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abstract
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In this study, self-sensing materials have been developed owing to their ability to indicate
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material damage through an evident optical signal. For this, fluorescent coreeshell mi-
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crocapsules were synthesized by in situ polymerization in an oil-water emulsion. These
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microcapsules, embedded in a black epoxy resin, release a revealing substance during
damage processes that allow microcracks detection in the material. The morphology,
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chemical structure, size distribution, thermal stability and mechanical properties of the
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fabricated microcapsules were characterized. Furthermore, the mechanical and optical

Fluorescent revealing substance

characterizations of the composite were performed. As result, it has been shown how the

Hot curing epoxy resin

microcracks cannot be observed under visible light but it was possible to identify and

Polyurethane-poly(urea-

detect them under a conventional 254 nm ultraviolet (UV) lamp, introducing an additional

formaldehyde) PU/PUF

functionality in the material for damage detection/monitoring.

Self-sensing materials

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

Smart polymers

1.

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

In the last decades, the use of polymeric materials has
extended to almost all applications, namely, in the construction industry, automotive, aerospace, energy and many other
sectors. Currently, advanced polymeric matrices, sometimes

referred as “smart” or “multifunctional” polymers, have
attracted increasing scientific and technological attention [1].
These materials are able to interact or respond to changes
produced in their environment or internal structure offering
additional functionality and/or an improved performance.
The interest in smart polymers can be found in fields such as
sensors [2], drug delivery [3] and automotive industry [4]
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2238-7854/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creative
commons.org/licenses/by-nc-nd/4.0/).
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Fig. 1 e Concept of self-sensing mechanism of microcracks.

among others. Smart materials able to increase the lifetime of
consumer products are the most studied. In this way, a wide
range of repairing and non-destructive monitoring technologies have been under development, being self-healing and
self-sensing the most important [5,6].
In contrast to common polymers, where weak damage or
degradation is difficult to detect from the outside, materials
with self-sensing abilities allow the detection of changes in
their structure before relevant properties modification are
observed. In these materials microcracks can be detected
before rupture and the product can be repaired or replaced
avoiding catastrophic failure. Considering this potential to
improve/facilitate structural health inspections, this capability has been intended in polymers not only for in-bulk applications but also in coatings and films [7].
Due to the importance of self-sensing, a wide variety of
approaches have been reported including piezoelectric
behaviour, change in electrical resistance, systems based on
optical fibers, among others [8]. However, these systems are
expensive since special detection equipment/sensors are
needed. Differing from that, a visual system to detect damages
using a simple, highly and easily scaled-up approach based on
fluorescent dye does not require any sensor in contact with
the materials during the inspection [9,10]. Considering this, in
this work microcapsules containing fluorescent dye were
prepared and immersed into a polymeric matrix as a strategy
to improve microcracks detection.
Figure 1 represents the approach of self-sensing mechanism of microcraks focused on microcapsules filled with
fluorescent dye. Upon exposure to external stimuli the matrix
break, then the microcapsules shell/wall ruptures and finally
the fluorescent core compound is released [11]. At that
moment, using an UV lamp, the crack is revealed and can be
detected.
Fluorescent dyes are commercially available compounds
that can be used as leakage detectors. After the dye release,
microcracks can be effectively identified under 254 nm light
through strong fluorescence emission, while it is very difficult
to detect these types of fissures under white light.

Microcapsules
made
of
polyurethane-poly(ureaformaldehyde) (PU/PUF) double-shell/wall capsule system
were synthesized by in situ polymerization following the
method developed by M.M. Caruso and co-authors slightly
modified [12]. Double-walled microcapsules provide enhanced
durability at high temperatures in comparison with singlewalled microcapsules. This method offers, compared to
others, the following main advantages: i) it allows the control
of the microcapsule size distribution, and ii) it is a low-cost
procedure [13]. The relatively cheap production is one of the
key advantages, which allows the use of these types of microcapsules in the industry [14]. In this work, PU/PUF microcapsules were selected also because of their high resistance,
adequate chemical and mechanical stabilities, long shelf-life

