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ENCAPSULATION MATERIALS RESEARCH

SPRINGBORN LABORATORIES

P. Willis -
J

Phase I

IDENTIFYANDDEVELOPLOWCOST
r.IODULEENCAPSULATIONr4ATERIALS

e POTTANTS
e COVERFILMS
e SUBSTRATES

e ADHESIVES/PRIMERS
e ANTI-SOlLINGTREAT;IENTS

PhaseII

MATERIALSRELIABILITY
I

e AGINGANDLIFEA_%SSMENT
.=

a ADVANCEDSTABILIZERS
e ADHESIVEBONDDUEABILITY _
o FLAMMABILITY
e ELECTRICALISOLATION •

Phasegll

PROCESSSENSITIVITY

e INTERRELATIONSHIPSOF
e FORMULATIONVARIABLES
e PROCESSVARIABLES

e MANUFACTURINGYIELDANALYSIS

(PROCESSDEVELOPMENTSECTION)
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.. RELIABILITY PHYSICS

Module Components

........ SURFACE "

. OUTERCOVER
' "'" ""_" "" J (OR GLASS)

POTTANT

,. BACKCOVER
l._....-.....",•""=".".;";":"":,:"";,'I(ORSUBSTRATE)

GASKET/SEALANT

CURRENTEMPHASISON_TERIALSANDNODULE

PERFOPJ_ANCECHA_CTERISTICS

o DETERMINECURRENTLEVELOFPERFOR_'_NCE
i

o ENHANCEPERFORNANCE(E,G, REFORMULATION)

i SERVICELIFEPROGNOSIS

i;

•- PERFORMANCECRITERIA I

.- e F_BBILITY
J

. I ADHESIVEBONDDURABILITY
t

e ELECTRICALINTEGRITY

e ENVIRONMENTALDEG_DATION

e WHATAREDOMINANTFAILURENODES?

e WHEREISSTABILIZATIONNEEDED?

,m

i

I
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' RELIABILITY PHYSICS

Module Flammability
%

PROBLEt'I:
41,

o BURNINGr,iODULESCANSERVEAS IGNITION
- SOURCEFOROTHERSTRUCTURES

o HOSTMODULESCONSTRUCTIONSNOTPASSINGI;

UL-790BURNINGBRANDTEST

_ MECHANISM(?)

"I ® APPEARSTO BE RUPTUREOF THEBACKCOVERWITH
THEEVOLUTIONOF BURNINGGASSES

, i
L

i

PYROLYZING i '

_ POLYMER _

_ ' ,!
4 COMBUSTIBLE GASSES , i

_J 0 MODULFSWITHKAP[ONBACKCOVERS( HIGHSTRENGTH) ! "
L: PASS/ESTDUETO ABILITYTO RETAINCOMBUSTIBLE
": GASSES( "B" BRAND)

•" o KAPTONIS VERYEXPENSIVE

-i_r o INEXPENSIVEHIGHSTRENGTHHIGHTEMPERATUREBACK, COVERNEEDED

,_ o SOMESUCCESSWITHCOATEDFIBERGLASSCLOTH

.|_ (PROPRIETARYCOATINGS) ("A"BRAND)
i

?

111. , ,,,,,...._ t
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,j RELIABILITY PHYSICS

i GOAL:
i
i

j o PREVENTSPREADOFFLAME
4
-I o PASSUL-790 "

-_ APPROACHES:

(1) HIGHSTRENGTHHEATRESISTANTBACKCOVERS

o CERAMICPAPER

o POLYMERFILMLAMINATESWITHGLASS
CLOTHINTERLAYER

o METALFOILS

_ o RESINIMPREGNATEDGLASSCLOTH

F"

(2) REDUCTIONOFCOMBUSTIBLEMATERIALS

o THINNINGOFPOTTANTLAYER

(3) FIRERETARDANTADDITIVES

INERTDILUENTS(TALC,CALCIUMCARBONATE)

o RELEASEOFWATERWITHHEATALUMINA
- TRIHYDRATE(3S%WATER)

o FIRERETARDANTS( FREERAOiCALTRAPS)
/

.',- ANTIMONYOXIDE,ZINCBORATE
BROt'IINATEDORGANICS
ORGANICPHOSPHATES

(4) COMBINATIOn!PFALLIHREE
."' (MOSTLIKELY)

