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Abstract
The deliverable D2.2 “Dispersion of functionalized silica nanocapsules containing PCMs in matrices”
is a confidential document delivered in the context of WP2, Task 2.1 “Development of functionalized
nano-encapsulated phase change materials “developed during this part of EIROS project. As agreed
with the European Commission Project Officer, this CO version will be only circulated amongst the
EIROS PSC, the Project Officer and the Technical External Reviewer, Professor Aldina Santiago.
The main objective of this task is the optimization of functionalization reaction of phase change
nano composites and the incorporation of them into different matrices defined in the Task 1. The
study of the most suitable functionalization groups, reaction medias, reaction temperatures have
been studied to achieve the best functionalization rate. The aim of the functionalization of silica
encapsulated PCMs is to promote their better dispersion and compatibility with the matrix as well
as improve their hydrophobic properties to achieve superhydrophobic composites. For the
dispersion task, several techniques have been used such us dissolver, ultrasonic or 3 roll milling.
Considering the state of the art and with the aim to obtain super-hydrophobic functionalized
nanoparticles several functionalization groups such as 3-aminopropyl triethoxysilane (ATPS), 3mercaptopropyl trimethoxysilane (MPTS), or various fluoroalquilsilanes have been selected.
All materials (functionalized nanocapsules and modified composites) have been conveniently
thermally characterized by means of thermogravimetric analysis (TGA) and differential Scanning
calorimetry (DSC)). The morphology of the functionalized capsules has been characterized by
scanning electron microscopy (SEM-EDX). The hydrophobicity of functionalized nano-capsules has
been tested using goniometer.
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1. Introduction
Surface modification of silica particles can be achieved by reaction with one of the many
commercially available alkoxysilanes/halosilanes. A wide variety of alkoxysilanes/halosilanes are
available in the market. Alkoxysilanes will bind forming 1–3 Si–O–Si links to the surface in a
condensation reaction with the surface silanol groups. The halosilanes will typically hydrolyze
substituting the halide for alcohol group which can similarly undergo condensation forming 1–3 Si–
O–Si links with surface silanol groups. In anhydrous conditions, halosilanes will react directly with
surface silanol groups.
Functionalizing the particle surface allows for specific and unique applications of silica nanoparticles
that would otherwise be inaccessible. During this study the super-hydrophobic functionalization of
silica encapsulated PCM have been developed to be incorporate in thermoset matrix obtaining
super-hydrophobic composites with enhanced energy storage capability.
Super hydrophobic surfaces have gained importance due to their non-adhesive and non-wetting
characteristics. Thus, these types of surfaces are defined as substrates which will cause a residing
water droplet to take on a contact angle greater than 150°, when measured from the liquid−solid
interface to the liquid−vapor interface. The increased water contact angle of a surface is due to its
characteristic low surface energy and rough morphology. Surface roughness not only increases the
contact angle but also decreases the solid liquid adhesion by creating air pockets between solid and
the liquid interface. Due to the low droplet-surface adhesion, characterized by low contact angle
hysteresis and roll-off angle, superhydrophobic surfaces have many uses in self-cleaning,
antifogging, antifouling, anticorrosion, antibacterial or anti-icing, applications. In general, low
surface energy, and high roughness result in a larger water droplet apparent advancing contact
angle, lower hysteresis, and greater superhydrophobicity. Due to their ultralow surface energy (∼10
mJ/m2), perfluorinated or alkyl-based synthetic chemicals are typically utilized for the
functionalization of different surfaces to achieve high intrinsic contact angles. Most frequently,
nanoparticles are functionalized with 3-aminopropyl triethoxysilane (ATPS), 3-mercaptopropyl
trimethoxysilane (MPTS), or various fluoroalquilsilanes to obtain super-hydrophobic functionalized
nanoparticles. After functionalization process the modified materials are added in to a wide range
of matrixes such as resins, paints or coatings to achieve novel materials with improved properties.
During EIROS project fluoroalquilsilanes and alkoxysilanes hydrocarbons are being used to alter the
hydrophilic nature of silica particles to hydrophobic by replacing the hydroxyl group.
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2. Objectives
2.1. Project Objectives
The aim of the EIROS project is to introduce the nano-particle technology into thermoset
composites, thereby, enhancing their functional properties in extreme environments to avoid the
ice accretion.

2.2. Report Objectives
This report covers project Task 2.1. “Development of functionalized nano-encapsulated phase
change materials. Dispersion of these additives in the bulk resin”. It is worth to mention that this
report only covers the deliverable 2.2 “Dispersion of functionalized silica nanocapsules containing
PCMs in matrices”. Its purpose is to explain the main results obtained during the study of the
functionalization of silica nanocapsules and its dispersion in the resins defined in the WP1.

3. Materials Selection
A handful of alquilsilanes and fluoroalquilsilanes have been chosen according to the trends of the
state of the art. Thus, different alkoxysilanes precursors were used to functionalize the SiO2 capsules
developed by sol–gel process.
To study the thermal stability of selected alquilsilanes and developed superhydrophobic composites
(the amount of embedded PCM inside the composite) thermalgravimetric analysis (TGA) were
performed in a Q series Q600-0802-SDT from TA Instruments. Thermograms were acquired in air
atmosphere from 25 °C to 900 °C using a heating rate of 10°C min-1. Differential scanning calorimetry
(DSC) was also used to evaluate the thermal properties (freezing–melting temperatures and
enthalpies ΔH) of the functionalized silica PCMs and prepared and composites developed with them.
The DSC measurements were carried out from -50 to 50 °C under nitrogen atmosphere in a
DSC1/500 calorimeter of Mettler Toledo, using around 5–10 mg as sample weight. Prior to
measuring the samples, the calorimeter was calibrated with indium and zinc as standard reference
materials. The phase change temperature corresponds to the onset temperature (Ts) obtained by
drawing a line at the point of maximum slope of the leading edge of the DSC peak and extrapolating
the baseline on the same side as the leading edge of the peak1. The latent heat of phase change was
calculated by numerical integration of the area under the peaks.
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4. Functionalization of encapsulated PCM
4.1. Optimization of functionalization process
4.1.1.-Functionalization process in two steps:
Ik4-Tekniker and Sykemia have been involved in the functionalization of silica encapsulated PCMs.
IK4-TEKNIKER
In a first approximation, IK4-Tekniker carried out the synthesis of hydrophobically modified SiO2
nanocapsules filled by PCM in two steps as explained in deliverable 2.1. The encapsulation process
is also described in the same report. As an overview, different alkoxysilanes were used to
functionalize the SiO2 capsules developed by sol–gel process. Results obtained during this studied,
in terms of functionalization and characterization, are also recollected in deliverable 2.1.
SYKEMIA
The surface modification of PCM capsules is conducted in a twofold purpose:
-

Provide hydrophobicity using an organosilane which bears a fluorinated chain.
Link the capsules with the polymeric matrix of the final composite with an epoxy-terminated
silane.

The work describes the silanes used for surface modification, the trials of surface modification and
pertinent TGA measurements done on the powders.
The fluorinated silane chosen for the functionalization trials, named 3,3,4,4,5,5,6,6,6Nonafluorohexyltrimethoxysilane is represented in Figure 1.

F3C

F2
C

C
F2

F2
C

OCH 3
Si OCH 3
OCH 3

Figure 1. The fluorinated silane.

It was developed for the needs of EIROS Project and synthesized by SiKEMIA. Some characteristics
of this molecule are given in Table 1.
Table 1. Main characteristics of 3,3,4,4,5,5,6,6,6-Nonafluorohexyltrimethoxysilane.

Reference for SiKEMIA
CAS number
Molecular weight
Form (at 25°C)
Relative density (at 25°C)

SIK4122-20
85877-79-8
368.27 g.mol-1
Transparent liquid
1.34
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The ‘epoxy’ silane used, named 3-Glycidoxypropyltrimethoxysilane (GPTMS) is represented in the
Figure 2.

O

O

OCH 3
Si OCH 3
OCH 3

Figure 2. Formulation of GPTMS.

This silane was chosen firstly because the ‘glycidoxy’ function is known to be more stable than the
‘epoxy’ one and secondly due to the commercial availability and low price of the molecule. Some
characteristics are reported in Table 2.
Table 2. Main characteristics of GPTMS.

Reference (SiKEMIA)
CAS number
Molecular weight
Form (at 25°C)
Relative density (at 25°C)

None
2530-83-8
236 g.mol-1
Transparent liquid
1.07

As a characterization TGA measurements were performed under an air flow of 50 mL.min-1 from 20
to 600 °C with a heating rate of 5 °C.min-1 on a Netzsch STA 409 PC Luxx thermoanalyzer. For ‘empty’
capsules – which do not content the phase change material – analyses were done on 30 ± 1 mg. For
‘filled’ capsules, due to the low density of the powder, analyses were conducted with 15 ± 1 mg.
For surface functionalization of the PCM capsules, several parameters need to be tested and
optimized. Moreover, the resulting parameters should be relevant and transposable to bigger scale.
The resulting method was tested on “empty” capsules and TGA measurements were performed to
confirm the presence of the organic chains on the surface the capsules. Assuming that the mass loss
between 25 and 200 °C is only due to dehydration of the silica, the percentages were normed with
the mass of the samples at 200 °C. At 600 °C, the total mass losses are 5.2 % and 6.1 % for the
unmodified and grafted capsules respectively. One can approximate that the organic chains are
responsible of approximately 1 % of mass loss. Consequently, the surface modification succeeded.
The normed thermograms are given in Figure 3.

This project has received funding from the European Union’s Horizon 2020
Research and innovation programme under grant agreement N° 685842

 EIROS consortium 2018. This document is the property of EIROS consortium; no part of it shall be reproduced or
transmitted without the express prior written authorization of EIROS consortium and its contents shall not be disclosed

9

100

Mass loss (%)

99
98
97

Without surface
modification

96
95

Dual
functionalization

94
93
200

300

400

500

600

Temperature (°C)

Figure 3. Mass loss of the raw silica 'empty' capsules and with dual-functionalization.

Finally, the grafting procedure was tested with capsules filed with PCM. The obtained thermograms
are shown in Figure 4.
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Figure 4. Mass loss of the raw PCM capsules and with dual-functionalization.

As previously, the masses are normed at 100 % for 200 °C. The final mass losses at 600°C are 19.6
and 22.0 % respectively for the unmodified and functionalized capsules. The percentage are higher
than previously due to the degradation of PCM. One can conclude that the surface modification is
successful.
The PCM capsules were successfully functionalized using the process described in this report. The
method was developed allowed a one-pot process from PCM encapsulation to the obtention of the
functional capsules. TGA measurements enable to conclude on the presence of organic chains onto
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the capsules. Further tests should be done to determine the efficiency of the dual-coating in term
of hydrophobicity and linkage to the resin matrix.
The next step would be the quantification of both silanes. Mass loss measurements will not enable
to distinguish the fluorine.

4.1.2.-Functionalization process in a unique step:
After the development of encapsulation of PCMs and their functionalization in two steps, the
optimization process was addressed to obtain the same materials in a unique step. Thus, for the
preparation of silica microcapsules, oil in water (micro)-emulsion (O/W) in combination with sol-gel
technology is also used due to its easy control over spherical morphology and size distributions. The
capsules of PCM with silica shell were prepared through the interfacial hydrolysis and
polycondensation of TEOS. After a stable oil-in-water (O/W) emulsion was formed by mixing RT9HC, TEOS, and surfactant in the mixed solvents of deionized water/ethanol reaction catalyst was
dripped into the emulsion to obtain SiO2 shell onto the surface of the PCM droplets after 24 h at a
room temperature and a stirring rate of 600 rpm. After this set time, superhydrophobic alkoxysilane
were used to functionalize the SiO2 capsules. Different amount of precursor were added considering
the amount of silica contained in the emulsion to study the behaviour of the alkoxysilane in the
functionalization process. The mixture was kept at 100 °C under stirring for 16 h. Subsequently, the
mixture was filtered, dried in air at room temperature. Finally, microencapsulated materials were
dried in a vacuum oven at 60 °C during 24 h.

