 
we are a communal group? 

KLEMCHUK: Polymers will have to be stabilized in order to withstand the 
service requirements that you have. So it really is very llnportant to get 
stabilizer information and as Jim (Q.Jillet) said, he is interested in 
going into the data and digging same out and applying it to the model and 
dete~ining what kind of a match he gets. 

LANDEL: We have heard for example, that essentially the processing agent is 
being a bad actor in one case. 

I<I..Et-£HUK: What kind of processes? 

LANDEL: I don't remember when it appeared today, but someone mentioned -­
yes, the antioxidant which was put in to prevent the polyethylene 
oxidation while it was molten. That had a deleterious effect later on but 
it had to be there as a part of the processing. 

KLEMCHUK: But that is a remedial situation also because components which are 
normally added to polyolefins to assist in processing really don't have 
very serious deleterious effects afterwards, at least those that I am 
familiar with. They won't all assist in ~tabilizing the polymer against 
photooxidation, but they are genetally;deleterious after the processing 
stops. By virtue of stabilizing during the processing, they contribute 
very significantly to enhancing the life of the polymer afterwards, and 
reduce the number of sensitizing groups that are introduced in the 
processing step. 

LANDEL: Thank you. 

SCOLARO: In different applications. either residential or ground~unted, in 
different parts of the country. modules can experience steady-state 
operating conditions at 350 C. A standard rule of thumb is that for 
every lODC, reaction rate changes by a factor of 2. Now when you have a 
matrix of 51 reactions here, I would like to get some kind of feeling from 
you as to how the temperature changes affect the overall degradation of 
the FNA. 

GUILLET: Well, we have not introduced that into the model yet. That is the 
next step, to put the activation energies in. However, the rule of thumb 
for doubling for every 100 corresponds to an activation energy of 15 to 
20 kilocalories, as I recall, having done it once. It is of that order of 
magnitude. It turns out that most of these primary processes have much 
lower activation energies; in other words, a diffusion-controlled reaction 
between two radicals, for example, will hav~ an activation energy of about 
4 kilocalories, and so there are very few of the reactions that I have 
included in here which have really very high activation energies. 
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Hbwever,-one of the problems is that in the lab we are always interested 
in things we can study, and that means if the reaction doesn't make any -
progress in a day or two you forget about it and go away. But when you 
are talking about something sitting outside for 20 years, even a reaction 
you can't detect in the laboratory can kill you in 20 years. We are 
looking at what we consider slow reactions, but carried over a very long 
time; you have to adjust your scale a little bit. Even a relatively small 
change in the activation energy will hurt you. What mst people don't 
realize--and Dr. Albertson, who is here, has shown this--is that poly­
ethylene does oxidize at roam temperatUre when buried in the ground, for 
example, with no light. Eventually, it is ,eaten up by microorganisms if 
you bury it for a long enough time. Polyethylene is a liquid fran a 
chemical point of view. You would not be surprised if gasoline oxidized; 
you keep gasoline in a can for a year and it gets full of gum and you h~ve 
to put antioxidants and stabilizers_in it. It is a reactive compound and 
oxygen is a very reactive reagent, so to stabilize it you have to do some 
pretty fancy chemistry--and we have one of the world's best experts on 
that here. 

LANDEL: Thank you very much. That is all the time -we have for questions. I 
want to thank the speakers and thank the audience for their participation. 
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SESSION III: ACCELERATED TESTING CRITERIA AND CONSIRAINI'S 

E. L. ROYAL (Otairman): Qxxi lOOming. Well, yesterday we had a kickoff of 
this Research ForLm that I thought was quite interesting. 1Wo Theme 
Presentations to introduce us to photovoltaics; the old way and the 
promising hope for a new way. We had some very good papers from. industry 
researchers, which showed that quantifying degradation is going on in many 
different areas related to the kinds of things that photovoltaics will 
probably have to take into account. This is a two-and-a-half~ay forLm, 
and this being the middle day, I think we can now settle down, roll up our 
sleeves and make this more or less an informal workshop type forLm, where 
we get into the in~epth technical aspects of accelerated stress testing, 
reliability, physics and degradation qualification. You are going to find 
that the papers today are going to be very interesting. Feel free to ask 
questions at the end of each paper and I'll try to stnnulate it by asking 
a few myself to make things interesting. We're going to start today with 
a paper by Cliff CDulbert from. JPL, titled ''Material Degradation Research 
for Quantifying and Assessing Life Potential of Photovoltaic Mbdule 
Designs." Cliff. 
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MATERIAL DEGRADATION RESEARCH FOR QUANTIFYING AND ASSESSING 
LIFE POTENTIAL OF PHOTOVOLTAIC MODULE DESIGNS 

Clifford D. Cou1bert 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena, California 91109 

For any given piece of hardware (from toaster to automobile) that degrades 
when subject to environmental and application stresses, the route or 
sequence that describes the degradation process may be summarized in terms 
of six key words: LOADS, RESPONSE, CHANGE, DAMAGE, FAILURE, and PENALTY 
(Figure 1). For application to photovo1taic modules, this forum presenta­
tion provides definitions and examples of the use of these six factors as 
a core outline in formulating a method of unifying and integrating avail­
able and future degradation data and analyses. If successful, this 
approach would provide a basis for assessing PV module life potential and 
for generating criteria for material and ,design improvements. 

The expansion of this core outline to include all parameters relevant to 
PV modules is presented in Figure 2. The expanded outline thus becomes a 
failure-analysis matrix of all the different environmental and application 
loads, the module components, their responses and the possible combinations 
of interactions that may be relevant to assessing module life potential. 
With appropriate definitions of the elements of this failure analysis 
matrix, a framework or outline is provided for classifying, correlating, 
and comparing the many various pieces of degradation data being generated 
for PV modules, components, and materials. 

An important feature of this approach is the deliberate differentiation 
between factors such as CHANGE, DAMAGE and FAILURE. It is recognized that 
encapsulant properties may CHANGE with time without a significant change 
in module performance. Furthermore, changes which may be classified as 
DAMAGE (such as cracked cells) can be prevented from becoming FAILURES by 
the incorporation of damage-tolerant design features such as redundant cell 
interconnects and bypass diodes. 

This paper reviews examples of the possible application of this fai1ure­
analysis matrix under the following headings (Figure 3): 

(1) Checklist of failure factors, sequences, and potential 
interactions. 

(2) Outline or framework for developing a test plan and assuring its 
completeness and defining its limitations. 

(3) Framework for describing and classifying available test results 
in scope, sequence, and completeness. 

(4) Framework for compiling and integrating the general material 
failure and degradation data base and the related technology that­
is available. 
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To facilitate ,the use of this outline in organizing failure analysis and 
life assessment activities, some bri~f definitions are given and the 
matrix chart of Figure 3 has been reformulated in an alternative format as 
shown in Figure 4, with three-letter symbols representing each element in 
the overall outline. For the quantitative outlining of specific examples, 
the chart may be visualized with blank spaces as in Figure 5 to be filled 
in with boxes and arrows for specific durability studies or tests, as 
shown in Figure 6, which describes a specific hardware design, test loads, 
module component responses and the progression of responses, damage and 
failures observed. 

In the brief presentation and definition of the elements of the failure 
analysis matrix, it is a basic assumption that all possible parameters of 
hardware description, environmental and application loads, material and 
component responses and degradation effects are included within the matrix 
elements shown. 

For instance, under LOADS, ATMOS (ATM) all possible atmospheric 
constituents (except water) are included, such as ozone, S02, dirt, 
NOx , etc. Water in all its forms including humidity, rain and hail are 
included under (H20). 'Voltage (VLT) icludes all currents and voltages 
within the PV circuit and between the module and ground (including 
lightning) • 

Under RESPONSE and CHANGE are included both short-time damage limits 
(Figure 7) and long-term (aging) effects. Regarding CHANGES that lead to, 
or are in themselves, DAMAGE, it is recognized that encapsulant-material 
property changes due to aging may result in only an increased probability 
of damage or failure and therefore may be difficult to quantify 
experimentally. 

Thus the application of this outline to material degradation research 
facilitates the distinction between quantifying material property changes 
and quantifying the rate of module power loss and the economic 
consequences. 

The tasks required of the PV module encapsulation material system (Figure 8) 
are to provide optical coupling, structural support, electrical isolation 
and protection of PV circuit integrity. The kinds of PV module and encap­
sulant degradation and failure observed in the field and during accelerated 
testing are summarized in Figure 9. Some of these failures have shown up 
during qualification testing after a few hours and were attributed to work­
manship; others have .developed slowly as material properties change due to 
exposure to ultraviolet, moisture and temperature changes. ~ese different 
types and times of failure have been classified as shown in Figure 10 to 
be (1) "infant mortality", (2) "random overstress/flaws",and (3) "wear­
out." These distinctions in types of failure are helpful in designing 
tests and in interpreting test data for application to life assessment. 

Polymeric material degradation research at JPL has focused on quantifying 
the chemical and physical changes in materials used as module encapsulants 
(Figure 11) and in developing criteria, designs, and techniques for 
increasing the durabilitY,and stability of potential encapsulant material 
systems. 

198 



Examples of two general approaches to durability testing and to quantifying 
degradation are shown in Figure 12 and 13. Figure 12 describes PV module 
tests in which the primary parameter monitored is module power (Figure 14) 
with visual assessment of change or damage. 

Figure 13 describes the materials characterization approach to the same 
objective base on quantifying optical transmission changes in the module 
cover materials. Both testing approaches are necessary and complementary. 
The life-limiting failure modes must be revealed, their consequences 
assessed and the mechanisms identified, whether they are related to 
design, workmanship or material limitations. 

Module degradation under field or accelerated exposure conditions may 
experience several simultaneous degradation mechanisms with differing rates 
and performance implications. Therefore, testing of both modules and com­
ponents with both selected loads and combined loads is done to assess and 
validate module durability expectations. 

One example of how the data being compiled on the photothermal degradation 
of polymeric encapsulants according to the test plan of Figure 13 are being 
related quantitatively to module life assessment is summarized in Figure 15. 

The yellowing of some polymeric pottants to varying degrees has been 
observed both during laboratory accelerated testing and normal field expo­
sure of commercial and experimental modules. In most cases of yellowing in 
the field, the discoloration has been very localized and is usually 
attributed to cell overheating or reactions with edge-seal materials. 

In the laboratory, in environmental test chambers capable of providing 
elevated temperature, high humidity and intense ultraviolet radiation, the 
development of color and the change in 'spect'ral transmission of module cover 
materials is being measured. Typical data are shown in Figure 15 for a 
module cover glass and polyvinyl butyral (PVB). In this example, the pre­
dicted changed in module power is calculated by integrating the product of 
spectral solar irradiance, spectral transmission 'for the cover and solar­
cell sensitivity. 

From this analysis, the rate of power loss with time at the test condi­
tions would be predicted. This should also be validated by minimodule 
tests. Work is currently ongoing to develop and validate combined variable 
correlating parameters suitable for assessing long-term module life poten­
tial based on short-term accelerated qualification tests. These studies 
are being conducted with materials, material·systems, minimodules, and 
full-sized prototype modules. 
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Figure 1. Typical Durability-Assessment Sequence 

Figure 2. PV Module Failure-Analysis Matrix 
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Figure 3. ApplicatiQns of Failure-Analysis Matrix 

1. Checklist of failure factors, sequences and potential interactions 

2. Outline or framework for developing a test plan, assuring its completeness 
and defining its limitations 

3. Framework for assessing available test results in scope, sequence, 
and completeness 

4. Framework for compiling and integrating the general materials failure and 
degradation data base and related technology available 

Figure 4. Durability-Analysis Categories 
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Figure 5. Durability-Analysis Plan Outline 
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Figure 6. Durability-Analysis Example Assessing 
Accelerated Test Program Results 
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Figure 7. Quantifying Response and Limits for Short-Time Loads 
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Figure 9. Failure and Degradation Mechanisms Studied 

• Soiling • Electrical insulation breakdown 

• Cell cracking • Encapsulant thermal degradation 
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Figure 10. Module Failure-Rate Classification 
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Figure 11. Polymeric Encapsulation Degradation Mechanisms and Changes 
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Figure 12. Framework for Describing and Assessing Test Results 
for Scope, Sequence, and Completeness 
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Figure 13. Optical-Durability Test Plans 
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Figure 14. Typical PV Cell and Module Power Loss 
for Accelerated and Field Tests 
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Figure 1 5. Predicting Power Loss Due to Optical Degradation 
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Figure 1 6. Damage vs Failure 
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Figure 1 7. PV Module Life Assessment 

For a specified module service life, DAMAGE to 

• Optical coupling 

• Encapsulant package integrity 

• PV circuit integrity 

• Electrical isolation 

in terms of damage level, damage probability or damage rate 
shall not exceed specified values for the particular analysis, 
test, or operational condition of interest 
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DISCUSSION 

LEWIS: What do you think is happening when the optical output goes up in the 
red region? 

OOULBERT: There are certain components that are either fading--in fact, 
Ranty (Liang) can probably answer that better than I can, but the chemical 
system itself is very involveQ--and some of those chemical components are 
basically fading or changing and allowing more infrared transmission to be 
transmitted. 

That material was ,PVB behind glass, in that particula~ set of data. We 
are getting slinilar data for EVA that shows the same effect. There is 
that sllnultaneous increase in infrared and decrease in blue transmission. 

LIANG: There are same morphological changes that effect the scattering and 
the transmission in the infrared region. In fact, it is not only observed 
in PVB, we found a little bit in EVA as well. In fact, it shows an 
increase in the module output in the beginning, because of a temperature 
change. 

ROYAL: Any more questions? I think it is interesting that we are now 
discussing specific details of the research that is being conducted. 

D'AIELLO: In deciding upon loads to apply to PV modules, you mentioned field 
testing as well as accelerated life testing. Could you give same 
guidelines as to how to select an appropriate accelerated test? I realize 
this is an extensive question and maybe we could talk about it at length 
later but could you give us some examples of how you select the 
accelerated test to match what you expect in the field, and same of the 
pitfalls you can fall into? 

OOULBERT: One of the guidelines, of course, is that we do not want to change 
the degradation mechanism, and one of the things which has been done is to 
conduct a study specifically of the effect on photolysis or photodegrada­
tion rates and mechanisms as a function of UV intensity. There are 
guidelines relative to how much you can accelerate the UV exposure level 
and what wavelength bands are of interest. As we indicate here, we are 
accelerating with a mercury-vapor lamp, and, of course, that does not 
match the solar spectrum. Once you go away from the solar spectrum to 
something like that you really have to understand what the mechanism 
involved is. It still has to be validated experimentally. By the same 
token, the mechanisms must be understood, and when the mechanism of 
photooxidation changes and you create products that would not occur in 
practice, then there is a lack of validation. Jim Guillet pointed out 
that the oxidation of polyethylene does take place at room temperature. 
So, the oxidation; then, if you 'keep raising the temperature, at some 
point you may initiate some other mechanism. This will be discussed in 
more detail by Ami (Gupta) as one of the problems we have looked at in 
order to design accelerated tests and have some hope of validity. 

ROYAL: Any more questions? I think I have found from this presentation 
that there is probably a big hole in the overall technology development of 
photovoltaics; that is, how does one go about assessing reliability and 
performing a valid life prediction? ~. Maxwell, do you have any comments 
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'on how,your organization set up an end-to-end program? One thing you 
mentioned that was llnportant was that failure analysis is the key focus of 
everything. Do you have any comments to make on this? 

MAXWELL: I am a little bit at a loss because I don't clearly understand what 
you are doing here in photovoltaics. The first thing we have to ask 
ourselves is what is the physical mechanism of failure and then go back 
and see if our accelerated testing is really accelerating that mechanism. 
That is why I said yesterday that you would probably be frustrated when I 
got through talking because all of the failures that were found didn't 
have anything to do with use conditions--it primarily had to do with the 
manufacture ~f the product. So you have to do that or you are just 
wasting your tline. 

COULBERT: This is important. The differentiation between damage and failure 
--you can damage all these things in test but putting them into service, 
either you may never experience that kind of failure or may never get it 
in the time involved. What we are trying to do here is, when it COOleS to 
assessing life, all these various damage mechanisms are operative and you 
have to have some handle on assessing quantitatively whether they affect 
the operational experience or not, or whether they are things which may 
never happen in practice, such as yellowing. We have not experienced in 
the field, for instance, yellowing of EVA in the same way as it has been 
experienced in an oven, but of course the acceleration factors are very 
high and we would hope that those things won't happen for 20 years. We 
still have that gap and we are working on it. There are various ways, 
various test levels, of working on it and we are still in the process of 
developing new types of tests. 

SBAR: Well, I just want to say that in pack~ging semiconductors or hybrid 
circuits, one of the most llnportant things'in process control is 
cleaning. This is absolutely essential and infant mortality is where you 
have your problems. It is not the long-term reliability problems that we 
have been plagued with, but infant mortality and after that comes 
mechanical problems. 

OOmBERT: This is one viewgraph I did not show because it was shown yesterday 
by other people but in fact part of the problem of running durability 
tests was that most of the initial failures we experience in the field are 
infant mortality due to contamination, assembly handling, etc., and we are 
tryjng to establish SOOle relationships. 
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SIGNIFICANCE AND CAUTIONS OF ASSESSING 
OUTDOOR CORROSION FROM ACCELERATED TESTING 

Norman G. Feige 

Hoffmann & Feige, Inc. 

Katonah, New York 

Corrosion may be defined in two ways: 

1. Destruction or deterioration of material because of its reaction 
with its environment. 

2. Extractive metallurgy in reverse. 

Definition #1 is preferre9; yet definition #2 from a philosophical 
point of view states that the corrosion engineer may retard for a time, 
but cannot stop the materials return to its natural state. Practically 
all environments are corrosive to some degree. 

Corrosion is an elec~rochemical reaction which can be conveniently 
divided into two reactions - oxidation (anodic) and reduction (cathodic). 
An oxidation or anodic reaction is indicated by an increase in valence 
or a production of electrons. A decrease in valence charge or the 
consumption of electrons signifies a reduction or cathodic reaction. 
Metal electrically isolated in the corrodent must have both reactions 
occurring simultaneously and at the same rate on the metal surface. 
If this were not true, the metal would spontaneously become electrically 
charged, which is clearly impossible. However, in a photovoltaic cell 
the surfaces are electrically charged and corrosion may be altered by 
electrolysis, and the anodic and cathodic reactions may be isolated and 
separate in the system. The fundamental understanding and control of 
metallic corrosion is the proper interpretation of the rate of the 
anodic and cathodic reaction. 

The basic thermodynamic understanding on how that surface will react 
to the electrolyte is defined by a Pourbaix Diagram. The diagram relates 
a surface potential compared to a reference hydrogen electrode and pH of 
the electrolyte. The Pourbaix Diagram establishes a theoretical basis for 
predicting a probability of an electrolyte metal reaction. The main 
use of the diagrams is as follows: 

1. Predicting the spontaneous direction of a corrosion reaction. 

2. Estimating the composition of the corrosion products. 

3. Predicting environmental changes which will prevent or reduce 
corrosion attack. 
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The diagrams illustrate that the materials under an externally 
applied potential mayor may not corrode in the environment. They also 
point out that material, which may be passive and noncorroding under pure 
water conditions, will be actively corroded if either the pH or the 
externally applied potential is significantly altered. It should also 
be clearly stated that in the practical world when an external/electrical 
potential exists in which either oxygen or hydrogen are evolved, the pH 
of the solution immediately adjacent to the electrode surface is radically 
altered. The anode becomes acidic; the cathode becomes caustic. The 
limitation of the Pourbaix Diagrams is that they represent equilibrium 
conditions and do not predict reaction rates. 

The electrode kinetics or rate of corrosion is of major interest from 
an engineering standpoint. The data is deduced from polarization curves; 
a technique in which a metal surface is held at a specified potential and 
the current flow measured. The current flow defines the rate of corrosion 
attack. By varying by potential with time and measuring current, one 
gain's insight into the type or form of corrosion reaction. By varying 
concentration, temperature, velocity, alloy selection, inhibitors, etc. 
in a simple laboratory test solution, one can predict complex corrosion 
reactions and hopefully develop a corrosion prevention strategy. 

With an understanding of the electrode kinetics, the same type of 
equipment can be used to vary the metal's surface potential in a process 
stream to minimize corrosion (cathodic and anodic protection). The 
equipment can also be utilized to monitor process streams to determine 
the instantaneous rate of corrosion attack to the process vessels and 
piping. 

Although the equipment and the fundamental understanding of the 
concept is reasonably simple, the interpretation of mixed reaction rates 
common in electrochemical corrosion reactions is complex. The conversion 
of laboratory data to process stream service with the intrinsic variables 
of crevices, stagnant electrolyte and compositional differences, provides 
complex interpretation. 

It is convenient to classify corrosion by the forms in which it 
manifests itself - the basis for this classification being the appearance 
of the corroded metal. Each form can be identifie~ by mere observation. 
In most cases, the naked eye is sufficient, but sometimes magnification 
is helpful or required. Valuable information for the solution of a 
corrosion problem can often be obtained through careful observation of 
the corroded test specimens or failed equipment. Examination before 
cleaning is particularly desirable. 

Some of the nine forms of corrosion are unique, but all of them are 
more or less,interrelated and may occur concurrently in the system. The 
nine forms are: 

1. Uniform or general attack 
2. Galvanic or 2-metal corrosion 
3. Electrolysis, exterior applied electrical potential 
4. Crevice corrosion 
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5. Pitting 
6. Intergranular corrosion 
7. Selective leeching or parting 
8. Erosion corrosion 
9. Stress corrosion 

Hydrogen damage, although not a form of corrosion, often occurs indirectly 
as a result of corrosion attack. In the voltaic cell application, uniform, 
galvanic, electolysis and crevice corrosion will be the principal cause of 
failure. 

The most probable failure is crevice corrosion. This form of attack 
is an intense localized corrosion, which frequently occurs'within crevices 
and other shielded areas on a metal surface exposed to corrosives. This 
type of attack is usually associated with a small volume of stagnant 
solution. In the case of a photovoltaic cell the gasket surrounding the 
edge of the assembly is the most likely initiation site for crevice 
corrosion in the system. The mechanism of crevice corrosion is complex 
and can be simplistically stated as an electrical potential caused by a 
difference in ion concentration, oxygen concentration, and pH between the 
stagnant solution in the crevice and the bulk solution. There is often 
a long incubation period associated with crevice attack. However, once 
started, the electrochemical reaction proceeds at an ever increasing 
rate. 

The obvious strategy for a corrosion protection of photovoltaic cells 
is to eliminate all conductive electrolytes_from metallic surfaces. Once 
moisture intrudes the area in the vicinity of the silicon cells, the 
galvanic potential differences will ~au~e_ electrolysis and rapid corrosion 
of the metallic components in the system. 

The basic barrier to moisture intrusion is the prevention of crevice 
corrosion between the outer gasket and the edge of the solar cell. The 
seal is mechanical and subject to thermal cycling during cell operation. 
To assess the solar cell's eventual gasket failure by accelerated testing, 
the rate of deterioration of the nonmetallic gasket would be mandatory. 
Test parameters would be elevated temperatures, ultraviolet radiation, 
biological degradation (both micro and macro), and the characteristics 
of the local site's poultice of dust, dirt, pollen and fly ash. The above 
pollutents, plus moisture, provide the nutrients for the creation of a 
highly aggressive electrolyte which may initiate a corrosion reaction. 
Moisture developed under the gasket at a metal interface will form 
corrosion product, providing a porous path for the further intrusion 
and extension of corrosion reaction. Failure of a solar collector panel 
is the broaching of the barrier gasket and the intrusion of moisture 
within the panels' solar cells. Once the panel has been broached, 
terminal failure is eminent- by electrolysis. 

The corrosion problem in establishing outdoor service life is 
assessing the ways in which the panel may be broached. Although the 
corrosion mechanism will be the same in all instances, the rates of 
the reaction will be altered by local conditions - i.e. in the 
determination of the rate of gasket deterioration, and the change 
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of pH and conductivity of stagnant electrolytes. 

It should be possible in short term tests to establish the 
corrosivity of the debris electrolyte collected on the panel surfaces. 
The test site will have seasons and the debris will vary in its 
corrosivity dependent upon the seasons. Examples are - the dropping 
of the oak leaves in the fall in the northeast; pine needles in 
North Carolina; pollen in the desert; bird droppings at all locations, 
and most significantly, panel temperature. The effect of panel 
temperature on rates of reaction will be significant. For every 10°C 
increase in panel temperature, a decrement increase in corrosion rate 
will be observed. The daily cyclic temperature variation will cause a 
non-hermetically sealed solar panel to breathe - condensing cool, moist 
air during the night. A leaking thermopane window assembiy clearly 
illustrates the phenomenon. The most pragmatic field test for solar 
panel long term survivability is dew point monitoring of· the vapor space 
in the panel. When the dew point exceeds ambient air temperatures, 
corrosion will occur. 

Short term corrosion tests of completed panel assemblies to establish 
long term panel reliability should include the following test cycles: 

1. Extended testing at elevated temperatures (70°C) to accelerate 
the rate of the corrosion reaction. 

2. 100% humidity test environments. 

3. Temperature cycling from the minimum to maxiumum temperature in 
service to establish the hermetic seal fatigue resistance. 

4. Pressure cycling (approximately 5 psi) to accelerate the 
intrusion of moist air through a breach in the seal. 

5.· Corrosion testing with the panel seals in contact with the local 
region's debris. This of course is quite site specific. 

At present no industry standard is available for solar panels although 
specific tests for humidity - ASTM-D-2246, and temperature -'ASTM-F-363, 
and pressure - ASTM-E-7l2, may be modified for the application. The above 
test parameters should be varied, depending upon the environmental area or 
market area of interest. 

With the above general understanding of how and why metals return to 
their natural state by the mechanism of corrosion, it should be possible 
to provide both the accelerated laboratory experiments and field tests to 
obtain comparative performance of panel designs and materials. 
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DISCUSSION 

WAKSMAN: Can we really depend on anything other than the glass-to-glass seal 
to be a hermetic seal, long-term? We have done some measurements of 
moisture and some polymers, such as PMA for example, as a function of 
relative humidity. We find that we can get up to 1% moisture measuring 
with TIR measurement. I don't know if this is significant as far as this 
type of material in contact with the metal as far as contributing to 
corrosion is concerned or not, but I understand many polymers do indeed 
have a moisture content. 

FEIGE: we are well aware of that. That is why we took a rather cynical view 
of what's going to happen. You have to consider what is the electrical 
conductivity of the electrolyte. Will it conduct current or is the 
moisture in a form that you will get the conductance? Also, this true 
branching as was shown yesterday is a classic example where you obviously 
had a conducted path--the copper that was coming out was obviously the 
cathodic site, it was dissolving somewhere on the other side and as the 
little copper tree comes closer to the other side, the reaction 
accelerates. But I will have to admit that every piece of flat 
non~tallic material that I have seen does in some way, with time, 
diffuse moisture to that interface. 

WAKSMAN: Is it realistic to expect to get a hermetic seal? 

FEIGE: I doubt it. 

GARCIA: Is it possible using silane coupling agents to stop this type of 
corrosion? 

FEIGE: I have seen situations where it can. I have seen them generally, but 
I haven't seen them under an applied potential. That is what terrifies 
me. We might be able to do it by just putting the metal in the system but 
if we put 20 or 30 volts potential across the system, and change the 
potential of the metal surface, we could find ourselves in all kinds of 
serious problems. There is a great deal of fundamental work that has to 
be done here. You also have to tell me what the composition of the 
electrolyte at the metal interface is. That was a little confusing 
yesterday. I don't really understand it. It is a complex organic liquid 
system, obviously. 

LEIPOLD: Given the assumption that perhaps we can't maintain her.meticity, and 
the fact that either by edge seals or by permeation, the idea of using 
same filler to basically control the chemistry at the interface seems like 
an interesting approach. The nickel oxide example you cited, do you 
perceive that as what perhaps could keep the problem to a minimum in 
photovoltaics? For example, by putting a transparent chemical in EVA that 
would then maintain appropriate electrolyte conditions at the cell-EVA 
interface so that even if the' silane prtmers fail, even if the hermeticity 
fails, you still maintain chemical conditions that are inappropriate for 
corrosion? 

FEIGE: That would be the strategy that I would approach. Remember when we 
are dealing with a crevice, we are dealing with a trace amount of 
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electrolytes. You will need a trace amount of that little glinnick to stop 
or to change or to shift into the passive area. It is going to be parts 
per billion. The obvious one is chromates. Trace amounts of chromates, 
probably in the non~tallic, might stop it but there again, it might not. 

WHITE: I actually have a couple of comments to make. First of all, if you 
start putting something in EVA you are going to start messing with the 
optical transmission and second of all you are going to probably mess with 
the reactions of the EVA itself and how it degrades. My major point is, 
the work that we have done in solar cell reliability shows that the most 
llnportant thing is a hermetic seal on the substrate. If you add that 
hermetic seal in the substrate we have basically two different types, one 
with a steel substrate or the glass substrate. You seem to get very good 
results by keeping the degradation low and it doesn't seem like there 
would be a great need after 1000 hours of stress at 85/85 for any kind of 
a spacer to keep the electrolyte out. 

This will be discussed in more detail tomorrow afternoon in a paper. 

FEIGE: I would think your survivability in Arizona would be a lot better than 
your survival, let's ~ay, on MOnhegan Island in the Gulf of Maine, as far 
as water intrusion is concerned. 

JANDCH: Can you cOmment on salt-fog tests and also the Ooast Guard has what 
they call a "pit test," where they take panels and inmerse them in salt 
water, I think at SQOC and then at SoC, so you have thermocycling in a 
sea water environment, and also they are applying some pressure, S psi, in 
a chamber containing the panel. Is this a good test for corrosion for 
panels? 

FEIGE: I would suspect so if you are going to put it in the ocean. Although 
quite frankly I think the failure would be in the nonmetallic material and 
its eventual breakdown and diffusion of liquid. As a corrosion engi~eer, 
all I am doing is providing the last rites after your nonmetallic material 
fails. Once the water gets intruded, there is no way that you are going 
to survive 20 years. I am talking 4 to 6 months before the whole thing 
collapses on you. All they are doing is accelerating the rupture by the 
sea. 

JANJCH: Then the salt-fog testing is not as good? 

FEIGE: That is right. I would tend to put most of my testing on the 
deterioration of the gasket and material, which appears to be what you 
people are planning to do here. So it seems to me that the ultraviolet, 
radiation and the loss of mechanical properties would be the key to 
survivability to this system. I can help you out by playing around with 
the corrosion inhibitors as the last stand in trying to accelerate life 
but I don't know how long I can hang on that way. 

ROYAL: Are there other methods of accelerating moisture intrusion that you 
can think of? It seems like you can only do so much acceleration here and 
it would be nice if you could have an even higher acceleration factor 
somehow. 
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FEIGE: Temperature, pressure. I don't know what other variables I can use. 
Someone is going to have to give me same pretty good diffusion data on 
nonmetallic materials on diffusion of moisture through it. Can you go 
back to first principles? I will throw it on to the chemists. Please 
tell me the diffusion rates through the nonmetallic materials and I will 
tell you when they are going to fail. 

ROYAL: Gallagher, do you want to say sanething? 

GALLAGHER: Put a bias across it--an electrical bias. 

FEIGE: ell, yes. That is very important. kl electr ical bias is going to be 
your Achilles' heel. Once you get any kind of conductivity across-­
remember we pointed out in ·those initial reactions that we fonn hydrogen 
on the cathodic site. You are looking at an interesting way to delaminate 
a bond, which is to bubble off hydrogen at the bond metal interface. It 
will take it right off. We've got some good classic examples of that. We 
hot-dip galvanize metal parts; we bake out the hydrogen that we put in, 
with a hot-dip galvanize; we put paint on it and it works great when we 
put it out in the field; but as soon as we put it in an accelerated test, 
all of a sudden we change the rate of hydrogen evolution and the corrosion 
reaction between the zinc and the steel and we have so much hydrogen 
evolved that it can't diffuse through the paint system and delaminates the 
paint system and the whole thing falls apart. Corrosion, unfortunately, 
is not sllnple. I hate to tell you that. There are all of these little 
subtle secondary reactions that are going to came in and hit you on the 
back of the head. So that will be one of your problems, by the way, of 
going up to too high a temperature. You can accelerate the reaction in 
one area and it will give you a secondary type of failure. 

ROYAL: One cooment, then a question. In doIrig a corrosion test, is it very 
important" that such a test be performed on cells that have already been 
subjected to some aging: for example, where the seals have been ozone­
attacked and so on; otherwise we can get a"nonreal picture of what will 
happen if you do moisture intrusion on new unaged cells. The question 
is: you talk of corrosion testing with continuous 100% relative humidity, 
and I wonder if you would discuss the advantages and disadvantages of that 
as compared to a cyclic humidity which can cause cracking and swelling of 
layers on the surface? 

FEIGE: Well, primarily I am a rust chaser. I'm not that familiar with how 
all these plastics are going to fail, but I would think that cyclic might 
perhaps be a better test now that I think about it. Very much so. 
Anything that can accelerate the deterioration of the plastic is what I am 
looking for. 

ROYAL: klyone else who may be involved with corrosion tests that would like 
to cooment on this - if not about cells, maybe on the module level? 

FEIGE: I think I can make one other cooment. Our business is failure 
analysis. Our philosophy in this world is 'MJrphy was an optimist." It 
is imperative that you go back on any failure in the field and do a 
complete study on what happened. You would be surprised how much 
misinformation canes out of those things. "The metal crystallized" is 
classic in the field. You will find that about 60% of the time it was 
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environmental deterioration of one kind, which caused a secondary prob1ein, 
which caused a third problem, and so forth. But I think it imperative as 
you go through these 1ife-cyc1e testings that you take your cadavers apart 
and find out in detail, in basic mechanisms, why they did come apart. 

CUDDIHY: i'brm, in trying to follow that theme for a minute, are you 
suggesting that, to look at the failure or the degradation of the metallic 
level, a sequence of events has to occur first? You have to lose the 
integrity of the encapsulation package or the rubbery materials? 

FEIGE: That's right. 

QUESTION: It seems like you would want to break you~ bonds and your EVA 
first, so you don't have that seal between bond and the silicon, so the 
water can get in. 

CUDDIHY: Yes. The corrosion guy can measure nothing as long as the 
encapsulation system is doing its job. Let me take that question. That 
is a very good point that is emerging there. If you ' take a metallic 
component that is unencapsulated and subject it to a corrosion test, you 
get some response. Let's take the same system and we will encapsulate it 
and then we will do something in the accelerometer to break the quality of 
the encapsulation material so now we are getting moisture intrusion. Will 
the course of corrosion of the unencapsulated system and the encapsulated 
system, which are now lost to sealing qualities, progress the same? Can 
we decouple them? 

