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ABSTRACT
Accelerated aging was used to assess environmental degradation in emerging co-extruded polypropylene (PP)-based backsheets 
under three different environmental conditions (65°C/20% relative humidity (RH), 75°C/20% RH, and 75°C/50% RH). Although 
differential scanning calorimetry did not measure crystallinity changes with exposure, spatially resolved Raman spectroscopy 
identified crystallinity increases in the core layer of aged samples, indicating a heterogeneous postcrystallization process. The 
Raman results were in agreement with synchrotron-based microfocused wide-angle X-ray scattering measurements. Cross-
sectional nanoindentation was used to correlate localized crystallinity shifts with changes in Young's modulus. A similar trend 
was found where increased modulus was measured in the core layer, supporting the relationship between modulus and crys-
tallinity. Finally, dielectric characterization was used to assess the impact of these material property changes on performance. 
While changes in the backsheet material properties and dielectric performance were observed with accelerated aging, these 
shifts generally equilibrated with time, indicating overall stability in response to environmental stressors. Additionally, the 
identified heterogeneous material property changes indicate that spatially resolved crystallinity measurements may be a valuable 
early failure indicator to be used in the assessment of PV backsheet long-term durability.

1   |   Introduction

Photovoltaic (PV) backsheets play an important role in ensur-
ing PV module reliability by providing environmental protec-
tion and electrical insulation. Early backsheet failure, such 
as the catastrophic cracking of polyamide-based backsheets 
which occurred in as little as 4 years [1–3] or severe inner 
layer cracking in polyethylene terephthalate (PET)-based 

backsheets [4], can result in dramatically reduced module life-
time. As such, it is critical that the underlying cause of failure 
mechanisms is fully identified, especially since standardized 
reliability testing does not always accurately reproduce real-
world failure modes [5, 6]. This is difficult to achieve, however, 
due to the fact that many different types and combinations of 
interactions can serve as the cause of failure in PV backsheets, 
such as chemical degradation due to UV exposure, thermally 
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induced embrittlement, or interactions between different mod-
ule components [6, 7].

Postcrystallization has been correlated with multiple material 
property changes in different PV backsheet systems, including 
embrittlement and chemical degradation [8, 9], making this a 
critical early failure indicator. Differential scanning calorimetry 
(DSC) is used as the industry standard measurement of polymer 
crystallinity, but this method is destructive and lacks spatial res-
olution. The multilayered structure of PV backsheets adds com-
plexity to overall DSC data interpretation with changes isolated 
to thinner layers being extremely difficult or even impossible to 
measure. PV backsheets typically experience heterogeneous deg-
radation and subsequent failure, requiring spatially resolved mea-
surement techniques to identify the root cause of the degradation 
mechanism. Previous applications of Raman spectroscopy to PV 
modules have primarily been limited to encapsulant degradation 
[10–12] and the identification of individual components in un-
exposed backsheets [13, 14]. However, Raman spectroscopy can 
also be used to measure spatially resolved polymeric crystallin-
ity along with chemical changes [15], which can offer unique ad-
vances towards the identification of degradation mechanisms and 
their underlying causes, along with early failure monitoring in 
heterogeneous PV backsheets. Specifically, this provides the op-
portunity to capture crystallinity changes that may be isolated to 
specific layers or regions within the backsheet structure. This in-
formation can play an important role in evaluating of new emerg-
ing backsheet materials as companies continue to introduce new 
alternatives in response to cost and design requirements.

