[T Fragmentation Test for Assessing Photovoltaic (PV)
Backsheet Cracking Propensity

Xiaohong Gu, Yadong Lyu, Jae Hyun Kim, Po-Chang Pan, Stephanie Moffitt
NIST Engineering Laboratory, Gaithersburg, MD

Michael D. Kempe (DuraMAT-SPARKS)

National Renewable Energy Laboratory (NREL), Golden, CO
! W 9y y( ) A Novel Method to Evaluate

Ben Foltz and Thomas Felder Crack Propensity of PV
Backsheets
DuPont, Wilmington, DE

NIST/UL Workshop for PV Materials Durability
Gaithersburg, MD 20899
December 12-13, 2019



gz Rationale: to Reproduce and Understand the Field Backsheet Cracking
] I o —

Cracking in Fielded Backsheets

» Backsheets tend to fail by:

— Loss of electrical = Inthe 2010 to 2012 timeframe, many modules were deployed
] lati containing a polyamide based backsheet (AAA) presented dramatic
Insutation cracking failure in as little as 4 years despite passing IEC 61215.

— Burn through by arcing or | | . some PPE and PVDF backsheets also failed with cracks in the

extreme heating machine direction preferentially along busbar ribbons.
— Delamination = Thereis a need to develop methods to understand, characterize
: and prevent this failure mode.
— Cracking

=  DuPont MAST; NREL Combined-Accelerated Stress Testing
Michael D. Kempe, Xiaohong Gu, Yadong Lyu, Jae Hyun (CAST) test; Solder Bump Coupon Testing of Backsheets, etc.

Kim, Ben Foltz and Thomas Felder, “A novel method to S S Thscea Thermal Tharmal
evaluate the crack propensity of PV backsheets, ” PVRW N | oy amy ey

2019, Denver. CO ‘( > ‘( ) C\ (\ ('\

Damp Heat

» To further develop a simple and semi-quantitative material test method to replicate, early-detect,
and predict the cracking propensity of backsheets.




Channel Cracking Fragmentation Testing

O Laser scanning confocal microscope (LSCM) + Displacement controlled tensile fixture
LSCM can be replaced by other types of microscopes (optical, SEM, AFM) for imaging the fragmentation processes
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Miniaturized tensile tester

» In-situ monitoring surface morphology while applying small controlled
strains on the sample.

» Simultaneous load-displacement curves with confocal images.

» Samples are free-standing films.

Gauge length: 35 mm



Thermo-mechanical Stress in PV Modules Induced by Coefficients of Thermal
Expansion (CTE) Mismatch of Different Module Components

glass  Eva  cels Experiments and FEA for deformation B

/ / of layers between cells

| - - v" Experimental measurement in cell gap area indicated
lbacksheet silicone sealant — ~ 3 % of deformation during temperature cycle from
frame — -40°Cto 85°C

--- v" Finite Element Simulation indicated ~ 18 % of

- v " deformation ip the layer between the cells and

EVA 0.0677 90 backsheet during temperature cycle from -40 °C to
Silicon 112.4 2.49 85 °C
Bac‘:heet — — « Backsheets in PV modules experience small
N | strains

Silicone Sealant 1 270

**Eitner, Shell-like structure, Chapter 29 (2011)




Example of Fragmentation Test — Using SPHERE Exposed PPE Backsheet

t=constant ™5 um

**Images are UV humid 11 d conditions
20 40 60 80 100 120 140 160 180 200 220 (um)




Film Cracking in Film/Substrate Systems — Modeling by Hsueh & Yanaka

Assumptions:
1. An average stress through the film thickness

Film cracking in film/substrate systems — Application to PPE backsheet

e Assumption: 7-layer reduced to 3-layer, adhesive layers are seen as interfaces.

ET/EVA Adhesive
EVAinner

Raman imaging, 67 days aging

* C.-H. Hsueh and M. Yanaka, J. Mater. Sci., 38 (2003) 1809.

2. An effective substrate thickness, s, which depends on Young’s modulus ratio, and film thickness
3. The mismatch strain, De, between film and substrate is negligible (original model includes De)
4. The change in elastic strain energy in the substrate is negligible compared to that in the film

The cracking behavior can be described
by the parameters of &, &, crack spacing
(I = 2/(3r), where r is crack density),
thicknesses (t, s), and materials elastic
properties (E;, E,, V;, V).

The Film strength can be expressed

_ . . . as E, | (@d-v,v)e,
Pigmented-EVA Effective substrate modulus and Poisson’s ratio (by the rule o. =
EVA outer of mixtures), and crack depth (#) are used for the model! str (1 . Vf ) (1 4 Vf )
« The fracture energy, G, for the film can be Aging conditions Agingtime (d) & (%) s (um) rEm)  KeMPam™) gy (MPa)
expressed as < e 11 0814£0028 2025+185 2399:0139 010430003  355%L2
201 _ 2 ry
= 3 { Erec(1-2vev, +v ):l and I = E—'C 22 0.726+0009 25.25+2.00  2.197+0.107  0.099+0.002  3L.7+0.4
2
Ao (1-v7) f 11 0.306+0.009 46.10+3.85  0560+0.026  0.050+0.001  13.3:0.4
) UV humid
where K, is mode | fracture toughness 22 0.14240.008  74.40+4.00 0.02740.0004

0.158ir\0.005

6.210}.3

Lin, ..., Gu, et al. (2019), Prog Photovolt Res Appl. 27:44-54.