FEIGE: If the electrolyte at the metal interface is the same as the original 
environment--and this is very subtle, because from what I saw yesterday 
the composition of that electrolyte is very curious, it's an organic 
something or other which was not fully described to me, and it's something 
which can be significantly modified with very subtle changes in what you 
add or subtract from the system. I think this is the challenge we are 
throwing up to you today. There are ways of playing the game and you 
haven't looked at it, or from what I have heard up to this point, no one 

. has looked at. 

LANDEL: Your comment about the integrity of the material might be leading 
people in the wrong direction because--take the comment on ozone--if you 
imagine that U-shaped gasket you showed there, the ozone is going to be a 
surface attack; what we are interested in is what goes on back underneath 
that metal channel. It would seem to me that the important thing is to 
ask what can diffuse through the material if I have moisture going 
through, and certainly no polymeric material will ever keep out moisture. 
You will have moisture coming through. The key thing is not so much the 
environmental degradation when that occurs as a surface effect but what 
goes on at that interface; the sort of question that Ed (Cuddihy) stated 
very clearly. If I now encapsulate, if I really have that thing on that 
surface area removed from the atmosphere yet it is still, on a long-
term basis, open to the moisture, then that is the key thing we should be 
concentrating on, not so much what may have come out, a degradation and 
effective degradation products of the material. 

FEIGE: That's right. What you are saying is that the corrosion product is 
irrelevant, the ball game is over. Once I see the corrosion product, I am 
in all kinds of trouble. 
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LANDEL: Yes. Once you have allowed that to start. But that is really a 
function of what is at or what can be d~veloped at that interface? 

FEIGE. That's right. What did you leach out of the non~tallic? 

LANDEL: Well, isn't that part and parcel. You had one curious thing, to me, 
on your roster of tests. You had a test at 100% humidity but you did not 
have test in a liquid environment. Is that because, in many cases, you 
changed the concentration or leached out the truly deleterious materials? 

FEIGE: I selected the 100% humidity to try and reflect the service 
application, more than anything else. We do know that the non-metallics, 
obviously, llDnersed in water, will absorb at a pretty high rate. 

LANDEL: Yes, because there are test conditions where water, if you are going 
to us~ a solution, for example, or even just water itself, liquid water is 
far worse that 100% relative humidity. People occasionally ask why that 
is so, because after all water is water. But isn't that in part a 
reflection of the fact that you can change the concentration cell effects, 
you can change the local conditions at the interface, particularly in 
things like crevice cracks? 

FEIGE: Yes, you can, very much so. 

LEE: Just to follow on that same train of thougnt. There has been research 
in the Soviet Union on their atmospheric corrosion program where they have 
attempted to simulate the environment that exists on a panel in the 
atmosphere by modeling the environment in a bulk sense, taking things like 
sodium sulfate solutions to attempt to sllnulate the sulfate fibn that 
might exist on a metal surface. They hay~ found significant differences 
in the relative rates of corrosion and they have done the same thing with 
hydrochloric acid solutions compared with chloride-containing moisture 
fibns, and it is not consistent. Same solutions are more corrosive in 
their bulk state and some fibns are more corrosive in the fibn state 
comPared with the bulk solution. I don't think they answered all the 
questions as to why, and in some cases it was the ability of the 
deleterious species to diffuse away from the surface and in other cases it 
was its ability to concentrate at the surface. It also bears greatly on 
one of the terms that Norm mentioned early on, the three components of 
corrosion processes: the anode, the cathode and the resistance between 
the two reactions and a thin fibn which you have on the surface of 
material in the atmosphere. You essentially have a much higher resistance 
path between the anodes and the cathodes than you would in a bulk -
environment. This significantly changes the extent of the reactions both 
in terms of the depth of corrosive attack that will occur to the area that 
will be affected and to some extent perhaps the mechanism when you are 
trying to model atmospheric corrosion processes with bulk solution tests. 
So there are cautionary notes there in trying to apply what you see in a 
bulk environment to what you might incur under an atmospheric condition, 
where you only have a thin fibn moisture. 
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TIME-INI'EGRATION OF ENVIRONMENrAL LOADS· AND SIRESSES 
IDR OORREIATll{; FIELD EXPOSURE AND ACCELERATED TFSI'IK; 

R. G. Ross, Jr. 
Jet Propulsion Laboratory 

An llnportant consideration in the design and understanding of accelerated 
tests is correlation with field-exposure stress levels and durations. 
Ideally, a given duration of accelerated testing is quantitatively equatable 
to a much longer duration of field-application exposure. The accelerated 
environment generally involves higher environmental stress levels. but may 
also ellininate some synergistic degradation mechanisms by lliniting the range 
and number of environments present. 

The correlation of accelerated stress testing with field exposure is addressed 
by this author as a three-phased problem. The first phase is to identify the 
key operating-environment stresses and the rate dependencies of the 
significant degradation mechanisms on these stress levels. This can be based 
upon a fundamental understanding of the underlying physical degradation 
mechanisms, as with metal fatigue, or bas·ed upon parametric testing of the 
test article at various stress levels. 

The second phase of the correlation problem deals with characterizing the 
time-integrated stress associated with the expected field or operating 
environment. Because the field environment is constantly varying, field 
exposure is not immediately definable as a known time at a known stress level 
as is an accelerated test. This prevents direct application of the 
rate-dependence model defined in the first phase. To allow correlation with 
the accelerated test environment, it is useful to first reduce the field 
exposure to an equivalent duration at a simplified pr constant stress level 
approximating the field-stress level. This requires using the previously 
developed rate dependence to translate each time increment of field exposure 
to an equivalent exposure durati~ at the chosen constant-stress level. This 
process is reasonably accurate if the extrapolating distance between the 
instantaneous field-stress levels and the constant-stress level is modest, and 
rate dependence is reasonably well quantified. 

The last step is to correlate the equivalent field exposure to the accelerated 
test exposure. This step rests heavily on the accuracy of the rate-dependence 
model and the spread between the accelerated-stress level and the field-stress 
level. 

The paper presents the above concepts in a generic context, and then illus­
trates their application using temperature-humidity testing of photovoltaic 
modules as an example. Equivalent field environments are comPuted for both 
roof-IOOunted and ground-IOOunted arrays at a variety of sites in the U.S. using 
computer analysis of SOLMET hourly weather data. 
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Objective and Approach 

Objective 

• Provide an analytical structure for interpreting (correlating) various field and 
accelerated test exposures 

Approach 

• Reduce complex field exposure to a simplified exposure (normalized Dr equivalent) 
that can be easily assessed in terms of established failure·mechanism parameter 
dependencies 

Exposure-Level Definitions 

ACCELERATED 
TEST 

NORMALIZED FIELD I EXPOSURE 

~~----------------~~r--------------+-+~ 

STRESS 
LEVEL 

Field exposure 

e Multiple stresses 

• Time·varying levels 

• Given duration 

Accelerated test 

• Selected stresses 

• Selected fixed levels 

• Duration (TBD < < field) 

FIELD 
EXPOSURE 

TIME 
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EQUIVALENT 
FIELD 

EXPOSURE 

Normalized field exposure 

• Selected stresses 

e Fixed levels ::: field 

o Duration (lBD ::: field) 

Equivalent field exposure 

• Selected stresses 

• Fixed levels (lBD ::: field) 

• Duration equal to field 



Computational Steps 

• Obtain failure·mechanism stress'parameter dependencies 

• Obtain detailed characterization of field/operational environment over time 
(e.g., SOLMET) 

• Compute product mechanism·specific stress levels versus time over use duration 

• Select normalized field·exposure (fixed'stress) level 

• For each time interval of field exposure, use stress'parameter dependencies to compute 
time increment at normalized field·stress level which causes same incremental degrada· 
tion as actual field·stress level 

• Sum computed time increments to establish duration of normalized field exposure 

.. Use stress·parameter rate dependencies to: 

• Compute fixed·stress level corresponding to equivalent field exposure 

• Compute accelerated·test durations corresponding to field exposure 

Example: Temperature-Accelerated Degradation of PV Cells and Modules 
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DEGRADATION PARAMETER DEPENDENCY: 
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DEGRADATION 
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Arrhenius Plot for Time to Degradation vs Cell Temperature 

.z::; 

u.i 
~ 
~ 

20 
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Example Computations 

Operational environment characterization 
(50LMET weather data tapes): 

• Hourly ambient temperature (T a' °C) 

• Hourly solar irradiance (5, mWlcm2) 

o Hourly wind velocity (Y, mls) 

Hourly stress (temperature) computation: 

1440 
720 

360 
180 

90 
45 

20 

10 

o T = T a + (0.3 - 0.01 V) S (ground mounted) 

o T = T a + (0.5 - 0.01 V) 5 (roof mounted) 

, Selected normalized field-stress level: 60°C 

Computation of normalized time increments: 
(T - 60) 

4 T i = 4ti x 2 1 0 , 4ti = 1 h 

Normalized field exposure duration: 

T = ~ 4 T i, r. = 1 to use duration} 
I 
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Comparison of Temperature-Humidity Exposure 
Environments for PV Modules 

TEMPERATURE 
II 

TEMPERATURE 
HUMIDITY 

1440 en 
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70 

FIELD TEST RESULT 
LABO ATORY TEST ESULTS 
QUAL FICATiO. TES LEVEL 

CELL TEMP (OCI + RH 1%1 

Summary and Conclusions 
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Requires detailed knowledge of failure-mechanism stress dependencies and site 
stress levels: 

• Mechanism specific 

o Site specific 

Provides a useful means of comparing and correlating: 

• Site environments 

• Operating conditions 

• Test environments 
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DISCUSSION 

WHITE: I understand from a previous Bell Labs paper that for certain things 
like your atmospheric pollutants, when you are doing an accelerated test, 
you have to normalize for the different temperatUres. I don't really know ' 
why but you have to change your actual concentrations at higher 
temperatures and I was wondering how that would_c~ange your plot. Would 
it make it nonlinear? It seems as you go up the temperature scale your 
concentrations would change and your aIIDunt of degradation would change. 

ROSS: I don't pretend to know anything about the effect of pollutants in 
concentration. ' This is a diagram here that is without pollutants added to 
it; it doesn't have S02, chlorine or anything added to it. So someone 
else will have to answer that question. 

ROYAL: Ybuld anyone like to add to that? 

LANDEL: Ron, one thing didn't come out to me very clearly and that was what 
is it a t~ to what--you see, we are interested in a failure time and we 
have these times. 

ROSS: I am not interested 
it failed or not. All 
someone else 'can make. 
site is right here. 

in failure times. I am not worried about whether 
I am saying is, that is a judgment call that 
I am going to tell you where the site is. The 

LANDEL: That's OK, but now you have a locating point labeled Phoenix and 
Brownsville and which gives you then the starting point, as you said, to 
draw'your band of lines through? How did somebody get a number which came 
out to be like 5 x 104 for Phoenix? The crossover point for everything 
that is there? 

ROSS: It is not a time, it is an equivalent to 20 years in Phoenix, given 
the activation energy. It has nothing to do with degradation. 

LANDEL: let me give you a point of reference of (partly) why I am asking the 
q4estion. In the solid-propellant industry you have this same sort of 
problem. You put a rocket motor out and the temperatUre goes up and down 
a heck of a lot more than it does in the storage environment--there is an 
environmental load, there is a thermal load. When people were talking 
about running the MX missile back and forth across the country on trains 
there was an initial program saying, well we have to know the loads before 
we can do anything, so let's instrument a train and run it back and forth 
across the country and find out what the loads are. Well it turns out the 
railroads had that kind of information. NOw you have a statistically 
varying load which in the mechanical sense says OK, ,if I put a stress on 
and the stress is wavering up and down, I know that if I put a constant 
load on it will last a certain length of time. So there are two parts to 
the problem. What is the nature of the load and how long would I expect 
something to last? Or how long would I have to wait before something 
happens? 
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ROSS: I am assuning in this example a fairly simplistic model. I am asstming 
it is an Arrhenius-type temperature acceleration only. We have a fairly 
simplistic degradation mechanism that is rate-dependent on temperature. 
First step: -obtain the failure mechanism stress parameter dependency. 
You can't even start the problem until you have that. That is the first 
step and the dependency we started with--it was an assumed dependency for 
the example problem-~as a pure Arrhenius-type temperature acceleration. 
we are assuming the htmidity had no affect on this reaction or we have a 
hermetic package so that htmidity is prevented from having an affect. 

LANDEL: That gives me a temperature dependence of something but I would 
have to say that something occurs that I am interested in at, let us say 
1000 minutes or 1000 hours. 

ROSS: NJ. You don't: have to know anything about that at all. All you have 
to do is know that the rate of that chemical reaction or whatever it is 
that is taking place has this Arrhenius relationship. 

LANDEL: But the Arrhenius relationship gives me a temperature dependence but 
what I need, in addition, is the time. 

ROSS: NJ you don't need the time. 

LANDEL: I have to pick same point on there if I am going to shift same things 
arOlmd. 

ROSS: NJ, I am not going to shift them, I am going to use the slope of this 
curve. It's the only thing I am going to use. 

ROYAL: Let him go througP it again and we will stop him at the appropriate 
times. -

ROSS: We have to have, first of all, a degradation mechanism. Clearly, if we 
are modeling mechanical fatigue, temperature variation isn't important, we 
are going to be worrying Cibout same kind of loads. By the way, we have 
done this on fatigue also and it's a real bear because you end up with 
nonuniform cycles. You can consider that the problem with fatigue is that 
everybody does fatigue with full typically plus~inus cycles. How do you 
take a site environment where you have dc stresses and fatigue about dc 
stresses with a little wind flutter with all sorts of different fre­
quencies and depths? How do you model the equivalent mechanical fatigue 
due to a wind environment? Well, we have done that on the computer, too. 
It's a real bear and I didn't want to try to put that in as an example. 
We are going to pick a simple one, but clearly the model has to reflect 
the failure mechanism parameter dependencies and so we are going to model 
fatigue differently from the way we are going to model Arrhenius chemical­
reaction-type dependencies. We are going to start out with the example, 
anyway, with just something that allows us to relate the effect of two 
different temperatures. That's really all we are interested in. We are 
going to say right now, during this particular hour, right now it's 
10QOC on that roof and I want to convert that 1000C on the roof to the 
equivalent amount of time at 600c. Well, that is fairly easy and I 
don't have to know where I am on this degradation rate curve. All I have 
to know is that this thing has a factor of 2 per lOOC. It says no 
matter where I am in time through the aging of this product that if it is 
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10OOC, it is 400C hotter than my reference temperature and I have 
24, or whatever it is, acceleration. So that hour of 10OOC. is 
equivalent to-~atever it is--16 hours, or whatever the math is--at 
600C. 

LANDEL: That is 1 hour base reference tline. 

ROSS: That's right. N::>w doing that only 1 hour base reference tline simply 
because the SOlMET weather tapes are in l-hour increments, my data base is 
in l-hour increments, so I am taking them an hour at a tline. The first 
thing I had to do, of course, was to compute the actual temperature of the 
product because the ambient temperature isn't the Unportant thing. The 
actual-temperature was computed each hour using wind velocity, irradiance 
data and ambient air temperature data and this happens to be an extremely 
good model. In fact, it is difficult to improve upon ft. The scatter in 
this model has parameters we don't understand. I could have selected this 
level to be anything I wanted. I could have selected 700 or whatever. 
What I am trying to do is to depict it at a temperature that is going to 
cause least extrapolation. Every time I take an hour I would like to have 
a rrdnlinum motion and I know that the higher temperatures are going to be 
the key ones relative to the degradation. I am going to personally bias 
it up to about where I know that a lot of the operating hours are going to 
exist. Then I am going to take each hour starting out January 1st at 1: 00 
in the morning and it is going to be operating at lOOC or sanething like 
that and I am going to plug lOOC in here and I am going to find out that 
that is only worth 5 rrdnutes at 600C. Then I am going to go to 2:00 in 
the morning, and I am going to say, well, at lSoc at 2:00 in the morning 
it is only another 6 rrdnutes or sanething equivalent at 600C. I just 
keep going all the way through the year and I add up,all those incremental 
times, you know, the 5 minutes plus the 6 minutes, plus the whatever, and 
that ends up eventually this number of hours of equivalent 600c and this 
number (you don't know what it's going to be when you start the 
computational process) as you go all the way through a year and it,'s a 
function clearly of the model. In other words, if I switched the thermal 
model all of a sudden I have jacked up the temperature when I insulated 
the back of the array so I ended up with an equivalent to a longer period 
of time. In the Phoenix environment, of course, the difference there was 
the fact that Phoenix is just a hotter environment. 

LANDEL: I think then that sane of the things that led me astray was the title 
of this plot and the kind of degradation. As you have described it just 
now, this is the equivalent time for 6QOC. 

ROSS: I apologize. This is a viewgraph that we happened to have developed 
that we are actually using. In fact, when we are running chamber tests 
for our products we plot them on this plot. The title happens to be The 
Time to Degradation because we are actually plotting failure points on 
this plot and these other axes up here are reference points to allow us to 
assess the degradation of that product relative to the actual site 
'enviromnent. 

BERNSTEIN: If you didn't know the degradation mechanism but you did know the 
failure tline, could you calculate, could you plot an activation energy and 
compare two sets of data, like laboratory and field? It might represent a 
ccmposite mechanism. I wonder what the limits are. 
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ROSS: Well, if you can compute an activation energy, all I need is the slope 
which is the activation energy. As long as you can compute the activation 
energy you can do the computer analysis. If you don't have the faintest 
idea what the activation energy is, which \ie didn't when we started our 
testing, you can do it parametrically. We just did it for a whole variety 
of activation energies and you end up with a lot of lines here with 
different slopes and different intercepts. It provides you with a feeling 
for what it is, even though you don't know much about it. From just a 
general knowledge of chemical processes you know the activation energies 
are in general ranges and you can pick with same knowledge the range of 
activation energies that are appropriate for chemical processes. 

,BERNSTEIN: What I am driving at, though, is: if you didn't know the 
mechanism but you knew the failure t~s, which is more real~rld kind of 
a situation, could you apply this technique? 

ROSS: :rt>. 

BERNSTEIN: IX> you think the data might be too scattered? 

ROSS: :rt>. The computer analysis required a knowledge of the rate dependen­
cies times the failure. It is independent totally of what is happening to 
the product. It is strictly a function of the rate dependencies of the 
reactions. 

If a modulus can survive for 20 years in Phoenix, it is going to be 
cycling up and down days and nights and if you ask if you sat it in an 
oven for 20 years, what temperature would you have to run the oven at to 
have the same environmental stress you had at Phoenix, this would be the 
oven temperature. It is an equival~nt.-,~oI'istant-temperature environment to 
the cyclic environment at PhoenIx, 'and BOston for these. 

COULBERT: I am just trying to understand this like everybody else here. In 
your first question that you posed, that you had to answer--the answer to 
that question is a factor of 2 per lOOC, right? 

ROSS: That was the assumed dependency, parameter dependency of the failure 
mechanism for this example. 

COULBERT: But if we run our material tests and we came out with another 
answer, such as a factor of 1.5,then you get a new plot but you could go 
ahead and plot that curve from my answer. Once we get that answer than 
you could plot the curve. 

ROSS: let me caution you on that. To same extent I can go through and say 
this point is going to stay right there and I will put a different slope 
through it but I am making an error now because in the actual weather 
analysis I am actually using this. But if you are not off by too far, 
these points won't move too much. l.ole have found that out from 
experience. We have done this thing parametrically as a function of 
activation energy. In fact, I chose this 600C with same prior knowledge 
of having done this parametrically and I know these curves tend to hinge 
about this point on the plot. If you came to me I could give you a pretty 
quick answer but ideally what I would do would be to go back and 
reexercise the computer model. 
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Introduction 

ELECTRICAL STRESS AGING 

J. Keith Nelson 
Center for Electric Power Engineering 

Rensselaer Polytechnic Institute 
Troy, New York 12181 

The deterioration of dielectric material subjected to electrical 
stresses is extremely complex. It must be recognized from the outset that 
there are thermal, mechanical and chemicCil mechanisms which will also be 
operating in an electrically stressed material. The situation is further 
complicated by the fact that there are numerous interrelationships between 
these agencies. Although there is a considerable body of literature on the 
subject, interpretation is inherently difficult because of the stochastic 
nature of the processes involved which are often also specific to the 
particular circumstances. Figure 1 represents a grossly oversimplified 
attempt to show some of the interactions involved. The parameters at the top 
are those over which the designer can have some control. In many instances 
the eventual failure of the material is dependent upon its chemical 
impurities and mechanical defects rather than its structure. In this 
context, environmental factors such as vibration, moisture and surface 
contamination can also play a dominant role. These variables together with 
the geometry, which will specify the field divergence, determine the relevant 
mechanism which will lead to degradation and eventual failure. The pathways 
through the block diagram of Figure 1 will a~so be time dependent. For this 
reason materials behave very differently under d.c., a.c. and impulse 
voltages because the distribution of stress may be different. As an example 
of the way in which these interrelationships operate, Figure 2 shows a 
typical voltage endurance curve for laminates at several temperatures. It is 
clear that the life of phenolic-paper lamihates decreases much more rapidly 
with stress at 1050 C than at 200 C. Epoxy glass laminates are less affected 
by raising the temperature, and silicone-glass laminates show no significant 
change in life/stress characteristics over this temperature range. In this 
case the thermal breakdown of the material has been aggravated by the fact 
that the loss tangent increases rapidly with temperature. Complete cure of 
resins and freedom from absorbed moisture are necessary to achieve optimum 
resistance to discharges. 

The aging mechanisms of electrically stressed insulation may be arbi­
trarily divided into two types: those which involve electrical discharges 
and those for which the stress causes degradation in other ways. Broadly 
speaking the first category are particularly sensitive to defects, such as 
those shown in a molded sample of polypropylene in Figure 3, whereas those 
which do not rely on electrical discharges are more sensitive to impurity 
contamination and temperature. Such a situation is shown in Figure 4 where 
the time to failure of a highly stressed thin film of silicon dioxide .is 
seen to be sensitive to sodium ion contamination and to temperature since the 
ion mobility will be highly temperature dependent. These examples serve to 

233 



stress the increasing emphasis being placed on the careful processing and 
quality control of dielectric materials as well as their appropriate 
selection. 

Failure by Non-Discharge Processes 

Electrochemical Mechanisms 

An important example of stress induced degradation under low voltage 
conditions is provided by molded microelectronic packages. In this case 
permeation of moisture and contaminants or reaction with the packaging 
material can effect the reliability of plastic encapsulated ICs. Although 
the migration of atmospheric ionic pollutants (eg. salts), solder, fluxes and 
moisture is a primary cause of failure, the package itself may contribute to 
the problem. Epoxy materials may contain ionic contaminants, halogens from 
thermal degradation, corrosive agents such as organic acids from incomplete 
curing with an anhydride hardener. Once a corrosive-species has arrived at 
the integrated circuit surface, the corrosion kinetics will be principally 
dependent on the prevailing temperature and bias voltage. Figure 5 shows 
some of these features. Eventual failure may be due to- moisture induced 
surface conduction over the extremely small dimensions involved, attack of 
the- device metallization or electrochemical corrosion by dissolution and 
migration of gold. The bias voltage acts not only to drive the electrolytic 
corrosion but also to aid the migration of impurities. 

Electrochemical deterioration may occur whenever a stressed dielectric 
contains mobile ions. This frequently happens in impregnated structures, 
such as capacitors. Movement of impurity ions can lead to electrode 
reactions and may result in undesirable chemical changes in the solid or 
liquid dielectrics. Electrochemical reactions are much more rapid at 
elevated temperatures. Certain organic compounds eg. quinones, aromatic 
azo- and azoxy compounds can be used as stabilizers in impregnated systems to 
retard electrochemical breakdown. They act as hydrogen acceptors and combine 
preferentially with cathodically reduced hydrogen without the formation of 
harmful ionizable secondary products. 

Water Treeing 

The ingress of moisture into polymers can also lead to failure through 
the generation of water trees. This is a problem particularly associated 
with polyethylene and ethylene-propylene rubbers used in the cable industry. 
Water trees, such as those shown in Figure 6, consist of minute and possibly 
interconnected, microvoids along which water penetrates under the influence 
of stress to generate diffuse areas which can eventually grow in size until 
failure ensues. Drying the material will make the trees disappear' but, upon 
reimmersion, the trees take on their original shape indicating that the 
damage is indeed permanent. Although electrical discharges are not usually 
involved with the formation of water trees, points of high electrical stress 
formed by voids, contaminants or protrusions will often act as sites for the 
initiation of such treeing. There is no firm concensus on the mechanism of 
propagation of water trees. There is no doubt that much complex chemistry is 
involved as indicated by the influence of water salt content on growth shown 
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in Figure 7. Ion migration, oxidation reactions, bond scission by chemically 
active free radicals are examples of mechanisms which have been invoked to 
explain the phenomena, but it is by no means just a chemical problem. 
Evidence has also been presented to support electroosmosis, dielectro­
phoresis and thermal mechanisms as well as stress cracking by Maxwell forces. 
Finally the polymer itself, its morphological nature and microporosity play 
an important role which many believe may be the key to solving the problem 
through control of the polymer processing or filling. An alternative 
approach is to employ mobile additives such as dodecanol which inhibits tree 
growth by grading the electric field. 

Partial Discharge Deterioration 

Stress enhancements within, or on the surface of, solids can lead to 
small discharges which, although unable to cause immediate failure, create 
cumulative damage by erosion and the formation of byproducts which limit the 
working life. Examples of such byproducts might be ozone and nitric acid 
with air, or Hel with chlorinated plastics. Small voids or gas gaps are the 
usual source of stress enhancement because, for-time varying fields, their 
low dielectric constant with respect to the surrounding medium throws the 
stress onto the weaker material as indicated in the equivalent circuit of 
Figure 8. However, under d.c. conditions the volume resistivity dictates the 
voltage distribution and the time constant for cavity charging becomes so 
long that discharges occur much less frequently than for equivalent a.c. 
conditions. Discharges will also occur under surge conditions, but they are 
much less onerous if they are unipolar. 'Figure 9 shows that if voltage 
reversals do not occur then the charge trapped limits the effect of the 
second and subsequent pulses in a serie~. which is demonstrated in the 
experimental data of Figure 10.-

Discharge repetition rates are principally dependent on voltage but 
magnitudes will also be determined by dimensions. The formation of by­
products in an internal cavity (such as oxalic acid in polyethylene) can 
markedly change the discharge performance by altering the cavity surface­
conductivity thus partially short-circuiting the cavity and reducing dis­
charge activity. A similar effect can occur with nonvented voids where the 
increase or gas pressure enhances the discharge inception voltage with time. 
In addition to creating a long term aging problem partial discharges 
constitute an electrical loss process which may be detected by an integrated 
measurement such as the loss angle determination shown in Figure 11. 

Electrical Treeing 

A second and important case of partial discharge is that of electrical 
treeing. In highly non-uniform fields, such as those obtained at sharp 
protrusions, discharges may be initiated and will propagate in a series of 
steps like those shown in Figure 12. Tree initiation is often ascribed to 
the formation of microcracks in the high field region. Such cracks may be 
the result of processing or formed as a consequence of stress application. 
Figure 13 shows that there are a number of regions which may be identified 
for tree initiation depending upon the stress. In void free materials 
discoloration, chemical changes and light emission have been observed prior 
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to tree inception indicating energetic processes are occuring as the result 
of charge injection from an electrode (or extraction of trapped electrons in 
the bulk). Such injection of electrons can give rise to space charges which 
will modify the subsequent inception and growth of trees as indicated in 
Figure 14 for polymethylmethacrylate specimens. 

As in the case of water trees, attempts to combat the phenomena have 
centered on control of processing and morphology since, in semicrystalline 
materials, channels may propagate along the boundaries between spherulites. 
The use of additives with high electron affinities (such as 2-nitro­
diphenylanine) to raise the inception voltage or to grade the local stresses 
has shown some encouraging results. 

Endurance of Industrial Insulating Systems 

It has become common practice to assess the expected life of electrical 
insulating systems by subjecting them to a predetermined electrical stress 
and measuring the time to failure as shown in Figure 15. Acceleration of 
electrical stress aging may be accomplished by several means. Elevated 
temperature and/or humidity level may be used as a multistress acceleration 
factor, but for a simple electrical test, voltage or frequency may be used. 
Great care must be exercised when using enhanced electric stresses since they 
may result in a different mechanism of failure such as a rapid chanelling 
(treeing) rather than a gradual discharge erosion. Acceleration at increased 
frequency provides more scope, but again there are problems if unrepresenta­
ti ve heating takes place or if the material's properties (eg. tan 6) are 
frequency dependent. Figure 16 is an interesting example which highlights 
differences in discharge behavior at two frequencies due to the fact that the 
charge relaxation time in a discharging cavity (Figure 17) becomes comparable 
with the period of the applied voltage. There is comparatively little known 
about the aging process under surge conditions except for treeing in highly 
non-uniform fields. 

Statistical Estimations of Life 

Many mathematical aging models have been based on an empirical aging law 
of the form Ent=C (constant) where E is the constant electric stress and t 
the time to failure. The exponent for organic insulation is typically in the 
range 2-6 and for micaceous insulation it is between 6 and 13. This law has 
wide applicability but often fails at very short time to breakdown. However, 
if it is recognized (Figure 18) that the empirical aging law is a special 
case of a more general expression which can be derived from reaction rate 
theory in terms of 3 material constants, E , T and n, it is also possible to 
extend such a model to predict life for a r~sing ramp of voltage. Comparison 
shows that the life is extended for such a test (n+ 1) times that for an 
equivalent constant sustained stress test. Furthermore mathematical aging 
models may be incorporated into extreme value statistics to predict the 
distribution of time to failure about the lifetime of the insulation. This 
approach is attractive since it assumes the insulation to be a series of 
hypothetical parallel links, the failure of which will depend on the strength 
of the weakest in the same way as a chain whose links form a series con­
nection (Figure 19). 
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Multi-stress Aging 

The problem of multi-stress aging can also be tackled mathematically. 
For example, Figure 20 shows that analogous expressions may be written for 
thermal aging (Arrhenius' Law) and for electrical stress aging (power law or 
exponential form). These may be combined to form a three dimensional aging 
surface. To allow for the aging characteristics at low electrical gtadieDts 
and modest temperatures a threshold stress, Es ' may be introduced below which 
no aging occurs. Such a threshold will be temperature dependent and yield a 
modified life surface as shown in Figure 21. 

Diagnostic Tests 

Endurance data, while valuable, will provide little insight into the 
mechanisms of failure which must often be determined in order to make 
informed design judgements. In some cases the progreSSion of failure may be 
tracked by appropriate chemical and physical characterization. 
Unfortunately, in many situations, the most useful diagnostic tools are 
destructive in the sense that they cannot be applied without sectioning etc., 
so that the assessment of the health of an insulating structure in situ still 
remains a tough challenge. 

Figure 22 indicates a range of chemical techniques which may be used to 
track electrical stress aging especially in polymeric materials. As an 
example, Figure 23 shows the application of gas chromatography to examine 
degradation in capacitor structures by analysis of the gases dissolved in the 
imp regnant after electrical streSSing of the composite dielectric. Of the 
physical techniques tabulated in Figure 24, scanning electron microscopy is a 
widely used research tool for assessing degradation, however, some of the 
electrical measurements do offer the chance to provide in-service 
assessment. Figure 25 shows an example of a pulse height analysis spectrum 
taken on a stressed epoxy resin system which indicates that there was a 
marked change in the aging trajectory (mechanism change) about 30 hours 
before failure. Such techniques, if appropriately instrumented, may provide 
some hope that the health of a critical insulation system could be monitored. 
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Figure 1. Electrical Stress Aging of Dielectric Materials 
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Figure 4: High Stress Aging in Si02 
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Figure 6. Examples of Water Trees in Crosslinked Polyethylene 
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Figure 7. Effect of Salt Solutions on Growth 
of Water Trees in Polyethylene 
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Figure 9. Effect of Insulation Time Constant in Inhibiting Discharges 
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Figure 11. Partial Discharges Detected in SRBP Bushing 
by Integrated Loss Measurement 
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Figure 13. Regimes of Treeing InitiatiQn in a Needle Test 
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Figure 1 7. Single and Multiple Discharges in a Cylindric~1 Cavity 
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Figure ·19. Weak-Link Failure 
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Figure 20a. Statistics of Multistress Aging 
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Figure 20b. Statistics of Multistress Aging (Cont'd) 
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Figure 21. Statistics of Multistress Aging 
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Figure 22. Chemical Characterization of Aging 
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Figure 24. Phy~ical Characterization of Aging 
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Figure 25. Corona Pulse-Height Analysis Spectrum as a 
Diagnostic Procedure in Epoxy Resin 
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DISCUSSION . 
• LANDEL: You gave right at the end two types of characterization, chemical and 

physical which, for example in the chemical, tells you what has happened. 
One has the same sort of problem in other aspects of PV materials. The 
kind of question one' is faced with, it seems to me, is if I know what has 
happened, how do I connect that to the electrical discharge? How do I 
connect that to the electrical breakdown? If I have the chemical means of 
characterizing the material or if I have the physical means, for example, 
I measure the dielectric response near the end, what does that mean? How 
do I use those then to characterize the actual behavior of the insulation? 

• 
NELSON: It usually means you are at the stable door after the horse has 

bolted. I regard those tests really as a means not of arresting the 
degradation as such but of providing the necessary information that would 
enable chemists and engineers to tailor their designs to avoid the 
problems they are portraying. 

LANDEL: Well, that is what we would like to say and that, I hope, is the 
direction we are going in, but what are we being told by these starts of 
experiments shown? In terms of the tailoring? 

NELSON: I think we have to talk about a specific example. If you take a 
specific example and look at a whole array of these tests you will, 
hopefully, be able to determine the physics and chemistry of what is going 
on. It is very difficult without taking a specific example. 

LANDEL: As far as the electrical systems are concerned, would you say there 
are cases where we do know how to tailor the material? Obviously, the 
water-treeing is not or otherwise people wouldn't be talking about it. 

NELSON: A lot of that work has resulted in the development of additives, 
which, as I have said, helps the matter. 

LANDEL: So in that sense, we will run into these sorts of problems in 
electrical insulation with the modules. But do you think that out of the 
work which has been done already on electrical insulation for other 
purposes, there are if not sufficient clues, strong indicative clues as to 
ways to get around them? 

NELSON: There are clues. I wouldn't say the problem was solved by any 
means. In the first group, I think the things you are going to be 
concerned with are the things that occur when there are no discharges, and 
the voltages you are dealing with are relative low. 3 KV or something on 
that order? 

ROSS: 1500 volts. 

NELSON: Well, I am in the right ball park. The problems you are going to get 
into, I think, are in the first category I mentioned. They are to some 
extent the same problems as are besetting the semiconductor industry. The 
permeation of water through polymers have already been discussed today. 
Those are the things that are going to be ~rtant to you, I am sure. 
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WHITE: When you first started your talk you talked about water-treeing also. 
Is the electrical treeing more predominant in ~he degradation of these 
polymers than in the water-treeing? Or do they go pretty much hand in 
hand or what? 