Recently introduced co-extruded polypropylene (PP)-based 
backsheets have been identified as a promising alternative to 
traditional laminated PET-based backsheets. Bulk property and 
surface characterization of these multilayered backsheets after 
accelerated aging have indicated that these materials are gen-
erally stable and show minimal material property changes with 
environmental exposure [7, 16–18]. However, these characteri-
zation methods cannot capture localized shifts or changes iso-
lated to the core layer. To more thoroughly assess the reliability 
of these emerging backsheets, accelerated environmental aging 
was performed under ultraviolet (UV) exposure using three 
sets of conditions—(1) 65°C/20% relative humidity (RH), (2) 
75°C/20% RH, and (3) 75°C/50% RH. The cross-sectional crys-
tallinity was measured using Raman spectroscopy and com-
pared with traditional DSC. The spatially resolved crystallinity 
results were validated using synchrotron-based microfocused 
beam wide-angle X-ray scattering (WAXS), which can simi-
larly provide spatially resolved crystallinity data. However, this 
method is considerably less accessible for industry use and can-
not capture chemical changes. The cross-sectional crystallinity 
was also compared with spatially resolved Young's modulus, E, 
measurements to compare the correlation between crystallinity 
and mechanical property changes throughout each backsheet 
layer. We then go on to investigate the impact of crystallinity 
on dielectric performance using a novel, nondestructive, ultra-
sensitive microwave cavity measurement where the complex 
dielectric permittivity is measured at room temperature as a 
function of RH [19–21]. These results are discussed along with 
their implications regarding the long-term reliability of PP-
based backsheets.

2   |   Methods

2.1   |   General

Equipment and material are identified in the article to ade-
quately specify the experimental details. Such identification 
does not imply recommendation by the National Institute of 
Standards and Technology nor does it imply that the materials 
are necessarily the best available for the purpose.

2.2   |   Sample Preparation

Co-extruded PP backsheets  [7, 17, 18] were exposed to ac-
celerated aging using the NIST Simulated Photodegradation 
via High Energy Radiant Exposure (SPHERE) [22], an inte-
grated sphere-based device with a uniform high energy light 
source, as part of a previous study [18]. Samples were exposed 
to an averaged UV irradiance of 135 Wm−2 (295 to 400 nm, 
Figure S1) with the air side facing the exposure source for a 
total exposure of 1710 MJm−2 for each treatment condition. 
This exposure duration was chosen in support of the extended 
lifetime goal of 50-year modules set by the Department of 
Energy, as it is an approximate equivalent to 50 years of ex-
posure in Arizona, assuming 10% albedo [18, 23]. Three dif-
ferent treatment conditions were used—(1) 65°C/20% RH, (2) 
75°C/20% RH, and (3) 75°C/50% RH. Backsheet samples were 
cut and removed throughout exposure at 340 MJm−2 (30 days), 
1110 MJm−2 (97 days), and 1710 MJm−2 (146 days). Cross-
sections of each sample were then prepared by mounting in 
epoxy and using a gravity diamond saw to cut ≈ 20-μm-thick 
slices.

2.3   |   Raman Characterization

Raman spectroscopy measurements were conducted using 
a Raman microscope (Senterra II, Bruker, Billerica, MA) 
with a 785-nm excitation wavelength, λ, at 50 mW focused 
through a 10 × objective (0.3 numerical aperture, which cor-
responds to an approximate spot size of 3.2 μm for λ = 785 nm) 
and using a 50 μm × 1000 μm aperture. Four 20-s exposures 
with 4 cm−1 step size were averaged together to generate each 
spectrum. To provide spatial resolution, line scans measure-
ments were completed using a 10-μm step size across the 
cross-sectioned backsheet beginning at the air-side layer. Five 
line scans were taken for each sample. Background subtrac-
tion was performed using OPUS software package (Bruker) 
using the concave rubberband algorithm, and further analy-
sis was completed using OriginPro. The PP crystallinity, xc, 
was measured according to the method outlined by Nielsen 
et al., where

and I810 is the integrated area of the crystalline 810 cm−1 peak, 
I830 is the integrated area of the amorphous 830 cm−1 peak, and 
I842 is the integrated area of the isomeric defect phase consisting 
of helical chains [24].

(1)xc =
I810

I810 + I830 + I842
× 100%



3 of 11

2.4   |   DSC

DSC measurements were completed using Q2000 (TA 
Instruments, New Castle, DE). Approximately 5 mg of sample 
was used for each measurement, with the air side being placed 
face down into the Al hermetic pans. Samples were heated from 
−40°C to 300°C, cooled to −40°C, then heated again to 300°C at 
10 K/min under N2 flow (50 mL/min). Three measurements were 
taken for each reported condition. PP crystallinity, xc, was calcu-
lated according to the method outlined by Nielsen et al., where

and H0 = 148 Jg−1 is the heat of fusion for the PP crystal, 
�a = 0.85 gcm−3 is the density of the amorphous state, and 
�c = 0.936 gcm−3 is the density of the crystalline state [24].

