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Introduction to Multifunctional Epoxy 
Composites 

Camille A. Issa 

Abstract This chapter delves into the importance of understanding epoxy resins 
and the task of preparing epoxy nanocomposites. The most recent up-to-date multi-
functional epoxy nanocomposites with electrically conductive, magnetic, thermally 
conductive, shape-memory, self-healing, and flame-retardant features are reviewed. 
Epoxy nanocomposites are used in aeronautic, automotive, anti-corrosive coatings, 
high voltage, and structural applications. The information offered will aid under-
standing and promote the use of epoxy resins and encourage the development of new 
applications. 

Keywords Self-healing · Shape memory ·Magnetic · Thermal and Electrical 
Conductivities · Flame Retardancy 

In lightweight and high-strength applications, it is clear that a predominant tendency 
has led to a growth in the substitution of conventional materials with polymer 
composites during the previous couple of decades. Its excellent strength-to-weight 
ratio, toughness, and thermal stability account for this. Filler qualities, filler shape, 
filler-matrix interactions, matrix properties, filler orientation in the matrix, and the 
volume fraction of the filler are all directly related to composite performance. The 
thermoplastic, thermoset, or rubber matrix component of composites can be used 
because of their versatility and exceptional performance; thermosetting polymers 
are commonly employed in engineering goods. Since its introduction in the late 
1940s, epoxy resin has been widely used in a variety of industrial and commer-
cial applications. Its improved stiffness, low shrinkage, high corrosion and chemical 
resistance, outstanding adhesive capabilities, creditable thermomechanical proper-
ties, creditable dielectric strength, and other characteristics brand it ideal for engi-
neering uses. Epoxy, dissimilar to polyester resins, is able to maintain mechanical 
and physical qualities while being exposed to strong solvents. Epoxy resin can also 
be used to connect practically any material, including glass, wood, stone, ceramics, 
plastics, and metals.
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1 Introduction 

Due to its desirable mechanical properties, solvent resistance, thermal stability, and 
creditable thermal insulation [1–3], epoxy is the most widely used thermosetting 
plastic with extensive manufacturing applications, including adhesives [4–7], elec-
tronic gadgets [8], laminates [9], encapsulations [10, 11], coatings [12–14], aquatic 
systems [5–17], and aerospace components [18–21]. Liquid epoxy resins, a family 
of highly reactive prepolymers with low molecular weight oligomers that include 
oxirane structures as an epoxy activity, can include aromatic, aliphatic, and/or hete-
rocyclic backbone architectures [22]. Epoxy resins have a variety of physical proper-
ties due to their varied backbone architectures. A short-chain aliphatic epoxy resin, 
for example, possesses a low viscosity, whereas an aromatic epoxy resin has excel-
lent thermal properties, such as a high glass transition temperature [23]. The most 
productive epoxy resin for industrial settings is the diglycidyl ether of bisphenol-A 
(DGEBA) [23]. Epoxy resins outperform polyester, phenolic, and melamine resins 
due to their low shrinkage and harmless loss during the curing process, as well as 
their inertness and chemical resistance, as well as their diversity in curing agents and 
circumstances [24]. A cross-linking reaction is a curing phase, or solidification of 
liquid epoxy resins with hardeners known as curing agents or catalysts, such as alco-
hols, acids or acid anhydrides, polyfunctional amines, thiols, and phenols, produce 
a stiff, insoluble, and infusible epoxy [25]. The qualities of the final epoxy finish 
are said to be influenced by the resins and curing chemicals used. In general, the 
high-temperature cured epoxy system achieves better stiffness, tensile strengths, and 
glass transition temperatures than the low-temperature cured epoxy method [26]. 

Epoxy nanocomposites have recently gained popularity owing to their distinc-
tive physicochemical qualities that result from combining the individual properties 
of epoxy and nanoparticles in a single unit [27, 28]. The combination of better 
structural behavior with intelligent qualities such as sensing, actuation capabilities, 
and strain monitoring is termed novel multifunctional epoxy nanocomposites [29]. 
Numerous nanostructural materials, such as carbon nanofibers [5], iron and iron 
oxide nanoparticles [30], graphene [31, 32], carbon nanotubes [33, 34], silica [35, 
36], nano clay [37, 38], polyaniline [39], alumina [40], zinc oxide [41–43], and were 
utilized to formulate epoxy nanocomposites to enhance the mechanical properties 
and realize new functionalities such as magnetic, electrical conductivity, and optical 
characteristics. Thus resulting into an epoxy with distinctive electrical [43, 44], anti-
corrosive [45], magnetic characteristics [46], and optical [47] capabilities. Although 
numerous broad assessments exist concerning the thermal combustion, decomposi-
tion, and flame retardancy of epoxy nanocomposites with surface-modified silicon 
dioxide nanoparticles [23] and epoxy systems [22], there is a paucity of publica-
tions about multifunctional epoxy nanocomposites. The challenges and potential 
resolutions for creating epoxy nanocomposites are discussed in this chapter. The 
multifunctional epoxy nanocomposites and their usage are explored to present the 
necessary fundamental knowledge that might help expand their utilization in creative 
industrial applications.
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2 Multifunctional Properties 

2.1 Self-healing 

Self-healing epoxy are epoxy materials capable of automatic recovery when 
damaged. They are inspired by biological systems such as the human skin, which 
are naturally able to heal itself. Existing self-healing epoxy can be classified into 
three groups: capsule-based, vascular, and intrinsic self-healing materials [48]. In 
capsule-based self-healing materials, small capsules comprising a liquid capable of 
filling and closing cracks are embedded under the material surface. In case the mate-
rial is damaged, cracks trigger some capsules to rupture, releasing the liquid and 
closing the gap. For vascular self-healing materials, the capsules are substituted by 
a vascular structure comparable to a tunnel network, in which numerous functional 
liquids flow. These functional liquids will also fill the gap when a crack appears and 
breaks the vascular network. The material contained inside a capsule or a vascular 
network is known as a healing agent. The mechanism and behavior of healing agents 
are essential to the recovery process and restoration of mechanical properties. 

Intrinsic self-healing materials heal through the inherent reversibility of chemical 
or physical bonding instead of structure design [49], such as the swelling of shape-
memory polymers [50], the melting and solidification of thermoplastic materials 
[51], and increasing viscosities of pH-sensitive micro-gels [52]. Consequently, the 
healing mechanisms of intrinsic self-healing materials are fundamentally different 
from those of capsule-based and vascular self-healing composites. 

Capsule-based and vascular self-healing structures are the main routes to building 
autonomous self-healing structures. Healing mechanisms, healing performance, and 
fabrication techniques for producing capsules and building vascular networks have 
been summarized and analyzed. Capsule-based self-healing materials can heal small 
cracks, while vascular systems are more suitable for healing larger damaged areas. 
The healing performance varies from 24 to 121% depending on the types of healing 
agents, different healing, and damage conditions. 

2.2 Shape Memory 

Shape-memory epoxy resins are an emergent category of polymers with applica-
tions covering numerous areas of daily life. Some of these applications include, 
for example, smart fabrics [53, 54], heat-shrinkable tubes for electronics or films 
for packaging [55], self-deployable sun sails in spacecraft [56], self-disassembling 
mobile phones [57], intelligent medical devices [58], or implants for minimally 
invasive surgery [59, 60]. These examples cover only a tiny number of the possible 
applications of shape-memory technology, which shows potential in numerous other 
applications.
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Shape-memory epoxy resins are dual-shape materials belonging to the group of 
‘actively moving’ polymers [61]. They can actively adjust from a shape A to a shape 
B. Shape A is a temporary shape that is obtained by mechanical deformation and 
subsequent fixation of that deformation. This procedure also defines the change of 
shape shift, resulting in shape B, which is the permanent shape. In shape-memory 
polymers stated so far, heat or light has been employed as the stimulus. Using irra-
diation with infrared light, application of electric fields, alternating magnetic fields, 
or immersion in water, indirect actuation of the shape-memory effect has also been 
realized. The shape-memory effect only depends on the molecular architecture and 
does not necessitate a specific chemical structure in the repeating units. Therefore, 
intrinsic material properties, e.g., mechanical properties, can be altered to the need 
of specific applications by variation of molecular parameters, such as the type of 
monomer or the comonomer ratio. 

2.3 Magnetic 

Magnetic epoxy nanocomposites are typically created by incorporating magnetic 
nanoparticles into the epoxy matrix. Consequently, epoxy is widely used in 
microwave adsorption [62–64], magnetic resonance imaging [65], flexible elec-
tronics [66], and electromagnetic interference shielding [66]. Owing to their distinc-
tive physicochemical properties, such as high coercivity and integral active chemical 
catalysis with their minute size and high specific surface area, magnetic nanoparti-
cles, such as cobalt, iron, nickel, and their alloys among them or others, have recently 
attracted significant consideration in various chemical and physical domains [67], 
owing to their distinctive physicochemical properties containing high coercivity and 
integral active chemical catalysis with their minute size and high specific surface 
area, which are unlike the bulk materials [68]. In magnetic hysteresis loops, the 
intensity of the applied external magnetic field is essential to return the material to 
zero magnetization once it has become saturated, and the remnant magnetization 
is the magnetization that remains after the applied external magnetic field has been 
detached. Diverse magnetic domains, wherein atoms’ magnetic moments are aligned 
in an identical direction, make up bulk magnetic materials. However, when the size 
of a magnetic substance shrinks, the number of magnetic domains shrinks as well, 
perhaps to only one. These nanoparticles’ magnetic characteristics are no longer 
consistent with bulk magnetic materials [69]. Magnetic nanoparticles have added 
proficient interactions with the polymer matrix on the nanoscale, which influences 
the surface energy at the interface between the magnetic nanoparticles and the matrix 
[70]. Magnetite (Fe3O4) is the strongest magnetic substance of all-natural minerals on 
Earth [71], out of all the magnetic nanoparticles. Park et al. [72] studied the magnetic 
characteristics and wear rates of silane-modified Fe3O4/epoxy nanocomposites. The 
modified Fe3O4/epoxy nanocomposites’ saturation magnetization was found to be 
higher than that of the unmodified Fe3O4/epoxy nanocomposites. However, because 
pure magnetic metal nanoparticles are easily oxidized and flammable in air, the



Introduction to Multifunctional Epoxy Composites 5

majority of reported magnetic nanocomposites are based on magnetic metal oxide 
[73]. 

2.4 Thermal and Electrical Conductivities 

The unprecedented growth of the semiconductor electronic sector, particularly 
wireless telecommunication, necessitated the development of new multifunctional 
nanocomposites to meet the demands of electronic gadgets [74]. As a result of their 
ecologically acceptable and cost-effective process/materials and ease of large-scale 
fabrication adaptation, epoxy-based nanocomposites with electrical and thermal 
conductivities have advanced [75]. Nanoparticles are typically superior to micron-
sized particles in electrically and thermally conductive applications because they 
have a higher specific surface area, which improves electrical and thermal prop-
erties, such as a lower percolation threshold and increased electrical and thermal 
conductivity [76]. Epoxy materials with good thermal conductivity can effectively 
reduce heat and solve heat dissipation issues in electronic devices [77]. 

Because of their exceptional conductivity [78] and extensive range of applications 
in electronics [79], supercapacitors [80], electrodes for electrodeposition [81], and 
conducting polymers have gotten increased attention in recent decades. A doping 
procedure can usually be used to adjust the conductivity of conducting polymers [82]. 
Zhang and Guo et al. [83, 84] have produced pure conducting polymers as conducting 
nanofillers to increase the electrical conductivity of epoxy. The addition of a 10.0% 
(w/w) loading of nanofiller to the epoxy resulted in the electrical conductivity rise 
by 5–6 orders of magnitude. 

The extremely mobile electrons in pure metallic nanoparticles result in 
outstanding electrical conductivity. Nevertheless, because of their easy oxidation 
and flammability in air, it is difficult for metal oxide nanoparticles to be extensively 
utilized in production, and most of the indicated effort focuses on them [73]. To 
maintain pure iron nanoparticles, Zhu and Zhang et al. proposed a protective shell 
made of metal oxide [31] and carbon [70] thin layers. In conclusion, the electrical 
conductivity of metallic nanoparticle/epoxy nanocomposites might be up to seven 
orders of magnitude greater than pure epoxy, which might be advantageous for the 
manufacture of electrically conductive epoxy nanocomposites in large quantities. 

Owing to its great adhesive strength, low cost, and good chemical and corrosion 
resistance, epoxy is now one of the most extensively utilized electrically conductive 
adhesives for microelectronic packaging such as printed circuit board to flip-chip 
integrated circuit package assembly [84]. Electrically conductive adhesives typically 
contain an organic polymeric binder as well as conductive fillers. Epoxy acts as a 
mechanical link between the interconnections, while the conductive fillers offer elec-
trical conductivity by making physical contact with each other. Silver, gold, nickel, 
copper, and other carbon compounds could be employed as conductive fillers [74, 
85, 86]. Silver flakes are the utmost utilized and commercially obtainable filler due to 
the nature of their conductive oxides and their high electrical conductivity. Although
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nickel and copper are budget-wise, they can be oxidized easily at high humidity and 
temperatures. These issues decline the behavior of the device interconnections [87]. 
Electrically conductive adhesives possess several benefits compared with standard 
solder technology, including mild processing conditions, environmental friendliness, 
lightweight, and low stress on substrates. Nevertheless, numerous obstacles are to be 
addressed involving the minute and reduced conductivity at high temperatures and 
elevated humidity. 

2.5 Flame Retardancy 

Despite the fact that epoxy is the most common technical polymer, untreated epoxy 
is exceedingly flammable, severely limiting its applications. As a result, modifying 
epoxy to increase its flame retardancy is critical [88]. Reduced polymer flammability 
is usually achieved by combining intrinsically flame-retardant polymers with the 
chemical modification of existing polymers [89]. 

Nitrogen-, phosphorus-, and silicon-based materials [89] have been discovered 
to have flame-retardant characteristics in material compounds in recent decades. 
Green products are flame-retardants that are less harmful to the environment than 
halogenated chemicals [88, 90]. Silicon can normally enhance char formation in 
the condensed phase while trapping active radicals in the gas phase. The produced 
stable molecular compounds might prevent combustible gases from escaping due to 
breakdown caused by the nitrogen. Phosphorus could disrupt exothermic activities 
in the gas phase and promote char formation on the material surface as a barrier 
in the condensed phase [89]. The flame retardancy behavior of epoxy after mixing 
with various morphologies as nanofillers was investigated using these principles [83, 
91]. The nanofiber morphology was shown to reduce the peak heat release rate of 
the epoxy in excess of the nanosphere morphology, owing to the increased specific 
surface area. Gu et al. [21] said that the phosphorus component has a role in the flame-
retardant behavior of epoxy materials, implying that phosphorus can stimulate char 
yield production in the condensed phase. 

Graphene is also considered a suitable halogen-free flame-retardant for epoxy, 
owing to the graphitized and layered structure. The graphene acts as a physical 
barrier to adsorb the degradation products and facilitate the development of char 
[92]. Due to its fragile thermal oxidation stability, obtained graphene usually decays 
in combustion, reducing its flame-retardant property. As a result, some modifications 
to the produced graphene are required in order to provide a desired flame-retardant 
property [93].
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3 Applications 

3.1 Aeronautics 

The materials used in aerospace applications are typically subjected to harsh climatic 
situations such as high humidity, wide temperature swings, and a variety of mechan-
ical loads such as tension, creep, compression, and torsion. Traditional materials 
such as titanium, steel, and aluminum are acceptable materials that meet all stan-
dards, but they have a significant disadvantage when it comes to the fundamental 
goal of low weight limits [94]. For efficient weight reduction, revolutionary polymer 
composites in aeronautic production have recently amplified dramatically as load-
carrying elements of the innovative generation of adaptable airplanes [95]. Due 
to their outstanding mechanical behavior, electrical and chemical resistance, and 
low shrinkage on curing, epoxy-based thermosetting nanocomposites are one of the 
predominantly utilized aerospace materials in the aeronautical industry [18]. Multi-
functionality has also become an important part of aircraft technology. The aerospace 
industry requires multifunctional epoxy nanocomposites with better mechanical and 
thermal properties as well as sensing/actuating capabilities [96]. For example, the 
electrical conductivity of structural sections for airplane fuselages must exceed 1– 
10 s/m [94] to effectively disperse lightning currents without the usage of conductive 
metal fibers or metal screens. As a result, new sophisticated epoxy nanocomposites 
with extra capabilities must be explored without jeopardizing structural integrity. 
Paipetis and Kostopoulos have written a comprehensive evaluation of the current 
state of the art in the aerospace composites industry [96]. 

3.2 Automotive 

Epoxy resin is the predominant thermosetting resin in natural fiber composites 
for automotive applications because it has excellent performance and resilience to 
environmental deterioration [97]. In the automotive industry, epoxy-based matrix 
composites are commonly used as automobile bumper beams [98], the power trans-
mission drive shaft [99], dashboards, headliners, seat backs, door panels, package 
trays, and interior parts [100], as well as an electrically conductive adhesive between 
a silicon chip and a package lead frame, and as a heat conductive adhesive between 
a silicon die and a lead frame or substrate [10]. Low-density natural fiber epoxy 
composites can often reduce the weight of a car by 10–30%. It is projected that a 
25% reduction in automobile weight is equivalent to saving 250 million barrels of 
crude oil annually [98]. 

Natural fiber-epoxy composites, on the other hand, have low prices, reduced tool 
wear rates, low manufacturing energy needs, reduced safety and health risks, and 
good formability. They are less vulnerable than metals to the effects of stress concen-
tration [101]. Carbon nanofibers and glass fibers were recently integrated into natural
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fiber composites to produce hybrid fiber-reinforced epoxy composites, thus offering 
improved fatigue features because micron cracks in the resin will not spread easily 
like in metals and instead discontinue at the strong hybrid fibers [101]. Character-
istics such as stacking sequences, fiber orientation angles, layer number, and layer 
thickness must be changed to achieve the required performance for automotive use 
[99]. 

3.3 Anti-corrosion Coatings 

Epoxy resins are utilized in aquatic systems, the erection of new vehicular and pedes-
trian bridges, the strengthening and rehabilitation of structurally deficient bridges, 
as structural materials, and as anti-corrosion coatings in addition to aerospace and 
automotive applications [95]. Steel [102], iron [46], aluminum [14], and magne-
sium alloys [103] are now commonplace in automobiles, cellular phones, household 
appliances, guided weapons, large constructions, and computer industries. Metal 
corrosion, on the other hand, has become a growing problem in the metal finishing 
sector [104]. According to NASA [105], corrosion-related maintenance expendi-
tures in the USA are estimated to be between 70 and 120 billion dollars per year. 
As a result, several efforts and inventive deterrence strategies to avert rusting were 
developed [106]. 

Lately, epoxy coatings have enticed much consideration because of their excellent 
adhesion, corrosion resistance, and environmental friendliness [107]. Epoxy coat-
ings, in general, operate as a physical obstacle to keep harmful species at bay [108]. 
Nonetheless, pure epoxy cannot provide long-term anti-corrosive performance due 
to cavities and imperfections over the coating surface, subsequently to the curing 
progression, which causes them to be permeable to water, oxygen, and corrosive 
ions [109]. Inorganic nanofillers [110] and nanoclay [111] have recently been added 
into epoxy matrices to build epoxy nanocomposites and adjust the epoxy barrier 
effect to improve the epoxy coating’s anti-corrosive qualities. According to reports, 
nanoparticles can fix cavities, micron fractures, and other imperfections of epoxy 
coatings, resulting in enhanced anti-corrosive behavior [112, 113]. 

3.4 High Voltage 

Because of its superior electrical and mechanical qualities, excellent processability, 
and chemical stability, epoxy resin is one of the most often used thermosets in high-
voltage equipment such as printed circuit boards, high-voltage capacitors, motors, 
generators, and transformers as insulation [114, 115]. When constructing epoxy 
insulation materials, the dielectric voltage breakdown strength is usually the essen-
tial peak metric [116]. As a result, increased heat stability is required for superior 
epoxy insulating materials to avoid electrical breakdown [117, 118]. As a result
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of their extraordinary dielectric breakdown voltage and higher dielectric strength, 
epoxy composites reinforced with micron-sized inorganic fillers such as alumina, 
silica, and others have emerged as the ideal insulating materials for high voltage 
applications compared with pure epoxy [119]. Since nanocomposite insulation can 
offer higher performances such as reduced dielectric losses and elevated dielectric 
strength, tracking and erosion resistance, and surface hydrophobicity compared to 
traditional micro-sized epoxy composites [120], there has been a lot of interest in 
using nano-sized fillers as additives in epoxy matrices to form nanocomposites [121]. 
Over a wide range of frequencies, the dielectric permittivity of epoxy nanocompos-
ites was lower than that of pure epoxy and epoxy with the micro-sized filler at 
low concentrations (depending on the filler type and size) [122]. Meanwhile, it has 
been discovered that the dielectric property of insulation is also highly connected to 
the accumulation of surface charge [123]. Nano-sized fillers on the surface of epoxy 
materials may cause fluctuations in electrical characteristics at the surface and prevent 
surface charge buildup, resulting in reduced dielectric behavior [124, 125]. 

4 Conclusion 

This chapter provides a comprehensive summary of the characterization, manufac-
ture, and properties of epoxy composites. Due to their exceptional heat and solvent 
resistance, high specific strength, high thermomechanical properties, lightweight, 
good adhesiveness, and reduced cost, epoxy composites are widely used in a variety 
of manufacturing industries, including aeronautic, automotive, aquatic, construction, 
and oil and gas. Epoxy composites are also used in electromagnetic shielding, printed 
circuit boards, supercapacitors, and other applications. Fibers, organic fillers, and 
inorganic fillers are commonly used in composites to obtain excellent performance. 
Furthermore, the addition of thermoplastic copolymers may cause the epoxy compos-
ites to phase split into multiple phase morphologies, allowing the performance of the 
epoxy composites to be tailored. 
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Basics of Self-healing Epoxy 
Systems—General Concepts, Behavior, 
and Mechanism 

Shalini Parihar and Bharti Gaur 

Abstract Epoxies are the most versatile thermoset resins and are considered to 
be the hallmark of thermoset industries. The demand for epoxy resins is predicted 
to grow at a compound annual growth rate of 6.32% by 2030. The self-healing 
nature of synthetic material is an emerging field of research as it can prolong the 
service life of the material and thus can possess a broader range of applications. The 
development of self-healing epoxy resins has been inspired by the natural repairing 
system wherein the damage initiates autonomic healing of the wound. This chapter 
covers the fundamentals of the self-healing system as well as the mechanism and 
main approaches of self-healing, which are further divided depending on the healing 
chemistries involved and the type of vessels used to store the healing agent. The 
benefits and drawbacks of various self-healing techniques have been discussed. This 
chapter also reviews the existing self-healing epoxy systems published in the last 
decade. Lastly, the research opportunities in the near future and the challenges are 
discussed. 

Keywords Self-healing · Epoxy resins · Intrinsic · Extrinsic ·Microcapsules ·
Thermo-reversible crosslinks 

1 Introduction 

Epoxy resins are the prepolymers containing three-membered epoxy rings with an 
oxygen atom bonded to two interconnected carbon atoms and thus possess consider-
able ring strain, making them highly reactive. These epoxy rings are usually terminal, 
though they may lie within the chain of the molecule. The thermoset epoxy resins are 
a fusion of both epoxy resin and curative agent. Because of the existence of electron-
rich oxygen and electron-deficient carbon atoms in the oxirane rings, the epoxide 
resins can undergo both electrophilic as well as nucleophilic addition reactions. Thus, 
epoxy resins can cross-link with one another or with a variety of hardeners/curatives
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such as alcohols, thiols, phenols, amines, anhydrides, amides, and acids, resulting in 
three-dimensional cross-linked thermosetting polymers. The cross-linking density 
of the epoxy thermosets is responsible for the mechanical, thermal, and many other 
properties of the material. The process of fusion of the oxirane group and hardener 
is termed as curing of epoxy, and the cured epoxy thermoset resin contains no or 
relatively very few epoxide groups. 

Epoxy resin thermosets possess excellent properties such as adhesive strength, 
thermal stability, chemical resistance, electrical insulation, mechanical strength, 
processability, flame retardance, and water tightness. These properties enable a wide 
range of thermosetting resin applications in aerospace and recreation industries, 
coatings and adhesives, printed circuit boards, potting materials for electronics, high 
tension electrical insulators, fiber-reinforced plastic materials, and lightweight auto-
mobile parts. Epoxy thermosets can also improve the decorative/aesthetic perfor-
mance of the material. An increase in the functionality of these resins increases 
their reactivity and thus promotes their binding with various substrates/fibers. The 
epoxy resin thermosets are employed as a matrix material for fiber-based compos-
ites in renewable energy and aerospace industries. Thus, epoxy resins are important, 
commercially available, multipurpose thermosetting materials with high strength and 
firmness. 

However, epoxy resin thermosets have an imperfection, as they are brittle, and 
minor cracks are more likely to form during their service life. These microcracks are 
difficult to detect because they are deep within the structure, and if not repaired, they 
can progress to macrocracks, causing the entire system to fail. Traditional damage 
repair techniques (welding and patching) are restricted to visible cracks only, are 
not instantaneous or autonomous, and demand a thorough inspection of the material. 
Epoxy systems are difficult to recycle at the end of their lives due to their highly 
cross-linked network architectures and thus may cause health and environmental 
difficulties. The epoxy resin’s service life can be extended either by preventing the 
microcracks formation in the epoxy matrix or by repairing microcracks as soon as 
they form. Hence to reduce the cost of damage repair and to prolong the service life 
of the material, there is a need to upgrade the material to be self-healing. Over the 
past few decades, successful attempts have been made to synthesize epoxy-based 
self-healing materials, and this has attracted the interest of many researchers and 
scientists. 

Self-healing may be defined as the material’s ability to recover from 
damages/cracks on its own. The inspiration for self-healing in materials is derived 
from nature’s wound and cut repairing ability in living organisms. Every living 
species can release the healing agents to the site of injuries and thus repair the 
damage by sealing and then healing the wounds. Even the plants can restore the 
mechanical properties along with the wound closure. The self-healing materials are 
supposed to imitate the capability of biotic materials to repair the wound and restore 
mechanical integrity.
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This chapter represents an overview of the general concept of self-healing 
approaches, discusses various healing mechanisms along with the benefits and draw-
backs of the various methods, and studies the behavior of epoxy systems with 
self-healing ability. 

2 Approaches of Self-healing 

There are numerous self-healing approaches, which are primarily classified into two 
categories: extrinsic self-healing and intrinsic self-healing. In these two approaches, 
the self-healing chemistries that the polymeric material undergoes during the crack 
repairing process are different. However, the mobile phase is required in both self-
healing approaches so that it can flow to the site of damage and fill the crack during 
the healing process. In the extrinsic self-healing approach, the crack in the network 
structure is repaired by the release of the healing agents from the containers, which 
are already embedded in the polymer matrix and allow them to flow to the site 
of damage. The cross-linking of the healing agent results in the repair of the crack. 
Because the damage itself triggers the release of the healing agent from the containers, 
this extrinsic self-healing approach is also known as autonomous self-healing as no 
external intervention, such as heat, light, or moisture, is required to initiate the repair 
mechanism. 

On the other hand, in the case of the intrinsic self-healing approach, the self-
healing process is driven by the chemical bonding of the matrix. Thus, the material 
is designed with the inherent potential to restructure after impairment in the pres-
ence of external triggers such as heat, light, or chemicals. No stored healing agent or 
catalyst is required in its self-repairing chemistry. The intrinsic self-healing mecha-
nism is considered non-autonomous, as external stimuli are required to initiate the 
healing process. The following sections summarize the development of self-healing 
polymeric materials for these two categories. 

2.1 Extrinsic Self-healing Mechanism 

In extrinsic self-healing, the resin matrix is not healable on its own. The repairing 
agent-filled micro-containers are dispersed within the matrix system in advance. 
When exposed to fracture, the micro-containers rupture, thereby releasing the healing 
agent, which travels through capillary action to the site of damage, where it is cured 
by the polymerization reaction, restoring the material’s damage and surface integrity 
[1]. The healing agent must be stable for a long duration inside the micro-containers 
and should be able to reach the crack site via capillary action, i.e., lower viscosity. 
It should react quickly to seal the crack in a reasonable amount of time and have 
no harmful effects on the polymer matrix. The added catalyst and the curing agents 
present in the polymer matrix must be chemically stable within the matrix but rapidly
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react when they come in contact with the healing agent. The catalyst must be stable 
over a wide range of applications and temperatures and well dispersed within the 
matrix. 

This self-healing mechanism is not repeatable, and the scratch at a specific location 
can be healed only once [2]. The healing performance and self-healing ability of the 
material depend on structural and dynamic factors such as size, shape, and distribu-
tion pattern of micro-containers, flow, and incorporation of healing agents into micro-
containers. In this self-healing approach, the research is mainly focused on the frac-
ture process, repairing agent, kneading process, and matrix formulation techniques. 
Based on the type of micro-containers embedded within the matrix, the extrinsic 
self-healing technique is further divided into categories such as microencapsulation, 
microvascular networks, hollow fibers, or nanoparticles, which are described in detail 
in the upcoming sections. 

2.1.1 Healant Loaded Capsules/Containers 

In this mechanism of self-healing, capsules of micro-size are used as containers for the 
healing agent. Some researchers have also developed dual capsule-based self-healing 
systems in which both the healing agent as well as the curative agent or hardener 
are encapsulated and dispersed within the polymeric system. Many researchers have 
worked on developing epoxy-based self-healing coatings and studying their healing 
capabilities as well as other mechanical properties; a few of the research articles are 
listed below. 

Self-healing System Having Capsule and Catalyst 

Epoxy resins with capsule-based self-healing ability were first reported by White et al. 
[3] in 2001, which involved the use of a monomer, dicyclopentadiene (DCPD), stored 
in urea-formaldehyde microcapsules. A progressive crack ruptures the microcap-
sules, and the healing agent is released into the cracked location by capillary action, 
where it comes in contact with dispersed Grubb’s catalyst and initiates the poly-
merization reaction resulting in crack repairing and restoring the material’s surface 
integrity as shown in Fig. 1. Here, the repairing process occurs through a living 
ring-opening metathesis polymerization (ROMP) reaction. In terms of toughness, 
the healing efficiency of the material was found to be 75%. This is an autonomically 
self-healable material because no external stimulus is needed to initiate the repairing 
process as it is triggered by the propagating crack itself. DCPD is widely used as 
a healing agent in self-healing materials [4–6], and Grubb’s catalyst is used as a 
catalyst in the ROMP of DCPD. White et al. made use of first-generation Grubb’s 
catalyst, but due to low chemical and thermal stability, its applications are limited 
in microcapsule-based self-healing polymeric materials. To overcome this difficulty, 
Moore et al. [7] made use of second-generation Grubb’s catalyst, Hoveyda Grubb’s 
second-generation catalyst, and with first-generation Grubb’s catalyst to compare
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Fig. 1 Autonomic healing process for self-healing material with an embedded encapsulated healing 
agent and the catalyst dispersed within the composite matrix 

Fig. 2 Molecular structures 
of a Grubb’s first-generation 
catalyst, b Grubb’s 
second-generation catalyst, 
and c Hoveyda Grubb’s 
second-generation catalyst 

their thermal, chemical, and catalytic properties. Figure 2 represents the structures 
of various Grubb’s catalysts. 

The second-generation Grubb’s catalyst was discovered to have excellent healing 
efficiency and thermal stability at elevated temperatures. To withstand harsh



20 S. Parihar and B. Gaur

conditions such as mechanical shear, high temperatures, and so on, the capsule’s 
robustness must be greatly enhanced. Caruso et al. [8] created double-walled micro-
capsules made of PU/UF polyurethane/poly(urea-formaldehyde) microcapsules 
for this purpose. These double-walled microcapsules outperformed single-walled 
urea-formaldehyde capsules in terms of thermal stability and mechanical properties. 
Jin et al. [9] used a rubber toughened structural epoxy adhesive to further their 
research on self-healing. The self-healing ability of embedded microcapsules filled 
with DCPD monomer and Grubb’s catalyst was demonstrated by high-temperature 
curing at 110 °C for 3 h. The fracture toughness of the rubber adhesive was investi-
gated by using a width tapered double cantilever beam (WTDCB) test specimen. For 
6.6 wt% of DCPD microcapsules and 10 mg of the catalyst, the healing efficiency 
was found to be 58%. 

The poor catalytic dispersion and activation/deactivation of the catalyst, which 
may reduce the healing ability of the matrix, are some concerns with this capsule 
catalyst-based self-healing system. Thus, to preserve the catalytic reactivity of the 
catalyst, a wax-coated Grubb’s catalyst can be used [10]. A glass-reinforced self-
healing epoxy composite system can also be prepared by using DCPD capsules and 
paraffin wax microspheres having 10 wt% Grubb’s catalyst [11]. The self-healing 
ability in such case accessed using a low-velocity impact test revealed that the crack 
length was reduced to 51% after the repair observed through fluorescent labeling. 

In a very recent study, Romero-Sabat et al. [12] reported the synthesis of an 
extrinsic self-healing composite material with a healing efficiency of more than 100% 
at low or ultra-low temperatures. It is based on the ring-opening metathesis polymer-
ization (ROMP) of 5-ethylidenenorbornene/dicyclopentadiene (ENB/DCPD) blends 
that can flow even at−70 °C and can react with Grubb’s third-generation catalyst. The 
monomers, ENB/DCPD, were encapsulated within the polyurea (PU) capsules and 
dispersed into three commercially available epoxy resins, and there was no need to 
shield the metathesis catalyst. The fracture toughness analysis with tapered double 
cantilever beam (TDCB) for all different epoxy systems reveals that the healing 
efficiency was found to be more than 100% at cryogenic temperatures (−20 °C). 

Dual Capsule-Based Self-healing Systems 

The microcapsule catalyst-based systems have some disadvantages, such as improper 
dissolution of the catalyst, disruption of the catalyst by the epoxy of the matrix system, 
the low compatibility of the DCPD and Grubb’s catalyst with the matrix, and insuffi-
cient interactions of the healing agent with the catalyst. The dual capsule-based self-
healing systems have been investigated to overcome these disadvantages. Here, in 
this category, both the healing agent and the hardener are encapsulated separately into 
the microcapsules, which are then dispersed evenly into the polymer matrix system. 
When a fracture occurs, the microcapsules rupture and the healing agent gets poly-
merized when it comes in contact with the hardener, thus repairing the damage. For 
this purpose, in 2007, Rong et al. synthesized an epoxy amine-based resin system in
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which the DGEBA epoxy resin and imidazole hardener were both encapsulated sepa-
rately and dispersed into the matrix system [13]. In this case, no catalyst is required 
for the polymerization reaction. The microcapsules shell wall for epoxy resin has 
been prepared from poly(urea-formaldehyde) PUF by the oil in water emulsion, and 
PUF encapsulated imidazole served as the hardener for the epoxy. The healing effi-
ciency was accessed by the fracture toughness test and was found to be around 106%. 
The heat resistance self-healing epoxy composite system had also been developed by 
Yuan et al. using diglycidyl ether of bisphenol A (EPON 828) as a healing agent and a 
catalyst 2,4,6-tris(dimethylaminomethyl)phenol (DMP-30) [14]. The material used 
to prepare the microcapsule shell wall was poly(maleimide-formaldehyde) (PMF). 
The employed epoxy resin is thermally stable, and DMP-30 has low volatility, making 
the system self-healable and can survive in high-temperature curing conditions. The 
composite system showed a high level of self-repairing ability below 200 °C and 
healing efficiency of 72–86% even on exposure to a high temperature of 250 °C. 

Li et al. [15] developed a self-healing epoxy-based system using DGEBA digly-
cidyl ether bisphenol A as the active ingredient. The epoxy resin and polyetheramine 
hardener were encapsulated in a poly(methyl methacrylate) (PMMA) shells using 
a water-in-oil emulsion technique. The ratio and content of microcapsules had an 
impact on healing efficiency. When 5 wt% of the microcapsules were dispersed 
within the resin system, and curing was carried out at room temperature for 24 h, 
the healing efficiency was found to be 43.5%. It was increased to 84.5% when the 
microcapsule content was raised to 15 wt%. 

Our group [16] has recently developed a dual capsule-based self-healing mate-
rial using a bio-based epoxy and an imidoamine curing agent. An in situ polymer-
ization technique was used to develop melamine-formaldehyde (MF) microcapsule 
containers. The average size of epoxy-filled microcapsules was 83 μm, while that of 
hardener-filled microcapsules was 95 μm. The mild steel specimens served as coating 
substrates, and the self-healing coatings were prepared by using epoxy/imidoamine 
with 10 and 20 wt% epoxy microcapsules and both 10 wt% epoxy and 10 wt% 
hardener-filled microcapsules. The solvent wash analysis was used to determine 
the stability of microcapsules, which was found to be 98.2 and 87.5% for epoxy 
microcapsules-based and dual capsule-based coatings, respectively. SEM confirmed 
the surface morphology and the self-healing ability. The salt spray, mechanical anal-
ysis, and adhesion testing were performed on coated specimens with and without 
microcapsules. The self-healing coatings with both 10 wt% epoxy and 10 wt% curing 
agent-filled microcapsules exhibited excellent properties. 

Wang [17] synthesized an epoxy composite with self-healing capabilities. Here 
also, the dual capsules of diglycidyl1,2-cyclohexanedicarboxylate (DGCHD) and an 
aliphatic amine hardener (HB-1618) were prepared. The polyetherimide was used 
as the shell wall material for the amine hardener microcapsules. The healing effi-
ciency varies with the capsule concentration. With a 15% capsule concentration 
(6 wt% epoxy-containing and 9 wt% hardener-containing microcapsules), the effi-
ciency was 65.6%. The hollow glass bubbles can also be used to encapsulate the 
epoxy and amine solutions, and a dual-part epoxy amine-based self-healing polymer
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was developed by Zhang et al. [18]. The epoxy and amine solutions were encapsu-
lated in etched, hollow glass bubbles (HGBs) and dispersed in the matrix system. The 
micro-compression tests were performed on a single HGB to determine its mechan-
ical robustness and cracking ability. The HGBs were found to be much brittle as well 
as stronger than the PUF or PU microcapsules. The incorporated ratio of epoxy to 
amine HGBs was optimized to 4:1. The material showed the best healing efficiency 
of 62% when cured at 50 °C for 24 h, and the total HGBs content was 12.5–15.0 wt%. 
The healing efficiency was found to increase with increasing curing time at 50 °C, 
which was attributed to promote cross-linking over time as well as good diffusion of 
higher molecular weight chains. Corrosion-resistant, dual capsule-based self-healing 
epoxy coatings using epoxy resin and an amine hardener have also been reported [19], 
wherein the poly(styrene-co-acrylonitrile), SAN, was used as a shell wall material for 
microcapsules. Commercially available Bisphenol F epoxy resin and cycloaliphatic 
polyamine (EPIKURE F205-Hexion) were used as the core materials, and the mate-
rial used to prepare the coating matrix was bisphenol A epoxy resin (EPON 828) and 
polyamidoamine curing agent (Merginamide A280). The core material was encap-
sulated by using the emulsion electrospray technique. Three coating samples based 
on microcapsule content in ratios 1, 5, and 10 wt% (in 1:1 molar ratio of epoxy and 
amine hardener) were dispersed within the matrix. The healing efficiency was deter-
mined with the help of electrochemical impedance spectroscopy (EIS). The coating 
sample with 1 wt% of microcapsule showed the best corrosion resistance with 99% 
self-healing efficiency. 

High-temperature cured epoxy resins have a wide range of applications as 
structural adhesives and structural composites due to their chemical and mechan-
ical properties. Ghazali et al. [20] studied the self-healing behavior of a dual 
capsule-based, high-temperature cured epoxy resin system. DGEBA resin and 
mercaptan hardener were loaded into the dual capsules, and 2,4,6-tris (dimethy-
laminomethyl)phenol (DMP-30) was used as a catalyst. The microcapsules were 
synthesized from poly(melamine-formaldehyde) (PMF) by in situ polymerization 
reaction. The mechanical behavior and self-healing abilities of the tapered double 
cantilever beam (TDCB) epoxy specimens were examined using mode I fracture 
toughness testing. When heated to 70 °C, the epoxy system recovered up to 111% 
of its original fracture toughness. At higher temperatures, the healant with a lower 
viscosity showed excellent healing ability. 

The self-healing capsules are mostly made up of synthetic polymers, which can 
cause environmental as well as health issues. Thus, self-healing bio-capsules for 
encapsulating the monomers can eliminate these concerns. These bio-capsules can be 
prepared using alginate biopolymer. Hia et al. [21] used the electro-spraying method 
in order to encapsulate the epoxy (DGEBA) as well as a hardener (mercaptan/tertiary 
amine), respectively. The diameter of these encapsulated bio-capsules was reported 
to be in the range of 300–400 μm, and shell wall thickness varied from 3 to 6 μm. 
The core content of the epoxy and hardener microcapsules was found to be 74% and 
59%, respectively. The use of scandium (III) triflate was also explored as a catalyst 
in the same resin system. The self-healing abilities of the two systems were accessed 
through the Charpy impact test. The healing efficiency of these systems was tested
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by subjecting these to multiple healing cycles and was found to be in the range of 
68–85% even after three/four healing cycles. The multicore internal structure of the 
microcapsules controls the release of the repairing agent and thus was attributed to 
multiple healing of the material, which is otherwise not possible in a capsule-based 
system. 

Mono Capsule-Based Self-healing System 

The dual capsule system may result in poor microcapsule distribution and clustering, 
both of which can reduce the material’s mechanical strength [22]. A new kind of 
self-healing system was designed wherein the solvents like methanol and ethanol are 
used as healing agents to repair the damage of thermoplastic polymers. This self-
healing system is similar to the capsule-based healing system, where the implanted 
solvent capsules break during damage allowing the liquid solvent to fill the scratches 
and repair to occur. Caruso et al. [23] had synthesized a thermoset polymer with 
self-healing ability by incorporating the solvent-filled microcapsules into the epoxy 
composite. The solvent inside the capsules would act as a wetting agent on the surface 
of the polymer, resulting in swelling of the polymeric material, thus interlocking the 
chains across the fractured surfaces, which seal the crack and restore the mechanical 
properties. 

The cerium nitrate is supposed to exhibit corrosion inhibition properties, and it is 
found that cerium ions cause the precipitation of cerium oxides or hydroxides, which 
obstruct the cathodic reduction reaction of metallic coatings. However, the cerium 
nitrate is consumed over time if it is mixed with the epoxy before being applied to the 
metal surfaces and thus is not in a position to recover the induced fracture during the 
service life of the coating. Farzi [24] made use of cerium nitrate in their self-healing 
epoxy-based coating system. The authors had encapsulated the cerium nitrate into 
the poly(urea-formaldehyde) PUF microcapsules through a two-step polymerization 
process, which were then embedded into the epoxy-based coating system. The self-
healing performance of the system was accessed by using EIS tests in 0.6 M NaCl 
solutions. The EIS findings reveal that whenever the damage occurs, cerium nitrate 
is released from the microcapsules and results in effective healing of the cracks as the 
precipitates of oxide and hydroxides in the damaged region form a passive layer that 
inhibits the corrosion. The healing efficiency of the coatings containing 10 wt% of 
microcapsules was observed to be the highest, but it decreases the adhesive strength 
of the coatings. 

The metal complexes with imidazole can be prepared easily and can be used as 
the latent curing agents for one-pack epoxy-based self-healing systems. The latent 
hardeners react with the epoxy resin on heating and do not react at room temperature. 
Tripathi et al. [25] synthesized a self-healing system based on microcapsules with 
latent curing agent functionality, wherein the latent curing agent is dispersed within 
the matrix phase. The epoxy resin was encapsulated in poly(urea-formaldehyde) 
shell-walled microcapsules. The Ni and Cu-imidazole complexes were prepared by 
complexation reactions of Ni and Cu chlorides with 2-methyl imidazole and were
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used as latent curing agents. The epoxy composites were prepared by ultrasonication, 
dispersing the varying amount of epoxy-filled microcapsules (5–30 wt%) and fixed 
amounts of latent hardeners (1 wt%) triethylenetetramine (TETA). They were added 
to cure the resin at 30 °C for 24 h. The 100% healing efficiency was attained with 
30 wt% of the microcapsules, but the mechanical properties of the matrix deteriorated 
with an increase in the capsule loading. Ma et al. [26] prepared an epoxy oxide-
based (E-51) self-healing system for 4D printing. The melamine-formaldehyde (MF) 
microcapsules were prepared by in situ polymerization. Herein, the bisphenol A-
based epoxy resin (E-51) was used as a healing agent, Cu(MI)4Br2 as a latent curing 
agent, and graphene oxide (GO) acted as a reinforcing phase that increased the 
tensile strength of the materials. The microcapsules and the latent curing agent were 
uniformly distributed in the matrix. The scratch healing efficiency of the material 
was found to be 87.22%, and the broken healing efficiency was 89.97%. 

Linseed oil (LO) can act as a healing agent as it is environment friendly, shows 
some lubricating properties, and is economically viable. Moreover, it is air drying 
in nature and can polymerize with oxygen resulting in a flexible and water repellent 
coating layer [27]. Thus, linseed oil can provide self-healing and self-lubricating 
properties to the material, thus making it resistant to damage and could repair 
scratches after damage. Suryanarayana et al. [28] investigated the effectiveness of 
linseed oil as a repairing agent. The linseed oil was encapsulated within the urea-
formaldehyde shell walls using the in situ polymerization technique. LO was found 
to be able to repair the crack and thus protect the underlying substrate from corro-
sion. Yang et al. [29] extended the work with linseed oil and encapsulated LO into 
polyurethane shell walls rather than potentially hazardous UF shells. The LO-filled 
polyurethane microcapsules were prepared by interfacial polymerization. Epikote 
862, a commercially available epoxy resin, serves as the matrix material, and Epikure 
205, a low viscosity modified cycloaliphatic amine curing agent, serves as the epoxy 
curing agent. The self-repairing and the self-lubricating properties of the coatings 
were determined by electrochemical impedance spectroscopy (EIS), salt spray anal-
ysis, and friction wear test methods. The friction wear test results revealed that the 
coating performance was enhanced when the microcapsule concentration reached 
up to 10 wt% or more. The friction coefficient was reduced to 86.8% compared to 
the pure epoxy coating without microcapsules. 

The increased lubricating property and the wear resistance with self-healing 
ability can significantly extend the material’s service life. To improve the mechan-
ical damage and the wear resistance tendency of the material, the work with linseed 
oil has been further extended, and the self-healing ability of a polymer composite 
embedded with bifunctional microcapsules was also investigated [30]. The organic 
solvent dibutyl phthalate (DBP) and linseed oil (LO) were encapsulated into urea-
formaldehyde microcapsules by in situ polymerization in an oil in water emulsion. 
The synthesized microcapsules possessed a dense and intact surface structure with 
an average size of 1.4 μm. The healing efficiency of the polymeric materials can 
be accessed by various characterization techniques such as AFM and 3D-scratch 
instrument [30]. The improved mechanical properties and repairing mechanism of 
the composite material were attributed to bifunctional microcapsules and lubricating
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particles (LO). The material’s friction coefficient was decreased by 92%, and the 
healing efficiency was found to be more than 96% by volume. 

The mono capsule self-healing systems possess great advantages as they eliminate 
concerns regarding catalyst dissolution, activation/deactivation, cost, etc. However, 
chain mobility is essential within the cured epoxy matrix, which is difficult to achieve 
for a low-temperature curing system. 

2.1.2 Healant Loaded Pipeline Type Containers 

The disadvantage associated with the microcapsule-based self-healing mechanism is 
the amount of the healing agent. In achieving multiple healing with limited material, 
whether the healing agent has been consumed entirely or not after the first healing 
cycle cannot be detected. Multiple healing is possible only if a sufficient amount 
of healing agent remains available after a one-time scratch repair event. Thus, to 
attain multiple self-healing in extrinsic mechanisms, a reservoir that can store and 
deliver a larger amount of the healing agent should be developed. This healant loaded 
mechanism of self-healing uses brittle pipeline type containers filled with a poly-
merizable medium that should be fluid, at least at healing temperature. When the 
polymerizable material flows into the cracked site, it heals the crack through poly-
merization. Depending on the type of pipeline type containers, this type of mechanism 
can be further classified into two categories, viz. hollow glass tubes/glass fibers and 
microvascular networks, which are described in the following sections. 

Hollow Glass Fibers 

The incorporation of the self-healing functionality to the fiber-reinforced compos-
ites will make the materials scratch resistant, corrosion resistant, self-healable, and 
provide high strength. The various containers used as a reservoir for the healing 
agents in the composite materials are hollow nanofibers, carbon nanotubes, halloysite 
nanotubes (HNT), hollow glass fibers, and titanium dioxide nanotubes (TNTs). The 
internal diameter and the wall roughness of the containers are responsible for the 
flowing tendency of the healing agent within the containers. The large-sized vessels 
are very convenient for repairing large damage zones. The epoxy-based chemicals 
are used as healing agents for this type of mechanism as they can flow easily on 
heating and can be cured by epoxy hardeners. The smart composites of hollow glass 
fibers can be produced using two approaches, viz. (1) the whole fiber is filled with 
one-part curing resin and (2) a two-part system with hardener filling fiber and resin 
filling fiber. The pipeline type containers filled with both healing agent and the hard-
ener are dispersed within the matrix system, and the self-healing process is depicted 
in Fig. 3.

The hollow fibers can be used as containers for the healing agent and the structural 
reinforcement for the matrix. The hollow fibers are also commercially available. Self-
healing HGF/epoxy reinforced composites with smaller diameters (internal diameter
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Fig. 3 Hollow fiber/pipeline type containers for the healing agent and hardener

of 5 μm and outer diameter of ca. 15 μm) have been reported [31]. The commer-
cially available (Hollex S2 glass fiber) HGFs act as both containers and structural 
reinforcement material. The laminates of a thickness of 6.5 mm were prepared by 
the unidirectional prepreg material. The epoxy resin was incorporated in one fiber 
direction and the hardener in the other direction. Before encapsulation, hardener 
and epoxy resin are mixed with acetone so that the viscosity of the material can be 
reduced and it can flow easily to the site of damage where the curing takes place. Inor-
ganic nanomaterials such as mesoporous silica SBS-15 and TiO2 nanotubes (TNTs) 
have been reported in the preparation of self-healing epoxy coatings [32]. The epoxy 
healing agent was encapsulated within TiO2 nanotubes, and the amine hardener was 
encapsulated in the mesoporous silica. The encapsulation techniques used for epoxy 
and the hardener are vacuum loading processes and shaking incubation for 24 h. The 
containers were dispersed within the epoxy matrix and then coated on a carbon steel 
substrate. The self-healing potential of the matrix was investigated by using electro-
chemical impedance spectroscopy (EIS), and the material’s anticorrosive property 
was recovered to 57% within 5 days. Zhu et al. [33] prepared a self-pressurized 
healing system of glass fiber/epoxy composite by using plastic polypropylene (PP) 
tubes as containers for epoxy/mercaptan healing and foaming agents. On decompo-
sition at 70 °C, the foaming agent produces gas within the sealed PP tubes, increasing 
the pressure inside the tubes. Whenever there is damage to the composite, the pres-
surized fluid inside the PP tubes bursts out and thus spreads out over a large cracked 
plane. The author reported an enhanced repairing efficiency compared to the case



Basics of Self-healing Epoxy Systems—General Concepts … 27

without pressurization and gives details of the factors such as tube spacing, forming 
time, and forming agent on healing performance. A multifunctional nanocomposite 
coating was reported in 2019 [34], where the epoxy resin matrix was reinforced 
by the halloysite nanotubes (HNTs). The linseed oil was encapsulated into urea-
formaldehyde microcapsules that served as the repairing agent, and the added sodium 
nitrate acted as a corrosion inhibitor. The Doctor’s blade method was used to apply 
the nanocomposite epoxy coatings on mild steel specimens. The coating material 
could effectively restore its mechanical integrity, and the quick release of the healing 
agent and inhibitor in response to external stimuli results in good healing efficiency 
as well as the corrosion resistance of the steel specimen. This multifunctional epoxy 
nanocomposite coating system finds its application in the oil and gas industries as a 
corrosion protector. 

The polyester resins can also be used as healing agents and, thus, filled within the 
hollow glass fibers (HGFs). The Polimal 1058 (a polyester resin) has been reported 
to work as a healing agent by Kling et al. [35]. They prepared a damage detection 
and self-healing epoxy composite embedded with thin hollow glass fibers of an 
internal diameter of 56 μm. A UV fluorescent dye was used as a visual indicator for 
damage detection under UV illumination. The composites were fabricated by two 
different methods, viz. hand layup (HLU) and vacuum-assisted resin transfer molding 
(VARTM). The falling weight impact testing machine damaged the prepared samples 
to investigate the repairing process. The damaged HLU and VARTM samples were 
heated at 60 and 23 °C for 12 and 120 h, respectively, for the repairing process. When 
compared to a reference sample without healing, the sample with the embedded 
healing agent showed a 20% enhancement in the bending properties after repair. 

Some advantages of the hollow fiber approach of self-healing include the higher 
volume of repairing agent available to heal the damages, visual inspection of the 
damage sites, easy mixing, and tailoring of the hollow fibers with the conventional 
reinforcing fiber. On the other hand, some of the disadvantages include a requisite 
multistep fabrication and the need for low viscosity resins during fiber infiltration. 

Vascular Network 

The biomimetic approach of incorporating microvascular networks into composite 
materials develops a new type of self-healing materials. Here, in this microvascular 
approach of self-healing, the repairing agent is stored within the hollow channels 
or brittle vessels or a network of capillaries that are interconnected in 1D, 2D, or 
3D. The healing agent-filled networks are distributed throughout the resin matrix as 
shown in Fig. 4. When the smaller vessels are damaged, they rupture and release the 
repairing agent, which flows to the site of damage and eventually fills the crack. The 
main advantage of this approach is the availability of a large quantity of repairing 
agents and thus the ability to repair large damaged areas. Multiple healing can be 
achieved by this approach because the damaged region has multiple connectivities 
to the healing agent. The disadvantage of this approach is that during the repairing 
process, the cross-linked material may jam up the micro-pipes from the damaged
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Fig. 4 Microvascular 
system with self-healing 
ability having single network 
specimen 

region and become disconnected from the rest of the vascular system. Moreover, this 
network is complicated by the multistep fabrication process, and its manufacturing 
is more expensive than the microencapsulation technique. In 2007, Toohey et al. [36] 
mimicked human skin architecture and developed a first of this type, microvascular 
composite material by using the familiar healing combination of liquid DCPD as 
the repairing agent and the Grubb’s catalyst, which was incorporated into a thick 
epoxy coating applied on the top surface of a microvascular substrate. The 200 μm 
wide channels were filled with DCPD healing agent. The maximum healing of 70% 
was attained with 10 wt% of the catalyst in the epoxy topcoat. Up to seven repeated 
healing cycles were demonstrated. The amount of catalyst in the top epoxy coat did 
not influence the healing efficiency. However, it can be a limiting factor for healing 
as if the catalyst is exhausted; then no healing is possible even with a continuous 
supply of the healing agent. 

Carbon fiber-reinforced composites (CFRCs) have potential applications in 
aerospace and offshore wind turbines. The incorporation of self-healing ability to 
CFRCs may protect them from delamination. Wang et al. [37] designed self-healing 
CFRCs that can restore their mechanical properties by repairing the structural fibers 
after delamination. The short carbon fibers SCFs serve as the structural fibers here. 
The hollow vessels filled with the liquid healing agent were mixed with SCFs and 
were embedded within the material. Upon damage, the structural fiber ruptures, 
breaking the nearby vessels and releasing the healing agent that flows to fill the 
gap between the damaged surfaces. The author has compared the tensile strength 
of the system having pure epoxy resin as a healing agent and the epoxy resin with 
13.8vol% of short carbon fibers. The tensile strength of the system with SCFs after 
the damage was found to be restored to 47.3% of the original tensile strength. In 
self-healing composites, the microvascular networks are in the in-plane direction 
and are normally used to transport the repairing agent into the fractured sites. The
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self-healing system, where microvascular channels in the through-thickness direc-
tion are introduced into the matrix, has also been prepared [38]. The effectiveness 
of the through-thickness channels was evaluated by injection testing and mechanical 
testing. The delamination filling test, tensile test, and four-point bending test can 
be used to estimate the effect of microchannels on materials’ strength and feasi-
bility. The composite stiffened panels were repaired after indentation loading, and 
the compression testing technique was used to determine the healing ability. The 
compression strength of the repaired sample after indentation loading was recovered 
to 96% compared to the virgin specimen. 

The healing efficiencies of the materials can be enhanced by using MWCNTs 
epoxy nanocomposite as the repairing agent for the vascular GFRPs [39]. The 
viscosity of the nano-modified healing agent was adjusted by using ethyl phenylac-
etate (EPA) solvent. The healing efficiency of the system and the effect of MWCNTs 
on the interlaminar fracture toughness were investigated by quasi-static mode I inter-
laminar fracture toughness tests. The healing efficiencies of the composite materials 
were found to be increased to 192% compared to the neat epoxy. The presence of 
the MWCNTs in the damage site may not only restrict the crack propagation after 
repairing but can provide reinforcement at the time of fracture toughness studies and 
thus is attributed to the increased healing efficiencies of the composites. 

2.2 Intrinsic Self-healing Mechanism 

The intrinsic self-healing materials have latent self-healing functionalities in their 
structures, and there is no need to store the healing agents in micro-containers. 
This mechanism of self-healing involves the use of some external stimuli such as 
photochemical, thermal, solvent, electrochemical and moisture activation to initiate 
the healing process, which involves the bond breaking and bond reformation of the 
bonds. The materials with inherent self-healing ability can repair the scratches by 
temporarily increasing the movement of the polymeric chain at the site of damage, 
allowing the material to flow to the damaged area and can repair the cracks. 

Various mechanisms, such as the recombination of chain ends, reversible bond 
formation, molecular interdiffusion, photothermal metal-ligand complexation, host– 
guest interactions, and photochemical self-healing, can be used to carry out intrinsic 
self-healing of materials. Self-healing properties have been studied extensively in 
a variety of thermoplastic materials, including semicrystalline, amorphous, fiber-
reinforced composites, and block copolymers. This self-healing technique requires 
no monomer/healing agent or catalyst, is simpler than the extrinsic technique, and is 
more competitive in terms of production and applications of end products. 

The main advantage associated with the intrinsic self-healing mechanism is that 
repeated healing is possible at the same injured site of the coatings. Moreover, the self-
healing functionality does not include any foreign or encapsulated healing agent. In 
spite of the advantages, the intrinsic system may be associated with some drawbacks, 
such as the flowability of the material, which improves the healing rate by eliminating
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Fig. 5 Reversible Diels-Alder reaction of a diene and dienophile 

the effect of damage. However, most materials with intrinsic self-healing ability 
are associated with higher viscosities. A high temperature is needed to overcome 
viscosity. Moreover, this approach is confined to small damage zones only and thus 
has a limited range of applications. 

The different approaches to intrinsic self-healing, depending upon the type of 
stimuli provided to initiate the healing mechanism, are discussed in the following 
sections of this chapter. 

2.2.1 Reversible Bond Self-healing 

In most intrinsic self-healing systems, the healing is attained through reversible 
bonds such as Diels-Alder reactions, disulfide metathesis, hydrogen bonding, and 
metal-ligand bonding that have been introduced into the polymeric material. 

Thermo-Reversible Cross-Links 

The well-known thermally reversible cross-linking reactions are widely used in 
the field of polymer for the synthesis of self-mending materials. The DA cross-
links are most widely used for the construction of thermo-reversible intrinsic self-
healing materials due to mild reaction conditions, high yield, and excellent thermal 
reversibility of the DA cross-links. 

The Diels-Alder reaction in Fig. 5 was discovered in 1928 and is a [4 + 2] 
cycloaddition reaction between the diene and dienophile through an unsymmetrical 
transition state. 

The cycloaddition product formed by the DA reaction exhibits both endo as well as 
exo isomer. When heated to a higher temperature, the DA adduct regenerates the orig-
inal diene and dienophile moieties via retro-DA reaction. These broken chain lengths 
decrease the molecular weight and viscosity of the material at elevated temperatures, 
resulting in the material flow to the site of damage. When the temperature decreases 
to room temperature, the DA adduct’s reformation occurs, and thus the cracks are 
sealed. These DA and retro-DA reactions can occur multiple times by decreasing or
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increasing the temperature; thus, the material can undergo multiple healing cycles 
at the same injured site. Researchers have developed various self-healing materials 
with intrinsic self-healing ability using dienes such as anthracene, fulvene, pyrone, 
cyclopentadiene, and a maleimide unit. Nevertheless, most of the research has been 
focused on the Diels-Alder reaction between furan and maleimide groups. Wudl 
et al. [40] prepared a self-repairable epoxy polymeric material using polyfuran and 
polymaleimide through Diels-Alder reactions. Here, the retro-DA reaction (discon-
nection of the linked sites) occurs above 120 °C, and the disconnected cross-links 
reconnect while cooling. Wang et al. [41] synthesized a cross-linker/curing agent for 
the epoxy resin with diamine Diels-Alder adduct. The structure and properties of 
the epoxy resin with repeated self-healing ability were also analyzed. The thermo-
reversible gels can also be prepared by mixing bismaleimide {1,1’-(methylenedi-
4,1-phenylene)} with furfurylamine and DGEBA oligomers, as reported in [42]. 
This gel served as a repairing agent for epoxy amine thermosetting materials and 
was applied directly on the crack surface of epoxy material. The healing mechanism 
was controlled by the DA reaction, where heating liquifies the secondary gel that 
flowed to the site of damage, and cross-links were formed upon cooling and fixed 
the epoxy network structure. 

Novolac epoxy resins, due to their excellent integrated properties, have many 
applications in the field of electronic packaging, and their area of applications can 
be broadened by introducing the self-healing functionality to the novolac epoxy 
resins. A new novolac epoxy resin with pendant furan groups has been reported by 
Li et al. [43]. The commercially available novolac epoxy resin (DEN431) had been 
used as the matrix material and was modified with furfuryl alcohol. The bifunctional 
BMI (N,N-(4,4-methylenediphenyl) dimaleimide) was used as the cross-linker for 
the modified novolac. The higher storage modulus and the excellent thermal stability 
were associated with the cross-linked epoxy resin. The thermo-reversible nature and 
self-repairing properties of the materials can be studied by using SEM, DSC, thermal 
re-solution, and gel-solution-gel transition experiments [51]. 

Photo-Reversible Cross-Links 

Photo-reversible reactions play an important role in polymer chemistry and have 
excellent applications in the field of self-healing materials. This approach of self-
healing is cost effective, can take place under the sunlight as no thermal treatment is 
needed to initiate the healing process, and can heal the repeated cracks at the same 
location within the polymeric material. As shown in Fig. 6, when irradiated with 
UV radiations of suitable wavelength, olefinic compounds such as anthracene and 
coumarin undergo a photo-reversible dimerization, resulting in a cyclobutene-like 
structure. When irradiating with UV light of a shorter wavelength, these cross-links 
can be reverted to the olefinic compounds. The concept of this photo-reversible 
cyclization/dimerization has been used by many researchers and thus prepared many 
polymeric materials with self-healing functionalities.
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Fig. 6 Photo-reversible dimerization reaction 

Simone et al. [44] synthesized a photo-curable epoxy resin with photoactive 
anthracene moieties by dissolving the photoactive monomer in a low viscosity epoxy 
derivative. The reversible bond formation and the cross-linking kinetics of the synthe-
sized epoxy-based resin were analyzed by spectroscopic and DMA analysis. The 
fluorescence microscopy analysis showed that the mechanical stress causes the free 
anthracene moieties to diffuse on the cracked surface. The photo-reversible poly-
merization repairs the microscopic damages when exposed to UV light radiations 
(I > 300 nm). However, to ensure the viscoelastic flow and the polymeric chains’ 
diffusion in the cracked zone of the material, additional heating at 60 °C was needed. 
The healing efficiency of the material was found to be within 84% to 100% after the 
first repair step. Recently, Tezel [45] synthesized a dual capsule photo-curable self-
healing coating formulation based on epoxy-polyester acrylate resin. The author has 
encapsulated a commercial epoxy and a polyethylenimine (PEI) into microcapsules 
made up of poly(urea–formaldehyde) PUF and a poly(maleimide-urea–formalde-
hyde) PMUF shell wall materials. The sizes of the epoxy and PEI-filled microcap-
sules were determined with the help of a Zeta sizer and were found to be 185 and 
377 nm, respectively. About 2 wt% of the microcapsules content (in 1:1 molar ratio 
for epoxy and PEI microcapsules) was dispersed within the coating formulation and 
was applied to the plexiglass substrate surface. Artificial scratches were made on 
the coating surfaces before exposing them to UV light for curing purposes. The 
scratches healed on their own after an exposure time of 48 h. This system permits the 
low-temperature repairing of the damages. Zhen et al. [46, 47] synthesized epoxy 
acrylate self-healing composite by introducing reversible dynamic host–guest chem-
istry into the resin structure. A β-CD/azobenzene inclusion complex (6-GMA-β-
CD/AAAB) with C=C was synthesized, and the epoxy acrylate was cross-linked 
with this complex through free radical copolymerization by the facile UV curing 
process. As the complex is light responsive, upon exposure to UV radiations, the 
cross-linking points were unlocked, and chain mobility increased, which provided 
better healing abilities to the epoxy resin. Moderate heating was needed to increase 
the chain movement at the site of damage and initiate the host–guest interactions. The 
epoxy acrylate film showed excellent mechanical properties along with self-healing 
ability. The tensile strength of the scratched sample was recovered to 63.3% of the 
original value. Multiple healing is possible due to the reversible dynamic host–guest 
chemistry.
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2.2.2 Dynamic Disulfide Bond Self-healing System 

The disulfide bonds are versatile and thus gain significant attention in the self-healing 
chemistry due to their relatively easy implementation in the existing networks. 
The conventional epoxy thermosets have been synthesized with aliphatic disul-
fide chains obtained from thiol precursors at mild healing temperatures. Using 
tri-n-butylphosphine as a catalyst, Zang et al. [48] created an epoxy polymer of 
diethylenetriamine-cured polysulfide diglycidyl ether. The cross-linked epoxide 
polysulfides were self-repaired at room temperature without external intervention, as 
demonstrated by the restoration of tensile strength. The glass transition temperature 
of this epoxy resin was low, and thus the polymer has limited composite applications. 

Vitrimers are an emerging class of polymers having many attractive mate-
rial processing properties such as healing, reshaping, and recycling. de Luzuriaga 
et al. [49] synthesized a dynamic epoxy vitrimer based on the reversible exchange 
of aromatic disulfides by using DGEBA as the epoxy monomer and AFD (4-
aminophenyl disulfide) as the dynamic hardener. This system was easily applicable 
to fiber-reinforced polymer composites (FRPCs), as the starting materials are easily 
available. The synthesized FRPCs showed comparable mechanical strength in addi-
tion to new properties such as recyclability, healing ability, and re-processability 
when compared with reference epoxy counterparts. Zhou et al. [50] synthesized a 
new type of vitrimers (BDSER) having thermosetting dynamic epoxy network with 
double disulfide bonds. Here, the reaction between difunctional epoxy monomer 
having disulfide bonds and 4,4’disulfanediyldianiline (4-AFD) took place. The relax-
ation time of the vitrimer at 200 °C was found to be 9 s. Moreover, there was no 
significant loss in the chemical and thermodynamic properties of the vitrimer after 
three continuous cycles of breaking and compression molding. 

Huang et al. [51] synthesized epoxy vitrimers by using disulfide chem-
istry. They made the epoxy resin system by reacting DGEBA with AFD 
(4-aminophenyldisulfide). The surface of the nanoparticles of silica was 
pre-modified either with an epoxy resin or by a thiol compound MPTMS 
(3-mercaptopropyltrimethoxysilane) and 3-glycidoxypropyltrimethoxysilane 
(GPTMS). The pre-modified nanoparticles were mixed with the resin system and 
were used as nanofillers. A good matrix reinforcement effect was observed with 
the pre-modified nanoparticles when compared with the unmodified ones. The 
epoxy-modified silica composites possess higher T g values when compared to the 
thiol-modified silica composites. It was found that the thiol-modified nanoparticle 
composites possess a much faster stress relaxation rate than epoxy-modified silica 
composites. This may be attributed to the faster exchange rate of thiol-disulfide 
reactions and thus showed efficient self-healing behavior verified by the time-
dependent healing experiment. The mechanical properties of the material were 
found to increase with an increased amount of thiol-modified silica fillers. 

Li et al. [52] also investigated the self-repairing ability of the epoxy resins 
having exchangeable disulfide dynamic bonds. The resin material was synthesized 
by polymerizing two epoxies with an amine having a disulfide bond. The soft and 
rigid components used were poly-(ethylene glycol) diglycidyl ether (DER736), and
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DGEBA. The self-healing materials with different flexibilities were obtained by 
tuning the content of the soft segment within the resin system. The greater the flex-
ibility of the polymer, the lower the activation energy, glass transition temperature, 
and poor mechanical strength of the material, but it could possess better self-healing 
properties. The specimens were optimized, and the optimal specimen showed good 
mechanical properties as well as self-healing efficiency. 

Supramolecular Self-healing 

For the past few decades, supramolecular chemistry has been used for the develop-
ment of self-healing polymeric materials. The rate of dynamic bond breaking and 
reformation via supramolecular chemistry is fast under ambient conditions. The other 
factors, such as chain relaxation time and bonding directionality, also have an impact 
on the healing efficiency of the material. The cracks in the material rupture the non-
covalent bonds as they are much easier to break than covalent bonds. The damage can 
generate new fragments with unbonded non-covalent interactions. These fragments 
can further recombine by non-covalent interactions, close the cracks, and repair 
the damage. Depending upon the type of non-covalent bonding and supramolecular 
interactions involved, the healing ability of the materials may be classified into self-
healing via (1) H-bonding, (2) metal-ligand interactions, (3) host-guest interactions, 
and (4) π-π stacking interactions. Nevertheless, in most of the research articles, it 
has been reported that one self-healing material may combine with more than one 
type of non-covalent interactions, deliberately or accidentally; thus, it is difficult 
to categorize the supramolecular healing chemistry on the basis of the interactions 
involved. 

Significant attention has been attributed to enhancing the strength of hydrogen 
bonds as it is important for self-healing as well as mechanical properties of the 
materials. Chai et al. [53] prepared an epoxy resin with higher impact resistance 
by introducing the toughening agent quadruply hydrogen-bonded supramolecular 
polymer into the bisphenol A-based epoxy resin. The supramolecular polymer 
consists of poly-(propylene glycol) bis(2-aminopropyl) ether chains and 2-ureido-
4[1H]-pyrimidinone (UPy) moieties. The spherical microphase-separated domains 
were prepared by physical blending of epoxies with the supramolecular monomers 
before curing. The amount of UPy supramolecular monomers strongly influences 
the size of the microdomain. The mechanical studies revealed that supramolecular 
blending could be a method for toughening epoxy resins. A significant improvement 
was observed in the impact strength (by 300%) of the blended epoxy compared with 
the neat epoxy. 

Host-guest interactions result in targeted binding of dimensionally matching 
molecular segments. Biological systems are found to have naturally occurred host– 
guest interactions. These have applications in sensing, drug delivery, surface recog-
nition, and stimuli-responsive hydrogels. The cyclodextrins (CDs), crown ethers, 
pillar[n]arenes, calixarenes (CAs), etc., are generally employed host molecules. 
Cyclodextrins exhibit the properties such as multi-responsiveness, water solubility,
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most desired dissociation/re-association dynamics, and biocompatibility, and thus 
CD-modified host polymers are of significant importance. 

Supramolecular elastomers were also prepared using diethylenetriamine, urea, 
and small carboxylic acids such as citric acid and sebacic acid [54]. The synthesized 
phase-separated polymers having H-bonding interactions among amide alkyl-urea 
and imidazolidone moieties possess self-healing ability at room temperature within 
8–72 h, and the healing efficiency was found to be 31–99%. The material is non-
cytotoxic and thus may have potential applications in the biomedical field. 

The carboxylated cellulose nanocrystals (C-CNC) and chitosan (CT) modified 
epoxy natural rubber (ENR) latex are used to develop multiple hydrogen bonding 
bond interactions and thus can provide self-healing properties to the polymeric 
materials [55]. The developed material was converted into a self-healing sensor by 
assembling the nanostructural polymer network with carbon nanotubes. The nanos-
tructured supramolecular self-healing sensor possesses repeatable and extremely fast 
self-healing ability with a high healing efficiency of 93% for the third healing cycle. 

The H-bonding plays an important role in the development of supramolecular 
self-healing materials as the reformation of the broken bonds can take place at 
room temperature. However, the reformation of H-bonding has a poor tolerance 
for moisture, and materials healing efficiency decreases significantly in a humid 
environment. 

3 Conclusion 

With advancements in science and technology, the field of self-healing has progres-
sively expanded over time. A large number of novel self-healing systems have 
been emerging with enhanced self-healing capabilities. The self-healing materials 
possess a broad range of applications in the food industry, agriculture, transporta-
tion, medicine, recycling, and upcycling. The developed self-healing systems showed 
higher healing efficiencies and thus broadening the application field of these mate-
rials. However, there are many drawbacks associated with these self-healing systems, 
some of which are listed below: 

The main concern with the self-healing system is the harsh repairing conditions, 
as the material requires heating to certain temperatures, and the self-healing under 
normal temperature conditions is inaccessible. Moreover, the physical properties of 
the materials, such as flexibility, conductivity, and transparency post healing, are not 
very good. Thus, most of them are limited to the field of theoretical research and 
have no direct implementation. 

The research should emphasize more on the solutions to the aforementioned short-
comings during the course of future research. Researchers should focus on developing 
self-healing materials by selecting low-cost starting materials, mild reaction condi-
tions, small/simple synthetic steps, fast repairing rate, high healing efficiency, and 
excellent mechanical properties to be used in real-world applications.
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In summary, self-healing materials have a wide array of potential applications. It 
may be predicted that the continuous progress in polymeric design and preparation 
technology of smart materials in the future will play an important role in the broader 
field. 
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Diffusion in Epoxy Oligomers 
and Polymers 

A. E. Chalykh, N. Yu. Budylin, and A. V. Shapagin 

Abstract According to one of the currently developed mechanisms of self-healing of 
epoxy protective coatings, an important role in the process is played by the diffusion 
migration stage of the composition components to the crack network defects, on the 
one hand, by swelling of the pore walls, on the other hand, and by their adhesive 
interaction, on the third. PART 3.1; 3.2, and 3.3 of this chapter summarize the results 
of our investigations performed at the Laboratory of Structural and Morphological 
Research of the Institute of Physical Chemistry of the Russian Academy of Sciences 
concerning the translational mobility of epoxy oligomers, epoxy-amine adducts as 
model systems for investigation of curing processes of epoxy oligomers and phase 
equilibrium and structure formation during curing of epoxy compositions. It seems 
that the presented experimental and methodological material will make it possible to 
significantly advance our understanding of the details of the self-curing mechanism. 

Keywords Epoxy oligomer · Adduct · Epoxy curing · Epoxy matrix modification ·
Phase equilibrium · Interdiffusion · Self-diffusion · Interdiffusion · Epoxy 
oligomers · Epoxy polymers · Translational mobility of the macromolecules ·
Activation energy · Pulsed magnetic field gradient · Interferometry 

1 Translational Mobility of Epoxy Oligomers. Influence 
of Molecular Weight and Thermal Prehistory 

The results of the study of self-diffusion and interdiffusion in melts of individual 
epoxy oligomers and their mixtures of different molecular weights are summarized. 
The results on the concentration dependences of interdiffusion coefficients and partial 
coefficients of self-diffusion and diffusion activation energies are presented for the 
first time. The effect of end groups on the parameters of molecular weight depen-
dence of transfer coefficients of oligomers diffusion is described. In the investigated
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molecular weight range of Eos, there is a linear dependence of D − Mb with b, 
depending on the temperature: for T < 433 K − b = 2.4 and for T > 433 K b = 2.0. 
This dependence differs from the previously obtained data for several polymer melts 
at M < Mcr, for which in the oligomeric region b < 2.  

1.1 Introduction 

It is known [1, 2] that the problem related to the influence of the molecular 
weight (MW) and molecular weight distribution (MWR) of oligomers and poly-
mers on the translational mobility of their macromolecules has several solutions. The 
simplest solution to this problem can be analyzed in the framework of the Einstein-
Stokes model. According to this model, the translational diffusion coefficient of any 
molecule and macromolecule is unambiguously related to their geometric dimensions 
R and friction coefficient by the following relation: 

D = 
kT  

ζ 
(1) 

Usually, for spherical non-solvated molecules and ellipsoidal or wand-like 
particles, it is written as 

ζ = 6πηO R or ζ = 6πηO

(
3Mv 

4π NA

) 1 
3 

(2) 

ζ = 6πηO

(
3v 

4π

)
ϕ and ζ = 6πηO

(
3v 

4π

)
χ ( p). (3) 

respectively [3]. Here, k is the Boltzmann constant, ν is the molar volume of the link, 
NA is the Avogadro number; ηO is the effective viscosity or microviscosity of the 
matrix related to the local friction coefficient experienced by the moving molecule 
in this or that diffusion medium; M is the molecular weight of diffusing molecules 
or macromolecules; ϕ is the form factor, and χ ( p) is the function characterizing the 
degree of particle asymmetry. 

These relations are widely enough used in the practice of physicochemical 
research. For example, in [4], monomer and solvent diffusion coefficients are used 
to calculate the monomer friction coefficients of polymers and oligomers. In [2], 
the MW of spherical, ellipsoidal, and bubble-shaped non-solvated particles is deter-
mined by Eq. (2) and the diffusion coefficient of macromolecules in a viscous solvent. 
In [5], using the viscosity coefficients of oligomer melts, the values of their partial 
diffusion coefficients are estimated using Eq. (1). 

Therefore, it follows that if the diffusion process in a binary system in which 
the molecules of component “1” are used as a diffusant, the effect of the molecular 
weight of the oligomers that form the diffusion medium (let us denote it by index
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“2”) will manifest itself in the value of the diffusion coefficient through its monomer 
friction coefficient, which, in turn, is related to the local mobility of the oligomer 
chain fragments. 

If the interdiffusion process is realized in another region of solutions, when 
oligomers of different MW are the diffusant and another oligomer or polymer is 
the diffusion medium, i.e., ζ1 = const, „ the influence of the MW of the oligomers 
on (D21 (2 → 1)) is associated with a change in the contour length of the molecules, 
on the one hand, and a change in their conformational state, on the other hand. 

From this point of view, polymer self-diffusion ((D∗
22)) takes a special place in 

the study of translational mobility of macromolecules since two parameters simul-
taneously change when comparing diffusion coefficients of oligomers and polymers 
of different MW: both the monomer friction coefficient and the size of the diffusing 
molecule. 

Thus, to characterize the influence of MW oligomers on their translational 
mobility to the full extent, it is necessary to obtain detailed information on the 
diffusion properties of oligomer solutions and melts: to describe the concentra-
tion and temperature dependences of interdiffusion and self-diffusion coefficients 
and to determine activation energies characterizing elementary acts of motion of 
macromolecule fragments and chains as a whole. 

It should be noted that, at present, epoxide oligomer (EO) melts are most often 
considered associative liquids, which naturally impose specific difficulties on the 
interpretation of the experimental data. However, the nature of associates, the 
morphology, the thermal stability, and the kinetic stability are still open. The data 
obtained by methods of turbidity spectrum, NMR, light scattering, infrared spec-
troscopy, and viscometers are ambiguous and contradictory. First of all, it concerns 
the results of rheological investigations, which are frequently used as basic infor-
mation for the formation of representations about the structural organization of EO 
melts [5–8]. According to Aleman’s data [9, 10], viscous flow activation energy 
(Eη) of epoxy oligomers measured in the temperature interval from 400 to 450 K is 
constant, E = 130 kJ/mol, and slightly depends on the molecular mass of oligomers. 
In [11, 12], the Eη was measured in a slightly larger temperature range from 350 to 
450 K, decreases with increasing temperature from 90 to 45 kJ/mol, and changes 
continuously with changes in the molecular weight of EO. In [13, 14], the extreme 
dependence of Eη of the viscous flow with temperature was described. The ambiguity 
of these results encourages researchers to continuously search for new information 
on the properties of epoxy oligomers melts. In this connection in the present work, 
we studied the self and mutual diffusion of epoxy oligomers in a wide range of 
temperatures and molecular weights.
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1.2 Experimental Section 

The article summarizes the results of research on epoxy oligomers of different brands: 
domestic—ED-20, ED-40, ED-44, ED-49, and ED-5 and resins of foreign firms— 
Epikote 1009—Shell (USA), Araldite GT 6610, Ciba (Switzerland), YD-128—Toto 
Kasei Co. (Japan), and DER-664 by DAU Chemical. Along with individual EOs, their 
mixtures were also studied. The molecular weights of oligomers were determined 
by gel permeation chromatography (Table 1). 

The self-diffusion coefficients of EO molecules were measured in the temperature 
range from 353 to 483 K by NMR with a pulsed magnetic field gradient (IGMP 
NMR), with a proton resonance frequency of 60 MHz and the amplitude of the 
maximum magnetic field gradient of 56 Tl/m. A two-pulse stimulated echo sequence 
technique was used in the range of diffusion times from 3 ms to 1 s [17, 18]. The 
accuracy of the D∗ measurement was 10%. 

Interdiffusion was studied by the optical wedge method on the ODA-2 interferom-
eter (IPC RAS Moscow, Russia). The measurement technique did not differ from the 
traditional one [19, 20]. A higher molecular weight EO was placed in a wedge-shaped 
capillary of a diffusion cell and brought into optical contact with the surface of metal-
ized quartz plates at T ≥ T g. The assembled cell was placed in a thermostatted cuvette 
preheated to the preset temperature. Then, the cell was filled with liquid oligomers. 
The moment of contact of oligomers was observed visually on the monitor screen 
and considered the beginning of the interdiffusion process. The resulting interference 
pattern characterizing the concentration distribution profile in the interdiffusion zone 
was used to plot the composition distribution curves and calculate the interdiffusion

Table 1 Characteristics of epoxy oligomers 

EO Mn Mw Tg *, K ρ, g/cm3 Epoxy grades**, % Designation 

DGEBA 340 340 – – 22–24 EO 1 

YD-128 380 – – – 22–24 – 

ED-20 390 420 255 1.197 20–22 EO2 

ED-16 480 540 260 1.210 16.0–18.0 EO3 

E40 600 – 275 1.245 12–16 EO4 

E44 1770 2664 313 1.242 6–8 EO5 

E49 1860 2500 310 1.240 2.0–4.5 EO6 

DER 2568 3154 323 1.242 2–3 EO7 

Araldite 6610 3964 6665 343 1.240 1.5–2 EO8 

E-O5 2840 3500 340 1.237 1.8–2.8 EO9 

Epikote 1009 3367 7151 344 1.238 1.3–2 EO10 

* The glass transition temperatures of the oligomers were obtained by refractometry and DSC 
methods [15] 
** Epoxide numbers were determined by direct titration with hydrogen bromide (Durbetaki method) 
[16] 
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coefficients by the Matano-Boltzmann method. Microphotographs illustrating the 
interdiffusion process are presented in Sects. 1.2 and 1.3. 

1.3 About the Course of Mass Transfer Processes 

A study of the self-diffusion process in melts of epoxy oligomers and their mixtures 
has shown that two dependences of diffusion damping A − g2 are observed for these 
compounds: exponential and no exponential (Fig. 1). We observed the second, non-
exponential one, as a rule, for EO mixtures with bi- or polymodal MWR and, as a 
consequence, a set of exponential modes with self-diffusion coefficients D∗ 

i : 

A =
∑

Pi exp
(−γ 2 g2 δ2 td D∗ 

i

)
(4) 

where Pi is the population of components with self-diffusion coefficients D∗ 
i . 

The no exponential course of diffusion damping was also described earlier in 
[21–23]. The authors of these studies made various assumptions about the possible 
reasons for this fact. For example, in [21], the no exponential form of diffusion 
damping was attributed to the presence of macromolecule associations in EO melts, 
which, as the authors believed, arise due to entanglements between macromolecules

Fig. 1 Magnetization 
amplitude dependence on the 
magnetization field gradient 
for EO-2 (1) and 
EO-2/Epikote 1009 mixture 
(2) at 413 K. The diffusion 
time is 150 ms 
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and have finite lifetimes. Other papers [22, 23] associated c with molecular-mass 
heterogeneity of industrial EO grades. 

The analysis of experimental data on diffusion in binary epoxy systems, the 
components of which differ from each other only by molecular masses, showed that 
all the studied systems in the temperature range from T g to T g + 180 K, where the 
T ll-transition temperature is also situated [13], belong to the systems with unlimited 
mutual solubility of components. The spontaneous mixing of the epoxy oligomers 
brought in contact follows the purely diffusive regularities; that is, each isoconcen-
tration plane situated inside the diffusion zone with respect to any reference system 
(Hittorff, laboratory, mass-fixed, or volume-fixed) moves with a constant rate in the 
X − t1/2 coordinate system, where X is the coordinate of the plane and t is the obser-
vation time. It is of fundamental importance that the kinetic constants of the mixing 
process are well reproduced when the figurative point of the system moves both up 
and down the temperature scale. This means, first, that no changes in the molecular 
weight characteristics of the components in the studied temperature range occur in 
the EO melts during the process, in contrast to the effects in EO-elastomer systems 
described in [24, 25]. Second, the associative nature of EO melts does not appear 
in traditional diffusion experiments. This is possible when the diffusion relaxation 
time of the local concentration gradient is longer or comparable to the lifetime of 
associates of EO macromolecules. 

1.4 Concentration Dependence of Diffusion Coefficients 

Typical concentration dependences of interdiffusion coefficients DV − ϕ1 for some 
binary EO systems are shown in Figs. 2, 3 and 4. It can be seen that DV − ϕ1 

dependences are uniform. The value of DV changes smoothly and monotonically at 
the transition from one component to another, i.e., from one limiting value of the 
coefficient of interdiffusion D12 ≡ DV at ϕ1 → 0, to another D21 ≡ DV at ϕ1 → 1. 
Here, index “2” denotes a high-molecular-weight oligomer and index “1” denotes a 
low-molecular-weight oligomer.

In this case, the difference in the values of the limiting diffusion coefficients
ΔD = lg[D12/D21], characterizing the intensity of the change in the translational 
mobility of molecules with composition, decreases from 2.0 at 353 K to 0.3 at 
473 K. In some systems with close MW values of the components, the concentration 
dependence of DV degenerates. 

Analysis of the effect of temperature on the character of the concentration depen-
dences of the interdiffusion coefficient in EO mixtures allowed us to distinguish two 
temperature regions: 

– (region I) T < 443 K, which is characterized by a marked increase in DV with 
a change in system composition, 

– (region II) 443 < T < 503 K, where DV weakly changes with a change in 
concentration.
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Fig. 2 Concentration dependence of interdiffusion coefficients in the system EO-2/EO-4 (a) EO-
2/EO-9 (b) at temperatures 353 (1), 373 (2), 393 (3); 413 (4), 423 (5), 433 (6), 443 (7), 463 (8), 
483 K (9), and 495 K (10)

Figure 4 shows the data for the case when the diffusion medium is the same 
(Epikote 1009) and diffusants are different: DGEBA, ED-20, E40, and E44. As the 
MW of the diffusant M1 increases or the M2/M1 ratio decreases (M2 corresponds to 
the molecular weight of EPIKOTE 1009), the concentration dependence of DV (1) 
degenerates against the background of a general decrease in the absolute values of 
diffusion coefficient. 

1.5 Temperature Dependence of Diffusion Coefficients 

Notably, in the analysis of the experimental data on the self-diffusion coefficients of 
melts, the translational mobility of molecules in ED melts, and mutual diffusion has 
been studied in the temperature range, which covers the areas from the glass transition 
temperature to the temperature above the ll-transition. Note that earlier measurements
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Fig. 3 Dependences of the 
partial self-diffusion 
coefficients of EO-8 (1) and 
EO-1 (2) and mutual 
diffusion coefficient (3) on 
the EO-1/EO-8 system 
composition at 433 K 

lgDv [cm2/s] 

φ1 

–5.5 

–6.5 

–7.5 

–8.5 
0.2 0.4 0.6 0.8 

1 

2 

3 

Fig. 4 Dependences of 
interdiffusion coefficients on 
the composition of 
C-systems EO-9/EO-1 (1), 
EO-9/EO-2 (2); EO-9/EO-4 
(3); and EO-9/EO-5 (4) at 
493 K
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were performed only for some low-molecular-weight oligomers—ED-20, ED-16, 
and DGEBA [26]. 

Figure 5 shows the temperature dependences of self-diffusion coefficients in the 
coordinates of the Arrhenius equation: 

D∗ = D∗(0) exp
(−E∗/kT

)
(5)
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Fig. 5 Temperature 
dependences of 
self-diffusion coefficients of 
EO: 1 and 1'—DGEBA, 
2—ED-20 and YD-128, 
3—E40, 4—E44, 5—DER, 
6—Araldite 6610, 
7—Epikote 1009 
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where E∗ is the apparent activation energy of self-diffusion. 
One can see that the coefficient values for EO-2 and YD-128 coincide since their 

molecular masses have close values, while for DGEBA, they lie below the D∗ values 
of the oligomers whose mass is greater than that of DGEBA. For comparison, the 
dotted line shows the D∗ values of DGEBA extracted from [19]. It can be seen that 
these values are close to those obtained by us. 

The self-diffusion coefficients of EO decrease with increasing molecular weight 
over the entire temperature range. The intensity of the decrease is different for temper-
atures near T g and T ll. For all epoxy oligomers, the Arrhenius dependences can be 
approximated by two linear (first approximation) sections characterized by different 
slope angles, E∗ and E∗∗. The first section corresponds to the temperature range from 
353 to 423–433 K (E∗) and the second from 433 to 493 K (E∗∗). It should be noted 
that the breakpoint temperature (T ∗ 433 K) is close to the ll-transition temperature 
in epoxy oligomers identified by infrared spectroscopy and relaxation spectrometry 
[28]. 

This character of the dependence is reproduced by repeated cycles of “rise and 
fall” temperature. Special experiments have shown that the appearance of a kink
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Table 2 Activation energy of self-diffusion EO 

EO lgMw Activation energy of 
self-diffusion, kJ/mol 

lgD*, [cm2/s] at Tg 

E* E** 

DGEBA 2.53 48.5 28.4 –10.90 

ED-20 2.62 46.8 19.2 –10.90 

YD-128 2.62 46.8 19.2 –10.90 

ED-40 2.78 74.4 19.6 –10.80 

ED-44 3.43 85.3 21.7 –11.20 

DER 3.50 100.7 24.7 –11.10 

Araldite 6610 3.82 85.7 ± 13.1 23.8 –10.80 

Epikote 1009 3.85 85.7 ± 13.1 19.2 –10.95 

in the lgD∗ − 1/T dependence is associated neither with chemical reactions (self-
crosslinking), which could take place at high temperature nor with polymer degrada-
tion. On the one hand, this was confirmed by refractometric studies [29] and, on the 
other hand, by gel chromatography data. The chromatograms of epoxy compounds 
preheated at 473 K coincide with those obtained for EO not subjected to heat treat-
ment. In addition, according to DTA data, thermal decomposition of EO is observed 
at temperatures above 573 K. 

Table 2 and Fig. 6 present the values of activation energy calculated from the 
dependence lgD∗ − 1/T for each of the indicated temperature intervals. The values 
of D∗(Tg) obtained by extrapolation of the first part of this dependence to Tg are also 
given there. It can be seen that D∗(Tg) are quite close for all EO regardless of their 
molecular weight and, on average, reach ~12 × 10–11 cm2/s.

For most of the systems studied, with the exception of those cases where the 
diffusion media were DGEBA and ED-20, a single trend of changes in the DE 
diffusion coefficients with temperature is observed (Fig. 7).

1.6 Interdiffusion of Epoxy Oligomers 

For most investigated systems, except for the cases when the diffusion media were 
DGEBA and ED-20, the same tendency of changes of DE diffusion coefficients 
with temperature was observed. It can be seen that the temperature dependence of 
the limiting interdiffusion coefficient D12 can also be approximated by two linear 
sections characterized by different slope angles, namely EI (correlation coefficient 
0.98) and EII (correlation coefficient 0.96). As in the case of self-diffusion, the 
first section corresponds to the temperature region 353–433 K and the second to the 
interval 455–493 K. It should be noted that the position of the kink in the temperature 
dependences on the coefficient of interdiffusion of EO (455 K) is also close to the 
temperature of T ll-transition in EO (433 K), that is, this temperature does not depend
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Fig. 6 Dependence of the 
activation energy of EO 
self-diffusion on the 
molecular weight for T < 
433 K (1) and T > 433 K (2)
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on the way of measuring the translational mobility of oligomers but is a characteristic 
value of the matrix in which mass transfer occurs. 

Numerical values of apparent activation energies EI and EII are given in Table 
3. Their concentration dependence is shown in Fig. 8. For all systems, regardless of 
the EO being a diffusant, EI > EII. In this case, if the EI value depends on concen-
tration and occupies an intermediate position between the activation energies of 
self-diffusion of components EII ≤ EI ≤ E*22, then EII is practically independent of 
the co-stock and satisfies the condition EII 

∼= E*11 ∼= E*22.
Figure 8 shows that EI, as  E*, is a function of the molecular weight of the diffusion 

medium, increasing slightly in the transition from ED-20 to EPIKOTE 1009. For EII, 
this dependence is weakly expressed. 

A comparison of the activation energies of EII translational mobility with the acti-
vation energies characterizing the segmental and group mobility of oligomer macro-
molecules showed that it is close to the activation energy and α-transitions ~71.06 
and 50.16 kJ/mol, respectively, and agrees with the activation energy—transitions 
~16.72 kJ/mol [30]. It means that in the temperature range T < 438 K, large-scale 
motions of macromolecule fragments forming the diffusion medium are respon-
sible for the translational mobility of epoxy oligomers molecules. At T > 433 K— 
small-scale movements of macromolecule fragments and monomer units (CH3−, 
OH-groups). 

It appears that such a temperature dependence of diffusion coefficients in ED melts 
is related to the formation of “hole vacancies” of extended sizes in diffusion media at
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Fig. 7 Temperature dependences of the limiting coefficient of interdiffusion of EO-2 a in matrices 
EO-5 (1), EO-6 (2), EO-8 (3), and EO-9 (4); and b marginal coefficient of interdiffusion of oligomers 
of EO-5 (1), EO-6 (2), EO-8 (3), and EO-9 (4) in the matrix EO-2

Table 3 Interdiffusion activation energy in epoxy oligomers 

EO E12, kJ/mol E21, kJ/mol 

T < T ll T > T ll T < T ll T > T ll 

ED-44 62.2 24.0 43.1 22.0 

ED-49 72.3 24.8 41.9 23.0 

Araldite 6610 75.2 26.5 40.5 23.5 

Epikote 1009 74.5 26.4 42.5 24.4 

E12—activation energy of diffusion of ED-20 into oligomers; E21—activation energy of oligomers 
diffusion into ED-20

high temperatures (T g + 150) in the so-called free volume flicker clusters whose life-
time exceeds the time of the diffusion jump of the oligomer molecule (displacement 
of its center of gravity). Obviously, under these conditions, the contribution to the 
activation energy of the work of micro-cavity formation becomes minimal, and the 
value of the activation energy is determined only by the energy costs associated with 
overcoming the intermolecular interaction and the friction forces in the movement 
of the molecule along the surface of the free volume cluster. At low temperatures
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Fig. 8 Concentration 
dependences of apparent 
activation energies of 
interdiffusion in the 
EO-2/EO-9 system (1.3) and 
EO-2/EO-5 system (2.4) at 
temperatures T < T ll (1, 2) 
and T > T ll (3, 4)
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(T < T ll), the main contribution to the mechanism of translational motion of EO 
molecules in melts is related to the formation of micro-cavity of necessary size near 
them. 

1.7 The Influence of the Molecular Weight of Oligomers 

According to the existing theories of translational mobility of macromolecules [18, 
19], two groups of systems are distinguished when considering the dependence of 
self-diffusion coefficients on molecular mass. The first refers to monodisperse or 
close to monodisperse melts, while the second group refers to systems with a broad 
molecular-mass distribution. For the first group of systems for which the theoretical 
analysis is described in [24, 25], the relations D∗ ∼= M−1 at M < Mcr and D∗ ∼= M−2 

at M > Mcr. Mcr is the critical molecular mass at which a net of physical links between 
macromolecules develops. 

However, the results of experimental studies are different. For example, D∗ ∼= 
M−1.7 was obtained for PEG and PDMS in [3], and both D∗ ∼= M−1 and D∗ ∼= M−2.7 

were found for polystyrene melts [3]. A detailed analysis of the molecular weight 
dependence of the self-diffusion coefficient of PEG melts is given in a monograph 
[32]. According to these authors, the dependence of D∗ on Mn has two characteristic 
regions and is described by the relation D∗ ∼= M−b 

n , where b ~ 1 for  Mn ≤ 103 and 
b ~ 2 for  Mn > 3  × 103.
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The systematic experimental investigations have not been practically carried out 
for the second group of systems, though these systems are of the most significant 
interest. There are only separate attempts to analyze the translational mobility of these 
systems within the concept of the self-diffusion and cooperative diffusion coefficient 
spectra [32, 33]. 

Before proceeding to the analysis of the diffusion characteristics of EO with 
different molecular weight distributions, we note that we will refer to the data on 
the diffusion of individual EO to their weight-average molecular weight Mw, and we 
will choose the equation as the basis for their relationship with the translational mass 
transfer coefficients: 

D∗ ∼= D0 M
−b 
w (6) 

where D0 is the diffusion coefficient corresponding to the diffusion coefficient 
of the monomer. In works [1–3], D0 is identified with diffusion coefficients of 
“monomer,” “segment in diffusion medium,” “monomer friction coefficient,” and 
friction coefficient of blob with the environment. 

The complex nature of the temperature dependence of the self-diffusion coef-
ficients of epoxy oligomers required the analysis of the dependence of D∗ − Mw 

for different temperatures. The following intervals were chosen: T < 433 K (393 K, 
413 K) and T > 433 K (453, 473 K). 

It has been established (Fig. 9) that in the investigated range of molecular 
masses, linear dependence of lgD − lgMw (the correlation coefficient is 0.97) with 
a temperature-dependent slope: for T < 433 K b = 2.4, and for T > 433 K b = 2.0 
really takes place. This clearly differs from the data obtained earlier for a number of 
polymer melts at M < Mcr, for which, in the oligomeric region, b < 2.  
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Fig. 9 Dependence of the limiting coefficients of interdiffusion (1–3) and self-diffusion (4) on the 
molecular weight of EO. T = 393 K (a) and 493 K (b). The arrows indicate the self-diffusion 
coefficients and the MW of the oligomers forming the diffusion media
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It should be noted that, for epoxide oligomers, in this temperature interval, one can 
observe anomalies in the dependence of Newton viscosity on the molecular weight: 
b varies from 2.7 (403 K) to 3.5 (343 K). 

Figure 9 shows some dependences of Dij on the molecular mass M i of EO diffusing 
into the medium of EO with a constant molecular mass M j. Three cases are given: 
when the MW of the diffusing molecules is less than the MW of the diffusing medium 
(M i < M j); when M i > M j, and when the M j of the diffusing medium is within the MW 
interval corresponding to the homologous series of diffusing EO molecules. It is seen 
that for all cases at different temperatures, the experimental points in the coordinates 
lie on straight lines (the correlation coefficient is 0.98), crossing the dependences at 
the points corresponding to the MW and self-diffusion coefficient of EO molecules 
that compose the diffusion medium (arrows mark these points in Fig. 9). 

The exponent of Eq. (6), the value of which is commonly used to determine the 
diffusion mechanism [31, 34, 35], varies in the rather narrow range of 0.90 ± 0.06. 
Importantly, it does not depend on temperature, in contrast to the factor b calculated 
from self-diffusion data. This means that the M−b 

w multiplier in Eq. (6) is really a 
structural characteristic of diffusing unchained molecules, whose mono-dimensional 
friction coefficient is determined by D0. 

We experimentally determined the multiplier D0 as the limiting diffusion coeffi-
cient of ED-20. Dependences of D0 on MW of EO molecules forming the diffusion 
medium Mcr are shown in Fig. 10. As  Mcr increases, the monomeric diffusion coef-
ficient decreases, asymptotically approaching some constant value of D0∞ ∼= D0 at 
Mcr → ∞. This type of D0 − Mcr dependence is observed at all temperatures and 
for any other diffusant. The specificity of each diffusant is evident in the values of 
D0 and Mcr. Thus, for ED-20, it is 1 × 104, for dibutyl phthalate Mcr = 7 × 103, for  
cyclohexanone—6 × 103. 

Experimental dependences D0 − Mcr at degrees of polymerization of epoxy 
oligomer N > 5 are satisfactorily described by the empirical equation

Fig. 10 The dependence of 
the diffusion coefficients of 
EO-2 (1–4) in epoxy 
oligomers on the MW of the 
oligomer medium. T = 
393 K (1), 433 K (2), 443 K 
(3), and 494 K (4) 
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Fig. 11 Dependence of diffusion coefficients of EO-2 in epoxy oligomers on their degree of 
polymerization in the coordinates of Eq. (7). T = 393 K (1), 433 K (2), and 494 K (3) 

lgD0 = lg D0∞ + 
k 

N 
(7) 

where k is a constant (Fig. 11). We used these dependences in determining D0∞. 
In the whole range of polymerization degrees (N), the dependences D0 − Mcr are 

described by the equation:

(
lg  

D0 

D0∞

)−1 

= 
2.3 f∞ 

B 
+ 

f 2∞ 
Ba 

N (8) 

f∞ is the free volume fraction of EO at M → ∞, B is a constant close to unity; a is a 
constant related to the local free volume of links and end groups of macromolecules). 
Note that the coefficient of thermal expansion of the free volume of polyhydroxy 
ethers calculated (under assumption B ∼= 1) along the segments f∞/B, segmented 
by straight lines on the ordinate axis, is (5 ± 0.1) × 10–4 and is close to the standard 
value of 4.8 × 10–4 [2, 4]. 

Thus, the presented experimental material clearly shows that the monomeric diffu-
sion coefficient (friction) D0 depends on the MW of the diffusion medium. It is 
obvious that this effect should be taken into account when interpreting the depen-
dence of the self-diffusion coefficient on MW. Therefore, it can be stated that Eq. (8) 
is valid for the analysis of translational mobility of unchained macromolecules only 
when the MW of diffusing molecules changes and the MW of macromolecules 
forming the diffusion medium remains unchanged. Probably, in this case, it can be 
assumed that for unchained molecules b ∼= 1. 

When describing self-diffusion in oligomer melts, relation (7) should be written 
in the form: 

D = D0(M) · M−b (9)
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which takes into account explicitly the contribution to the self-diffusion coefficient 
made by end groups, whose concentration continuously changes during the transition 
from one polymer homologue to another. 

1.8 Conclusion 

Coefficients of mutual and self-diffusion of epoxy oligomers of different molecular 
weights were determined by NMR spectroscopy (spin-echo) and optical interferom-
etry. The dependences of diffusion coefficients on temperature and concentration of 
binary systems are presented. It was found for the first time that for all EO, the Arrhe-
nius temperature dependences of the coefficients of the self and interdiffusion can 
be approximated by two linear sections characterized by different activation ener-
gies—EI and EII. The first section corresponds to the temperature range from 353 to 
423–433 K, and the second from 433 to 493 K. The kink temperature (T* ∼= 433 K) 
of the Arrhenius temperature dependences is close to the temperature ll-transition of 
EO identified by infrared spectroscopy and relaxation spectrometry. 

It has been established that in the investigated range of molecular masses there 
is a linear dependence D ∼= Mb with a temperature-dependent slope angle: for T < 
433 K – b ∼= 2.4, and for T > 433 K – b ∼= 2.0. This clearly differs from the previously 
obtained data for a number of polymer melts at M < Mcr, for which in the oligomeric 
region b < 2.  

2 Epoxy-Amine Adducts as Model Systems 
for Investigation of Curing Processes of Epoxy Oligomers 

A method for studying the process of obtaining polymer composite materials through 
the use of special objects—adducts, partially cured epoxy resins—is proposed. The 
paper describes the method of obtaining adducts on the basis of industrial epoxy resin 
ED-20 and curing agent—diaminodiphenylsulfone. Preliminary studies have estab-
lished the mutual solubility of these components, the rate of their mutual mixing, 
and the temperature range of the chemical reaction. The dependence of the molec-
ular weight characteristics of the obtained adducts on the degree of conversion as 
well as their glass transition temperatures was traced. The obtained adducts were 
combined with thermoplastics—polyetherimide and polymethylmethacrylate—and 
the mixing processes were observed by optical interferometry. The evolution of phase 
state diagrams of thermoplastic-reactoplastic mixtures and changes in interdiffusion 
coefficients in these systems during the chemical curing reaction were traced in this 
work.



58 A. E. Chalykh et al.

2.1 Introduction 

At the present time, many methods of obtaining materials based on epoxy resins 
with self-healing properties have been described in the literature. At the same time, 
the recovery process of the epoxy matrix after a crack has sprouted in it can occur 
by different mechanisms, for example, both thorough wetting of the fracture surface 
by the adhesive released from the previously introduced microcapsules and through 
the realization of complex chemical reactions or interdiffusion processes between 
the composite material components [36–44]. In the latter case, a number of diffi-
culties arise for the study since the mass transfer processes take place practically 
in the matrix, which is in the glassy state. In our opinion, this complexity can be 
circumvented by investigating the behavior of the system during the chemical curing 
reaction at different stages. 

One of the effective experimental approaches allows to study of the change of 
translational mobility of components during curing (formation of the spatial mesh 
of reactoplastic), tracing the evolution of boundary curves of the phase diagram, 
and evaluating the kinetics and mechanism of mutual diffusion, and solubility at 
different stages of structure formation is related to the study of mass transfer in the 
epoxy oligomer adducts (aER)—thermoplastics systems. It is assumed that a set of 
adducts with different conversion rates (α) allows adequate modeling of the process 
of formation of spatially cross-linked structures of composite binders at different 
stages of the reactoplastic curing process. 

In the present work, we summarize the results of our studies of the kinetics of 
hardener dissolution in a dian epoxy oligomer; the partial translational diffusion 
coefficients are determined and their changes with changes in the oligomer curing 
degree are traced; the apparent activation energies of interdiffusion are calculated. 
Note that in our experiments, thermoplastics act as macromolecular probes whose 
partial mass transfer coefficients will make it possible to estimate the influence of the 
parameters of the spatially cross-linked structures on their translational migration in 
oligomer solutions at different curing stages. 

2.2 Objects and Methods of Research 

The following objects were used as objects of research: ED-20 dian epoxy resin 
(Mn = 380 g/mol), curing agent—diaminodiphenylsulfone (DADPS), thermoplastic 
polymers: polyetherimide (PEI, Ultem 1000, Mw = 62,000 g/mol) and polymethyl-
methacrylate (PMMA, Aldrich, Mw = 996,000 g/mol); epoxy oligomer adducts 
(aER) of various degrees of conversion (α). 

When synthesizing adducts with different degrees of conversion of epoxy groups, 
the ratio of the component oligomers: hardener was taken as a multiple of the stoi-
chiometric ratio 10:3 by mass [16]. So, for an adduct corresponding to the conver-
sion degree α = 0.1, for 100 mass parts of the oligomer, there were 3 mass parts
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of the hardener, for α = 0.2 − 6 mass parts, etc. After the components were 
combined and thoroughly mixed, the mixtures were heated and thermostatted for 
6 h at 453 K. The complete conversion of reactive groups during the curing reaction 
was confirmed by infrared spectroscopy. Preliminary measurements by differen-
tial scanning calorimetry (Netzsch Phoenix DCS 204F1) determined the optimum 
temperature interval for curing EO (433–453 K), selected high-temperature curing 
agent DADPS (Fig. 12). 

It was assumed that each of the epoxy groups of the oligomer would react with the 
terminal-NH2 DADPS (Fig. 13), the amount of which is sufficient to form, eventually, 
a continuous network of chemical bonds in the mixture. 

The content of epoxy and amine groups during the curing of each adduct was 
determined by infrared spectroscopy in the frequency range of 400–4000 cm–1 using

Fig. 12 Curing thermogram 
of DADPS epoxy oligomer 
at stoichiometric ratio 

Fig. 13 The reaction of the 
interacting functional groups 
of the epoxy oligomer with 
the amine hardener (a) and  
macromolecule growth (b) 
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an IFS 66v Fourier infrared spectrophotometer with a high-temperature cell. After 
careful mixing of the components, the compositions were applied to a KBr tablet, 
which was covered with the same tablet on top, thus forming an adduct layer with 
a thickness of ~20 μm. The tablets were placed in the spectrometer cell holder, 
and IR spectra were recorded at curing temperature every 15 min. The spectra were 
processed using a standard OPUS program. The main absorption bands, the intensity 
of which changes during curing, are the broad band of valence vibrations of hydroxyl 
groups in the region of 3200–3700 cm–1, and bands of strain vibrations of the epoxy 
cycle and primary amino groups in the regions of 880–950 cm–1 and 1629 cm–1, 
respectively. Absorption bands [45] at 1510 cm–1 and 1374 cm–1, caused by valent 
vibrations of the >C=C< bond in the aromatic ring and strain vibrations of methyl 
groups at the carbon atom, respectively, were used as “internal standards.” Based 
on the values of the optical density of the epoxide group absorption bands and the 
“internal standards” in accordance with the Lambert–Beer law, the concentrations 
of epoxide groups in the curing amino-epoxide compositions were calculated. 

Molecular weight characteristics of aER were determined by gel permeation chro-
matography. The samples of epoxy oligomers and oligomer adducts were analyzed 
on a Waters (USA) high-pressure gel chromatograph with a 264 nm UV detector and 
Styragel HR 4E columns 300 mm long and 7.8 mm in diameter. Tetrahydrofuran 
was used as the solvent. The elution rate was 1 ml/min, polymer concentration in the 
solvent was 1 mg/ml, and the sample volume was 10 μl. Column and injector ther-
mostat temperature was set to 298 K. Calibration of the chromatographic system was 
carried out with reference polystyrene samples from “Waters” company, which have 
monodisperse molecular weight distribution (Mw/Mn = 1.03). Samples of reference 
polystyrene and the analyzed polymer were dissolved in THF at room temperature 
and then transferred to the injector of the chromatograph. 

Figure 14 shows a typical chromatogram of the initial epoxy oligomer ED-20. 
It can be seen that it is formally polymodal. On the chromatogram, at least three 
molecular fractions A1, A2, and A3 can be distinguished. However, the proportion 
of fractions A2 and A3 is small, so processing the chromatogram by standard methods 
gives the value of the molecular weight distribution equal to 1.09, which allows us 
to refer to the oligomer chosen for the study as monodisperse. 

Fig. 14 The molecular 
weight distribution of ED-20 
epoxy oligomer
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Fig. 15 Molecular weight characteristics of aER. Conversion degrees α: a 0, b 0.05, c 0.10, d 0.20, 
e 0.30 

The chromatograms of the synthesized adducts are shown in Fig. 15. We can see 
that the number and proportion of peaks falling on higher molecular weight fractions 
increase with growth α, i.e., the polydispersity of the adducts increases. At the same 
time, peaks corresponding to initial oligomer fractions decrease both in intensity and 
area, indicating a decrease in the number of initial epoxy units. It was found that the 
growing peaks correspond to MW multiples of the initial oligomer MW. 

At low conversion rates (α ≤ 0.30), an increase in the MW of the initial oligomer 
occurred due to the reaction of attachment of the hardener molecules and lengthening 
of the MW of the initial oligomer (Fig. 13). At higher (α ≥ 0.35), the formation 
of the so-called microgel structures occurred, and the appearance of which was 
accompanied by an increase in pressure of the elution solution when feeding it into 
the chromatographic column, which did not allow us to obtain correct information 
on the MW aER in this way (Fig. 16).

Additional information on the evolution of the molecular weight characteristics 
of the adducts was obtained by chromatogram decomposition in the ORIDGEN 7 
program. It was found that the content of the monomeric fraction of EE in the adduct 
decreased from 76 to 25 wt%, the dimer from 14 to 6 wt%. Whereas the tetramer 
content in aER with a conversion rate of 0.1 reaches 24 wt%. It is interesting to note 
that the tetramer content in samples with conversion rates of 0.1–0.3 changes little, 
whereas, in the adducts, the share of molecular fractions with M = 3150 appears 
and grows. The greatest changes in molecular weight characteristics occur at α ≥ 
0.3. It is under these conditions that microgels and mesh fragment particles appear. 
In Fig. 16, this state of the adducts, which can be called transitional, is indicated 
by the dotted line. A further increase in the content of the hardener in the mixtures
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Fig. 16 Dependence of the 
average molecular weight of 
aER on the degree of 
conversion. Region I 
corresponds to the formation 
of long-branched 
macromolecules of aER, and 
region II corresponds to the 
formation of microgel 
particles

and, consequently, the degree of conversion led to the formation of a high-molecular-
weight “tail” in the chromatograms as a result of the reaction of copolymerization 
of di- and trimers. 

Additional information about the MW of the adducts of various degrees of 
hardening, including α ≥ 0.35, was obtained using their glass transition temper-
atures, which were determined by DSC. Figure 17 shows typical thermograms of 
the temperature dependences of the heat capacity of aERs in their glass transition 
region. 

It can be seen that the Cp–T dependences Δ are S-shaped, and the aER glass 
transition temperature increases and reaches its maximum value at a sharp α → 1. 
Increase in the glass transition temperature (Fig. 18) is associated with the formation 
of a spatial bonding network. For this area of adducts, the MW aER value calculated 
from the Nielsen equation [46] characterizes the value of the molecular mass of the 
reactant between the nodes of the mesh (see Table 4).

Fig. 17 DSC thermograms 
of the adducts. Conversion 
degrees α: ED-20—0% (1), 
0.2 (2), 0.6 (3), and 
stoichiometric component 
ratio (4) 
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Fig. 18 Dependence of the 
glass transition temperature 
of aER-DADPS on the 
degree of conversion 

Table 4 Comparative MW 
values of adducts of epoxy 
oligomers 

α GPC 

Mn Mw MMW 

0.1 495 997 2.01 

0.2 672 2034 3.02 

0.3 908 3918 4.31 

Subsequently, these values of the molecular weight characteristics of the adducts 
were used to analyze the behavior of polymer-oligomer mixtures at various stages 
of the chemical curing reaction. 

To study solubility, interdiffusion, and construction of phase diagrams in binary 
systems thermoplastic-ER and thermoplastic-aER, we used the optical wedge inter-
ferometer ODA-2 method (IPC RAS). The methodology of the experiments did not 
differ from the traditional one [19]. A pre-pressed thermoplastic film was placed 
inside the interference cell, heated in a thermal furnace to a temperature higher 
than the thermoplastic glass transition temperature, and brought into optical contact 
with the surface of glass plates of the wedge capillary. After the assembled cell 
was thermostatted at the experimental temperature, a diffusant (epoxy oligomer or 
adduct) was introduced into the wedge gap between the plates. The moment of contact 
between the components was observed visually on the monitor screen and was taken 
as the beginning of the interdiffusion process. Interferograms of interdiffusion zones 
were recorded periodically at intervals of ~110 min depending on the diffusion rate 
and resolution of interference fringes. Studies of interdiffusion were carried out in 
isothermal mode. For plotting phase state diagrams, a step mode of temperature rise 
and fall with step 20/30 K in the temperature range 293–553 K was used. At each 
stage, the system was thermostatted from 20 to 60 min, depending on its lability. 
The concentration distribution profiles obtained by the Matano-Boltzmann method 
were used to calculate the interdiffusion coefficients; the positions of points on the 
binodal curves of the phase state diagrams were determined by concentration jumps 
at the interphase boundaries.
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Phase and relaxation transition temperatures in homopolymers and decomposition 
temperatures were obtained by differential scanning calorimetry (Netzsch Phoenix 
DCS 204F1) at scanning speeds of 10 K/min. 

2.3 Phase Equilibrium and Interdiffusion in the Epoxy 
Oligomer–Curing Agent System 

In the production technology of composite materials based on thermosetting binders, 
the correct choice of temperature-time homogenization mode of the epoxy-hardener 
mixture and curing parameters of the composition is of great importance [26]. Natu-
rally, it is of interest to determine under what conditions the dissolution process of 
hardener particles in the oligomer melt occurs and what kinetic constants describe 
this process. 

The figure shows typical interferograms obtained by combining ER with DADPS 
both in the isothermal holding mode, used to obtain data on mass transfer processes 
(Fig. 19). The step heating/cooling mode is used to build a phase state diagram (PSD) 
of the system. It was found that the phase equilibrium of the ER/DADPS system is 
characterized by a phase state diagram with crystalline equilibrium (Fig. 20). In 
accordance with the obtained data at low temperature, there is a partial dissolution 
of DADPS. In this case, near the crystal surface, the concentration of the saturated 
solution is established, which changes with temperature. At T ≥ Tm (Fig. 20b), the 
system is homogenized. The interferograms of the interdiffusion zone are charac-
terized by a continuous change in the refractive index in the transition from one 
component to another. 

Along with the component’s dissolution in the diffusion zone at elevated temper-
atures, the curing reaction of ED-20 proceeds, manifested in the interferograms by

Fig. 19 Phase state diagram 
of the ED-20−DADPS 
system. Areas I, II, and III 
are the true solution-melt, 
crystalline state of DADPS, 
and chemical reaction, 
respectively. The diagram 
was constructed according to 
the compositions of 
coexisting phases established 
near the phase boundary 
(Fig. 20), determined by the 
interferometric method
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b 

c 

a 

Fig. 20 Interferograms of interdiffusion zones of the DADPS−ED-20 system at temperatures: a 
363 K (T ≤ Tm), b and c 453 K (explanations in the text)

thickening the interference bands in the mixing region and an increase in the total 
number of bands in the system (Fig. 20c). We were able to identify two states of the 
system, which are characterized by different kinetic parameters of the diffusion of 
the ingredients (Fig. 21). At the initial part of the mixing process, a linear dependence 
of the position of the isoconcentration planes coordinate X on time t1/2 is observed, 
indicating a diffusion mechanism of mixing. In the course of further mass-exchange 
processes, transfer rates slow down due to copolymerization of the components, 
growth of the molecular weight of oligomers, and then practically stop due to the 
formation of a network of spatial bonds, which is reflected in the change in the slope 
angles of the dependencies X − t1/2. 

Fig. 21 Kinetic 
dependences of the 
movement of 
isoconcentration planes in 
the system DADPS−ED-20 
at temperatures of 363 K (1, 
1’), 373 K (2, 2’), 413 K (3, 
3’), and 453 K (4, 4’). I and 
II are the diffusion regions of 
DADPC in ER and ER in 
DADPS, respectively



66 A. E. Chalykh et al.

Fig. 22 Temperature 
dependences of coefficients 
of mutual diffusion of 
DADPS in ER (1)  and ER in  
DADPS (2) 

The calculated values of diffusion coefficients for the extreme concentrations of 
the systems (dissolution of DADPS in ER and ER in DADPS) are shown in Fig. 22. 
The apparent activation energies calculated from the values presented are 24.1 and 
92.8 kJ/mol for the diffusion of DADPS into ER and ER into DADPS, respectively. 

Thus, it can be argued that the dissolution kinetics of DADPS in ER obeys diffusion 
patterns up to the temperature of the beginning of the chemical reaction of the epoxy 
oligomer curing. 

2.4 Phase Equilibria and Interdiffusion in Adducts of Epoxy 
Oligomers 

Figure 23 shows typical interferograms illustrating the spontaneous formation of 
interdiffusion zones during conjugation of thermoplastics with aERs of different 
compositions. It was found that at low degrees of conversion, α ≤ 0.15, which corre-
sponds to the initial stages of curing of epoxy oligomers, in the whole temperature-
concentration range, the blends are homogeneous at any ratio of components despite 
the gradient nature of compositions distribution.

As the degree of conversion increases, which is identical to the increase in the 
molecular weight of oligomers and the formation of branched molecular structures, 
the same structural and morphological changes are observed in all systems, regard-
less of the nature of the homopolymer monomer links. Starting from a certain degree 
of transformation of epoxy groups in the diffusion zone, enriched with aER, a 
phase boundary appears, separating the areas of dissolution of the adduct in the 
thermoplastic and thermoplastic in the adduct. 

Increasing the degree of curing leads, on the one hand, to the formation of a 
phase boundary in the region of more concentrated solutions (Fig. 24b) for both
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Fig. 23 Interferograms of interdiffusion zones at 453 K of the PMMA—aER system α = 0.1 
(a) and  α = 0.2 (b), where I is the interdiffusion zone, P is the phase boundary

PEI and aER, and, on the other hand, to a shift in the homogenization temperature 
(binodal dome) to a higher temperature region. Note that for such systems, two optical 
boundaries are identified on the concentration distribution profile. 

The moment of phase boundary formation was most clearly recorded in the PEI– 
aER system. It was found that regardless of how the interdiffusion process was orga-
nized—under isothermal conditions, stepwise increase and/or decrease in tempera-
ture, as the temperature approached 373 K in the mixture of PEI with aER in the 
diffusion zone enriched with adduct (α = 0.1), a phase boundary appeared (Fig. 24), 
separating the regions of aER solutions in PEI from aER solutions of PEI. As the 
temperature increases, the phase boundary degenerates, and the diffusion gradient

Fig. 24 Interferograms of interdiffusion zones at 293 K (a, c) and 493 K (b, d) of the  PEI–aER  
system: α = 0.1 (a, b), (0.2 c, d), where I is the interdiffusion zone, P is the phase boundary, O is 
the optical boundary 
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Fig. 25 Interferograms of interdiffusion zones at 373 K of the PEI–aER system α = 0.1 (a) and  
at 408 K α = 0.2 (b), where O is the optical boundary, I is the interdiffusion zone, P is the phase 
boundary 

zone is again in the single-phase region. This means that the epoxy oligomer does 
not form a continuous network of spatial bonds at this degree of curing (Fig. 25). 

It should be noted that in the PEI–aER system up to a conversion degree of 
0.3, the formation and dissolution of heterogeneous structures occur as a result of 
cyclic cooling and heating, while starting from α > 0.35, a network of chemical 
bonds is formed in the aER, which prevents dissolution of thermoplastic in aER and 
promotes swelling of the adduct. Fundamental changes in the PEI–aER system occur 
for adducts with α > 0.3. In this case, a phase boundary is formed, and the solubilities 
of PEI in aER and aER in PEI decrease sharply. Nevertheless, the composition 
distribution profiles in the interdiffusion zone are reproduced in the heating–cooling 
cycles. At α > 0.35, a network of chemical bonds is formed in the ER adduct, which 
prevents the dissolution of thermoplastic macromolecules in the epoxy polymer. The 
sol fraction of the adduct continues to dissolve in PEI. 

Note that the processes of interdiffusion in partially cured epoxy oligomers have 
a common character both with thermoplastics and linear oligomers, solvents, and 
plasticizers. Specificity is observed only in quantitative values of diffusion constants 
and compositions of coexisting phases. 

Thus, in all of the systems studied, partial compatibility of the components occurs 
mainly due to the dissolution of the adduct fraction in the thermoplastic, while the 
solubility of the thermoplastic in aER is negligible. Note that this information is of 
fundamental importance when modifying epoxy oligomers with thermoplastics and 
thermoplastics with epoxy resins. An increase in the degree of conversion leads to 
an expansion of the heterogeneous region, mainly due to a decrease in the solubility 
of the adduct in the thermoplastic and a decrease in the sol fraction in the epoxy 
polymer composition. 

We should add to the above that in the mixtures of epoxy oligomer adducts with 
thermoplastics, the movement of isoconcentration planes occurred by the diffusion 
mechanism in strict accordance with the law X − t1/2 (Fig. 26).

Binodal curves of phase state diagrams of systems for adducts with different 
degrees of conversion of epoxy groups were plotted according to the compositions 
of coexisting phases (Figs. 27 and 28). It can be seen that all partially cured mixtures
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Fig. 26 Kinetics of motion 
of the PEI front in aER (I) 
and aER in PEI (II) α: −0.2 
(1, 2), 0.1 (3, 4) in diffusion 
coordinates. The temperature 
of the experiments was 
453 K

are characterized by amorphous stratification diagrams. The increase in solubility 
with increasing temperature allows them to be attributed to the class of systems with 
UCST. It was experimentally possible to fix UCST directly only in the PEI-aER 
system at conversion degrees 0.1 and 0.2. 

As was shown earlier, as the degree of conversion; hence the molecular weight of 
the adduct increases, the mutual solubility of polymers deteriorates mainly due to a 
decrease in the solubility of aER in the thermoplastic. This fact is clearly illustrated 
by isothermal cross-sections of phase state diagrams. In this case, the two-phase state 
regions of polymer mixtures are within the zone bounded by solubility isotherms. 
Extrapolation of these dependences to α → 1 shows that the system disintegrates 
into coexisting phases with compositions close to the pure components when fully 
solidified (Fig. 29). The dome of solubility isotherms, to which the critical parame-
ters correspond (critical concentration and degree of conversion and, consequently, 
molecular weight at a particular temperature) is constructed taking into account 
that the initial systems are either completely compatible, as in the case of PMMA

Fig. 27 Phase state 
diagrams of the PEI-aER 
system during curing of 
ED-20. (1, 2)—binodal 
curves at different stages of 
the curing reaction. 
Conversion degree: 1—0.1, 
2—0.2, the dashed line 
shows glass transition 
temperature of PEI–aER 
mixtures. Areas in the 
diagram: I—homogeneous, 
II—heterogeneous, 
III—vitrified
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Fig. 28 Phase state diagrams of PMMA-aER system during curing of ED-20. (1, 2)—binodal 
curves at different stages of the curing reaction. Conversion degree: 1—0.2, 2—0.3, the temperature 
of glass transition of PMMA–aER mixtures is shown with a dashed line. Areas in the diagram: I— 
homogeneous, II—heterogeneous, III—vitrified, IV—zone of thermodegradation of components

mixtures, or partially compatible as in the mixture of PEI with initial ER, where 
already at 293 K phase boundary formation was observed. 

Figures 30, 31 and 32 show the concentration dependences of the mutual diffu-
sion coefficients for mixtures of PEI and PMMA with aER of various degrees of 
conversion. For comparison, the concentration dependences of diffusion coefficients 
corresponding to the systems with initial linear oligomers are plotted.

One can see that the general tendency of change of interdiffusion coefficients 
with composition in spatially cross-linked systems is similar to linear solutions of 
oligomers and thermoplastics. All concentration curves Dv − ϕ are convex, and the

Fig. 29 Isothermal 
cross-sections of DPS of the 
system aER-PEI 
(dependence of the solubility 
of components in the system 
aER–PEI on the molecular 
weight of aER) at 
temperatures: 1—293, 
2—313, and 3—353 K. 
Regions: I—homogeneous, 
II—heterogeneous. Gray 
rhombuses indicate the 
calculated critical points 
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Fig. 30 Concentration 
dependences of 
interdiffusion coefficients 
(1–3) of the PEI–aER system 
at 453 K, where 1 
corresponds to the initial ER, 
and 2 and 3 to ER adducts 
with α = 0.1 and 0.2 

Fig. 31 Concentration 
dependences of 
interdiffusion coefficients 
(1–4) of the PMMA–aER 
system at 453 K, where 1 
corresponds to the initial 
aER,  and 2, 3, and 4 to the  
ER adducts with α = 0.1, 
0.2, and 0.3, respectively

values of interdiffusion coefficients change smoothly with a change in the compo-
sition of solutions. As the degree of conversion increases, the absolute values of 
interdiffusion coefficients in the region of true solutions of the diagram decrease. It is 
interesting to note that the transition from linear oligomers to spatially cross-linked 
adducts at α > 0.35 is accompanied by a decrease in their translational diffusion 
coefficients by 4 decimal orders of magnitude, from 10–7 to 10–11 cm/s2. As the  
temperature increases, the diffusion coefficients increase, and the range of solution 
compositions within which they can be determined expands. 

A specific feature of this class of systems is the behavior of translational diffu-
sion coefficients in the region of dilute thermoplastic solutions in adducts of epoxy 
oligomers. This peculiarity is related to the fact that in this temperature-concentration 
region, there are boundary curves, zones of two-phase state and labile solutions, and
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Fig. 32 Molecular weight dependences of reduced diffusion coefficients characterizing the rate of 
penetration of macromolecules of oligomers (1) and adducts (2) into the volume of thermoplastics, 
determined at 453 K. (Schematic representation of macromolecules is taken from [8], some addi-
tional points are taken from [15]). Structures: a flexible ball, b statistical long branches, c sparsely 
cross-linked, d densely cross-linked

domes of binodales. The appearance of heterogeneous temperature-concentration 
zones at certain degrees of conversion leads, for quite understandable reasons [35], to 
a break in the concentration dependences of interdiffusion coefficients and a decrease 
in their values in the region of compositions close to those of coexisting phases, in 
the region of the so-called Frenkel heterophase states. 

Note that all of the diffusion coefficient dependences shown in Figs. 30 and 31 
and concentration dependences contain very limited information about the limiting 
partial diffusion coefficients of thermoplastics in epoxy oligomers adducts (the right 
branch of the binodal curve is adjacent to the adduct axis). 

At the end of this section, we tried to perform a comparative analysis of the 
translational diffusion coefficients of linear epoxy oligomers and their adducts. For 
this purpose, we used the dependences of the translational diffusion coefficients on 
the values of the molecular masses of the macromolecules of linear oligomers and 
their adducts (Fig. 32). 

One can see that in the entire MW range, the diffusion coefficients of linear 
oligomers are higher than the translational diffusion coefficients of adducts. This 
effect is related, as it seems to us, to the branching of the adduct macromolecules. 
The nonlinearity of the dependences excludes any traditional analysis [2] in terms  
of conformational behavior of the pre-converted epoxy oligomer macromolecules 
during their diffusion in the volume of thermoplastics.
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2.5 Conclusion 

Thus, we can expect that in the thermoplastic solutions we studied, three stages of 
the process will be realized in the formation of the reactoplastic phase structure: 
first, the stage of evolution or “migration of the binodal curve,” or rather the dome 
of the binodal curve, into the temperature-concentration region, where the figurative 
point of a given system is located; responsible for this stage is the kinetics of the 
increase in the molecular weight of the initial oligomer; secondly, the stage of solution 
macro-dissolution, formation, and growth of disperse phase particles of thermoplastic 
saturated with epoxy oligomer adducts; and finally, the stage of secondary phase 
decomposition occurs in the area of high degrees of transformation of the epoxy 
oligomer. At this stage, we should expect the formation of nanosized particles of 
dispersed phase distributed in the volume of thermoplastic macrophase and at their 
periphery in the matrix of the cured thermoplastic. 

3 Phase Equilibrium and Structure Formation During 
Curing of Epoxy Compositions 

Consideration of self-healing of epoxy curing materials should include the peculiar-
ities of creating modern structural materials associated with the widespread use of a 
modification of thermoset resins with thermoplastic polymers. The phase structure 
created as a result of the formation of a spatial network of chemical bonds in the 
modified systems can not only determine the final performance characteristics but 
also influence the principles and processes of self-healing. 

3.1 Introduction 

A modern and, apparently, long-term trend in the creation of new structural polymeric 
materials is the use of mixed compositions based on thermoset resins modified with 
thermoplastics: polysulfone, polyethersulfone, polyetherimides, etc. [47–65]. The 
creation of new engineering plastics based on such polymer blends is of fundamental 
importance and determines the ways of development of structural polymeric materials 
with high mechanical and adhesive properties, thermal and electrical properties, 
chemical resistance, and good technological characteristics. 

Now, it is impossible to consider blends only as a direction in polymer modification 
to expand the range of existing material grades and applications. In fact, polymer– 
polymer compositions form their own class of materials with diverse, sometimes 
specific properties and specific structural-morphological and phase organization, 
providing their wide application.
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In order to obtain composite materials possessing a complex of required physical 
and mechanical characteristics, it is necessary to form a given phase structure. For the 
controlled course of the processes of “self-assembly of macromolecules” into micro-
and macro-dimensional phase formations initiated by curing reactions of thermoset 
resins, information on phase equilibria, diffusion transfer coefficients, the evolution 
of boundary curves of phase diagrams at different stages of mesh structure formation 
becomes in demand [62–67]. 

The analysis of the technology of engineering structural materials in general and 
on the basis of thermo- and thermosetting plastics mixtures, in particular, showed 
that the synthesis of structural materials is multistage, and the stages are separated 
in space and time. Traditionally, there is a stage of binder preparation, i.e., mixing 
the components; a stage of prepreg formation, i.e., impregnation of the fiber filler 
with the binder; and, finally, a stage of binder curing in a given product. It is at this 
stage that the main chemical and phase transformations take place, and the required 
structural and morphological organization of the material as a whole is formed. 

At first sight, it seems that each stage of synthesis technology is connected with 
different physical and chemical processes; so, mixing—with the kinetics of disso-
lution of polymer particles in the oligomer, impregnation—with the viscous flow of 
solution in the porous structure of fiber filler and its adsorption interaction with filler 
surface, curing—with the kinetics of the reaction of spatial grid formation in a binder 
and so on. However, from the fundamental point of view, the most important thing is 
the information about phase diagrams, translational diffusion coefficients, thermody-
namic parameters of interaction of components at different stages of preparation, and 
chemical transformation of the reactive component. It is this information, as will be 
shown below, that allows one to quantitatively describe and predict all the structural-
morphological transformations occurring with mixtures, solutions, and dispersions 
during the entire technological cycle of the preparation of structural materials based 
on thermo- and thermosetting plastics in a general form. 

3.2 Phase Equilibria and Interdiffusion in the Epoxy 
Oligomers—Thermoplastics Systems 

3.2.1 Dissolution Kinetics 

Among the methods for studying the kinetics of polymer dissolution, the simplest 
informative method is the optical wedge or multi-beam microinterferometry [19, 65, 
68]. This method is used to record the kinetics of changes in the distribution profile 
of the refractive index (concentration) spontaneously occurring in the interface zone 
of the oligomer and thermoplastic phases. Figure 33 shows typical interferograms of 
interdiffusion zones of homogeneous (Figs. 33a and 34a), two-phase amorphously 
stratified (Fig. 33b), and two-phase crystallizing mixtures (Fig. 34b). It can be seen 
that at temperatures above the critical and melting temperatures, the concentration
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distribution profiles are determined in the entire range of compositions from one 
component to the other. At temperatures below the melting point of the thermo-
plastic (in this case, polyethylene glycol (PEG)), only a portion of the concentration 
profile corresponding to the dissolution of crystallites in the oligomer is observed 
(Fig. 34b). At temperatures below the upper critical solution temperature (UCST) in 
the diffusion zone, there is a phase interface separating oligomer solutions in thermo-
plastic from thermoplastic solutions in the oligomer. Concentrations corresponding 
to compositions of coexisting phases are established near the interface for systems 
with amorphous and crystalline equilibrium. Special thermokinetic studies of the 
concentration distribution in the diffusion zones have shown that the compositions 
of coexisting phases do not depend on the observation time and are quantitatively 
reproduced in the heating and cooling modes. This indicates the equilibrium and 
reversibility of the boundary concentrations measured in this way. 

The character of the concentration profile shows that the movement of isocon-
centration planes within the interdiffusion zones obeys the law X(ϕ) − 

√
t, which 

indicates a diffusion mechanism of mixing epoxy oligomers (EO) with thermoplastics 
at all temperatures and regardless of the phase and physical state of polymers.

Fig. 33 Interferograms of interdiffusion zones of ED-20–PSU (a) and E44–PSU (b) systems  at  
220 °C. V—diffusion zone, P—phase boundary, I—diffusion zone of EO in PSU, II—diffusion 
zone of PSU in EO. Diffusion time 64 min. E44–EO with Mn = 1.9 kDa 

Fig. 34 Interferograms of interdiffusion zones of the E44–PEG systems at 120 (a) and 40 °C (b). 
Mn PEG = 10 kDa. The notations correspond to Fig. 33 
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Phase diagrams 

Binodal curves and liquidus lines of phase diagrams for mixtures of thermoplas-
tics with EO of different molecular weights were constructed using the tempera-
ture dependences of the compositions of coexisting phases. Using the methods for 
analyzing phase equilibria described in [69], generalized diagrams of the phase and 
physical states of the systems were constructed using fragments of the binodal curves 
(Fig. 35). 

The influence of the molecular weight (MW) of epoxy oligomers on their compat-
ibility with thermoplastics is most clearly demonstrated by isothermal cross-sections 
of phase diagrams (Fig. 36). In the coordinates ϕi − 1/Mn (ϕi is the composition of 
the ith coexisting phase), the experimental points form two lines framing the two-
phase state region of the systems and intersecting at the critical point. It is shown that

Fig. 35 Generalized phase diagrams of EO—thermoplastic systems: E44–PSU (a), ED-20–PS 
MnPS = 35 kDa (b), E49–PVA (c), E44–PEG (d); 1—binodal curve, 2—spinodal curve, 3—change 
of glass transition temperature by Fox equation, 4—phase glass transition temperature, 5—liquidus. 
Areas: I—true solutions (solutions-melts), II—metastable states, III—labile solutions zone, IV— 
glassy state, V—thermal destruction, VI—crystalline state 
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Fig. 36 Dependence of component solubility in the systems: E44–PSU on the molecular weight 
of EO at 1–100, 2–250 °C (a) and ED-20–PS on the molecular weight of PS at 1–80, 2–120 °C. 
The arrows indicate the molecular weights of loss of compatibility at these temperatures 

this construction of the phase diagrams makes it possible to determine the critical 
composition of the mixture and the molecular weight of the oligomer and polymer. 

As the MW of the components increases for all systems, the heterogeneous region 
expands. It is important that complete loss of solubility of thermoplastic in epoxy 
oligomer occurs earlier than oligomer in thermoplastic. 

The position of the critical point of the phase diagrams with amorphous stratifi-
cation we estimated using Alexeev’s diameter. It was found that the critical concen-
tration (ϕcr), as the molecular weight of EO or thermoplastic increases, shifts to the 
region of compositions enriched with a lower molecular component in full accordance 
with the equation 

ϕcr2 =
√
r1 √

r1 + √r2 
(10) 

following from the classical Flory–Huggins-Scott theory of polymer solutions [47]. 
Here, ri is the degree of polymerization of the ith component. It is shown that using 
experimentally found value ϕcr and having information about the molecular mass of 
one of the components, it is possible to solve the inverse problem—to estimate the 
value of the degree of polymerization and, consequently, the molecular weight of the 
second unknown component. 

Based on the compositions of the coexisting phases, we calculated the paired 
parameters of the interaction of the components, the temperature dependences of 
which we used to calculate the critical temperatures (the calculation scheme is shown 
in Fig. 37). The critical value of χ was calculated using the equation 

ϕcr2 = 
1 

2

(
1 √
r1 

+ 
1 √
r2

)2 

. (11)
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Fig. 37 Temperature 
dependences of the paired 
interaction parameter for the 
EO–PSU systems. EO: 
1—1.9, 2—2.9, 3—5.1 kDa. 
The arrows  show  the UCST  

We also used the values of χ extrapolated to high temperatures to construct a 
dome of phase diagrams in the region of upper critical solution temperatures (dotted 
curves in Fig. 35a). 

It was found that the dependence of the critical temperature and the Flory–Huggins 
parameter on the molecular weights of the components for all the systems studied 
are linear. 

3.2.2 Interdiffusion 

The concentration dependences of interdiffusion coefficients (Dv) (Fig. 38) are deter-
mined by two parameters: the distance of figurative points of the systems from the 
critical temperature and the ratio of the molecular weights of the components. Figu-
rative point is a point on the phase diagram corresponding to the investigated system 
of a certain composition at a certain temperature. Thus, at a temperature above UCST 
and the molecular weight of the oligomer is much less than the molecular weight 
of the thermoplastic, the change in the diffusion coefficient with a change in the 
composition occurs according to the curves with a maximum (Fig. 38a). Near the 
critical point, a minimum appears on the concentration dependences, the position 
of which coincides with the position of UCST (Fig. 38b). A further decrease in 
temperature (below the UCST) leads to the appearance of a break in the concentra-
tion dependence of interdiffusion coefficients. At these temperatures, a decrease in 
the coefficient is observed as the solution composition approaches the binodal curve 
(Fig. 38c). The reasons for such behavior of the diffusion coefficients are associated 
with a change in the chemical potential of the solutions as the figurative point of the 
system approaches the spinodal concentration.

An increase in MW of the components generally leads to a decrease in Dv, except 
for the EO–PS system, wherein the area of concentrated and moderately concentrated
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Fig. 38 Concentration dependences of interdiffusion coefficients for the systems: E40–PSU (a), 
ED-20–PS MnPS = 35 kDa (b), E40–PS (c), E44–PEG MnPEG = 10 kDa (d). Diffusion temperatures 
are indicated next to the corresponding curves. Dotted lines are binodal curves of phase diagrams. 
ED-20 (MW = 0.36 kDa), E40 (MW = 0.48 kDa)

solutions of polystyrene in the epoxy oligomer, the diffusion coefficients do not 
depend on MW of the high-molecular-weight component. 

In the region of dilute and semi-dilute solutions, the translational mobility of 
dissolved polystyrene macromolecules in epoxy oligomer is described by the equa-
tion Dv = D0M−b with exponent b = 0.5, which indicates a small deviation of the 
system from Θ-conditions. 

The increase in the molecular weight of polyglycols also leads to a decrease in 
the interdiffusion coefficient. In this case, on the dependence lgDv − lgMn, there is 
a kink, and the index of degree changes from 0.5 to 1, which indicates the formation
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Fig. 39 Concentration 
dependences of apparent 
activation energies (E) of 
interdiffusion of the systems: 
ED-20–PSU, ED-20–PS, 
E44–PEG. Dotted line marks 
E of self-diffusion of 
individual components 

of a mesh of meshes in the solution. For PEG, the molecular weight between the 
meshing nodes is ≈5000, which agrees with the literature data. 

The temperature dependences of the coefficients of interdiffusion in the coordi-
nates of the Arrhenius equation are linear throughout the temperature range studied. 
The exception is the system E44–PEG (ϕEO → 1), for which a kink is observed at the 
temperature of the Tll-transition. The concentration dependences of the apparent acti-
vation energies of interdiffusion (Fig. 39) are located between the activation energies 
of self-diffusion of the diffusion system components. 

Thus, it has been established that all initial systems are characterized either 
by amorphous stratification diagrams with the UCST or by crystalline equilib-
rium. Generalized phase and physical diagrams have been constructed, which allow 
predicting a priori the structural-morphological and relaxation state of mixtures of 
any composition in a wide range of temperatures and molecular weights of the compo-
nents. It is shown that the mechanism of mixing epoxy oligomers with thermoplastics 
is diffusive. Diffusion coefficients in the region of temperatures where operations of 
mixing of components and prepreg production are traditionally performed vary in 
the range of values from 10–7 to 10–8 cm2 s−1. Using these values of diffusion coef-
ficients, it is also possible to estimate a priori the time of diffusion relaxation—the 
dissolution of the thermoplastic particle in the epoxy oligomer matrix. 

Note that in [63, 65], the authors discuss the problem of the influence of mutual 
solubility of oligomers and polymers on the structure and phase state of the cured 
composition in sufficient detail. In the framework of the information described above, 
this problem is reduced to the determination of the position of the figurative point 
on the temperature-concentration field of the phase diagram.
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3.3 Phase Equilibria and Interdiffusion in the Systems 
Thermoplastics—Epoxy Oligomers Adducts 

This section summarizes the results of modeling studies in which an attempt was 
made to obtain information about the evolution of phase equilibria and translational 
mobility of components during the formation of spatially cross-linked structures in 
mixtures of thermoplastics with thermoset resins. A set of epoxy oligomer adducts 
(ad.EO, aEO) of different degrees of conversion (α) obtained in ED-20 curing 
reactions with diamine curing agent was used as one of the mixture components 
whose content in the reaction system was less than stoichiometric. In each case, 
the completeness of the amino-group conversion was identified by infrared spec-
troscopy. At present, this method of modeling curing reactions is generally accepted 
in the practice of polymer materials science. 

3.3.1 Mixing Kinetics 

During the transition from linear EO to their adducts in the interdiffusion zones, 
which spontaneously arise at the conjugation of thermoplastic and adduct phases 
and characterize the process of their dissolution (Fig. 40), one observes the same 
type of concentration-morphological changes. First, starting from a certain degree of 
precursor conversion, there appears a clearly identifiable phase boundary separating 
the areas of diffusion dissolution of the adduct in thermoplastic (I) and thermoplastic 
in partially cured EO (II). Second, it was found that before the formation of spatially 
cross-linked structures in adducts (α < αgel, here αgel is the degree of precursor 
transformation corresponding to gel formation), the phase interface is observed only 
in a limited temperature range. As a rule, for this adduct state, it degenerates when the 
critical solution temperature of the components is reached in the process of increasing 
temperature. After the formation of gel structures (gel) in EO adducts, however, the 
phase interface remains unchanged at all temperature and time conditions of the 
interdiffusion process up to the temperatures of epoxy polymer decomposition. Thus, 
by scanning the interdiffusion zone by temperature, the points of true gel formation 
in the matrices of EO adducts were determined. It was found that, within the error 
range, the gel varies in the range from 0.35 to 0.45 and depends little on the nature 
of the thermoplastic, i.e., it is a characteristic of the cured oligomer.

Thirdly, an increase in the degree of conversion of the adduct α > αgel leads to 
a decrease in solubility of both thermoplastic macromolecules in the cross-linked 
precursor phase and the sol fraction of ad.EO in the polymer matrix. At high conver-
sion rates α > 0.7, zone I degenerates. For such adducts in the interdiffusion zone, 
only the phase interface and the area of dissolution of thermoplastic macromolecules 
in the spatially cross-linked phase of the epoxy polymer are observed. Obviously, 
in this case, we can speak only about “one-side” diffusion or about the swelling of 
cross-linked EO in the thermoplastic melt.
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Fig. 40 Interferogram of the interdiffusion zones of the system aEO–PEG. Adduct conversion rate 
α = 0.65, process temperature T = 100 °C, observation time 64 min. P—phase boundary, I— 
diffusion zone of aEO into thermoplastic, II—diffusion zone of thermoplastic into aEO. The curing 
agent is DETA

It has been noted that the described processes of interdiffusion in EO adducts are 
of a general character both for their mixtures with thermoplastics and solvents, plasti-
cizers, and oligomers. The specificity of the systems is manifested only in quantitative 
parameters of the process: the size of interdiffusion zones, the rate of movement of 
isoconcentration planes, numerical values of compositions of coexisting phases, and 
the initial phase state of the mixture. 

Of principal importance for all these systems is the fact that the compositions 
of coexisting phases, which are established near the interphase boundaries, and 
the isothermal kinetics of the movement of isoconcentration planes in the adduct 
and thermoplastic phases are quantitatively reproduced in the stepwise temperature 
increase and decrease modes. This allows us to speak, first, about the reversibility 
of the information obtained and, second, to use it to construct generalized phase 
equilibrium diagrams of the adduct-thermoplastic systems. 

It should also be noted that in EO adducts, the sizes of interdiffusion zones change 
with time in strict accordance with the X − 

√
t law, i.e., the diffusion mechanism of 

mixing the polymers brought into contact is also realized in these systems at different 
degrees of curing. 

3.3.2 Phase Diagrams 

Binodal curves of amorphous separation diagrams for mixtures of ad.EO with PSU, 
PS, PVA, and amorphous-crystalline equilibrium diagrams for ad.EO–PEG mixtures, 
modeling the phase separation at different stages of the precursor crosslinking 
(Fig. 41a–d), were plotted using the compositions of coexisting phases. It can be 
seen that the solubility of ad.EO in thermoplastics, as well as in the initial linear 
systems, increases with increasing temperature, i.e., these systems also belong to the 
kind of systems with UCST. However, it is possible to directly register the UCST 
position only for adducts with a low degree of conversion, up to 0.25. At α > 0.3,



Diffusion in Epoxy Oligomers and Polymers 83

Fig. 41 Phase diagrams of aEO–PSF (a), aEO–PEG (b), aEO–PS (c), and aEO–PVA (d) systems. 
1—liquidus lines, 2—binodal curves. The curing agent is DETA. Dotted line marks the calculated 
phase diagrams. Numbers in the curves correspond to the degree of conversion of the adduct. I and 
II—regions of true solutions and heterogeneous state, respectively. The arrows indicate the direction 
of the evolution of the phase diagram with increasing degree of conversion 

the UCST of the systems appears in the region of thermodegradation of the epoxy 
component. It is interesting to note that the nature of the curing agent has little effect 
on the position of the binodal curves of the adherent-epoxy-thermoplastic systems. 

As the degree of transformation of EO increases, the size of the heterogeneous state 
region in the amorphous stratification diagrams increases, and the mutual solubility 
of the components of the mixtures decreases. This is manifested to a greater extent at 
the position of the left branch of the binodal curve, corresponding to the solubility of 
ad.EO in thermoplastics. The solubility of homopolymers in ad.EO (the right branch 
of the binodal curve) changes to a much lesser extent. 

Obviously, this fact should be taken into account when choosing the conditions of 
structure formation in these temperature-concentration regions of the phase diagrams. 

The change in the mutual solubility of adducts in thermoplastics as a function of 
the conversion degree is most pronounced in the isothermal sections of the phase 
diagrams (Fig. 42). The dome of solubility isotherms (dotted lines), to which the 
critical system parameters (αcr, ϕcr, UCST) correspond, is constructed taking into 
account the fact that the initial systems are either completely or partially compatible. 
It can be seen that the critical value of the degree of adduct transformation corre-
sponding to the beginning of the phase separation of the solutions is significantly
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Fig. 42 Isothermal cross-sections of phase diagrams for systems of aEO with PSU (a) and  PEG  
(b) 

lower than the gelation degree. This means that the phase separation of the precursor 
and thermoplastic adduct solutions may begin before a continuous network of cross-
links is formed in the precursor and curing agent phase. In fact, this is the specifics 
of the intermolecular interaction between epoxy oligomers and polymers. 

Extrapolation of these dependencies to α → 1 shows that at the content of the 
curing agent in the compositions close to stoichiometric (at 100% degree of conver-
sion of epoxy and amine groups), one should expect complete stratification of the 
system into coexisting phases whose composition is close to the cured epoxy polymer 
and thermoplastic. 

The above data on the solubility diagrams of precursor adducts and linear thermo-
plastics can be used to estimate their average molecular weight. Using the method 
of critical compositions [see Eq. (10)] and numerical values of the parameters of 
the critical points of specific systems, the molecular weight of the adducts of epoxy 
oligomers was calculated (Fig. 43). One can see that as the degree of conversion 
increases, the effective molecular weight of ad.EO increases quite rapidly, reaching 
a value of ≈40 kDa during gelation. It is interesting to note that the numerical values 
of the effective molecular weight of ad.EO do not depend on the nature and molecular 
weight of the reference polymer, i.e., thermoplastic. The proposed technique makes 
it possible to obtain quantitative information on the molecular weight of adducts, 
which is so necessary for theoretical analysis of the evolution of phase equilibria in 
curing reactions.

The obtained fragments of phase diagrams of the systems ad.EO—thermoplastics 
can be used for predicting the UCST of cured epoxy polymers in the region of high 
temperatures, where the operation of engineering structural plastics is possible. For 
this purpose, it is possible to take advantage of the construction of temperature 
dependences of the dimensions of the sections connecting the intersection points of 
the isotherms with the binodal curvesΔϕ(T ) (corresponding to the distance between 
the compositions of coexisting phases) and their extrapolation to the zero value ofΔϕ 
(Fig. 44). Figure 45 shows that the critical temperatures thus obtained change with 
changes in the degree of precursor transformation according to linear dependences,
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Fig. 43 Dependence of the 
effective molecular weight of 
the adducts on the degree of 
conversion. Systems: 
1—aEO–PVA, 2—aEO–PS

Fig. 44 Temperature 
dependence for aEO–PS 
systems: 1—0.07, 2—0.22 i 
3—0.29

which can be extrapolated in the region of low and high degrees of curing, and low 
and high temperatures. 

3.3.3 Interdiffusion 

Since the area of compositions with high precursor content is of the greatest interest 
when modifying thermoset resins, particularly epoxy polymers, we focused our atten-
tion on determining the so-called limiting diffusion coefficients characterizing the 
translational mobility of dissolved thermoplastic macromolecules in a partially cured 
oligomer matrix (Fig. 46). One can see that as spatially cross-linked structures form 
in the epoxy oligomer matrix, homopolymer diffusion coefficients decrease. The
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Fig. 45 Dependence of 
critical temperatures on the 
degree of conversion for 
mixtures of aEO with PEG 
(1), PSU (2), and PS (3)

most intense decrease of thermoplastics diffusion coefficients occurs in the region of 
gel formation in the epoxy oligomer matrix. For PS, PSU, and PVA macromolecules, 
diffusion coefficients reach values 10–11–10–12 cm2 s−1, typical for translational 
mobility of macromolecules near the glass transition temperature [47]. 

Some difference in the dependences of thermoplastic diffusion coefficients on the 
degree of curing of the oligomer is related to the position of the figurative point of the 
system relative to the “expanding” binodal curve. According to the phase diagrams 
(Fig. 41), during the curing of the epoxy oligomer, the binodal curve gradually shifts 
toward the infinitely diluted thermoplastic solutions in the epoxy oligomer adduct, 
approaching the figurative point of the system located on the isoconcentration plane, 
by the movement of which we determined the diffusion coefficient value. This leads

Fig. 46 Dependence of the 
relative thermoplastic 
diffusion coefficient into the 
EO adduct on the degree of 
conversion for aEO with PS 
(1), PVA (2), PSU (3), and 
PEG (4) systems 
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to an increase in the contribution of thermodynamic non-ideality of the solution and, 
as a consequence, to a drop in the diffusion coefficient. 

Thus, it can be argued that the phase disintegration of EO solutions, curing agent, 
and linear polymers, initiated by the reactions of formation of the spatial bonding 
network in the epoxy oligomer matrix, in the growth and formation of thermoplastic 
disperse phase particles, will occur in conditions with continuously decreasing trans-
lation diffusion coefficient of macromolecules and continuously increasing oversat-
uration both in the particle volume and in the dispersion environment surrounding 
it. 

3.4 Structure Formation During Curing of Mixtures 
of Epoxy Oligomers with Thermoplastics 

In contrast to the previous chapters, which analyzed the phase and diffusion char-
acteristics of blends of thermoplastics with epoxy oligomers and epoxy polymers 
whose chemical nature remained unchanged during the measurement process, this 
section presents the results of structural-morphological, optical, rheological, thermo-
chemical, and phase studies of the same systems, but recorded during the formation 
of cross-linked structures in the epoxy oligomer matrix. In this section, we tried 
to answer the question of how widely the results of “static” measurements can be 
used in the transition to the kinetics of the structure formation process initiated by 
chemical reactions of the formation of spatial reticulated structures. 

Despite the obvious importance of quantitative information on the phase equi-
libria of the initial systems and systems at different stages of their transformations, 
only fragments of phase diagrams (mainly in the region of the binodal curve dome) 
are found in the literature, and the proposed models of boundary curve evolution are 
based not on specific experimental data but are created by analogy with epoxy-rubber 
systems. Such models have been proposed mainly for systems with amorphous strati-
fication, characterized either by UCST (Fig. 47a) or low critical solution temperature 
(LCST) (Fig. 47b) [65]. Obviously, in the form presented in Fig. 47, they allow us 
to speak only about the most general trends in changes in the phase state of the reac-
tion mixture. It is impossible to obtain comprehensive information on the changes 
in the compositions and volumes of the coexisting phases, dispersity and nature of 
the inclusion particles and matrix phase, state of the interphase transition zones, and 
presence of macro- and microcomposite inhomogeneities in the system from the 
materials of such studies.

Below, by the example of two systems characterized by amorphous PSU–EO 
stratification and complex amorphous-crystalline PEG–EO equilibrium, the current 
state of this area of phase transformations of polymer systems is considered.
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Fig. 47 Evolution models of the boundary curves of phase diagrams with UCST and LCST during 
curing of thermoset: 1 and dashed lines—model binodal curves, 2 and dotted lines—concentration 
dependences of glass transition temperature for mixtures of PSU and PES with adducts. The arrows 
indicate the directions of the shift of the binodal curves with an increasing degree of conversion 
[65]

3.4.1 General Remarks 

The starting point for building a model of the structure formation process in our case 
is the information of the phase diagrams of the EO–PSU, ad.EO–PSU, PEG–EO, and 
PEG–ad.EO systems and the experimental fact of constancy of the selected mixture 
compositions and reaction temperature during the entire curing process. 

As an example, Fig. 48 shows in the temperature-concentration field of the diagram 
the position of some figurative points of mixtures of EO with PSU, which further 
investigated the kinetics of structure formation during curing of ED-20. It can be seen 
that at the beginning of the process, the initial mixtures of all selected compositions 
(5, 10, and 15 wt.% PSU) are in the area of true solutions of the phase diagram. Esti-
mates from the dependences of the critical temperatures on the degree of conversion 
(Fig. 45) showed that their distance from the UCST reaches ~200 °C.

When spatially cross-linked structures are formed in such solutions as a result of 
the interaction of functional groups of the oligomer and curing agent molecules, the 
thermodynamic compatibility of the components deteriorates [63], which manifests 
itself in the approach of the binodal curves to the figurative points of the mixtures 
(shown by arrows in Fig. 48). At the degree of transformation ~0.2, the dome of 
the binodal curve reaches and then crosses the process isotherm (160 °C). Thus, 
figurative points of given compositions appear under binodal curves in areas of labile 
and metastable states, which, naturally, leads PSF solutions in EO to stratification. 
The specific mechanism of delamination—spinodal or nucleation—depends on the 
ratio of the critical point composition to the given mixture composition. 

Further growth of the mesh density in the epoxy oligomer matrix will be accompa-
nied by a shift of the left branch of the binodal curve to the region of dilute solutions 
of EO reaction products in PSU and the right branch to the ordinate of the epoxy
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Fig. 48 Phase diagrams of ad.ED-20–PSU systems. α: 1—0.29; 2—0.33; 3—0.5; 4—0.17; 5— 
0.63. The curing agent is PEPA. Dotted line indicates the calculated phase diagrams. —figurative 
points of the systems under study. I and II are the regions of true solutions and heterogeneous state, 
respectively. The arrows indicate the directions of phase diagram evolution with increasing α

three-dimensional polymer. Obviously, the degree of supersaturation of such solu-
tions with an increasing degree of oligomer conversion should increase, thus creating 
the necessary conditions for further (secondary) phase separation of mixtures. It is 
essential that these processes occur in the heterogeneous region of the phase diagram. 

It can be assumed with a high degree of probability that after the system reaches 
the glass transition of the epoxy matrix, the chemical processes of formation of 
spatially cross-linked structures will slow down and, as a consequence, the phase 
separation rate will decrease. 

The phase diagram (Fig. 48) also follows the trend of changes in the compositions 
of the coexisting phases of the matrix and dispersed inclusions, the proportion of the 
dispersed phase, which can be estimated by the lever rule. It is interesting to note 
that, since the right branch of the binodal curve shifts insignificantly with increasing 
degree of conversion, the main changes in the phase structure should be expected in 
changes in the composition of dispersed phases. 

In contrast to the system considered above, mixtures of EO and PEG in the 
initial state are characterized only by crystalline equilibrium; more precisely, one 
can assume that the UCST for the solutions of these polymers is below the liquidus 
line. The situation is different for the adducts of epoxy oligomers. The formation of 
a network of chemical bonds leads to the fact that UCST is higher than Tm, and the 
phase diagram of such systems is characterized by a complex amorphous-crystalline 
equilibrium (Fig. 49). Obviously, this imposes a certain imprint on the patterns of 
phase transformations, which can proceed differently in different zones of the phase 
diagram. Thus, Fig. 49 shows that mixtures containing 15 wt.% PEG at all temper-
atures (20, 60, 80, and 120 °C) at the beginning of the process are in the region of 
true polymer melt solutions. After the beginning of the curing reaction, the binodal 
curve crosses the liquidus line, the region of the two-phase state of the mixtures
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Fig. 49 Phase diagrams of 
the ad.ED-20–PEG systems. 
1, 2’, 3’, 4’—liquidus lines. 
2, 3, 4—binodal curves. The 
curing agent is DETA. α: 
1—0; (2, 2’)—0.43; (3, 
3’)—0.58; (4, 4’)—0.65. 
–figurative points of the 

systems; I, II, III—regions of 
true solutions, amorphous 
stratification, and crystalline 
state, respectively 

increases in size, and the right branch of the binodal curve gradually approaches the 
figurative point of the given mixture. Finally, it crosses it, which creates conditions 
for amorphous stratification of the system. 

It is interesting to note that in the region of low temperatures (below the PEG 
melting point), one should expect a phase disintegration associated with the inter-
section of figurative points with the liquidus line, i.e., with the release of the PEG 
crystal phase also initiated by the chemical crosslinking reaction of linear oligomer 
molecules. 

3.4.2 Kinetics of Structure Formation 

The methods of photocolorimetry, viscosity, and DSC revealed that in all systems at 
different curing temperatures, the optical density of the mixtures changes according 
to S-curves (Figs. 50 and 51). Regardless of the phase nature of the disperse phase 
particles (particles of amorphous PSU or crystallites of PEG), the following is clearly 
identified: the induction period τ ind, the stage of a rapid increase in turbidity (the 
phase separation of the solution itself), and the stage of the steady state of the system 
when the optical density of mixtures does not change.

The parameters of the kinetic curves are significantly influenced by the temper-
ature and the thermoplastic content of the composition. As a rule, with increasing 
temperature and concentration of PSU and PEG, the duration of the induction period 
decreases. 

The duration of the induction period can be considered as a characteristic kinetic 
parameter of the system since, during this time, such molecular-chemical changes 
occur in the solutions, which lead to a shift of the dome of the binodal curve to the 
area of the figurative points of the mixtures. Indeed, the temperature dependence of 
τ ind, like any kinetic parameter, is described by the exponential dependence τ ind = 
Bexp(E/RT), where B is a constant and E is the effective activation energy, reflecting 
the set of different phenomena associated with the beginning of the phase separation
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Fig. 50 Kinetic dependences of relative optical density of curing system EO-20–PSU with PSU = 
10 wt.% and T cur: 1—80, 2—100, 3—120, and 4—160 °C (a) and  T cur = 80 °C and PSU: 1—5, 
2—10, and 3—15 wt.% (b) 

Fig. 51 Kinetic dependences of the relative optical density of the curing system ED-20–PEG with 
PEG = 15 wt.% and T cur: 1—20, 2—40, 3—60, 4—80, and 5—120 °C. The curing agent is MFDA

of the mixture. The experimental points for all the systems studied in ln τ ind − 1/T 
form a single straight line (Fig. 52), and the effective activation energy of the process 
calculated from these data of 48 kJ mol−1 (PSU), 42 kJ mol−1 (PEG), and 45 kJ mol−1 

(PVA) is close to the activation energy of curing of MFDA epoxy oligomers, which 
according to various authors varies in the range from 45 to 62 kJ mol−1 [3]. These 
facts clearly indicate a single mechanism of structure formation in mixtures of epoxy 
polymer—thermoplastic, the limiting stage of which is the kinetics of change in the 
molecular weight characteristics of the epoxy oligomer during its curing.

Figures 53 and 54 compare kinetic curves of changes in the optical density of 
solutions, the relative viscosity of mixtures, and the degree of conversion calculated 
from DSC data. It can be seen that the course of the dependence η/η0(t), presented in 
the coordinates of the equation η/η0 = Rtn, is similar to that described for many other 
curing oligomeric compositions in the monograph [3]. The viscosity growth curve 
can be approximated by three linear sections with different values of n. Following
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Fig. 52 Temperature 
dependence of the induction 
period time of phase 
separation of the EO-PSU 
system in the coordinates of 
the Arrhenius equation. PSU 
concentration: 1—5, 2—10, 
and 3—15 wt.%

the concept outlined in [3], it can be assumed that in the initial rather short section 
(n ≈ 0.5), linear growth of the molecular weight of macromolecules prevails. At the 
second stage (n ≈ 3), the process of formation of fragments of three-dimensional 
structures begins to play a major role, as a result of which the system rather quickly 
reaches the point of gel formation (t*) (at t > t* n ≈ 10).

Comparison of kinetic curves of changes in optical density, viscosity, and degree 
of conversion clearly shows that the phase disintegration of the EO–PSU system 
occurs already at the first stage of the process at αcr < 0.15. Gel formation occurs at 
αgel ≈ 0.4, when the system is in the two-phase state. A change in the composition 
of the mixtures affects the length of the induction period. Thus, at the PSU content 
of more than 10% (corresponds to the critical composition of the system), the phase 
disintegration occurs already at the first stage of the process, whereas in mixtures 
with a small PSU content of ~5% (ϕ < ϕcr)—near the gelation point. 

Thus, the onset time of phase separation, and hence the molecular-kinetic state 
of the system, is determined by the radius of curvature of the binodal curve dome, 
the critical composition, and the difference between the curing temperature and 
the critical temperature of the initial system. The difference in these temperatures 
determines the degree of conversion of the onset of phase separation. The higher this 
difference, the higher the influence of the chemical bonding network on the formation 
and growth of dispersed phase particles. 

It is known that under isothermal conditions, the kinetics of mesh formation in 
EO can be satisfactorily described in the coordinates of the Avrami equation [70] 

1 

1 − X 
= exp

(
ktn

)
(12) 

where X is the fraction of the substance transferred to the new phase during time 
t and k is the parameter that takes into account all temperature-dependent terms. 
It was shown that the Avrami degree index (n) in the EO—curing agent systems
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Fig. 53 Dependence of 
relative optical density (1), 
relative viscosity (2), and 
relative degree of conversion 
(3) on curing time for 
ED-20–PSU system with a 
concentration of PSU = 15 
wt.% and T cur = 120 °C. See 
details in the text

varies in the range from 0.95 to 2.0, depending on the nature of the reagents and 
reaction conditions [26]. The authors of these works attributed the obtained result to 
the nucleation of microgel structures in the oligomer during its curing, which formed 
a continuous network of transverse bonds in the final product. 

An attempt was made to analyze the kinetics of curing epoxy oligomer in a mixture 
with thermoplastics according to DSC data and the kinetics of phase separation of 
the same systems according to changes in optical density (Figs. 55 and 56) in the  
framework of Avrami approach. It can be seen from the figures that the experimental 
points are satisfactorily described by Eq. (12).

It is interesting to note that the kinetic curves of changes in the degree of conversion 
are characterized by the Avrami degree indices close to n = 1 and are not sensitive to 
changes in temperature, mixture composition, or the type of phase separation of the 
system. This fact complements the results obtained above on the effective activation 
energies of the curing process calculated from the extent of the induction period of 
the optical density change curves. Now, it can be stated that the mechanism of the
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Fig. 54 Kinetic curves of 
changes in relative optical 
density (1–3) and relative 
degree of conversion (1’–3’) 
for ED-20–PEG system. 
Concentration of PEG = 15 
wt.%, T cur: 1 and 1’—20, 2 
and 2’—40, 3 and 3’—60 °C

Fig. 55 Kinetics of change 
in the degree of conversion 
in the coordinates of the 
Avrami equation of the 
system ED-20–PEG. 
Concentration of PEG = 15 
wt.%, T cur: 60 (1), 40 (2),  
20 °C (3)
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Fig. 56 Kinetics of changes 
in optical density in the 
coordinates of the Avrami 
equation of the system 
ED-20–PEG. Concentration 
of PEG = 15 wt.%, T cur = 
60 °C

chemical reaction of epoxy oligomer curing with amine curing agent does not change 
when transitioning to mixtures of EO with thermoplastics. 

The Avrami degree indices for the phase separation curves obtained from optical 
density measurements vary from 1.7 to 5.8. The correlation coefficient reaches values 
of 0.96. 

The kinetic curves of changes in optical density reflect the total process associated 
with both the formation of the chemical bond network and the formation of the 
dispersed structure of samples. Nevertheless, it can be argued that the kinetics of the 
structure formation process in mixtures of epoxy oligomers with thermoplastics can 
be quantitatively described within a unified approach accepted in the chemistry and 
physics of mesh polymers [26]. 

3.4.3 Structure of Cured Systems 

Typical SEM images illustrating the structural and morphological organization of 
the cured epoxy polymer-thermoplastic systems are shown in Figs. 57 and 58.

It can be seen that all of them are characterized by a “matrix-inclusion” type 
structure. The specifics of each system are related to the size of the particles, their size 
distribution, the volume fraction of the dispersed phase, and the mutual arrangement 
of the particles of the dispersion medium. 

At low thermoplastic content (less than 5 wt.%), practically for all compositions, 
uniform distribution of spherical polymer particles over the volume of cured epoxy 
polymer is observed (Fig. 57a). Particle distribution curves are unimodal; the average 
particle size varies in the range of 0.5–2 μm. According to X-ray microanalysis data 
for EO–PSU mixtures, the matrix consists mainly of epoxy polymer and inclusion— 
polysulfone.
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Fig. 57 Morphology of ED-20–PSU system. Chipping of the sample. Concentration of PSU: 5 (a), 
10 (b),  and 15 wt.% (c) 

Fig. 58 Morphology of ED-20–PSU blend. Chipping of the sample. Concentration of PSU 10 wt.%. 
The insets show fragments of the spectra of the characteristic X-ray emission of the microphases

A fundamentally different structure is formed in compositions with a high content 
of thermoplastics. For example, in mixtures with PSF content of more than 10 wt.% 
(Fig. 57b) at low magnifications, it is clearly seen that the system is macro heteroge-
neous and, despite the relatively small thermoplastic content, is in the region of phase 
inversion. Elemental analysis of the cross-sectional chip surface of each macrophase 
showed that the “dark” phase (by secondary electron contrast) is depleted in PSU 
(6%), while the “light” phase is enriched in it (20%).
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Under higher magnification, we can see that the “dark” macrophase (Fig. 58a) has 
a structure similar to that of the mixture shown in Fig. 57a. The “light” macrophase 
(Fig. 58b) contains the dispersed phase in the form of spherical particles. Local 
microanalysis showed that the spherical inclusions contained mostly epoxy polymer, 
while the dispersed medium was polysulfone (≈94%). 

Such a complex multilevel structure of the mixture makes it possible to reconstruct 
the evolution of phase separation during the curing of the epoxy oligomer. For this 
purpose, information on the compositions of the coexisting phases for the macro-
and microlevels was plotted on the phase diagram (Fig. 59). It can be seen that the 
phase containing 5 wt.% PSU is near the right branch of the binodal curve, where the 
continuous phase is the epoxy polymer, and the PSU-enriched phase is the inclusions. 
In contrast, the mixture containing more than 10 wt.% PSU is in the middle region 
of compositions, which coincides with the region of phase inversion. The presence 
of extended macro phases for this system indicates that their formation took place 
in conditions of low viscosity and high translational mobility of components (Dv 

3 × 10–7 cm2 s−1), which determined a high rate of phase growth (estimated time 
of formation of particles with a radius of 50 μm in these conditions ~200 s), that 
is, this structure was formed at the early stages of phase separation. Indeed, the 
ratio of macrophase volumes calculated from microphotographs and determined 
from compositions of coexisting phases and figurative point of the system coincide 
(Figs. 60 and 61). 

The phase diagrams (Figs. 48 and 59) show that the compositions of the coexisting 
phases on the isotherm change differently during curing. The right branch of the

Fig. 59 Schematic of the phase separation of the EO–PSU system during curing. –figurative 
points of the initial systems (5, 10, and 15 wt.% PSU), —concentrations of coexisting phases in 
the initial stages of curing (at loss of mobility), —concentrations of coexisting phases at the end 
of curing. 1—Suggested binodal curve of loss of mobility, 2—Binodal curve of epoxy polymer-
PSU. The points were obtained by processing of morphological patterns, according to local X-ray 
microanalysis, and by shifting the glass transition temperature of phases enriched with PSU and 
epoxy polymer
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Fig. 60 Morphology of ED-20—PVA blend. Chipping of the sample. Concentration of PVA: 15 
(a) and 5 wt.% (b), T cur = 30 °C 

Fig. 61 Morphology of ED-20–PVA mixture. Chipping of the sample. Concentration of PVA: 
15 wt.%, T cur = 60 °C. a—in the volume, b—in the near-surface layers

binodal curve (solubility of PSU in the epoxy adduct matrix) changes little, while the 
left branch (solubility of EO adducts in the PSU matrix) changes significantly. This 
leads to the fact that in the macrophase formed in the initial stages of phase separation 
and enriched with PSU, supersaturation rapidly grows, which causes secondary phase 
separation.

This phase separation occurs at a relatively low translational mobility of macro-
molecules in the epoxy polymer network (Dv 10–9 cm2 s−1), which suppresses particle 
growth (the estimated time of particle formation with a radius of 5 μm under these 
conditions is ~1500 s) and leads to the formation of dispersed spherical microphase 
of small size (up to 1 μm), enriched in epoxy polymer with component concentra-
tions close to the right branch of the binodal curve and dispersion medium enriched 
in PSU (94%). 

Similar structures were obtained in the compositions with PVA and PEG. It was 
found that in mixtures with a small PVA content (less than 15%), structures char-
acterized by a bimodal distribution of particle sizes were observed on the surface 
(Figs. 60 and 61). At that, small particle fractions (~0.2–2 μm), as a rule, are concen-
trated at the periphery of large ones (~30–40 μm). Specific features of this system
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Fig. 62 Particle size distribution in the ED-20–PVA mixture cured at 30 °C. Concentration of PVA: 
5 (a), 15 wt.% (b)

should include the fact of non-uniform distribution of the dispersed phase across the 
sample. As a rule, the surface layer is enriched with particles of the dispersed phase 
in comparison with the volume. As we approach the sample surface, structures with 
bimodal particle size distribution are more often found (Fig. 61b). All this allows us 
to assume that the formation of gradient structures (from the phase and concentration 
points of view) is associated with the processes of macro-dissociation of mixtures 
caused, probably, by “displacement” of thermoplastic by the network of chemical 
bonds forming in the matrix (Fig. 62). 

The secondary phase separation is most clearly manifested in the EO–PEG system 
(Fig. 63). It can be seen that there are large phase formations of rounded shape in the 
matrix. Around these particles, there are concentrated microphase separations whose 
size is two decimal orders of magnitude smaller than the size of macroparticles. This 
bimodal particle size distribution (Fig. 64) is most often observed at low curing 
temperatures (below the PEG melting point).

In Fig. 63b, there is an interesting fragment of the secondary phase separation 
localized near the interfacial boundary of a large particle. The microparticles are 
located exactly along the perimeter of the macroparticle at some small distance from 
its surface. Along with that, there are observed particles of intermediate size, which 
are distant from the interphase boundary of the large particle. It can be concluded that 
the phase separation proceeds in several stages. Initially, large particles are formed, 
then at a greater distance from the smaller particles, and, finally, at large degrees of 
conversion, the smallest ones are formed. 

Summarizing the experimental material on the phase behavior of mixtures of 
epoxy oligomers and polymers with thermoplastics obtained by us and described 
in the literature, we can unequivocally state that the mechanism of formation of 
heterogeneous structures is determined by the mutual positioning of critical points 
of solutions-melts of linear oligomers and their adducts with thermoplastics and
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Fig. 63 Morphology of ED-20–PEG mixture. Surface of the sample. Concentration of PEG = 
15 wt.%. T cur = 20 °C 

Fig. 64 Particle size distribution in the ED-20–PEG mixture cured at 20 °C. Concentration of PEG 
= 15 wt.%

figurative points of specific mixtures on the phase diagram field, on the one hand, and 
the value of translation diffusion coefficients of macromolecules of thermoplastics 
dissolved initially in epoxy. 

It follows from the generalized phase diagrams that during the curing process, 
the UCST and binodal curves change their position so that the heterogeneous state 
region increases in size and the figurative points of specific mixtures fall into the two-
phase state zone. At this stage of the structure formation process, phase separation 
and particle growth occur under conditions of high partial translational mobility of 
thermoplastic molecules. According to the formal theory of phase transformations, 
the growth rate of particles and the distance between them are determined by the 
diffusion coefficient and supersaturation in the middle of the distance coordinate
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Fig. 65 Schematic of the 
secondary phase separation 
in the epoxy-thermoplastic 
mixture matrix and the 
concentration distribution 
profiles occurring at different 
curing stages. Double arrows 
indicate zones of diffusion 
outflow. I and II—dispersion 
particles formed during 
primary and secondary phase 
decomposition, respectively 

(Fig. 65). The specificity of systems during the curing process is that both ther-
modynamic (compositions of coexisting phases) and kinetic (diffusion coefficients) 
parameters are continuously changing as a result of the formation of the chemical 
bonding network. 

This leads to a gradual imbalance between the growth of concentration supersatu-
ration at the periphery of the particles and the flow of thermoplastic macromolecules 
to the growing particle. In other words, the growth rate of supersaturation exceeds 
the diffusion rate of concentration flux to the particles of the dispersed phase. 

At the same time, the balance between the growth of supersaturation with respect 
to the dissolved epoxy oligomer in the thermoplastic and the rate of its flow to 
the inner surface of the particle is also disturbed inside the particle. Thus, both in 
the dispersed phase and in the dispersion medium, conditions for secondary phase 
separation are created. 

At this stage of phase separation, the formation of dispersed phase particles 
whose composition corresponds to the composition of coexisting phases on the phase 
diagrams is localized in one case in the matrix, but near the surface of the macropar-
ticle, in the second case inside the macroparticle. Note that the secondary phase 
separation inside the particles, in contrast to the matrix, also depends on their sizes 
since the diffusion relaxation time is related to this parameter. It can be expected that 
under these conditions (inside the particles of dispersed phases), it will be realized
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at large degrees of conversion when the diffusion coefficients reach extremely low 
values. 

Thus, the proposed mechanism of phase decomposition of mixtures of reactive 
oligomers with thermoplastics qualitatively explains the whole set of experimental 
data obtained. Naturally, the specific parameters of the phase structure of the mixtures 
are determined by the specific numerical values of the diffusion coefficients, the 
UCST position, the activation energy, and the reaction constants of the formation of 
the mesh structures. 
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Mechanism of Extrinsic and Intrinsic 
Self-healing in Polymer Systems 

Sérgio Henrique Pezzin 

Abstract Self-healing materials, which can increase the lifespan of various types 
of products, have been researched quite intensively in recent decades. In general, 
self-healing polymers and composites are classified based on their mechanisms of 
action. While extrinsic systems depend on an external healing agent, the process takes 
place through reversible bonds or supramolecular interactions in intrinsic systems. 
In this chapter, the main mechanisms of self-healing epoxy systems, involving 
extrinsic and intrinsic approaches, autonomous and non-autonomous, are presented 
and discussed. Since the development of the first extrinsic self-healing epoxy 
systems, based on microcapsules and vascular networks, which are still the most 
studied approaches for coatings and composites, many new possibilities have been 
researched, especially systems involving intrinsic mechanisms. Among them, mech-
anisms of dynamic covalent networks based on thermally activated reversible Diels– 
Alder reactions and disulfide bonds, and photoreversible cross-linking have been 
considered. Furthermore, new trends in self-healing processes concerning vitrimers, 
non-covalent supramolecular systems, shape memory-assisted self-healing, and bio-
based epoxy materials are introduced, looking forward to a wider range of possible 
applications. 

Keywords Epoxy · Self-healing ·Mechanism · Extrinsic · Intrinsic ·
Microcapsules · Vitrimers · Shape memory · Dynamic bonds · Supramolecular 

1 Introduction 

Self-healing materials are, simply, materials that have the built-in ability to regen-
erate or ‘cure themselves’ autonomously, that is, without human intervention. Since 
the early 2000s, researchers in academia and industry have begun to use several inno-
vative scientific techniques and ideas to create a variety of materials that self-heal
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damage, thus providing a means to significantly extend their service life, increase 
reliability, and reduce costs. 

The great initial motivation for the development of these materials was that in 
applications with high mechanical demand, such as in aircraft, wind blades, cars, 
ships, etc., they are subjected, during their useful life, to mechanical and/or thermal 
fatigue, exposure to ultraviolet radiation, exposure to chemicals or a combination 
of these factors, leading to the formation of microcracks. These microcracks are 
difficult to visualize and repair and can propagate along with the material, leading 
to premature failure [1–5]. These materials are, therefore, especially important in 
case of internal matrix damage in composite materials, for example, in wind blades, 
which are difficult to detect, and/or in which it is impossible to carry out corrective 
maintenance in loco [6]. 

The inspiration for the design of these materials came from nature, a field of 
science called ‘biomimetics’ and which is currently undergoing rapid development. 
We all know that living things, like plants and animals, can seal and heal injuries to a 
certain extent. In general, there is first a self-sealing phase to avoid desiccation of the 
cellular tissue and the attack of pathogenic microorganisms, which is followed by a 
self-healing phase. These processes have been the basis for, bioinspired self-healing 
materials [7–10], including polymer composites [11–15]. This field is also related 
to other biomimetic materials, such as those with self-organization, self-lubrication, 
and self-cleaning capacity [16]. 

Following these motivations and inspirations, a variety of self-healing polymer 
materials have been investigated, including thermosets, such as those based on epoxy 
[1, 17–24] and vinyl-ester [25] matrices, thermoplastics [26–28], and elastomers 
[29–31]. 

In short, it is hoped that these materials can [32]:

• regenerate autonomously and multiple times;
• regenerate defects of any size;
• perform better or equal to traditional materials;
• present lower maintenance cost and lower cost compared to other high-

performance materials. 

1.1 Historical Background 

Although cementitious materials with self-healing properties have been used since 
the ancient Romans [33] and academically studied for more than one century [34], 
autonomous self-healing polymer materials are a product of the twenty-first century. 

Before going into autonomous self-healing materials, it is worth remembering that 
since the middle of the last century, several researchers had already developed and 
tested some methods to repair/heal polymer-based materials, including composites, 
but which still involved some degree of human intervention. For example, pouring a 
curing agent into the crack [35], injection of adhesive/resin through capillary tubes 
[36], immersion in solvents [37, 38], or heat and pressure welding [39]. The work
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of researcher Carolyn Dry [36] stands out, including a ‘recipe’ for the development 
of future self-healing systems using hollow glass fibers containing the curing agent 
embedded in the polymer matrix, which would break by mechanical stress. 

The first works involving autonomous repairing appeared in 2001. The corner-
stone was laid by researchers from the University of Illinois at Urbana-Champaign 
(USA), who presented a self-healing polymer system consisting of an epoxy matrix 
containing a catalyst (Grubb’s catalyst), to which microencapsulated dicyclopenta-
diene (DCPD), the healing agent, was added [1]. 

In general, ‘first-generation’ self-healing materials have a single chance of curing, 
the ability to repair only minor superficial scratches, or require heat to be repaired. 
Toohey et al. [40] prepared an epoxy material containing a microchannel frame-
work containing dicyclopentadiene (DCPD) and Grubbs catalyst incorporated into 
the surface to address these problems. By this concept, the self-healing process 
can be repeated several times due to the possibility of replenishing the channels 
after use, but not ad aeternum since the polymer generated in previous cures would 
accumulate in the crack plane with time. It also did not fit into the more restricted 
concept of ‘autonomous,’ as it would require an external intervention to replenish 
the microchannel system. 

From there to now, a myriad of self-healing systems based on thermoset and 
thermoplastic polymers has been developed [2, 11, 12, 15, 30, 41–47] for diverse 
types of applications in composite structural materials and coatings. The most recent 
approaches deal with materials that can self-heal indefinitely, for example, by shape 
memory effect [48–52], or by reversible cross-linking via intermolecular interactions 
(supramolecular chemistry) [53–56], and reversible chemical reactions [57–60]. 

To get an idea of the growing interest in the topic, Fig. 1 provides a profile of the 
number of publications in the period 2001 to 2021, and it can be noted that there is 
an almost exponential growth in scientific works in this area. 

Fig. 1 Graph of the number 
of publications per year, 
from 2001 to 2021, 
according to a survey by 
“self-healing AND 
polymer*” with the ‘web of 
sciences’ (accessed in 
15/03/2022)
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1.2 Types of Self-healing Materials 

Self-healing polymers generally follow a three-step process very similar to a biolog-
ical response. The first response is the trigger, which occurs almost immediately after 
the damage occurs. The second is the transport (diffusion) of the healing agent to the 
affected area, which is usually also relatively quick. The third step is the physico-
chemical repair process, which may involve different mechanisms, such as polymer-
ization, interchain interactions, reversible cross-linking, entanglement which will be 
discussed later. 

Based on these different repair mechanisms, autonomous self-healing mate-
rials can be divided into three different groups: extrinsic, intrinsic, or combined 
[30, 47, 61–63]. 

Extrinsic systems are those that depend on an ‘external’ healing agent, normally 
released from microcapsules dispersed in the matrix or by vascular networks. In 
this process, self-healing is generally triggered by the displacement of a microcrack, 
and cross-linking begins at room temperature. The first generation of self-healing 
materials is based on these systems. 

In intrinsic systems, the regeneration process takes place through the restora-
tion of reversible bonds (covalent or ionic) or intermolecular or supramolecular 
interactions and/or through molecular interdiffusion processes [64, 65]. Recently, 
combined systems have been proposed, especially for applications in elastomers, 
which involve several types of intrinsic covalent (Diels–Alder, disulfide/diselenide 
bonds, transesterification, etc.) and non-covalent (hydrogen bonds, π-π interac-
tions, ionic interactions, metallic coordination bonds, shape memory, etc.) processes 
[30, 66–68]. 

A new classification was proposed in 2020 [30], based on constructive criticism 
of the most used categories (extrinsic and intrinsic), considering the chronological 
order of the development of self-healing polymer materials. In this approach, the 
materials are classified into generations, being the 1st those based on microcap-
sules (extrinsic), the 2nd based on intrinsic approaches, the 3rd those presenting 
vascular systems (extrinsic), and the 4th those consisting of combined (essentially 
covalent/non-covalent intrinsic) systems. 

When the material needs the application of an external stimulus such as heat 
and/or pressure [69, 70], light, or pH [71] for the repairing process to occur, the 
material is still considered self-healing but not autonomous [72–74]. 

2 Autonomous Self-healing Epoxy Systems: Extrinsic 
Approaches 

In extrinsic systems, healing agents are added to the polymer matrix in microcapsules 
or vascular networks. In both cases, the autonomous healing process is initiated by 
fatigue or external damage, in the form of microcracks or fissures, which act as
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starting mechanisms (triggers) for self-healing. A propagating microcrack breaks 
the microcapsules or capillaries embedded within the polymer matrix, releasing the 
healing agent, which by capillary action, is deposited in the plane of the microcrack 
[1, 75]. Polymerization is initiated when a healing agent encounters an initiator 
incorporated into the matrix (a catalyst, for instance), the resin’s functional groups, 
or another reactive compound, previously added to the matrix or also released from 
microcapsules/capillaries, binding the crack faces [1, 4, 19, 41]. 

Epoxy resins are extensively employed as matrices in self-healing polymer mate-
rials [4, 44], as, in general, there is no need for external intervention other than micro-
cracks since polymerization/cross-linking can occur at room temperature. Extrinsic 
self-healing epoxy materials can achieve healing efficiencies above 100%, even when 
damaged severely [76]. 

These systems can be separated into several groups. While microcapsule-based 
systems only release healing agents when they are ruptured, vascular materials 
contain the healing agent in hollow capillary channels, which can be uni-, bi-, or three-
dimensionally interconnected. When one of these capillary channels is damaged, the 
network can be recharged by another channel that has not been damaged (in the 
autonomic approach) or by an external source (non-autonomous system) [77]. 

2.1 Systems Based on Microcapsules 

The idea of using a microencapsulated healing agent in an epoxy matrix, aiming 
to restore physical properties after stress is applied to the material, has attracted 
the interest of many researchers and various industrial segments, such as aerospace, 
automotive and high-tech industries [4, 73, 78–80]. 

Healing agents and/or hardeners/catalysts are encapsulated to be protected from 
environmental and matrix influences so that they can remain inactive for a long period 
of time. Generally, healing agents are microencapsulated by emulsification. In this 
process, the monomers polymerize to form an envelope that surrounds the drops of 
the liquid healing agent in suspension or, in the case of hollow microcapsules, that 
enclose air bubbles in suspension [75, 78, 81–83]. 

The flowchart in Fig. 2 represents the stages of development to give materials the 
ability to self-heal by using microencapsulated agents.

To provide this functionality, the first step is to choose a healing agent that presents 
a suitable chemical repairing mechanism. Next, an appropriate shell material for the 
preparation of microcapsules containing the healing agent and/or the hardener and the 
encapsulation method is determined. In the latter step, the core properties, the matrix’s 
processing capacity, and the crack response must be considered [74]. For instance, 
an increase in microcapsule or catalyst content can reduce the processability due to 
increased resin viscosity, and, thus, care must be taken with processing conditions 
to minimize microcapsule breakage during mixing and mold filling stages. 

In self-healing systems that employ microencapsulated healing agents, at least 
one component must be flowable [43, 74]. These systems can also consist of an
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Fig. 2 Flowchart of development steps to provide self-healing capacity to polymer materials using 
microencapsulated curing agents

encapsulated component [1, 83, 84], two encapsulated components [17, 24, 25], or 
even a ‘dual’ system, where one component is a particle or droplets, and the other 
component is in the form of microcapsules [85]. Figure 3 represents the scheme of 
the healing mechanism of each of the systems described above. 

Fig. 3 Microcapsule-based self-healing approaches a a two-component system, where one compo-
nent is a particle (catalyst), and the other is a capsule (reproduced with permission [1], copyright 
2001, Springer Nature); b a two-component encapsulated system in which the monomer and healing 
agent are encapsulated (based on Jin [86]); c encapsulated single component system
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Self-healing systems of one encapsulated healing agent generally consist of a 
single type of microcapsule [74], in which the release of the healing agent starts a 
reaction with adjacent functional groups of the matrix on the fractured surface. In a 
two-component system, the two components are encapsulated so that one capsule can 
contain the resin or monomer and the other the hardener. Soon after the microcapsules 
rupture, due to the propagation of microcracks in the matrix, the monomer is poly-
merized under the action of the surrounding hardener/catalyst. In two-component 
systems formed by particles/droplets and capsules, at least one component must be 
fluid to be released with the crack propagation and react with a neighboring compo-
nent, such as a catalyst. That is, these systems are formed by a reactive component 
that must be encapsulated and particles or droplets in a separate phase of the matrix. 
The closure of the crack occurs through capillarity and polymerization, which is 
triggered by the contact with a catalyst [74]. 

As already pointed out, self-healing occurs when the microcapsule breaks due 
to the appearance of microcracks inevitably generated in polymer materials during 
their time of use or external damage [1, 4, 45, 75]. For this process to take place 
without manual intervention and at room temperature and for the healing agent to 
remain intact inside the microcapsule, a catalyst/initiator can also be encapsulated or 
dispersed in the polymer matrix [1, 2, 4, 25]. In each case, the microcapsule disruption 
mechanism at the crack points offers a specific autonomous repair control [75, 84]. 
There are many challenges in designing microcapsule-catalyst systems. Firstly, the 
reactivity of the catalyst needs to be preserved even after it is dispersed in the matrix 
or encapsulated. In addition, the healing agent must have an adequate viscosity to 
completely fill the microcrack before it is polymerized [18, 87]. 

The first studies on autonomic systems with microcapsules containing a healing 
agent have been reported by White and colleagues [1, 13, 18, 82]. They induced the 
polymerization of dicyclopentadiene (DCPD) in the presence of Grubbs catalyst 
(benzylidene-bis(tricyclohexylphosphine)dichlororuthenium) in an epoxy matrix. 
The healing agent, DCPD, was microencapsulated in poly(urea–formaldehyde) 
(PUF) by in situ polymerization in an emulsified system, forming a capsule that 
surrounds the liquid DCPD drops. The monomer itself is relatively unreactive, and 
polymerization does not occur within the microcapsule [88]. When a microcrack 
reaches the capsule containing DCPD and the catalyst, however, the monomer is 
liberated from the microcapsule and meets the bare catalyst, undergoing polymer-
ization by ring-opening metathesis (ROMP). They found that the microcapsules 
effectively released the healing agent in the crack plane, inducing polymerization 
and damage repair. The self-healing efficiency of this system was 75% in terms of 
fracture toughness. These experiments paved the way for many other works using 
DCPD, aimed at improving the encapsulation technique and/or evaluating the effect 
of mechanical agitation speed, concentration, and type of surfactant [13, 25, 82, 89]. 
For example, Brown et al. [18, 82], varying the stirring speed from 200 to 2000 rpm, 
obtained capsule sizes from 10 to 1000 μm, while Blaiszik et al. [89] studied the 
reduction of the size of capsules to the nanoscale by modifying the agitation process 
with the joint use of sonication. The effects of the size and concentration of micro-
capsules on mechanical properties of epoxy matrices, such as fracture toughness and
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self-healing efficiency, have also been evaluated [3, 25, 90, 91]. These studies defined 
the percentages and sizes of microcapsules with the best results on the self-healing 
efficiencies of different epoxy matrices. An interesting variation was proposed by 
Skipor et al. [92], in which the catalyst is fixed to the outside wall of microcapsules 
filled with the healing agent. But few experimental details and results of self-healing 
efficiency have been given in their patent. 

Other self-healing epoxy systems using diverse encapsulated healing agents, 
such as the epoxy resin itself [19, 93], linseed oil [94, 95], tung oil [72], 
poly(dimethylsiloxane)s [24, 85], polyamines [17, 24, 96], and polyurethanes [97, 
98], have also been studied for both structural and coating applications. In most 
of these cases, the use of catalysts is not mandatory, since the healing agents can 
react with residual amines and/or epoxy groups within the polymer matrix [17, 
75, 99]. An interesting example is the use of encapsulated amines since, due to 
their reactivity and solubility in water, the preparation of capsules with PUF or 
polyurethane shells is tricky. Jin et al. [17] developed a method to encapsulate amines 
by vacuum infiltration into hollow PUF microcapsules prepared by interfacial poly-
merization using air/water emulsions. In their work, the best results in mechanical 
properties were obtained using 17.5% epoxy- and amine-filled microcapsules with 
an average diameter of 220 μm. Weihermann et al. [24] improved this process, intro-
ducing a self-healing epoxy system based on PUF microcapsules infiltrated with an 
amine-functionalized poly(dimethylsiloxane) (PDMS-a). The amine-functionalized 
poly(dimethylsiloxane), in contact with triethylenetatramine (TETA), was able to 
efficiently repair the cracks by the reaction of the amine groups with epoxy rings 
remaining in the matrix. 

Another important consideration is the change in mechanical properties and 
processing characteristics of epoxy matrices caused by the addition of microen-
capsulated healing agents/catalysts, which will depend on the volumetric fraction of 
the microcapsules, and the extent of the matrix/microcapsule interfacial interaction 
[90, 100]. However, it has been shown that epoxy resin can be significantly tough-
ened (up to 127%) with 15 wt% of microcapsules filled with DCPD [1] or 2.5  wt%  
with amino-functional polydimethylsiloxane [24], and by addition of Grubbs catalyst 
[18]. The concentration of microcapsules for maximum toughness is greatly depen-
dent on the mean diameter of the microcapsules, with smaller diameters providing 
maximum toughness at lower concentrations, as evidenced by fractographic analysis 
[13, 18, 75]. 

X-ray micro-computed tomography (μCT) is a non-destructive technique that can 
be very useful to evaluate self-healing materials and mechanisms, making possible 
bulk visualization by 3D reconstruction [101, 102]. For instance, μCT was applied 
to monitor the rupture of microcapsules filled with healing agents in the fracture 
region [75, 103], enabling the quantification of the amount of released healing agents 
and detecting healed and non-healed areas. Tomography using synchrotron radia-
tion [104] showed that the rate of absorption/reaction of healing agents after frac-
ture depends on the diameter of the microcapsule. A delay is observed for larger 
microcapsules due to smaller surface/volume ratios. Recently, Caballero-Peñas and 
coworkers [105] showed that free OH groups are responsible for self-healing of
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epoxy samples with different curing agents, after producing a superficial cut and 
heating the sample above its Tg. The authors suggested evaluating larger areas to 
confirm the healing mechanisms. It is also possible to follow the crack propagation 
as a mechanical test is performed, making is possible to obtain in situ informa-
tion about how microcapsules are broken, how the healing agent fills the cracks 
and self-healing efficiency. μCT, in combination with electron microscopy, was also 
used in the study of self-healing mechanisms in epoxy systems using microencap-
sulated amine-functionalized polysiloxanes (PDMS-a) as healing agents [75]. When 
analyzing specimens after mechanical stress, it was possible to evaluate the distribu-
tion and stability of the microcapsules, as well as to recognize the trigger mechanism 
when a crack appears within the matrix, showing that PDMS-a was effective to heal 
microcracks even at room temperature. It was observed that most microcapsules with 
diameters >60 μm (shell thickness ca. 0.4 μm) are broken during dispersion into the 
epoxy matrix, in contrast to those with diameters <60 μm, which remain intact during 
the dispersion and curing of the resin. μCT and SEM images confirmed that the self-
healing process occurs by a mechanism involving crack bowing and deflections, 
as shown in Fig. 4, indicating that the microcapsules are very well adhered to the 
polymer matrix. High fracture toughness values obtained using the same system [24] 
can thus be explained by this crack deflection mechanism. 

The same epoxy/PDMS-a self-healing system, now in glass fiber-reinforced 
composites, has also been studied, under mechanical stress, using multi-contrast 
X-ray imaging with an inverted Hartmann mask [106]. Absorption and differential 
phase-contrast images revealed the distribution of glass microfibers, while scattering 
contrast imaging showed the changes in the inner structure of the polymer compos-
ites, indicating microfracture propagation and uniform microcapsule distribution.

Fig. 4 a 3D plotting of a slice surface of an epoxy sample containing PUF microcapsules filled 
with PDMS-a. The light gray spots, pointed by arrows I, II, and III are microcapsules responsible 
for the release of the PDMS-a in the crack area; b 3D plotting showing cavities after the release of 
the healing agent (arrows II and III). Reused from [75] (Wiley-VCH GmbH, CC BY 4.0) 
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It was thus possible to track the self-healing triggering mechanism acting on the 
polymer composite under mechanical stress. 

There are not many studies on systems using polymeric nanocapsules yet [42, 89, 
107, 108]. A study by Blaiszik et al. [89] showed that PUF nanocapsules (diameters 
220 ± 113 nm, with a mean wall thickness of 77 nm) containing DCPD, prepared 
by in situ encapsulation using ultrasound, were uniform and thermally stable up to 
150 °C. The encapsulation efficiency in these capsules was almost 94%, with the great 
advantage of allowing a much better dispersion in the epoxy matrix (up to 2% volume 
fraction). The authors concluded that nanocapsules exhibit damage-responsiveness, 
which can be useful in several applications. 

2.2 Systems Based on Vascular Networks 

By this concept, healing agents can be delivered from an external source to damage 
points throughout a vascular network structure, and the process could be, in principle, 
repeated several times due to the replenishment capacity of the channels after a 
regeneration. In one of the first representative works using this approach, Toohey et al. 
[40] prepared an epoxy material containing an array of microchannels containing 
dicyclopentadiene (DCPD) with Grubbs’ catalyst incorporated on the surface (similar 
to the microcapsules approach), demonstrating the partial recovery of toughness after 
a fracture. The strategy can be applied to vascular systems in one (1D), two (2D), or 
three dimensions (3D) [40, 77, 109]. Nevertheless, several issues are still challenging 
[77]. The first point is the limit on the number of times the material can be healed 
since the polymer formed in the plane of the crack of previous cures accumulates with 
time, obstructing any further flow of the healing agent. The second is the upscaling 
of the process, as currently, only the proximity of the network channels can be 
healed. Furthermore, as in systems based on microcapsules, care must be taken not 
to damage the matrix in the formation/integration of the channels, which could lead 
to a worsening of the mechanical properties of the material. 

2.2.1 Hollow Tube Approach 

The first works on vascular systems used capillaries, i.e., hollow fibers, usually glass, 
embedded in a polymer matrix [10, 36, 110–113]. Part of this capillary network is 
filled with monomer and part with a curing agent (hardener). When material damage 
occurs from regular use, the tubes also crack, and monomers and hardeners are 
released into the matrix microcracks, promoting their repair (Fig. 5) [10]. A patent 
related to this concept was granted in 2006 [114].

There are important things to consider when hollow tubes are introduced into a 
polymer system. The first consideration is that the channels created can compro-
mise the load-bearing capacity of the material. For instance, self-healing materials 
that do not need to withstand much mechanical stress allow the addition of more
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Fig. 5 Concept of self-healing mechanism in composites based on hollow fibers. Reproduced from 
[2] with permission from Elsevier. Copyright 2008

microchannels (hollow fibers) than structural materials designed to withstand heavy 
loads [109]. An interesting approach proposed for E-glass epoxy laminates is the use 
of sandwich structures with PVC tubes forming a vascular network housed in the 
core of laminate, which offers a potentially robust and replenishable system to deliver 
a healing agent from a remote reservoir to a region of damage [113]. Due to their 
high stiffness and self-healing efficiency, these sandwich structures are attractive for 
pressurized chambers. 

It has been shown, however, that the introduction of mili- or micro-meter-sized 
hollow fibers into an epoxy matrix will detrimentally affect the mechanical prop-
erties due to stress concentrations. The use of carbon nanotubes (CNT) network, 
for instance, could avoid this problem. Sinha-Ray and coworkers [115] proposed a 
self-sustained Fickian diffusion method to fill CNT bores (50–100 nm) with DCPD 
and isophorone diisocyanate (IPDI), as healing agents, from benzene solutions. The 
authors also prepared core–shell polyacrylonitrile (PAN) nanofibers filled with the
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same healing agents (DCPD and IPDI) by electrospinning techniques and character-
ized their release in an epoxy matrix. The encapsulation of the healing monomers 
was demonstrated by fiber crush tests, confirming the filling of CNTs with IPDI and 
PAN with DCPD and IPDI. Microscopy techniques were used to evaluate tough-
ening mechanisms and validate proof-of-concept epoxy composites reinforced with 
self-healing core–shell nanofibers at the interfaces. 

Nevertheless, due to the need for more efficient methods to fill and seal narrow 
hollow fibers, effective placement of hollow fibers in large-scale applications, etc., 
this approach, although conceptually interesting, is currently less studied. 

2.2.2 Discrete Channels and Interconnected Networks 

Most of the more recent research on vascular systems involves the creation of micro-
or submicro-channels (vascules) within the polymer matrix. Currently, the methods 
commonly used for vascule fabrication are micromachining, fugitive scaffold and 
‘lost-wax’ processes, and the vaporization of sacrificial components [77]. Two types 
of systems are possible, those with discrete channels and those with interconnected 
channels [109]. 

Discrete channels can be constructed independently and arrayed throughout the 
material. There are several key points to ponder when constructing microchannels 
within a material, like the channel diameter and orientation, the degree of branching, 
and the location of branch points. Another important factor to consider is that the 
closer the tubes are, the lower the resistance, but the more efficient the healing 
[10, 109]. Interconnected three-dimensional vascular networks are in principle more 
efficient than discrete channels, but more difficult and expensive to be produced 
[109]. 

Machining principles to create microscale grooves have been used as the basic way 
to create microchannels for self-healing applications. These techniques can produce 
600–700 μm channels and work very well on two-dimensional planes, but when 
trying to create a 3D network, they are limited [109]. However, recent developments 
in additive manufacturing (AM) technologies allow the fabrication of more effective, 
bioinspired vascular designs (VDs) [77, 116]. 

The direct-write assembly (DWA) or direct ink writing (DIW) is a controlled 
extrusion technique to design interconnected three-dimensional networks using 
viscoelastic inks [40, 77, 109, 117]. It works by first depositing an organic fugitive 
ink to a defined pattern. The structure (‘scaffold’) is infiltrated with epoxy, which is 
cured, and then the scaffolds are removed by applying heating and vacuum, creating 
hollow channels, generally around 200 μm. The first studies used DCPD/Grubb’s 
catalyst or a two-part epoxy-based healing chemistry [40, 117, 118], reaching from 
7 to 16 successful healing cycles at 30 °C. Hansen et al. [119] introduced the 
concept of interpenetrating 3D networks, achieving 30 sequential healing cycles. In 
another work, three-dimensional micro-scaffolds were fabricated using a computer-
controlled robot, with the deposition of ink-based filaments on an epoxy substrate 
[120]. Liquid 5-ethylidene-2-norbornene (5E2N/CNT) containing 0.5 wt% CNT, as
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reinforcement, has been microinjected in the empty microfluidic networks inside an 
epoxy matrix with Grubb’s catalyst nanoparticles. It was observed that the kinetics 
of the ROMP reaction of 5E2N was very effective over a relatively wide temper-
ature range (from 15 to up to 45 °C). The results showed a significant increase in 
Young’s modulus and hardness for CNT-loaded composites in comparison with the 
pure polymer. 

Another method to create channels with diameters around 0,5 mm is the incor-
poration of PTFE-coated steel [121, 122], or solder [8] wires, silicone tubing [123], 
or polyamide strings [124] in carbon (or glass) fiber-reinforced epoxy laminates. 
After the laminate curing process, the wires/strings are pulled out of the matrix (or 
removed by heating and vacuum), leaving behind hollow channels (vascules). This 
kind of process is called ‘lost-wax’ [77]. In most cases, the healing agent is manu-
ally injected from an external source into the vascules, but Norris and colleagues 
[125] proposed an autonomous system with a low-pressure sensor connected to the 
vascules, which triggered a peristaltic pump that circulated the healing agent (a pre-
mixed low-viscosity epoxy resin). The fatigue behavior of such systems has been 
also studied [126]. However, a rapid loss in stiffness after 2500 cycles was reported, 
which was attributed to the low performance of the epoxy system (low-viscosity 
resin). A view of the integration of these vascular networks is shown in Fig. 6. 

In the vaporization of sacrificial component (VaSC) approach, polylactide (PLA) 
filaments treated with tin oxalate, as a catalyst for thermal decomposition, are woven 
through layers of fiber-reinforced polymer laminates. After the laminate curing cycle, 
the composite is heated above 200 °C under a vacuum, leaving behind empty channels 
in the form of a 3D vascular network that can be filled with healing agents [77]. An 
advantage of this method is that the interference in the architecture of the composite is 
minimized, as the sacrificial PLA fibers replace part of the preform carbon (or glass) 
fibers. Tests using double cantilever beam (DCB) specimens of epoxy composites 
reinforced with E-glass woven considering two different arrangements, parallel and

Fig. 6 Vascular network integration in composite sandwich panels (reproduced from [125] with 
permission from IOP Publishing, Ltd. Copyright 2012) 
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interpenetrating (herringbone), showed that the networks introduced via VaSC have 
little impact on the inherent fracture properties of the composite [127]. The dual-
vascular channels filled with a two-part (resin/hardener) healing chemistry permitted 
the continuous delivery of the healing agents to crack planes when the samples were 
under load. Herringbone specimens achieved healing efficiencies above 100%, signif-
icantly higher than those reached with the parallel pattern, evidencing the importance 
of the vascular architecture on the healing performance. Further developments have 
been made by Gergely and coworkers [128], who tested VaSC with different dimen-
sions, 0D (spheres), 1D (fibers), 2D (sheets), and 3D printed structures, and showed, 
by flow rate tests, that the fluid transport through these systems is viable. More 
recently, Cuvellier and collaborators [129] reported a study on the selection of healing 
agents for VaSC self-healing systems. After comparing different compositions, they 
found that the best healing performance is observed for TETA/trimethylolpropane 
triglycidyl ether (TMPTE). However, it is pointed out that an extensive swelling 
of the matrix with the healing agents may prevent its application in VaSC epoxy 
thermosets. Furthermore, the need for compatibility to promote adhesion, combined 
with time-consuming steps for fiber dissolution and infusion of the healing agents, 
make the upscaling of VaSC systems to an industrial level difficult. 

3 Non-autonomous Self-healing Epoxy Systems 

3.1 Thermally Induced Self-healing 

It has been shown that thermosets can heal cracks or scratches via interdiffusion 
of dangling chains or chain slippage in the polymer network [2, 130, 131]. Due to 
molecular diffusion, when two parts of the same polymer are brought into contact, 
the interface between them gradually disappears above the glass transition temper-
ature (T g). This process increases the mechanical strength at the polymer–polymer 
interface and can heal also internal microcracks. 

In one of the first reports on the healing of epoxy resin via thermally induced 
chain rearrangement [132], fractured resins based on bisphenol-A diglycidyl ether 
(DGEBA) containing methyl nadic anhydride (NMA) and benzyldimethylamine 
(BDMA), have been repeatedly shown to heal when heated above 150 °C. Very 
high healing efficiency across multiple fracture events has been verified both visu-
ally and by a double twist fracture test. The healing process only occurred when 
the system was heated above its T g (120 °C) but, at higher temperatures, seemed to 
be independent of the healing temperature or the presence of unreacted monomer. 
The cure was attributed to interdiffusion/entanglement of the pendant chain ends, 
caused by micro-Brownian movement, with the local flow allowing a strong interfa-
cial bond and restoration of the original surface contours. Kim and Wool [133] also  
presented a microscopic theory for the diffusion and randomization stages, proposing
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that the recovery of mechanical strength during the healing process is related to chain 
interdiffusion and subsequent entanglement formation. 

Amorphous and semi-crystalline thermoplastics can also be used for the tough-
ening of thermoset resins, which can generate blends with different dispersed and 
continuous structures, just varying the amount of thermoplastic modifier (generally 
with less than 15% by mass). Thermoplastic additives allow the original polymer 
matrix to remain unaltered, while also providing a solidifiable crack filling capable 
of relinking fracture surfaces [2]. Among these are co-continuous morphologies 
composed of thermoplastic and thermoset phases, called semi-interpenetrating poly-
meric networks (semi-IPNs), which are the most suitable for toughening [134]. This 
thermoplastic phase, in any morphology, can work for heat-induced regeneration, 
but semi-IPN structures are more efficient than dispersed morphology [135–137]. 

This approach has been tested by Zako and Takano [138], who added up to 40 vol% 
of small thermoplastic epoxy particles (average diameter 105 μm) in a glass fiber-
reinforced composite. When the composite is heated at 120 °C for 10 min, the parti-
cles melt, flow to microcracks or internal flaws and solidify, healing the material to 
100% of its original stiffness, as verified by three-point tensile and bending tests. 
Samples fatigued under traction until stiffness decreased by 12.5% and then heated 
to trigger the flow, with subsequent solidification of the incorporated thermoplastic 
particles, showed almost total stiffness recovery. The proposed mechanism is shown 
in Fig. 7.

An alternative way of using this self-healing mechanism is the use of a blend of 
thermoplastic and thermoset polymers, in which the matrix can contain 10–30 wt% 
a thermoplastic polymer [139, 140]. In this case, several factors will affect the self-
healing efficiency, such as the compatibility of the two polymers. The thermoplastic 
healing agent should preferably be miscible with the thermoset polymer but do not 
chemically react with it at room temperature. Another factor is that the T gs of ther-
moplastic and thermoset polymers must be similar. Thermoplastic should enter the 
viscous regime above room temperature but not at a temperature that can cause 
thermal degradation of the thermoset. Another factor is the molecular mass distri-
bution of the thermoplastic. Low molecular mass polymers diffuse faster, resulting 
in faster healing, while high molecular mass polymers provide better mechanical 
properties. Lastly is the healing temperature. Self-healing occurs by diffusion; thus, 
temperature influences the speed and efficiency of healing [141]. 

An ingenious example of heat-triggered self-healing was reported by Luo and 
coworkers [142], who described a polymerization-induced phase separation (PIPS) 
process for the preparation of a material consisting of a cross-linked epoxy matrix 
and a co-continuous percolating polycaprolactone phase, responsible for the healing 
behavior. In the concept, the damaged epoxy matrix is thermally mended by molten 
polycaprolactone (PCL) that wets and fills the crack surfaces. The self-healing effi-
ciency was confirmed by tensile tests, which presented a resemblance between the 
virgin and the thermally mended material. 

Thermoplastic polymers have also been employed as curing agents for glass 
fiber-reinforced epoxy composites [141, 143]. Composites containing 7–10% of 
poly(bisphenol-A-co-epichlorohydrin) (PBE) tested in several impact cure cycles
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Fig. 7 Concept of healing mechanism in thermoplastic bead-based self-healing composites. 
Reproduced from [2] with permission from Elsevier. Copyright 2008

presented a cure efficiency of 30–50%. These values are lower than that reported 
in the first studies on this approach [138]. It must, however, be considered that 
the matrix resins and the test methods used to assess self-healing efficiency were 
different. Pingkarawat and coworkers [144, 145] reported the use of reactive ther-
moplastic additives, such as polyethylene-co-glycidyl methacrylate (EMAA) and 
polyethylene-co-glycidyl methacrylate (PEGMA), and two types of non-reactive 
additives, ethylene vinyl acetate (EVA) and acrylonitrile butadiene styrene (ABS), 
showing that even incompatible thermoplastic additives with high internal pressure 
and/or low viscosity can be also an effective crack healing agent for carbon/epoxy 
composites. The same group also proposed other thermally activated healing agents, 
such as tetra-glycidyl diamino diphenyl methane [146].
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While the feasibility of this concept is proven in terms of stiffness recovery, 
potential problems related to the heating of thicker parts without causing excessive 
heat to the surface have yet to be assessed. The use of carbon nanotubes can help 
to solve this issue. When CNTs are incorporated into epoxy matrices, forming a 
percolating network, and a direct current is passed through the nanotubes, a significant 
change in the detection curve can indicate damage to the polymer, ‘detecting’ a crack 
[147]. This feature can also be used to create CNT networks that impart a self-healing 
function to the material. When dissolving a thermoplastic linear polymer within a 
thermoset epoxy matrix, forming a semi-interpenetrating network, the thermoplastic 
domains become movable at a certain temperature [148]. Carbon nanotubes can thus 
detect microcracks within the structure and be used as thermal conductors to heat the 
system, allowing linear polymer chains to diffuse and fill cracks in the epoxy matrix, 
healing the composite [143, 149]. 

3.2 Photoinduced Self-healing 

The concept of photoinduced curing is potentially attractive because the reaction 
takes place at room temperature and is normally simple, fast and environmentally 
friendly. 

The application of this approach for epoxy resins was proposed by Sriram [150] 
by using photoactivated catalysts for ROMP, with polymerization of norbornene 
(NBE) or DCPD, instead of the traditional Grubbs catalyst. The main motivation 
of the work was the use of a catalyst that can be easily synthesized in large quanti-
ties. Moreover, the photoactivated ring-opening metathesis polymerization reaction 
(PROMP) is extremely fast (<5 min), with minimal volume change. 1H NMR anal-
ysis confirmed the occurrence of PROMP with DCPD and NBE at room temperature. 
However, no self-healing tests were reported. 

Other works with photoactivated self-healing involving photoreversible cross-
links will be discussed in the next section. 

4 Intrinsic Self-healing Epoxy Systems 

Intrinsic approaches consider that the system can self-heal inherently. However, 
most intrinsic systems require an energy supply, i.e., an external trigger, such as 
thermal, mechanical, electrical, or photo-stimuli, to repair microcracks efficiently 
on the atomic/molecular level. Nonetheless, it is important to note that they differ 
from non-autonomic approaches due to the reversible nature of intrinsic self-healing 
processes. There are two main kinds of intrinsic systems, those based on reversible 
covalent bonds and those supported by non-covalent supramolecular approaches.
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4.1 Dynamic Covalent Networks (Reversible Covalent Bond 
Cleavage) 

4.1.1 Reversible Reticulation Systems 

This concept involves a class of cross-linked polymers capable of healing internal 
cracks through thermo- or photoreversible covalent bonds, being suitable for the 
development of self-healing epoxy resins used to make fiber-reinforced composites 
for structural applications. The use of reversible cross-links to cure epoxy systems 
eliminates the need to incorporate ‘reservoirs’ (hollow fibers or microcapsules) 
containing healing agents or catalysts. However, it is usually necessary to provide 
heat to trigger and/or support the healing process [151–154]. As the curing agent and 
heat source can be integrated into these materials, they are characterized as intrinsic 
systems [2]. 

Among the thermo-reversible healing polymers, the most studied systems are 
those based on Diels–Alder (DA) reaction and its retro-Diels–Alder (RDA) analog 
(Fig. 8). DA-based systems undergo a fully reversible cycloaddition, allowing 
multiple cycles of crack regeneration [12, 152]. In addition, there are still other advan-
tages over extrinsic approaches, as it eliminates the need for additional reagents, such 
as catalysts or monomers, or interfacial treatment at the crack surface. In general, 
the monomer containing the functional groups, such as furan or maleimide, forms 
two C–C bonds to build the polymer network through DA reaction. When heated, at 
temperatures normally higher than 120 °C, or under mechanical stress, the polymer 
chain breaks down into its monomeric units by RDA reaction. The polymer is restored 
(healed), again by DA reaction, after cooling, or by any other conditions that were 
initially used to synthesize the polymer. Two types of DA reversible polymers have 
been proposed: (i) systems where pendant groups, such as furan or maleimide, cross-
link through successive coupling reactions; (ii) systems in which multifunctional 
monomers link together [66]. 

Fig. 8 Diels–Alder cross-linking agents and thermally reversible cross-linking mechanism (repro-
duced from [154] with permission from John Wiley and Sons. Copyright 2015)
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The first works using this approach [151, 152] described the preparation of highly 
cross-linked and transparent materials, by DA cycloaddition of furan and maleimide 
(derived from DGEBA), with the thermal reversibility of the bonds due to retro-
Diels–Alder reactions. The reversibility of the cross-linked structure was confirmed 
using solid-state 13C-NMR by submitting the polymerized films to multiple heating 
and cooling cycles. The self-healing efficiency, quantified by fracture tests, was about 
50% at 150 °C and 41% at 120 °C, but there was a drop in mechanical properties 
from the second to the third healing process [151]. Further improvements in the 
polymerization processes, for instance, the removal of reaction solvents, improved 
the healing efficiencies to about 80% [152]. This process has been patented [155], 
as well as its possible application to sports materials (thermally patchable golf balls) 
[156]. 

Looking for applications in the production of advanced composites, Liu and Hsieh 
[153] employed epoxy precursors to prepare multifunctional monomers containing 
furan and maleimide groups. These monomers present the desirable characteris-
tics of conventional epoxy resins, such as chemical resistance, low melting point, 
and solubility in a range of organic solvents, allowing them to be processed simi-
larly to commercial resins. The DA reaction regeneration mechanism has also been 
used to integrate conductive electromagnetic materials such as copper wires or coils 
into fiber-reinforced composites [157], enabling the healing of internal damage in 
composites through thermo-reversible covalent bonds under moderate heat appli-
cation. The crack disappearance was visually observed after the samples had been 
heated above 80 °C for at least 6 h under a nitrogen atmosphere. 

Peterson and coworkers proposed two new systems for reversible DA cross-
linking in epoxy resins [158, 159]. The first one used a thermo-reversible cross-linked 
gel, obtained by mixing 1,10-(methylenedi-4,1-phenylene)bismaleimide to furfuryl 
amine and DGEBA oligomers- as a repairing agent for epoxy-amine resins. The 
DA healing mechanism involves liquefaction of the gel phase upon heating, which 
flows into the crack plane. After cooling, cross-linking is reformed, restoring the 
initial epoxy network structure [158]. Later, they proposed a DA system working 
at room temperature by the use of furan-functionalized epoxy resins with a mixture 
of N,N-dimethylformamide (DMF) to swell the epoxy network structure, and N,N’-
(4,4’-methylenediphenyl)bismaleimide (BMI), as a DA reagent. This system enabled 
contact between crack surfaces, improving the strength of the repaired interface [159]. 

Thiol-based polymers present disulfide bonds that can be reversibly cross-linked 
through oxidation and reduction. Under the reducing condition, the disulfide bridges 
(SS) can break down and result in monomers. However, under the oxidizing condi-
tion, the thiols (SH) of each monomer form the disulfide bond, cross-linking the 
starting materials to reform the polymer. In one of the first works on this approach, 
Saegusa et al. showed a thiol-based reversible cross-linked polymer based on poly(N-
acetylethyleneimine) [160]. Considering epoxy systems, Lei and coworkers [161] 
reported the curing reaction of polysulfide diglycidyl ether with diethylenetriamine 
using tri-n-buthylphosphine as a catalyst. Tensile tests showed that this epoxy cross-
linked with disulfide bonds can self-heal at room temperature and without any manual 
intervention, but the low Tg (below room temperature) limits its applications. Other
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recent papers describe different possibilities using disulfide bond exchange reac-
tions [162–164], demonstrating new features, such as reprocessability, weldability, 
and potential use in structural composite applications. 

The formation of disulfide bonds is one of the ways to produce epoxy vitrimers 
[164–166]. Vitrimers are a group of polymers based on adaptive dynamic covalent 
networks, which fill the gap between thermoplastics and thermosets. Dissociative 
and associative exchanges within these networks make it possible to obtain robust 
‘Recyclable, Repairable, and Reshapable’ (3R) materials, which maintain their orig-
inal structural properties and mechanical resistance [165, 167]. The bond exchanges 
in these cross-linked species as a response to externally applied stimuli, such as 
heat or stress, define the self-healing behavior of these materials (Fig. 9). Dissocia-
tive exchange, such as pericyclic reactions, nucleophilic transalkylation, and amine 
transamination, is the process by which cross-links are broken prior to recombi-
nation of the cross-linking species, thus recovering the cross-link density after the 
exchange, while associative exchange, such as transesterification and transamina-
tion, preserve the cross-links during the exchange by substitution reactions [168]. In 
addition to recycling, vitrimer materials, such as self-healing bio-epoxy [169], are 
very promising for medical and electronic applications [170, 171].

Photoreversible cross-linked epoxy resins containing photoactive anthracene 
moieties have been recently reported [172, 173]. Radl and coworkers [172] dissolved 
the photoactive agent in a low-viscosity monofunctional epoxy resin to obtain a 
photocured repairable epoxy material. The results showed that, after mechanical 
damage, the epoxy system under UV light (>300 nm) undergoes a photoreversible 
polymerization along the crack surface. Nonetheless, additional heating at 60 °C is 
required to induce the interdiffusion of polymer chains. A further development [173] 
employed two anthrylamines as crosslinkers, confirming that the healing effect is 
due to the photochemical reaction of the cleavage of anthracene dimers, which act 
as cross-linking agent, causing a transition from a rigid to a softer phase, and then to 
a flowable material that can fill the cracks before returning to the rigid phase. 

4.2 Non-covalent Supramolecular Approaches 

Self-assembly of supramolecular polymers allows the formation of new structural 
organizations through highly selective cooperative non-covalent interactions, such as 
hydrogen bonding, ionic/dipole interactions, metal coordination, and π–π stacking 
[174–176]. It has been shown that non-covalent cross-linked structures can be self-
assembled to create supramolecular polymer networks (SPNs), which can respond 
to stimuli such as heat, light, pH, or electricity, i.e., be manipulated to obtain a 
wide variety of multifunctional materials with adequate mechanical properties [177, 
178]. In other words, SPNs represent a promising approach for the development 
of a new generation of self-healing dynamic systems, which can allow the sponta-
neous formation of a three-dimensional network with fast and reversible responses 
to various environmental conditions.
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Fig. 9 Bond exchange mechanism of covalent adaptable networks, where υe is the cross-linking 
density. First is the associative bond exchange mechanism, where the overall cross-link density 
remains constant; i.e., cross-links are merely broken when new ones are created. Vitrimers might 
undergo associative or dissociative bond exchange mechanisms depending upon the covalent 
adaptable network present in the compound. Reproduced from [171] (Elsevier, CC-BY-NC-ND)

Various supramolecular epoxy systems have been reported in the literature [179– 
182]. Sordo and coworkers [179] described supramolecular epoxy-based rubbers 
incorporating a large number of physical cross-links through cooperative hydrogen 
bonds and chemical cross-links, looking for materials resistant to solvents and creep. 
Starting from a single reactive prepolymer, functionalized with hydrogen-bonding 
groups, a series of networks presenting different ratios of diepoxide and tetrae-
poxide were prepared (Fig. 10). The introduction of tetrafunctional epoxide, using 
2-methylimidazole as the catalyst, gave rise to gelled materials with high rigidity and 
tensile strength and improved creep resistance. All materials presented self-healing, 
with 50–100% complete recovery in a day depending on tetraepoxide content.

Epoxy-based coatings with tailored hydrogen bonds have been prepared and 
studied by Villani and coworkers [180], who introduced physical cross-links 
(hydrogen bonds into an epoxy-amine network) by the incorporation of amide groups. 
These cross-links promoted enhanced temporary local network mobility and relax-
ation of the mechanical stresses, without significant changes in modulus and adhesion
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Fig. 10 Synthetic strategy used to generate insoluble hybrid networks containing a fixed amount 
of terminal H-bonding groups and a tunable number of cross-links. Step 1: partial amidation of 
poly(carboxylic acid)s with a fixed amount of an H-bonding molecule. Step 2: cross-linking with a 
variable amount of the difunctional DGEBA and tetrafunctional TGMDA epoxy resins. Reprinted 
(adapted) with permission from [Sordo, F., Mougnier, S.-J., Loureiro, N., Tournilhac, F., Michaud, 
V.: Design of self-healing supramolecular rubbers with a tunable number of chemical cross-links. 
Macromolecules 2015, 48, 4394]. Copyright 2015 American Chemical Society

behavior. The reversibility of hydrogen bonds also resulted in the efficient healing 
of superficial scratches with no detrimental effect on the adhesion properties. 

Guadagno and coworkers [181] also developed structural self-healing resins based 
on dynamic hydrogen bonds supported by carbon nanotubes to enhance mechan-
ical properties. A rubber-toughened epoxy matrix was filled with multi-wall carbon 
nanotubes (MWCNTs) covalently functionalized with barbiturate and thymine, 
which act as reversible healing agents due to simultaneous donor/acceptor char-
acter. Strong, attractive interactions between the rubber phase, finely dispersed in the 
matrix, and MWCNT walls have been formed due to reversible MWCNTs-bridges 
throughout the matrix. Healing efficiencies higher than 50% were reported for the 
epoxy resin loaded with 0.5 wt% MWCNTs functionalized with barbituric acid or 
thymine groups. 

Shape memory polymers such as those described by Lendlein and Kelch [48] 
may also be considered for self-healing materials, the so-called shape memory-
assisted self-healing (SMASH) [175]. This approach typically requires heating for 
healing to occur and is applicable to repairing superficial scratches, for example. 
Shape memory epoxy resin and its composites, including SMASH materials, have 
been recently reviewed by Luo and coworkers [183]. In one of the examples, self-
healing coatings were prepared by inserting electrospinning thermoplastic poly(ε-
caprolactone) (PCL) fibers into a shape memory epoxy matrix [184]. The self-healing 
of the coating after mechanical damage was triggered by heating, which promotes the
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shape recovery of the matrix by approximating the crack surfaces, while the melting 
and subsequent flow of the PCL fibers were responsible to relink the crack. 

The self-healing efficiency, at room temperature, of shape memory 
epoxy/graphene nanocomposites has been also studied [185]. The authors reported 
an improvement in the scratch resistance of the nanocomposite materials, which was 
attributed to the in-plane fracture resistance of the graphene sheets. It was concluded 
that the incorporation of graphene resulted in significant improvement in different 
properties compared to the pure shape memory epoxy matrix. 

5 Conclusions 

The state of the art on the extrinsic and intrinsic self-healing mechanisms for epoxy 
systems has been reviewed. New technologies involving dynamic bonds, supramolec-
ular arrangements, and shape memory-assisted self-healing open a myriad of options 
in the development of epoxy materials for applications in medicine, electronics, 
and transportation (automotive, aeronautical, and naval industries). For instance, the 
reversible recovery characteristics of shape memory polymers have great poten-
tial in biomedical, driving sensing, and other fields, while multifunctional and 
high-performance integrated self-healing composite materials are promising in the 
aerospace field. 

Although the interest in microcapsule-based systems, especially for coatings, 
and in vascular systems, with 3D architectures manufactured by VaSC, continues, 
there is a current trend toward the development of structures by 3D printing and 
recyclable epoxy vitrimers. The ability to control cross-link density and defects in 
epoxy networks will permit the achievement of materials with a better compro-
mise between self-healing ability, mechanical properties, such as strength, tough-
ness, creep resistance, and fatigue, and multifunctional features, such as recycla-
bility, thermal and electrical transport, weldability, piezoelectricity, and tribological 
control. Self-healing nano-systems involving reactive nanoparticles (for covalent or 
non-covalent supramolecular dynamic systems) or the incorporation of nanocap-
sules/nanovascules, are going to be much enhanced and will probably guide many 
efforts of researchers in this field. Modeling using computer simulation is also an 
open field that can significantly assist in the creation of innovative multifunctional 
self-healing materials [186]. Intelligent design for material structure-performance-
function integration and synergistic combinations brings big opportunities for new 
developments. 

Nevertheless, a lot of work has yet to be done to produce cost-effective self-
healing materials. In special, the development of commercially viable chemical 
systems/healing agents and testing protocols to better assess and understand the 
material properties over its lifetime (e.g., fatigue and post-reprocessing cycles). 

Last but not least, in the search toward a more sustainable society, there is 
today a great interest in replacing, entirely or at least partially, epoxy polymers 
from petroleum products for bio-based resins. For instance, it was shown that shape
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memory self-healing bio epoxy could also have degradable and recyclable properties 
[165, 168]. It must also be highlighted that the main purpose of self-healing materials 
is to effectively extend their lifetime, being an important way to reduce waste. 

References 

1. White, S.R., Sottos, N.R., Geubelle, P.H., Moore, J.S., Kessler, M.R., Sriram, S.R., Brown, 
E.N., Viswanathan, S.: Autonomic healing of polymer composites. Nature 409, 794–797 
(2001) 

2. Wu, D.Y., Meure, S., Solomon, D.: Self-healing polymeric materials: a review of recent 
developments. Prog. Polym. Sci. 33, 479–522 (2008) 

3. Fainleib, A.M., Purikova, O.H.: Self-healing polymers: approaches of healing and their 
application. Polym. J. 41, 4–18 (2019) 

4. Zhang, F., Zhang, L., Yaseen, M., Huang, K.: A review on the self-healing ability of epoxy 
polymers. J. Appl. Polym. Sci. 138, e50260 (2021) 

5. Thakur, V.K., Kessler, M.R.: Self-healing polymer nanocomposite materials: a review. 
Polymer 69, 369–383 (2015) 

6. Kirkby, E.L., et al.: Performance of self-healing epoxy with microencapsulated healing agent 
and shape memory alloy wires. Polymer 50, 5533–5538 (2009) 

7. Trask, R.S., Williams, H.R., Bond, I.P.: Self-healing polymer composites: mimicking nature 
to enhance performance. Bioinspir. Biomim. 2, 1–9 (2007) 

8. Trask, R.S., Bond, I.P.: Bioinspired engineering study of Plantae vascules for self-healing 
composite structures. J. R. Soc. Interface 7, 921–931 (2010) 

9. Cremaldi, J.C., Bhushan, B.: Bioinspired self-healing materials: lessons from nature. Beilstein 
J. Nanotechnol. 9, 907–935 (2018) 

10. Pang, J.W.C., Bond, I.P.: A hollow fibre reinforced polymer composite encompassing self-
healing and enhanced damage visibility. Compos. Sci. Technol. 65, 1791–1799 (2005) 

11. Wang, Y., Pham, D.T., Ji, C.: Self-healing composites: a review. Cogent Eng. 2, 1075686 
(2015) 

12. Yuan, Y.C., Yin, T., Rong, M.Z., Zhang, M.Q.: Self healing in polymers and polymer 
composites. Concepts, realization and outlook: a review. eXPRESS Polym. Lett. 2, 238–250 
(2008) 

13. Kessler, M.R., Sottos, N.R., White, M.R.: Self-healing structural composite materials. 
Compos. Part A, Appl. Sci. Manuf. 34, 743–753 (2003) 

14. Bond, I.P., Trask, R.S., Williams, H.R.: Self-healing fiber-reinforced polymer composites. 
MRS Bull. 33, 770–774 (2008) 

15. Kanu, N.J., Gupta, E., Vates, U.K., Singh, G.K.: Self-healing composites: a state-of-the-art 
review. Compos. A: Appl. Sci. Manuf. 121, 474–486 (2019) 

16. Nosonovsky, M., Rohatgi, P.: Biomimetics in Materials Science: Self-healing, Self-
lubricating, and Self-cleaning Materials, vol. 152. Springer Series in Materials Science. 
Springer (2011) 

17. Jin, H., Mangun, C.L., Stradley, D.S., Moore, J.S., Sottos, N.R., White, S.R.: Self-healing 
thermoset using encapsulated epoxy-amine healing chemistry. Polymer 53, 581–587 (2012) 

18. Brown, E.N., Sottos, N.R., White, S.R.: Fracture testing of a self-healing polymer composite. 
Exp. Mech. 42, 372–379 (2002) 

19. Safaei, F., Khorasani, S.N., Rahnama, H., Neisiany, R.E., Koochaki, M.S.: Single microcap-
sules containing epoxy healing agent used for development in the fabrication of cost efficient 
self-healing epoxy coating. Prog. Org. Coat. 114, 40–46 (2018) 

20. Guadagno, L., Longo, P., Raimondo, M., Naddeo, C., Mariconda, A., Vittoria, V., Iannuzzo, 
G., Russo, S.: Use of Hoveyda–Grubbs’ second generation catalyst in self-healing epoxy 
mixtures. Compos. B. Eng. 41, 296–301 (2011)



Mechanism of Extrinsic and Intrinsic Self-healing in Polymer Systems 131

21. Jin, H., Miller, G.M., Pety, S.J., Griffin, A.S., Stradley, D.S., Roach, D., Sottos, N.R.: Fracture 
behavior of a self-healing, toughened epoxy adhesive. Int. J. Adhes. Adhes. 44, 157–165 
(2013) 

22. Mcilroy, D.A., Blaiszik, B.J., Caruso, M.M., White, S.R., Moore, J.S., Sottos, N.R.: 
Microencapsulation of a reactive liquid-phase amine for self-healing epoxy composites. 
Macromolecules 43, 1855–1859 (2010) 

23. Caruso, M.M., Blaiszik, B.J., Jin, H., Schelkopf, S.R., Stradley, D.S., Sottos, N.R., White, 
S.R., Moore, J.S.: Robust, double-walled microcapsules for self-healing polymeric materials. 
Appl. Mater. Interfaces 2, 1195–1199 (2010) 

24. Weihermann, W.R.K., Meier, M.M., Pezzin, S.H.: Microencapsulated amino-functional poly-
dimethylsiloxane as autonomous external self-healing agent for epoxy systems. J. Appl. 
Polym. Sci. 136, 47627 (2019) 

25. Cho, S.H., White, S.R., Braun, P.V.: Self-healing polymer coatings. Adv. Mater. 21, 645–649 
(2009) 

26. Jackson, A.C., Bartelt, J.A., Braun, P.V.: Transparent self-healing polymers based on 
encapsulated plasticizers in a thermoplastic matrix. Adv. Funct. Mater. 21, 4705–4711 (2011) 

27. Celestine, A.-D.N., Sottos, N.R., White, S.R.: Autonomic healing of PMMA via microencap-
sulated solvent. Polymer 69, 241–248 (2015) 

28. Wang, H.P., Yuan, Y.C., Rong, M.Z., Zhang, M.Q.: Self-healing of thermoplastics via living 
polymerization. Macromolecules 43, 595–598 (2010) 

29. Chen, Y., Kushner, A.M., Williams, G.A., Guan, Z.: Multiphase design of autonomic self-
healing thermoplastic elastomers. Nat. Chem. 4, 467–472 (2012) 

30. Utrera-Barrios, S., Verdejo, R., López-Manchado, M.A., Hernández Santana, M.: Evolution 
of self-healing elastomers, from extrinsic to combined intrinsic mechanisms: a review. Mater. 
Horiz. 7, 2882–2902 (2020) 

31. Yu, K., Xin, A., Feng, Z., Lee, K.H., Wang, Q.: Mechanics of self-healing thermoplastic 
elastomers. J. Mech. Phys. Solids 137, 103831 (2020) 

32. Zwaag, S.V.D.: An Introduction to Material Design Principles: Damage Prevention Versus 
Damage Management, pp. 2–19 (R. Hull, R. M. Osgood Jr., J. Parisi, & H. Warlimont, Orgs.). 
Springer (2007) 

33. Jackson, M.D., et al.: Mechanical resilience and cementitious processes in Imperial Roman 
architectural mortar. Proc. Natl. Acad. Sci. U. S. A. 111, 18484–18489 (2014) 

34. De Rooij M., Van Tittelboom K., De Belie N., Schlangen E.: Self-Healing Phenomena in 
Cement-Based Materials. RILEM State-of-the-Art Reports, vol. 11. Springer Netherlands 
(2011) 

35. Raghavan, J., Wool, R.: Interfaces in repair, recycling, joining and manufacturing of polymers 
and polymer composites. J. Appl. Polym. Sci. 71, 775–785 (1999) 

36. Dry, C.: Procedures developed for self-repair of polymer matrix composite materials. Compos. 
Struct. 35, 263–264 (1996) 

37. Wang, P.P., Lee, S., Harmon, J.P.: Ethanol-induced crack healing in poly(methyl methacrylate). 
J. Polym. Sci. B Polym. Phys. 32, 1217–1227 (1994) 

38. Lin, C.B., Lee, S.B., Liu, K.S.: Methanol-induced crack healing in poly(methyl methacrylate). 
Polym. Eng. Sci. 30, 1399–1406 (1990) 

39. Jud, K., Kausch, H.H., Williams, J.G.: Fracture mechanics studies of crack healing and 
welding of polymers. J. Mater. Sci. 16, 204–210 (1981) 

40. Toohey, K.S., et al.: Self-healing materials with microvascular networks. Nat. Mater. 6, 581– 
585 (2007) 

41. Xiao, D.S., Yuan, Y.C., Rong, M.Z.: Self-healing epoxy based on cationic chain polymeriza-
tion. Polymer 50, 2967–2975 (2009) 

42. Samadzadeh, M., Hatami Boura, S., Peikari, M., Kasiriha, S.M., Ashrafi, A.: A review on 
self-healing coatings based on micro/nanocapsules. Prog. Org. Coat. 68, 159–164 (2010) 

43. Rule, J.D., Sottos, N.R., White, S.R.: Effect of microcapsule size on the performance of 
self-healing polymers. Polymer 48, 3520–3529 (2007)



132 S. H. Pezzin

44. Urdl, K., Kandelbauer, A., Kern, W., Müller, U., Thebault, M., Zikulnig-Rusch, E.: Self-
healing of densely crosslinked thermoset polymers—a critical review. Prog. Org. Coat. 104, 
232–249 (2017) 

45. Yuan, L., Gu, A., Liang, G.: Preparation and properties of poly(urea–formaldehyde) 
microcapsules filled with epoxy resins. Mater. Chem. Phys. 110, 417–425 (2008) 

46. Yao, Y., Xiao, M., Liu, W.: A short review on self-healing thermoplastic polyurethanes. 
Macromol. Chem. Phys. 222, 2100002 (2021) 

47. Bekas, D.G., Tsirka, K., Baltzis, D., Paipetis, A.S.: Self-healing materials: a review of 
advances in materials, evaluation, characterization and monitoring techniques. Compos. B. 
Eng. 87, 92–119 (2016) 

48. Lendlein, A., Kelch, S.: Shape-memory polymers. Angew. Chem. Int. Ed. 41, 2034–2057 
(2002) 

49. Wang, X., Zhao, J., Chen, M., Ma, L., Zhao, X., Dang, Z.M., et al.: Improved self-healing of 
polyethylene/carbon black nanocomposites by their shape memory effect. J. Phys. Chem. B 
117, 1467–1474 (2013) 

50. Hornat, C.C., Urban, M.W.: Shape memory effects in self-healing polymers. Prog. Polym. 
Sci. 102, 101208 (2020) 

51. Habault, D., Zhang, H., Zhao, Y.: Light-triggered self-healing and shape-memory polymers. 
Chem. Soc. Rev. 42, 7244–7256 (2013) 

52. Kong, D., Li, J., Guo, A., Zhang, X., Xiao, X.: Self-healing high temperature shape memory 
polymer. Eur. Polym. J. 120, 109279 (2019) 

53. Burattini, S., Colquhoun, H.M., Greenland, B.W., Hayes, W.: A novel self-healing 
supramolecular polymer system. Faraday Discuss. 143, 251–264 (2009) 

54. Fox, J., Wie, J.J., Greenland, B.W., Burattini, S., Hayes, W., Colquhoun, H.M., et al.: 
Highstrength, healable, supramolecular polymer nanocomposites. J. Am. Chem. Soc. 134, 
5362–5368 (2012) 

55. Coulibaly, S., Roulin, A., Balog, S., Biyani, M.V., Foster, E.J., Rowan, S.J., et al.: 
Reinforcement of optically healable supramolecular polymers with cellulose nanocrystals. 
Macromolecules 47, 152–160 (2014) 

56. van Gemert, G.M.L., Peeters, J.W., Söntjens, S.H.M., Janssen, H.M., Bosman, A.W.: Self-
healing supramolecular polymers in action. Macromol. Chem. Phys. 213, 234–242 (2012) 

57. Kuhl, N., Bode, S., Hager, M.D., Schubert, U.S.: U.S. Schubert, Self-healing polymers based 
on reversible covalent bonds. In: Hager M., van der Zwaag S., Schubert U. (eds) Self-healing 
Materials. Advances in Polymer Science, vol 273. Springer, Cham (2015) 

58. Scheltjens, G., Diaz, M.M., Brancart, J., Van Assche, G., Van Mele, B.: A self-healing polymer 
network based on reversible covalent bonding. React. Funct. Polym. 73, 413–420 (2013) 

59. Cho, S., Hwang, S.Y., Oh, D.X., Park, J.: Recent progress in self-healing polymers and 
hydrogels based on reversible dynamic B–O bonds: boronic/boronate esters, borax, and 
benzoxaborole. J. Mater. Chem. A 9, 14630–14655 (2021) 

60. Li, C.-H., Zuo, J.-L.: Self-healing polymers based on coordination bonds. Adv. Mater. 32, 
1903762 (2020) 

61. Yang, Y., Urban, M.W.: Self-healing polymeric materials. Chem. Soc. Rev. 42, 7446–7467 
(2013) 

62. Garcia, S.J.: Effect of polymer architecture on the intrinsic self-healing character of polymers. 
Eur. Polym. J. 53, 118–125 (2014) 

63. Hager, M.D., Zechel, S.: Chapter 3—Self-Healing Polymers: from General Basics to Mech-
anistic Aspects. In: Thomas, S., Surendran, A. (eds.) Self-Healing Polymer-Based Systems, 
Elsevier, pp. 75–94 (2020) 

64. Deng, Y., et al.: Self-healing ability and application of impact hardening polymers. Polym. 
Test. 76, 43–53 (2019) 

65. Deng, Z., Hu, T., Lei, Q., He, J., Ma, P.X., Guo, B.: Stimuli-responsive conductive nanocom-
posite hydrogels with high stretchability, self-healing, adhesiveness, and 3D printability for 
human motion sensing. ACS Appl. Mater. Interfaces 11, 6796–6808 (2019) 

66. Bergman, S.D., Wudl, F.: Mendable polymers. J. Mater. Chem. 18, 41–62 (2008)



Mechanism of Extrinsic and Intrinsic Self-healing in Polymer Systems 133

67. Huang, X., Wang, X., Shi, C., Liu, Y., Wei, Y.: Research on synthesis and self-healing 
properties of interpenetrating network hydrogels based on reversible covalent and reversible 
non-covalent bonds. J. Polym. Res. 28, 1 (2021) 

68. Li, X., Yu, R., He, Y., Zhang, Y., Yang, X., Zhao, X., Huang, W.: Self-healing polyurethane 
elastomers based on a disulfide bond by digital light processing 3D printing. ACS Macro Lett. 
8, 1511–1516 (2019) 

69. Li, Y., et al.: Novel polyurethane with high self-healing efficiency for functional energetic 
composites. Polym. Test. 76, 82–89 (2019) 

70. Yang, Y., et al.: Defect-targeted self-healing of multiscale damage in polymers. Nanoscale 
12, 3605–3613 (2020) 

71. Mirmohseni, A., et al.: Self-healing waterborne polyurethane coating by pH-dependent 
triggered-release mechanism. J. Appl. Polym. Sci. 136, 47082 (2019) 

72. Li, H., et al.: Preparation and application of polysulfone microcapsules containing tung oil 
in self-healing and self-lubricating epoxy coating. Colloids Surf. A Physicochem. Eng. Asp. 
518, 181–187 (2017) 

73. Tan, Y.J., Susanto, G.J., Ali, H.P.A., Tee, B.C.K.: Progress and roadmap for intelligent self-
healing materials in autonomous robotics. Adv. Mater. 33, 2002800 (2021) 

74. Zhu, D.Y., Rong, M.Z., Zhang, M.Q.: Self-healing polymeric materials based on microen-
capsulated healing agents: from design to preparation. Prog. Polym. Sci. 49, 176–215 
(2014) 

75. Da Costa, S.F., Zuber, M., Zakharova, M., Mikhaylov, A., Baumbach, T., Kunka, D., Pezzin, 
S.H.: Self-healing triggering mechanism in epoxy-based material containing microencapsu-
lated amino-polysiloxane. Nano Select 3, 577–593 (2022) 

76. Romero-Sabat, G., Gago-Benedí, E., Rovira, J.J.R., González-Gálvez, D., Mateo, A., Medel, 
S., Chivite, A.T.: Development of a highly efficient extrinsic and autonomous self-healing 
polymeric system at low and ultra-low temperatures for high-performance applications. 
Compos. Part A Appl. Sci. Manuf. 145, 106335 (2021) 

77. I.P.S. Qamar, N.R. Sottos, R.S. Trask, Grand challenges in the design and manufacture of 
vascular self-healing. Multifunct. Mater. 3, 013001 (2020) 

78. Ullah, H., Azizli, K.A.M., Man, Z.B., Ismail, M.B.C., Khan, M.I.: The potential of microen-
capsulated self-healing materials for microcracks recovery in self-healing composite systems: 
a review. Polym. Rev. 56, 429–485 (2016) 

79. Das, R., Melchior, C., Karumbaiah, K.M.: 11—Self-healing composites for aerospace appli-
cations. In: Rana, S., Fangueiro, R. (eds.) Advanced Composite Materials for Aerospace 
Engineering, Woodhead Publishing, pp. 333–364 (2016) 

80. Rahman, M.W., Shefa, N.R.: Minireview on self-healing polymers: versatility, application, 
and prospects. Adv. Polym. Technol. 2021, 7848088 (2021) 

81. Tiarks, F., Landfester, K., Antonietti, M.: Preparation of polymeric nanocapsules by 
miniemulsion polymerization. Langmuir 17, 908–918 (2001) 

82. Brown, E.N., et al.: In situ poly(urea-formaldehyde) microencapsulation of dicyclopentadiene. 
J. Microencapsul. 20, 719–730 (2003) 

83. Yuan, L., et al.: Preparation and characterization of poly(urea-formaldehyde) microcapsules 
filled with epoxy resins. Polymer 47, 5338–5349 (2006) 

84. Liu, X., Zhang, H., Wang, J., Wang, Z., Wang, S.: Preparation of epoxy microcapsule based 
self-healing coatings and their behavior. Surf Coat. Technol. 206, 4976–4980 (2012) 

85. Cho, S.H., et al.: Polydimethylsiloxane-based self-healing materials. Adv. Mater. 18, 997– 
1000 (2006) 

86. Jin, H.: Self-healing of High Temperature Cured Epoxy and Composites. PhD Thesis. 
University of Illinois at Urbana-Champaign, Illinois (2012) 

87. Caruso, M.M., Delafuente, D.A., Ho, V., Sottos, N.R., Moore, J.S., White, S.R.: Solvent-
promoted self-healing in epoxy materials. Macromolecules 40, 8830–8832 (2007) 

88. Knop, W.R., Meier, M.M., Pezzin, S.H.: Preparation and characterization of poly(urea-
formaldehyde) microcapsules filled with dicyclopentadiene. Matéria (Rio J.) 19, 266–273 
(2014)



134 S. H. Pezzin

89. Blaiszik, B.J., Sottos, N.R., White, S.R.: Nanocapsules for self-healing materials. Compos. 
Sci. Technol. 68, 978–986 (2008) 

90. Brown, E.N., White, S.R., Sottos, N.R.: Microcapsule induced toughening in a self-healing 
polymer composite. J. Mater. Sci. 39, 1703–1710 (2004) 

91. Kessler, M.R., White, S.R.: Cure kinetics of the ring-opening metathesis polymerization of 
dicyclopentadiene. J. Polym. Sci. A: Polym. Chem. 40, 2373–2383 (2002) 

92. Skipor, A., Scheifer, S., Olson, B.: Self-healing Polymer Compositions (Motorola Inc. U) US: 
2004007784-A1 (2004) 

93. Liao, L., Zhang, W., Xin, Y., Wang, H.M., Zhao, Y., Li, W.: Preparation and characterization 
of microcapsule containing epoxy resin and its self-healing performance of anticorrosion 
covering material. Chin. Sci. Bull. 56, 439–443 (2011) 

94. Lang, S., Zhou, Q.: Synthesis and characterization of poly(urea-formaldehyde) microcapsules 
containing linseed oil for self-healing coating development. Prog. Org. Coat. 105, 99–110 
(2017) 

95. Siva, T., Sathiyanarayanan, S.: Self healing coatings containing dual active agent loaded urea 
formaldehyde (UF) microcapsules. Prog. Org. Coat. 82, 57–67 (2015) 

96. Schlemper, D.M., Pezzin, S.H.: Self-healing epoxy coatings containing microcapsules filled 
with different amine compounds - a comparison study. Prog. Org. Coat. 156, 106258 (2021) 

97. Huang, M., Yang, J.: Facile microencapsulation of HDI for self-healing anticorrosion coatings. 
J. Mater. Chem. 21, 11123–11130 (2011) 

98. Henry, J.J.M.: Nano-based self-healing anti-corrosion coating. WO2012178193 (2012) 
99. Mangun, C.L., Mader, A.C., Sottos, N.R., White, S.R.: Self-healing of a high temperature 

cured epoxy using poly(dimethylsiloxane) chemistry. Polymer 51, 4063–4068 (2010) 
100. El-Hadek, M.A., Tippur, H.V.: Simulation of porosity by microballoon dispersion in epoxy 

and urethane: mechanical measurements and models. J. Mater. Sci. 37, 1649–1660 (2002) 
101. Stappen, J.V., Bultreys, T., Gilabert, F.A., Hillewaere, X.K., Gómez, D.G., Tittelboomd, 

K.V., Dhaene, J., Belie, N.D., Paepegem, W.V., Prez, F.E.D., Cnudde, V.: The microstructure 
of capsule containing self-healing materials: a micro-computed tomography study. Mater. 
Charact. 119, 99–109 (2016) 

102. Mayo, C.S., Stevenson, A.W., Wilkins, S.W.: In-line phase-contrast x-ray imaging and 
tomography for materials science. Materials 5, 937–965 (2012) 

103. Mayo, C.S., Stevenson, A.W., Wilkins, S.W., Gao, D., Mookhoek, S., Meure, S., Hughes, 
T., Mardel, J.: Phase-contrast tomography for quantitative characterisation of self-healing 
polymers. Mater. Sci. Forum. 654, 2322–2325 (2010) 

104. Mookhoek, S.D., Mayo, S.C., Hughes, A.E., Furman, S.A., Fischer, H.R., van der Zwaag, S.: 
Applying SEM-based x-ray microtomography to observe self-healing in solvent encapsulated 
thermoplastic materials. Adv. Eng. Mater. 12, 228–234 (2010) 

105. Peñas-Caballero, M., Santana, M.H., Verdejo, R., Lopez-Manchado, M.A.: Measuring self-
healing in epoxy matrices: The need for standard conditions. React. Funct. Polym. 161, 104847 
(2021) 

106. Mikhaylov, A., Zakharova, M., Vlnieska, V., Khanda, A., Bremer, S., Zuber, M., Pezzin, 
S.H., Kunka, D.: Inverted Hartmann mask made by deep X-ray lithography for single-shot 
multi-contrast X-ray imaging with laboratory setup. Opt. Express 30, 8494–8509 (2022) 

107. Wei, H., Wang, Y., Guo, J., Shen, N.Z., Jiang, D., Zhang, X., Yan, X., Zhu, J., Wang, Q., 
Shao, L., Lin, H., Wei, S., Guo, Z.: Advanced micro/nanocapsules for self-healing smart 
anticorrosion coatings. J. Mater. Chem. A 3, 469–480 (2015) 

108. Bagale, U.D., Sonawane, S.H.: Synthesis of nanocapsules using safflower oil for self-healing 
material. Nanomater. Energy 8, 42–50 (2019) 

109. Olugebefola, S.C., Aragón, A.M., Hansen, C.J., Hamilton, A.R., Kozola, B.D., Wu, W., et al.: 
Polymer microvascular network composites. J. Compos. Mater. 44, 2587–2603 (2010) 

110. Motuku, M., Vaidya, U.K., Janowski, G.M.: Parametric studies on self-repairing approaches 
for resin infused composites subjected to low velocity impact. Smart Mater. Struct. 8, 623–638 
(1999)



Mechanism of Extrinsic and Intrinsic Self-healing in Polymer Systems 135

111. Bleay, S.M., Loader, C.B., Hawyes, V.J., Humberstone, L., Curtis, P.T.: A smart repair system 
for polymer matrix composites. Compos. Part A Appl. Sci. Manuf. 32, 1767–76 (2001) 

112. Trask, R.S., Bond, I.P.: Biomimetic self-healing of advanced composite structures using 
hollow glass fibers. Smart Mater. Struct. 15, 704–710 (2006) 

113. Williams, H.R., Trask, R.S., Bond, I.P.: Self-healing composite sandwich structures. Smart 
Mater. Struct. 16, 1198–1207 (2007) 

114. Dry, C.M.: Self-repairing, reinforced matrix materials (Individual U). US:7022179-B1 (2006) 
115. Sinha-Ray, S., Pelot, D.D., Zhou, Z.P., Rahman, A., Wu, X.F., Yarin, A.L.: Encapsulation of 

self-healing materials by coelectrospinning, emulsion electrospinning, solution blowing and 
intercalation. J. Mater. Chem. 22, 9138–9146 (2012) 

116. Almutairi, M.D., Aria, A.I., Thakur, V.K., Khan, M.A.: Self-healing mechanisms for 3D-
printed polymeric structures: from lab to reality. Polymers 12, 1534 (2020) 

117. Therriault, D., Shepherd, R.F., White, S.R., Lewis, J.A.: Fugitive inks for direct-write assembly 
of three-dimensional microvascular networks. Adv. Mater. 17, 395–399 (2005) 

118. Toohey, K.S., Hansen, C.J., Lewis, J.A., White, S.R., Sottos, N.R.: Delivery of two-part 
self-healing chemistry via microvascular networks. Adv. Funct. Mater. 19, 1399–1405 (2009) 

119. Hansen, C.J., Wu, W., Toohey, K.S., Sottos, N.R., White, S.R., Lewis, J.A.: Self-healing 
materials with interpenetrating microvascular networks. Adv. Mater. 21, 4143–4147 (2009) 

120. Aissa, B., Haddad, E., Jamroz, W., Hassani, S., Farahani, R.D., Merle, P.G., et al.: Microme-
chanical characterization of single-walled carbon nanotube reinforced ethylidene norbornene 
nanocomposites for self-healing applications. Smart Mater. Struct. 21, 105028 (2012) 

121. Huang, C.Y., Trask, R.S., Bond, I.P.: Characterization and analysis of carbon fibre-reinforced 
polymer composite laminates with embedded circular vasculature. J. R. Soc. Interface 7, 
1229–1241 (2010) 

122. Norris, C.J., Bond, I.P., