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Abstract: Conventional shape memory polymers (SMPs) can memorize their permanent shapes.
However, these SMPs cannot reconfigure their original shape to obtain a desirable geometry owing
to permanent chemically or physically crosslinked networks. To overcome this limitation, novel
SMPs that can be reconfigured via bond exchange reactions (BERs) have been developed. In this
study, polymer composites consisting of epoxy phenolic novolac (EPN) and bio-based cashew
nut shell liquid (CNSL) reinforced by multi-walled carbon nanotubes (CNTs) were prepared.
The obtained composites exhibited shape memory and self-welding properties, and their shapes
could be reconfigured via BERs. Their shape memory mechanisms were investigated using
variable-temperature Fourier transform infrared spectroscopy and dynamic mechanical analysis.
The EPN/CNSL composite containing 0.3 wt % CNTs showed the highest shape fixity and shape
recovery ratio. Furthermore, shape memory behavior induced by irradiation of near-infrared (NIR)
light was also observed. All samples showed high shape recovery ratios of nearly 100% over five
cycles, and increasing the CNT content shortened the recovery time remarkably. The ability of
shape reconfiguration and stress relaxation affected the photo-induced shape memory properties
of reshaped samples. Additionally, the self-welding properties were also influenced by stress
relaxation. The hindrance of stress relaxation caused by the CNTs resulted in a decrease in adhesive
fracture energy (G.). However, the G, values of EPN/CNSL composites were comparable to
those of epoxy vitrimers. These results revealed that the material design concepts of thermal-
and photo-induced shape memory, shape reconfiguration, and self-welding were combined in the
EPN/CNSL composites, which could be feasible method for advanced smart material applications.

Keywords: shape memory; stress relaxation; welding/joining; thermal properties

1. Introduction

Shape memory polymers (SMPs) are a type of smart material that have been widely used
in applications, such as aerospace structures, sensors, textiles, and self-crack-healing applications.
SMPs can recover from deformed temporary shapes to their original shapes in response to external
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stimulus, such as heat, moisture, pH, and electric or magnetic fields [1]. Recently, new types of
SMPs have been developed towards the production of multi-stimuli-responsive polymers for various
applications, such as photo-actuator, photo-sensor, and photo-thermal image [2]. Photo-thermal
fillers, such multi-walled carbon nanotubes (CNTs) have been widely used as reinforcing agents for
SMP matrices, owing to their excellent thermal, mechanical, and optical properties [3]. CNTs were
successfully incorporated into photo-actuator based thermoplastic and thermosetting [4,5]. Yi et al. [6]
reported an SMP containing CNTs and graphene oxide that was photothermally activated by
near-infrared (NIR) laser. CNTs can efficiently absorb NIR radiation and convert it to thermal energy
to enhance the shape memory behavior of an SMP. Li et al. [7] reported that a reinforcement of an
epoxy with CNTs increased the deformation temperature of its shape memory behavior and the
temperature depended on the load transfer efficiency at the interface between the CNTs and epoxy
matrix. To achieve high performance CNTs composite, well dispersion is a key parameter. Generally,
CNTs are agglomerated by strong van der Waals interactions. Various techniques, such as shearing,
sonication, and functionalization, have been applied to overcome the agglomeration of CNTs in
polymer matrix [8,9].