Fig. 2 e Schematic diagram for PU/PUF microcapsules
synthesis.

j o u r n a l o f m a t e r i a l s r e s e a r c h a n d t e c h n o l o g y 2 0 2 2 ; 1 6 : 5 0 5 e5 1 5

Table 1 e Supplier specifications for the epoxy resin.
Araldite LY 1556
Aradur 1571
Accelerator 1573
Hardener XB 3403

100
23
5
12

and good thermal resistance [15]. Moreover, the exterior surface of the microcapsules is rough enough to achieve good
compatibility and good adhesion strength with the epoxy
matrix, and to avoid its rupture during processing [16].
Epoxy resins are characterized by their excellent chemical,
physical and mechanical properties [17]. Furthermore, these
thermosets are widely used in industrial applications, for
example in prepregs manufacturing for the subsequent production of carbon fibre reinforced polymer (CFRP) composites
[18]. However, the brittle nature of the epoxy matrix makes it a
perfect candidate for the use of microcapsules with damaged
detection capabilities.
This work is focused on the development of composites
with fluorescent microcapsules embedded in the matrix for
visual crack detection. For this purpose, PU/PUF microcapsules were synthesized, characterized and then they have
been incorporated into an epoxy resin. Self-sensing visual
damage was demonstrated both in the modified resin and in
composites fabricated with it.
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the incorporation of the capsules into the resin, a rheological
anti-floating additive (Garamite 7305®) has been added to
ensure a homogeneous dispersion (supplied by ByK®). All reagents substances were used as received. Microcapsules have
good compatibility and due to that, they remain in the epoxy
resin matrix after breaking.
The epoxy resin system, composed by diglycidyl ether of
bisphenol A (araldite LY 1556®) combined with the accelerators 1571® and 1573®, and hardener XB 3430® (from Huntsman®), was used in accordance with the supplier
specifications. G1157® carbon fabric (Hexcel Corporation®)
was used for the composite specimen manufacturing.
Since epoxies are usually transparent, it was necessary to
add a black pigment to avoid the material fluorescence in its
no-damage condition (i.e. fluorescence perceived from the
microcapsules inside the material). The black pigment was
purchased from HEK GmbH®.

2.2.

Encapsulation

2.

Materials and methods

The synthesis methodology used was based on the protocol
reported by Caruso et al. with slight modifications [12]. A
single batch process was employed to develop double-walled
PU/UF microcapsules containing EPA and the fluorescent dye
as a core material following the procedure represented in
Fig. 2. Once cooled to ambient temperature, the microcapsules were washed with deionised water several times,
filtered using a Büchner funnel, and dried in air for 24 h
before sieving.

2.1.

Materials

2.3.

The materials used for the microcapsules synthesis were
mainly urea, formaldehyde solution (37 wt%), poly(ethylenealt-maleic anhydride) (EMA), resorcinol, 1-octanol, ethyl
phenyl acetate (EPA), from SigmaeAldrich®, and a commercial
polyurethane (PU) pre-polymer (desmodur L 75), provided by
Bayer Material Science®. A standard fluorescent leak detector
fluid was selected from Würth® as revealing substance. For

Fig. 3 e UV visible spectrum of the fluorescent compound
diluted in hexane.

Preparation of resin with embedded microcapsules

As previously mentioned, Araldite LY 1556® epoxy resin was
considered as the matrix for the composites, which is a hot
curing epoxy system specially used for pre-impregnation
purposes. The quantities are used as suggested by the
manufacturer in the technical information sheet of the
product [19], Table 1.
The microcapsules were previously dried at 80  C for at
least 1 h, in a vacuum desiccator to remove moisture. The
resin components were introduced in an oven at 35  C to
reduce its viscosity and to eliminate air bubbles. The sample
was cured in a mould previously covered with a release agent.
Prior to curing, the oven was preheated to 60  C. Afterwards,
the sample was introduced into the oven and the temperature
was increased 20  C every 10 min until reaching 120  C and
then kept for 2 h [20].
For the bending test, hand lay-up composite specimens
were prepared using two-layers of unidirectional (UD) carbon
fabric at 0 and the other two at 90 , previously impregnated
with epoxy resin. The curing resin procedure was the same as
mentioned before.
To evaluate the dispersion in the resin, only 10 wt% microcapsules proportion was used. On the other hand, for the
bending test three different microcapsules content were
tested, including 0, 5 and 10 wt%.
Furthermore, as mentioned, an anti-floating additive was
used to improve the microcapsule dispersion in the matrix.
This additive was added at 2.5 wt% in respect to Araldite LY
1556®, according to the specifications.
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Fig. 4 e Surface and shell morphology of microcapsules obtained: a) Optical microscopy image b) Histogram; c) and d) SEM
image.