NELSON: It depends on the water that is present. This is a problem which has 
arisen in crosslink and low density and polyethylene and in ethylene 
rubbers in the cable industry where these things are buried in the ground 
and water is a problem. If the thing is not fairly well immersed in water 
then ,water-treeing is clearly not a problem. 

WILSON: Is there treeing seen in photovoltaic modules? 
. 

NElSON: I have no idea. You will have to ask the photovoltaic people. Maybe 
they have not looked for it. 

ROSS: We have not seen anything to date. We have had photovoltaic modules 
under test for about 4 years, between 2 and 4 thousand volts, and there 
has been almost no appreciable increase in leakage currents at all. 

NELSON: That is not necessarily a sign that water-treeing is not present. I 
am on slightly difficult ground, because there isn't agreement, but there 
is a school of thought that says these microvoids are in fact unconnected 
and so it is not a foregone conclusion that you would see change in 
insulation resistance just because a water tree was present. The only 
real way to do it is to section and stain and see if you can see anything. 
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ACCELERATED TESTING CRITERIA AND CONSTRAINTS 

FOR SPECIFIC POLYMER DEGRADATION MECHANISMS 

JET PROPULSION LABORATORY 
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Photothermal Aging of Stabilized EVA 

e PHYSICAL lOSS OF ADD ITIVES 

• PHOTOOXIOATION LEADING TO FORMATION OF HYDROXYL GROUP 

• THERMAL AGING LEADING TO FORr-.'ATlON OF ACETIC ACID 

• CROSSLINKING TAKES PLACE 
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Computer Simulation· 

COMPUTER SIMULATION OF THE 77°K ESR SPECTRUM OF PnBA SAMPUS 
IRRAD·IATED AT 77°K UNDER VACUUM. ACCUMULATED DOSAGE. 
~ 1000 LASER PULSES. RADIO·FREQUENCY POWER lEVEL, 1.0 mW 

______ - - OBSERVED 

-- SIMULATED 

0i
2 

C((:o) 0i
2 

I AND/OR 
I 
~.COOC4H9 
I I • 

L.....-....L-.l....' .L.-----J!~ ~ (COOR) ~ ()-l tCOORI-

",,----,----,-I ..;.: ..... I_.L..-~,~ ~ 2 CH 01
2
-

L..-----:-------"..--ow 
L ~2 Q-l (COC» ~f 

AND/OR 
-OCJi9 

262 



ESR Spectra of PnBA Samples 
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Spin Trapping- of Peroxy Radicals Generated on Photooxidation 
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Spin Trapping of Peroxy Radicals in Polybutyl Acrylate: 
Conclusions 

• SPI N TRAPPING IS POSS I BLE ONLY WHEN PEROXY RADI CALS 
ARE GENERATED ADJACENT TO A PBN MOLECULE 

• LONG TERM PHOTOLYSI S DESTROYS TRAPPED PEROXY RADI CALS 
VIA SECONDARY PHOTOLYSIS 

• DECREASED MOBILITY IS CONSISTENT WITH GRADUAL 
PHOTOOXIDATIVE CROSSLINKING OF THE POLYMER CHAINS 
LlNEWI DTH INDI CAfES PREDOMINANTLY MA IN-CHAI N 
PEROXY RADI CALS 

• ADDITION 0:= PBN DOES NOT SIGNIFICANTLY PERTURB THt 
PHOTOOXIDATIVE CHAIN 

267 



ESR Spectra of Peroxy Radicals in EVA Trapped With PBN Spin Traps 
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Spin Trapping of Peroxy Radicals in Pure EVA: Conclusions 

• fVA FORMS BOTH MAIN-CHAIN AND SIDE-CHAIN PEROXY RADICALS 

I. e. OXIDATION OF BOTH MAIN-CHAIN VA UNITS AND PE SEGMENTS 

• SECONDARY PHOTOLYSIS OF TRAPPED PEROXY RADICALS APPAFlENT 
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Controlled-Environment Reactor (CER) 

270 



FT-IR Absorption Signal of EMA 
, . 

FT-IR ABSORPTION SIGNAL OF EMA AT 
3530 em -1 AS A FUNCTION OF 

ACCELERATED AGING TIME IN CER AND 
EQUIVALENT OUTDOOR AGING TIME 

1. O,..------,-----r----:O'---,-----r---r-""T"""'1 

-I 
E 

0.5 
0.4 
0.3 

0.2 

0.1 

~ 0.05 
~ 

<: 
<t 0. 02 

0.01 

0.005 

0.001
1 

0.02 

5 10 50 100 
• ACCELERAlED AGING TIME (hrs) 

I I I I I I , 

0.25 0.5 1 2345 
EQUIVALENT OUTDOOR AG ING TIME (yrs) 

271 



Formation of (OHLas a Function of 
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DISCUSSION 

GUIILET: I have a coament. You mentioned the lifetime of peroxyradicals and 
I just want to remind you of what you already know. The lifetime of 
something that recombines in a bimolecular process is inversely 
proportional to the concentration. So, these lifetlines of 1 second. are 
only when you have very high concentrations of the radicals. We have 
experimental examples of the lifetimes of peroxyradicals in solution fram 
polymeric hydrocarbons, like EPA, which are of the order of hours. 

GUPTA: In solution? 

GUILLET: In solution. That is because you are looking at concentrations of 
10-6, 10-7 mo~s per liter which you can't detect in your ESR, but 
which we can detect by other methods. The fact that you couldn't trap 
them all in the experiment you used does not mean that they are not 
trappable. It means that before you could get the spin trap to it with 
that high concentration of peroxyradicals, the two peroxyradicals react 
with each other. You are looking at two competitive reactions. I 
wouldn't draw too fion a conclusion about the lack of the ability to trap 
the peroxyradicals in that particular experiment because of the very high 
concentration that you are generating in your pulse. 

GUPTA: Those results that you saw were not pulse. 

GUILLET: In any case, they are high-intensity. 

GUPTA: These were approximately 5 to 6 suns. Also, what I think is happening 
here is, instead of competition between trapping of the peroxyradicals 
with the spin ~rap we are seeing a competition between a trapping wi~h 
spin trap and hydrogen extraction. This is the competition that you want 
tCf'address for stabilization. I agree with you that lifetime in this 
sense can only be defined for a unllnolecular process. By a bllnolecular 
combination, lifetime would be concentration-depend.ent. However: if you 
have, for example, say 10-6 mols per liter and also let us say you have 
a solution, therefore a diffusion concentration constant, of say 1010 
liters per mol per second, and multiply all of them together you will end 
up with 10-12 tUnes lOY, 1010, so about 100 seconds. Is that what 
you see? t~at I tried to say here is that the encounter rates of the 
radicals seem to be dependent on se~nt mobility in same fashion that we 
still don't understand, as well as diffusion theory, as one knows. For 
example, as we crosslink the polymer we seem to slow down the main 
peroxyradicals. As you said, normally one would not expect that for low 
crosslink densities, but we do seem to do that. 

LEWIS: You had one graph up there where you were showing temperature and you 
were showing the peroxyradical concentration falling off until you got 
around 2700K, which is close to room temperature. You were saying 
teonination takes over. So what I was going to ask is: what is occurring 
at roam temperature? 

GUPTA: Right. At temperatures, in this case it is about 2l50 K, the radical 
concentration is teonination control, that is, you have the stand-off 
between propagation and teonination. You can calculate the radical 
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concentration by assuming given rates. What we are doing now is 
generating radicals directly by shining light into a cavity and in that 
case we could detect something like 10-12 mols per liter so we would 
have no problems getting signals. In this case, the reason we could not 
detect it is because we had to run from the radiation chamber to the 
cavity and it takes a couple of minutes. 

WHITE: You were talking about how precise the temperature had to be. 
I was curious: when you took your temperature radical concentration as a 
function of temperature, whether you were actually heating and measuring 
the temperature of your chamber in your ESR machine and increasing the 
temperature and then measuring the intensity. 

GUPTA: We increased the temperature. We have a thermocouple in contact with 
the sample. We would wait for a few minutes and measure the radical 
concentration. 

WHITE: So your temperature control is in the cavity? Or are you heating it 
up and then taking it and running to your cavity? 

GUPTA: No. The temperature control is in the cavity as well as the 
temperature monitor. It is one package. 

WHITE: The reason I was curious is I have done some work with PMMA and 
initial curing temperatures and they can actually change not only the 
first order of kinematics but the second order of kinematics as well. I 
was wondering if you had done any work in that sort of direction. 

GUPTA: I have done some work in PMMA. You must remember that PMMA is a 
glassy polymer at these temperatures.Th~re the rates are much slower. 
That is, the radicals would last much longer. In fact, hours. If you are 
interested I can give you a reference. We have done some work on these 
same lines in PMMA. 
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SESSION IV: EXPERIMENTAL TESTING FOR QUANTIFYING AND VALIDATING DEGRADATION 

L. D. RUNKLE (Olairman): This session is titled ''Experimental Testing for 
Quantifying and Validating Degradation." Before we get into that, I would 
like to recall that about 40 years ago the country was involved in the 
dawn of a new technology called radar and about that time hundreds of 
young men were processed through the radar school at Harvard to learn all 
about some new technology in vacuum tubes like pulse circuits, 
pulse-forming circuits, Schmidt triggers, magnetrons and those sorts of 
things which were not ~rt of the curriculum when we were growing up. 
Under the exigencies of war, it was pretty Unportant that the radars 
worked, and one of the more IIlE!lOOrable phrases frem Prof. Harry Stockman at 
Harvard at that time was "If the theory and the practice don't agree, to 
hell with the theory." Well, I think we have cane a long way in 
terrestrial photovoltaics but right now things have slacked off and we do 
not have a war that is pushing us so hard. However, frem what I have seen 
this mrning and at other sessions given in this Forum, we are making a 
strenuous effort to make the theory and the practice coincide and we will 
see how well we are doing with that this afternoon when we hear mre about 
the experimental testing that is going on. 

The first speaker this afternoon will be Chip Lee frem LaQue Center for 
<brrosion Technology. His; paper is on Field and Laboratory Measurement 
Techniques for Assessing <brrosion Degradation, and we will turn it over 
to him. 

279 





FIELD AND LABORATORY MEASUREMENT 
TECHNIQUES FOR ASSESSING CORROSION DEGRADATION* 

by 

T. S. Lee 
LaQue Center for Corrosion Technology, Inc. 

Post Office Box 656 
Wrightsville Beach, North Carolina 28480 

INTRODUCTION 

To characterize a material's corrosion behavior, it is important to conduct 
evaluations which yield meaningful results and have relevance to the anticipated 
service application. In this regard, corrosion tests must be designed with an 
appreciation of the factors which can be expected to influence the results of the tests 
as well as the factors which will influence service performance. With the current 
economic pressures to translate a development of a material into a practical 
application as expeditiously as possible, rapid assessment of corrosion behavior is often 
desired. Similarly, the desired utilization of existing materials in new applications can 
often identify a void in a corrosion behavior data base which must be quickly filled. 

Corrosion behavior of materials in marine environments can be assessed by tests 
either in the natural environment or in synthetic environments, with each approach 
offering certain advantages and disadvantages. The natural environment contains the 
corrosive elements as they naturally occur and requires no simulation. The 
disadvantage is that all natural marine environments are not identical and can change. 

A synthetic environment can be designed to offer selective control of certain 
components of the environment. The major disadvantage with a synthetic environment 
is that it may not accurately simulate the corrosive nature of the natural environment. 
Many researchers have worked to develop tests in synthetic environments which 
simulate corrosion behavior in natural marine environments. These tests often have 
been developed to accelerate the naturally occurring corrosion process to allow a more 

, rapid assessment. They have also been develop~d to allow laboratory researchers to 
more conveniently investigate corrosion phenomena. The following reviews some of 
the previous attempts at simulating natural marine environments for corrosion testing 
purposes and the factors which can affect corrosion behavior in marine environments. 

ATMOSPHERIC EVALUATIONS 

Simulated or Accelerated Environment Tests 

One of the first attempts to devise an accelerated test for evaluting durability 
of materials in atmospheric exposures was the development of an acid test'! ASTM 
Committee U (presently Committee A-5) reported in 1908 on the exposures of various 
irons and steels to a 20% H2S04 solution for one hour at 150 C. The test was later 
shown to be inadequate for assessing atmospheric corrosion resistance.2 LaQue3 later 
pointed out that the acid test placed emphasis on the corrodibility of the material and 

* Portions of this paper are excerpted from ·"Evaluating Corrosion Behavior of 
Materials in Marine Environments" by T.S. Lee and K.L. Money, Presented at the 
Institute of Environmental Science Symposium, Los Angeles, California, May 
1981. 
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did not take into account the protective nature of the developing rust film which is 
important in atmospheric exposures. Figure 1 summarizes test data which show the 
differences in behavior of steels when subjected to both the acid test and natural 
atmospheres. 

In recent years, salt spray or salt fog tests have been utilized as an accelerated 
means of assessing materials behavior of atmospheric evaluations. The technique of 
salt spray tests was originated by Capp4 in 1914. A number of problems have been 
encountered with these tests primarily due to factors in the test which influence the 
final results. These include the size and shape of the cabinet, the placement and 
orientation of the test specimens, the concentration of the salt and the pH and 
temperature of the salt spray. 

May and Alexander5 demonstrated the effects of some of these factors in their 
studies with iron-and zinc. Figure 2 shows the effect of specimen angle on corrosion 
of iron specimens in a 20% sodium chloride spray and in a synthetic seawater spray. 
The influence of the specimen orientation is most notable at angles less than 150 and 
around 900 • 

May and Alexander5 also demonstrated that the corrosive nature of salt spray 
particles settling on a specimen surface in a salt spray cabinet is not necessarily 
comparable to the conditions occurring in a natural environment. Figures 3 and 4 show 
the corrosion behavior of iron and zinc specimens tested in cabinets with sprays of 3% 
NaCI and natural seawater. These data are compared to the corrosion behavior of 
specimens exposed in a marine atmosphere (Kure Beach, N.C.) at a nominal distance 
from the ocean of 25 and 250 meters. While there is some similarity between 
performance of iron in a 20% NaCI spray and in the 25 meter test lot, if is the natural 
seawater spray which most closely parallels the behavior of zinc in the natural 
environments. The data clearly demonstrate the difficulties' in identifying a synthetic 
environment which will universally replicate behavior in a natural marine atmosphere. 

LaQue3 reported on a comparison of zinc and cadmium coated steel exposed in 
various salt sprays and in natural marine atmospheres. The data summarized in 
Figure 5 show that, while the cadmium coating is demonstrated to be superior to the 
zinc coating in all environments but the seawater spray, the relative difference in 
behavior varies with each environment. 

Standardization of the salt spray tests by ASTM has aided in enhancing the 
reproducibility but a direct correlation with natural environment tests is still not 
evident in all cases. ANSI! ASTM B117, Standard Method of Salt Spray (Fog) Testing6 
details the test procedures most likely to yield reproducible data.. The Standard 
includes a cautionary note on extrapolation of data to service conditions in recognition 
of some of the problems encountered: 

A.2.2 •••• It should be noted that there is seldom a direct 
relation between salt spray (fog) resistance and resistance 
to corrosion in other media, because the chemistry of the 
reactions, including the formation of films and their 
protective value, frequently varies greatly with the 
precise conditions encountered ••• 

In defining specific conditions where the test is not applicable, the Standard 
recognizes its limited utility for extrapolation to marine environments: 
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A.2.2 ••.• Method B117 is considered, to be most useful in 
estimating the relative behavior of closely related 
materials in marine atmospheres, since it simulates the 
basic conditions with some acceleration due to either 
wetness or temperature or both ••• 

With the lack of a universal ability to extrapolate all results to anticipate 
service behavior, the key to utilization of salt spray test data is in assessing the 
"relative behavior of closely related materials". The test can thus be useful in 
screening the effects of minor compositional variables on behavior of an alloy or in 
screening the effects of various parameters in some plating systems. 

In the case of evaluations of plating systems, two accelerated salt spray tests 
are often used. ANSI! ASTM B287, Standard Method of Acetic Acid-Salt Spray (Fog) 
Testing6 and ANSI! ASTM B368, Standard Method for Copper-Accelerated Acetic Acid­
Salt Spray (Fog) Testing (CASS Test)7 are suggested for use in evaluating performance 
of decorative chromium plating on steel or zinc-base die castings. 

Even with these accelerated tests, care should be exercised in extrapolation of 
data to anticipate service behavior. This was demonstrated by DiBari, et al.8 in 
evaluations of chromium-electroplated, decorative nickel and nickel-iron 
electrodeposits. Figure 6 compares the ASTM standard visual ratings (the higher the 
number, the better the performance) determined after exposures in the CASS test and 
in natural marine and industrial environments. Some agreement exists between the 
test results for the chromium-plated nickel electrodeposits, but there is no agreement 
for the nickel-iron electrodeposits. The CASS test results would predict a consider­
ably better performance than observed in the natural exposures. 

Natural Environment Tests 

While it may be difficult to develop representative and consistent synthetic 
environment tests, it is also difficult to clearly define a natural environment. Natural 
atmospheric environments are typically classified as marine, rural, industrial or some 
combination of the three. Within each of these environments, a given material can 
exhibit a wide range of behavior. This behavior can be related to variations in the 
environmental characteristics as well as to, variations in experimental techniques. 
Some consistency in results can be achieved through the use of standard experimental 
practices outlined in ANSI/ ASTM G-.50, Standard Recommended Practice for 
Conducting Atmospheric Corrosion Tests on Metals.6 However, variability in corro­
sion test results over long time periods can still occur if the corrosivity of the 
environment is changing. 

Several test programs have been conduMed to assess relative corrosivities at 
various locations over a finite time period.3,9-11 The use of calibration specimens to 
measure corrosivity can be traced to Hudson,9 who in 1943, established a ranking of 
environments based on the corrosion of wrought iron. Table I summarizes his findings 
and includes additional data by LaQue.3 Considering only the marine environments, a 
wide range of behavior is exhibited at several sites. While both sites are classified as 
marine, the 25 meter atmospheric lot at Kure Beach, North Carolina, is over fifty 
times as corrosive for wrought iron than is a site in Singapore. 

Calibration tests of the type begun by Hudson have continued at the LaQue 
Center for Corrosion Technology test sites at Kure Beach.l 2 Figures 7 and 8 show 
corrosion rates measured annually since 1949, for iron specimens exposed for one 
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year increments in the 25 and 250 meter lots respectively. These tests have provided 
a continuing basis for defining the corrosivity and show a slight decline in corrosivity 
of the 25 meter lot and relative stability in the 250 meter lot. The observation in the 
25 meter lot has been attributed to a decline in the measured atmospheric chloride 
content as shown in Figure 9.12 This appears to have occurred due to the increasing 
size of sand dunes between the 25 meter lot and the ocean which would have the 
effect of shifting the maximum chloride content in the atmosphere to a somewhat 
higher elevation. This is consistent with previous observations13 on the effect of 
elevation on corrosion of carbon steel and a low alloy high strength steel as shown in 
Figure 10. The maximum rate observed was related to a zone of maximum chloride in 
the atmosphere as it is swept upward by the prevailing winds from the sea. 

The ability to monitor key environmental parameters can provide a basis for long 
term correlations with observed corrosion behavior as well as enhance the under­
standing of atmospheric corrosion processes. In addition to atmospheric chloride 
content, other environmental factors influencing corrosion in marine atmospheres are 
temperature, sunlight, wind and moisture. 

The temperature of a metal surface does not necessarily represent the prime 
controlling factor in a corrosion process but is related to other factors such as 
presence of moisture and extent of sunlight. Grossman14 has related increased 
corrosion as a function of increasing surface temperature during periods of wetness of 
the metal surface. Monitoring time of wetness of a test specimen can prove valuable 
in assessing atmospheric corrosion behavior. While some experimental difficulties 
must be resolved, progress has been made by researchers10,14 in establishing experi­
mental techniques which measure wetness at a level which can be correlated with 
corrosion rates. The degree of wetness on a specimen surface will be strongly 
influenced by both the extent of sunlight and the nature of prevailing winds. 
Additionally, the extent of sunlight will affect the performance of coatings and some 
non-metallics. Table 2 summarizes solar radiation which is monitored·at Kure Beach, 
North Carolina,' and indicates the high intensity of radiation during the spring and 
summer months. Figure 11 shows the distribution of prevailing winds during a typical 
year at Kure Beach, North Carolina. The series of wind roses shows that during .. the 
spring and fall months, winds are predominately from the ocean (NE to SE). 

These factors can lead to variations in corrosion rate from side-to-side on 
specimens where the groundward side of the specimen does not receive the same 
degree of washing and drying as does the skyward side. Larrabee15 has estimated that 
60 percent of corrosion occurs on the groundward surfaces while 40 percent occurs on 
the skyward side in an industrial environment. Recent tests in marine atmospheres 
have indicated that initial formation of corrosion products occurs at slightly ,different 
rates on the groundward and skyward sides of steel specimens. However, after 6 
months duration, the corrosion rate difference between the two sides was negligible 
(Figure 12). The slightly higher initial rates on the skyward side can most likely be 
attributed to the erosive effects of sand and perhaps a greater degree of wetness from 
salt spray. 

As previously indicated, corrosion tests in natural atmospheres are also subject 
to variability from experimental technique. While this can be minimized by applica­
tion of appropriate standard techniques, there are some variables which' can signifi­
cantly influence the measured materials performance. These include but are not 
limited to specimen orientation and time of exposure. 
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The long term calibration tests at Kure Beach (Figures 7 and 8) have involved 
vertical exposures of the wrought iron specimens. This procedure is subject to greater 
experimental variability than the standard 300 angle recommended by ASTM. LaQue3 
has reported (Table 3) a greater severity of corrosion of vertical specimens as 
compared to specimens at 300. He attributed this to the formation of a less 
protective and non-uniform corrosion product in the vertical exposures. This obser­
vation has also been made in recent tests at Kure Beach, North Carolina. Figure 13 
shows the corrosion behavior of wrought iron specimens exposed in the 25 and 250 
meter lots. The less severe environment in the 250 meter lot has shown less 
difference between the corrosion rates as a function of specimen orientation. 
Similarly, in less severe rural and industrial environments a relatively small difference 
in corrosion rate as a function of specimen orientation has been observed (Figure 14). 
This shows the difficulty in extrapolating a conclusion derived from one natural 
environment test to all other natural exposure conditions. 

The two time factors which would be expected to influence materials per­
formance are the time of exposure and the total duration of test. The time of 
exposure is critical in that the prevailing environmental conditions (wind, temperature, 
wetness, chloride level, etc.) during the initial stages of corrosion can have a profound 
influence on the long term corrosion behavior. This is particularly true for zinc as was 
observed by Ellis l6 as shown in Figure 15. Similar effects have been shown for steel 
and irqn,16,17 but the degree of variation does not seem to be quite as severe or 
necessarily as protracted as with zinc. 

Figure 16 shows short term data for carbon steel exposed in the atmospheric test 
lots at Kure Beach over the period of one year. While the corrosion rate data do not 
directly correlate with the chloride measurements, other unmeasured factor~ such as 
time of wetness, would have influenced these rates. Guttman and Sereda1 showed 
good correlations between the prevailing environmental conditions which were 
monitored (time of wetness, sulfur dioxide; temperature) and corrosion rates of steel, 
copper and zinc during the first month of exposure at several locations. In some cases, 
these correlations existed for longer term exposures also. 

Given the practical limitations of the number of specimens which can often be 
exposed, care must be exercised in exposing specimens at nominally the same time 
each year while closely monitoring the environmental conditions during the early days 
of exposure. Exposure duration should be sufficiently long to a!low some averaging 
effects of environmental conditions, but, as with· the case of zinc specimens, 
consideration should be given to exposures during at least two times of the year when 
environmental conditions typicaUy are at extremes. Care should then be exercised in 
attempting to extrapolate these data to the performance of materials exposed at other 
times of the year. 

SUMMARY 

Marine environments are complex media and can influence the durability of 
materials in different ways. The use of synthetic environments or accelerated tests 
should be approached with caution given the multitude of factors which can influence 
the outcome of the evaluations. If correlations are established between test results in 
synthetic and natural environments for a given material, care should be exercised 
before automatically applying the same test to other materials or alloy systems. 
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Table 1. Relative Corrosivities of Various Atmospheric Environments 

AVERAGE 
WEiGHT LOSS OF 
IRON SPECIMENS 

TYPE OF IN ONE YEAR- RELAnVE 
LOCAnON ATMOSPHERE (MGlcM2) CORROSIVITY 

KHARTOUM, SUDAN DRY INLAND 0.08 

SINGAPORE TROPICAL MARINE 0.69 9 

STATE COLLEGE, PA RURAL 1.90 2~ 

PANAMA CANAL ZONE TROPICAL MARINE 2.28 31 

KURE 8EACH, NC MARINE 2.93 38 
(2~0 meter lot> 

KEARNY,NJ INDUSTRIAL 3.92 n 

pmS8URGH, PA INDUSTRIAL 4.88 " 
FRODINGHAM, UK INDUSTRIAL 7.SO 100 

DAYTONA 8EACH, FL MARINE 10.34 138 

KURE 8EACH, NC MARINE 3~.68 4n 
(2~ meter lot> 

- Tests conducted m the 1940's. 

Source: LaQue, F.L., Corrosion Testing, Proceedings of ASTM, Vol. ~I, p. 49~, 1"1. 

Table 2. Typical Solar Radiation Monitored at Kure Beach, SC 

TOTAL INTENSITY 
DURATION RADIA nON OF RADlAnON 

MONTH (HOURS) (callcm2) 

JANUARY 318 73" 

FEBRUARY 312 8310 

MARCH 374 11902 

APRIL 381 13697 

MAY 320 IUOO 

JUNE 400 U~ 

JULY 414 14461 

AUGUST 386 1427~ 

SEPTEM8ER 337 10073 

OCTOBER 334 103U 

NOVEMBER 281 4870 

DECEM8ER 288 ~" 
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Table 3. Comparison of Atmospheric Corrosion Rates 
of Steel Exposed Vertically and at 30 deg 
From Horizontal After One Year 

RATE OF CORROSION RATE 
LOCATION VERTICAL/JOO 

KEARNY, NElli JERSEY 1.2~ 

VANDERGRIFT, PENNSYLVANIA 1.26 

SOUTH BEND, PENNSYLVANIA 1.20 

2~ METER KURE BEACH LOT 1.41 

2~ METER KURE BEACH LOT 1.2~ 

Figure 1. Comparison of Steels Exposed in the Acid 
Test and in Natural Atmospheres 
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Figure 2. Effect of Specimen Angle on Corrosion of Iron 
in Salt-Spray Cabinets Using Synthetic Sea 
Water and 20% Sodium Chloride Solutions 

5 .-
N 
E 4 , - - - - - - - - - - \ 20·/. Na CI u , 

....... I \ 
." I \ E 

:3 , - I en 
en ' SYNTHETIC I 
0 

2 SEAWATER I 
..J 
~ 
J: 
(!) 

l£J 
~ 

00 40 80 120 160 

ANGLE OF SPECIMEN 
FROM HORIZ ONTAl 

Figure 3. Comparative Behavior of Iron Exposed in Marine 
Atmosphere (25 and 250 m From the Ocean) 
and in Sprays of Natural :$ea Water and 3% 
and 20% NaCI 
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Figure 4. Comparative Behavior of Zinc Exposed in Marine 
Atmosphere (25 and 250 m From the Ocean) 
and in Sprays of Natural Sea Water and 3% and 
20% NaCI -
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Figure S. Comparison of Performance of Zinc and Cadmium Plating 
in Salt-Spray Tests and Marine Atmospheres; Coatings 
Were O.OOS m Thick on Specimens in Salt Spray Tests, 
Only 0.001 Thick in Marine Atmospheric Tests 
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-Figure 6. Comparisol'1 of P~rform~nce Of Chromium-Electroplated 
Nickel and Nickel-Iron Electrodeposit$ jn 4-h CASS Test 

--and 5 mq Exposed in Industrial and Marine Environments 

~ 
o 

••• 
• • 

23466189 

ASTM PERFORMANCE RATINGS 
AFTER CASS TEST1NG 

o MARINE (NICKEL) 
~ INDUSTRIAL(NICKEU 
•. MARINE (NICKEL-IRON) 
.. INDUSTRIAL (NICKEL-IRON) 

292 



Figure 7. Corrosion Rate of Iron Calitlration Specimens Exposed 
Vertically in 25-m Atmospheric Lot at Kure Beach for 
1 yr Over the Period 1949 to 1979 

/000 

25 m LOT ONE YEAR 

800 
... 
>. ..... 
E 
:3-

- 600 w 
~ 
« 
IX: 

z 
0 400 -en 
0 
IX: 
IX: 
0 
<..> 

200 

OU-____ ~ ______ ~ ____ _L ____ ~ ______ L_ ____ ~ 

1949 YEARS 1979 

Figure 8. Corrosion. Rate of Iron Calibration .Specimens Exposed 
Vertically in 250-m Atl1'ospheric Lot at Kure Beach for 
1 yr Over the Period 1949 to 1979 
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Figure 9. Average Annual Chloride Levels in 25-m and 250-m 
At.mo$pheric Tests Lots at Kure Beach 
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Figure 10. Effect of Elevation Above Sea Level on Marine Atmospheric 
Corrosion Behavior of Carbon Steel and -low-Alloy High"­
Strength Steel (26 mo Exposure) 
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Figure 11. Distribu~ion of Wind Direction and Intensity 
During Typical Year 'at Kure Beach 
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Figure 1 2. Comparative Corrosion Rates of Skyward and Groundward 
Sides of Iron Specimens Exposed for 3 and 6 mo in the 
25-m Atmospheric Test Lot at Kure Beach 
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Figure 13. Comparison of Corrosion Rates in 25-m and 250-m Atmospheric 
Test Lots at Kure Beach for 'Iron Specimens Exposed Vertically 
and at 30 deg From Horizontal for 1 yr 
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Figure 14. Comparison of Corrosion, Rates in Rural and Industrial 
Environments for-Iron Specimens Exposed Vertically 
and at 30 deg From Horizontal for 1 yr 
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Figure 15. Weight Loss vs Time for Zinc Specimens 
,Started in Test on Different Dates 
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Figure 1 6. Comparison of Corrosion Rates of Steel Specimens 
Exposed for 1 mo at Kure Beach Over 1 yr With 
Atmospheric Chloride Content 
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DISCUSSION 

POCIUS: Is the ASIM coomittee that is working on the standardization of the 
salt-spray test proposing a certain specific angle that painted panels 
should be oriented to with respect to the salt spray? Have they made a 
decision yet or is it coming to a decision? 

LEE: I am not sure I can answer your question. I believe there is an angle 
specified in the standard ASlM test. The problem arises fran what is the 
appropriate angle in the test to yield data that is representative of 
actual service performance. That is the second step. We don't use a 
salt-spray test so I am not all that famdliar with all the specifics. 

SPOTTS: First of all, I am interested in how you define corrosion rate and if 
it is defined consistently throughout the tests? Secondly, why do you 
feel that you have such a difference in relative ranking between Singapore 
and the Carolina coast? 

LEE: Well first, in all the data I have shown you, we were using a mass 
loss. Just a weight loss of the test panel. In the case of sequential 
data points, there were separate specimens used for each exposure duration 
removed from tests; corrosion products removed any of the remaining weight 
determined. That is the standard accepted criterion for uniform or 
general corrosion. If you are dealing with localized corrosion then you 
have to look at other parameters. Weight loss can be very misleading but 
in the case of steel that is acceptable. As far as the relative ranking 
between Carolina and Singapore is concerned, I would assume that at the 
t~ those tests were conducted in the 1940s there must have been either 
lower time of wetness or less chloride. I honestly don't know where in 
Singapore the tests were conducted. You can see the tremendous difference 
just going from 20,000 meters to 250 meters away from the Atlantic Ocean. 
The Singapore exposure site could have been a mile inland but I don't know 
that detail. 

CUDDIHY: You said earlier that moisture must be present for corrosion to 
occur. fu you mean by that as vapor or as liquid-phase? 

LEE: Corrosion can occur with moisture in the vapor phase. The extent of 
corrosion and the exact mechanisms will vary depending on the amount of 
moisture or electrolyte that can occur. But if you have a vapor phase 
then you will have some fi~ of moisture on the surface. 

CUOOIHY: So it is a condensed phase in equilibriun with the vapor but it is 
the liquid phase that is the requirement? 

LEE: That is right. The electrolyte. 

SCOLARO: I heard you mention something that I have not heard before. That is 
biological corrosion. Maybe you can't answer it but I wonder if anyone 
else in the roam knows any more about this, because it seems that is 
something nobody has really mentioned before. I have no idea how 
significant it is. 
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LEE: Fran an atJoospheric corrosion standpoint, I suppose you have to look at 
it as materials degradation rather than necessarily calling it corrosion. 
I think there has probably been a fair amount of work on that. 

SCOLARO: Incidentally, one of our field tests in Hawaii has had significant 
mildewing problems that have degraded the performance significantly. 

LEE: I was going to mention that fact. I think it was Neil Frick that 
showed the lDuisville, Kentucky site as their mildew test site. So there 
are data available on effects of different biological species on materials 
degradation, including concrete. One of the activities under way in the 
corrosion community is in aqueous systems. The presence of biological 
species in process cooling waters, st~lating crevice corrosion, is a 
subject of great interest. In our work in sea water in our lab we have 
attempted to look at temperature as an accelerant for studying crevice 
corrosion in sea water (crevice corrosion in stainless steels). We found, 
10 and behold, that when we increased temperature in a synthetic sea water 
environment fran 2SoC or 300C up to SOOC we did indeed see greater 
rates of crevice corrosion. Performing the same test in natural sea 
water, we saw essentially a reduction in rate of crevice ~orrosion when we 
increased the sea water temperature to SQOC. The only difference 
between the two environments is the organic content and the biological 
content. We believe fran what we have seen in subsequent work that there 
is a bacterial participation in the oxygen reduction reaction that occurs 
on the cathodic surfaces that enhances corrosion rates in ambient­
temperature sea water. When you accelerate or increase the temperature to 
a point sufficient to kill that biological component, you do indeed reduce 
the rate of oxygen reduction and shut down the crevice corrosion process. 
There has been a growing amount of evidence to indicate that bacteria can 
influence corrosion behavior directly • 

KLEMCHUK: I would like to just comment a little bit on the organism growth on 
plastics. Not too long ago we made the observation that certain specimens 
caning fran long-term outdoor aging in Florida had spOtty, dirty-like 
behavioc on the surface and yet we also noted that certain formulations 
that were particularly well stabilized, containing highest levels of 
stabilizer, and had the highest physical integrity, on subsequent testing 
had in fact no dirt growing on the surface. Fbrtunately we had a person 
in our laboratory who had some familiarity with biological materials and 
he looked at the surfaces with an electron microscope and found that in 
the samples that were dirty there were organisms growing there, fungi of 
various kinds and so on. This has led us now to hypothesize that samples 
that are well stabilized and maintain surface integrity over long periods 
of tine don I t have a foothold for organisms to get· started. But those 
samples that are undergoing photodegradat ion , where the surface is 
becaning eroded gradually, do have locations for lOOisture to be trapped 
and for organisms to settle and they do settle in those, and result in 
actual additional deterioration on their own. 

