Composites Part B 157 (2019) 1–13

Contents lists available at ScienceDirect

Composites Part B
journal homepage: www.elsevier.com/locate/compositesb

Self-healing epoxy nanocomposites via reversible hydrogen bonding
a,∗

a

a

a

a

T

a

L. Guadagno , L. Vertuccio , C. Naddeo , E. Calabrese , G. Barra , M. Raimondo ,
A. Sorrentinob, W.H. Binderc, P. Michaelc, S. Ranac,d
a

Department of Industrial Engineering, University of Salerno, Via Giovanni Paolo II, 132, 84084, Fisciano, SA, Italy
Institute of Polymers, Composites and Biomaterials (IPCB-CNR), Via Previati n. 1/E, 23900, Lecco, Italy
Macromolecular Chemistry, Institute of Chemistry, Faculty of Natural Science II, Martin Luther University Halle-Wittenberg, Von-Danckelmann-Platz 4, 06120, Halle
(Saale), Germany
d
Department of Chemistry, University of Petroleum and Energy Studies (UPES), Bidholi Dehradun, 248007, India
b
c

A R T I C LE I N FO

A B S T R A C T

Keywords:
Nano-structures
Carbon-carbon composites (CCCs)
Thermosetting resins
Smart materials
Self-healing materials
Stimuli-responsive materials

The development of high performance self-healing composites is still at an early stage due to the diﬃculty to
integrate self-healing mechanisms in their structure by applying current manufacturing processes. Here, the
authors propose structural self-healing resins based on dynamic hydrogen bonds capable to overcome many
current industrial limitations. Hydrogen bonding moieties, such as barbiturate and thymine, able to act as reversible healing-elements by their simultaneous donor and acceptor character, can be covalently linked to multiwall carbon nanotubes (MWCNTs) to generate self-healing nanocomposites. The so functionalized MWCNTs,
embedded in a rubber-toughened epoxy formulation, lead to reversible MWCNTs-bridges through the matrix due
to strong attractive interactions between the rubber phase, ﬁnely dispersed in the matrix, and MWCNT walls.
Healing eﬃciencies have been assessed for the nanocharged epoxy formulation loaded with 0.5% wt/wt of
MWCNTs decorated with barbituric acid and thymine groups. For both functional groups, healing eﬃciencies
higher than 50% have been found. Dynamic mechanical analysis (DMA) evidences an enhancement in epoxy
chains movements due to micro/nano domains of the rubber phase enabling self-healing behavior by recovering
the critical fracture load. Results from this study may promote the wide development of safe and cost-eﬃcient
self-healing composites in aeronautical, automotive, civil engineering and wind power industries.

1. Introduction
The demonstrated beneﬁts of composite materials compared to
metals have led to the recent trend of increased use of the former on
primary structures [1,2]. At the same time, several drawbacks of these
materials prohibit their use to the extent where their full potential
could be exploited. For instance, in structural applications in the ﬁelds
of transport or civil building, high standards of stability and durability
are required. Furthermore, their low electrical and thermal conductivity, poor weathering resistance and vulnerability to fatigue damages strongly limit the use of this class of composites. Severe prolonged load and/or atmospheric hazard exposures may trigger the
damage accumulation process even in recently advanced developed
structures.
An important contribution to increase the exploitation of such materials can be given by implementing eﬃcient autonomous damagerepair [3–5] systems able to hinder the propagation of micro cracks and
consequently preserve the structural and functional continuity [6–8].

∗

A large variety of self -healing systems have been prepared so far,
with auto-repairing function at diﬀerent time and length-scales and
crosslinked or even blend-systems, which allow the mixed-composition
of diﬀerent polymeric systems [9–18]. Among the self-healing systems,
those based on the encapsulation of a healing agent and here especially
for Ring Opening Metathesis Polymerizations (ROMP) are the most
studied in the case of thermosetting matrices [19–22]. Studies dealing
with the applicability of these materials as primary structures of aircrafts or load-bearing materials in other speciﬁc ﬁelds, highlighted a
decrease in the eﬀectiveness of the functional property, due to the severe operating conditions of the ﬁnished structures and their manufacturing processes. High reactivity and limited thermal stability of the
ROMP initiators deactivate the healing mechanisms during the manufacturing processes. Furthermore, the impossibility to use aromatic
primary amines as hardeners (e.g. diaminodiphenyl sulfone DDS) in
combination with ROMP initiators forces the use of other hardeners
diﬀerent from aromatic primary amines, which lead in turn to epoxy
materials characterized by mechanical performance not suitable to
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Fig. 1. a) Reaction scheme showing the reaction between epoxy group of TGMDA and COOH group of CTNB; b) Chemical formulas of CTNB and PPh3.

wide spectrum of material to improve barrier properties, conductivity,
and processability of thermoplastic and thermosetting polymers
[28,63–65]. The small size of the ﬁllers leads to a dramatic increase of
the interfacial area, which determines a signiﬁcant volume fraction of
interfacial polymer with properties diﬀerent from the bulk polymer
even at very low loadings [66]. Hybrid materials based on carbon nanostructured forms have been prepared to introduce self-healing mechanisms or impart other diﬀerent functionalities [13,67–70].
The research activity presented and discussed in this paper is aimed
to integrate self-healing ability, combined with other functionalities, in
a single load-bearing material. Moieties able to act as hydrogen bond
donors and acceptors at the same have been covalently bonded to
MWCNT walls. The reversibility of the opening and closing of hydrogen
bonds enable a dynamic repetition of the repair events even at the same
area, which is a well-known phenomenon in materials [29,30].
MWCNTs were functionalized with thymine (MWCNT-t) and barbituric
(MWCNT-b) acid-based ligands via copper(I)-catalyzed alkyne/azide
cycloaddition (CuAAC) “click” reaction. The functionalized carbon
nanotubes (MWCNT-t and MWCNT-b) have been embedded through
sonication in an aeronautical epoxy formulation toughened via reaction
between epoxy groups of tetraglycidyl methylene dianiline (TGMDA)
and COOH groups of a liquid rubber carboxyl-terminated butadiene
acrylonitrile (CTNB).
The performed functionalization is responsible for MWCNTs-bridges
through the epoxy matrix due to strong attractive interactions between
the rubber phase and MWCNT walls. For both functional groups, barbiturate and thymine-based moieties, self-healing eﬃciencies higher

