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Introduction

A fundamental problem in the use of materials in general

is the loss of their functionality during practical applica-

tion. This loss of functionality may be due to continuous

wear and tear of the materials during their use or to abrupt

damage caused by the sudden impact of harmful events

such as impact, shock, or pull. This material failure leads

to an undesirable collapse in mechanical strength and can

cause further consequential damage. The defective com-

ponent must be replaced. In case of composite materials

additional problems arise due to the absence of appropri-

ate recycling strategies. Extending the service life of

materials, improving durability, and maintaining function-

ality for as long a period as possible, even under harsh

environmental conditions, are important objectives in the

design of materials both, from an economical and an envi-

ronmental point of view.

An essential strategy to improve the long-term stabil-

ity of materials under application conditions is the imple-

mentation of self-healing properties in the material. When

properly designed, a material can react to an external

damage influence and repair itself to a certain extent. For

example, cracks that have formed after mechanical impact

can be amended before they can lead to functional com-

ponent failure. Ideally, the original material characteris-

tics that existed before the damage occurred are restored.

A variety of strategies to realize self-healing properties in

materials have been described in the literature [1�5].

When aiming at self-healing properties, engineers are

faced with particular challenges when thermosetting poly-

mers and polymer composites based on fiber-reinforced

thermoset matrix systems are concerned [6]. Thermosetting

polymers are characterized by high hardness and chemical

resistance. They consist of highly cross-linked polymer

chains, which have an already high durability compared

to thermoplastic polymer systems. Therefore, they show

some advantageous characteristics compared to thermo-

plastics in terms of application properties. However, the

high degree of crosslinking also results in a very limited

mobility of the individual network segments. Thermosets

are brittle and, unlike thermoplastics, the rigid networks

cannot usually be softened nondestructively by increasing

the temperature. Hence, while minor mechanical damage
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to thermoplastics can often be healed again by local tem-

perature exposure (flow of the thermoplastic matrix dur-

ing so-called “tempering” with concomitant sealing of the

crack), this is typically not possible with thermoset

systems.

Thermosets, which are able to maintain their mechani-

cal properties over the long term and counteract rapid

wear intelligently, are in great demand in various areas of

industry, engineering, and electronics. The development

of formulations for intelligent self-healing composite

matrix systems and coatings based on thermosets has

remained a highly topical research topic over the last 20

years. In recent years, research has focused on a rather

comprehensive approach in property design to extending

the service life of thermoset materials for very specific

applications [3,5,7�38]. This means that, as a rule, sev-

eral complementary self-healing strategies are pursued

simultaneously in order to avoid the loss of functionality

at different performance levels at the same time in the

sense of multifunctional material optimization.

For example, in the development of thermosetting

coatings for metal surfaces of underwater structures, the

aim is to use self-healing systems that not only restore

mechanical integrity in the event of mechanical damage

but also ensure stability against corrosion processes and

biofouling (i.e., the decomposing attack of microorgan-

isms). Self-healing additives thus include catalysts for the

regeneration of the polymer network as well as corrosion

inhibitors, bacterial agents, and antifouling agents [8,39].

In the automotive and aircraft industries on the other

hand, development attempts are aimed at anticorrosive,

UV-curing and at the same time antiyellowing and

mechanically reinforced coating systems (e.g., by incor-

poration of inorganic hard materials) that are, in addition,

based on renewable raw materials (“green” high-

performance coating systems). If it were possible to fur-

thermore incorporate also a very high self-healing poten-

tial, such systems would have a very large application

potential in automotive and aircraft applications

[15,27,35].

Thus, an important trend in the development of self-

healing materials is therefore the regeneration of the

entire property profile required for a specific application.

Very high demands are therefore placed on the corre-

sponding self-healing systems and there are a large num-

ber of specialized approaches for specific fields of

application. Under no circumstances should the overall

property profile of the material be adversely affected by

the additional modifications required to impart self-

healing properties.

In the recent literature one can find many examples

where the concept of self-healing is combined with the

optimization of other high-performance characteristics. In

this sense, modern thermosets are therefore no longer just

about developing polymer networks capable of self-

healing, but rather highly developed high-performance

materials with pronounced multifunctionality, whose

property profile is holistically optimized for special appli-

cations. A number of properties that have been realized

together with the ability to self-heal in thermoset systems

in recent years are summarized in Fig. 22.1.

For example, the combination of the self-healing abil-

ity with (a) a pronounced corrosion protection effect

[25,26,40�43], with high mechanical reinforcement

[44�50], with self-monitoring [51], self-cleaning

[7,8,11,39,52�55], self-lubricating [56�59], and/or anti-

bacterial [60�62] properties as well as shape-memory

properties has been realized [63�66].

Multifunctionality, high performance and a property

profile tailored to a defined field of application extend the

wide range of applications of modern thermosetting mate-

rials and allow their practical use also from the point of

view of process economy and sustainability (Fig. 22.1).

Of great interest in this context is the special consider-

ation of the possibility of recycling and reusing

thermoset-based materials. Thermoset materials are gener-

ally difficult to recycle. Composite materials based on

thermosets in particular present a serious challenge. The

use of complex mixtures of different types of materials

seems to be largely incompatible with intelligent recy-

cling of the products made from them. With the introduc-

tion of intrinsic concepts for self-healing (see next

section), where no complicated material mixtures are

used, it seems that the solution of recycling problems has

come closer and more sustainable high-performance ther-

moset-based materials will be possible in the near future.

[21,63,67,69�71].

Basic strategies in self-healing

In principle, self-healing properties can be incorporated

into a thermoset material according to two basic strate-

gies: on the one hand, the potential for self-healing can be

anchored in the structural framework of the thermoset by

selecting suitable monomers and comonomers. In this

case one speaks of structural or “intrinsic” self-healing

properties. On the other hand, the ability to self-heal can

be mediated by suitable additives (i.e., chemical com-

pounds or fillers such as microparticles or hierarchical

structures). One then speaks of “extrinsic” self-healing

properties (Fig. 22.2).

Extrinsic self-healing approach

The best known and most widely used approach to realize

an extrinsic self-healing strategy is the addition of micro-

capsules. In this process, the self-healing hollow spheres

are added to the bulk thermoset material in as even a
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distribution as possible. Repairing is usually achieved via

a two-component curing/healing system. For this, one part

of the hollow spheres is filled with a reactive, not yet

polymerized reaction mass, another part of the hollow

particles is filled with catalyst, which causes or

accelerates the curing of this reaction mass. Self-healing

is based on the fact that a crack damages the hollow

spheres simultaneously with the matrix. If mechanical

damage occurs, the hollow spheres located in the damage

zone are destroyed, their contents are liberated and can

FIGURE 22.1 Multifunctional self-healing thermo-

set systems in composite coating and matrix compos-

ite applications [6]: self-healing ability in combination

with corrosion protection [40], mechanical reinforce-

ment [50], self-monitoring [51], self-cleaning and

superamphiphobic [39,53], self-lubricating [72], anti-

bacterial [73] properties, shape memory [64], and

reprocessability [68]. Modified after Zhang Y, Yuan

L, Guan Q, Liang G, Gu A. Developing self-

healable and antibacterial polyacrylate coatings

with high mechanical strength through crosslink-

ing by multi-amine hyperbranched polysiloxane

viadynamic vinylogous urethane. J Mater Chem A

2017;5(32):16889–97. Available from: https://doi.

org/10.1039/C7TA04141A; Huang Y, Deng L, Ju

P, Huang L, Qian H, Zhang D, et al. Tripleaction

self-healing protective coatings based on shape

memory polymers containing dual-function micro-

spheres. ACS Appl Mater Interfaces 2018;10

(27):23369–79. Available from: https://doi.org/

10.1021/acsami.8b06985; Zhao D, Du Z, Liu S,

Wu Y, Guan T, Sun Q, et al. UV light curable

self-healing superamphiphobic coatings by photo-

promoted disulfide exchange reaction. ACS Appl

Polym Mater 2019;1(11):2951–60. Available

from: https://doi.org/10.1021/acsapm.9b00656;

Chen J-H, Hu D-D, Li Y-D, Meng F, Zhu J, Zeng

J-B. Castor oil derived poly(urethane urea)

networks with reprocessibility and enhanced

mechanical properties. Polymer 2018;143:79�86.

Available from: https://doi.org/10.1016/j.poly-

mer.2018.04.013 [68].

FIGURE 22.2 Self-healing-approaches (A) capsule-based extrinsic, (B) vascular-based extrinsic methodology (C) intrinsic reorganization of the matrix

functionalities via an external trigger. Taken from Urdl K, Kandelbauer A, Kern W, Muller U, Thebault M, Zikulnig-Rusch E. Self-healing of densely cross-

linked thermoset polymers—a critical review. Prog Org Coat 2017;104:232�49. Available from: https://doi.org/10.1016/j.porgcoat.2016.11.010 [6].
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fill the crack again with reactive material. At the same

time the reactive reaction mass (loading of the micro-

sphere of type 1) comes into contact with the catalyst

molecules (loading of the microspheres of type 2), the lib-

erated reaction mass hardens and the crack is repaired.

In the extrinsic strategy, the original mechanical prop-

erties of the thermoset can be automatically improved by

introducing particularly hard “healing” capsules based on

several layers of different thermosets as the shell material

of the microsphere or by hardening a single-layer shell

with carbide and/or ceramic additives [46,48,49,74]. Such

additives additionally act as membranes and contribute to

a uniform (controlled) release of reactive monomer from

the core and its more effective polymerization [27,56,75].

The success of self-healing when using functional

microparticles depends very much on the even distribu-

tion over the thermoset volume and the degree of filling

of the thermoset with microspheres. The more homoge-

neous the distribution and the higher the degree of filling,

the greater the probability that a crack will actually lead

to the destruction of microparticles and thus to the release

of the chemical repair system. Once the repair material

has been released at one location, a new damage at the

same location cannot be repaired a second time. Since the

content of the microparticle is used up, the self-healing

properties are exhausted.

In order to partially circumvent this disadvantage, a

further development of the microparticle strategy is based

on repair systems that resemble those found in living

organisms. It consists the incorporation of microvascular

structures in which the repair systems can be stored and

transported across the bulk thermoset. Microvascular net-

work systems, for example, made of porous ceramics [48]

or carbon fibers [76�78] as a depot for reactants in the

extrinsic approach, also improve the mechanical strength

of the thermoset matrix by acting as additional reinforcing

materials. Extrinsic strategies based on the capsule and

vessel structures often do not require an external stimulus

to trigger the self-healing process such as an increase in

temperature to initiate thermal polymerization of the

repair matrix or an exposure to light for photopolymeriza-

tion. They are usually independent of the environment

and therefore, they are also called autonomous healing

techniques.

Intrinsic self-healing approach

In contrast, the intrinsic strategy of self-healing aims at

structural modifications of the chemical structure in the

thermoset network: by suitable selection of monomers

and/or comonomers, additional functional groups are

incorporated into the network, which upon damage are

capable of creating additional chemical bonds in the poly-

mer matrix if one or more of a variety of different

external stimuli are applied to initiate the self-healing pro-

cess [1,79,80]. However, the implementation of this strat-

egy is difficult to apply to very rigid thermoset matrix

systems with very high crosslinking densities, as it

requires a minimum of flexibility of the chains and net-

work segments carrying the self-healing functionality in

order for them to rearrange their relative positions. The

reactive functionalities must be able to align themselves

toward each other after the damage has occurred so that

the reaction can take place. This is only possible to a very

limited extent with overly rigid networks. Therefore, the

network density in such thermosets must not be too high,

which, however, leads to a corresponding decrease in

glass transition temperature, deterioration of thermal sta-

bility, and inferior mechanical strength. The mechanical

strength of such intrinsically self-healing thermosets can

usually only be improved by the formation of multiple

bonds, including covalent, intramolecular coordination

(chelation), and hydrogen bonds [47,81,82]. The addi-

tional introduction of ceramic nanoparticles or carbon

nanotubes with a functionalized surface for click reactions

can cause an additional significant hardening in the ther-

moset matrix, similar to composite rubbers matrix

[20,44,45,83,84]. It should be noted that the successful

practical application of thermosets modified with intrinsic

self-healing properties can be supported by introducing

the ability of shape-memory effects, especially in com-

posite coatings [65,85].

Toward long-lasting smart materials: combining

extrinsic and intrinsic strategies

The main motivation behind the introduction of self-

healing properties in thermosetting polymer systems is to

extend their useful lifespan. Fig. 22.3 shows schematically

the increase in service life of various thermoset systems

based on the temporal progression of mechanical strength

over the service life, as has been achieved so far by intro-

ducing self-healing properties of matrix or coating materi-

als based on thermosetting polymers.

The dashed curve “a” shows the typical time course of

mechanical strength of a standard thermoset without self-

healing properties. Although this thermoset may well be

filled with reinforcing fillers such as fibers or hard parti-

cles to increase the original material strength, the filler

does not have any self-amending or self-repairing proper-

ties and is chemically inactive in this respect. Once

mechanical damage has occurred, the mechanical stability

of the material decreases rapidly, the material properties

collapse, and the component has reached the end of its

service life and must be replaced.

Curve “b” shows the typical course over time of the

strength properties for an extrinsically self-healing
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thermoset composite material reinforced with embedded

hard microcapsules that are filled with some reactive

reaction mass. Due to the polymerizable additives con-

tained in the hollow spheres, this thermoset is able to

form a self-repairing, adhesive filling of additional ther-

moset resin in the resulting cracks. The extrinsic approach

can significantly extend the service life of the composite

matrix systems compared to unmodified thermosets or

thermosets filled with inactive filler (compare curve “a”).

However, the initial mechanical strength is typically fur-

ther reduced with each subsequent damage. The original

strength of the base material is typically not fully

restored, and any further damage will lead to a permanent

deterioration of the material properties. Nevertheless, this

approach is still cost effective as it is based on the incor-

poration of capsules as self-healing additives into a stan-

dard matrix formulation which is easily activated in case

of mechanical damage by the damage event itself (auton-

omous system) or can amend the damage by polymeriza-

tion at room temperature induced by light, moisture, or

atmospheric oxygen (stimulus-responsive system). The

material is kept in use for a longer period of time and is

only much later recycled. Research and development

work in this area is primarily focused on the further

development of the reactive additives with regard to (1)

increasing their reactivity within the composite matrix,

(2) improving the interfacial adhesion between the cap-

sule surface and the resin matrix, and (3) optimizing the

reaction kinetics by controlled release through tailor-

made polymeric membrane shells (defined shell structure

of the hollow microparticles). Further research focuses on

the optimization of the self-healing properties by varying

size, concentration, and filling level with polymerizable

reactant of the microcontainers. Mathematical modeling

and simulation of the self-healing efficiency are often

used for this purpose.

The course of curve “c” seems to be generally typical

for a self-healing thermoset according to such an intrinsic

strategy. Due to the need for increased flexibility to

ensure the spatial proximity of the polymer segments

involved in the self-healing effect, only materials with

comparatively lower mechanical strengths are generally

possible according to this intrinsic healing strategy. On

the other hand, this somewhat lower initial strength over

the service life experiences only a relatively small drop in

performance compared to the extrinsic strategy-based

materials. As already mentioned, this type of modification

allows multiple healing events of cuts or cracks in the

thermoset matrix, with practically no loss of mechanical

properties when the material is subjected to the self-

healing cycle. Self-healing is usually initiated by (locally

applied) external stimuli, sometimes considerable heat,

radiation, or electrical voltage. It is worth mentioning that

the new generation of materials, whose self-healing

capacity is based on intrinsic healing strategies, usually

has additional interesting properties such as shape mem-

ory and the possibility of material reuse (recycling).

The curve “d” roughly illustrates the obvious develop-

ment goals for further improvements in the properties of

intelligent, self-healing thermosetting polymers. On the

one hand, the level of mechanical performance of the

starting material is desired to be systematically increased

and the self-healing time reduced (preferably without

external stimuli), and on the other hand, the number of

self-healing cycles should be as large as possible while

maintaining the material performance as fully as possible

in order to achieve maximum service life while maintain-

ing the application properties [86]. These development

goals are most likely to be achieved by a combination of

the two self-healing strategies, and an intelligent combi-

nation of extrinsic (“additive”) and intrinsic (“functionali-

zation”) strategies within one and the same thermoset

FIGURE 22.3 Idealized healing

efficiency (recovery) of material

performance and schematic repre-

sentation of the extension of ser-

vice life of self-healing thermoset

materials: (a) thermoset without

self-healing ability, (b) thermoset

enhanced by extrinsic healing strat-

egy, (c) thermoset enhanced with

intrinsic healing strategy, and

(d) ideal self-healing thermoset

combining extrinsic and intrinsic

healing strategies.
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network is expected to have a positive effect on the devel-

opment of more environmentally friendly, high-

performance thermosets. Accordingly, approaches com-

bining several self-healing strategies, both intrinsic and

extrinsic, are increasingly being found in recent literature,

thus taking advantage of the benefits of both strategies.

Selected analytical techniques to
evaluate self-healing efficiency

General aspects

As shown in Fig. 22.3, an important parameter to describe

the effective service life of self-healing materials is the

number of healing cycles that can be achieved with the

material and the extent to which the original material

properties can be restored after a damage event. In princi-

ple, therefore, all analytical methods which correctly

reflect the performance characteristic of interest (mechan-

ical, thermal, dielectric, etc. properties) of the material

before the damaging event and after the healing step are

suitable for describing the self-healing capabilities of a

material. According to the manifold fields of application

of thermosetting polymers there are many analytical para-

meters in the technical literature which have been used to

characterize the self-healing properties. Thus, the polymer

systems described in the literature are often only partially

comparable with each other with regard to their perfor-

mance. In this variety, however, there are some particu-

larly interesting analytical approaches which are

especially suitable for the time-dependent characterization

of material properties and thus for the analytical determi-

nation of self-healing properties and healing efficiency

(HE). In the present section, we will therefore first discuss

some of the most interesting/important analytical methods

for describing the self-healing properties of thermosetting

materials and give some illustrative examples for the

potential of the analytical tool in terms of what is mea-

sured and how the measurement is relevant for self-

healing. In subsequent subsections, we will discuss some

chemically interesting examples for self-healing

materials.

To quantify the self-healing efficiency of thermoset

materials and their objective evaluation for complex com-

posite materials, a combination of several analytical meth-

ods is usually used. Fig. 22.4 shows the most important

methods for the analytical detection of changes in the sur-

face quality of thermoset coatings and volume properties

of thermosetting bulk materials.

Depending on the intended use of the composite mate-

rial to be tested, the methods for testing cured thermoset

materials must obligatorily include at least one or more

tests for mechanical strength. This may include testing for

tensile, compression, flexural, and/or impact strength of

the specimen. The mechanical loading may be either

static or dynamic with additionally including the action of

temperature (thermomechanical methods). The mechani-

cal damage to model specimens in the course of a wear

test can be supplemented by combined chemical degrada-

tion with salt solutions. This is particularly important, for

example, when testing coatings intended for underwater

structures.

The ability of a surface to recover from mechanical

damage can be assessed particularly advantageously visu-

ally by spatially resolved measurement techniques like for

example optical, electronic, electrochemical, or chemical

imaging methods. Undamaged (original samples), dam-

aged, and healed surfaces are used for comparison. The

FIGURE 22.4 Degradation tests, methods,

and techniques for study of the self-healing

surface capability of thermoset coatings as

well as the self-healing bulk capability of ther-

mosetting composites.
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methods briefly discussed in more detail below are most

frequently used to assess self-healing properties.

Electrochemical methods for coating thermosets

Electrochemical examination methods allow a quantita-

tive estimation of the degree of healing of thermoset-

based surface coatings on metal substrates. Here the dif-

ferent corrosion tendencies of the metal substrates under

the protective coating are quantitatively recorded. The

comparison of measuring profiles is usually carried out

for samples which have been damaged (scratched) on the

metal substrate before and can therefore corrode faster

under the influence of salt solutions. An uncoated metal

surface that is not coated with a protective polymer and/

or a thermoset-coated sample that has no self-healing abil-

ity can be examined for comparison. The test samples are

usually significantly corroded by salt solutions within a

test period of a few days. The relationship between the

rate of corrosion and the rate of healing is decisive: if the

rate of corrosion does not exceed the rate of healing, the

healing ability of the coating under test can be considered

sufficient. Various methods can be employed for quantifi-

cation. As examples for very versatile electrochemical

methods, electrochemical impedance spectroscopy (EIS),

scanning vibrating electrode testing (SVET), and scanning

ion-selective electrode testing (SIET) shall be briefly

illustrated using some interesting examples for self-

healing surface coatings.

Electrochemical impedance spectroscopy

EIS has been frequently employed to study the corrosion

behavior of metal surfaces that were coated with thermo-

sets containing healable microcapsules. The impedance

method has been used for a variety of coating systems for

metal surfaces, among others, including self-healing

epoxy resin-based composite coatings (microcapsules

embedded in epoxy resin) [40,49,58,87�93], UV-curable

acrylic resins [94] and biobased alkyd coatings [95],

shape-memory polyurethane coatings with microcapsule-

based healants [65], chemically modified polyurethane

networks [96], or a self-healing superamphiphobic coating

for efficient corrosion protection of magnesium alloys,

which was achieved by combining a compact self-healing

epoxy resin coating and a porous superamphiphobic coat-

ing [54]. The EIS measurement principle is schematically

depicted in Fig. 22.5. Fig. 22.5 also shows a typical mea-

surement result.

Fig. 22.5 provides an overview of the use of EIS in

the study of the anticorrosive performance of the

scratched metal parts coated with intelligent coating under

salt spray conditions. It presents a measurement cell with

a three-electrodes setup for EIS measurements in the

damaged area of the coating as well as equivalent circuit

models for the partial and complete surface coverage that

correspond to the damaged coating state in the early and

in the late stage of immersion (Fig. 22.5A) [87]. The EIS

device comprises three-electrode systems in which the

coating under test acts as the working electrode and either

an Ag/AgCl electrode or a saturated calomel electrode

acts as the reference electrode. The third electrode is a

platinum electrode which functions as a counter electrode.

It is aligned in parallel to the coated material to complete

the electrochemical cell. As an electrolyte, sodium chlo-

ride solutions of various concentrations have proven to be

optimal for corrosion tests. When testing coatings to be

used under seawater conditions, more highly concentrated

salt solutions (about 4%) are employed. If the main focus

is on determining kinetic data in the process of early cor-

rosion, significantly lower electrolyte concentrations (less

than 1%) are advantageous. The samples are most often

tested in the frequency range between 105 and 1022 Hz

with an AC signal amplitude of 10 mV. The EIS measure-

ment data is primarily presented as a so-called Bode dia-

gram. A Bode diagram shows either the frequency

dependence of the absolute impedance values (|Z|5 Z0),

or their dependence on the phase shift.

The EIS measurement profiles in Bode coordinates for

self-healing coating containing hexamethylene diisocyanate

microcapsules as well as the kinetics of surface healing with

coated microcapsules at 10 wt.% are shown in Fig. 22.5B

and C. If there is a defect on the surface of the coating (e.g.,

an artificial scratch), the impedance at low frequencies drops

drastically due to the incipient corrosion process and begins

to increase again as soon as the defect begins to heal. Bode

diagrams are normally recorded over the period of time in

which the impedance returns to its original value, that is, the

time in which the coatings completely repair themselves and

their protective function is restored. A quantification of the

efficiency of the self-repair process is provided by describ-

ing the EIS data in the form of a corresponding equivalent

circuit diagram. Each component of the coating (correspond-

ing to a cross-sectional segment of the coating) is assigned

its own resistance or capacitance value. The change in the

number of equivalent circuit components required at the

location of the scratch compared to an undamaged reference

section provides a direct quantitative measure of the effec-

tive self-healing (Fig. 22.5). Using EIS, for example, the

influence of microcapsule diameter, microcapsule weight

percentage and coating thickness on the anticorrosive prop-

erties of the coating can be investigated. The dynamics of

anticorrosion behavior after immersion in seawater was

monitored also for epoxy-based coating systems in

Fig. 22.5D and E. Measuring profiles of steel surfaces

coated by a series of modified epoxy resins with polyurea-

ethylene diamine (EDA) microcapsules can achieve the

average corrosion resistance efficiency (CRE) of 94% after
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immersion for 120 h at a maximum treatment capsule con-

tent of 5.0 wt.% [89].

