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Chapter

Exploits, Advances and Challenges
in Characterizing Self-Healing
Materials

Camillus Sunday Obayi and Paul Sunday Nnamchi

Abstract

Characterization is an indispensable tool for understanding the structure—
property-processing relationship in all material classes. However, challenges in self-
healing materials characterization arise from the preparation routes, material types,
damage mechanism and applications. Here, the discourse surveys the exploits,
advances and challenges encountered within various characterization methods
that have been exploited to reveal the damage-restoring processes in some material
classes, namely metals, polymers, ceramics, concretes and coatings. Since there is
no unified characterization procedure for the different classes of materials display-
ing self-repairing capabilities, the outcome of this discourse contributes to the
advancement of knowledge about understanding self-healing testing procedures.
An overview of methods, challenges and prospects toward self-healing property
standardization at different length scales has been discussed.

Keywords: material characterization, properties, processing, challenges,
test standardization, self-healing materials

1. Introduction

Characterization is a vital tool in elucidating the characteristics of material
systems and ascertaining their suitability for various applications. Characterization
is also an indispensable technique for quantifying self-repairing capabilities of vari-
ous material classes. A self-healing material is a material designed to mimic nature,
self-repair and restore its partial or original characteristics, thereby prolonging
its service life like a biological system after encountering some form of damage
induced by its service environment [1, 2].

Developing a man-made material capable of sensing and self-repairing in
response to changes in the operating environment is a challenging task. This is
because it takes a great exploit to design and process a synthetic material to mimic
very closely the nature-designed mechanism of self-repair obtained in complex
biological architectures. Numerous design approaches and preparatory routes have
been attempted by research community to create self-healing abilities in different
material classes for many applications. The material classes exploited so far include
polymers, metals, ceramics, cements, coatings and composites [3].

Another huge task is quantifying the material’s capability to self-repair
and its suitability for a specific application via characterization techniques.
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Several techniques have been employed to evaluate and quantify self-healing
capacities and effectiveness in each of above material classes. Nevertheless, chal-
lenges arise in the characterization of self-healing materials as evaluation methods
are not only materials and application specific, but also depend on the mechanism
of the self-healing process. More so, self-healing processes take place on a very small
length scale requiring sophisticated experimental procedures and equipment to
unravel the mechanism of self-healing. Furthermore, it is important to establish

a uniform testing procedure and standard for different material groups for better
understanding of the concept [4]. This chapter surveys the main techniques applied
to reveal the damage-restoring mechanisms in some material classes, but begins
with a brief survey of preparatory routes and mechanisms of self-repair in the dif-
ferent materials classes.

2. Self-healing materials

Self-healing is the capability of a material to recover from any kind of damage
automatically without any external intervention as obtainable in biological systems
or with external stimulation such as heat, light, electrical stimulus and solvent. The
materials that exhibit self-healing without any external intervention or stimuli are
said to be autonomic while self-healing that involves human or external influence
to induce healing is said to be nonautonomic in nature [5, 6]. One of the major
problems encountered in the use of materials in diverse fields is how to ensure their
durability and minimize structural failures [7]. A self-healing material is therefore
an artificial material designed with built-in ability to detect failure and respond
automatically to restore partial or full properties or function of the structure after
encountering in-service damage [3, 7].

This in-service damage, which is usually in form of micro-scratches, surface
and internal cracks, voids or other defects [8, 9], is majorly responsible for failure
in materials systems. Over time, these micro-cracks accumulate and grow until
catastrophic failure of the entire product or system occurs. Since this source of
failure normally initiates at the nanoscale level and progresses subsequently to the
micro- and macroscale levels until failure occurs, an ideal self-healing material
would without any external influence prevent initiation of failure at these small
length scales or repair already nucleated damage, thereby restoring the original
material properties in a shortest time [3, 7]. Since the greater of the in-service
damage encountered in material systems is usually in form of micro-cracks, voids
or other defects, the objective of designing self-healing materials is to impart them
with the capabilities to prevent the initiation of micro-cracks and voids or fill and
seal them automatically.

For so many years now, the strategies of fabricating synthetic materials with
the capability to self-heal like a biological system or as envisaged above have been
exploited greatly. This huge interest is anchored on benefits of self-healing in
materials. These benefits include enhancing materials’ service lifetime, reduction
in replacement costs and improvement in product safety [7]. Great advances have
been witnessed in creation of self-healing materials since the birth of the concept.
The concept has been exploited in almost all materials classes including polymers,
metals, ceramics, cements, coatings and composites [3]. The design strategies and
processing routes involved in creating self-healing capabilities in these material
classes are different, just like their self-healing reactions to damage encountered
during their lifetimes. The next subsection takes a look at the creation of self-
healing abilities in these systems, the prevalent mode of failures and mechanisms of
self-repairing.
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3. Preparatory routes and mechanisms of self-healing
3.1 Self-healing polymers and polymer matrix composites

The self-healing concept has been most successful in the development of
self-healing polymer-based systems [10, 11]. This emanates from the fast diffu-
sion rate and high plasticity due to open-molecular structures in polymers, which
facilitate diffusion of healing agents to fill and seal voids or micro-cracks [10] even
at room temperature. Unlike metallic and ceramic systems, polymeric systems are
light weight, chemically stable and can be easily processed [4]. These properties
are exploited in developing efficient self-repairing polymers and polymer-based
fiber-reinforced composites, which have applications in transportation, electronics,
defense, biomedicine and construction industries [7, 12, 13].

