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ABSTRACT

Encapsulants are vital for the structural integrity and protection of photovoltaic (PV) modules, yet the impact of processing history
and crosslinking on their thermomechanical behaviour is often oversimplified in numerical simulations. This study experimen-
tally investigates how lamination conditions affect six encapsulant types, including crosslinking (EVA, POE), noncrosslinking
(TPO), and coextruded (EPE) materials. The crosslinking behaviour was characterized using differential scanning calorimetry
(DSC) and Fourier transform infrared spectroscopy (FTIR), while thermomechanical properties were assessed via digital image
correlation. Results indicate that conventional DSC-based methods for the calculations of degree of crosslinking, while standard
for EVA, have significant limitations when applied to multilayer encapsulants. Fourier transform infrared spectroscopy in atten-
uated total reflection mode combined with principal component analysis proved to be an effective, rapid method for qualitative
clustering of crosslinked encapsulants. The findings reveal that manufacturing history strongly influences prelamination behav-
iour, even for the materials labelled under the same commercial nomenclature. Increased lamination duration drives encapsu-
lants toward more isotropic coefficients of thermal expansion (CTE), with noncrosslinking materials reaching final CTE values
faster. The presented dataset may support future investigations of stress development, thermomechanical interactions, and mate-

rial selection in conventional and emerging PV module architectures.

1 | Introduction

With the continuous rise in photovoltaic (PV) module installa-
tions, the decrease of module prices, and the rapid evolution
of solar cell technologies, material selection within the PV mod-
ule stack continues to be a critical factor for its long-term reliabil-
ity [1-6]. According to ITRPV, performance warranties are
extending toward 30 years, while module architectures and bill
of materials are undergoing significant transitions [1] without
the knowledge on long-term performance of the new module
designs. In particular, the industry is moving from glass/backsheet

to glass/glass module designs, from p-type to n-type, perovskite,
and silicon-perovskite tandem solar cells, and from the long-
established ethylene vinyl acetate (EVA) encapsulant toward
alternative materials such as polyolefin (POE), thermoplastic poly-
olefin (TPO), and coextruded EVA-POE-EVA (EPE) encapsulants
(1,2, 7, 8].

The rapid expansion of PV modules has also come upon land
availability limitations, particularly in densely populated or
mountainous regions where large field-deployed installations
are constrained [9-11]. This has driven the development of
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alternative deployment strategies that generate electricity with-
out competing with conventional land use. Examples include
agrivoltaics [12], floating PV systems [13], and various integrated
photovoltaics (IPV), such as building-integrated photovoltaics
[14] and vehicle-integrated photovoltaics [15], where many PV
module designs rely on advanced polymer-based materials that
enable lightweight structures, flexible geometries, and adaptable
module architecture.

These developments place new demands on the performance and
stability of polymeric materials used in PV modules. For instance,
n-type and perovskite solar cells exhibit sensitivity to moisture,
while in glass-free PV designs, the moisture barrier often needs
to be further supported by the encapsulant layer [16-20]. In
addition, perovskite and tandem devices can be prone to delami-
nation during or after lamination due to mismatches in thermo-
mechanical properties [21, 22].

Encapsulants play a central role in the mechanical and structural
integrity of PV modules. Beyond providing optical coupling and
electrical insulation, they embed and connect solar cells with the
rest of the stack, reduce moisture ingress, and minimize transfer
of the stresses between module components induced by environ-
mental loading [23, 24]. Among all components in a glass/glass
PV module, the encapsulant is the only soft, polymeric layer and
therefore governs how the module responds to thermal and
mechanical loads. Daily and seasonal thermal cycling leads to
repeated expansion and contraction of the PV stack components,
resulting in stresses caused by coefficient of thermal expansion
(CTE) mismatches between glass, solar cells, interconnects, and
polymer layers [25, 26]. While the glass layer in conventional
modules helps constrain dimensional changes of the encapsu-
lants in the stack, the situation is different for flexible, light-
weight, or glass-free IPV module designs. In these cases, even
relatively small expansion or contraction of the polymer layers
may lead to larger warping or deformation of the module. If
not properly managed, these stresses can contribute to failure
modes such as solar cell cracking, solder joint fatigue, delamina-
tion, and in the case of mechanically sensitive technologies such
as perovskites, solar cell layer delamination and device failure
[21, 22, 26-29].

Thermomechanical behaviour of polymers has been extensively
studied in other technological fields, including automotive,
microelectronics, packaging, and medical applications [30-39].

In contrast, experimental investigations focusing on the thermo-
mechanical properties of PV polymeric components, including
encapsulants, remain limited [40-45]. Many studies addressing
thermomechanical effects in PV modules rely primarily on
numerical simulations, in which encapsulant behaviour is often
simplified to facilitate modeling or sometimes even ignored [46].
Common assumptions include linear elastic material behaviour
and often assumed constant CTE at 270 ppm over broad tempera-
ture ranges, frequently based on EVA as a reference material
[47-53]. While researchers introduced viscoelastic material des-
criptions to better capture encapsulants behaviour [43, 49, 54],
constant CTE values are still widely used. As a result, experimen-
tally observed material behaviour may not be fully represented in
thermomechanical simulations.

