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Diffusion of UV Additives in Ethylene-Vinyl Acetate
Copolymer Encapsulants and the Impact

on Polymer Reliability
Robert Heidrich , Marius Lüdemann , Anton Mordvinkin , and Ralph Gottschalg

Abstract—The reliability of solar modules is largely determined
by the encapsulation materials used and their inherent additive
composition. Although the use of polymer additives generally leads
to better encapsulant characteristics, the diffusion of these species
must be considered. While UV additives protect the encapsulant
from photo degradation, their interactions with other additives
or with formed radicals can lead to undesirable effects such as
browning. Within this work, the diffusion of UV additives and
their impact on the degradation behavior of encapsulation mate-
rial based on ethylene-vinyl acetate copolymer (EVA) is investi-
gated. The fabricated test specimens (glass/EVA/PTFE/glass) were
prepared with an artificially created UV additive concentration
gradient and weathered under IEC 62788-7-2-A3 conditions. Test
points with included UV additives showed no degradation effects,
while test points without UV additives showed strong degradation.
Surprisingly, the UV additives used could diffuse up to 4 cm within
1500 h weathering. They were able to effectively protect an area
of 1.3 cm next to the concentration gradient. Therefore, minor
inhomogeneities during the manufacturing process can probably
be compensated by intrinsic UV additive diffusion. However, this
simultaneously represents a high risk of reaction with residual
crosslinking peroxides leading to the UV stabilizer depletion and
eventually to browning.

Index Terms—Additives, degradation, diffusion, encapsulant,
ethylene-vinyl acetate (EVA), spectroscopy.

I. INTRODUCTION

ENCAPSULATION polymer degradation by UV irradiance
is known to be one of the key factors determining
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solar module longevity [1], [2], [3], [4]. Most commonly
ethylene-vinyl acetate copolymer (EVA) is used as encapsulant
for photovoltaic modules [5]. However, EVA can degrade by
various reactions reducing the solar module reliability resulting
in browning or the formation of acetic acid, which is corroding
contacts and increasing the series resistance and thus seriously
influencing the solar module performance [3], [6], [7], [8],
[9], [10], [11], [12], [13]. Hence, shielding the encapsulation
material by using appropriate additives is a necessary step to
enhance the solar module lifetimes [14].

Additives have to fulfill a number of tasks and were used in
EVA encapsulants for many decades [15]. While crosslinking
additives are important to form a resilient network of polymer
chains, unconsumed crosslinking peroxides can cause problems
like browning when reacting with other additives [16], [17]. Typ-
ically, UV absorbers and UV stabilizers are used to increase the
resistance against UV irradiation. Jentsch et al. [14] found that
a combination of UV absorbing benzophenone-type molecules
and radical trapping hindered amine light stabilizers (HALS)
molecules has a synergy effect preventing the encapsulant from
photo degradation. On the other hand, correlations between the
presence of UV absorbers and browning of the encapsulant have
been reported in the literature [6], [16], [18].

Additives can migrate due to diffusion processes [19], [20].
For most cases (e.g., neglecting external forces and convection
effects), the description of additive migration by Fick’s laws and
deriving the general diffusion equation

∂c

∂t
= �∇ ·

(
D�∇c

)
(1)

with c as the molecule concentration, t as the time and D as
diffusion constant, is a sufficient approach [19]. In the past,
several studies investigated the migration of small molecules in
polymer films [21], [22], [23], [24], [25], [26]. Földes et al. [21],
[22], [23] determined the diffusion coefficients of different an-
tioxidants in polyolefin polymers. Reynier et al. [25] derived
several diffusion coefficients for smaller different molecules
and commercial additives in polypropylene. Thus, it is very
likely that diffusion effects also occur in EVA layers of com-
mercial solar modules. Furthermore, solar modules are complex
physical objects consisting of different materials and various
interfaces [3], [9]. Understanding potential interactions between
these layers and also the possible migration of smaller species
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Fig. 1. Top: Sample geometry with all 24 extraction points. Repeatable sample
extraction was enabled by using a 3D printed template. Bottom left: Sample cross
section showing all used layers with approximate thicknesses and the path of
irradiation. Bottom right: Cutting template with an elliptic opening.

TABLE I
USED ENCAPSULANT COMPOSITIONS C1 (WITH UV ADDITIVES) AND C2

(WITHOUT UV ADDITIVES)

between different films is crucial for determining the longevity
of the materials. On the one hand, this means that diffusion
of additives from the initial site reduces the protection of the
encapsulation material against environmental influences. On the
other hand, initial inhomogeneities in the additive density could
be compensated by diffusion effects.

This work aims to investigate the influence of UV additives on
the degradation behavior of EVA films and to analyze potential
diffusion effects. For this purpose, diffusion specimens, with 24
measurement points each, were manufactured. The weathering
took place in rondel weatherometers under IEC 62788-7-2-A3
conditions. The newly developed quantification method for UV
additives in EVA by pyrolysis-gas chromatography-mass spec-
trometry (PY-GCMS) will enable a time and spatially resolved
determination of the corresponding UV additive concentra-
tion [27].

II. MATERIALS AND METHODS

A. Used Materials and Sample Manufacturing

Fig. 1 visualizes the sample design. Position represents the
sites 1 to 8 along the sample length. Area represents the sites
A to C along the sample width. The EVA films have been
manufactured in accordance with our previous work using a
kneader and a hydraulic press [27]. Two different EVA types
were prepared with a common additive structure while the
presence of UV additives was varied [15], [18], [27], [28]. The
formulations are displayed in Table I. After the pressing process,

Fig. 2. Spectrum of the used xenon lamps with daylight filters in comparison
with the standard spectrum AM 1.5 Global (ASTM G173-03 reference spectra
derived from SMARTS v. 2.9.2. provided by NREL).

the samples were equally cut with the help of a template (see
Fig. 1). Preliminary lamination experiments have shown that an
elliptic form of the interface, where the different polymer films
are laminated together, is beneficial as the EVA is flowing faster
in the middle of the glass substrate.

Subsequently, two EVA films (one with, one without UV
additives) were positioned on low iron, thermally hardened float
glass and covered with a PTFE layer to enable the separation
after weathering. After placing a second glass layer on top,
the samples were laminated. An Meier ICOLAM 10/08 was
used for lamination. The laminator was pre heated to 55 ◦C.
Afterward, all samples were placed inside the laminator. The
laminator was evacuated for 6.5min and heated to 80 ◦C. Af-
terward, the coupons were pressed with 600mbar and heated
to 155 ◦C within 3min. The temperature and pressure were
hold for additional 15min. In the last step the laminator was
cooled to 55 ◦C within 30min still applying the 600mbar
pressure.

After the lamination process aluminum tape was used to
seal the edges of all glass laminates to exclude the influence
of humidity and oxygen. Additionally, a template containing
the openings as shown in Fig. 1 was 3D printed, allowing a
reproducible sample extraction from the same points.

B. Weathering

The weathering was carried out in accordance with IEC
62788-7-2-A3 using an Atlas Xenotest 440 with Atlas B04
daylight filters. The chamber temperature was fixed at 65 ◦C
(90 ◦C black standard temperature) with 20% relative humid-
ity. The Intensity at 340 nm was set to 0.8W/m2/nm. The
measured spectrum is displayed in Fig. 2. Especially the UV
interval of the xenon lamp with daylight filters behaves similar
to the AM 1.5 Global, but the integrated intensity is increased by
approximately the doubled amount. However, the spectrometer
was not calibrated to the chamber geometry. Therefore, the
measured (and integrated) intensities are slightly higher than
displayed in the chamber parameters and should be understood
qualitatively. All samples were irradiated with EVA as top layer
in accordance with Fig. 1.
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Fig. 3. Quantification of the UV absorber Cyasorb UV 531. The map positioning is in accordance with Fig. 1. Evaluation of the gray area and position combinations
were not possible due to serious degradation.

Fig. 4. Quantification of the UV stabilizer Tinuvin 770. The map positioning is in accordance with Fig. 1. Evaluation of the gray area and position combinations
were not possible due to serious degradation.

C. Characterization Methods

1) Pyrolysis-Gas Chromatography-Mass Spectrometry (PY-
GCMS): For qualitative and quantitative analysis of the polymer
and the additive composition a combination of pyrolysis, gas
chromatography and mass spectrometry (PY-GCMS) was used.
The PY-GCMS setup and quantification procedure are explained
in detail in our previous work focusing on additive quantifica-
tion [27]. An EGA/Py-3030D from Frontier Laboratories Ltd.
pyrolysis oven with attached autosampler AS-1020E was used
for a two step thermo desorption. All desorption steps were
carried out with the help of a selective sampler SS-1010E from
Frontier Laboratories Ltd., which prevents column contamina-
tion by undesirable fragmented components. As gas chromato-
graph a Trace 1300 from Thermo Scientific with He carrier
gas was used. The implemented column was an Ultra ALLOY
Capillary Column (length 30m, internal diameter 0.25mm, film
thickness 0.25μm) from Frontier Laboratories Ltd. An ISQ 7000
mass spectrometer from Thermo Scientific was coupled to the
gas chromatograph. The m/z range was set from 29 to 800.

2) Fourier-Transform Infrared Spectroscopy (FTIR): An In-
ventio spectrometer from Bruker was used for the FTIR analysis.
The measurements were carried out in ATR mode using a transit

platinum unit with diamond tip. The wavelength interval was set
from 4000 cm−1 to 650 cm−1 with a resolution of 4 cm−1.

III. RESULTS AND DISCUSSION

A. Additive Diffusion

Figs. 3 and 4 are visualizing the quantitative PY-GCMS anal-
ysis of the UV absorber Cyasorb UV 531 and the UV stabilizer
Tinuvin 770. Comparing the initial values with Table I, the UV
stabilizer exaggerated in the samples during the initial state. This
could either be caused by local inhomogeneities as a result of the
kneader fabrication or by a general offset due to the calibration
samples for PY-GCMS quantification [27]. However, comparing
relative mass changes is possible with sufficient accuracy. Not
all defined samples positions were analyzed until the end of
the weathering time. The gray color in Figs. 3 and 4 symbolizes
encapsulant position and area combinations, which were subject
to severe degradation which impeded PY-GCMS measurements
(see Fig. 9) and will be discussed in Section III-B. Due the
diverging modes of operation of the UV absorber and the UV
stabilizer, the mean content of both molecules relative to the total
sample surface behaves differently and is shown for position 1
to 5 in Fig. 5.
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Fig. 5. Mean relative additive content of the UV absorber Cyasorb UV 531 and
the UV stabilizer Tinuvin 770 for positions 1 to 5 (mean of all orange extraction
points in the scheme). Considering Figs. 3 and 4, the total amount of the UV
absorber in position 1 to 5 is preserved but redistributed. The total amount of
the UV stabilizer is drastically decreasing within the first 250h of weathering.

Fig. 3 shows that UV absorber molecules start to diffuse
significantly from position 4 as the concentration gradient is the
highest, which is in accordance with general macroscopic Fick-
ian diffusion [19]. After 250 h of weathering the UV absorber
already diffused into position 6 and and is expected to diffuse
further. However, further positions could not be analyzed due to
the aforementioned polymer degradation. Due to the changing
concentration gradient molecules from the positions 2 and 3
are predominantly compensating the concentration mismatch
and after 1500 h only position 1 remained with approximately
the initial concentration. Considering the mean relative additive
content of position 1 to 5, which is displayed in Fig. 5, the total
UV absorber content remains approximately constant. There-
fore, the underlying keto-enol tautomerism works reversible for
the applied weathering parameters and the total amount of the
UV absorber is preserved but redistributed [7], [29], [30].

Thus, the general diffusion equation approach

∂u(x, t)

∂t
= D

∂2u(x, t)

∂x2
(2)

was assumed for the UV absorber as displayed in (2) withu(x, t)
as UV absorber concentration and D as diffusion constant. The
partial differential equation was solved numerically using an
explicit forward in time and central in space (FTCS) approach
with Dirichlet conditions for the boundary with UV additives
and Neumann conditions for the boundary without UV additives.
Both conditions have been chosen to match the observations as
the initial concentration in position 1 remained constant while
the additives cannot diffuse out of the sample on the other side.
The effect of encapsulant thickness was not examined in this
study as the numerical diffusion simulation was simplified to
1D for symmetry reasons, because no additional information
could be gained in the case of a 2D observation. In the course of
simplification to a 1D problem, the mean value of the areas A, B,
and C for every position 1 to 8 was used. Fig. 6 shows the results
of the numerical simulation and the real measured data points of
the 500 h sample, the 1000 h sample and the 1500 h sample.

