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a b s t r a c t

Sequential dual-cured epoxy composites, based on off-stoichiometric thioleepoxy mix-

tures catalysed by 1-methylimidazole, have been developed by adding carbon nanotubes

(CNT). The epoxy curing process initially consists in two thermally activated curing stages:

a first thioleepoxy reaction and later homopolymerization at a higher temperature. This

system presents easy shaping/conforming and shape memory properties through thermo-

mechanical treatments. Addition of the electrical CNT network into the epoxy matrix al-

lows electrical switching, which increases its performance and in-situ applicability.

The obtained results confirmed that CNTs catalyse the homopolymerization epoxy reac-

tion, hindering the sequential curing process, due to the pep anchoring of imidazole

catalyser over the CNTs surface, enhanced by donoreacceptor interaction.

Non-doped off-stoichiometric resins present relatively high thermal strength, with a glass

transition temperature in the range of 73e109 �C, and high stiffness, with a storage

modulus close to 2e3 GPa. They can be easily conformed at low temperature, 60 �C, before

their second curing stage, showing a high shaping efficiency (around 90%) and full fixing

efficiency (>98%).

Nanocomposites with 0.2% CNT present efficient Joule heating, triggering the shape

memory at low voltage, <80 V, with fixing and recovery efficiencies of 60e85%. In addition

to its high in-situ applicability, the electrical resistive heating is faster and more efficient

than conventional heating in an oven.

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

Nowadays, epoxy thermosetting resins present many appli-

cation fields such as composites matrix, adhesives, coatings,

and even polymer 3D-structures, due to their excellent me-

chanical and thermal properties. However, their main limi-

tation lies in their low conformability, which clashes with the

growing demand for complex shape designs. New processing

technologies with higher design freedom, such as 3D-printing,

are currently being developed. Several researchers [1e4] have

proposed an interesting alternative strategy based on ther-

mosets with sequential dual curing. Sequential dual-cured

resins are synthesised through two compatible chemical

curing reactions, which take place sequentially in a controlled

way. This control can be carried out by combining two

different stimulated polymerisation reactions, such as photo-

thermal curing [5,6], or two thermal curing reactions with

different activation temperatures. An interesting proposal of

this last approach is the combination of thioleepoxy reaction

and epoxy homopolymerization [1,4]. The off-stoichiometric

thioleepoxy reaction occurs at a relatively low curing tem-

perature, forming an intermediate and stable resin, which can

be easily shaped and conformed due to its low stiffness. Then,

the 3D complex design is fixed with a second thermal treat-

ment for epoxy homopolymerisation, which occurs at a higher

temperature catalysed by a latent catalyst.

Shape memory (SM) is another recent approach for

enhancing the conformability of thermosetting resins,

adopting several stable temporary shapes and recovering

their original permanent one upon the action of an external

stimulus [7]. The most developed SM resins require thermal

stimuli. In fact, any thermoset can be thermally SM pro-

grammed, switching the shape and fixing processes at its

glass transition temperature (Tg). At the rubbery stage, the

shaping implies conformational rearrangements of chain

segments between crosslinks. Therefore, the cooled tempo-

rary shape has stored strain energy as stressed material,

which is entropically released when the permanent shape is

restored by heating above Tg. Polymer networks with coex-

isting soft and rigid phases present enhanced SM efficiency.

Numerous works are being published about the tailoring of

epoxy network structures to enhance their SM performance.

One of them is the combination of aliphatic and aromatic

hardeners with different chain lengths [8,9] and even the

breakage of the epoxy/amine stoichiometric ratio in order to

tailor their viscoelastic properties: Tg and the glassy and

rubbery storage modulus [10]. For the same reason, the off-

stoichiometric dual epoxy resins also present SM [11],

because their chemical structure is constituted by

thioleepoxy segments and stiffer epoxy homopolymerized

chain segments.

In any case, the post-curing by homopolymerization or the

recovery of the permanent shape requires a secondary ther-

mal treatment, which significantly reduces the capability of

in-situ post-processing and therefore their final application.

The addition of graphitic or metal nanofillers at percentages

higher than the electrical percolation threshold allows heat-

ing by the Joule effect by applying an electrical voltage [12,13].

In this way, the thermally activated processes become
electrical triggering ones, broadening their feasibility. The

thermoelectrical behaviour of materials is described by the

following laws:

Ohm's law: V¼ IR (1)

Joule's law: Q ¼V$I$t (2)

whereQ is the heat flow in a time t, V is the applied voltage, I is

the transported current and R is the intrinsic electrical resis-

tance of the system.

Therefore, the increase of temperature due to Joule heating

can be calculated by:

DTf
V2

R
(3)

This means that the most efficient electrical heating ma-

terials will be obtained by increasing their electrical conduc-

tivity or reducing the heated area between electrodes, in order

to reduce the electrical resistance.

