
Chapter 5
Characterization of Self-Healing
Phenomena on Micro- and Nanoscale
Level

This chapter describes and discusses some of the characterizationmethods employed
to verify the physical and chemical aspects of self-healing on the micro- and
nanoscale levels. These methods are used to confirm that the healing agents are
encased and released from nanofibers (NFs), spread, reacted, and solidified. The
methodsdiscussed in this section are alsoused to elucidate themorphological changes
in the damaged material caused by the released healing agents. Characterization
methods including visualization (Sect. 5.1), spectroscopy (Sect. 5.2), and thermal
analysis (Sect. 5.3) are discussed below.

5.1 Visualization

To ensure that the healing materials are encapsulated in the fiber cores, defect-free
and bead- or blob-free uniform fibers are preferred. The overall morphologies of
fibers containing healing agents can be inspected using optical microscopy (OM,
Sett et al. 2015), scanning electron microscopy (SEM, An et al. 2014), atomic force
microscopy (AFM, Sinha-Ray et al. 2013), and optical profilometry (Ghosal et al.
2016). However, only the exterior features can be observed by these methods. The
core-shell architecture is one of the most important structural features of self-healing
fibers. Thus, the presence of a core filled with a healing agent must be confirmed
using transmission electron microscopy (TEM), which allows for imaging through
sufficiently thin shells (An et al. 2015; Lee et al. 2015). Fluorescence imaging can also
be used to observe the encased core material if it is blended with a fluorescent dye or
contains fluorescent markers (Sinha-Ray et al. 2011; Pang and Bond 2005a, b). The
internal damage incurred within a composite can be investigated using ultrasonic C-
scanning or X-radiography (Bleay et al. 2001; Pang and Bond 2005a, b). NF images
obtained using the methods described in this chapter are shown in Fig. 5.1. It should
be emphasized that Fig. 5.1 illustrates the observation methods, with not necessarily
core-shell fibers containing healing agents (some fibers in Fig. 5.1 are not of this
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type). A number of additional SEM, TEM and fluorescent images of core-shell NFs
filled with healing agents can be found in Chaps. 1 and 4.

5.2 Spectroscopic Characterization

The elemental composition of the released healing agents can be analyzed using
energy-dispersive X-ray spectroscopy (EDX). For example, the presence of dimethyl
siloxane resin monomer (C2H6OSi, DMS; cf. Sect. 2.2) in the core encapsulated in
the polyacrylonitrile [(C3H3N)n, PAN] shell of core-shell NFs was confirmed by
EDX analysis. The spectrum of the NFs contained a distinct peak related to silicon
(Si) at the Kα value of ~1.8 keV (see Fig. 5.2) (Lee et al. 2014b, 2015).

The presence of a curing agent (dimethyl-methyl hydrogen-siloxane, DMHS)
withinNFs formed by emulsion electrospinning (Sect. 4.3) was confirmed by EDX in
Lee et al. (2014b). Figure 5.3 comparesSEMimages and theEDXdata for the uniform
parts of NFs and in the beads on the fibers. The beads should contain more curing
agent, as they are bulkier sectionswithmore space to store the curing agent. Figure 5.4
confirms the greater amount of curing agent in the beads on the fibers through a
comparison of the silicon contents in different detection domains corresponding to
Spectra 3 and 4. The peak corresponding to the silicon content is higher for the
bead on the fibers. Silicon is also detected in the uniform parts of these fibers,
indicating continuous curing agent cores throughout these core-shell NFs. It should
be emphasized that the curing agent is uniformly distributed in the cores of multiple
long sections of NFs spanning the beads. Therefore, a 3D network of suchNFs allows
uniform coverage of the surface, which is hard to achieve with an approach involving
capsules.

In Sinha-Ray et al. (2012), EDX was employed to detect healing agents of dicy-
clopentadiene (DCPD; cf. Sect. 2.1) or isophorone diisocyanate (cf. Sect. 2.3) in
the fiber cores. The fibers were formed using co-electrospinning, emulsion electro-
spinning, and coaxial solution blowing described in Sects. 4.2, 4.3 and 4.5, respec-
tively. The quantification of light elements by EDX is extremely difficult and may
be inaccurate because of the absorption of low-energy X-rays in a specimen, in the
detector window and the silicon dead layer. In addition, to avoid any possible inter-
ference, samples cannot be sputter-coated with metal. Therefore, samples should
be inspected in a differential-pressure SEM chamber, which employs gas ions to
neutralize the electric charge. This causes the beam to widen, which can introduce
difficulties with localization for any analysis conducted. This widening can begin
from a submicrometer-sized spot in an ultra-high vacuum SEM to a spot of ~100μm
in a differential-pressure SEM (in addition to the possible movement of the NF mat
under an electron beam).

