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Abstract 

Dual components of a self-healing epoxy system comprising an epoxy resin and its 

amine based curing agent were encapsulated in the polyacrylonitrile (PAN) shell via a 

coaxial electrospinning technique. The morphological study showed the electrospun 

core-shell nanofibers were smooth, continuous, and without beads, with average 

diameters measured to be 483 nm and 406 nm for encapsulated epoxy and amine 

nanofibres, respectively. Investigations into the nanofibre’s chemical structure 

showed the successful encapsulation of the epoxy resin and amine curing agent in 

PAN shell, retaining the chemical characteristics of the encapsulated components. The 

thermal characterization of the nanofibres reinforced these findings, showing a 24 

wt% and 37 wt% availability of the epoxy resin and amine curing agent contained 

within the PAN nanofibers, respectively. In addition, DSC results showed that this 

system holds great promise for self-healing epoxy resins in composite applications, 

particularly because of its spontaneous room temperature curing characteristics. 

 

1 Introduction 

Self-healing polymeric materials first emerged from the work of White et al
1
, 

who demonstrated the earliest instance of a material which could completely 

autonomously repair itself, based on a microcapsule approach. This innovation 

sparked an arms race of sorts in the field, with many other research groups 

developing self-healing materials capable of attaining even higher recovery 

responses
2-19

. Generally, the approaches used to imbue polymeric materials 

with the autonomous healing ability takes two forms, encapsulation of the 

healing agents within microcapsules
2-13

 or within vascular channels
15-22

, which 

are dispersed throughout the material. Between the two methods, the 

microcapsule based self-healing strategy has a severe limitation in that there is 

significant ambiguity in realizing complete healing and the healing of multiple 

repeated healing due to the lack of adequate healing agent at the site of damage, 

which could have been completely consumed before all the damage is repaired. 

Repeated healings would only be feasible through loading excess healing agent 

in the matrix that would not be depleted after the first healing occurs
23

. Dry
15

 et 

al therefore pioneered a method which enabled multiple healings through 

Page 2 of 22RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



3 

 

delivering a large supply of liquid healing agents from a reservoir contained 

within tubular channels. It is worth noting both Motuku
16

 and Dry employed 

hollow tubular structures of dimensions appreciably larger than that of the 

reinforcement fibres in order to contain sufficient amounts of the healing 

agents. These healing agent containing vascular systems, with diameters in the 

order of millimetres, could therefore disrupt the composite structure and 

ultimately be responsible for initiating the failure of the composite, limiting 

their usefulness. In addition, several groups including Trask et al
18, 19

 and 

Williams et al
20

, showed that the deployment of layers of hollow glass  

containing healing agents into glass fibre and carbon fibre epoxy composites 

allowed substantial recovery of the initial material’s strength. The fibres used in 

their work had hollowness of 50%, and had smaller diameters than the earlier 

cited works, having diameters between 30-100 µm. The relationship between 

hollow fibre size and the strength of the composite is perhaps best illustrated by 

Kousourakis
24

, whose work showed that relatively large fibre sizes 

correspondingly reduced the static strength of the material when aligned 

perpendicularly to the plies of the reinforcement fibre. 

Encapsulation of healing agents within of small diameters has consequently 

received much attention from researchers. One approach invented by Park and 

his collaborators
25

 involved the fabrication of a self-healing coating by 

encapsulating two parts dimethylpolysiloxane in polyvinylpyrrolidone (PVP) 

via a two-step electrospinning method, and combining the resultant in a coating 

of acrylated polyurethane on a steel substrate. His research group demonstrated 

the utility and effectiveness of this electrospinning method by successfully 

encapsulating the healing agents within nanosized fibre channels. Another 

research group led by Sinha-Ray et al
26

 reported the encapsulation of two 

healing agents, dicyclopentadiene (DCPD) and isophorone diisocyanate (IPDI), 

in PAN nanofibres. Additionally, Wu et al
27

 employed coaxial electrospinning 

to encapsulate DCPD healing agents in PAN nanofibres, and successfully 

fabricated a hybrid material by layering plies of the electrospun nanofibre webs 

onto the reinforcement in an epoxy/carbon fibre composite. His results showed 

100% recoverable mechanical properties of the samples approximately 2 hours 

after fracture, allowing sufficient time for the release of the healing agent, 

contacting the catalyst, and for polymerization to occur. Mitchell et al
28

 also 
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encapsulated an epoxy (healing agent) in polyvinyl alcohol (PVA) nanofibres 

via electrospinning, but his work focused more on the methodology of core-

shell fibres production without further investigation on the healing performance 

and recovering efficiency. Further to these reported works, Lee and co-workers 

also used the electrospinning method to produce self-healing composites and 

coatings by encapsulating dimethylsiloxane (DMS) in PAN
29-33

. 

