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Abbreviations
Some of the abbreviations used in this report are listed below:
DSC – Differential Scanning Calorimetry
E – Elastic modulus
FIB – Focused Ion Beam
FT‐IR – Fourier transformed infrared spectroscopy
h – Displacement
P – Load
Pc – Critical load
ƿm – Minimum pressure
PU ‐ Polyurethane
ROMP – Ring Opening Metathesis Polymerization
r.t. – Room temperature
SEM – Scanning Electron Microscopy
SH – Self‐healing
TGA – Thermogravimetric analysis
VOC – Volatile Organic Compound
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1. Introduction
Polymer composites, used in a wide variety of applications, are susceptible to damage in the form
of cracks. Often, these cracks form deep within the structure where detection is difficult and repair
is virtually impossible. Once these cracks are formed, the structural integrity of the product is
significantly diminished.1 Consequently, self‐healing polymer composites represent a new paradigm
in the smart materials design where the objective is to automatically repair minor damage without
requiring manual intervention.
While several general self‐healing strategies have been investigated, one of the most successful and
versatile approaches utilizes encapsulated healing agents encapsulated embedded within an epoxy
matrix. In these systems, the resin matrix typically used to make composite products is employed
with self‐healing microcapsules.1 When the composite material becomes eroded, micro‐cracks are
generated, propagate through the material and cause the rupture of the embedded microcapsules
and the release of the healing agent into the damaged area (Figure 1). In consequence, the released
healing agent comes into contact with another embedded chemical trigger (such as a catalyst or
another reactive healing agent) and polymerizes, bonding the crack faces back together.2,3,4 Self‐
healing composites with microencapsulated healing agents offer tremendous potential and provide
long‐lived structural materials for practical applications.

Figure 1 Self‐healing mechanism5

Specifically, in wind power generation, aerospace and other industry sectors there is an emerging
need to operate in low temperatures and highly erosive environments subjected to extreme
weather conditions. Such conditions implicate that the current materials either have a very short
operational lifetime or demand significant maintenance. As a result, these materials turn out to be
very expensive to operate or in some cases are non‐viable6. In this context, one of the objectives of
the EIROS project is to reinforce the anti‐erosion properties of materials exposed to severe
operating temperature conditions. This will be achieved by adding encapsulated self‐healing agents
1

S. R. White. Polymeric self‐healing composites for longer lasting products. Patent Number: 6518330. 2015.
J. D. Rule, N. R. Sottos and S.R. White. Polymer. 2007, 48, 3520 – 3529.
3
X. Sheng, J. K. Lee and M. R. Kessler. Polymer. 2009, 50, 1264 – 1269.
4
G. O. Wilson, J. S. Moore, S. R. White, N. R. Sottos and H. M. Andersson. Advanced Functional Materials. 2008, 18, 44 – 52.
5
J.A. Syrett, C. R. Becer and D. M. Haddleton. Polymer Chemistry. 2010, 1, 978 – 987.
6
M. Alvarez. Project Deliverable Report D7.14. EIROS project. March 2018.
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(able to operate under sub‐zero temperatures) into different epoxy resins to manufacture
composite components (Table 1). This will improve the erosion resistance performance of four case
studies exposed to harsh environments. The selected case studies consist of wind turbine blades,
aircraft leading edges, cryogenic tanks, car oil pans and car bumper trims.
Table 1 EIROS Industrial Case Studies
Wind Turbine Blades

Wind turbine blades in low
temperature environments where the
reduction in ice formation and erosion
will lead to increased functionality of
the turbine.

Aircraft Leading Edges

The leading edge of aircraft wings or
blades where erosion and ice
formation reduce the efficiency of the
wing and maintenance costs are high.

Cryogenic Tanks

Cryogenic storage tanks for space and
energy applications where very low
temperature (< –183oC) impact
resistance is critical.

Car oil pans and car bumper trims

Automotive oil pan (due to weight)

Bumper trim (due to erosion)

This project has received funding from the European Union’s Horizon 2020
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2. Objectives
2.1

Project Objectives

The overall aim of the EIROS project is to develop a range of novel composite hybrid materials based
on a resin system containing novel nano‐particles or additives that add functionality to components
in extreme environments. The activity of the functional molecules at the surface is maintained and
replenished by a combination of dispersion and self‐healing technologies, giving increased
performance over an extended period. The developed novel composite materials provide the
composite structure with ice and erosion resistance performance to improve their performance
under harsh environments.

