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ABSTRACT

The degradation of adhesion strength between the back sheet and encapsulant due to moisture penetration has been inves-
tigated for commercial crystalline silicon photovoltaic mini-modules. The damp-heat tests originating from the Interna-
tional Electrotechnical Commission qualification test were carried out at five different temperature and relative humidity
(RH) conditions (95°C/85% RH, 85°C/85% RH, 65°C/85% RH, 85°C/65% RH and 85°C/45% RH). The adhesion
strength was measured by 90° peel tests, carried out at specified time intervals during degradation. Several visible defects
were observed, including delamination, moisture ingress and bubble formation. The adhesion strength showed a stretched
exponential decay with time, and significant influence of test conditions was demonstrated. A humidity dose model was
proposed by assuming micro-climates seen by the modules, that is, surface relative humidity of the back sheet as the driving
factor for an Arrhenius-based model using temperature as accelerating factor. The correlation between adhesion strength degra-
dation and humidity dose was investigated through linear and exponential models. Results showed that the conventional linear
model failed to represent the relationship while the exponential model fitted to this correlation with extracted activation energy
(E,) of around 63 kJ/mol. This provides a model for the estimation of adhesion strength decay in dependence of the humidity
conditions. © 2014 The Authors. Progress in Photovoltaics: Research and Applications published by John Wiley & Sons, Ltd.
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1. INTRODUCTION

happen within these interfaces, which has been observed in
field-exposed PV systems [4—6]. Delamination reduces the

Good encapsulation is required for photovoltaic (PV) mod-
ules to ensure reliability and lifetime. Field inspections
have shown that encapsulation-related degradation is a
key failure mode for PV systems [1]. The active PV mate-
rial is usually encapsulated by a front cover (usually glass),
polymeric encapsulant, back sheet and edge seal [2]. The
different components are bonded adhesively to each other.
These form a multilayer system that ensures the safety and
to some extent the performance of the module by
protecting PV cells from the environment, but also results
a high number of interfaces. These interfaces are potential
paths for contaminant ingress and leakage current and thus
are potential sources for arcing [3]. Delamination can also

efficiency of the moisture barrier and results in further
degradation mechanisms such as corrosion of metallic
components, polymer decomposition, light transmission
losses and reduction of resistance of the encapsulant
[7,8]. The delaminated area will also suffer from reduced
heat dissipation, which has the potential to cause thermal
fatigue and hot spotting [1]. Therefore, the strength of
these bonds is crucial for the module reliability and is
the topic of this paper. It will be shown that de-bonding of
the back sheet occurs at the interface between the
encapsulant and back sheet (rather than breaking of the
encapsulant), and thus, the focus of this paper is on this
particular interface.
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The loss of adhesion strength is expected to vary with
the operating environment, depending on factors of temper-
ature, humidity and irradiance including ultraviolet (UV).
The long-term aim of this work is to model this behaviour,
to predict lifetime durability of PV modules and to opti-
mise module design for longevity. This requires the super-
position of a number of different ageing mechanisms that
may or may not act independently. Each of these effects
needs to be investigated in isolation before an overall
model can be derived. This paper concentrates on the adhe-
sion reliability of the interface between the encapsulant and
back sheet to withstand the effects of moisture penetration
as influenced by temperature. The objective is to under-
stand the effects of sustained steady state stresses of
humidity and temperature on the back sheet adhesion. In
standard qualification testing, this is carried out through
the damp-heat test, where modules are exposed to a rela-
tive humidity of 85% at a temperature of 85 °C [9,10]. This
test is designed to drive humidity into any kind of encapsu-
lated PV modules to benchmark basic survivability but is
not per se designed to test the lifetime of an encapsulation.
An underlying assumption is that the external humidity is
higher than the equivalent chemical potential of water in
the packaging, which means the direction of humidity
migration is from the external environment into the pack-
aging. If the direction of water is reversed, that is, the
moisture within packaging is dried out into the atmo-
sphere, a different potential failure mode is triggered, and
the damp-heat test loses its validity. The focus of this paper
is on the damp-heat test and how different conditions influ-
ence the loss of adhesion due to moisture ingress. The
direction of moisture migration of the damp-heat tests
represents most of the outdoor conditions but in acceler-
ated rates and lager amount. Outdoor exposure normally
involves other combined complex stress conditions, and
the results of the damp-heat tests can only reflect part of
the degradation in outdoor exposure.

