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foils are temperature dependent. The longitudinal modulus measured acousti-
cally at 15 MHz and the Young’s modulus from conventional tensile testing were
compared at different temperatures. Both techniques show good agreement
regarding the change in mechanical properties caused by temperature varia-
tion. The disagreement in the absolute values of these parameters is explained
by the different frequency magnitudes at which both measurements are per-
formed. This confirms that SAM is a reliable technique to measure changes
in the viscoelastic properties of the foils in PV modules nondestructively, and
thus to obtain more information about aging-induced material changes and
degradation.
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1 | INTRODUCTION

Polymeric backsheet (BS) and encapsulation foils are major components of photovoltaic (PV) modules, and along with
other critical functions they fulfill, they must provide mechanical stability and module protection against multiple envi-
ronmental stresses.! Since several module failures and defects occur due to polymer degradation and aging during

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2020 The Authors. Engineering Reports published by John Wiley & Sons, Ltd.

Engineering Reports. 2020,e12222. wileyonlinelibrary.com/journal/eng2 1of11
https://doi.org/10.1002/eng2.12222


https://orcid.org/0000-0001-6333-8525
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feng2.12222&domain=pdf&date_stamp=2020-06-24

20f11 MESQUITA ET AL.
°—|—Wl LEY

weathering,? understanding changes in the viscoelastic properties of these polymeric foils is of utmost interest to improve
their mechanical stability during a module’s lifetime and to assess the long-term performance of PV modules. Some of
these defects, such as loss in adhesion and delamination, permeation variation, cracks, embrittlement, among others,
relate to or are the direct result of changes in the mechanical properties of the polymeric layers.?

While nondestructive quality testing of PV modules is necessary to qualify individual components embedded, for
example, after manufacturing or upon problems in field performance, the characterization of the properties of BS and
encapsulation foils inside a PV module is challenging.® On the one hand, the mechanical characterization of these foils
commonly rely on destructive techniques, such as tensile tests®> and dynamic mechanical analysis,” which potentially
restrict further tests in case intact modules are required. Moreover, attempting to extract and separate the laminated
module components before their individual characterization is difficult?> and would incur severe material damage, which
inevitably affects the results. Investigating single, nonlaminated foils is often a cheaper, simpler, and more flexible
approach to sample preparation, but it does not address material interactions that occur within the PV modules dur-
ing their service life.® On the other hand, the possibility to characterize components laminated inside PV modules by
nondestructive techniques is restricted by the availability of techniques.® Therefore, the development of nondestructive
analyses methods for the mechanical characterization of polymeric components in PV modules is fundamental. Some
of the available nondestructive methods used to investigate the mechanical and viscoelastic properties of PV module
polymeric materials include, for example, nanoindentation,’ and acoustic methods.!%!!

Acoustic measurements deliver information on the behavior of ultrasound upon propagation through materials. The
interaction between sound and matter thus reveals material-specific information, such as speed of sound, acoustic atten-
uation, elastic modulus, density, and crosslinking degree.!%1%13 Although acoustic methods have been widely employed
to characterize a range of materials, including polymers,!>1415 their application, particularly at the ultrasound range, to
study the mechanical properties of PV module backsheet and encapsulation materials has not been widely documented.
In the field of photovoltaics, acoustic waves particularly at the MHz range have often been applied in the qualitative anal-
ysis of PV modules for visualizing and detecting several failures and defects within the internal structure of the modules,
such as air gaps, voids within the encapsulant, cell cracks,>®! and interconnect quality in shingled solar cells.'” Addi-
tionally, acoustic methods have also found applications in the determination of crosslinking degree of the encapsulation
foil in PV modules!*!3 and its thickness.'® Besides, because the acoustic properties of polymers depend on both ultra-
sound frequency and temperature,'® a thorough characterization of the temperature-frequency dependence of PV module
backsheet and encapsulation foils is needed to determine the measurement error and optimal parameter conditions.