LEE: It would seem logical to apply sane of the sea-water experience in which 
antifouling paints are used to prevent biofouling attachment. However, in 
addition to the macro fouling or large biofouling species, you do have a 
problem with adcrofouling and surface roughness has been shown to 
influence the rate of microfouling. A SIlDOther surface will have an 
inherently longer tine before it micro fouls or attracts the slime film. I 
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was not aware of the atmospheric experience like that but it would seem 
logical. 

GUILLET: we can confirm the statements about the degradability of polymers 
after they are oxidized. We did a number of extensive experiments on 
photooxidized polyethylene and were actually able to identify 10 separate 
types of bacteria which happily used polyethylene as their only source of 
carbon. FUrthermore, I have had reports from fishermen in Norway who have 
pulled up polyethylene floats that were at 2000 meters, or something like 
this, and apparently there were an1rnals or bacteria or something at that 
level that chew away on even unoxidized polyethylene. Clearly, these 
bacterial and biological mechanisms cannot be ignored completely. 
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PHOTOTHERMAL CHARACTERIZATION OF 
POLYMERIC ENCAPSULATION MATERIAL 

JET PROPULSION LABORATORY 

R. Liang 

Major Modes of Degradation 

• LOSS OF STABILIZERS 

• PHOTOTHERMAL OXIDATION 

Objectives 

• STUDY MECHANISMS OF DEGRADATION 

• DETERMINE MATERIAL RESPONSE TO DEGRADATION 

• RANK AND SCREEN MATERIALS 
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Materials Tested 

e POTTANTS 

• ETHYLENE VINYL ACETATE (EVA, SPRINGBORN A9918) 

• POLY VINYL BUTYRAl (PVB, MONSANTO SR-llI 

• ETHLENE METHYL ACRYLATE lEMA, SPRINGBORN A13404) 

• ALIPHATIC POLYURETHANE (PU, DEVELOPMENT ASSOCIATES INC. Z-259U 

• POlY-n-BUTYl ACRYLATE (PnBA, SPRINGBORN Al3870) 

• SILICONE (RTV, GENERAL ELECTRIC RTV61S) 

• FRONT COVER MATERIALS 

• KORAD (XCEL 212R) 

• TEDLAR (DUPONT, 100 BG 30 un 

• ACRYLAR (3M-PMMA, X-22416 AND X-224l7) 

• UV SCREENING ACRYLIC FILM (JPl DEVELOPED) 
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Controlled Environmental Reactor (CER) 

o HIGH UV ACCELERATION 

o HIGH TEMPERATURE CAPABILITY 

o PRECI SE TEMPERATURE CONTROL 

o SIMULATED RAIN AND FOG 

o OXYGEN AND NITROGEN ENVIRONMENT 

" LOW COST 

oREAL TI ME OUTDOOR VAll DATI ON 

Problems Associated With UV-Screening Front-Cover Film 

o LOSS OF UV-SCREENING CAPABILITY 

o INDUCED DEGRADATION TO PARENT POLYMER VIA SENSITIZATION 

UV-Vis Transmittance Spectra of Korad as a Function 
of Photothermal Aging in Air at 6 suns and 85 0 C 
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UV-Vis Absorbance Spectra of Tedlar UTB-1 00 
Before and After 30 Days of Aging in CER 
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FT-IR Absorbance Spectra of Tedlar UTB-1 00 
Before and After 30 Days of Aging in CER 
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, Aging Behavior of Acrylar in the CER 
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FT-IR Spectrum of Acrylai', CER-Aged 255 days 
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Properties Monitored 

• OPTICAL TRANSMITTANCE 

• WEIGHT LOSS 

• SWELLING 

• TENSILE MODULUS 

• CHEMICAL CHANGES (FT-IR, HPLC, ETC.) 

Change in Transmittance at 400 nm of A-991 8 EVA Film as a 
Function of Photothermal Aging at 6 suns and 10SoC 
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Change in Transmittance at 400 nm Of A-9918 EVA Film as a 
Function of Photothermal Aging at 6 suns and 105 0 C 
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Transmittance Spectra of EVA-Sunadex (135°C, Dark Oven) 
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Transmittance Spectra of EVA-Sunadex (135°C, 6 suns) 
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Transmittance of EVA-Sunadex 
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Modulus and Crosslinking Density of EVA as a Function 
of Photothermal Aging at 135°C and 6 suns 

SAMPLE MODULUS (psi, 5% STRAIN) CROSSLINKING DENSITY 

CONTROL 1015 5.6 x 10-6 

1 wk 580 7.1 x 10-6 

2 wks 595 33.8 x 10-6 

4 wks 661 72.8 x 10-6 

6 wks 864 98 x 10-6 
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EVA-Sunadex (135°C, Dark) 
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EVA: No Cover (135°C, 6 suns) 

.. 
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2. 0 WEEKS 4.0 WEEKS 
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EVA-Su·nadex (135°C, 6 suns) 
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Transmittance Spectra of PV8-Sunadex (135°C, Dark Oven) 
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Transmittance Spectra of 'EMA-Sunadex (135 0 C, 6 suns) 
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PVB-Sunadex (135°C, Dark) 
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PVB-Sunadex (135°C, 6 suns) 
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Weight Loss of PVB at 135°C 
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Modulus, and Crosslinking Density of PVB as a Function 
of Photothermal Aging at 1 35 ° C and 6 suns 

SAMPLE MODULUS (psi, 5% STRAIN) CROSSlI NKI NG DENS lTV 

CONTROL 348 4.8 x 10-4 

1 wk 638 8.9 x 10-4 

2 wks 2610 11.8 x 10-4 

4 wks 3920 16.0 x 10-4 
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EMA-Sunadex (135°C, Dark) 
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EMA-Sunadex (135°C, 6 suns) 
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Weight Loss ot EMA at 1 35 ° C 
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Modulus and Crosslinking Density.of EMA as a Function 
of Photothermal Aging at 135°C and 6 suns 

SAMPLE MODULUS (psi, 5% STRAIN) CROSSlINKING DENSITY 

CONTROL 3567 1. 9 x 10-4 

1 wk 3016 1.1 x 10-4 

2 wks 2871 0.8 x 10-4 

4 wks 2552 1.0 x 10-4 
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Transmittance Spectra of PnBA-Sunadex ('135°C, 6 suns) 
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PnBA: No Cover (135°C, 6 suns) 
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PnBA-Sunadex (135°C, Dark) 
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DISCUSSION 

QUESTION: Are the temperatures that you report at 6 suns actual sample 
temperatures or chamber temperatures? 

LIANG: These are actual sample temperatures. On every individual sample we 
have a thermocouple. 

QUESTION: Shielded thenmocouple? 

LIANG: Yes. 

arm: I was just wondering if you ran any other tests on FNA but 1350 C? 

LIANG: Yes, we have run a whole series of FNA from 550 C all the way up to 
1350 C. 

OTT:H: So you were able to generate, or could if you wanted, a degradation 
rate for discoloration for FNA then? 

LIANG: The discoloration of FNA turned out to be a little bit different. The 
weight loss seems to be OK. We can extrapolate in terms of' temperature. 
The discoloration, as I mentioned earlier, involves not only the 
temperature but the photoreaction as well. As long you are involving only 
the temperature, you can always extrapolate by Arrhenius plot, which is 
rather straightforward. The problem is, whenever you are involving same 
chemical reaction, then the acceleration factor in the photon comes into 
effect and we are still validating that. 

WHITE: You mentioned that there were different basic types of cover 
materials. You mentioned material available from industry and JPL 
material. I was wondering what the cost relationship was between the JPL 
material and the industrial materials? 

LIANG: I camot put a price on the JPL develoJXIlent material. The material we 
developed is basically a copolymer of methyl methacrylate ~) with a 
polymerizable UV stabilizer. The cost of the material is incurred in the 
synthesis of that polymerizable material. Of course the MMA is relatively 
low-priced and that will not be a problem. 

HUTTEMAN: When you ran your heat experiments with UV-incorporated compounds 
in the polymers, did you take into consideration or check at all to see if 
you underwent some roorphological change of the UV compound? If you did 
you would lose your cross-section capturing power of your UV compound and 
your absorption would go down tremendously and transmission go up. 

LIANG: Do you mean have we looked for morphological change? 

HUTTEMAN: Have you checked to make sure that the W compound has not gone 
from a solution or a dispersion in the polymer to a crystalline compound? 

LIANG: We have not checked that. We just looked for transmission character­
istics of the material. 
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HU'ITEMAN: You might be undergoing a IIDrphological change. 'The second 
question I have is, when you ran the heat experiments and saw yellowing, 
did you run a control along with them without incorporated UV? Are you 
sure the UV compound is the one that is degrading and giving you the 
yellowing? 

LIANG: We have run the pure PMMA without W screener. We did not run a full 
spectrum of compounds with no W stabilizer. But we did not detect any 
changes in pure PMMA. 

HlJITEMAN: OK. 

LIANG: On the IIDrphological change, we have also monitored the weight loss on 
these thin films and there seems to be a correspondence in t~rms of the 
gradual weight loss on these thin-fibn materials. So that gave us a very 
good feeling that we are indeed losing sane material. 

GUILLET: How did you measure your crosslink density? 

LIANG: We did swelling tests. 

WILSON: May I see the data on Tedlar W screening fibn? While you 
are getting that out let me mention the fact that W screening agent is 
not a stabilizer. That fibn, 100BG30UT, was developed to protect 
substrates under it. I believe you said you found some initial changes, 
but you didn't see any IIDre changes. I would like to get a copy of that 
to have some of our people look at it. I have a suspicion of what is 
happening. Let me ask another question. Did you check to find out? 
There are two ways that one can conceive, three counting the 
crystallization, but there is also the possible reaction of same material 
which is screened, with which the W initiates a reaction and it 
disappears, or it changes chemical species. Did you look into that? 

LIANG: . We did not look into that because we do not know the UV screening 
stabilizer. NOw if you can provide me some of that information I will be 
happy to do it. There are indeed two reactions associated with this. We 
actually run Tedlar at various temperatures trying to get an overall 
activation energy and it turns out to be somewhere between 12 and 13 
kilocalories, per mol. If you look at that typically physical reaction, 
you are looking at less than 10 kilocalories per mol. This is right on 
the borderline, but seems to be a little bit high for physical leaching. 
It is conceivable that there could be a photochemi,cal reaction taking 
place which is depleting the material, rather than just physical leaching. 

WILSON: I can only say, don't assume that it is exuding and disappearing. 
That may not be correct. I don't recognize the designation of ,this Tedlar 
from the UTBlOO and I would like to have our people look at the 
fingerprints and see what it is like. You also mentioned an acrylic fibn 
which you irradiated on one side. Tb what did you attribute the changes 
in this surface? 

LIANG: Let me answer that question in general. Typically if you are trying 
to disperse some UV absorber in a polymer and trying to stabilize it by 
merely providing some sort of screening effect, you will always run into 
same problem on the surface. Let's say you are putting in 5% stabilizer, 
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on the surface you still have 95% of the unprotected polymer and only 5% 
of the stabilizer. So on the back of the fibn, the polymer has the 
benefit of the protection of the screening but 95% of the material on the 
surface will not be protected. That is why surface degradation precedes 
bulk degradation. The acrylic fibn that I mentioned to you earlier is a 
polymethyl methacrylate (PMMA) fibn, supposedly pure PMMA not degradable 
in the outdoors. We have shown in our chamber that PMMA does not 
degrade. The reason why we think this particular acrylic fibn is 
degrading is that whenever we try to introduce chemically the UV absorber, 
we are simultaneously introducing a weak link into the PMMA backbone. 
Chemically, it is called tertiary hydrogen. What we did was, we developed 
a vinyl derivative of the UV' absorber and we copolymerized onto a PMMA 
backbone and the problem with the vinyl group is that you are introducing 
a vinyl tertiary hydrogen which was not previously present in pure PMMA, 
and we believe this is the weak link in the material and that is more 
susceptible to an oxygen attack leading to photooxidation. 

WILSON: Have you considered morphological changes in the fine structure of 
the fibn surface which can happen irrespective of any chemical changes? 
If not, it might be something to look at. 

LIANG: Yes. In fact, morphologically you can do a surface analysis. For 
instance, one can measure the contact angle, the wettability, as a 
function of aging time. If the material is getting rougher, for instance, 
you will see a decrease in the contact angle. We have tried various 
solvents with different polarity and we have found that indeed the 
material may be getting rough but that roughness alone cannot explain the 
extent of changes in contact angle. Therefore, there must be a polarity 
change on the material surface as well. We are, at the same tllne, as 
you III hear from various speakers, tryiflg~- to develop photoacoustic 
techniques which are a lot more sensitive in picking up this 
photooxidation. We are going to take this fibn down there and subject it 
to a photoacoustic test and see if we can pick up the hydroxyl group, 
therefore more definitively pinpoint the photooxidation. 

WILSON: This 'film here--how long would you say it would protect something 
under it? 

LIANG: If it was only a thermal-activated reaction, it would be a simpler 
test. You can always use the Arrhenius plot, take the energy activation 
and extrapolate it. But if it is not, then it would be a completely 
different story. If you are assuming an activation energy of 12 
kilocalories and you extrapolate it to 250 C, you can easily get 7 to 10 
yearls screening lifetline out of it. You can extrapolate it by Arrhenius 
relationship. 

WILSON: If that is indeed 100DG30UT Tedlar, there are hundreds of 
installations of materials which are affected by UV screening which have 
been out from 8 to 12 years in which the film'has continued to protect it 
quite well. That is why I would like to have some of our people look at 
the fingerprints. 

LIANG: Sure. Again, I want to say we are only looking at the 
relative behavior of materials. Absolute lifetime would have to be 
determined and that is what we are doing. Absolute lifetime prediction 
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must be based on particular reaction mechanisms. Again, as I said, if it 
was only th~rmal it would be straightforward to do. 

KETOLA: Although in the talk this morning it was llnplied that exposure in the 
CER was directly translatable to exposures to outside on the same scale; 
it was linplied that there was a linear relationship. Now you are saying 
it is not. 

LIANG: Let me remind everybody here that whenever you try to validate 
accelerated testing you have to keep in mind it is process- and material­
specific. This morning what Ami Gupta showed is a photooxidation 
specifically applied to EMA. It is a photoreaction, so therefore when we 
calibrate--let's say we do 6 suns--we know we are accelerating 6 tUnes on 

, the photon flux. We know exactly the reaction mechanism at that point. 
When you are talking about a reaction which involves both thermal and 
photons, now that is a completely different story. You have to be 
specific in that. Again, like I said, if it is a sllnple thermal reaction, 
it is easy, you use an Arrhenius plot and you extrapolate it out. When 
you involve photons together with thermal, now that is a completely 
different thing. That is the reason why I said it is not exactly the same. 

QUESTION: Is the exposure of the EMA film only at 6 suns and at room 
temperature, or was that an elevated temperature? 

LIANG: No. EMA was done at 350 C and 20 suns (in the 295 mn -370 mn _ 
wavelength region). The outdoor exposure was also at 350 C, 1 sun. So 
you see a correlation between the photons while the temperature remained 
constant. 

WILSON: What were the conditions in the CER on that particular slide? 

LIANG: This was carried out at 6 suns, 850 C, and was also subject to rain 
and water extraction--

WILSON: 85°C. 

LIANG: And also subject to water extraction as well. So, there is water 
sprayed on. For every 22 hours of irradiation there is also 2 hours of 
water spraying. 

KRISHNAN: There are several small molecules like the UV absorber that one 
could extract out with an organic solvent. If the difference in these two 
spectra are just a morphological or crystallization effect, you can 
extract your samples, and if you get the same amount of: UV absorber from 
both of them it is indeed a crystallization effect. 

LIANG: I see. We have actually tried to do that. If you remember earlier I 
said that the FTIR data indicated that we can account for those losses on 
the FTIR spectrum by the amount of the extractable or the loss that we can 
take out. 
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FATIGUE OF SOLAR CELL INTERCONNECTS 

G.R. Mon 

Jet Propulsion. Laborat;ory 
California Institute of Technology 

Pasadena, California 91109 

Interconnects, metallic ribbons connecting and providing electrical 
continuity between photovoltaic cells, have been observed to fracture in 
terrestrial applications environments- (Figures. 1 and 2). The degradation 
mechanism has been ident~fied as mechanical fatigue resulting from diurnal 
thermal variations that can impose large cyclical strains upon poorly 
designed module/interconnec~ systems (Figure 3). Good design techniques-­
for example, providing adequate stress relief ~oops and matching substrate­
cell-interconnect thermal expansion coefficients, etc.--will minimize 
interconnect fractures, b~t o~ly a systematic design algorithm using 
life-cycle energy costing to effect the many cost-performance trade-offs 
will result in optimal (long life, minimum cost) performance. Such an . 
algorithm has been deve'loped by the Engineering Sciences Area of the 
Flat-Plate Solar Array Project at the Jet .Propulsion Laboratory (Figure 4). 

The optimization algorithm fe.atures three computational procedures, each 
of which is discussed brie~~Y. The first procedure (Figure 5), called 
"Interconnect Failure Prediction Algorithm," calculates the strain in 
interconnects from module geometry and materials data (Figure 6) and site 
temperature histories (Figures 7 through .. 9). Strain computations 
(Figure 10) are facilitated by the use of-nomographs that incorporate the 
results of computer-generated finite element solutions (Figure 11). The 
computed strains are used in conjunction with interconnect material 
statistical fatigue curves to estimate the e~pected fraction of failed 
interconnects at the end of the operational life of the array field. 

The material statistical fatigue curves are obtained experimentally. 
Candidate interconnect materials (Figure 12) were tested in several 
geometries (Figure 13) on an apparatus (Figure 14) designed to ~imu1ate 
mechanically the cyclical strain cycles induced by diurnal thermal cycles 
in the field. Raw data are gathered in the form of curves of fracture 
probability versus cycles to failure at the constant test strain 
(Figure 15). A global least-squares minimization routine is. used to fit a 
suitable function to these data; the resulting set of curves are the 
material fatigue (strain-cycle) curves parameterized by failure 
probability (Figures 16 through 20). A comparison of test results 
(Figure 21) reveals the fatigue-performance superiority of the clad 
materials. 

The material statistical fatigue curves find use in module design and in 
interconnect-failure prediction (Figure 22) and in thermal-cycle 
qualification test design (Figures 23 through 25). In a thermal cycling 
test, both the strain (temperature) and the cycle rate are accelerated. 
The material fatigue curves are used to determine the number of test 
cycles and allowable interconnect-failure rates to guarant~e a maximum 
allowable field failure rate (Figure 25). Results of thermal cycle 
~testing are presented (Figure 26). 
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Correlation of field failure data and thermal cycling test data with the 
experimental fatigue data is good (Figure 27). 

The second computational procedure associated with the optimization 
algorithm is the Array Degradation Analysis (Figure 28), which determines 
the loss of array power, and hence the energy output reduction, resulting 
from specified levels of interconnect redundancy and failure probability. 
The power reduction at 20 years (Figure 29) follows from the array circuit 
configuration (Figure 30) and the appropriate array power loss data 
(Figure 31). 

The final computational procedure compr1s1ng the optimization algorithm is 
the Life-Cycle Energy Cost Analysis (Figure 32). The important parameters 
influencing the analysis include the (fatigue-related) relative array 
energy output, interconnect resistivity and shadowing losses, and 
materials and fabrication costs (Figures 32 and 33). The relative energy 
output is determined as the area under the array power output curves 
(Figures 34 and 35). This, together with plant efficiency considerations 
(Figure 36), interconnect material and fabrication costs (Figures 37 
through 41), and other parameter values (Figure 42), when substituted into 
the life-cycle energy costing equation (Figure 32), yield the solution 
cost curves for each candidate material (Figures 43 through 47). 

The material cost curves have common features. The dotted curves give 
cost increments due to fatigue-free interconnects. The left ends of these 
curves reflect I2R-losses; the right ends, the materials costs. The 
solid lines indicate cost increments due to fatigue failures. In all 
cases there exists a critical strain level (thickness) beyond which costs 
increase rapidly. The curves suggest designing at about half the critical 
thickness. The curves also suggest using double interconnect redundancy; 
more redundancy results in higher cost, while use of a single interconnect 
gives inadequate protection against random (non-fatigue-related) failures, 
assumed to be 5 per 1000 in 20 years. 

The cost solutions for doubly redundant interconnect systems (Figure 48) 
reveal that OFHC copper and the 33 Cu/33 INV/33 eu are cost effective, the 
latter perhaps more so because it provides for a greater thickness design 
margin. 

A final note: the analysis reveals that the increment in life-cycle 
energy costs due to interconnects may be as much as 15% of the total 
life-cycle energy cost of the array. 
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Figure 1. Broken PV Cell Interconnect 
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Figure 2. Cell Interconnect Configurations 
(Block II Module, Manufacturing Variations) 
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Figure 3. Interconnect Fatig~,~ F.ailure Mechanism 
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Figure 4. Cost-Optimal Reliability Design Algorithm 
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Figure 5. Interconnect Failure Prediction Algorithm 
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Figure 6. Effective Interconnect Displacement Due 
to Differential Thermal Expansion 
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Figure 7. 1979 Temperatures at New River, Arizona 
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Figure 8. Module Operating Temperature 
(Block II Fiberglass Substrate Module) 
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Figure 9. Cell Interconnect Deflection 

o Total Temperature Excursion 

~TDN = 14°C (Yearly Average) 

~TOp = 32°C (At 100 mW/cm2) 

~ T = 46°C (Yearly Average) 

o Thermal Expansion Coefficients 

as = 2.78 X 10-5/°C (Fiberglass Substrate) 

ac = .29 X 10-5/°C (Silicon Solar Cell) 

o Cell Interconnect Deflection 

o = (asC - acD) ~ T 

= .0035 in. 

Figure 10. Deformed Shape and Strain for Typical 
Field-Stressed Interconnect 
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Figure 11. SC-Interconnect Nomograph 

Note 9 IS the HOrizontal Distance Between Interconnect 
A ttachment POints 

Figure 12. Candidate Interconnect Materials 

• Homogeneous Materials 

• 1100 aluminum 
• OFHC 1/4·hard copper 

• Clad Materials 

• 33.3 Cu/33.3 INV/33.3 Cu 
• 12.5 Cu/75.0 INV/12.5 Cu 
• 16 Cu/6a SS/16 Cu 
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Figure 1 3. Geometry of Interconnects 
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Figure 14. Interconnect Strain-Cycle Apparatus 
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Figure 15. Experimental Data: OFHC Copper Interconnects 
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Figure 16. Statistical Fatigue Curves for 
Tinned, Annealed 1100 Aluminum 
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Figure 1 7. Statistical Fatigue Curves for 
OFHC ~ -Hard Copper . 
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Figure 18. Statistical Fatigue Curves for 
33 Cu / 33 Inv / 33 Cu 
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Figure 19. St~tistical Fatigue Curves for 
Cladding, 12.5 Cu / 75 Inv / 12.5 Cu 
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Figure 20. Statistical Fatigue Curves for 
Cladding (16 Cu / 68 55 / 16 Cu) 
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Figure 21. Experiment Fatigue Test Results 

.·Comparison at same strain level for which 10% of 
copper interconnects fail in 20 years 

Material 

Aluminum 
Copper 
33 Cu/33 INV/33 Cu 
12.5 Cu/75.0 INV/12.5 Cu 
16 Cu/68 SS/16 Cu 

351 

Years to 
10% failures 

7 
20 

106 
1030 

85 



Figure 22. Statistical Fatigue Curves for 
OFHC ~ ~Hard Copper 
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Figure 23. Typical Thermal-Cycle Test Profile 
and Test Acceleration Factor 
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Figure 24. Statistical Fatigue Curves for OFHC ~ -Hard 
Copper Thermal-Cycle Test Design 
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Figure 25. Thermal-Cycle Qualification Test Design 
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,Figure 26. Module Qualification: 20-Year Service ~T ~46°C 
Thermal-Cycle Test Results 

Number of Observed Quahfication for 1 0% Qualification for 3% 
Thermal Interconnect Field Failure Level Field Failure Level 

Type of Cycles Test Failure Maximum Allowable Maximum Allowable 
Module ( .H = 130a C) Level. % Test Failure Level. % 

Judgement 
Test Failure Level. % 

Judgement 

Randomly 297 67 10.0 Failed 3.2 Failed 
Oriented 575 69 27.0 Failed 15.0 Failed 
Glass Fiber 297 36 10.0 Failed 3.2 Failed 
Substrate 575 69 27.0 Failed 15.0 Failed 

I 
297 31 10.0 Failed 3.2 Failed 

Superstrate I 247 0 7.2 Passed 3.3 Passed 
i 

S ! uperstrate ' 446 3 lB.4 Passed 10.4 Passed 

Superstrate 397 0 15.5 Passed B.2 Passed 

Substrate 547 6 25.0 Passed 14.0 Passed 
547 10 25.0 Passed 14.0 Passed 

Substrate 

I 
497 0 21.0 Passed 12.0 Passed 
497 7 21.0 Passed 12.0 Passed 

Figure 27. Statistical Fatigue Curves for OFHC % -Hard Copper 
Correlation With Field and Thermal Cycle Test Failure Data 
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Figure 28. Array Degradation Analysis Algorithm 
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Figure 29. Array Power Reduction at 20 Years 

20-YEAR 
INTERCONNECT ARRAY POWER REOUCTION AT 20 YEARS 

FAILURE ty 
PROBABILITY 

PI r = 1 2 3 4 5 6 

0.005 0.125 0.0018 0 0 0 0 
0.010 0.240 0.0059 0 0 0 0 
0.050 0.71 0.05 0.0070 0.0004 0 0 
0.100 0.96 0.24 0.029 0.0055 0.0007 0 
0.150 1.00 0.31 0.054 0.019 0.005 0.0013 
0.200 1.00 0.57 0.19 0.038 0.013 0.003 
0.300 1.00 0.90 0.46 0.20 0.048 0.023 
0.400 1.00 1.00 0.90 0.45 0.26 0.085 
0.500 1.00 1.00 1.00 0.80 0.53 0.32 
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Figure 30. Example Design Parameters 

Array.Configuration: 

• 8 parallel by 11 series cells per series block 

o 57 series blocks per branch circuit 

• One series block per diode 

• VARRAY = 250 volts 

Figure 31 . Array Power Loss 
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Figure 32. Effect of Mat~rial Properties on 
Life-Cycle Energy Costs 
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Figure 33. Module Interconnect Assessment Algorithm 
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Figure 34. Array Power Output Fraction vs Years of Operation 

Figure 35. Life-Cycle Energy Fractions 

20·Year 
Cumulative 
Interconnect Life·Cycle Energy Fraction € lC 
Failure 
Probability 

PI r = 1 2 3 4 5 6 

0.005 17.8 19.95 20 20 20 20 
0.010 16.6 19.90 19.96 20 20 20 
0.050 11.7 19.45 19.89 19.98 20 20 
0.100 7.7 18.2 19.76 19.92 19.98 20 
0.150 4.4 16.5 19.55 19.88 19.96 20 

.. 0.200 2.25 13.2 18.47 19.55 19.88 20 
0.300 1.74 11.2 17.1 18.65 19.66 19.91 
0.400 1.60 9.9 15.17 17.1 18.7 19.15 
0.500 1.5 8.9 13.2 15.6 17.4 17.9 
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Figure 36. Total Plant Efficiency 7J 

Equations: 

( 
LW \r, 120) 

71 = 710 1 - -A-7~ - PO 

o =.!e.. 
wt 

P = Px ----

2x + y(:~) 

Symbols: 
. p = electrical resistivity of cladding 

xlylx = thickness ratio of claddings 
Px,y = electrical resistivity of materi~ls x,y 
f,w,t = length, width, and thickness of interl!onnect 

o = resistance of interconnect 
I = solar cell current at maximum power 

Po = cell power output L: = ratio of cell area covered by interconnect to total cell area 

710 = baseline plant efficiency 
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. Figure 37. Add-On Cost for Interconn-ects vs Thickness 
With Interconnect Redundancy as Parameter' 
(Tinned, Annealed 1100 Aluminum) 
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Figure 38. Add-On Cost for Interconnects vs Thickness 
With Interconnect Redund~ncy as Parameter 
(OFHC %-Hard Copperl 
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Figure 39. Add-On Cost for Interconnects vs Thickness 
" With Interconnect Redundancy as Parameter 
(33 Cu / 33 Inv / 33 Cu) 
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Figure 40. Add-On Cost for Interconnects vs Thickness 
With Interconnect Redundancy as Parameter 
(12.5 Cu / 75 Inv /12.5 Cu) 
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Figure 41 . Add-On Cost for Interconnects vs Thic!<ness 
With Interconnect Redundancy as Parameter 
(16 Cu / 68 SS / 16 Cu) 
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Figure 42. Parameters Used in Life-Cycle Energy Cost Analysis 

CB = 250 $/kW 

CA = 113 $/m2 

CM = 0 

7]O{1 - ~W) = 0.092 

I = 2.0 amps 

Po = 1.2 watts 

10 = 2000 kWh/m 2/yr £ = 3.0 in. 

W = 0.2 in. 

Figure 43. Fractional Increment in Life-Cycle Energy Cost 
Due to Interconnects vs Thickness, With 
Interconnect Redundancy as Parameter 
(Tinned, Annealed Aluminum) 
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Figure 44. Fractional Increment in Lif~-Cycle Energy Cost 
Due to Interconnects vs Thickness, With 
Interconnect Redundancy as Parameter 
(OFHC %-Hard Copper) 
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Figure 45. Fractional Increment in Life-Cycle Energy Cost 
Due to Interconnects vs Thickness, With 
Interconnect Redundancy as Parameter 
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Figure 46. Fractional Increment in Ufe-Cycle Energy Cost 
Due to Interconnects vs Thickness, With 
Interconnect Redundancy as P~rameter 
(12.5 Cu /-75 Inv / 12.5 Cu) 
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Figure 47. Fractional Increment in Life-Cycle Energy Cost 
Due to Interconnects vs Thickness, With 
Interconnect Redundancy as Parameter 
(16 Cu / 68 SS / 16 Cu) 
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Figure 48. Percentage of L~fe-Cycle Energy Cost Increment 
Due to Doubly Redundant Interconnects 
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Figure 49. Conclusions 

• Coppar IS a good interconnect material because of its 
low cost and high electrical conductivity 

• Aluminum ranks poorly bacausa of its disappointing 
'atlgua parformanca -

• Claddings offer improved performance due to 
substantially enhancad fatigue behavior; in particular. 
33 Cu/33 INV/33 Cu exhibits superior overall 
pariormance 

• Developed design algorithm provides an effective means 
of lISB888iag the econamil: merits of candidate 
interconnect matarials and module designs 

370 

6 7 



Figure 50. Crack Propagation Across Fatigued Interconnect 
(12.5 Cu / 75 Inv / 12.5 Cu, Top View) 

Figure 51 . Crack Propagation Across Fatigued Interconnect 
(12.5 Cu / 75 Inv / 12.5 Cu, Bottom View) 
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Figure 52. Crack Propagation Across Fatigued Interconnect 
(Annealed OFHC Copper, Top View) 
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Figure 53. Crack Propagation Across Fatigued Interconnect 
(Annealed OFHC Copper, Bottom View) 
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Figure 54. Schematic for Explaining Crack 
Propagation in Fatigued Interconnects 
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Figure 55. Neutral Surface at Fracture (1 2.5 Cu / 75 Inv / 1 2.5 Cu) 

Figure 56. Tinned 1100 Aluminum Showing Region 
Between Aluminum and Tin 
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DISCUSSION 

JOYCE: At the very end you made two comments about the copper-Invar system. 
In one case you said that the l2.S Cu/7S Inv/12.S Cu was economically 
favorable. 

MON: No, the 33 Cu/33 Inv/33 Cu. 

JOYCE: What was it you said about the 12.5 Cu/75 Inv/12.5 Cu, do you recall? 

MON: I don't think I said anything about it really. It was less favorable. 
From a fatigue point of view the 12.5/75/12.5 is the best because it has 
more Invar in it than anything else and the Invar has much better fatigue 
characteristics than copper. But when you bring into account the costs, 
I2R, resistivity effects and everything else, the 33/33/33 turns out to 
be superior. 

JOYCE: MY second question is about the copper. I notice that in each case 
you refer to the oxygen-free high-conductivity (OFHC) copper. How are its 
properties different from other copper available and what would be the 
disadvantage of using a non-OFHC copper for an interconnect? 

MON: I don't know if I can totally answer that but OFHC copper, being pure, 
has the highest conductivity of any copper, so other than that I don't 
know what the advantage would be of using a less pure copper. Probably, 
if anything, it would be a disadvantage. 

LEE: I may have missed it but did you have any environmental control on your 
test speclinens? 

MON: No. They were tested in air. You saw that apparatus? They were 
mounted between those plates in air. 

LEE: We, in conducting fatigue tests, have seen some influence of just the 
atmosphere on the resultant life, in particular crack-growth rates, 
depending on whether you use a nitrogen-purged atmosphere or just the 
normal amount of humidity that might exist in a laboratory environment. 
Just wondered if you had looked at this in any of your lifes? 

MDN: No, we haven't. Our laboratory is humidity-controlled, more or less, 
and temperature-controlled, more or less. I have to say more or less 
because it isn't really controlled down to 10C or anything like that but 
we don't vary more than 20C during the course of the day even with a lot 
of equipment operating in there. We might go from 220C to 240C. I 
don't remember the humidity numbers but I think it is between 50% and 
60%. 10 add a little dimension to your question, it should be noted that 
in actual use the interconnects themselves are encapsulated so atmospheric 
effects don't directly affect the interconnect operation. I know that 
water vapor does diffuse in and that all kinds of corrosion can happen. I 
have seen interconnect corrosion in modules in 850 -85% type humidity 
tests but we haven't taken that into account. We are strictly looking at 
one mechanism and that is thermal-cycle-induced mechanical fatigue. 
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MOORE: I think Gordon mentioned this in his talk but I want to emphasize that 
the module interconnect design influences where the strain range is 

placed on the abscissa (thickness) of the graphs that he presented. The 
module design, I think, can influence the material selection. 

MON: That's right. TO amplify that, you saw that at 2 mils thick, OFHC 
copper -- you suddenly got that big increase in life-cycle energy cost. 
That depends on the strain and what Don is saying is that depending on the 
design this strain can move back and forth on the X axis, which will 
likewise move all those curves back and forth. 