When EDX is employed, materials are characterized based on their Kα energy
shell. In the core-shell NFs studied by Sinha-Ray et al. (2012), the shell consisted
of PAN and the core comprised either DCPD (C10H12) or isophorone diisocyanate
(C12H18N2O2). In the PAN/DCPD core-shell system, it was implied that the EDX
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Fig. 5.1 a OM image of as-deposited soy protein/poly(vinyl alcohol) (PVA) NFs on a rayon pad.
Reprinted with permission from Sett et al. (2015). b SEM image of electrospun polyacrylonitrile
(PAN) NFs sputter-coated by platinum. Reprinted with permission from An et al. (2014). c AFM
landscape-mode image of nylon-6 fiber deposited over a trench. Reprinted with permission from
Sinha-Ray et al. (2013). dOptical profilometry image. Reprinted with permission fromGhosal et al.
(2016). e TEM image of resin monomer (core)-PAN (shell) NF; cf. Fig. 4.9 in Sect. 4.2. Reprinted
with permission from An et al. (2015). f Fluorescence microscopy image of fibers of nylon-6/soy
protein blend. Reprinted with permission from Sinha-Ray et al. (2011). g Ultrasonic C-scanning
image after impact damage at the impact energy of 0.8 J (i.e., indentation at 1400 N). Reprinted
with permission from Pang and Bond (2005b). hX-radiograph of quasi-isotropic hollow glass/fiber
composite after impact test obtained using opaque X-ray dye incorporated within the impact region.
Reprinted with permission from Bleay et al. (2001)
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Fig. 5.2 SEM image of a spherical mass of DMS resin monomer released from damaged co-
electrospun NFs (cf. Fig. 4.6d in Sect. 4.2) and EDX analysis results for this mass. Reprinted with
permission from Lee et al. (2015)

Fig. 5.3 a SEM and b, c EDX data for NFs formed by the emulsion electrospinning with curing
agent in the cores. Data were obtained in b the region of a uniform fiber, Spectrum 3, and in c the
region of a bead on the fiber, Spectrum 4. Reprinted with permission from Lee et al. (2014b)
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Fig. 5.4 EDX data for
core-shell NFs with curing
agent in the core. A silicon
peak at 1.739 keV implies
the presence of curing agent
withing NFs. Reprinted with
permission from Lee et al.
(2014b)
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spectrum of the DCPD core, which contained little or no nitrogen, should be easily
distinguishable from the shell spectrum, which contained nitrogen. A careful obser-
vation of the EDX series revealed that carbon and nitrogen corresponded to the Kα

value of 0.277 keV and 0.392 keV, respectively. The energy resolution of the detector
was ~0.140 keV,meaning that, in theEDXspectrum, the peaks of nitrogen and carbon
would overlap, impeding reliable characterization based on the presence or absence
of nitrogen. Indeed, it is shown in Fig. 5.5a and b for the PAN/DCPD core-shell fibers
that the nitrogen peak is completely obscured by the neighboring carbon peak, thus
making it impossible to prove the existence of DCPD in the core by EDX. However,
the spectrum of a cross-section of PAN/isophorone diisocyanate NFs (Fig. 5.5c) is
more informative. Figure 5.5c shows that the oxygen peak in the core in such fibers
is much higher (~8%; Fig. 5.5c) than that in the shell (~3%; Fig. 5.5a). This indicates
the presence of isophorone diisocyanate in the fiber core. However, the difference in
the oxygen peaks is not very pronounced, and the comparison of Fig. 5.5a and c is
more qualitative than quantitative.

An additional question arises in relation to the released healing agents: whether
they mix, polymerize, and solidify, or remain unmixed and liquid. Solidification
does not occur in any individual fiber core alone because the cores contain either
DMS resin monomer or the curing agent in separate fibers, as in Lee et al. (2017a).
Solidification occurs only when the healing agents are released from the ruptured
fiber cores, mixed, and polymerized. It should be emphasized that neither X-ray
diffraction (XRD), EDX, nor Raman spectroscopy can determine whether a mixed
drop containing both resin monomer and curing agent is polymerized, and thus
solidified. This can be determined only by observing the change in the surface texture
of a drop, as was shown in Sect. 3.3; cf. Figs. 3.21 and 3.22. Such a change can also
be noted via a detailed inspection of the images like those in Fig. 5.6, demonstrating
that polymerization and solidification occurred in the drops shown.
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Fig. 5.5 EDX spectra of a NF shell (PAN), and b a cross-section of PAN/DCPD NF. The presence
of nitrogen is masked by the neighboring carbon peak in the spectrum because of the energy
resolution of the detector. Panel c shows a cross-sectional EDX spectrum of a PAN/isophorone
diisocyanate NF. Panel c reveals a visible increase in the oxygen peak compared to that in panel
a. This rise is attributed to the presence of the oxygen-containing isophorone diisocyanate in the
fiber core. Reprinted with permission from Sinha-Ray et al. (2012)