2.5   |   Nanoindentation

Cross-sections of the samples were prepared by potting in 
epoxy and cutting the surface with a diamond knife using a 
microtome (Leica Biosystems Nussloch GmbH, Nussloch, 
Germany). This cut ensures a flat, smooth surface as is re-
quired by nanoindentation (Nano Indenter G200, KLA, 
Milpitas, CA). Five lines of indents are then made on the 
cross-section using a 2-μm radius, 90° sphero-conical tip. The 
indentation depth is 2 μm; the distance between indents is 
20 μm. The used indentation method is the continuous stiff-
ness method, where an oscillating tip is indented into the ma-
terial to extract the mechanical properties  [25]. We focus on 
Young's Modulus, which is obtained from the flat areas of the 
depth-modulus curves [26].

2.6   |   Laser Scanning Confocal Microscopy (LCSM)

Indents were visualized under a laser scanning confocal mi-
croscope using a Zeiss LSM800 (Carl Zeiss Microscopy, White 
Plains, NY) with a 50 × objective. The locations of the individ-
ual indents and assignment to the corresponding layers are ex-
tracted from the LSCM images. The thickness of the individual 
layers is then measured in these cross-sectional images to eval-
uate any changes during degradation, for example, those due to 
shrinkage or erosion.

2.7   |   Synchrotron-Based Microfocused WAXS

Synchrotron-based microfocused beam WAXS measurements 
were taken at the Soft Matter Interfaces (SMIs) Beamline (12-
ID) of the National Synchrotron Light Source II (NSLS-II) at 
Brookhaven National Laboratory using a photon energy of 
16.1 keV (wavelength = 0.7009 Å) and beam size of 2 μm × 25 μm 
(vertical × horizontal). Scattered intensity was measured using 
a Pilatus3 900 k-W (Dectris, Switzerland) detector positioned 
280 mm from the sample. Scans were taken in 2-μm steps across 
the sample surface. The integrated (110) peak at 2.02 Å−1 was 
used to estimate shifts in crystallinity across the cross-section 
following a linear background subtraction (Figure S2).

2.8   |   Dielectric Characterization

Complex dielectric permittivity (εr* = εr’ - jεr″) measurements 
were carried out on PV backsheets samples at room temperature 
as a function of RH using a noncontact resonant microwave cav-
ity method described in references [19–21]. The cavity testing 
fixture geometry dimensions follow the WR90 standard (127-
mm length, rectangular waveguide [WR] 2.3 cm [0.90 in] inter-
nal width, and 10-mm internal vertical height). The waveguide 
is impedance terminated with near cross-polarized coaxial-to 
WR90 couplers on both sides, creating a standing wave, that 
is, resonance due to superposition of transmitted and reflected 
waves. The testing fixture is connected to a vector network an-
alyzer (Agilent N5225A‡), which measures the transmission 
scattering parameter, S21, of the resonant peak, the resonant 
frequency, fx, and the half power bandwidth, Δfx. The cavity op-
erates at microwave frequencies, ( f0 = 7.435 GHz) in the trans-
verse electric field mode (TE1,0,3) where the electric field attains 
a maximum value at the cavity center.

Our previous studies [19–21] have shown that the classical per-
turbation model for a small specimen inside a rectangular cavity 
operating in the TE1,0,n resonant mode can be simplified to lin-
ear expressions:

The real permittivity, εr’, and the dielectric loss, εr″, can then be 
determined from the consequent slopes of Equation (3), where 
intercepts b’ and b″ are constant. The parameters x, y’, and y″ in 
Equation (3) are defined through the following relations:

where f0 and Q0 are the resonant frequency and quality factor 
of the empty cavity having the volume V0. Correspondingly, the 
values of fx and Qx then represent the resonant frequency and 
quality factor in the cavity with the specimen volume, Vx. The 
quality factor (Q = fr/Δf) is a dimensionless parameter describing 
the ratio of energy stored in the resonant circuit to time-averaged 
power loss of the cavity or equivalently, a resonator's half power 
bandwidth (Δf) relative to the resonant frequency ( fr).