,r_ 172
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: RELIABILITY PHYSICS
-? i-

'_ EVALUATIONOFCANDIDAT_f_TERIALS

. CONVENTIONALTESTS:

_ o UL-94VERTICALBURNTESTo ASTME-262FLAMESPRE_INDEX
o ASTMD-2863LIMITINGOXYGEN"NDEX

SPECIALTEST;'IETHOD:

'_ o HIGHTEMPERATUREBURSTCELL
i o DETEr'lINEBURSTSTRENGTHASFUNCTIONOF
! TEMPERATUREANDPRESSURE

_ O CORRELATETOACTUALEFFECTIVENESSUNDER
FIRECONDITIONS

o DETE_'IIi_EADD-ONCOSTFORIMPROVEMENTINFIRE ,

RATING

o RECO_IENDCANDIDATESFORUL-790TESTING

_ DATA'' BURSTSTRENGTH,PSI

300 400 500 600 or

TEDLAR "_'5 <<5 0 0 _ i
_ 200BS3OWH _'

KAPTON >50 40 30 20
" ( 4 MIL)

GLASSCLOTH .... POROUS....

(PROPRIETARYCOATING)

o MOSTEFFECTIVEBACKCOVERISPOROUS!
• ¢

o RELEASEDGASSESDILUTEDBELOWLO_EREXPLOSION
;- LIMIT? ?

{p

._,
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RELIABILITY PHYSICS
r ,j!

FIRERETARDANTADDITIVES:

' i GOAL:FIRERETARDANTEVA

ELVAX150 100 49 !

TBECPEROXIDE 1,5 0,7

ANTIMONYOXIDE 7,0 3,4
, I

DECARBROMODIPHENYL20,0 9,8
I

OXIDE

ALUMINUMTRIHVnRATE75,0 35,8
.t

EVALUATION:

o UL-94 VERT:CALBURN V-O(SELFEXTINGUISHING) '

" -COMPRESSIONMOLDEDWITH"CRANEGLAS" C!.OTH: '
4

0 ASTMD-23863LIMITINGOXYGENINDEX 30_( GOOD)

• FORCOMP_,,;SON:?
!

r'_TERIAL OXYGENINDEX f

PARAFFIN 16
EVA(ELVAX150) 18
SILICONERUBBER 30
PVC _- 50
TEFLON(FEP) '_'93

CONCLUSIOhS:

e FIRERETARDANCYINCREASES_ITHAMOUNTOFALURIBU_
TRIHYD_TE

o 4:1BROMINE:ANTII'IONYRATIOAPPEARSTOBEOP_UM
o NON-WOVENGLASSCLOTHPREVENTSDRIPPING-

REINFORCESTHECOMPG"'TION
o EVAC_NBEFO&_ULATEDlUHAVEFI.AM.BABILITY

E¢]IVALENTTOSILICONERUBBER

_"_ o HIGHEROXYGENINDEXVALUESPOSSIBLE

, B44
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_,, RELIABILITY PHYSICS

Adhesion Experiments

STATUS:

o PRIMERFORMULATIONSIDENTIFIEDFORALMOST
ALLINTERFACESINMODULES

o SELF-PRIMINGFO_IULATIONSOFEVA(TOGLASS,
CELLS)DEVELOPED;AVAIl_ABLE

.'.9NTINUEDPRIMERSTUDIES:

o GOAL:REDUCELISTOFPRI_ERSTO"UNIVERSAL"
FORMULATION(s)

• EVA!UATETHETHREE"BASIC"PRIMERS-
DR,PLUEDDEMANN- DOWCORNING

• POLYMER/METAL t%

• POLYMER/INORGANIC
• POLYMER/ORGANIC

• METALPRIMER(ALUMINUM)RECOMMENDATIONS
DR,JIMBOERIO- UNIVERSITYOFCINCINNATI

DURABILITY

ADHESIVEBONDSARERESPONSIBLEFORMECHANICALINTEGRITYOF
ENTIREMODULE- WHATISTHEIRLIFETIME?