Fig. 5.6 SEM images of cut zone in a PRC (PAN–resin-curing agent) nanofiber mat (scale bars
are 5 μm). The surrounding vacuum could have facilitated drop release from the fibers; however,
such a release was also observed in open air under ambient pressure and temperature in An et al.
(2015). Reprinted with permission from Lee et al. (2017a)
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Fourier-transform infrared (FTIR) and Raman spectroscopies performed at room
temperature in open air can also be used as nondestructive imaging techniques. The
healing process, that is, the polymerization of the released healing agents, can be
investigated using these techniques (Zanjani et al. 2015, 2017; Yerro et al. 2016).
For example, in the case of DCPD, the bands at wavenumbers of 1572 cm−1 and
1614 cm−1 are assigned to the ν(C�C) stretching vibrations of the DCPDmonomer
(see Fig. 5.7). The occurrence of the healing process is confirmed by the fact that the
disappearance of the peak at 1572 cm−1 and the red-shifting of the peak at 1614 cm−1,
which suggest the polymerization ofDCPD(Yerro et al. 2016). FTIRanalysis has also
been used to confirm the encapsulation of hardener and epoxywithin a fiber structure.
Figure 5.7c and d show the FTIR spectra of hardener and resin, respectively. The
peak at 1592 cm−1 corresponds to N–H bending vibrations, while the strong peak at
1150 cm−1 is related to the stretching of C–N bonds, confirming the presence of the
amine-based hardener in the fiber structure (Fig. 5.7c). Furthermore, the peaks at 815
and 840 cm−1, which belong to the oxirane groups, verify the presence of the epoxy
resin within the triaxial fiber structure formed in Zanjani et al. (2015) (Fig. 5.7d).

Raman spectroscopy is another method used to determine the chemical compo-
sitions of specific healed or unhealed regions in self-healing materials. The Raman
spectrum of PDMS in the healed crack studied by Lee et al. (2017b), mentioned in
Sect. 3.4, was used to confirm that the resin and curing agent were released and that
the resin was cured on the PDMS surface of the surrounding matrix. The bonds in
the PDMSmolecule, namely the Si–O–Si, Si–C, and CH3 bonds, exhibit peaks at the
wavenumbers of 492 cm−1, 618/712 cm−1, and1265 cm−1, respectively, in theRaman
spectrum of PDMS (Jayes et al. 2003). The spectral peaks for the resin monomer,
curing agent, and dyes used (cf. Fig. 3.25), and their corresponding wavenumbers
are listed in Table 5.1. The peaks were selected to distinguish between the released
resin monomer and curing agent on the cured PDMS surface. In particular, the resin
monomer/curing agent mixing zone was investigated to confirm that mixing and cur-
ing had occurred successfully. The peaks at 1541 cm−1 (*) and 2168 cm−1 (˛) seen in
the spectra of the resin monomer (Fig. 5.8b) and the curing agent (Fig. 5.8c) are not
seen in the spectrum of cured PDMS (Fig. 5.8a). These two peaks, which correspond
to the CH2–NH–CH2 and Si–H bonds, respectively, disappear as the resin monomer
is polymerized by the curing agent (Colthup et al. 1975). In addition, the dyed resin
monomer and curing agent exhibit additional peaks (◯ and ●), which correspond to
the pigments used to color them. The Raman spectrum of the mixing zone exhibits
the peaks described above. The mixing zone is also shown in the optical image in
Fig. 5.9, marked (f). The Raman spectrum does not contain the peaks at 1541 cm−1