2.2

Demonstrator Objectives

The objective of this public demonstrator report is to describe and present the self‐healing additives,
designed to operate under sub‐zero temperatures and their incorporation into different resin
systems , developed in Task 2.3 ‐ Development of microencapsulated self‐healing reactive systems.
Dispersion and incorporation of these microcapsules into the bulk resins. Within the EIROS project,
LEITAT has elaborated microencapsulated self‐healing agents to add improved erosion resistance to
epoxy composites subjected to extreme temperature conditions.
This report is Public and, hence, omits any confidential information which is IP sensitive 7. It provides
a publishable overview of the work carried out to design self‐healing systems that function under
extremely low temperature conditions.
The development of these self‐healing systems has been achieved as a result of working in three
main tasks:
 Task 2.3.1 – Assessment of self‐healing reactive systems for extremely low temperature
conditions.
 Task 2.3.2 –Encapsulation of self‐healing reactive systems.
 Task 2.3.3 –Incorporation and dispersion of self‐healing microcapsules into the bulk resin
systems (in collaboration with SKZ).

3. Approach
3.1

Overview

The approach within the EIROS project to design self‐healing additives for harsh environments has
been, first, to evaluate which monomers and catalysts of several self‐healing chemistries were able
to function under extremely low temperature conditions (Task 2.3.1). Afterwards, the selected
reactive monomers and catalysts have been microencapsulated, employing novel encapsulation
alternatives to the ones typically used with the aim to reduce the toxicity of the shell capsule
7

As agreed with the PO of the European Commission. A confidential deliverable (CO) will be generated containing all the technical details developed
during Task 2.3 and will be submitted to the PO and the Technical External Reviewer as well as the consortium members at M28 of the project.

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

8
material and the presence of additional VOCs (Task 2.3.2). Finally, the self‐healing additives have
been dispersed into different resin systems suitable for wind turbine blades, aircraft leading edges,
cryogenic tanks, car oil pans and car bumper trims to operate under extreme temperature
conditions (Task 2.3.3).
The self‐healing agents embedded in the resin repair the cracks generated by the erosion of these
composite materials (Figure 1). Upon rupture of the microcapsules, the released healing agents
come into contact with a catalyst, which is also encapsulated and embedded into the epoxy matrix,
and ideally restore the function of the material and its mechanical properties without needing
manual intervention.
The self‐healing additives aim to provide increased erosion resistance to the composites developed
in the project. Thus, the lifetime of the materials is increased and the maintenance costs are
reduced.

3.2

Technical Approach

The encapsulation of different self‐healing additives, which consists of liquid monomers and
catalysts able to react under extremely low temperature conditions, and their dispersion into
different epoxy resins have been achieved. The purpose has been to provide increased erosion
resistance to composites exposed to extreme temperature conditions to be applied in aerospace,
wind generators, cryogenic tanks and automobile facia.
The development of the self‐healing reactive systems within the project has been accomplished by
carrying on three main tasks:
i. Assessment of self‐healing reactive systems for extremely low temperature conditions –
Section 5 of this report.
ii. Microencapsulation of self‐healing reactive systems (monomers and catalysts) – Section 6 of
this report.
iii. Incorporation and dispersion of self‐healing microcapsules into the bulk resin systems (in
collaboration with SKZ) – Section 7 of this report.

4. Assessment of Self‐healing Reactive Systems for
Extremely Low Temperatures Conditions
Three potential self‐healing chemistries suitable to operate under extremely low temperature
conditions have been selected taking into account their kinetics, autonomous self‐healing and
potential interaction with the epoxy resins. The feasibility of these self‐healing systems to perform
at low temperatures has been evaluated. The selected self‐healing chemistries consisted of:
1. Ring opening metathesis polymerization (ROMP) system.
In this system, strained cyclic olefins are exposed to a catalyst to prepare a polymer via Ring
Opening Metathesis Polymerization (ROMP) reaction (Figure 2).
This project has received funding from the European Union’s Horizon 2020
Research and innovation programme under grant agreement N° 685842
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Figure 2 Ring Opening Metathesis Polymerization

2. Polyurethane (PU) systems based on reactive diisocyanates.
In this system, isocyanates polymerize in the presence of reactive nucleophilic groups and
appropriate catalysts in the host matrix (Figure 3).

Figure 3 Polyurethane polymerization.

3. Bismaleimides and polyfunctional‐thiols system
In this system, bismaleimides and polyfunctionalthiols react, in the presence of tertiary
amines, via thiol‐Michael addition (1,4‐addition) to form a polymeric network (Figure 4).

