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A B S T R A C T

There is a growing demand of self-healing materials to overcome the costs derived from repairing and sub-
stituting pieces and components due continuous damages. Among the pursued strategies, the development
of self-healing systems capable of operate at real low temperatures remains unsolved. In this study, we re-
port the development of an extrinsic self-healing system for composite materials that has demonstrated an
efficiency above 100% at low/ultra-low temperatures. This mechanism is based on the Ring-Opening
Metathesis Polymerization (ROMP) of a blend of 5-ethylidenenorbornene/dicyclopentadiene (ENB/DCPD)
monomers in the presence of ruthenium-based 3rd generation Grubbs’ catalyst (G3). The blend was mi-
croencapsulated in formaldehyde-free polyurea vessels and dispersed into three different commercial
epoxy resins. Tapered Double Cantilever Beam (TDCB) specimens of the modified resins were manufac-
tured, tested and healed at low/ultra-low temperature conditions completely autonomously. All samples
showed high self-healing efficiency, demonstrating the potential incorporation in real composite materials
for high performance fields.

1. Introduction

Fiber reinforced plastics (FRP) are becoming more and more popular
due to their improved properties allowing their use in applications that
traditionally have been reserved to other compounds such as metallic
and ceramic materials [1]. The main advantage of this class of compos-
ite materials is their low density, which, in combination to their me-
chanical properties, enable the obtention of materials that are both
strong and lightweight. Weight reduction is critical in several fields, as
allows an enhanced performance while providing an overall cost reduc-
tion. Thus, the lightweight materials market is growing much faster
than the overall materials market [2].

With all, these materials present some undesired properties. Among
those, erosion resistance due to constant loading conditions (I.e. dy-
namic and impact damage) is usually poor [3,4]. This erosion process
can pose a severe threat to the overall integrity of the polymeric com-
posite structure at the long pace, preventing the full inclusion of FRPs in
structural pieces for its application in fields where high standards are
required. Moreover, the current maintenance of FRP is posing both a

technical challenge for critical structural parts as well as a great eco-
nomical expense, mostly related to the fact that the possible caused
damage is not always visible to the naked eye but at microscopic level
[5]. In order to fully introduce those materials in some of the high-
performance fields such as the automotive, wind power or aeronautic
industries that will work in harsh, real conditions, there is a need for in-
creasing the FRP on-site resistance to the erosion damage and thus, en-
larging its optimum operating life in a way that not includes a higher
expense in human maintenance of the materials.

Among the studied strategies used for increasing FRPs durability,
service life and reliability, the development of Self-Healing (SH) mate-
rials has received a lot of attention during the last decade. By mimick-
ing biological systems, these composite materials are designed with the
ability to trigger a self-repairing response without any or with very lit-
tle external human intervention when an internal or external damage is
produced. Through this strategy, is possible to enhance the lifespan of
these polymer composites preventing simultaneously a catastrophic
failure of critical part as well as reducing significantly the maintenance
of these structures. For all these reasons, SH materials are called to be
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the next generation of materials for high performance applications [6,
7].

SH materials can be classified broadly into two types: intrinsic and
extrinsic [6]. The SH process in intrinsic-type materials is due to the
material’s inherent characteristics and functionalities [8,9], whereas in
extrinsic SH materials the damage is recovered by the release of a heal-
ing agent inside the cracks from separated microcontainers embedded
in the matrix [10,11]. Although intrinsic SH materials can provide a re-
iterative and therefore, theoretical longer SH activity, they are in need
of a relative strong external stimuli such as heat or light as well as they
have lower healing volume than extrinsic systems [12–14]. In epoxy-
based FRP, with some exceptions in the recent years [13,15], the main
applied system is the extrinsic SH. While vasculature-like structures
have been reported as SH containers, they still present scale-up and im-
plementation problems [13,16,17], leaving the incorporation of micro-
capsules as the prime methodology for this approach. Overall, experi-
mental results and literature seem to indicate that up to now, the SH
approach with the highest potential of being used in real-life applica-
tions is the one based in microcapsule addition [18].

The microcapsule SH mechanism starts when the epoxy-based com-
posite material becomes eroded and thus, micro-cracks are generated,
spreading through the material. Crack propagation causes the rupture
of the embedded, fragile microcapsules and the release of the healing
agent that flows into the damaged area (Scheme 1, [A, B, C]). Conse-
quently, the healing agent encounters with another embedded chemical
trigger (such as a catalyst or another reactive healing agent) and poly-

merizes, forming a thin layer that leads to a bonding of the crack faces
back together, preventing the crack propagation, delaying the erosion
effect, healing the system and therefore, increasing the material’s life-
time (Scheme 1, [D]).

From the wide variety of healing agents used for extrinsic SH appli-
cations (such as metathesis, polycondensation and epoxy-based sys-
tems) [16], the Ring Opening Metathesis Polymerization (ROMP) sys-
tem, on which this work is based upon, has been extensively reported in
the literature and it has proven to be an excellent polymerization tech-
nique for these SH thermoset materials. Studied first by White et al., the
ROMP of blends of cyclic olefins is used to synthesize linear and rami-
fied polymers through the action of ruthenium-based catalyst
(Grubbs’, Hoveyda-Grubbs’) [19]. These catalysts can be either di-
rectly dispersed into the resin or encapsulated in waxy materials in or-
der to avoid a deactivation by contact with the curing agent or expo-
sure to air [20]. Even though there is a broad number of SH studies re-
porting the use of Grubbs catalyst, to the best of our knowledge this is
the first work reporting the use of the 3rd generation of Grubbs cata-
lyst, with a reactivity that can be up to six orders of magnitude higher
than 2nd generation [21], for SH applications.