In reality, the thermomechanical response of polymer materials
is strongly influenced by their processing history [33]. However,
systematic experimental studies addressing the impact of
encapsulant processing history on thermomechanical properties
are scarce [55]. Polymer morphology, crystallinity, and dimen-
sional stability are affected by manufacturing conditions (extru-
sion temperature and speed, stretching in both machine direction
(MD) and transverse direction (TD), speed of cooling down, and
annealing process) prior to lamination [31, 33, 40, 56]. These fac-
tors are known to influence the initial material state and may
contribute to differences in dimensional stability observed after
lamination (as shown in Figure 1).

On the other hand, lamination temperature, pressure, dwell time,
and cooling conditions determine the extent to which initial
processing history is overwritten and new polymer networks
and chain orientations are formed [41]. These parameters are
of great importance for minimizing residual stresses, which
can impact PV module reliability during operation [51, 58].
For crosslinking encapsulants, the degree of crosslinking repre-
sents an additional impacting parameter on encapsulants prop-
erties in the PV module. Previous studies have demonstrated
methods for determining the degree of crosslinking [59-70]
and the importance of its impact on adhesion, discoloration,
corrosion, and potential-induced degradation in PV modules
[58, 71-75]. In contrast, the influence of the degree of crosslink-
ing on thermomechanical properties, particularly on CTE behav-
iour, has received little attention [76]. On top of that, for
noncrosslinking encapsulants such as TPO, the absence of a
defined curing reaction raises fundamental questions regarding

FIGURE1 | Examples of defects created during the lamination of PV modules caused by high encapsulant shrinkage: (a) wrinkles in the frontsheet
(in-house lamination), (b) back encapsulant shrinking (in-house lamination), and (c) wrinkle in the backsheet [57].
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how sufficient lamination conditions should be defined to ensure
long-term reliability.

This work addresses mentioned gaps by experimentally investi-
gating the effect of processing history and lamination duration on
the thermomechanical properties of PV encapsulants. A total of
six encapsulant materials, including crosslinking EVA, two cross-
linking POE types, a noncrosslinking TPO, and two coextruded
EPE, were studied under multiple lamination conditions. The
degree of crosslinking was characterized using destructive (differ-
ential scanning calorimetry (DSC)) and nondestructive (Fourier
transform infrared spectroscopy (FTIR)) techniques, and thermo-
mechanical behaviour was assessed using digital image correlation
(DIC). By comparing the initial and postlamination thermome-
chanical behaviour of commercially relevant encapsulants under
controlled lamination conditions, this study provides experimental
insight into the influence of the initial material state and lamina-
tion duration on encapsulant behaviour relevant to current and
emerging PV module technologies.

2 | Materials and Methods

The experimental investigation was carried out on six commer-
cially available PV encapsulant materials produced by different
manufacturers. The encapsulants are referred to anonymously
throughout the text to avoid bias or brand-specific interpretation.
The study included an industry-standard EVA, followed by two
crosslinking POEs, one noncrosslinking TPO, and two EPE
encapsulants. The two EPE encapsulants differed with their
POE core type, EPE-1 had a noncrosslinking and the EPE-2 cross-
linking POE core. An overview of the investigated materials is
provided in Table 1. For each encapsulant type, a roll of
~10m in length was available. From each roll, two specimens
with dimensions of 20 x 20 cm? were cut from random positions
along the roll length in order to account for potential in-roll
material variability. The degree of crosslinking and thermome-
chanical properties of all encapsulants were investigated in both
unlaminated (uncured) and laminated (cured) states. The lami-
nation process and parameters are described in the Supporting
Information.

2.1 | DSC

DSC was performed using a DSC 4000 from PerkinElmer Inc. to
measure thermograms of encapsulants. Approximately 7 mg of

TABLE 1 | Studied encapsulant materials and their properties.

each material was placed in an aluminium pan with perforated
lid. For each material, three measurements were performed, and
the average of these measurements was used for the calculations.
DSC measurements were carried out in accordance with IEC
62788-1-6:2017 for the combined enthalpy and melt/freeze
method [77]. According to this standard, the degree of crosslinking
of EVA-based encapsulants can be determined from the residual
curing enthalpy and from changes in the crystallization behaviour.
In the work of [70], the method was proven to be suitable for deter-
mination of crosslinking degrees of POE encapsulants. In the pres-
ent study, the same methodology was applied to all crosslinking
encapsulants investigated, and details of the DSC measurement
parameters are described in Supporting Information.