Due to the industrial and commercial importance of epoxies in a host of 

applications and composite materials, the development of a self-healing epoxy 

system is of great interest, with its potential to provide a chemically and 

mechanically suitable matrix system to many epoxy composites and coatings in 

use today. Much of the reported literature concentrates on the encapsulation of 

epoxy resins and their corresponding curing agents in dual capsule healing 

systems
6-14

. But there have not been any reported attempts at encapsulating the 

epoxy resin and curing agent in nanofibres. Furthermore, ability of certain 

amine based curing agent systems that allow for room temperature curing 

would be of great interest to many industries. Therefore, in this study, we 

propose the methodology for encapsulating an epoxy and an amine based 

curing agent in a PAN nanofibre through a coaxial electrospinning technique. 

The epoxy and curing agent systems were specifically selected for their low 

viscosity and room temperature curing ability to allow the liquid resin and 

curing agents to flow easily into the initiated cracks upon sustaining damage, 

react with each other, and initiate healing at room temperature. 

 

2 Experimental materials & methods 

2.1 Materials 

Both PAN (polyacrylonitrile, Mw = 150 kDa) and DMF (N,N-

Dimethylformamide, 99.8%) were purchased from Sigma-Aldrich. The two 

components of the low-viscosity epoxy system, EPIKOTE™ Resin 240 and its 

amine based curing agent EPIKURE™ 3370, were purchased from Hexion and 

used without further purification. These components were separately supplied 

to the core of the coaxial needle, while a 9 wt% solution of PAN in DMF was 

supplied to the shell of the coaxial needle, yielding PAN encapsulated resin 

nanofibres, and PAN encapsulated curing agent nanofibres. The PAN solution 
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was prepared by combining the appropriate quantities of polymer powder and 

DMF solvent in a scintillation vial, and stirred by a magnetic stirrer for 24 h at 

room temperature. 

2.2 Coaxial electrospinning 

To perform coaxial electrospinning, a coaxial needle, supplied by Ramé-hart 

USA, comprising a 24 gauge inner needle and a 16 gauge outer needle was 

used. Fig.1 shows the schematic illustration of the coaxial electrospinning 

process. The typical flow rate for the PAN shell material was 0.9 ml h
-1

, 

whereas for the core materials, flow rates of 0.06 ml h
-1

 for the epoxy resin, and 

0.07 ml h
-1

 for the amine based curing agent were found to result in stable 

electrospinning. The distance between needle tip and collector was fixed at 15 

cm for both encapsulating the resin and the curing agent, and a 15 kV direct 

current voltage was applied to induce the nanofibres formation from the 

solution. 

 

Fig.1. Schematic illustration of the coaxial electrospinning  

2.3 Characterization 

2.3.1  Morphological characterization 

The surface morphology of the electrospun core−shell nanofibre mats was 

studied using a Hitachi S-4300 field emission scanning electron microscope 

(FESEM). To reveal the core−shell structure of the nanofibres and verify the 

successful encapsulation of the resin and curing agent within the PAN shell, we 

employed a JEM 2010F transmission electron microscope (TEM) operating at 

200 kV. 