5-Ethyldiene-2-norbornene (ENB) and dicyclopentadiene (DCPD)
mixtures, (ENB/DCPD) microencapsulation has been reported using in-
situ polymerization in urea-formaldehyde [22,23] and melamine-urea-
formaldehyde [24]. However, problems regarding the use of solvents or
toxic formaldehyde, represent a drawback in the use of those materials.
Above them, polyurea (PU) rises as a good alternative as it is stable at

Scheme 1. Scheme of the extrinsic ROMP-based self-healing system developed in this work for epoxy-based materials used in high demanding fields efficient
at ultra-low temperatures. The self-healing mechanism reported in this work follows the same ROMP-based chemistry as previous bibliography [10,12 ,19 ,
26]. In short, strained cyclic olefins with no bulky groups around the double bonds such as 5-Ethylidiene-2-norbornene (ENB) and Dicyclopentadiene
(DCPD) are microencapsulated and dispersed in epoxy-based materials. When a crack appears (due to erosion or external damage, for example), it breaks
the composite along with the capsules, the monomers are released from their vessels and reacts at low temperature (−20 °C) in presence of a Ru-based cata-
lyst (3rd Generation Grubbs Catalyst) previously embedded into the material to generate a crosslinked random copolymer of poly-ENB/DCPD, generating an
adhesive layer and attaching both sides of the damaged composite. With this, the material is healed and its operating shelf-life, increased.
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the different processing conditions—it has been used for other self-
healing systems—[25], and the methodology is formaldehyde and sol-
vent-free. The main problem may be envisaged from the use of iso-
cyanates for the polyurea formation, but the risks are minimized by us-
ing non-volatile polyisocyanates and by assuring non-free isocyanates
in the final product (using amine excess and following isocyanate con-
sumption by FTIR).

Furthermore, current microcapsule-based SH materials have good
performance under favourable and standard conditions, but have
failed to provide a good repairing performance at harsh conditions, es-
pecially, at very low temperatures where the real operation conditions
of the materials used in aerospace or windmill industry take place. In
the last years, some ROMP-based systems with potential to operate at
sub-zero temperatures have been demonstrated and microencapsu-
lated, but the self-healing tests were only performed at room tempera-
ture and low yields were obtained [26]. Alternatively, Kalista and co-
workers reported a system able to work at low temperatures but with
the need of external sources of energy (ballistic impacts) to initiate the
self-healing process [27]. Dong-Min, et al. demonstrated a successful
dual microcapsule low temperature (−20 °C) self-healing, but for coat-
ing applications [14]. Regarding intrinsic self-healing systems, several
works mention a development of a self-healing system operating at low
temperature while really they refer to room temperature or near ambi-
ent temperature [28,29]. Only a few works such as the ones from Wu et
al. or Xue et al. show a successful, real self-healing behaviour at low
temperature [30,31] and, in none of them, the selected matrix is either
a thermoset or epoxy-based. The failure of intrinsic systems for low
temperature applications may be hypothesized to be related to the need
of a significant chain mobility to achieve the regeneration process [12,
32]. Thus, all of these systems fail to provide an effective extrinsic-type
and autonomous (understood as the unnecessity of needing any exter-
nal agent, such as heat, pressure or radiation) [12] SH solution for in-
ternal structural components for the real environmental conditions that
the materials will face.

Hence, in this study the authors report the development of i) an ex-
trinsic self-healing system based on metathesis polymerization of ENB/
DCPD blend, able to flow without phase separation at −70 °C and to
react, in presence of 3rd generation Grubbs’ catalyst from −20 °C; ii)
ENB/DCPD blend microencapsulation by interfacial polymerization in
solvent-free non-toxic polyurea (PU) generating core-shell microcap-
sules with up to 70 wt% load; iii) the incorporation of these microcap-
sules into different system of epoxy-based material without the neces-
sity of protecting the metathesis catalyst; and iv) the demonstration
that this system present an autonomous healing efficiency in fracture
toughness assay with tapered double cantilever beam (TDCB) [33]
higher than 100%, at cryogenic temperatures for all different epoxy
systems.

2. Experimental section

2.1. Materials

Three different epoxy systems (Table 1) were used as polymeric ma-
trixes for the specimen’s manufacture. Grubbs 3rd generation (G3) and
Hoveyda-Grubbs 2nd generation (HG2) catalysts were purchased from
Sigma-Aldrich. 5-Ethyldiene-2-norbornene (ENB) and dicyclopentadi-
ene (DCPD) were used as healing agents and purchased from Sigma-
Aldrich (US). Voranate™ M 2940 (Dow, US) was used as polymeric iso-
cyanate (polymeric methylene diphenyl diisocyanate pMDI). Ethylen-
diamine (EDA), Diethylenetriamine (DETA) tetraethylenetriamine
(TETA) and arabic gum from acacia tree were purchased from Sigma-
Aldrich and used as received.

Table 1
Curing conditions of the different epoxy resin systems.

Resin sy stem curing ra te Parts
per
weight

Curing process

Epoxy
component

Amine
curing
agent

Accelera tor

Epikote
RIMR
135

Epikure
RIMH
137

– 100 :
35

Ramp at 0.5 °C/minute to 45 °C.
Hold at 45 °C for 1 h. Ramp at
1 °C/min to 75 °C. Hold at 75 °C
for 4 hrs. Cool to am bient at
1 °C/min. Hold at RT for 19 h.
No post-cure process is
performed

Araldite
LY 556

Aradur
HY 917

DY 070 100 :
90:
0.5–2

Ramp at 1 °C to 65 °C. Hodt at
65 °C for 1 h. Rampt at
1 °C/min to 80 °C. Hold at 80 °C
for 16 h. Cool to RT at
1 °C/min. No post-cure cycle is
performed

CTD 7.1
Part A

CTD
7.1
Part B

– 101 :
29.6

The sa mple is cured for 7 days
at 25 °C. No post-cure process is
performed

2.2. Sample preparation

2.2.1. ROMP monomers selection
At low temperatures, fast reaction kinetics are beneficial for the

self-healing process. Therefore, strained cyclic olefins having no bulky
groups around the double bonds, such as 5-ethylidene-2-norbornene
(ENB) and dicyclopentadiene (DCPD), were selected due to their exten-
sively reported high ROMP activity [34]. The ENB monomer has a
higher ROMP reactivity than DCPD, however; DCPD is a good candi-
date since it provides enhanced mechanical properties to the final poly-
mer such as fracture toughness and strength, which are achieved due to
the cross-linked structure obtained after polymerization [23].