4.1.2.1. Characterization of materials by 29Si solid-state MAS NMR
Quantitative 29Si solid-state MAS NMR spectra (with a 1H high power decoupling) were recorded on
an AVANCE III 500B spectrometer using 4 mm double H/X probe and a spinning frequency of 10 kHz.
Spectra were recorded with 600 scans constituted of π/2 pulses of 4 µs and a relaxation delay of
300 s2. Q8M8 (12.4 ppm) was used as reference. A Gaussian function peak shape was used with a
line broadening of 50 Hz. The two spectrums are shown below.
On the 29Si one pulse NMR, the resonance peaks at – 93.2/-93, - 102.9/102.8, and - 111.2 ppm are
assigned to the Q2, Q3 and Q4 units of the silica particles respectively.
Additional signals which appear at -59.9/-59.6 ppm and -69.4/-69.9 ppm is attributed respectively
to T2 and T3 units; there are a proof that particle functionalization has been achieved. No T1 unit is
observed (supposed to be at -49 ppm).
The structure of the Qx and Ty units are given below.
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Table 3. Qx and Ty units
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Based on the respective proportions of the different chemical species in the material (Q4, Q3, Q2, T2
and T3), the general formula of the silica Si1Oa(OH)bRc (R for the silane part) can be written. a, b
and c are calculated according to the following expressions:
2
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b gives the mol% of hydroxyls (Si-OH, remaining after grafting);
c gives the mol% of silicon grafted by the fluorinated silane.
%

Results from the band integration are reported in the table following the NMR spectrum.
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Table 4. Results of analysed functionalized samples

Unit (% )
T2
T3
Q2
Q3
Q4

One step-10%
2.1
5.4
5.9
30.4
56.2

One step-20%
5.4
9.5
5.2
28.3
51.6

b (= mol% OH in SiOH)
c (= mol% Si grafted)

0.443
0.075

0.441
0.149

The degree of functionalization is estimated to be of 7.5 mol% for the one step-10% capsule, and
14.9 mol% for the one step-20% capsules.
The amount of –OH (in silanols) is the same for both types of capsules. It is equal to 44 mol%. It is in
the range of the value found in Stöber silica (TSS4 from TWI).
Therefore, after fluorine silane grafting step, some hydroxyls are still present and available for
further functionalization steps.
The following table shows the comparison of functionalization degree of capsules developed in two
steps as well as capsules modified in a single step with different amount of alkoxysilanes.
Table 5. Results of functionalization degree.

Capsules developed in two steps
Capsules developed in a single step 10%
Capsules developed in a single step 20%

mol% of Si grafted
5.2
7.5
14.9

As it could be observed the encapsulation process combined with a functionalization process in a
single step shows slightly better functionalization degree comparing with the material developed in
two steps, so it could be confirmed that the capsules were successfully functionalized using the
single process described during this report. Beside this, it could be observed the more material is
added, the greater functionalization degree is obtained. Despite this and considering the results
obtained in terms of superhydrophilicity in paints modified with capsules developed (two steps
process) in the deliverable 2.1, it seems that it is enough to incorporate 10% of fluorine alkoxysilane
to obtain superhydrophobic capsules and in the end superhydrophobic surfaces.

4.1.2.2. Characterization of materials
The microstructures of optimized PCM composites were studied by means of a scanning electron
microscope (SEM) ULTRAplus from Zeiss Company equipped with a Gemini column and an energydispersive X-ray spectrometer (EDS; OXFORD INCA Synergy microanalysis system). To study the
thermal stability of developed composite materials and to estimate the amount of embedded PCM,
This project has received funding from the European Union’s Horizon 2020
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thermal gravimetric analysis (TGA) were performed in a Q series Q600-0802-SDT from TA
Instruments. Thermograms were acquired in air atmosphere from 25°C to 300°C using a heating
rate of 10°C min-1. Differential scanning calorimetry (DSC) was used to evaluate the thermal
properties (freezing–melting temperatures and enthalpies). The DSC measurements were carried
out from -10 to -50 °C under nitrogen atmosphere in a DCS1/500 calorimeter of Mettler Toledo,
using around 5–10 mg as sample weight.
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Figure 8. Thermal and morphplogycal characterization of superhydrophobically functionalized capsules
synthetized in one step. (a) SEM images, (b) DSC and (c) TGA, DSC and FTIR values.

5. Dispersion of Functionalized Capsules in Different Matrixes
During this study Tekniker and SKZ have worked in parallel to obtain a good dispersion of the silica
capsules for Gamesa’s and Sonaca’s resins.

5.1.-IK4-TEKNIKER
5.1.1. Eolic application (GAMESA): Dispersion of encapsulated phase change
materials on components of the wind turbine blade
5.1.1.1. Dispersion of non-functionalized encapsulated phase change materials (PCM)
The dispersion trials of the developed encapsulated phase change materials without the
functionalization group have been made in all the components of the wind turbine blade used by
Gamesa: a top coat, an epoxy resin and the putty.
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Dispersion in top coat
The system consists of an Acrylic polyurethane (A) commercially named RELEST® Wind HS Topcoat,
and a hardener (B) commercially named RELEST® Hardener PUR 1306.
To evaluate the maximum encapsulated PCM load capable of admitting the top coat, three different
contents of encapsulated PCM have been added to the paint.
The specific amount of PCM in each trial has been dispersed in the A component of the top coat
using two different dispersion methods. The two different techniques selected as a mechanical
stirring are:
•
•

An ULTRA-TURRAX T25 by IKA-Labortechnik, with continuously variable drive in the range of
3000-24000rpm rotor-stator system.
An ultrasonic generator, type Bandolyn Sonopuls HD2070.