(*) and 2168 cm−1 (˛) seen from the uncured resin monomer and curing agent; thus,
it is considered to correspond to the cured PDMS. It does contain peaks related to
both the dyed resin (◯) and the curing agent (●) released from the damaged channels
(cf. Fig. 3.25 in Sect. 3.4). This proves that the material in the mixing zone is cured
PDMS formed by the mixing of the resin monomer and the curing agent released
from the damaged channels and their subsequent polymerization on the crack banks
(see Fig. 3.28 in Sect. 3.4).
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Fig. 5.7 a FTIR spectra of the initial materials and self-healing bleed. RhB: Rhodamine B;
DCPD(DMF): 10 wt% DCPD solution in DMF; G(DCM): 1 wt% Grubbs’ catalyst solu-
tion in methylene chloride (DCM); poly(DCPD) (RhB): ROMP (ring-opening metathesis poly-
merization) of polymer DCPD with RhB. b Spectra of DCPD(DMF), Simgal (a drug), and
the bleed. Reprinted with permission from Yerro et al. (2016). c FTIR spectra of hard-
ener, poly(methyl methacrylate)/poly(acrylamide) (PMMA/PAAm) triaxial hollow fibers, and
PMMA/PAAm/hardener triaxial fibers. d FTIR spectra of epoxy resin, PMMA/PAAm triaxial hol-
low fibers, and PMMA/PAAm/epoxy triaxial fibers. Reprinted with permission from Zanjani et al.
(2015)

Surface images from the same location of the microchannel system (in the mixing
zone) are obtained using OM and analyzed using an optical surface profiler (see
Fig. 5.9a and b, respectively; cf. Sect. 5.1). The pebble-like mixing zone between
the two channel ends is clearly visible in Fig. 5.9a. The estimated height of this
pebble-like zone is approximately 25 μm, according to the profilometry data.

Accordingly, it was found that in themacroscopic experiment of Lee et al. (2017b),
the resin monomer and curing agent released into a crack were mixed and cured to
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Table 5.1 Wavenumbers corresponding to the peaks seen in the Raman spectra

Wavenumber (cm−1) Assignment

492 Si–O–Si symmetric stretching

618, 712 Si–C symmetric stretching

2907 CH3 symmetric stretching

2965 CH3 asymmetric stretching

1541 (*) marker for resin

2168 (˛) Marker for cure

1184, 1490 (◯) Marker for dye (resin)

1215, 1448 (●) Marker for dye (cure)

(a)
(b)

(c)

(d)

(e)

(f)

Fig. 5.8 Raman spectra: a cured PDMS, b pure resin monomer (*), c pure curing agent (˛), d
dyed resin (◯), e dyed curing agent (●), f mixing zone (the optical image is shown in Fig. 5.9a).
Reprinted with permission from Lee et al. (2017b)

form additional PDMS chunks that helped to heal or stitch the crack banks together
(cf. Fig. 3.28 in Sect. 3.4).

In addition, the self-healing of bisphenol A (BPA)-based epoxy resin was also
studied using Raman spectroscopy in Patrick et al. (2014). The resin and hardener
exhibited peaks at 1256 cm−1 (oxirane ring)/1610 cm−1 (phenyl ring) and 1656 cm−1

(amide-I), respectively (data is not shown here) (Farquharson et al. 2002;Merad et al.
2009; Maiti et al. 2004). Thus, based on the Raman spectrum of the fracture surface,
the delivery of the healing agent and the occurrence of the healing (mixing and
polymerization) processes were confirmed.
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5.3 Thermal Analysis

Thermogravimetric analysis (TGA) and differential thermogravimetry (DTG) are
useful in confirming the encapsulation of the self-healing cores in NF shells. Using
these thermal analysis methods, the phase-change temperature can be determined
(e.g., the melting or evaporation points). The change in the weight owing to the
release of substantial amount of volatile substances or gasification during the phase-
change process can be determined through TGA. DTG shows the first derivative of
theweight-loss curve obtained byTGAand indicates the temperatures corresponding
to the phase changes. According to the previous studies (Lee et al. 2014a, b; An et al.
2015), the evaporation temperatures of DMS resin monomer and its curing agent
(uncured) are 576.3 °C (●) and 176.1 °C (˛), respectively, while that of PAN is

Fig. 5.9 aOptical image of cut surface (crack) on the microchannel system (cf. Figs. 3.25 and 3.28
in Sect. 3.4). b Optical profilometry image of the surface. Note that the spreading of the released
healing agents is fully dominated by wettability, and they spread in all directions, including against
gravity. Reprinted with permission from Lee et al. (2017b)