2.2 | FTIR and Principal Component
Analysis (PCA)

Fourier transform infrared spectroscopy in attenuated total
reflection mode (FTIR-ATR) was applied as a nondestructive
method to investigate the crosslinking behaviour of the encapsu-
lant materials. This method was chosen as it enables possible
observation of small chemical differences between materials that
might have been below limit of detections of the destructive
methods studied here. FTIR-ATR measurements were performed
using a SpectrumTwo spectrometer (PerkinElmer, Inc., USA)
equipped with a Quest ATR unit with diamond crystal
(Specac Ltd., United Kingdom). Three spectra per sample were
recorded over a wavenumber range of 4000-650 cm™* at a reso-
lution of 4 cm™", with each spectrum representing the average of
four scans.

The obtained FTIR-ATR spectra were analysed by PCA. PCA is
an exploratory multivariate statistical method that reduces the
dimensionality of complex datasets while preserving most of
the original variation [78, 79]. In this study, PCA was used as
a visualisation tool to reveal spectral trends, sample groupings,
and changes related to the degree of crosslinking. In general,
PCA reduces the dimensionality of the dataset by generating a
smaller number of new variables, referred to as principal com-
ponents (PCs), which retain most of the variation present in
the original data. The first principal components account for
the largest share of the total variance. In this study, score plots
of the first two components (PC1 and PC2) were used to assess
possible trends within the sample sets. PC1 represents the direc-
tion of the greatest spectral variation, while PC2 represents the
second-largest variation. The position of each point in the score

Encapsulant Polymer type Crosslinking chemistry Thickness, pm
EVA Ethylene vinyl acetate® Peroxides 600
POE-1 Ethylene a-olefin® Peroxides 450
POE-2 Ethylene a-olefin® Peroxides 500
TPO Ethylene ethyl acrylate® Noncrosslinking 400
EPE-1 EVA—ethylene acrylate copolymer—EVA [8] Peroxides for EVA layers 450
EPE-2 EVA—ethylene a-olefin—EVA [8] Peroxides 600
“In house measured and identified using FTIR-ATR.
Advanced Energy and Sustainability Research, 2026 3 of 15

85UB0|7 SUOWILLID BAFeR1D) 3|qedljdde 8Ly Ag pausenob are sl e O ‘88N JO 3N Joj A%eiqiT8uluO A1 UO (SUO 3IPUCD-pUR-SUBY/WI0D A8 | 1M Ale1q 1 [Bul[UO//SANY) SUORIPUOD PUe SWLB | 8U} 885 *[9202/60/20] U0 A%eiqi8ulluO A8|IM ‘ZSZ0."1538/200T OT/I0p/WoD A8 | M AIq1 Ul U0 PeoURADe// SNy WO} papeo|umoq ‘8 ‘9202 ‘ZTY66692



plot therefore reflects its spectral similarity to or difference from
the other points. Points located close together have similar spec-
tral information, whereas greater distances indicate larger spec-
tral differences. Prior to PCA, the spectra were preprocessed by
standard normal variate normalization and first-derivative trans-
formation using a Savitzky Golay filter with smoothing. In addi-
tion, mean centering was applied before PCA. The PCA results
were then compared with the findings of the other methods used
in this study.

2.3 | DIC—CTE

The dimensional stability of the unlaminated samples and CTE
of the unlaminated and laminated samples were measured using
a Dantec Q400 TCT DIC system from Dantec Dynamics. The
device consists of two cameras and a temperature-controlled
chamber equipped with a heated/cooled thermal plate. During
measurement, a time series of images of the sample surface is
taken during the thermal stages. The recorded images were eval-
uated using Istra 4D software (Dantec Dynamics), which calcu-
lates the relative surface displacement by correlating each image
in the series with the initial reference image. The measurements
were done in the temperature range from 20 to 120 °C with a
heating rate of 2 °C min™"'. For the dimensional stability of the
unlaminated encapsulants, the length change in both the MD
and TD was followed relative to the initial diameter of 20 mm,
taken from the centre of each sample. Details of sample dimen-
sion and preparation are provided in the SI.

3 | Results and Discussion

3.1 | The Crosslinking Behaviour and Degree of
Crosslinking From DSC

As mentioned, according to IEC 62788-1-6:2017, the degree of
crosslinking of EVA-based encapsulants can be determined from
the residual curing enthalpy and from changes in crystallization
behaviour [70, 80, 81]. In this study, the same heating profile was
applied to all encapsulants, and the degree of crosslinking was
calculated following the equations provided in the standard [77].

The first cooling and second heating curves are particularly
important as they provide the information required for the cal-
culation of the degree of crosslinking. Therefore, these curves
were carefully analysed and compared. Calculated values for
the degree of crosslinking from enthalpy (G.) and melt/freeze
(Gmr) methods are presented in Table 2. Due to the large amount
of data, Figures 2 and 3 show only the DSC curves for POE-1,
EPE-1, and EPE-2; the remaining curves for the other encapsu-
lants are provided in the Supporting Information together with
graphs showing the full heating range for all encapsulants at the
lamination time of 15 min (Figures S4-S6).