2.3.2  Chemical and physical state of the components  

Fourier transform infrared (FTIR) spectroscopy was used in order to probe the 

functional groups present in the core-shell nanofibres. The FTIR spectra was 

recorded on a Bio-Rad FTS-3500ARX FTIR spectrometer using the KBr pellets 

method in the range of wave numbers from 4000–500 cm
-1

. To eliminate the 

possibility of having unencapsulated epoxy and amine curing agent generating 

false positives during FTIR analysis, methanol was used to wash the 

electrospun nanofibres prior to the FTIR runs. 
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To attempt a quantitative assessment of the amount of encapsulated core 

material, a series of thermogravimetric analysis (TGA) experiments were 

performed using a Shimadzu DTG-60H TGA analyser. Methanol washing was 

again employed to remove the unencapsulated resins and curing agents from 

the surface of the nanofibres. The sample weight was approximately 10 mg of 

nanofibres for each TGA experiment, and each sample was obtained by careful 

excision from the collected electrospun mat with a new razor blade (cleaned 

with acetone), and deposited in 70 µl alumina crucibles. The TGA instrument 

was ramped at 10°C min
-1

 from room temperature to 600°C under argon gas at 

a flow rate of 50ml min
-1

. Dynamic differential scanning calorimetry (DSC) 

studies were also carried out, using a Shimadzu DSC-60 thermal analysis 

instrument to examine the thermal characteristics and curing behaviour of the 

selected epoxy resin and amine based curing agent. The heating rate for the 

non-isothermal measurements was set at 10°C min
-1

 from room temperature to 

300 °C under argon gas at a flow rate of 50ml min
-1

. Furthermore, temperatures 

of 30, 40, 50, and 60°C were also used to conduct a study on the isothermal 

curing characteristics of the resin. 

 

3 Results and discussion 

3.1  Morphological characterization 

Representative SEM images of the electrospun encapsulated epoxy and curing 

agent nanofibres are shown in Fig.2 (a,b) and Fig.2 (d,e), respectively. The 

nanofibres are sufficiently uniform in diameter, and exhibited no beading. The 

images were analysed using Image J. Averaged over 50 measurements, the 

average nanofibre diameter was measured to be 483 nm and 406 nm for 

encapsulated epoxy and amine nanofibres respectively. The standard deviation 

of nanofibre diameters was further determined to be 78 and 62 nm for epoxy 

and amine containing nanofibres respectively. Fig. 2 (c) and Fig. 2 (f) show the 

nanofiber diameter distribution of epoxy-PAN and amine based curing agent-

PAN core-shell nanofibers, respectively. In addition, Fig. 2 (g) illustrates the 

nanofiber damage, release of the encapsulated epoxy and curing agent, contact 

between the two components, and the resulting curing and solidification of the 
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new resin. The red circles indicate the solidified epoxy after release from the 

damaged nanofibers. 

To further corroborate the core–shell structure of the nanofibres, TEM images 

were obtained as shown in Fig.3 (a) and Fig.3 (b) for epoxy and amine based 

cores, respectively. The TEM samples were prepared by depositing nanofibres 

onto a copper grid for a few seconds. The interfacial boundary lines between 

the core and the shell are clearly visible in both epoxy-PAN and amine based 

curing agent-PAN nanofibres. The diameter of the full epoxy-PAN core–shell 

nanofibre was measured to be approximately 496 nm, with the epoxy core 

having a diameter measured to be approximately 164 nm. In the curing agent-

PAN nanofibre, the full core–shell nanofibre diameter and the amine core 

diameters were found to be ∼428nm and ∼127nm, respectively. 

 

Fig.2: SEM image of epoxy-PAN (core-shell) nanofibres at 5000 magnification (a), 10000 

magnification (b), and its distribution of nanofibers diameters (c). Amine based curing agent-PAN 

(core-shell) nanofibres at 5000 magnification (d), 10000 magnification (e) and its distribution of 

nanofiber diameters (f), ruptured nanofibers leading to the release of encapsulated healing agents, and 

subsequent curing to obtain the solidified resin (circled) (g) 

 

Fig.3: TEM image of epoxy-PAN (core-shell) nanofibres (a) and amine based curing agent-PAN (core-

shell) nanofibres (b). 