Figure 4 Bismaleimide and tetrathiol polymerization via conjugated addition

As described on WP1 deliverables, the self‐healing system candidates needed to fulfil the following
requirements:
• To manufacture an advanced composite material able to display self‐healing (SH)
properties from – 50oC up to 60oC.
• To show stability and fluidity capacity between –50oC up to 60oC.
• To perform polymerization at room temperature (RT) and at –50oC by means of direct
reaction.
• To accomplish, at least, a conversion of:
 90% within the first 10 minutes of reaction at room temperature.
 25% at low temperature conditions and 70% after a few days at extremely low
temperature conditions.
This project has received funding from the European Union’s Horizon 2020
Research and innovation programme under grant agreement N° 685842
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Considering that the healing process in these composite materials has to take place at RT and at
sub‐zero temperatures, the viscosity of the healing agents had to be low enough (even at very low
temperatures) to fill up the micro‐cracks completely before polymerization occurred. Moreover, the
thermo‐mechanical properties and adhesive strength of the polymer formed had to be taken into
consideration and the self‐healing polymer had to match the epoxy matrix.
Accordingly, a selection of monomers, solvents and catalysts suitable for extremely low
temperature conditions (fitting the requirements mentioned above) was undertaken. These
candidates needed to be liquid and active at a different range of sub‐zero temperatures.
The evaluation of the reactivity of these systems at RT, –20°C and –70°C was performed via
polymerization tests employing different types of monomers and catalysts in different ratios,
respectively. First, the polymerization reactions were characterized, by observing and measuring
the reticulation time of the reactive mixtures at a range of temperatures. To do so, reactive
monomers were stored at –20oC and –70oC (Figure 5). Then, the catalyst was added and the reaction
conversion was assessed by measuring the polymerization time and determining when the reactive
mixture was cross‐linked (Figure 6a, 6b and 6c).

Figure 5 Reactive healing agent (liquid and with low viscosity) at sub‐zero temperatures (both images).

Figure 6 A) Addition of the catalyst at low temperatures. B) The liquid reactive mixture is kept at low
temperatures. C) The liquid reactive mixture polymerized after few minutes at sub‐zero temperatures.
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Additionally, some experiments were carried out in order to study not only the influence of the type
of catalyst used, but also the influence of the concentration of the catalyst to reduce the amount of
catalyst needed for the polymerization reaction.
After testing the reactivity of different healing agents and catalysts, the products obtained after the
reaction were analyzed by thermogravimetric analysis (TGA) in order to quantify the conversion of
the polymerization reaction at –20oC and –70oC. Additionally, this permitted to study the
degradation temperature of the polymer formed upon the reaction of the healing agents and
determine the quantity of unreacted monomer (Figure 7).
Accordingly, the reactive systems showing an acceptable polymerization time were selected to carry
out a thermogravimetric analysis and obtain conversion quantitative results in order to select
suitable reactive systems at –20oC and –70oC.
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Figure 7 TGA graph showing the mass loss of the self‐healing systems after reacting at sub‐zero temperature,
showing a polymerization conversion of 78 wt.% (data supported by DSC data).

Hence, the reactive systems selected to be encapsulated were the ones accomplishing both
conditions:
• At least a 70% of conversion at –20°C and –70°C after a few days of reaction.
• At least a 90% of conversion at room temperature after 10 minutes of reaction.
The monomers and catalysts selected were put forward for the encapsulation process (second step
of the approach).

5. Encapsulation of Self‐healing Reactive Systems
A selection of appropriate microencapsulation strategies and chemically compatible capsule shells
was carried out to encapsulate both the selected self‐healing monomers and catalysts.
This project has received funding from the European Union’s Horizon 2020
Research and innovation programme under grant agreement N° 685842
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For the encapsulation of the monomers, encapsulation techniques to obtain microcapsules with a
core‐shell structure were evaluated. For the encapsulation of catalysts, suitable shells (compatible
with the reactive systems), were selected for each of the potential self‐healing chemistries.

5.1

Encapsulation of Self‐healing Monomers

Within this task, LEITAT has studied the micro‐encapsulation of liquid monomers able to polymerize
at extremely low temperatures. The selected approach consisted of obtaining microcapsules with a
liquid core and a polymeric shell employing the interfacial polymerization technique.
The innovation proposed by LEITAT involves the use of commercial and solvent‐free materials to
build a polymeric shell as an alternative to poly(urea‐formaldehyde) or poly(melamine‐
formaldehyde) capsules, typically used for encapsulating self‐healing systems. Moreover, another
novelty of the encapsulation procedure is to utilize a solvent‐free oil phase to avoid additional VOCs
inside of the microcapsules.
These self‐healing microcapsules have been synthezised via interfacial polymerization technique, in
which the formation of the shell directly occurs at the oil‐in‐water interface. The encapsulation
process consists of the dispersion of the oil phase (which contains a reactive monomer to build the
shell and the healing agent), into a second immiscible phase (in which a second monomer is added).
Both monomers react at the droplet surface (interface) and form a polymeric membrane. As a result,
microcapsules composed of liquid self‐healing agents enveloped within a polymeric membrane are
obtained (Figure 9). 8
Following the experimental procedure developed by LEITAT, the polymerization reaction employed
to encapsulate the reactive healing agents can be performed by heating up the system without using
a catalyst. Using this encapsulation technique, the average size of the microcapsules can easily be
controlled by the stirring rate during the emulsion process. Self‐healing capsules with an average
size of 15 µm (Figure 11) have been synthezised and characterized.

