Hindawi
Advances in Polymer Technology
Volume 2020, Article ID 4518512, 13 pages
https://doi.org/10.1155/2020/4518512

Research Article
Self-Healing Polyurethane-Based Nanocomposites Modified with
Carbon Fibres and Carbon Nanotubes
Szatkowski Piotr , Pielichowska Kinga, and Blazewicz Stanislaw
Faculty of Materials Science and Ceramics, AGH University of Science and Technology, Al. Mickiewicza 30, 30-059 Krakow, Poland
Correspondence should be addressed to Szatkowski Piotr; pszatko@agh.edu.pl
Received 16 May 2020; Revised 17 August 2020; Accepted 22 August 2020; Published 30 August 2020
Academic Editor: Sagar Roy
Copyright © 2020 Szatkowski Piotr et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.
Self-healing polyurethanes (PUs) were synthesized as a matrix of nanocomposites containing two ﬁbrous carbon components, i.e.,
functionalized carbon nanotubes (CNF-OH) and short carbon ﬁbers (CF). Two types of PUs diﬀering in the content of ﬂexible
chain segments (40% and 50%) were used. Changes in mechanical strength were analyzed to assess the ability to self-healing of
PU-based matrix nanocomposites with experimentally introduced damage in the form of an incision. The healing process was
activated by heating the damaged samples at 60°C, for 30 minutes. The addition of CNT-OH and CF caused a slight reduction
in the self-healing ability of the nanocomposites as compared to the neat PUs. After heating to 60°C, the nanocomposites selfhealed up to 72% of the initial strength of the undamaged samples. The introduction of ﬁbrous components to the polymer
matrix improved the thermal conductivity of nanocomposites and facilitated heat transfer from the environment to the interior
of the samples, necessary to initiate self-healing. Low content of carbon components in the PU matrix, i.e., 3 wt% of CF and
2 wt% of CNF-OH increased the total work up to fracture of samples after healing by about 53%.

1. Introduction
In recent years, more and more works have been devoted to
the study of thermoplastic polymers as matrices for ﬁbre
reinforced composites [1–3]. Thermoplastics, in contrast to
chemo and thermosetting polymers, can be reversibly
mouldable. Composites made of thermoplastic matrices can
be recycled by heating and moulded again from the recycled
plastics. Other advantages of using thermoplastic matrices
are the possibility of joining the composite elements by heating or adding a melted thermoplastics to elements of the
mould. For these reasons, thermoplastic matrices including
PUs are more and more frequently used in many industries
such as automotive, construction, and sport [4–6]. They are
used in the form of two-component mixtures, and the properties of the obtained materials depend on the ratio of isocyanate and polyol [7]. The use of such polymers as matrices in
composite and nanocomposite technology creates new application possibilities in research on new types of materials [8].
Carbon ﬁbres as components modifying the polyurethane
matrix enhance the resistance to creep and fatigue, as well

as increase the tensile strength and Young’s modulus of the
resulting composites [9–12]. Self-healing polymers are a
new direction in the development of composites technology
with such matrices.
This group of polymers includes self-healing duroplastic
polymers (the healing agent is inside the material and is
releasing to the site of the crack forming) [13–15], internal
thermosets (the healing agent is dissolved in the matrix)
[16], and thermoplastics with a regeneration system based
on a physical or chemical self-healing mechanism [17].
Polyurethanes characterized by self-healing properties
constitute a new area of research in composite technology.
At present, the use of carbon ﬁbres as reinforcement for such
polymers is at the early stage of research and there are not
many reports dealing with the subject [18–27]. Most published reports on PU self-regeneration concern the use of
the reversible Diels-Adler reaction [28–30] or a description
of the eﬀectiveness of self-regeneration mechanisms of neat
polyurethane matrices without ﬁbrous modiﬁers [31–33].
Our previous study has shown that the addition of functionalized CNT to self-healing polyurethane caused a slight
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Table 1: Materials used for the preparation of PU-based nanocomposite samples.