Moisture can influence the adhesion strength in several
different ways. Today, ethylene vinyl acetate (EVA) is the
most commonly used encapsulant in the PV industry.
Normally, the encapsulation is carried out using sheets of
EVA that contain a complex cocktail of additives to the
EVA resin to enhance its performance. One of the addi-
tives is an adhesion promoter, normally in the form of
silane coupling agents that are used to enhance adhesion
between EVA and glass by forming silicon—oxygen cova-
lent bonds [11]. For the adhesion between EVA and
the back sheet, coupling agents or primers are often
added at the inner side of the back sheet to enhance
the adhesion by either forming chemical bonds or in-
creasing physical adsorption. Moisture attack has the risk
of causing bond decomposition depending on the format
of the bond, which in turn leads to reduced adhesion
strength. Such a de-bonding reaction is normally acceler-
ated by temperature. In addition, because of the high
permittivity of water, the presence of moisture will
weaken the potential energy of ionic attraction and also
reduce the physical adsorption force across the interface
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(van der Waals forces), which is especially important
for high polarity adherend [12]. These forces are
inversely proportional to the relative permittivity of the
medium. At room temperature, the typical relative per-
mittivity (the ratio of the absolute permittivity of the
material to that of the vacuum) of polyethylene tere-
phthalate (PET) with a thickness of 5-50 um is around
2.5-4.5 while it is 80 for water, which means a small
amount of water will lower the force significantly [13].
Besides, the high polarity of water results a high surface
tension that helps reduction of the thermodynamic work
of adhesion and thus lowers the durability of the inter-
face [14]. In general, moisture ingress into a polymer
is accelerated by temperature [15,16]. In this context,
for the damp-heat test, an assumption can be made that
the loss of adhesion strength is primarily induced by
moisture and that temperature itself is not a stress factor
but acts as an accelerator of the effects of humidity.

Temperature itself affects the device more in a mechan-
ical way by means of differential thermal expansion. This
would be seen in real life because of daily and seasonal
thermal cycles and can be emulated in stress chambers by
thermal cycling tests. However, these considerations are
outside the scope of this paper that focuses on steady state
stresses as mentioned earlier. There are also a number of ad-
ditional potential failure mechanisms that will have to be
considered in the development towards a full degradation
model. These are acknowledged but would detract from the
main theme of the paper and are thus not considered here.

There are a number of published studies of adhesion
strength for PV modules. Some of them report reduced
adhesion but methodologically are normally based on
progressive uncontrolled ageing or carried out at a single
controlled operating condition. Jorgensen and McMahon
[17] measured the peel strength of different interfaces
within thin film PV modules of various technologies and
structures before and after damp-heat conditioning, and
under ultraviolet light. Non-uniform reduction of adhesion
strength was observed at different interfaces, and they
suggested that tests at higher temperature and relative
humidity levels were preferred to screen modules. At
National Renewable Energy Laboratory, extensive peel
tests were conducted to understand the factors influencing
the adhesion strength of EVA to glass substrates, including
EVA type and formulation, backfoil type and manufac-
turing source, glass type, surface cleaning methods and
surface priming treatment [18]. Pern and Jorgensen [19]
investigated the adhesion strength between glass and
EVA and its resistance to damp-heat exposure by develop-
ing different primer formulations for EVA. Enhanced
adhesion strength was observed for laminates with EVA
having high density siloxane primers. Although increasing
concern is given to adhesion issues, there have been few
reliability tests and quantitative degradation studies. The
degradation pattern of adhesion strength is not established
for these layers, and the numerical correlation to envi-
ronmental stresses such as temperature and humidity is
currently largely being postulated.
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This paper presents an approach that allows the
measurement of degradation of adhesion strength between
the back sheet and encapsulant for PV modules and de-
velops modelling methods for the correlation of adhesion
strength degradation with environmental humidity and
temperature levels. Well-controlled peel tests were used
to measure the adhesion strength at certain time intervals
during device exposure to different damp-heat conditions.
As this research only focuses on humidity-induced degra-
dation, neither dry condition nor extremely high tempera-
ture levels are considered, because these may introduce
different failure mechanisms. The degradation of adhesion
strength with time is assessed, and the correlation between
degradation and environmental stresses of humidity and
temperature is also investigated through both conventional
linear and extended exponential degradation models.

2. EXPERIMENTAL DESIGN

The aim of the experiment is to investigate the degradation of
adhesion strength between the back sheet and encapsulant
with exposure to high humidity (relative to residual humidity
within the sample) and understand the acceleration rates of
different stress levels. This requires exposure of samples to
different temperature and humidity levels and the measure-
ment of the adhesion strength after certain time intervals.
The different stress levels were achieved by multiple environ-
mental chambers set up at different conditions. The adhesion
strength was measured with a destructive 90° peel test for
which samples can only be used a single time. Multiple
samples were thus required, which would introduce some
sample-to-sample variations, and to minimise this, samples
produced by a single manufacturer only were used.

The samples used in this work are commercial frame-
less small area laminates with polycrystalline silicon solar
cells inside. These laminates have no edge seal that
accelerates the overall humidity ingress compared with
laminates protected by edge seal. The laminate size is
140 mm by 100 mm in length and width. The encapsulant
material is EVA, and the back sheet is double layers of
PET that were verified by Fourier transform infrared spec-
trometer test. The thicknesses of the EVA sheet and the
back sheet are approximately 400 and 250 pm, respec-
tively, which were measured by microscope. Indoor accel-
erated damp-heat tests were conducted in environmental
chambers at five different conditions as listed in Table I.
The testing time and number of modules at each condition

Table I. Testing conditions for photovoltaic modules.
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are shown in Figure 1. A number of trial tests were carried
out at 85°C/85% RH to roughly qualify the module, and
the test points were chosen according to the data collected
there. It was found that the adhesion strength became
2-3 N/cm after around only 100 h exposure. Therefore, in
general, daily measurements were carried out.