Figure 8 Experimental procedure to encapsulate self‐healing monomers.
8

C. Perignon, G. Ongmayeb, R. Neufeld, Y. Frere and D. Poncelet. Journal of Microencapsulation. 2015, 32, 1 – 15.
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Furthermore, the encapsulation of the self‐healing agents has been studied at different core‐shell
thickness ratios. The optimal core‐shell ratio was established according to the internal structure and
external morphology of these capsules observed in the SEM images.
In addition, different characterization techniques have been employed to determine the capsules
morphology, size, interior structure, shell thickness, thermal stability, encapsulation yield and
mechanical properties. To carry out the characterization of the newly synthesized self‐healing
capsules, techniques such as Scanning Electron Microscopy (SEM), Focused Ion Beam (FIB), Particle
Size Analyser, Thermal Gravimetrical Analysis (TGA), Nanoidentation and Differential Scanning
Calorimetry (DSC) have been performed. DSC results are presented in Figure 29 and 30 (Section 6).

5.1.1

SEM Images

The SEM images obtained of the self‐healing capsules developed in this section (Figures 9, 10, 11
and 12) showed their external morphology, internal structure, size and shell thickness. During this
study, two internal structures have been detected (Figures 12 and 13).

Figure 9 External morphology of Self‐healing capsules obtained via interfacial polymerization.

Figure 10 Average size of the self‐healing microcapsules.
This project has received funding from the European Union’s Horizon 2020
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Figure 11 External morphology and surface of the self‐healing microcapsules

In order to observe the interior of the self‐healing capsules, these were dispersed into an epoxy
resin, the modified resin cured and a section of the cured resin sample cut. Two types of capsules
were observed:
• Core‐shell type capsules (Figure 12).
• Capsules containing an external shell and a matrix core (Figure 13).
For the self‐healing approach, microcapsules with a core‐shell are preferred due to faster release of
the self‐healing monomer, once the material erodes.

This project has received funding from the European Union’s Horizon 2020
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Figure 12 Internal structure and shell thickness of the self‐healing microcapsules.

5.1.2

FIB Images

The sub‐superficial microstructure of the self‐healing capsules containing the monomer was done
as an attempt to get a more detailed view of the sub‐superficial microstucture of the microcapsules.
To do so, a focused ion beam (FIB) was applied to obtain a cross‐sectional view of one of the
samples. 9
From the FIB cross‐section (Figure 13), it can be assumed that the shell of the microcapsules is
homogeneous with almost no pores in it. Furthermore, from the direct inspection of the FIB images,
it can be observed that the microcapsules present an external layer ranging between 750 – 1000
ƞm, practically without porosity.

9

FIB images were performed at UPC by PhD. Joan Josep Roa Rovira
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Figure 13 FIB cross section of the internal microstructure of the microcapsules.

5.1.3

Thermal Stability (TGA)

The thermal stability and decomposition of the self‐healing capsules have been determined by TGA.
Figures 14 and 15 show that the developed self‐healing microcapsules can be stable up to 150oC
and high encapsulation yields (~ 69 – 63 wt%.) have been achieved and quantified.
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Figure 14 TGA graph of self‐healing microcapsules.
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Figure 15 TGA graph showing the encapsulation ratio when comparing the TGA of the self‐healing
microcapsules and the TGA of the capsule shell material.

5.1.4

Nanoidentation

The determination of the critical load (Pc) required to break the self‐healing microcapsules as well
as the stress‐strain curves for the different microcapsules were obtained using the Nanoidetation
technique at University Politècnica de Catalunya (UPC, Barcelona) by Prof. Joan Josep Roa Rovira
(Figure 16). The nanoidentation technique led to determine the main mechanical properties of the
self‐healing capsules at the submicrometric length scale (i.e. hardness, elastic modulus, indentation
fracture toughness, stress‐strain curve, maximum shear stress and mean contact pressure, among
others). All these parameters were determined from the load (P) – displacement (h) curve.