• HOWDURABLEAREADHESIVEBONDS?

• UNDERWHATCONDITIONS?

• REVERSIBILITYANDRECOVERY?

• MODELLINGANDPREDICTION?

. TESTMETHODS?

ADHESIONDIAGNOSTICS:

• PROGRAMSTARTEDWITHCASEWESTERNRESERVE
UNIVERSITY- JACKKOENIG

c_
, r
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RELIABILITY PHYSICS

!

" AdhesionDiagnostics

TESTSPECIMENS:

o EVACO_POUNDEDWITHHIGHLOADINGSOFSILANE
TREATEDGLASSBEADS- RESEi_3LESGLASSREINFORCED

, POLYMER

e GLASS:SPHERICAL"A" - GLASSBEADS,MEANDIAMETER
20p, 2%BYWEIGHTSILANEPRIMER

o SPECIMENSATCASEWESTERNFOR"DRIFT"ANALYSIS
(SPECTROSCOPY)

o SPECIMENSATSPRINGBORNFORMECHANICALANALYSIS

GOALS:
o CORRELATESPECTROSCOPICOBSERVATIONSWITH

MECHANICALPERFORMANCE

o DETERMINEDEGRADATION_TES (KINETICS)

o ASSESSSERVICELIFE

AGINGCONDITIONS:

o HYDROLYSISCONSIDEREDTOBEDOBINANTFAILURE
MECHANISM

o WATERIF_ERSION:

TEMPERATURES:40°,60°,800

TIMES:100,250,500,1000,2000HRS,

o TESTING:MECHANICAL,SPECTROSCOPIC

4

"i
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!
, RELIABILITY PHYSICS

' • LARGESTMEASURABLECHANGE:WEIGHTGAIN

. (WATERABSORPTION)

'" PERCENTWEIGIITGAIN "

TEMPERATURE 40o C 600C 80%

EVA/GLASS 51% 2015% 500%
;- NO PRIHER 2,000HR 2,000HR 500HR

EVA/GLASS 3 5 _. . 35 % 62 %
_ll'HPRIF£R 2,000HR 2.000HR 1,000HR

EVA,CONTROL 0.3% 0.4% 1.0%
2,000HR 2,000HR 2,000HR

* NO SPECIt_NSSURVIVINGTHISPOINT i "

o WEIGHTGAINASSUMEDTO BE WATERABSORPTIONAT
POLYMER/GLASSINTERFACE '
(ALSOOBSERVEDBY SPECTROSCOPY)

o PRIMERHASSIGNIFICANTEFFECTOi_ABSORPTION

• MECHANICALPROPERTIES:LITTLECHA!_GEUP TO 50 % , ,
WEIGHTGAIN-ELONGATIONBEGINSTO DECREASE _ :

o ALMOSTNO CHANGEiNPOLYETHYLENE/GLASSBEADSPECIHENS i
J

REVERSIBILITY: !-
o DRIEDAT 105°C/72HRS- LIMITOF REVERSIBILITY

40o 600 80o

NO PRIPIER ALL 500HRS 250HRS

WITHPRIMER ALL ALL 1,000HRS

i 177 _,
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: RELIABILITY PHYSICS

o WATERABSORPTION- LARGESTPROPERTYCHANGE

e PRIMERSTABILIZERSGLASS/POLYMERINTERFACE

e HYI)ROTHERMAL" DNt_GE" TOBONDSATTHE
INTERFACEISREVERL_BLEUPTOA LIMIT

,. = EQUILIBRIUMWATERABSORPTIONVALUESi'IAY
PROVIDENEWMETHODOFEVALUATINGADHESIVE
BONDS- RECOVERYPROPERTIES

LIFETIME:

e DOESPOLYMERGAINWATERTOPOINTOFNON-
REVERSIBILITY,OR ISIT" INDUCTIONPERIOD"
TYPE?

e NEEDMOREDATAPOINTSFORIIODELING

_o

-!