meet the stringent requirements of applicability in the above-mentioned ﬁelds. In addition, the increase in the viscosity of the formulations, due to the embedding of self-healing components, and the high
cost of ROMP initiators [23–26] make such materials diﬃcult to process
and very expensive for any widespread use.
Recently, new results have been achieved through diﬀerent approaches falling within the domain of the supramolecular chemistry
[27]. Selected supramolecular polymers based on fourfold hydrogen
bonding units show self-healing capability as an intermediate layer in
between plies of ﬁber reinforced composites [28]. In thermoplastic
materials, functionalization of both matrix and ﬁbers with this reversible binding unit enables the interfaces to re-bond spontaneously or
at moderate temperature after damage [29–31]. Polymer networks
based on reversible covalent bonds manifest the beneﬁts to be selfhealed, remolded, and recycled through reshuﬄing and rearrangement
of cross-linkages [32–54]. These systems are usually characterized by
repeatable and autonomous self-healing capability, which are interesting features for real applications.
In the perspective to ﬁnd eﬀective technical solutions, it is also
important to consider recent developments in the ﬁeld of nanotechnologies, where new possibilities to simultaneously increase
thermal and electrical conductivity, ﬂame resistance, and durability in
a single multifunctional polymer are foreseen [55–61]. In addition, the
combination of self-healing functions with damage diagnosing based on
piezoresistivity of carbon based nanocomposites, can achieve timely
healing autonomously, and is expected to improve the reliability of
materials [62]. A variety of nanometric ﬁllers has been dispersed in a
2
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distillation (74–76 °C; 2 mbar) to yield 8.01 g (31.49 mmol; 63.0%) of
2-ethyl-2-(1-pentyn-5-yl) malonate as a clear, colorless oil.
In a second step urea (1260 mmol; 75.68 g) was dissolved in dry
DMSO (250 mL) and potassium tert-butoxide (64.00 mmol; 7.2 g) was
added, followed by the addition of 2-ethyl-2-(1-pentyn-5-yl)malonate
(31.50 mmol; 8.01 g) as a solution in dry DMSO (10 mL). The resulting
mixture was stirred at room temperature for 24 h. Distilled water
(1000 mL) was added and the pH was adjusted to 10 by means of a 1 M
NaOH solution. The aqueous layer was extracted two times with diethyl
ether (2x 500 mL). The diethyl ether portions were discarded. The pH of
the aqueous layer was adjusted to 2 by means of a 1 M HCl solution and
extracted two times with diethyl ether (2x 500 mL). The diethyl ether
fractions were combined, washed with distilled water (500 mL), dried
over Na2SO4 and ﬁltered. The solvent was removed by means of a rotary evaporator. Finally, the crude product was puriﬁed by crystallization from boiling benzene to yield 2-ethyl-2-(1-pentyn-5-yl)barbituric acid (1) (see Fig. 4b in the Section “Results and Discussion”) of a
white powder (74.6%).
1
H NMR (400 MHz, DMSO‑d6, at 27 °C, δ): 11.52 (s, 2H, H10), 2.76
(t, 1H, H1, 4JH,H = 2.62 Hz), 2.12 (dt, 2H, H3, 4JH,H = 2.63 Hz),
1.89–1.80 (m, 4H, H5,7), 1.26 (m, 2H, H4), 0.74 (t, 3H, H6,
3
JH,H = 7.42 Hz).

than 50% have been found. Hardener and components employed to
design the here described self-healing nanocomposites are typical of
load-bearing structures and therefore, suitable to formulate self-healing
materials preserving the characteristics of mechanical properties of
highly performant structures. Furthermore, covalently functionalized
MWCNTs can improve the nanoﬁller dispersion, as already found in
literature for carbon nanotubes [71–74].
2. Experimental section
2.1. Materials
2.1.1. Preparation of epoxy matrix TCTBD
The epoxy mixture was obtained by mixing the epoxy precursor
tetraglycidyl methylene dianiline (TGMDA-acronym T) with 12.5 phr of
carboxyl-terminated butadiene acrylonitrile (CTNB-acronym CT) and
10 phr of the catalyst triphenylphosphine (PPh3). The chemical formulas of the liquid rubber CTNB and of the catalyst PPh3 are shown in
Fig. 1b. This mixture was heated at 170 °C, using an oil bath and mechanical agitation promoted by an electric stirrer, for 24 h. The reaction
related to the formation of the TGMDA-CTNB pre-polymer is shown in
Fig. 1a. The triphenylphosphine is used as a pre-reaction catalyst to
promote the reaction between the epoxy groups and the carboxylic acid
groups of the CTNB copolymer. In the ﬁrst step, the nucleophilic attack
by triphenylphosphine on the carbon of the oxirane ring causes its
opening, producing then a phosphonium salt. The carboxylic anion
reacts with the electrophilic carbon attached to the positive phosphorus, regenerating the catalyst PPh3 and producing the TCT modiﬁed
precursor, as shown in the second step of Fig. 1a. The obtained TCT was
cooled at 120 °C and the reactive epoxy diluent 1,4-butanedioldiglycidylether (BDE-acronym B) was added at a concentration TGMDA/BDE
of 80%:20% by wt, obtaining the mixture TCTB. An amount of curing
agent 4,4′-diaminodiphenyl sulfone (DDS-acronym D) of 55 phr with
respect to precursor TGMDA was added to the mixture TCTB to activate
the curing reactions, obtaining the epoxy mixture TCTBD. The epoxy
TCTBD was mixed at 120 °C for 1 h and was degassed afterwards in
vacuum at 100 °C for 1 h. The mixture was cured by a two-stage curing
cycles: a ﬁrst isothermal stage at the lower temperature of 125 °C for 1 h
followed by a second isothermal stage at the higher temperatures of
200 °C for 3 h.