Name

Label

Agent

Manufacturer

Characteristics

PTHF

Polyol

Sigma-Aldrich, Cat. no 345296 Germany

Molar mass
1000

Isocyanate

Desmodur® N 3300 (Bayer) Germany

Chain extender
Catalyst

Acros Belgium
Sigma-Aldrich Germany

PU-based matrix
Polytetrahydrofuran
Aliphatic isocyanate,
1,4 Butanediol
Dibutyltin dilaurate
Carbon ﬁbrous components

Functionalized multi-walled carbon
nanotubes

Carbon ﬁbres

HDI
derivative
BDO
DBTDL

CNT-OH

CF

PU nanometric
modiﬁer

PU modiﬁer

decrease in the self-healing eﬃciency of the PU-based nanocomposites compared to neat PU [34]. During the selfhealing of damaged nanocomposites, nanotubes formed
hydrogen bonds with PU chains, which resulted in an
increase in the mechanical strength and thermal
conductivity.
The purpose of this study was to synthesize self-healing
PU as a matrix of nanocomposite samples with CNT-OH
and CF as modifying components and to assess the ability
of such nanocomposites for self-healing. We have assumed
that the presence of CNF-OH and/or CF, which have a
clearly higher thermal conductivity compared to a neat polymer, will facilitate the transfer of heat from the environment
to the interior of the nanocomposite sample necessary to
repair the damaged site of a material. We used a selfhealing PU available on the market, which is used to fabricate
self-healing coatings. In such coatings, the resulting surface
defect self-heals as a result of ambient heat, e.g., solar heat.
It can be expected that in such nanocomposites, slight damages arising under operating conditions, e.g., the ﬁbre/matrix
debonding, which may initiate material fracture, will selfheal.

2. Materials and Methods
2.1. Preparation of Material Components. The components
listed in Table 1 were used for the synthesis of PU-based
samples.
PTHF as polyol was chosen for its very good reactivity,
chemical stability, ease of application, desired viscosity, and
lower hygroscopicity as compared to poly(ethylene glycol).

Organotin compound

Nanostructured & Amorphous
Materials, Inc., USA
Cat. no 1249 YJF

Surface OH groups
1,67-1,85 wt%
Purity > 95%
Length 0,5-2 μm
Outer diameter 1020 nm
Inner diameter 510 nm

Carbon Pipreg® Porcher Industries,
France
Cat. no 3257-P54

PU-based sizing agent
Diameter ~7 μm
Density (g/cm3): 1,5
Modulus (GPa): 235
Tensile strength (MPa):
4 400

The isocyanate is characterized by a high resistance to chemical environment, harsh weather conditions, and good
mechanical properties. Before synthesis, both components,
i.e., isocyanate and PTHF, were dried for 12 hours under
the reduced pressure to 0,3 bar at 60°C and 100°C, respectively. Functionalized multiwalled carbon nanotubes labelled
as CNT-OH were used as the nanomodiﬁer (nanocomponent), and carbon ﬁbres labelled as (CF) were used as the second modiﬁer of PU samples. To assure eﬀective usage of CF
in the PU matrix, before synthesizing the samples, the critical
fraction and critical length of CF were calculated. The critical
ﬁbre fraction denotes the value above which the composite
sample strength is higher than the strength of the pure matrix
[35]. The calculated critical fraction of CF amounted to
0.072 v% (0,12 wt%), and the critical CF length was about
173 μm. Prior to use, continuous CF in the form of roving
was cut into short ﬁbres. The surface of these ﬁbers was covered with a PU layer. For the synthesis of PU-based samples,
we used CF with an average length of 3 mm, that is, a length
signiﬁcantly exceeding the critical length, and with a greater
CF content than the calculated critical fraction, i.e., 3 wt%.
2.2. Preparation of Nanocomposite Samples. Figure 1 illustrates the procedure for the preparation of diﬀerent PUbased samples.
Both carbon components, i.e., CNT-OH (nanomodiﬁer)
and CF (modiﬁer), were introduced to the dried and melted
PTHF and then homogenized by sonication. The sonication
process of diﬀerent CNT-OH/CF/PTHF compositions in
the form of suspensions was conducted using a Cole Parmer
130P with ¼” microtip. The amplitude was set at 80%, which
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Figure 1: The block scheme of experimental procedure to prepare.
Table 2: Types of samples prepared for self-healing study and their names.
Isocyanate
N3300
N3300
N3300
N3300
N3300
N3300

Soft segment content (wt%)

CNT-OH content (wt%)

CF content (wt%)

Name

40
40
40
50
50
50

0
2
2
0
2
2

0
0
3
0
0
3

PU40_CNT0_CF0
PU40_CNT2_CF0
PU40_CNT2_CF3
PU50_CNT0_CF0
PU50_CNT2_CF0
PU50_CNT2_CF3

corresponded to about 14 W output power. During the sonication, the suspensions were kept at a constant temperature
in a water bath.
To determine the optimal sonication time, a dynamic
light scattering (DLS) method was used (ZetasizerNano–ZS,
Malvern Instruments). The sonication lasted 2 minutes. First,
the chain extender with catalyst was added at 55°C, followed
by adding the isocyanate. The whole composition was
mechanically stirred and poured onto the mould consisting
of two preheated Petri dishes (70°C) and left for 2 hours at
105°C. Then, the temperature was reduced to 80°C for
another 10 hours. Then, the resulting PU/CNT-OH/CF composition in the form of sheets was placed between two steel
plates and compressed under the pressure of 20 MPa at
50°C, for 3 hours. The synthesis conditions (heating temperature and cooling time) were determined based on the physical and chemical properties of the components. The amount
of CNT-OH in the polymer matrix was determined in our
previous study [34]. It was shown that the amount of CNFOH above 2 wt% hinders the homogenization process and
polymer synthesis. For this reason, nanocomposites containing 1 wt% and 2 wt% were prepared for the experiments.

