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Goal and Activities for PVQAT TG5 (UV, T, RH)

oPV safety, qualification tests (61215, 61646, 61730-2) presently prescribe
up to 137 days equivalent IEC 60904-3 AM 1.5G UV-B radiation dose.
This is << 25 years!

eTG5 Goal: develop UV- and temperature-facilitated test protocol(s) that
may be used to compare PV materials, components, and modules
relative to field service.

Applications:
o|EC 62892 (climate- and configuration-specific weathering).
1. General UV weathering test.
2. Start of “Leg 2” test series to query delamination.
(UV—>DML—>HF10—>DH500)

o|EC 62788-7 (PV materials and components weathering).
Accelerated aging test(s) for encapsulation, backsheet, adhesives...
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Motivation for the k, Interlaboratory Experiment (PVQAT TG5 US)

eKnowing E, is critical to prescribing & interpreting a UV- and T-mediated test.
eUnfortunately, E, is not known for the UV degradation of common PV materials.

r]
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I 0

Arrhenius representation for rate of A characteristic

Goals for the interlaboratory experiment:

1. Quantify E..
Provide a sense of the range of E_, by examining “known bad,” “known good,”
and “intermediate” material formulations.

2. Determine if there is significant coupling between relevant aging parameters,
i.e., UV, temperature, and humidity.
What weathering parameters must be considered in a standardized test?

3. Investigate the spectral requirements for UV light sources,
i.e., by comparing specimens aged by Xe-arc, UVA-340, metal-halide.
Is visible light required (e.g., enabling photobleaching)?
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The Materials Used in the k, Experiment

eDiscoloration of encapsulation somewhat studied in the literature:
—>We have a sense of the general rate of degradation.

—Use historical (literature) and contemporary formulations.

o6 Materials examined in interlaboratory study:
Compare peroxide used for cross-linking (module manufacture).
Compare type or use of UV absorber.
TPU formulation: not for PV, but chosen as a reference material.

INGREDIENT DESCRIPTION MAKER MASS {g} /\
Elvax PV1400 [EVA resin, 33 wt% Vac E. l. du Pont 100 100 100 100 100 [/ NIA\
76030 silane primer, gamma-methacryloxy Propyl | i\, =5ming Corp. 0.25 0.25 025 | 025 0.25 ?
trimethoxysilane
LeuriTy agent, OO-Tertbutyl-O-(2-ethyl- ——
’ ?
TBECK hexyl)-peroxycarbonate Arkema Inc. N/A 15 15 15 /
Lupersol 101 [owiag-agent, 2, 5-Bis(tert-butylperoxy)-2,5- Arkema Inc. 15 N/A N/A N/A N/A ?
dimethylhexane
Tinuvin 329 —H-ABSOTDer, benzotriazole type BASF Corp. N/A N/A N/A . N/A ?
Cyasorb UV-53T Ttv-absesberhenzophenone type Cytec Industries Inc. 0.3 0.3 03 | NA N/A ?
Tinuvin 770 hindered amine light stabilizer (HALS) BASF Corp. 0.1 0.1 0.1 N/A N/A ?
N non-basic aminoether-hindered amine light 5
Tinuvin 123 stabilizer (NOR-HALS) BASF Corp. N/A N/A N/A 0.1 0.1 :
Naugard P anti-oxidant (AQO), phosphite containing Chemtura Corp. 0.2 0.2 N/A N/A N/A ?
Designation EVA-A EVA-B |EVA-C| EVA-D | EVA-E TPU
(Note)| (knownbad, | (improved, | (known | (modern)| (no UV [|\(know
"slow cure" ) | "fastcure")| good) absorber) | \ bad

Encapsulation materials being compared in the transmittance (discoloration) experiment.
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Interlaboratory Effort Enables a Wider Range of Study

eIndoor aging is expensive. No institution has all the resources or bandwidth to
apply the complete set of parameters TG5 wanted to examine.

eDiscoloration studied at (14) -volunteer- institutions.
e Example: compare similar instrument models (e.g., Ci5000 & QSUN XE3).

e Standard condition (60°C chamber ambient) to compare a broad variety
of light sources.
e Baseline irradiance of 1.0 W-m=2-nm-* at 340 nm for UV sources.

e Rate of indoor degradation will ultimately be compared against field data to
determine site-specific acceleration factors.
e Qutdoor data will verify the validity of indoor weathering.
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Details of the k; Methods and Experiment: Encapsulation Transmittance Test

eSilica/polymer/silica coupon specimens measured using a spectrophotometer

(with integrating sphere).

eMeasure at specimen center (anaerobic, minimal O,) and periphery (aerobic).
eAnalyze: solar-weighted transmittance, yellowness index, and UV cut-off A.

Specimen in sample holder for  Specimens on outdoor rack, —5cm
indoor aging at NREL. aging in Golden, CO at NREL.

Visual appearance of the NREL UV
Suitcase aged specimens at 180 days.

User summary:

Geometry: silica/polymer/silica (3.2 mm/0.5 mm/3.2 mm).

Size: 2" x 2”.

Quantity: 3 replicates of 6 materials (pre-conditioned), and 1 reference (not pre-conditioned).
Aging: 0, 15, 30, 45, 60, 75, 90, 120, 150, 180 cumulative days (indoors).

or0,1, 2, 3, 4,5 years (outdoors).

Measurements (non-destructive): repeatedly age and measure at each laboratory/test site.
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‘UVA-340 vs. Xe: A Comparison of t,., With Age

<) €valuated for 300<A<1250 nm.
oTPU affected more in Xe (At,, -5.1%) than UVA-340 (At -3.4%).

\

L)
A ¥

eRepresentative solar weighted transmittance (t

eEVA-C improved (At 1.0% for JVA-340)!

t,\N'ime {days} t, Time {days
120 180

4 UVA-340 o
5 fluorescent UV source =

| | | | | | | | | | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

H, Cumulative radiant exposure {GJ-m'z} H, Cumulative radiant exposure {GJ-m'z}

Change in 1, with H for the NREL aged transmittance coupons (center measurements).
The data points have been connected to guide the eye.
This presentation: H shown for 295<A<360 nm.
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transmittance of photon irradiance {%}
P

At.,. Change in representative solar-weighted
transmittance of photon irradiance {%}
At.,. Change in representative solar-weighted

rsw



'UVA-340 vs. Xe: Insights From Y/

eYellowness index (Y/) calculated from measured t,.
eRepeatability: Y/ (0.27) < 7, (0.63).
Yl 'is overt indicator of degradation trends.

eMany instances of ~linear change with time.

e|nflection (Aslope) in some profiles: (UVA-340); EVA-C (UVA-340); TPU (Xe).
e|nitial yellowing to stable-state for EVA-D (UVA-340 & Xe).

—>Effects of aging are dominated by interactions between additives, not base material!

t, Time {days} t, Time {days}
0 60 120 180 0 60 120 180
20 i i i 20 i i i
UVA-340 fluorescent TPU Xe UV source
UV source ]
15+ - 15 —

—_
o

()]

Yl, Yellowness index {unitless}
|

Yl, Yellowness index {unitless}
o
I

=== e T f 6 i —o — — =1 : t :
00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07
s . . -2
H, Cumulative radiant exposure {GJ-m 2} H, Cumulative radiant exposure {GJ-m "}
Change in 7, with H for the NREL aged t coupons (center measurements).
The data points have been connected to guide the eye.

This presentation: data shown for average of 3 replicates, with error bars for 1 S.D.
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‘UVA-340 vs. Xe: Insights From the t Spectra

o , EVA-D, and TPU show a significant rounding of the UV cut-off (shifted {, right)
and increased Y/ corresponding to Avisual appearance.

eLikely explained by chromophore formation (from peroxide, AO, and UV absorber).
UVA-340 fluorescent UV source

Xe UV source

< 100 < 100 . . .
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A, Wavelength {nm} A, Wavelength {nm}
UV spectral transmittance for the NREL aged zcoupons (center measurements).

—, (solid lines) indicates unaged specimens; —, (dashed lines) indicates specimens aged for 6 months.

eFor EVA-B, EVA-C, EVA-E) the UV cut-offivavelength is instead decreased (shifted left)
and there is an increase in\t. 1, is iatreased for EVA-C about ~350 nm.
elLikely explained by the loss of additive(s) with age.

° . is UV absorber lost for UVA-340 source? VIS required (photobleaching for Xe)?



‘Methods of Analysis for the k; Data

eVerify what data may be analyzed.
e.g., delayed loss of formulation additive.
eHere: consider inflections in At,,, or Y/ data.

eDegradation rate (linear) or shift
factor (logarithmic) comparison may be
used to examine different test
conditions, e.g., UV sources.

eExample: what k, is required map the
UVA-340 data parallel to the Xe data?

O UVA-340 (raw data)

Xe/O ©

O

SlopeUVA340
ol fo = ]

slopex. O
UVA-340 (with ay)

I | | I I 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

H, Cumulative radiant exposure {M.J-m_z}

AT, Change in representative solar-weighted
transmittance of photon irradiance {%}
)
I
|

eArrhenius analysis used for different Degradation rate comparison, applied to
applied temperatures. (Ea oc m-R). compare UVA-340 and Xe sources .

- o Data shown for the NREL aged t coupons
oEVA undergoes a melt transition at ~60°C. (center measuremgms) P
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'UVA-340 vs. Xe: Insights From k,, Analysis

¢295<0.<360nm may be best criteria between Xe and UVA-340,
because UVA-340 provides limited emission 360<A<400 nm.

Fowler, “Developing Steady State Exposure Conditions in an ASTM G154 Fluorescent UV Test Chamber for
Backsheet Materials”, Proc. NREL PVMRW, 2014.

ok,,=0.6 for TPU (same order of magnitude).
®Tuva3ao ~55°C; Ty, ~63°C.
AT~10°C=1.41=0.7.

o

I I I

Pickett et. al., Polym. Deg. Stab., 93 684-691 (2008). g a,§..
3 E 2 __ -
ek,=0.08 for + =
o not affected early for BE T muwwaswn ;]
UVA-340. 52 4 o _slopeluvasao]] -
eDifferent aging mechanisms initially 8§ -t slope| Xe] i -
2 5.5 ] ] ] ] ] |
<]

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
H, Cumulative radiant exposure {GJ'm‘z}

Data shown for NREL aged EVA-A and TPU coupons
ek,=3.4, 1.1 for EVA-C, EVA-D. (center measurements).

dominate for UVA-340 or Xe.
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Effect of Temperature Stands Out in Early Comparison

eEffect of T examined directly at 3M: same irradiance, RH applied using
three similar chambers (Ci5000, Xe lamp with Right Light filter).

eStrong effect of aging as

T is increased.

eException: EVA-E

(no UV absorber). At~0.

o7 coupling anticipated from field

1
0

-2

4

-6

At.,» Change in representative solar-weighted
transmittance of photon irradiance {%}

0

30
|

t, Time {days}

60 9|O 1 fIZO

)
& 45°C/30%RH -
& Ap 3
- @ —
60°C/30%RH
80°C/30%RH

. ° @
observation, e.g., increased 8l _
discoloration at local module ol 1

-. | | | | §
hot spots. 0 o1 02 03 o4 05
.E on Order Of ~6O kJ'mO|_1 H, Cumulative radiant exposure {GJ-m'z}
a 2.0

(0.6 eV) estimated for EVA-A I
from interim experiment. s .

2 06

)

£ -01

038 ' ' o
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ISummary

o”k,” interlaboratory experiment presently being conducted to provide a
quantitative basis for UV weathering tests.

Interim results:

eMaterial specific aging behavior = discoloration follows foremost from the
formulation additives (Lupersol 101, Naugard P, Tinuvin 770 or Tinuvin 123),
rather than the base resin.

Regarding Xe and UVA-340 sources:

eSubstantial AL, greater AYI for EVA-A aged with UVA-340. k, of 0.08.

k., of 0.6 (0.7 ideal), 3.4, and 1.1 observed for TPU, EVA-C, and EVA-D.

oA slope (apparent degradation rate) observed for specific combinations of
UV source and test materials.

—>Xe and UVA-340 sources may not always be applied equally for
accelerated aging of encapsulation.

oF_ on the order of ~60 kl-mol™* (0.6 eV) is estimated for EVA-A.
eTest T, e.g. 70, 80, or 90 °C, presently being evaluated for UV tests.
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Use of REDCap Database for Transmittance Data

e -A LARGE QUANTITY- of transmittance data will be generated for experiment.

e Case Western Reserve University volunteered the REDcap database to TG5.

e REDCap comes from the medical research industry.

Benefits: Ensures designed experiments, high data capacity, simultaneous user
access, automated data quality verification.

e REDCap allows users to view and analyze results in real-time.

dmiller | My Profile | Log out

X 88.79
4 Home | | » My Projects & Training Resources = @ Help & FAQ L% Send-it Y 93.67
z 100.08
Welcome to REDCap!
REDCap is a sacure, web-based application for building and managing online surveys and REDCap Features
databases. Using REDCap's stream-lined process for rapidly developing projects, you may create .
and dasign projects using 1) the anline method fram your web browser using the Online Dasigner; Build online surveys and databases quickly and
. . . securely - Create and design your project rapidly using d
and/or 2) the offline method by constructing 2 ‘data dictionary’ tempiate file in Microsoft Excel, which secure web authentication from your browser. No exira
can be later uploaded into REDCap. Both surveys and databases (or a midure of the two) can be software is required I
built using these metheds. Fast and flexible - Conception te production-level solar weighted
REDCap provides automated export procedures for seamless data downloads to Excel and surveyldalaiase miCHEREEE foi 89.39
common statistical packages (SPSS, SAS, Stata, R), as well as a built-in project calendar, a Export data to common data analysis packages - -
scheduling module, ad hoe reporting tools, and advanced features, such as branching logic, file E;"’S”P’}Sg”";’r‘;:‘:,;:L:;"U“S“" Excal it
uploading, and calculated fields. T :
Ad Hoc Reporting - Create custom gueries for representative
Learn mare about REDCap by watching a 2 orief summary video (4 min). If you would like to view generatng reporcciuinatiioae i weighted
other quick video tutorials of REDCap in action and an overview of its features, please see the Scheduling - Utilize a built-in project calendar and e 92.07
Training Resources page scheduling module for organizing your events and
Tralning RESOUrces pag appointmens. Y1,1964 0.49
Please note that any publication that results from a project utilizing REDCap should cite grant Easily manage a contact list of survey 2 {HITI} 3530
support (Clinical and Translational Science Award - UL1TR 000439), respondents or create a simple survey link - Buid UV 4
a list of emall contacts, create custom email invitations,
WNOTICE If you are collecting data for the purposes of human subjects research, review and and track who responds, or you may also create a
approval of the project s required by your Institutional Review Board. single survey fink lo cral oUtorpE iR 5 YK
. ) send files to others securely - Using ‘Send-It, readpoint {days}
If you require assistance or have any questions about REDCap, please contact CASE REDCap upload and send files to mutiple recipients, including N b KK
Support Team existing project documents, that are too large for email sa (senial number)
attachments or that contain sensitive data.
Save your data collection instruments as a PDF to . bl b
print - Generatz a PDF version of your forms and A {nm} T Tt
surveys for printing to collect data offiine.
Advanced features - Auto-validation, calculated fields,
file uploading, branching/skip Iogic, and survey stop
actions.
REDCap API - Have external appiications cannect to 200 0.00 0.00
REDCap remotely in a programmatic or automated
fashion
Data Queries - Document the process of resolving data
issues using the Data Resolution Vorkfiow module,
Piping - Inject previously collected data values into 201 0.00 0.00
question labels, survey invitation emails, etc. to provide a
more customized experience. 202 0.02 0.02

& ) Transmittance results will be uploaded to

Home screen for https://dcru.case.edu/redcag REDCap using an Excel template file.
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T,.v: MOst Materials More Affected at Center in k; Experiment

t, Time {days} t, Time {days}
1 120

20 180
2 i i i

[ UVA-340 /TPU
3| fluorescent UV source:
specimen center

|

| | | | | |
0.0 0.3 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

H, Cumulative radiant exposure {GJ-m'Z} H, Cumulative radiant exposure {GJ-m'Z}
Change in transmittance for the NREL UV Suitcase aged specimens.

Data points connected to guide the eye.

UVA-340  ° -
3k fluorescent UV source: ¥
specimen periphery

transmittance of photon irradiance {%}

At.,. Change in representative solar-weighted
transmittance of photon irradiance {%}
At.,. Change in representative solar-weighted

elLoss in T, less significant at the specimen periphery.

Example: . Significant heterogeneity.

Exceptions: EVA-C, TPU. Affected relatively uniformly throughout specimen.
e|n EVA, a photobleaching effect typically occurs at periphery, but is limited by

rate of O, diffusion to interior.
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Comparing UVA-340 and Xe sources

UV spectral transmittance of the encapsulation materials examined. The subscript

Ty, vs. Wavelength, material averages, center, unaged & aged T}, vs. Wavelength, material averages, center, unaged & aged
UV Suitcase edge MNREL Ci5000 edge
-~ 100 1.0 BV A - 100 1.0 BV A
£ PPV PR E— 1. A | EvA Az -3 PPV Py m— [ A . —— EvA Az
== 90 iy pa S 0.5 == 90 — o 0.5
ﬂ 80 M"‘J- - 0 8 EVAB.u 3 80 M I;.‘ . - " 2 0 8 EVAB.L
5 ‘/ / l f[ "‘ ' : EVAES 5 ‘/ / f b ' : EVAES
£ 70 2 - 0.7 £ 70 + - 0.7
= // / ; f J‘f EVACY = // / / fl i g EVACY
£ 60 / ' 06 E 60 / N 06
O o RN B
E 50 ’ .'r / . T 0.5 EVAD.u E 50 ’ :' / dyid. 0.5 .
® 40 J ’ ] : | 04 BuADs F 40 J / _ 04 BuADs
5 30 1 : T L 0.3 B T 30 1 : L i 0.3 B
< 20 1 ' - 02 Euaca | 20 L 44 02 FuaEa
£ 10 LA 0.1 U T 10 | i ;; 1] 0.1 U
% 0 ‘ :/ — 00 T TPUa % 0 b é o 1 _\_.( 7’9’" oo T Uz
Td_sifica Td_sifica
200 250 300 350 400 450 500 Sﬂ; 200 250 300 350 400 450 500 Sﬂ;
----- it - ===~ Salite
Wavelength {nm} 809043 Wavelength {nm} 809043
—— ——
< 100 T I | | | < 100 T I | | |
Nt Nt
) ) e i i PO
= [&] S
c c / .
E = 80 T o]
g g i -"EVA-D,a -~~~
EVA-E,a— il
@ @ Sl ,<«—TPU, a
b | ’ = —
= = 60 # -~—“TPU, u
© © 1 [
.9 .9 4 J :’
B B N 1
8‘ 8' : i n' 4
1 |
i il - [l —
- S 40 J. ,
g g , f
S ) : EVA-A, a—r[j= -EVA-A, u
5 £ . y
2 g 20 : s -
£ £ '1 -, u
[} [}
o o
s EN 0] PP 377 \EEEE bt | |
e e

250 300 350 400

A, Wavelength {nm}

500

—u (solid lines) indicates the data for unaged specimens, while the subscript —a
(dashed lines) indicates the data for specimens aged for 6 months in the NREL UV
Suitcase (60°C/~7%RH). Results for specimen-periphery (top) and -center

bottom).
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A, Wavelength {nm}
UV spectral transmittance of the encapsulation materials examined. The subscript

—u (solid lines) indicates the data for unaged specimens, while the subscript —a

(dashed lines) indicates the data for specimens aged for 6 months in the NREL
Ci5000 (60 °C/50%RH).