The back sheet of each module was cut by CO, laser
into strips of 10mm width (i.e. 10 strips along the long
edge of the modules) once the intended stress level was
reached. An automated laser cut was used. The cutting
speed was set to 762 mm/s with a power of 32W and 10
passes to achieve the desired cutting depth. Laser cut has
many advantages compared with other alternative cutting
methods such as blade or disc-based cutting. The quality
of the cuts is shown in Figure 2, which presents an image
of one of the typical strip cuts measured by a coherence
correlation interferometer. The left figure is the 3-D image
of the surface profile near the cut while the right one is the
corresponding 2-D image. The colour scale indicates the
depth of the scanned surface. The trench in Figure 2(a) is
the cut. A depth of 250 um is observed, which equals to
the thickness of the back sheet (roughly 250 um). Com-
pared with commonly used blade cutting, laser cutting is
a quick and precise cutting method with accurate control
of cutting depth, ensuring little damage of the encapsulant
layer and also guaranteeing parallel cutting. Each of the
peel strips was 10mm in width and 100mm in length.
The first 15 mm of each strip was disregarded because it
was peeled off before testing to form a tab so that the grip
of the peel test machine could be secured to hold the strip.

Each of the strips was then peeled off using a 90° peel test
set-up with a crosshead speed of 50mm/min at ambient
room temperature. The test was conducted based on standard
BS EN ISO 8510 [20]. The peel test is very sensitive to en-
vironment, sample and testing conditions, and thus requires
a large number of tests to ensure sufficient accuracy and
good averaging. A total of 20-30 strips from two to three
different modules were examined on average for each condi-
tion at each measurement point (Figure 1). A visual inspection
was also carried out after removal of the modules from the
environmental chambers, prior to the laser cutting.

3. EXPERIMENTAL RESULTS
3.1. Visual inspection

Several types of visual defects were seen during ageing.
Some of the more severe ones are depicted in Figure 3.
Delamination was observed, mostly at corners and edges
of the mini-module. The lack of edge seal of the module
left the edge directly open to the environment where

i stronger influences were seen compared with those areas

7(°C) 85% 65% 45% with an effective moisture barrier. Imperfect lamination
may also contribute to the developing fault. Moisture

95 v/ penetration into the module was also observed and bubbles
85 v v v appeared at the front glass/EVA interface. After 24h
65 ol ageing at 95°C/85% RH, a large bubble around the
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Figure 1. Flow chart of testing time and number of samples for each degradation condition.
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Figure 2. Interferometer image of the cutting of the back sheet. (a) 3-D image of the peel strip cutting and (b) 2-D image of the peel
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Figure 3. Defects observed after damp-heat testing: (a) edge/corner delamination, (b) moisture ingress and (c) bubble near
electrode exit.

electrodes was observed. This is due to the poor protection
around the external contacts where an access cut in the
back sheet is not well sealed, allowing water vapour
ingress. The majority of the module would have passed
visual inspection.

3.2. Peel test results

The peel test measures the fracture energy required to
separate the surfaces of the interface as a function of peel
time or the equivalent displacement. The separation can
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happen either at the interface or in the bulk of a material
(cohesive failure) if the structural integrity is weaker than
the bonding strength at the interface. This was checked
visually and by taking microscopic photos at the surface
of the inner side of back sheet. An example is shown in
Figure 4, which presents the surface microscopic image
of one of the peeled PET strips after 48h degradation
at 85°C/85% RH. No EVA is seen attached on this

Figure 4. Microscopic image of the surface of the inner side of
the back sheet for modules exposed at 85 °C/85% RH after 48 h
degradation (magnification 10x).

D. Wu et al.

surface, which indicates that the failure mechanism is in-
terfacial rather than cohesive and the measured adhesion
strength is that of the interface between the back sheet
and encapsulant.

A typical result of the peel test can be seen in Figure 5.
Three stages can be defined as follows:

(1) Loading of the peeling arm as it takes up slack. The
pull force increases until the strip is fully tensioned
to the peel tip where peeling starts.

(2) Propagation of the interface separation. Data from
this area give the adhesion strength sought. In this
study, the first 1 cm after tensioning was discarded,
as the adhesion strength was not reliably measur-
able in this region. Data of the last 2 cm also were
not used, as the silicon cell of the module ended
1cm before the edge of the module. A further
lem at the end side was excluded to eliminate
variation caused by the tolerance of the size of the
silicon cell. The average value of the remaining data
was used for the degradation study.

(3) Completion of the separation. A sudden drop of the
peel strength to O is characterised in this stage.