The cavity-testing fixture is mounted inside an environmental en-
closure, enabling measurements under controlled RH atmosphere 
[21]. Prior to measurements, 8-mm width (w) and 20-mm height 
(h) samples were first conditioned inside the environmental en-
closer for 24 h at 1% RH at room temperature. During measure-
ments, the specimen is inserted into the cavity through a small slot 
machined in the center of the cavity. Insertion of a specimen in 
volume steps (Vx = wthx) causes the resonant peak to shift to lower 
frequencies fx in proportion to εr’, while the corresponding quality 
factor, Qx = fx/Δfx, decreases in proportion to εr″. Δfx is the resona-
tor's half-power bandwidth, relative to the resonant frequency fx. 
Typically, 40 pairs of data points, fx and Qx, are collected, while 
hx increases in steps from 0 mm to hmax = 10 mm, where hmax is 

(2)xc =
H

H0

�a

�c

[

1 −

(

1 −
�a

pc

)]

× 100%

(3a)y� =
(

�
�
r − 1

)

2x − b�

(3b)y�� = �
��
r 4x − 2b��

(4)x =
Vx
V0
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, and y�� = 1∕Qx − 1∕Q0
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the inner vertical dimension of the WR90 waveguide. This ap-
proach makes each step (i) equivalent to measurement of separate 
specimens of different volume Vx(i) exposed to the same RH at-
mosphere. The (fx) and (Qx) data points are then fitted to linear 
portion of Equation 3, where slope Equation (3a) corresponds to 
εr’ and the slope of Equation (3b) corresponds to εr″ measured with 
typical uncertainty in εr’ and εr″ of 10−4.

3   |   Results and Discussion

3.1   |   Cross-Sectional Characterization

The PP backsheets are comprised of three layers with the bulk of 
the sample being formed by the core layer (≈ 224-μm thickness), 
as shown in Figure 1. Both outer layers reflect visible light more 
strongly compared with the core layer, but the air-side layer (≈ 
27.7-μm thickness) is relatively flat in comparison with the cell-
side layer (≈ 26.5-μm thickness), which shows substantial surface 
roughness. Figure 2 shows the comparison of Raman spectra of 

each layer, and Raman peak assignments are listed in Table  1. 
Strong rutile TiO2 bands are measured at 236, 447, and 609 cm−1 in 
the outer layers that are absent from the core layer, which account 
for this increased visible light reflectivity. TiO2 is a common back-
sheet additive pigment used to increase reflectivity and improve 
module performance [6]. The core layer shows less intense peaks 
at 401, 456, 528, and 678 cm−1 in this region, which are attributed 
to γ-Al2O3 [27]. The 401, 528, and 678 cm−1 peaks are also present 
in the air- and cell-side spectra, but the 456 and 621 cm−1 peaks are 
too low in intensity to be deconvoluted from the TiO2 bands. The 
presence of γ-Al2O3 is consistent with X-ray photoelectron spec-
troscopy measurements of the air and cell side surfaces reported in 
an earlier study of these materials and may be a residual Ziegler-
Natta catalyst from the PP synthetization process [18]. The same 
PP peaks are measured in all three layers, although the intensities 
of the crystalline 810 cm−1 (CH2 rock, C–C stretch, C–CH3 stretch), 
amorphous 842 cm−1 (CH2 rock, C–CH3 stretch), 1000 cm−1 (CH3 
rock, CH bend), 1154 cm−1 (C–C stretch, CH bend), and 2800 to 
3000 cm−1 (CH stretch) peaks were higher for the core compared 
with the outer layers.