For the EVA encapsulant, G, values indicated lower degree of
crosslinking compared to Gyr values. According to the change
in the crystallization peak from the first cooling curves, a degree
of curing of 96.4% (Gur) was reached after 10 min of lamination,
while G, calculations showed a degree of crosslinking of only
63.6%. This may be attributed to incomplete peroxide decomposi-
tion or delayed degassing due to the excess peroxide content com-
monly added to ensure complete crosslinking, resulting in
differences in the calculated degree of crosslinking [70, 80]. The
observation is confirmed by the second heating curve, where an
exothermic peak between 160 and 180 °C is still present at lami-
nation duration of >10 min. While this may lead to misinterpre-
tation of the crosslinking degree, it poses additional concern.
Residual peroxides in combination with other additives can cause
encapsulant yellowing and corrosion of PV module components
[29, 82]. The apparent increase of Gy above 100% for >15min
is likely an artefact resulting from small variations in crystalliza-
tion behaviour, which are sensitive to the maximum heating tem-
perature used in the DSC cycle. G, is in steady increase and
reaches a maximum value of 84% for 30 min lamination duration.

POE-1 exhibits the slowest curing behaviour among the studied
single-layer encapsulants. Furthermore, a second melting peak at
~104 °C is observed, likely from the presence of a small amount
of the crystalline fraction from low-density polyethylene. An exo-
thermic peak in the second heating curve remains visible up to a
lamination time of 30 min, and a similar trend is observed in the
crystallization peak during the first cooling. However, the calcu-
lated values of G, and Gy differ, the degree of crosslinking from
the residual enthalpy is lower than the melt/freeze, 76.9% and
94.9%, respectively.

TABLE 2 | Crosslinking degrees calculated according to residual enthalpy (G.) and melt/freeze method (Gyr).

Lamination EVA POE-1 POE-2 EPE-1 EPE-2
time, min G, % Gup % Ge% Gup% Goy% GCup % Geo% Gup %  Ge, % Gurs %
2 14.9 7.2 39.5 2.9 0 0? 0 0? 0 Dual
5 66.1 79.0 20.9 12.3 2.3 0 10.5 1.3 34.6 peak
10 63.6 96.4 63.7 52.5 524 46.0 59.2 90.4 94

12 66.1 99.3 58.2 50.2 64.3 66.1 67.1 110.7° 94.7

15 77.7 101.7° 54.9 69.5 85.7 64.6 96.1 106.0° 96.2

20 80.7 100.9° 67 88.1 85.7 63.8 93.4 103.3° 99

30 84 101.7° 76.9 94.9 85.7 76.7 94.7 101.1° 97.7

“False negative value.
PFalse positive value.
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POE-1, EPE-1, and EPE-2 in temperature range of 30-70 °C, where the
crystallization peak is observed.
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FIGURE 3 | The second heating DSC curves of uncured and lami-
nated POE-1, EPE-1, and EPE-2. The dotted line indicates the thermo-
gram baseline and aids in identifying the exothermic crosslinking peak.

thermal history between extrusion and lamination of encapsu-
lant, which can influence crystallization behaviour of the semi
crystalline polymers when the degree of crosslinking is still
low. However, additional investigations would be required to
directly confirm this mechanism. A lamination duration of
15 min at 150 °C appears sufficient to ensure complete peroxide
decomposition and to reach the maximum degree of curing for
this material formulation. For lamination times >15min, the
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characteristic exothermic peak associated with peroxide-initiated
crosslinking is no longer visible. However, a change in the base-
line slope of the heat-flow curve within the same temperature
interval indicates the presence of residual crosslinking reaction.
Based on the residual enthalpy, the calculated degree of cross-
linking stabilizes at ~85% across all samples. Furthermore, the
first cooling thermograms reveal a change in the crystallization
peak for all specimens laminated for >15min. This behaviour
suggests that residual crosslinking reaction, observed in the sec-
ond heating, continues beyond the primary peroxide-initiated
stage.

Even though POE-1 and POE-2 differed in the speed of their
crosslinking, for both of them, peroxides were decomposed before
the maximum degree of curing could be reached (according to the
Gyr) calculations. However, since POE encapsulants are generally
considered a slow-curing material with a lower overall degree of
crosslinking compared to EVA, the available peroxide content was
most likely sufficient to reach the optimal degree of curing despite
apparent differences in measurement [67].

As expected, TPO is a noncrosslinking encapsulant, and there-
fore, its thermal properties are independent of lamination
duration.