EIS was, for example, used to test the self-healing proper-

ties of epoxy coatings containing hollow microspheres that

were filled with linseed oil [59]. Fig. 22.6 shows schemati-

cally the pin-shaped friction and wear tester used to test the

mechanical stability of the epoxy coating applied to the sur-

face of steel plates. The epoxy coatings with self-healing

FIGURE 22.5 EIS study of the anticorrosive performance of the scratched samples under accelerated corrosion conditions (salt test): (A) Equivalent circuit

models for the partial and complete surface coverage with self-healing coating and the measuring EIS cell with the three-electrodes setup. (B, D) Theoretically

expected and practically obtained measurement EIS profiles in terms of Bode and Nyquist diagrams. (C) Kinetics of self-healing process characterized by EIS

measurement when the scratched coating was exposed to salt solution. (E) Impedance modulus (f5 0.01 Hz) of the scratched epoxy self-healing coating with dif-

ferent contents of microcapsules (0, 2.0 and 5.0 wt.%) after immersion in seawater. (F) Calculation of the corrosion resistance efficiencies (CRE) of the coating:

R’ct and Rct are the charge transfer resistances of the coating matrix with and without microcapsules, respectively. EIS, Electrochemical impedance spectroscopy.

Figures (B) and (C) were modified according to Huang M, Yang J. Salt spray and EIS studies on HDI microcapsule-based self-healing anticorrosive coatings.

Prog Org Coat 2014;77(1):168�75. Available from: https://doi.org/10.1016/j.porgcoat.2013.09.002 [87]. Figures (D) and (E) were modified according to Ma Y,

Zhang Y, Liu J, Sun Y, Ge Y, Yan X, et al. Preparation and characterization of ethylenediamine-polyurea microcapsule epoxy self-healing coating. Materials

(Basel) 2020;13(2):326. Available from: https://doi.org/10.3390/ma13020326 [89].
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properties contained encapsulated linseed oil. The linseed oil

was entrapped in an inorganic-organic hybrid hollow sphere

consisting of poly(urea-formaldehyde)/SiO2 of 20 μm

diameter. Different contents (5�15 wt.%.) in functional

microspheres were investigated. The wear tests showed that a

bifunctional coating with 10 wt.% microcapsules after 4 h of

FIGURE 22.6 (A) Friction and wear test of an epoxy coating comprising 10 wt.% poly(urea-formaldehyde)-SiO2 hybrid hollow microspheres containing lin-

seed oil [59]; (B) EIS plots of scratched coatings with 10 wt.% microcapsules immersed in 3.5 wt.% NaCl solution for 30 days; (C) scratched coated steel plates

immersed for 30 days in 3.5 wt.% NaCl solution with a pure epoxy coating having a thickness of 0.35 mm and self-healing epoxy coating comprising

5�15 wt.% microcapsules (D) corresponding equivalent electrical circuits [59] and calculation of scratch filling ratio or scratch filling efficiency (SFE) by

extrinsically embedded healant [87,92]. EIS, Electrochemical impedance spectroscopy. Modified after Li K, Li H, Cui Y, Li Z, Ji J, Feng Y, et al.

Dual-functional coatings with self-lubricating and self-healing properties by combining poly(ureaformaldehyde)/SiO2 hybrid microcapsules containing

linseed oil. Ind Eng Chem Res 2019;58(48):220–329. Available from: https://doi.org/10.1021/acs.iecr.9b04736 [59].
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friction had low wear loss and excellent corrosion inhibition

properties for microcracks. The test protocol for self-curing

coatings using EIS included the following steps: (1) scratch-

ing the coating to a depth down to the surface of the steel

plates; (2) exposing the scratched surfaces to air for 72 h so

that the released drying oil could completely cross-link and

form a protective film on the steel substrate; (3) performing

an EIS test at an electrochemical workstation with the three-

electrode electrochemical cell depicted in Fig. 22.5.

Fig. 22.6B shows the Bode diagram for a frequency

range of 105�1022 Hz (with an AC signal amplitude of

10 mV) for coating samples with different microcapsule

contents after several days of storage in salt solution.

Better corrosion protection properties at low frequencies

are indicated by higher impedance values. An increase in

the concentration of microcapsules in the coatings

increased the resistance of scratched coatings at low fre-

quencies (0.01 Hz). This effect was already clearly visible

after the first days of immersion: the resistance increased

from 4.2 3 104 to 3.2 3 106 Ω cm2 at 5 wt.% microcap-

sules and to 8.0 3 108 Ω cm2 at 10 wt.% microcapsules.

After 30 days of exposition to the salt solution, the EIS

results showed a stronger increase in the impedance modu-

lus for the modified epoxy coating: the impedance modulus

for the coating with 10 wt.% microcapsule concentration

was about four orders of magnitude higher than the imped-

ance modulus for the unmodified epoxy resin.

At the frequency of 0.01 Hz for all coating samples, the

values of the impedance modulus in the Bode diagram and

the arc radius in the Nyquist diagram were reduced with

increasing immersion time. This can be explained by diffu-

sion of electrolyte into the scratches of coatings. The coat-

ings with microcapsules of 10 wt.% showed a consistently

high electrochemical impedance after 1 month of immersion

in the electrolyte and thus excellent corrosion protection

properties. Depending on the impedance, suitable electrical

equivalent circuits were selected after 1, 10, and 20 days of

immersion and after 30 days of immersion (Fig. 22.6B�D).

Unfortunately, the authors do not quantify the healing effi-

ciency (HE) but confirm the efficiency of self-healing after

1 month of EIS testing using electron microscopy

(Fig. 22.6C). For example, the values of the impedance

modulus over 107 Ω cm2 indicate sufficient corrosion protec-

tion of films based on cross-linked linseed oil in the crack

area of epoxy coatings.

Scanning vibrating electrode testing

SVET is another important electrochemical examination

method. SVET can be used to detect the beginning of a

corrosion process. The onset of corrosion is characterized

by a local change in the electrochemical potential and the

corresponding current density. With SVET, an electric

field is initiated over the electrochemically active surface

of the studied microzone. The investigated surface frag-

ment is graphically displayed as a contour map of the cur-

rent densities calculated from the measurement of the

electrical potential. The method provides a quantitative

estimate of the changes in local current densities of the

corrosive current in real time with high resolution. For

this purpose, a vibrating reference electrode must be used

to measure the electric field. The vibration modulates the

signal to be filtered and amplified in the blocking ampli-

fier, thus increasing the signal-to-noise ratio and sensitiv-

ity. Fig. 22.7A�B schematically shows the test setup for

the SVET measurement technique. The central component

of the electrochemical cell is a microelectrode with a scan-

ning probe. The area of the sample to be tested is firmly

fixed by a holding device and immersed in the electrolyte.

A computer program controls the vibrating microelectrode

with the scanning probe. The scanning probe oscillates in

x and z direction to the surface and the results are recorded

as a current density map of the microzone (Fig. 22.7C).

Such xz-SVET maps provide information on the distribu-

tion of the current propagating from the surface as well as

on the magnitude and location of the direction of the cur-

rent. If the z-component of the current is positive (anode

activity), it is usually shown in red on the map, while the

negative z-component (cathode activity) is, for instance,

depicted as blue. Areas without electrochemical activity

on the surface are green (Fig. 22.7C).

SVET is a relatively simple and yet very informative

method for monitoring corrosion processes on metal sur-

faces (Fig. 22.7C�D). However, there are some limitations

of the method to obtain an adequate evaluation of the pro-

cesses of surface self-healing: SVET does not detect cur-

rents flowing below the investigated surface or currents

beyond the map, that is, currents occurring in bubbles,

pores, and microdefects of the surface (Fig. 22.7E).

Therefore, the SVET method is usually always used in

combination with other complementary electrochemical

techniques, for example to investigate the quality of

rubber-based composite coatings. EIS is most often used in

combination with SVET to supplement a traditional SVET

map with a detailed description of the defective area, as

corrosion phenomena can change their spatial position and

move below the surface coating. Moreover, the combina-

tion of SVET and SIET can be useful when the current

density map needs to be supplemented with information

about pH values or the concentration of specific other ions.

Scanning ion-selective electrode technique

In general, SIET uses ion-selective miniature electrodes

to identify ions involved in the corrosion process. The

acidity of the solution in the electrolyte is most frequently

monitored, since cathodic reactions can increase the pH

value and the hydrolysis of the metal cations formed in
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the anode reaction promotes local acidification of the

solution [97d]. The concentration of electrolyte ions and

the control of some corrosion inhibitors leached from the

coating can also be monitored by SIET. The working

principle and experimental set-up of the SIET

measurement cell is depicted schematically in Fig. 22.8.

Microelectrodes employed in SIET can have a double tip

consisting of two capillaries, so that the same housing

contains both membrane-ion-selective microelectrodes

and a reference electrode. The results of measurements in

FIGURE 22.7 (A) Electrochemical cells for SVET measurements with Pt-disk (a working electrode is the sample to test); (B) Example of the

SVET-cell for a galvanic couple in 0.005 M NaCl: 1 mm diameter Zn and Fe disks, embedded in epoxy resin and electrically connected. [97a];

(C) SVET maps of the ionic currents of a galvanic couple (Fe-Zn) in 0.1 M NaCl solution measured in the xz and xy planes. Typical distribution of

anodic, cathodic and inactive SVET regions on the sample surface. The positive z values (red) correspond to zinc oxidation and the negative current

(blue) corresponds to the oxygen reduction process at the iron electrode with the production of hydroxide [97b]; (D) Scanner height effect on the

detection of the ionic currents above the Fe-Zn galvanic couple immersed in electrolyte solution [97c]; (E) An example of a corrosion cell of the gal-

vanic type in which electrons flow with ions of the electrolyte solution from the anodes to the cathodes (traditional positive charge direction) and lim-

itations of the use of SVET in coatings [97d].
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SIET are activities or concentrations of ions in the form

of a map, lines, or single point measurements over time.

The visualization of corrosion by monitoring the

location, density, and shape change of anode and cath-

ode areas over time has been used by many authors to

assess the kinetics of self-healing coatings on a corrod-

ing metal sample. In order to obtain complete informa-

tion on the quality of self-healing ability of coatings and

to adequately assess their potential for applications,

SVET measurements are usually supplemented by chem-

ical information provided by SIET [97]. Thus, the com-

bination of these methods with additional acidity control

has been successfully applied to the corrosion activity

on coated carbon steel surfaces containing artificial

defects [98]. Fig. 22.9A shows microscopic images of

isophorone diisocyanate (IPDI) microcapsules incorpo-

rated in the epoxy protection coating used for carbon

steel. The diameter of the microcapsules is about 20 μm

and enables its use for thin coatings (less than 100 μm).

The self-healing ability of epoxy coatings modified with

2 and 3 wt.% of microcapsules investigated by combin-

ing electrochemical techniques SVET and SIET is

shown in Fig. 22.9B and C. Optical and electrochemical

images were acquired during the first 12�13 h of

immersion in 0.05 M NaCl of coated carbon steel sam-

ples. The kinetics of distribution of anodic and cathodic

areas on corroding samples coated with pure epoxy ther-

moset clearly shows the progress of corrosion over time

(SVET maps), which is also confirmed by SIET data on

stable alkalinity in the corroded area (Fig. 22.9B). At the

same time, in just 2 h the capsules are able to heal dam-

aged areas in the coating to minimize corrosion by form-

ing a protective barrier layer due to the moisture-cured

isocyanate polymer (Fig. 22.9C). In the latter case, the

acidity of the solution remains stable neutral according

to SIET.

FIGURE 22.8 A liquid membrane ion-selective microelectrode pH-SME and a typical cell for quasi-simultaneous SVET�SIET measurements: the

micro-potentiometric measurements are conducted under zero current conditions using a pH-SME and an external reference silver-chloride electrode.

A computerized stepper-motor system can be used to move the ISMEs over the sample [97e]. Typical reactions during corrosion of the metal surfaces

that influence pH [97d].
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Mechanical methods for bulk thermosets

Fracture analysis

Fracture toughness testing is often used to measure the

tensile strength of tough composites with relatively low

viscosity. The simple testing procedure and straightfor-

ward interpretation of the measurement signal for layered,

laminated, or vascular thermoset structures explain the

popularity of this method. The essence of the method is to

measure the amount of stress required to propagate an

existing defect. A defect is created in the material as a

sharp, artificial notch from which a fatigue crack can

grow if the material is locally subjected to external

mechanical strain at a certain speed up to the maximum

possible stress. The fracture toughness limit is character-

ized by the stress intensity factor (K). A subscript index

with Roman numbers indicates the loading mode. The

fracture toughness (KIC) is the highest value of stress

intensity that a material can withstand under plane defor-

mation conditions without breaking. The mechanical frac-

ture tests of adhesives which are intended for use in

aerospace, automotive, and construction applications often

estimate the critical tensile strain energy release rate or,

in other words, the toughness in terms of tension, (GIC) of

the adhesive joints.

Fig. 22.10 shows three types of programmable load

that are targeted at crack opening under tensile stress

(mode I) and are targeted at crack sliding as well as crack

tearing under friction (modes II and III). The measure-

ment profiles of material failure in these three modes are

recorded in load-displacement coordinates. The most

important information to assess the quality of the material

from a mechanical point of view is the information

regarding critical tensile load at crack release moment,

Pmax. These values can be used directly in the calculation

of fracture HE if measurements are performed under ten-

sile stress using Tapered Double-Cantilever Beam

(TDCB) specimen geometry (Fig. 22.10). The use of other

tensile fracture geometries, such as Compact Tension

(CT), Single Edge Notch Bend, and Single Edge Notch

Tension, requires consideration of the change in length of

the cracked front. Thus, the fracture HE is calculated by

the ratio of strain energy release rates for mode-I loading

(G) as well as by the ratio of stress intensity factors (K).

It should be noted that measurements with TDCB as well

as with Compact TDCB specimen geometries are the

most preferable in assessing the self-healing efficiency of

thermosetting composites [104,105]. The use of the

TDCB geometry in fracture toughness measurements for

the quantification of self-healing has been described in

[106]. Different types of measuring profiles for this geom-

etry, as well as practical examples of measuring virgin

and healed resin-based materials, are shown in

Fig. 22.10B and C. The first graph in Fig. 22.10C “c”

FIGURE 22.9 SVET-SIET analysis of corrosion activity on coated carbon steel surfaces: (A) SEM images of isophorone diisocyanate microcapsules

in the epoxy coating, (B) Optical images, SVET and SIET maps acquired during the first 13 h of immersion in 0.05 M NaCl of carbon steel samples

coated with epoxy (reference) and (C) IPDI-capsule-modified epoxy coatings [98]. SVET, Scanning vibrating electrode testing; SIET, Scanning ion-

selective electrode testing; IPDI, isophorone diisocyanate. Modified after Attaei M, Calado LM, Taryba MG, Morozov Y, Shakoor RA, Kahraman R, et

al. Autonomous self-healing in epoxy coatings provided by high efficiency isophorone diisocyanate (IPDI) microcapsules for protection of carbon

steel. Prog Org Coat 2020;139:105445. Available from: https://doi.org/10.1016/j.porgcoat.2019.105445 [98].
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reflects testing the self-healing PU coatings embedded

with the DCPD multilayer microcapsules [99]. During the

ring-opening metathesis polymerization of the DCPD core

which came in contact with the Grubbs’ catalyst

preembedded in the coating, a tightly cross-linked product

is formed which effectively heals cracks on the coating

and has a positive impact on mechanical properties. The

virgin and healed average critical loads were ca. 80 and

FIGURE 22.10 Self-healing efficiency by fracture testing: (A) types of loading for a crack opening, crack sliding and crack tearing and their mea-

surement profiles in load-displacement coordinates; (B) Tapered Double-Cantilever Beam (TDCB) and typical load -displacement curves measured

with TDCB; (C) representative typical load -displacement for self-healing TDCB-fracture tests [99�101]. (D) effect of the capsule size on the healing

efficiency of the epoxy thermosetting matrix [102]; (E) Double-Cantilever Beam (DCB) for laminate fracture tests; (F) fracture measurement profiles

and effect of number of healing operations on the maximum bridging traction load and total traction energy of the stitched laminate [103].
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94 N, respectively, and their HE was estimated as 118%.

The more realistic values in this case could be achieved

by considering a significant change in stiffness in the

healed area. The second profile reflects the multiple HE

of an epoxy matrix using imidazole polymerization. The

stiffness of the healed sample was higher than that of

the virgin sample because of the restoration of integrity of

the precrack by healant injected into the crack plane. The

authors note that the change in stiffness between virgin

and healed specimens has no effect on the measured

fracture toughness [100]. The third system shown in

Fig. 22.10C refers to an extrinsically self-healing UV-cur-

able resin embedded with solvent-containing microcap-

sules and was produced using stereolithographic 3D

printing [101]. Commercial photocurrent resin modified

with anisole and 5% PMMA-containing urea-formalde-

hyde microcapsules demonstrated 87% recovery of the

initial critical toughness. The effect of the capsule size on

HE and toughness of epoxy composites was studied in

[102]. The size of urea-formaldehyde capsules with epoxy

core (DGEBA, Epikote 828) was controlled with agitation

rate and varied from 400 to 60 microns, while the stirring

rate increased from 200 to 800 rpm (Fig. 22.10D). The

fracture self-healing efficiency of the thermoset composite

containing the largest capsule size was the highest, reach-

ing 68%. This effect can be explained by the correspond-

ingly higher amount of healant contained in the large

capsule, providing for the most efficient healing. Small

capsules, as well as the catalyst Aluminum(III) triflate

(Al(OTf)3), are not uniformly distributed within the epoxy

matrix and may not get in contact with each other in suffi-

cient quantities. It should be noted that the tendency for

HE to increase with the size of the capsules is the oppo-

site in the case of toughness values, that is, for a compos-

ite with the largest capsules, toughness decreases by

about 80% to 20% of the original value, while the smaller

capsules only reduce it by 5%. Healing of delamination

cracks in laminates was measured during the tensile frac-

ture of carbon-epoxy material using DCB (Fig. 22.10E

and F) [103]. Even after five healing cycles, the maxi-

mum traction load is statistically the same as the virgin

sample, whereas the total traction energy generated by the

bridging stitches/ligaments is slightly reduced, especially

during the first two cycles. The traction energy was deter-

mined by the area integral of the traction load-crack open-

ing displacement curve and consists of two components,

namely the energy absorbed during elastic deformation

and the energy absorbed during plastic deformation of the

stitches/ligaments. As can be seen from the measurement

profile in Fig. 22.10F, a 20%�35% reduction in the total

traction energy upon healing was due to a loss in the plas-

tic deformation energy of the stitches. The lower tough-

ness of the repaired stitches and bridging ligaments was

probably caused by the higher porosity of the healed

material. However, the mode-I interlaminar fracture

toughness can be sufficiently recovered by cross-linked

laminates after each healing.

Tensile and bending testing

The evaluation of the failure resistance of softer thermoset

materials, that is, of materials with higher toughness, is

usually carried out via tensile and compression tests using

three- and four-point bending tests. The relevant informa-

tion on the measuring principle in tensile mode is summa-

rized in Fig. 22.11. Fig. 22.11A shows the mode of

mechanical load to which the specimen is subjected and

stress-strain profiles obtained by the measurement. The

relevant characteristics of material stability under load in

the elastic range as well as in the fracture toughness range

are indicated as well.

The test specimens are subjected to mechanical load at

a constant rate until finally, material failure occurs.

During the measurement, the elongation at a certain

applied stress is recorded. The resulting stress-strain dia-

grams show a characteristic profile and allow to deter-

mine quantitatively the modulus of elasticity of the

material [Et (MPa)], the maximum value of the applied

stress until fracture or break [the tensile strength at break,

σB (MPa)], the elongation at break, εB (%) and the frac-

ture toughness (A). All these mechanical properties of the

material are frequently used to characterize the self-

healing capacity of intelligent thermoset materials.

Fig. 22.11B�D illustrate the application of multiple mea-

suring cycles for a number of subsequent damage/healing

events. By comparing the stress-strain diagrams of materi-

als healed under different healing conditions (e.g., applied

healing times), the reaction conditions required for good

self-healing performance can be readily optimized

(Fig. 22.11C, right). Numerical values for the self-healing

efficiency can be calculated from the above mechanical

parameters using the formulas given in Fig. 22.11 by

comparing the values of the undamaged pristine materials

with the corresponding values of the materials after dam-

age and self-repair have occurred.

Fig. 22.11 shows the effect of the number of load

cycles on the HE in the photo-stimulated self-healing of

polyurethane [100] (Fig. 22.11B), in the healing time of

polyacrylate coatings [47] (Fig. 22.11C), and in the heal-

ing temperature [101] required for disulphide linkages to

exhibit healing effects within poly(urea-urethane) net-

works (Fig. 22.11D).

Dynamic mechanical analysis

The dynamic mechanical analysis (DMA) method is used

to track mechanical changes in cross-linked polymers as a

function of temperature, as well as to quantify the degree

of cross-linking in thermosets and determine the effect of
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modifying additives or additional matrix functionality on

changes in glass transition temperature [109]. As is

known, exceeding the glass transition temperature, Tg, is

accompanied by a drastic change in physical properties of

the material and Tg determines the maximum temperature

of the operating range of the thermosetting polymer, that

is, the temperature range in which the polymer can be

used in applications (Fig. 22.12A). It is important to point

out the high sensitivity of DMA as compared to differen-

tial scanning calorimetry (DSC) and thermal mechanical

analysis (TMA) which allows a precise estimation of Tg
of densely cross-linked and/or filled composite thermoset-

ting coatings. The high accuracy of determining this tem-

perature transition in the amorphous phase is achieved by

a hundredfold change in the mechanical modulus. The

value of the elastic modulus (storage modulus, E0) at

room temperature in the tensile measuring mode can be

associated with the Young’s modulus and can thus be

used to assess the degree of self-recovery of the material,

quite similar to what is done in a classical mechanical test

using a universal testing machine. Thus, the loss in the

mechanical properties due to damage and the recovery by

healing with respect to the virgin thermoset can be easily

quantified by DMA [110,111].

In DMA, a cyclic scan of the mechanical properties of

a thermoset is performed with the successive segments (1)

stress and relaxation at a given temperature and (2) heat-

ing and cooling segments at constant stress. DMA pro-

vides an understanding of the microstructure of the

material, that is, how individual functional groups of the

polymer network interact to form thermoreversible cova-

lent bonds. Thus, the method is particularly suitable for

characterizing the chemical processes involved in self-

healing according to the intrinsic mechanism. It was

applied to characterize the self-healing behavior in

numerous studies [112�115].

Another important application of DMA is the highly

efficient identification of optimal conditions for self-

FIGURE 22.11 Self-healing efficiency

by tensile testing: (A) calculation of ten-

sile modulus (Et) in the elastic region of

the stress-strain curve; calculation of the

stress at break (here σmax5σB), strain at

break (here εmax5 εB) as well as tough-
ness of the material (here area, A) from

the stress-strain curve. (B) Effect of

reloading cycle [107] on photo-stimulated

self-healing of polyurethane, (C) on heal-

ing time of polyacrylate coatings [73] and

(D) on healing temperature [108] of disul-

phide linkages involved in the healing of

poly(urea-urethane) networks on the heal-

ing efficiency (HE). Figures (B), (C) and

(D) were modified after Ling J, Rong

MZ, Zhang MQ. Photo-stimulated

self-healing polyurethane containing

dihydroxyl coumarin derivatives.

Polymer 2012;53(13):2691�8. Available

from: https://doi.org/10.1016/j.polymer.

2012.04.016; Zhang Y, Yuan L, Guan Q,

Liang G, Gu A. Developing self-healable

and antibacterial polyacrylate coatings

with high mechanical strength through

crosslinking by multi-amine hyper-

branched polysiloxane via dynamic viny-

logous urethane. J Mater Chem A 2017;5

(32):16889�97. Available from: https://

doi.org/10.1039/C7TA04141A; Grande

AM, Bijleveld JC, Garcia SJ, van der

Zwaag S. A combined fracture mechani-

cal – rheological study to separate the

contributions of hydrogen bonds and dis-

ulphide linkages to the healing of poly

(urea-urethane) networks. Polymer

2016;96:26�34. Available from: https://

doi.org/10.1016/j.polymer.2016.05.004,

respectively.
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recovery of material properties by studying the mechani-

cal response of the material to frequency scanning under

isothermal conditions. With such frequency scans one

obtains the experimental dependence of the mechanical

modulus on two variables, time, and temperature, which

change simultaneously. Using the time-temperature super-

position principle (TTSP) for matrix resin viscoelasticity

it is possible to generate a master curve for predicting the

operating time of thermoset composites in an arbitrary

temperature range of interest (Fig. 22.12B). In this con-

text, the accelerated test methodology for predicting the

service lifetime of resin-containing laminates over very

long periods of time should be mentioned. This approach

was described in detail by Miyano and Nakada [116] for

FIGURE 22.12 (A) DMA mea-

suring profiles for the thermosets

with various crosslinking density

and determination of the operating

ranges and (B) a calculation princi-

ple of the master curve [109].