The complex geometry of reconfigurable SMPs can currently be simplified through bond exchange
reactions (BERs). Leiber and coworkers [10] recently purposed a new type of polymer known as
"vitrimers” that contain dynamic and exchangeable covalent bonds. The network of a vitrimer
can exchange its covalent bonds at a temperature higher than the glass transition temperature (Tg).
A thermally induced BER can release the internal stress of polymer networks and allow the materials
to be reshaped, welded, and reprocessed. In general, the degree of stress relaxation of a vitrimer
can be estimated through temperature and time, at which the viscosity was reduced to 10'? Pas or
the stress relaxation modulus was lowered to 37% of an initial value [11,12]. According to previous
studies, the stress relaxation behaviors of vitrimer depends on several factors: (i) the number of
reactive functional groups capable of BERs; (ii) the occurrence of other reactions that consume the
reactive functional groups capable of BER, but are incapable of bond exchange; and (iii) the amount
of catalyst for the acceleration of the BERs [13,14]. The use of catalysts, such as Zn(Il) and imidazole,
are necessary for the preparation of epoxy vitrimers [15,16]. Stress relaxation to a target value leads
to the high performance of vitrimers. Altuna et al. [16] investigated an epoxy vitrimer cured with
carboxylic acids and imidazole as a catalyst. The characteristic properties of reconfigurable shapes of
the epoxy vitrimer were observed at 160 °C for 1 h via BERs of esterification and transesterification.
The shape fixities and the shape recovery ratios of the samples were ca. 99%. In the case of partial
stress relaxation, the characteristics of vitrimers can be partly observed. Imbernon et al. [14] reported
self-adhesion of epoxidized natural rubber (ENR) via peroxide crosslinks. The stress relaxations of
the samples decreased slightly to 55-98% of the initial values. Self-adhesiveness and low detachment
energy were observed at lower crosslinking densities.

The development of epoxy composites that exhibit shape memory properties has been extensive,
owing to their high moduli, high-temperature performances, and high shape fixities and shape
recovery ratios [17]. Recently, the development of epoxy-based renewable organic materials has also
attracted much attention from academia and industry. Most of bio-based epoxy resins have been
focused on the synthesis of epoxy monomers from vegetable oil [18] and phenolic compounds found
in plants [19]. Interestingly, various types of bio-based organic compounds, such as lignin [20], castor
oil, and cashew nut shell liquid (CNSL) [21], can be used directly as hardeners in the curing process of
epoxy resins. The present authors [22] have reported that an epoxy cured with naturally-derived CNSL
shows good adhesion properties comparable with those of epoxies cured with commercial hardeners.
Epoxy/CNSL featured two types of crosslinking network generated via etherification and esterification.
The interpenetrating network of epoxy/CNSL has high potential to provide shape memory properties.
Furthermore, many ester linkages in epoxy/CNSL can be interchanged through transesterification,
which can release internal stress to afford reconfigurable shape memory and self-welding properties.
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To our best knowledge, there have been no reports on the shape memory properties of composites
consisting of epoxy phenolic novolac (EPN) and bio-based CNSL as a hardener obtained from
renewable organic materials. Therefore, the objectives of this study were to develop novel smart
materials composed of epoxy/CNSL composites reinforced with CNT and to investigate their curing
process, stress relaxation, shape reconfiguration and self-welding properties.

2. Experimental Section

2.1. Materials

EPN (grade YDPN 631) was obtained from Aditya Birla Chemicals, Thailand. Naturally-derived
CNSL was supplied by Mahboonkrong Sirichai 25 Ltd., Nakhon Ratchasima, Thailand. CNSL consisted
of cardol (36.2%), cardanol (31.5%), anacardic acid (24.6%), and traces of methyl cardol, as shown in
Scheme 1. Multi-walled CNTs produced using an infusion chemical vapor deposition process were
obtained from Nanogen, Thailand. The length and outer diameter of the CNTs were 3-12 pm and
12.9 nm, respectively. An image of CNTs is shown in Supplementary Materials Figure S1.
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Scheme 1. Possible curing reactions between epoxy phenolic novolac (EPN) and cashew nut shell
liquid (CNSL).

Composite samples were prepared by mixing EPN/CNSL matrix at 70:30 w/w with
0—0.5 wt % CNTs, as shown in Supplementary Materials Figure S2. First, EPN was dissolved in
dimethylformamide using a planetary mixing machine (ARE-300, Thinky Corp., Tokyo, Japan) at
2000 rpm for 7 min, and then CNTs were dispersed in the mixture solution using an ultrasonic
homogenizer (US-50, Nihonseiki Kaisha Ltd, Tokyo, Japan) for 15 min in an ice bath, and CNSL was
added. Subsequently, the mixture solution was stirred for another 30 min to obtain homogenous
solution and then casted on a glass plate. The sample was cured stepwise at 85, 140, and 170 °C for
1 h at each temperature and 200 °C for 2 h under a nitrogen atmosphere. After the thermal curing
process, exothermic heat was not detected indicating that the samples were fully cured, as shown in
Supplementary Materials Figure S3.