A more complex crosslinking behaviour is observed for the EPE
encapsulants. As mentioned previously, EPE-1 and EPE-2 differ
in the nature of their POE core materials. In EPE-1, the POE core
is a noncrosslinking type; therefore, the peroxides present in the
material are intended solely for EVA crosslinking. Consequently,
no changes in the melting or crystallization peaks of the POE
core are observed. Analysis of the second heating curve revealed
an unexpected deviation for the samples laminated for 12 min.
All three tested specimens exhibited a lower apparent POE frac-
tion compared to samples laminated for other durations. These
specimens were taken from random positions within a single
20 x 20 cm® laminated sample. Additional DSC measurements
were performed on several specimens from the same laminate,
and a reduced apparent POE content was consistently observed.
This suggests that the effect is not related to measurement vari-
ability but rather to structural inhomogeneity within the lami-
nate. A possible explanation is an uneven distribution of the
POE layer within the laminated stack. To verify this assumption,
cross-sections of the laminate were examined by optical micros-
copy. The images confirmed local variations in the POE layer dis-
tribution. Representative images are provided in the Supporting
Information (Figure S3). For the crosslinking behaviour from the
second heating curve, contrary to the single EVA encapsulant,
the exothermic peak after 15 min of lamination duration is no
longer observable. A similar trend is observed from the first cool-
ing curves, where the crystallization peak for samples laminated
for >15 min is influenced by the amount of POE core present, but
no further crosslinking is observed.

EPE-2 exhibits distinctly different behaviour compared to EPE-1.
In this material formulation, both the EVA and POE components
are crosslinking polymers. For uncured and under-cured samples
(0, 2, and 5min lamination time), two exothermic peaks are
observed, which could be attributed to the presence of different
crosslinking systems [83]. In contrast to the measured single-
layer EVA and POE samples, no exothermic peak is observed

after 12 min of lamination, indicating that the peroxides have
fully decomposed, and EPE-2 has reached an apparent degree
of crosslinking of 94.7%. However, analysis of the first cooling
curves, together with the cooling curve from the second cooling
step, referring to the “maximum cured sample” (grey curve in
Figure 2), shows that the crosslinking reaction is still ongoing,
similar to the behaviour observed for POE-2. At this stage, heat
acts as the main driving factor for further network formation, and
the reaction proceeds slowly at 150 °C. This behaviour indicates
that although the peroxides have decomposed, the curing process
has not reached its maximum extent. Higher lamination temper-
atures or longer lamination times are therefore required to
achieve a higher degree of curing in the POE core, as visible from
the second cooling curve, where the crystallization peak associ-
ated with the POE phase appears with a higher intensity. The
results suggest that the curing process did not reach its maximum
extent under the investigated conditions.

In addition, even though the crosslinking reaction in EPE-2
proceeds slowly after peroxide decomposition, similar to POE-2,
no baseline slope change is observed in the second heating curve.
This low detectability of residual crosslinking reaction is due to
the slow reaction rate, combined with the POE fraction repre-
senting only about one third of the total mass in a small sample
size (=7 mg). Additionally, the degree of curing could not be
determined using the melt/freeze method, which is designed for
encapsulants exhibiting a single crystallization peak. However,
the presence of two crystallization peaks in EPE-2 prevents reli-
able calculation using this approach.

3.2 | Limitations of DSC Methods for
Determining Degree of Crosslinking of EPE
Encapsulants

Even though combined enthalpy and melt/freeze DSC methods
have been used to evaluate degree of curing for EVA and POE
encapsulants [70, 80, 81], applying these methods to coextruded
EPE encapsulants revealed their limitations. For EPE-1, residual
enthalpy-based calculations showed a clear trend in crosslinking
development, while Gyr values became unreliable due to the
influence of the POE layer on the crystallization peak of EVA,
producing apparent “over-curing” or false positive values.
EPE-2 presented a different challenge; both layers are crosslink-
ing polymers but with distinct curing rates. While G, indicated
high crosslinking and rapid peroxide decomposition, melt/freeze
calculations were limited by a second crystallization peak in the
second cooling curve.

These observations highlight that methods developed for mono-
layer encapsulants must be reconsidered and adapted for more
complex, multilayer encapsulants. Furthermore, other quantita-
tive techniques for assessing the degree of crosslinking in indi-
vidual EVA or POE layers, such as gel content determination
by Soxhlet extraction, will reach practical limits in applicability
for multilayer EPE systems. Since both the soluble and insoluble
fractions contain contributions from both polymers, the measured
gel content reflects the combined behaviour of the laminate and
does not allow direct determination of the crosslinking degree of
the individual EVA and POE layers [68]. Accurate determination
will therefore become considerably more challenging, requiring
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detailed knowledge of layer composition, relative mass fractions,
and individual crosslinking behaviour, particularly when compo-
nents cure at different rates.

3.3 | PCA of FTIR-ATR Spectra of Encapsulants
According to Lamination Duration

PCA of all crosslinking encapsulants revealed a systematic pro-
gression with increasing lamination duration, with samples gen-
erally shifting from right (0 min) to left (30 min) in the score plot
(Figure 4). In the individual score plots, samples generally shifted
along PC1 with increasing lamination duration. Samples lami-
nated for 0-5 min were mostly located closer to the region asso-
ciated with short lamination times, whereas samples laminated
for 15-30 min were positioned towards the opposite end of PC1.
Intermediate lamination durations generally occupied transi-
tional positions, although the exact progression differed between
encapsulants. For POE-1 and EPE-1, the 5 min samples remained
relatively close to the samples exposed to shorter lamination
durations, whereas for POE-2 and EPE-2, they had already
shifted towards an intermediate position. For EVA, the 5min
samples occupied intermediate positions, while samples lami-
nated for 10 min or longer were predominantly located in the
high-lamination region, which is consistent with the trends
observed by DSC. In contrast, POE-2 exhibited a stronger shift
in the PCA score plot than suggested by the DSC-derived values.