Differential scanning calorimetry (DSC) was used to evaluate the thermal properties (freezing–
melting temperatures and enthalpies ΔH) of developed PCM-silica capsules and also the PCM-silica
capsules inside the top coat. The DSC measurements were carried out from -50 to 50 °C under
nitrogen atmosphere in a DSC1 calorimeter of Mettler Toledo, using around 5–10 mg as sample
weight.
The values of enthalpy and melting points measured by DSC of developed PCM silica capsules are
shown in Figure 6.
Table 6. Thermal properties of developed PCM-silica capsules

DSC (Melting)
Phase
(PCM)

change

material

Rubitherm -9HC Silica shell

Tonset
(°C)

Tpeak
(°C)

Tendset
(°C)

∆H
(J/g)

-12.1

-7.9

-1.4

158.2

As it can be shown in Figure 9, after the incorporation of the PCM-silica capsules into the component
A of the system and after the addition of the component B, the melting/crystallization temperature
of the PCM suffer a displacement as it can be shown in Figure 9. In Table 7 the values of enthalpy
and melting points measured by DSC of the different modified samples after the curing of the
samples at room temperature show that this displacement is around 10 C. It seems that there is an
interaction between the capsules and the resin. The resin/hardener mixture could have permeated
into the pores of the PCM capsules and an exchange occurs between the PCM and the
resin/harderner system modifying the melting temperature of the PCM.
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Figure 9. DSC thermograms of the different samples of Top coat modified with PCMs

Table 7. Thermal properties of PCM-silica capsules inside the top-coat

DSC (Melting)
Sample

Tonset
(°C)

Tpeak
(°C)

Tendset
(°C)

∆H
(J/g)

Paint 1

-22,87

-16,03

-13,30

1,74

Paint 2

-20,09

-13,76

-11,16

6,05

Paint 3

-17,40

-11,89

-9,66

6,71

In order to evaluate the appearance and the manageability of the modified top coat with different
amounts of PCMs, the top-coat has been applied on an aluminium and glass substrates. In Figure 12
the painted specimens are shown.
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Figure 10. Appearance of the modified top coat with different amounts of PCM.

The roughness of the coated samples has been measured with a Perthometer M1 of Mahr (Figure
11). The results are collected in Table 8. Considering the roughness requirements for Gamesa, Ra=5
µm and Rz=25 µm, all the coated samples are out of the required range.

Figure 11. Perthometer M1 of Mahr

Table 8. Roughness characterization

Sample

Value

Average (µm)

Average
deviation (µm)

Ra

5.03

0.52

Rz

30.98

4.17

Ra

7.24

0.58

Rz

43.74

3.23

Ra

7.73

0.69

Rz

44.56

2.24

Paint + 5 phr PCM UTX

Paint + 10 phr PCM UTX

Paint + 15 phr PCM UTX

Dispersion in resin system
The system selected by Gamesa consists of a resin (A), commercially named Epikote RIMR 135 and
a hardener (B) commercially named Epikure RIMH137.
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Different amount of PCM, were incorporated. They were dispersed in the component A using two
different methods, UTX and sonication. The mixtures were mixed with the hardener in an epoxyhardener stoichiometric ratio. DSC was employed to investigate the PCM behaviour after the
incorporation in the Epikote RIMR 135-Epikure RIMH137. The DSC measurements were carried out
from -50 to 50 °C under nitrogen atmosphere in a DSC1 calorimeter of Mettler Toledo, using around
5–10 mg as sample weight.
In Figure12, non-isothemal tests are represented. The dynamic curve shows the melting and
crystallization transitions of the PCM incorporated in the epoxy system. Table 9 collects all the
values of melting temperatures and enthalpies from the non-isothermal DSC tests. As it can be
observed, there is no displacement of the PCM melting temperature in the modified epoxy systems.

Figure 12. DSC thermograms of the different samples of Epikote-Epikure system modified with different
amounts of PCMs.

Table 9. Thermal properties of PCM-silica capsules inside the Epikote-Epikure system

DSC (Melting)
Phase change
material (PCM)

UTX

US

Tonset
(°C)

Tpeak
(°C)

Tendset
(°C)

∆H
(J/g)

Tonset
(°C)

Tpeak
(°C)

Tendset∆H
(°C) (J/g)

Resin 1

-12,37

-7,64

-4,12

9,50

-11,75 -6,65 -2,68 10,04

Resin 2

-12,30

-7,72

-3,80

16,03 -11,79 -6,69 -2,45 19,02

Resin 3

-12,41

-7,35

-2,52

22,25 -12,14 -6,96 -2,69 28,89

To check the homogeneity of the dispersion, the mixtures were transferred to glass molds and cured
at ambient temperature. These samples have been measured by means of SEM (Figure), where it
can be observed the presence of the PCM capsules, some of which appear broken maybe due to the
dispersion method used.
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Figure 13. Appearance of the epoxy modified samples.

Figure 14. SEM images of the epoxy modified samples.

Dispersion in putty
The last component of the wind blade is the putty, unfortunately as it can be seen in Figure 15, the
viscosity of the component is too high so it has not been possible to incorporate the PCMs.
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Figure 15. Putty appearance.