,
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RELIABILITY PHYSICS

Electrical Isolation

o POTTANTSANDCOVERF7'_ISSERVEASELECTRICALINSULATION

e NEEDTOKNOWTHICKNESSREQUIREDFORVOLTAGESTANDOFF

o VARIATIONWITHTEMPERATURE,ABSORBEDWATER?

o NEEDTOKNOWVARIATION_!ELECTRICSTRENGTHWITHAGING_

!" LIGHT,HEAT,HUMIDITY,FIELDSTRESS

METHOD:

o HV-DCPOWERSUPPLY,SYF_4ETRICELECTRODES

o SPECIFIEDRATEOFRISE_00 VISEC)

-- o PLOTAVERAGEBREAKDOWNVOLTAGE,VA VSTHICKNESS I
o STRAIGHTLINERELATIONSHIP=SLOPEEQUALS

"INTRINSICDIELECTRICSTRENGTH"(DC)

s MEASUREMENTSTODATE:
EVA9918,DV/DT= 3,65Kv/MIL

GOALS:

o REMEASUREDV/DT:

e THE_'IALAGING
o WATERABSORPTION
o ENVIRONMENTALEXPOSURE
o FIELDSTRESSAGING

o RECALCULATETHEREQUIREDINSULATIONTHICKNESSFORSERVICE
LIFEOFTHEMODULE

|

i,,
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I

"- RELIABILI'[Y PHYSICS "
J

' Accelerated Aging Test Program

OUTDOORPHOTOTHEP,MALAGINGREACTORS

(OPTAR) _'

e USENATURALSUNLIGHT,AVOIDSSPECTRAL
DISTRIBUTIONPROBLEMSWITHARTIFICIAL
LIGHTSOURCES

;-

e USETEMPERATURETOACCELERATETHEPHOTO-
THERMALREACTION

e INCLUDESDARKCYCLEREACTIONS

e INCLUDESDEW/RAINEXTRACTION

e INTENDEDPRIMARILYFORMODULEEXPOSURE

e EXTRAPOLATEEFFECTSTOLOWERT_PERATURES

t

SURFACE _ THERmCOUPLE
/ .,/

,r

"_J

180

- _,_b/,
w f

1986019875-188



.4
RELIABILITY PHYSICS '

Accelerated Aging

e USEFULFOREVALUATINGCANDIDATE
FO_IULATIONS- COMPARISON

e EVALUATEDWHOLEMODULES

e DETERMINEUPPERLEVELSERVICETEMPERATURES

, MODELLING:
,f

e TIMETOONSETOFDEGRADATION
(INDUCTIONPERIOD,rE)
EXAMPLE:POLYPROYLENE

e ARRHENIUS:LOG,tivs,1/K°

e PREDICTSERICELIFEBYEXTRAPOLATIONTO
LOWERTEMPERATURES

f

TIME,HOURS

200 500 2000

ii0

u 90 _

70

. 40 w.

- \
F- _ _CTUAL

20 \

_ 181 J
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: RELIABILITY PHYSICS ",,

_; Accelerated Aging (OPTAR)
i

e INDUCTIONPERIF,_MEASUREMENT--
USEFULFORSTf,BILIZERSELECTION

e EXMPLE.HAL_,TYPESTABILIZERS

0 CONTROL [] _IMASORB944
/k TINW:N770 A UV - 3346

' L

ELONBATION

"' 200 ,,

0
5OO 1000 1.500 2000 25OO

e ADVANCEEVAFORI,iULATION( NO.18170) ;
LUPERSOLTBEC,UV-2098(CYANAi'iIDE,UV-

.. SCREEN)UV-3346(CYANN'IIDE,HALS)

e MASSIVETESTPROGRAt.ISTARTED.i'IODULES,
OUTERCOVERS,ADHESIONTESTSPECIMENS,
POTTANTFORMULATIONS,ETC.

e RADIOMETERINSTALLEDON OPTARDEVICES-
POSSIBILITYFORMODELINGBASEDON HEAT
PLUSLIGHT? ? ?