Nevertheless, the melting point of DCPD (32.5 °C) limits its use as
monomer as it is waxy at 20 °C and solid at sub-zero temperatures
therefore, it cannot flow and fill the cracks. On the contrary, mixtures
of ENB and DCPD present much lower melting points. It has been re-
ported that mixtures of ENB/DCPD in a ratio of 95:5 are suitable to be
used as liquid healing agent as low as −50 °C [26].

Solubility and phase separation of the different ENB/DCPD blends
were studied by mixing each monomer at its specific ratio in a vial and
kept at room temperature, −20 °C and −70 °C from 1 h to several days.
The blends were visually observed periodically to determine possible
phase separation. Moreover, their viscosity was quantified at the se-
lected temperatures to demonstrate the blend’s fluidity.

2.2.2. Catalyst selection
Ru-based catalysts, such as those from the Grubbs’ family, are re-

ported as ROMP reaction catalysts in SH systems [34,35]. Since fast-
initiating catalysts are necessary to promote metathesis at reduced
temperatures according to our application [36], two different Ru-
based catalysts with low activation temperatures were selected [36]:
Hoveyda Grubbs 2nd Generation (HG2), and Grubbs 3rd Generation
Catalyst (G3).

Reactivity of the different ring-opening metathesis catalysts (HG2
& G3) was verified in the first place visually and by FTIR through the
formation of crosslinked networks of the polymer. Each catalyst
(C = 0.1 wt% to 0.004 wt%) and ENB/DCPD (95:5 and 80:20 molar
ratio) were mechanically mixed in a previously cooled vial (−72 °C)
and kept at room temperature, −20 and −70 °C for up to 10 days. The
maximum time the sample remained under study was 14 days. After the
first qualitative screening, catalyst activity and reactivity were quanti-
fied by DSC through the assessment of the heat released from the
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exothermal ROMP reaction. To ensure that no reaction took place prior
to the measurement, the blends were mixed with the selected catalyst at
−72 °C and approximately, samples of 5 mg of the mixtures were
added to a cooled aluminium pan, hermetically closed and allowed to
rest for 10 min prior to perform a heating ramp at 5 °C/min. In these
experimental assays, the influence of the concentration of the catalyst
of each kind was studied as a mean to determine the minimal quantity
at such temperatures.

2.2.3. Procedure of ROMP monomers microencapsulation
ENB/DCPD microcapsules were prepared via interfacial polymer-

ization. Initially, an oil-in-water emulsion was prepared by slow addi-
tion of the oil phase, composed of the healing agent (ENB/DCPD
80:20 wt%) and the isocyanate (pMDI, quantity depending on the
core/shell ratio), over 3.5 wt% gum arabic aqueous solution and the
mixture was stirred (2500–5000 rpm) in a homogenizer (Dispermat
CV3-Plus with Homogenizer SR 03-01, VMA-Getzmann GMBH, Ger-
many) for 20 min.

Later, the emulsion was transferred to a jacketed reactor, stirred at
400 rpm and EDA or TETA (1–5% aqueous solution, 1.1–1.5 eq) was
added dropwise from a pressure compensated funnel. After the addition
was completed, the temperature was increased and the mixture was
stirred until a complete reaction of the pMDI with the amine occurs.

The resulting milky dispersion was filtered under vacuum (2 µm,
Nylon) and washed with water twice. Finally, the cake was dried at
30 °C under vacuum to render a raw white solid.

2.2.4. Microcapsules dispersion in epoxy resins and tappered double
cantilever beam (TDCB) specimens preparation

The unfilled, neat specimens were manufactured by carefully mix-
ing the different components of each resin system on the specified pro-
portions as stablished by the manufacturer (Table 1). For the synthesis
of the SH specimens, a dispersion process based on previous bibliogra-
phy was performed [37]. First, a specified amount of SH microcapsules
(0–30 wt%) and ruthenium-based catalyst (0.004–0.1 wt% respect
monomer weight) were added into the epoxy component of the resin.
Next, the mixture was mechanically stirred at 500 rpm using a Disper-
mat CV3 (VMA-Getzmann GMBH, Germany) at room temperature for
15 min. Then, the remaining resin components were added, followed by
5 min mixing at 800 rpm.

The mix was poured finallyinto a silicon mould with the TDCB
geometry defined in previous works [38], and cured in a staged proto-
col recommended by the manufacturer for a full cure process (Table 1).
The additive containing self-healing resins were cured following the
same procedure as the neat ones.

2.3. Characterization methods

2.3.1. Particle size
The average particle size and particle size distribution of the micro-

capsules were measured by laser diffraction using a Mastersizer 3000
(MAZ3000, 0.1–1000 µm range, Malvern Panalytical, UK).

2.3.2. Thermogravimetric analysis (TGA)
TGA was carried out with a Q500 thermobalance (TA Instruments,

US). Resin samples were heated from 25 °C to 1000 °C at a 10 °C/min
heating rate under air and nitrogen flow. The weight loss was recorded
as a function of temperature.

2.3.3. Differential scanning calorimetry (DSC)
The DSC was cooled to −75 °C and then, a cooled sample of ap-

proximately 5 mg was introduced ensuring the temperature did not sur-
pass −70 °C. Each sample was heated in a ramp of 5 °C/min from
−65 °C to 150 °C and the onset temperature ( ) as well as the peak
temperature ( ) were recorded. Due to the system’s high exothermic

polymerization reaction, the of the system is used as reference to
point the starting temperature of the self-healing.

2.3.4. Fourier transform infrared-attenuated total reflectance (FTIR-
ATR)

The infrared spectra were obtained by using an IR Affinity-1S CE
FTIR spectrophotometer (Shimadzu, Japan) in the 4000–500 cm−1

range and with a 1 cm−1 resolution (32 scans collected).

2.3.5. Microcapsules and composites morphology
Scanning Electron Microscope (SEM) micrographs were obtained

with a SEM Touchscope JEOL JSM-6010LV (JEOL instruments, Japan)
and a Phenom XL Desktop SEM at acceleration voltages of 5 kV. Prior
to the SEM observation, the specimens were coated with a thin conduc-
tive layer by using a sputter coater (Cressington scientific instruments,
108 Auto).