Fig. 6. Numerical solution of the diffusion equation for the UV absorber
Cyasorb UV 531. The problem was simplified to a 1D simulation, and the
measurement points are mean values of area A to C at the corresponding
position. The error bars represent the standard deviation of the mean values.

When using a diffusion constant of D = 5.5 × 10−8 cm2/s,
the measured data points show a good agreement with the
simulation. This value is in accordance with the work of Reynier
et al. who determined the diffusion constant of Cyasorb UV 531
(Chimassorb 81) in polypropylene between 1.5 × 10−10 cm2/s
(40 ◦C) and 1.4 × 10−8 cm2/s (70 ◦C) [25]. As the chamber and
sample temperature (both temperatures should be approximately
equal due to the transparent sample laminates [31], [32]) are
approximately 65 ◦C during weathering, the used diffusion con-
stant is in the correct order of magnitude. In addition, Földes
et al. [21], [22], [23] determined similar diffusion coefficients
for different antioxidants migrating in EVA. In accordance with
the measured values, the graph shows that after 500 h the
concentration in position 5 is increased to 1/3 of the initial
concentration. After 1500 h of weathering, position 5 reached
approximately half of the base concentration. Thus, under the
used weathering parameters, the UV absorber is could be able
to migrate approximately 4 cm within 1500 h of weathering.

However, the deviations of the measurements from the simu-
lation could also be a result of an anomalous diffusion of the UV
absorber. The normal diffusion and anomalous diffusion for the
1D case are displayed in (3) and (4). Assuming Fickian (normal)
diffusion, the mean squared displacement

〈r2(t)〉 = 2Dt (3)

should allow particle movements of approximately 0.77 cm
within 1500 h of weathering, which is significantly smaller than
the measured data points and the simulation [33], [34]. Thus, D
could be concentration dependent indicating a super diffusive
behavior of the UV absorber [35], [36], [37], [38]. Following
the anomalous diffusion approach

〈r2(t)〉 = 2Dαt
α (4)

with the anomaly parameter α for the measured data of the
500 h time step (and a mean square displacement of 22 cm2—see
Fig. 6), the given diffusion constant of 5.5 × 10−8 cm2/s would
result in α = 1.21 [38].
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In order to exclude the influence of the PTFE layer on the
diffusion behavior of the additives, samples from the same series
were further weathered up to 2000 h. No additives were detected
in the bulk measurements of the PFTE layers, but significant
amounts were still found in the EVA. Consequently, the PTFE
layer does not contribute to the transport of additives, neither
on its surface nor within its volume. As an explanation for the
anomalous diffusion, the incomplete EVA crosslinking can be
responsible. Typically, EVA features a maximum gel content of
90%, meaning that 10% of the material can flow, which can
accelerate the additive diffusion leading to the superdiffusion
regime [39]. The vinyl acetate (VA) content can also play a
role in this assumption. A lower VA content leads to higher
crystallinity and lower glass transition temperature. Thus, the
former would slow down, whereas the latter would boost the
diffusion of additives in the polymer matrix [40], [41].

The migration of UV stabilizer molecules displayed in Fig. 4
behaves differently. While the migration due to the convectional
transport associated with the material flow was already detected
directly after the lamination (0 h sample), the diffusion effects
are in general much less pronounced. In addition, after 250 h the
initial concentration is approximately halved for all points, with
position 4 showing the highest decrease. This could be explained
by the reaction of the UV stabilizer with residual crosslinking
peroxides which were not consumed during lamination and will
be discussed in more detail in Section III-B. While the 500 h
sample shows migration into position 5, this molecule diffusion
is not detected for the 750 h sample. The observed behavior
can be explained by a superposition of two effects. While the
general concept of additive diffusion should also be applicable
for Tinuvin 770, the migration of additives into new positions
is probably counterbalanced by their reaction with radicals as
their mode of action is not reversible [42], [43], [44], [45].