(C) Polymer networks with a per-

meant (PUU-CC) or a dynamic

(PUU-SS) linker (“not healable”

version containing only the revers-

ible physical bonds and “healable”

version containing dynamic cova-

lent linkages). Dynamic and steady-

state rheological measurements: (D)

Temperature sweeps for PUU-SS

and PUU-CC, shear storage moduli

(G0) and shear loss moduli (Gv). (E)
Relaxation tests and (F) frequency

sweep measurements [108]. (G)

Time-temperature dependence of

rheological and healing properties:

G0 and Gv master curves for PUU-

SS at the reference temperature of

20�C [108]. (H) Healing efficiency

master curve (Tref5 20�C) fitted

with Equation (where HE05 7,

HEa5 93 and τh5 53 107 s).

Figures (C–H) were taken from

Grande AM, Bijleveld JC, Garcia

SJ, van der Zwaag S. A combined

fracture mechanical–rheological

study to separate the contributions

of hydrogen bonds and disulphide

linkages to the healing of poly

(urea-urethane) networks. Polymer

2016;96:263�4. Available from:

https://doi.org/10.1016/j.poly-

mer.2016.05.004 [108].
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predicting the long-term fatigue strength of CFRP lami-

nates for aircraft and marine use. At the core of this

approach is the derivation of universal master curves

based on a relatively small number of laboratory measure-

ments that can readily be carried out. From these master

curves then, quantitative estimates for properties can be

derived by applying the modified TTSP. The predicted

statistical long-term tensile static, creep, and fatigue

strengths were compared with experimentally obtained

time- and temperature-dependent data for resin-

impregnated carbon fiber-reinforced laminates.

In principle, predicting service life using this acceler-

ated testing method can also be successfully applied to

self-healing resin-based laminates, microcapsule-filled

thermosets, and thermosetting micro- and nanocompo-

sites. This approach would make it possible to evaluate

the self-healing efficiency of the material under real wear

conditions. The most successful combination of applied

chemical functionality and/or supplemented additive

responsible for the self-healing process could be selected.

The construction of such master curves as well as the def-

inition of the service life time of a self-healing epoxy

using DMA based on the evaluation of the glass transition

temperature was described in [109]. It should be men-

tioned that the strict application of TTSP for evaluation of

polymer system dynamics requires chemical stability of

the polymer microstructure with changing temperature. In

this case, the relaxation processes under study will be

reproduced in the same temperature scenario. In the case

of temperature-dependent polymer networks based on

noncovalent or dynamic covalent bonds, chemical

changes will take place under the influence of tempera-

ture. However, for the study of time-dependent relaxation

processes in such transient networks, the use of TTSP

will undoubtedly be useful.

The investigation of healing processes with special

attention to the tracking of changes in the microstructure

is necessary above all to elucidate the chemical mechan-

isms underlying the self-healing effect. Kinetic and

mechanistic information is a very important basis for the

further development of appropriate dynamic chemical

bonds in the case of intrinsic self-healing phenomena.

The dynamic chemical equilibria involved in the revers-

ible formation of covalent bonds and their contribution to

self-healing are usually investigated with DMA, but also

with other thermoanalytical methods such as TMA as

well as rheological methods. The influence of tempera-

ture on the thermal mobility of polymer chains and the

crosslink density in self-healing thermosets has been

studied for Diels�Alder (DA) reactions [18,117], and the

reversible formation of disulfide bonds [108,118], hydro-

gen bonding [119], boronic ester bond [120], dynamic

iminoboronate boroxine exchange [121], alkoxyamine

linkages [122], diarylbibenzofuranone [123], dynamic

Zn(II)-diiminopyridine coordination complexes [124],

π-π stacking interactions [125,126], host-guest interac-

tions [127], dynamic covalent disulfide and imine bonds

[115]; thiol-isocyanate bonding [128].

The time-temperature correlation between the relaxa-

tion of a thermoset network and its macroscopic healing

was investigated for poly(urea-urethane) (PUU) networks

by Grande et al. [108]. Self-healing thermosets were pre-

pared in such a way that they either contained only hydro-

gen bonds (PUU-CC) or that they had both hydrogen

bonds and dynamic disulfide bonds (PUU-SS, with an

additional thermoreversible crosslinker) (Fig. 22.12C). The

combination of rheological studies and fracture tests with

TTSP allowed to determine the individual contribution of

each type of reversible bond to the viscoelastic and self-

healing properties. Shift factors were calculated to con-

struct the rheological master curves from individual iso-

thermal measurements of the small amplitude of oscillatory

shear (Fig. 22.12F). The same shift factors were then

applied to obtain the master curve for fracture healing data

as a function of healing time and temperature. In this way,

the correlation between the rheological response and mac-

roscopic fracture healing was successfully demonstrated.

Fig. 22.12 shows the composition of the master curve from

individual isothermal rheological measurements and the

correlation between molecular mobility of the thermoset

matrix and the achievable degree of self-healing depending

on the presence of additional reversible binding sites.

Frequency sweep measurements (Fig. 22.12F) show that

at room temperature both polymers similarly display elastic

behavior (Gv much smaller than G0). However, at 180�C the

predominance of the viscous response (Gv) for the disulfide-
based system becomes apparent. This is associated with the

rupture and reorganization of dynamic covalent bonds. The

construction of rheological master curves G0 and Gv for

PUU-SS using TTSP at 20�C is shown in Fig. 22.12G

[108]. The different rheomechanical behavior of the two

materials is shown in two modes: a narrow low-frequency

terminal relaxation mode (t . τd) (τd5 1/ωd, where ωd is

the transition frequency G0-Gv) and a wide average fre-

quency relaxation mode (intermediate-temporal mode t ,
τd). The observed viscoelastic behavior in the PUU thermo-

sets correlates well with two distinct stages of healing: (1) a

first low-temperature stage of material healing. This corre-

lates well with a wide intermediate-temporal regime and

corresponds to the restoration of properties due to the forma-

tion of weak intermolecular hydrogen bonds. (2) A slower

relaxation characterized by a significant decrease in the elas-

tic modulus. It correlates with a high-temperature stage of

healing associated with intramolecular rearrangements

involving dynamic formation of covalent bonds (i.e. the

disulfide bonds).

A combined HE master curve of fracture mechanical-

rheological behavior of PUU networks was proposed as
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the key result of this paper (Fig. 22.12G). The master

curve clearly shows two areas: a first area of low effi-

ciency for short-term movements of the network segments

(regions of nonthermal relaxation) and a second area of

effective healing for long healing times. As can be seen

from this curve, the contribution of hydrogen bonds pro-

vided by the PUU-CC system to the healing process

remains minimal and does not improve over time.

Therefore, the evolution of PU-SS HE can be attributed to

a single time-dependent healing process and may be

described over a broad time (frequency) range using a

simple two-step healing model (equation given in

Fig. 22.12H). The authors note that the time-temperature

rheological data, analyzed by TTSP, allow to investigate

healing reactions and the visco-elastic dynamics of self-

healing thermosets and improve the understanding of the

restoration of interphase strength and the associated relax-

ation processes.

Optical spectroscopy

Chemical imaging for extrinsic healing

Optical spectroscopic methods are very often used to

evaluate the success of extrinsic strategies for the self-

healing of polymer systems. With optical spectroscopy

the chemical processes during the self-healing process can

be observed in real time and kinetic information on struc-

tural changes can be derived. This is particularly impor-

tant because the time dependence of the repair processes

is of utmost relevance when optimizing self-healing phe-

nomena. Particularly interesting fields of application are

also the control of the structure of microcontainers in

thermoset composites, the monitoring of release pro-

cesses, and the tracing of the distribution of the self-

healing agent within the damaged area.

For instance, the presence of fragmented silicone-

based microcapsules in the fracture plane of an epoxy

matrix has been attempted to be detected spectroscopi-

cally in order to show self-healing processes. However,

such studies often provide only selective information and

are often only to be evaluated qualitatively rather than

quantitatively. A numerical evaluation of the self-healing

effect down to the depth of the bulk material is often dif-

ficult to perform.

The use of FTIR and Raman methods is mainly limited

by the accessibility of the self-healing sites for the spectro-

scopic probes (local resolution). To follow the self-healing

process, it is therefore recommended to use chemical imaging

methods, that is, to perform spatially resolved spectroscopy

(microspectroscopy; Raman imaging, infrared microscopy,

spatially resolved fluorescence spectroscopy, etc.).

The use of chemical imaging methods allows the mor-

phology of particles and especially the distribution of

chemical species on the particle surface to be character-

ized very well. The spatially resolved measurement also

makes it possible to determine whether and to what extent

the contents of microspheres have leaked from the

spheres. The performance of this approach is demon-

strated very well by the false-color representations of ani-

sotropic polystyrene/poly(glycidyl methacrylate-co-

ethylene di-methacrylate) microspheres reproduced in

Fig. 22.13 [129].

Fig. 22.13 shows electron microscope (left) and

Raman images (right) of Janus particles prepared under

different synthesis conditions (particle system “S3,”

Fig. 22.13, upper two images, and particle system “S4,”

Fig. 22.13, lower two images). The Janus particles consist

of two different chemical phases. The two chemical

phases are represented in the Raman images (on the right)

after chemometric treatment of the original spectra in the

false-color representation by the colors “red” (polysty-

rene) and blue (poly (glycidyl methacrylate-co-ethylene

dimethacrylate)) (a color version of Fig. 22.13 is available

in the online version of this book chapter). In this exam-

ple, the Janus architecture of the particles is obtained by

extruding the polystyrene phase out of the growing poly

(glycidyl methacrylate-co-ethylene dimethacrylate) parti-

cles [129]. The different morphology of the particles

depending on the reaction conditions can be seen very

clearly. This analytical methodology can be transferred

very well to the characterization of microparticles, which

are developed and optimized for extrinsic self-healing

effects. The main advantage of the method is the precise

characterization of the chemical composition of the parti-

cles. In electron microscopic methods, this is only

FIGURE 22.13 Electron micrographs and Raman images of two differ-

ent types of anisotropic polystyrene/poly (glycidyl methacrylate-co-

ethylene dimethacrylate) microspheres “S3” and “S4” [129].
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possible to a limited extent through element-specific map-

ping. In addition, the method is usually less time-

consuming than, for example, SEM, so that the results of

an analysis are usually available much faster.

Difficulties with optical spectroscopic methods may

arise when the analytical signals of multiphase systems are

to be evaluated and assigned. In this case, physical effects

overlay the chemical information one is interested in. Lack

of availability of specifically assignable absorbance bands

can be a problem. Insufficient or excessive penetration

depth of the optical radiation into the sample can also

cause difficulties in interpretation and/or signal-to-noise

ratio. Information specificity and signal-to-noise ratio can

be enhanced by using spectroscopic marker molecules as

part of the self-healing formulation. In this respect, a very

interesting way to obtain information about the efficiency

of self-healing is the so-called “self-reporting” approach.

Self-reporting systems for extrinsic healing

With self-reporting systems, a (therein soluble) spectroscopic

marker (typically, a fluorescent dye) is introduced into the

extrinsic self-healing agent. The fluorescent dye is released

together with the self-healing agent when the microspheres

burst in the course of the damage event, and during self-

healing they are distributed in the damage zone in a similar

form like the self-healing agent. This way, it can be used to

track the reactive self-healing agent and to detect the newly

formed duroplastic material in the cracks freshly filled with

thermoset material (Fig. 22.14). The reactive monomer is

premixed with the fluorescent dye. Since only small

amounts of the fluorescent marker are required to provide

spectroscopic visibility, there is no significant loss in the

self-healing efficiency of the filled microcapsules.

The healant can be coencapsulated with a colored dye to

visualize its release after damaging the thermoset matrix. The

general approaches used in creating self-reporting microcap-

sules in the self-healing thermosets are as follows: (1) a “sim-

ple” release of the encapsulated dyes in the damaged area,

surrounding the broken capsules, and stain it; (2) the (color-

less) components of the chromic system are embedded sepa-

rately and after release their physical or chemical interactions

induce a self-reporting response; (3) change of optical proper-

ties of dye due to its physical transformation, for example

aggregating. The aggregation-induced emission (AIE) dyes

exhibit drastically increased fluorescence in the solid state

compared to the emission efficiency in the soluble state.

In the first case, the dye may be fluorescent [51,130,131]

(Fig. 22.14A) or latent acid-based, which reports damages

after interaction with the hydroxyl group contained on the sur-

face of the corroded metal (Fig. 22.14B) [94]. Alternatively,

a “Turn-On” Mechanism Based on dye-color developer

interactions (Fig. 22.14C) [132] may be used. Fig. 22.14D

illustrates aggregation-induced optical changes of the AIE

dye (4-TPAE), the “normal” aggregation-caused quench-

ing dye (DCM) as well as their mixture before and after

UV-curing of methacryloxypropyl-terminated polydi-

methylsiloxane with styrene [133,134]. The HE of another

curing system based on isocyanate chemistry was investi-

gated using the in situ self-reporting AIE principle with

two commercially available tetraphenylethylene-based

dyes [135]. The prepared self-healing epoxy coatings with

the encapsulated AIE dye- hexamethylene diisocyanate

mixture display adaptive repair of the scratched region at

a microcapsule concentration of 10 wt.% as well as a

high-contrast indication of the healed damage at a content

of 0.05 wt.% of AIE dyes.

In situ monitoring of intrinsic healing
processes

In addition, the use of optical spectroscopic methods is also

of utmost importance when using an intrinsic approach to

self-healing. On the one hand, vibrational spectroscopy (infra-

red, Raman) in particular can theoretically confirm the basic

ability of a material to self-heal due to the quickly available

information whether the functional groups required for self-

healing are present in the spectrum or not (investigation of

the self-healing predisposition of the material). On the other

hand, spectroscopy can confirm the self-healing effect after

the damage event has occurred and after the healing cycle has

been completed, by demonstrating the reorganization of

chemical or coordinative bonds after healing (depending on

the chemistry of the “destruction/and restoration” cycle used).

In principle, this is also possible in real time directly under

the influence of external stimuli during the self-healing pro-

cess. A sufficiently homogeneous chemical structure enables

the reliable assessment and observation of the self-healing

efficiency of such smart coatings. The potential of Raman

spectroscopy in the monitoring of intrinsic self-healing pro-

cesses has been described recently by [137,138].

The mechanism of healing associated with the forma-

tion of water-urea clusters was successfully studied in

[139] by means of local FTIR studies and supported by

Density Functional Theory calculations. For this purpose,

nonhygroscopic polyurethanes with repetitive moisture-

induced self-healing functions were synthesized from

nonhygroscopic polypropylene glycols and urea.

Atmospheric moisture was then used to stimulate rapid

dynamic exchange between the urea fragments. Fig. 22.15

shows ATR-FTIR spectra collected from undamaged,

repeatedly scratched and IR images of healed areas on

damaged films. Mean centered bands on nonhydrogen

related esters (1730 cm21) and urethane (1710 cm21)

indicate their synchronous increase in the damaged area

and their reduction during recovery. The intensity distri-

bution of the vibrational band of urea with the center

1545 cm21 on the damaged sample shifts towards higher
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FIGURE 22.14 Self-reporting function in the self-healing thermosetting composites due to (A, B) latent release of the encapsulated dyes into the corroding

area of the coating due to pH- pH-sensitive capsule shell [94,136]; (C) “turn-on” mechanism based on dye-color developer interactions [132]; and

(D) aggregation-induced optical changes [133,134]. Modified after Wang J-P, Song X, Wang J-K, Cui X, Zhou Q, Qi T, et al. Smart-sensing polymer coatings

with autonomously reporting corrosion dynamics of self-healing systems. Adv Mater Interfaces 2019;6(10):1900055. Available from: https://doi.org/10.1002/

admi.201900055; Wang J-P, Wang J-K, Zhou Q, Li Z, Han Y, Song Y, et al. Adaptive polymeric coatings with self-reporting and self-healing dual functions

from porous core-shell nanostructures. Macromol Mater Eng 2018;303(4):1700616. Available from: https://doi.org/10.1002/mame.201700616; Hu M, Peil S,

Xing Y, Dö hler D, Caire da Silva L, Binder WH, et al. Monitoring crack appearance and healing in coatings with damage self-reporting nanocapsules. Mater

Horiz 2018;5(1):51–8. Available from: https://doi.org/10.1039/C7MH00676D; Song YK, Lee TH, Kim JC, Lee KC, Lee S-H, Noh SM, et al. Dual monitoring of

cracking and healing in self-healing coatings using microcapsules loaded with two fluorescent dyes. Molecules 2019;24(9):1679. Available from: https://doi.org/

10.3390/molecules24091679; Song YK, Kim B, Lee TH, Kim JC, Nam JH, Noh SM, et al. Fluorescence detection of microcapsule-type self-healing, based on

aggregation-induced emission. Macromol Rapid Commun 2017;38(6). Available from: https://doi.org/10.1002/marc.201600657, respectively.
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wavenumber (up to 1551 cm21 for M-urea and up to

1550 cm21 for polyurethane based on urea) as the water

quantity increases) due to the coordinated intensity

change in free/hydrogen bound urea. ATR-FTIR control

experiments for intact and damaged samples on water sur-

faces (i.e., at 100% humidity) further illustrated the same

vibrational energy changes observed under atmospheric

humidity conditions. It also turned out that large amounts

of water did not affect the position of the urethane peaks

(1710 and 1680 cm21) in urea-containing polyurethane.

Therefore, water molecules more readily interact with

urea than with urethane fragments.

Temperature-dependent infrared spectroscopy was

used to determine the degree of interaction of hydrogen

bonds at different temperatures in a polyurethane amide

coating containing carboxylic acid type aromatic disul-

fides (COOH-SS) [114]. According to the results of the

tensile test, such a rigid polyurethane amide matrix based

on aromatic disulfides can quickly self-heal up to levels

of 8 MPa within 30 s at room temperature. Fig. 22.16

shows changes in N-H stretch (3500�3100 cm21) and

amide vibrations (1750�1450 cm21) for PU-COOH-SS

during heating. When the temperature increases from

30�C to 120�C, the N-H hydrogen bond stretch vibration

frequency shifts systematically from 3373 to 3380 cm21.

As the strengths of hydrogen bonds between carbonyl

functionalties and neighboring N-H groups decreases, the

amide I mode of the carbonyl group (C~O stretch vibra-

tion) shifts to a higher frequency (1730�1736 cm21).

Formation of hydrogen bonds between the amide func-

tions and the C~O groups (type iii in Fig. 22.16) is evi-

denced by the shoulder at a frequency of 1711 cm21,

which shifts to 1701 cm21 with an increase in tempera-

ture from 30�C to 80�C. As can be seen in Fig. 22.16,

H-bonding interactions in the poly(urethane-amide) sys-

tem remain rather strong at temperatures up to 80�C and

play a major role for self-healing in this temperature

range. Upon further increase in temperature from 80�C to

120�C, this hydrogen binding of type iii dissociates faster

than it is formed. This leads to a shift of the shoulder

FIGURE 22.15 ATR-FTIR-detection of the polyurethane (PU) healing: (A) structural segment of the self-healing PU with pendant urea groups, (B) spectra

collected from undamaged, from scratched and from healed areas by IR imaging of PU films using a μ-ATR-FTIR spectrometer, allowing a spatial resolution:

of about 1 μm2. Red and blue colors characterize high and low intensity of the vibrational band at 1545 cm21. (C) IR-detection of the moisture driven healing

process via hydrogen bonds. Modified after Willocq B, Khelifa F, Odent J, Lemaur V, Yang Y, Leclère P, et al. Mechanistic insights on spontaneous moisture-

driven healing of urea-based polyurethanes. ACS Appl Mater Interfaces 2019;11(49):46176�82. Available from: https://doi.org/10.1021/acsami.9b16858 [139].
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(from the C~O stretch vibration) from 1701 to

1715 cm21 which is accompanied by a corresponding

change in the shoulder characteristic for the N-H of

stretch vibration. The results of IR studies in addition to

mechanical tensile studies and DMA (with the construc-

tion of master curves for COOH-SS) have shown the

effectiveness of including acidic chain extenders in the

polyamide matrix both in terms of rapid self-healing at

different temperatures, as well as in terms of maintaining

the mechanical strength. Unique H-bond arrays formed

from COOH-SS promote fast and effective healing at low

temperatures and allow crystallization under tension

while maintaining sufficient strength of the material

[114].

Comments on self-healing efficiency

As illustrated so far, the self-healing ability of a material

can be described by a variety of complementary methods.

It can be defined, with reference to one specific material

property, as the extent to which any initial property can

be restored by the material itself after an external damage

event. Obviously, the self-healing ability seems thus a

rather straightforward and easy to determine index

which describes and summarizes the ability of a material

to repair itself in relation to a concrete property

characteristic.

However, as a rule, due to the complex material prop-

erty profiles of modern materials, it is in practice not only

a matter of “the” ability to self-heal, but actually a whole

spectrum of self-healing properties is required, that is, the

the material property profile as a whole needs to be

restored as comprehensively as possible. Only then it is

possible to extend its service life quite reasonably further.

In order to be able to realistically assess this perfor-

mance and to evaluate and classify it as close to practice

as possible, such a self-healing criterion should not only

be applied selectively with respect to one property. From

an application point of view it is reasonable to choose a

more comprehensive approach which considers the effects

of self-healing processes, that is, consequences of

material-internal reorganization processes in the molecu-

lar network of the thermosetting polymer, on several dif-

ferent target properties equally.

Technologically, the challenge is to find out from the

wealth of available factual knowledge, experience, avail-

able materials and chemical strategies those concepts

which are transferable to a specific application and which

also prove themselves in practice with respect to a spe-

cific, usually quite complex property profile.

FIGURE 22.16 ATR-FTIR spec-

tra of COOH-SS sample during the

heating [114]. The spectra enlarged

from 1750 to 1450 cm21 for the

carbonyl-group regions as well as

from 3500 to 3100 cm21 for the

amide-group regions. Three differ-

ent types of hydrogen bonds in

COOH-SS sample. Modified after

Zhou J, Yang Y, Qin R, Xu M,

Sheng Y, Lu X. Robust poly(ure-

thane-amide) protective film with

fast self-healing at room tempera-

ture. ACS Appl Polym Mater

2020;2(2):285�94. Available from:

https://doi.org/10.1021/acsapm.

9b00807 [114].
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An important challenge with regard to metrology con-

tinues to be the definition of self-healing materials and

their testing methodology to be focused on very specific

applications and the correspondingly highly specific prop-

erty profiles. In order to achieve comparability of differ-

ent approaches, it certainly makes sense to standardize the

evaluation criteria of self-healing thermosetting polymers

designed for a very specific application. Among the cen-

tral application properties of thermosetting polymers with

self-healing properties, which should be considered in any

case, are the mechanical parameters tensile strength,

toughness, and modulus of elasticity at different tempera-

tures, the interfacial adhesive properties, the thermal con-

ductivity and electrical properties, as well as the optical

properties such as transparency or color.

The type and extent of material damage can take very

different forms and has a strong influence on the result of

self-healing processes. An objectivation and standardiza-

tion of the analysis is complicated by the fact that the

nature of the damage also influences the self-healing per-

formance of the material. Damage can range from slight

scratches on the surface and microdamage to the 3D net-

works (microcracks, crack formation), through macro-

scopic damage to interfaces (delamination phenomena,

spalling, holes) to deep cuts and fractures resulting in

massive material failure. Accordingly, the damage pattern

that the material faces can be very diverse. When compar-

ing the self-healing capabilities of different materials, a

more precise specification of the damage event will there-

fore always be necessary (standardization of damage

events).