For the characterization of inner part of microcapsules, thin slices of
microcapsules embedded in Epikote:Epicure epoxy resin (see Section
2.4) are produced by using a RM2255 manual rotary microtome (Leica
Biosystems, Germany).

After curing, the homogeneity of the microcapsules dispersion into
the cured resin and their integrity were evaluated by SEM (Touchscope
JEOL JSM-6010LV, JEOL, Japan). Thin slices of the material (40 µm
thick) were obtained by Microtome (Leica MR 2255) and further met-
allized with Au.

2.3.6. Focused ion beam (FIB)
Internal microstructure for the different tested specimens was char-

acterized by micro-machining cross-sections at the central part of the
different microspheres by means of focused ion beam (FIB). Cross-
sectioning and the subsequent field emission scanning electron mi-
croscopy (FESEM) observations were conducted using a dual beam
workstation (Zeiss Neon 40). A thin platinum layer was deposited on
the region of interest prior to FIB with the main aim of reducing ion-
beam damage. Then, a Ga+ ion source was used to mill the surface at a
voltage of 30 kV. A final polishing of the cross-section was performed
at a current of 500 pA in order to get more details related to microstruc-
ture of the different microspheres investigated in the present study.

2.3.7. Nuclear magnetic resonance (NMR)
1H NMR spectra are acquired in a Bruker Avance-II+ 600 MHz

(14T). NMR spectra of the self-healing loaded microcapsules were ob-
tained in Deuterated Dichloromethane (DCM-d2) and compared to the
NMR spectra of extracted self-healing mixture after microcapsules
swelling in acetone‑d6 and filtration through 0.45 µm pore nylon filters.

2.3.8. Viscosity of monomeric blends
The behaviour of the monomeric blends at different temperatures

was quantified by measuring the elucidation time in a Ford 3 cup previ-
ously cooled at the selected temperature (−70, −20 °C, room tempera-
ture). For reference, a parallel measurement at 20 °C between the same
monomer blend in the viscosity cup and in the Bohlin Gemini rheometer
(Malvern Panalytical, UK) using a cone-plate geometry and a shear
rate from 0 to 83 s−1 were performed.

2.3.9. Rheological behaviour of uncured epoxy resins
Instantaneous viscosities of the neat resins and the microcapsules

loaded resins were determined at 25 °C under a shear rate from 0 to
83 s−1 using a parallel plate geometry in a Bohlin Gemini rheometer
(Malvern Panalytical, UK).

2.3.10. Self-healing testing
As a mean to evaluate the self-healing performance and efficiency,

a modified method based on the previously stablished by White et al.
has been followed [19]. Shortly, the specimen was placed in an ultra-
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freezer at −80 °C for 48 h to ensure a homogeneous ultra-low tempera-
ture. Afterwards, in order to assure the correct direction of the propaga-
tion of the breaking line, a notch was made into the specimen using a
sharp razor blade.

The cold specimen was loaded in the instrument and the tension-
displacement test started while controlling the load in order to stop the
experiment when a drop of force during the assay is detected. The tem-
perature was registered during the assay using an infrared thermometer
IAN 291541 (Powerfix Profi, Germany). Immediately after the test, the
specimen was placed in a chest freezer of ultralow temperature (EHF,
78/86 from Equitec, Spain) and allowed to heal keeping cryogenic con-
ditions (−20 °C) for 48 h. After the healing time, the sample is cooled to
−80 °C to ensure it remains cold during the assay and the test is per-
formed again.

The overall duration of the measure, from the moment the specimen
was removed from the ultrafreezer until it was placed again did not ex-
ceed 6 min and the specimen temperature did not achieve temperatures
above −20 °C.

The specimens were tested by using the Instron 1341 machine work-
ing under loading control mode. The tests were conducted under dis-
placement mode at a constant deformation speed of 5 μm·s−1, which,
carefully developed by previous investigations [19] helps to control the
crack growth along the centre line of the brittle specimen.

The fracture healing efficiency in the case of quasi-static fracture
conditions (η), can be calculated by using the following equation pro-
vided by previous studies [19,39]:

(1)

Equation (1). Self-healing efficiency equation for quasi-static frac-
ture conditions.

Where η is defined as the ability of a healed sample to recover frac-
ture toughness, Kcvirgin is the fracture toughness of the virgin specimen
and Kchealed is the fracture toughness of the healed specimen.

Typically, in order to calculate the sample toughness, it would be
necessary to integrate the equation obtained from the load-
displacement curve. However due to the specific geometry of the TDCB
specimen, the sample toughness is equal to the critical load (Pc) multi-
plied by a geometrical constant (α), thus giving: ; that can
be simplified, [40] therefore, reducing the equation to the following:

Equation 2. Simplified self-healing efficiency equation for quasi-
static fracture conditions. Due to the TDCB geometry, the fracture tough-
ness (Kc) can be substituted by the critical load (Pc) [40].

Pc, the critical load, is defined either as the point where the TDCB
specimen breaks or the point in the load (N) vs displacement (d) curve
where the load drops, meaning that the tensile test starts to propagate
the crack generated by the razor blade. Moreover, surface morphology
of the cured virgin and healed TDCB specimens were carefully studied
by SEM to observe the possible differences in the microcapsule struc-
ture.

3. Results and discussion

3.1. Fluidity and reactivity at different temperatures

The liquidity of the ENB/DCPD mixtures were studied at 1, 4, 24
and 72 h. Neither phase separation nor appearance of solids was found
at −70 and at −20 °C in monomer mixtures from 100:0 to 80:20 ENB/
DCPD ratios. Although there was a proportional increment of the quan-
tified values of viscosity as the temperature lowered and the ratio of
DCPD monomer was increased (Fig. 1), the maximum efflux time ob-

Fig. 1. Graph showing the efflux time of the different monomer blends at
different temperatures with a Ford #3 Cup. Pure ENB (100 :0) was used as
reference as the solidification temperature of ENB is set at −80 °C. Al-
though at room temperature no difference was observed in the Efflux time,
which is related to the material’s viscosity, between the different blends,
there is an observable increase when either the temperature is lowered or
the ratio of DCPD monomer is increased, leading to the highest value at
−70 °C and 80 :20 ENB/DCPD. However, the time only increased for ap-
proximately 3 s, demonstrating thus the fluidity of the blends even at ul-
tra-low temperatures. No appearance of solids was observed in any blend
at any temperature.

tained was 16.6 s for the 80:20 blend at −70 °C, only 3.7 s above the
liquid reference of 100:0 ENB, thus supporting the fluid behaviour ob-
served at all studied temperatures and blends. For further research in
this study, ratios of 95:5 and 80:20 were selected as, based on litera-
ture, [41] they were respectively the mixtures with higher reactivity
and with more crosslinking capacity.

A first qualitative comparative assay between catalysts at different
concentrations proved G3 to be the most active catalyst for the selected
ENB/DCPD blends both at room temperature and at −20 °C, in coher-
ence with previous reported data [42].

At −70 °C there was no evidence of reaction of any blend with any
catalyst concentration

As a mean of obtaining quantifiable values for the reactivity of the
catalysts at low temperature, blends of ENB/DCPD were produced
againand mixed respectively with a high concentration of 0.1 wt% of
the selected catalysts (Table 2). HG2 exhibited both the and the

at higher temperatures than those of G3. Moreover, a proportional
reactivity pattern (lower ) could be envisioned when a higher load
of ENB was used. Over time, HG2 and G3 have been shown similar
yields but G3 is a considerably better catalyst at low-T, presumably be-
cause dissociation of the electron-deficient 3-bromopyridine ligand is

Table 2
Summary of the and of the different ENB/DCPD blends with
0.1 wt% of HG2 and G3 catalyst.

ENB/ DC PD
(w t.%)

Tonset
(°C)

Tp (°C)

Hoveyda-Grubb’s 2nd Catalyst at
0.1 wt%

95:5 0.84 18.04

80:20 1.90 17.91
Grubb’s 3rd Catalyst at 0.1 wt% 95:5 –22.66 2.36

80:20 −18.94 4.42
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extremely rapid and/or because rebinding is slow, both of which con-
tribute to favorable turnover conditions [43]. Acknowledging thus the
lower reactivity of HG2 vs G3 for low temperature applications, HG2
was discarded from further work in this study.

In order to determine the optimal concentration of G3 catalyst for
the SH systems, reactivity of 0.01 and 0.004 wt% with different blends
were produced and measured with DSC (Table 3).

The obtained results with the monomer reactivity are in coherence
with all the data previously observed (Table 2) as well as the collected
by other researchers [26,42]. First, it is observable that due to the
DCPD’s lower reactivity compared with the ENB monomer, the in-
crease of DCPD content in the blend causes a decrease in both the
as well as on the . Moreover, the increment of catalyst shows evi-
dence of lowering the activation temperature several degrees as as-
sessed in the previous qualitative experiments.

Nonetheless, all the selected ratios at the chosen G3 catalyst concen-
tration confirmed a good cryogenic reactivity and therefore, have po-
tential to be used as a self-healing reactivity blend for the intended ap-
plication.

With all the collected data, the selected system for the encapsulation
was ENB/DCPD 80:20 ratio monomer mixture with 0.01% G3 catalyst.
This selection was considered a compromise between: i) suitable fluid-
ity at both –20 °C and −70 °C as well as good polymerization times at
–20 °C, ii) the more crosslinked final polymers with theoretical mechan-
ical improvement provided by higher contents of DCPD and iii) the eco-
nomic cost of the last generation Grubbs catalyst.

3.2. Microcapsules synthesis

Interfacial polymerization methodology allows obtaining a wide
range of microcapsules as there are several variables to play with: poly-
isocyanate and polyamine used, isocyanate/amine ratio, core/shell ma-
terials ratio, water/oil phase ratio in the emulsification step, emulsifier
(type and amount), polyamine dilution, reaction temperature and stir-

Table 3
Summary of the and of the different ENB/DCPD blends with
0.01 wt% and 0.004 wt% of G3 catalyst. Graphs and results of all other
blends can be observed in the Suporting information.

ENB/ DC PD
(w t.%)

Tonset (°C) Tp (°C)

Grubb’s 3rd Catalyst at 0.01 wt% 95:5 –22.54 2.69
80:20 −18.32 4.45

Grubb’s 3rd Catalyst at
0.004 wt%

95:5 −18.76 3.76

80:20 −17.30 4.81

ring rate (both emulsification and polymerization steps). In addition,
the microcapsules requirements were defined: minimum quantity of
free isocyanate, <20 µm diameter, minimum release produced by
porosity, maximum core/shell ratio and high temperature resistance
(more than 200 °C).

First, the conditions of ENB/DCPD emulsion in water step were op-
timized an fixed as 70:30 water/oil ratio and 3–3.5% of Arabic Gum as
emulsifier [44].

In the encapsulation method developed, the oil phase is composed of
END/DCPD (80:20 weight ratio), as previously stated, mixed with a
low viscosity pMDI (Voranate™ M2940). Once the emulsion is formed,
a diluted aqueous solution of the polyamine is added to react with
pMDI and form the polyurea wall of the microcapsules (Fig. 2) [44].

The effect of the variables of emulsion (stirring rate) and polymer-
ization (amine type and concentration, reaction conditions) steps in the
morphology, shell polymer conversion and thermal resistance of micro-
capsules have been studied and compared. This was investigated with
the aim of obtaining robust and stable core-shell microcapsules with
the maximum loading of healing core and with the highest thermal re-
sistance for the production of composites. Reaction conditions and
properties of the obtained microcapsules (MC1-MC19) are gathered in
Table 4 and their SEM images in Fig. 3. First short alkyl chain
polyamines were used (EDA, DETA and TETA) in order to minimize the
ENB/DCPD release due to wall porosity (MC1-MC3). Only EDA ren-
dered small individual spherical microcapsules, as DETA and TETA lead
to coagulation (Fig. 3a).