Figure 16 Schematic representation of the nanoidenter10

10

M. F. Doerner, W. D. Nix J. Mater. Res. 1986, 1, 601
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Hence, an indenter was pressed onto the surface of the specimen under compressive load,
recording both load (P) and displacement into surface (h) at each load increment (Figure 17). The
tests were performed using a spherical tip indenter.
The indentation process and some of the main parameters used for hardness and elastic modulus
analysis were directly explained by the P‐h curve measured during the indentation test. The loading
part of the curve consists of an initial elastic contact followed by a possible plastic flow or yield at
higher loads. This leads to a different path observed in the unloading curve in which case a residual
impression is observed in the specimen (Figure 17). Furthermore, the elastic modulus (E) can be
determined from the linear part of the unloading curve.

Figure 17 Load‐displacement curves of different self‐healing microcapsules.

The determination of the critical load and the mean contact pressure required to break different
self‐healing microcapsules was directly obtained and correctly interpreted from the loading curves
attained through the nanoidentation technique (Figure 17). Moreover, from the critical values
This project has received funding from the European Union’s Horizon 2020
Research and innovation programme under grant agreement N° 685842
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reported was possible to determine the minimum pressure, ƿm, to break the membrane of the self‐
healing microcapsules (Figure 18).

5.2

Encapsulation of Catalysts

In order to avoid the deactivation of the catalyst of the self‐healing systems due to contact with the
resin components and air, the catalyst was protected using a capsule system. Additionally, these
capsules lead to a better dispersion of the initiator particles into the epoxy matrix. In one of the self‐
healing approaches, microspheres containing the catalyst were obtained through a hydrophobic
congealable disperse phase encapsulation procedure11,12 (Figure 18).

Heat up

Cool down

Filtered and dried
under vacuum

Catalyst
microcapsules

Aqueous phase Oil phase

Figure 18 Encapsulation of self‐healing catalysts.

The external morphology and internal structure of the catalyst microcapsules have been obtained
by SEM technique (Figures 19 and 20).

Figure 19 Catalyst microcapsules for self‐healing systems (both images).

11
12

K. C. Caster, E. F. Tokas, C. G. Keck and M. E. Hontz. Journal of Molecular Catalysis A: Chemical. 2002, 190, 65‐77.
Moore et al. Wax particles for protection of activators and multifunctional autonomically healing composite materials. US 7,556,747 B2. 2009.
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Figure 20 A) Morphology of catalyst microcapsules for self‐healing systems. B) Interior structure of catalyst
microcapsules for self‐healing systems.

Currently the self‐healing additives are being scaled up to produce composite panels for each of the
study cases and, additionally, health and safety studies are currently being performed (Task 2.6).

6. Incorporation and Dispersion of Self‐healing

Microcapsules into Bulk Resin Systems.
The synthesized self‐healing microcapsules which contain monomers and catalysts encapsulated
separately have been incorporated in different resin systems (Table 2). Various resins were selected
for each of the end‐users fitting their parameters according to the manufacture process used to
produce composites. The details of the different routes defined to obtain erosion and ice resistance
composites in the EIROS project are also summerized in Table 2.
Table 2 EIROS Case Studies

Route A

Route B

Route C

Route D

Case‐study

Car oil pan and
car bumper trim

Cryogenic tanks

Aircraft leading edge

Wind turbine
blades

Composite
production
process

Infusion

Filament winding

SQRTM/prepreg/surface
film

Lay up
Infusion

Partner
suitability

MAIER & CRF

ROKETSAN

SONACA

GAMESA

Loaded resin samples have been characterised via changes in viscosity, resin rheology and the curing
behaviour. In order to assure a succsseful incorporation and dispersion of the self‐healing additives
into each resin system the following actions were implemented for all the case studies:
This project has received funding from the European Union’s Horizon 2020
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a. Evaluation of the incorporation protocol of self‐healing microcapsules and catalysts
microcapsules into thermoset resins.
b. Selection of suitable dispersing technologies depending on the rheological properties of
the epoxy resin and the self‐healing microcapsules.
c. Influence of the self‐healing microcapsules and their dispersion on the quality of the
further processing properties of the resin.
For composites produced via infusion processes (route A and D), the distance between fibers had
to be bigger than the average size of the SH capsules to allow the flow during the infusion. This
limited the maximum size of self‐healing capsules that could be used. This distance between fibres
of the carbon and glass fibre samples employed for the case studies of GAMESA, MAIER and CRF
was determined via SEM (Figure 21 and 22).

Figure 21 Distance between glass fibers for Route D case study (GAM).

Figure 22 Distance between carbon fibers (supplied by SIGMATEX) for Route A case study (MAIER and CRF).

Both fabrics presented different gaps between the fibres. Therefore, the distance between bundles
and the distance between single fibres was measured in both cases.
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To evaluate the dispersion of the synthesized self‐healing and catalyst microcapsules in the different
resins systems, various studies were performed for each case study. Firstly, a study about the neat
resin properties was conducted; later, the rheological behaviour was evaluated. This behaviour
depends on the different loads added to the self‐healing additives fitting the requirements for each
resin. Finally, the proper dispersion of the different kind of particles in the cured epoxy resin was
analysed via SEM images.
Resins from Route A, B and D were studied by mixing their respective components and cured in a
100 mL polypropylene vessel in order to study different curing and kinetic times. Following these
results, the homogeneity of the additivated epoxy resins was evaluated through SEM while using
different agitation blades and shear velocities.