Based on the strategies exploited to achieve self-repair, polymers are generally
grouped into extrinsic and intrinsic self-healing systems [14]. Intrinsic self-repair
is achieved by synthesis of smart polymers containing functional groups with the
inherent ability to reversibly polymerize or cross-link their bonds in the presence of
a stimulus like light or heat [15] and by so doing act as healing agents. The processes
for obtaining extrinsic self-healing include (a) embedding microcapsules contain-
ing curable healing agents into polymer networks; and (b) incorporation of healing
agents into polymer networks via microvascular channels [5, 16].

The microcapsule in (a) could be in form of capsule containing healing agent
and catalyst or twin microcapsules each containing a monomer/resin and its
hardener [5, 16, 17] while that in (b) can be in form of fibrous composite archi-
tecture impregnated with a microvessel filled with reactive healants [18]. Unlike
extrinsic routes where healing agents are consumed during the curing process and
are not replenished, intrinsic approaches have the advantage of multiple healing of
damage in the same area owing to reversible polymerization [19]. Self-healing has
been exploited and accomplished in thermoplastic, thermosetting and elastomeric
systems.

The mode of damage often encountered in polymers and structural composites
is in form of matrix micro-cracking, fiber breakage or delamination and fiber-
matrix debonding [7, 20, 21]. Self-healing mechanism or recovery or recuperation
takes place when a damage/crack is encountered and is healed by intrinsic polymer-
ization or polymerization of healing agent as crack ruptures the capsules as in (a) or
by favorable reaction kinetics and post-polymerization as in (b).

3.2 Self-healing metals

When compared to other material systems, it is much difficult to achieve self-
healing in metals [22-24]. This is as a result of their high melting temperatures
and strong atomic bonds, which limit diffusion of healing agents/solute atoms
to sites of damage at low temperatures [22, 23]. There is also further restriction
due to the relative small size and volume of the solute atoms. As a result, rate of
mass transport to fill damage sites is intrinsically low at the usual low operating
temperatures [23, 25].

The major factor limiting the useful life of metals is the occurrence of internal
damage such as voids and cracks during processing or service. These defects usually
initiate as nano- or micro-cracks in the bulk or on the surface, grow and propagate
and eventually lead to failure. The self-healing process in metals in response to crack
initiation follows the sequence of diffusion or release or transport of healing agents
or atoms into the void or crack to fill and seal it, thereby restoring partially or fully
the mechanical properties such as fatigue strength, stiffness and fracture toughness.
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The approaches that have been proposed and attempted in developing self-
healing in metallic systems according to [22] include: (a) precipitation-induced
self-healing approach at low and high temperatures [26]; (b) dispersion of nano-
shaped memory alloy (SMA) in off-eutectic metal matrix [27-29]; (c) SMA-clamp
and melt [30]; (d) solder tubes/capsules; (e) coating agent [31] and (f) electro-
healing [32, 33]. Blazej Grabowski and C. Cem Tasan [22] classified these concepts
into two based on the healing length scale as (i) healing of nanoscale voids (which
includes approaches a and b) and (ii) healing of macroscale cracks (which includes
approaches ¢, d, e and f) [22]. One (I) and two (II) above were earlier classified
into damage prevention and damage management by Van der Zwag et al. [34],
respectively. This implies that healing at nanoscale targets prevention of macroscale
damage while healing at macroscale focuses on management of macroscale dam-
age to prevent total failure. Manuel [30] further classified approachesa and b as
solid-state healing; approaches c, d and e as liquid-state healing and approach f as
electrolyte-assisted healing. The self-healing concepts in metals and metal matrices
are summarized in Figure 1 and details of the features of these concepts are avail-
able in Ref. [22].

3.3 Self-healing ceramics

Ceramics are very important engineering material and are widely applied in
electrical, magnetic, chemical, nuclear and biomedical fields [35]. However, ceram-
ics have major shortcomings of being inherently porous and brittle in nature. Asa
result, ceramics have low strengths and fracture toughness as the components are
prone to catastrophic failure by crack damage even at subcritical loading [36, 37].
Thus, self-healing concept in ceramics targets induced healing of structural defects
(cracks and pores) in order to prolong lifetime [38].

Self-healing approachesin
metals and metal matrices

Nano-length-scale concept Macro-length-scale concept
(autonomous self-healing (non-autonomous healing
of nano voids) of macroscopic cracks)

I
1 | 1

High temperature| [ Low temperature |
precipitation precipitation gliano-Sl\.I:l\
concept concept R ——

asflﬁAtr(:l eaﬁnps Solderand Coating agent Electro-healing
concept tube concept concept concept
Figure 1.