When comparing the morphology of microcapsules with different
core/shell ratios and fixed amine concentrations (1% aqueous solution
added at a 1.1 ratio to isocyanates), MC1, MC4 and MC5 it was ob-
served that a spherical morphology was obtained at all the studied ra-
tios: 60:40, 70:30, and 80:20 (Fig. 3- a, c and d). Within this context, if
both core/shell ratio and amine concentration were increased above
80:20 and up to 4% respectively to accelerate the reaction (MC12 and
MC13), the microcapsules became slightly deformed in one axis pre-
senting an elongated shape (Fig. 3- j and k). This effect may be associ-
ated to insufficient material for wall forming and so particle merging.
It is worth mentioning that 70:30 core:shell ratio MCs lead to closest
contents of healing agents to theoretical value (70%) of the studied
samples, resulting in most efficient encapsulation system. In addition,
the rendered materials of 70:30 core:shell proportion showed higher
degradation temperature (250 °C) when compared to other ratios.

On the other hand, the aforementioned systems present an incom-
plete isocyanate consumption during the chemical reaction as shown in
the FTIR spectra by means of presence of NCO peak corresponding to
the signal at 2272 cm−1. In order to improve isocyanate reaction, the
effect of both the equivalents of amine and its concentration in the

Fig. 2. Scheme of the protocol for ENB/CDPD microcapsules synthesis. (For interpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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Table 4
. Summary of ENB/DCPD microencapsulation reaction conditions and results.

Entry Emulsion step Interfacia l polymeri zation step Core/shell ra tio
(Theor ical )

MC
sizea

(µm)

MC morphology Degradation
temperatureb (°C)

Monomer
contentb (%)

wt.%
GA

Time
(min)

Stir ring
(rpm)

Time (h) Temperature
(°C)

Stir ring
(rpm)

Amine Amine:NCO
ra tio

Amine
concentration
(%)

MC 1 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 EDA 1.1 1 70:30 21 Spheri cal 250 69
MC 2 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 DETA 1.1 1 70:30 34 Bulk ma terial – –
MC 3 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 TETA 1.1 1 70:30 38 Bulk ma terial – –
MC 4 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 EDA 1.1 1 60:40 41 Spheri cal (matrix) 237 25
MC 5 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 EDA 1.1 1 80:20 39 Spheri cal 217 69
MC 6 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 EDA 1.1 4 70:30 23 Spheri cal (matrix) 246 71
MC 7 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 EDA 1.1 10 70:30 25 Spheri cal (matrix) – –
MC 8 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 EDA 1.5 1 70:30 23 Spheri cal 250 54
MC 9 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 EDA 1.5 4 70:30 26 Spheri cal (matrix) 226 58
MC 10 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 EDA 1.5 10 70:30 25 Spheri cal (matrix) – –
MC 11 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 EDA 2 1 70:30 22 Spheri cal + elonga ted (mix ture

core/shell and ma trix type)
– –

MC 12 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 EDA 1.1 4 80:20 41 Elonga ted + ar tefacts – –
MC 13 3 10 3000 1 + 1 + 1 r. t. + 50 + 70 300 EDA 1.1 4 90:10 39 Elonga ted + ar tefactsl – –
MC 14 3 10 3000 1 + 1 r. t. + 50 300 EDA 1.1 1 70:30 21 Spheri cal 242 63
MC 15 3 10 3000 3 h 70 °C 300 EDA 1.1 1 70:30 21 Spheri cal + ar tefacts 251 70
MC 16 3 10 3000 4 h 70 °C 300 EDA 1.1 1 70:30 20 Spheri cal + ar tefacts 249 69
MC 17 3 10 3000 o.n. 70 °C 300 EDA 1.1 1 70:30 20 Spheri cal + ar tefacts 244 67
MC 18 3 10 5000 1 + 1 + 1 r. t. + 50 + 70 450 EDA 1.1 1 70:30 14 Spheri cal 246 56
MC 19 3.5 20 5000 1 + 1 + 1 r. t. + 50 + 70 450 EDA 1.1 1 70:30 12 Spheri cal 246 70
a Median size determined in the Mastersizer 3000 .
b Determined by TGA.
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Fig. 3. SEM images of the different synthesized microcapsules. a- MC1; b-MC3; c-MC4; d-MC5; e-MC6; f-MC7; g-MC8; h-MC9; i-MC11; j-MC12; k-MC13; l-
MC14; m-MC15; n-MC17; o-MC18 and p-MC19.

aqueous solution were studied in microcapsules with 70:30 core/shell
fixed ratios (MC1 and MC6-MC11). The increase of amine equivalents
produced materials with less load of encapsulated healing monomer
and the free-isocyanate presence in the product was only slightly re-
duced (Fig. 4). The amine concentration did not show either a strong
effect over isocyanate reactivity; furthermore, FESEM images of FIB
crosscuts indicated that its increase led to microcapsules with a core-
matrix structure instead of a core/shell structure. Within this observa-

Fig. 4. FTIR spectra of the microcapsules produced by using 1.1 (black),
1.5 (red) and 2 (green) equivalents of ethylenediamine. The differences in
isocyanate content produced by the modification of added equivalents can
be observed at 2272 cm −1 as pointed by the arrows and the box. (For inter-
pretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

tion, 1% EDA concentration with 1.1 amine equivalents to isocyanate
were determined as best reactants system for polymerization.

Conversion of polyurea shell was further studied by the effect of re-
action conditions: temperatures from room temperature to 70 °C and
reaction times in a range of 2 h to overnight were applied (MC1 and
MC14-MC17 microcapsules). Under milder conditions (MC1 and MC4),
still a high quantity of free-isocyanate was detected by FTIR (Fig. 5).
Reaction temperature and time were increased until non-free iso-
cyanate was detected, what occurred at 70 °C and overnight reaction
(Fig. 4), and thus full conversion was achieved. However, when the re-
action was directly heated to 70 °C, the morphology of the capsules
was more irregular when comparing to spherical morphologies ob-
tained in mixtures initially stirred at 50 °C for 1 h (MC14), as depicted
by the SEM micrographs (Fig. 3- l).