Aginngs. Cracking



Ag Applying Fragmentation Test to Different Backsheets Aged under A3 Condition

I N
1) Exposure: Simultaneous UV/T/RH (need to be appropriate) d Sample for exposure
- - . 29’
A3 condition in IEC 62788-7-2 (approved 9/2017) UV light 7
= UV/65°C/20 % RH (Xenon arc lamp, 0.8 V (gut:r Ia‘er‘ { Alr side
W/m2/nm @ 340 nm, air temperature of 65 °C, black y
panel temperature of 90 °C) 3» MDT
= A3 condition + 120 min light /18 min of spray.
nner Layer
= 250 h, 500 h, 1000 h, 2000 h and 4000 h
Marlkzzzzz27.
= PPE, AAA, PVDF-based, TPT -
2) Fragmentation test Wm
J Q Sample for test Alr side
E‘i 5mm
— 4 —mm 3” TDT
‘i - Markzzzzzzz/

T Sy RO THPRENAS A ——= Gauge length: 35 mm
_— —

Miniaturized tensile tester




Elongation (%)

Young’s Modules (GPa)

Tensile Test Results of Backsheets as a Function of
Exposure Time at A3 Condition
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* No significant changes in stiffness

5000

5000

> Except for AAA, no other materials showed substantial changes in elongation during 4000-h exposure
based on tensile tests of backsheet films, probably due to the core layer effect.
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Confocal Microscopy, LSCM)

(Laser Scanning
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Fragmentation Test Results (LSCM

AAA (500 h, MD and TD samples) MD TD
No cracks for 250 h
60 -
o
E 40-. °
é ] o: 3 0
> 3- 0800
g ] .o?
QO 204 ()
© o
X ] o R
S 10 & :
o - > )
04 o (o] @0 o
o 4 8
Strain (%)

» Under tension, periodic surface cracks were
observed perpendicularly to the stress
direction.

» No obvious difference between MD and TD. **? * Surface cracking vs. across film
> Early detection (~500 h) of cracking 141 cracking ( initiation, based on
propensity. 10 : cracking propagation)

] * Importance of surface cracking
(nm)6 ~UV vs. DH

T T T T T
0 20 40 60 80 100 120 140 160 180




» Crack Recovery Test after Release of Load- AAA (500 h, MD)
Under tension (LSCM) Released from tension (LSCM, overnight)

» Cracks are
still obvious
after release
of tension




Fragmentation Test Results

AAA (1000 h, MD and TD Samples)
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» Similarly, periodic surface cracks were observed perpendicularly to the tensile
direction. (Material response to the uniaxial stretch)
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» Lower critical strain for a longer exposed AAA sample for both MD and TD directions.




ATR-FTIR Spectra of AAA Backsheets after A3 Exposure (Surface)

(1735)\
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Carboxylic Acid Formation
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» Significant chemical degradation was observed for UV exposed surfaces.

« Acid formation increases with the longer exposure time on the surface of the UV exposed AAA.
» Decrease in the the amorphous phase, while enhancement in the crystal phase.



Rl - Depth Profiling of Chemical and Mechanical Degradation of Aged AAA (Cross-section)
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» Degradation is mainly confined in the top~ 30 um layer from the exposed surface. then gradually decreases into
the bulk. (using H-Y model: brittle surface on the substrate)




Fracture Energy of Surface Cracking after UV

Exposure by HY’s model |
Hsueh and Yanaka, J. Mater. Sci, 2003.
: . Critical Crack e Fracture
Aging Aging time . substrate
strain, g, depth . energy, I'
.. thickness, s
condition (h) (%) (3Im?)
(Um) (um)

65°C/20%RH 2000 1.65+0.033 2.0+0.3 55.3+1.4 9.25+0.23
Xenon arc 4000 0.95+0.046  50+08 161.4+6.6 8.05+0.60

» The calculated fracture energy decreases with increasing exposure time,
Indicating a higher crack propensity for PA-based backsheet with a longer
UV exposure time.

Lyu, Kim, Fairbrother, Gu (2019), IEEE J. Photovoltaics, DOI1:10.1109/jphotov.2018.2863789



https://doi.org/10.1109/jphotov.2018.2863789
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Fragmentation Test Results (MD vs. TD)

PPE (250 h)
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PPE (500 h) Fragmentation Test Results (MD vs. TD)
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Ag ppe  Fragmentation Test Results (Effect of Exposure Time)
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» Cracking occurs at lower critical strain with increasing exposure time for both MD and TD.