450 500



Comparing UVA-340 and Xe sources

Major changes: (most overt to least affecting differences between weathered samples)

eThe spectral bandwidth was greatly increased (AL, =-64 nm) for EVA-A for the UVA-340 light source but
not for Xe (AA,,=-6 nm). This implies the UV absorber was uniquely degraded or depleted for the
fluorescent light source. The result is consistent with the UV-VIS fluorescence spectra observed for EVA-A,
which could be distinguished between the different weathering chambers.

oA more severe rounding of the cut-on profile was observed for EVA-A aged usingUVA-340 (AY/=13.7) then
for Xe (AYI=7.9). A more severe rounding of the cut-on profile was observed for TPU aged using Xe
(AYI=17.2) then for UVA-340 (AY/=15.6). Increased yellowness implies the formation of optically absorbing
chromophore species. These results suggest the action spectrum for TPU includes the full range of UV
wavelengths (i.e., 300<A<400 nm as supplied by a Xe source). The difference for EVA-A may result from a
photobleaching process, enabled by the longer wavelengths of UV light present in Xe.

oEVA-C was more affected by UVA-340 (AL_,,=-11 nm for UV Suitcase ) than Xe (AA_,,=-5 hm for Ci5000)
spectrum. Transmittance reduction from discoloration (AY/=2.1 and AYI=1.1) was outweighed by the
increased spectral bandwidth, increasing transmittance (z,, 0.6% and t,,,, 0.4%) for EVA-C in UVA-340 and
Xe, respectively.

rsw

Lesser changes:

eThe spectral bandwidth was slightly more increased for EVA-D at its periphery (AA_,,=-3 nm) than at its
center (AL.,,=-1 nm). EVA-D, however, was more discolored at its center (AY/=2.7 and AYI=2.9) than at its
periphery (AY/=0.8 and AY/=0.8) , for UVA-340 and Xe, respectively.
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Comparing UVA-340 and Xe sources