Figure 23 Cowles disperser (left) and propeller blade (right) used for the dispersion trials.
Table 3 Dispersion parameters and results for thermoset resins

Shear rate (Rpm)

Dispersion Time (min)

Blade

Result

Eiros DD‐1

1000

15

Cowles

Not dispersed

Eiros DD‐2

1000

15

Propeller

Not homogeneous

Eiros DD‐3

1500

15

Propeller

Not homogeneous

Eiros DD‐4

1500

25

Propeller

Good Dispersion

The propeller type‐blade demonstrated a higher performance to disperse self‐healing
microcapsules than the Cowles disperser (Figure 23, Table 3). Nevertheless, the dispersion of the
catalyst microcapsules in the different epoxy resins was more complex than the dispersion of the
self‐healing microcapsules with the ultraturrax equipment. The optimal dispersion parameters have
been achieved using a three‐roll milling (by SKZ).
Considering these results, different studies were performed for each of the case studies to
determine the optimum load of self‐healing additives necessary to fit all the parameters defined for
the end‐users in the production of composites.
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The knowledge obtained by dispersing the self‐healing capsules in the resin of Route A was applied
to the rest of the case studies.

6.1

ROUTE A: Car Oil Pan and Car Bumper Trims Case Study

Several dispersion trials (different loads of self‐healing additives in the epoxy resin), were performed
using the propeller blade at the optimized dispersion conditions (Figure 23 and Table 3). The
dispersion of the self‐healing additives checked via SEM is shown in Figure 24.

Figure 24 Dispersion results using a propeller blade and 20% wt. of self‐healing microcapsules in epoxy resin
(both images).

The homogeneous dispersion and composition differences of the neat/additivated cured epoxy
resins obtained in Route A can be observed in Figure 25.

Figure 25 Route A resin. Neat, with self‐healing capsules and loaded with self‐healing and catalyst capsules
(from top to bottom).
The top resin piece shown in Figure 25 corresponds to the neat resin for Route A. The one below is
only composed of the self‐healing capsules homogeneously dispersed. Finally, the bottom one,
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contains both self‐healing additives, the self healing and the catalyst capsules. It could be seen how
the pieces went from crystal see‐through to opaque (but maintaining its colour) and finally, to
green‐black opaque.
A deeper study about the incorporation and the rheological properties of the self‐healing and
catalyst microcapsules for this case‐study was conducted by SKZ in order to achieve a modified resin
that fits the requirements that the end‐users requested to produce composites with modified resin.

6.1.1

Dispersion and Rheological Results (SKZ)

The incorporation of the self‐healing capsules as well as the catalyst capsules (provided by LEITAT)
in the epoxy resin was carried out at SKZ. The capsules were provided as dry powders which partly
formed hard agglomerates. The pre‐mixing tests were carried out with a dissolver and a dual
asymmetric centrifuge. It was possible to mix the powder in the resin but these dispersing machines
were not suitable to break down the hard agglomerates. Furthermore, an increase in the viscosity
was observed by mixing the capsules in the resin. Due to the high viscosity of the modified resin, a
three‐roll‐mill was chosen as suitable dispersing method.
The first dispersion tests were not carried out with the catalyst capsules containing the actual
catalyst due to the high price. Therefore, LEITAT provided SKZ with artificial catalyst capsules
(dummies); without the catalyst, however with the same size of the real catalyst capsules. Figure 26
shows the viscosity curves and reactivity of the resin systems containing 0, 13 and 20 wt.% of self‐
healing capsules in respect to the resin component. The ratio self‐healing capsules to the catalyst
capsules (or dummies) was set at 10 : 1. It can be observed that the viscosity increases by adding
the particles. Furthermore, one can observe that the curing reaction starts around 100°C and is not
affected by the self‐healing capsules. Also isothermal viscosity investigations were carried out for
the system containing the dummy catalyst capsules at 60, 70 and 80 °C. These results are not
presented in this demonstrator.

Figure 26 Viscosity curves for the resin systems without and with self‐healing capsules and catalyst capsules.
Temperature ramp carried out at 2 °C/min.
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After these first fundamental tests, the formulations with the capsules containing the real catalyst
were investigated. A significant difference in the viscosities of the formulations with the dummies
and the true catalyst capsules was observed (Figure 27). The formulations with the dummies have
a much lower viscosity than those with the true catalyst capsules. Furthermore it is important to
observe that the reactivity of the system is similar, independent of the type of capsules (catalyst or
uniquely capsule component) being used, as both viscosity curves are parallel. The very high
viscosity of the system containing the catalyst capsules is critical for the planned infusion tests at
the project partners for Route A.