2.4.

Characterization

The fluorescent fluid was analysed in a PerkinElmer UV®
visible spectrophotometer. Microcapsules were imaged
using an inverse optimal microscope LEICA DMI5000M® at
various magnifications and a scanning electron microscopy
(SEM) was used to analyse the epoxy composites surfaces.
ImageJ® software was used to measure capsule diameter
from acquired images. Thermogravimetric analysis (TGA)
was performed on a PerkinElmer Pyris 1® TGA. Infrared (IR)
spectra were recorded on a Fourier transform infrared
spectrophotometer (FTIR spectrum one, PerkinElmer Co.®).
To analyse the distribution of the fluorescent compound

in the microcapsules, a compact confocal microscopy
Olympus FV10-i® Oil Type was used. Finally, the mechanical
properties of the single microcapsules were measured by a
micromanipulation technique using a commercial force
transducer (Model 403A®, Auora Scientific Inc.®, Canada).
The results obtained from these analyses are included in
section 3.1.
The work done to evaluate the introduction of microcapsules in composite materials is presented in section 3.2. For
the characterization in terms of mechanical properties, threepoint bending tests were performed using a universal testing
machine (Model Zwick Z005®, Zwick/Roell®) at different
microcapsule content. For the microcracks detection, a

Fig. 5 e Confocal Laser Scanning Microscopy Images of the fluorescent-filled microcapsules: a) fluorescence channel, b)
transmission.
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Fig. 6 e Representative thermograms for microcapsules: a) temperature scan from 25 to 600  C (black line) and its derivative
curve (blue line), b) isothermal scan (black line) and temperature profile (blue line).

254 nm UV lamp (Manwood 25®, Helios Italquartz®), was
employed. These tests covered the characterization of both
the epoxy resin modified with the microcapsules and tests at
composite level (i.e. using this epoxy resin in a standard
laminated composite).

3.

Results and discussion

3.1.

Microcapsules characterization

3.1.1.

Characterization of fluorescent dye

A scanning of wavelengths between 200 and 500 nm was
carried out in order to characterize the UV absorption profile
of the fluorescent compound. The absorption spectrum of the
dye diluted in hexane at 1/1000 presented absorption peaks at
265 and 310 nm. This behaviour suggests that the UV lamps
would preferably emit in a narrow range around these peaks
to facilitate the dye detection. The absorption spectrum is
shown in Fig. 3.

3.1.2.

3.1.3.

Confocal microscopy

In order to confirm that the compound was correctly encapsulated, confocal laser scanning microscopy (CLSM) measurements were also conducted. In these measurements, a
laser with an excitation wavelength of 405 nm was used to
excite the microcapsule fluorescent compound. From Fig. 5, it
can be concluded that the fluorescent compound was successfully encapsulated inside the microcapsules.

3.1.4.

Fig. 7 e FTIR spectra of PU-PUF microcapsules and core
fluorescent dye.

Microcapsule morphology

Following the procedure previously described, the microcapsules obtained are shown in Fig. 4. The resultant microcapsules are spherical with an average diameter of 91 mm. The
size distribution of the microcapsules, based on 300 diameter
measurements, is shown in Fig. 4b. The range of diameters of
the microcapsules was determined to be mainly between 80
and 150 mm.
For optical microscopy, Fig. 4a, dry microcapsules were put
in a microscope cover slip and over them a drop of mineral oil
was added. Optical microscopy shows that fluorescent dye is
inside microcapsules having a transparent shell. Figure 4c and
4d shows the SEM images of the microcapsules. The outer
layer surface is very rough due to the polymer deposition [21].
In this sense, in several works it has been reported that this
surface roughness enhances mechanical adhesion of the microcapsules in the polymer matrix [22].