Extrinsic self-healing of thermoset
systems: the “additive” approach

Improving commercial systems by healing

additives

Applying the extrinsic approach is in many cases mainly

about improving the quality of an existing commercially

available polymer system. In this section some representa-

tive examples from the recent literature for advanced

architectures of autonomous self-healing thermosets are

given. The types of self-healing systems and their active

components that have been discussed and investigated in

particular detail in the recent scientific literature are sum-

marized in Table 22.1. In the majority of the reaction

mechanisms covered, the effectiveness of the respective

approach and the quality of the self-healing performance

has been verified by enhancing commercial or standard

epoxy matrix systems. The self-healing agents, which are

mainly used to cure defects in such epoxy systems, utilize

the following basic chemical systems: isocyanate-based,

epoxy-amine, epoxy-thiol, thiol-maleimide, thiol-isocyanate,

siloxane, dicyclopentadiene (DCPD)/ethylidene norbor-

nene (ENB), maleimide-based, vinyl ester, glycidyl metha-

crylates (GMA), and azide-alkynes.

Recently, many studies have focused on eco-friendly

healing systems based on drying oils. These are natural

triglycerides containing polyunsaturated fatty acids that

readily oxidize to form a thermosetting network. The oxi-

dative polymerization mechanism of drying oils is sum-

marized in [140]. The addition of dryers (metallic salts)

reduces the activation energy for oxidation of unsaturated

fatty acids, and, in turn, the temperature required to initi-

ate oxidation. The cross-linkable healant is typically

obtained from plant oils cross-linking is brought about

using radical polymerization with an oxidative mechanism

involving the double bonds of the unsaturated fatty acid

chains [141]. It should be noted that Table 22.1 contains

only systems that are able to cross-link under mild condi-

tions. Some healing systems that may also be regarded as

autonomous self-curing systems but require higher tem-

peratures to initiate cross-linking were not included in

Table 22.1. This concerns mainly epoxy healing agents

that require additional heating up to 120�C�140�C and

an epoxy catalyzed by latent hardener (a complex of

CuCl2 and imidazole (CuCl2(Im)4), CuBr2(2-MeIm)4 or

other imidazoline derivatives) that still require heating

about 50�C.
Many examples found in the literature on extrinsic

healants use standard epoxy polymer systems as the

matrix systems. The high interest in establishing self-

healing properties with commercial epoxy resin matrix

systems is understandable on the one hand considering

their wide distribution in industrial and commercial appli-

cations and the relatively high costs of these resins. So, in

principle the economic interest is comparatively high to

increase the durability of materials and products bonded

with epoxy resins. On the other hand, epoxy resins have a

chemistry that is advantageous for most self-healing

approaches: Since epoxies are cured by multifunctional

amines, the matrix usually provides excess amino func-

tionalities. These amino groups are able to effectively cat-

alyze the curing of cross-linkable monomer released from

the capsules at the crack surface. In this context, the self-

healant reaction pairs thiol-maleimide, thiol-epoxy and

thiol-isocyanate mechanisms appear particularly promis-

ing: The secondary healing network involving these

groups already forms at room temperature on the surface

of amino-containing epoxy resin [142,143]. Nevertheless,

the same chemical strategies can, in principle also be

employed to produce self-healing effects also in other

thermoset matrix systems. Ultimately, the aim is to

develop and have commercially available versatile cap-

sule systems that can be incorporated as general “self-

healing additives” into arbitrary thermoset matrix

formulations.
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TABLE 22.1 Healing systems for the autonomous self-healing approach.

Environmental stimulus/self-

healing concept/type of

polymerization

Reaction system/commercially available healant (if available) Comments on efficient curing References

Moisture-induced curing/isocyanates

Nucleophilic addition Healant: HDI.
The released HDI can heal the crack in the epoxy coating by
reacting with surrounding moisture.

A double-walled polyurea shell provides an excellent resistance to

nonpolar organic solvents for pains and coating applications.

[153]

Nucleophilic addition Healant: IPDI, highly reactive.
A one-component catalyst-free healant system; a severely
restricted capsulation technology: a multishell is preferable to
avoid a penetration of water during the storage process.

The released IPDI reacts with water or moisture to form PU at RT

(isocyanate�hydroxyl chemistry); a recovered corrosion resistance

of the epoxy and acrylic resin coatings in brine solutions (a factor

for the steel corrosion); incorporated IPDI-loaded active lignin

capsules slow down the UV-aging of polyurea coatings.

[75,93,154,164]

Nucleophilic addition Healant: IPDI-based prepolymer and 1,6-diaminohexane as chain

extender.

Use of dense MC shell: Double-walled polyurea modified by

graphene oxide nanoparticles; applied for marine anticorrosive

epoxy coatings.

[155]

Light (UV-radiation or sunlight) induced curing

Epoxy and cationic
photoinitiator
Photo-cross-linking via
cationic polymerization

Healant: Mixture of epoxy resins E-51 and A1815.
Photoinitiator: Mixed triarylsulfonium hexafluorphosphate salts
(PI6992), is strongly sensitive in the UV region (200�350 nm),
not sensitive to atomic oxygen; E-51:A1815:PI69925 1:1:0.6.

Accurate stoichiometric ratio required/the up to 89% curing

efficiency of the epoxy resin in 30 min/potential application in

aerospace coatings.

[173]

Healing agents: Epoxy silicon oil (1,3-bis(glycidoxypropyl)

tetramethyldisiloxane, B3001) and cationic photoinitiator (mixed

triarylsulfonium hexafluorphosphate salt solution in propylene carbonate

(30 wt.%), PI 6992).

UV-responsive MC-based system.
Effective crack repair of spacecraft coatings due to
multitriggered function: under the stimuli of external force
and UV radiation.

[27]

UV-sensitive healant: UV-curable epoxy resin containing 74% DGEBA and

26% o-cresyl glycidyl ether (Epon 813) with 2�4 wt.% UV catalyst THP.

The sunlight-activated self-healing zinc-pigmented epoxy coatings

were healed under 365 nm (3.8 mW/cm2) UV light for 3 h.

[17]

Photo-cross-linking via

cycloaddition

Healant: CA-PDMS copolymer combined hydrophobic and flowable

PDMS-moiety and the photoreactive cinnamide. Upon photo-irradiation,

CA-PDMS generates a viscoelastic substance (a cinnamoyl conversion of

40%�50%) with recoating capability because of reduced flowability and

a relatively short irradiation and recoating time: The recoating time

increases with increasing photo-irradiation time: CA-PDMS irradiated at

280 nm for 0, 1, 2, 3, and 4 h shows recoating times of 5 s, 20 s, 70 s, 7

min, and 1 h, respectively.

Extrinsic�intrinsic-recoating under UV.
The CA-PDMS-based coatings: PDMS-loaded MC:a
commercial enamel paint5 1:4. The test 10% NaCl test
(EIS) after 48 h: the first and second scribes in the CA-
PDMS-based coating were self-healed; catalyst-free,
environment-friendly self-healing.

[174]

Thiol-ene
UV, DMPA

Radical polymerization to
form a thio-ether containing
network

In UF-micro- or nanocapsules (1�10 μm or 100�350 nm in
size)/polystyrene nanocapsules for dinorbornene:
The network formation is accelerated at room temperature by
the radical photoinitiator DMPA dispersed in the coating and
applying UV irradiation for 1 h.

Very good quantitative healing efficiencies; in acrylate- and

epoxy-based materials: rapid and uniform cross-linking, delayed

gelation, reduced shrinkage, and insensitivity to oxygen.

[175]

Tetrathiol (paentaerythritol tetrakis) (3-mercaptopropionate) (tetrathiol)

and ether: diacrylate (1,6-hexanediol diacrylate).

Visualization of the healant release: The release of an encapsulated

multifunctional thiol in the cut was monitored with a

rhodamine�profluorophore dispersed in the poly(methyl acrylate)

matrix, which selectively reacts with thiols.

[176]
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TABLE 22.1 (Continued)

Environmental stimulus/self-

healing concept/type of

polymerization

Reaction system/commercially available healant (if available) Comments on efficient curing References

Epoxy-acrylate resins
Radical polymerization

The components of UV-sensitive healant: (1) epoxy acrylate resin,

bisphenol A epoxy acrylate with Tg of 62
�C (Cytec Surface Specialties,

USA); (2) reactive diluters (liquid monomers): trimethylolethane

triacrylate, TMPTA, 1,6-hexanediol diacrylate, HDDA, and tripropylene

glycol diacrylate, TPGDA (Cytec Surface Specialties), (3) photocatalyst:

1-hydroxycyclohexyl phenyl ketone (irgacure-184; Ciba Specialty

Chemicals, Switzerland).

A weight ratio of UV-sensitive resin:reactive monomer:

photocatalyst was 25:25:2. The curing is initiated by

electroluminescence generated during electrical treeing. The MCs

are able to direct the propagation of the electrical trees due to a

higher dielectric constant relative to the matrix.

[156]

UV-sensitive healant: The mixture of photosensitive epoxy acrylate resin

BAEA resin (Dow Corning), TMPTA (Dow Corning), and photoinitiator:

Irgacure 184 (Ciba, Switzerland).

A weight ratio of BAEA:TMPTA:Irgacure 1845 64:32:4. The

released healant is cured in the cracks of the epoxy (EPON 828)�
phenol�aldehyde amine matrix under UV exposure for 30 s.

[165]

Oxygen-induced curing. Low-temperature oxypolymerization of drying oils

Drying oil (linseed oil, tung oil)
Oxypolymerization
mechanism/radical (chain
growth) polymerization

Healant: Linseed oil (unsaturated glycerides of long-chain fatty acids)

forms an impermeable film under atmospheric oxygen or humidity

condition.

A drying rate of linseed oil is very slow due to the low reactive

internal double bonds. The additives of drying agents (metallic

salts) accelerate the radical polymerization via unsaturated chain

fragments of the fat acids.

[72]

Healant: Linseed oil (Textron Técnica, S.L., Spain). Ambient temperature polymerization of the released oil for 24 h. [177]

Healant: Linseed oil (Textron Técnica, S.L., Spain).
Different amounts of linseed oil (8.5, 10.5, and 12.5 g)
containing 1.0 wt.% cobalt (II)naphthenate drier.

Can significantly improve the anticorrosion properties of the

damaged coating in short term however it rapidly decreases with

time.

[91]

Healant: Linseed oil in the PU shell (Damao Chemical Reagent Factory).

Healing conditions: 5 days at RT, 4 h curing at 80�C.
Epoxy resin Epikoe 862:hardener Epikure F 205:Heloxy

85 1:0.58:0.1. The optimal concentrations of oil�PU�MCs are

15�20 wt.%.

[58]

Healant: Linseed oil (Sigma-Aldrich), with initial decomposition

temperature of 310�C; a cross-linking polymerization of the released oil

for 72 h in air.

Dual-functional epoxy-amine coatings: Self-lubricating and self-

healing functions.

[59]

Healant: Linseed oil. The higher interfacial adhesion between matrix and

hexamethylene diamine modifier of linseed oil-MC surface results

in increased healing performance of epoxy coatings.

[90]

Healant: Linseed oil (Sigma-Aldrich) with a density of 0.93 g/mL; epoxy

resin matrix (Binalood Paint and Resin Company) with a density of 2.1 g/

mL.

Low amount of released linseed oil (from 5% of MCs) could not

restore corrosion protection after 120 h.

[92]

Tung oil (a glyceride of an elaeostearic acid, a conjugated triene; 410

mPa s, Guangzhou HanhaoChemical Co. Ltd.); Coating: E-51 epoxy resin

with 12 wt.% TEA hardener.

The rapid oxygen-induced cleavage of the carbon�carbon oil

chains and subsequent polymerization of highly unsaturated and

conjugated molecular fragments.

[57]

Resin monomers based on the oil fatty acid/nonoxyoxidative curing

Healant: The alkyd (an oil length of 65%) synthesized from

monoglycerides of palm kernel oil and phthalic anhydride to have the

groups �COOH and �OH as the reactive sites for the reaction with

epoxy resin (Epikote 240) and cycloaliphatic amine (Epikure F205).

A low level of unsaturation makes a palm oil alkyd resistant to

oxidation and unable to air dry efficiently. The healing curing

process at RT is based on the blends of alkyd with hardener (at

ratios 2:8, 1:8, and 1:7) in the epoxy matrix.

[178]



Healant: Tall oil fatty acid�based epoxy ester resin 7449 (contained 30

wt.% xylene, OPC Polymers, Columbus, Ohio).

Healing conditions: At RT for 72 h. [179]

Alkyd resin based on coconut oil (a polycondensation product of

polyhydric alcohols and polyacids modified with triglyceride oils) with

viscosity 5.63 1024 m2/s, acid value 6 mg KOH/g, oil length% 62 (Aria

Resin Co., Iran).

The carboxyl and hydroxyl groups of the modified alkyd resins

react with the epoxy matrix in the presence of amine groups from

poly (melamine�urea�formaldehyde) shell. The participation of

unsaturated C5C bonds in oxidation curing was not considered.

[88]

Catalyzed low-temperature curing

Glycidyl methacrylate�based
healing system
ATRP

Healant: GMA.
Catalyst: CuBr/PMDETA in the layer of ATRP-macroinitiator
PMMA-Br.

GMA with ATRP-macroinitiator PMMA-Br in the PMMA matrix. [161]

Acrylate-based healing system
Temperature-induced radical
polymerization
Initiator�accelerator system

Healant: A dental monomer TEGDMA (Esstech, Essington, PA); a dental

tertiary amine accelerator: N,N-dihydroxyethyl-p-toluidine, DHEPT

(Sigma-Aldrich) soluble and stable in TEGDMA. A healing mixture of

TEGDMA and DHEPT was encapsulated.

A free-radical polymerization of TEGDMA-core MCs was initiated

by using 0.5 wt.% of BPO in the BisGMA/TEGDMA resins;

healing conditions: in a humidor at 37�C for 24 h (67% of the

curing conversion).

[180]

Furan maleimide
Diels�Alder click reaction

Healant system: (1) furan-functionalized epoxy-amine matrix prepared by

curing of DGEBA (Epon 828), furfuryl glycidyl ether FGE (a 3:2 by weight

ratio), and biscyclohexanamine; (2) MMIs dissolved in phenyl acetate: 1,60-
bismaleimido-2,2,4-trimethylhexane (MMI-2, Daiwakasei Industries Japan).

Furan functionalities of the epoxy matrix react with a
released solution of the MMI in phenyl acetate at RT for
24�48 h. The healing efficiencies between matrixes
healed with direct injection of MMI-2 healant and
released MMI-2 were compared.
Furan functionalities of the epoxy matrix react with a
released solution of the multimaleimide in phenyl acetate
at RT for 24�48 h.

[181]

Thiol-maleimide with amine
catalyst in epoxy matrix

Healing agents: Tetrathiol (pentaerythritol(3-mercaptopropionate))
and bismaleimide (MBM), tetrathiol and PDM.
Amine catalyst from Matrix1: EPON 828 epoxy resin and DETA
hardener or Matrix2: The RIM 135 epoxy resin5DGEBA and
1,6-hexanediol diglycidyl ether. Hardener RIMH 1375 alkyl
ether amine and isophorone diamine.

Capsule A: Maleimides and Capsule B: amines/thiols.
Maleimide�amine reaction proceeds faster than the
epoxide�amine or methacrylate�amine reaction.

[143]

Thiol-isocyanate with amine
catalyst in epoxy matrix

Nucleophilic addition
reaction

System 1: HDI and tetrathiol: (1) with a tertiary amine catalyst: a
100% conversion within minutes; (2) without the catalyst: a
very low conversion within 1 h; (3) with a catalyst present in the
epoxy matrix: a 70% conversion after 3 h.
System 2: HDI3 isocyanurate trimer and tetrathiol: (1) without a
catalyst: a 40% conversion after 10 days, (2) with a catalyst
present in the epoxy matrix: a 40% conversion after 6 days.

The isocyanate reactivity is high in moisture: the amine-
products participate in the cross-linking.
Matrix effect: The reactivity of the multifunctional
thiol�isocyanate systems (1:1 ratio of the functional
groups) was tested in the (1) EPIKOTE 828-DETA epoxy
matrix; (2) RIM 135-RIMH 137 (cold-curing epoxy resin).

[142]

Isocyanate-hydroxyl groups of
epoxy matrix
Nucleophilic addition

Healant: Encapsulated IPDI with thiourethane shell layers
(dithiol, trithiol, and tetrathiol); matrix: DGEBA-based epoxy
resin (Epidian 5, Organika-Sarzyna Inc. Poland) with TETA
hardener/catalyst (ET, Organika-Sarzyna Inc., Poland). Epoxy:
ET:MCs5 100:18 (18 or 30).

Self-healing mechanism: A released isocyanate reacts with free

secondary hydroxyl groups of epoxy matrix in the presence of

tertiary amine ET at RT. The highest self-healing efficiency was

observed in the presence of DMP-30 catalyst.

[182]

DCPD- or ENB-cure
Grubbs’ catalysts (first,
second, and

DCPD.
ENB.
Grubbs’ catalyst encapsulated in paraffin wax.

When the Grubbs’ catalyst was embedded in paraffin wax

microspheres and used in a kinetic study, 69% of the reaction rate was

retained after contact with an amine hardener, compared to full loss of

reactivity in the unprotected case. Furthermore, this wax protection

[183]
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TABLE 22.1 (Continued)

Environmental stimulus/self-

healing concept/type of

polymerization

Reaction system/commercially available healant (if available) Comments on efficient curing References

Hoveyda�Grubbs’ second
generation)
ROMP

Grubbs’ catalyst was incorporated in silica-coated polystyrene
particles.

only reduced the reaction rate by 9% in comparison to fresh Grubbs’

catalyst. It also helped in dispersing the catalyst, leading to a much

lower catalyst amount required for self-healing.

Multiple release: Hierarchical multiple healing capsule�based system

[healing agent (DCPD)/shell poly(thiol-isocyanate) P(TMMP-IPDI)/

DCPD].

The protective layer on the iron substrate was completely

regenerated after repetitive damage in the same spot.

[167]

Healant 1: DCPD (gel at RT; Tm532.5�C);
Healant 2: 5-Ethylidene-2-norbornene(liquid) encapsulated in
glass fiber reinforced epoxy matrix (Resoltech 1050/1058 epoxy
resin) containing Hardener 1055S and 5% of Grubbs catalyst
(HG1).

The efficiency of MC integration into the epoxy matrix was tested

using 6 techniques. Healing conditions: 48 h at 40�C.
[184]

Healant: DCPD (Sigma-Aldrich) encapsulated in multishell MCs; Grubbs’

catalyst (Aladdin Industrial Corporation) in PU-matrix (15: 2.5 parts of

MCs and Grubbs’ catalyst).

The encapsulated DCPD remained highly reactive (DSC-

Measurements); healing time of the PU coating: 4 h at 60�C.
[99]

Liquid healant 5E2N/CNT (5-ethylidene-2-norbornene)
10 wt.% of 5E2N/CNT MCs, 1 wt.% of HG2 catalyst in epoxy
and curing agents mixed at a concentration of 100:47.

ROMP of 5E2N depends on reaction temperature: 0.2 min at

45�C; 142 min at 20�C; less than 5 min at RT with Grubbs

catalyst. 5E2N monomer is active below 0�C (at 215�C); the
presence of CNTs in the liquid 5E2N does not affect the reaction

kinetics.

[74]

SbF5�epoxy cure, cationic chain

polymerization

Epoxy (EPON 828)-loaded MCs:catalysis SbF5 �HOC2H5/HOC2H5-

loaded MCs5 100:6 wt.% in the matrix EPON 828:MHHPA:BF3-

DMA:5 100:80:5.

Ultrafast curing at RT (shortened to seconds); significantly

improved self-healing speed; the drastic curing exotherm is useful

for operation in cold environment.

[185]

BF3�epoxy cure, cationic chain

polymerization

In an epoxy matrix (EPON 828): healant cycloaliphatic epoxy (Araldite

CY179) catalyzed by the hardener BF3�amine complex loaded in a SiO2

capsule. BF3�DMA/BDO, the hardener of both the matrix and the

healing agent contained 50% boron trifluoride�2,4-dimethylaniline

complex in 1,4-butanediol; curing at RT, 2 h.

Boron trifluoride diethyl etherate ((C2H5)2OBF3), a commercial

catalytic hardener for low-temperature fast-cure epoxy adhesives;

the stoichiometric ratio of epoxide/hardener does not require.

[186]

Solvent/diluter epoxy cure

(catalyst)

Healant: DGEBA-based epoxy resin and a high-boiling-point organic

solvent (EPON 828�ethyl phenylacetate); In the resin paste (SA 70,

Gurit) for composite laminate: Healant: solid catalyst (Sc(OTf)3)5 c. 10:1

wt.%.

Healing conditions: At 80�C for 24 h in the presence of a Lewis

acidic catalyst.

[157]



Epoxy�Lewis bases:
Amine epoxy cure
Polyaddition

Healant: Epoxy resin (E51 CYD-128, Sinopec Corp and TianJin FuChen

Chemical Reagents Co., Ltd); hardener: TEPA; curing conditions: at RT

for 24 h, healing test: at RT for 3 h in open air.

Matrix system: Epoxy:TEPA5 10:1.
In the self-healing composite: 10 wt.% of encapsulated epoxy
[epoxy core (90%)/silica NP layer/PU-shell] and 5 wt.% of
encapsulated TEPA (amine core (82%)/nanoclay layer/PU-shell)

[147]

Healant: DGEBA epoxy resin (DGEBPA YD128, KUKDO Chemicals);

hardener: polyetheramine (D-230); epoxy:polyetheramine ratio5 3:1; the

polyetheramine reacts with epoxy monomer at RT for 24 h.

Effects of dual microcapsulation on the self-healing efficiency of

epoxy: it was higher with the dual MCs compared with the single

one.

[187]

Healant: A diluted epoxy monomer (EPON 815C is a diluted EPON 828

epoxy resin containing 13.6% n-butyl glycidyl ether); hardener: modified

aliphatic polyamine (EPIKURE 3274).

The optimal mass ratio of amine:epoxy capsules was 4:6

(stoichiometric ratio was 4:10).

[188]

Healant: Mixture of epoxy resin and n-butyl glycidyl ether.
Hardener: Underwater epoxy hardener, contained primary
amine.

8% Epoxy resin-MC and 4% hardener-MC; rapid solidification at

low temperature; a new protection strategy for marine and other

underwater facilities.

[39]

Epoxy and polyamine (Kian Resin Co., Iran); released epoxy monomer

and polyamine react in the ratio 2:1 w/w (stoichiometric) at RT for 1�6

h.

The increased concentration of the encapsulated healant system

and healing time result in the enhanced healing.

[49]

Epoxy�polyamine miniemulsion in PVA-based nanofiber: BADGE

(EEW5 187 g/eq., Dow Chemical); phenalkamine (NX5454, Cardolite

Corp.) with AHEW5 220 g/eq.

A statistical distribution of two separated reactants in close vicinity

(,100 nm) in one electrospun PVA�EA fiber provides a favorable

reaction stoichiometry and dense cross-linking ability at RT.

[189]

Healant: The low-viscosity epoxy resin (EPIKOTE Resin 240); amine-

based hardener (EPIKURE 3370, Hexion) encapsulated in the PAN-

nanofibers (400�500 nm): NF1 with 24% w/w of resin amount and NF2

with 37%w/w of amine curing agent.

A fast curing for undamaged NF11NF2 was observed at 143�C
(reaction initiation)—172�C (peak); the released healing system

(broken nanofibers) is cured at 30�C for 360 min (DSC-Analysis).

[190]

Healant: Epoxy resin (EPL 1012R) diluted with diglycidyl ether of 1.6-

hexanediol (Inchem ed 180R); a hardener: polyaminoamide based curing

agent (Merginamide A280R) from the multi component epoxy matrix

(ED180R, EPON 828R).

The curing of released low viscosity epoxy healant at the presence

of the unreacted aminoamide group from the matrix’s hardener at

RT, 24 h; a cost efficient self-healing coating.

[191]

Healant: DGEBA-based epoxy resin (Lapox L12) with density 1.20 g/cm3;

hardener: TETA (K6) with density 0.95 g/cm3.

A stoichiometric blend ratio of the encapsulated hardener and

epoxy monomer was 1:1 by volume and 80% of hardener amount

by weight of epoxy resin; the curing (healing) conditions: at 40�C
for 4 h followed by RT-healing for 16 h.