 

3.2 Chemical Structure of Nanofibres 

The chemical structure of the epoxy and curing agent containing nanofibres 

was investigated by FTIR. Fig.4 (a) shows the IR spectra of the neat PAN, neat 

epoxy, and PAN encapsulated epoxy core-shell nanofibres. The FTIR spectrum 

of the neat PAN shell nanofibres exhibits a -C≡N (stretch) absorption band at 

2245 cm
-1

, while -CH2 absorption peaks appear at 2930 cm
-1

. For neat epoxy 

sample, the absorption peaks at 1254 and 911 cm
-1

 indicate the presence of C-

O-C and epoxide groups, respectively. Characteristic peaks of both the epoxy 

and PAN appear in the FTIR spectrum of the core-shell nanofibre, clearly 

indicative of the encapsulation of epoxy by PAN, while the retention of the 

reactive functional groups suggest physical encapsulation, and the absence of 

chemical reactions between PAN and epoxy.  
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Fig.4 (b) shows the IR spectra of the neat PAN, neat curing agent, and curing 

agent containing PAN nanofibres. Similar to Fig.4 (a) the FTIR spectrum of the 

neat PAN shell nanofibres exhibits characteristic peaks at 2245 cm
-1

 and 2930 

cm
-1

. For the amine based curing agent, absorption peaks for the N-H group 

could be located at 837, 1603, and 3360cm
-1

. In addition, characteristic peaks of 

both PAN shell and the curing agent can be seen in the FTIR spectrum of the 

broken core-shell nanofibre, which indicate the successful encapsulation of the 

curing agent and the lack of chemical reactions between PAN and the amine 

based curing agent over the course of electrospinning. 

 

Fig.4: FT-IR spectra of epoxy-PAN nanofibers (a) and amine based curing agent-PAN nanofibres (b). 

 

3.3 Thermal stability of nanofibres 

The thermal stability of the core-shell nanofibre is an important property which 

dictates its temperature performance limitations and suitability to be used as 

healing agents in self-healing resins. TGA is a complementary technique that 

can elucidate the composition and thermal stability of the nanofibres, providing 

a quantitative assessment of the amount of encapsulated core material, and the 

temperature at which thermal decomposition starts to occur. The epoxy 

containing PAN nanofibres and the curing agent containing nanofibres were 

tested along with four control samples, namely neat PAN (PAN powder before 

electrospinning), neat PAN nanofibres, neat epoxy resin, and neat amine based 

curing agent. The data obtained from these experiments are shown in Fig.5 (a) 

and Fig.5 (b) for the epoxy core and amine based curing agent core 

respectively. 

 

Fig.5: Typical TGA curve for epoxy-PAN nanofibres (a) and amine based curing agent-PAN 

nanofibres (b). 

 

Fig.5 (a) shows the superimposed TGA plots of the neat epoxy, neat PAN, neat 

PAN nanofibres, and encapsulated epoxy-PAN nanofibre. In the case of PAN, 

the shape of the TGA curve in an inert atmosphere possess two distinct mass 

loss steps
34

. The first occurs at approximately 320 °C and is associated with 

nitrile oligomerization, which produces volatile products, e.g. NH3, HCN, 

CH3CN etc that are driven off. The second stage of the PAN degradation occurs 
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between 350–500 °C. In addition, there is an observed weight loss in neat PAN 

nanofibers at approximately 70-85 °C likely due the evaporation of residual 

DMF. The thermal decomposition of the epoxy resin occurs in the temperature 

range of 200–480 °C, and consists of two stages. In case of the epoxy 

containing nanofibres, the general thermal degradation pattern shows 

decomposition from 180 °C to 500 °C consisting of three stages. The epoxy 

content of the core-shell nanofibres has been approximated by considering the 

weight loss contributed from the PAN component of the core-shell nanofibres 

around 500 °C, using the weight loss from neat PAN as a baseline. The epoxy 

content in the core-shell nanofibres was thus observed to be approximately 24 

wt%. 

 

Similar to epoxy core, Fig.5 (b) shows the superimposed TGA plots of the neat 

amine based curing agent, neat PAN, neat PAN nanofibres, and core-shell 

nanofibre with the curing agent encapsulated in the core. The TGA curve of 

curing agent exhibits a one-step weight loss starting at 120 °C and continuing 

up to 290 °C. In case of the curing agent containing nanofibres, the general 

thermal degradation pattern shows decomposition from 185 °C to 500 °C 

consisting of two stages. By the same approximation, the curing agent content 

within the core-shell nanofibres was estimated to be approximately 37 wt%. 

 

The theoretical composition of the encapsulated nanofibre samples can be 

determined from the prescribed mass flow rates in the electrospinning process
28

 

since the volume flow rates of the materials and their densities are known. 