2.2. Measurements

2.2.1. Evaluation of Curing Reaction

The thermal curing behaviors of the composites were monitored using a differential scanning
calorimeter (DSC-60, Shimadzu, Kyoto, Japan). The heating rate was 10 °C/min from 30 to 250 °C
under a nitrogen gas purge. The structural changes of EPN/CNSL during the curing process were
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examined using in situ FT-IR (FI-IR, JASCO 4200 Crop., Tokyo, Japan) with an instrument equipped
with a hot stage (10002L, Linkam Crop., Tadworth, UK).

The variable-temperature FT-IR measurements were carried out from 30 to 250 °C at a heating
rate of 3 min/°C under a nitrogen flow. The absorbance of selected peaks was normalized using
the C=C stretching vibration of the benzene rings at 1507 cm~! as internal standard, to compensate
for the variation of the thickness during curing. All of the samples were sufficiently thin to obey
the Beer-Lambert law. The degree of conversion was estimated using the peak intensities of reactive
groups assignable through FT-IR as Equation (1):

a=1-14 )

where « is the conversion, and At and At; are the absorbance of reactive group before curing and at
each temperature T, respectively.

2.2.2. Analysis of Thermomechanical Properties

The dynamic mechanical properties and relaxation behaviors of the composites were examined
using dynamic mechanical analysis (DMA, Hitachi 7100, Tokyo, Japan). The temperature sweep
experiment was conducted using a frequency of 1 Hz and a strain value of 0.1% in tensile mode.
The temperature was scanned at 3 °C/min under a nitrogen atmosphere. To evaluate the shape
recovery ratios and shape fixities of the composites, thermomechanical cycle tests were conducted
through DMA in tensile mode [23]. The experimental procedure is shown in Scheme 2a. The specimens
were stretched to the certain strain (¢y,) under a constant force at 60 °C (step 1). The strain of the
specimen was maintained, and the temperature was lowered to —5 °C (step 2). The strain of the
specimen (¢,) was measured after unloading at —5 °C (step 3). The degree of shape fixity (R¢) was
calculated using Equation (2).

Re= -2 @)
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Scheme 2. Examination of shape memory properties using DMA and NIR light.
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To evaluate the shape recovery capacity, the specimens were heated from 0 to 60 °C without load,
and held for 10 min (step 4), and then the recovered strains of the specimens (¢,) were measured.
The shape recovery ratio (R;) was calculated using Equation (3).

Ry = = 3)

€m

The heating and cooling rates were 5 °C/min, and the loading and unloading rates of tensile
stress were 0.05 N/min.

2.2.3. Shape Memory Phenomena Induced by NIR

A 150 W tungsten halogen lamp (Philips 7158, 24 V, Philips Lighting, Amsterdam, Netherland)
in a dedicated light house (JASCO, Tokyo, Japan) was used as the source of NIR radiation.
The distance between the light source and film samples was 5 cm. The light intensity at the sample
position was measured to be 12 mW/cm? using a photo intensity meter (Advantest Q8221, Tokyo,
Japan). The dimensions of the samples were 30 mm x 10 mm, and the thickness was ca. 400 pm.
The experimental procedure is shown in Scheme 2b. First, samples were deformed into U shapes at
60 °C and then cooled at 5 °C for 3 min to fix the deformation. Subsequently, the deformation was
recovered by exposing the samples to the light. The shape recovery times were determined by using a
digital camera, and the shape recovery ratios were calculated as shown in Supplementary Materials
Figure 54.

2.2.4. Stress Relaxation Behavior

The stress relaxation behaviors of the samples were evaluated using another DMA (TA instruments
Q800, New Castle, DE, USA) at 130, 140, 150, and 160 °C. The samples were equilibrated at each
temperature for 10 min before being subjected to an instantaneous strain of 1%. The modulus relaxation
was monitored as a function of time.