[192]

Curing system: (1) Epoxy resin: DGEBA (EPITAL, Russia, an epoxide

percentage of 20.0�22.5 wt.%, 191�215 g/eq.); (2) Hardener mixture

(low-temperature aliphatic and high-temperature aromatic amines):

aminoamide hardener L-20M, a product of TETA, with fatty and rosin

acids of tall oil (G.S. Petrov Research Institute of Plastics, Russia); DDS

(EPITAL, Russia).

The hardener mixture accelerates the epoxy resin curing (DSC)

and increases Tg as well as the rubbery-plateau moduli (DMA).

Aliphatic amidoamine reacts with epoxy resin at low temperatures

to form the hydroxyl groups which catalyze the further epoxy

curing with the aromatic amine.

[193]

DGEBA-epoxy resin, KER 828, (epoxy group content of

5260�5420 mmol/kg, molar mass of 184�190 g) and butyl acetate as

diluent; amide-based hardener, Crayamid 140C (amine value of

370�410 mg KOH/g).

No visible sign of corrosion after up to 5 weeks (salt spray test). [194]
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Environmental stimulus/self-

healing concept/type of

polymerization

Reaction system/commercially available healant (if available) Comments on efficient curing References

Epoxy�Lewis acids: (thiol/
mercaptan)
Thiol epoxy cure (amine
catalyst)
Nucleophilic polyaddition,
the strict stoichiometric ratio
of epoxide/hardener is
required

Encapsulated epoxy oligomer�polythiol (hardener)—strong base
(hardening accelerator), low-temperature fast curability.
Epoxy�mercaptan cure is a nucleophilic addition reaction.

Catalysts’ alkality and content greatly affected rate of the addition

polymerization, curing degree, and bonding strength. As requested by

addition polymerization, the stoichiometric ratio of epoxy/mercaptan

and uniform mixing at the molecule level are critical for a perfect

cure of the healing agent released to the fractured surfaces to be

rebonded.

[195]

Epoxy and mercaptan-based hardener (with a catalyst).
Healant: Nondiluted DGEBA epoxy resin, Araldite-F (Ciba-
Geigy); curing agent: PETMP and a catalyst 2,4,6-tris
(dimethylaminomethyl)phenol (DMP-30).

A fast curing of released epoxy and hardener occurred in a range

of 70�C�100�C (DSC analysis); a recovery of mechanical

properties was correlated directly with a capsular size and healant

concentration as well as with a fracture plane.

[196]

In polyacrylonitrile shell nanofibers: (1) Healant: epoxy resin (Araldite LY

5052�1, Huntsman, Switzerland) with the viscosity of 1 Pa s; (2)

hardener: PETMP with viscosity of 0.45 Pa s (Sigma-Aldrich, USA). A

catalyst: N,N-dimethylbenzylamine (BDMA).

The loading contents of epoxy and PETMP are 19 and 25.7 wt.%,

respectively. A ratio of the catalyst (BDMA): PETMP was 1:10 wt.

%. A fast curing was observed between 60�C and 130�C (gradual

release of healants, DSC-Analysis). At 10�C for c. 3h only 70% of

epoxy was cured.

[197]

Healant: Multicore alginate capsules of epoxy resin Araldite 506
(Sigma-Aldrich, 500�700 cps).
Hardener 1: Mercaptan hardener pentaerythritol tetra(3-
mercaptopropionate) and a tertiary amine catalyst, N,N-
dimethylbenzylamine [168].
Hardener 2: DETA, BASF; healing conditions: at 40�C for 48 h
[198].

A multiple release from (1) dual-capsule system (epoxy:
mercaptan5 1:1) and (2) capsule-catalyst (scandium(III)
triflate) self-healing systems.
Multiple healing (3�4 times); a higher healing
performance for the dual-capsule system at 60�C for 48 h.

[168,198]

In alkyd coating matrix: DGEBA-based epoxy (EPON828) and

pentaerythritol tetrakis (3-mercaptopropionate) healing time: 10 min.

Environment-friendly self-healing coating: UV-curable palm oil-

based alkyd coating.

[95]

Healant: Epoxy resin DTP (a low-viscosity diglycidyl 1,2,3,6-
tetrahydrophthalate epoxy resin).
Hardener: Tetrathiol and tertiary amine catalyst (BDMA).

Healing efficiency at 20�C 82% after 3 h and 100% after 12 h. [199]

Encapsulated healant: A 100% DGEBA epoxy resin—Araldite-F (Ciba-

Geigy); encapsulated curing agent—catalyst mixture: PETMP and 2,4,6-

tris(dimethylaminomethyl)phenol (DMP-30).

Healing conditions: 24 h at 70�C; an 80% healing efficiency of

bulk polymer (Fracture load I), but 57% of the healing efficiency

under Fracture load II: it depends on an area of “dry surface” on

the fracture surfaces in the healed regions.

[196,200]

Epoxy-loaded MCs: Epoxy resin EPON 828 and resorcinol diglycidyl

ether (J-80); hardener-loaded MCs: tetrathiol PMP; DMP-30; polythiol-

loaded MCs: tetrathiol PMP.

Addition of resorcinol caused an increase in fracture toughness

(resulting in slower crack propagation during fatigue testing);

healing time from 8 to 10 min.

[201]

Isocyanate-amine cure
Nucleophilic addition
Polyurea formation

Encapsulated healant: (1) hydrophobic IPDI; encapsulated hardener-

healant; (2) mixture: hydrophobic amine PAE (polyaspartic acid ester)�
TO (TO was dissolved in PAE with a mass ratio 1:1).

Hydrophobic amine instead of traditional water-soluble amine; a

98% self-healing efficiency for dual-component MC coating

(capsule content of 20 wt.%: in the air for 12 h at RT).

[202,203]



Copper(I)-catalyzed azide/
alkyne-“click”-reaction

Cycloaddition

Synthesized trivalent alkynes (1, 2) and trivalent azides (3�5) of
different hydrophobicity.
Catalyst 1: Cu(PPh3)3Br, Catalyst 2: Cu(PPh3)3F; Catalyst 3:
Cu2O on graphene-oxide (TRGO-Cu2O)

The click-cross-linking kinetics of trivalent alkyne and azide

catalyzed by catalysts 1�3 (1 mol%) was studied (DSC method).

The low onset-temperatures were detected for the Cu(PPh3)3F-

catalyzed reactions of trivalent alkyne 1 and trivalent azides.

[204]

Azides: Three-arm star PIB azides; Alkynes: mono-, di-, and
trisubstituted tripropargylamine alkynes.
Healing conditions: Solvent-free reaction of alkyne with
monovalent azido-telechelic PIB in the presence of CuBr(PPh3)3
as catalyst and DIPEA as base.

Reactions in the solvent-free state proved to be significantly faster

than reactions in solution. Various Cu(I) catalysts and

tripropargylamines have been tested for RT “click”-curing reaction

with the three-arm star PIB.

[205]

Alkynes: Multivalent poly(acrylate)s (nine atactic random poly(propargyl

acrylate-co-n-butyl acrylate)s, Mn5 7000�23,400 g/mol, alkyne contents

ranging from 2.7 to 14.3 mol% per chain); Azides: PIBs: five three-arm-

star azido-telechelic PIBs (Mn5 5500�30,000 g/mol) and one three-arm-

star alkyne-telechelic PIB (Mn5 6300 g/mol) in the cross-linking-

reaction.

Study of catalysis during the cross-linking reactions of multivalent

polymeric alkynes and azides: the significantly increased reaction

rate with increasing alkyne concentrations. A kinetic analysis

showed autocatalytic effects (up to a factor of 4.3) at RT.

[206]

Azide: Liquid, azido-telechelic three-arm star PIB (Mn5 3900 g/mol); Alkynes:

trivalent alkynes were encapsulated into micron-sized capsules and embedded

into a polymer-matrix (high-molecular weight PIB, Mn5 250,000 g/mol); (Cu(I)

Br(PPh3)3) as catalyst.

Crosslinking at 40�C is observed within 380 min and as fast as 10

min at 80�C. Significant recovery of the mechanical properties

was within 5 days at RT.

[111]

Azide: Azide functionalized carbon nanotubes (MWCNT-t-BA-N3,

functionalization via poly (t-butyl acrylate)); Alkynes:

tripropargylpentaerythritol (synthesized and encapsulated); (Cu(I)Br

(PPh3)3) is a catalyst embedded in the epoxy-amine matrix (1:50:50).

Curing conditions: 10 wt parts of MCs:5 wt parts of MWCNT-t-BA-N3.

Increased efficiency of the azide�alkyne curing above 80�C and

50 h; healing efficiency with temperature (120 h): 30%�35% and

at 30�C�60�C and 60%�65% at 80�C�140�C correspondently;

healing efficiency with time at 100�C: 55%�60% for 50�120 h.

[207]

Acylhydrazine/methacrylate-
based cure
Cross-linked acylhydrazone
network through acid-
catalyzed condensation

Gelators A, a bis-acylhydrazine�terminated poly(ethylene glycol)

Gelator B, a tris[(4-formylphenoxy) methyl]ethane; a vascular synthetic

system.

Room-temperature polymerization is achieved with addition of the

radical initiators and promoters.

[208]

Siloxane cure (catalyst)
Polycondensation

Dimethylvinyl-terminated DMS resin monomer; platinum-
catalyst.
The solidification takes about 1�2 days.

The released oil�like resin monomer impregnates cuts in the

epoxy matrix und does not undergo polymerization (does not

solidify) unless it is in contact with catalyst-contained epoxy

matrix.

[209]

Healant: Silanol-terminated polydimethylsiloxane (DMS-S12, Gelest,

USA); catalyst: dibutyltin dilaurate; a catalyzed condensation reaction at

220�C for 24 h results in a viscoelastic product (fluorescently visualized

using OIL-GLO 44-P, Spectronics, USA). The mass ratio of the healant/

catalyst capsules of 18:7 in the commercial enamel paint matrix

corresponds to the 10:1 mass ratio of the pure components.

MC-based low-temperature self-healing concept for the

commercial enamel paints. Glass slides, steel panels, and mortars

were applied to test self-healing coating formulations.

[210]

ATRP, Atom transfer radical polymerization; BADGE, bisphenol A-diglycidyl ether; BAEA, bisphenol A epoxy acrylate; BPO, benzoyl peroxide; CA-PDMS, cinnamide-polydimethylsiloxane; DCPD, dicyclopentadiene; DDS, diaminodiphenyl sulfone;
DETA, diethylene amine; DETA, diethylenetriamine; DGEBA, diglycidyl-ether of bisphenol-A; DHEPT, N,N-dihydroxyethyl-p-toluidine; DIPEA, N,N-diisopropylethylamine; DMA, dynamic mechanical analysis; DMPA, 2,2-dimethoxy-2-
phenylacetophenone; DMS, dimethylsiloxane; DSC, differential scanning calorimetry; ENB, 5-ethylidene-2-norbornene; GMA, glycidyl methacrylates; HDI, hexamethylene diisocyanate; IPDI, isophorone diisocyanate; MBM, 1,1(methylenedi-4,1-phenyl)
bismaleimide; MC, microcapsule; MMI, multimaleimide; PDM, N,N0-(1,3 phenylenedi)maleimide; PETMP, pentaerythritol tetrakis (3-mercaptopropionate); PIB, polyisobutylene; PMMA, poly(methyl methacrylate); PU, polyurethane; PVA, polyvinyl
alcohol; ROMP, ring-opening metathesis polymerization; TEGDMA, triethylene glycol dimethacrylate; TEPA, tetraethylenepentamine; TETA, triethylenetetramine; THP, triarylsulfonium hexafluorophosphate; TMPTA, trimethylolpropane-triacrylate; TO,
tung oil.



Influence of the matrix on self-healing

performance of the self-healing additive

The catalytic role of industrial epoxy resins and their

influence on the curing kinetics of healant on the surface

of cracks were estimated using several monofunctional

model pairs [143] (Fig. 22.17A). The corresponding mul-

tifunctional compounds with the highest potential for

rapid healing were then selected. The HE was evaluated

using two commercial epoxy materials. Using the tensile

fracture method, it was found that although the rate of

matrix property recovery was highly dependent on the

type of epoxy resin used, the maximum fracture load after

healing was the same for both epoxy resin matrix systems

tested.

Thus, for a successful self-healing process, not only

the degree of restoration of the initial properties is of

great importance, but also the rate at which this original

state is achieved again. Therefore, the special features of

the healing reagents on the one hand and their (potential)

interactions both with the matrix to be healed and with

the encapsulating material on the other hand must be con-

sidered and investigated in each case. For example, it

should be noted that the availability of reactive compo-

nents such as multifunctional maleimide compounds in

extrinsic approaches is strongly related to their encapsula-

tion behavior. When using some reactive components,

such as polyamines, it should be considered that a hollow

carrier particles are required. The influence of the encap-

sulation material on the self-healing rate has recently

been investigated [144,145]. For example, to estimate the

reactivity between cycloaliphatic epoxy healing reagent

(Ciba-Geigy, Araldite CY 230) and an amine hardener

(TETA hardener, HY 951) the curing kinetics have been

FIGURE 22.17 (A) Kinetics of

maleimides and amines-thiols at

room temperature on the example

of model monofunctional pairs.

Crack interface and mechanism of

its healing in the epoxy material

based on maleimide chemistry

[143]; (B) Effect of TETA hard-

ener immobilization on reactivity

of cycloaliphatic epoxy healant

embedded in urethane formalde-

hyde shell in the self-healing epoxy

thermosets: The estimation of acti-

vation energy (Eα) with curing con-

version by iso-conversional methods

[144]. TETA, Triethylenetetramine.

Figure (B) was modified after

Tripathi M, Kumar D, Rajagopal

C, Roy PK. Curing kinetics of self-

healing epoxy thermosets. J Therm

Anal Calorim 2015;119(1):547�55.

Available from: https://doi.org/

10.1007/s10973-014-4128-1.
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investigated by applying kinetic analysis of DSC data

[144]. The actual epoxy healant was encapsulated in a

polyurethane microcapsule and the amine hardener was

immobilized on mesoporous silica (substrate SBA 15).

The influence of the finely distributed ceramic additive in

the epoxy resin on its curing speed was investigated by

nonisothermal DSC. The kinetic parameters of the curing

kinetics were determined using the Friedman and

Kissinger Akahira Sunose method [144]. These are

computational methods typically used to obtain valuable

kinetic information about the investigated process by

means of relatively simple DSC experiments (see also

Chapter 24, Processing and processing control, in this

book). As a result of such evaluation methods, one

obtains estimates of the (conversion degree-dependent)

effective activation energies. Fig. 22.17B shows that the

activation energy, (Ea) in the above example, tends to

decrease with increasing degree of cure (i.e., with increas-

ing turnover). This reflects the typical autocatalytic char-

acter of epoxy curing. However, no influence of the

added microparticles on the curing kinetics was observed:

The conversion-dependent activation energy was neither

influenced by the presence of a ceramic carrier for TETA

hardeners in the matrix nor by the presence of a urethane

formaldehyde shell for epoxy healant with secondary

amines. This shows that in this case the desired strategy

of spatial isolation of both reagents could be successfully

implemented without any loss of activity. The primary

TETA amino groups effectively participate in the curing

reaction and do not compete with the secondary amino

groups of the capsule shell of the healant chemical [144].

Recently, further preparative methods for encapsulation

of fatty amine hardeners were provided in [146,147].

The chemical design of capsule shells is of great

importance since the capsule material may exhibit strong

effects on the curing of the healant. The curing kinetics of

microcapsules containing epoxy healant was studied with

different types of formaldehyde resin-based shells in

[148]. Capsule shells based on polyvinyl alcohol modified

poly (urea-formaldehyde), poly (melamine-urea-formalde-

hyde), poly (urea-formaldehyde) and phenol modified

poly (urea-formaldehyde) were synthetized for incorpo-

ration of epoxy resin as core material in self-healing

microcapsules. It was found, that the curing process of

core-epoxy resin in the microcapsules becomes more dif-

ficult compared with nonencapsulated epoxy. Moreover,

the curing efficiency of core resin affects the stability of

the shell material: the decomposition products of shell

may participate in the curing reaction.

The effect of diluent concentration as well as the

effect of healant type on the crosslinking degree and reac-

tion conversion was studied for epoxy resin E-51 in [149]

as a capsule core for the preparation of self-healing

cementitious composites. The optimal fraction of n-butyl

glycidyl ether BGE as well as curing agent MC120D,

based on the analysis of activation energy, were deter-

mined as 17.5% and 20% respectively. According to the

proposed mechanism of the curing reaction E-51 with

MC120D it was concluded that not only the epoxy resin

E-51 was cured, but also that the BGE contributes to the

cross-linking process.

Dye-based inline monitoring of epoxy network self-

repair was also applied. The color transitions of pH indi-

cator thymol blue were monitored in-line during the cur-

ing process of model thiol-epoxy networks with different

multifunctional crosslinkers (Fig. 22.18). At room temper-

ature the thiol-epoxy reactions are catalyzed by organic

bases and proceeds via a nucleophilic ring-opening mech-

anism with autocatalytic effect. During crosslinking the

pH continuously increases as the concentration of free

basic catalyst increases. This can be tracked by thymol

blue as a pH marker when it is premixed with the epoxy

resin. A color transition from pink to blue during thiol-

epoxy reactions effectively visualizes the progress of

crosslinking reactions in self-healing applications, if the

crosslinking densities are quantitatively estimated using

thermoanalytical methods.

Dual versus single-capsule strategy

The previous examples were typical of the so-called two-

capsule approach. In this approach, both the reactive hea-

lant additive and the second component required for

crosslinking (catalyst or coreactant) are each encapsulated

in separate microspheres. This solves the technological

problem that the healing reagent has to be safely encapsu-

lated and kept separated from the matrix to be healed

until it is damaged, and from the catalyst component, that

is, the self-healing agent must not harden prematurely

(avoidance of the loss of reactivity). For this purpose,

contact with the coreactant or catalyst, in this case also

with the catalytically acting epoxy resin, must be reliably

prevented.

As an alternative to this two-capsule strategy, increas-

ingly complex container systems are being designed that

keep both components of the extrinsic healing reagent

effectively separated from each other but still in a com-

mon microcontainer. This solves the technological prob-

lem that during the extrinsic self-healing process, both

types of microcapsules, that is, both healant and coreac-

tant or catalyst capsules, must always be broken open

simultaneously in the course of the damaging effect in

preferable relative amounts, so that the contents of both

capsules can escape at the same time and the two compo-

nents can mix. Insufficient healing processes in autono-

mous extrinsic self-healing phenomena can therefore

often be caused by unfavorable mixing ratios of the two

components, for example, due to a geometrically
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unfavorable damaging event or local segregation phenom-

ena, or by uneven distribution of the microcapsules in the

matrix from the beginning. Such difficulties can be

avoided by using more complex microcapsule architec-

tures that contain all components necessary for self-

healing in separate compartments.

An encapsulation method illustrating this approach,

was employed by [151]. Here, TETA amine hardener is

packed together with the actual healing prepolymer in a

multilayer microcontainer. To this end, in a first step, a

double emulsion is produced in a microfluidic glass capil-

lary reactor. This double emulsion consists of an aqueous

core phase loaded with aliphatic TETA and an oil shell

phase with a reactive acrylate-photoinitiator mixture. This

is followed by conversion into microcapsules by the

action of UV radiation with UV-induced curing of the

reactive shell mixture [151]. Such multilayer particles

contain all the necessary self-healing components in sepa-

rate areas of the particles and upon burst allow the fillings

to escape together into the surrounding polymer matrix

and heal it. Such strategies are definitely promising for

the development of epoxy/amine self-healing concepts

also in nonepoxy matrix systems where the matrix may

not contribute any catalytic effect to the healing.

Analogous strategies for the creation of hierarchically

structured microspheres with compartment-structured

microsphere architecture are suitable to address the

sometimes serious problems of activity loss of other self-

healing chemical systems. For example, this strategy

could be suitable for the encapsulation of metal/ligand

catalysts for the ring-opening metathesis polymerization

(Grubbs’ catalyst), or to avoid the deactivation of radical

initiators for sunlight-activated crosslinking at low tem-

peratures in the context of thiol-ene chemistry.

Complex containers and design of microcapsule

walls

In the following, self-healing systems based on (micro)

containers with complex architecture which consist of

thermosetting healing reagents and curable resins will be

briefly discussed. The rate of release of the reactive com-

ponent of the microcapsules can be either very fast with

complete mechanical destruction of the capsule (instanta-

neous or break release) or rather slow (controlled delivery

or slow release) [152]. In the first case, the self-healing

reagents used for high-strength composites are encapsu-

lated in a very mechanically robust envelope. This shell

can be (1) a single-layer consisting of urea- or melamine-

formaldehyde resins with a high degree of cross-linking,

(2) a double-layer containing a poly(urethane)-poly(urea)

combination or a (3) hybrid with integrated inorganic

nanoparticle monolayer. This ensures the necessary

FIGURE 22.18 The curing kinetics of thiol-epoxy in the self-reporting systems. Rheological calibration of curing conversion for in situ visualization

of the thiol-epoxy crosslinking reactions [150].
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tightness and resistance to external influences. Such cap-

sules protect, for example, isocyanate [153�155], epoxy

acrylate resin [156], epoxy resin�solvent mixtures

[157,158], drying oils [59,135] or DCPD [99,159] in a

thermoset composite matrix until such a single capsule

system is mechanically destroyed, for example, by fric-

tion. Compared to instantaneous release upon destruction

of the microcapsules, a controlled release strategy allows

multiple healing events [160].

The information collected in Table 22.1 suggests that

several basic types of composite constructions aiming at

an autonomous healing strategy can be identified and

schematically assigned to one of the following basic

designs (Fig. 22.19). In principle, each basic type of con-

struction design can be implemented for any type of con-

tainer such as for spherical particles (microcapsules), for

vascular systems with nano- or microfibers, and for com-

binations thereof (mixed systems).

The first type of composite design combines the

microencapsulation of only one reactive component,

which is usually a liquid oligomer or monomer (system

“microcapsule with monomer and nanocapsule of the cat-

alyst”). After release from the capsule, the monomer mix-

ture is polymerized, for instance under the influence of

atmospheric oxygen (in the case of drying oils) or humid-

ity (in the case of isocyanates) and self-polymerized in

the presence of encapsulated organometallic catalysts dis-

tributed in a thermoset matrix (such as ENB, DCPD, or

siloxane healants).

The design of the second type follows the double cap-

sule principle. It is applied when both reactive compo-

nents require effective separation from each other for

low-temperature curing. This design is usually used for

epoxy monomers with amine or thiol hardeners as well as

for azide/alkine, thiol/isocyanate and thiol/maleimide

healing systems. It should be noted that the second type

of capsule design also requires the involvement of a cata-

lyst. In this it is similar to the first type of capsule design.

In this case, however, the catalyst may already be an inte-

gral part of a commercially available curable formulation

(e.g., tertiary amine in epoxy resin).

The third type of composite architecture shows the

case “all inclusive” or “everything in one capsule.” In this

case, the self-healing reagent and the catalyst are isolated

from each other by the shell layers of a single multilayer

capsule or by smaller capsules integrated in a combined

capsule (capsule in capsule) [161,162].