According to the electrospinning flow rates, the theoretical weight proportion 

of the cores were calculated to be 45% and 46% for epoxy resin and amine 

based curing agent cores respectively (assuming the complete evaporation of 

DMF solvent during the electrospinning process). However, the TGA derived 

compositions were significantly lower than predicted, coming in at 24% and 

37%, respectively. This discrepancy suggests a portion of the core material is 

not encapsulated within nanofibres and were removed during the washing with 

methanol. On the other hand, comparing the encapsulated epoxy wt% and 

curing agent wt% reveals that encapsulation of the curing agent occurs 

relatively easier compared to the epoxy resin, with a smaller discrepancy 
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between the measured and expected nanofibre composition. This is likely due 

to the different solution parameters such as viscosity and conductivity
35

 

affecting the coaxial electrospinning process. 

 

3.4 Curing studies 

The reaction between epoxy and the curing agent is exothermic in nature; 

hence, the self-healing process of the dual-component core-shell nanofibres can 

be well observed by monitoring the changes in thermal behaviour of the 

samples by DSC. The samples for DSC studies were put in the DSC pan, 

crimped, and then immediately tested. Fig.6 (a) shows the curing of the neat 

epoxy resin (EPIKOTE™ Resin 240) with neat amine based curing agent 

(EPIKURE™ 3370). Fig.6 (b) and (c) show the DSC plots of the dual 

component encapsulated nanofibres under damaged and undamaged conditions 

respectively. For PAN containing samples shown in Fig.6 (b) and (c), the 

initiation of an exothermic peak starting at approximately 270-280 °C, is likely 

due to the start of the cyclization reaction of PAN. Comparing Fig.6 (b), and 

(c), when damage to the nanofibres is induced (via applying pressure with a 

pair of tweezers) prior to being loaded into the DSC pan, the dual-component 

encapsulated nanofibre specimens exhibited an obvious broad exothermic peak 

centred at about 104 °C due to the exothermic curing reaction; this is broadly 

similar to the curing peak observed for neat epoxy and the neat curing agent 

(exothermic peak centred at about 100 °C). However, for undamaged dual 

component containing nanofibres, the exothermic reaction peak was observed 

to be centred around 172 °C, with the reaction initiation from 143 °C. It is thus 

abundantly clear that at the onset of 140 °C the core materials (epoxy and 

curing agent) are released from the undamaged nanofibres, making both 

components available for the curing reaction to occur. This accounts for the 

delayed onset of the exothermic peak as compared to the damaged core-shell 

nanofibres in which both components leak out of the broken nanofibres, and are 

readily available from the onset of the DSC experiment. 

 

Fig.6: DSC curves for curing of epoxy and amine based curing agent. (a) Reaction with epoxy 

and curing agent in initial mode. (b) Reaction between epoxy and curing agent in the nanofibres 

with induced damage. (c) Reaction between epoxy and curing agent in the nanofibres without 

induced damage 
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To determine the reaction duration to completion, a series of experiments were 

performed. Dual component core-shell nanofibres were placed in the DSC pan, 

and mechanically damaged by pressing them with tweezers and performing the 

DSC under isothermal conditions. Through the partial integration of the area 

under the obtained curves in the isothermal reaction, the fractional conversion 

as a function of time can be obtained
36

. Fig.7 shows the conversion of reaction 

between epoxy resin and amine based curing agent released from broken 

nanofibres plotted against time at temperatures from 30 to 60 °C. It is apparent 

that with increasing temperature, the time taken to complete the curing process 

decreases. However, the curing reaction can still proceed to completion at room 

temperature (30 °C), albeit requiring a longer duration of 360 minutes. This 

provides the basis for formulating spontaneously curing, self-healing resins at 

room temperature without the application of driving forces like elevated 

temperatures. 

 
Fig.7: Isothermal fractional conversion of healing reaction between epoxy and amine base 

curing agent released from broken nanofibres in different temperature 

4 Conclusions 

This study describes the protocol for, and demonstrates the feasibility of 

attaining self-healing epoxy systems by encapsulating the resin and amine base 

curing agent components in nanofibres through the use of coaxial 

electrospinning. The core-shell nanofibres produced had an average diameter of 

483 and 406 nm for epoxy and amine based curing agent, respectively. The 

chemicals structure and morphological study prove that for both epoxy resin 

and curing agent, coaxial elecrospinning is suitable method for encapsulating 

these healing materials in the PAN nanofibres and no more chemical reaction 

observed during the encapsulating of the aforementioned material in the PAN 

nanofibres. The thermal characteristics study confirms the availability of both 

resin and curing agent components at 24 and 37 wt% proportions in the PAN 

nanofibres respectively. Furthermore, the thermal characterisation studies also 

indicated that the onset of the decomposition process for the epoxy containing 

nanofibres begins from 200 °C compared to 185 °C for nanofibres 

encapsulating the amine based curing agent. Moreover, curing studies showed 
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that rupturing the nanofibres resulted in the release of the dual components 

from the core-shell nanofibres, and allowed for the curing reaction to occur at 

room temperatures. Therefore, this self-healing system has been shown to hold 

much promise, especially in epoxy resins and epoxy composites that are cured 

at room temperature up to 140 °C. As part of the ongoing efforts to further 

characterize the performance and self-healing attributes of self-healing epoxy 

systems, an investigation into carbon fibre composites enriched with nanofibres 

fabricated by this coaxial electrospinning based encapsulation technique is 

currently being undertaken by our group. 
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Figure captions 

 

Fig.1. Schematic illustration of the coaxial electrospinning  

 

Fig.2: SEM image of epoxy-PAN (core-shell) nanofibres at 5000 magnification (a), 

10000 magnification (b), and its distribution of nanofibers diameters (c). Amine based 

curing agent-PAN (core-shell) nanofibres at 5000 magnification (d), 10000 

magnification (e) and its distribution of nanofiber diameters (f), ruptured nanofibers 

leading to the release of encapsulated healing agents, and subsequent curing to obtain 

the solidified resin (circled) (g) 

 

Fig.3: TEM image of epoxy-PAN (core-shell) nanofibres (a) and amine based curing 

agent-PAN (core-shell) nanofibres (b). 

 

Fig.4: FT-IR spectra of epoxy-PAN nanofibers (a) and amine based curing 

agent-PAN nanofibres (b) 

 

Fig.5: Typical TGA curve for epoxy-PAN nanofibres (a) and amine based 

curing agent-PAN nanofibres (b). 

 

Fig.6: DSC curves for curing of epoxy and amine based curing agent. (a) 

Reaction with epoxy and curing agent in initial mode. (b) Reaction between 

epoxy and curing agent in the nanofibres with induced damage. (c) Reaction 

between epoxy and curing agent in the nanofibres without induced damage 

 

Fig.7: Isothermal fractional conversion of healing reaction between epoxy and 

amine base curing agent released from broken nanofibres in different 

temperature 
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Fig.1. Schematic illustration of the coaxial electrospinning 
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Fig.2: SEM image of epoxy-PAN (core-shell) nanofibres at 5000 magnification (a), 

10000 magnification (b), and its distribution of nanofibers diameters (c). Amine based 

curing agent-PAN (core-shell) nanofibres at 5000 magnification (d), 10000 

magnification (e) and its distribution of nanofiber diameters (f), ruptured nanofibers 

leading to the release of encapsulated healing agents, and subsequent curing to obtain 

the solidified resin (circled) (g) 
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Fig.3: TEM image of epoxy-PAN (core-shell) nanofibres (a) and amine based curing 

agent-PAN (core-shell) nanofibres (b). 
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Fig.4: FT-IR spectra of epoxy-PAN nanofibers (a) and amine based curing 

agent-PAN nanofibres (b) 
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Fig.5: Typical TGA curve for epoxy-PAN nanofibres (a) and amine based 

curing agent-PAN nanofibres (b). 
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Fig.6: DSC curves for curing of epoxy and amine based curing agent. (a) 

Reaction with epoxy and curing agent in initial mode. (b) Reaction between 

epoxy and curing agent in the nanofibres with induced damage. (c) Reaction 

between epoxy and curing agent in the nanofibres without induced damage 
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Fig.7: Isothermal fractional conversion of healing reaction between epoxy and 

amine base curing agent released from broken nanofibres in different 

temperature 
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Graphical abstract: Encapsulating of epoxy resin and amine based curing agent in 

core-shell nanofibres using coaxial electrospinning  
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