The types of samples and their labelling for further experiments are given in Table 2.
Two types of neat PU-based samples, diﬀering in the content of soft and stiﬀ segments and two types of nanocomposites were synthesized, namely, nanocomposites containing
only CNT-OH (1 and 2%) and nanocomposites containing
CNT-OH and 3% CF.
The contents of PU synthesis components, i.e., the
amount of functional groups derived from isocyanates and
hydroxyl groups derived from polyol and chain extender,
were calculated from the formula taking into account their
reactivity and equilibrium conditions of the polymerization
reaction. The stoichiometric PU compositions assuming
40% and 50% of soft segments were prepared. The polyurethane blend was selected based on its mechanical strength.
The following PU-CNT-OH nanocomposite has been prepared: the 10 g PU composition with 40% of soft segments
consisted of 5.19 g isocyanate, 4 g polyol, 0.81 g chain
extender, CNT-OH (various amount), and CF 3 wt%. The
10 g PU composition with 50% of ﬂexible segments consisted
of 4.45 g isocyanate, 5 g polyol, 0.55 g chain extender, CNTOH (1 and 2 wt%), and CF 3 wt% (details in [34]).
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Figure 2: Geometry of sample with controlled incision for tensile tests; microphotograph shows the incision in the bent sample.

2.3. Methods. To assess the self-healing properties of neat
polymers and composite/nanocomposite materials, various
techniques in the literature can be found [25]. So far, standard tests to examine self-healing eﬀects in the materials have
not been developed. In our experiments, the eﬀect of selfhealing in nanocomposites was determined by comparing
the mechanical strength of the as-received (initial) samples
and experimentally damaged samples before and after the
healing process. The damaged samples contained an incision
imitating damage in samples with strictly deﬁned geometry
(5 mm width and 0.5 mm depth) were made using a microtom EXTEC Labcut 150 (Figure 2).
The ratio of the tensile strength of the damaged sample
after self-healing to the strength of the initial sample was considered as the healing level in a percentage.
For these tests, two types of samples were prepared:
(1) reference samples, whose strength values were used
as the initial values
(2) damaged samples containing incision for healing tests
Then, the damaged samples were heated at 60°C, for 3
hours (self-healing phase), and subsequently, four of them
were tested to determine their mechanical properties after
the ﬁrst cutting/healing (C/H) cycle. After the ﬁrst cycle,
the remaining samples were incised again to create damage,
and the heating process was repeated. For neat PU-based
samples and modiﬁed with CNT-OH, the C/H cycles were
repeated ﬁve times, whereas for nanocomposites containing
both carbon components, the C/H cycles were repeated three
times. After each C/H cycle, the samples were subjected to
mechanical testing. The temperature and time of the healing
process were determined experimentally.
Fourier Transform Infrared spectroscopy (ATR-FT-IR)
was performed using a Bio-Rad FTS 165 spectrometer with
a resolution of 2 cm-1 (64 scans). Spectra were recorded in
the range of 4000-400 cm1. Raman spectroscopy was performed using a HORIBA LabRAM HR spectrometer. The
measurements were carried out with a laser excitation wavelength of 532 nm.
The coeﬃcient of thermal conductivity (CTC) was determined using the cut–bar comparative method in steady-state
thermal conditions according to ASTM E1225-87 standard
using a laboratory test apparatus designed for measuring

composite and nanocomposite samples. The static mechanical properties (strength, tensile modulus, and work of fracture) of samples (PU40_CNT0_CF0, PU50_CNT0_CF and
nanocomposites) were determined in tensile uniaxial tests
on an universal testing machine Zwick (model 1435) PC controlled by TestXpert (v.8.1) software, with the strain rate of 2
(mm/min). Laboratory internal tests were performed using
rectangular samples of the size 40 mm × 5 mm × 2mm cut
from a synthesized PU-based sheet. The samples were
mounted in grips of the testing machine, 24 mm apart (gauge
length). The grips were covered with a silicon layer to avoid
damaging the surface of the samples during the tensile test.
The tensile modulus of the samples was determined from
the slope of the straight line of the stress-strain relationship.
The total work of fracture values of samples was determined based on the measurements of the surface areas under
the force-strain-curves obtained at a constant rate of
stretching up to fracture. Mechanical parameters of the
initial samples (undamaged samples) were obtained as the
mean ± standard deviation of ﬁve measurements, while four
measurements were made for samples used in self-healing
tests. Diﬀerences in mechanical strength and self-healing
capability among samples (n = 4) were tested with Student’s
t-test with a signiﬁcance level of p < 0:05.