2.1.4. Preparation of 1-(6-azidohexyl) thymine (2)
1-(6-bromohexyl) thymine (665 mg, 2.5 mmol) and sodium azide
(195 mg, 3.0 mmol) were reﬂuxed in acetonitrile for 18 h. The obtained
solid was separated by ﬁltration and the solution was concentrated to a
gum, which slowly crystallized. The material was recrystallized from
water and aﬀorded 1-(6-azidohexyl) thymine (2) (see Fig. 4a in the
Section “Results and Discussion”) (76%).
1
H NMR (400 MHz, DMSO‑d6, J (Hz), at 27 °C, δ): 11,1 (s, 1H,
eNH); 7,5 (s, 1H, =CHe); 3,6 (t, 2H, 3J (H,H) = 7,47; eCH2e); 1,7 (t,
2H, 3J (H,H) = 7,89; eCH2e); 1,7 (s, 3H, eCH3); 1,5 (m, 4H, eCH2e);
1,3 (m, 4H, eCH2e).
2.1.5. Preparation of alkyne modiﬁed MWCNTs (5)
Pristine MWCNTs (Nanocyl™ CN3101; 1 g) (3) were dispersed by
ultrasonication in an aqueous HNO3 solution (60 wt%, 40.0 mL) and
stirred subsequently for 2 h under reﬂux. The suspension was afterwards ﬁltered through a poly (tetraﬂuoroethylene) (PTFE) membrane
and washed with distilled water until the pH of the ﬁltrate was 7. The
treated MWCNTs were dried under vacuum for 24 h at 40 °C, yielding
the carboxyl-functionalized MWCNTs (4) (0.95 g). In a second step,
carboxyl-functionalized MWCNTs (4) (0.10 g) was suspended in SOCl2
(10 mL) and stirred at 65 °C for 24 h. After the excess SOCl2 was removed under reduced pressure, the ﬂask was cooled in an ice bath and a
mixture of propargyl alcohol (1 mL, 16.9 mmol), CHCl3 (2 mL), and
anhydrous triethylamine (1 mL, 7.17 mmol) was added dropwise into
the ﬂask over a period of 0.5 h under magnetic stirring. The mixture
was stirred for 1 h at 0 °C and then for 24 h at room temperature. The
product was ﬁltered through a PTFE membrane under vacuum, and the
ﬁlter cake was washed with THF and distilled water for several times.
The obtained alkyne modiﬁed MWCNTs (5) (see Fig. 4a in the Section
“Results and Discussion”) were dried under vacuum at 25 °C for 48 h.
The loading of the alkyne onto surface of MWCNTs was determined
via TGA to 1.3 × 10−2 mmolalkyne/mgsample.

2.1.2. Preparation of epoxy matrix TCTBD charged with functionalized and
unfunctionalized MWCNTs
Functionalized and unfunctionalized MWCNTs were added and incorporated in the matrix TCTBD by using an ultrasonication for 20 min
(Hielscher model UP200S-24 kHz high power ultrasonic probe) in order
to obtain a homogeneous dispersion. All the mixtures were cured by a
two-stage curing cycles: a ﬁrst isothermal stage at the lower temperature of 125 °C for 1 h followed by a second isothermal stage at the
higher temperatures of 200 °C for 3 h (as already done for the unﬁlled
formulation).
2.1.3. Preparation of ethyl-2-(1-pentyn-5-yl)barbituric acid (1)
All synthetic steps were carried out under dry and inert conditions
using common Schlenk techniques unless noted. In the ﬁrst step ethyl-2(1-pentyn-5-yl)malonate was prepared by adding a sodium hydride
dispersion in mineral oil (60.00 mmol; 2.40 g) to dry DMF (25 mL),
followed by the dropwise addition of diethyl ethyl-malonate
(50.00 mmol; 9.4 mL) over a period of 30 min. The mixture was stirred
for 1 h till the evolution of hydrogen had ceased. To the resulting oil
solution 5-chloro-1-pentyne (50 mmol; 5.30 mL) was added and the
mixture was stirred for 20 h at 65 °C. Distilled water (75 mL) was added
and the solution was extracted three times with diethyl ether (3x
100 mL). The combined ether portions were washed with distilled
water (300 mL), dried over Na2SO4, ﬁltered and the solvent was removed at a rotary evaporator. The crude product was puriﬁed by

2.1.6. Preparation of thymine functionalized MWCNTs (6)
In a typical experiment, alkyne modiﬁed MWCNT (5) (50.0 mg) was
dispersed in DMF/THF mixture using water bath sonicator. The sonication process has been chosen because it has proven to be a very effective method to obtain an optimal dispersion [75,76]. Afterwards the
mixture was bubbled with nitrogen for 10 min, and 1-(6-azidohexyl)
thymine (2) (500 mg), CuBr (120 mg, 0.8 mmol) as well as PMDETA
(16 μL, 0.8 mmol) were added and stirred at 70 °C for 24 h. The mixture
was diluted with DMF (100 mL), sonicated for 5 min, and ﬁltered
3
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2.2.3. Diﬀerential Scanning Calorimetry (DSC) analysis
In this work, DSC curves have been obtained using a thermal analyzer Mettler DSC 822/400 (Mettler-Toledo Columbus, OH, USA)
equipped with DSC cell purged with nitrogen and chilled with liquid
nitrogen for sub-ambient measurements. DSC has been used for the
estimation of the curing degree (DC) of the samples under the assumption that the exothermic heat evolved during cure is proportional
to the extent of reaction.
The DC can be determined from the total heat of reaction (ΔHT) of
the curing reaction and the residual heat of reaction (ΔHRes) of the
partially cured epoxy resin according to Equation (1). To obtain fraction reacted at various temperatures, a series of isothermal experiments
were performed. To secure accurate total ΔHT values from isothermal
studies, dynamic runs were made after the isothermal curing cycle to
obtain the residual heat of reaction. The total heat of reaction was
considered according to Equation (2), where ΔHiso and ΔHRes are the
areas under the isothermal and dynamic thermograms, respectively.