The measured peel strength is module dependent.
The variation over some of the measured strips is
smaller while larger for others. An example is given
in Figure 5 where the top figure fluctuates significantly,

=)

Peel Strength (N/cm)

0 10 20 30 40 50

60 70 80 90 100 110

Time (s)

(a) Peel test data for a strip of one of the un-aged modules

i

Peel Strength (N/cm)

0 10 20 30 40 50

60 70 80 90 100 110

Time (s)
(b) Peel test data for a strip of one of the modules after 72h degradation at 85°C/85%RH

Figure 5. Typical peel test results.
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and the plot of the bottom figure is relatively flat. Such
variations may result from factors such as the variations
in manufacturing process of the material and imperfect
lamination quality due to uneven temperature and pres-
sure distribution etc.

3.3. Degradation of adhesion strength with
time

Adhesion strengths are plotted against stress exposure time in
Figure 6 for all the conditions listed in Table I of 95 °C/85%
RH, 85°C/85% RH, 65°C/85% RH, 85°C/65% RH and
85 °C/45% RH. The adhesion strength under different condi-
tions shows similar degradation pattern in the form of a
stretched exponential decay. The adhesion strength decreases
quickly at the beginning and then tends to slow down after a
certain time. Increased humidity accelerates the loss of adhe-
sion. Temperature further enhances the effect of humidity at a
faster rate. In general, the reduction of the adhesion strength is
rather quick, but this can be attributed to the high stress levels
and the absence of edge seal in these particular samples.
The small sample size of 0.012m?, which is about 1-2%
of a normal commercial module size, further increases
humidity uptake. All of these factors increased acceleration
achieved in the tests; however, the principles of degrada-
tion remained unchanged.

24

Degradation of interfacial adhesion strength

The adhesion strength with degradation time under dif-
ferent conditions can be fitted by the following equation:

(=)
S, = Spe N\l (1)

where 7 is the degradation time, Sy is the adhesion strength
before degradation (i.e. at =0), S, is the adhesion strength
at time ¢, f and f4, are two parameters controlling the
slope and tail of the degradation curves. The parameter
t4o primarily determines the slope of the degradation,
and f represents the magnitude of the influence of z,,,.
The overall behaviour of the degradation depends on
the combination of #,,, and f. The fitted values of
and f for each condition can be seen in Table II. Dif-
ferent stress conditions have different values of 7,
and f. Therefore, the prediction of adhesion strength re-
duction with time based on Eqn (1) requires additional
modelling of the dependence of #,,; and § on stress levels
and duration. An alternative simplified solution would be
to determine a parameter that enables the modelling of
adhesion degradation with this single variable. This is
discussed later in the paper.

Also listed in Table II are the degradation rates (Rp)
calculated from experimental data (average Rp for each
condition) and the corresponding acceleration rates. The

Adhesion Strength (N/cm)

——————————————— m 650C-85%RH

©® 950C-85%RH

4 850C-85%RH

® 850C-65%RH
A 850C-45%RH

12 AN - -
9 F—— A ———_—— A N S ———— e
6 b AL Ny = T ]

30— -4 == 9
0 1 1 1 1 1
0 25 50 75 100 125 150 175 200 225
Time (h)

Figure 6. Reduction of peel strength in dependence of applied stresses and time.

Table Il. Parameters for the adhesion strength degradation.

Conditions [ B Experiment Rp(%) Acceleration rate
65°C/856% RH 250 0.63 11.08 1
85°C/85% RH 53 1.03 25.53 2.3
95°C/85% RH 14 0.69 56.20 5.1
85°C/65% RH 68 0.79 20.5 1.9
85°C/45% RH 118 0.86 13.93 1.3
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degradation rate is defined as the percentage adhesion
strength decline over time:

Rp = @ x 100% 2)

The degradation rate at 65°C/85% RH is the lowest
while that at 95 °C/85% RH is the highest. If taking the
lowest degradation at 65 °C/85% RH as the baseline, one
to five times acceleration rates (the ratio of the degradation
rates at different conditions) were observed for the other
four conditions. Lower stress levels (lower temperature
and lower humidity) cause lower degradation up to a point.
The stress levels chosen here are somewhat arbitrary
based on qualification test standards but give an indica-
tion of the acceleration rates in this set of experimental
conditions. Once the applied ambient humidity is low
enough, the direction of moisture flow will change from
ingress into PV modules to drying out of the module.
This is likely to cause different degradation effects,
and thus, it is not possible to extrapolate the adhesion
degradation behaviour observed in this study to very
low humidity conditions.