The aim of this article is to show a simple approach to characterize the acoustic properties of polyethylene terephtha-
late (PET)-based backsheet (here referred to as BS) and fast-cure ethylene-vinyl acetate (EVA) encapsulation foil inside
a PV module nondestructively using scanning acoustic microscopy (SAM) in pulse-echo mode. The measurements are
done at different temperatures and ultrasound frequencies. As a validation step, the properties of the single foils are also
characterized and compared with destructive tensile tests of the single foils. This article introduces a novel application of
the SAM to measure the viscoelastic properties of polymeric layers in a PV module.

The basic principle of SAM is illustrated in Figure 1. A sound pulse propagates into the sample through the coupling
fluid (water). An echo arises as the acoustic wave strikes the specimen’s top surface s; . Part of the acoustic wave propagates
through the material’s bulk and a second echo arises once the wavefront reflects from its back surface s,. The time delay
between both top and back surface echoes is called the time-of-flight (TOF):
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The speed of sound ¢ can be calculated from the round-trip travel time of the acoustic wave across the thickness of the
layer according to the following relation.
2d
C =
(2 —t)

(€]

with d = thickness and (¢, - t;) is the TOF between the echoes from the back s, and top surfaces s; of the investigated layer.
Because a given propagation mode relates to a particular sound speed, the wave mode then determines the corresponding
elastic constant, such that as the longitudinal and shear speeds relate to the longitudinal and shear modulus, respectively.
In isotropic materials, including polymers, these two propagation modes and the density p of a given material can be used

to determine the material’s elastic constants, particularly the Young’s modulus.'” The mathematical relations are. 10141519
L = pclz’ (2)

G = pc;, 3

L=K+4G/3, 4

E = 3K(1 — 26) = 2G (1 + §), (5)

where L, G, K, and E are the longitudinal, shear, bulk, and Young’s moduli, respectively, and § = Poisson’s ratio. Because
in our case the transducer is scanned perpendicularly to the material and liquids or very soft materials do not support
shear wave propagation,”!* our approach is therefore based on the analysis of longitudinal waves only. Therefore, the
experimental results refer to the longitudinal modulus L only.

2 | MATERIAL AND METHODS
21 | Samples

Mini-PV modules (20 x 20 cm?) consisting of a commercially available PET-based backsheet (BS), fast-cure EVA encap-
sulation foil, monocrystalline silicon solar cell, and front solar glass were laminated under standard conditions. Single BS
and EVA foils were also laminated at the same conditions as the PV modules. The BS foil consists of a 150 pm PET core
layer with outer and inner coating layers (each approximately 10 pm). The thickness of the fast-cure EVA foil before the
lamination is around 340 pm thick.

2.2 | Density tests

Pycnometric density measurements (Micro-Ultrapyc 1200e; Quantachrome Instruments, Florida) of the laminated BS
and EVA were carried out at 10°C, 15°C, 20°C, 25°C, 30°C, 35°C, and 40°C. Three samples of each polymeric foil were
measured and the average values and SDs calculated. These were allowed to reach equilibrium prior to the measurements.

2.3 | Dilatometry

Dilatometry tests (TMA 402 F3 Hyperion; NETZSCH) were employed to investigate thickness changes in the polymeric
foils as a function of temperature. Three samples of each foil were let reach equilibrium for at least 24 hours before being
measured at 20°C with a dial gauge. Then, the change in thickness of the foils was measured at 10°C, 15°C, 20°C, 25°C,
and 30°C (with a load of 0.05N). The average and SD were calculated.

2.4 | Tensile tests

BS and EVA strips (10 x 100 mm? and 10 X 75 mm?, respectively) were cut out from the laminated rolls. Because of the
anisotropy of the BS, measurements of this foil were performed at machine (MD) and transverse direction (TD). Tensile



40f11 MESQUITA ET AL.
°—|—Wl LEY

tests were carried out according to DIN EN ISO 527-3?° using a Zwick Roell Z010 tensile testing machine coupled to a
hot-air oven. The measurements were done at a test speed of 50 mm/min at room temperature (27.3°C), 30°C, 35°C, and
40°C. Five samples of each foil were used for the measurements and the samples were conditioned at the corresponding
temperature for 24 hours prior to analysis. The original cross-section of the foil specimens have been previously deter-
mined to calculate the tensile stress. The strain was calculated as the ratio of the elongation of the foil (measured from the
displacement of the crosshead) to its original gauge length. The initial linear portion of the stress-strain curves was used
to calculate the Young’s modulus, E. The calculation of the average value with the respective SDs for each temperature
and material was done.