2.2.5. Self-Welding Properties

A T-peeling test based on the standard of the ASTM D1876 (American Society for Testing and
Materials, West Conshohocken, PA, USA) was adopted to measure the interfacial fracture energy of the
self-welding samples [24]. Two specimens with identical dimensions of 30 mm x 10 mm x 0.40 mm
were welded together using a pressure of 0.15 g/cm? at 150 °C for 1 h. An open region was left at the
end of the welded samples. The stress-strain behaviors of the welded samples were tested based on the
adhesive fracture energy of peeling using DMA (Hitachi 7100, Tokyo, Japan) in tensile mode at 25 °C.
The grips were separated at a constant rate of approximately 0.5 mm/min, as shown in Supplementary
Materials Figure S5.

2.2.6. Scanning Electron Microscopy (SEM) Observation

The microscopic analyses of the fractured epoxy surfaces and composite samples were
conducted using field emission scanning electron microscopy (FE-SEM, Hitachi 54700, Tokyo, Japan).
The acceleration voltage was 10 kV. The samples were free fractured in liquid nitrogen, and then
sputtered with osmium tetroxide 2 nm using an osmium coater (Neoc Pro, Meiwafocis, Tokyo, Japan).

3. Results and Discussion

3.1. Curing Reaction of EPN/CNSL Composites

The DSC charts for the curing reactions of EPN/CNSL at 0—0.5 wt % CNTs are shown in Figure 1a.
As shown in Figure 1b, each sample showed two overlapping peaks, indicating the existence of two
curing stages. The overlapping peaks were separated using Origin 8.1 software, and the results are
summarized in Supplementary Materials Table S1. The first exothermic peak is attributable to the
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reaction between epoxide rings and the major components of CNSL i.e., cardanol, cardol, and anacardic
acid. The second exothermic peak is attributable to the esterification between carboxylic groups and
epoxide rings generated in the first curing reaction [22], as depicted in Scheme 1. The first and second
curing reactions occurred in the 166—168 °C and 189—203 °C temperature ranges, respectively. It is
clear that the increase of CNT content causes the second curing reaction to occur at higher temperatures,
owing to the “hindrance effect” of CNTs on the mobility of the polymer chain. Puglia et al. [25] reported
that entangled CNT structures increase the viscosity of epoxy, leading to decreased segment mobility
during vitrification. Yang et al. [26] reported that CNTs decelerate the propagation reactions and
extend the gelation time of epoxy. Xie et al. [27] also reported that CNTs hinder the propagation
reaction of epoxy at high temperatures owing to decreased in segment mobility.
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Figure 1. (a) DSC thermograms of EPN/CNSL containing 0-0.5 wt % CNT and (b) separated peaks of
EPN/CNSL containing 0.1 wt % CNTs.

The curing mechanism for EPN/CNSL containing CNTs was investigated using in situ FT-IR
measurements. The FT-IR spectra of EPN monomer, CNSL, and EPN/CNSL film composites are shown
in Supplementary Materials Figure S6, and the wavenumbers and signal assignments are summarized
in Supplementary Materials Table S2. EPN monomer shows a major characteristic peak of epoxide
rings at 915 cm~!. The absorption bands at 2864 and 1453 cm ™! can be assigned to the C—H and
C—CHj stretching vibrations of epoxide rings [28]. The absorption bands of CNSL appeared at 1007
and 912 cm !, which are attributable to the phenolic group at the meta position. The characteristic
C=O0 stretching bands of anacardic acid appeared at 1650 cm~! [22,29]. After the curing process,
the intensity of the peak at 915 cm ! decreased substantially, indicating the opening of the epoxide
rings followed by crosslinking [30]. Furthermore, two new peaks were detected at 1130 and 1750
cm~! for all of the samples, as shown in Figure 2a,b. The former corresponds to the stretching of
C—0O—C bonds generated in the reaction between the epoxy and the hydroxyl groups of cardanol
and cardol, and the latter can be assigned to the C=0 stretching following the reaction between the
epoxy and carboxylic acid [31]. The peak at 1750 cm~! can be detected at 180—250 °C, as shown in
Supplementary Materials Figure S6, which coincides well with the curing temperature of the second
reaction. These chemical reactions are shown in Scheme 1. It should be noted that, at a higher amount
of epoxy groups than polycarboxylic acids, the —OH groups derived from the reacted epoxy were
thus reacted with the epoxide groups at a slow reaction rate, to perform polyetherification with a high
conversion of curing [32]. The absorption at 915 cm~1 characteristic of epoxide rings, was used as an
index for the ring-opening reaction. The degrees of conversion estimated from this peak at elevated
temperatures are given in Figure 2. The degrees of conversion were 80—98% at 250 °C, and decreased
with the increasing CNT content. This is also because of the hindrance effect of CNT particles, which
lower the mobility of the epoxy monomers.
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Figure 2. Temperature dependence of the degrees of conversion determined using variable temperature
in situ FT-IR spectroscopy.