In the second case (the capsule in capsule approach)

we are dealing with semipermeable capsule walls of the

membrane type. By introducing, for example, ethyl cellu-

lose additives into the wall material of the microcapsule,

the release of the liquid reactant can be controlled by spe-

cific design of the micro- and nanoporosity [152]. The

variation in the concentration and molecular properties of

ethyl cellulose effectively affects the size of the micro-

capsules, their morphology, surface properties, and the

speed of reagent passage through the cellulose membrane

[152]. In contrast to microcapsules with crack release,

FIGURE 22.19 Self-healing approach based on rupture-release

microcapsules: (1) monocapsule or capsule-catalyst systems;

(2) dual-capsule system; (3) all-in-one capsule system.
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microcapsules with controlled-release properties retain

their ability to act as reactive component donors over a

longer period of time. This means they are capable of sev-

eral successive healing processes. This is a major advan-

tage over systems based on the destruction of the

microcontainers. The development of controlled-release

microcapsules has been a very lively and productive field

of research in recent years. Fig. 22.20 schematically sum-

marizes some particle shell architectures developed for

this with the potential for controlled and multiple release

in thermosetting matrix systems

Multiple self-healing performance in a capsule-based

approach can also be achieved by controlled release of

healing agent from multicore microcapsules, as well as

hierarchical microcapsules. The presence of multistorage

cells inside or outside the carrier microcapsules enables

repeatable self-healing according to mechanical or electro-

chemical testing respectively [167,168]. The design of

hierarchical microcapsule with multistorage cells

(HMMC) includes a central microcapsule made, for

instance, of a robust poly(thiol-isocyanate) P(TMMP-

IPDI) shell with DCPD as the healing agent, which is

tightly packed with an additional portion of active DCPD

(Fig. 22.20K). The outer-layer capsules were obtained

using a specially synthesized copolymer dispersion stabi-

lizer based on divinylbenzene and 1,1-diphenylethylene-

capped hydrolyzed poly(glycidyl methacrylate). In water

such a copolymer covers DCPD microdrops with nonpolar

fragments, resulting in a core-shell system which is cova-

lently fixed through radical polymerization. The scratch

repair of anticorrosion polyurethane coating containing

15 wt.% HMMC and Grubbs’ catalyst was demonstrated

by EIS and anticorrosion tests. The protective layer on the

iron substrate was completely regenerated after the first

damage when the maximum amount of DCPD was easily

released from the central cell. After the second and third

repetitive damage in the same spot, the outer-layer of the

small capsules still supports healing if sufficient amount

of the catalyst is present at the crack interface. It should

be noted that such capsule systems exhibit a positive effect

on the mechanical properties of the PU coating: the peak

stress increased by two times (from 3 to 6 MPa) after add-

ing 15% HMMCs in coating [167]. They not only act as

self-healing additives but also as reinforcements.

The HE of the multicore capsules was even further

extended, namely up to four cycles with an efficiency of

FIGURE 22.20 Capsule design for extrinsic self-healing approach: (A) multilayer wall microcapsules and double-shelled microcapsules: HDI-core/

double-layered polyurea microcapsule [153], IPDI-core/polyurea/PVA [163]; double-shelled microcapsules: isophorone diisocyanate (IPDI) core and a

polyurethane (PU)/poly(urea-formaldehyde) (PUF) double shell [154]; (B) Multilayer composite microcapsules: healing reagent (isophorone diisocya-

nate, IPDI)/hybrid shell: urethane-lignin barrier/MF-shell [93]; (C) with nanoclay layer: amine core/nanoclay layer/PU-shell [147]; IPDI-core/NaLS

(sodium lignosulfonate capsule)/polyurea hybrid shell [75]; DCPD core/nanoclay-PUF shell [159]; (D) double stimuli-responsive microcapsule: linseed

oil/PUF shell/PEI/benzotriazole in PSS/PEI [40]; multilayer microreactor: GMA-core/PMF shell/catalyst CuBr/PMDETA in the layer of ATRP-

Macroinitiator PMMA-Br/paraffin wax [161] (E) with multilayered shell structure: DCPD core/PU inner layer/PF outer-layer/PGMA layer (spheres)

in PU coatings [99]; IPDI-core/PPG�TDI-SiO2 NP [164]; (F) Photoabsorbing Hybrid Microcapsules: photosensitive epoxy acrylate resin (core)/poly

(urea-formaldehyde) PUF/TiO2 (organic�inorganic hybrid shell) [156,165], [27]; Linseed Oil core/SiO2-Poly(urea�formaldehyde) Hybrid shell

[59,135]; (G) Sunlight-activated microcapsules: epoxy acrylate core/carbon black particles/PUF shell [17]; (H) Graphene oxide (GO) modified double-

walled microcapsules: 1, 6-Diaminohexane (inner core) and isophorone diisocyanate (IPDI)-based prepolymer (outer core)/GO-modified double-

walled polyurea shell [155]; (I, J) core (commercially available polyurethane precursor)/epoxy coating/cementitious shell; polyurethane precursor

core/cementitious shell/epoxy coating) [166]; (L) multiple release: hierarchical multiple healing capsule-based system (healing agent (DCPD)/shell

poly(thiol-isocyanate) P(TMMP-IPDI)/DCPD) [167]; (K) multiple release: a multicore capsule epoxy core/alginate and a multicore capsule mercaptan

hardener core (pentaerythritol tetra(3-mercaptopropionate))/alginate [168]. HDI, Hexamethylene diisocyanate; PVA, polyvinyl alcohol; GMA, glycidyl

methacrylate.
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70%�90% according to mechanical testing [168]. The

dual-capsule healing system consisted of (1) epoxy resin

(diglycidyl ether of bisphenol A) encapsulated as discrete

portions in alginate and (2) mercaptane hardener mixed

with catalyst, a tertiary amine, which were encapsulated

in alginate matrix by electrospray technique. Large multi-

core microcapsules of 300�400 μm diameter with 74%

core content for epoxy microcapsules and 59% core con-

tent for the hardener microcapsules were embedded in the

epoxy composite Epikote 828 and tested for healing abil-

ity. After the first damage, the HE was achieved about

90% through a nucleophilic ring-opening reaction with

the epoxide groups. The following three damage-healing

cycles were characterized by some reduction of efficiency

to about 70% at a capsule loading of 20 wt.%. A high

efficiency of multiple healing processes of an epoxy com-

posite can be achieved for the capsule-catalyst healing

system containing alginate-epoxy microcapsules and cata-

lyst Scandium (III) Triflate (Sc(OTf)3), if the catalyst is

reliably protected against moisture. Further variations in

capsule design are summarized in Table 22.2.

The development of new target designs for the heal-

ing microcapsules is followed by optimization of their

size and concentration in composite matrixes. Usually,

larger capsules with maximum healant filling are pre-

ferred because more healing material is released per unit

of crack area [102]. The study notes that HE improves

proportionally with increasing capsule size and yields a

68% maximum load recovery. However, the use of the

largest capsules significantly reduces the mechanical per-

formance of the thermosetting composite, and determin-

ing the optimal capsule size from a mechanical viewpoint

requires additional testing. Some authors have solved the

problem of mechanical strength by adding ceramic or

carbon nanotubes to capsules with maximum size.

Thus, the micro-co-encapsulation of multiwalled carbon

nanotubes with liquid healant (5-ethylidene-2-norbor-

nene) into poly(melamine-urea-formaldehyde) shells

(MUF-CNT/5E2N microcapsules) was found to have

significant effect on both the mechanical and the elec-

trical properties of healed epoxy composites

(Fig. 22.21), thus making them highly suitable for

applications in aerospace [74].

The optimization of microspheres quality (volume

for internal filling, monodispersity, morphology, and

wall thickness) depending on the synthesis conditions is

extremely time-consuming and does not always result in

an effective solution. A statistical experimental design

approach (DoE) was used to optimize the synthetic

parameters and obtain optimal characteristics of micro-

capsules [169,170]. The potential of encapsulated

healants for microcracks recovery in self-healing ther-

mosetting composite is reviewed in some publications

[4�6,12�14,25,33,104,171,172].

Microvascular strategies

The second basic possibility to realize the extrinsic

approach to incorporate self-healing properties into ther-

moset matrix systems is the integration of microvascular

structures. In this case, microcapsules are not used to

store the healing liquid, which are subsequently added to

the basic thermoset during formulation. Instead, during

the production of the thermoset material, channel systems

are built into the matrix of the bulk structure, which are

filled with the self-healing liquid. These microchannel

systems are modeled on natural vein systems and run

through the entire thermoset structure. They are designed

to avoid the spatial restrictions to which capsule systems

are subjected. Vascular systems are not based on the addi-

tion of standard thermoplastic materials but use special

manufacturing processes (increasingly based on additive

manufacturing technologies) to create 3D hollow channel

systems that are filled with healing fluid within the ther-

moset matrix. A detailed and critical presentation of dif-

ferent strategies for the design and fabrication of vascular

structures was recently presented by [77]. In this paper,

the emerging technologies based on 3D printing and addi-

tive manufacturing are briefly presented and their advan-

tages and disadvantages are discussed.

In the following, some examples are briefly described,

which show how 3D hollow channel structures can be

designed and produced to enable vascular self-healing in

thermosetting polymer matrix systems.

One of the classical concepts of vascular self-healing

is the incorporation of filled hollow fibers into the ther-

moset matrix. This approach is closely related to the addi-

tion of polymers with micro hollow spheres, except that

one-dimensional (fibrous) filler materials are used instead

of zero-dimensional (spherical) fillers. The most

suitable fibers for this purpose are hollow glass fibers.

Hollow glass fibers can be loaded with self-healing liquid

by using capillary phenomena and vacuum. For example,

glass fibers with an inner diameter of 5 μm were loaded

with healing fluid and incorporated into composite materi-

als [211]. Glass fibers loaded with healing fluid can be

incorporated into fiber composites together with carbon

fibers or standard glass fibers as reinforcing fibers and

processed according to standard procedures. If two-

component systems are used as healing reagents, two dif-

ferently loaded hollow fiber types must be used. If care is

taken during fiber insertion to ensure that both fiber types

can be introduced into the matrix system in appropriate

proportions and suitable (random) orientation, a vascular

self-healing fiber composite can be obtained. Textile glass

fiber structures (fiber mats with defined 3D architecture)

are also conceivable on the basis of filled hollow fibers.

The use of multilayers of reinforcing and self-healing

glass fiber structures leads to composite materials with
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TABLE 22.2 Self-healing performance of thermosetting composites with encapsulated healing systems.

Microcapsules (MCs) Performance/comments Reference

Core: healing agent/loading capacity,

wt.%

Shell/preparation Size, μm/concentration (wt.%) for

the best performance in matrix

HE, %/Tests/comments

Single (component) capsule healant system

DGEBA-epoxy resin diluted with a ethyl

phenylacetate (25 wt.%)

PUF/in situ polymerization; a shell thickness

was varied by concentrations of reagents,

stirrer speed and sonication

4�180 μm/carbon fiber composite

laminate

Healed/mode-I interlaminar fracture test [157]

Epoxy in ethylphenylacetate (EPA at 5 wt.

%)/54 (S1) - 74 (S5)%

PUF/in situ polymerization 410 (S1) - 64 (S5) μm/20 wt.% of MCs

in epoxy matrix: epoxy resin cured

with cyclo-aliphatic amines (100:50);

3 wt.% of Al(OTf)3 catalyst

Enhanced HE (68%), but reduced mechanical

performance (18%) for the larger capsules (TDCT-

fracture test in tensile)

[102]

Epoxy resin (EPL 1012R)/54% PUF/in situ polymerization 2.13 μm/10 wt.% of microcapsules in

the epoxy coating

Excellent corrosion resistance in scratched coatings/

salt fog corrosion test, electrochemical detection

(48 h)

[191]

Epoxy resin E-5l PUF/in situ polymerization 55.7 μm/2% in the epoxy resin

composite coating

Recovery of corrosion resistance; the corrosion

resistance was best with its service life prolonged

by about 4 time

[158]

Epoxy resin (multicore)/79% Alginate microcapsules (pore size of

52100 μm)/electrospraying method

320 μm/20 wt.% of MCs in the epoxy

matrix with diethylenetriamine DETA
HE of 86%, 3-time in situ healing with
DETA/Impact test;
HE of 76%, one-time healing/TDCB
-fracture test

[198]

Mixture of epoxy resins: cationic

photoinitiator (100:9)/87%

SiO2 shell/a combined interfacial and in situ

polymerization

20�30 μm/the self-healing coating of

epoxy resin: amine hardener: MCs

with a mass ratio of 5:2:3

High self-healing performance for scratches in the

epoxy matrix (SEM)

[173]

Epoxy silicon oil with cationic

photoinitiator/25%�29%

Inner polyacrylate-based shell/outer pure TiO2-

NP (50 nm) shell (by UV-initiated

polymerization of Pickering emulsions)

4 μm/50�60 wt.% of UV-responsive

microcapsules in the silicone resin

coating (12 μm)

Anti-aging stability/confirmed by SEM after crack

formation and accelerated weathering treatment

(216 h); potential application in aerospace

coatings

[27]

Epoxy ester based on tall oil fatty acid/67% PUF/in situ polymerization 101 μm/10 wt.% of MCs in the epoxy

coating

Sufficient corrosion resistance recovery after 14

days/Salt spray test, SEM, EIS

[179]

Palm oil-based alkyd/90%�95% PMUF/in situ polymerization 300�500 μm/1%�6% of MCs in the

epoxy matrix

Sufficient recovery of mechanical and surface

properties

[178]

Tung oil/80% PUF/in situ polymerization 105 μm/10 wt.% of MCs in epoxy

coatings

Recovery of corrosion resistance/salt-immersed

corrosion test

[57]

Linseed oil Multishell: PUF shell (in situ polymerization)/

PEI/benzotriazole in PSS/PEI (layer-by-layer

assembly)

2 μm/ca. 5 wt.% of MCs in epoxy

coatings

Recovery of active corrosion protection due to

the stimuli-responsive release of healant/EIS

[40]

Linseed oil/69% (1100 rpm) �77%

(700 rpm)

PUF/in situ polymerization 116 μm (700 rpm), 53 μm (900 rpm)

and 28 μm (1100 rpm)/5�10 wt.% of

MCs the epoxy coating

Recovered corrosion resistance of the scratched

coatings/salt spray test after 6 days: the bigger

MCs and the higher their concentration result in

an improved corrosion resistance

[91,177]



Linseed oil/74% PU-shell/interfacial polymerization 65 μm/15�20 wt.% of MCs in epoxy

coatings

Recovery of corrosion resistance/EIS and salt

spray tests

[58]

Coconut oil-based alkyd resin/55% PMUF/in situ polymerization 128 μm/10% of MCs in the epoxy

coating

Recovery of corrosion resistance in 5 wt.% NaCl

solution for 7 days/potentiodynamic polarization

and EIS/The effect of the MCs incorporation on

the gloss, adhesive strength and mechanical

properties of the coating has been studied for

commercial viability: increased MCs

concentration reduces these properties of the

coatings

[88]

IPDI/81% Multilayer: MF-lignin-shell thickness of 4.5 μm/

Pickering emulsion templates by in situ and

interfacial polymerization

From 40 μm (1.0 wt.% lignin) to 117

μm (0.01 wt.% lignin)/a mass ratio of

epoxy:hardener:MCs is 100:25:15

Recovered corrosion resistance/brine-submersion

corrosion-accelerating test (10 wt.% NaCl for

120 h), EIS

[93]

IPDI Tris (p-isocyanatophenyl) thiophosphate as a

shell forming agent/via emulsification followed

by interfacial polymerization

5220 μm/epoxy coatings Recovery of barrier properties of modified

coatings (EIS)/Recovery of corrosion resistance

(LEIS, SVET, SIET)

[98]

IPDI Polythiourethane shells: (a) 3,6-dioxa-1,8-

octanedithiol (DODT), (b) trimethylolpropane

tris(3-mercaptopropionate) (TTMP), (c)

pentaerythritol tetrakis(3-mercaptopropionate)

(PETMP)/interfacial polymerization

18 and 30 parts by weight per 100

parts of the epoxy matrix (improved

adhesion between MCs and epoxy

matrix due to reaction of thiourethane

shell with epoxy ring)

Recovery of mechanical and surface properties/

three-point bending test and scratch test (after

24 h); Effect of shell wall structure on self-healing

efficiency: epoxy composites with embedded

IPDI-PETMP/18 MCs have the best self-healing

efficiency and virgin mechanical properties

[182]

Dicyclopentadiene, DCPD/72%�75% PU/PF/PGMA-NP multishell/interfacial

polymerization, in situ polymerization and self-

assembly (Pickering emulsions template)

80 (S1) -130 (S5) μm/PU- coatings

with 15:2.5 parts of MC: Grubbs’

catalyst

Recovery of corrosion resistance and mechanical

performance/SEM, EIS, TDCB-fracture analysis

(118%)

[99]

Dicyclopentadiene, DCPD/72% PUF/in situ polymerization 250 μm/15 vol.% of MCs in epoxy

matrix containing a Grubbs catalyst

(HG1)

Three-point bending tests: flexural strength of

81% for the healed PUF-DCPD-epoxy resins

[184]

5-ethylidene-2-norbornene, ENB/74% MUF/in situ polymerization 100 μm/10 vol.% of MCs in epoxy

matrix containing a Grubbs catalyst

(HG1)

Three-point bending tests: flexural strength of

77% for the healed MUF-ENB -epoxy resins

[184]

5-ethylidene-2-norbornene (5E2N) with

CNTs additives

PMUF shells/in situ polymerization 70 μm/10 wt.% of MCs in epoxy

matrix with 1 wt.% Hoveyda-Grubbs

(HG2) catalyst

ca. 80% of the fracture toughness after complete

failure, 82% of the electrical conductivity; highly

suitable for aerospace applications

[74]

Healing mixture: triethylene glycol

dimethacrylate (TEGDMA) and N,N-

dihydroxyethyl-p-toluidine (DHEPT)/70%

PUF/in situ polymerization 70 6 24 μm/10220 wt.% of MCs in

the dental BisGMA-TEGDMA resins

A self-healing efficiency of 65% (fracture

toughness tests); the fibroblast viability was

similar for all dental resins

[180]

Multimaleimide (1,60-bismaleimido-2,2,4-

trimethylhexane) dissolved in phenyl

acetate/88%

PUR/in situ emulsion polymerization 100�185 μm/10 wt.% of MCs in a

furan-functionalized epoxy-amine

thermoset

Load recovery of 71%/fracture test [181]

Tripropargylpentaerythritol synthesized from

pentaerythritol and propargyl bromide/78%

PUR/in situ condensation 50 μm/9% of MCs in the epoxy-

amine matrix containing azide

A 60%�65% recovering of the mechanical

properties of the epoxy composite (healing at

80�C�140�C for 120 h)/fracture toughness test

[207]

(Continued )



TABLE 22.2 (Continued)

Microcapsules (MCs) Performance/comments Reference

Core: healing agent/loading capacity,

wt.%

Shell/preparation Size, μm/concentration (wt.%) for

the best performance in matrix

HE, %/Tests/comments

functionalized carbon nanotubes

(MWCNT-t-BA-N3) and CuBr(PPh3)3

Dual (component) capsule healant system

MCs A: epoxy resin (multicore)/74%; MCs

B: mercaptan/tertiary amine hardener

(multicore)/59%

Alginate microcapsules/electrospraying method 300�400 μm/20 wt.% of MCs in the

epoxy matrix

HE of 68%�85%, 4-time healing/Charpy impact

test

[168]

MCs A: DGEBA-epoxy resin/96.7%; MCs B:

curing agent- catalyst mixture/93.1%:

pentaerythritol tetrakis(3-

mercaptopropionate) (PETMP)/92.5% and

2,4,6-Tris (dimethylaminomethyl)phenol/

0.6%

MF/in situ polymerization Type A: 110 μm; 136 μm; Type B:

65 μm; 66 μm/5.3%wt./wt. of MCs

(MC1:MC251:1) in the three

interlayers of carbon fiber/epoxy (CF/

EP) laminates

Type A: 80% (Mode-I interlaminar fracture) and

51%�63% of healing efficiencies (Mode-II

interlaminar fracture toughness testing); Type B:

57% of maximum healing efficiencies (Mode-I

interlaminar fracture)

[196,200]

MCs A: an epoxy monomer diluted with n-

butyl glycidyl ether; MCs B: a modified

aliphatic polyamine

MCs A: PUF/in situ polymerization method;

MCs B: PUF/polycondensation; vacuum

infiltration of polyamine (EPIKURE 3274) into

hollow MCs

113�117 μm/7 wt.% amine capsules

and 10.5 wt.% epoxy capsules in

epoxy matrix; a ratio of epoxy:amine

capsules was 6:4

The highest HE of 91% (TDCB-fracture test); up to

6 months of healing with a 68% HE (ambient

aging studies)

[188]

MCs A: epoxy resin DGEBA/54%; MCs B:

triethylenetetramine hardener/22%

PMMA shells/solvent evaporation technique (37�32) 6 5 μm/10% of MCs in the

epoxy adhesive matrix

89% of self-healing efficiency/fracture testing [192]

MCs A: mixture of epoxy resin and n-butyl

glycidyl ether/90.42%; MCs B: Underwater

amine-based hardener/78.67%

MCs A: PUF (5.5 μm)/in situ emulsion

polymerization; MCs B: PMMA (2.5 μm)/

solvent evaporation technique

200 μm/8% MCs A and 70 μm/4%

MCs B in epoxy coatings for marine

Recovery of corrosion resistance (corrosion tests)/

the underwater self-healing coatings with

antibiofouling functions due to zwitterionic

surface modifier

[39]

MCs A: epoxy/7.5% of pure epoxy fraction

in 39 wt.% of core; MCs B: polyamine/16%

of pure polyamine fraction in 44 wt.% of

core

Carbon hollow spheres/a silica templating

method: carbonization of polysaccharide shells

formed on the surface of silica templates/a

solvent evaporation method for encapsulation

of the epoxy or polyamine

0.24 μm/10% of epoxy and 5% of

polyamine MCs in the epoxy

nanocomposite coatings

Recovery of corrosion resistance at RT (24�C-
36�C)/salt spray (5% NaCl), EIS (3.5% NaCl) and

SVET (0.3% NaCl) tests

[49]

MCs A: TetraThiol (methyl benzoate

diluent)/75%�85%; MCs B: a low toxic

isocyanate (HDI 3, trimer)/70%

MF walled Tetrathiol-MC/an interfacial

polycondensation; PUR walled HDI3-MC/

interfacial polymerization

150 μm/20% in the epoxy matrix

EPIKOTE 828

A mechanical recovery of 54% is reached at RT

after 5 days/TDCB- fracture tests

[142]

MCs A: silanol-terminated

polydimethylsiloxane/71%, MCs B: catalyst

dibutyltin dilaurate in a chlorobenzene/18%

and 67%

PUF/in situ polymerization; PU/interfacial

polymerization methods

240 μm and 90 μm/the mass ratio of

MCs A: MCs B: commercial enamel

paint is 18:7:75

Recovery of corrosion resistance/corrosion,

electrochemical, and saline solution permeability

tests (25% NaCl, 48 h)

[210]

Notes: The microcapsule shells: PUR, polyurea; PU, polyurethane; MF, melamine�formaldehyde; PMUF, poly(melamine-urea-formaldehyde); PUF, poly(urea-formaldehyde); PMMA, poly(methyl methacrylate).



self-healing properties across the cross-section of the

composite material. As with microcapsule systems, the

prerequisite is that the fibers do not break during proces-

sing and pour their contents into the thermoset matrix.

Particularly in the case of hot-pressing processes, atten-

tion must be paid to the suitability of this process com-

pared to, for instance, resin injection or resin transfer

molding processes.

Another approach to vascular self-healing in compos-

ite materials was realized on a scale of millimeters by

using sandwich structures based on polyvinyl chloride

[212�214]. Here, the vascular systems were realized by

drilled vertical channels and horizontally embedded com-

mercial PVC tubing in a PVC foam core. This foam core

was surface bonded on both sides with a glass fiber-

reinforced epoxy laminate. The pipe system was con-

nected to an external reservoir through which the tubular

system could be supplied with self-healing fluid.

Analogous systems were also realized on the basis of

polyurethane foam cores [215].

In addition to embedding tubular hollow systems in

polymer matrix systems, cavities can also be created

directly in the bulk thermoset. For this purpose, a sacrifi-

cial material must be used which, during the production

of the bulk thermoset structure, occupies the space that is

to be converted into a cavity later and which is subse-

quently removed. A possible way to do this is to use

decomposable or easily removable inks, which are depos-

ited in a defined, 3D pattern to form a 3D network. If this

print pattern is infiltrated with a thermoset material,

cured, and then the ink is removed, a defined cavity sys-

tem remains within the cured thermoset matrix. This in

turn can be filled with self-healing liquid. Typically,

waxes can be used to produce such scaffolds. The produc-

tion of such connected cavity systems is readily accom-

plished with direct write assembly [216,217] or direct ink

writing (DIW) process [218,219]. Toohey et al. [220,221]

for example, developed “interpenetrating networks” for

the production of vascular-extrinsically curable epoxy

coating systems. They can also be used to produce ther-

moset structures that can be cured in bulk [218]. One

problem of wax-based inks, however, is their insufficient

mechanical strength. For example, such cavity structures

cannot be pressed nondestructively, so that this technique

is not suitable for the production of composite materials.