OOuLBERT: One of the interconnect designs which has been used, and I am not 
,sure wh~ther it is still in favor or not, is the expanded mesh that has 
been used on some modules. Is that still a viable design, and does your 
,analys is include aspects of that problem? 

MON: ,Whether or not it is a viable design, I don't know. I have not 
i~vestigated this. I have only looked at ribbon. 

ROSS: ,I mignt point out that the algorithm is absolutely applicable as 
~ong as you can calculate the strain in that thin mesh. Once you have 
calculated the strain in the algorithm it will carry you through to an 
answer as to whether it is cost-effective. 

LANDEL: As some of my colleagues know, when I see a nice piece of work I am 
always one to p~sh it on a little bit further. In conjunction with the 
discussions which we have heard, then, vis-a-vis corrosion, the question 
has already been asked, but let's state it specifically: can you estimate 
how far your strain-versus-cycle (s-n) ~urves would shift with corrosion, 
or could someone in the audience shed some light on that? 

MDN: I have no idea. 

WHITE: In the work we have done with some of the modules, I have 
seen same extensive corrosion on our leads. They have discolored, they 
got really ugly-looking, but there was no obvious power loss due to that. 
The only power loss we have seen due to our leads was due to lead breakage 
caused by pulling too hard on them or something, actually breaking them. 

LANDEL: Were these unencapsulated? 

WHITE: They were encapsulated. 

FEIGE: I assumed you selected the Invar because of its coefficient of expan­
sion, am I correct? 

MON: Yes. 

FEIGE: I would complement you on the choice. I think you went the right 
way. I think you are getting enhanced protection with the Invar versus 
the copper. 

MON: If you put the Invar on the outside like Invar/copper/Invar, instead of 
copper/Invar/copper, that might have a lot of advantages because the Invar 
would first of all resist fatigue better and it mignt have a better 
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corrosion resistance, because we are concerned with corrosion here. 
Although the copper/stainless/copper proved not be a good material, if you 
reversed that and made it stainless/copper/stainless you might begin to 
have a better perfotmance from the point of view'of fatigue resistance and 
corrosion. 

FEIGE: OK. I'll buy that. 

LEE: Just to follow up on the strain-versus-cycles (s~) curves: for 
corrodible material you would see a significant shift in the s-n curves, a 
significant degradation in the life at a given stress, and in the case of 
copper that might be the case. We haven't done any work in our lab. We 
have dealt primarily with steels and stainless steels but you can see an 
order of magnitude shift in life at a given stress in the presence of a 
corrosive environment. So you might have some conservative data, having 
generated the s-n curves in your laboratory air environment. If you 
looked at a cleaner environment which you might have in the encapsulation, 
you might actually see a longer life. In terms of the composites or the 
clad materials you have, if you have the Invar between the copper you may 
in fact have favorable galvanic relationships because you will have a 
small cathode and large anode. Similarly with the stainless clad on top 
of the copper you may have an inherently more corrosion-resistant material 
with the stainless steel on the surface. But if you do have any 
perforation of the stainless surface, then you will have very unfavorable 
relationships with large cathode areas with the stainless steel and very 
small anode areas with the copper where you have the perforation of the 
stainless steel. Which \vould lead to through-penetration. 

MaN: Looking at the physical side of crack propagation, I think that 
the material will cycle for 90% of its life before a crack develops. The 
remaining 10% (and these are rough numbers) the crack will propagate. So 
I think corrosion would not be a problem because as long as the 
interconnect is encapsulated, 90% of its life will go by without 
experiencing much in the way of corrosive environment. Then when it does 
crack and water 9r what have you gets in, I don't think there is that much 
time left for the corrosion to really speed up the final failure. Am I 
wrong on that? 

FEIGE: Corrosion fatigue will be quite a factor. It will rapidly accelerate 
the rate of failure. 

MON: It is clear that we have done nothing on corrosion. We have talked 
about it a lot but it would be difficult to design this type of test. 
Fncapsulate a material and then shake it back and forth in a shaker. We 
could put it in a chamber. It's another thing to do. 
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SURFACE SOILING: THEORET~CAL MECHANISMS AND 
EVALUATION OF LOW-SOILING COATINGS 

Edward F. Cuddihy 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena, California 91109 

INTRODUCTION 

The accumulation of dust, dirt, pollen, and other atmospheric contaminants 
and particles on the surfaces of solar-energy devices such as 
solar-thermal collectors and photovo1taic modules results in a loss of 
performance due to a decrease in transmitted sunlight. This accumulation 
of a diversity of deposited atmospheric materials, hereafter referred to 
simply as soil, reduces light transmission by a combined action of 
absorption and scattering. To minimize performance losses caused by 
soiling, solar devices should have surfaces or surface coatings that have 
low affinity for soil retention and a maximum susceptibility to natural 
cleaning by wind, rain and snow, and are readily cleanable by simple and 
inexpensive maintenance cleaning techniques. 

A review of literature published before 1980 (Reference 1) found no 
information specifically addressing the chemistry and physics of surface 
soiling, nor requirements of surfaces or surface coatings that would have 
natural tendencies for low to zero soil retention or for ready clean­
ability by natural means. Accordingly, the Flat-Plate Solar Array Project 
(FSA), managed by JPL for DOE, established a program to investigate 
natural surface soiling ultimately to establish chemical, physical, and 
mechanical criteria required for low-soiling surfaces or surface coatings. 

The soiling program divided into five activities: (1) measurement as a 
function of time of the decrease in light transmission resulting from the 
natural accumulation of soil on the surfaces of a wide variety of glasses 
and transparent plastic films mounted on outdoor exposure racks at various 
geographical locations; (2) chemical and physical analysis of the soil on 
these surfaces; (3) generation of theories and hypothesis as to the 
chemical and physical requirements of surfaces for low soil retention; (4) 
investigation of the details of construction of the soil layer on 
surfaces, and (5) identification and evaluation of candidate low-soiling 
surface coatings or treatments. 

This presentation reports on the progress to date on the evolution of a 
soiling theory, and on the positive performance of low-soiling coatings 
after one year of outdoor exposure. 

SOILING THEORY 

Although the search of published literature for information on prevention 
of surface soiling was not directly fruitful, several articles (References 
2-7) were found, which in combination with the experimental 

379 



light transmittance measurements (References 8, 9), resulted in an initial 
capability of defining theoretically the requirements for low-soiling 
surfaces or surface coatings, and of assessing the effectiveness of wind, 
rain, and snow as natural cleaning agents. 

With respect to snow, observations have been made (Reference 10) that the 
surfaces of photovoltaic modules and mirrors are noticeably quite clean 
after a heavy snow pack has slid off these tilted surfaces. The 
presumption is that cleaning is accomplished by a combination of abrasive 
action and the presence of liquid water at the module-surface and snow­
pack interface. However, accumulated snow that is eventually removed by 
melting and not sliding is not effective (Reference 11). 

Wind is not an effective cleaning agent. The aerodynamic lifting action 
of wind can remove particles larger than about 50 m, from surfaces 
(Reference 4), but is ineffective for smaller particles. Thus, the 
particle size of soil matter is generally found to be less than 50 m, and 
predominantly to be less than 5 m (References 12, 13). 

Rain is the primary natural cleaning agent, but rain is not necessarily 
efficient at all t~es in removing all of the accumulated soil on a 
surface. In a previous publication (Reference 1), known and speculated 
mechanisms of soil adhesion to surfaces that result in resistance to soil 
removal by rain were described, resulting in generation of the following 
requirements for low-soiling surfaces: 

(1) Hardness 
(2) Smoothness 
(3) Hydr'ophobicity 
(4) Low surface energy 
(5) Chemically clean of sticky materials (surface and bulk) 
(6) Chemically clean of water-soluble salts and first-period elements 

(surface and bulk). 

In addition, physical examination of soiled surfaces resulted in a 
theoretical speculation that soil accumulates in a tier of up to three 
distinct layers. These layers are designated outward from the surface as 
A, B, and C. Layers A and B, Which are resistant to removal by rain, may 
or may not form, but if they do, they will form in the sequence A followed 
by B followed by C, or B only followed by C. Layer C ,forms during dry 
periods, and is removed during rainy periods. Therefore, refinement of 
the soiling theory suggests that the six requirements for low-soiling 
surface listed above are those for preventing the formation of layers A 
and B, or B alone, but have no influence on layer C. Layer A involves 
strong chemical attachment, or strong chemisorption of soil, on the na~ural 
surface. Layer B is physical, consisting of a highly organized 
arrangement of soil effecting a gradation in surface energy from a high 
associated with the energetic first layer or natural surface to the lowest 
possible energy state on the outer surface of layer B. The lowest 
possible energy state is dictated by the chemical and physical nature of 
the regional atmospheric soiling materials. Layer C constitutes a 
settling of loose soil matter, accumulating in dry periods and being 
removed during rainy periods. 
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Therefore, soiling theory suggests that the rain-resistant layers A and B 
will not form on surfaces that are chemically nonreactive with regional 
atmospheric soil materials, and that have surface energies lower than that 
of the regional atmospheric soil materials. In addition, there are 
experimental indications that the quantity of layer C soil on flat surfaces 
decreases as the tilt angle increases toward vertical. 

LOW-SOILING COATINGS 

The six theoretically derived requirements for low-soiling surfaces 
suggest that surfaces or surface coatings should be based on fluorocarbon 
chemistry. A list of candidate fluorocarbon coating materials identified 
to date is given on p. 393. Two of the materials, L-1668 and E-3820, have 
chemically reactive functional groups for chemical attachment to surfaces, 
but FC-72l and FC-723 do not. Testing showed that FC-72l and FC-723 
readily dissipated from surfaces, and therefore could not be used. The two 
chemically attachable fluorocarbon coatings were tested on the surfaces of 
outer cover materials that are being evaluated for photovoltaic modules: 
Sunadex (ASG) soda-lime glass, and Acrylar (3M) and Tedlar (Du Pont) 
UV-screening plastic films (Reference 14). The fluorocarbon coatings 
L-1668 and E-3820 will attach chemically to the surfaces of these three 
outer cover materials, but it was found (Reference 11) that the chemical 
attachment of E-3820 to Acrylar and L-1668 to Tedlar was weak. Therefore, 
for these specific coatings, the surfaces of the plastic films were treated .. 
with ozone to generate polar groups for enhanced chemical reactivity and 
therefore enhanced chemical attachment. This technique worked, and 
although not indicated as needed in trial testing, L-1668 was also applied 
to an ozone-treated Acrylar surface, and E-3820 was also applied to an 
ozone-treated Tedlar surface. 

The positive performances of the L-1668 and E-3820 fluorocarbon coatings 
on the glass and plastic films after 1 year of outdoor exposure are shown 
on pp. 393 and 394. In all cases, the fluorocarbon-coated samples 
retained less soil compared with uncoated controls. The fluctuations 
observed in the soiling data curves are associated with the accumulation 
and removal of layer C in sequence with local rain patterns. 

The concept of using chemically attachable fluorocarbon coating materials 
for low-soiling application is strongly supported by this one year's 
experimental data. Research directed toward achieving further 
improvements in soil-reducing fluorocarbon coatings is being planned. 
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SURFACE SOILING: THEORETICAL MECHANISMS 
AND EVALUATION OF LOW-SOILING COATINGS 

JET PROPULSION LABORATORY 

E.F. Cuddihy 

Theoretical Considerations of Soil Retention 

Achieve a fundamental understanding of soiling behavior: 

(1) S oil-surface interactions 

(2) Chemical and physical details of soil layer construction 

(3) Mechanisms resulting in resistance of soil to natural 
removal by wind, rain, and snow 

Derive from a fundamental understanding of soiiing behavior, chemical, physical, 
and mechanical properties of surfaces required for: 

(1) Minimum accumulation of soil 

(2) Maximum susceptibility to natural cleaning by wind, rain, and snow 

(3) Cleanability by simple and inexpensive maintenance cleaning techniques 
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Particle-Surface Attraction 

R'EMOVAL BY WIND OF DUST PARTI_CLES FROM THE SURFACE 
OF A CLEAN, OIL·FREE GLASS SLIDE (40% RH) 
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Particle Adhesion and Wind Drag Force vs Particle Size 
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Natural Cleaning by Wind 

(1) Essentially ineffective for particles smaller than 50 I'm 

(2) Probably acts to limit retained soil to smaller particle sizes 

Retained Soil Concept 

Permanent soil on surfaces is considered to be: 

(1) Composed of particles smaller than 50 I'm 

(2) Retained by mechanisms that result in 
. resistance to natural removal by rain 

Effect of One Dew Cycle 

REMOVAL BY WIND OF DUST PARTICLES FROM A GLASS 
SLIDE SURFACE AFTER ON~ DEW CYCLE 
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WATER·SOLUBLE 
PARTICLE 

Cementation Process 

A NATURAL MECHANISM OF SOIL RETENTION 
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DSET (DRY) 

Outdoor Soiling Experience of PV Modules 
Fabricated With Different Surfaces 

LEVEL OF SURFACE SOILING INDICATED BY 
POWER RECOVERY AFTER CLEAr.ING, % 

(Months of exposure before cleaning) 
SOFT SILICONE ELASTOMERS SILICONE 
ilTV615 SYLG.184 HARD COAT 

+9 +9 +4 

GLASS 

+1 

KEY WEST (WEn +9 +9 0 +2 

MIT +13 (5) 

NYU +23 (6) 
-+33 (12) 

COLUMBIA U. +21 (6) 
+29 (12) 

+14 

+29 (5) 
+38 (12) 

+22 (6) 
+33 (12) 

Q INCREASING 
SURFACE 
HARDNESS 

+10 (5) +6 (5) 

+22-26 +11 

- +12 (6) 

..0.-
DECREASING 
AIRBORNE 
ORGANICS 

Evolving Requirements for Low-Soiling Surfaces 

(1) Hard 

(2) Smooth 

(3) Hydrophobic 

(4) Low surface energy 

(5) Chemically clean of sticky materials 
(surface and bulk) 

(6) Chemically clean of water·soluble salts 
(surface and bulk) 
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The Three Soil Layers 

SOILING 
ENVIRONMENT 

i \ 1 
LAYER C 

LAYER B 

LAYER A 

SURFACE 

. .. ,.. ~ 

Layer A: Tenacious, primary surface 
layer of soil, resistant to 
removal by rain, adhesive tape, 
and hand washing 

Layer B: Secondary surface layer 
of soil, resistant to removal 
by rain, but readily removed 

, by adhesive tape and hand 
washing 

Layer C . top surface of loose 
soil, easily removed by rain 

Hierarchy of Spontaneously Adsorbed 
Layers on a Metal Surface * 

AIR 

-
- OH -: -:. - - -: - - - - OH - -
~ -: - - OH - - -__ _ 

... . . . 

ADSORBED GAS } BOUNDARY 
LAYER 

NON·POLAR ORGANIC 1 
. POLAR ORGANIC J PHYSICAL 

LAYER 

H20 

: .' OXIDE - SULPHIDE'::'.' . SALT: 

~~ 
} 

CHEMICAL 
LAYER 

"Dr. Robert L Patrick, Rockwood Systems, Inc., "Water and Adhesive 
Bonding," presented at a short course on adhesion technology, 
Kent State University, June 16·20, 1980 
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Description of the Soil Layers 

Layer A: (1) A chemical layer formed by chemical reactions between 
soil materials and chemically reactive surface sites 

(2) A "flypaper" layer; soil particles adhere strongly to a 
SQft, sticky andlor tacky surface 

. 
Layer B: A physical layer, effecting a transition from high surface 

energy to low surface energy 

PHYSICAL CONSTRUCTION OF LAYER B: 

The layer is formed by cementation, spatially achieving: 

(1) Energetic gradient in particle size distribution, from 
fines at the interface with layer A to coarse particles 
at the interface with layer C 

(2) Energetic gradient in particle chemistry, from polar . 
inorganics at the interface with layer A to non-polar 
organics at the interface with layer C 

Layer C: The outer layer, a loose, weakly adhering layer of sQiI 
residing on the surface of layer B, readily removable 
by rain 

JPL Soiling Data 

----..-

~3D-6D DAYS 

TIME, mo 
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' ..•.. ~ . . . ,'" > 

REDUCTIONS IN SHORT·CIRCuiT CURRENT 
- FROM SOILING LAYERS,,% 

Pasadena 
Torrance Pt. Vicente Goldstone Table Mt. SCAOMD 

Materials A+B C A+B C A+B C A+B C A+B C 

Soft silicone, 
RTV 615 20 10 ? ? ? ? ? ? 25 8 

Semi·hard silicone, 
01·2577 14 8 5 2 6 2 1 3 17 15 

Acrylic film, 
Korad 212 3 8 0 8 1 2 2 1 5 14 

Fluorocarbon film, 
Tedlar 1 8 0 5 0 2 0 2 3 13 

Soda· lime glass 2 6 1 4 2 2 0 2 3 9 

Alumino·silicate 
glass 1 12 1 5 0 2 0 2 2 12 

Borosilicate glass 0 7 0 5 0 2 0 2 1 11 

Average for 
layer C 8.2 4.8 2 2 12.3 

34·deg Site 45·deg Site 
Materials A-f:B C A+B C 

Soft silicone, RTV 615 24 6 24 7 

Semi·hard silicon" 01·2577 16 12 15 8 

Acrylic film, Korad 212 3 13 3 11 

Fluorocarbon film, Tedlar 1 16 2 12 

Soda·lime glass 4 12 3 9 

Alumino·silicate glass 2 13 2 11 

Borosilicate glass 1 15 1 13 

Average for layer C 13.5 10.6 
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Effect of Ti,lt Angle on Accumulation of Soil Layer C 

o 
(DATA FOR JPL 34-deg AND 45-deg SITE) 

I I I I I I J 
o 10 20 30 40 50 60 70 

TILT ANGLE FROM GROUND, deg 

Evolving Requirements for Surfaces Having 
Resistance to A and B Soil Layer Formation 

(1) Hard 

(2) Smooth 

(3) Hydrophobic 

(4) Low surface energy 

(5) Chemically clean of sticky materials 
(surface and bulk) 

(6) Chemically clean of water soluble salts 
(surface and bulk) 

(7) Weather-stable (resistance against oxidation, 
hydrolysis, UV reactions) 
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Candidate Fluorocarbon Antisoiling Coatings 

(1) Fluorinated silane, L·1668 (3M) 

(2) FC·721 and FC·723, fluorinated acrylic polymer (3M) 

(3) Perfluorodecanoic acid with chemical coupling primer 
(E·3820, Dow Corning) 

Evaluation of Fluorocarbon Antisoiling 
Coatings on Sunadex * Soda-Lime Glass 

, 
% LOSS OF SOLAR·CELL SHORT·CIRCUIT CURRENT VS TIME 

~ 

ui 5 en 
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6 
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S B. L·1668 TREATMENT 

9 C. E·3820 TREATMENT 
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EXPOSURE. months 
-ASG 
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Evaluation of Fluorocarbon Antisoiling Coatings 
on Acrylar* (Acrylic) Plastic Film 

% LOSS OF SOLAR·CELL SHORT·CIRCUIT CURRENT VS TIME 
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Evaluation of Fluorocarbon Antisoiling 
Coatings on Tedlar* Plastic Film-
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Evolving Considerations for Cleaning Strategies and Techniques 

(1) Water washing of surfaces while wet with dew 

(2) Washing with detergent andlor surfactant solutions selected for 
specific organic deposits 

(3) Washing with solvent-water mixtures for both deposited 
organics and inorganic salt "cements" 

(4) Resurfacing of wind-damaged surfaces 

(5) Replenishment of low-soil surface materials during routine 
, washing (car-wash principle) 

Evolving Requirements for Low-Soiling Environments 

(1) Low to zero airborne organic vapors 

(2) Frequent rains. or generally dry (dew. RH) 

(3) Pattern of few dew cycles and high RH occurrences between rain periods 

395 



DISCUSSION 

D'AIELLO: As a matter of interest, I notice that of the three tests that were 
done at Enfield, the first showed the least change. Only about a 2% or 3% 
change even for the uncoated samples. Was there a big difference between 
the modules? 

CUDDIHY: Well, these aren't modules. These are just individual samples. The 
one you are referring to is a glass surface, which runs low even without a 
coating, as canpared with plastic films. The reduction in soil, though 
real, is therefore smaller on a glass surface than ort a plastic fiLm 
surface. This is not related to any differences in modules. 

D'AIELLO: MY other question relates to glasses: were there any differences 
you noted in soiling characteristics among commercially available glasses? 

CUDDIHY: Yes" as illul?trated in the experimental data for aluminosilicate 
glass, borosilicate glass and regular window glass, where soiling levels 
increased in this same order, being highest on window glass. 

D'AIELLO: ~t about side-to-side differences with soda-lllne float glass, 
there being a side that was exposed to tin during manufacturing, and the 
other side that was facing the air? Do they exhibit sllnilar natural 
soiling behavior? 

CUDDIHY: We haven't studied this yet. 
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CHARACTERIZATION OF SURFACE SOILING* 

E. P. Roth 

Sandia National Laboratories 
Albuquerque, New Mexico 87185 

Surfaces exposed to natrual weathering can experience a significant 
buildup of particles with a resultant degradation of the optical­
properties of transmittance or reflectance. The decrease in the optical 
performance measured at any given t~e is a function of the competing 
processes of natural soiling and natural cleaning. Deposition processes 
such as sed~entation, ~paction and diffusion result in the accumulation 
of particles on the optical surface Which can decrease the transmitted or 
reflected light intensity by both absorbing and scattering the incident 
light. Natural cleaning forces such as wind and rain can remove the 
deposited particles and, as a result, increase the optical performance of 
the surface. The degree to Which each of these competing processes affect 
optical performance depends on the properties of the contaminants and the 
local weather conditions. The composition, number, and size distribution 
of the accumulated particles determine the wavelength-dependent scattering 
over the solar spectrum While the frequency, intensity and duration of the 
natural cleaning forces will determine the cleaning effectiveness. Figure 
3 shows the specular reflectance of a mirror measured periodically during 
approximately a two-year exposure period. The effects of the competing 
cleaning and soiling processes can be easily seen. 

The exper~ent discussed here was designed to measure and 
characterize the separate effects of natural soiling and cleaning on the 
reflectance properties of exposed solar mirrors. While losses in 
specularity due to light scattering is not of pr~ary concern for flat­
plate applications, the information obtained about particle accumulation 
using these measurements also applies to non-concentrating systems. 

The techniques used to characterize the buildup of particles and the 
resultant optical losses were measurements of specular reflectance, 
hemispherical and diffuse reflectance, and measurement of the particle 
size distribution. These techniques are described in more detail in 
Figure 4. 

The mirror materials were 3-mm thick second-surface silvered glass 
laminated to a 3-mm thick glass substrate. The test samples were either 
5 em x 5 cm or 10 cm x 10 cm squares. Figure 5 shows the total 
hemispherical reflectance of a clean test mirror measured over the 
wavelength range 350-2500 nm. The dip in reflectance near 1000 nm is due 
to Fe+2 ~purities. 

*This work performed at Sandia National Laboratories supported by the 
U.S. Department of Energy under Contract DE-AC04-76-DP00789. 
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An initial set of mirrors was exposed for periods of 2, 6 and 12 
days with resultant losses in specular reflectance of 0.01, 0.03, and 0.06 
reflectance units, respectively (1.00 reflectance units equals ~OO% 
reflectance). Figure 6 shows the measured particle size distributions. 
As can be seen, the number of particles increases sharply with decreasing 
size. The optical loss due to those accumulated particles was 
characterized by measurement of the diffuse light scattering. The 
wavelength dependence of this scattering is affected not only by the size 
and type of particles but also by the wavelength dependent hemispherical 
reflectance of the mirror. In order to eliminate the effect of the mirror 
on measured scattering, a normalized scattering function, NSCAT(A) was 
defined. Figure 7 gives the derivation of this function. A wavelength of 
2500 am was chosen to normalize all data in order to facilitate comparison 
of different exposures. Figure 8 shows the measured diffuse scattering of 
the 2-, 6-, and 12-day mirrors as well as a mirror exposed for 10 months. 
The normalized scattering functions for those samples are shown in Figure 
9. We see from this data that the mirror exposed for a long period of 
natural soiling and cleaning exhibits a strong increase in scattering with 
decreasing wavelength. This is significant since the peak in the solar 
spectrum occurs near 500 nm. The measured particle size distributions of 
one of the short~term exposure mirrors and the long-term exposure mirrors 
are shown in Figure 10. This figure shows that the increase in scattering 
at short wavelengths is due to a relative increase in the number of small 
particles. This increase in the number of small particles is due to the 
stronger adhesion forces between the small particles and the mirror 
surface. After exposure to natural cleaning forces the larger particles 
are preferentially removed. 

In order to characterize the effect of natural soiling without the 
influence of natural cleaning, a set of mirrors was exposed only during 
periods of good weather at various orientation angles. Half of this group 
was exposed only during the day while the second half was exposed day and 
night. Figure 11 shows the specular reflectance losses measured during 
the exposure period. No significant differences were seen between the day 
and day/night rates of reflectance loss. As expected, the rate of 
reflectance loss decreased with increasing orientation angle. The table 
in Figure 12 shows the measured rates of reflectance loss. 

The normalized reflectance loss functions for these mirrors are 
shown in Figure 13. The horizontal and 45 deg. orientation angle mirrors 
were quite similar to each other, showing a decrease in scattering with 
decreasing wavelength which was opposite to the effect seen for mirrors 
exposed during uncontrolled natural exposure. No significant difference 
was seen between the day and day/night exposures. The mirrors.exposed at 
90 and 180 deg. exhibited markedly different ~cattering properties. An 
initial decrease in scattering followed by an increase was seen with 
decreasing wavelength. The mirror exposed day and night showed this 
effect the most. The mirror exposed at 180 deg. (inverted) showed very 
little scattering and the scattering that occured was measurable only at 
the shortest wavelengths «800 am). 
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The measured particle distributions for th~se mirrors are shown in 
Figure 14. The mirrors accumulated a bimodat'distribution of particles 
with the large particle distribution centered ~ea~ 5 pm and the small 
particle distribution centered near 0.05 ~m for the day exposures and 0.1 
~ for the day/night exposures. The number of small particles accumulated 
was independent of orientation angle while the number of large particles 
decreased with increasing orientation angle. It is the relative number of 
large and small particles which determines the wavelength dependence of 
the diffuse scattering. For the horizontal and 45 deg. mirrors, the large 
particles d~inate the scattering. The scattering due to the large and 
small particles is more nearly balanced for the 90 deg. mirrors where the 
small particles dominate the scattering at the short wavelengths and the 
large particles dominate the scattering at the long wavelengths. 

The difference in the small particle distributions between the day 
and day/night exposures was found to be a result of the soluble nature of 
the particles. The particles were mostly halides which accumulated on the 
mirrors by diffusion, independent of exposure angle. However, during the 
high nighttime humidity conditions, the particles on the day/night mirrors 
dissolved and recrystallized into larger particles. SEM micrographs 
(Figure 15) show this effect. In addition, it was also observed that this 
recrystallization sometllnes occurred around existing particles which could 
result in an increase in the adhesion of these particles. 

In addition to these experllnental measurements a computer model was 
developed to calculate the wavelength-dependent light scattering using the 
measured particle size distribution functions. The equations in Figure 16 
outline the approach used to calculate the scattering by the particles. 
The method is based on Mie scattering theory for the individual particles 
and performs an average over the particle distributions and over the solar 
spectrum. Sufficient room does not exist here to completely describe this 
technique so only a brief description of some of the results and 
predictions are given. 

The loss of energy from an incident light source is due to 
scattering and absorption by the particles. The efficiency of a given 
particle for scattering and absorbing light is given by its scattering 
coefficient KSCAT(r, A), is given by the sum of KABS(r, A)' The 
extinction coefficient, KEXT(r, A), is given by the sum of KABS(r, X) 
and KSCAT(r, A). The scattering coefficient is a sensitive function of 
the particle size to wavelength ratio with the peak in scattering 
occurring when the particle diameter is approxllnately the size of the 
wavelength of the incident light. The amount of light scattered or 
absorbed is also proportional to the particle cross section. The first 
formula in Figure 16 shows how those terms combine to give the total 
energy lost. 

It was found that this model gave excellent agreement to the 
measured wavelength-dependent scattering. Figure 17 shows a comparison of 
two measured scattering functions and the resulting computer calculations 
(triangles and circles) using the corresponding, measured particle size 
distributions. Figure 18 shows the solar averaged coefficients for 
extinction, scattering and absorption for each particle size. It is seen 
that absorption becomes important with increasing particle size. 
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Figure ~9 ,shows the r~~ative percentage of a~sorption compared to the 
total energy lost by both a~sorption and scattering. The'solid line is 
for a system accepting only purely collimated light (0 deg acceptance 
aperture) while the dotted line is for a system with an acceptance 
aperture of 10 deg. For a flat plate collection system which could have 
an acceptance aperture much greater than 10 deg., absorption is the 
dominant loss mechanism for particles greater than 10 m in diameter. 

The co~clusions of this study are outlined in Figure 20. In general, it 
was found that small particles dominate scattering while the l~rger 
particles are responsible for absorption. The small particles tend to 
increa~e in number relative to the larger particles under natural 
weathering conditions due to their increas.ed adherence. The effect of 
these accumulating particles on system performance depends on the 
acceptance aperture of ~he system. Systems with wide acceptance apertures 
are most affected by particle absorption. 
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Figure 1. Purpose 

I. INVESTIGATE THE EFFECT OF NATURAL CLEANING 

ON PARTICLE DISTRIBUTION AND WAVELENGTH 

DEPENDENT REFLECTANCE LOSS 

II. INVESTIGATE DEPOSITION MECHANISMS AND 

THE EFFECT OF NATURAL SO III NG 

Figure 2. Factors Affecting Specular Reflectance Loss 

A. PARTICLES 

NUMBER 

SIZE DISTRIBUTION 

COMPOSITION 

B. SOILING MECHANISMS 

SEDIMENTATION 

I MPACTI ON 

DIFFUSION 

C. ADHESION FORCES 

PARTICLE SIZEICOMPOSITION 

MOl STURE LAYER 

TIME OF CONTACT 

D. CLEANING MECHANISMS 

WIND. PRECIPITATION 

FREQUENCY. INTENSITY. DURATION 
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Figure 3 

DAYS EXPOSED 

Figure 4. Measurement Techniques 

A. SPECULAR REflECTANCE 

Laboratory Bidirectional Reflectometer 

400-900 nm 

1-15 mrad angular aperture 

B. HEMISPHERICAL AND DIFFUSE REflECTANCE 

I ntegrating Sphere Reflectometer 

350-2500 nm 

170 mrad anqular aperture 

C. PARTICLE SIZING 

Ouantimet 720 Particle Sizer 

Direct optical image: Diameters ~ 1 I'm 
SEM micrographs: Diameters ~ 0.1 I'm 
r • (A I".)' 
r • particle radius 
A • area of particle 

Particle Size Distribution Function: 

n(r) == dN/Ad(log r) (cm- 2) 
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Figure 5 
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Figure 7 
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Figure 12. Table 1 

LEAST SQUARES FIT TO SPECULAR REFLECTANCE LOSS AT 
500 nm AND A 15 mrad ANGULAR APERTURE FOR MIRRORS 
EXPOSED ONLY TO NATURAL SOILING. REFLECTANCE LOSS 
PRESENTED AS REFLECTANCE UNITS PER 24 HOUR DAY. 
DAY AND NIGHT EXPOSURE - (DIN), DAY EXPOSURE - (D). 
N 0 LOS S WAS MEA SUR E 0 FOR M I R R 0 R #8. 

EXPOSURE REFLECTANCE LOSS 
OR I E NT A T ION MIRROR II PERIOD PER DA Y 

0° (face up) 5 DIN O. 0055 

6 0 0.0051 

45° 1 DIN 0.0048 

2 0 0.0038 

90° 3 DIN O. 0019 

4 0 0.0003 

180° (j nverted) 7 DIN O. 0006 

8 0 
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Figure 14 
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Figure 15 
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Figure 16. Light-Scatter~ng., Galculations 

I = Light Intensity 
r = Particle Radius 

nCr) = Particle Distribution Function 
KEXT = Extinction COefficient 

A = Wavelength of Light 
fCA) = Solar Distribution Function 

KEXT = KABS + KSCAT 

KABS = AbsorPtion Coefficient 

KSCAT = Scattering Coefficient 
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Figure 1 9. Absorption, % 
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Figure 20. Conclusions 

SEDIMENTATION AND IMPACTION ACCOUNT FOR DEPOSI­

TION OF PARTICLES IN THE RANGE r ~ 1 I'm FOR THE 

MIRROR ORIENTATIONS OF 0°, 45°, AND 90°. 

CONVECTIVE DIFFUSION ACCOUNTS FOR DEPOSITION OF 

PARTICLES IN THE RANGE r 5 1 I'm FOR ALL MIRRORS, 

INDEPENDENT OF ORIENTATION. 

THE REFLECTANCE LOSS AT WAVELENGTHS ~ 1000 nm 

CAN INCREASE SIGNIFICANTLYJOR MIRRORS EXPOSED 

FOR EXTENDED PERIODS WITHOUT NATURAL CLEANING. 

RECRYSTALLIZATION OF SMALL, SOLUBLE PARTICLES 

CAN LEAD TO INCREASED REFLECTANCE LOSS AT WAVE­

LENGTHS S1000 nm FOR ALL MI RRORS, INDEPENDENT 

OF MIRROR ORIENTATION. 

RECRYSTALLIZATION MAY LEAD TO INCREASED BONDING 

OF PARTICLES TO EACH OTHER AND THE MIRROR 

SURFACE. 

NATURAL CLEANING PRIMARilY REMOVES THE LARGER 

PARTICLES (DIAMETERS ~ 10 p.mL 

NO UNIVERSAL WAVELENGTH DEPENDENCE FOR REFLEC-

TA NCE LOS S OF M I R RORS EX POS ED TO NATURAL 501 LI NG 

AND CLEANING. 

THE WAVELENGTH DEPENDENT REFLECTANCE lOSS IS A 

FAIRLY SENSITIVE MEASURE OF THE SIZE DISTRIBUTION 

OF PARTICLES ON THE MIRROR SURFACE. 
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DISCUSSION 

KRISHNAN: You ran some SEM photographs of the surface of the glass or the 
mirror; did you see any actual etching of the glass?: The reason I ~sk the 
question: if you have a small water droplet sitting on the surface of a 
glass, it tends to collect more acid vapors if you have acid vapors in 
equilibrium with a small droplet and in the long run there might be signs 
of etching of the glass, especially if it is soda-l~ gl~ss; more so than 
with borosilicate. 