Thermal stability

The thermal stability was analysed by means of TGA. Dynamic and isothermal thermogravimetry analysis was carried out using a heating rate of 10  C$min1 under a nitrogen
atmosphere. The microcapsules were previously dried to
remove residual water and then they were weighed into an
alumina crucible. In dynamic analysis, the mass loss was
recorded along with the temperature range from 25 to
600  C. For the isothermal experiments, the scanning was
performed with the following profile: heating from 25 to
180  C, holding at 180  C for 2 h and then heating from 180 to
600  C.
From the dynamic thermogravimetry, Fig. 6a, it can be
observed that the microcapsules showed a good thermal stability until 200  C. The degradation peak is at around 281  C, a
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Fig. 8 e a) Picture for PU/UF microcapsules before apply the force, b) microcapsule at the moment of rupture.

temperature which is well above the processing temperature
expected in composites manufacturing [23]. At the end, the
mass loss of the microcapsules was almost 100% of the initial
weight.
The isothermal thermogravimetry give information about
the microcapsules behaviour when they are exposed to high
temperatures for an extended period [24]. According to Fig. 6b,
in the first 80 min the weight lost is less than 90%, corroborating that microcapsules have good thermal stability during

processing. The weight lost after isothermal curing was close
to 40%.

3.1.5.

FTIR

The chemical characterization of microcapsules was analysed
by means of FTIR and the results are presented in Fig. 7. Light
blue line represents microcapsules before applying force.
Black line corresponds to the core material and dark blue line
microcapsules after breakage.

Fig. 9 e a) A typical Load and displacement curve of one microcapsule, b) representation rupture force vs microcapsule
diameter, c) relationship between nominal rupture stress and diameter.
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Fig. 10 e Microcapsules were cut by a blade and dried in Ethanol and then observed under a/b) SEM and c) TEM.

Fig. 11 e Optical microscopy image of epoxy resin containing 10 wt% microcapsules in weight embedded a) without
rheology additive and b) with 2.5 wt% rheology additive.

The FTIR spectrum of the core material shows the
stretching vibration of carbonyl (-C]O) groups and
carbonecarbon double bonds (C]C) absorption bands at 1732
and 1603 cm1 respectively. The presence of core materials in
microcapsules was also confirmed by comparing core materials with broken and unbroken microcapsules. The large absorption band above 3300 cm1 is commonly assigned to
hydroxyl (-OH) compounds, and reveals that microcapsules
absorb water. Consequently, a drying procedure is needed
before their incorporation into resins. Furthermore, the absorption bands in the region 3000-2800 cm1 can be attributed
to the stretch of hydrogen linked to carbons (CeH) typical of

the PU-PUF structure, as well as in the region 500-200 cm1
with low transmittance [25].

3.1.6.

Micromanipulation

Individual mechanical properties of microcapsules were
evaluated by in-situ micromanipulation. Microcapsules were
located between two parallel plates and then a controlled
speed was applied while the force imposed on the microcapsules was measured as represented in Fig. 8. Rupture force,
deformation at rupture, and nominal rupture stress can be
determined from the loadedisplacement curve obtained.
These properties depend on the diameter, thickness, and
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Table 2 e Flexural properties for epoxy resin with different microcapsules content (mean ± standard deviation).
Microcapsules content (wt%)
0%
5%
10%

Flexural modulus (Mpa)

Flexural strength (Mpa)

Elongation at break (%)

2936 ± 88
2830 ± 46
1730 ± 250

130,2 ± 3
67 ± 2,8
42 ± 7,6

8,2 ± 1,1
2,4 ± 0,2
2,7 ± 0,30

composition of microcapsules [26]. Nominal rupture stress
has been calculated according to the following Equation (1).
1