The molecular weight of the UV stabilizer Tinuvin 770 is
481 g/mol [46]. Földes et al. [22] found the diffusion coeffi-
cient of the antioxidant Irganox 1076 with a molecular weight
of 531 g/mol to be 2.7 × 10−8 cm2/s in EVA at 80 ◦C. As
the molecular weight of the UV absorber Cyasorb UV 531
is 326 g/mol (D = 5.5 × 10−8 cm2/s), it is conceivable that
the diffusion coefficient of Tinuvin 770 is in the same order
of magnitude as the previous mentioned additives [46]. As
displayed in Fig. 5, the total UV stabilizer content is decreasing
rapidly. Assuming a reservoir of formed radicals by UV irra-
diation (or nonconsumed crosslinking peroxide radicals), the
degradation kinetics of the HALS should be dependent on their
total amount as they need a reaction partner. Thus, the quantified
HALS base form degrades with first order kinetics leading to
an exponential decay of the total UV stabilizer concentration,
which is observable in Fig. 5. As a result, the total Tinuvin
770 base form concentration decreased to approximately 20%
of the initial concentration after 1500 h of weathering. How-
ever, the decrease of molecular concentration (especially in
position 1 to 4) does not necessarily mean the stabilizer is
not functional anymore. As stated by Hodgeson et al. [44]
the Denisov cycle is complex and even HALS fragments are
able to bind radicals as long as the functional amine group is
present.

TABLE II
FTIR ABSORPTION PEAK ASSIGNMENT

B. EVA Degradation in Dependence of UV Additive Presence

The EVA degradation was analyzed with ATR-FTIR measure-
ments. All presented spectra are mean values of one position
(e.g., the mean value of A1, B1, C1, etc.). Table II lists all
assigned peaks with the corresponding functional group. Here,
the peaks at 2920 cm−1, 2850 cm−1, 1465 cm−1, and 720 cm−1

belong to the polyethylene (PE) units. The peaks at 1736 cm−1,
1370 cm−1, 1238 cm−1, and 1020 cm−1 are assigned to the vinyl
acetate (VA) units. The changes of the absorption bands in
dependence of weathering time for the positions 3, 5, and 6 are
displayed in Figs. 7 and 8. In addition, the oxidation index (OI)
was calculated using the ratio of the wavenumber dependent
absorptionA(k)of the 1736 cm−1 C=O peak and the 1465 cm−1

CH2 peak [47]

OI =

∫ 1900
1600 A(k)dk∫ 1500
1400 A(k)dk

(5)

and displayed in the right image of Fig. 8.
Within 1500 h of weathering, position 3 did not show changes

of the chemical structure. The OI remained approximately con-
stant while small changes are probably rather a result of in-
homegneities between the different samples than an aging effect.
Considering the quantification of the UV additives in position 3,
the UV absorber amount is still approximately 83% of the initial
concentration. Also, the UV stabilizer should be still functional,
which has probably led to a suppression of degradation effects.

A similar result can be reported for position 5. The OI is
slightly increased by approximately 20% in comparison with
the initial value after 1500 h of weathering. In addition, the
broadening of the peak shoulder at 1715 cm−1 suggests the
formation of ketones as a result of the degradation of the vinyl
acetate entity [8], [49], [50], [51], [52]. However, considering
the previously carried out quantification, the migration of UV
additives was significantly damping the effects of photo degra-
dation. Taking Fig. 6 into account, the UV absorber content
in position 5 reached approximately 23% of the initial con-
centration within 250 h. Based on the previous argumentation,
it is conceivable that a similar amount of HALS additives also
migrated to position 3, but was directly consumed by the formed
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Fig. 7. FTIR measurements of the position 3 (left–with UV additives) and the position 5 (right – initially without UV additives) in dependence of weathering
time. All spectra are mean values of the areas A, B, and C. The data was normalized to the 2850 cm−1 CH2 peak (marked with the red dot).