Fig. 5.10 Thermal analysis of core-shell NFs. a TGA curves of the core materials (DMS resin
monomer and curing agent) and NF mat containing these materials within the cores. bDTG curves.
The NF mat containing healing agents in the fiber core was obtained by emulsion electrospinning
(cf. Sect. 4.3). Reprinted with permission from Lee et al. (2014a)
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Fig. 5.11 a TGA results. b
The corresponding DTG
results. (◆ curing agent
176.1 °C, � PAN 305.0 °C, *
epoxy–resin matrices with
20 wt% of resin monomer
416.1 °C, ● resin monomer
576.3 °C). Note that “matrix
20” herein refers to the
epoxy–resin matrices with
20 wt% of resin monomer.
The NF mat with curing
agent in the fiber cores is
denoted as “cure mat”
herein. The NF mat
containing curing agent in
the fiber cores was obtained
by emulsion electrospinning
(cf. Sect. 4.3). Reprinted
with permission from Lee
et al. (2014a)
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305.0 °C (�) (see Fig. 5.10, with the data for a fully vascular NF mat incorporating
two mutually entangled networks of core-shell NFs containing either resin monomer
or curing agent in the cores; cf. Sect. 4.3).

The results of the TGA of the hybrid self-healing materials (see Sect. 4.3) in Lee
et al. (2014b) are presented in Fig. 5.11. The peak at 176.1 °C revealed by the NFmat
corresponds to the curing agent, which is substantiated by a clearly distinct peak at
~305 °C, corresponding to PAN, agreeing with the results shown in Fig. 5.10. Indeed,
176.1 °C is the boiling temperature of the curing agent. In these materials, the epoxy
matrices contained 5 wt% and 20 wt% NFs with curing agents in the cores (i.e., they
are composite self-healing materials). Therefore, the peak at 176.1 °C should also
be present in the data for the matrices. The magnification of the DTG data for these
matrices near 176.1 °C reveals weak peaks, confirming the presence of the curing
agent in the composite material. The DTG data for the matrices near 305 °C are
difficult to resolve because of the relatively small amount of PAN. Lastly, the boiling
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Fig. 5.12 Thermal analysis of PAN, R-PAN, C-PAN, and RC-PAN NFs. a TGA curves. The right-
hand side column lists the total weight loss of the core and shell materials within the NFs (Gray:
PAN, Green: resin monomer, Blue: curing agent; and purple line estimates the weight loss of curing
agent). The insert graph shows the TGA results for RC-PAN NF mats. b DTG curves. The phase-
transition temperatures of the core and shell materials are marked by black diamonds at 288 and
420 °C: PAN; green rectangles at 660 °C: resin monomer; blue circles at 180 and 660 °C: curing
agent. The NF mats containing the resin monomer and curing agent in the fiber cores were obtained
by co-electrospinning. Reprinted with permission from An et al. (2015)

temperature of the resin monomer in the matrices is 576.3 °C. At the resin monomer
concentration of 5 wt%, the resin peak is indeterminate, with no distinctive peak, but
rather a round peak. However, the resin monomer peak at 576.3 °C is clearly visible
for the epoxy matrix containing 20 wt% of resin monomer.

The TGA was also conducted for NF mats with healing agents in the cores as
formed using co-electrospinning (An et al. 2015; cf. Sect. 4.2). To determine the
amount of the core or shell material contained in the NFs, TGA and DTG mea-
surements are conducted, cf. Fig. 5.12. By comparing the TGA results (Fig. 5.12a)
and the phase transition temperatures in the DTG results (Fig. 5.12b), the weight
losses of the materials in question can be determined. In the temperature range of
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0–800 °C, the weight losses of pristine PAN, curing agent, and resin monomer in the
NFs are 52, 24, and 8%, respectively, consistent with the results of Lee et al. (2014a,
b) discussed above. The weight loss of the curing agent was higher than that of the
resin monomer because the volume of the resin monomer encapsulated in the resin-
containing PAN (R-PAN) NFs is smaller than that of the curing agent encapsulated
in the curing agent-containing PAN (C-PAN) NFs, since the resin monomer is mixed
with n-hexane for stable co-electrospinning, as mentioned in Sect. 4.2. Because of
the high evaporation rate of n-hexane, most of the n-hexane is evaporated before
the samples are prepared for thermal analysis. Therefore, n-hexane is not detected
in the TGA results, with no weight loss corresponding to n-hexane detected (not
shown here). Figure 5.12 also shows the results for the mutually entangled R-PAN
and C-PAN NF mats, which are denoted as RC-PAN NFs. It is instructive to see the
differences in the phase-transition temperatures of the core and shell materials in
NFs formed by different methods (cf. Figs. 5.10 and 5.11 with Fig. 5.12).
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