The adhesion strength shown in Figure 6 is the average
values for the entire module (i.e. the averaged measure-
ments from the full lengths of all peel strips) at each testing
point. They do not give any indication of variations across
the module. An impression of this variation can be
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obtained by aligning all peel tests for one module side by
side to create a contour plot. This spatial profile gives an
insight of how the adhesion strength varies over the surface
of a module and how it changes over time under stress.
Figure 7 is an example of the contour plots showing the
development of adhesion strength at 65 °C/85% RH with
an un-aged module and three modules stressed for 24, 72
and 192 h. The x-axis represents the strip number with each
strip in 10 mm width, and the y-axis is the distance from
the peeling end in millimetre, that is, the length of strips.
The colour scale of the contour plots demonstrates the
adhesion strength in Newton per centimetre, and the blank
areas at corners and edges indicate null data where the
strips snapped during the peel.

As shown in Figure 7, the peeling of all strips started
close to the distance of 85mm and ended at the O mm
point. The first 15 mm (not shown) was peeled off before
the actual test to create the peeling tab for the machine to
seize. Large spikes were observed more often near
10 mm because that is where the silicon cells end, and
although it was checked that the peeling still progressed
over the EVA-back sheet interface, the sudden change of
the substrate resulted in higher adhesion values. Before
degradation, the edges of the modules had lower adhesion
strength than the centres. Possible explanations are poor
quality lamination at the edge or the open edge of the
modules being more influenced by the environment so
that some degradation occurred. In general, the adhesion

24h
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Figure 7. Contour plots of the measured adhesion strength over the module surface for the un-aged module (top left) and modules
aged after 24 (top right), 72 (bottom left) and 192 h (bottom right) at 65 °C/85% RH condition (each strip is of 10 mm width).
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strength reduced as the modules degraded. Several more
peaks in adhesion strength existed at different locations
before degradation but gradually disappeared throughout
stress exposure and became more evenly distributed.
Although from this contour map it is not easy to define
a precise degradation pattern, it presents the spatial dis-
tribution of adhesion strength across the surface of the
whole module, which could be helpful for the identifica-
tion of the statistically weakest spots in a production
batch and to some extent the degradation mechanisms.
The 24h image shows two perpendicular lines with
low adhesion strength, where it appears that water
‘channelled’ into the mini-module. The 72 and 192h
images seem to show a reduction of the adhesion
strength from the inside to the outside. It appears that
moisture accumulated in the centre while released
around the outside, enabling moisture desorption from
these areas.

In order to see the chemical changes of the back sheet
during degradation, attenuated total reflection Fourier
transform infrared spectroscopy tests of the inner side of
the back sheet were conducted. Examples of the results
are shown in Figures 8 and 9. Figure 8 shows the
normalised attenuated total reflection spectrum of the back
sheet by presenting the spectrum of the eighth strip of the
samples shown in Figure 7 that degraded at 65 °C/85%
RH for 0, 72 and 192h within the spectral band 600 to
1900 cm ™. Some of the main absorption bands observed
are listed in Table III [21-23]. Absorption at 1410cm ™'
was used as reference. The normalised average band
strength of all the 10 strips for each of the three sam-
ples at 1710 cm ! (C=0 band of ester) and 1340 cm !
(crystallinity band) are shown in Figure 9. No obvious
changes of the ester and crystallinity groups were ob-
served indicating that the back sheet had not experienced
too much chemical degradation, although its adhesion
strength with EVA had degraded by around 58%. There-
fore, the interface between EVA and the back sheet is
much more affected than the bulk material.

Degradation of interfacial adhesion strength

6
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Figure 9. Normalised absorption of the inner back sheet during

degradation at 65°C/85% RH: band at 1710cm ™" represents

the C=0 stretching of ester, band at 1340cm ™" shows the

evolution of crystallinity of polyethylene terephthalate and band
at 1410cm ™' is used as reference.

Table lll. Main vibration of polyethylene terephthalate.

Wave number (cm™ ) Vibration mode

1410 Reference

1701, 1242, 1096 Ester C=0 stretching

1471 —CH, twisting

1340 —CH, wagging

1017 In-plane vibration of benzene
870, 723 Out-of-plane vibration of benzene
1043, 970 —C-0 Stretching of glycol

897, 791 —CH, rocking

4. MODELLING DEGRADATION
OF ADHESION STRENGTH IN
DEPENDENCE OF HUMIDITY
AND TEMPERATURE

4.1. Stress model development

The degradation of adhesion strength is investigated by corre-
lating the degradation rates with environmental stresses. In

45
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Figure 8. Normalised attenuated total reflection spectra of the eighth strip of the inner back sheet of the un-aged sample and those

aged for 72 and 192 h at 65°C/85% RH (the band at 1410cm

—1.
is used as reference).
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order to describe the stresses acting on the modules over a cer-
tain period of time, the ambient macro climate, that is, the rel-
ative humidity measured at ambient temperature, must be
translated to module micro-climate, that is, the relative humid-
ity at the surface of the back sheet at the module temperature.
In field deployment under irradiation, the PV module operat-
ing temperature is higher than ambient air temperature. This
means that the relative humidity experienced by the device
is lower than the ambient humidity. There are different pub-
lished models that can be used to predict module temperature
from ambient temperature [24-26]. The standard damp-heat
tests in environmental chambers, as presented here, are differ-
ent in this respect because the device temperature is equal to
ambient temperature; that is, module temperature (7)) is
identical to chamber air temperature (7,). This difference
needs to be considered when attempting to predict a service
lifetime for an outdoor installation.