The creation of cavities by pressing the composite

together with inserted silicone tubes [222,223] or tubes

based on polytetrafluoroethylene [224�226], which are

then removed from the composite, can partially solve this

problem. More recent approaches to create fiber-

FIGURE 22.21 Electron micros-

copy of PUF-(5E2N/CNT) micro-

capsule (SEM image) and CNTs in

the core liquid of the microcapsules

(TEM image). Size-distribution

histogram for microcapsules.

Mechanical HE (up to 80% of the

fracture toughness) using the

TDCB-load-displacement curves in

mode-I fracture test and the effi-

ciency of electrical conductivity

restoration (82%) of the epoxy

matrix modified with PUF-(5E2N/

CNT) microcapsules [74]. PUF,

Poly(urea-formaldehyde); TDCB,

tapered double-cantilever beam.

Modified after Zamal HH, Barba

D, Aı̈ ssa B, Haddad E, Rosei F.

Recovery of electro-mechanical

properties inside self-healing com-

posites through microencapsulation

of carbon nanotubes. Sci Rep

2020;10:2973. Available from:

https://doi.org/10.1038/s41598-020-

59725-6.

Self-healing thermosets Chapter | 22 993

https://doi.org/10.1038/s41598-020-59725-6
https://doi.org/10.1038/s41598-020-59725-6


reinforced composites with vascular self-healing proper-

ties use polylactic acid (PLA)-based fiber structures as

sacrificial material for the creation of the 3D scaffold. For

this purpose the PLA fibers are treated with tin oxide. Tin

oxide catalyzes the thermal decomposition of PLA and

allows the removal of this template later by applying tem-

peratures of ca. 200�C. The PLA fibers can be processed

together with glass fibers or carbon fibers to a textile fiber

fabric and then impregnated with epoxy resin or another

thermoset. After decomposition and volatilization of the

PLA template, a fiber-reinforced composite material with

a defined hollow structure is obtained. The cavity can

then be filled with self-healing liquid accordingly. Since a

connection to an external source is possible, used self-

healing fluid can, in principle, always be refilled.

However, when designing a composite material com-

prising both a self-healing extrinsic vascular network sys-

tem and reinforcing fibers, the self-healing effects have to

be carefully balanced versus the achievable matrix rein-

forcement. The introduction of vascular structures into a

thermoset matrix by additive manufacturing leads to an

anisotropic material structure. This results in inherent

mechanical weaknesses of the resulting material com-

pared to materials produced by classical methods. In order

to avoid these intrinsic weaknesses, new materials are

required or the available materials must be further

adapted and optimized. In addition, the structural integra-

tion of the self-healing network into the matrix thermoset

needs to be considered also in relation to the amount of

reinforcing fibers present in the composite. A thermoset-

ting matrix cannot be loaded with fibers to arbitrarily

high filling levels. The self-healing network system acts

as a filler in direct competition with the reinforcing fibers.

A compromise must be found between the relative pro-

portions of the two integrated network systems.

Numerical methods for material optimization are used

here to realize the optimal material design accordingly.

The current manufacturing processes for creating and

building vascular structures for extrinsic self-healing

mainly include variants of additive manufacturing/3D

printing technologies and can be summarized as follows.

(1) Processes with an easily removable sacrificial tem-

plate. A template material is used to build a defined 3D

structure. The sacrificial template is destroyed after the

material is manufactured, leaving the desired cavity. The

following processes are available: extrusion-based print-

ing, DIW, direct laser writing.

(2) Processes with which free-standing cavity structures

are directly accessible. In these processes, no sacrificial

material is used, but the desired 3D structure is realized

directly with a material that is still present in the finished

part. These processes mainly include stereolithographic

processes and inkjet printing processes. Extrusion-based

printing processes also make such materials accessible.

A major problem in the design and creation of vascu-

lar 3D hollow structures for self-healing applications is

the optimization of mass transport through the channels of

the hollow channel network. The flow properties of the

self-healing fluid through the vascular network must be

guaranteed. A special challenge in current 3D printing

processes is the realization of network branching points.

Here there is still a need for optimization of the

manufacturing process to avoid problems in interconnec-

tivity across different network layers. A difficulty is

related to the fact that the reproduction of programmed

3D structures in the manufacturing process is sometimes

still inadequate. The accuracy of transferring the struc-

tures planned in the computer to the structures actually

manufactured is of great importance, especially consider-

ing the pipe diameters (flow behavior), wall thicknesses

(stability against nondamage), and precision of the

branches (clogging of pipes), and is currently still often a

challenge for the process used.

Due to the rapid developments in 3D printing and

additive manufacturing in recent years, the possibilities

for realizing even very complex structures have increased

rapidly. Natural vascular systems of living beings (water

supply of trees by capillary action, vascular systems of

animals through which blood flows) serve as a model for

the development and optimization of such systems.

Aspects of fluid mechanics (mixing effects, distribution,

flow velocities) play an extremely important role in these

developments. Due to the continuously improved spatial

resolution of 3D printing processes, tube systems can be

realized in ever smaller dimensions. Due to this reduction

in scale, phenomena in the field of microfluidics in par-

ticular are becoming increasingly important in the opti-

mization of architectures, but also in the development of

corresponding materials (optimization of interfacial

energy or wetting behavior). Limitations in the possible

3D structures result mainly from the resolving power of

the printable structures. Another important aspect is the

economy of the manufacturing process. It must be

ensured that the chosen manufacturing process also

allows access to large quantities of the desired textures/

materials. Scalability is currently still a major challenge,

materials with vascular self-healing properties are gener-

ally relatively expensive to produce. Moreover, many 3D

printing systems are not capable of producing very large

components. This automatically limits the ability to pro-

duce only parts with self-healing properties that do not

exceed certain dimensions specified by the 3D printing

system.

Some important aspects and problems to be solved in

the design of vascular structures are discussed in [77].

According to the authors, the major challenges in the

design and manufacturing of self-healing vascular net-

works can be summarized and visualized in Fig. 22.22.
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Intrinsic self-healing of thermoset
systems: the “chemical design” approach

Covalent reaction mechanisms

As an alternative to extrinsic self-healing approaches, an

intrinsic strategy can also be pursued. In this strategy, a

reversibly crosslinkable functionality is incorporated into

the polymer, which gives the polymer the ability to self-

repair. A variety of different chemical functionalities are

in principle capable of forming reversible bridges and are

thus available for the design of modified thermosetting

resins. The selected chemical functionalities should react

quickly, reliably, and as completely as possible to form

reversible bridges. Chemical reactions that exhibit these

desired properties are mainly found under the category of

so-called click chemistry [227]. This generally refers to

reactions that take place with high yields and practically

no side reactions. They are very widely applicable and

easy to carry out. The following reaction types are partic-

ularly common for intrinsic self-healing processes [6]:

� Cycloaddition reactions, especially of the DA type
� Thiol-sulfide exchange reactions
� Thiol-ene reactions
� Alkyne-azide click chemistry
� Transesterification

The schematic reaction equations for these self-

healing mechanisms are summarized in the following

figures (Fig. 22.23).

These reaction mechanisms have been applied to a

variety of thermoset resin systems. In the following some

examples will be briefly presented for illustration.

Noncovalent network formation

In addition to the use of reversible covalent bonds, second-

ary interactions can also be utilized to design polymers

with intrinsic self-healing properties. For example, addi-

tional bridges can be formed via coordinative bonds, which

help to restore the mechanical strength of a damaged ther-

moset matrix. For example, in polyurethanes with DA

functionalities that were intrinsically self-healing, pyridine

units incorporated into the polymer backbone were able to

form coordinative bonds with Fe31 ions [82]. These coor-

dinative bonds make an additional contribution to the

strength of the material. The mechanical strength can be

varied according to the ratio between the number of DA

and coordinate bonds present in the polymer. Since the

interactions between Fe31/pyridine are weaker than cova-

lent bonds they are first to be cleaved when exposed to

mechanical stress. They therefore have the role of sacrifi-

cial bonds. The 3D shape of the material is stabilized by

the DA bonds. The regeneration of the coordinative bonds

and thus the restoration of mechanical strength can be

achieved by treatment with an iron salt solution [82].

Although self-healing is primarily caused by a covalent

mechanism, it is often supported by supramolecular interac-

tions based on H-bridges [47,228]. A large number of scien-

tific papers describe the formation of hydrogen bonds as

additional reversible and noncovalent cross-linking sites

between polymer segments in the context of intrinsic self-

healing effects. For example, in aliphatic polyketones that

were modified with furan and combined with bis-maleimide

in order to exhibit self-healing properties according to the

DA reaction mechanism, hydrogen bridges have been

described as a significant additional driving force responsible

FIGURE 22.22 Challenges in design and manu-

facture of self-healing vascular network structures

[77]. Reproduced from Qamar IPS, Sottos NR,

Trask RS. Grand challenges in the design and

manufacture of vascular self-healing. Smart Mater

Struct 2020;3(1):13001. Available from: https://

doi.org/10.1088/2399-7532/ab69e2.
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for restoring the original material properties [113,117].

Similar contributions of H-bridges to intrinsic self-healing

properties have been described for a UV-curable polyure-

thane developed as a coating with self-healing properties

(Fig. 22.24A) [86,229] and other systems. For instance,

hydrogen bonds also made an important contribution to the

self-healing properties of a linear eugenol/epichlorohydrin-

based polymer containing disulfide bridges and a large

number of free hydroxyl functions and a polyurethane

derived from it [230]. This polymer is interesting because

it is partly produced from renewable resources, hence

representing an example of an important class of emerging

self-healing and bio-renewable thermosetting materials

[231]. The healing cycles could be repeated several times.

In addition to the photocatalytic self-healing mechanism

via flexible disulfide bridges, a significant effect via H-

bridges was assumed. This effect of reversible hydrogen

bonds is schematically summarized in Fig. 22.24B.

A strategy to use only hydrogen bonds to form nonco-

valent, reversible cross-links in epoxy resins has been

described by Guadagno et al. [19,20]. The authors func-

tionalized multiwall carbonanotubes (MWCNTs) with

barbituric acid and incorporated them as functional fillers

in epoxy nanocomposites. The result was that the surface

of the MWCNTs became more receptive to the formation

of stable hydrogen bonds with free hydroxyl functionali-

ties present in the epoxy resin. The strategy

is shown schematically in Fig. 22.24C. The effect is

based on the strong tendency of barbituric acid to form

H-bridges.

FIGURE 22.23 (A) Diels�Alder

(DA) cycloaddition self-healing

mechanism. (B) Thiol/disulfide

exchange self-healing mechanism.

(C) Thiol/-ene addition self-

healing mechanism. (D) Azide/

alkyne click chemistry self-healing

mechanism. (E) Transesterification

self-healing mechanism. (F) Self-

healing by reversible formation of

urethane bonds.
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Directly barbiturate-functionalized polymers with a

pronounced tendency to form hydrogen bonds and a corre-

sponding ability to self-associate under supramolecular

structure formation have also been described [232]. The

authors describe dendritic macromolecules that can form

network-like supramolecular structures by noncovalent

interactions between barbiturate functionalities. Such den-

drimers can be produced in a one-pot synthesis and should

have intrinsically self-healing properties. Fig. 22.24C

schematically shows the basic strategy. The individual

building blocks are structured according to a key/lock

principle. The central structural element is barbituric acid,

which is capable of forming stable H-bridges in a form

similar to the naturally occurring DNA polymer. This

example illustrates particularly clearly the supramolecular

structure formation. The targeted use and optimization of

noncovalent, reversible binding sites is an important strat-

egy to further improve and adjust the intrinsic self-healing

properties of thermosetting materials.

In the following sections, some examples for intrinsi-

cally self-healing thermoset systems are presented that

showcase recent developments and interesting ideas. The

main focus was given to polyurethanes and epoxies since

with these polymer classes the largest number of studies

is described in the literature.

Intrinsically self-healing polyurethanes

For polyurethanes, a number of different building blocks

with the ability to form dynamic bonds have been

FIGURE 22.24 Noncovalent network

formation via hydrogen bonds: (A) Stiff

self-healing PU-based coatings with high

repair efficiency based on hydrogen bonds

of long fatty chains (flexible arms of the

rigid aromatic rings as “hard cores”)

[229]; (B) Additional contribution to

intrinsic self-healing effects by the forma-

tion of reversible networks via hydrogen

bonds in polymers containing free

hydroxyl groups and polyurethanes [230];

(C) Barbiturate-modified MWCNTs as

functionalized fillers for enhancing revers-

ible hydrogen bonding as noncovalent

reversible bonding mechanism for sup-

porting intrinsic self-healing properties in

epoxy resin [20]; and (D) Formation of

supramolecular dendritic structures whose

cross-linking is based on the intermolecu-

lar interaction of hydrogen bonds [232].

Modified after Liu J, Cao J, Zhou Z, Liu

R, Yuan Y, Liu X. Stiff self-healing coat-

ing based on UV-curable polyurethane

with a “Hard Core, Flexible Arm” struc-

ture. ACS Omega 2018;3(9):11128–35.

Available from: https://doi.org/10.1021/

acsomega.8b00925; Cheng CJ, Li J, Yang

FH, Li YP, Hu ZY, Wang JL. Renewable

eugenol-based functional polymers with

self-healing and high temperature resis-

tance properties. J Polym Res 2018;

25(2):57. Available from: https://doi.org/

10.1007/s10965-018-1460-3; Guadagno

L, Vertuccio L, Naddeo C, Calabrese E,

Barra G, Raimondo M, et al. Reversible

self-healing carbon-based nanocomposites

for structural applications. Polymer

(Basel) 2019;11(5):903. Available from:

https://doi.org/10.3390/polym11050903.

[231] Chen SB, Schulz M, Lechner BD,

Appiah C, Binder WH. Onepot synthesis

and self-assembly of supramolecular den-

dritic polymers. Polym Chem-Uk 2015;

6(46):7988�94. Available from: https://

doi.org/10.1039/c5py01329a, respectively.
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successfully tested for their potential to induce intrinsic

self-healing effects. The structural element of the polyure-

thane in which the self-healing functionalities are incorpo-

rated plays an important role: if the self-healing

functionality is embedded within regions of restricted

mobility, a less pronounced self-healing ability is often

observed compared to polyurethanes that carry the self-

healing functionalities in flexible segments. Other impor-

tant aspects that should be considered when designing

self-healing polyurethanes are the required transformation

temperatures for the self-healing effect and the intentional

utilization of noncovalent interactions for additional con-

tributions to the repair capability. The healing mechan-

isms most commonly described in the literature for

polyurethanes are based on DA/retro-DA reactions and

thiol/disulfide chemistry.

Diels�Alder chemistry

Many PU systems have been described in the literature

that show intrinsic self-healing effects by means of DA

reactions [29,52,81,82,233�235]. Typically, furan is

introduced into the polyurethane and reversible crosslink-

ing is performed with maleimides [236]. One reason for

the preferred use of furan as a DA component is that with

most other cycloaddition reactions of this type, the con-

version temperatures are too high for the back reaction

and stable (and thus unreactive) aromatic compounds

are rather formed instead of the desired dienes and

dienophiles.

The self-healing properties of such furan-based poly-

urethane systems, could be further improved by the addi-

tion of polydimethylsiloxane (PDMS) segments [66]. For

example, after crack healing at 60�C for 4 h, about 85%

of the initial strength could be restored. Comparably low

healing temperatures (80�C) were applied to another DA

self-healing PU system [47]. Here, the polymer backbone

was equipped with functionalities that can additionally

form noncovalent interactions based on coordinative

bonds and hydrogen bonds, thus enhancing the self-

healing effect. The reversible coordinative bonds were

achieved by introducing zinc acetate ligands. Similarly,

Lin et al. have improved the self-healing effects of the

DA reaction by incorporating additional coordinative

bonds between pyridine units and Fe31 ions [82].

The combination of self-healing and superhydrophobic

properties was achieved by synthesis of a DA curable

polyurethane in which the maleimide units were functio-

nalized with POSS. Thus, a contact angle of 141 degrees

was achieved and a multifunctional material was realized

[52].

The ability to self-heal is particularly pronounced

when the functional groups capable of the DA reaction

are incorporated in mobile or easily accessible regions of

the PU. For this purpose, the microphase structure should

be taken into account when designing the self-healing PU.

If, for example, the furan units are buried in the hard seg-

ment, the temperatures required for the retro-DA reaction

may well be in the range between 110�C and 180�C. At
these high temperatures, it is more likely that the material

is already partially damaged and that homopolymerization

of maleimide units occurs. This is the typical undesired

side reaction in DA reactions, which irreversibly reduces

the ability to self-heal. Truong et al. have preferentially

integrated the diene and dienophilic units at the phase

boundary between hard and soft domains of the PU

[81,234]. As a result, the transformation temperature

required to trigger the self-healing reaction could be sig-

nificantly reduced. Their polymer could readily be cured

at 60�C to 70�C. Fig. 22.25A schematically illustrates the

self-healing cycle [81].

Disulfide chemistry

The disulfide mechanism is also frequently found in

polyurethanes. Examples of this in recent literature can,

for example, be found in [59,73,237�239]. The mecha-

nism of thiol disulfide healing in a water-soluble PU was

extensively investigated by Zhang et al. with in situ

Raman spectroscopy and DMA [239]. The healing tem-

perature was 75�C. The incorporation of ditelluride

bridges instead of disulfide bridges has also been

described in the literature [86]. An advantage of ditellur-

ide bridges is the low reaction temperature. Here,

self-healing reactions can already take place at room

temperature [86].

Lee et al. [237] have incorporated cystamine as a

chain extender into the chemical framework of a water-

dilutable PU, thus creating intrinsic self-healing effects.

The self-healing effect in this case was based on the

reversible disulfide-thiol exchange reaction between

cystamine and 2-mercapto ethanol. The cleavage of the

disulfides produces thiols, which can recombine again to

form disulfides. By rearranging the chain segments, new

cross-linking disulfide bridges can be formed again and

mechanical strength is restored. Fig. 22.25B illustrates

this schematically depicting the internal structure of the

polyurethane. The depicted microphase separation into

rigid, crystalline regions (hard segments) and movable

amorphous regions (soft segments) is typical for polyur-

ethanes. Cystamine was incorporated into the hard seg-

ments as a thiol unit. The soft segments consist of

polyols, which are capable of reversible (noncovalent!)

hydrogen bonding and can form additional cross-links.

These also contribute to the intrinsic self-healing proper-

ties (see subsection on “Intrinsic self-healing approach”).

Fig. 22.25B also shows the bond rearrangement of the

underlying self-healing mechanism.
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To further improve the self-healing properties, in a

related study this disulfide/thiol self-healing mechanism

based on cysteine units was combined with another

reversible covalent crosslinking mechanism by adding

vanillin to the polymer backbone [115]. The vanillin can

form additional crosslinking sites by forming Schiff bases

between its aldehyde functionality and the amine group

present in cysteine. The self-healing effects are achieved

through the combined action of disulfide and imine

metathesis conversions.

Disulfide bridges are used preferably for rather softer

cross-linked PU materials, that is, PU-based elastomer

[71]. When using aliphatic disulfide chemistry, the effi-

ciency of the self-healing process seems to be a function

of the crosslink density of the polysulfides on the one

hand and the composition of the hard segment on the

other hand [71]. The composition of the hard segment

plays an important role with respect to chain mobility.

The mobility of rigid polyurethanes is severely restricted

and, accordingly, their self-healing properties are less pro-

nounced. Disulfide-based cross-linked and self-healing

polyurethanes can even be recycled to a certain extent

and can be reused. Only relatively mild reaction condi-

tions are required [71].

Aromatic disulfides have also been incorporated into

polyurethanes. 2,20-disulfanediyldianailine was incorpo-

rated into a water-soluble PU as a chain extender.

The mechanical properties were significantly improved

FIGURE 22.25 (A) Self-healing cycle of polyurethane based on the DA/retro-DA reaction mechanism. The reversible bridging sites are incorporated

at the phase boundaries between hard and soft domains of the polyurethane [81]; (B) internal structure of a polyurethane with intrinsic self-healing

properties based on disulfide/thiol chemistry; (C) polyphenols as comonomers for polyurethanes with intrinsic self-healing properties based on revers-

ible urethane bridge bonds [240]. Figure B modified according to Lee D-I, Kim S-H, Lee D-S. Synthesis and characterization of healable waterborne

polyurethanes with cystamine chain extenders. Molecules 2019;24(8):1492 [237].
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and the self-healing reaction became possible at body

temperature [239].

Azide click chemistry

Self-healing corrosion-resistant coatings for metal sub-

strates based on azide click chemistry were described in

the literature [96]. The characterization was performed by

EIS (see section “Selected analytical techniques to evalu-

ate self-healing efficiency”, Figs 22.5 and 22.6). After

scratching, a high degree of self-repair was found. The

underlying healing reaction was based on the formation of

triazole units from free azide and propargyl groups in the

polymer backbone under mild thermal action [96].

Reversible urethane bonds

Polyurethanes with intrinsic self-healing properties based

on the formation of reversible urethane bonds were

obtained by incorporation of phenolic residues into the

polymer backbone [240,241]. The authors incorporated

different polyphenols into the polyurethane, which dif-

fered in their substitution pattern in terms of space

requirements and electronic properties: catechol, urushiol,

and propyl gallate (Fig. 22.25C). The self-healing proper-

ties at a reaction temperature of 150�C were most pro-

nounced in the propyl gallate-modified PU, and least

pronounced in the catechol-modified PU. The authors

argue that the phenolic urethane bond is significantly

more stable in the less sterically hindered (catechol-modi-

fied) PU and therefore a higher temperature is required to

reorganize and rearrange the covalent network. An analo-

gous strategy was pursued by incorporation of vanillyl

alcohol [242]. The self-healing temperature in this case

was specified as 140�C. The incorporation of eugenol as a

phenolic component into the polyurethane backbone has

already been described in subsection “Non-covalent net-

work formation”, Fig. 22.24B [230].

The formation of dynamic bonds between propyl gal-

late units was also used in a polyurethane-based coating

system that was subsequently modified on the surface

with PDMS to achieve self-cleaning effects [55].

Reversible urethane bonds between isocyanate and pheno-

lic hydroxyl groups were also the chemical basis for self-

healing effects in a Tong oil-based polyurethane elasto-

mer [243]. This polyurethane is another example of smart

materials based on renewable raw materials.

Photocatalytic self-healing

Coumarin and its derivatives have also been incorporated

into polyurethanes [244]. This molecule is particularly

interesting because of its photoreactive properties. 7-

hydroxy-4-methylcoumarin shows reversible photodimeri-

zation (at 365 nm) and photodissociation (at 254 nm).

This can be used to cross-link polymer segments

reversibly under the influence of light (dimerization of

two coumarin units in adjacent network segments).

However, the cycle cannot be repeated as often as desired,

since the dimeric coumarin can decay asymmetrically and

the reversibility of the process is then lost. It was particu-

larly advantageous to use the dihydroxyl coumarin as

chain extender. Coumarin is also interesting from a sus-

tainability perspective, as it can be obtained from renew-

able raw materials.

Intrinsically self-healing epoxies

As described in the section “Extrinsic self-healing,”

epoxy resins are very often used as model systems to

evaluate the performance of extrinsic self-healing systems

by formulating commercial epoxy systems with different

microsphere additives. In addition, many chemically mod-

ified epoxy resins have been described in the literature,

which chemically anchor functional groups that make the

epoxy thermosets intrinsically capable of self-healing.

Often the best results are achieved by a combination of

intrinsic and extrinsic approaches.

As a general strategy, the most common way to pro-

duce intrinsically self-healing epoxies is to use a suitably

modified amine- or hydroxyl-based crosslinker. For this

purpose, dienes or dienophiles or thiol- or disulfide-based

functional groups are bound to a bifunctional crosslinker

and these reversibly crosslinkable groups are then incor-

porated into the epoxy resin in the course of the crosslink-

ing reaction. An important class of epoxy resins with self-

healing properties is the class of vitrimers. Because of

their importance, these materials are dealt with in a sepa-

rate chapter in this book and are only briefly mentioned

in the present chapter.