3. Results
3.1. Mechanical Properties. Changes in the mechanical properties of the nanocomposites (tensile strength and tensile
modulus) modiﬁed with CNT-OH are shown in Figure 3.
As is apparent from these plots, the addition of CNT-OH
up to 2 wt% signiﬁcantly aﬀects the mechanical properties of
the resulting nanocomposites. In particular, a signiﬁcant
increase in the tensile modulus was observed.
Figure 4 illustrates changes in the strength and tensile
modulus of PU-based nanocomposite samples in the presence of both carbon components.
The starting points of both plots (Figure 4(a)) correspond
to samples made of neat PU, and the remaining ones contain
3% CF addition and 1% and 2% CNT-OH, respectively.
The nanocomposites containing both carbon components are characterized by a signiﬁcantly higher strength
and tensile modulus compared to nanocomposites containing only CNT-OH (Figure 3).
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Figure 3: Tensile strength (a) and tensile modulus (b) of samples in function of CNT-OH content (∗ ) denotes statistically signiﬁcant
diﬀerence between the samples diﬀering in the content of soft segments (p < 0:05).
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Figure 4: Tensile strength (a) and tensile modulus (b) of neat PU and modiﬁed with CF in function of CNT-OH content ∗ denotes statistically
signiﬁcant diﬀerence between the samples diﬀering in the content of soft segments (p < 0:05).

The comparison of the mechanical properties of PU samples containing up to 2 wt% of CNT-OH with the samples
containing both carbon phases indicates that CF strengthens
the PU matrix more eﬀectively than CNT-OH. In the case of
samples with CNT-OH, the improvement in the tensile
strength does not exceed several dozen percent, while in the
case of PU with 3% content of CF the increase in the tensile
strength is almost 300%. The diﬀerence in mechanical properties between samples containing 1% and 2% CNF-OH is
relatively low. The eﬀect of CF is even more pronounced
for the modulus of elasticity. For PU40_CNT2_CF3 samples,
the modulus increases by almost 2000%, whereas for the
PU50_CNT2_CF3 samples, by 1100%, as compared to neat
PU samples (Figure 3).
Such a signiﬁcant increase in the mechanical parameters
of samples modiﬁed with carbon components may prove that
they are uniformly dispersed in the PU matrix, and both
components behave as a reinforcing phase. The full dispersion of CNT and their uniform distribution in a polymer

matrix are an important prerequisite factor, necessary for
the improvement of mechanical parameters of resulting
nanocomposites. Another factor is the matrix-CNT/CF
interfacial bonding that ensures eﬀective load transfer from
the PU to carbon ﬁbrous components [34, 36]. This is also
conﬁrmed by the low standard deviations of the means values
of the mechanical strength and tensile modulus (below 2%).
3.2. Thermal Conductivity. The thermal conductivities of
nanocomposites modiﬁed with CNT-OH (1%, 2%) and CF
(3%) are shown in Figure 5.
As is apparent from this ﬁgure, the addition of CNT-OH
and CF improves the CTC of samples. The increase in CTC
of CNT-OH modiﬁed samples is about 40%, while for samples containing both carbon components, about 140%, compared to neat PU. Moreover, CF aﬀects much stronger on
CTC growth of nanocomposites compared to CNT-OH.
These results also conﬁrm the conclusions drawn from
mechanical tests regarding good dispersion and uniform
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Figure 5: Thermal conductivity of neat PU and modiﬁed with
CNT-OH and CF.