3.2. Thermomechanical Properties of EPN/CNSL Film Composites

The temperature dependences of the storage moduli (E’) and tand of the composite samples are
presented in Figure 3a,b, respectively. The storage modulus of EPN/CNSL matrix in the glassy state
was 1.54—4.77 GPa, and it increased remarkably when 0.1 wt % CNTs were incorporated. This can
be explained through the reinforcing effect of the homogeneously dispersed CNT nanofiller. Figure 4
shows the SEM images of EPN/CNSL containing 0—0.5 wt % CNTs. The EPN/CNSL matrix had a
smooth fracture surface, and homogenous dispersion of CNTs was observed in the composite with
0.1 wt % CNTs. An increase in CNT content to 0.3 wt % led to some aggregation, and the formation
of CNT clusters was observed at 0.5 wt %. The poor dispersion of CNTs at higher contents in the
epoxy matrix is the result of fewer interactions between the inherently inert/hydrophobic CNTs
and the polar/hydrophilic epoxy, as well as the attraction between the CNTs via van der Waals
interactions [33,34].
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Figure 3. (a) Storage modulus and (b) tand curves of EPN/CNSL composites.
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0 wt% CNT 0.1 wt% CNT 0.3 wt% CNT 0.5 wt% CNT

Figure 4. Scanning electron micrograph of EPN/CNSL composites with different CNT contents.

The tand value of a sample is defined as the loss ratio of storage modulus. The Ty was
determined from the peak of tand, as shown in Figure 3b. All samples showed a shoulder peak
at 24.8—26.2 °C and a main peak at 41.6—55.4 °C. These characteristic peaks can be attributed to the
interpenetrating network (IPN) consisting of the ether and ester linkages of EPN/CNSL. Tan et al. [35]
reported that 50/50 composites of epoxidized soy bean o0il/diglycidyl ether of bisphenol A showed
two tand peaks, which were respectively related to etherification and esterification. In general,
IPN structures are formed during curing processes, and the lack of polymer network compatibility
induces thermodynamically-driven phase separation. Therefore, an IPN possesses two mechanical
relaxations of domains [36]. At the 3-relaxation process at 24.8—26.2 °C, a sharp decrease in E’ value
was observed for all samples, which indicated a character of glass-rubber transition in soft segments.
EPN/CNSL containing 0.1 wt % CNTs showed the highest Ty (~55 °C). The compatibility between the
CNTs and the polymer matrix resulted in homogeneous dispersion of the CNTs, which restricts the
mobility of the polymer chains, and thus, increases the T [37].

3.3. Shape Memory Effect of EPN/CNSL Composites

The stress-strain-temperature-time diagrams for the shape memory properties were obtained
using DMA and are shown in Figure 5. The programmed procedure was performed through the
uniaxial stretching of a sample at a temperature above the T, followed by rapid cooling to —5 °C at
constant load. Afterwards, the load was released, and the samples were reheated to 60 °C. Shrinkage
was observed for all the samples upon the removal of load, owing to the low T of the soft segment.
This behavior is consistent with that of polyurethane SMP reinforced with CNTs [38]. Increasing
the CNT content up to 0.3 wt % significantly enhanced the shape memory properties. In general,
SMPs consist of two major structures, the hard and soft segments, which act as the fixed phase and
reversible phase, respectively, as illustrated in Figure 6. When stress is applied, the fixed phase
prevents free motion and displacement of surrounding polymer chains, whereas the reversible phase
is deformed during shape memory cycle. These phases act as a molecular switch to fix and recover the
deformed shape at above and below the switching temperature (Ts), respectively [39]. Gu et al. [40]
observed that the interaction between the CNTs and the fixed phase of the SMP improved the shape
fixity. Furthermore, the presence of CNTs in an SMP can store elastic stain energy and helps strain
recovery during stretching and recovering processes. As shown in Figure 5, the addition of 0.5 wt %
CNTs resulted in slight decreases in the shape fixity and the shape recovery ratio. The formation of
CNT clusters weakened the interfacial adhesion between the CNTs and the polymer matrix, which led
to the failure of load transfer between the two phases [41]. Ni et al. [42] reported that the addition of
excess filler results in a reduction in the shape memory effect owing to the self-aggregation of the filler.
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Figure 5. Shape memory properties of EPN/CNSL composites tested by DMA: (W) load, (#) strain,
and (@) temperature.
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Figure 6. Shape memory behavior EPN/CNSL composites during NIR light test.

3.4. Shape Memory Behavior of EPN/CNSL Composites Induced by NIR Irradiation

The shape recovery images of EPN/CNSL containing 0-0.5 wt % CNT are shown in Supplementary
Materials Table S3, and the recovery times are summarized in Table 1. All samples showed 100%
shape recovery after different irradiation periods. When the samples were irradiated with NIR light,
the light was absorbed efficiently by the CNTs converted to thermal energy and transferred to the
polymer matrix, which increases the temperature of the entire sample. At temperatures above the T,
the reversible phase of an SMP possesses high elasticity owing to the flexibility of the chain segment,
which allows it to take a temporary shape. At temperatures below the T, this shape is automatically
fixed because of the limited flexibility of the chains. When the SMP was heated again above the T,
it spontaneously recovered to its original shape; the conformational entropy of the molecular segments
was the driving force. During the heating process, the molecular mobility increased, leading to an
increase in conformational entropy [6,43], as illustrated in Figure 6. The shape recovery times of the
samples decreased with increasing CNT content. Faster recovery indicates that the CNTs enhanced
the light absorption and thermal energy transfer of the SMP composites. EPN/CNSL containing
0.5 wt % CNT showed the shortest recovery time. A small amount of aggregated CNT enhanced the
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thermal conductivity by decreasing the thermal contact resistance among the tubes [44]. Furthermore,
each sample displayed consistent shape recovery rates after five testing cycles, which indicates that
the shape recovery effect is highly stable, as shown in Table 1. Slight reductions in the shape recovery
ratios and recovery times were observed for all the samples, possibly because the molecular materials
are likely to fatigue during repeated shape memory processes [45].

Table 1. Shape memory properties of EPN/CNSL composites activated by NIR light over five cycles.

CNT Content Shape recover ratio (%) at N =1-5 Recovery time (s) at N =1-5
(wt %) 1 2 3 4 5 1 2 3 4 5

0 98.85 9956 9998 98.89 9951 230 235 235 230 230

0.1 99.52 9873 99.67 9956 99.63 100 90 105 115 120

0.3 98.87 99.13 9822 99.82 99.56 95 9 8 90 80

0.5 99.45 99.78 9832 98.67 99.67 65 60 70 65 55

3.5. Stress Relaxation of EPN/CNSL Composites

The stress relaxation behaviors of the EPN/CNSL composites examined at 130—160 °C are shown
in Supplementary Materials, Figure S7. The relaxation rate increased with increasing temperature.
It should be noted that stress relaxation occurred in our composites in the absence of a catalyst.
The normalized stress relaxations (E/Ep) of all samples decreased to 0.75 as a function of time. It should
be noted that the final E/E( values were significantly larger than those of the vitrimers that require
a catalyst (E/Eg = 0.37) [46,47]. The similar relaxation rates of EPN/CNSL composites at 150 and
160 °C were observed. Therefore, the stress relaxation at 150 °C at 1 h was used to perform the
reconfiguration of shape and self-welding. The stress relaxation resulted from the transesterification
BER and the rearrangement of the flexible network. Therefore, the degree of BER was related to the
amount of ester linkages in system. The consumption of free hydroxyl (—OH) groups of EPN/CNSL
by etherification and esterification might be an explanation for the relatively low release of stress.
In this case, the etherification is a non-reversible reaction that decreases the number of ester linkages.
Furthermore, the amounts of ester linkages in EPN/CNSL composites were limited by the low content
of anarcardic acid (24.7%) comparable with those of the other components in CNSL. The quantitative
estimation of the degree of BER in EPN/CNSL composites should be further studied to clarify and
consolidate the character of the material. The degree of transesterification BER in epoxy acid networks
was estimated by using gas chromatography-mass spectrometry [47]. Imbernon et al. [14] reported a
similar observation; the stress relaxation of ENR cured with peroxide was found to be 0.8 of the initial
value, because a side reaction hindered the reversible reaction of the disulfide bonds.