UV Suitcase (60 °C/~7%RH) center measurements | | NREL Ci5000 (60 °C/50%RH) center measurements
CUMULATIVE WEATHERING {days} 0 15 30 a5 50 75 %0 120 150 130 CUMULATIVE WEATHERING {days} 0 15 50 45 50 75 50 120 150 150
RADIANT EXPOSURE, 300<4.400 nm {GJm?} | 0 0.13 0.26 0.40 0.53 0.66 0.79 1.06 132 1.59 RADIANT EXPOSURE, 300<.400 nm {GJ-m 7} ] 0.13 0.26 0.40 0.53 0.66 0.73 1.06 132 1.59 A
RADIANT EXPOSURE, 340 nm {MJ-m?} 0 128 2.55 3.83 5.1 6.38 766 | 1021 | 1170 | 14.04 2257 RADIANT EXPOSURE, 340 nm {MJ-m?} 0 128 2.55 3.83 5.11 6.38 766 | 1021 | 1170 | 1404 | (final- [»2572
RADIANT EXPOSURE, 295545360 nm {G}m?} | 0 0.06 0.11 0.17 0.22 0.28 0.33 044 0.53 0.64 RADIANT EXPOSURE, 29557.£360 nm {GJ-m %} 0 0.06 0.11 0.17 0.22 0.28 0.33 0.44 0.53 .64 | initial)
RADIANT EXPOSURE, 36045400 nm {G0m?} | 0 0.08 0.16 0.24 0.31 0.39 0.47 0.63 0.78 0.94 RADIANT EXPOSURE, 36075400 nm {GJ-m™} 0 0.08 0.16 0.24 0.31 0.33 0.47 0.62 0.78 0.94
EVA-A | 886 88.4 88.5 88.5 8.6 88.5 88.1 8.7 87.2 87.1 14 Eva-A | 884 87.1 88.2 88.2 87.9 87.5 87.9 874 87.9 86.8 -6 | ves
Tows EVA-B | 88.2 8.2 88.3 884 88.3 884 88.5 88.5 88.3 8.5 0.2 Tow, EvA-B 88.9 88.1 88.6 88.3 88.5 8.6 8.7 8.5 83.0 88.8 0.0
(solar weighted) EVAC | 882 88.5 586 88.5 85.6 88.7 8.8 8.7 88.6 536 04 (solar weighted) Eva-C | 884 88.7 88.7 38.7 38.6 88.7 88.7 586 83.2 88.9 05
%) EVA-D | 87.9 87.8 87.7 87.5 87.6 87.9 88.0 7.9 87.8 87.8 0.0 %) EvA-D | 894 88.0 88.0 88.0 88.3 7.8 87.9 88.0 88.3 88.0 14
EVA-E | 895 89.5 89.5 83.5 8.6 8.6 33.7 3.6 89.6 89.5 0.0 EvAE | 898 83.4 83.5 39.5 39.6 89.4 89.5 89.7 0.1 89.9 02
TPU | 883 87.0 87.0 86.3 86.6 864 86.2 85.6 85.4 8.9 33| vEs TRU 87.3 87.0 36.6 86.2 85.6 85.1 8.9 8.7 84.3 53.9 34| vEs
EVA-A | 912 91.0 912 912 91.3 91.1 90.6 90.0 89.3 89.1 21 | vEs Eva-A_ | 910 912 91.0 90.9 90.5 0.0 304 9.9 0.2 88.5 21 | ves
EVAB | 910 303 911 911 911 912 912 912 910 911 0.1 . EvaB 914 %07 911 90.9 911 911 912 911 916 914 0.0
Traws EVA-C | 90.7 912 913 913 913 915 916 914 913 913 0.6 s | EvA-C_ | 911 914 914 914 913 914 914 913 918 915 04
(representative solar weighted) | EvAD | 904 303 30.1 89.9 0.1 90.3 90.4 90.3 30.2 303 01 (representative solar EvaD | 905 %05 90.3 90.3 90.6 0.1 302 303 %0.6 %02 0.3
(%) EvA-E | 926 926 92.6 92.6 92.7 928 92.9 92.7 92.7 926 0.0 We'%hmd) EvA-E | 928 92.6 92.6 92.7 927 92.5 92.7 92.9 93.3 93.1 02
TPU_| 900 9.3 9.7 89.3 89.1 35.8 35.6 578 87.5 36.9 31 | ves {%} TPU 87.3 87.0 36.6 36.2 35.6 85.1 813 87 84.3 83.9 34| ves
EVAA | 0.6 0.3 15 2.2 2.3 4.3 7.4 10.4 12.6 143 137 | vEs EVA-A 0.6 0.9 16 2.0 25 3.5 1.2 5.2 6.3 8.5 79 | ves
v EVAB | 0.5 0.7 0.3 0.9 0.8 0.9 0.9 12 13 13 09 | ves v EvA-B 0.5 0.7 0.9 0.9 0.9 0.9 0.9 0.E 0.9 0.9 04
(vellowness index) EvA-C | 04 0.7 0.7 0.7 0.8 0.9 11 14 21 25 21 | ves (yellowness index) EVA-C 0.5 0.6 0.6 0.6 0.7 0.7 0.3 1.0 1.2 15 11| ves
y funitess) EVAD | 10 25 3.9 43 3.7 3.6 3.4 3.4 3.7 3.7 27 | ves ¥ fnitless) EvA-D L0 20 29 29 3.1 3.0 3.1 3.2 3.4 3.9 29 | ves
EvA-E | 04 0.4 0.4 0.4 0.4 0.3 0.3 0.4 0.3 0.4 0.1 EvA-E 0.4 0.4 0.4 0.4 0.4 0.4 0.3 0.4 0.4 0.4 0.0
TPU 0.8 23 5.0 6.5 7.9 9.5 10.7 13.1 15.2 165 156 | Vs TPU 11 21 45 5.9 5.0 10.3 12.9 147 165 18.2 172 | ves
EVA-A | 356 355 351 341 299 296 293 293 2 292 -643 | YES EvA-A 357 356 356 353 352 352 52 352 351 351 .60 | vEs
; EVAB | 359 359 359 358 358 358 358 358 358 358 10 ; EvaB 358 358 358 357 357 357 357 357 357 357 10
Uy ';r”"’ nath EVA-C | 354 353 352 351 350 348 346 346 345 343 -110 | Vs oy 'f‘:r“"’ inath EvA-C 353 353 353 352 351 351 350 350 349 349 4.7
(UV cut-off waveingth) EVAD | 375 374 374 374 374 371 37 37 37 374 10 (UV cut-off waveingth) EvaD 375 373 373 373 373 373 374 374 374 374 10
{nm} EvA-E | a1 241 241 241 240 240 240 240 240 240 0.7 {nm} EVA-E 242 241 240 240 240 240 239 240 239 239 -3.0
TPU 336 387 387 387 357 337 357 357 387 366 200 | vEs TPU 387 357 357 387 357 357 387 387 336 336 0.7
UV Suitcase (60 °C/~7%RH) edger measurements | | NREL Ci5000 (60 °C/50%RH) edge measurements