through a PTFE membrane. After washing with THF, the obtained
thymine functionalized MWCNTs (6) (see Fig. 4a in the Section “Results
and Discussion”) were dried under vacuum at 25 °C for 48 h. The loading
of the thymine onto the surface of MWCNTs was determined via TGA to
7.4 × 10−4 mmolthymine/mgsample. The thymine functionalized
MWCNTs are named with the acronym MWCNT-t.
2.1.7. Preparation of azide functionalized MWCNTs (8)
MWCNTs (Nanocyl™ CN3101; 50 mg) (3) were dispersed in DMF
(5 mL) by sonication. 2-Chloroethyl isocyanate (0.85 g, 2 mmol) was
added to the homogeneous suspension and the mixture was stirred at
room temperature for 24 h. Afterwards the slurry reaction mixture was
poured into methylene chloride (50 mL) to coagulate the product. The
obtained MWCNT-Cl (7) was ﬁltered, washed with methylene chloride
(50 mL), and dried under vacuum. In a second step, the azide group was
introduced via nucleophile substitution reaction of alkyl halide.
MWCNT-Cl (7) (50 mg) was dispersed in DMSO (10 mL) by ultrasonication. Sodium azide (0.39 g, 6 mmol) was added and the mixture
was stirred for 48 h at 50 °C. After extraction with ethyl acetate, the
azide functionalized MWCNTs (8) (see Fig. 4b in the Section “Results
and Discussion”) was ﬁltered and dried under vacuum. The loading of
azide groups onto the MWCNTs surface was estimated via TGA to
7.4 × 10−3 mmolazide/mgsample.

DC =

ΔHT − ΔHRe s
× 100
ΔHT

ΔHT = ΔHiso + ΔHRe s

(1)
(2)

2.2.4. Thermogravimetric analysis (TGA)
TGA was carried out in air using a Mettler TGA/SDTA 851 thermal
analyzer. The temperature range was 25–1000 °C at heating rate of
10 °C min−1. The weight loss was recorded as a function of the temperature.

2.1.8. Preparation of barbiturate modiﬁed MWCNTs (9)
Azide functionalized MWCNTs (8) (50.0 mg) was dispersed in DMF
via ultrasonication. Afterwards the mixture was purged with nitrogen
for 10 min and an excess of ethyl-2-(1-pentyn-5-yl) barbituric acid (1)
(500 mg), CuBr (120 mg, 0.8 mmol) and PMDETA (16 μL, 0.8 mmol)
were added, followed by stirring under nitrogen at 70 °C for 24 h. The
mixture was diluted with DMF (100 mL), sonicated for 5 min, and ﬁltered through a PTFE membrane and washed with excess of THF to
obtain the barbiturate functionalized MWCNTs (9) (see Fig. 4b in the
Section “Results and Discussion”) named with the acronym MWCNT-b.
The loading of the barbiturate on the MWCNTs was determined via TGA
to 7.0 × 10−4 mmolbarbiturate/mgsample.

2.2.5. Dynamic mechanical analysis (DMA)
Dynamic mechanical characterization has been carried out on a
DMA 2980 (TA instrument). Solid samples with dimensions
3 × 4 × 35 mm3 have been tested by applying a variable ﬂexural deformation in three points bending geometry. The displacement amplitude was set to 0.1% and the frequency to 1 Hz. These conditions have
been chosen to characterize the linear viscoelastic response of the
materials and reduce the noise to signal ratio. The range of temperature
analyzed was from −50 °C to 300 °C at the constant scanning rate of
3 °C min−1. Before tests, calibration of clamp compliance, force and
furnace temperature has been carried out. The glass transition temperatures reported are obtained from the maxima in the loss tangent
spectrum (tan δ versus temperature) by taking the derivative of tan δ
with respect to temperature.

2.2. Methods
2.2.1. Nuclear magnetic resonance spectroscopy
NMR-spectra were recorded at 27 °C on Varian Gemini 400 spectrometer in CDCl3 (Chemotrade, 99.8 atom%D) or DMSO‑d6
(Chemotrade, 99.8 atom%D). Chemical shifts (δ) are reported in parts
per million (ppm) and referred to the residual signal of the deuterated
solvent.

2.2.6. Evaluation of Self-healing eﬃciency
The healing eﬃciency η of the analyzed samples has been evaluated
by fracture tests. For quasi-static fracture conditions crack healing efﬁciency, η, is deﬁned as the ability of a healed sample to recover
fracture toughness, according to Equation (3), where KICvirgin is the
fracture toughness of the virgin specimen and KIChealed is the fracture
toughness of the healed specimen. Using a protocol already established
in literature [25], η was determined for the virgin and the healed
sample by carefully controlled fracture experiments. A TDCB geometry
(Fig. 2a) was used for these tests to ensure a controlled crack growth
along the centerline of the specimen and provides a crack length independent measure of the fracture toughness. The specimens (Fig. 2b)
of shape and size deﬁned in Fig. 2a were prepared in a silicone mould
from which they were extracted after the curing cycle and subsequently
tested.
Healing evaluation was ﬁrstly performed with a virgin fracture test
of an undamaged sample with TDCB geometry. A pre-crack is introduced to sharpen the crack-tip. Afterwards the sample was mounted
on a load frame and loaded under displacement control causing the
propagation of the pre-crack along the centerline of the sample.
Subsequently the crack was closed and allowed to heal at room temperature without external intervention. After healing, the sample is