The addition of graphic nanofillers into epoxy resins to

increase their electrical conductivity and to induce Joule

heating has been studied to other authors [14e16] in order to

activate thermal stimulated functionalities, such as shape

memory. Instead of using external heating, a DC voltage is

applied to thematerial, inducing a heating according Joule law

and triggering shape recovery. Therefore, the resin become in

electro-active materials, increasing their applicability. More-

over, the resistive heating is faster and requires low energy

consumption [15]. In this application, SM resins can return to

their pre-deformed shape by application of external stimuli.

The traditional heating by convection requires the introduc-

tion of the specimen in an oven or the use of heating blanket.

In any case, the heating requires heat flow from the surface to

inside the material, which present low efficient due to the low

thermal conductivity of the resins. Moreover, this heating

could be not totally homogenous, generating internal thermal

stresses and thermal gradients in large specimens, which

could affect to the final recovery shape. The electrical stimu-

lation is an inner heating from the graphitic nanofillers to the

polymer matrix, being more efficient due to their high

dispersion on the resin. The resistive treatment needs the

application of a DC voltage, which only requires the need of

electrodes over the sample surfaces and an electrical source.

This justifies their easy implementation and in situ

applicability.

In this work, a sequential dual thioleepoxy system, previ-

ously optimised [1,2,4], was used as a matrix of nano-

composites doped with carbon nanotubes (CNTs). The epoxy

conversion reached, the crosslinking density and ultimately

the chemical structure formed during the first and second

curing stages in the studied epoxy resins and nanocomposites

were analysed by Fourier transform infrared spectroscopy

(FTIR), differential scanning calorimetry (DSC) and a dynamic

mechanical thermal analyser (DMTA). In addition, the ther-

mal and thermo-mechanical properties were determined to

evaluate the viscoelastic properties and therefore to establish

the SM conditions. Next, the electrical and thermoelectrical

behaviour of the nanocomposites was evaluated with an

electrical source-meter and infrared camera to determine the
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Fig. 1 e Chemical mechanism of the sequential dual curing process for the system DGEBA/S4/1MI.
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electrical conductivity of the nanocomposites and the Joule

heating capability as a function of the applied voltage. Finally,

different U-type bending tests were applied to confirm the

easy shaping and conforming of the studied dual-epoxy resins

and the SM performance of the nanocomposites thermally

triggered by traditional convection and Joule heating.
2. Materials and methodology

2.1. Materials

Epoxy monomer, diglycidyl ether of bisphenol A (DGEBA,

Sigma Aldrich), with a molecular weight per epoxy equivalent

of 170.2 g/eq was dried at 80 �C under vacuum for several

hours prior to manufacture. Pentaeritritol tetrakis(3-

mercaptopropionate) (S4, Sigma Aldrich) with a molecular

weight per thiol equivalent unit of 122.17 g/eq was used as co-

monomer of the first curing reaction, while the epoxy homo-

polymerisation, at higher curing temperature, was catalysed

by 1-methylimidazole (1MI, SigmaeAldrich). The dual-epoxy

resin was doped with multi-walled CNTs (NC7000, Nanocyl),

whose average diameter and length are 9.5 nm and 1.5 mm,

respectively. Their specific surface is in the range of

250e300 m2/g and their purity is higher than 90%. Their

volumetric electrical conductivity, measured by the supplier,

is 106 S/m.

Epoxy networks were manufactured with different

thioleepoxy ratios (0.6, 0.8 and 1) adding 1wt% 1MI as catalyst.

The applied curing process was carried out in two steps: the

1st curing stage at 50 �C for 3 h to ensure the full thiol/epoxy

reaction and the 2nd curing stage at 120 �C for 1 h followed by

150 �C for 1 h, to ensure the complete homopolymerisation of

the remaining epoxy groups.

Epoxy nanocomposites were manufactured by adding 0.2

wt% CNT, a percentage higher than the electrical percolation

network. The dispersion of CNT into DGEBA was carried out

with a three-roll mini-calander (Exakt 80E) at 40 �C, using a

previously optimised dispersion procedure [14, 17].
Fig. 2 e FTIR spectra of cured nanocomposites doped with 0.2 wt

1 wt% 1MI, before and after the second curing stage at high tem

with 0.2 wt% CNT (b). The circled bands correspond to 1) hydro
2.2. Characterisation

The chemical structure of the networks was analysed by FTIR

(Thermo-Nicolet Avatar 380) with and attenuated total

reflectance (ATR) device. IR spectra were collected at 2 cm�1 in

the range of 300e4000 cm�1 wavenumber.

The glass transition temperature and residual exothermal

curing peak were determined by DSC (Mettler 822e), applying

two consecutive dynamic scans, from �50 to 200 �C, at 10 �C/
min, following the standard ASTM E1356.

The morphology of nanocomposites was analyzed by field

emission gun scanning electron microscopy (FEG-SEM) and

transmission electron microscopy (TEM). The samples were

cut by previous immersion in liquid nitrogen to avoid the

fractography. The cryogenic fracture enhances the observa-

tion of morphology to evaluate the dispersion of carbon

nanotubes. Then, the surface were coated with a thin layer

(2 nm) of Pt for FEG-SEM observation. The experimental con-

ditions of sputtering were 30 mA for 120 s (Bal-tec, SCD-005

sputter).

DMTA, using a DMA Q800 V7.1 analyser from TA In-

struments, was used to evaluate the thermomechanical

behaviour and viscoelastic properties of the studied samples.

The samples (12.5 � 1.5 � 35 mm3) were tested in single

cantilever mode, at 1 Hz, from room temperature (RT) to

200 �C, with a heating rate of 2 �C/min. From the statistical

theory of rubber elasticity [11], the crosslinking density (yc) can

be calculated by:

yc ¼ E0
R

3RT
(4)

where E0
R is the storage modulus in the rubbery state at tem-

perature T, which is Tg þ 30 K (the Tg measured as the

maximum of tan d), while R is the gas constant.

Electrical conductivity was measured by an electrical cur-

rent source meter (Keithley 2410), according to ASTM D4496.

The contacts over the samples were silver-pasted to minimise

the contact resistance between the sample, and copper wires

were used as electrodes. The specimens (10 � 10 � 1 mm3)
%with different thioleepoxy ratios (R¼ 0.6, 0.8 and 1.0) and

perature for neat resins (a) and nanocomposites reinforced

xyl, 2) thiol, 3) aromatic CeC, and 4) oxirane rings.

https://doi.org/10.1016/j.jmrt.2021.09.102
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were tested from 0 to 50 V, collecting the transported current,

with a compliance of 20 mA for 60,000 ms.

Joule heating was measured using a thermal camera (FLIR

E50) coupled and synchronised up to a current source meter

(Keithley 2410). Different constant voltages, from 10 to 90 V,

were applied over the samples (12.5 � 1.5 � 35 mm3), deter-

mining the average and the maximum temperature reached,

starting at 21 �C.
Finally, the shaping and SMabilitywere determined by a U-

type test [15, 18], using two different moulds to fix the tem-

porary shape, with angles of 45� and 90�, which correspond

with 76 and 38 mm of curvature radius, respectively. Rectan-

gular bar specimens (13 � 2 � 80 mm3) were heated and

deformed to a U shape in a specific mould (qmax) applying a

constant force. The deformed sample was rapidly cooled

down to RT to fix the temporary shape (qfixed). Then, the

sample was again heated up to the transition temperature to

induce the recovery of the permanent shape (qrec). In order to

quantify the behaviour, the shape fixing (SF) and recovery (SR)

ratios were calculated by the following equations:

SFð%Þ¼ ðqfixed
qmax

Þ � 100 (5)

SRð%Þ¼ ð qrec
qmax

Þ � 100 (6)

The measurements of angles were carried out by image

analysis using Image J software.
Table 1 e Increment of epoxy conversion on the second
curing stage measured by FTIR (DaE).

CNT R DaE

0% 0.6 0.32

0.8 0.28

1.0 0.01

0.2% 0.6 0.04

0.8 0.01

1.0 0
3. Results and discussion

Fig. 1 shows a schematic illustration of the proposed

sequential dual curing process. First, at low temperature, the

oxirane rings of the epoxy monomer (DGEBA) react with thiol

groups of hardener (S4). The reaction occurs up to the most of

thiol groups have reacted. Then, in the second curing stage,

the homopolymerization occurs between the excess oxirane

rings at high temperature. This postcuring reaction is acti-

vated by the imidazole catalyser.

Fig. 2 shows the FTIR spectra of the neat resins and com-

posites. Each sample is analysed before and after the second

curing stage, in order to determine the chemical structure

developed in the first curing stage due to the thioleepoxy re-

action at low temperature and the final crosslinked network,

completed by epoxy homopolymerization at higher tempera-

ture. Neat epoxy resins and nanocomposites doped with 0.2%

CNT were synthesised with different thioleepoxy ratios

(R ¼ 0.6, 0.8 and 1.0). Lower ratios were not analysed due to

drop formation during forming, as observed previously by

other authors [2], consisting in a significant dripping of the

samples during the second stage, hindering their shaping.

The circled IR bands correspond to stretching [1] of CeOeC

oxirane rings at 915 cm�1; C]C aromatic rings at 1605 cm�1

(used as the reference band); SeH at 2560 cm�1 and OeH

around 3500 cm�1. According to the chemical reactions, in

the first curing stage, at the maximum conversion, the thiol

band must disappear while the epoxy band must reduce its

intensity as a function of the thioleepoxy ratio of the sample.

In any case, an increment of hydroxyl groups must be
registered. The second curing reaction is followed by the

disappearance of oxirane and the increase of hydroxyl bands.

The thiol band had disappeared for all the studied samples,

epoxy resins and nanocomposites doped with CNT, with

different thioleepoxy ratios, after the first curing treatment,

indicating the total conversion. The increment of epoxy con-

version during the second curing stage is calculated from the

normalised absorbance of the epoxy band before and after this

thermal treatment:

Dae ¼
ðA2

915

A2
1605

Þ � ðA1
915

A1
1605

Þ
ðA1

915

A1
1605

Þ
(7)

The subscript indicates the IR band, at 915 cm�1 for

epoxy groups and at 1605 cm�1 for aromatic CeC, used as

reference. The superscript indicates the thermal curing

treatment applied, 1 after the first and 2 after the second

curing stage.

Table 1 collects the increment of epoxy conversion for the

second curing stage. As expected, for neat epoxy resins, the

breakage of the thioleepoxy ratio enhances the epoxy

homopolymerization in the second curing stage. However,

unexpected results are obtained for the nanocomposites

doped with 0.2 wt% CNT. The second thermal treatment has

no influence on the epoxy conversion. This could be explained

by two different phenomena: 1) CNTs act as catalyst of the

epoxy homopolymerization reaction, which occurs at the

same time as the thioleepoxy reaction, at low temperature,

50 �C or, on the contrary, 2) CNTs absorb or react with 1MI

molecules, inhibiting the subsequent homopolymerization.

The near-disappearance of the epoxy IR band, at 915 cm�1,

during the first curing stage of off-stoichiometric CNT/epoxy

nanocomposites, seems to indicate the occurrence of a sec-

ondary chemical reaction at low temperature. In order to

confirm the effect of CNTs on the homopolymerization, a

calorimetric study was carried out [19].

Fig. 3 shows some thermograms and the results obtained

by DSC. The DSC thermograms for off-stoichiometric epoxy

resins cured at low temperature (Fig. 3a) show the glass

transition temperature of the thioleepoxy network and then

the exothermic peak corresponding to epoxy homopolymeri-

zation catalysed by 1MI. This peak is shifted at higher tem-

perature when the thioleepoxy ratio increases due to the

lower concentration of the remaining oxirane groups. The

stoichiometric sample, R ¼ 1, reaches the maximum conver-

sion within the first curing stage. However, no exothermic

peak appears in the DSC thermograms collected for the CNT

nanocomposites (Fig. 3b), confirming the IR results.

https://doi.org/10.1016/j.jmrt.2021.09.102
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Fig. 3c and d shows the Tg measured by DSC for each

sample studied after the first and second curing stages,

respectively. Fully homopolymerized samples (R ¼ 0) are also

included. The Tg measured for all the stoichiometric

thioleepoxy samples (R ¼ 1) is very similar, close to 50 �C,
indicating that the first curing stage, at 50 �C for 3 h is enough

to reach the maximum conversion [2] for both neat and CNT

doped resins. The maximum thioleepoxy conversion is also

reached for all the studied samples, regardless of the stoi-

chiometric ratio and CNT addition, during the first curing

stage. On the contrary, significant differences are observed in

the Tg measured after the second curing stage. Neat epoxy

resins follow the expected behaviour [D, E, H], increasing the

Tg of the network due to the epoxy homopolymerization

catalysed by 1MI, which occurs at high temperature. Tg in-

creases proportionally with the percentage of the homopoly-

merized epoxy chain segments due to their highly dense

crosslinking. In fact, the Tg values of the stoichiometric

samples are 50 and 140 �C for thioleepoxy resin (R ¼ 1) and

totally homopolymerized resin (R ¼ 0), respectively. The off-

stoichiometric epoxy networks (R 0.6 and 0.8) present inter-

mediate values. Again, the second curing stage allows the

maximum epoxy conversion to be reached, getting the

maximum Tg of the cured network.

Very striking results are obtained for CNT/epoxy nano-

composites. Tg reached during the first curing stage is higher

than the measured ones for neat epoxy resins. However, the
Fig. 3 e DSC thermograms of epoxy resins (a) and CNT/epoxy na

with the first curing stage at low temperature. Glass transition

temperature with first curing stage (c) and samples totally cure
second curing stage and the dynamic second DSC scan of the

nanocomposites only provide a slight increment on the Tg,

confirming that the exothermic homopolymerisation reaction

does not occur at higher temperatures, but during the first

thioleepoxy step.

It is worthy to note that in the second DSC scans, the Tg of

neat stoichiometric epoxy resin (R ¼ 1) reaches 120 �C after

curing at 50 �C and postcuring at 150 �C (Fig. 3d) and close to

140 �C for the sample cured only with the fist treatment, at

50 �C (Fig. 3c). This behaviour is justified because the dynamic

thermal postcuring is more efficient than the isothermal

curing and postcuring treatment, allowing reaching higher

conversion degree of the network.

In fact, it is worth noting that the Tg of the neat DGEBA/1MI

mixture (R ¼ 1) reaches 140 �C while it is reduced to 90 �C for

the same homopolymerized nanocomposites doped with

0.2 wt% CNT. This effect was not observed previously in the

bibliography.

Numerous papers have been published about the effect of

carbon nanotubes on the curing reaction of epoxy resins

[21e24], especially when the graphitic nanofillers are chemi-

cally functionalised [25]. In fact, controversial results have

been published indicating that the graphitic nanofillers can

act as catalysts [20,23] or, contradictorily, they can inhibit,

retard or hinder the curing reaction [24]. This anomaly could

be associated with the different dispersion degree of the

nanocomposites, since isolated nanotubes and agglomerates
nocomposites (b) with different thioleepoxy ratios (R) cured

temperature measured by DSC of the samples cured at low

d after second curing stage (d).

https://doi.org/10.1016/j.jmrt.2021.09.102
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Fig. 4 e Crosslinking density of epoxy resins and CNT/

epoxy nanocomposites with different thioleepoxy ratios,

after the first and second curing stages.
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lead to different effects. Most of them agree that the addition

of multi-walled carbon nanotubes [20,24] induces a decrease

of the reaction temperature due to the increase of the gel

activation energy in comparison with that of the neat epoxy

resin. Moreover, our experimental results obtained confirm

that CNTs hinder or inhibit the homopolymerization reaction

during the postcuring process, where the reaction is

controlled by diffusion due to the devitrification of the system

when the temperature reaches the Tg value of the system.

Therefore, the CNT effect on the postcuring reaction must be

associated with an inhibition effect of the imidazole catalyser,

as it will be explained below.

Zhou et al. [24,26] studied the effect of non-functionalised

multi-walled carbon nanotubes on the curing reaction of

epoxy resin cured with imidazole hardener (2-ethyl-4meth-

ylimidazole, EMI). They drew the same conclusions as those

observed for the epoxy curing reaction with amine hardeners

[20], but the effect seemed to be more acute. CNTs act as

catalyst, facilitating the curing and accelerating it. The accel-

erating effect is noticeable at low CNT contents (<1 wt%),

reaching a saturation at higher percentages. This catalytic

behaviour has a positive effect, shortening the pre-curing time

and decreasing the pre-curing temperature. However, CNTs

also have a negative effect due to hindering the vitrification

phenomenon. CNTs prevent the occurrence of vitrification,

needing a longer post-curing time and higher post-curing

temperature. In these systems, the autocatalytic mechanism

is not modified but the overall degree of curing decreases with

the presence of CNTs, as evidenced by the lower total reaction

heat and the lower Tg of cured composites compared with

neat epoxy resins.

On the other hand, Chen et al. [27] published a study about

homopolymerized epoxy nanocomposites doped with multi-

walled CNT, in which no clear differences were observed be-

tween the curing reaction of the neat epoxy resins and

nanocomposites. The epoxy curing reaction was an anionic

homopolymerization initiated by a tertiary aromatic amine, 4-

dimethylamino pyridine (DMAP). This confirms that the un-

expected behaviour of our studied system is not explained by

the anionic homopolymerization. Therefore, it is associated

with the interaction between CNTs, used as nanofillers, and 1-

methylimidazole, used as catalyst.

It is worth noting that the CNTs used are non-

functionalised, for which reason the observed catalytic ef-

fect cannot be associated with the presence of hydroxyl

groups or other polar functional groups. The phenomenon

must be associated with the conjugated aromatic CeC struc-

ture of the carbon nanotubes.

Imidazole can be anchored by pep interactions over the

conjugated CeC structure of the nanotubes. Some studies

[28e30] confirm that this non-covalent interaction is relatively

weak withmolecules containing single benzene rings, such as

styrene. Conjugated CeC structures containing substituents,

such as amino or cyano, can absorb electrons or supply elec-

trons, changing the electron cloud density of the molecule,

and allowing donoreacceptor interaction with carbon nano-

tubes, which enhances the pep anchoring. In this case, the

imidazole interacts with the carbon nanotubes by pep in-

teractions strengthened by electron donoreacceptor interac-

tion. This does not provide the degradation of the imidazole
structure, but the results obtained confirm that its reactivity is

altered.

The pep anchoring of imidazole over carbon nanotubes

seems to enhance their catalytic efficiency, decreasing the

homopolymerisation curing temperature. However, this also

causes the reduction of their mobility and diffusion ability at

low temperature. This could explain the higher Tg reached by

the CNT/epoxy nanocomposites with thioleepoxy ratios of 0,

0.6 and 0.8, after the first curing stage, at low temperature, and

the lower Tg after the second curing stage, at high tempera-

ture, regarding neat epoxy resins. This explanation is in

agreement with previous results published [24,26] using EMI

as the curing agent. However, the catalytic effect on our sys-

tem, where imidazole is used as the catalyst/initiator, seems

more marked due to the low imidazole concentration added.