Figure 27 Viscosity curves for the resin systems containing 30 wt.% self‐healing capsules and 3 wt.% catalyst
capsules or 3 wt.% dummy catalyst capsules. Isothermal investigation at 70 °C.

Regarding the infusion tests, an infusion process for the production of composite parts requires a
relatively low viscosity and stability (no significant curing reaction) for at least two hours. A
temperature ramp for the system containing 30 wt.% self‐healing capsules and 3 wt.% catalyst
capsules was carried out. The result is shown in the Figure 28. It is quite interesting to observe the
dramatic drop of the viscosity at around 50°C, which could be explained by the melting of the
capsule material of the catalyst capsules. This phenomenon was not observed for the dummy
capsules, although the same material was used as determined by DSC tests (Figures 29 and 30). This
viscosity curve shows that the viscosity below 60 °C is possibly too high for infusion tests.

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

26

Figure 28 Viscosity curve for the resin system containing 30 wt.% of self‐healing capsules and 3 wt.% of
catalyst capsules. Temperature ramp carried out at 2 °C/min.

Figure 29 DSC graphic for catalyst microcapsules with catalyst. At 60°C a melting and crystallization process
occurs. Also, some smaller thermal transitions take place at approximately 42°C.
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Figure 30 DSC graphic for catalyst microcapsules without catalyst. At 60°C a melting and crystallization
process is observed. Also, some smaller thermal transitions take place at approximately 42°C.

Due to the high viscosity observed with 30 wt.% self‐healing capsules, further investigations were
carried out with the system containing 20 wt.% self‐healing capsules and 2 wt.% catalyst capsules.
Figure 31 shows the temperature ramp and Figure 32 shows the isothermal behaviour of the system
at 50, 60 and 70 °C.

Figure 31 Viscosity curve for the resin system containing 20 wt.% self‐healing capsules and 2 wt.% catalyst
capsules. Temperature ramp carried out at 2 °C/min.
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Figure 32 Viscosity curves for the resin system containing 20 wt.% self‐healing capsules and 2 wt.% catalyst
capsules. Isothermal investigation at 50, 60 and 70 °C.

The formulation with 20 wt.% of the capsules in the resin (resin component + 20 wt.% self‐healing
capsules + 2 wt.% catalyst capsules) was determined as the most suitable formulation for an infusion
process due to the best viscosity properties at a temperature of 70°C.

6.2

ROUTE B: Cryogenic Tanks Case Study.

Self‐healing and catalyst microcapsules were dispersed in the cryogenic tanks case study resin at 10
and 20wt%. Rheological tests of the loaded and non‐loaded resin exhibit and increment of the
dispersion viscosity proportional to the load of the microcapsules.
Working with Route B resin was not trivial as the resin Part A is extremely viscous and once mixed
with part B, the dispersion and working time was limited as the viscosity started to increase due to
the resin polymerization. Due to the high viscosity values of the neat resin at room temperature, it
required more time with the ultraturrax dispersion to obtain an optimal dispersion of the self‐
healing microcapsules in the resin, this increased the dispersion time and lowered the curing time,
which, overall, narrowed the operational window of the loaded resin.
Taking all these into account, self‐healing and catalyst microcapsules were dispersed during 30 to
45 minutes at 1500 rpm and measured with a bohlin rheometer with a 20mm parallel plate at 30oC
(the supplier partner established 30oC as the optimal temperature for the viscosity measurements).
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Figure 33 Viscosity curves for the route B resin system containing 20 and 10 wt.% self‐healing capsules, neat
resin and 2 and 1 wt.% catalyst capsules. Isothermal investigation at 30 °C.

Figure 34 Viscosity curves for the route B resin system containing 20 and 10 wt.% self‐healing capsules, neat
resin and 2 and 1 wt.% catalyst capsules. Isothermal investigation at 30 °C. Zoomed at higher shear rates.
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Figure 35 Viscosity curves for the route B resin system containing 10 wt.% self‐healing capsules, 10 wt.% self‐
healing capsules with 1 wt.% catalyst capsules and neat resi. Isothermal investigation at 30 °C. Zoomed at
higher shear rates.

As seen in the assays (Figure 34), 20wt.% load of self‐healing capsules results provide non‐viable
viscosity measurements at any time. 10wt.% load of capsules with no catalyst was stirred for 45
minutes, resulting in a higher viscosity values than the same load, with catalyst, but only 30 minutes
under the ultraturrax effect. All the loaded resins presented higher viscosity values than the neat
one, being coherent with the results found until date.
After the analysis, 10wt.% of self‐healing capsules and 1 wt% of catalyst capsules were loaded in
Route B resin and studied for the filament winding process viability (Figure 35).