In the stress relaxation experiment, the characteristic relaxation time was defined as the time
required for a particular stress relaxation modulus (7). For the EPN/CNSL composites, the time, T,
at which the E/E( value becomes 0.75 was plotted against the inverse temperature, and the activation
energy was estimated according to the Arrhenius equation [48], (Equation (4)).

Int= % —InA, 4)
where E, is the activation energy of stress relaxation (kJ/mol) caused by transesterification, R is the
universal gas constant, and T is the testing temperature (K). The values of E, shown in Figure 7 are
in the 40.73—54.91 kJ /mol range, and increased slightly with increasing CNT content. This can be
explained by the fact that the incorporation of CNTs hinders the stress relaxation of the polymer matrix
by restricting the molecular motion of the polymer chains at the interface [13].
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Figure 7. Activation energy for stress relaxation of EPN/CNSL composite.

3.6. Reconfiguration and Shape Memory of EPN/CNSL Composites

Stress relaxation behavior is an important factor in the production of materials that exhibit shape
reconfigurability and shape memory properties [49]. In order to determine how to combine these two
properties, samples were heated at 150 °C for 1 h to obtain new permanent shapes. The reconfigurability
of the samples was tested by reheating them at 150 °C. It was clear that the EPN/CNSL matrix exhibited
a better ability to fix the reconfigured shape compared to the other composites as shown in Table 2.
The newly configured shapes of the EPN/CNSL composites (U shape) were not fully maintained
after heating, and partial recovery to the original shapes was observed when the CNT content was
0.1—0.5 wt %. This result implies that the composites containing CNTs cannot relax the internal stress
sufficiently to afford a good permanent shape. Brutman et al. [11] suggested that complete of stress
relaxation via BERs lowers the stress and strain of an SMP to make its new shape permanent after
heating. Shape reconfiguration would be a new alternative method for processing products with
complicated geometries without using plastic molding. The shape memory performance after shape
reconfiguration was also studied using the experimental procedure shown in Figure 2c. After the
samples were reshaped, the shape memory procedure was performed several times from a new
permanent shape created using BERs, as illustrated in Table 2. The shape recovery ratios and recovery
times of the reshaped samples are summarized in Table 3. The EPN/CNSL matrix showed the highest
shape recovery ratio, which was in the 85.3—97.9% range after five test cycles. The shape recovery ratio
decreased with increasing CNT content, which could be attributed to the low degree of stress relaxation
and the shape recovery effect after reconfiguration. Ma et al. [50] observed that the recovery ratio of a
bio-based epoxy containing disulfide bonds depends on the degree of stress relaxation. The recovery
times of the EPN/CNSL composites decreased with increasing CNT content. The incorporation of
0.5 wt % CNTs effectively shortened the recovery time by ca. 90%. As mentioned above, this result
is consistent with the recovery times of EPN/CNSL composites with CNTs. The variations in shape
recovery ratios and shape recovery times observed in the reconfigurable EPN/CNSL composites could
be applied for the design of sophisticated shape memory systems.
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Table 2. Shape reconfigure ability and shape memory properties of EPN/CNSL composites activated
by NIR light.

CNT Content Original Reconfigured Reconfigured Shape memory behavior activated by NIR
(wt %) shape shape shape at 150 °C

0 (e
S e ="
SN B — [_

Table 3. Shape memory properties of reshaped EPN/CNSL composites activated by NIR light over

Permanent SHAPE Recovery shape

Gl

NN
| |

| |

five cycles.