*1000
sðMPaÞ ¼ 4 F * P*d2

(Equation 1)

where, F is the rupture force (mN), and d is the initial microcapsule diameter (mm).
Fifty microcapsules with different sizes were selected and
tested under constant increased pressure. The diameter of
each particle was determined at the beginning of the test right
before applying force as depicted Fig. 8a. Figure 8b shows the
microcapsule at the moment of the rupture. The experiment
ends at the burst of the capsule, corresponding to the sharply
force drop as shown in the typical load against displacement
curve in Fig. 9a.
In Fig. 9a, the applied load as a function of the displacement on microcapsules is represented. Displacement increases proportionally with the applied load on the
microcapsule in the beginning due to the round shape of the
microcapsule, and then a relative large force increase is
needed for further displacement due to the strong shell
strength. After that, the applied load increases proportionally
again with the displacement until as sudden drop of force
which corresponds to the burst of the microcapsule. The
critical force or stress corresponding to the burst of capsules
containing the fluorescent agent for self-sensing can be
determined [27]. As it can be seen in Fig. 9b, rupture force
increases with the diameter of the capsule increase. Accordingly, the nominal rupture stress decreases with the
increasing diameter of the microcapsule as seen in Fig. 9c.
This means that smaller microcapsules have better mechanical performance than larger counterparts [28], while larger
microcapsules could be ruptured more easily during processing to obtain the modified polymeric matrix and its
respective composite.

3.1.7.

distinguished under TEM. As it can be seen in Fig. 10c, the
microcapsules have a shell with a thickness between 200 and
500 nm.

SEM/TEM

In parallel to the micromanipulation, the microcapsules were
cut with a sharp blade and then drained in ethanol. After
drying, they were observed under SEM/TEM as shown in
Fig. 10. The double-shelled structure, presenting a rough surface formed by the deposition of PUF particles and a smooth
inner wall made of PU, ensure a shell with high strength and
elasticity and a proper adhesion with the resin (Figure 10a and
b). The double-walled microcapsule structure can be

3.2.
Evaluation of microcapsules incorporation into
composites
3.2.1.

Dispersion

Since microcapsule shells are transparent, microcapsules are
fluorescent before they break [29]. As explained before, to
obtain enough sensitivity for self-sensing applications the
epoxy resin was modified with a black pigment at 2 wt%. To
check the dispersion, the resin was cast and cured in a
10  5 cm mould, following the material supplier recommendations. As a final step, the specimen was cut using a
metallographic abrasive cutter in 1  8 cm sticks for further
characterization.
Two different batches were tested using an optical microscope to analyse the dispersion degree of microcapsules in the
matrix: the former is one batch using a rheology anti-floating
additive and the later one batch without it. The specimen
without the additive shows that the microcapsules float,
producing a higher concentration near the upper surface
(Fig. 11a). However, when the external anti-floating additive
was added at 2.5 wt%, a more uniform distribution of the
microcapsules is observed. Figure 11b shows that in the second case the microcapsules are homogeneously dispersed
through the resin sample thickness.

3.2.2.

Flexural properties

Three-point bending tests were performed at room temperature using a Zwick testing machine according to UNE-EN ISO
178 and ASTM D790 for the modified epoxy resin and for the
carbon fibre reinforced polymer (CFRP) composite, respectively. The dimensions were approximately 80  40  4 mm for
the resin specimens and 80  40  1.8 mm for the laminated
composite. In both cases, the samples were conditioned 24 h
at 23  C and 50% of humidity prior to the tests. The span length
was 64 mm and the loading speed was 1 mm min1. The
bending modulus was calculated by the slope at deformation
between 0.05 and 0.25% using the stressestrain curves. For
these measurements, three microcapsules concentrations
have been evaluated: 0, 5 and 10 wt%.
The obtained results for the epoxy resin are summarized
in Table 2:, as the average values considering five samples. It

Table 3 e Flexural properties for composite laminate with the resin modified with different microcapsules content (mean
value ± standard deviation).
Microcapsules content (wt %)
0%
5%
10%

Flexural modulus (Mpa)

Flexural strength (Mpa)

Elongation at break (%)