Fig. 8. FTIR measurements of the position 6 (left–without UV additives) and the development of the oxidation index (right) in dependence of weathering time.
All data are mean values of the areas A, B, and C. The data was normalized to the 2850 cm−1 CH2 peak (marked with the red dot) for the FTIR spectrum and to
the initial oxidation index for the OI development.

radicals. Nevertheless, the migration UV additives forced by a
concentration gradient was able to effectively prohibit photo
degradation within 1.3 cm of lateral space.

Comparing these results with the spectrum of Position
6 in Fig. 8, the importance of UV additives becomes obvi-
ous. After 750 h of aging, the formation of several groups
occurred. The formation of OH bonds can be found from
3700 cm−1 to 3100 cm−1. These interactions are created by hy-
droperoxides or by hydroxyl groups as a result of hydroperoxide
breakdown and are discussed in [49] and [50]. The peak shoulder
from 1900 cm−1 to 1780 cm−1 is significantly broadened which
is caused by γ-lactones [8], [49], [51]. These species are formed
by the degradation of the VA units through the back-biting
process [8], [49]. The other peak shoulder of the C=O peak from
1715 cm−1 to 1600 cm−1 is also broadened, which is caused
by the generation of ketones [8], [49], [50], [51], [52]. They
are either formed by Norrish type III reactions or due to the
breakdown of hydroperoxides [8]. At 1170 cm−1, a new peak
was formed after 750 h of weathering. The C-O-C interaction

is probably a result of the formation of aliphatic esters or as
a result of the chain scission [8], [49], [51]. In addition, the
absorption at 960 cm−1 intensified. These intensities are cause
by CH out of plane bending. They occur in species like R-
CH=CH-R which form during deacetylation [49]. In accordance
with the changes in the spectra after 750 h of weathering, the
OI started to increase significantly. After 1250 h of weathering
the EVA was nearly totally degraded and a saturation of the OI
increase occurred. The OI finally increased to approximately 4.6
times of the initial value after 1500 h due to ketone and lactone
formation.

Fig. 9 visualizes the diffusion sample after 1500 h of weath-
ering. Positions 1 to 5 do not show visual photo degradation. In
position 6, severe browning occurred. However, these browning
effects are not visible from position 7 to the end of the sample
side without UV additives. Nevertheless, the removed samples
from positions 6 to 8 were in a jellylike condition suggesting
the destruction of the polymer network. In the literature, the
presence of chromophores is correlated with the formation of
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Fig. 9. Sample extracted after 1500h of weathering. The sample extraction
points with UV additives and without UV additives are in accordance with Fig.
1. Especially position 6 shows severe browning.

C=C and C=O bonds [1], [6], [7], [49], [53], [54]. While C=C
bonds are also presented within the moieties generating the
absorption intensities at 960 cm−1, they should equally form in
all positions without UV additives. Thus, the formed C=C bonds
are probably no indication for the formation of chromophores,
which are causing the browning effect.

On the other hand, several groups found correlations of addi-
tive presence and chromophore formation [6], [16], [18], [55],
[56], [57], [58]. Considering the diffusion samples as displayed
in Fig. 9, only the UV additives have been varied between
both sides. Klemchuk et al. [16] proposed the formation of
chromophore precursors if crosslinking peroxides are not fully
consumed during lamination. The crosslinking peroxide reacts
with the OH group of the benzophenone UV absorber creating
a radical. In the next step, the created radical is interacting with
another UV absorber radical to form a larger molecule, which
can act as a chromophore [16]. Additionally, Oreski et al. [17]
found that nonreacted crosslinking peroxides after lamination
can cause browning effects during accelerated aging. Thus, the
browning effect is most likely a result of the interactions with
the UV absorber Cyasorb UV 531 [6], [16], [18], [58]. For
the displayed diffusion samples two scenarios are conceivable
while scenario 2) is considered more likely for the presented
experiments.

1) The chromophores are formed by the reaction of the UV
absorber Cyasorb UV 531 and radicals of the base polymer
which are created by UV irradiance in the positions 5 to
8. In position 5, these radicals were neutralized by the
UV stabilizer Tinuvin 770. However, the effective range
of the UV stabilizer was limited to that position as it was
discussed in Section III-A.

2) The chromophores are formed by the reaction of the UV
absorber Cyasorb UV 531 with crosslinking peroxides,
which were not consumed during the lamination process.
During the weathering, the peroxides are radicalized by
UV irradiation and react with the migrated UV absorber.
This consideration could also explain why the UV stabi-
lizer content was drastically reduced within the first 250 h
of weathering (see Fig. 4) as it was consumed by the
reaction with peroxide radicals. As in case 1), the effective
range of the UV stabilizer was limited to the positions 1 to
5. Thus, the generation of browning effects is dependent

on the migration behavior of the UV stabilizer which is in
accordance with Fig. 6.

IV. CONCLUSION

The conducted experiments show the important role of UV
additives within EVA encapsulants to prevent UV induced poly-
mer degradation. Positions which have been stabilized by UV
additives did not show degradation within 1500 h of weather-
ing under IEC 62788-7-2-A3 conditions. Furthermore, inhomo-
geneities of the additive density can be balanced effectively by
diffusion for distances of approximately 1.3 cm. Thus, positions
which did not contain UV additives at the beginning were
shielded for the full weathering duration when laying inside
the effective distance. A synergy effect of the UV absorber and
the UV stabilizer is likely to occur. Positions which have not
been stabilized by the UV additives degrade significantly within
750 h of weathering. The formation of hydroxyl groups, ketones,
lactones, and aliphatic esters was detected, and the oxidation
index was strongly increased.

In total, the UV absorber is probably able to migrate ap-
proximately 4 cm within 1500 h of weathering. Considering
the previous work by Reynier et al. and Földes et al., it is
conceivable that molecules with comparable molecular weights
can migrate similar distances when no other interaction occurs.
Furthermore, the total UV absorber amount was conserved
suggesting reversible keto-enol tautomerism. However, with the
used weathering time of 1500 h within the conducted study, it is
not possible to conclude whether the number or concentration of
used UV-related additives is sufficient. Further experiments with
longer weathering times and other combinations of stressors
should be carried out to investigate the degradation behavior of
the additives and polymers. In addition, the influence of the vinyl
acetate content and the diffusion behavior of additives in POE
and TPO encapsulants should be investigated at different tem-
peratures and irradiation conditions. As discussed for anomalous
diffusion, the microscopic structure of the respective material
can have an influence on the migration behavior of different
species.

The use of additives is a double edged sword. While the
addition of additives is in general necessary for crosslinking
reactions and to achieve a reasonable protection from UV irridi-
ance, several interactions must be considered. On the one hand,
the diffusion of additives can seemingly have a positive effect of
leveling out the additive concentration screening with time the
areas initially unprotected. On the other hand, if the crosslinking
peroxide is not fully consumed during the lamination process,
remnant molecules could decompose by UV irradiance forming
radicals. These radicals probably significantly consume the UV
stabilizer content. Moreover, they react with the UV absorber
forming chromophores and therefore lead to severe browning
effects. Thus, the lamination process or rather the crosslinking
peroxide content has to be optimized when benzophenone UV
absorbers are used. Either one needs to ideally consume all
the peroxides during lamination or a sufficient amount of UV
stabilizer needs to be added to trap remaining peroxide radicals.
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The experiments within this work discussed effects within
one EVA layer and while excluding humidity influences. A
real solar module is much more complex as it contains several
layers and interfaces with interaction potential. Furthermore, a
combination of different stress factors like thermo-mechanical
stresses, humidity, and UV irradiance can occur. Within a solar
module lifetime, it is very likely that additives from different
layers can migrate in the scale of several centimeters. This
is especially problematic, when additives interact with each
other or with radicals and should also be considered for the
emerging EVA/polyolefin/EVA encapsulants. In the case of the
UV absorber, the molecules could diffuse from the back side
EVA into the front side EVA in solar modules. First, this could
lead to a performance decrease because absorbed photons cannot
reach the solar cell. Second, the migrated UV absorber molecules
could react with radicals forming chromophores and reducing
the solar module efficiency even more. Consequently, further
studies should address the diffusion behavior of the additives at
a coupon level and in solar modules as well as consider different
film thicknesses.
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