ROTH: We did look for etching on the surfaces, and I was unable to see any 
evidence of chemical attack on the surface. That does not indicate that 
it wasn't there underneath same of the particles. We tried to rempve same 
of the particles to look but were still unable to see any microscopic 
evidence, even with the SEM pictures of attack. 

CUDDIHY: Just a closing remark fran me: when we got up to Fort Greeley, 
Alaska, the glass-faced modules t~re absolutely clean and the JPL crew did 
not have to do anything with those. The silicone-encapsulated modules 
they had to clean. Later we got to talking with the Army g~logist up 
there and the Alaskan soils in that area are acidic and when I was at 
Oorning Glass I also discovered there has been an old correlation between 
the pH of clays and .their adhesion power to glass. Acid clays will not 
stick to glass whereas alkaline clays will stick to glass. So what was 
happening up there in Alaska is that even though the A's and the B's had 
the potential, there were no naturally developed adhesion forces because 
they were dealing with acid soils. 
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SESSION V: EXPERIMENI'AL TESTING FOR IDENI'IFYING DEGRADATION BEHAVIOR AND FOR 
PRODUCT QUALIFICATION 

c. D. OOULBERT (Chainnan): COmparing the results of field testing with 
accelerated testing helps us formulate questions that we ask relative to 
change as a function of time. In other words, what changes occur as a 
function of time in the sequence of going fran loads to failure? If we 
hope to do anything about failures, we have to do something about the 
changes that go on even before there is any detectable damage. So we are 
a~king the questions: what is it that changes, how do you detect that 
change, and why does that change occur? This is particularly applicable 
to the problem of adhesion. There is a lot of technology available on how 
to get good bonded joints relative to cleaning and prlining and 
conditioning. We have been struggling with the questions: If, after 20 
years, those bonds break causing delaminations, pathways for electrolytes 
to go into the module, what is it that is changing to allow that to 
happen? What happens at the surface? What kind of chemistry goes on at 
the surface as a function of time? We know that things change as a 
function of moisture content. What is it that changes in an adhesive 
joint and how do you detect those changes? Our first two speakers, I 
hope, will provide some light in that area. These are our morning 
speakers: The Durability of Structural Adhesive Bonds, by Al Pocius of 
3M, and then of course FUndamental Studies of Adhesive Bonding, covered by 
Jack Koenig of Case Western. Then we will go on to talk about some of the 
other aging problems relative to corrosion; other changes that occur in 
neterials; and some of the changes in how that may affect our concern 
about the overall solar cell operation. 

So this IOOrning I would like to introduce Dr. Al Pocius of 3M, who will 
talk about their experience in that area. 
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1. INTRODUCTION 

DURABILITY OF STRUCTURAL ADHESIVE BONDS 

Alphonsus V. Pocius 
Adhesives, Coatings and Sealers Division, 3M 

St. Paul, MN. 55144 

Many types of tests for evaluating and/or predicting the durability of 
metal to metal adhesive bonds are known in the literature. Minford has 
recently publ ished a review on this topic. In our laboratory, we have made 
extensive use of the sustained load overlap shear test at high temperature 
and high humidity for this purpose. As a result of more than 10 years of 
evaluation. we are able to make qualitative correlations of the durability 
of metal to metal bonds as a function of adhesive type, temperature of cure, 
'type of adherend, type of surface preparation and the amount of load placed 
on the specimen. 

2. EXPERIMENTAL 

The metal substrates,were 2024T-3 clad or bare aluminum alloy, 5052T-4 
bare aluminum alloy or 1010 cold rolled steel. The surface preparation for 
the aluminum alloys was either the "optimized" FPL etch (sulfuric-chromic 
acid)2 or the H3P04 anodization process3. The steel was solv,ent wioed. If 
a primer was used, it was cured before appl ication of the adhesive. Film 
adhesives were cured in an autoclave at either 120°C or 177°C with' 
appropriate applied pressures and cure schedules. Paste adhesives were 
cured in a press at room temperature or 120°C. The specimen used is known 
as a "bl ister detection" specimen and is shown schematically in Figure 1 . 
The specimens were loaded in series in the test fixture shown in Figure '2. 
After applying a certain stress by means of a spring loading mechanism, 
the fixture is placed in one of two environments: 140°F (60°F)/lOO% RH 
or 100°F (38°C)/lOO% RH. A photograph of one of the environmental cabinets 
is shown in Figure 3. The fixture is monitored a'nd the time to break for 
each of the specimens is determined. Each adhesive/primer/surface prepara­
tion/metal system can be exposed at various l~vels of stress and a 
durability bar graph can be developed (Figures 4-9). 

3. DISCUSSION 

In order to scale the test results, one also needs to know the control 
strength of the adhesive bond tested at the temperature of the high 
humidity chamber. One can then compare the lifetime of the adhesive 
bonds under various load conditions against this 'control strength~ These 
values are 1 isted in Table 1. 

In all cases, more than one specimen was tested for sustained load' 
durability and the legend for the bar graphs is as follows. The ordinate 
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shows the sustained 'load applied to the samples while the abscissa shows 
the days of exposure. A white bar with an arrow at the end indicates no 
failure of the specimens, while a white crosshatched bar indicates that at 
least one sample is still in test. A white bar with a blunt end indicates 
that all of the samples had failed. In this case, the average of the days 
to failure of all the tested specimens is given. When possible, the degree 
of cohesive failure is shown at the end of the failed specimen bar graph. 
For example, 0.1 C means 10% cohesive failure, 90% apparent adhesion 
fa il ure. 

The durability tests on the 177°C curing film adhesives are shown in 
Figure 4. AF-30 is a nitrile-phenolic film adhesive while AF-143 and 
AF-147 are novolac epoxy based film adhesives. EC-1593 is a nonchromated 
primer whil e EC-3917 is chroma ted . In general, sustained loads of 50% or 
1 ess of the control strength show these systems to be exceedl ngl y durabl e. 
Even though the exact relationship between this test and actual service life 
is not known, we do know that AF-30 had demonstrated excellent durability 
in service in aircraft for over 25 years. 

The results for 120°C curing epoxy film adhesives are shown in Figure 5. 
Marked differences are noted here. The AF-44 nylon toughened epoxy has very 
poor durability at any load and adhesion failure predominates. AF-126-2, 
a first generation nitrile rubber modified epoxy has somewhat better 
durability and the failure mode is at least partially cohesive. AF-163 and 
AF-163-2 are 2nd generation polyether toughened epoxy film adhesives and 
these show a substantial improvement over the other two systems. 

The results for the 120°C curing epoxy paste adhesives on aluminum are 
shown in Figure 6. The conditions of exposure are less severe than in the 
first two graphs and all of the adhesives demonstrate excellent durability. 
Three of these paste adhesives were a1 so tested on steel and the. resu1 ts 
are shown in Figure 7. The durability of these bonds was substantially less 
than those made from aluminum. In addition the failure was predominantly 
apparent adhesion failure. 

In contrast to the above data, the durability of room temperature curing 
epoxy paste adhesives is shown in Figure 8. These materials show less 
durability than all of the higher temperature curing materials. One case 
demonstrates the efficacy of a corrosion inhibiting primer. EC-22l6 BfA is 
a high peel strength room temperature curing epoxy which shows relatively 
poor durability on unprimed substrates. The durability can be substantially 
improved by the use of the corrosion inhibitil'YJprimer EC-1945 BfA. 

The data concerning room temperature curing urethane adhesives are dis­
played in Figure 9. The urethanes with a primer appear to be as durable as 
the room temperature epoxies without primer. We also see the relationship 
between applied load and control strength, i.e., materials having the higher 
control strength are more durable than the materials having lower control 
strength. 

Two data sets highlighting the effect of proper surface preparation are 
shown in Figures 4 and 5. Here we have compared FPL etched alloys to 
H3P04 anodized aluminum alloys. For AF-147, the durability at each load 
level is substantially increased by using H3P04 anodized adherends. For 
AF-163, at a load level of 1800 psi, the durability is increased markedly 
for H,P04 anodized adherends over FPL etched adherends and the failure mode 
changes from 0.6 C to 0.95 C. 

The failure mode of samples exposed for long times is gradual under-
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cutting of the adhesive bond at the metal oxide/primer or metal oxide/ 
adhesive interface. This is shown schematically in Figure 10. This under­
cutting continues until the remaining bonded surface is not large enough to 
support the applied load. 

4. REFERENCES 

1. J. D. Minford, Aluminum Adhesive Bond Permanence, in Treatise on 
Adhesion and Adhesives, Vol. 5 (R. L. Patrick, ed.), Marcel Dekker, New 
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2. A. W. Bethune, SAMPE J., July-Sept., 4 (1975). 
3. J. C. McMillan, J. T. Quinlan, R. A. Davis, SAMPE Quarterly, 7, 

No.3: 1 3 (A p r i 1, 1 976) . 
4. A. Marceau, W. Scardino, AFML-TR-75-3, February, 1975. 

Tabl e 1. Control Strength of Metal, to Metal Structural Adhesive Bonds. 

Adhesive 
AF-30 
AF-143 
AF-147 
AF-44 
AF-126-2 
AF -163 
AF-163-2 

Adhesive 
EC-3455 
XA-3430 
EC -2214 HD 
EC-2214 HT 
EC-2158 B/A 
EC-2216 B/ A 
EC -2054 B/ A 
EC-1838 B/A 
EC-1751 B/A 
EC-3529 B/A 
EC-3539 B/A 
EC-3532 B/A 
EC-3535 B/A 

Control Strength at 
60°C (PSI) on 2024T-3 
Clad Aluminum 

2248 
2743 
4200 
5267 
4124 
4000 
4300 

Control Strength at 38°C 
on 5052T-3 Bare Aluminum 

3556 

Control Strength at 38°C 
on 1010 Cold Rolled Steel 

2555 
2040 
2522 
1580 
1577 
2220 (1439*) 
2497 
2422 
2135 
1275* 
1232* 
1893* 
2002* 

2337 
2482 

*on EC-1945 B/A primer. 
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Figure 1. Blister Detection Specimen 

o 

o 

Test Specimen 

Figure 2. Spring-Loaded Dead-Load Stress Fixture 
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Figure 4 . 350°F (177°C)-Cure Film Adhesives on Clad 
FPL-Etched 2024T-3 Aluminum 

No Failure Partial Failure All Samples Failed 

I ) Will/I; I I 

1;08C AF·30IEC·1S93 

, / ' / '1//'1//'1/ '/I ' / ' / '/I '/I ' '/ '/I ' / '/I / '/I '/ '/ '/ {) 

h 
' { 7 ' f{ '{ r f{ A F143JEC·3917 

~. 0.3 C 

~ 

I I 
'000 2000 

Time (Cays at 140°F (60°C/l00 % RH ) 

425 

I 
3000 

AF·147/EC·391 

AF·147IEC·39 1 
HJPO. Anodize 

Alu minum 

I 
4000 

7 
d 



1800 
1500 
1200 

900 

1500 

ii 900 
e:. 
-g 1800 
.3 1500 
~ 1200 
':900 
!! .. 
rill800 

900 

1800 
1500 
1200 

900 

BOO 400 
200 
100 
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Figure 7. 250 0 F (120 0 C)-Cure Paste Adhesives on 
Solvent-Wiped Cold Rolled Steel 
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Figure 8. Room-Temperature-Curing Epoxy-Based Paste 
Adhesives on FPL-Etched··5052T-4 Bare Aluminum 
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Figure 9. Room-Temperature-Cure Polyurethane-Based Paste 
Adhesives on FPL-Etched SOS2T-4 Bare Aluminum 
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DISCUSSION 

COULBERT: Are there any questions or comments from the audience? 

WAKSMAN: A couple of questions for my edification. One is, how good is the 
reproducibility of adhesive-type tests? From one sample to the next? 

POCIUS: In terms of initial physical properties or in terms of durability? 

WAKSMAN: Well, after aging, when you get a value of 2000 lb/in2 or whatever. 

POCIUS: If the bonds are ~roperly prepared--that is if you haven't made a 
mistake, and you haven t let a whole lot of air in the bond line, and the 
typical problems with manufacture, if you haven't made a mistake--the bond 
strengths should be reproducible to + 300 lb/in2• 

WAKSMAN: The other question relates to the types of stresses that are 
induced by a wedge tester as compared to the types of stresses that are 
induced in actual service, say in an aircraft structure. Have you done 
anything such as finite element analysis to compare? 

POCIUS: We haven't done it but there have been plenty of people who have. 

WAKSMAN: And these tests are representative of that? 

POCIUS: The type of wedge-test forces that you get are in a MOde 1, cleavage­
opening forces and the type of failure that is noted in such bonded 
structures are such that you get, first, a little bit of an opening. As 
soon as you get that opening then you start to get a failure Que to the 
environment. MOst of the people in the aircraft industry think that this 
type of test is reasonable for predicting durability, although it's not, 
really; you don't have a one-to-one correlation. I think we have all seen 
in the last couple of days that it is very difficult to have a one-to-one 
correlation. But it is indicative at least. The other thing that you 
have to realize is that aircraft structure is not designed to give you 
this MOde 1 cleavage. It is designed to eliminate MOde 1 cleavage. It is 
designed to put all loads in shear. 

WAKSMAN: The third part of my question is: you implied that your long-term 
failures were primarily aluminum corrosion rather than adhesive 
degradation per see Do these adhesives usually contain chloride 
llnpurities or something like that? 

POCIUS: Certainly. All epoxy adhesives have a certain amount of chloride in 
them. It is inevitable from the manufacture of epoxies. You try to get 
chloride levels very, very low. Less than 1/10 of a part per million, if 
possible, for this type of adhesive. There are certain types of epoxies 
that will give you that type of level, but they tend to be rather 
expensive. 

COULBERT: I had a question. You talked about strength of 1200 lb/in2, 100 
lb/in2, etc. in the aircraft industry', such as the aircraft you showed. 
What kinds of stress levels do they use as design value? 
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POCIUS: They usually overdesign by at least a factor of 5, if not 10. 

FEIGE: I am trying to establish bond strength. Have you looked at zinc­
coated steel to find out what happens to the zinc-epoxy interface? 

POCIUS: People at our laboratory have looked at zinc-coated steel. Zinc 
tends to be very difficult to bond to. You have to use special types of 
primers in order to get a reasonable bond. We have not done, shall we 
say, definitive work, anything near the type of work we are doing here on 
zinc-coated metal. Perhaps Dr. Labana can ccmnent on that. 

FEIGE: The other one would be copper, which is very c<mmn in these 
photovo1taic cells. What happens to the copper adhesive? 

POCIUS: I don't think we have ever done any tests on copper. It is not 
considered a structural material. We don't worry about trying to bond 
that. I don't have any data at all to comment on that. 

FEIGE: The third one would be on your steel coatings. Have you tried 
phosphate coatings on the steel? 

POCIUS: Zinc phosphate coatings don't really work all that well for adhesive­
bonded structures. They are very good for adhering paint and adhering 
primers but for adhesively bonded structure it turns out that zinc 
phosphate itself is much too brittle and tends to fail--break down all the 
crystals. I would imagine it is much better than just solvent wiping, but 
it is not nearly as good as an anodized coating on the steel. We do have 
other types of surface preparations such as acid pickling that do work-for 
surface preparation of steel but then you have to worry about things like 
hydrogen embrittlement and other factors that react with the steel. 

FEIGE: The last question would be: if you get corrosion of the iron, would 
you expect hydrogen to be evolved from the metallic surface, and fonn a 
hydrogen molecule to delaminate your adhesive? You see anything along 
that line in your studies? 

POCIUS: No. When you see these types of failures there are pretty sub­
stantial de1aminati,ons; they look interfacial, basically. Depending upon 
how long it was since the bond failed and when you looked at it, you see 
voluminous corrosion products present in that area. It is really hard to 
tell whether it was due to fonnation of a big bubble, which caused it to 
burst, or whether it was the corrosion product, or whether it was the 
delamination followed by the rest of the factors. 
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OOULBERT: Our next speaker is Dr. Jack Koenig of Case Western, who will speak 
on FUndamental Studies of Adhesive Bonding. 
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Abstract 

The primary difficulty in studying adhesive bonding is the determina­
tion of the number and kind of such bonds and their relationship to the 
adhesive strength. It is desirable to know the nature of the bonds in 
order to maximize their number and to chemically stabilize them from 
destruction by the elements of time, temperature, and environmental factors. 
Unfortunately, most instrumental techniques for surface analysis are limited 
in sensitivity and informational content for adhesive bonds. However, 
recent advances in infrared spectroscopy have made this technique amenable 
to characterization of adhesion at the molecular level. The limitation of 
dispersive infrared spectroscopy is the fact that most of the energy is 
lost since the slits are required to isolate the frequency range of inter­
est (1). nowever, with an interferometer (2), all of the energy falls on 
the detector all of the time so the multiplex advantage is gained making the 
signal-to-noise ratio higher and the sensitivity greater. Additionally, 
since the spectral data is digitized. it is possible to use the computer to 
perform data processing manipulations including absorbance subtraction. 
Using absorbance subtraction, the interfering absorbances of the bulk phase 
can be removed in the case of surface studies. For the study of coupling 
agents on glass, the glass absorbance can be removed revealing the spectrum 
of the coupling agent on the glass surface '(3). The nature of the chemical 
bond between the coupling agent and the glass can be determineG in a similar 
manner by absorbance subtraction (4). Differences between the adsorption 
process between silica and E-glass surfaces can be demonstrated ~5~. The 
nature of the chemical reactions on the surface during processing such as 
drying can be followed (6). If the surface has a catalytic. effect on the 
reactions on the surface these effects can be detected (7). 

liultilayer formation can be detected using the quantitative aspects of 
the FT-IR (8 and 19). Differences in the mechanism and n~ture of the 
absorption as a function of concentration of the treatinr, so!ution appear ~). 
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The degradation effects of the environment on the adhesive layer can 
be studied (10 and 11) for the different types of,coupling agents (12). 
The chemical reactions including hydrolysis can be monitored using the char­
acteristic frequencies of the degradation products (13). The reversibility 
of the chemical reactions with cyclic variations in the environment can be 
followed (14,15,16 and 17). The hysteresis effects are quite evident from 
an inspection of the FT-IR spectra. 

For the coupling agent on the glass surface, the spectral studies have 
resulted in a tentative molecular model for the structure of the coupling 
agent on the surface of the glass fiber (18). This model has been used to 
design experiments in composite processing which have yielded composites 
with improved interfacial bonding. 

This FT-IR spectroscopic approach to the nature of adhesive bonding is 
very general and can be applied to a wide range of bonding problems and can 
lead to new insights into the processes involved in determining the life­
time of these bonds. 
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Table J 

Conr of sllane NumbeT of 02 _nolaveT~ 

sol utlon !wt \) molecules i!eT 100A !9ulvalent· 

o I 60 15 
o 2 124 31 
o 3 118 30 
o 4 136 34 
o 5 224 S6 
06 281 70 
o 7 338 85 
0.8 374 94 
I 0 41>9 117 
1 0 448 112 
J 0 434 108 
I 2 543 136 
1 4 492 123 
].5 496 124 
1 6 630 ISS 
1.8 620 ISS 
1.9 74~ 16, 
2 0 61S IS4 
2.0 607 IS:! 
2.0 790 198 
2 0 59S 149 
2.0 812 203 

"Assuming one mol ecule occupas 40 F ( 19) 
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DISCUSSION 

WHITE: I was curious: after you did the Shimudi test, where you took your 
_ spectroscopy, did you check to see if there was any water trapped in the 

material? 

KOENIG: Well, there is always water in these systems. It is impossible to 
get all the water out. Unfortunately, because of the nature of the beast, 
we don't quantitatively evaluate how much water is there, but there is 
always water in the systems. 

POCIUS: I have sort of a philosophical question for both Dr. ~lueddemann and 
you, and that is in regard to the overall mechanism of silane coupling 
agents. Kale Matol of IBM has reported at least verbally that he could 
prUne gold surfaces with silane and get efficient priming for adhesion of 
a coating. I was wondering, since there are very few, if any, hydroxyl 
groups on a clean gold surface, how doe's one explain that priming 
phenomena with silanes? 

PLUEDDEMANN: We have also bonded gold. You get perfect bonds, if you have 
the right type of an amine functional silane. So I think there is some 
chelation with a heavy metal as well. Probably the silanols then are more 
formed, used to form, condensation; siloxane polymers, they may be in­
volved in that chelation. But I don't get bonding with the gold unless 
there is an amine in the coupling agent. You can also bond other heavy 
metals that way. 

LEWIS: You are talking about this irreversible hydrolysJs, that the water 
can't get back out because of the steric factors. After a while, if you 
desorbed enough, doesn't the matrix open up? 

KOENIG: I think that was either a misunderstanding on my part or in my 
presentation. I wasn't suggesting that water doesn't get in there, I am 
saying that the reactions' of the siloxane groups are restricted because of 

·steric effects. __ There can be a lot of water there but I can I t get them to 
react to form siloxane groups. That is what I am suggesting. This is a 
three-dimensional polymerized network. The siloxane coupling agent is a 
three-dUnensional network and when we hydrolyze this we are breaking some 
of these Si-O-Si bonds to form a Si-OH bond. There is, in the meantline, 
the ability to change these. They are no longer in the steric 
configuration that alloWs those bonds to re-form or dry. That is the 
problem. -

LEWIS: Doesn't the mobility help the rheology of not getting concentrated 
stresses? 

KOENIG: Certainly, and there has been considerable evidence for that. The 
problem is that if you have too many of these bonds broken then you have 
no structure, no strength of that inter layer and the thing recurs in that 
siloxane interlayer. That becomes a weak part of the system. 

LEWIS: So it would help if the coupling-agent layer wasn't too thick? 
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KOENIG: Yes. In fact one of the things we have done is to take that physical 
absorbed layer, that layer C that Ed (Cuddihy) talks about, wash it off 
and make composites, and the strength goes up. 

PLUEDDEMANN: I think at one time you did suggest what happens to make it 
irreversible--I don't know if you have proved it yet. When the siloxane 
bond between the coupling agent and the glass is hydrolyzed to foOD 
silanol groups on each surface, and if the silanol group of the coupling 
agent retracts into that interface region, it can condense there to form 
siloxane in the coupling agent itself. Then, of course, there is no 
silanol left to react with the surface, and we know if we condense the 
coupling agent completely, first to siloxane (even if it were soluble, for 
example) it would not be a coupling agent. It needs the silanol groups, 
or something that can foOD silanol groups, to bond to the surface. I 
think that may be one explanation of the irreversibility. Maybe you 
haven't proved it. 

KOENIG: That is only postulation, yes. 

WAKSMAN: we have done a considerable amount of constant temperature and 
humidity aging of FRP cover materials and have found under these 
conditions that there is a substantial amount of fiber resin 
delamination. I wonder if you care to cooment on whether the primary 
degradation mechanism is really leaching out of some of the intermediate 
layer of silane rather than the deterioration of the glass-silane 
interface? When you talk of several layers, is this a primary mechanism 
of failure? 

KOENIG: We don't know. That is unfortunately the case. It depends on the 
system. Sometimes you can get interfacial failure and sometimes you can 
get failure in the siloxane layer. It just depends on the process and 
treatment conditions of the failure. It is not always the same. 

COULBERT: Thank you, Jack. We will have a chance at JPL to go into this in 
more detail, so we will look forward to continuation of this subject at 
JPL. 
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Aging of FSA Polymeric Encapsulation Materials 

By 

Paul B. Willis 
Springborn Laboratories, Inc. 

Enfield, Connecticut 

The goal of this program is to identify,- develop and evaluate 
materials and processes for the low cost encapsulation of silicon 
photovoltaic cells consistant with the FSA objective of achieving a 
solar array at a.manufactured cost of $0.70 per peak watt ($70/m2) 
(1980 dollars). 

Phase I at Springborn Laboratories has been concerned with the 
identification and/or development of materials and classes of materials 
to provide specific functions in the construction of PV modules. This 
includes pottants, outer cover films, substrates, ultraviolet stabilizers, 
back covers and adhesive systems. Phase II activities have now been 
started in which these materials are being technically optimized and eval­
uated by accelerated aging studies and lifetime estimations. 

To date, aging studies have emphasized pottant materials due to their 
critical importance in module function. Four pottants were developed in 
this program; EVA and EMA for lamination, butyl acrylate and aliphatic 
urethane for the casting process. Work is continuing on the "technology 
readiness" phase of these materials, which includes extended studies of 
antioxidants, ultraviolet absorbers, metal deactivators, crosslinking 
agents and test methodologies. 

Four major properties are considered to be relevant for determining 
module service life: (A) mechanical; creep re~istance, modulus, tensile 

,strength, (B) optical; integrated transmission 0.4 to 1.1 microns, (C) 
chemical; inertness with respect to metals ~nd other components, retention 
of stabilizers, etc. and (D) electrical; maintaining effective isolation of 
conductive components. These properties were all measured after exposing 
polymer (pottant) specimens to three types of accelerated stress; thermal, 
ultraviolet and metal catalysis. These conditions give rise to a large 
number of complex interrelated free radical reactions that result in the 
deterioration of polymeric materials. (5) The progress of this degradation 
was assessed with a routine test sequence and the resulting data was then 
used for "empirical modeling" of material behavior and lifetime prediction. 
Such data may be used in mathematical schemes such as first or~er kinetics, 
Arrhenius, induction period, Weibul or some other treatment.(7 

Note: Numbers in parenthesis refer to VU graph numbers. 
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In all experiments the data was plotted as log % property retained 
versus time to yield generally useful graphs of material behavior. The 
first property to show change is color (yellow) and was determined quanti­
tatively by spectroscopy as %T at 400 nm. The total optical transmission, 
however, (400 nm to 800 nm), retains a surprisingly high value, even with 
severe yellowing. Specimens retaining only 10% of the original trans­
mission at 400 nm were still found to have 74% total integrated trans­
mission. The mechanical properties during aging were, ,for the most part, 
unaffected. When physical deterioration was observed, the decrease in 
elongation at break was the first characteristic to change, followed by 
the decay of tensile strength. The dielectric strength (insulation 
breakdown) was found to be the least variable of the properties measured 
and retained 100% of control values in all but the most extreme cases of 
degradation. 

Thermal aging (10-16)was conducted in the dark in atmospheres of air 
and nitrogen at temperatures of 60°, 85°, 105° and 130°C. The results' 
to date show that the candidate pottants have very good thermal stabil­
ity, with no life limiting degradation occurring at 105°C. Specimens 
of EVA have survived 7,200 hours at 90°C with virtually no change, and 
retain 91% integrated optical transmission.(13) 

The life limits that are discernable at the 130°C condition and are: 
polyurethane - 250 hours, and EVA - approximately 2,000 hours. No real 
difference was noticed between the air and nitrogen conditions. 

The ultraviolet stress condition was provided by exposure to a med­
ium pressure mercury lamp (General Electric RS/4) at a temperature of 
50°C. In terms of time integrated UV energy , 1300 hours of RS/4is 
equivalent to one year of outdoor (AM-I) solar ultraviolet.(19) Refer­
ence materials, unstabilized poly{propylene) and poly(ethylene) were 20) 
totally degraded by this condition in 200 and 600 hours respectively.( 
To date the following materials have survived without change: EMA - 10,000 
hours, Urethane - 8,000 hours, Tedlar 100BG30UT - 25,000 hours, and 
EVA, an astonishing 35,000 hours. (21, 22 ) For EVA, this is equivalent, 
in UV energy, to 27 years of outdoor exposure and without the benefit of 
a glass (or other) covering. Unstabilized EVA base polymer (Elvax 150) 
degraded within 500 hours. Life limits for pottants under RS/4 exposure 
were found to be: Butyl acrylate - 10,000 hours, and PVB - 500 hours.(25-26) 

Metal catalyzed oxidation in the presence of cQPper was discovered to 
be the most severe condition examined so far.(31-34J Pottant compounds were 
molded around copper screens and the color (%T-400 nm) measured after periods of 
thermal soak at 105°C. All pottants were found to degrade rapidly,and all 
reached end of life (complete deterioration) in about 400 hours. Formula-
tions compounded with metal deactivators (ion chelators) and specimens in 
which the copper had been treated with silane primer both demonstrate im-
proved performance and are still under test (out to 1,000 hours). (36-39) 
No metal reactions were found with aluminum or 60/40 solder. 
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In summary, color (yellowing) was found to be the first quantifiable 
property change. This and the other properties showed predominantly 
"induction period" type behavior during aging in which the measured values 
began to change rapidly at a certain point in time. Thermal stability and 
ultraviolet resistance of the candidate encapsulation materials was gen­
erally found to be very good, however exposure to metallic copper should 
be stringently avoided due to intense catalytic oxidation. Future exper­
iments will continue with these evaluations and also include higher stress 
conditions to evaluate failures and material performance in shorter periods 
of time. 
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Figur~ 1 

AGWG OF FSA POLY~lERIC 

ENCAPSULATION ~~TERIALS 

BY 

PAUL B. WILLIS 
PROJECT MANAGER 

SPRINGBORN LABORATORIES, INC. 

ENFIELD, CONNECTICUT 06082 

Figure 2. Scope and Approaches 

IDENT! FlY IDEVELOP LO~' CO~T 

MODULE CONSTRUCT I O~ ~lATER I ALS 

• 
• 
.. 
• 
• 
• 
• 
• 

• 

PHI\SE r 

POTIANTS 

OUTER COVER FILM 

SUBSTRATES 

ANTI-SOILING TREATMENTS 

ULTRAVIOLET STABILIZERS 

FABRICATION CONCEPTS 

FIELD EXPOSURES 

ADHESIVES/pRI~ERS 

PHJI.SE I I 

(TECHNOLOGY READINESS) 

OPTIMIZED MATERIALS FORMULATION 

MATERIALS LIFETIME AND AGING STUDIES 
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Figure 3. Candidate Polymer Encapsulation Materials 

POTTANTS: MECHANICAL STRESS RELIEF. ELECTP.ICAL ISOLATION. 
CELL POSITIONING. ENVIROr,MENTAL ISOLATION, 
CORROSION BARRIER 

ETHYLENE/VINYL ACETATE (EVA) ] 
LAMINATION TYPES 

ETHYLENE/METHYL ACRYLATE 
(EMA) 

ALIPHATIC POLYURETHANE (PU) 

POLY(BUTYL ACRYLATE) (BA) 
~ CASTING TYPES 

OUTER COVERS: PROVIDES HARD SOIL RESISTANT SURFACE, UV 
SCREENING, MECHANiCAL BARRIER 

TEDLAR 100BG30UT, TEDLAR 4462 
ACRYLAR 22417. POLYESTER EH 723 (EXPTL,) 

BACK COVERS: MECHANICAL BARRIER. ELECTRICAL ISOLATION 
EMMISIVITY FOR COOLING MODULE 

KORAD 63000 • TEDLAR lS0BS30WH 
SCOTCHPAR 20CP - WHITE (POLYESTER) 
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Figure 4. Encapsulant Properties 

(MAJOR EMPHASIS ON POTTANTS) 

RELEVANT MATERIAL PROPERTIES FOR MODULE SERVICE LIFE: 

MECHANICAL 

OPTICAL 

CHEMICAL 

DIELECTRIC 

• CREEP RESISTANCE (GEL) 
• YOUNG'S MODULUS 

• INTEGRATED TRANSr'~ISSIOtI 
OVER 0.4 TO J.1 MICRONS 

• INERTNESS OF ENCAPSULANT 
TO CELL HARm/ARE 

• DEGRADATION (WEATHERING) 
I 

• INVENTORY OF ,ADDITIVES 
(STABILIZERS) IN POLYMER 
WITH TIME (HPLC) 

• ELECTRICAL ISOLATION OF 
CONDUCTIVE COMPONENTS 
(HI POT AND LEAK CURRENT) 
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Figur~ 5. Polymer Degradation 

RESULTS IN DECREASE OF DESIRED PROPERTIES SUCH AS 
TENSILE STRENGTH. ELONGATION. TRANSPARENCY. DIELECTRIC 
STRENGTH. ETC. 

OXIDATION MECHANISM
A

• 

GENERAL DEGRADATION MECHANISM: INITIATED OR ACCELERATED 

BY HEAT, LIGHT. OXYGEN AND CERTAIN METALS 

IN ITIATION: RH p. R· + II. 
(SLOW) R-R t 2P. 

PROPAGATI ON: R· + O2 • ROO· 
(AUTOCATALYTIC> : ROO. + PH • ROOH + R· 

ROOH • RO' + He· 
RO·+RH • ROH + R. 
HO. + RH • H20 + R: 

TERf~INATION: R.+ R. • R-R 
R· + ROO· t ROOR 
R· + HO· t ROH 

A. DEGRADATION RATE VARIES WITH TEMPERATURE. UV EXPOSURE, 

OXyr::EN DIFFUSION, CRY5TAL:INITY, ADDITIVES. 
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Figure 6. Encapsulant Degradation Studies 

0 EXPOSE CANDIDATE EflCAPSULANTS -:-0 OVER - STRESS 
CONDITIONS: ACCUMULATE DEGRADATION DATA 

0 CHEMICAL MECHANISM CONSISTANT HITH DEGRADATION 
IN MODULE APPLICATION (?) 

0 CORRELATE DATA TO PREDICT LIFETIMES, ASSESS 
FORMULATION EFFECTIVENESS 

CONDITIONSA
• 

0 THERMAL STRESS ( HEAT AGING) 

e ULTRAVIOLET STRESS ( UV EXPOSURE) 

CI CATALYTIC STRESS ( METAL CORROSION ) 

A. AMBIENT HUMIDITY 
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Figure 7. Data Correlation 

OVERALL DEGRADATION REACTION IS COMPOSITE OF MANY 
COMPETING CHEMICAL REACTIONS IN COMPLEX RELATIONSHIP 

DATA TREATMENT 

1. FIRST ORDER BEHAVIOR 
• SUMMATION OF REACTIONS APPP.OXI~~TES FIRST 

ORDER BEHAVIOR 
• LOG (PETAINED PROPERTY) PLOTTED AGAINST 

TIME IS ~INEAR. (PREDICTIVE> 
• ARRHENIUS' TREATMENT: FOR CONSTANT RATE 

(FIRST ORDER), LO& TIME VS lIoT IS LINEAR. 
PREDICT TIME TO SPECIFIED PROPERTY VS 
TEMPERATURE. 

2. INDUCTION PERIOD BEHAVIOR 
• REACTION KINETICS SUDDENLY CHANGE 

• PLOT OF LOG PROPERTY VS TIME SHOWS SHARP 
ONSET OF DEGRADATION AT END OF INDUCTION 
PERIOD. 

• OBSERVED WITH AUTOC~TALYTIC REACTIONS, 
KINETIC CHl\IN BRANCHItIG. TYPICAL OF FREE 
RADICAL PROPAGATION STEPS. 