3.2   |   Exposure Effects on Chemical Degradation

Accelerated environmental aging did not produce any notable 
peak shifting in the Raman spectra (Figures  3, S3, and S4), 
indicating general stability of the polymer with limited degra-
dation product formation. The C–H stretch peak intensities in 
the 2800 to 3000 cm−1 region decreased after aging for all en-
vironmental conditions with a minimum intensity for 97 days 
of exposure (Figures 3, S3, and S4 [middle panel]), but this ef-
fect was limited to the core layer and was not observed in the 
air- and cell-side layers. Spatially resolved TiO2 peak intensity 
shifts, calculated by the sum of the integrated 447 and 609 cm−1 
peak areas, were measured with exposure where the TiO2 peak 
intensity decreased in the 10 μm closest to the air side surface 
layer (Figure 4). For low humidity exposures (65°C/20% RH and 
75°C/20% RH), the TiO2 intensity increased towards the mid-
dle of the air side layer, possibly due to TiO2 migration or rear-
rangement within the air side layer with exposure. Shifts in the 
TiO2 intensity were also observed in the cell side layer, but the 
thickness variations in the cell side layer of the samples made a 
definitive trend difficult to identify. TiO2 was not measured in 
the core layer, indicating that migration was limited to the outer 
layers. Other changes in peak intensity were measured but with 
no observable trend. For instance, the core layer of the back-
sheet aged at 75°C/20% RH showed an initial decrease in the 

FIGURE 1    |    Optical micrograph of a cross-sectioned as-received PP-
based backsheet. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2    |    Representative Raman spectra comparison of air-side, core, and cell-side layers in unexposed PP-based backsheets. Spectra are nor-
malized to the 1460 cm−1 peak. [Color figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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1000 cm−1 peak intensity with exposure for the 30 and 97-day 
measurements, followed by a large increase after 146-day ex-
posure. Similar inconsistencies were seen for the 65°C/20% RH 
(Figure S3) and 75°C/50% RH (Figure S4) conditions. Overall, 
these results suggest some minor degradation within the core 
layer with general overall chemical stability of the backsheets 
during accelerated aging.

3.3   |   Exposure Effects on Physical Material 
Properties

Our previous study of exposed PP-based backsheet surfaces 
suggested erosion of the air side with accelerated environmen-
tal aging [18], which has also been reported in other studies 
of polyolefin-based co-extruded backsheets  [35]. To further 
investigate this, the cross-sectioned layer thicknesses of ex-
posed backsheets were measured using LCSM. As shown in 
Figure 5, the exposed air side layer thickness decreased 16% to 

22% with initial 30-day exposure for all exposure conditions, 
then remained constant at this reduced thickness for additional 
exposure time. This initial decrease may be due to molecular or-
dering as a result of postcrystallization where accelerated aging 
between the glass transition temperature, Tg (approximately 
−20°C to 20°C for isotactic PP), and the melting temperature, 
Tm (approximately 166°C measured using DSC), for prolonged 
times, can allow for reordering of the molecular chains through 
the release and rearrangement of physical bonds along with re-
laxation of entangled molecular chains, reducing the free vol-
ume [16, 36]. The plateaued behavior with longer exposure time 
indicates that the added pigments protect the backsheet from 
further degradation, especially in the core layer. The core- and 
cell-side layer thicknesses are not reported due to the high vari-
ation produced by the surface roughness of the cell side layer.

Crystallinity has been identified as an important early indica-
tor of embrittlement and failure in PV backsheets  [8, 9]. The 
crystallinity results measured using DSC are summarized in 

TABLE 1    |    Raman peak assignments of PP-based backsheet [24, 27–34].