distribution of both carbon modiﬁers in the PU matrix. The
improvement of heat transport in the polymer matrix modiﬁed with the electrically conductive phase (carbon) requires
exceeding the percolation threshold of carbon components
or creating a strong bond of the polymer to the carbon surface [37–39]. The percolation threshold corresponds to the
critical content at which the conductive path throughout
the entire sample occurs. In the ﬁrst case, the conduction
mechanism is similar to the electron mechanism in metals
(a contribution of quasi-free electron) [37–41]. However,
the PU-based nanocomposites were not electrically conductible; therefore, the percolation threshold was not achieved
(data not published). A strong interaction at the interphase
between the polymer structure and the functional surface
groups of the ﬁbrous components may promote heat conduction by means of the phonon-phonon mechanism. Therefore, it is likely that in the nanocomposite structure, the
signiﬁcant increase in thermal conduction is caused by interfacial bonding formed between the PU matrix and the CNT
and CF. It cannot be also excluded that the ﬁbrous carbon
components crosslink PU chains to form transverse bonds.
3.3. ATR-FT-IR and Raman Spectroscopy. The interaction
between characteristic groups of neat PU and nanocomposite
samples can be identiﬁed by analysis of the shifts in absorption frequencies of selected bands of the polymer and carbon
components after synthesis. Figure 6 shows the FTIR spectra
of neat PU and nanocomposites containing CNT-OH and
CF. Additionally, the spectra of carbon components are
shown.
The spectrum of neat PU contains two characteristic
bands at 2859 cm-1 and 2940 cm-1 attributed to symmetric
and asymmetric stretching vibrations of CH2 groups. The
band at 1100 cm-1 of neat PU is assigned to the asymmetric
stretching vibration of C-O-C groups. These bands, characteristic for the polymer matrix, are depicted in the spectra
by the marking lines. The spectra of nanocomposite samples

containing both carbon components show distinct wavenumber shifts to higher wavenumbers of the bands originating from C-H stretching vibrations at 2940 cm-1 and
2859 cm-1 compared to the neat PU. A similar shift is
observed for stretching of C-O-C groups, from 1100 cm-1
for neat PU to 1138 cm-1 for nanocomposite samples. This
may indicate that the carbon components interact with the
polymer matrix. Functionalized CNT-OH surface contains
OH, C=O, and C-C-O groups [34]. However, carbon materials are electrically conductive, and due to electron absorption, bands derived from surface chemical groups in the
CNT and CF spectra are invisible. Only the broad and weak
band in the range of 3200-3500 cm-1 corresponding to the
C-OH groups in the CNT can be observed. Nanometric
CNT-OH dispersed and distributed in a polymer matrix is
not visible in the FTIR spectrum as a separate phase [42–44].
Absorption band at 1718 cm-1 is characteristic for
hydrogen-bonded carbonyl group in urethanes at the interface between hard and soft segments, whereas the band at
1682 cm-1 can be brought about by the hydrogen-bonded
carbonyl group in urethane hard segments [45]. In the FTIR spectra of nanocomposites, both these bands are shifted
towards higher wavenumbers (the shifts of the bands are
marked with lines), which can indicate that carbonyl groups
are involved in the creation of new hydrogen bonds. The lack
of absorption bands of hydroxyl groups in the spectra of PU
modiﬁed with CNT-OH and CF may also indicate the chemical interaction between functionalized carbon surface and
isocyanates. The analysis of these spectra clearly shows the
impact of the ﬁbrous carbon phases on the PU structure
and may indicate chemical interaction with the PU matrix.
This analysis also suggests that carbon components are uniformly dispersed in a polymer matrix, without creating
greater particles in the form of separated phases (agglomerates). The spectra of PU do not contain bands from
unreacted isocyanate and hydroxyl groups, while bands from
urethane groups are visible. This indicates that the isocyanate
groups derived from the isocyanate and the hydroxyl groups
derived from the chain extender and polyol had completely
reacted with each other to form polyurethane.
The Raman spectra of the diﬀerent samples, including
carbon components as separate CNT-OH and CF spectra,
are shown in Figure 7.
Raman spectroscopy can be a useful tool for monitoring
the manufacturing process and modiﬁcation of various
nanocomposites, e.g., CNT. Speciﬁc band shifts in the Raman
spectrum may indicate a possible interaction between CNT
and PU matrix, the level of CNT dispersion of the nanocomponents in the matrix, as well as stresses that may arise during nanocomposites processing [46–49].
Peaks related to CNT-OH and CF spectra are shown by
the marking lines. In the CNT-OH spectrum, the characteristic peaks at 1359 cm-1 (D band) and 1650 cm-1 (G band)
are clearly observed, whereas in the CF spectrum, these peaks
are localized at 1353 cm-1 and 1663 cm-1, respectively. The D
peak corresponds to the fraction of the disordered carbon
phase in carbon components, and the G band is related with
the fraction of the ordered graphitic phase. The spectra of CF
and CNT-OH also contain overtone of the D’ mode observed
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Figure 6: FTIR spectra of neat PU, carbon components, and nanocomposites modiﬁed with CNT-OH and CF.
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Figure 7: Raman spectra of neat PU, carbon components, and nanocomposites.