CNT Content Shape recover ratio (%) at N = 1-5 Recovery time (s) at N = 1-5
(wt %)

1 2 3 4 5 1 2 3 4 5
0 96.35 9787 8854 8633 8526 390 370 410 500 510
0.1 84.18 7773 7753 7224 7136 170 210 190 180 190
0.3 79.75 7447 7034 6728 6748 120 110 130 140 140
0.5 59.73 5739 59.37 5343 48.17 80 40 40 40 40

3.7. Self-Welding of EPN/CNSL Composites

T-peeling tests were conducted to examine the self-welding properties of the EPN/CNSL
composites. The adhesive fracture energy (G.) was estimated using Equation (5), as has been reported
by Kawashita et al. [51]:
2P(1+e)

b
where P is the average peeling force during steady crack propagation, E is the modulus, e is the elastic
strain, and & and b are the thickness and width of the sample, respectively. The stress-strain curves
from the T-peeling tests and the values of the modulus and G, are given in Figure 8a,b. The highest
self-welding performance was observed for EPN/CNSL matrix without CNTs, and the values of G,
tended to decrease with increasing CNT content. This tendency corresponds to the characteristics
of stress relaxation. The presence of CNTs retarded the covalent bond exchange while increasing
activation energy (see Figure 7). For self-welding properties, the rate of the BER is a key parameter
for the formation of covalent bridges across the contact interface [52]. Capelot et al. [47] reported that
the welding strength depends on the concentration of hydroxyl (—OH) groups in epoxy networks,
which were controlled by bond exchange via metal-catalyzed transesterification. The G. values of
EPN/CNSL composites were comparable to those of epoxy vitrimers, e.g., epoxy cured with fatty
acid containing 2.24% metal catalyst (232-1032 ]/ m?) [53] and 1% metal catalyst (250—1500 J/ m?) [54].
According to these results, the self-welding of EPN/CNSL composites without glues or molds would
be beneficial for joining or repairing the epoxy networks.

GC = - EOhezr (5)
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Figure 8. (a) Stress-strain curves of self-welding and (b) modulus and adhesive fracture energy (G.) of
EPN/CNSL composites with different CNT contents.

4. Conclusions

Semi bio-based EPN/CNSL composites containing 0—0.5 wt % CNT were prepared, and two
types of curing processes i.e., etherification and esterification were observed for all of the samples.
An increase in CNT content resulted in higher esterification temperatures. After the curing process,
an IPN consisting of ester and ether linkage was observed. The presence of 0—0.3 wt % CNTs
significantly improved the shape fixities and shape recoveries of the film composites. The shape
recovery ratios of the EPN/CNSL composites, under NIR irradiation, showed good recovery,
and were nearly 100% over five cycles, indicating that NIR light was absorbed efficiently by the
CNTs and converted to thermal energy that was usable for shape recovery. This was supported
by the fact that the shape recovery time decreased with increasing CNT content. Furthermore,
the reconfigured EPN/CNSL composites displayed shape memory properties. Samples with new
shapes can be prepared via transesterification as a BER. The reconfiguration ability and shape memory
properties depended on the stress relaxation behaviors. The addition of CNTs suppressed the stress
relaxation, resulting in a decrease in adhesive fracture energy. The EPN/CNSL composites can be
promising materials that exhibit thermal- and photo-induced shape memory, shape reconfiguration,
and self-welding properties. The results of study may provide a new framework for the future design
of smart materials.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4360/10/5/482/s1,
Figure S1: FE-SEM image of CNTs, Figure S2: Preparation of EPN/CNSL composites, Figure S3: DSC curves of
EPN/CNSL after curing process, Figure S4: The shape recovery performance test, Figure S5: Configuration of
sample for T-peeling test, Figure S6: FT-IR spectra of CNSL, EPN monomer, and EPN/CNSL composites with
different CNT contents in the range of (a) 800-3500 cm ! and (b) 1500-1900 cm !, and (c) those of EPN/CNSL
matrix in the range of 1550-1900 cm~1 at various temperatures, Figure S7: Stress relaxation of EPN/CNSL
composites, Table S1: Curing temperature of EPN/CNSL composites, Table S2: Absorption bands in FT-IR spectra
and Table S3: Shape memory properties of EPN/CNSL composites activated by NIR light.
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