Self-healing concepts in metals and metal matrices adapted from Ref. [22].
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Self-healing in brittle ceramics has also witnessed extensive studies like poly-
mers, but healing in ceramics is difficult to achieve at temperatures below 1000°C
[35]. This is because self-repairing in ceramics takes place readily via solid-state
diffusion, which requires high activation energy. This thermally activated solid-
state reaction has the disadvantage of inhibiting long-range transport of material
required to heal macro-cracks. More so, the healing of nano-cracks is inhibited by
crack surface relaxation phenomena triggered by the ionic and covalent bonding
character in ceramics [39]. Although, processing of self-healing ceramic materials is
regarded as a high-temperature healing process, processing at lower temperatures is
being pursued.

Some healing routes have been adopted to repair crack damages in ceramics
at elevated temperatures. The important ones include crack closure enabled by
diffusion-controlled sintering; crack opening rebonding promoted by viscous flow
of glass phase; filling the crack opening space with products of oxidation reaction
as obtainable in silicon carbide composites [35, 40] and healing of multicomponent
and multiphase ceramic materials through local particle rearrangement-induced
eutectic melt or phase transition [41]. Damage mechanisms and crack healing
have been widely studied in various ceramic materials including single crystalline,
polycrystalline and amorphous glasses.

3.4 Self-healing concrete materials

Concrete is the most popular cement-based material and most widely used
constructional material [42, 43]. Concrete is regarded as a composite material made
up of water (H,0), cement, fine and coarse aggregates. It has many good qualities
such as availability and affordability of its constituent materials, versatility, durabil-
ity and low maintenance [42-45]. Concrete exhibits superior compressive strength,
but low tensile strength. In order to improve its tensile strength, it is reinforced with
steel bars [43]. However, the major limitation of concrete is its high susceptibility
to cracking [43, 44]. The causes of cracks at both micro- and macro levels include
preparation processes, temperature differences, shrinkage, fatigue loads and
settlement of structures [42, 44]. The cracks serve as channels for water, dissolved
particles in fluids and unwanted acidic gasses to penetrate the concrete [42, 45],
attacking the concrete and corroding the steel reinforcement [44, 45]. Thus, the
susceptibility of concrete to crack leading to structural failures is a major concern
and has remained unsolved in industry [43].

However, concrete has been known to exhibit natural or autonomous self-
healing to a certain extent under a long-term hydration [45]. It has been proved that
some initial cracks in concrete can be suddenly closed when un-hydrated cement
reacts with carbon dioxide dissolved in water, producing calcium carbonate, CaCO;
[46, 47]. Thus, self-healing in cementitious materials can be obtained naturally or
artificially [42]. The blocking of cracks through natural routes occurs owing to the
following: expansion of hydrated cementitious matrix; precipitation of CaCOj;
presence of impurities in H,O and further hydration of unreacted cement [42].

The artificial approach toward the development of self-healing cementitious
materials targets enhancing the natural abilities of cement-based materials by
engineering artificial healing abilities [42]. The artificial route focuses on filling of
cracks by use of microorganism, polymers and addition of supplementary cement-
ing materials to the concrete mix or steel fibers [45]. Microorganisms are biological
agents and they are added in cement directly or in encapsulated forms to promote
the precipitation of sealing compound such as CaCOjs in a crack opening [48, 49].
Crack closure can also be achieved by addition of extra cement or other additives
like fly ash to initial mix design to promote continuing hydration or stimulate a
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reaction process releasing self-sealing products [50, 51]. Self-healing in cementi-
tious materials has also been attempted by incorporating polymers containing
healing agents and shape memory materials into cement matrices [52, 53].

3.5 Self-healing coatings

Coatings can be defined as any thin layer of covering applied to the surface of a
material. The basic objective of traditional coating is to separate material surfaces,
especially metal surfaces from environmental corrosive attack. Most metal-
lic materials have the intrinsic weakness of being corrodible in aqueous service
environments. Corrosion normally starts at the surface and is adjudged one of the
major causes of material failures. Coating acts as a barrier, limiting the diffusion of
oxidation species such as oxygen and moisture to the metal surface [54]. For effec-
tive protection, the coating must maintain its adherence, structural integrity and
not break down in the presence of operating factors such as mechanical stresses,
abrasions, changes in pH, surface tension and temperature [54, 55].

However, over time, these operating factors lead to formation of scratches, surface
and internal micro-cracks or even delamination, requiring human intervention to pre-
vent or stop the interaction of the coated material surface and the unfriendly environ-
ment [55, 56]. The development of self-healing/smart coatings is driven by the need
for damaged protective coatings to automatically sense or respond to damages and
repair without human intervention when in service. Besides corrosion sensing, smart
coatings have been applied to achieve self-cleaning and antifouling functions [54].
Intrinsic and extrinsic strategies have been adopted to impart self-healing capabilities
in coatings using different materials of both organic and inorganic origins [54, 56],
such as polymeric compounds [57], metals [58], ceramics [59] and composites [60].

Intrinsic self-healing coating can be obtained by using organic materials that
undergo reversible chemistry [56] or self-reactions [61]. Extrinsic self-repair in
organic coatings can be achieved by embedding self-healing agents or corrosion
inhibitors in the structure of a polymer coating. The two popular methods of doing
this are encapsulating healing agent in microcapsules (microencapsulation) or
storing healing agents in capillary tubes (vascular networks) [55, 62]. Healing takes
place when microcapsules or capillary tubes containing the healing/anticorrosion
agents are ruptured by damage and release their contents, which flow into and heal
the damaged areas [55, 62, 63]. The process of healing can come in form of blocking
the active sites on the exposed metal surface after encountering damage. Besides
storing healing agents in open polymer structures, nano-sized containers based on
inorganic systems such silica, ceramic and TiO, have been reported to have high
storing and release abilities [64-67].

