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EVA is a widely used material for the encapsulation of photovoltaic modules. It melts at
elevated temperatures, and seals the module before it is crosslinked at temperatures above
130 �C by a peroxide-initiated crosslinking reaction. EVA has good optical properties
necessary for application in solar modules. For process optimization and quality manage-
ment, amethod for the quick and reliable characterization of EVA crosslinking behaviour is of
great value. Here, the practicability of ultrasound for online crosslinking monitoring is
demonstrated. A sound velocity increase of about 8 m/s during the crosslinking reaction is
found. The ultrasound results are comparedwith rheometermeasurements performedwith
a curemeter typically used for the investigation of rubber crosslinking.

� 2012 Published by Elsevier Ltd.
1. Introduction

Ethylene vinyl acetate (EVA) plays an important role in
photovoltaic module manufacturing. It is used to encap-
sulate solar cells in a lamination process. During the lami-
nation process, EVA is crosslinked by an incorporated
curing agent, typically peroxide [1,2]. The degree of cross-
linking, which is an important parameter for the long-term
stability of the photovoltaic module, can be identified, e.g.
by determining the gel content [3]. Therefore, the stan-
dardized extraction method with xylene is often applied
[4]. Soxhlet extraction is carried out for 8 h in boiling xylene
(a mixture of isomers) at about 140 �C. An antioxidant is
added to the xylene. After the boiling procedure, the
sample is dried and then stored for 3 h in a compartment
dryer at 140 �C. The gel content is calculated as the
percentage ratio of the final weight to the initial weight.
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This rather laborious and time-consuming method is inef-
fective for a production process, where quick decisions in
quality management are necessary.

In the interest of finding methods to control the cross-
linking process that are easier to handle, differential scan-
ning calorimetry (DSC), curemeter and sound wave
propagation experiments were carried out. The main task
was to check whether the ultrasonic method is suitable for
monitoring the crosslinking process of EVA.

A standardmethod for analysing chemical reactions such
as crosslinking reactions is differential scanning calorimetry
[5]. This method determines the temperature difference of
a crucible with the sample in comparison to a thermally
inert reference crucible in a temperature chamber under
linear heating or isothermal conditions. Through the
temperature difference, the occurrence of physical changes
(glass transition, melting, and crystallization) and chemical
processes (reaction) within the sample can be detected.

A special rheometer, the curemeter, is oftenused to record
the progress of the crosslinking reaction in rubber [6–8].

Ultrasound wave propagation is also influenced by the
mechanical properties of the material. The change of
storage modulus during crosslinking can be observed as
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a change in sound velocity. Small ultrasound sensors can be
integrated into a mould without any difficulty. Hence,
ultrasound process monitoring has found widespread
application for monitoring crosslinking reactions of ther-
mosetting resins [9–14] and rubber vulcanisation [15–17].

2. Experimental

2.1. Sample material

Commercially available SOLAR EVA� RC02B (curing
type: fast) from Mitsui Chemicals Fabro, Japan [18] was
used. The material was delivered as foil 0.64 mm thick.

2.2. Thermal analysis by differential scanning calorimetry
(DSC)

For DSC, a measuring instrument 204 F1 Phoenix�,
Netzsch, Germany, was used. Standard crucibles with
a manually perforated lid were deployed. A circular sample
was punched out from the EVA foil. The measurement
procedure consisted of three parts. First, the sample was
heated from room temperature to 200 �C. This temperature
was determined after a preliminary test run because it was
high enough to allow the crosslinking reaction to take
place. After this, the sample was cooled to room tempera-
ture and then heated again to 200 �C. The heating and
cooling rates were 10 K/min.

2.3. Rheology

A curemeter as typically used in rubber industry was
employed for the rheological measurements. The cure-
meter measures the torque necessary to deform a sample
by a definite angle. The crosslinking process causes the
torque to increase in a characteristic way. A curemeter is
characterized by high precision and good sensitivity, and
the method is standardized in ISO 6502. The instrument
used was the MDR 3000 Professional, by MonTech Werk-
stoffprüfmaschinen GmbH, Germany.

A diagram of the measuring die is represented in Fig. 1.
In addition to the general cone-cone geometry typical for
rheometers, the die of a curemeter has a special shape that
Fig. 1. Functional diagram of the die of a curemeter.
incorporates grooves in the measuring plates to guarantee
good connection between the sample and the plates to
prevent errors by sliding effects. The lower plate is
stationary, while the upper oscillates at a small angle
(typically 0.5�) at a frequency of 1.67 Hz. The torque and the
phase shift between the torque and oscillation angle are
recorded continuously. From these data, the complex tor-
que is calculated which can be split into the in-phase part –
the storage torque S0 – and the part shifted 90� out of phase
– the loss torque S0. The physical meaning is that S0 repre-
sents the elastic part and S00 the viscous part, leading to an
energy transfer from mechanical to thermal energy
through internal friction [19].