Crack Open/Closure after Releasing Load (PPE vs. AAA)

PPE after Releasing Load AAA after Releasing Load

strain ~3% S5
~ 1 M strain ~3%

(=

i3

Atsatu raﬁdi{ :

A5 Afterreleasing load 100 um

- Invisible crack after releasing load * Visible crack after releasing load

 NIKON ECLIPSE Cross-section of AAA based

LVV100N microscope backsheet shows the
for imaging fragmentation cracks can go

through the outer layer of AAA | QA‘QQCkaeetZO&
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3. Backsheet Characterization (LSCM)

A’



(Pulling rate: 0.33 mm/sec)

* PVDF 3000s (strain: 0%) * PVDF 4000s (strain: 0%)

> Neither 3000 h nor 4000 h samples with water spray showed cracks under 50x lens.




AFM Height Images on TD, 5% Strain

> Depth profile of 3000s aged PVDF (strain:5%) » Depth profile of 4000s aged PVDF (strain:5%)

196.9 nm 232.4 nm

=

-205.6 nm -221.3 nm

2.0 yum

Deformed holes and micro-cracks were observed after sample was first stretched in TD , then relaxed.




AFM Topographic Images after Strain MD vs. TD

PVDF-based-

Bef ' After 25% strain, Relax for 5 days After 25% strain, Relax for 5 days
40005-MD efore Strain y b y

(30 pm)

g
650.0 nm § 500.0 nm 500.0 nm
MD
|
-434.0 nm -409.0 nm -409.0 nm
PVDF-based- 6.0 um _ 6.0 um 2.0 um
Before Strain After 25% strain, Relax for 5 days After 25% strain, Relax for 5 days
4000s-TD
650.0 nm 500.0 nm
D
<

-434.0 nm -409.0 nm -409.0 nm

Depth: ~1 um
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upper secondary electron in-lens detector)

PVDF-based 4000 h
(A3 + water spray)

2%

after being stretched Iin

. then relaxed for ~

D
25 days

SEM Images

appeared

10pm  12/6/2019

15.0kV SEM

along MD

WD 12.3mm




PVDF-based Backsheet 4000h+ Water Spray (TD)
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ATR-FTIR Spectra of PVDF-based Backsheets after A3 Exposure (Surface)

AFM Height (0 h) AFM Height (A3, 4000 h)
—0 . 4 873 %
x5 Normalized to C-F, at 873 cm :
‘ 250.0 nm
-250.0 nm
4000 | 3000 | 20100 | 10100 .
Wavenumber (cm™) _ 2.0 um 7.0 um
F 1
| :250 C=0

| —— 1000
| —— 2000
| | —— 3000
| | —— 4000

= Substantial loss of
acrylate components on
the exposed surface of
PVDF-based backsheet

3100 3050  300Qy 2958, 2A00- (AFPE) 2800 1780 160 17'49\/alveﬁ{ff3nbtl—:‘r (]8}38_1)' 1630




Fragmentation Test on Fielded PVDF Backsheets from Retrieved
Modules in Arizona for 7 years (TD sample)
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= This field sample showed cracks locally near busbar, along MD.
= No cracks were observed in this region before stretching.
= Cracks were observed along MD at ~ 5%.
» Fragmentation test has successfully predict the cracking propensity of this PVDF backsheet in field modules
(for regions under cells without original cracks).

» The results also indicated that A3 4000 h with water spray didn’t create comparable aging for PVDF backsheet
as 7 years of Arizona module condition did.



TPT
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>  TPT (1000 h, TD)



Surface cracking was observed for TPT after fragmentation test at low strains (<5 %). Is it possible that A3,
4000 h with water spray is overstressed? Or the surface cracks wouldn’t not propagate into the TPT bulk? We
are working on answering these questions.



l1735 cm™/ 11033 cm™

ATR-FTIR Spectra of TPT Backsheets after A3 Exposure (Surface)
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= Carbonyl formation was observed
on the aged PVF surface.



» Compared to some field
conditions, A3 for 4000 h ma
be over-stressed for surface
degradation. We will continue
to work on answering these
questions.

Field




Fragmentation Test on Fielded AAA Backsheets from Retrieved Modules Exposed to Different Climates

Chanshu,4

0%

Rome, S5y Arizona, 3y

(no orlgma' rack
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» Under higher strains, cracks grew wider and deeper; new cracks also formed.

» Fragmentation test has successfully predicted the cracking propensity of AAA in the field modules (for regions
under cells without original cracks).

4(.)0 (um)




sSummary

* Fragmentation test is simple and promising for surface mechanics
evaluation and prediction for the cracking propensity of backsheets.
However, it still needs further validation by materials with known
performance.

= The results not only help to understand the quantitative relationship
between degradation and cracking, but also can be used to assess if the
accelerated exposure condition is appropriate compared to the field
exposure.