In order to overcome the limitation of low storage capacity in microencapsula-
tion-based polymeric and inorganic self-healing systems, nano-sized core-shell and
microfiber containers are being exploited [68]. The major limitation of polymeric
and inorganic containers is low storage capacity, depletion and noncontinuous
replenishment of the healing agent contained within it on rupturing of a micro-
capsule. Currently, these concepts are being extended to layer-by-layer deposition,
multi-shell-core microcapsules that can contain artificial or green anticorrosive
agents that enable two-in-one action of self-healing and anticorrosion [69].

4. Characterization of self-healing materials

It has been obvious from past reviews on different materials systems that the
major source of failures in materials is the presence of faults/damage such as voids,
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cracks or other defects introduced in the materials during processing or developed
during utilization. Damage initiation usually starts with one or more cracks at
microscopic level [70], which gradually propagate and grow in size and eventually
lead to unexpected failure of the material [70, 71]. Hence, damage can be regarded
as an accumulation of micro-damages that ultimately lead to material rupture if
itis not repaired in due time [71]. Great efforts are spent in designing, processing
and characterization to prevent the development of the damage or manage it using
different self-healing strategies enabling longer service lives, greater safety and
reduced maintenance costs.

For the above, self-repairing strategies target preventing, curing, by closing or
filling or sealing of these cracks or voids on the surface or in the bulk of the materi-
als by exploiting different self-healing approaches, whereas characterization focuses
on proving that self-healing has taken place by determining the extent of recovery
or restoration of initial properties after encountering damage(s). Much earlier than
now, the characterization of self-healing capabilities in material systems concen-
trated mainly on the well-known macroscale evaluation, neglecting micro- and
nanoscale events, responsible for initiation of material failure [71].

On the other hand, macroscale evaluation is not always sufficient, because it
cannot provide comprehensive information about self-healing at all length scales
or levels as it is focused mainly on the restoration of observable properties after the
damage has occurred. However, it has the advantage of easier standardization when
compared to microscale methods [72] as it is observable and the procedures most
times are well known. To obtain a quantitative assessment and better understanding
of the materials’ self-healing abilities, there is need to complement macroscopic
investigation with microscopic and nanoscale measurements [4, 6, 42] as self-heal-
ing processes take place on various length scales that might require sophisticated
experimental procedures and equipment to reveal the mechanism of self-healing
operation.

The quantification formula for estimating the capability of a given material to
self-repair is the self-healing efficiency n, defined as the ability of a given mate-
rial to recover a particular property relative to the virgin or undamaged material
[73]. This formula, which was initially applied to polymeric materials [74], is now
commonly adopted for comparing healing efficiencies in many material classes
subjected to macroscopic quasi-static and dynamic tests. The expression for healing
efficiency is shown in Eq. (1).

n =MX100% (1)

virgin

where f is a certain property of a particular material such as tensile strength,
fracture toughness, tear strength, fatigue strength, flexural strength, creep rupture
strength etc.

However, unlike other testing methods, monitoring or testing of self-healing
materials in most cases entails inducing controlled damage such as a crack in
the material and allowing it to heal using a particular healing treatment. This is
followed by testing both the healed and virgin materials to failure. The extent of
recovery of properties of the healed material is compared to original or virgin
material properties using Eq. (1). The sequence of characterization is shown in
Figure 2a.

Numerous quantification methods have been used for the assessment of self-
healing capabilities for the different material systems. The characterization method
adopted to quantify self-healing effectiveness should take into consideration the
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Figure 2.
(a) Steps in chavacterizgation of self-healing materials, and (b) intervelationship among material properties,
self-healing mechanism, characterization method and application adapted from Ref. [6].

material properties developed, repairing mechanism and its intended application as
shown in Figure 2b adapted from Ref. [6]. This subchapter considers quantification
of healing efficiencies at different length scales in the above material classes.

4.1 General self-healing characterization techniques
4.1.1 Characterization of self-healing polymers and polymer matrix composites

Over the last few years, several testing methods have been used to assess
self-repairing in polymers (thermosets, thermoplastics and elastomers) and
polymer-based fiber-reinforced composites before and after repairing at macro-,
micro- and nano/molecular levels. Even computational and/or predictive
approaches have been attempted for deeper understanding of self-healing pro-
cesses in polymer systems.

Macroscale healing evaluation leverages on fracture mechanics test procedures.
Evaluation of healing requires inflicting some form of controlled crack/damage that
resembles the mode of damage during utilization on the virgin polymer [73, 75, 76] by
application of mechanical loads. This is accompanied by applying similar mechanical
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load of damage to the healed polymer and evaluation of recovery of the polymer from
the fracture.