./* 182

(i i'L p, _

1986019875-190



L'r/.,T
J

RELIABILITY PHYSICS

Anti-Soiling Treatments
(

SURFACECHEMISTRY;

" e HARD

" o SMOOTH

o HYDROPHOBIC

e OLEOPHOBIC

;" o IONFREE '

• LOWSURFACEENERGY

SURFACEINVESTIGATED•

e SUN_F_XGLASS

• TEDLAR(100BG30UT)
"

_.- • ACRYLAR(ACRYLICFI_ ) "

TREATMENTSREMAINING'

o L-1668FLUOROSILANE( 3M )
,; ¢

o E-3820PERFLL_ORODECANOICACID/
SILANE (DOWCORNING)

; • STILLEFFECTIVEAT46 MONTHS
,: OUTDOOREXPOSURE ;

= RESULTSINIMPROVEDPOWEROUTPUT "

o FLUOROALKYLSILANECHEMISTRY
APPEARSTOBEMOSTEFFECTIVE

}

NEWTREATMENTS:

,," • TWONEWCAIJDIDATESFROMDOWCORNING-
. JUSTSTARTED

z

b•,--4

,=d
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RELIABILITY PHYSICS J

Soiling Experiments
, (

FORTYSIXMO_ITHSEXPOSURE ,,,
. ENFIELD,CONNECTICUT

% LOSSIN I WITHSTANDARDCELLTREATED
-, SC

SUNDEXGLASS
I

• !

46 MONTHSEXPOSURE

,i

.I

, -15%

• CONTROL_ NO TREATMENT

t
....... L1668 (3M)

O ESTIMATED AVERAGE POWER IMPROVEMENTs i_

184
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., ', RELIABILITY PHYSICS

FORTYSIX;+;0ilTHSEXPOSURE

ENFIE_, CONNECTICUT

:, -1GX

CONTROL, NO TREATMENT

....... E3820

I ESTIMATED AVERAGF POWER IMPROVEHENT, 3,8_

." .,

185 .!
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, RELIABILITY PHYSICS

FORTYSIX t_OtTHSEXPOSURE
ENF]ELi, CONNECTICUT

F_LOSSINIscWITHSTA,_DA_CELLTREATEDACRYLAR "
(SUPPORTEDONSLASS) '

45MONTHSEXPOSURE
(.

... _=.  LJ
• ' CONTROL`"i'tOTREATMENT

....... OZONE+ E3S20

I ESTIMATEDAVERAGEPOWERIMPROVEMENT,,._,_
(
l

:.|

41
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,!
RELIABILITY PHYSICS

/.

k

" Outer Covers

(SUBSTRATEDESIGN)
e RECENTINDUSTRIALINTEREST- BOTHCRYSTALANDTHINFIU'I

: AMORPHOUSAPPLICATIONS

= NEWCONCEPT:POTTANTSAREVERYSTABLE- NOFURTHERNEED
FORUVSCREENINGINOUTERCOVER(?)

= NON-SCREENINGFILMREQUIREMENTS:
TRANSPARENT,LOWSHRINKAGE,WEATHERABLE,BONDABLE

. BESTCA,,_,_ATEo:FLUOROPOLYMERS

CO_T
FILM REF.INDEX % T $/FT_/MIL

_ TEFZEL 1,403 85,6 0,128

_ KAYNAR 1,420 88,8 0,055

HALAR 1.40 85,3 0.096

.FA 1,50 88,4 01123

FEP 1,34 93,6 0,109
FLUOREX 1,46 90,0 0,17 _,

, m FEPMAYBEGOODCHOICE:

m HIGHTRANSPARENCY

m OUTSTANDINGWEATHERABILITY

m MAYIMPROVEOPTICALTHROUGHPUTBY2%DUE
TOOPTICALCOUPLING

m REQUIRESBONDINGTECHNOLOGY:
SURFACETREATMENTNOTUVSTABLE(DUPONT)

e UNDEREVALUATIONINMODULEFABRICATIONAND
OUTDOOREXPOSUREEXPERIMENTS



il ,I._ -_m,- _ ,._,'-""k'a_l_--._'-'_--'''"'_

e

RELI/_BILITY PHYSICS

Thin-Film/AmorphousPhotovoitaics

CANDIDATEPOLYMERS: .