In order to confirm this, the crosslinking density is deter-

mined byDMTA results from the rubbery storagemodulus (Eq.

(4)). Fig. 4 shows the crosslinking density as a function of the

thioleepoxy ratio for neat epoxy resins and nanocomposites

after first and second curing stages. As expected, the lowest

crosslinking density is obtained for off-stoichiometric neat

epoxy resins after the first curing treatment at low tempera-

ture because these networks are only formed by the reaction

of thiol groups with 60% and 80% of the epoxy groups from

DGEBA. However, the crosslinking density of stoichiometric

epoxy resin (R ¼ 1) is high and is scarcely modified during the

second curing stage, indicating again that the maximum thi-

oleepoxy conversion is reached at low temperature. In

contrast, the off-stoichiometric epoxy networks are strongly

crosslinked during the second curing treatment at high tem-

perature due to the epoxy homopolymerization catalysed by

imidazole.

The crosslinking density of CNT/epoxy nanocomposites is

clearly different from those measured for neat epoxy resins.

The initial networks for off-stoichiometric nanocomposites

formed during the first curing stage reach a relatively high

degree of crosslinking due to the occurrence of two curing
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Fig. 5 e FEG-SEM micrographs of the nanocomposites doped with 0.2 wt% CNT with different thioleepoxy ratio: 0.6 (a), 0.8

(b) and 1.0 (c).
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reactions: thioleepoxy and epoxyeepoxy homopolymeriza-

tion. However, the second curing process at high temperature

scarcely affects the degree of crosslinking. The crosslinking

density of a totally cured network for off-stoichiometric neat

epoxy resins is much higher than that reached for CNT/epoxy

nanocomposites, indicating that in the case of neat epoxy

resins the sequential curing reactions aremore effective. First,

the thioleepoxy reaction occurs at low temperature, and then

homopolymerization takes place at high temperature. For

CNT/epoxy nanocomposites, both competitive reactions

occur simultaneously, decreasing the degree of crosslinking of

the final networks.

Fig. 5 shows some images obtained by FEG-SEM, which

allows us observing themorphology of the nanocomposites in

order to evaluate the dispersion degree of the CNTs into the

matrix. A relative good dispersion is observed. They are well

distributed in the epoxy resin although some small agglom-

erates can be still observed. The size of these CNT aggregates

are smaller than 500 nm, indicating a suitable dispersion. No

differences are observed as a function of the thioleepoxy

ratio. This was expected because the dispersion process is

carried out on the DGEBA/CNT mixture. The curing cross-

linking degree does not affect to CNT distribution. It is worthy

to note that the morphology of the fracture is similar due to

the cryogenic fracture. For this reason, substantially differ-

ences on the fracture surfaces are not observed either.
Table 2 e Thermomechanical properties determined by
DMTA: storage modulus at glassy (E0

G) and glass
transition temperature (Tg) measured by the maximum
of tan d peak, for epoxy resins and CNT/epoxy
nanocomposites with different thioleepoxy ratios, after
first and second curing stages.

CNT R E0
G (GPa) Tg (�C)

1st curing
stage

2nd curing
stage

1st curing
stage

2nd curing
stage

0% 0.6 1.2 ± 0.6 2.0 ± 0.6 50.0 ± 0.5 108.9 ± 1.7

0.8 2.1 ± 0.5 3.1 ± 0.9 65.6 ± 1.7 72.9 ± 2.3

1.0 2.0 ± 0.3 2.0 ± 0.4 60.4 ± 1.2 61.8 ± 2.1

0.2% 0.6 2.5 ± 0.1 2.6 ± 0.3 63.3 ± 0.2 67.1 ± 0.5

0.8 2.6 ± 0.2 2.6 ± 0.4 62.7 ± 1.1 65.5 ± 1.0

1.0 2.2 ± 0.2 2.5 ± 0.3 58.5 ± 1.1 60.5 ± 0.8
The DMTA results obtained are collected in Table 2. The Tg

values measured as the maximum of the tan d peak by DMTA

follow the same behaviour as the DSC results. The relaxation

temperature is low for neat epoxy resins after the first curing

stage due to the thioleepoxy reaction and significantly in-

creases for the second curing stage at high temperature due to

homopolymerization. This Tg increment is higher as the

thioleepoxy ratio decreases due to the high percentage of

densely crosslinked homopolymerized chain segments. In

contrast, the glass transition of epoxy nanocomposites re-

mains practically constant regardless of the thioleepoxy ratio

and curing stage applied. As explained before, in these nano-

reinforced samples, both the thioleepoxy and epoxyeepoxy

reactions occur simultaneously at low temperature,

decreasing the maximum degree of crosslinking reached due

to the lower efficiency in comparison with the sequential re-

actions that occur with neat epoxy resins.