Depending on the mode of fracture, fracture evaluation loads could be in form
of impact, fatigue, quasi-static fracture, tensile, compressive and flexural loads for
mode I (opening) or mode III (tearing) fracture processes [71]. Also based on the
type of polymeric system and the type of crack it develops under stress, the test
samples have special geometries such as tapered double cantilever beam (TDCB);
compact tension (CT) test specimens and width-tapered double-cantilever beam
(WTDCB); double-cleavage drilled compression (DCDC); double-cantilever beam
(DCB) and others [71]. These geometries and their suitability for evaluating the
mechanical healing efficiencies in different polymers and polymer matrix compos-
ites are described in detail in Ref. [71].

The extent of recovery of various material properties (healing efficiency) is
estimated using various forms of Eq. (1) after subjecting the damaged and undam-
aged samples to any or combination of the above mechanical loads as shown in
Egs. (2)-(6). The recovery of fracture toughness, flexural, tensile, impact and tear
strengths has been quantified in different polymer healing systems with healing
efficiencies ranging from 23 to 100% [7].

For instance, crack healing efficiency () for mode I type of healing can be
estimated using Eq. (2) [7, 77].

healed

n=—L—X100% (2)

virgin

where K" is the fracture toughness of a healed fracture specimen and K.
is the fracture toughness of the virgin specimen.

An alternative expression for healing efficiency based on fracture energy
[74,77] is

healed

n=——X100% (3)

- healed
GI C

where G2 and G2*" are the critical energy release rate from testing the
healed fracture and virgin specimens, respectively.

Crack healing efficiency has also been defined in terms of fatigue life-extension
[77,78] as

Nh led—N,
nd - eace control (4)

control
where N, ., and N, are the total number of cycles to failure for a self-
healing sample and for similar sample without healing, respectively.

For elastomeric self-healing materials, the recovery of tear strength is used to
define healing efficiency as

n :MXmo% (5)

virgin

where T),,,, is the tear strength of the healed material and T,
of virgin material.

Healing efficiency has also been estimated based on change in stiffness and
recovery in a damaged and healed polymer [79] as

ingin 1S tear strength
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n= Breaed 301600 (6)

virgin

Besides the macroscale methods used for mechanical performance evaluation
of self-healing materials, evaluation at smaller length scale (micro- and nanoscale
levels) is necessary to reveal the underlying healing mechanisms in polymers and
deepen understanding of self-healing [6]. Characterization techniques at this scale
enable the monitoring of the whole process of self-healing from stage of inflicting
damage to identifying interactions and confirmation of healing functionality at
molecular/nanolevels [16, 80]. The techniques include imaging, spectrometric,
scattering, rheological and thermal techniques [6].

4.2 Characterization of self-healing metals

Self-healing efficiency quantification of metals based on the bulk material
properties can also be carried out by subjecting pre-cracked samples to various
mechanical tests and self-healing efficiency determined using Eq. (1). For instance,
the self-healing efficiency of metallic system based on precipitation-induced
approach can be evaluated by subjecting the age-hardened alloy (virgin alloy)
and its pre-cracked counterpart but filled low-melting alloy to tensile loading to
fracture. Alaneme and Omosule [81] used this method to determine the self-healing
efficiency of underaged Al-Mg-Si alloys and 60Sn-40Pb alloy-reinforced aluminum
metal-metal composites. The self-healing efficiency, n, was estimated using relation
based on the tensile strength criterion given by Eq. (7):

Dyonsite = Fhealed. 3 160% 7)
virgin
where o,
strength of the healed specimen.

Other experimental techniques used to characterize solid materials subjected
cyclic or creep loads can also be adapted to evaluate bulk metallic material systems.

Mechanical evaluation of materials using micro-indentation techniques is a
widely accepted tool to reveal information on the surfaces of bulk hard materials
[4] and it can be readily applied to study healing at micron scale. Self-mending
at this length scale can be studied by inducing mechanical damage through
micromachining accompanied by imaging of the repairing process. The imaging
can be done using low and high imaging equipment such as optical microscope,
scanning electron microscope (SEM), energy dispersive X-ray spectroscope
(EDS) and environmental scanning electron microscope (ESEM) or X-ray
micro-tomography instrument to provide details concerning crack propagation
arrest [31] and evolution of self-healing reactions and to reveal evolved micro-
structures and morphology [4]. The results obtained at micro- and nanolevels
are used to buttress results at macrolevels.

Most research conducted on self-healing metals focused on either solid-state
diffusion healing of micro-cracks, or shape memory alloy (SMA)-reinforced
“off-eutectic” matrices. It is worthwhile to conduct tests at nanolevels to elucidate
the bonding at the interface between the diffusing species and the metal matrices.
Laha et al. [82] applied nanoscale investigation using Auger spectroscopy to show
that boron (B) atom acts as a solute healing agent in 347-austenitic stainless steel
by diffusing to the nano voids and precipitating at the void surfaces. He et al. [83]
equally used positron annihilation spectroscopy to confirm that the addition of B

is the tensile strength of the virgin specimen and o,,,,, is the tensile
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and nitrogen (N) maximally accelerates the precipitation of copper (Cu) in iron-
copper (Fe-Cu) alloy closing nano-voids in the system.