Raman shift (cm−1)

Assignment ReferenceOuter layers Core layer

236 Rutile TiO2 [21, 22]

401 401 γ-Al2O3 (Ag) [20]

447 Rutile TiO2 (Eg) [21–23]

456 γ-Al2O3 (Ag) [20]

528 528 γ-Al2O3 (Ag) [20]

609 Rutile TiO2 (A1g) [21–23]

621 γ-Al2O3 (Ag) [20]

678 678 γ-Al2O3 (Ag) [20]

810 810 CH2 rock, C–C stretch, C–CH3 stretch [14, 24–26]

842 842 CH2 rock, C–CH3 stretch [24–26]

975 975 C–C stretch, CH3 rock [24–26]

1000 1000 CH3 rock, CH bend [24–26]

1038 1038 C–C stretch, C–CH3 stretch [25–27]

1154 1154 C–C stretch, CH bend [14, 24–26]

1169 1169 C–C stretch, CH3 rock [24–26]

1221 1221 CH2 twist, CH bend, C–C stretch [24–26]

1300 1300 CH2 wag, CH bend [25, 26]

1331 1331 CH bend, CH2 twist [24, 26]

1361 1362 CH3 bend, C–C stretch [25, 26]

1439 1439 CH2 bending [14, 24, 25]

1460 1460 CH2 bending, CH3 asymmetric bending [14, 24–26]

2844 2844 CH2 symmetric C–H stretch [26]

2885 2885 CH3 symmetric C–H stretch [26]

2955 2955 CH3 asymmetric C–H stretch [26]
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Figure 6. Samples aged at 65°C/20% RH and 75°C/50% RH did 
not result in statistically significant changes with exposure time. 
In the case of samples aged at 75°C/20% RH, the crystallinity 
increased gradually with exposure by 3.2% after 146 days. Other 
accelerated aging studies of PP-based backsheets have similarly 
reported no significant changes in the thermal properties with 
exposure [7, 16]. However, it is important to note that this is a 
bulk measurement that cannot resolve individual components 
or heterogeneous changes within the sample. This is a crucial 
requirement for multilayered composite structures, which is 
why Raman spectroscopy was also used to measure the effect of 
accelerated aging on crystallinity.

A Raman microscope was used to measure heterogeneous 
PP crystallinity across the PP backsheet cross-sections 
(Figure 7a,c,e). A significant increase in crystallinity is observed 
in the core layers after 30-day exposure for all tested conditions, 
indicating a postcrystallization process due to aging. The trends 
in postcrystallization are in agreement with the reduced film 
thicknesses measured after accelerated aging (Figure 5), which 
were attributed to postcrystallization. This process generally 
stabilized after 30 days. For the 65°C/20% RH and 75°C/20% RH 
samples, a small additional increase in crystallinity in the core 
layer was measured after 97-day exposure with no change after 

FIGURE 3    |    Representative Raman spectra comparison of air-side, core, and cell-side layers in PP-based backsheets exposed to UV at 75°C/20% 
RH for variable duration. Spectra are normalized to the 1460 cm−1 peak. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4    |    Spatially resolved average TiO2 intensity measured by 
Raman spectroscopy of PP backsheets unexposed and aged for 146 days 
at 65°C/20% RH, 75°C/20% RH, and 75°C/50% RH. TiO2 intensity is cal-
culated as the sum of the integrated peak area of the 447 and 609 cm−1 
TiO2 Raman peaks. Reported error is the standard deviation of five 
measurements. [Color figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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146 days. In the case of 75°C/50% RH, the crystallinity was more 
stable after the initial 30-day increase compared with the other 
exposure conditions, although a slight increase was observed 
after 97 days, followed by a decrease in crystallinity after 147-
day exposure. These conditions may have resulted in the fast-
est postcrystallization rate due to the increased humidity, likely 
due to the ability of water to act as a plasticizer and increase the 
mobility of the polymer chains, promoting faster crystallization. 

Hydrophilic additives such as TiO2 may also increase water dif-
fusion through the backsheet to the core layer, further facilitat-
ing this process.