To better improve the encapsulation efficiency, the particle size dis-
tribution and shape of the microcapsules were optimized by modifying
the parameters of the emulsion step (stirring rate and time), which is
critical over these properties in interfacial encapsulation [45]. Accord-
ingly, an increase in rotor speed during the emulsion step from 3000 to
5000 rpm (MC18) reduced the particle size (D50) from 21 to 14 µm, de-
spite the presence of some irregularities (Fig. 3- o) and lower healing
content, 56%. The increase of emulsion stirring time from 10 to 20 min
and the higher surfactant concentration, 3.5% gum Arabic (MC19) lead
to core-shell spherical regular microcapsules (Fig. 3- p and Fig. 6 Top),
with an encapsulation efficiency (relation between theoretical and
measured monomer content) close to 100%. Although the modification
of some parameters such as stirring velocity or emulsifier concentration
and its effect on microcapsule morphology and size distribution are
well known, its interesting to observe the effect of amine to isocyanate
ratio and more importantly, amine concentration in the microcapsule
core structure. As clearly depicted in Fig. 6, an increase of the amine
concentration is the main factor producing the change from a matrix-
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Fig. 5. Normalised FT-IR spectra of the encapsulation reaction at different temperatures and times. The differences in isocyanate content produced by the
modification of procedure can be clearly observed at 2272 cm −1 as pointed by the decrease of the peak in comparison with the stable N-H signal at
1500 cm −1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. SEM (left) and FIB-FESEM (right) micrographs of ENB/DCPD polyurea microcapsules synthesized employing TOP 1.1 eq of amine and 1 wt% of
amine aqueous solution (Table 4, Entry MC19) and BOTTOM 1.5 eq of amine and 4 wt% of amine aqueous solution (Table 4, Entry MC9).

core type (Top) to an almost full-reacted sphere (Bottom), thus causing
a huge decrease in the load capacity of the microvessel.

As physical-chemical characterization has demonstrated that MC19
microcapsules fulfilled desired proprieties, they were chosen for their in-
corporation in the epoxy resin.

3.3. Incorporation of ENB/DCPD microcapsules in epoxy resin

Achieving a homogeneous distribution of both SH capsules and
ROMP catalyst is imperative to guarantee equal self-healing properties
along the manufactured specimen. Moreover, SH additive homogeneity
is necessary to increase the contact probability between the released
content and curing agent after damage-induced breakage of the cap-

9
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sules. Homogeneous distribution of both SH capsules and ROMP cata-
lyst has been successfully achieved as it was observed by SEM micro-
graphs of cured epoxy resin with 10 and 20 wt% (Supporting
Information). Furthermore, the used concentration of SH additives is
above the observed quantities for achieving a good reactivity thus, im-
proving until almost a certain point the contact between monomer and
catalyst in case of a crack.

Once an optimal distribution of the microcapsules over the resin was
verified, as a mean to assess the process limitations, rheological studies
of the instantaneous viscosity (mPa·s) on modified resins with different
percentage of SH additives were performed prior to specimen manufac-
turing. Loads of 10, 20 and 30 wt% of SH capsules were compared to
the neat resin. Epoxy resin systems Epikote 135-Epikure 137 and
Araldite LY556-Aradur 917 were chosen as references due to their pos-
terior use in industrial infusion process, in which viscosities above
2000 mPa·s are not viable. For this reason, 2000 mPa·s was stablished
as the limit-line.

From the rheological studies, we can determine that the viscous be-
haviour of the neat resin displays a non-Newtonian pattern, more
specifically a shear-thinning tendency where the instantaneous viscos-
ity decreases as the shear velocity increases. The same pattern is fol-
lowed yet enhanced as more SH additives are introduced into the epoxy
component. This effect is seen is both resins but more intensely in the
Epikote-Epicure system.

In both studied systems, only loads of 10 wt% always fulfil the vis-
cosity requirements for the final applications, becoming thus the opti-
mal load for production processes with both epoxy systems in terms of
achieving the highest possible load of SH additives while maintaining
the potential industrial processability. However, upon certain shear,
both epoxy systems loaded with 20 wt% of MCs, displays values below
the limit-line of viscosity. Thus, certain adaptations will allow higher
loads if higher self-healing additives charge is needed.

Viscosity of CTD 7.1 epoxy system was not critical as the composite
manufacture did not present the previous limitation. However, 10 wt%
of SH microcapsule loading was also used for this system with the aim
of having the same quantity of self-healing additives among samples
under study.

3.4. SH efficiency assessed by fracture test results

Once the SH additive load was stablished at 10 wt% results of frac-
ture TDCB specimens with and without microcapsules were compared
and the self-healing efficiency was determined.

Initially, due to material shortage, the focus of study was limited to
only neat and SH modified Epikote 135/137 epoxy resin specimens.
Specimens containing 10 wt% of SH additives were tested for the
epoxy resin system, along with another neat epoxy resin samples used
as reference. Samples of both kind of specimens were manufactured
with the optimal geometry for fracture SH studies [38,40,46]. Tests
evaluating the SH efficiency at cryogenic temperatures with both mod-
ified and unmodified resins were evaluated per triplicate and the results
are summarized in Table 4. While neat specimens exhibited a fracture
force near 190 N, there is a reduction to 133 N when self-healing addi-
tives are included into the epoxy resin. Unlike other researchers re-
ported [47], SH additives produced a decrease on the fracture tough-
ness values of the specimens. In this sense, other parameters including
microcapsule size, shell composition, aggregation effects and G3 cata-
lyst interaction with the resin could be held responsible for such effect.
Further and deeper research would be needed for this hypothesis verifi-
cation.

The SH efficiency (ηSH) was calculated by means of Eq. (2), using
the obtained critical fracture load of both virgin and healed sample at
low/ultra-low temperatures. Regardless of initial decrease in values,
fracture healing tests in SH modified Epikote 135 epoxy resin exhibited
ηSH values of 115% at low/ultra-low temperatures.