For all curemeter experiments, a combination of four
films stacked one above the other was used to fill the die.
The four films were punched by the MonTech rheometer
volume cutter R-VS 3000. The measurements were per-
formed under isothermal conditions at 140 �C, a value
typical for the industrial solar module production process.
2.4. Process monitoring with ultrasound sensors in the mould

The ultrasound method is based on the emission and
detection of a short longitudinal mechanical wave with
a frequency in the range of a few MHz. Longitudinal
ultrasonic waves are used as they can travel as well in
liquids as in solids. Therefore, they can be used more
universally in crosslinking monitoring [13,20]. This is
especially important for EVA, which melts in the heating
period before the crosslinking process starts.

For low damping a and short wavelength l, this means
that when the condition

a$l << 1

holds, the sound velocity of a longitudinal wave vlong
s and

the damping of this wave along are connected with the
longitudinal storage modulus L0 and the longitudinal loss
modulus L00 as follows [13,20]:

L0 ¼ �
vlongs

�2
$r and L00 ¼ 2

�
vlongs

�3
$r$along=u (1)

where r is the density and u the angular frequency.
L0 and L00 can be summarized as the complex longitu-

dinal modulus L*:

L� ¼ L0 þ iL00 (2)

The longitudinal wave modulus is connected with the
compression modulus K* and the shear modulus G*.

L� ¼ K� þ 4
3
G� (3)

As a consequence of the crosslinking process, the
compression and the shear modulus rise [21,22].

Small ultrasound sensors were used for sound wave
excitation and reception. These can simply be incorporated
into a mould. The sensors work with piezoelectric ceramics
which are stable at high temperatures. A schematic view of
the measuring unit incorporated into a moulding press is
given in Fig. 2.



Fig. 3. DSC results for 1st and 2nd heating run, reaction integral for
exothermic peak in 1st run is included, heating rate 10 K/min.
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The sensors (3 and 4) are placed in the temperature
controlled upper and lower parts of the mould (1 and 2) of
a press arrangement. The sensors used can withstand
temperatures up to 180 �C. The movable rack (5) is actuated
by a pneumatic cylinder. A thickness measuring gauge (6) is
added.

The ultrasound measuring equipment, called US-plus�,
consisting of two sensors and a measuring unit, was
developed by SLT Sensor- und Lasertechnik [23]. The
measuring electronics allows the excitation frequency to be
changed in order to stimulate the sensor over a wide range.
The frequency range is limited mainly by the transducer
type. The two sensors are identical. One is used as an
emitter, the other as a receiver.

The excitation signal is applied to the emitter. The gener-
ated sound wave passes through the material in the mould
and is thendetectedby the second sensor. Thepulse travelling
time together with the sample thickness is used to calculate
the sound velocity. The change in signal amplitude provides
the information to determine the sound attenuation. For our
measurements, three excitation frequencies 4, 8.3 and
12.5MHzwere tested. The soundvelocityand the attenuation
were recorded automatically. The data acquisition rate was
selected to one monitoring point per five seconds.
3. Results and discussion

3.1. DSC

The results of the first and second heating runs of the
DSC measurement are shown in Fig. 3.

In the first run, two endothermic peaks are observed in
the temperature range from 30 to 80 �C which are typically
for crystal melting [24]. Starting from 125 �C, an exothermic
peak appears that represents the heat release of the
crosslinking reaction. The peak integral describes the
progress of the reaction. The integral value is scaled to
a range of values between 0 and 100% covering the area
Fig. 2. Schematic view of the ultrasonic measuring unit incorporated into
a moulding press: 1. and 2. Compression mould, with 3. and 4. incorporated
ultrasonic sensors through transmission arrangement, 5. movable rack, 6.
thickness dial gauge.
beneath the peak. In the second measurement, no indica-
tion of incomplete crosslinking is found, as the heat flow
shows a straight line and no remaining exothermic peak.
The DSC results are in good agreement with other pub-
lished data [25,26].

For the isothermal crosslinking experiments with
curemeter and ultrasound, a temperature of 140 �C was
selected. According to the DSC results, this temperature is
somewhat low for the crosslinking reaction, as only 5% of
the crosslinking reaction took place here. However,
considering the heating rate of 10 K/min for the DSC
measurement and the lack of reaction time, it is expected
that 140 �Cwill be sufficient for crosslinking if the sample is
kept at that temperature for an appropriate time. In
industrial module fabrication 140 �C is also a typical pro-
cessing temperature.

3.2. Curemeter

The result of a typical curemeter measurement is given
in Fig. 4. The storage torque and the loss torque show three
typical sections. The drop in the first 30 s is caused by the
quick heating to 140 �C and melting of the material. After
that, the loss torque S00 increases rather quickly to a value of
0.6 dNm after 600 s, but the storage torque S0 shows only
a very slight increase for the first 250 s, and then starts to
increase substantially. This time is often called scorch time
in the rubber industry, where it is associated with a 5% rise
in the storage torque indicated by the standard ISO 6502.
The growing polymer network increases the stiffness of the
material drastically and, therefore, the measured torque
value S0 rises. The storage torque overall shows a typical S-
shape, with an inflection point observed at about 600 s,
after which the slope levels off. From about 1500 s, the
storage torque values show a nearly linear increase with
time. In the chosen measuring time (2 h), the reaction does
not come to an end. In rubber curemeter measurements
this behaviour is called marching modulus.