2.2.2. Morphological analysis
Micrographs of the epoxy nanocomposites, based on functionalized
MWCNTs, were obtained using FESEM (mod. LEO 1525, Carl Zeiss SMT
AG, Oberkochen, Germany). All samples were placed on a carbon tab
previously stuck to an aluminium stub and were covered with a 250 Åthick gold ﬁlm using a sputter coater (Agar mod. 108 A - Agar
Scientiﬁc, Stansted, UK). Nanoﬁlled sample sections were cut from solid
samples by a sledge microtome. These slices were etched before the
observation by FESEM. The etching reagent was prepared by stirring
1.0 g potassium permanganate in a solution mixture of 95 mL sulfuric
acid (95–97%) and 48 mL orthophosphoric acid (85%). The ﬁlled resins
were immersed into the fresh etching reagent at room temperature and
held under agitation for 36 h. Subsequent washings were done using a
cold mixture of two parts by volume of concentrated sulfuric acid and
seven parts of water. Afterwards the samples were washed again with
30% aqueous hydrogen peroxide to remove any manganese dioxide.
The samples were ﬁnally washed with distilled water and kept under
vacuum for 5 days before being subjected to morphological analysis.
4
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Fig. 2. a) TDCB geometry and dimensions (mm) [25]; b) Silicone mould (on the left) and extracted sample (on the right).

acid based moieties have been selected as they are known to undergo
hydrogen bonding leading to reversible crosslinking and are well suitable for self-healing applications [9,11]. These moieties are able to
establish hydrogen bonds via NH-donation and CO-acceptance either
with another thymine or barbiturate, as shown in Fig. 3 for the barbiturate modiﬁed MWCNTs; or with the rubber modiﬁed and aminohardened epoxy matrix itself. The modiﬁcation of the MWCNTs with
hydrogen bonding moieties has been performed via a CuAAC “click”
reaction, as this kind of reaction is well known for its high eﬃciency
and large tolerance against other functional groups [8,81,82]. For that
purpose, the pristine MWCNTs (3) were modiﬁed in a ﬁrst step either
with alkyne (5) or azide groups (8), which were subsequently transformed via the CuAAC “click” reaction with the corresponding barbituric acid alkyne (1) or thymine azide (2) to generate the desired hydrogen bonding modiﬁed MWCNTs 6 and 9 (see Fig. 4).
All synthesis procedures for preparing functionalized MWCNTs are
described in the “Experimental Section”.

loaded again until failure. Due to the TDCB geometry, the healing efﬁciency measurement simply requires knowledge of the critical fracture
load, Pc, of virgin and healed specimen (Equation (4)).
Equation (4) can be derived from Equation (3) by considering that
KIC = αPC; where α = 11.2 × 103 m−3/2, for the used TDCB geometry.
This procedure has been recognized to be very eﬀective to measure the
healing eﬃciency [25,77–80]. In the current work, fracture specimens
were tested by INSTRON mod. 5967 Dynamometer under displacement
control using a load cell of 30 KN and a 250 μm/min displacement rate
and measuring load and displacement values. Samples were loaded at
ﬁrst failure and then unloaded allowing the crack face to come back
into contact. After 24 h, the sample was retested and the healing eﬃciency was calculated using Equation (4).

η=

KIChealed
KICvirgin

(3)

η=

PIChealed
PICvirgin

(4)
3.2. Epoxy matrix ﬁlled with unfunctionalized and functionalized MWCNTs

3. Results and discussion

3.2.1. Morphological analysis
Initially, morphological analysis has been carried out on the TCTBD
+0.5% MWCNT-b (9) and TCTBD+0.5% MWCNT-t (6) samples
without etching procedure (Figures not reported here). In both samples,
it was possible to glimpse spherical domains corresponding to the
rubber phase. However, no clear information was obtained on the
dispersion of MWCNTs in the epoxy matrix, the arrangement of the
rubber domains and the morphological feature of the inter-phase regions. Therefore, to better study these morphological aspects, a strong
etching procedure has been performed on the samples, as described in
the Experimental Section “Morphological Analysis”.
Fig. 5a shows SEM images of the etched fracture surface of the
samples TCTBD (without MWCNTs) (Fig. 5a A-B), TCTBD+0.5%
MWCNT (with unfunctionalized MWCNTs) (Fig. 5a C-D), TCTBD
+0.5% MWCNT-b (Fig. 5a E-F) and TCTBD+0.5% MWCNT-t (Fig. 5a
G-H) with MWCNTs functionalized with barbiturate (9) and thyminebased ligands (6), respectively. The comparison between unﬁlled and

3.1. Functionalization of MWCNTs
The aim of the developed systems is to enable multiple autonomous
self-healing at room temperature to fulﬁll the industrial requirements of
high performance structural materials. Hydrogen bonding approaches
are known to be ideal solutions as the reversibility of the opening and
closing of hydrogen bonds facilitate a dynamic repetition of the repair
events even in the same area [9,10,18,29,30]. Appearing stress will
rupture the hydrogen bonds, which are able to restore the original
donor/acceptor interaction without an additional intervention - fully
autonomously. The combination of this approach with the advantages
of nanoﬁller modiﬁed epoxy resins would allow to manufacture selfhealing nanocomposites via reversible crosslinking (see Fig. 3), which
would ideally fulﬁll almost all above-mentioned requirements for
structural material in aerospace applications. Thymine and barbituric
5
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Fig. 3. Example of barbiturate modiﬁed MWCNTs for reversible opening and closing of hydrogen bonds during damage and healing event.

ﬁlled epoxy samples highlights that the ultrasonication procedure
performed for dispersing MWCNTs in the ﬂuid epoxy mixture (before
the curing process) determines a strong reduction of the dimensions
related to the rubber domains. The fracture surface of the sample ﬁlled
with MWCNTs shows a three-phase morphology with a scattered rubber
phase, characterized by approximately spherical domains with dimension ranging from hundreds of nanometers to few micrometers, a rigid
continuous phase (epoxy matrix) and MWCNTs. It is worth noting that

the etching procedure also consumes part of resin at the interface between the matrix and the rubber phase making clearly visible not only
MWCNTs, but also the distribution of the rubber domains.
In the unﬁlled sample (Fig. 5a A-B), and the samples containing
unfunctionalized MWCNTs (Fig. 5a C-D), the strong etching procedure
determines more easily detachment regions between rubber domains
and epoxy matrix (see inter-phase region in Fig. 5a–B), and the empty
spherical region left by the rubber phase due to the agitation in the