6.3

ROUTE C: Aircraft Leading Edge Case Study

The suitability of the addition of self‐healing capsules into the epoxy resin system selected for this
case‐study was discarded due to the high curing temperature of the resin (the process could damage
the self‐healing capsules). Additionally, this system is a catalysed prepreg which allowed a small
working window with the uncured resin. Some other application technologies are being currently
studied with lower temperature requirements such as top‐coat application.

6.4

ROUTE D: Wind Turbine Blade Case Study

To evaluate the feasibility of incorporating self‐healing additives into the epoxy resin system of
route D, the first step consisted of determining the homogeneity of the dispersion trials (using the
optimization parameters explained in Table 3).
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Figure 36 Route D resin. Cured, with SH and catalyst microcapsules and with only SH capsules respectively.

The cured resin neat and additivated can be seen in Figure 36. From left to right, the neat resin is
transparent, crystal‐like with a slightly blue‐sky colour. The next piece shows a homogeneous
dispersion of the resin with the catalyst and self‐healing microcapsules. Finally, the last piece is
composed of the resin with only the self healing microcapsules (no catalyst). The differences in the
colour of each piece can be clearly seen when using the catalyst capsules in the dispersion; the resin
piece adopts a darker colour.
Once the resin was cured in the polymeric vessel, it was removed, cut with a microtome (60 µm
width) and evaluated by using SEM images in order to check the correct dispersion of the self‐
healing additives (Figure 37).

Figure 37 A) Dispersion of route D resin with propeller blade and 20 wt.% of capsule load. B) Dispersion of
capsules (10 wt.%) in the route D resin with the cowles blade.

Achieving a homogeneous distribution of both self‐healing capsules and catalyst capsules is
imperative in order to obtain good self‐healing properties. The composite must present the same
properties in each part at the same time to perform at its best. Without good homogeneity, these
effects are non‐viable.
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Subsequently, rheological studies using different loads of self‐healing microcapsules were carried
out. These rheological studies in Route D were performed in LEITAT with neat resin loaded with 10,
20 and 30 wt.% of self‐healing microcapsules at room temperature (25oC). The graphic baseline,
determined by the end‐users specifications (above 2000 mPas there are problems with the
composite manufacture process), showed that the limit viscosity for the composite process to take
place correctly was with a resin system loaded with a 20 wt.% of self healing microcapsules (Figures
38 and 39).

Figure 38 Rheological properties of loaded and neat route D resin.

Figure 39 Rheological properties of loaded and neat route D resin (Figure 38 zoom area).
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7. Conclusions
Within Task 2.3 of the EIROS project ‘Development of microencapsulated self‐healing reactive
systems. Dispersion and incorporation of these microcapsules into the bulk resins’, self‐healing
additives able to function under extremely low temperature conditions have been studied and
developed with the aim to improve the erosion resistance of composites subjected to harsh
environments for wind turbine blades, aircraft leading edges, cryogenic tanks, car oil pans and car
bumper trims.
First, self‐healing agents that have low viscosity and high reactivity at sub‐zero temperatures have
been selected and tested. Their reactivity and reaction conversion, using different monomers and
catalysts, have been analyzed in order to select suitable healing agents and catalysts for extreme
environments.
Second, microcapsules of self‐healing liquid agents have been synthesized using innovative
encapsulation procedures. Furthermore, less toxic reagents have been employed and the use of
additional VOCs has been avoided achieving high encapsulation yields. The self‐healing
microcapsules obtained have been characterized properly to determine the morphology, size,
interior structure, shell thickness, thermal stability, encapsulation yield and mechanical properties.
The corresponding catalyst has also been microencapsulated to protect it from external agents and
to achieve a better dispersion in the different resin systems.
According to the results obtained, LEITAT selected innovative self‐healing additives suitable to
operate under extremely low temperature conditions. These additives are composed of
microcapsules containing healing agents in a polymeric shell and microcapsules containing the
catalyst to be incorporated into the different resin systems.
Finally, the self‐healing additives (monomers and catalyst encapsulated separately) have been
incorporated into different epoxy resin systems suitable to manufacture composites for wind
turbine blades, cryogenic tanks, car oil pans and car bumper trims. Dispersion trials, rheological
studies and curing profiles of the neat and additivated resin have been performed following the
requirements established for the different end‐users. The results show that the optimum load of
self‐healing additives for the production of composites for these specific applications is around 20 ‐
10 wt.% in relation to the resin system.
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