Diels�Alder chemistry

Many epoxy resins have been provided with intrinsically

self-healing properties by incorporation of maleimides

and furans [245], for example, by incorporation of furfur-

yl alcohol [246,247] or commercial furfurylglycidyl ether

[248�251]. The glass transition temperature and thus also

the HE can be adjusted within wide limits by varying the

amount of DA functionality incorporated [246]. A prereq-

uisite for successful self-healing is that the glass transition

temperature of the resulting epoxy resin is lower than the

transition temperature at which the retro-DA reaction is

initiated (TG , TrDA). The self-healing properties can be

controlled by the percentage of built-in DA functionali-

ties. The relationship is summarized for the epoxy system

described by Zolghadr et al. in Fig. 22.26.

Coope et al. have also described a modified epoxy

system based on conventional epoxy resin with built-in

furfuryl and maleimide functionalities. The self-healing
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cycles required a temperature of 150�C (for 5 min). Three

self-healing cycles were possible and the material is

suitable for aerospace applications due to its property pro-

file [35].

In the production of DA-modified epoxy resins, it is

important to ensure that the chemical functionalities that

are later required to impart the self-healing properties in

the finished network do not lose their reactivity prema-

turely, for example during synthesis or during the cross-

linking reaction. The two most important side reactions

that play a role are the Michael addition between malei-

mides and free amines and the homopolymerization of

bismaleimides (BMIs). Both reactions are mainly due to

the activated double bond in maleimide. Michael addi-

tions can take place at room temperature. In this process,

double bonds add to carbon atoms that are activated by

electron-withdrawing substituents. Therefore, contact

between amino functions (present in the crosslinkers of

epoxides) and BMIs should be avoided if possible.

Turkenburg and Fischer therefore propose a two-step pro-

cess for the synthesis of DA-modified epoxy resins [252].

In the first stage, the prepolymer is produced. For this

purpose, furfurylamine is reacted with the diglycidyl ether

of bisphenol A and an unbranched long-chain prepolymer

with the diene component is formed. After the total

amount of primary amine has been reacted, the dienophil

10,10-(methylenedi-4,1-phenylene) BMI is added in a sec-

ond step. This cross-links the prepolymer by forming DA

adducts. This sequence prevents BMI from reacting with

the free amine of furfuryl amine in the side reaction under

nonreversible formation of covalent CaC bonds. The

second side reaction (homopolymerization of BMI) is pre-

vented primarily by keeping the temperature as low as

possible.

Since epoxy resins are mainly used in combination

with glass fibers in composites, it is important that such

composites also have intrinsically self-healing properties.

Glass fiber-reinforced epoxy resins can be equipped with

intrinsic self-healing properties using DA chemistry

[249]. The behavior at the interfaces between fibers and

matrix is of particular importance. Detailed investigations

of the kinetic behavior during self-healing with a focus on

the behavior at the phase interface were conducted by

Peterson et al. Sufficient mobility of the polymer seg-

ments is important for effective DA response. Complete

restoration of mechanical strength was achieved with a

system whose glass transition temperature was 6�C. The
authors have performed very interesting single fiber

microdroplet experiments for their investigations.

Another noteworthy study on DA network formation

under diffusion- and mobility controlled conditions in

highly cross-linked polymer networks was performed by

Mangialetto et al. The authors used a combination of vari-

ous thermoanalytical methods (Modulated Temperature

DSC, Microcalorimetry, dynamic rheometry, and DMA)

to investigate network formation and kinetics of DA reac-

tion in two model systems and mathematically simulated

network formation under mobility restricted conditions by

applying mechanistic models. They develop a reliable

quantitative model that allows to predict the evolution of

glass transition temperature in dependence of conversion

during DA reaction. The time-profile of the heat capacity

FIGURE 22.26 Relationship between the amount of DA-reversibly cross-linkable functionalities in the epoxy resin and the self-healing efficiency

[246]. DA, Diels�Alder.
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during DA reaction as obtained from TM-DSC was shown

to carry valuable information on (partial) vitrification

along the reaction path [112,253].

The literature also describes numerous epoxy-based

nanocomposites with self-healing properties that make

use of DA healing chemistry. Repeatable intrinsic DA-

based self-healing effects have been achieved, for exam-

ple, in an epoxy/graphene nanosheet composite via furan

and maleimide functionalities covalently embedded in the

epoxy resin matrix [254]. The heat was supplied by irradi-

ation with infrared light. The HE was over 90%. Surface

film temperatures were not mentioned by the authors.

Epoxy graphite nanocomposites with self-healing

properties have also been described in the recent literature

[255]. The aim of this work was to achieve satisfactory

self-healing both in bulk thermosetting material (healing

within the epoxy matrix) and at the interface between the

nanofiller and the embedding matrix. For this purpose, a

component of the DA system, BMI, was grafted to the

surface of the nanofiller (finely dispersed graphite nano-

plates). The other component, furan, was anchored in the

epoxy matrix. To make the matrix self-healing as well,

BMI was also incorporated into the epoxy matrix. The

difficulty here was to distribute the relative proportions of

the two DA components between the composite compo-

nents in such a way that sufficiently high self-healing

effects were achieved both at the interfaces and within the

matrix [255].

Disulfide chemistry

Disulfide chemistry is also an important self-healing

mechanism for epoxy systems. The influence of crosslink-

ing reagents on the cohesive and adhesive self-healing

properties was systematically investigated by Lafont et al.

The efficiency of self-healing depends very much on the

network density and the rigidity of the polymer frame-

work [256]. The authors studied rubber thermosets using

triple- and quadruple-branched crosslinking reagents.

They were able to achieve complete regeneration of the

material at a healing temperature of 65�C if the annealing

phase was maintained for periods of between 20 and

300 min. This is also possible with fourfold branched

crosslinking reagents, provided that sufficiently flexible

chains are used.

Epoxy resin-based composites have also been made

intrinsically self-healing not only by DA reactions, but

also by using disulfide chemistry. Such glass fiber-

reinforced epoxy resin composites have been described,

for instance, by Post et al. [84] and Luzuriaga et al. [83].

Recently, an interesting cyclotriphosphazene-based

epoxy resin was produced that contained disulfide bridges

[257]. The disulfide bridges were introduced into the

system via a modified amine crosslinker during curing of

the epoxy resin. This polymer is of special interest. It

belongs to a new class of thermosetting materials that

have recently gained high interest due to their special

physical properties: Vitrimers. Vitrimers behave at room

temperature like ordinary cross-linked thermosets.

However, if they are heated to high temperatures, their

characteristics change and they can be thermoplastically

formed. In principle, it is therefore possible to cure vitri-

mers and subsequently postform them, for example in a

hot molding press. This class of thermosets is obviously

also of great importance in the context of self-healing

thermosets. Therefore, this concrete example will be used

to briefly discuss the above mentioned. A detailed discus-

sion of this type of thermoset is not necessary at this

point, instead reference should be made to chapter on

Vitrimers in this handbook.

The vitrimer described by Zhou et al. obtains its ther-

moreversible network properties through the incorporation

of disulfide bridges. In addition, this epoxy resin with

cyclotriphosphazene rings is rich in flame-retardant nitro-

gen and phosphorous functionalities [257]. The rather

complicated structure of this vitrimeric epoxy is summa-

rized in Fig. 22.27A.

Another, more simple epoxy vitrimer was described as

a self-healing matrix for glass fiber composites by

Luzuriaga et al. [83]. The synthesis of this vitrimer is

comparatively straightforward. The crosslinking of the

bisglycidyl component is performed by a bifunctional aro-

matic amine, which carries the disulfide functionality (see

Fig. 22.27B).

Vitrimers are of particular interest because they show

great promise in terms of recycling and reusability. As a

rule, thermosetting materials must currently be disposed

of or thermally recycled after use. The high potential for

reprocessing of vitrimers can be an alternative. The vitri-

mer shown in Fig. 22.27B was easily recycled and

showed no loss of its mechanical properties after

recycling [83].

Transesterification

Transesterification chemistry has also been used in epoxy

systems [258]. A thiol-epoxy matrix was generated for

this purpose. The healing properties of this material could

be further improved by adding microcapsules loaded with

tung oil. This combination of intrinsic and extrinsic heal-

ing approaches led to higher efficiency in self-healing,

better mechanical strength and increased corrosion stabil-

ity [258]. Another epoxy resin with self-healing properties

and an additional shape-memory effect based on transes-

terification self-healing chemistry has also been described

recently [63]. This epoxy resin was produced from the
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diglycidyl ether of bisphenol A by reaction with the tri-

functional carboxylic acid tricarballylic acid and is tem-

perature stable up to 380�C.

Imine metathesis reaction

Reversible imine metathesis reactions based on Schiff bases

have also been used with epoxy resins to induce self-healing

effects [259]. The self-healing chemistry here is completely

analogous to the reversible crosslinking mechanism of poly-

urethanes [240] described in the preceding subsection on

“Intrinsically self-healing polyurethanes”. A typical epoxy

resin based on the diglycidyl ether of bisphenol A was

cross-linked with a hardener containing two hydroxyl

groups, which additionally contained imine functionalities.

This hardener had been produced by reaction of vanillin and

FIGURE 22.27 (A) Structure of a

flame-retardant epoxy vitrimer with

intrinsic self-healing properties

based on disulfide bridges [257].

(B) Vitrimeric epoxy resin based

on disulfide bridges. Modified after

de Luzuriaga AR, Martin R,

Markaide N, Rekondo A, Cabanero

G, Rodriguez J, et al. Epoxy resin

with exchangeable disulfide cross-

links to obtain reprocessable,

repairable and recyclable fiber-

reinforced thermoset composites.

Mater Horiz 2016;3(3):241�247

[83].
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hexamethylene diamine (see Fig. 22.28A) and is capable of

forming dynamic covalent bonds depending on the tempera-

ture. The healing temperature for this system was 90�C. The
material also showed a pronounced shape memory effect

after being subjected to an annealing process in a twisted

state [259].

Photocatalytic self-healing

Epoxy systems can also be equipped with intrinsic self-

healing properties by means of photocatalytic reactions.

For example, anthracene units were covalently integrated

into the epoxy network (Fig. 22.28C) [260]. This was

achieved by functionalizing the anthracene units with an

amino group and using the amino-functionalized anthra-

cene as amine crosslinker for the epoxy resin. Anthracene

is able to dimerize reversibly under the influence of UV

light with a wavelength of 365 nm. Bond cleavage takes

place with UV radiation of higher energy (at 254 nm).

Other intrinsically self-healing thermosets

A number of other thermosetting polymers have also been

modified for intrinsic self-healing. A complete list would

FIGURE 22.28 (A) Production of

an epoxy crosslinker based on van-

illin with imine functionality [259].

(B) Mechanism of reversible cross-

linking by imine functionalities

(Schiff bases) using imine metathe-

sis reactions [259]. (C) Reversible

photocatalytic dimerization of

anthracene units that are covalently

bound into different network seg-

ments [260].
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not make sense at this point and is not possible due to

vast amount of published material, so here are only pre-

sented some additions on recent developments. Most

intrinsically healing systems again are based on the appli-

cation of DA chemistry.

An interesting example for the implementation of the

intrinsic strategy to achieve self-healing effects in coat-

ings is the enhancement of melamine resin surfaces with

this special property. Melamine resins yield chemically

and temperature stable, particularly hard and quite brittle

surface films on a variety products in the furniture sector

(work surfaces, horizontal, and vertical surface elements

of furniture), in interior design (laminate floorings, inte-

rior wall cladding), and surfaces in exterior applications

(facade elements). Their resistance to chemicals allows

them to be used as a coating for laboratory furniture,

while their inherent antibacterial properties and resistance

to water vapor are favorable for kitchen work surfaces

[261]. These advantageous properties are the result of a

highly cross-linked, very largely cured polymer network.

Standard surfaces based on melamine resin are no longer

chemically reactive and have no intrinsic self-healing

ability. The polymer segments are practically immobile

and practically no longer soften when exposed to temper-

ature [262].

To achieve self-healing effects, the DA reaction was

used as the chemical system. Furan groups were incorpo-

rated into the melamine�formaldehyde network as

chemical functionalities capable of undergoing DA reac-

tions. The thermoreversible reaction took place between

these furan units and BMI groups. The self-healing

effects were incorporated into the melamine network

using various strategies. One strategy was to use revers-

ibly crosslinkable particles based on modified melamine

resin as building blocks. In one variant, particles were

produced that were composed of two different prepoly-

mers (the pure MF prepolymer on the one hand, which

provided the mechanical strength, and furan-modified

MF prepolymer on the other hand, which produced the

self-healing properties). The two particle types were then

crosslinked with maleimides to form a copolymer net-

work [263]. In another variant, particles were produced

from a monomer that already combined both functionali-

ties (melamine and furan) in one molecule and the mate-

rial was again produced by crosslinking with maleimides

[264]. In a second strategy, however, the production of

particles was abandoned and the surface film was

achieved directly by condensation of a new melamine-

based monomer that incorporated the self-healing func-

tionalities already into its chemical backbone [18,265]

(Fig. 22.29A).

Solid coating films based on papers impregnated and

cured with this modified melamine resin show very good

self-healing properties over several healing cycles.

Fig. 22.29B illustrates how laminate surfaces look under

the light microscope before (Fig. 22.29B-a) and after

scratching (Fig. 22.29B-a) and after the healing step

(Fig. 22.29B-c). In the experiments, the optical and

mechanical properties were almost completely restored.

This is an important finding, as the optical appearance

plays a particularly important role in all applications of

decorative laminates [18].

Other thermosets have also be designed to be self-

healing. Silicone resin based on PDMS was made self-

healing by incorporation of furan and bismaleidmide

functionalities using DA chemistry. The annealing tem-

perature was only 60�C and after a single annealing step a

mechanical scratch was closed and a restoration of

mechanical strength of 84% was achieved [66]. The mate-

rial also exhibited shape memory behavior. A cross-

linked PDMS elastomer with application potential as an

artificial muscle, protective coating, or as a material for

flexible electronic components was—again by using DA

chemistry—chemically modified to exhibit intrinsic a

self-healing ability. In this case, the additional reversible

DA-based bridges significantly improved the mechanical

strength [124] and the material could be stretched by

400%.

Superamphiphobic coatings based on acrylates with

intrinsic self-healing properties were recently presented

by Zhao et al. [53]. These systems made use of the disul-

fide mechanism and incorporated accelerated self-healing

effects into UV-curing acrylates. This coating system is

remarkable in that it illustrates that several smart proper-

ties are often imparted simultaneously. Self-healing in

combination with hydrophobic and oleophobic properties

is an important property profile for surface coatings and

is often sought after in practice. Another example of a

high-performance acrylate as a hybrid polymer with

epoxy resin was described by Jin et al. [266]. Thiol-ene

click chemistry is used here to achieve intrinsic self-

healing. A furan-functionalized polyketone in combina-

tion with BMI was recently presented by Zhang et al.

[267].

A carborane-containing aromatic polyimide with very

high-temperature stability up to 700�C and partially self-

healing properties has recently been described [268]. A

film of poly(amic acid) based on a copolymer of aromatic

dianhydride, aromatic diamine and carborane-modified

aromatic diamine was prepared and subsequently imidized

at elevated temperature (see Fig. 22.29C). The high-

temperature stable, flexible polymer film was examined

for its thermooxidative stability and showed self-healing

properties in one phase during thermal decomposition.

After a short phase of expulsion of volatile components

(phase 1 of decomposition), the film temporarily changed

into a self-stabilizing state. This stabilizing effect was

attributed to multiple boron oxide layers that had formed
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on the surface of the polyimide film and prevented further

degradation [268]. This example illustrates how self-
healing film properties in a broader sense can also play an

important role in the design of high-temperature applica-
tions of polymer systems and advanced coatings.

Summary

Finally, a brief summary of the advantages and disadvan-

tages of the individual strategies for achieving self-

healing effects shall be discussed.

FIGURE 22.29 (A) Structural formula of the monomeric building block for a melamine resin with self-healing properties as well as a schematic

reaction equation for the preparation of the prepolymer (a) and its curing to the self-healing thermoset film (b) [18]. (B) Light microscope image (a)

of a laminate surface based on black décor paper impregnated with the self-healing melamine resin and cured, (b) same surface after scratching, (c)

same surface after thermal healing of the scratch [18]. (C) Production of a high-temperature stable carborane-containing polyimide film [268]. Taken

from Liu F, Fang G, Yang H, Yang S, Zhang X, Zhang Z. Carborane-containing aromatic polyimide films with ultrahigh thermo-oxidative stability.

Polymers (Basel) 2019;11(12):1930. Available from: https://doi.org/10.3390/polym11121930.
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In general, liquid reaction mixtures, which are

intended for use in the extrinsic approach as fillings of

microspheres or vascular structures, must exhibit a num-

ber of important properties. Their long-term stability must

be sufficiently high so that they do not cure prematurely

while they are still encapsulated and stored in the matrix.

Their flowability must be sufficiently high so that they

can flow quickly into the defect areas and fill them. They

should also be able to penetrate into small hairline cracks.

If possible, healing fluids should not contain any volatile

components that can evaporate quickly during the curing

process or diffuse into the matrix system during the inac-

tive storage period, thereby having a negative effect on

the matrix properties and no longer being available for

healing. Furthermore, the chemical compatibility between

the curing reagent and the matrix to be cured must be suf-

ficiently ensured. Otherwise, insufficient wetting and cor-

respondingly weak adhesion properties must be expected.

This is very important, as otherwise the mechanical

strength of the damaged material will only be restored to

a limited extent. There must be no adverse interaction

effects between the encapsulated liquid and the matrix to

be repaired. For example, there must be no corrosion, dis-

solution, or softening of the matrix. The strength proper-

ties of the healing reagent in the cured state must be at

least comparable to the strength of the matrix thermoset

and it is preferable that they even exceed the material

properties of the matrix polymer. To allow a sufficiently

wide temperature range in the application, the self-healing

system should have a correspondingly low freezing point

and a correspondingly high boiling point. This is of great

importance, since rather high temperatures are usually

applied during processing and curing of the matrix ther-

moset. Hence, during the manufacture of the product or

molded part, there is a risk that the healing reaction is set

off or the additive capsules are deactivated. Since thermo-

sets are technically processed by a variety of methods,

standardized healants must be able to withstand the pro-

cess temperatures of a whole range of manufacturing pro-

cesses such as hot-pressing, powder coating, extrusion,

injection molding, resin transfer molding, and others.

Also very important is that the curing behavior is largely

independent of the mixing ratio between the hardener/cat-

alyst and the healing fluid. Since exact mixing ratios are

usually difficult to achieve in the specific situation, reli-

able, and extensive curing in a wide stoichiometric ratio

between the components involved is required.

Similarly, high demands are imposed on catalysts that

accelerate the curing of the healing fluid. The catalysts

must dissolve quickly in the healing liquid and form a

homogeneous phase. Furthermore, they must not lose

their chemical reactivity over an indefinite long period of

time. They should not change chemically over a wide

temperature range in order to allow a correspondingly

wide range of temperatures in the application of the mate-

rial. Chemical inertness to the embedding medium is also

an important prerequisite. After combining with the liquid

causing self-healing, the curing process should be cata-

lyzed as quickly as possible in order to realize the shortest

possible repair phases. The curing kinetics in interaction

with the self-healing liquid after mixing must be known

to be anticipated and adjusted very precisely in the formu-

lation. Ideally, curing is fast and reliable over a wide mix-

ing range between catalyst and healing fluid (healant).

This makes it clear that, depending on the matrix sys-

tem and the expected damaging effect, the self-healing

additives have to be adjusted very precisely to the respec-

tive application.

The use of the extrinsic approach has some advantages

over the intrinsic approach, but also has some specific

disadvantages. In the following, the two basic strategies

will be briefly compared and the essential characteristics

will be laid out.

A major advantage of the extrinsic strategy using

microcapsules is the basically modular structure of the

high-performance materials. Various thermosets can be

mixed with self-healing additive capsules. In principle,

therefore, different commercially available standard ther-

mosets can be upgraded with self-healing additives.

During the formulation of the reaction mass, microspheres

are added to the thermoset prior to processing. They are,

in principle, incorporated in a similar way as flame retar-

dants, fillers or pigments are. In this way, the develop-

ment of self-healing systems (SH additives) and base

polymer development are largely detached. In addition,

commercially available polymers can be made self-

healing at a later stage if desired and the costly develop-

ment of special polymers based on particular monomers

can be avoided. The extrinsic approach can basically be

applied to highly crosslinked thermosets. Depending on

the choice of the chemistry responsible for the self-

healing effect, a wide range of different types of additives

is available. Depending on the thermoset matrix, the most

suitable additive can therefore be selected from a wide

range of possible additive capsules.

The main disadvantage is that the specific extent of

the self-healing effect achievable depends on many partly

uncontrollable factors such as the concrete nature and

dimension of the damage event and can only be controlled

or predicted with difficulty. Usually, when selecting the

healing system or formulating the prepolymer mixture, it

is necessary to determine what type of harmful effect is to

be healed. This means, among other things, that the selec-

tion of the capsule type in terms of wall thickness or

mechanical strength determines its bursting behavior and

thus its response to the damage event. When capsules are

used, the healing effect occurs only once and repeated

damage cannot be repaired. The self-healing efficiency
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can be adjusted by the microsphere content. However, the

amount of self-healing additive added cannot be arbi-

trarily high. Too high contents of microspheres lead to

adverse effects on the matrix properties just like with

other types of fillers.

The use of microvascular systems has several advan-

tages over microcapsules. In particular, larger amounts of

healing fluid can be stored in the thermoset material com-

pared to microcapsules. Thus, for example, larger, spa-

tially more extensive damage can be repaired better than

with microcapsules. If a vascular system evenly distrib-

uted over the entire material is realized, a comprehensive

self-healing effect can be better achieved. Although the

healing reagent is also used up after healing like with

microcapsules, in an extended tubular system healing

fluid can flow in from adjacent areas and thus make

repeated healing events possible in an area in close prox-

imity to the first damage. In principle, such tubular sys-

tems can also be refilled and partially regenerated from

the outside. The number of possible healing cycles is gen-

erally greater when using vascular systems than with

microspheres. However, it is clear that in damaged and

once healed areas, the vascular system is interrupted and

thus the affected region is permanently separated from the

healing network. Healed areas also prevent the flow of

healing fluid through this region. Important in the design

of vascular systems is that the flow behavior in very small

diameter tubes is dominated by the laws of microfluidics.

This can cause problems especially in very finely

branched tubular systems and places special demands on

the development of healing fluids with respect to their

rheological and interfacial energetic properties. This has

to be considered especially in the case of thin coatings.

For example, coating systems in the automotive sector

have layer thicknesses in the range of 100�140 μm. This

automatically makes it necessary to install tubular systems

with very small channel diameters. Compared to the use

of microcapsules, the production of microvascular, self-

healing thermoset systems is much more complicated.

While microspheres can be easily added and the main

problem is to achieve a homogeneous stable dispersion

without significant segregation effects, the production of

microvascular systems is always a multistage process and

therefore, as a rule, more expensive.

In contrast, intrinsic approaches to self-healing are in

many respects superior to extrinsic strategies. Since the

matrix polymer itself is equipped with the ability for

reversible crosslinking, the realization of multiple self-

healing cycles is no problem. Difficulties in formulation

of the thermoset (inhomogeneous dispersions, segregation

effects, uneven distribution of the self-healing reagent,

complicated vascular structure with correspondingly

demanding production processes) are eliminated from the

outset. There are no compatibility problems, since no

components foreign to the matrix thermoset have to be

used. Loss of self-healing ability due to high process tem-

peratures during processing or storage-related aging

effects are not observed either. However, the polymer net-

work must have a minimum degree of mobility so that the

reactive groups can orient toward each other. This often

has a negative effect on the mechanical properties of the

materials. Achieving healing effects usually requires the

application of external stimuli such as an increase in tem-

perature (tempering). However, the reversible crosslinking

of reactive groups in the polymer usually results in heal-

ing effects in a limited space. Since the intrinsic strategy

is based directly on the chemical design of the base poly-

mer, this approach requires the development of novel

materials with correspondingly chemically integrated

functionalities in the basic polymer structure. This means

a cost-intensive monomer development. Commercially

available polymers cannot be retrofitted but have to be

redesigned from scratch using novel monomers. Often

monomers with self-healing properties are chemically

more complicated than standard monomers. Thus, thermo-

sets with intrinsically self-healing properties are generally

more expensive than comparable standard polymers. They

are therefore automatically more suitable for special

applications. The costs of new self-healing monomers

have to be carefully considered in comparison to both the

additional cost of (advanced) self-healing microspheres

and the enhanced processing costs using the microvascu-

lar extrinsic approach.
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