CUMULATIVE WEATHERING {days} 0 15 30 a5 50 75 %0 120 150 180 CUMULATIVE WEATHERING {days} o 15 30 45 50 75 %0 120 150 180
L <7400 nm {GJ-m” . .. . .. X . X . . L <7400 nm {GJ-m” .. .. . .. . . A . . A
RADIANT EXPOSURE, 30045400 nm {G0m?) | 0 0.13 0.26 0.40 0.53 0.66 0.79 106 132 1.59 RADIANT EXPOSURE, 300<7.£400 nm {GJ-m?} 0 0.13 0.26 0.40 0.53 0.66 0.7 1.06 132 159
RADIANT EXPOSURE, 340 nm {MJ-m~} 0 128 2.55 3.83 511 6.38 766 | 1021 | 1170 | 1404 2252 RADIANT EXPOSURE, 340 nm {MJ-m~} ] 128 255 3.83 5.11 6.38 766 | 1021 | 1170 | 1404 | (final [»252
, 29554360 nm {GJ-m” X . 5 . . . . . X , 295<7.<360 nm {GJ-m” . . . . . . . . . ini
RADIANT EXPOSURE, 295545360 nm {G}m?} | 0 0.06 0.11 017 0.22 0.28 0.33 .44 0.53 0.64 RADIANT EXPOSURE, 295<7.£360 nm {GJ-m?} ] 0.06 0.11 0.17 0.22 0.28 0.33 0.41 0.53 .64 | initial)
., <} nm {GJ-m” . .. .. .. .. X . . . ., <] nm {GJ-m” . .. .. .. .. X . . ..
RADIANT EXPOSURE, 36045400 nm {G}m?) | 0 0.08 0.16 0.21 0.31 0.39 0.47 0.63 0.78 0.94 RADIANT EXPOSURE, 360<7.£400 nm {GJ-m?} 0 0.08 0.16 0.24 0.31 0.3 0.47 0.63 0.78 0.94
EVA-A | 836 33.3 834 83.6 88.4 33.5 33.5 8.7 8.7 9.0 0.7 Eva-A | 884 87.8 35.3 33.3 33.2 7.6 83.6 33.3 832 83.4 0.0
EVAB | 88.2 88.3 88.5 88.7 88.4 88.6 88.5 88.6 88.6 88.6 04 EvA-B 88.9 88.3 88.7 88.3 88.5 88.6 88.8 88.5 89.0 88.9 0.0
Tows EVA-C | 88.2 8.5 8.6 88.8 88.5 88.7 88.7 88.7 8.7 8.8 0.6 Taw, EvA-C_| 884 88.6 88.8 88.8 88.7 88.7 8.8 888 89.3 89.1 0.7
(solar weighted) EVAD | 878 87.9 87.9 88.2 87.9 88.2 88.2 8.1 88.1 88.1 02 (solar weighted) EvaD | 834 88.2 88.3 88.4 88.8 88.2 88.5 88.5 88.9 88.6 0.8
(%) EVA-E | 895 89.5 895 899 89.5 9.7 9.6 9.5 89.5 89.2 -0.3 (%) EvA-E | 898 834 89.5 89.5 89.5 9.2 894 89.6 899 899 0.1
TPU_ | 883 87.0 87.0 86.2 86.8 86.6 36.5 6.0 86.0 85.3 29 | ves TPU 87.3 87.1 86.7 36.4 85.9 85.3 85.1 85.0 4.6 84.1 52 | ves
EvA-A | 912 910 911 913 911 912 912 914 914 92.0 0.7 Eva-A | 910 905 911 91.1 90.9 90.3 913 91.0 92.0 911 0.1
EVA-B | 910 91.0 912 914 9.1 912 91.2 91.2 9.2 91.3 0.3 EvA-B 914 %04 91.3 90.9 911 9.2 914 911 916 914 0.1
T, EVAC | 907 911 913 915 913 914 914 914 914 916 0.9 Travi, Evac | 911 913 914 915 913 913 914 914 92.0 917 07
s
(representative solar weighted) | EVA-D | 90.4 0.3 %04 %0.7 904 90.7 90.7 90.6 90.6 90.6 0.2 (representative solar EVA-D 918 90.5 90.6 90.8 91.2 90.6 90.8 90.9 914 90.9 0.9
(%) EVAE | 926 925 925 93.0 926 928 927 926 92.6 923 03 weighted) EvaE | 928 926 926 927 927 92.3 925 9.8 93.1 93.0 02
o
TPU_ | %0.0 89.2 89.7 883 894 3.2 33.0 88.5 88.3 87.6 24| vEs %]} TPU %0.1 89.9 9.4 83.0 883 7.6 87.3 7.1 864 85.7 44| ves
EvA-A | 0.6 0.8 12 13 16 2.0 11 0.9 10 11 06 | vis EvA-A 0.6 0.8 13 1.0 0.8 0.9 0.7 0.5 0.8 18 12 | ves
v EVAB | 05 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.7 0.7 0.2 v EvA B 0.5 0.6 0.5 0.5 0.5 0.6 0.5 0.6 0.6 0.6 0.1
(yellowness index) EvAC | 04 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.3 (yellowness index) EVA-C 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.1
Y wunitess) EVAD | 10 21 23 23 23 21 19 18 18 18 08 | vis ¥ wnitless) EVA-D 1.0 16 1.7 12 12 1.0 1.0 12 1.0 1.8 08 | ves
EVAE | 04 0.4 0.4 0.4 0.4 0.3 0.4 0.4 0.4 0.5 0.1 EvA-E 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.0
TPU 0.3 26 2.1 5.2 5.5 7.4 7.6 5.8 10.7 12.5 120 | VEs TRU 11 21 4.1 5.9 7.5 9.0 11.0 126 14.8 17.2 161 | vEs
EVA-A | 356 356 355 354 352 351 352 352 350 348 87 | vEs EVA-A 357 356 357 356 356 355 355 354 354 353 4.3
; EVA-B | 359 358 358 358 358 358 358 358 358 357 13 . EvA-B 358 358 358 358 358 357 357 357 357 357 10
e EVA-C | 354 354 353 353 353 352 353 352 352 352 20 e EVA-C 353 353 353 353 353 352 52 352 351 351 23
(UV cut-off wavelngth) EVA-D | 375 74 574 574 374 373 373 373 372 572 5.3 (UV cut-off wavelngth) EvA-D 575 372 374 373 373 371 372 572 571 372 2.5
{nm} EvA-E | 241 241 240 240 240 240 240 240 240 240 0.7 {nm} EvA-E 22 240 240 240 240 240 239 240 240 240 23
TPU 336 387 387 387 357 387 357 357 387 387 0.7 TPU 387 357 357 387 357 336 336 336 336 336 10