3.3. Ultrasound

A typical result of the ultrasoundmeasurement at 140 �C
is given in Fig. 5.



Fig. 4. Storage (S0) and loss torque (S00) over time, mould temperature
140 �C.

Fig. 6. Sound velocity over time at the crosslinking process, using the
parameter ultrasonic frequency, mould temperature 140 �C.
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As in curemeter results, three regions are seen in
measured ultrasonic variables. In the first region, the sound
velocity drops due to the softening and finally melting of
the material caused by the temperature increase when it
comes in contact with the heated mould. After about 150 s,
the second region starts where the sound velocity begins to
rise. The rise becomes steeper, runs through an inflection
point and then levels off again, showing a typical S-shaped
curve. After about 900 s, the third region starts where the
sound velocity passes over into a regionwith a smaller rise.

The sound attenuation shows similarities to the sound
velocity. The minimum is reached later and the region of
nearly constant or slightly rising values is reached earlier
(at about 400 s) than for sound velocity.

Since the sound velocity is directly proportional to the
square root of themodulus, and thus easier to interpret, it is
the preferred value to assess for process monitoring.

The influence of excitation frequency on sound velocity
during crosslinking was additionally investigated to find
out whether a particular range is preferred. A typical result
is shown in Fig. 6. The frequency has an influence on the
absolute value but not on the typical curve shape. A higher
frequency leads to a higher sound velocity. The absolute
Fig. 5. Sound velocity and attenuation over time at the crosslinking process,
mould temperature 140 �C.
change in sound velocity does not depend on frequency. In
the example shown, the change in sound velocity is
(7 � 0.5) m/s for all three frequencies, which is within the
range of measuring accuracy. In practice, a lower frequency
is an advantage because sonic attenuation is reduced with
lower frequencies.

The ultrasound method was also tested for reproduc-
ibility. In Fig. 7 an example of 12 individual measurements
is given. For better comparability, the minimum value of
the sound velocity is subtracted and only the change is
shown. The slope of all curves shows identical behaviour
and, therefore, demonstrates the good reproducibility of
the method. At the end of the measurement the differences
are in the range of about 1 m/s.

To check whether curemeter and ultrasound measure-
ments give the same information about the crosslinking
process, the results of both methods are combined in Fig. 8.
For better comparison, the height of the step is normalised to
the difference between the minimum and maximum value.

The analogy between curemeter and sound velocity data
is evident. Obviously, softening in curemeter measurement
is finished in a shorter time. This may be due to better heat
Fig. 7. Change in sound velocity over time at the crosslinking process – test
of reproducibility, mould temperature 140 �C.



Fig. 8. Comparison of change in sound velocity and curemeter storage tor-
que S0 over time at the crosslinking process, mould temperature 140 �C.
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transfer from the mould to the material. However, a distinct
increase appears earlier in the ultrasoundmeasurement. The
deviations at the beginning of the rise may come from the
influence of the specifics of the measuring methods. The
curemeter uses relatively large scale deformation of the
sample and thus measures the overall stiffness of the
sample, whereas the ultrasound wave exerts only minor
deformation. Hence, it may detect crosslinking at an earlier
state where a local network begins to rise. The curemeter
mainly shows the formation of a macroscopic network, so
that a distinct increase is expected when a gel structure is
formed.
4. Summary

The crosslinking process of EVA can be well investigated
by DSC. The reaction takes place in a temperature region
from 130 to 180 �C. The crosslinking process was also traced
by curemeter measurements and registration of the change
in ultrasound wave propagation properties. The experi-
ments were carried out at a constant temperature of 140 �C,
which was in the typical range of the industrial sealing
process.

The curemeter gives typical curves for a crosslinking
material – at first the influence of material warming to
mould temperature is seen, followed by a long-lasting
crosslinking process. The results of the ultrasound
method are very similar to the curemeter. The sound
velocity and damping data clearly show the heating period
after the mould closes and the subsequent crosslinking
process. In the range from 4 MHz to 12.5 MHz the form of
the crosslinking process is independent of the frequency.
The reproducibility of the ultrasound experiments was
rather good.

Therefore, it is shown that a curemeter, typically used for
rubber like materials, gives valuable information about the
crosslinking process in EVA. The drawback that the cure-
meter can only be used offline can be overcome by ultra-
sound online monitoring. It was shown that the US method
delivers qualitatively the same information as the curemeter,
with the advantage that it can be incorporated directly into
the production process of e.g. photovoltaic modules.
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