4.3 Characterization of self-healing ceramics

The current fracture mechanic tests used to assess self-healing capabilities
in hard materials are also applicable to advanced ceramics, but the difficulty in
creating controlled cracks in ceramic materials limits this application. Unlike other
hard materials that exhibit some level of plasticity, ceramic materials are very brittle
in nature and are prone to unwanted fast fracture under mechanical and thermal
stresses [71]. Another limitation is that it is difficult achieve crack closure in
ceramics at low temperatures. The most common procedure for creating controlled
micro-cracks and quantifying healing efficiency is indentation method [84]. The
healing efficiency is evaluated in terms of crack closure by comparing the control
samples with the healed specimens.

For instance Nam and Hwang [40] investigated crack healing behavior of
Zr0O,/SiC composite ceramics with TiO, additive. Cracks of about 100 pm were
made on the sample surfaces using Vickers indenter. Since self-healing in ceramics
is a high-temperature process, the indented samples were heat-treated to stimu-
late healing, but the test was conducted at room temperature. This was followed
by observing the pre- and post-healed indents with X-ray diffractometer (XRD).
The strength of crack closure was determined using three-point bending test.

Li et al. [85] also used flexural test to evaluate the multiple healing of titanium
aluminum carbide (Ti,AIC) ceramic damaged by indentation in terms of crack
propagation.

Besides using bending tests, tensile and the biaxial ball-on-three balls (B3B) tests
have been used to study healing efficiencies in ceramics at room temperatures. Gao
and Suo [86] assessed adhesion healing efficiency in a ceramic coating by perform-
ing tensile tests and correlating the healing time and residual stress while Harrer
etal. [87] studied the healing of surface defects induced by different machining
conditions on silicon nitride ceramic using biaxial ball-on-three balls.

All these tests are usually performed at room temperature while the healing
process takes place at elevated temperatures >1000°C with the attendant oxidative
atmosphere and thermal stresses. At high temperatures, the internal structure and
mechanical performance of the ceramics could change due to the accompanying
local melting and phase transformations [88]. Since mechanical performance
under the above atmosphere will be different from that at low temperatures, there
is the need to develop a more suitable method for the quantification of self-healing
efficiency in ceramics [71] that takes into consideration the real service conditions.
Attempts in this direction have been made by Ando et al. [89, 90], who determined
in situ crack healing ability by conducting mechanical tests on some ceramics at
elevated temperatures [89, 90].

4.4 Characterization of self-healing concrete

The major cause of mechanical failure in concrete is cracks. A crack not only
lowers strength, but exposes the reinforcing steel components to corrosion. Self-
healing targets crack closure or prevention of crack propagation to retain strength
and reduce water permeability in order to maintain durability. Self-healing effi-
ciency of concrete in hardened form has been determined by conducting tests at
macro-, micro-, and nanoscale levels. Majority of the researchers evaluated the
self-healing efficiency at macrostructural level, some at microscale level and very
few authors at nanostructure level [42].
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Just like other hard materials, quantification of healing efficiency on one hand
relies on fracture mechanics tests, which involve creation of controlled cracks
on concrete. The mechanical characterization procedure follows the sequence
of controlled crack initiation in the matrix using the standard compression and
bending tests, healing processing and retesting of the healed concrete using the
same pre-cracking procedure [91]. The initiation of cracks without causing failure
at certain level of stress and detection of crack development are very important in
testing of concrete. To control crack initiation, some authors have applied a notch
in the middle point of test sample [92] while some used three-point bending or
four-point bending technique found to be more effective in crack initiation without
causing failure [93-95].

Besides conducting compressive and flexural tests [45, 96, 97], the performance
of concrete has also been assessed by other mechanical tests such as split tensile and
toughness tests [98, 99] and stiffness tests [100]. Detection of crack initiation and
its degree have been carried out using nondestructive complementary tests such as
acoustic emission analysis [101], linear variable differential transformer [102] and
ultrasonic pulse velocity [103, 104].

On the other hand, efficiency is also evaluated by conducting permeability tests
on the pre-cracked concrete. Permeability test aims at determining how effective
self-healing concrete can shield steel bars from corrosion [105]. Permeability tests
are performed in simulated environments containing fluids such as chlorine or
water under certain temperature [94, 105].

Microscale tests are employed to identify and characterize the deposited materi-
als within cracks in the concrete after self-healing and are used to complement and
reinforce reliability of macroscale tests [42]. These deposited materials are the cal-
cium carbonate precipitation by different bacterial strains, hydration product as well
as polymerized products. Several of these tests are conducted using the following
sensitive equipment: scanning electron microscope (SEM), field emission scanning
electron microscope (FESEM), and X-ray diffractometer (XRD). SEM is used to
identify the morphology of the deposited materials within the cracks [106]. Self-
healing performance is also assessed using Raman spectroscopy [16]. Furthermore,
nanostructure test has been used to evaluate self-healing efficiency of concrete [107].
Tests conducted at nanoscale help in the determination of bonding strength at the
interface between the deposited materials in the cracks and the concrete.