Fig. 4. a) Preparation of thymine-acid-functionalized MWCNTs (6); b) Preparation of barbituric acid-functionalized MWCNTs (9).
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Fig. 5. a. SEM images of the etched fracture surface of the samples. A-B) TCTBD (without MWCNTs); C-D) TCTBD+0.5% MWCNT (with unfunctionalized MWCNTs);
E-F) TCTBD+0.5% MWCNT-b (with MWCNTs functionalized with barbiturate-based ligand; G-H) TCTBD+0.5% MWCNT-t (with MWCNTs functionalized with
thymine-based ligand).
b. SEM images of the interfacial zones between the rubber phase domains and the epoxy matrix. A-C) TCTBD+0.5% MWCNT-b; B-D) TCTBD+0.5% MWCNT-t.

the inter-phase regions.
A very peculiar and interesting feature observed in the samples
containing embedded functionalized MWCNTs is related to the

etching solution in Fig. 5a–D).
SEM images in Fig. 5a–E and in Fig. 5a–H clearly evidence the eﬀect
of MWCNTs functionalization on the morphological features related to
7
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Fig. 5. (continued)

small fraction of uncured resin, which continues to cure in diﬀerent
temperature ranges. In particular, the unﬁlled resin and the resin ﬁlled
with unfunctionalized MWCNTs complete their curing process between
175 °C and 275 °C; whereas for the resins ﬁlled with functionalized
MWCNTs, MWCNT-b (9) and MWCNT-t (6), a further small exothermic
peak, centered at about 280 °C, is observed. It is very likely that these
exothermic peaks are due to a beginning of decompositions of the organic substituents on MWCNTs, such as triazole rings or remaining
azides in the temperature range higher than 270 °C and before the degradation process of the epoxy matrix around 360 °C (see TGA curves in
Fig. 6d). The initial decomposition reactions can cause free radicals
responsible for a little additional curing of the resin.
It is worth noting that the analyzed samples and the healing eﬃciency have been evaluated after a curing cycle up to 200 °C; hence a
temperature able to preserve the thermal stability of the functional
groups. The degree of curing for the sample TCTBD was found to be
97%, calculated according to Equation (1), as described in the Experimental Section “Diﬀerential Scanning Calorimetry Analysis”. The inclusion of unfunctionalized MWCNTs in the epoxy formulation determines
a non-trivial decrease in the DC value (DC = 89); whereas for functionalized MWCNTs, only a slight decrease in DC values was found with
respect to the unﬁlled formulation. It has already been observed that
the inclusion of MWCNTs at low concentration (0.32%wt) in epoxy
formulations leads to a decrease in the DC value due to a lower crosslinking density; therefore, in order to reach the same curing degree of
the unﬁlled formulation, a curing cycle at higher temperature is required [65]. On the other hand, higher curing degrees of up to 100%
can usually be found only for structural resins ﬁlled with carbon nanoparticles solidiﬁed in dynamic regimes [59]. For epoxy nanocomposites solidiﬁed through isothermal steps (able to simulate a real
industrial processing condition), values higher than 91–92% make the
resin suitable to meet industrial requirements. For the samples TCTBD
+0.5% MWCNT-b and TCTBD+0.5% MWCNT-t, using the same curing
cycle, the presence of the functional groups allows to reach a higher

distribution of MWCNTs. They have a particular aﬃnity to the rubber
phase as detectable by a higher concentration around the spherical
domains (Fig. 5a E-F and Fig. 5a G-H).
Fig. 5b shows the SEM images at larger magniﬁcation of the interfacial zones between the rubber phase domains and the epoxy matrix in
the sample TCTBD+0.5% MWCNT-b (Fig. 5bA-C) and the sample
TCTBD+0.5% MWCNT-t (Fig. 5b B-D). The last images clearly show
the inﬂuence of the functional groups attached to the wall of MWCNTs
on their morphological arrangement in the matrix. Several nanotubes
connect diﬀerent rubber domains passing through the epoxy matrix
(Fig. 5b–B); some of them have been highlighted with red arrows in
Fig. 5b, where the nanotubes acting as bridges between diﬀerent rubber
domains are named MWCNTs-bridges. Furthermore, some MWCNTs
seem to be strongly anchored with other MWCNTs dispersed in the
epoxy matrix, acting as bridge between rubber domains and the epoxy
matrix. It is worth noting that an epoxy matrix with high curing degree
(see the next Section) is characterized by a strong presence of OH
groups (due to the conversion of epoxy groups into the corresponding
cross-linked network) which can form hydrogen-bonding bridges with
functional groups on the wall of MWCNTs. On the other hand, the
strong aﬃnity between functionalized MWCNTs and rubber domains is
also responsible for MWCNTs-bridges between diﬀerent rubber domains.

3.2.2. Thermal analysis: Diﬀerential Scanning Calorimetry and
thermogravimetric analyses (DSC/TGA)
DSC analysis has been performed for the estimation of the curing
degree (DC), deﬁned in the experimental Section “Diﬀerential Scanning
Calorimetry (DSC) Analysis”, after a curing cycle composed of two steps:
a ﬁrst step of 125 °C for 1 h followed by a second step at the higher
temperature of 200 °C for 3 h, where both steps have been carried out in
isothermal condition in oven. Fig. 6b shows DSC curves of the cured
toughened epoxy mixture TCTBD and of the same epoxy mixture ﬁlled
with unfunctionalized and functionalized MWCNTs. All samples show a
8
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Fig. 6. a) Functional groups, barbiturate and thymine-based ligands on MWCNTs; b) DSC curves of the epoxy mixture TCTBD and the nanocomposites TCTBD+0.5%
MWCNT, TCTBD+0.5% MWCNT-b, TCTBD+0.5% MWCNT-t; c) TGA curves of the cured toughened epoxy mixture TCTBD and of the same epoxy mixture ﬁlled with
unfunctionalized and functionalized MWCNTs in airﬂow; d) TGA curves of the cured toughened epoxy mixture TCTBD and of the same epoxy mixture ﬁlled with
unfunctionalized and functionalized MWCNTs in nitrogen ﬂow.