Accounting for the excellent SH capacity obtained for the first
epoxy system, one SH modified specimen of Araldite LY556 and one of
CTD7.1 epoxy systems were manufactured in order to observe if these
results could be extrapolated into other epoxy resin systems. SH frac-
ture toughness results for those systems are summarized in Table 5.

According to the load-displacement curves (Fig. 7), differences be-
tween fracture forces of specimens with and without SH followed the
same behaviour of the first studied system, where additives appear to
have caused a slight decrease in the toughness of the specimens. Simi-
larly to Epikote modified resin, both Araldite and CTD 7.1 SH speci-
mens demonstrated SH capacity with efficiencies of 116% and 133%
respectively at low temperatures leading thusto a tougher material af-
ter healing in all studied systems, while no effect was observed in refer-
ence specimens. This demonstrates the versatility of the SH systems effi-
ciency for different epoxy resins at cryogenic conditions. The observed
trend is in good agreement with those reported in previous studies [19,
26].

The authors acknowledge the simplistic yet most common approach
for the self-healing studies that the TDCB provide in regard to other
techniques studying the damage on continuum mechanics [18] that
can be more representative but appears to have a higher degree in com-
plexity that falls out of the current scope of this work.

3.5. Fracture surface morphology.

Several fracture surfaces of different SH specimens were analyzed
by SEM microscopy after conducting the fracture tests (Fig. 8). Com-
paring the fractured surface of the healed samples after performing the
SH test to those observed in areas of the modified specimens that were
not damaged, the surface morphology and microstructure are com-
pletely different in terms of surface roughness. This phenomena is pro-
duced due to the lack of observable microcapsules in the fractured re-
gion of the self-healed specimens (Fig. 8b). These observations could
imply that, during the fracture test, the microcapsules broke and their
content effectively interacted with the catalyst, repairing the induced
microcracks and thus, performing the desired and observed SH effect
shown in Fig. 7, whereas in the rest of the specimen, no damage was in-
duced and therefore, the SH microcapsules remain intact (Fig. 8a).
Moreover, the hypothesized specimen embrittlement due to the micro-
capsules addition, can be attributed to the observed, intact and marked
microsphere clusters (yellow highlighted square in Fig. 8a). These ag-
gregates, although having a scarce presence in the resin as observed by
SEM (SI), may be generating secondary phases and non-coherent inter-
faces that in turn, could potentially be the reason for the decrease of
toughness of the SH modified specimens in comparison with the neat
ones. Additionally, a closer inspection of a region of a tested modified
specimen, exhibit the reacted SH microcapsules completely integrated
in the matrix as well as a bad adhesion between the microcapsules and
the resin employed in a non-damaged area of the specimens (Fig. 8c).
These results contribute to the hypothesis that the self-healing additives
are the main drivers for the samples embrittlement as well as confirm

Table 5
Epikote, Araldite and CTD epoxy systems Self-Healing results.

Resin Virg in (N) Heal ed (N) % heal inga

Epikote 135/Epikure 137 –
10% Self-Heal ing additives

133.3 ± 18.9 153.2 ± 24.9 114.8 ± 9.1

Epikote 135/Epikure 137 187.1 ± 12.3 25.3 ± 3.0 –
Araldite LY556/Aradur 917 –

10% SH MC
109.5 127.3 116

Araldite LY556/Aradur 917 132.5 ± 7.4 17.0 ± 2.0 –
CTD 7.1 –

10% SH MC
100 134 134

CTD 7.1 150.5 ± 16.1 20.0 ± 3.3 –

a 100% of self-healing efficiency was considered when the healed samp le
demonstrates the same level of critical fracture load than the virgin one.
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Fig. 7. Representative force vs displacement curves of epoxy resins manufactured with ENB/DCPD microparticles. Higher values of fracture toughness are
observed in the three epoxy systems after the healing process. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

the release and reaction of the self-healing monomers at the studied
temperatures. Even though the introduction of these SH system could
appear to slightly compromise the epoxy material toughness, it should
not affect significantly the final composite mechanical properties when
the Carbon or Glass fibre reinforcement is added. Moreover, the possi-
ble presence of small clusters inside the composite did not compromise
the healing effect as shown in Fig. 7 as randomized samples from the
same batch were used both for the SH testing and the surface charac-
terization.

4. Conclusions

In this work, the comprehensive study was successfully performed
regarding fluidity and chemical reactivity of different ENB/DCPD mix-
tures, catalysts type (HG2, G3) and concentration (0.1–0.004%). It has
been proven that the system can flow and fill the crack at ultra-low
temperatures (−70 °C) and react with G3 catalyst promoting the
ROMP reaction at cryogenic temperatures (−20 °C) facing composite
real applications. The microencapsulation of the ENB/DCPD mixture in
pMDI-based polyurea by interfacial polymerization allowed a wide
range of core-shell materials with high healing agent load.

A load of 10 wt% of SH additives was proven optimal to maintain
the viscosity values within the working range given by large-scale
manufacturing processes. Extrinsic self-healing system based on ENB/
DCPD blend and G3 catalyst did not affect the epoxy system curing
process.

The use of TDCB geometry helped in understanding the crack prop-
agation and the fracture properties of microcapsules reinforced epoxy
composites.

The developed system demonstrated self-healing values up to 134%
at low and ultra-low temperatures. Crack surface morphology images

obtained by SEM before and after the self-healing process confirmed
the feasibility of the breaking and curing mechanism of the extrinsic
system.

Even though most of the research exhibited in this work has been
done in different systems of epoxy materials, both the additives size and
its concentration have been optimized for an industrial scale-up and
application for FRP manufacture.

As a summary, we have developed an autonomous, extrinsic self-
healing system that has demonstrated flowability at ultra-low temper-
atures (−70 °C) and a highly efficient automatic repair at cryogenic
temperatures (−20 °C) without the need of catalyst protection in three
different commercial epoxy resins traditionally used in fields as auto-
motive, aeronautics and wind energy. Moreover, due to the excellent
results derived from this work, little modifications can be generated to
adapt the system to a broad range of polymeric materials and there-
fore, to an extremely wide field of applications.
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roundings and (d) far from the fracture zone. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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