2.5 | Acoustic measurements

The laminated samples (single polymeric sheets and PV modules) were placed flat in a water tank and scanned by a
scanning acoustic microscope (SAM 500 HD?, PVA TePla Analytical System GmbH, Westhausen, Germany). The mea-
surements were carried out in pulse-echo mode, at a normal incidence angle at the following acoustic frequencies: 15,
30, and 100 MHz, and at the temperatures of 10°C, 15°C, 20°C, 25°C, 30°C, 35°C, and 40°C. Previous experimental anal-
yses using the frequencies above revealed that they provide good peak resolution for the purposes of this work, that is,
the reflection of the acoustic waves at the concerned interfaces yields discernible echoes and the resulting peaks are not
overlapping. The samples were allowed to rest for at least 1 hour at the desired temperature to reach equilibrium before
each measurement. To keep consistency, the same area was scanned for every temperature and frequency combination
and at least five points were collected. The average and the SD are calculated. The received echoes were digitized at a
sampling rate of 1.25 GSamples/s. The experimental setup is shown in Figure 1. The reflectograms were interpreted as
shown in a previous study.'® The TOF measurements were calculated based on the peak maxima of the Hilbert transform
of the signals.?! The TOF of the foils were obtained from the SAM and the corresponding longitudinal modulus L was
calculated from the measured TOF, density, and thickness. The density and thickness values used were determined from
measurements of the single foils (described below). The sound speed c; in the foils were calculated from Equation (1)
¢ =2d/(t, - t) with (¢, - t;) being the TOF between the first and back surface echoes of the polymeric foils.

3 | RESULTS AND DISCUSSION
3.1 | Density and thickness
The density of both BS and EVA foils at different temperatures are shown in Figure 2. The experimental results reveal that

the density of the BS, although displaying a decreasing trend, does not vary much from 10°C to 30°C, after which a change
in behavior takes place, due to the temperature not being held completely stable at the higher temperatures, or possible

1.470 1 E 1 0964 ® 1
& & i
£ £
$1.465 - } 1 3 .
= 30.95- } 1
2 ¥ 2
[ [
& 1.460 L : 1 8 I
{ 094 b
1.455 - T T T T . . . T T T T
10 15 20 25 30 35 40 10 15 20 25 30 35 40
Temperature [°C] Temperature [°C]
(A) (B)

FIGURE 2 Density of the laminated BS, A, and EVA, B, foils as a function of temperature. The points correspond to the average of
three measurements and the error bars the respective SDs



MESQUITA ET AL. Wl LEY 50f11

0.44 4 ) -
0.1736 LI T
E o £042
20.1734 P 18 L C—
< £ 0.40 4 1
[#] (5]
- 0.38 4 1 T
0.1732 E
T - . . : 0.36 . : - . T
10 15 20 25 30 10 15 20 25 30
Temperature [°C] Temperature [°C]
(A) (B)

FIGURE 3 Thickness of the laminated BS, A, and EVA, B, foils as a function of temperature. The points correspond to the average of
three measurements and the error bars the respective SDs

interactions between the BS samples and the fluid. The density of the fast-cure EVA decreases linearly by 0.07%/°C with
increasing temperature.