e PROCESSABLE<1000C

o OPTICALLYTRANSPARENT
(BEFOREORAFTERCURING)

, e CURABLE:NOTHERMALCREEP

e EXTR[SION:THINFIU'ISDESIRABLE

e WEAFHERA_LEORUNGRADABLE

e FLEXIBLE

MATERIALCLASS MANUFACTURER $/LB

•". POLYETHYLENE(LDPE) MANY ,50- ,60 I
ETHYLENE/VINYLACETATE DUPONT,USl ,60- ,80
ETHY'ENE/ACRYLIC DOW,GULF ,80- 1,00
IONO_;ER DUPONT 1,08- 1,60

ALIPHATICURETHANE L;PJOHN 1,70- 2,50
HOTMELTADHESIVES I_,_NY 80- 2,50 i

: (HYDROCARBON,POLYAMIDE
POLYETHER,ACRYLIC) !

,; i
l

c

ENCAPSULATIONMETHOD:
: e EXTRUSIONCOATING

e FILMLN'IINATION:EXTRUDETHEPOTTANTONANOUTER
COVERFII._IASA CARRIER,USECOMBINATIONFORLN_INATION,

CUREMETHOD:
; _ MOISTURECURE(MODIFIEDCHEMISTRY)

, PEROXIDEDECOMPOSITION(HEAT)
e UVCURE(PHOTOINITIATION)
o ELECTRONBEAM(?)

MAYBEPOSSIBLEWITHAMORPHOUSSILICON

T
=j,,,_

:'3,-i

', i

,r_J_ 188
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' RELIABILITY PHYSICS.!

" Conclusions

FLAMt'IABILITY:
e BACKCOVERS- - FUNCTION?

_ e SELFEXTINGUISHINGFIRERETARDANTEVA
DEVELOPED

ADHESION:
,J

e NEWTESTMETHODFORPRIMEREVALUATION
ANDBONDDURABILITY

e CANDEi.IONSTRATEBONDRECOVERY& LIMIT
OFREVERSIBILITY

_i ELECTRICALISOLATION:

., , INTRINSICDIELECTRICTESTMETHODDEVELOPED

i ACCELERATEDAGING:

e " OPTAR" METHODBESTAGINGTECHNIQUE
DISCOVEREDSOARE

• MODELING/LIFEPREDICTIONENCOURAGING
• 70o & 900C VERYGOODCONDITION

.. • COPPERREACTIONSNOTASSEVEREAS
_. ANTICIPATED- EXCEPTAT105o C

• LUPERSOL- TBECCUREDFORMULATIONS
APPEARMORESTABLE

• BESTST_ILIZERS:UV-2098SCREENER,
UV-3346HALSTYPE ( BOTHCYANAMIDE)

SOILING:

' , TREATMENTSSTILLEFFECTIVEAFTER46NONTHS

- , MOSTEFFECTIVEONORGANICFILMS

THIN-FILMPV:

• ENCAPSULANTINVESTIGATIONSBEGUN

r

,0_

i[
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RELIABILITY PHYSICS

*i

Future Work

e FLAI_IABILITY.

• ENHANCEDFIRERETARDANTFORMULATIONS "

• SMALLSCALE_]ODULE"BURNS"

. ADHESION:

• MOREWORKON" UNIVERSAL" PRIHERS
I

• MOREDEVELOPMENTOFDIAGNOSTICTEST
METHOD

• AGINGOFADHESIONTESTSPECIMENS
4

e ELECTRICALINTEGRITY=DIELECTRICSTRENGTH _
VERSUSAGINGOFENCAPSULATIONMATERIALS=

• ACCELERATEDAGING
i'_SSIVENUV_EROFTESTSPECIMENSBEING
DEVELOPED- MODULES,OUTERCOVERS !
ADVANCEDSTABILIZERSYSTEMS

• NON-SCREENINGWEATHER_LEOUTERCOVERS _
EMPHASISONBONDING _

• THIN-FILMPV: DEVELOPMENTWORKAND
I._TERIALSRECO_IENDATIONS

)
-41
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