11,269 ± 1305
10,560 ± 582
9100 ± 1423

294 ± 18
285 ± 5,6
276 ± 14

4,7 ± 0,5
4,4 ± 0,4
4,4 ± 0,3
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Fig. 12 e Picture showing the damage revealing capacity with the microcapsules embedded in the epoxy resin at 10 wt%
under white conventional light and under UV light.

can be observed that the incorporation of microcapsules
strongly affects both the modulus and strength properties,
being more significant as the concentration increases.
However, the influence on the strength is more notorious
than in the flexural modulus. Comparing the results in terms
of modulus, the reduction observed with 5 wt% is practically
null, while it is more significant when 10 wt% of microcapsules is added (almost 40% of its original value). Regarding
the elongation at break, a notable reduction is observed
when the microcapsules are introduced, being similar for
both contents evaluated. These results evidenced that microcapsules, especially at higher concentrations, can act as
microcenters of stress concentration and lead to a premature
failure of the epoxy resin. The material becomes brittle and
the plastic plateau is drastically affected (almost 70% of its
original value). Therefore, three-point bending tests point
out that the amount of incorporated microcapsules into

polymeric matrices should be very well defined, aiming at
achieving a good balance between self-sensing capability
and mechanical performance.
As mentioned, for the composite specimen the laminate
was manufactured by hand lay-up with a plain UD carbon
fibre fabric and the epoxy resin previously referred. The
following stacking sequence was considered to favour the
appearance of cracks in the outer surface of the specimens
during the load application: [90 /0 /0 /90 ]. The results obtained are shown in Table 3. And overall trend was found, i.e.
the addition of microcapsules results in slight changes in the
mechanical properties of the CFRP composite. With the increase of microcapsules content, the flexural modulus and the
flexural strength slightly decrease, being more notorious for
the former. In contrast, elongation at break remains similar
for all the samples. For comparison between groups, the data
were subjected to analysis of variance (ANOVA) with a level of
significance at p < 0.05. According to this analysis, the mechanical properties between groups are not significantly
different. In this sense, it is inferred that the addition of microcapsules practically does not affect the response of the
composite laminate neither in the direction parallel to the fibres nor in the transversal direction (which is, in this case, the
one dominating the flexural response since these are the outer
plies, further from the neutral line).

3.2.3.

Evaluation of cracks revealing capacity

Finally, Fig. 12 shows the technique operation to reveals
damage in the polymeric specimens. An incision was made
over one of the resin specimen surfaces using a diamondtipped pen. In the observation under white light, it is not
possible to detect, while under UV lamp at 254 nm, the fissure
produced can be clearly seen. The same effect has been seen
in the flexural specimens, Fig. 13, with the composite with
5 wt% of microcapsules. In the supporting information, a link
to an explanatory video about the operation of the microcapsules is included.

4.
Fig. 13 e Picture showing the cracks revealing capacity of
the composite specimens with a 5 wt% of microcapsules in
the epoxy resin under UV light.

Conclusions

This work has demonstrated the viability of using an inexpensive commercial fluorescent dye for self-sensing
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microcracks. This method allows detecting invisible short
cracks using a 254 nm UV lamp. Regarding to that, doublewalled PU/PUF microcapsules filled with this fluorescent dye
were prepared by in situ polymerization.
This microcapsule self-sensing system can be easily
fabricated in one single batch and does not need any expensive detection instrument or specific formation. Optical
damage visualisation is simple, quick and able to be integrated as an industrial procedure.
The fabricated microcapsules present good resistance to
compression loads, which improved as the diameter decrease.
Besides, the microcapsules show good compatibility with the
epoxy resin due to their rough surface, remaining attached to
the matrix. Regarding their integration in epoxy resin, a good
dispersion was achieved using an anti-floating additive. In
terms of mechanical properties, although the microcapsules
have a notorious effect on the resin response, it has been seen
that practically they do not affect the final properties of the
carbon fibre reinforced composite.
In summary, self-sensing using microcapsules filled with
fluorescent dye allows the detection of microcracks in composites using simple visual non-destructive UV techniques
without affecting the mechanical properties.

Supporting information
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