PCA was used to assess trends and clustering in the FTIR data in
relation to lamination duration and the associated material

changes rather than to quantify crosslink density. The systematic
progression of the samples with increasing lamination duration
indicates that FTIR-PCA is sensitive to lamination-induced
changes, such as decomposition of peroxides and decrease in
crystallinity. As the complete spectra were included, the observed
clustering reflects overall spectral changes rather than variations
in a single band. The PCA results generally followed trends sim-
ilar to those obtained from the DSC-based Gy calculations,
despite the limitations and inconsistencies observed for some
encapsulants in the DSC analysis.

It is important to note that FTIR-ATR is a surface-sensitive tech-
nique with a penetration depth limited to only a few micro-
metres. Consequently, for the EPE encapsulants, the PCA
results should be interpreted as reflecting changes occurring pre-
dominantly at the encapsulant surface (EVA layer). More gener-
ally, for all investigated materials, FTIR-PCA should be regarded
as a qualitative and comparative tool for identifying lamination-
related trends rather than as a quantitative measure of the overall
degree of crosslinking.

3.4 | Thermomechanical Behaviour of
Unlaminated (Uncured) Encapsulants

The CTE measurements of the unlaminated encapsulants
revealed pronounced differences in dimensional stability, reflect-
ing variations in the initial material state of the investigated
encapsulants that are likely associated with differences in their
manufacturing history.
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FIGURE 4 | PCA scatter plots of PC1 versus PC2 for all crosslinking encapsulants at different lamination times.
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Figure 5 shows the in-plane dimensional changes calculated
from horizontal and vertical gauge lines taken from the centre
of the samples, each with an initial length of 20 mm. Figure 6
presents the CTE evaluated over the central area of the sample,
represented by a regular grid (see the red mesh in Figure 7a), in
the temperature range from 20 to 120 °C for all investigated unla-
minated encapsulants, in both the MD and the TD. Dimensional
stability (i.e., shrinkage and expansion) is directly related to the
CTE as the latter is derived from the measured dimensional
changes.
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EVA encapsulant exhibited shrinkage in both directions over the
measured temperature range. As the material contracted in-plane,
a corresponding increase of 0.15mm in thickness was observed,
indicating material flow towards the interior. Shrinkage was more
pronounced in the MD, while a reduction in shrinkage rate was
observed at temperatures around 90 °C.

Although POE-1 and POE-2 belong to the same material class, sig-
nificant differences in their dimensional response were observed.
POE-1 showed strong shrinkage in the MD, accompanied by
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FIGURES5 | Dimensional (length) change in machine (MD) (left) and transverse (TD) (right) direction for unlaminated encapsulants. Dotted arrows
point the visually observed shrinkage or expansion trends for TPO and EPE-1, beyond the data measured by DIC.
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FIGUREG6 | CTE in machine (MD) (left) and transverse direction (TD) (right) for unlaminated encapsulants. Dotted arrows point the CTE behaviour

trends for TPO and EPE-1, beyond the data measured by DIC.

FIGURE7 | Unlaminated EPE-1 before ((a) 4 cm width) and after ((b) ~1.5 cm width) CTE measurements, shrinkage in machine (black arrows) and

expansion in transverse direction (white arrows).
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expansion in the TD. The magnitude of shrinkage considerably
exceeded the transverse expansion and was accompanied by an
increase in specimen thickness from ~0.45 to 1.0 mm after the
thermal cycle. This behaviour is consistent with relaxation of
anisotropy introduced during film manufacturing (a schematic
illustration of the proposed evolution of the encapsulant polymer
structure during manufacturing and lamination process is pro-
vided in the Supporting Information (Figure S13)). In contrast,
POE-2 exhibited substantially lower dimensional changes in both
directions, with shrinkage magnitudes approximately eleven times
lower than those observed for POE-1, suggesting that the material
entered the lamination process in a more dimensionally stable ini-
tial state.

TPO, as the only single-layer thermoplastic encapsulant investi-
gated, experienced pronounced shrinkage in the MD once the
melting onset temperature was reached. Above ~105°C, the
applied speckle pattern could no longer be tracked by DIC due
to excessive deformation caused by encapsulant warping, and no
further quantitative data could be obtained. Nevertheless, visual
observation confirmed continued shrinkage in the MD. Only a
minor expansion was observed in the TD.