The micro-climatic relative surface humidity at the back
sheet for outdoor exposure is calculated as shown in Eqns
(3) and (4) using the model proposed by Koehl ez al. [27].
This assumes that the surface of back sheet is in thermody-
namic equilibrium with the atmosphere, and the tempera-
ture is uniform across the module:

Py
RH, =
“ = puTy) (3)
P,  RH,*P(T,
RH,, = = () )

Ps(Tm) - Ps(Tm)

where RH, is the ambient relative humidity, P,, is the
partial water vapour pressure of the atmosphere, and
P(T,) and P(T,,) are saturated water vapour pressure at
ambient temperature (7,) and module temperature (7,,),
respectively. The calculations of saturated and absolute
water vapour pressure of the atmosphere are made
according to the standard BS 1339-1:2002 [28]:

Py = [Py ®)
P,, = RH*P; = RH*f*P,/ (6)

where Py’ is the pure saturation vapour pressure at a given
temperature, P; is the saturated vapour pressure in the air,

D. Wu et al.

fis an enhancement factor to transfer P’ to P; and P,, is
the partial pressure of water vapour in the air. As both P;
" and f are functions of temperature, P, and P,, are also de-
pendent on temperature. Figure 10 shows the actual water
vapour pressure (P,,) curve versus temperature at differ-
ent relative humidity levels from 45% to 100%. The re-
lationship is straightforward to calculate but introduces
an exponential relationship between water vapour pres-
sure and temperature. An outdoor environment condition
of 45% RH and 35 °C will result in an ambient water va-
pour pressure of 2.5 KPa. But at the same relative hu-
midity level with a higher temperature of 85°C used in
this study, the water vapour pressure will increase to
26.2 KPa, which is almost 10 times that of the outdoor
condition. Similarly, if assuming that the module temper-
ature of an outdoor-installed PV module can reach 85 °C,
the saturated water vapour pressure at the surface of the
back sheet can be much higher than that at ambient tem-
perature. Therefore, the differences between ambient
relative humidity and module surface relative humidity
induced by differences between 7, and 7,, need to be
considered when describing the stresses experienced by
the module. Substituting Eqns (5) and (6) into Eqn (4),
the relative humidity at the surface of the back sheet
can be written as follows:

Pw _ RHa*f(Ta)*PS/(Ta)
Py(Ty)  f(Tn)*P(Ty)

RH,, = 7

where P,/ (T,) and P,'(T,,) are saturated water vapour
pressure of pure water at ambient temperature 7, and
module temperature 7,,, and f(T,) and f(T,,) are relative
enhancement factors at 7, and 7,,,. For outdoor exposure,
module temperature is often different from ambient tem-
perate because of irradiance, wind speed, installation
method, heat exchange with the environment and the condi-
tion of the sky and so on. As stated earlier, in laboratory-
based damp-heat tests, 7, equals 7,,; that is, relative sur-
face humidity of the back sheet simply becomes ambient
relative humidity:

1.2E+5 S T | I I | | I
= —RH=45% | | | [ | | |
& | | | [ | | |
> 1OE+S |_RH=65% |-~ T~~~ ——FT———ft———F——"——
o | | | [ | | |
5 [ | | [ | | [
2 80E+4 |—RH=85% [ 4 —p A
I | | | [ | |
s —RH=100% | | | |
5 6.0E+4 - + + -
: | Ny
Q.
g 4064 f-—odmed LA L
= | [
g 205+4———Jl———i———J————\————'———
< |
0.0E+0 :

10 20 30 40

50 60 70 80 90

Temperature (°C)

Figure 10. Actual water vapour pressure versus temperature.
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RH,, = RH, ®)

A humidity dose model can then be established to
quantify the effective cumulative stresses imposed on the
module within certain time duration that contribute to
the degradation process. In what follows, assumptions
are made that the loss of adhesion is a process depending
on module micro-climatic conditions and is independent
of the state of the module. The latter clearly is a simplifica-
tion, as in reality modules will oscillate between drying
out and absorbing humidity. However, in the case of
laboratory tests, the steady state experiments simplify
understanding and provide the necessary groundwork
insight into the effects of humidity on adhesion. The
micro-climatic relative surface humidity of the back sheet
(RH,,) is considered as the dominating driving factor
while module temperature is considered an accelerating
factor that can be modelled using an Arrhenius function.
The Arrhenius form is a commonly used acceleration
model defining the relationship between degradation and
temperature when a single mechanism dominates the
ageing process [29-32]. This allows the development of
amodel to describe stresses in different operating environ-
ments. A cumulative function of time with relative surface
humidity of the back sheet and module temperature as
weighting factors within time duration of Ar can be
established as follows:

Eq
dose = RH e KTm At 9)

where E, is the activation energy of the degradation
process, R is the gas constant (8.314J/(Kmol)) or
Boltzmann’s constant (8.617 x 107> eV/K) depending on
the units and T, is the absolute module temperature in
kelvin. Considering the postulated RH,, in Eqns (7) and
(8), the humidity dose for the tests in this study can be
written as follows:

RHa*f(Ta)*P;(Tu)

Ea_
f(Tm)*P;(Tm) e RTm At (10)

Ea
dose = RH,,e RTm At =

Ea
= RH,e RinAt

This model implies that it is not the ambient humidity
but the relative surface humidity of the back sheet that is
the most important driving factor for moisture ingress. It
considers the influences of module temperature on mi-
cro-climatic humidity. However, this dose model is only
responsible for degradation induced by humidity and
may only apply to limited temperature and humidity
levels. The key descriptor required for the prediction of
ageing is the activation energy, which is determined in
the next section.

4.2. Degradation of adhesion strength and
humidity dose

It is believed that the degradation of adhesion strength
increases with increasing humidity dose, but whether its

Degradation of interfacial adhesion strength

form is linear, exponential, power or logarithmic is unknown.
Here, we investigated two approaches, that is, starting from
the conventional linear and then extending to exponential
degradation model. For each scenario, the activation energy
is calculated, and the relationship between adhesion degra-
dation and humidity dose is discussed.

(a) Linear model
The linear model is the simplest degradation model that

assumes the adhesion strength degradation (AS) to be
directly proportional to humidity dose:

Eq

AS = k*dose = kRH ;e RTm At (11)
AS _La

Rp = = kRH & 7T (12)

This enables the extraction of E, by taking the natural
logarithm of the degradation rate (Rp) and the reciprocal
of T, which will generate an Arrhenius plot:

AS  E, 1
m22 = 2 L nkRH, 1
Ny T T rT, T InKRH) (13)

Figure 11 shows the Arrhenius plot results for this study
at a constant RH,, of 85% but varying T, of 95, 85 and 65 °©
C. The average R at each of the three testing conditions
was used to obtain the plot. A linear relationship is observ-
able, and its slope allows the determination of E,:

E,
slope = — = —6466 (14)

E,=54 kJ/mol = 0.56 eV (15)

With the activation energy calculated, the proposed
humidity dose in Eqn (10) can be computed for all the five
humidity and temperature conditions listed in Table I. The
adhesion strength degradation shown in Figure 6 can then
be re-investigated as dependent on the humidity dose,
and the results are plotted in Figure 12. According to the
defined linear degradation model in Eqn (11), adhesion

1/T (1/K)
0.0027 0.0028

-0.5

0.0029 0.003

-0.9

y =-6466x + 16.866
R? = 0.9627

-1.3 ™\

-1.7

Ln (Rp) (N/cm)

21 e

-2.5

Figure 11. Arrhenius plot between natural logarithm of degrada-
tion rates and the inverse of absolute module temperature.
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Figure 12. Degradation of adhesion strength versus humidity dose using activation energy calculated from linear model.

strength after a certain degradation time (S,) should be

Eq
S, =Sy — AS = Sy — kxdose = Sy — kRH e RTm At (16)

However, it is seen from Figure 12 that the adhesion
strength does not follow the conventional linear approxima-
tion, instead showing a good match to exponential decay.
This implies that the linear form does not suit the degradation
well, and an exponential model may better represent the deg-
radation, which is illustrated in scenario (b). The divergences
between the proposed model and the experimental data may
result from the assumption that constant degradation exists
throughout the whole ageing procedure, which in reality is
a decelerating process. The use of an average Ry value hid
the detailed features of degradation.

(b) Exponential model

By the enlightenment of Figure 12, an exponential model
can be established to describe the correlation between adhe-
sion strength and humidity dose during degradation:

_ Ea
—k - Rlm %
S; — Soe kskdose — S()C kxRH ;e At (17)

Equation (17) can be restructured by moving S to the left
side of the equation and taking the natural logarithm of both
sides twice:

Sy E, 1

1n<—1n<§0)> = —KT—m+ln(k*RHa*At) (18)

By plotting In(—In(S,/Sy)) versus 1/7,,, straight lines can
be obtained whereby E,/R determines the slope of the curve,
and the combined parameter of (k«RH,+Af) determines the
intercept. In principle, at a constant RH,, but varying 7,,,, par-
allel lines with the same slope and different intercepts can be
obtained at different degradation times. Figure 13 shows
such curves at an RH,, of 85% but varying temperatures of