at about 2700 cm1. The spectra indicate that both carbon
components have a similar structure. The structure of CF
has already been the subject of our previous study [50].
The examination of the Raman spectra of nanocomposite
samples showed neither signiﬁcant shifts of the peaks associated
with the PU matrix nor shifts of the D and G peaks derived
from carbon components. However, the presence of carbon
components causes a clear reduction in the intensity of the
PU-characteristic bands, which may indicate the uniform distribution of both carbon phases in the polymer matrix.
3.4. Self-Healing Ability of the Nanocomposites. Figure 8
shows changes in the tensile strength of samples obtained
from neat.
PU and nanocomposites containing incision (damaged
samples) after thermal activation in the subsequent C/H cycle.
The nanocomposites PU40_CNT2_CF3 have a higher
tensile strength (21.09 MPa) compared to PU50_CNT2_

CF3 (18.15 MPa). After the ﬁrst C/H cycle, the samples
recover about 72% of their initial strength. In the subsequent
cycle, changes in strength are no longer statistically signiﬁcant (p < 0:05). In all examined samples after healing, the
strengths are higher than those observed for the damaged
samples. Figure 9 compares the self-healing level of samples
diﬀering in the content of soft segments.
As can be seen from this ﬁgure, the highest healing level
was recorded for the samples PU40_CNT2_CF3, and this
level is about 6% higher as compared to PU50_CNT2_CF3.
The presence of CF in the polymer matrix reduces the susceptibility of the nanocomposites to healing compared to
neat PU. However, a detailed analysis of the increase in
strength of the damaged samples after successive C/H cycles
indicates that for nanocomposites, this increase (strength
recovery) is higher than that observed for neat PU. Table 3
summarizes the healing eﬀects of neat PU and nanocomposites after successive C/H cycles.
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Figure 8: Changes in tensile strength of nanocomposites in the function of the number of C/H cycles.
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Figure 9: Comparison of the healing level of nanocomposites after
the ﬁrst C/H cycles (∗ ) denotes a statistically signiﬁcant diﬀerence
between damaged samples and after healing (p < 0:05).

The table compares the healing levels (in percents) and
increase in strength after subsequent C/H cycles for neat
PU and nanocomposites. The highest healing level was
obtained for neat PU-based samples, and damaged samples
regained 98, 3%, and 96.5% of the initial strength after the
ﬁrst C/H cycle, respectively. This can be attributed to the
high mobility of polymer chains and the lack of barriers inhibiting their migration in the neat PU during thermal activation of the damaged structure. The lowest healing level, i.e.,
60-70% of the initial tensile strength, was found for nanocomposites modiﬁed with both carbon phases. It should be
noted, however, that the initial tensile strength of these nanocomposites is three times greater than the strength of neat
PU. Comparison of the strength gain after the ﬁrst C/H cycle
of damaged neat PU samples (2.54 MPa) with nanocomposite modiﬁed with CNT-OH and CF (2.76 MPa) suggests that

4. Discussion
The study showed that from the two types of PU-based
matrices diﬀering in the content of soft segments, the polymer containing a lower content of these segments was characterized by more favorable mechanical parameters and
higher CTC. Such a relationship was also observed in the case
of the CNT-OH modiﬁed polymer. However, the introduction of carbon components clearly reduced the eﬀect of the
neat polymer structure on the mechanical properties
(Figure 3) and thermal conductivity (Figure 5) of the nanocomposites. The diﬀerences in mechanical parameters and
CTC of nanocomposites modiﬁed with both carbon components were not statistically signiﬁcant, regardless of the content of soft segments.
The introduction of a damage to a nanocomposite in the
form of a deep incision (1/4 the thickness of the sample),
across its entire width, signiﬁcantly reduces its eﬀective
cross-section. Usually, such large defects do not occur in
materials under service loading conditions. In nanocomposites containing low contents of CF and carbon nanotubes,
sample fracture can occur either by ﬁbrous components pulling out from polymer matrix or by debonding ﬁbre-matrix
interphase. CF or CNT-OH fracture during stretching test
in such samples is rather unlikely. This is due to the fact that
carbon nanotubes and CF are very short and strong. Failure
of carbon ﬁbrous component can happen only in composites/nanocomposites reinforced with continuous microﬁbres
with a strong interfacial boundary between the matrix and
the ﬁbre surface. The healing process of the damage in our
nanocomposites can be described taking into consideration
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Table 3: Comparison of healing eﬀects of diﬀerent samples and increases in strengths of damaged samples after C/H cycles.
Name/type of sample
PU40_CNT0_CF0
PU40_CNT2_CF0
PU40_CNT2_CF3
PU50_CNT0_CF0
PU50_CNT2_CF0
PU50_CNT2_CF3