Figure 3 shows the experimental results from the dilatometry tests. A closer look at the results reveals that the thick-
ness of the polymeric foils increases slightly with increasing temperature. The calculated increase in thickness of BS foil
is 0.2% from 10°C to 30°C, whereas the EVA thickness increases by about 0.9%. Moreover, Figure 3B also shows that the
variation due to sample heterogeneity in the EVA is much larger (+0.03 mm) than the actual temperature-dependent
thickness change. During lamination, the EVA melts and hardens again. This process inevitably led to regions of uneven
thickness in the samples. In the dilatometry tests, the same measurement points are used as the samples are gradu-
ally heated up before each measurement. Therefore, measurements are taken from samples that present heterogeneous
thickness, which ultimately caused the large, but constant thickness deviation at all temperatures, depicted in Figure 3B.
Hence, significant variations in the measurements of EVA were expected. However, despite the slight changes in density
and thickness, these were assumed negligible in this temperature range. Therefore, these properties were assumed to be
constant across the investigated temperature range and average values were used as input to calculate the viscoelastic
changes of the foils in the PV modules.

3.2 | Tensile tests

Figure 4 below depicts the Young’s modulus (E) of the BS in both orientations MD and TD and fast-cure EVA foils cal-
culated as the slope of the stress-strain curves in the elastic regime. The results show a decrease in E with increasing
temperature for both materials.

Figure 4A shows that E-modulus values for the BS in the TD are higher than in the MD at all temperatures measured.
Additionally, the behavior of E with temperature in the BS is similar in both foil orientations. The sharpest drop was
observed from room temperature (27.3°C) to 30°C in both foil orientations. Then, E decreases more smoothly until to 40°C
and reaches a change of 19% in the MD and 14% in the TD, respectively. A strong change in the modulus of the PET-based
BS film at this temperature range is not expected since the temperatures investigated lie far below the glass transition
temperature, T, of PET, that is, 85°C.! Nevertheless, room temperature variations during sample measurements might
explain the higher deviation observed in the measurements of the foils and thus the sharp modulus drop observed from
27.3°C up to 30°C in the BS. While E varies across different foils, the moduli of several photovoltaic module BS foils
containing PET as the core layer have been reported to range from around 2000 to 3100 MPa (at room temperature).?? By
contrast, our experimental results show a considerably higher modulus for the particular foil studied, with values ranging
between around 5000 (at room temperature) and 4000 MPa in both MD and TD. Nevertheless, it is also important to
mention that the PET-based BS foil used in this study was coated with two thin layers, which have an influence on their
elastic behavior, therefore, their E values.

In the EVA foil (Figure 4B) the sharpest drop in E also takes place in the lower temperature range. Then it decreases
linearly down to 40°C. This result is expected since we are approaching the melting peak temperature of EVA, Ty, which
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FIGURE 4 Young’s modulus (E) of BS, A, and EVA, B, at different temperatures, as calculated from the stress-strain curves obtained
by tensile tests. The points correspond to the average of five measurements and the error bars the respective SDs
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FIGURE 5 Time-of-flight in the individual BS, A, and EVA, B, foils as a function of temperature. The points correspond to the average
of five measurements and the error bars show the respective SDs

is around 55°C.% The Young’s modulus decreases by 42% over the temperature range, reaching a final E value of 6.5 MPa.
That means that the elasticity in the EVA changes more with temperature compared with the BS. Similar elasticity values
for unexposed and aged EVA encapsulant foils have been reported in the literature, where it is shown that the modulus
drops considerably after 40°C and tends to reach values below 1 MPa at temperatures higher than T, >7 Overall, the
results show that the changes in the elastic modulus of the foils are much higher than the changes in density and thickness
measured within the temperature range studied.

3.3 | Acoustic properties of freestanding BS and EVA foils

The TOF curves for the freestanding BS and EVA foils as a function of temperature at different frequencies are shown
in Figure 5. The data points correspond to the average of five TOF measurements per temperature and frequency. In
both polymeric materials, the TOF increases as the temperature rises, with exception of the BS measured at 100 MHz
(Figure 5A). In this particularly case, the TOF is constant across the temperature range.