The stiffness of off-stoichiometric epoxy resins signifi-

cantly increases during the second curing stage, while this

property remains constant for neat stoichiometric epoxy

resin, due to the homopolymerisation at high temperatures of

non-stoichiometric samples. The samples after first stage has

a modulus between 1.2 and 2.1 GPa, being lower for the sam-

ples with lowest amount of S4, due to they are the resins with

lowest crosslinking degree. After second stage, themodulus is

approximately constant for all the neat samples due to all

reached the maximum crosslinking degree. The neat resins,

after second thermal treatment, present a modulus similar to

traditional epoxy-amine resins, in the range of 2e3 GPa, which

confirms their applicability, taking into account their easy

thermal conforming before the second curing treatment.

Fernandez-Francos et al. [1], Belmonte et al. [2,3] and Konuray

et al. [4] have published a deeper characterization of this neat

system, confirming the same conclusions.

It is worthy to note that in spite of the lower crosslinking

density of CNT/epoxy networks due to the inhibition of

homopolymerization, these samples are stiffer due to the

reinforcement effect of CNTs. The storage modulus remains

constant for all studied reinforced samples with any influence

of the stoichiometry and curing treatment applied.

Once themain chemical structure of the studied resins and

nanocomposites was known, the shaping and shape memory

behaviour were analysed. All the experiments were
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Fig. 6 e Shape fixing efficiency at 60 �C of off-stoichiometric resins cured with the first curing stage (a), and photographs and

values of shape fixing efficiencies for the resin with a thioleepoxy ratio of 0.6 (b).
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performed using two U-type moulds with 45� and 90�, corre-
sponding to 76 and 38 mm of curvature radius. The shape

fixing and recovery efficiency were calculated using Eqs. (5)

and (6), respectively.

Shaping and forming at low temperature were carried out

for neat off-stoichiometric resins before the second curing

stage. The shaping temperature was 60 �C, higher than the Tg

reached during the first curing, 50.0 and 65.5 �C for the sam-

ples with R ¼ 0.6 and 0.8, respectively. It is required that the

samples are softened to be bended but the temperature

cannot be so high in order to avoid the postcuring reaction by

homopolymerization. Fig. 6a shows the shape fixing effi-

ciency, being in the range of 80e90%. The decrease of the

thioleepoxy ratio enhances the thermo-conforming process

of the epoxy resins due to the lower degree of crosslinking

reached for the first curing stage. In addition, the higher

deformation enhances the shaping efficiency. On the other

hand, the shape recovery performance is good for thermo-

forming process of thermosets. The studied off-
Fig. 7 e Electrical conductivity (a) for epoxy nanocomposites wi

stage and increment of temperature due to Joule-s heating (b) a
stoichiometric epoxy resins have a sequential dual-curing

process, allowing their shaping and forming at relatively low

temperature. Then, the shape is fixed for the second curing

stage (Fig. 6b), obtaining complex geometries of highly cross-

linked epoxy resins, which are not available for conventional

thermosets.

Moreover, the studied epoxy resins and composites pre-

sent SM behaviour. SM is based on the relaxation of

thioleepoxy chain segments at low temperature, while the

homopolymerized segments between crosslinking points

remain unaltered. For this reason, the SM triggering temper-

ature of totally cured epoxy resins and nanocomposites is

above the Tg measured before the second curing stage. In this

case, the SM triggering temperature applied was 70 �C. Both
the shape fixing and recovery efficiencies measured were in

the range of 60e80% for all the studied samples. No greater

differences are observed for all the studied samples. Only, as

expected, the SM efficiency of less stiff samples, with low

thioleepoxy stoichiometry, and non-doped ones, was
th different thiol-epoxy ratios after first and second curing

fter second curing stage.
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Fig. 8 e Shape fixing and recovery efficiency of CNT/epoxy nanocomposites with a thiol-epoxy ratio of 0.6 by convection

heating in oven and Joule's heating (a), photographs and values of fixed shape and recovery shaped for CNT/epoxy

nanocomposite with a thioleepoxy ratio of 0.6 (b), and Joule's heating for same sample (c).
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relatively higher. This behaviour was previously studied in

depth by other authors [2,3].

The aim of adding CNTs is to increase the electrical con-

ductivity of insulating resins due to the formation of electri-

cally percolated CNT networks. The electrical conductivity of
the studied nanocomposites is shown in Fig. 5a. All the

nanocomposites followed Ohm's law (Eq. (1)), showing a linear

relationship between the electrical current and the applied

voltage. The electrical conductivity of the nanocomposites is

in the range of 0.4e0.6 S/m, without any differences between
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them, as a function of the stoichiometric ratio or the curing

treatment applied. This means that the degree of crosslinking

of the epoxymatrix scarcely affects the electrical conductivity

of the nanocomposites. In addition, it is confirmed that the

electrical percolation threshold of the studied system is lower

than 0.2 wt% CNT. Due to the relatively high electrical re-

sistivity of the nanocomposites, the application of an elec-

trical voltage induces a heating due to the Joule effect (Eqs. (2)