Conclusions:
• The incorporation of the PCMs into the paint imply a displacement of the
melting/crystallization point of the PCM. High viscosity of the paint is reached with high
amounts of PCM.
•

The putty is too viscous to incorporate PCM

As the loading content of PCM is not enough to reach a considerable enthalpy inside the system,
new viscosity resin has been selected by Gamesa in order to charge it with PCMs. This new resin is
based on Dicyclopentadiene (DCPD) and other norbornene monomers which are thermally
activated by Grubbs Catalyst® technology.
Different amounts of PCM have been selected between 5 and 25%. They were dispersed in the
component A using two different methods, UTX and sonication. After that differential scanning
calorimetry (DSC) was used to evaluate the thermal properties of the modified system. The DSC
measurements were carried out from -50 to 180°C under nitrogen atmosphere in a DSC1
calorimeter of Mettler Toledo, using around 5–10 mg as sample weight.
As it can be observed in Figure 16 (a), the component A has no signal in the studied range of
temperatures. After the dispersion of the PCMs two peaks appeared, one at temperatures beyond
the melting temperature of the encapsulated PCM and the other one below it (Figure 16 (b)).
This behaviour suggests that there is an interaction between the capsules and the resin, a miscibility
between the PCM and the component A. The resin/hardener mixture permeates into the pores of
the PCM capsules and an exchange occurs between the PCM and the resin modifying the melting
temperature of the PCM, as it can be observed in Figure 16 (c) in the mixture of the component A
and the liquid PCM.
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Figure 16. DSC Thermograms.

To check the homogeneity of the dispersion, the mixtures were transferred to glass molds and cured
at ambient temperature. The appearance of the modified composites is shown in Figure 17. It can
be verified that the Tg of the samples decreases below the ambient temperature by increasing the
concentration of PCM, since the samples have a gummy appearance. It seems that the PCM acts as
plasticizer of the resin changing its thermal properties.

Figure 17. Appearance of the epoxy modified samples.

For all these inconvenient the change of the resin system for this one of lower viscosity seems not
be an adequate solution.
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5.1.1.2. Dispersion of functionalized encapsulated phase change materials (PCM)
After reaching the functionalization of the encapsulated PCMs, they have been employed in order
to modify the RELEST® Wind HS Topcoat. Functionalized PCMs have been dispersed in the
component A of the top coat. The component B has been added in a stoichiometric ratio. For the
evaluation of the hydrophobicity provided by the functional group, contact angle measurements
have been carried out using a surftens universal equipment (Figure 18). In Figure 19 contact angle
images have shown in the different substrates. 10 collects the average value after several
measurements observing an increase in the contact angle value from ≈ 70° until 145° with the
modified additive.

Figure 18. SURFTENS Universal Goniometer.

Figure 19. Contact angle images
Table 10. Contact angle measurements

Sample

CA

RELEST® Wind HS Topcoat

70

RELEST® Wind HS Topcoat +Capsules superhydrophobically modified

145

5.1.2. Aeronautic application (SONACA): Dispersion of encapsulated phase
change materials on top-coat of an airplane wing
Functionalized encapsulated phase change materials (FPCM) have been employed in order to
modify the top coat selected by Sonaca. The system consists of a Polyurethane topcoat
commercially named Aviox Finish 77702 with 3 component: (A) base Aviox 77702, (B) activator
99322 and (C) hardener 90150.
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In order to evaluate the maximum load capable of admitting the top coat, different load contents
have been selected. The mechanical stirring with Ultraturrax IKA-25 was fixed.
Differential scanning calorimetry (DSC) was used to evaluate the thermal properties (freezing–
melting temperatures and enthalpies ΔH) of the PCM-silica capsules inside the top coat. The DSC
measurements were carried out from -50 to 260 °C at 10 °C/min under nitrogen atmosphere in a
DSC1calorimeter of Mettler Toledo, using around 5–10 mg as sample weight. Two consecutive
dynamic scans were performed with these conditions. Dynamic DSC experiments were also
performed to determine the glass transition temperature of the completely cured material (Tg∞).
In Figure 23, non-isothemal tests are represented (first and second dynamic scans). The first
dynamic curve shows a change in the heat flow at low temperatures, due to the melting process of
the encapsulated PCM.

Figure 20. DSC thermograms of Aviox 77702 and modified Aviox 77702 with different amounts of
functionalized PCMs.

The values of enthalpy and melting points measured by DSC of developed PCM silica capsules just
as the glass transition temperature of the cured system are shown in Table 11.
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Table 11. Thermal properties of modified Aviox system

DSC (Melting)
Phase
change
material (PCM)

Tonset
(ºC)

Tpeak
(ºC)

Tendset
(ºC)

∆H (J/g)

Aviox Finish 77702
Ref

Tg∞
(ºC)
35,99

+5 % FPCM

-33,98

-25,23

-22,33

-2,35

42,67

+10 % FPCM

-28,20

-18,41

-15,78

-6,16

40,06

+15 % FPCM

-23,51

-14,61

-11,77

-9,94

43,38

It can be observed that a displacement of the encapsulated PCM melting temperature has occurred.
As the concentration of PCM in the system increases, this displacement is lower. On the other hand,
the addition of PCM in the system does not worsen its thermal properties regarding the value of
Tg∞.
Figure1 displays the appearance of the aluminium substrates coated the paints with 5, 10 and 15
wt. % of functionalized encapsulated PCMs using a film applicator and a spray gun. Comparing the
substrates clearly an increase of the layer roughness is observed. The roughness characterization
has been carried out using a Perthometer M1 of Mahr. Table12 collects all the values of roughness..
As it can be observed, the roughness increases with the amount of the additive.

Figure 21. Appearance of the aluminium substrates coated with the Aviox systems modified with different
amounts of functionalized PCMs.
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Table 12. Roughness characterization of coatings obtained with Aviox systems modified with different
amounts of functionalized PCMs by using (FA) film applicator and (S) spray gun.