In the BS foil, TOF increases by 6%, 3%, and 1% with increasing temperature at 15, 30, and 100 MHz, respectively. In the
EVA foil, larger SDs were observed for all frequencies used (Figure 5B), which might be explained by its large thickness
variations. In this case, the TOF increases by 18%, 28%, and 20% with increasing temperature at 15, 30, and 100 MHz,
respectively. Therefore, these findings suggest that in terms of TOF, EVA is more sensitive to temperature changes than
the BS foil. The same tendency is observed for the Young modulus calculated from the tensile tests. The TOF values were
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FIGURE 6 Longitudinal modulus of individual BS, A, and EVA, B, foils calculated acoustically. The points correspond to the average
of five measurements and the error bars are the error propagation calculation

used to calculate the moduli of BS and EVA nondestructively. The modulus in this case is the longitudinal modulus and
is measured through the thickness of the layer.

The values of the longitudinal moduli in both polymeric foils were calculated using Equations (1) and (2) and they
are depicted in Figure 6. The measured values for density (Figure 2), thickness (Figure 3) and TOF (Figure 5) at each
temperature were used in the calculation.

Similar to the tensile tests (Figure 4), the results show that the longitudinal modulus in both polymeric materials
decreases with increasing temperature, as shown in other studies.!>2?42> In both foils, the modulus is higher at 30 MHz
than at 15 MHz. This behavior is in accordance with the time-temperature superposition principle, which states that an
increase in frequency and temperature corresponds to opposite effects on the acoustic properties.’> However, similarly
to the TOF results, the longitudinal modulus at 100 MHz for BS tends to remain constant, as depicted in Figure 6A. The
longitudinal modulus of the EVA responds more sensitively to temperature than the BS foil. An increase in the TOF
corresponds to a decrease in the longitudinal sound speed. This trend has been shown elsewhere at a similar temperature
and frequency range.**

Moreover, the magnitudes of the Young’s modulus are about 50% of the longitudinal modulus in the BS foil and
about 0.3% in the EVA foil. Since polymer chain mobility in viscoelastic materials strongly depends on the rate of applied
stress, the moduli in these materials depend on the frequency. That is, high frequency measurements are only able to
induce motion within very short time scales; hence, high frequency moduli will be considerably higher than low fre-
quency moduli.!> Presumably, a shift in the T, is also expected toward measurements at the MHz range following the
time-temperature superposition principle since the polymeric materials present much lower chain mobility at high fre-
quencies. Therefore, these materials require higher temperatures in order to increase chain mobility and transition from
a glassy to rubbery state.!>2

3.4 | Acoustic properties of the BS and EVA foils inside a PV module

The next step is to measure the longitudinal moduli of both polymeric layers laminated in a PV module (glass/EVA/BS).
Before, acoustic images of the whole module area were carefully examined for any structural imperfections within the
foils and between their interfaces that could affect TOF measurements, such as air gaps, bubbles, impurities, microcracks
and other material discontinuities. Since these imperfections reflect the acoustic wave, they give rise to echoes at positions
that do not correspond to the foil boundaries, which ultimately masks the real-delay time, that is, the TOF, of the foils
and hence their longitudinal modulus (see Figure 1). Likewise, uneven foil thickness, particularly the EVA at the edge of
laminated modules and cell gaps!®!® must be taken into consideration since different thickness also means different TOF
for the same material. Assuming the same foil thickness at regions of changing TOF ultimately yields wrong modulus
values. Therefore, only defect-free and homogenous areas in the modules were selected for the acoustic measurements.
The TOF in the BS and EVA foils in the PV module as a function of temperature at different frequencies are shown in
Figure 7. Although the magnitude of the TOF in the EVA in the module is larger than that in the single foil (Figure 5B),
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FIGURE 7 Time-of-flight in the BS, A, and EVA, B, in the PV module as a function of temperature. The points correspond to the
average of five measurements and the error bars show the respective SDs
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FIGURE 8 Longitudinal modulus () and Young Modulus (v) (values extracted from Figure 4) of BS, A, and EVA, B, foils in the PV
module as a function of temperature measured at 15 MHz

the profiles are very similar to those of the freestanding foils presented in Figure 5. In this way, it is validated that the
TOF of the BS and EVA can be measured individually, also when they are laminated together. Two reasons might explain
the difference in TOF values between foils and modules. The first might result from the variation in mechanical stability
of EVA as a freestanding foil and laminated between glass and BS. The second might be related to local variations in the
thickness of the EVA foil since this foil melts and fills in gaps between the solar cells during the lamination, which might
ultimately lead to uneven thickness across the foil inside the module.!® Therefore, acknowledging the influence these
two factors might have on TOF measurements, this topic remains as the subject of further research.