4.5 Characterization of self-healing coatings

The basic function of a traditional coating is to shield material surfaces,
especially metal surfaces from fast corrosion in the environment. Smart coatings
provide a spontaneous protection to metal surfaces upon chemical or mechanical
damage [108]. This is achieved by release of inhibiting species in the coating archi-
tectures, which inhibits electrochemical interaction between the metal substrates
and the environment [109]. The characterization techniques highlighted here are
those traditionally used to study corrosion, but adapted for studying self-healing
coatings on metals.

The testing techniques used to ascertain the self-healing properties of coat-
ings have been generally grouped into two: electrochemical [55, 109, 110] and
non-electrochemical techniques or physicochemical characterization as shown
in Figure 3 [55, 109]. Electrochemical techniques enable the quantification of
self-healing efficiency by providing important information about kinetics of
protection; formation of protective films and isolation of redox species [109]. The
electrochemical techniques are further divided into conventional (global) electro-
chemical methods and localized electrochemical techniques [55, 109].
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Figure 3.
Techniques for evaluating self-healing coatings adapted from [55].

The global electrochemical methods provide kinetic and deterministic informa-
tion on self-healing processes, but they do not supply information about local
reactions taking place at the site of damage. They include potentiodynamic polariza-
tion (PP), open circuit potential (OCP), electrochemical impedance spectroscopy
(EIS) and they are the popular methods used for the study of corrosion and self-
healing research [109]. For instance, PP and EIS give quantitative results about
self-healing process enabling the determination of corrosion rate and protection
efficiency [55]. Aramaki [111] employed the PP method to estimate the protection
efficiency 7, of a protective polymer coating on an iron electrode surface using

Eq. (8):

i —i
__ corr covyr
n,= S X100

corr

(8)

o)

where i, is the corrosion current density with coating and i, ,
current density without coating.

Information about evolution of damage and healing of damage is provided by
the local electrochemical methods, including micro-capillary cell, scanning vibrat-
ing electrode technique (SVET), scanning ion-selective electrode technique (SIET),
scanning electrochemical microscope (SECM) or scanning probe technique (SKP)
and localized electrochemical impedance spectroscopy (LEIS).

Each of these methods has advantages and limitations and should be used in
combinations for detailed study of self-healing processes in coatings. Besides this,

the is corrosion
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these electrochemical techniques should be complemented by conducting non-elec-
trochemical or physicochemical analysis. Physicochemical analysis is majorly aimed
at studying mechanism of self-healing coating protection—elemental analysis,
interaction mechanisms between the metal substrate and the coating, morphology
or phase transformation of the coating before and after healing. Surface analysis
can be carried out with OM, SEM and CLSM, while energy dispersive X-ray (EDX),
EPMA and XPS are useful for elemental analysis. The detailed description of the
above test methods can be found in Refs. [55, 109, 112].

4.6 Challenges in the characterization of self-healing materials

Developing an artificial material to self-heal like a biological system comes as a
huge task to the scientist or engineer. But more challenging is proving the material’s
self-healing capability and suitability for a particular application via characteriza-
tion. Different approaches are used to achieve self-healing in different material
classes based on their inherent properties. A self-healing material is an advanced
material, a new product with new properties different from its original properties.
It is important that the characteristics of the new product should be determined
qualitatively or quantitatively. It is also important to monitor the changes during
processing that led to the new properties. As a result, specific characterization
methods are required to quantify self-healing efficiencies in each of the material
classes. Most times, the equipment might not be common and sometimes unavail-
able unless improvised.

Unlike other characterization methods, evaluation of self-healing materials in
most cases entails inducing a minimal expected mode of damage or failure during
utilization on the material and using different methods to determine the extent of
recovery/restoration of properties compared to original or virgin materials properties
and to understand the mechanism of recovery. The methods of inducing the damage
are different for the various material classes and even in the same material group.
Inducing the appropriate damage simulating the real-life scenario is challenging. Also
tasking is the selection of an appropriate testing procedure from an extensive range
of known materials testing procedures that is adaptable and suitable for a particular
self-healing concept. The field of self-healing materials is relatively new but a richly
rewarding venture. The understanding of self-healing mechanisms in a variety
of self-repairing material classes is still evolving. So also are the characterization
methods needed to elucidate the dynamics of self-healing process. The challenges of
harmonization of these methods in various research groups are yet to be resolved.

More so, the mode of damage is different and unique to the damaged material
and its intended applications. Even within the same material class, there are various
self-healing approaches and evaluation strategies. This makes the adopted routine
of assessing the performance of the modified material and comparing its proper-
ties to the unmodified, virgin material complex. This makes it equally arduous to
establish a common testing procedure for similar or for different materials classes.

5. Prospects for standardization of characterization techniques

Most of the current characterization methods used to quantify the healing per-
formance focused on the macroscopic evaluation of recovery from macroscopically
applied damage. However, early stage of damage and recovery occur at sub-macro
level. Therefore, macroscopic evaluation cannot by itself be sufficient enough for
self-healing quantification [4]. As the materials’ failure normally starts at nano- and
microscale levels, a sufficient and necessary quantification approach should take
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into consideration the damaging and healing events at these small length scales
[71], more so, when they can easily be prevented or healed faster at the sublevels.