360 °C and 450 °C, evidencing that there is no appreciable inﬂuence of
MWCNTs and functional groups on the ﬁrst step of the degradation
process. A very interesting behavior is observable in the mass loss after
the ﬁrst step of thermal decomposition in both air and nitrogen atmosphere. In fact, in air, the samples seem to be more stable than in nitrogen; the mass loss is 47–55% in air and 63–75% in nitrogen. This
behavior was already observed for epoxy formulation and it is due to
the oxidation reactions take place primarily in the gas-phase by the
ﬂaming burning of the nanocomposites [83]. Thus, oxygen hardly
reaches the thermally degrading sample surface beneath the evolved
gaseous products. The results of thermogravimetric tests performed in
air for thermoset resins would apply to smoldering combustion instead
of ﬂaming combustion. Hence, it is important to analyze the TGA
proﬁles of thermosetting nanocomposites also in inert atmosphere. In
nitrogen atmosphere, a stabilizing eﬀect of MWCNTs is observed in the
second step of the degradation process in the temperature range between 450 °C and 700 °C. Concerning the inﬂuence of the functional
groups attached to the MWCNTs, the curves are almost superimposable
with the curve of the sample containing unfunctionalized MWCNTs.
TGA analysis of uncured epoxy formulation (not reported here) evidence the same steps and the same temperature ranges for the degradation processes. All the collected results highlight that no degradation processes occur during the curing process; hence, the
formulated nanocomposites are stable up to 350–360 °C.

curing degree compared to the formulation containing unfunctionalized
nanotubes, providing in this way also an eﬀective strategy for energysaving.
Table 1 shows ΔHT, ΔHRes and DC values of the analyzed samples
calculated as described in the Experimental Section “Diﬀerential Scanning Calorimetry Analysis”. For the samples TCTBD+0.5% MWCNT-b
and TCTBD+0.5% MWCNT-t the ΔHRes and ΔHT calculation has been
performed excluding the exothermic peak at 280 °C, which is absent in
the reference samples TCTBD and TCTBD+0.5% MWCNT. This experimental procedure prevents the overestimation of the curing degree
for the samples with functionalized nanotubes. Fig. 6c and d shows the
TGA curves of the cured toughened epoxy mixture TCTBD and of the
same epoxy mixture ﬁlled with unfunctionalized MWCNT and functionalized MWCNT-b (9) and MWCNT-t (6), in air and nitrogen ﬂow.
The beginning of thermal degradation process, deﬁned as 5% mass
loss temperature, is around 360 °C for all analyzed samples, both in air
and nitrogen atmosphere. The sample TCTBD+0.5% MWCNT-b, in air,
seems to lose a small percentage of its weight in the temperature range
higher than 270 °C and before the main ﬁrst step of the degradation
process. This seems to be in agreement with the hypothesis of decomposition of the functional group mentioned before. In any case, TGA
curve proﬁles highlight two distinct and well-separated turns. Both in
nitrogen and air, the ﬁrst step falls in the temperature range between
Table 1
Calorimetric results of the analyzed samples.
Sample

Cure Degree DC [%]

ΔHRes [Jg−1]

ΔHT [Jg−1]

TCTBD
TCTBD+0.5% MWCNT
TCTBD+0.5% MWCNT-b
TCTBD+0.5% MWCNT-t

97
89
93
93

8.16
48.48
25.21
30.63

283.42
429.32
365.56
415.64

3.2.3. Mechanical properties: dynamic mechanical analysis (DMA)
In order to fully understand the inﬂuence of the functional groups
on the mechanical properties of the toughened epoxy matrix, loaded
with functionalized and unfunctionalized MWCNTs, DMA analyses
were performed. In particular, in this paper, DMA is mainly used to
investigate the inﬂuence of ﬁller content on the relaxation phenomena
of the unﬁlled and ﬁlled modiﬁed epoxies TCTBD. DMA also provides
9
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Fig. 7. a) Evolution of the storage modulus as a function of the temperature; b) Evolution of the loss modulus as a function of the temperature; c) Storage modulus of
composites at three diﬀerent temperatures; d) Evolution of the loss factor (tan δ) as a function of the temperature; e) Temperature of the maximum in loss factor for
the composites.

ﬁrstly decreases and then increases with increasing the temperatures up
to a peak maximum at about 150 °C. In addition, here, the similarity
between the curves of the composite based on the unﬁlled MWCNT and
the others demonstrates a good interaction between the ﬁller particles
and the epoxy matrix. The combined use of microscopic observations
and DMA can help us to further identify the microstructure formations
in epoxy composites.
The loss tangent (tan δ, Fig. 7d) of the composites shows two distinct peaks that are indicative of two diﬀerent temperature relaxation
phenomena. The high temperature relaxation, located in the region
between 170 and 200 °C, corresponds to the glass transition region of
the epoxy matrix. The lower temperature relaxation, located in the
region between −30 and −50 °C, is associated with both the glass
transition region of the rubber and in minor extend to the secondary
relaxation of the epoxy resin. The position and shape of the two peaks
in tan δ are aﬀected by the nature of the composites. The glass transition temperature (which is determined here from the peak of loss tangent versus temperature curve) shows not trivial changes with the ﬁller
addition. With MWCNTs addition, the main relaxation increases in