Healing after
I C/H cycle (%)

Healing after
II C/H cycle (%)

Healing after
III C/H cycle (%)

98,3
93,3
71,7
96,5
83,3
66,5

95,6
83,4
71,2
92,5
74,5
66,2

92,5
77,2
67,2
93,3
74,6
61,5

two probable mechanisms, i.e., by restoring broken hydrogen
bonds between urethane groups of PU chains and/or by reaction between functional chemical groups present on the surface of both carbon components and urethane groups of the
PU matrix. The ﬁrst mechanism, known from the literature,
describes the regeneration of a damaged site in PU used in
this work.
Figure 10 illustrates a model of the nanocomposite sample containing CNT-OH and CF and the probable mechanism of chemical and hydrogen bonding between the selfhealing PU and carbon components.
Damage caused by breaking the hydrogen bonds between
the polymer chains in neat PU is repaired by absorbing heat
from the environment. The broken hydrogen bonds during
this process are rebuilt. In nanocomposites, during PU synthesis, chemical bonds can be formed between the surface of carbon components and PU. Such bonds may be formed only
when functionalized CNT-OH and CF are added to PU matrix
prior to the synthesis. This is the advantage of the method
used in this work for the fabrication of nanocomposites, as
opposed to direct mechanical mixing of polyurethane in granules with carbon components, ensuring only physical binding
to the matrix. Figure 11 shows the surface images of PU40_
CNT2_CF_0 before and after the self-healing process.
The SEM microphotographs in Figure 11(a) and (b) show
the damaged surface of the sample before healing. After heating the samples (60°C, 30 min), the damaged sites shown on
the surface (b) disappeared. However, some sites with a not
fully rebuilt surface can also be noticed. Figures 11(c) and
11(d) presents the SEM microphotographs of the sample surface with the white line marking the initially made incision
after complete regeneration. The incision marked with the
line is clearly visible. On the samples’ surface, elongated damages parallel to the direction of the incisions remained after
healing can also be seen. The SEM images reveal the selfhealing during the thermal treatment of the damaged sample.
The inﬂuence of carbon components in the healing process of nanocomposites can also be considered by analysing
the total work required to fracture a sample in the tensile test.
The tensile force-strain plots for damage-free samples, damaged, and self-healed samples are shown in Figure 12.
During the tensile test, the force-strain function shows
two diﬀerent ranges: initially, the function is straight-linear,
whereas above 4%, the strain increments are much greater,
which is associated with sample plastic deformation, due to
the breaking of cross-linking bonds in the polymer containing CNT- OH and CF. The nanocomposites subjected to

Increase in strength (MPa)
After I C/H
After II C/H
After III C/H
2,54
4,80
2,76
2,34
3,94
2,54

2,33
3,46
2,64
2,31
2,87
2,45

2,09
2,95
1,8
2,36
2,91
1,67

the C/H cycle are characterized by a decrease in the plastic
deformation range before reaching the maximum of fracture
force compared to the as-received nanocomposites without
incision. The fracture of these samples during stretching
occurs at lower absolute strains and at lower fracture force,
compared to the as-received nanocomposite. By comparing
the surface areas under the curves that represent the total
fracture work, it can be seen that the healed PU_CNT2_
CF3 displays distinctly reduced surface areas compared to
the values determined for undamaged samples. In these samples, the damage caused a decrease in their mechanical
parameters, whereas the regeneration process activated by
heating led to partial restoration of the matrix structure and
the matrix/CF interphase. The marked areas under the curves
(Figure 12) represent increments in the fracture work of
damaged nanocomposites after the self-healing process. The
values of fracture work characterizing three types of samples,
i.e., neat PU and both nanocomposites before and after selfhealing are collected in Table 4.
The last column in Table 4 shows the strain to failure of
three types of damage-free samples (before damaging). These
values are noticeably reduced for CNT-OH and CF-modiﬁed
nanocomposites.
Nanocomposites containing CNT-OH and CF, after the
ﬁrst (C/H) cycle, are characterized by a lower level of fracture
work (about 39% compared to the undamaged nanocomposite) than neat PU (about 86%, compared to undamaged PU);
the total work required to fracture these nanocomposites is
distinctly higher. The total fracture work (W T ) absorbed during the tensile test of the nanocomposites containing both
carbon components can be written as follows:
W T = WPU + WCF + WCNT−OH ,