EPE-1, containing a TPO core layer, exhibited the largest dimen-
sional changes among all investigated encapsulants. A pro-
nounced shrinkage was observed in MD, while expansion in
TD was higher than that for the other materials. The in-plane
contraction was accompanied by a substantial increase in thick-
ness from ~20.45 to 1.5 mm, indicating significant 3D redistribu-
tion of material during the heating. In Figure 7, the dimensional
change of EPE-1 specimen can be seen after the heating and cool-
ing step, and observable shrinkage corresponds to the combined
shrinkage occurred during heating and additional shrinkage that
took place during the cooling stage.

Among all investigated materials, EPE-2 demonstrated the high-
est dimensional stability. Only a minor shrinkage was observed
in MD directions (—0.23 mm or 1.1%). The substantially lower
dimensional changes compared to EPE-1 indicate that significant
differences in thermomechanical behaviour can exist between
encapsulants under the same name label, further emphasizing
the influence of the initial material state on the subsequent ther-
momechanical response.

The pronounced dimensional changes observed in the unlami-
nated encapsulants demonstrate that the manufacturing-induced
initial material state can strongly influence thermomechanical
behaviour during the evacuation heating stage of lamination
(see Figure S13 for the lamination stages). This stage is particu-
larly challenging because shrinkage can occur before the encap-
sulant becomes constrained by the fully laminated module stack,
which may contribute to manufacturing-related defects as illus-
trated in Figure 1, where excessive dimensional changes cause
local deformation of the laminate.

The measured dimensional changes were substantially larger
than shrinkage values typically reported in technical datasheets,
highlighting the importance of evaluating encapsulant behaviour
under conditions representative of PV module processing, for
example, following IEC 62788-1-5 Encapsulants—Measurement
of change in linear dimensions of sheet encapsulation material

resulting from applied thermal conditions [84]. Furthermore, the
observed differences were not limited to comparisons between
material classes but were also found among encapsulants belong-
ing to the same nominal material family. This demonstrates that
generic material classification alone is insufficient to predict ther-
momechanical behaviour prior to lamination and emphasizes
the importance of considering the manufacturing-induced initial
material state when selecting encapsulants for PV module
applications.

These findings are particularly relevant for emerging PV module
architectures, including glass-free, lightweight, flexible, and
silicon-perovskite tandem modules, where encapsulant dimen-
sional changes are less constrained and where thermomechani-
cal mismatches may have a greater influence on manufacturing
yield and long-term reliability. Collectively, the results highlight
the importance of evaluating encapsulant materials not only
based on chemistry, adhesion, or barrier properties but also
on their dimensional stability prior to lamination.

3.5 | Thermomechanical Behaviour of Laminated
(Cured) Encapsulants

Following lamination, thermomechanical behaviour reflects the
gradual transformation of the manufacturing-induced initial
material state into a new laminated state through polymer chain
relaxation, reorientation, and, for crosslinking encapsulants, net-
work formation, as described and schematically presented in
Supporting Information.

A lamination duration of 2 min substantially altered the dimen-
sional response of all materials relative to the unlaminated state
(see Figure 8). The anisotropic behaviour observed in the unla-
minated encapsulants, characterized by shrinkage in MD and
expansion in TD, was reduced after lamination. However,
2 min was insufficient to allow complete relaxation and reorien-
tation of polymer chains in the molten state, and DSC results
indicated that only limited crosslinking had occurred in the
crosslinking encapsulants. Nevertheless, a pronounced change
in dimensional behaviour was observed. Following heating
and pressure application during lamination, the thermomechan-
ical response shifted from the MD-shrinkage/TD-expansion
behaviour of the unlaminated materials towards predominantly
MD-shrinkage/TD-shrinkage, i.e., contraction occurring in both
directions.

Among the investigated materials, EVA exhibited the largest
dimensional changes after 2min of lamination. In contrast,
POE-1, which showed pronounced shrinkage in the unlaminated
state, displayed a considerably more stable response after lami-
nation. Similar reductions in dimensional change were observed
for TPO, EPE-1, and POE-2. EPE-2 remained the most dimen-
sionally stable encapsulant, exhibiting only minor shrinkage
in both directions.

Increasing lamination duration further reduced the magnitude of
dimensional changes and the differences between MD and TD
CTE values (see Figures 9 and S7-S12). A lamination duration
of 5min was insufficient to achieve final thermomechanical
response for EVA, POE-1, and POE-2, nearly sufficient for
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TPO and EPE-1, and close to sufficient for EPE-2. POE-1 exhib-
ited highest shrinkage in both directions, suggesting a need for
longer lamination times at 150 °C for polymer chain reorienta-
tion and higher crosslinking degree.

While encapsulants obtained “final” thermomechanical proper-
ties for >10 min of lamination duration, material-dependent dif-
ferences in the time required to reach a stable thermomechanical
response were evident. TPO, EPE-1, and EPE-2 approached sta-
ble behaviour at shorter lamination durations, whereas EVA,
POE-1, and POE-2 continued to exhibit measurable changes up
to ~12 min. These observations indicate that the evolution of ther-
momechanical behaviour during lamination depends not only on
the polymer type but also on the initial state of the encapsulant
entering the lamination process and, for crosslinking materials,
on the progression of network formation observed by DSC.