Sample

Ra (µm)

Rz (µm)

Rmax (µm)

Aviox Finish 77702 (FA)

0,01

0,08

0,14

Aviox Finish 77702 (S)

0,02

0,12

0,19

Aviox Finish 77702 + 5 % F PCM (FA)

1,55

9,03

24,83

Aviox Finish 77702 + 5 % F PCM (S)

1,37

6,43

12,03

Aviox Finish 77702 + 10 % F PCM (FA) 2,80

15,37

31,67

Aviox Finish 77702 + 10 % F PCM (S)

20,07

39,00

3,99

Aviox Finish 77702 + 15 % F PCM (FA) Out of range Out of range Out of range
Aviox Finish 77702 + 15 % F PCM (S)

Out of range Out of range Out of range

For the evaluation of the super-hydrophilicity provided by the functional group, contact angle
measurements have been carried out using a surftens universal equipment (Figure 21). Table 13
collects the average value after several measurement observing an increase in the contact angle
value from ≈ 70° until 115° with the highest concentration of modified additive.
Table 13. Contact angle measurements of coatings obtained with Aviox systems modified with different
amounts of functionalized PCMs.
Sample

M1

Aviox Finish 77702 (FA)

M2

M3

Average SD

73,96 70,62

71,14

71,91

1,80

Aviox Finish 77702 (S)

79,48 75,43

67,81

74,24

5,93

Aviox Finish 77702 + 5 % F PCM (FA)

86,39 88,54

85,31

86,75

1,64

Aviox Finish 77702 + 5 % F PCM (S)

80,3

85,81

78,13

81,41

3,96

Aviox Finish 77702 + 10 % F PCM (FA)

93,72 85,53

90,77

90,01

4,15

Aviox Finish 77702 + 10 % F PCM (S)

87,1

78,75

84,35

4,85

Aviox Finish 77702 + 15 % F PCM (FA)

121,4 111,95 114,29 115,88

4,92

Aviox Finish 77702 + 15 % F PCM (S)

96,83 108,62 89,37

9,71

87,2

98,27
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The coating has been characterized also by scanning electron microscopy (SEM) with EDX. Several
measurements have been carried out along the sample. Figure 22 shows an average of the
concentrations obtained for each element. As it can be observed, the fluoride content increases
with the amount of functionalized PCM.

Figure 22. EDX analysis of coatings obtained with Aviox systems modified with different amounts of
functionalized PCMs.

As it could be observed in the SEM images the dispersion of the capsules in the top-coat is not good
enough to obtain a surface with good quality in terms of roughness considering the specifications
fixed by Sonaca. To improve this parameter, it was decided to develop a pre-dispersion of the
encapsulated PCMs in a solvent to achieve better compatibility between paint and silica material.
After, studying the compatibility of the paint with different solvents, n-butyl acetate has been
selected as the most suitable solvent for the dispersion of the silica capsules.
To evaluate the maximum amount of encapsulated silica in the top coat maintaining a specific
roughness (Ra <1.6 micron), three different contents of encapsulated PCM have been added to the
paint using for that concentrated pre-dispersion.
The specific amount of PCM in each trial has been dispersed using for that the following protocol:
o Aviox 77702 + 5, 10, 15 % F-PCM (predispersion of fucntionalized silica PCMs)
with UTX 10´ - 10000rpm
o + Activator 99322 Dispersion with UTX 1´ - 10000rpm
o + Hardener Dispersion with UTX 1´ - 10000rpm
o Top coat application Spray
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To evaluate the appearance and the manageability of the modified top coat with different amounts
of PCMs the top-coat has been applied on an aluminium and glass substrates. In Figure 23 the
painted specimens are shown.

Figure 23. Appearance of the aluminium substrates coated with the Aviox systems modified with
different amounts of functionalized PCMs.

Table 14. Roughness characterization of coatings obtained with Aviox systems modified with different
amounts of functionalized PCMs and (S) spray gun

Sample

Ra

Rz

Rmax

Aviox Finish 77702 (S)
Aviox Finish 77702 -1(S)
Aviox Finish 77702 -2(S)
Aviox Finish 77702 3 F PCM (S)

0,038
0,154
1,372
2,018

0,174
1,127
9,337
15,533

0,338
1,823
23,533
25,267

As it could be observed with the exception of specimen doped with the 15% of PCMs, the rest of
the coatings comply with the requirements established by Sonaca. In the following Table 15 the
results of contact angles are shown.
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Table 15. CA results concerning Aviox system modified with functionalized PCMs.

As it can be seen, by adding functionalized materials the contact angle of the paint has been
increased up to 55 degrees achieving to values close to 135.

5.2.-SKZ
5.2.1. Eolic application (GAMESA): Dispersion of encapsulated phase change
materials on components of the wind turbine blade
Due to the infusion problems of the first evaluation of Gamesa’s resin (EPIKOTE RIMR 135/ EPIKURE
RIMH 134–RIMH 137) with PCMs the aim was to optimise the incorporation of the PCM capsules in
the resin. SKZ proposed a dispersion methodology study. In this sense, it is proposed to study the
influence of different dispersion parameters with a resin modified with 30% of PCMs. This study was
carried out at SKZ.
Thus, the study proposed is the following:
•
•

•
•
•
•

Pre-dispersion with the dual asymmetric centrifuge “Speedmixer” (mixing the PCM as
powder into the resin)
Dispersion process will be carried out with a three-roll mill: investigation of the influence of
the gap between the rolls, following parameters will be used:
o Maximum velocity (600 rpm)
o Variation of gap size: 20 µm, 15 µm, 10 µm, 5 µm (minimum gap size)
Characterization of the dispersion quality of the PCM particles in the resin component
Investigation of the agglomerate size by microscopy methods and light scattering techniques
Investigation of the viscosity of the resin component containing PCM particles to establish a
correlation between dispersion quality and viscosity
Investigation of the curing of the resin system (resin + PCM + hardener) in dependence of
the temperature. Modified resin component and hardener are mixed using a dual
asymmetric centrifuge “Speedmixer”
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5.2.1.1. Preliminar experimental setup
Pre-dispersing with Speedmixer
The PCM capsules must be pre-dispersed in the resin before the actual dispersing tests with the 3roll-mill. Therefore, a dual-asymmetric centrifuge (Speedmixer, Hauschild) was used. The plan was
to prepare a formulation with 30 wt.% of the PCMs in the resin EPIKOTE RIMR 135. During the predispersing however, we found out that only 18.4 wt.% of the PCMs could be incorporated in the
resin. Further addition of PCMs was not possible due to the strong increase of the viscosity. The
rotational speed was set to 3500 min-1 and the product was mixed for 150 s. Approximately 40 g of
the modified resin was prepared.