ð1Þ

where W T is the total fracture work. W PU the fracture work
of neat PU matrix; W CF and W CNT−OH are the fracture work
components referred to the presence of CF/matrix and CNFOH/matrix interphases.
The equation represents the contribution of three components of the nanocomposite, i.e., PU, CNT-OH, and CF into
the total work required to fracture the sample. As can be seen
from Table 4, the introduction of CNT-OH to the PU matrix
increases the recovered fracture work after ﬁrst healing from
49.9 J/mm2 (neat PU) to 73.2 J/mm2. In nanocomposite samples with both carbon components, the fracture work recovered after the healing increased up to 85 J/mm2. The above
considerations indicate that the healing process may take place
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Figure 10: Scheme of healing mechanism in the PU matrix containing CNT-OH and CF.

not only in the damaged polymer matrix, but also between the
detached CF and/or CNT-OH from the PU matrix.
The conducted experiments indicate the possibility of
extending the use of self-healing polymers in the form of nanocomposite coatings with improved mechanical properties and
better thermal conductivity compared to unmodiﬁed PUbased coatings, while maintaining its self-healing properties.
The role of carbon phases in the polymer matrix is not limited
to improving the mechanical parameters of the nanocomposite
and formation of additional interphase boundaries involved in
the self-healing process. Carbon components increase the thermal conductivity of the nanocomposite, thanks to which the
heat transport from the environment to the interior of the sample, necessary to initiate the self-healing process, is more eﬀec-

tive. This fact may be important in the case of the synthesis of
nanocomposite materials with a thickness exceeding the thickness of typical PU coatings. The results of our study showed that
self-healing can occur in samples with a thickness of 2 mm.
However, it cannot be ruled out that due to the presence of carbon components with a high thermal conductivity in the polymer material, this process will also take place in materials with
larger transverse sizes.
In structural composites, containing continuous ﬁbres as
reinforcement, e.g., carbon ﬁbres, fracture mechanism is initiated as a result of the formation of microcracks of very small
sizes (subtle cracks) by debonding of ﬁbre-matrix interphases
[51]. Such damages initiating the fracture process in composites can be formed under service loading conditions.

Advances in Polymer Technology

11

(a)

(b)

300 𝜇m

(c)

(d)

20 𝜇m

Figure 11: SEM images of nanocomposite surfaces before (a, b) and after (c, d) self-healing; self-healed surface sites are marked with a white
line and arrows.
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Figure 12: Force-strain plots of the nanocomposites before and after self-healing; (a) PU modiﬁed with CNT-OH, (b) PU modiﬁed with
CNT-OH and CF.
Table 4: Comparison of fracture works of undamaged, damaged, and healed samples under tensile tests.
Type of sample
PU40_CNT0_CF0
PU40_CNT2_CF0
PU40_CNT2_CF3

Fracture work of
Fracture work of damaged Fracture work after 1st Recovered fracture
Strain to
undamaged samples (N·mm)
samples (N·mm)
C/H cycle (N·mm)
work (J/mm2)
fracture (%)
131.5
270.2
652.2

62.8
101.4
161.4

The use of self-healing PU as a matrix of structural composites can contribute to enhance their durability (life-time),
due to the possibility of healing damages that are formed at
the early stage of fracture. However, this suggestion requires
experimental veriﬁcation.

112.7
174.6
246.4

49.9
73.2
85.0

18.1
16.2
12.5

5. Conclusions
The self-healing behaviour of nanocomposite samples containing CF and CNT-OH in the PU matrix was studied. After
the ﬁrst self-healing cycle, the strength recovery of
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nanocomposite samples up to 72% was achieved. The selfhealing level of nanocomposites was lower in comparison
to neat PU-based samples. The lower healing ability of nanocomposites can be attributed to the reduction in mobility and
diﬀusion of PU chains caused by the presence of carbon components. The healing capability of the nanocomposites
expressed as an increase in the tensile strength after selfhealing of the damaged nanocomposites is greater than that
for neat PU. The likely self-healing mechanism in nanocomposite is both partial rebuilding hydrogen bonds between PU
chains in the damaged PU matrix and the formation of bonds
between the surface of carbon components and the matrix.
After healing, a greater fracture work recovery was obtained
for samples containing both CF and CNT-OH compared to
the neat PU-based samples and samples containing CNTOH. Due to the presence of carbon components characterized by a distinctly higher CTC in comparison to neat PU,
the heat transfer from the environment, necessary to initiate
the self-healing process, to the inner part of the nanocomposite samples, is more eﬀective, which allows the use of this
polymer to manufacture nanocomposite/composite samples
with increased transverse dimensions. The results obtained
proved that the self-healing process in the PU matrix modiﬁed with CNT-OH and CF is possible, and such carbon components create new possibilities in the fabrication of PUbased ﬁbrous composite and nanocomposite materials.
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