Summary of the results for samples weathered in the NREL UV Suitcase (UVA-340) and NREL Ci5000 (Xe) chambers
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k, Experiment Examines Relevant Source Spectra

oe\Will compare Xe, UVA-340, M-H, and terrestrial light sources for all
formulations examined.

eDepending on specimen’s action spectrum (damage susceptibility),
the UV source (e.qg., 360-400) could render different results.

eOther base materials or
components (backsheet)

1 |

provide additional insight. -
eAlso method: ASTM G178 0275 300 325 350 375 400 425 450 475 500

A, Wavelength {nm}
Overlay of representative common artificial UV sources, relative to the AM1.5 global spectrum.

-'

- 11 ¢

may have even stronger 1.0 T ATIRA o o
spectralde.pendence than g s | los &
encapsulation. 2 8
ﬁ 0.6 —40.6 %

eNIST SPHERE experiment 2 o4 104 §
(passband filters) will - o o
=
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Fluorescence Spectroscopy: Additional Insights

T coue emmREe=< | @Anaerobic center and aerobic periphery
) i ]_ L::: i “El ... | are readily distinguished with a black light.
e e o i W | | B3 —F—"" | eDifferent extent of regions observed on
e | L — ™ | EVA’s. TPU is homogenous.
e e || e e =t uew | oMlinimal UV-VIS fluorescence observed
S I at periphery relative to specimen interior.

Blacklight image (foh\E @ 254 nm) for specimens aged for Blacklight image (for E @ 365 nm) for specimens aged for
180 days in NREL UV Suitcase (UVA-240 source). 180 days in NREL Ci5000 (Xe lamp). Samples are arranged

in columns: EVA-A, -B, -C, -D, -E, and TPU.
eThe geometry and effect in the specimens
can be confirmed during the use of the
fluorescence spectrometer.

Examples of the test configurations for the UV-VIS fluorescence spectrophotometer. The examination region can be confirmed from the spot,
which appears different (based on its fluorescence) at the center or periphery of the specimen. The size and shape of the discolored
anaerobic region can be confirmed when the excitation beam is placed at the edge of the silica superstrate.
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Effects of Additives in EVA and Polymers

eRepresentative (normalized) results shown for ~0.01% wt. concentration additive in hexane.
eUV absorbers often feature double absorptance peaks; Anti-Oxidants often characterized by
absorptance at even shorter wavelengths.

eUV absorbers often characterized by single thermalization emission peak at ~¥400 nm, e.g., 1168.
eAOs may characterized by more specific excitation & emission peaks, although a few common
peak sets were observed here.

eFluorescence signature may be very different when multiples additives are present

(and interacting).

1.0 10 5 & | . | 10 =
o o = =}
(%] o c [0}
= = = 1168, @402 @
5 08 08 8 8 15 1245, @404 198 =
< g = 11010, @399 S,
(0] [72] £ i @
S ® £ 3
g 0.6 Cyasorb UV-531 0.6 24 2 0.6 &,
= . joR = o
2 P s 5 ' Hoto, @311 5

y | = E -.(-“' ] =]
g 0 04 o 3 BHT, @311 |04 s
3 2 o Nau-P, @313 2
o ® 5 05 N
2 02+ 402 T > 402 &
b = o 1245, @306 =
g s & , @ S

< ; @ 2 =

0.01L—! DL L =E5_LJ0gg ~ = g I ! 00 &

190200 220 240 260 280 300 320 340 360 380 400410 = 250 300 350 400 450 500 550 600 2

A, Wavelength {nm} A, Wavelength {nm}

Optical absorptance spectra for UV absorbers and AOs used in the Representative fluorescence spectra (excitation on left; emission on
TG5 EVA formulations, including: Cyabsorb UV 531, Tinuvin 123, right) for AOs often used in contemporary polymers, including
Tinuvin 328, Tinuvin 329, Tinuvin 770; butylated hydroxytoluene butylated hydroxytoluene (BHT), Irgafos 168, Irganox 245, Irganox
(BHT), and Naugard P. 1010, Irganox 1076, and Naugard P. Some additives have multiple

fluorescence peaks.
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Transmittance: Comparison to Historic & Outdoor Data
eHistorically, yellowness index has been e iy ‘
used to compare between indoor- and field- 2] —mrswe.”

aged encapsulation. pic B+

e\We examine 2 of the classic formulations,

using a modern version of the same glass.

eAYI, EVA-A: ~8 (Xe, 60°C) vs. ~55 (Xe, 70°C).

a0 4 Aiocelerwled aging padormed in

1% | Ewmon aeg el he omaler wien
rasriage conrinscione

: rrmch wrecom wl Bdnmin

& 88 wim', squil B

e B T TR T

T =80"C; RH = 50%

¥l | Yellowness Index, ASTM D-1925)
-1

T T T T T T T T T
] L1 " 15 Fu i kL

eSame & Similar formulations in kd Assessing degracrér't'ihc'iﬁ rom change in Yl.
. . Reid et. al., Proc SPIE, 2013, 8825-7.
experiment deployed at APS in 1996. "

—>Conclusion: discoloration resulted from
additive interactions (as in k, experiment).
eLocation specific results

(center vs. periphery) as in k, experiment.

oTG5 will determine location specific L - s
acceleration factor for Cleveland, Localized discoloration of EVA

. . . . (known formulation in module) at the APS site.
Golden, Miami, Phoenix, & Riyadh. Wohlgemuth et. al., Proc IEEE PVSC, 2013, 3260-3265.
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