supporting evidence of ﬁller dispersion in a polymeric matrix and represents an important reference for thermal stability of nanocomposites. Fig. 7a shows the plots of the storage modulus (E’) as a function of
temperature for all analyzed nanocomposites. The storage modulus
decreases with increasing temperature (Fig. 7c). In the range of temperatures between – 50 °C and 120 °C, the addition of functionalized
and unfunctionalized nanoﬁller leads to increased storage moduli. In
particular, the functionalized MWCNTs show a smaller improvement
compared to unfunctionalized MWCNTs. The lowest values observed
for functionalized nanotubes are most likely due to a reduction of the
stiﬀness and strength of functionalized nanotubes and a diﬀerent
MWCNT distribution due to a particular aﬃnity of the functionalized
MWCNTs with the rubber phase, as highlighted by SEM investigation.
In any case, the diﬀerences between the individual nanocomposites
are relatively small, if compared with the absolute values of the modulus. This is a clear indication of the good dispersion obtained. In fact,
the linear deformation applied in this work assures the existence of a
continuous morphology in all cases here exanimated.
For all analyzed nanocomposites the loss modulus (E″, Fig. 7b)
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Fig. 8. a) Load-Displacement curves for the TCTBD
+0.5% MWCNT-barbiturate sample (black curve for
the virgin sample, grey curve for the healed sample
after the ﬁrst cycle); b) Load-Displacement curves for
the TCTBD+0.5% MWCNT-thymine sample (black
curve for the virgin sample, grey curve for the healed
sample after the ﬁrst cycle).

Moreover, the reversibility of hydrogen bonds can be enhanced by a
ﬁne interpenetration of small rubber domains in the matrix. It was
demonstrated that the higher mobility of this rubber phase ﬁnely distributed in the composite, is most likely responsible for favoring the
arrangement of hydrogen bonding interactions to activate self-healing
mechanisms. Consequently, the healing eﬃciency of nanocomposites
ﬁlled with MWCNTs functionalized with barbituric acid (9) has been
found between 51% and 54%, whereas for MWCNTs functionalized
with thymine-based moieties (6), η ranges between 53% and 57%. It is
worth noting that these values in the healing eﬃciency result from
functional groups covalently attached to MWCNTs which are embedded
in the epoxy formulation in a low percentage (0.5 wt% - this value also
include the weight percentage of the functional groups), therefore the
concentration of functional groups in the epoxy resins is even lower.
Despite this low concentration of functional groups, the values in the
healing eﬃciency have been found higher than 50% for both the analyzed samples. This is a very relevant result in light of the detected
mechanical performance. In fact, the self-healing capability has been
conferred to an epoxy formulation composed of thermosetting resins
characterized by high values in the storage modulus (between 2000 and
3000 MPa up to 100 °C) and in the main glass transition temperature
(between 175 °C and 191 °C). The healing eﬃciency of the formulated
nanocomposites can be due to the strong attractive interactions between the rubber phase, which is responsible for nano/micro domains
at higher chain mobility, as highlighted by DMA results, and the
functional groups attached on the walls of MWCNTs. This hypothesis is
also supported by the presence of MWCNTs-bridge between rubber
domains observed by SEM analysis. Furthermore, thermal investigations highlight important results from an industrial point of view: the
formulations are thermally stable after the curing cycle and hence, the
functional barbiturate and thymine-based groups on MWCNT walls are
available to act as donors and acceptors of hydrogen bonds even after
the “curing cycles” usually employed in industrial manufacturing processes. The functionalization of MWCNTs has also eﬀect on the curing
degree (DC) which is an important parameter for fulﬁlling industrial
requirements. In fact, while the presence of unfunctionalized MWCNT
substantially decreases the DC (from 97 to 89%) of the formulated
epoxy material, the presence of functionalized MWCNTs causes only a
slight decrease of about 4% in the same material.
Results from this study had led to the design of new materials for
safe and cost-eﬃcient self-healing composites in many sectors of loadbearing materials.
Further developments can be done in the direction of tuning the
concentration of functional groups on MWCNTs to further improve selfhealing eﬃciency and restoration of functional properties or self-

intensity while the peak broadens on the lower temperature side, indicating the appearance of new, faster relaxation modes. The main relaxation peak shifts to lower temperatures (Fig. 7e) for the ﬁlled formulations. This decrease is probably due to the enhancement in epoxy
chain movements produced by the functional groups on MWCNTs.
3.2.4. Evaluation of Self-healing eﬃciency
Values of healing eﬃciency (η) have been calculated using Equation
(4), as described in the Experimental Section “Evaluation of Self-Healing
Eﬃciency”. Fig. 8 shows the load-displacement curves for TCTBD
+0.5% MWCNT-b (Fig. 8a) and TCTBD+0.5% MWCNT-t (Fig. 8b),
respectively. Healing eﬃciencies have been found to 52% and 55%. The
samples ﬁlled with MWCNTs functionalized with thymine-based ligand
(6) tend to manifest values in the healing eﬃciency slightly higher than
the sample ﬁlled with MWCNTs functionalized with the barbituratebased ligand (9). The healing eﬃciencies calculated for the sample
TCTBD+0.5% MWCNT-b (on ﬁve virgin samples) have been found to
be 51%, 52%, 52% and 53% and 54% respectively (average value 52.4%).
Similarly, for TCTBD+0.5% MWCNT-t samples values in the
healing eﬃciency of 54%, 53%, 55% 55% and 57% have been found
(average value - 54.8%).
4. Conclusions
Multi-wall carbon nanotubes have been functionalized with barbituric acid and thymine-based moieties. These functional groups have
been chosen for their potential to act as donor and acceptor of hydrogen
bonds causing a reversible and repeatable opening and closing of the
resultant hydrogen bonds. Functionalized MWCNTs have been embedded in a rubber-toughened epoxy formulation to transfer auto-repair function based on attractive reversible hydrogen bonding interactions to thermosetting resins. The performed experiments highlight the
possibility to adopt this self-healing strategy to the resins, mainly due to
the preservation of the ability of the functional groups for hydrogenbonding interactions even after the curing cycle. The proposed design of
nanoﬁlled self-healing polymers based on hydrogen bonds combines
highly dynamic properties, like a reversible, “sticker-like” bond
opening and closing behavior to enable a de-and subsequent reconnection, and thus supramolecular network formation with the possibility to restore the sensing functionality based on electrical properties. However, one of biggest challenge to apply this approach for epoxy
resins is the limited dynamic properties of thermosetting matrix segments. In this work, the rigidity of the matrix has been reduced implementing a rubber material to modify the phase composition.
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