95, 85 and 65 °C at degradation times of 24, 48 and 72 h, re-
spectively. The three data sets can all be fitted with straight
lines, although two of them at degradation times of 24 and
48 h show some divergences. This may be because at the be-
ginning of ageing, degradation is a bit faster than the pro-
posed exponential decay model. Another important source
of divergences is the variation result from experiment espe-
cially for the peel tests that are destructive. The reason why
we choose the data at these three time slots is because it ap-
proaches the lowest detectable threshold of the adhesion
strength for the condition at 95 °C/85% RH, and degradation
results at longer exposure time are meaningless at this condi-
tion. The 95 °C/85% RH condition is one of the three tem-
perature regimes used to calculate the activation energy.
The three lines are almost parallel with each other, indicating
a similar slope. Taking the average slope of the three fitted
curves gives an activation energy of 63 kJ/mol (0.65eV).
As for the linear model, the adhesion strength versus
humidity dose is investigated for the exponential model
with the results shown in Figure 14. The five curves in
Figure 6 have been normalised by dose, and a strong expo-
nential agreement between adhesion strength and humidity
dose is evident, which can be approximated as follows:

S, = Soe—3.23*107*do.se (19)

The fitted coefficient of determination is over 0.92,
which means highly correlated. This verifies the suitability
of exponential model to describe the correlation between
adhesion strength and humidity dose.

The degradation may be caused by multiple mecha-
nisms and may follow Eqns (10) and (19) over only limited
temperature and humidity ranges. In Figure 14, data at
95°C/85% RH show some divergences from the fitted
curve, which indicates that some other unaccounted-for
degradation mechanisms may have been triggered or
are becoming increasingly important at this high tempera-
ture. A temperature of 95 °C is much higher than the melt-
ing point of EVA, which is around 40-70°C (lower

806 Prog. Photovolt: Res. Appl. 2014; 22:796-809 © 2014 The Authors. Progress in Photovoltaics: Research and Applications

published by John Wiley & Sons, Ltd.
DOI: 10.1002/pip



D. Wu et al. Degradation of interfacial adhesion strength
1.5
¢ 24h
1.0 -
® 48h
05 ‘\ ly =-7548.2x + 21.485 A 72h
—_— . \\ RZ =1
g 0.0 |- ) ~
£ 0.0p27  0.00275_ 0.0p28 o.oc\QQ:>29 0.00295  0.903
i o 78'5\ D28
= \
- 10 * @
: I y = -7049.7x + 19.908
y =-7369.1x + 20.04 R2=0.9376
-1.5 R?=0.8906 *
2.0 ‘ ‘
1/T (1/K)

Figure 13. Plot of In(—In(S#/So)) against inverse of absolute module temperature at degradation times of 24, 48 and 72 h for exposures
at 95°C/85% RH, 85°C/85% RH and 65°C/85% RH.
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Figure 14. Degradation of adhesion strength versus humidity dose with activation energy calculated from exponential model.

values are attributed to the melting of less perfect crystals,
and a higher melting point represents the melting of the pri-
mary crystals in EVA) so that the polymer may have expe-
rienced structural and morphology changes, resulting in
different degradation mechanisms [33,34]. However, the
data at 95 °C/85% RH in Figure 14 are not so far away from
the model, which suggests that the primary degradation
mechanism is still humidity even at this high temperature
condition.

The results show the adhesion strength dependence on
cumulative stresses experienced by a PV module within a
certain damp-heat degradation period can be modelled by
an exponential function through the proposed humidity
dose definition. The conventional linear degradation model
failed to describe this relationship. Issues such as degrada-
tion induced by other stress factors and the response to cy-
clic changes in environmental conditions need further
research before a generic outdoor degradation prediction
can be made, but the presented work represents a step
towards this goal.
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5. CONCLUSIONS

The durability of adhesion between the back sheet and
encapsulant for commercial crystalline silicone mini-
modules to withstand the effects of humidity ingress has
been investigated. This was achieved by exposing the
devices to different stress levels of humidity at different
temperatures. It is shown that the loss of adhesion varied
significantly under the different regimes. Under these con-
ditions, humidity is the primary driver of the reduction of
adhesion strength, and temperature determines the speed
of degradation. Linking this particular stress mechanism
to other operating environments can be carried out by
developing a stress dose model to describe the cumulative
stresses imposed on PV modules and investigating the
relationship between degradation and the dose. In this
research, a humidity dose is defined by assuming the rela-
tive surface humidity at the back sheet as the main driving
factor and module temperature as the accelerant with an
Arrhenius influence of the degradation process. The
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calculation of relative surface humidity of the back sheet
transfers the environmental humidity to module surface
humidity and considers the influence of module tempera-
ture on the effective humidity at the surface of the back
sheet. This approach enables modelling of the loss of
adhesion due to humidity ingress with humidity dose,
which demonstrates an exponential relationship.

This is the first step of modelling the loss of adhesion in
realistic outdoor operation, where devices experience not
only constant humidity but also varying humidity, cyclic
temperature and photochemical reactions. Further work is
needed to quantify additional effects from the other
stresses and the combination of these factors before devel-
oping a full degradation model of PV module in different
environments, but this can only be achieved on a mecha-
nism-by-mechanism level and built up to an effective
overall model. The link between adhesion strength or,
more generally, encapsulant state and actual device perfor-
mance and safety is still a goal that requires significant
additional amounts of research.
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