3. OTHERS? (WEIBUlL) 

Figure 8. Data Correlation (Cont'd) 

EMPIRICAL 

• STRESS CONDITIONS SIMILAR TO 
MODULE APPLICATION -

• . INFORMATION USEFUL WITHOUT 
CORRELATION 
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Figure 9. Encapsulant life-Prediction Thermal-Aging Program 

DETERMIHATIOtI OF THE PEAK SERVICE TEMPERATURE: 

• 
• 

• 
• 

DETERMINE WHICH PROPERTY IS LIFE-LIMITING 

DETERMINE RATE OF CHANGE OF PROPERTY WITH 
INCREASING TEMPERATURE 

ASSIGN END-OF-LIFE VALUE TO PROPERTY 

EXPRESS DESIRED MODULE LIFE TIME AND RELATED 
PEAK SERVICE TEMPERATURE 

CONDITIOI~S : 

• 
• 

AGE TEST SPECHIENS AT 60°, 80°, JOSo, ]30° 

INCLUDE BOTH "OPEN" AND "CLOSED" CONDITIONS 

TO S mliLATE HEP.METI C AND HON-HERMETIC MODULE 
DESIGNS 

o AIR AND NITROGEN 

CORRELATE: 
• PREPARE PLOTS OF LOG PROPERTY VS TIME; MEASURE 

RATE OF CHANGE OR INDUCTION PERIOD 
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Figure 10. Thermal Degradation 

• FREE R4DICAL CHAIN REACTIONS ~ITH OXYGEN: 
INITIATION, PROPAGATION, TERMINATION. 

o DEGRADATION IS COMPOSITE OF MANY REACTIONS 

• FREQUENrLY GIVES P INDUCTION • PERIOD T¥PE CURVE 

ANTIOXIDANTS ( PROTECTIVE CHEMISTRY) 

PRIMARY: FUNCTION AS FREE R.4DICP,L TRAPS 
ROO· + AH ---- ROOH + A' 

R· + AH ---- RH + A' 
A' STABLE PRODUCTS 

SYNERGISTS: . CATALYZE 'DECOMPOSITION OF HYDROPEROXIDES 
VIA IONIC MECHANISMS: NO FREE RADICALS. 

ETHYLENE VINYL ~CETATE (EVA) 

PTHERMOLYSIS· REACTION 

-{H2--(H -
I 

H H 
_-=A=-,.-+. _ C = C -

o 
I 

o = C - CH3 
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Figure 11. Thermolysis of EVA (Acetic Acid Evolution) 
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AT 85%C (ROOFTOP ARRAY), RATE IS 6 X 10-10% 
PER MINUTE 

20 YEARS AT 85°C EQUALS 0.002 ~IT % DEGRADATION 

ACETIC ACID GENERATION NOT EXPECTED TO BE A 
PROBLEM ( NOR OESERVED EXPERIMENTALLY) 
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Figure 12. Differential Thermal Analysis (DTA) 

DETERMINE EARLIEST TEMPEHATURE OF O)(~DATION EXOTHERM 
OR THERi-1AL DEGRADATIOi~ 

t:IATERIAL IN AIR I~ ~IIRQGE~ 
(0C) (0C) 

EVA (ELVAX 150 ) 
BASE RESIN 216 350 

EVA (A9918 ) 
COMPOUNDED-CURED 227 310 

EMA 2205 
BASE RESIN 350 420 

EMA (A11877) 
COMPOUNDED - CURED 212 400 

SAFLEX - PVB 180 360 

0 EMA BASE RESIN MOST THERMALLY STABLE 

• EMA AND EVA COMPOUNDED POTTANTS ABOUT EQUIVALENT 
IN AIR 

• EVA AND EMA BOTH MORE STABLE THAN PVB 
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Figure 13. Thermal Aging: EVA A~9918, 130°C 
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• PROPERTIES ALMOST GONE AFTER 7200 HOURS - 130°C 
(STILL !-lAS 74% T OPTICAL> 

• NO CHANGE IN OPTICAL HECHP,NICAL OR 
ELECT.RICAL PROPERTIES AFTER: 

7200 HRS - 90°C 
1000 HRS - 10SoC 

A. AIR AND NITROGEN VALUES APPROXIMATELY THE SAME. 
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Figure 14. Thermal Aging: EMA 13439, 130 0 C 

2.0 c~ 

~ 

>-
1.0 ~ 

W 
Q. 
o 
c:: 

o 

Q. 

t!) 
o 
...J 

, -, 

I 

I 
I 

I 

I 
I 

I 
I 
I 

I 

A IN NITROGEN 

D IN AIR 

COLOR CHANGE, %T bQC NM 

.... -_ ... 
,- , . - ... - ... , 

, 
. - I __ I I -,.....l, ____ I 

i' I I II I a I 
I I I I I I II ............... 1 

I I " III I ........... 

I I II I I 
, - , 

I 
I _ .. I 

I I I I II 

I I I " I I I I " I 

I III I I 
tOO 

TIME HOURS) 

, , 
__ .... ....-oII! , 

I I , I, 

I I I I I I 
I I I I I I 

I I I III 

~l 1111 

I ' ill 
, , , , I , 

I 
I I I I 

I I I I I I 

I II I II 

I I I III 

I III 
1000 

• AT 80°C AND 105°C, NO CHANGES I~ OPTICAL 
MECHANICAL OR ELECTRICAL PROPERTIES AFTER 
400 HRS. 

• ,I\T 130°C, otlLY COLOR CHANGE ( 861, T OPTICAL> 

• LESS COLOR FORMATION IN AIR THAN NITROGEN 
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Figure 15. Thermal Aging: Polyurethane Z-2591 
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• ~:o CHANGE IN OPTICAL. MECHANICAL OR ELECTRICAL' 
PP~PERTIES AFTER 1000 HRS AT 80°C AND 10Soc 

• AT 130°C ALL PROPERTIES LOST PFTER 250 HOURS 

• COLOR CHANGE APPX. sru~ IN AIR AND NITROGEN 

• AFTER 1.000 HOURS AT 10SoC STILL HAS 82%T 
TOTAL OPTI CAL 

Figure 16. Thermal Aging: PVB (Saflex PT-1 0) 

• JUST STARTED. NO CHAHGE IN 
PROPERTIES AfTER 400 HOURS 
sooc 

• . STRONG YELLOW AFTER 350 HOURS 
AT 10SOC 

o 130°C CONDITION NOT RUN -
RESIN FLOWS 
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Figure 1 7. Polymer Photodegradation 

GENERAL MECHANISMS: 

BY CHROHOPHORE STATE OXYGEN 
CHAIN 

LIGHT ABSORPTION--+ ACTIVATED «SINGLET} 

FREE REACTIONS 

RADICALS 

INITIATION: ~ c ... c 

R hV.R·~+~RDOH 
PROPAGATION: (PH-70 ACTIVE) 

hv ROOH --Ar'--+~ RO- + HO. FREE RADICAL 
CHA I N REACTI ONS 

TERMINATION: 

(HAY GENERATE PH8TOACTIVE SITES) 0 

RO. .. R - ~ - R hV" R - ~. + R. 

Figure 18. Polymer Photodegradation (Cont'd) 

PROTECTIVE CHEMISTRY 

1. ABSORBER (SCREEr:ER ) ABSORBS UV LlGHT~HEAT 

2. QUENCHER ( DEACTIVATES EXCITED STATE) 
DEACTIVATlON--~~ HEAT 

3. CHAIN TE~~INATOR (RADICAL TRAP) 
RADICALS ~ COVALENT BOND 

4. HYDROPEROXIDE DECOMPOSERS DESTROY CBROMOPHORE 
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Figure 1 9. Photodegradation Experiments ... 

• 

• 

CARBON - CARBON BOND = 80 KCAL/MOLE 
SUNLIGHT (UV) 290 NM - qOO NM = 100 - 70 KCAL/MOLE 

FREE RADICAL REACTIONS INITIATED IN THIS WAVELENGTH 
RANGE, ESPECIALLY WITH PHOTOSENSITIVE GROUPS 

(HYDROPEROXIDES, KETONES, ARYL RINGS) 

RS/q SUNLAMP EXPOSURE 

• 
• 

• 

• 

• 

MEDIUM PRESSURE MERCURY ARC LAMP IN GLASS ENVELOPE 
'-' 

FILTERED TO REMOVE WAVELENGTHS BELOW 295 NM 

CORRELATION TO SUNLIGHT: 
LAMP OUTPUT = 1.q SUNS AT AM 1.S 
ONE DAY OF AM 1.5 SOLAR UV = 5 HOURSIDAY 
3.6 HOURS RS/4 = ONE DAY OF AM 1.5 UV 

1300 HOURS OF RS/q EQUIVALENT TO ONE YEAR 
OUTDOOR SOLAR ULTRAVIOLET 

OPERATING TEMPERATURE, SOOC 
CLOSE TO ARRAY OPERATION TEMPERATURE 
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Figure 20. RS/4 Exposure: Reference Materials (Unstabilized) 
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Figure 21. RS/4 Exposure: EVA A-991 8 
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• NO CHANGE IN OPTICAL. MECHANICAL OR ELECTRICAL 
PROPERTIES AFTER 35.000 HOURS 
(SMALL CRACKS NOW APPEARING ON SURFACE) 

• EQUIVALENT TO 27 YEARS OF SOLP.R ULTP~VIOLET 
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Figure 22. RS/4 Fluorescent Sunlamp Exposure: 

• 

EVA A-991 8 (No Cover Film) 

CLEAR STABILIZED EVA EXPOSED 35,000 HOURS, 
SOLAR UV EQUIVALENT, 27 YEARS 

TOTAL INTEGRATED ULTIMATE 
TRANSMISSION ELONGATION 

(%) (%) 

TENSILE 
STRENGTH 

(PSI) 

CONTROL 91 510 1890 

EXPOSED 35,000 HRS. ...91L Ji.8D... illO.... 

% CONTROL 99% 94% n% 

• 
• 

SPECIMEN NOW SHOWING SMAll SURFACE CRACKS 

UNSTABILIZED avAX 150 (EVA) BECOMES SOFT, TACKY: -
LOSES PHYSICAL PROPERTIES IN LESS THAN 1,000 HOURS. 
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Figure 23. RS/4 Exposure: EMA 1-3439 
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Figure 24. RS/4 Exposure: Polyurethane Z-2591 

2.0 

,.... 
> ..... 
a:: 
UJ 
Q. 

o 
a:: 
Q. 

N ...... 

1.0 
10 

COLOR CHANGE. %T 400 NM 

, , 
I I I III I I II II I II IIII 

I I II I rt-~ I I I I 1/ 1/ I I II I 
I II I I .1 .,....... I I I ""11 
II 

" 
I I I -, 

'" I I '" I II 1111 III II· :i- I I I II I. 
I 11111 I I /I I m~ I I 1111 

I I I 
\ , 

\ 

I 

. . . . , , 

Z346S' Z 3 4 
100 

6 a I 

1000 

TIME (HOURS) 

4 b , 
10,000 
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, NO CHANGE IN OPTICAL. MECHANIC~L OR ELECTRICAL 

PROPERTIES AFTER 8.000 HOURS 

• EQUIVALENT SOLAR UV. 6 YEARS 

467 

:3 4 6 a I 

100,000 



Figure 25. RS/4 Exposure: Butyl Acrylate 13870 
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1.0 

Figure 26. RS/4 Exposure: PVB (Saflex PT-1 0) 
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• E9U I VALEt;T SOLAR UV, 5 ~10NTHS 
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• REQUIRES GLP,SS/L~lINP.TION FOR STABILITY 
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Figure 27. RS/4 Exposure:. Outer-Cover Candidates 
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• ACRYLA~ LOSES 40% TENSILE IN 3000 HRS. 
THEN STAB I LI ZES. (STRESS RELAXA TI 011 AND 
SOME LOSS OF Mv) 

A. EQUIVALENT SOLAR UV, 11 YEARS 
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Figure 28. RS/4 Exposure: Back-Cover Candidates 

OSCOTCHPAR 20 CP-W (POLYESTER). ~ ELONGATION 
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Figure 29. RS/4 Exposures 

TWO NEW CONDITIONS STARTED 

- I. RS/4; SOOC, WATER SPRAY 
II. RS/4; 85°C, HIGH HUMIDITY 

• WORST CASE ROOFTOP MODULE CONDITION 
SIMULATED BY 8SoC EXPOSURE 

• RAIN EXTRACTION SIMULATED BY WATER 
SPRAY EXPOSURE 

• WATER SPRAY ALSO INTRODUCES HYDROLYTIC 
STRESS 

• CONDITIONS WILL PROVIDE HIGHER DEGREE 
OF ACCELERATION, SHORTER TIMES TO 
CHANGE OR FAILURE 

• ASSESS FORMULATION EFFECTIVENESS IN 
SHORTER TIME 

Figure 30. RS/4 Exposures (Cont'd) 

• RS/4, SOOC WITH WATER SPRAY 

• 
• 

<10 MINUTES \~ATER EVERY 2 HOURS ) 

DATA TO DATE, 4,000 HOURS 

NO CHANGE FOUND FOR: 
EVA, EMA, PU, TEDLAR lOOBG30UT 

• ACRYLAR FILM: 

EXTRACTION OF STABILIZER 
(UV CUTOFF: 382 NM -----+ 315 NM) 

• EH 723 POLYESTER FILM: 
• APPX. 0% ELONGATION AFTER 2,000 HOURS 

(HYDROLYSIS) 

• UV CUTOFF GOES UP: 
(362 NM ~379 NM) 

( GENERATING CHROMOPHORES?) 
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Figure 31. Metal Catalyzed Oegradation 

A. 
COPPER AND OTHER MULTIVALENT METALS 

ACCELERATE OXIDATION REACTIONS IN POLYMERS 
"PRO-OXIDANTS" 

GENERAL MECHANISMS: 

I N IT I AT! ON: R - R 

PROPAGATION: R· + O2 • R02' 
R02·+ RH~ R. + ROOH 

METAL CATALYSIS: 

• MULTIVALENT'METALS COMPLEX HYDROPEROXIDES. 
REACT THROUGH REDOX r1EcHAtIISMS, ACCELERATES 
PRODUCTION OF FREE REDICALS. 

(n+l) 
ROOH + M n+ ____ ~.M + OH- + RO. 

ROOH + ~l(n+~.., n + H+ + ROO. 

• SOLUBLE IONS ARE VERY CATALYTIC. 
AFFECT PROPAGATION RlHE ONLY. 

SUM: 
+2 +3 

2 ROOH [II /[11 .P.O. + RO'. + H 0 
(FAST) 2 2 

A. NO REACTION WITH ALUMINUM OR 60/40 SOLDER 
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Figure 32. Metal Activation' (Copper Powder): 
Color Change, EVA A-991 8 

o 105°C IN AIR 
C 105°C IN NITROGEN 
~ 130°C AIR/NITROGEN 

o 
2.0 _0*-[~'"'j F 1"" A+Ro I I I 111111 I f Iff I fli 
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II I I III 
I 
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I 3 4 6 e . Z3468 Z 
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I I I I 11111 
I I I IIIII 
I I I 11111 
I I1I1 \I 
I I I 

.. 
Z :3 .. Ii ' 

10,000 

• EVA/COPPER SURVIVES BETTER IN NITROGEN THAN 
. AIR ATMOSPHERE (AT 10SoC) 

• AT nooc (AIR OR ~;ITROG8D .8W...PP.OPERTIES DEGRADED 
BY 1,000 HOURS. INDUCTION PERIOD APPROXIMATELY 
'400 HOURS 

• EQUIVALENT TO 2,000 HOURS WITHOUT COPPER (EST). 

• ACCELERATION FACTOR lu TO 20 
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Figure 33. Metal Activation (Copper Powder): 

2.0 

1.0 

Color Change, EMA 13439 

o 80°C AIR/NITROGEN 
o 1050C. AIRCN2 SLIGHTLY HIGHER) 
~ 130°C. AIR/NITROGEN 

~ 
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• COMPLETE DEGRADATION. ALL PROPERTIES LOST AT 
250 HOUPS -- 130°C CAIR/N2) 

• BETTER H~ ABSENCE OF AI R AT THE 105°C CONDITION 
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Figure 34. Metal Activation (Copper Powqer): 

2,0 

Polyurethane. Z-2 591 

o 30°C, AIR/NITROGEN 
C 105°C, AIR/NITROGEN 

A 1:.. l300c AIR/NITROGEN ,..;;. , 
~~ I~k I I IIIII I I I I III I! 

I NIIIIII .............. I I I III I I I I 111111 
I I"N.. "I ,,11111 I I I I I 1111 
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A . , , . ,~ .. - - , , 1.0 I 2.:3 4 Q a I 2.:3 4 0 8 2.:3 4 a:: c 
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TIME (HOURS) 

• COr.PLETE DEGRADATION - LOSS OF ALL PROPERTIES: 
105°C - 4000 HOURS, 130°C < 20. HOURS 

• RESULTS FOR AIR OR NIP~OGEN .l',PPR()XJr·t~.TELY 
EQU I VALEr';T 

• WITHOUT COPPER, PU DEGR~DES IN: 
> 1000 HRS - 105°C 
...w 250 HRS - l300C 
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Figure 35. Metal-Catalyzed Degradation 

METAL DEACTIVATION Ir~PORTl\NT IN HI RE AND 
CABLE INDUSTRY: COPPER CONDUCTORS 

METAL DEACTIVATORS: 

cor~PLEXING AGENTS FUNCTION TO INSOLUBLIZE 
THE METAL ION r + 2l 

HIGH 
CATALYTIC ACTIVITY 

COMPLEX 
BASE '> ++ 

~ (L2) r 
LOW 

CATALYTIC ACTIVITY 
(BUT NOT ZERO) 

o POLYMERS NOT CONTAINING METALS MeRE STABLE THfl.N 
POLYMERS WITH DEACTIVATORS 

o DEACTIVATOR EFFECTIVENESS: POLYMER COMPATABILITY 
LI GAND NUMBER, SOLUB I LI TY, PERMANENCE, SYNERG I SM 
I'IITH ANTIOXIDANTS 

• EFFECnVE: 

• 

POLYPROPLYLENE: CIBA GEIGY MD 1024 

POL YETHYLENE: t1D 10241 I RGANOX 1010; 
CYANOX 2379 

CATALYSIS FROM SOLUBLE IONS: 
REMOVE SOLDERING FLUX! 

Figure 36. Metal Deactivation Experiments 

• PREPARE POLYMER FORMULATIONS 0.2 PHR 
DEACTIVATOR 

• 
• 

• 

• 

MOLD OVER COPPER SCREE~ 

COPPER: SILANE 1 NO SILANE TREATMENT 
( Z-6030 ) 

THERr1AL AGE. AI R ArlO NITROGEN 

MON ITOR % T 400 NM (YELLOV' I tlG ) 
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Figure 37. Metal Deactivation (Copper Screen): 

2.0 

I 
I 

EVA A-9918, EMA 13439 

-. 

~ COLOR CHANGE, 105°C AIR 
CONTROL (BOTH RESINS) 

Cl VALUE FOR ALL OTHER FORMULATIONS 
105°C - AIR 

A. 
, , , . , 
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• Er~ AND EVA CONTROLS DEGRADED AT 400 HOURS 
(COLORATION AND FLOl~ OF RESIN AWAY FROM 
COPPER SCREEN> 

• LITILE TO NO CHMlGE OBSERVED FOR 
FOP,r.1ULATIONS CONTP.IfIING 0.2 PHR MD-I024, 
CYANOX 2379 OR SILANE TREATED COPPER (Z6030) 

• SLIGHT DISCOLORATIONS VISIBLE or~ ALL COPPER 
SPECIMENS WITHOUT SILANE TREATMENT 

• EXTENDED INDUCTION PERIOD? 
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Figure 38. Metal De,activation (Copper Screen): 
PVB Saflex PT -1 0 

o COLOR CHANGE, 105°(, PLAIN COPPER 

~ COLOR CHANGE, 105°(, COPPER W/SILANE 
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TIME (HOURS) 

• STRONG YELLOW COLOR VISIBLE IN ALL SPECIMENS 
AT 350 HOURS <THERr1AL MID METAL REACTION) 

1000 

• RESULTS FOR AIR AND NITROGHI APPROXI1-1,ATELY EQUAL 

• RESULTS WITH SILANE Z6030 SLIGHTLY WORSE THAN 
CONTROL 
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Figure 39. Metal Deactivation (Copper Screen): 
. Polyethylene, TBEC-Crosslinked 

o COLOR CHANGE. 105°C. PLAIN COPPER 
~ COLOR CHANGE. 105°C. SILANE/COPPER 
C! COLOR CHANGE, 1Os0e w/ MD 1024 
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• SILANE GIVES IMPROVEMENT OVER CONTROL 

• MD 1024 FOPJ1ULATION - NO CHANGE 

Figure 40. Conclusions (Results to Date) 

THERMAL AGING 

• ACETIC ACID GENERATION (EVA) NO PROBLEM 

• EVA AT 90°C OUT TO 7,200 HOURS - NO CHANGE 

• EMA AT 130°C OUT TO 400 HOURS - NO CHANGE 

• PU AT 105°C OUT TO 1,000 HOURS - NO CHANGE 

EVA 
PU 

LIFE LIMITS 
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Figure 41. Conclusions (Results to Date, Cont'd) 

GENERAL OBSERVATIONS 

• SEVERITY OF CONDITION: r1ETAL EXPOSURE. 
THERr1AL (13000. THEN RS/4 

• PROPERTIES LEAST AFFECTED: DIELECTRIC, 
OPTICAL AND MECHANICAL 

o FIRST PROPERTY TO CHANGE: COLOR (YELLO~') 

o DEGRADATION: PREDOMINANTLY INDUCTIO~! 
PERIOD TYPE. FEI-! FIRST ORDER 

• EXPOSURE TIMES ARE LONG.' NEED HIGHER 
ACCELERATION TO ASSESS FORMULATION 
CHANGES IN LESS TIME. 

Figure 42. Conclusions (Results to Date, Cont'd) 

RS/4 EXPOSURE 

• UNSTABILIZED POLYMERS DEGRADE RAPIDLY 

II EVA OUT TO 35,008 HOURS - NO CHANGE : 

• E~A OUT TO 10,000 HOURS - NO CHANGE 

• PU OUT TO 3,000 HOURS - NO CHANGE 

• TEDLAR 100B630 - 25,000 HOURS - NO CHANGE 

LIFE LIMITS 

BUTYL ACRYLATE 

POLYESTER, EH 723 
SCOTCHPAR 20 CPW 

PVB 
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Figure 43. Conclusions (Results to Date, Cont'd) 

METAL ACTIVATION 

• AVOID METALLIC COPPER IN CO:JTACT-

~~ITH POTTANT: (OTHER MULTIVALENT 

r~ETALS? ) 

• NO REACTIONS OBSERVED liITH ALUMINUM, 

60/40 SOLDER 

• HASH OFF SOLDER FLUX ( ACIDIC 

RESIDUES , SOLUBLE IONS) 

• DEACTIVATORS GIVE I~lPROVEMENT 

(EFFECTIVENESS? ) 

• SILA~E GIVES IMPROVEMENT 

(EFFECTIVENESS?) 

LIFE LIMITS 

ALL POTTANTS lOSoc 
APPROXIMATELY 400 HRS. 

Figure 44. Life-Limiting Factors (7) 

• VOLATILE LOSS OF STABILIZERS 

• 

• 
• 

EXTRACTIVE LOSS OF STABILIZERS 
( RAIN~IATER ) 

ADHESIVE BOND FAILURE 

LONG PERIODS OF " HOT SPOT" HEATING 
UNDER VERY BACK BIASED CONDITIONS 
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• 
• 

• 

• 

Figure 45. Future Work 

CONTINUE CURRENT AGING STUDIES 

ACCUMULflTE DATA FROH NElJ CONDITIONS: 

• RS/4 AT esOc 

• CONTROLLED E~VIRONMENT REACTORS 
( CER) 

o OUTDOOR PHOTOTHERMAL REACTORS 
(OPT) (COMBINE NATURAL SUNLIGHT 
EXPOSURE WITH INCREASED TEMPER­
ATURES) 

• OUTDOOR EXPOSURE (PHOENIX. FLORIDA) 

CHEMICAL INVENTORY OF STABILIZERS 
REMAINING IN AGED SEPEIMENS 

EVALUATE ADHESIVE BOND DURABILITY/ 
LIFETIME 
(RS/4. THERMAL. OUTDOOR) 
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DISaJSSION 

GARCIA: Has work been done on the interaction of silver with the pottants? 
That is one question. The second question is: is polyurethane used in 
this case-~as this the latest formulation of so-called non-yellowing 
polyurethane or the earlier one? I will ask that of Bud (Nannig) too. 

NANNIG: It is the latest. 

CUDDIHY: Thank you, Bud. I can take care of the first question. We have no 
experience with silver. Again, as you know, the Springborn activity is 
supposed to be the low-cost material with so-called advanced metallization 
systems, which really means copper, nickel, solder, taoorrow's lower­
costing systems. Industries are taking care of today's systems. So you 
probably know a lot more about silver interactions than I would. Bud 
(Nannig), you did supply Paul ONillis) with the polyurethane which has the 
non-yellowing additive? 

NANNIG: Right. I would like to make a cooment about that. We have done a 
lot of work with various additives--with ali~atic polyurethanes to 
stabilize them against IN and oxidation. We re not sure exactly what 
happens, but one of the things we have run into, at one time, and it may 
be a warning, is that we found that the IN absorber itself yellowed on 
thermal aging. It was a IN screener, I won't mention the product, but it 
was an excellent IN screener and gave us excellent surface characteristics 
and so forth, but we found that the screener itself yellowed, especially 
at high temperatures. So it wasn't the polymer itself but the additive. 

COULBERT: Along that line: Ranty (Liang) showed that you can suffer losses in 
this yellow region or in the blue absorption region, something like 80% 
absorption in the 500~anometer band, with a net effect on solar-cell 
performance of 5% or 10%. So it is a very exaggerated effect. When we 
see the yellowing visually, there may be little performance loss. 

KEIOLA: Do you have any specUlations as to why you have the massive 
failures all of a sudden at 10,000 hours, and can you possibly rule out a 
process upset in your aging machines? We have seen the same type of 
results and have been able to trace those massive failures to 
interruptions in the aging device itself. 

CUDDIHY: You have caught we me very cold on that. I don't know the answer. 
I saw that data trace for the first time as I was presenting it to you so 
I haven't had a chance to ask Paul ONillis) on that althougP the 
contractors are obligated to write us a monthly report on both good things 
and bad things and there has been nothing in Paul's reports to indicate 
any kind of system failure. It could be just in the nature of the 
plotting format that merely reflects an exaggeration of the induction 
period and just a sharp deterioration. It looks like that on a log-log 
format. That's my guess right now. 

LEWIS: About this IN susceptibility of the back covers. Is there any 
intention to look at how IN gets back-scattered in a sandy area or where 
there's snow on the ground? You know we are trying to put these arrays in 
a lot of different places, and that worries me. 
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CUDDIHY: I appreciate your view. We don't do this, do we? 

COULBERT: Not quantitatively. Same of the reflectance data, as on the 
mirrors at DSET, the UV reflectances falloff very rapidly, which suggests 
reflection from any other surface would essentially absorb UV very quickly 
and the back-scattering UV would be orders of magnitude less than the 
direct uv. 

CUDDIHY: Gould Ami's (Gupta) actinometer that he has on the front of modules 
just be placed on the back side? 

COULBERT: Yes. It could be measured if sanebody is interested in it. 

PLUEDDF.MANN: I haven't talked with Paul (Willis) about this but he mentioned 
that with the silanes he didn't seem to get a copper effect and suggests 
then that if he has adhesion to the copper, the copper doesn't corrode, 
and therefore you don't get copper ions. I have often wondered which 
comes first, corrosion or loss of adhesion, and I have always proposed 
that as long as you have good adhesion you can't have corrosion. It seems 
to bear that out a little bit, here at least. But you don't have copper 
ions if you have good adhesion. 

CUDDIHY: Let's take a minute on that. If anything is controversial today it 
has to do with how to stop corrosion and tarnish of corrodible metals with 
silane coupling agents. I personally believe that if you have the right 
chemical coupling agent you chemically react with the surface. You do two 
things. You destroy the chemical entities at the surface, by preferential 
reactions that are water-attractive. You shift the physical water 
absorption characteristics at the surface from hydrophilic to a 
hydrophobic base. That means then that abnOspheric water vapor, sitting 
outside looking through the polymeric fibn as though it were a membrane, 
the membrane may have a permeation constant but it does not have the 
action of permeation because you have arrested the driving force both 
chemically and physically. If it takes liquid water condensed on the 
surface of a corrodible metal to corrode and you have arrested the driving 
force, you have arrested the action for that moisture to permeate, get 
there and condense. Ed (Plueddemann) is one of our contractors and we 
have asked him to develop, of course not only this family of primer 
systems for bondi~ things like EVA to glass which indirectly, I should 
tell you if I didn t, gives; us bond strengths greater by 45 pounds now per 
inch of width. You break glass with these things; they are enormously 
powerful. canbining sane of the rules too with Dr. Koenig of the 
prehydrolysis to get rid of this superstructure, you get down to the 
really tight areas. But back to the metals. Ed developed for us a primer 
system for bonding EVA to copper, bonding EVA to stainless steel, mild 
steels and other things like that. With this primer system, it chemically 
bonds to the aluminum copper surface. I am convinced of it. It also 
bonds to the EVA. We took such a material, copper, EVA with that primer 
system, at JPL--we have not published this yet--and we put it in test 
chambers at 100% relative humidity established at temperatures like 500, 
600, 700C and they have been in there for hours and weeks and months, 
and I took one out on my last trip to Ed and showed it to him. Zero 
tarnish, nothing. Absolutely dead zero. No water got to the interface, 
therefore you could not induce it. But if you took the EVA and you 
laminated it around the copper without these silane coupling agent 

485 



systems--you can't just go buy this stuff off the shelf. it's a mixture of 
things--it will tarnish overnight at SQOC or IOCi4 RH; it just comes 
rolling through. At Springborn Laboratories loie took the primer system 
that Ed developed for mild steel and we encapsulated or lamdnated EVA 
around that primer system. It's been in the ASTM Bl17 salt-fog chamber at 
Springborn 4000 hours. There isn't a mark on the mild steel. The EVA is 
transparent and we can look right through it. It works. I am convinced 
it works. I may not clalin to understand all of the chemistry. but I see 
it works. 

WHITE: Am I to understand. then. that the water in the EVA does nothing to 
degrade the EVA itself and that photooxidation is the major component of 
the degradation. and therefore. if it is. then once the photooxidation 
occurs. does the water help increase the rate of degradation in the EVA or 
does it not do anything at all? 

CUDDIHY: You are asking a different question now. I think. You are asking is 
EVA susceptible to photohydrolysis or is it susceptibl~ to hydrolysis 
itself at elevated temperature? 

WHITE: What I am trying to say is. does the water. if at the surface of the 
metal in the EVA. if there is nothing for the water to condense at. the 
water can still get into the EVA. Does it do anything? Does it not get 
into the EVA at all? 

CUDDIHY: Let's call water what it is at that point. It is vapor. It is non­
condensed. It is not liquid. It is just like the paper in front of you 
right now. It has picked up water vapor in equilibrhm with the current 
relative humidity in this roan. As the relative htmidity goes up and goes 
down the water vapor absorbs and desorbs. The question now is. does water 
vapor have energetic effects in deterioration? I don't know the answer to 
that. One of the things that is starting up--the wetRS/4 was just 
beginning to answer questions like that. We don't know. lbwever. the 
evidence would be. from what I have seen in actual arrays outdoors in 
installations where commercial modules in EVA have been--in Guam. for 
example. for over a year in same other locations: don't see a thing. 
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ASSESSING DEGRADATION BEHAVIOR OF POLYMERS - THE UL APPROACH 

Robert ~'v. f1iller 

Underwriters Laboratories Inc. 

1285 Wa 1 t f1hi tman Rd., He 1 ville, NY 11747 

Plastic materials are subject to irreversible changes 
under the continuous influence of elevated temperature, 
humidity and radiation. Property loss is due to physical 
changes and chemical reactions in the form of ox~dation, 
reduction of molecular weight, cross-linking of the polymer 
and diffusion. Not all materials behave the same and the 
extent of property loss will be a function of the material 
application and the environment that a material sees. 

UL has been involved with the evaluation of materials 
used in products since its founding in 1894, and we are 
probably best known for our activities in residential 
electrical products. The first step in assessing any new 
product area such as solar arrays ~s to consider the factors 
pres~nt in the application and the likelihood of risk that 
use of the product represents. 

What is risk? Books have been written about this 
subject and no easy definition can be made that is all 
encompass~ng. To many people r~sk represents a "body 
count", but th~s may be too simplistic a term. Risk has 
been defined by the American Society for Testing and 
Materials (ASTM) &-5 Committee on Fire Standards as the 
combined influence of: 

1) Expected frequency of the event, 
2) The expected degree of exposure, 
3) The potential for harm. 

When assessing the safety related performance of solar 
arrays we are concerned with the likelihood of risk from 
fire, electrical shock and personal injury. Homes and the 
people who reside there are exposed,to these risks. What 
are the consequences of a malfunction? Will the house burn 
down, will the inhabitants be overcome by smoke, will the 
solar array come crashing through the roof under a heavy 
snowfall, etc.? Risk is a quantity that extends from zero 
to some finite value. All products will contain some degree 
of risk, and UL's role is to help reduce the likelihood of 
such risk. 

487 



Let's apply product risk analysis to flat-plate solar 
arrays. There are four major areas that can affect the 
likelihood of risk: Identifying possible concerns, 
consideration of the product location and determination of 
how user or product related factors can affect the degree of 
risk. (See Table I) 

The properties required of a material when used in 
electr1cal products are related to the specific function of 
the part in the product. It may serve as electrical ' 
insulation, a structural part, an operating part or an 
enclosure. If the part does not perform its intended 
function fire, electrical shock or personal injury may 
result. It is necessary to determine that a plastic 
material used in electr1cal parts has the property levels 
that are adequate to avoid performance that might give rise 
to an increased level of risk. UL make's extensive use of 
pre-existing data based upon ASTM type methods to allow for 
a quick comparison between materials. Experience has shown 
that materials that react better by the small-scale 
laboratory tests, also perform better in end-use 
applications. What tests would be indicative of good 
material performance? 

There is a tremendous quantity of laboratory scale 
tests that enable a person to evaluate materials. ASTM 
alone has published approximately 6,700 different standards 
covering materials and products. The tests that are most 
meaningful are those that best match the application. 