A large distribution was measured in the air- and back-side lay-
ers, which is likely due to heterogeneity within the layers due 
to additives, such as TiO2. Overall, these layers appeared gen-
erally stable throughout aging. The air-side crystallinity was 

FIGURE 5    |    Thickness measurements of air-side layer in exposed PP backsheets. Error is the standard deviation of four measurements. [Color 
figure can be viewed at wileyonlinelibrary.com]

FIGURE 6    |    Exposure effects on PP backsheet crystallinity measured using DSC. Error is the standard deviation of three measurements. [Color 
figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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somewhat reduced with aging, but the large standard deviation 
in these layers prevented the identification of any clear trend 
with increasing exposure time. Stability in the outer layers is 
unsurprising, however, due to the inclusion of TiO2, a known 
stabilizer in other backsheet materials through the suppression 
of hydroperoxide formation and protection from UV-radiation 
penetration [36, 37]. Synchrotron-based microfocused WAXS 
was used to validate this method. Figure 8 shows the integrated 
intensity of the crystalline (110) PP peak at 2.02 Å−1 across the 
sample surface where the core layer crystallinity increases after 
30 days of accelerated aging at 75°C/50% RH. Although addi-
tional measurements are required, including repeat measure-
ments, these preliminary data are in strong agreement with the 

overall trend seen in the crystallinity measured using Raman 
spectroscopy.

Since crystallinity influences many performance parameters in 
PV backsheets [8, 9], including the mechanical properties; these 
spatially resolved crystallinity measurements were compared 
with Young's modulus using nanoindentation over the cross-
sectioned samples (Figure  7b,d,f). The trends identified in the 
crystallinity measured using Raman spectroscopy are generally 
in agreement with those seen in the nanoindentation where the 
modulus increases in the core layer within the first 30 days of ex-
posure, followed by subsequent stabilization. The overall trend in 
the unexposed sample is similarly consistent with the crystallinity 

FIGURE 7    |    Spatially resolved (a, c, e) crystallinity measured by Raman spectroscopy and (b, d, f) Young's modulus (E) of PP backsheets aged at 
(a, b) 65°C/20% RH, (c, d) 75°C/20% RH, and (e, f) 75°C/50% RH for variable duration. For the nanoindentation results, each point is the average mea-
sured Young's modulus of all indents within a 15-μm interval (four to nine indents, with the exception of the cell side layer, where only two to four 
indents were available due to its high surface roughness). Reported error for crystallinity is the standard deviation of five measurements. Reported 
error for nanoindentation is the standard deviation calculated from the indents within the specified range and the individual depth-modulus curves. 
[Color figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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measurements, supporting the validity of this method of assessing 
heterogeneous crystallinity in multilayered backsheets. The large 
variation in the modulus is attributable to sample heterogeneity, 
most likely due to additive inclusions. No delamination was ob-
served in the exposed samples, which is in agreement with other 
studies of co-extruded PP-based backsheets [17].

3.4   |   Dielectric Performance Properties

The dielectric characterization of 146-day exposed backsheets 
showed a small decrease in performance with aging, further 
indicating the advantage of spatially resolved crystallinity mea-
sured using Raman spectroscopy. This effect is most pronounced 
for the backsheet aged at 75°C/50% RH. Figure 9 shows the real 
part of the dielectric permittivity, εr

’, measured as a function of 
RH for PP-based backsheet samples unexposed and exposed 
to accelerated aging. It is seen that εr

’ of all tested samples in-
creases by a small amount of about 3 × 10−3 with increasing RH 
from 2% to 85%, due to uptake of water, ε'

r-H2O ≈ 78. Also, εr
’ of 

backsheets aged at 65°C/20% RH and 75°C/20% RH is larger by 
approximately 0.006 compared to the as-received backsheet. In 
comparison, εr

’ is significantly larger, by approximately 0.04, in-
dicating possible parament alteration of the chemical composi-
tion resulting from increased humidity.

Figure 10 shows the effect of RH on the dielectric loss tangent 
(tan(δ) = εr″ /εr’), which is directly proportional to conductivity 
but independent of the specimen dimensions. Such notation min-
imizes possible systematic uncertainty from the specimens' di-
mensional imperfections. The measured dielectric loss increases 
substantially within the RH range between 40% and 85% after 
accelerated aging (Figure  10). The difference between tan(δ) 
of UV-exposed PV backsheets versus tan(δ) of the unexposed 
backsheet approaches 4 × 10−4 at RH above 85%. This increase 
in tan(δ) may arise from hydrophilic UV-generated ionic surface 
decomposition byproducts that bind additional water molecules 
and increase water mobility (i.e., electrical conductivity) even at 
high microwave frequencies. This includes the increased surface 