Similar to the freestanding BS foil in Figure 6A, the TOF trend in the BS in the module also remains constant at
100 MHz. A consideration must be noted about the comparison of low frequency measurements, for example, tensile tests
and dynamic mechanical analyses (DMA), with high frequency measurements, for example, ultrasonic methods, consid-
ering that the elastic moduli in polymers depend on the frequency. At high ultrasound frequencies, the actual physical
deformation incurred in the polymer is very small as a result of the extreme short time of the wave passage. In other
words, the stress of the high frequency ultrasound is exerted in the material for a very short time, leaving short-length
scales for the relaxation of molecular chains.!®> This may explain the loss of correlation between the BS and the tempera-
ture at 100 MHz. In addition, this also explains why the magnitude values of the modulus measured acoustically are much
higher than the modulus measured by the tensile test. In order for a polymer to be able to respond to stresses at higher
frequency ranges, it must be relatively softer.?> Therefore, this might explain the difference observed in the acoustic prop-
erties between the stiffer BS and the softer EVA foil at 100 MHz. Thus, this high frequency should not be used for the
measurement of the moduli of PET-based BSs as used here. The frequency of 15 MHz was chosen for the measurement
of longitudinal moduli of the polymeric layers in PV module. The longitudinal moduli of the BS and EVA foils inside the
PV module at 15 MHz are depicted in Figure 8. The L values were calculated using the Equations (1) and (2).
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Constant foil density (Figure 2) and thickness (Figure 3) along the temperature range studied were assumed. The
values of these parameters at 25°C were chosen. For BS the density used is 1462 kg/m? and thickness 173 pm, for EVA the
density is 949 kg/m?3 and thickness 407 pm. A decreasing trend in the longitudinal modulus with increasing temperature
was also observed in the foils inside the module.

In Figure 8 the longitudinal and Young moduli of the individual foils are plotted in order to show the agreement
between these two parameters. The changes in elastic moduli in the chosen temperature range follow the same trend.
The absolute values differ considerably, which is justified by the different frequency used.

4 | CONCLUSIONS

This study presented the verification of SAM as a nondestructive method for the measurement of the longitudinal
modulus of backsheet and EVA foil inside a PV module. On the basis of the approach presented in this study, the esti-
mation of the absolute value of the acoustic properties of the polymeric foils requires, therefore, the measurement of
the thickness and density of the foils in the PV module. By considering that these parameters remain constant across
a given temperature range, the change in longitudinal modulus can be calculated. First, it was shown that tensile tests
and acoustic measurements produced similar trends but different absolute values for the moduli in the selected tem-
perature range, which is assigned to the differences in frequency used during the measurements. It was shown that
the longitudinal modulus in the BS and the fast-cure EVA have a similar trend with temperature in both foil config-
urations (as freestanding foils and laminated as a PV module). Although SAM and tensile tests measure the elastic
modulus of the polymeric foils at different directions, the change of the modulus of these materials at 15MHz has a
good correlation with the Young’s modulus calculated from the tensile tests. Moreover, the differences in the results
between both BS and EVA foils at 100 MHz seem to indicate a critical frequency range at which acoustic measure-
ments should be conducted. At 100 MHz, it was not possible to verify sensitive temperature-dependent changes in
the BS. Acoustic measurements at a wider frequency range are needed to understand the resulting behavior of these
polymeric materials more precisely. Therefore, SAM measurements at 15MHz can be used to evaluate viscoelastic
changes in polymeric layers in a PV module caused by aging as long as the temperature during the measurement is
controlled.

Further research should focus on deriving the thickness and density of these polymeric materials simultaneously to
eliminate the need to input variables, which must be determined elsewhere. The next step would be to adapt our system
for generating shear waves to determine the shear modulus, and then, enable a full characterization of the mechanical
properties of PV module BS and encapsulation foils nondestructively.
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