Figure 24. Speedmixer (Hauschild) at SKZ facilities.

Dispersing tests with 3-roll-mill
For the dispersing tests the 3-roll-mill device EXAKT 80E from company Exakt was used.

Figure 25. 3-roll-mill EXAKT 80E (Exakt) at SKZ facilities.

The dispersion was processed in three passes with the following process parameters:
•
•
•

first pass:
second pass:
third pass:

This project has received funding from the European Union’s Horizon 2020
Research and innovation programme under grant agreement N° 685842

 EIROS consortium 2018. This document is the property of EIROS consortium; no part of it shall be reproduced or
transmitted without the express prior written authorization of EIROS consortium and its contents shall not be disclosed

31

5.2.1.1.1. Results
Dispersion homogeneity
The dry powder of the PCM capsules was investigated by SEM to get an impression of the size of
the capsules and the size of the agglomerates (Figures 26–27).

Figure 26. PCM capsules, SEM picture, 10000x, 15 kV

Figure 27. PCM capsules, SEM picture, 2000x, 15 kV.

The homogeneity of the dispersion and the dispersion progress was qualitatively investigated by
optical microscopy. Figures 28–35 show light microscopy pictures of the four production states.
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Figure 28. Pre-dispersion, after Speedmixer.

Figure 29. Pre-dispersion, after Speedmixer.

Figure 30. Dispersion after first pass.

Figure 31. Dispersion after first pass.

Figure 32. Dispersion after second pass.

Figure 33. Dispersion after second pass.
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Figure 34. Dispersion after third pass.
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Figure 35. Dispersion after third pass.

The pictures of the dispersion after the Speedmixer show separated resin droplets and PCM
agglomerates on the microscope slides. A real wetting of the particles could not be observed. There
is no continuous phase of resin and PCMs. The Speedmixer process is suitable to do a pre-dispersing
step but it is not able to achieve deagglomeration of the PCMs.
Figures 28–35 show an increase of the homogeneity from pass to pass. The structure of the sample
after the third pass is more uniform than after the second pass and much more uniform than after
the first pass. However, the difference between the second and the third pass is only small. We
could not find any large agglomerates after the third pass. The third pass was run with the most
intensive process parameters. A further improvement of the homogeneity by more passes is not
expected.
Rheological behaviour
The viscosities of the products (L135 + PCMs, no hardener) of the three different passes were
measured to investigate a possible correlation to the dispersion homogeneity. Figure 36 shows the
shear rate depending viscosity of the three passes in the shear rate range between 10 and 100 s-1.
Higher shear rates were not possible with the plate-plate-geometry due to the ejection of the resin
from the gap. One can see that the dispersion has a shear thinning character (like thixotropic). For
a neat epoxy resin this behaviour is not typical. However, a similar effect can be observed by adding
fumed silicas in an epoxy resin.

Figure 36. L135 + PCMs after Speedmixer.
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One can see a slight decrease of the viscosity in the shear rate range above 20 s-1 from the first pass
to the second pass. That confirms the optical valuation of the microscopic pictures. From the second
to the third pass there is only a slight decrease of the viscosity in the range below 20 s-1. The
viscosities of the three products reach a level in the range between 5 and 10 Pas. This rheological
behaviour is not suitable for an infusion process. It is not expected that the viscosity can be further
decreased, even if a better homogeneity (if this is possible) of the dispersion could be obtained.
Figure 38 shows the temperature dependency of the viscosity of the dispersion. The sample was
measured with a low shear rate of 1 s-1 in the temperature range between 25°C and 50°C. The
question was whether it is possible to support the infusion process by a lower viscosity due to a
higher temperature. But as one can see the effect of the increased temperature is not very
important. We do not expect that this would help to lower the viscosity significantly.

Figure 37. Shear viscosity, plate-plate geometry, 1 mm gap, rotational measurement, 25°C.

Figure 38. Shear viscosity, plate-plate geometry, 1 mm gap, rotational measurement, constant shear rate 1
s-1, pass 3.
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Thermal analysis – DSC
The DSC measurements were done to investigate the influence of the added PCMs on the curing
process in comparison to the neat resin system. Figure 39 shows the curves of the modified (green)
and unfilled (red) systems. One can see that the curing reaction of the modified system starts slight
slower than the filled system. The exothermal energy of the modified system is 8.7% lower than the
unfilled system due to the added PCM capsules. There is no significant change in the curing
behaviour between the filled and the unfilled systems.

Picture 39. DSC measurements of the modified (green) and unfilled (red) resin systems, 10 K/min.

Conclusions
We could show that good dispersion homogeneity can be achieved with the 3-roll-mill process. The
main problem is the strong increase of the viscosity by incorporating the PCMs in the resin. At our
tests we were only able to incorporate 18.4 wt.% of the PCMs which might not be enough to achieve
good anti-icing properties. Further work should deal with possible solutions for the viscosity
problem.

5.2.1.2. Experimental setup-2018
As early as 2017, studies on the incorporation of PCM capsules into the Epoxid resin L135 were
carried out. At that time, up to 18.4% by weight of the capsules could be successfully incorporated
and dispersed in the epoxy resin component. This corresponds only to a final concentration of 14.3
wt % throughout the system. However, in this case the viscosity of the formulation has risen to well
above 100 Pas in the low shear rate range, whereby further processing of the system is not possible.
However, the final concentration reached is too low for an effective effect in the later component.
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For this reason, further investigations have been carried out to improve the dispersibility and reduce
the viscosity by using a wetting and dispersing additive. Initially, the new batch of particles was
investigated under the same conditions as in 2017. Using a dual asymmetric centrifuge
(Speedmixer), the powder was introduced into the resin. The dispersion was then dispersed by
means of a three-roll mill (three passages, minimum gap 5 μm, maximum speed 600 rpm).