However, inflicting of macroscopic damage on hard self-healing materials,
though far from the actual utilization conditions, can be easily replicated and holds
the promise of easier standardization and comparison across similar materials [71].
Since damage initiation inherently starts at the microscopic/nanoscale level, inflict-
ing of damage protocol can be done at microscopic level using nano- or/and micro-
indentation techniques. Mechanical damage can be induced using micromachining,
accompanied by imaging of the mending process using high-resolution imaging
equipment such as environmental scanning electron microscope (ESEM) [4].
Currently, micro-indentation testing protocol is widely accepted and standardized
tool for mechanical testing of materials [113]. Iz situ measurement techniques can
also be very helpful in such environment, where dynamic and on process conditions
can be captured or easily replicated. At the heart of this standardization prospect is
the operator’s skill.

Microscopic evaluation has limitations. One challenge is the requirement of very
small volume of samples, which makes sampling difficult due to the nonhomoge-
neous composition of some materials [4]. Another is that it is not very suitable for
testing soft materials. However, most of the self-healing material classes are hard
materials. Some polymers, metals, ceramics, concrete and some coatings, especially
inorganic coatings are all hard materials. Testing using micro-indentation technique
complemented with macroscopic methods could be a useful step toward standard-
ization of quantification in hard self-healing materials.

In practical situations, a single applied load affects more than one specific mate-
rial’s property and self-healing efficiency is regarded as the ability of a given mate-
rial to recover a specific property relative to the virgin specimen. In this situation,
efficiency calculation should take the combined properties of the material affected
by the load into consideration and should be reported as an average or overall
efficiency. The use of overall efficiency as a method of assessing performance of
distinct materials using different test methods opens a path toward standardization
irrespective of testing method and material class [71].

6. Future trends

The adopted routine of assessing the performance of self-healing materials has
been to characterize the modified self-healing material and compare its properties
to the unmodified, virgin material. An extensive literature survey indicated that it
was difficult to find researchers who evaluated self-healing performance at macro-,
micro- and nanostructural levels simultaneously. This is probably because the field
is relatively new. Today, it is becoming obvious that an appropriate performance
assessment method should take into account the damaging and healing at macro-
scopic as well as microscale/nanoscale levels. In order to achieve this, a combined
suitable and reproducible evaluation procedure must be exploited for a better
understanding of damage mechanism and healing process.

It is equally hard to find researchers who investigated several properties at the
same time in one material. In real-life situations, the damage initiation and even-
tual failure can be caused by combined factors/loads-tensile, compressive, cyclic,
bending, creep, thermal loads and others. The self-healing efficiency is defined as
the ability of a given material to recover a specific property relative to the virgin
or undamaged specimen [75]. For instance, a single applied load affects more than
one specific material’s property and efficiency calculation should take into account
other properties of the materials affected by the load [71]. Therefore, the most
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appropriate evaluation approach should be the one that takes into account more
than one property and reports combined efficiencies or overall efficiency, equal to
prime average of the efficiency obtained for each material property [71].

A case could also be made to suggest or define effective predictive approaches or
methods that would lead to faster evaluation and design of self-healing quantifica-
tions in materials at various length scales.

7. Concluding remarks

The development of self-healing materials comes as a huge challenge to the
scientist or engineer—the challenge of synthesizing smart materials that can
self-repair, elucidating the healing mechanism and proving their self-healing
capabilities through characterization. There are many material classes and differ-
ent approaches have been attempted to achieve self-healing capabilities in these
materials. For close to two decades, several self-healing materials have been devel-
oped and many methods have been employed to assess self-healing behavior and
determine healing efficiency of these materials. As the materials are different, so
are the evaluation techniques utilized to characterize the healing behaviors. Besides
taking into consideration the type of material, the healing-enabling preparatory
route and repairing mechanism, the most suitable test method should fit the
intended application. For completeness, effective characterization should be the
one encompassing all length scales—macro-, micro- and nanoscale levels. Thus, an
ideal quantification approach needs to take into account the macroscopic as well as
microscale aspects of damaging and healing.

Among the several characterization methods utilized to investigate self-healing
behavior and determine healing efficiency in metals, polymers and polymer
composites, ceramics and concrete at macroscale evaluation focusing on restora-
tion of mechano-physical properties is popular. Typically, most characterization
methods in metals are carried out at the macroscale level, but healing takes place
at nanoscale level. This can be a fundamental limitation in the characterization
process for metals. However, evaluation techniques at micro- and nanoscale levels
have been employed to link and correlate mechanical healing with underlying
molecular processes in particular polymeric materials. However, testing of polymers
and other material systems do come with their own challenges, including getting
reliable information from testing of modified materials only with the available
small-scale samples and at laboratory conditions. Long-time instability of polymers
is also a problem as it has been demonstrated that the healing efficiency of extrinsic
self-healing systems decreases over time.

In ceramics and concrete, initiation of controlled damage is somewhat tasking
due to their inherent brittleness and low diffusion rate of healing agents. This is also
likened to metals, whose self-healing mostly occurs faster at high temperature, but
damage initiates at low temperature. Therefore, simulating the real condition of
damage and healing simultaneously is a herculean task. On the other hand, coating
is used in various conditions, but the nanoscale evaluation of indentation is car-
ried out at controlled environments, which are different from its real application
condition.
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