hydrophilicity that occurs with photo-oxidation of PP [37]. This 
effect may accelerate with environmental aging that leads to an 
increase of UV absorption and was most pronounced for aging 
at 75°C/50% RH, also indicating moisture sensitivity during 
aging. Nevertheless, regarding the insulation resistance, the ob-
served increase in the dielectric loss is not significant though 
tends to accelerate, especially in higher humidity environment, 
which may be correlated with faster postcrystallization. Further 
measurements are required to evaluate these findings from 

FIGURE 8    |    Integrated peak intensity of the crystalline (110) PP peak 
at 2.02 Å−1 measured using synchrotron-based microfocused WAXS 
across the cross-sectioned backsheet. [Color figure can be viewed at wi-
leyonlinelibrary.com]

FIGURE 10    |    The dielectric loss, tan(δ), measured for PP-based 
backsheets as a function of RH after accelerated aging under the fol-
lowing environmental conditions: (a) unexposed (black squares), (b) 
146 days 65°C/20% RH (green stars), (c) 146 days 75°C/20% RH (blue 
circles), and (d) 146 days 75°C/50% RH (red triangles). The symbols rep-
resent the data points, and the lines are fitting results to an arbitrary 
function to guide the eye. The combined uncertainty of the individual εr

’ 
data is 1 × 10−4. [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 9    |    The real part of the dielectric permittivity, εr
’, measured 

for PP-based backsheets as a function of RH after accelerated aging 
under the following environmental conditions: (a) unexposed (black 
squares), (b) 146 days 65°C/20% RH (green stars), (c) 146 days 75°C/20% 
RH (blue circles), and (d) 146 days 75°C/50% RH (red triangles). The 
relative uncertainty of individual εr

’ data is 1.3 × 10−3. The apparent 
scattering of data points results from uncertainty in RH measurements. 
[Color figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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a reliability perspective and to determine if a correlative rela-
tionship can be obtained between dielectric and independent 
measurements, as well as improved modeling studies to validate 
insulation degradation mechanisms considering these data.

4   |   Conclusion

This study investigated accelerated aging effects on the material 
properties of PP-based backsheets and established new applica-
tions of Raman spectroscopy for the evaluation of PV backsheet 
degradation. The backsheets are comprised of a three-layered 
co-extruded structure where the outer layers are ≈ 27 μm and 
the core layer is ≈ 224 μm. Spatially resolved material charac-
terization was used to assess aging-related heterogeneous ma-
terial property changes. Crystallinity was measured as an early 
failure indicator. Although previous studies of these materials 
have shown stable crystallinity [7], spatially resolved crystallin-
ity measurements using Raman spectroscopy and microfocused 
WAXS showed increased crystallinity in the core layer attributed 
to heterogeneous postcrystallization with environmental aging. 
The Raman data indicated that postcrystallization may be 
accelerated by high humidity conditions. Spatially resolved 
nanoindentation measured increased modulus in the core layer, 
consistent with the trends measured in crystallinity. These re-
sults, combined with the small reduction in insulative perfor-
mance measured using dielectric characterization, support the 
use of crystallinity as an early failure indicator for PV backsheets.

Although some heterogeneous material property changes were 
measured, these shifts generally stabilized with additional ac-
celerated aging. Thus, while some embrittlement and reduced 
insulative performance may occur in the core layer as a result 
of postcrystallization, this effect may be minimal. The dielectric 
characterization results showed reduced performance with in-
creased RH and overall reduced performance for sampled aged 
under high RH conditions. Combined with the crystallinity 
trends observed using Raman spectroscopy, this result suggests 
that the material properties of these backsheets may be most 
sensitive to moisture as an environmental stressor. Overall, our 
study indicates that co-extruded PP-based backsheets show gen-
eral stability during accelerated aging, although additional tests 
are needed to confirm their long-term performance, especially 
regarding potential interfacial interactions when integrated into 
PV modules.
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