Figure 40. Shear viscosity, plate-plate geometry, 1mm gap, rotational measurement, 25°C

It shows a significantly different shear rate-dependent viscosity behavior compared to the particles
from 2017. Both curves show a shear thinning. This means that the viscosity decreases with
increasing shear rate. The course of both curves is the same, but the formulation from 2018 is
shifted significantly to the left, which means that much lower viscosities are achieved at lower shear
rates.
As a possible suitable wetting and dispersing aid Disperbyk 2152 (DB2152, Byk) was selected. This is
a highly branched polyester, an emission-free wetting and dispersing additive for solvent-free epoxy
resin systems. This was mixed before incorporation of the particles into the resin. According to the
recommendation of the manufacturer, a concentration of 10 wt% (based on the weight of solids)
was used. The comparison of the shear rate-dependent viscosity of the two formulations with and
without additive is shown below.
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Figure 41. Shear viscosity, plate-plate geometry, 1 mm gap, rotational measurement, 25°C.

A significant reduction in viscosity at low shear rates could be achieved. Especially for subsequent
processing processes, such as resin infusion, only low shear rates are achieved. The lower the
viscosity, the better the resin can be processed. The higher the shear rate, the closer the viscosities
of both formulations approach each other. This suggests that the influence of the particle network
in the matrix on the viscosity is significantly greater than the influence of the wetting and dispersing
additive. In the following, the difference between the two formulations can be clearly seen from
three selected shear rates.
Table 16. Viscosity of modified samples at different shear rate

In the further course of the investigations, formulations with different concentrations of the PCM
capsules were produced. For all subsequent tests, an additive concentration of 10% by mass (based
on the weight of solids) of the DB2152 was used. Processing was as previously described.
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Figure 42. Shear viscosity, plate-plate geometry, 1 mm gap, rotational measurement, 25°C.

Increasing the PCM content in the resin component leads to a significant increase in low shear rate
viscosity. However, here too the viscosity decreases markedly with increasing shear rate and
apparently reaches a similar level as the formulation with 18.4% by mass.
Table 17. Viscosity of modified samples at different shear rate

For further processing, however, the viscosity of the entire resin system (including hardener) is
interesting. On the one hand, the hardener has a significantly lower viscosity than the resin, which
reduces the overall viscosity during mixing, and on the other hand, the proportion of the curing
agent in the overall system (100 parts resin 35 parts hardener) is quite large. For these tests, the
dispersions made with the three-roll mill (resin, PCM capsules and DB2152) were mixed with
Hardener 134. For this purpose, a small amount of the dispersion was mixed with the appropriate
proportion of the curing agent by means of Speedmixer. Since the crosslinking reaction starts
immediately in the case of conventional epoxy resin systems (epoxy-amine), no shear-rateThis project has received funding from the European Union’s Horizon 2020
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dependent viscosity measurements could be made here because the viscosity changes during the
measurement due to increasing cross-linking. Immediately after mixing, isothermal measurements
were taken (oscillatory, at 25 ° C) at different shear rates over five minutes. By approximating the
viscosity profile by means of a linear trend line, the viscosity could be approximated at time zero.
The results for the formulation with 18.4% by weight of the PCM capsules are shown below.

Figure 43. Viscosity measurement, 25°C

Due to the continuous networking of the system, the viscosity increases during the measurement.
As already described above, the particles cause a shear-thinning effect, whereby the viscosity is
lower at higher shear rates. The viscosities at different shear rates (1, 10 and 50 s-1) (isothermal at
25 ° C. and 40 °C.) are shown below for all three concentrations 18.4, 25 and 27% by weight of the
PCM capsules.

Figure 44. Viscosities at different shear rates (1, 10 and 50 s-1) (isothermal at 25°).
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Figure 45. Viscosities at different shear rates (1, 10 and 50 s-1) (isothermal at 40°).

An increase in the temperature (eg in a subsequent processing) has a great influence on the
viscosity. There is a significant reduction in viscosity at 40°C. This allows a much greater latitude in
the processing of the concentration of PCM capsules.
The previous information on the concentration has related to the proportion in the pure resin
component. From these values, the following concentrations result in the final formulation:
Table 18. Viscosity of modified samples at different shear rate

6. Conclusions
The optimization of the functionalization of the encapsulated PCMs to be superhydrophobic has
been successfully carried out. IK4-Tekniker has studied the encapsulation process in a single step in
order to improve the scaling process obtaining slightly better functionalization degree (7%) than
those obtained in two step process (5%). Sykemia has also worked on the functionalization of the
encapsulated PCMs developed by IK4-Tekniker. For this purpose, it has synthesized an exclusive
alkylsilane successfully obtaining, the functionalization of the encapsulated PCMs.
Once the PCM materials were functionalized, both IK4-Tekniker and SKZ worked on the dispersion
of the materials in the resins previously selected in WP1. IK4-Tekniker worked on the dispersion of
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functionalizated and non-functionalizated PCMs in Gamesa’s and Sonacas’s resin while, SKZ worked
only in Gamesa´s resins. During the developed work, both Tekniker and SKZ, had problems with
viscosity due its increase when encapsulated PCMs were added into different resins. Considering
that these resins will be used in infusion processes, it is worth to mention that viscosity is a key
parameter for the processing of the composites. Thus, it was decided to work in parallel on the
addition of PCMs in different topcoats used by Gamesa and Sonaca to protect the materials and
composites. IK4-Tekniker worked on the incorporation of functionalized PCM into these top coat
obtaining values of superhydrophobicity up to 145°C.
All developed materials (functionalized PCMs, addtivated resins or paints) have been conveniently
thermally characterized by means of thermogravimetric analysis (TGA) and differential Scanning
calorimetry (DSC)). The morphology of the capsules has been characterized by scanning electron
microscopy (SEM-EDX). The hydrophobicity of functionalized nano-capsules has been tested using
goniometer.

7. Future Work
The improvement of the functionalized PCMs in the resins and in the paint should be improved.
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