In the area of flammability for example, there is a 
whole range of fire tests that can be applied to a product. 
Flammability can be loosely defined as what happens 'after a 
flame source is removed from the material - will it 
"extingu1sh" or will it continue to burn and propagate 
flame. UL94 is well known as a small-scale laboratory test 
standard that uses a Bunsen burner ignition source. 
Information from the tests that it contains are useful when 
evaluating small plastic parts and components' of 
end-products and devices. With intermediate sized plastic 
parts, a larger ignition source is needed to evaluate 
materials since flame from an external source may have a 
greater flame-involvement. Measurements from the ASTM E-162 
Radiant' Panel Test produce a flame spread index, a number 
that is useful when comparing the burning behavior of two 
materials. 
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If performance response of a material is needed from a 
large extended flame source or if the material constitutes a 
portion of a building structure, a large scale fire test is 
needed to yield meaningful results that can be favorably 
related to a~wide spectrum of real world fire s1tuations. 
It should be recognized that external ignition sources can 
range from a single match, a smoldering cigarette or a 
building conflagration. The "Steiner" 25 foot tunnel test, 
ASTM E-84, provides part of this information in the form of 
flame spread, fuel contribution and smoked developed 
classifications. 

Remember that we had defined flammability as material 
behavior after the ignition source was removed. An equally 
important parameter is the resistance to ignition 
characteristics of the material. Many of the fire tests for 
roof covering materials are appiicable to solar arrays; a 
manufacturer can optionally conduct the burning brands or 
flame spread test described in UL 790, Tests for Fire 
Resistance of Roof Cover1ng Mater1als. 

Product location of solar arrays may play an 1mportant 
role in assessing risk. Photovoltaics are not affected by 
where they are being used. It makes little difference 
whether a solar array is intended for use in the horne or an 
industrial location - it will operate-anywhere as long as 
the sun shines. However, solar arrays are located outdoors 
and they may be affected by corrosive atmospheres and 
weathering. 

There is a wide variety of techniques used to 
accelerate the corrosion of metals such as the salt fog 
apparatus. Concurrent testing is performed on a control 
material so that a valid comparison can be made. Evaluating 
weathering is a more complex issue. Actual outdoor exposure 
is the most accurate representation of true perfo~mance. 
Unfortunately, it could take 20 years to gain useful 
information. 

Even in situations where long-term outdoor weathering 
data is available, it may be of a limited use since the 
primary purpose of the original investigation may ~ave been 
to determine color-fastness of the material and not 
retention of physical or electrical properties. UL has 
resorted to the use of carbon-arc or Xenon artificial 
weatherometer exposures_ in an attempt to obtain a more rapid 
indication of material resistance to UV radiation. 
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We have said that solar arrays are generally not 
affected by user-related factors. They can be run 
continuously and unattended regardless of any action that a 
user mayor may not perform. 

Product-related factors will have a big influence upon 
the assessment of risk associated with flat plate solar 
arrays. UL's proposed requirements for flat plate 
photovoltaic modules 'and panels are contained in its Subject 
Bulletin 1703 dated August 9, 1982. This document describes 
proposed requirements for both safety-related performance 
and constructional features. The testing program is 
designed to stress the materials used in the application 
under conditions of normal and reasonably foreseeable 
abnormal use. 

Let's look at a typical electrical service failure that 
might be experienced by solar arrays: 

1) Heat and moisture together cause insulation 
embrittlement - loss of strength and elongation. 

2) Temperature cycles cause differential contract.ion 
and cracking - virbration extends cracks. 

3) Dirt works l.nto cracks - moisture is absorbed i.nto 
the dirt. 

4) Photovol taic action start an electrical disch:1 rge 
(leakage) in crack. 

5) Discharge continues at operating voltage until 
insulation dries out due to localized heating. 

6) PV array shuts down at darkness. 
7) Daily sequence continues until one day, breakdown 

occurs shortly after start-up. 

We can use small-scale tests described in UL's Standard 
for Polymeric Materials - Short Term Property Evaluations, 
UL 746A to preselect materials that could be acceptably 
resistant to this form of electrical tracking. The 
Comparative Tracking Index (CTI) and Inclined Plane tests 
were specifically designed to simulate service conditions. 
Both methods employ an electrically conductive solution 
containing a~onium chlorl.de to accelerate the electrical 
degradation. The CTI test is applicable, for materia~s 
connected to voltage sources less than 600 volts while the 
inclined plane is applicable for materials connected to 
voltage sources greater than 600 volts. 
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Flatplate-solar arrays are generally designed with a 20 
year product-life expectancy. Will the material property 
levels be sufficient to reduce the likelihood of risk over 
the useful life of the product? The problem is complicated 
in that product mortality behaves in a similar fashion to 
human mortality. While the mean expected failure time ~s 
planned for 20 years" a significant portion of the 
population will be in service beyond the 20 year time 
period. As long as the solar array continues to function, 
it will be not be replaced by a user. 

Generally, UL would accept any material for use in a 
residential application at temperatures not exceeding SOC 
(typical maximum temperatures in the contiguous USA rarely 
exceed 40C). This assumes that at the use temperature, 
material properties will not degrade to more than 50 percent 
of the original property strength over the useful life of 
the product - a minimum safety factor of 2. It also assumes 
that the time at temperature is neither comparatively short 
nor comparatively long. This is not the case with flatplate 
solar arrays where the long expected mean fa~lure time 
dictates a more conservat~ve approach. The UL Subject 1703 
document would allow the max~mum temperature under normal 
(open circuit) conditions to achieve a value of 20 degrees C 
less than the material's relative thermal index. What ~s a 
relative thermal index? 

The UL 746B Standard for Polymeric Materials - Long 
Term Property Evaluations determines maximum temperatures 
for various plastic mater~als. These are temperatures that 
plastics can be exposed continuously in air without 
excessive degradation of propert~es deemed critical for the 
appl~cation. UL 746B ass~gns a generic thermal index 
(maximum continuous-use temperature) to various plastics 
based upon acceptable service experience, the chemical 
structure of the material and the knowledge of the 
performance of that generic material in tests on insulating 
systems and electrical equipment. Most nylons for ,~xample 
have been assigned a 65 C generic thermal index that would 
allow them to be used at temperatures not exceeding 45 C in 
a flatplate solar array application. 
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However, nylon and many of the other plastics having a 
generic thermal index can be safely used at higher 
temperatures. To determine these temperatures UL 746B 
provides a procedure for establishing a relative thermal 
index based upon long term thermal aging programs for 
specific grades of plastics. In this method, the effects of 
thermal aging on a particular grade are determ~ned by 
measuring changes in its properties to a predetermined level 
(50 percent ,retention) by aging at each of several elevated 
temperatures and then by plotting the logarithm of time to 
reach this level at each temperature versus the reciprocal 
of absolute .temperature .. In the example shown, we have 
examined impact, tensile and dielectric strengths of the 
material. At each of the four temperatures considered, 
impact .strength was the first property to lose 50 percent of 
its initial (unaged) value. The time for this property to 
reach its 50 percent value at each temperature is then used 
to construct the material's time-temperature relationship. 
For comparison purposes, a control materi~l is aged in the 
same ovens and tested concurrently with the candidate 
material under investigation. 

Curve A represents the relationship for the control 
material having an established thermal index of 100 
degrees C. This known material shows a correlation factor 
of 60,000 hours when tested in accordance with the test 
method. The time-temperature plot of the candidate material 
(curve B) being investigated crosses the 60,000 hour line at 
a temperatu~e of 140 C; thus, it is reasonable to expect 
that the candidate material can be as useful at 140 C as the 
control material is at 100 degrees C. In the absence of 
comparative data for a control material, an extrapolated 
life of 100,000 hours is used to assign the thermal index. 

In this particular example, impact strength is the most 
critical (first to lose 50 percent) property and the 
general-use thermal index of 140 C pertains to all 
appLications involving the properties evaluated. However, 
-for applications where impact strength is not critical, 
time-temperature plots could be made for the material 
considering all properties except the impact strength. In 
such cases, the material may be assigned a different thermal 
index for non-impact applications or for situations where 
only dielectric properties would be of concern. Different 
indices may also be assigned based upon material thickness. 
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You may ask that if a solar array will see a maximum 
operating temperature of say 40 degrees C under normal 
conditions, of what value is there in selecting a material 
with a 140 C relative thermal index? We are dealing with a 
time-temperature continuum. At comparatively low 
temperatures, the tendency for degradation is reduced while 
at elevated temperatures a more rapid degradation occurs 
result1ng in a shorter useful material usage. Simply 
stated, the higher the Relative Thermal Index is above the 
operating temperature, the greater the safety factor. 
Remember that we we're talking about material property 
retention based upon a 2 to 1 safety factor. In addition, 
we may have a material that has several times the safety 
factor required for the application. UL could allow more 
than 50 percent degradation in property levels provided that 
the product undergo special testing procedures. 

The Relative Thermal Capability contained in UL 746C, 
Standard for Polymeric Materials - Use in Equipment 
Evaluations, makes use of existing long term heat aging data 
from materials. Essentially, a curve "C" having identical 
slope of the material property under study is generated that 
passes through the point defined by the correlation factor 
and the maximum-use temperature factor. 

Using the above example of a measured operating 
temperature of 40C, the point corresponds to a correlation 
factor of 60,000 hours and a temperature of 60 (40+20) 
degrees C. A convenient testing time and temperature is 
taken from this curve to develop a testing protocol 
representative of accelerated expected service conditions. 

MATERIAL DEGRADATION CAN BE CAUSED BY MANY FACTORS. 
Knowing how a mater1al reacts to exposure conditions and 
app'lication stresses helps to identify possible weaknesses 
that the material may exhibit in service that would increase 
the likelihood of risk from fire, electrical shock or 
personal injury. 

UL makes extensive use of pre-existing test data from 
standardized laboratory scale test methods. In general, 
materials reacting favorably using a standard specimen 
configuration can be expected to react favorably as finished 
parts of a product. Using degradation data along with a 
knowledge of the material's function and the stresses upon 
it 1n the application, allows for a good correlation to be 
made with actual end-use performance. 
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TABLE I 

TYPICAL PRODUCT RISK ANALYSIS 

IDENTIFICATION OF POSSIBLE CONCERNS 
Fire 
Electrical and Mechanical Stress 
Environmental Factors 

PRODUCT LOCATION 
Indoor/Outdoor 
C9mmercial/IndustrialjHouseholq 

USER RELATED FACTORS 
Age, Skill and Education 
Continuous/Interm1ttent 
Normal/Abnormal Conditions 

PRODUCT RELATED FACTORS 
Product Life Expectancy 
Reliability/Fail Safe Design 
Consisting of Production 
Maintenance and Repair 
Installa~ion/Defeating Safety Devices 
Operation 
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Degradation of Insulating Materials and Systems in Service 

I1ECHANI SMS 

LOSS OF STRENGTH 
EMBRI TTLEMENT 
MECHANICAL DISPLACEMENT (CREEP) 
ELECTRICAL FAILURE - BREAKDOWN, DIELECTRIC LOSS 

EXPOSURE CONDITIONS 

HEAT 
MECHANICAL STRESS, VIBRATION ETC. 
MOISTURE AND CONTAMINATION 
RADIATION 
BIOLOGICAL FACTORS - RODENTS, FUNGI, BACTERIA 

AGING RATES 

HEAT - TEMPERATURE, ACTIVATIVE ENERGY, GAS DIFFUSION 
MECHANICAL STRESS - LOAD, TEMPERATURE 
~10ISTURE - PERMEABfUTY, RH, TEMPERATURE 
RADIATION - INTENSITY, TYPE, GAS DIFFUSION 
BIOLOGICAL - TEMPERATURE, RH, FOOD 

FAILURE END-POINT (USUAL) 

HEAT - CRACKS FROM THERMAL CYCLING/VOLT,~GE BREAKD0!4N 
MECHANICAL STRESS - BREAKS UNDER LOAD, DISPLACEMENT 
MOISTURE - SI'iELLS, HIGH ELECTRICAL LOSS, LOW IMPEDANCE 
BIOLOGICAL - ELECTRICAL FAILURE, APPEARANCE 
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Time to Reach End-Point Criterion at 4 Aging Temperatures 
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DISCUSSION 

LEWIS: I just wanted to bring this up because it is something that has come 
up in same of our discussions with the UL people that have come out to 
AROO. The problem with doing your long-term aging tests with plastics in 
air is, what if, in use, it isn't going to see air? Our viewpoint is that 
you need to evaluate it in the type of use it is going to see and anything 
that is on the outside for sure ought to be aged in air but for anything 
that is on the inside, it is not really a fair test. 

MIlLER.: I agree with you. The best test is really a type of test where you 
can take the full assembly and run through a sequence of testing pro­
cedures where you are most closely approxllnating the factors that will 
affect the material. But fram a practical point of view, this is not 
always possible. We do have a lot of data that is early existing on 
materials. It is a shame not to try and use it, if nothing more than to 
come up with a quick-and-dirty type of method to say that this is a 
material that I can ellininate very simply because it has these character­
istics. Others will look very good and there will be a whole series in 
the gray area. So as a prescreening tool, I think this particular situa­
tion is very good. Aging is a very complex area. You usually do not have 
one mechanism that is continuous throughout the whole life of the 
product. There are a lot of discontinuities you are going to see on the 
product. Oxidation plays an important role in it. Photogradation may 
have another affect on it. One degradation mechanism may cause something 
else to occur so again the best way is to put that solar array out there 
for 20 years, but that is not a practical alternative. 

LEWIS: I was thinking in terms, for example, of PVB as a case in point. We 
know it is going to have temperature index, yet in a photovoltaic module 
it has a foil back cover. We know it does quite well if you exclude the 
oxygen. In that case, obviously electrical performance and all those 
things are Unportant but it really should be aged under the conditions it 
is going to see--in other words, trapped between those surfaces. 
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DEGRADATION OF SOLAR CELLS 

Jay W. Lathrop and Dexter C. Hawkins 

Clemson University 

Clemson, SC 29631 

Clemson University has been subjecting unencapsulated commercial sili­
C0rt solar cells to accelerated testing over the past five years, and recently 
initiated a similar program involving encapsulated cells. The approach, as 
shown in Figure 1 is to electrically measure and visually inspect the cells, 
then subject them for aperiod of time to stress in excess of that normally 
encountered in use, and then to remeasure and reinspect the cells. Changes 
are noted and the process repeated. Because of the anticipated lognormal 
distribution of change the stress times are usually doubled each time. The 
test results represent the only independent accelerated quantification of 
degradation in crystalline silicon solar cells currently available to 'the 
photovoltaic community. This continuing activity has thus far involved 23 
different unencapsulated cell types from 12 different manufacturers and 10 
different encapsulated cell types from 9 different manufacturers. Unencapsu­
lated cells were subjected toa variety of tests: bias-temperature testing 
of 75, 135, and l500 C,bias-temperature-humidity testing at 85% relative 
humidity and 850 C, pressure cooker testing at l2loC and 15 psig steam, and 
thermal shock and 'thermal cycle testing from +150 C to -650 C. The test 
schedule for unencapsulated cells is shown in Figure 2. 

Encapsulated cells, because of temperature limitations on the organic 
pottant used, in general can be subjected only to 85/85 testing and to 
thermal cycling from +lOOoC to -650 C, as shown in the schedule of Figure 3. 
Thus unencapsulated cell testing is effective in ?ccelerating both diffusion 
mechanisms (moisture accelerated), while encapsulated cell testing is less 
effective in accelerating the diffusion mechaniRfls because of the lower 

, temperatures involved. Because corrosion is a surface-chemical phenomenon 
its rate can be expected to depend in some fashion on the specific approach 
to surface protection that was used. Thus more realistic acceleration of 
moisture dependent degradation mechanisms is to be expected when encapsulated 
cells are used. 

Results obtained from subjecting cells to accelerated testing are in­
pressive. Figure 4 compares the electrical results of B-T testine two differ­
ent unencapsulated cell types at l500C. The good cell type shows only a few 
percent decrease to 8000 hours while the poor cell type has virtually no out­
put after 1000 hours. These t~'10 cell types represent extremes, with other 
cell types falling between them. Thus, it is possible, within a relatively 
short time, to identify those cell types where quality problem exist. Cross 
manifestations are either a gradual reduction in the maximum power output 
(Pm) as shown or a sudden change in Pm which can usually be correlated ~vith 
abrupt visual changes such as lead loss or substrate fracture. Comparison of 
a cell type's response to a particular test with that historically shown by 
other cell types is a good indication of its relative reliability quality. 
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Used in this way accelerated testing can indicate process changes which will 
lead to greater reliability. 

The measure of quality achieved from accelerated testing, while ex­
tremely valuable, is of course only relative and two questions are left un­
answered: "How long will a particular cell type last in the field?", and 
"How should the fabrication process be changed to improve the relative re­
'·liability?". The first question can only be answered after extensive lab­
oratory and field testing have insured the comprehensiveness of the labora­
tory tests and determined the appropriate acceleration factors. The Clemson 
program is beginning a modest real-time test program by placing a number of 
unencapsulated cells out doors and later, encapsulated cells may also be 
exposed to the environment. Jigging is such that VI characteristics can be 
spot checked in place while exposed to natural illumination and individual 
cells may also ~e brought inside for more complete measurement under simu­
lated illumination. Electrical loading is accomplished by using a Schottky 
barrier diode rather than a resistor. This has the advantage of more nearly 
approximately maximum power dissipation at all light levels as shown in 
Figure 5. Hhile academically interesting, however, it is unlikely that such 
a study will be able to provide quantitative acceleration factors at this 
time. 

The second question relating to process changes for improved relia­
bility is of more immediate benefit. Sometimes sophistocated analytical 
analysis of stressed cells will suggest process modifications, but often it 
is possible to deduce approaches by interpreting the observed electrical or 
mechanical changes in terms of fundamental semiconductor physical or chemical 
phenomenon. For example, an examination of the VI characteristics before and 
after stress testing can give some indication as to the failure mode. Sample 
VI characteristics are shown for 3 cells subjected to B-T testing at 75, 135, 
and 1500 C in Figures 6, 7, and 8 respectively. The interesting aspect is the 
non-linearity which occurs in the far-forward portion of the characteristic 
at higher temperatures. Examining the curvature it can be seen, for example, 
that 2300 hours at l350 C is roughly equivalent to 80-100 hours at 150oC. 
This would imply an activation energy the order of 3 eVe Non-linearity can 
occur as a result of the formation of a rectifying Schottky barrier at the 
back contact which, according to the literature, may be due to oxygen diff­
using to the contact, and the 3 eV activation energyis of the expected 
magnitude. Increasing the silicon doping, as would be done with a back 
surface field configuration, should avoid the problem and the manufacturer 
is now conducting tests to confirm this. 

Another example illustrating the interpretation of accelerated test 
data involves the comparison of encapsulated and uneacapsulated 85/85 test 
results. One cell type which showed a relatively high sensitivity to this 
test in unencapsulat~d form was encapsulated using a number of different 
configurations and subjected to 85/85 testing. Results are summarized in 
Figure 9. It is apparent that three configurations are much worse than the 
others, including the unencapsulated cells. Two of the three configurations 
involve an organic substrate, Tedlar, which can be easily penetrated by water 
vapor while the other involves foil, whose hermetic integrity can be easily 
compromised during fabrication. The hypothesis, therefore, is that water 
vapor penetrates the substrate and dissociates at the back surface of th~ 
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cell into hydrogen and oxygen. The oxygen molecule, however, cannot pene­
trate the Tedlar as easily as the water molecule and the oxygen concentra­
tion increases at the back surface, becoming much larger than that which 
would occur at an unencapsulated surface. The exact mechanism by which 
oxygen degrades the contact is not known, although because the effect occurs 
on a lightly doped surface, schottky barrier formation is again suspected. 

These examples illustrate the usefulness of accelerated testing in 
exploring potential failure modes and in pointing the way to corrective 
action. 
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Figure 1. Accelerated Tes,ting Methodology 
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Figure 3. TypicalB-T Test Results 
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Figure 4. Real-Time Load 
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Figure 5. Type A I-V Characteristics for 75 0 C 
Bias-Temperature Stress, Typical Case 
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Figure 6. Type A I-V Characteristics for 135 o,C 
Bias: Ten:tperature Stress, typical Case 
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Figure 7. Type A I-V Characteristics for 1 50 0 C 
Bias-Temperature Stress, Typical Case 
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Figure 8. Average % Decrease in PM Observed for 
Indicator Cell Type after 85/85 Testing 
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DISCUSSION 

D'AIELLO: With such a large change in electrical characteristics, were you 
able to correlate those with any physical changes on the back of the 
cell? Did you see anything in the back metallization that would lead you 
to support what you said? 

WHITE: Obviously, on the last type wher~ we had the steel substrate, there is 
no way to see any type of failure in the back metallization; however, with 
the other ones we didn't see anything like a yellowing of the 
metallization. Sure, there was a little bit, but not nearly to the 
extent--everything is relative. You didn't have any big peeling or 
bt.mps--you had tiny blmps forming on the rear. There was not extensive 
corrosion of the rear metallization as we'could see it. 

D'AIELLO: What was the metallization system on this? 

WHITE: Nickel-solder. He said there were other metals. We are not sure 
exactly what the diffusion barrier metals are that they use on these 
cells. They are no longer letting us know this kind of thing. The 
manufacturer doesn't want us to know. I think that is due to the fact 
that the process on the rear metallization was very linportant to the 
reliability of the cell. 

WILSON: . I am a little slow on this and I still don't understand the 
difference between experlinent Number 2 and the last experiment. WOuld a 
steel-EVA-Tedlar be different fram the Tedlar-EVA-steel? 

WHITE: You mean using steel as a superstrate instead of a substrate? 

WILSON: Just take the glass with either one of them. We have steel on side 
and Tedlar on the other side or we have glass on one side and Tedlar on 
the other side, we get quite different results. This is attributed to the 
permeability. Is this a difference in the permeability of the 
Tedlar-to-Tedlar or the steel and the glass? 

WHITE: I think I understand what you are saying and again it goes back to the 
fact that the difference is whether you stress the front surface of the 
cell or the rear surface of the cell. The rear metallization and the 
degradation comes about when you stress the rear metallization. 

WILSON: That's what I had not gotten. Thank you. 

COULBERT: You discussed the encapsulation effect here; one thing that needs 
pointing out is that the encapsulation serves as optical coupling, 
electrical isolation and structural support, and, in these test results, 
encapsulation is not protecting the metallization system but it is still 
serving to form the optical coupling, and the structural support, so it is 
still serving at least three of its functions but it is not protecting the 
metallization, so there is an interface effect here which does have to be 
worked on. I assume this is a property of the metallization or the cell 
itself, because different cells showed up differently. 
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ROYAL: There was an interest in this presentation to bring out the work that 
Clemson is doing in conjunction with JPL on encapsulated cells. Included 
in that matrix are different ,kinds of cells also. So there is another 
factor ther~, and a more lengthy discussion would show that with different 
types of cellS there are same differences also, but we wanted to show the 
recent work that is going on showing the different encapsulation systems. 
We have the same encapsulations with different kinds of cells and there 
are some variations there too. 
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CI1)SING REMARKS 

CUDDIHY: When it was decided by the conmittee that I should present sunmary 
remarks at the end of this Forum, I argued to call them closing remarks. 
But now, afte~ having listened to this for two and a half days, I think I 
would prefer to call them "opening remarks." You see, this ForlllIl has left 
me with the positive feeling that life prediction that is scientifically 
valid may be possible. And, since this awaits us, we are therefore just 
at the beginning. Hence the ForlllIl may close, but the door to this 
technology is just opening. One of my motivations in helping to organize 
this ForlllIl was interest in learning of industrial experiences, and of the 
data base of knowledge that we could adopt to these new engineering 
products we call photovoltaic modules. In addition, we at JPL wanted to 
feel comfortable that our evolving aging programs were not 1800 removed 
from the mainstream of modern thinking; therefore, we welcomed this 
opportunity to hear what others are doing. Of course, if it were to turn 
out that there is no mature science to life prediction, then JPL will have 
joined all of you in the same boat, asking the same question: where do we 
go from here in coming up with a valid scientific method of life 
prediction? 

Well, I think the first pqint I got out of this is that it isn't all that 
mature. In fact, I am not really sure just where in the Middle Ages I 
have it spotted right now. I really didn't expect to come here and 
discover a technology, but rather where are we today, and where must we 
go. I think I also learned that JPL's evolving life-prediction program 
for modules is not out of phase with others. This doesn't mean that we 
are either ahead or behind, it just means that we are walking the same 
path. 

We at JPL know that we do not have a method today where we can estimate or 
predict the potential service life of a a photovoltaic module, but we are 
going to try, and this ForlllIl, and its speakers and their technical 
presentations, become an linportant building block in the JPL effort. 

A hint at the technical complexity of the task derives from Jlin Guillet's 
presentation describing the computer modeling of a single photooxidation 
mechanism that required 51 kinetic reactions alone to just describe this 
one mechanism. That is already beyond the scope of human capability 
without a computer, and yet we say that a photovoltaic module may have six 
degradation mechanisms that may be independent of or interactive with each 
other, and in turn each with some unknown number of kinetic reactions 
(mathematical equations). Given this, I think the prognosis for achieving 
a life-prediction method over the next two or three1years is not very 
high, and therefore I see that we must continue programs involving 
real-time outdoor aging exposure, and redirect our thinking on the 
purposes of indoor aging experiments. These experiments should "not be 
viewed as having potential in themselves for life prediction, but rather 
as research tools having an artificial but known environment tq permit 
mechanisms for development of kinetic models. It,is these models for all 
degradation mechanisms that are to be combined, perhaps in a computer, for 
making a life prediction of an engineering system. 
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With those brief remarks, let's go through the list of the six degradation 
concerns with audience participation to summarize the state of the art for 
each. 

let's begin with corrosion. Could I ask Norm Feige if he has any conments? 

FEIGE: Fundamentally, I would say on corrosion that I am a r-hnday-morning 
quarterback. After the fact, I can tell you why it failed, and I can tell 
you how to correct it. In many cases with a new engineering product, I 
can provide guidance on corrosion prevention based on past experiences 
with sllnilar products, but for photovoltaics, there is no way from the 
information I received over the last three days that I would predict life 
beyond five years. 

CUDDIHY: Nothing beyond five years? Even when encapsulated and edge-sealed? 

FEIGE: If I were making a business engineering decision, I would predict a 
possible five years. 

LEE: Just to represent North Carolina for a second. We focused primarily on 
atmospheric corrosion this week and I think the predictive capability in 
corrosion research, as far as atmospheric corrosion phenamenago, is 
pretty poor at this ttme. But there is another aspect to corrosion, which 
is the aqueous phase, for which predictive capabilities are far more 
advanced. I believe this is only because this has received more attention 
than atmospheric corrosion phenomena, and therefore this suggests that 
atmospheric corrosion may, with more study, be mote amenable to predictive 
capabilities. Another thing, there is a tremendous data base of 20-, 30-
and 40-year atmospheric corrosion data for some of the construction 
materials that you are using in these systems. I mentioned earlier this 
morning to Ed Royal that unfortunately the material selection process is 
not always made based upon optlinum corrosion resistance. r-hre frequently 
it is made by an accountant who has not had a corrosion engineering course 
and is selecting what is slinply the lowest-cost material. So often you 
are faced with a situation that Norm (Feige) described as r-hnday-morning 
quarterbacking to correct the result of that particular decision. 

CUDDIHY: Essentially that is happening to us, as the low-cost requir,ements of 
the photovoltaic modules understandably dictated the use of low-cost 
material. But we saw that pitfall right up front and we are trying to 
engineer with this problem. We have the low-cost materials, now how do we 
protect them, and predict system life with them? 

Going on to cyclical fatigue, it seems that quantification of this 
degradation mechanism is apparently very advanced, as well as the 
potential for predicting life performance. This was strongly indicated in 
Gordon r-hn~s talk on interconnects. Separately, spacecraft experience at 
JPL has indicated that maxllnum cyclical fatigue lifetime occurs when 
polymeric materials are stressed to no more than 1/3 of their elastic 
limits, which in turn is about 2/3 of the published value of the yield 
stress. Currently, all of our polymeric materials are stressed to no more 
than 1/3 of their elastic lllnits, from combined module deflection, 
bending, and thermal stress. As a result, we have yet to observe 
mechanical failure of the polymeric materials. We have observed 
delamination, debonding, discoloration and corrosion, but not mechanical 
failure of the polymers. 
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Photothermal aging appears to be at a slinilar state of the art as that of 
corrosion. That is, many of the mechanisms are basically understood; the 
difficulty seems to be deriving valid kinetic models for all of them, and 
then combining these models for predictive analysis. There also appears 
to be a difficulty in deriving valid models of the environments for this 
same analysis. Further, the experlinental study of photothermal aging is 
complicated by the concept that UV/thermal accelerometers (for example 
QUV) may provide life prediction. This Forum, I believe, has been 
valuable in highlighting this difficulty, and redirecting our view that 
UV/thermal accelerometers should function as research tools for scientific 
identification of degradation mechanisms, and for measurements of kinetic 
data in a controlled and known environment. Several speakers have pointed 
out the difficulti~s in simulating the natural environment in UV/thermal 
accelerometers. 

The task of achieving meaningful life prediction for photothermal aging 
appears to be more properly related to (1) identification and 
quantification of degradation mechanisms in UV/thermal accelerometers 
having known and controlled environments, (2) derivation of kinetic models 
for the mechanisms and mathematical models for a natural environment, and 
(3) development of a capability (probably computer) to combine and 
manipulate these models for life-prediction analysis. An linportant part 
of this experimental scheme is assurance that environmental conditions in 
the UV/thermal accelerometers do not introduce degradation mechanisms that 
would not occur in the natural environment. Some aspects of this were 
discussed in several papers at this Forum. 

Soiling--that is, approaches and techniques to reduce soil accumulation on 
surfaces--is fairly well understood. We are experimenting now with very 
promising low-soiling surface coatings, as reported at this Forum. The 
coatings work as long as they remain on a surface; therefore, performance 
of these coatings on a surface becomes the criterion for life. These 
coatings are chemically bonded to the surfaces; therefore, weather-induced 
debonding is the concern, and this brings us to the general subject of 
debonding and delamination. 

This fascinates me. There is currently no known method, not even a hint, 
of how to predict the outdoor service life of a chemically bonded 
interface. We don't even know the kinetics, models, nor the degradation 
mechanisms. Only very recently, as reported at this Forum, has there been 
developed an experimental technique for direct monitoring of a chemically 
bonded interface for chemical information. Within FSA we intend to 
artificially age bonded specimens and have the interfaces experimentally 
monitored to derive information on degradation mechanisms at a chemically 
bonded interface, and also kinetic data. Dr. Koenig, have you knowledge 
of any literature reports on this subject? 

KOENIG: No, but also you shouldn't be so positive about saying that 
interfaces are chemically bonded. You will find the adhesive community 
sort of evenly divided as to whether or not a chemical bond does or does 
not exist at an interface. 

CUDDIHY: Jack is right. I have within the last several months noted that 
there are two prevalent theories on this subject. I was castigated for 
dividing it on a geographical basis, so I won't do that any more, but one 
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theory cQn~iders that prtrner systems should be treated simply as 
bulk-phase adhesives, and the other :theory is baseq oq formation of 
interfacial chemical bonds, and also under same circumstances the 
formatioq of a gradient interface of-the silane coupling agent with one of 
the adherents. This, interface can be viewed as an in~erpenetrating 
network (IPN). Thus in bonding rubber to glass, for e~ample, this latter 

, th~ry would indicate chemical-bond formation at the glass surface, and an 
IPN with the rubber. ,Even with two theories, and possibly more, we 
wel~ame the long-awai~ed experimental capability of directly investigating 
the interface, perhaps to achieve a unified theory, but also to derive 
fundamental understanding of degradation mechanisms, and associated 
,kinetic data. We may shortly know which Arrheniuse~ression to write. 

Last, but not least, the subject of electric-stress breakdown. Although 
we heard this week from Bruce Bernstein and ~. Nelson of the existence of 
a large data base of information for high voltage, there is scant little 
about low voltage and especially related l~fetUne studies. I knew when we 
asked those two gentlemen to give talks at this session that they were not 
going to be able to provide any significant informat~on on low-voltage 
breakdown. That rea~ly was the reason for having them here, to deliver 
the message on how little study has been done on the subject of 
low-voltage electri~al breakdown. That was the message. There are no 
handbooks or guidelines for us to use right now. We will have to develop 
them. It is brand new. It is an open field. . 

Now, are there any other comments on any subject fram the audience? 

CUDDIHY: If none, then, 10ny (Scolaro), do you have any comments? 

SOOLARQ: I felt that your statement about calling this wrap-up "opening 
remarks',' rather than "closing remarks" was very good. This subject is 
really a beginning in something which we at OOE feel strongly about. We 
try to keep writing it in all the tUne. 

CUDDIHY: Anything else? My folks from industry? 

NANNIG: I would just like to say, as a very small manufacturer in a very 
small laboratory in the industrial field, I was invited to came here by Ed 
and at first when I looked at the title, '~gradation" and so forth, I 
thought it was going to be very dull. As it turned out, it was a pleasant 
surprise, it has not been dull at all. It has been extremely enlightening 
to me"especially, because I have been working in the polymeric 
degradation field for 25 years, and it is gratifying to know that the 
universities and government are finally going after fundamentals in this 
wide field of mater~al degradation. Also, we have worked with silanes for 
years--that is, primers--and we thought there might be same chemical 
bonding going on. I am sure the fundamental photooxidation work is going 
to be extremely helpful in our work. Normally, we make products, put them 
out in the field, watch them fail in one year, five years, or whatever, 
and then try to correct them and make an linproved product. Very 
empirical. ~ observation over the last 25 years has been. that all 
products, whether they.are plastics, metals, or cars, used to fall apart 
in one year. Now they,don't fall apart until five years. The progress is 
there. It seems to take 20 years of industrial experience to achieve ,a 
five-year product for outdoor service. You are trying to go the other 
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way. You are trying to make something last 20 years and do it with five 
years' experience. It is a tough job because we don't even know what the 
environment is. It is different in PaLm Beach, it is different in Detroit 
and Columbus. We make as one of our products a plastic automotive emblem 
material which has been on the market for 10 years. Initially, they fell 
off the car in one year, but now, we have them last for six or seven 
years. But we still don't know the difference between Columbus, Ohio, and 
South Florida. These problems aren't new; they have been around. 
Progress is being made. I really feel it is, and I am very happy that I 
was able to came down here, and I am Unpressed with the quality of the 
papers. 

CUDDIHY: Thank you, Bud, I appreciate that. Anybody else with a closing 
remark? 

D'AIELID: As a person in the photovoltaic field, I would like to thank the 
people who organized this Forum as I appreciated this type of a Forum. I 
thought it was very worth while for me as a person in the photovoltaic 
field but not an expert in the area of predicting life, or corrosion, and 
sq forth. I thought the strong point of this Forum was the coming 

,together of the different experts from industry. That I felt was very 
refreshing. 

CUDDIHY: Along that line, could I have the organizers stand up. Cliff, Dan, 
Eddy, Mary, Dave. The other organizers had to go up to DOE for another 
meeting. I would like to thank all of you for attending this Research 
Forum, and I hope that this will have been of benefit to you. Thank you. 
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