and (3)), which is shown in Fig. 7b. The application of relative

low electrical voltage, < 80 V, induces the heating of the

nanocomposites up to temperatures in the range of 20e50 �C.
In spite of the similar electrical conductivity, Joule's heating

seems to be more efficient for the nanocomposites high thiol-

epoxy ratio, which are the samples with high crosslinking

degree. As it was previously confirmed the imidazole catalyser

reacts with CNTs, inhibiting the homopolymerization for the

nanocomposites with thiol-epoxy ratio of 0.6 and 0.8%. This

interaction seems to lead a negative effect on the Joule heat-

ing. Resistive heating for the nanocomposite with a thiol-

epoxy ratio of 0.6% is hindered, which could be explained by

differences of the thermal conductivity of the system.

In this context, the thermoelectrical behaviour of nano-

composites can be useful in order to convert the thermally

stimulated shape memory into an electrically switched one,

significantly enhancing their applicability. Fig. 8 shows a

comparison of the SM fixing and recovery efficiencies using

two different energy sources: conventional heating in an oven

and thermoelectrical heating by the Joule effect, up to 70 �C.
It is clearly observed that the SM efficiency for both pro-

cesses, fixing and recovery, is more effective for Joule heating

because it is an intrinsic heating. Moreover, Joule heating is

much faster, requiring fixing times of 3e5 min, but the re-

covery time is lower than 30 s. Previous published works have

confirmed the higher shape fixing and recovery rates [14e16]

by resistive heating. While the heating in an oven is from the

surface to inside, Joule heating is caused by the heating of the

electrical fillers into the matrix. Moreover, it is well known

that the electro-resistive heating is very fast. However, the

higher SM efficiency for Joule heatingmust be associated with

a lack of time for heating in oven, in spite of that the samples

were heated during 15 min. Therefore, the main conclusion of

these results is that the SM rates is at least four time faster by

Joule effect than conventional heating, in addition to be

localized, because it is not required the heating of the entire

sample, and their easier industrial implementation.

In all cases, the shape fixing efficiency is lower than the

recovery efficiency due to the high stiffness of nano-

composites. During fixing of the temporary shape, the chain

segments adapt to the external load by conformational rear-

rangements, storing strain energy. The strain energy stored in

this way is released when the nanocomposite is unloaded and

heated, restoring the permanent shape. For this reason, the

shape fixing of epoxy resins is generally higher than that

measured for nanocomposites. This is explained by the fact

that epoxy resins have higher free volume and freemovement

between crosslinking points than nanocomposites. However,

the shape recovery depends on the ability to remove the

storage energy from the stressed samples, this being higher

for nanocomposites. Therefore, the shape recovery efficiency

depends on shape fixing.
Conventional heating in an oven by heat convection is

slow. For this reason, in spite of the long fixing time applied

(30 min), the fixing efficiency decreases significantly with

the angle of deformation. Higher fixing times could avoid

this problem. On the other hand, the fixing efficiency for

the fast Joule heating is scarcely affected by the degree of

strain.

In summary, in addition to its high applicability, Joule

heating for the SM process is faster and more efficient than

conventional heating.
4. Conclusions

Off-stoichiometric thioleepoxy resins present sequential dual

curing, enhancing their shaping and thermoconforming at

low temperature before the second curing stage at high tem-

perature. These systems cure at low temperature, around

50 �C, due to the thioleepoxy reaction, reaching themaximum

epoxy conversion. In this stage, the samples are easily formed

at low temperature. Then, the complex geometry is fixed in a

second curing stage at high temperature, inducing the

homopolymerisation of the epoxy, catalysed by 1-

methylimidazole.

The addition of carbon nanotubes (CNTs) significantly

speeds up the homopolymerisation reaction, both chemical

reactions occurring simultaneously. The final network of one-

step cured nanocomposites at low temperature presents a

lower crosslinking density than those developed by sequential

dual curing of neat epoxy resins. CNT catalysis can be

explained by the pep anchoring of 1-methylimidazole over

the carbon sidewalls of the nanotubes, enhanced by

donoreacceptor interaction.

Off-stoichiometric epoxy resins and composites pre-

sent shape-memory (SM) behaviour with high shape fixing

and recovery efficiencies at a relatively low temperature,

70 �C, due to the relaxation of thioleepoxy chain seg-

ments. The homopolymerised segments are steady at this

temperature, which provides the advantage that the ma-

terial maintains part of his mechanical properties during

the SM processes, avoiding the need to use additional

supports.

Nanocomposites can be SM-switched by the application

of a low electrical voltage, inducing Joule heating. In addi-

tion to higher in-situ applicability, electrical resistive

heating was probed to be faster, localized and more ho-

mogeneous than conventional heating in a convection

oven. Therefore, the SM processes can be remotely acti-

vated quickly and very efficiently in this material, providing

a very important advantage in locations with difficult

access.
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