A small difference in the shape of the CTE curve was observed for
EPE-1 laminated for 12 min. DSC analysis of this specimen indi-
cated a lower fraction of the POE core layer compared with the
other EPE-1 samples, suggesting that variations in layer distribu-
tion may influence the thermomechanical response of coex-
truded encapsulants. While the effect was relatively small, it
demonstrates the additional complexity associated with multi-
layer encapsulants.

The thermomechanical behaviour of all six encapsulants lami-
nated for 30 min is compared in Figure 10. Clear differences
in CTE values and temperature-dependent dimensional changes
are observed between all studied materials, not only between dif-
ferent polymer types but also within the same material groups, as
shown by the variation between POE-1 and POE-2 and between
EPE-1 and EPE-2. Despite these differences between materials,
overlapping the CTE curves measured in MD and TD shows
that all encapsulants individually display nearly isotropic
behaviour after 30 min of lamination. Compared to the initial
state and shorter lamination times, this indicates that longer
lamination improves the uniformity of the thermomechanical
response.
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FIGURE10 | CTE curvesin machine (solid line) and transverse direc-
tion (dash/dot line) of 30 min laminated encapsulants.

Interestingly, the encapsulants exhibiting the largest dimensional
changes in the unlaminated state, TPO and EPE-1, displayed the
lowest CTE range and only minor contraction above the melting
temperature. This observation demonstrates that large dimen-
sional relaxation during the initial heating stage does not neces-
sarily translate into a less stable thermomechanical response
after sufficient lamination. Instead, the results highlight the
importance of evaluating both the initial state of the encapsulant
and its evolution during lamination when assessing thermome-
chanical behaviour.

Crosslinking materials, EVA, POE-1, POE-2, and EPE-2, exhibit
CTE values ranging from ~300 to —150 ppm across the measured
temperature range, together with noticeable contraction in the
melting region, which can be linked to remaining noncros-
slinked polymer fractions. These results highlight the strongly
temperature-dependent nature of encapsulant thermomechan-
ical behaviour. Consequently, the measured behaviour may be
relevant for future efforts aimed at improving the realism of
thermomechanical modelling of PV modules.

Although the measurements were performed on unconstrained
encapsulants, the observed thermomechanical behaviour pro-
vides insight into dimensional changes and stress development
that may occur during PV module manufacturing and operation.
Dimensional changes occurring during the early stages of lami-
nation contribute to the initial stress state of the laminate, while
subsequent thermal cycling during field exposure may further
amplify stresses arising from thermomechanical mismatches
between module components.

4 | Conclusions

This study investigated the influence of the manufacturing-induced
initial material state and lamination duration on the thermome-
chanical behaviour of six commercially relevant PV encapsulants,
including EVA, POE, TPO, and coextruded EPE materials.

Significant differences in thermomechanical behaviour were
observed not only between encapsulant classes but also between
materials belonging to the same nominal material family. These
results demonstrate that generic material classification alone is
insufficient to predict dimensional stability and thermomechan-
ical response during PV module manufacturing.

Both DSC (combined residual enthalpy and melt/freeze meth-
ods) and FTIR-ATR/PCA revealed limitations regarding the
characterization of crosslinking behaviour of coextruded multi-
layer EPE encapsulants. DSC-based approaches provided useful
information on curing progression but were influenced by resid-
ual peroxide content, crystallization behaviour, and multilayer
material architecture (EVA and POE distribution in the stack).
FTIR-ATR combined with PCA proved to be a useful nondestruc-
tive tool for qualitative assessment of material evolution during
lamination; however, FTIR-ATR measures only the surface, lim-
iting assessment only to the outer EVA layers.

DIC measurements revealed substantial differences in dimen-
sional stability between unlaminated encapsulants, reflecting
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differences in their manufacturing-induced initial material state.
During unconstrained heating, these differences manifested as
pronounced shrinkage and anisotropic dimensional changes,
indicating that the initial state of the encapsulant can strongly
influence behaviour during the early stages of lamination.

Lamination progressively modified this initial state and reduced
thermomechanical anisotropy. Depending on the material, ~5-
10 min of lamination at 150 °C was required to achieve stable ther-
momechanical behaviour. Interestingly, the encapsulants exhibiting
the largest dimensional changes prior to lamination, namely, TPO
and EPE-1, displayed the lowest CTE range after extended lamina-
tion, highlighting the importance of evaluating both the initial state
and the evolution of encapsulant properties during processing.

Although the measurements were performed on unconstrained
encapsulants, the results provide experimental insight into
dimensional changes occurring during lamination and into the
temperature-dependent thermomechanical behaviour of postla-
minated encapsulants. The presented dataset may support future
investigations of stress development, thermomechanical interac-
tions, and material selection in conventional and emerging PV
module architectures.
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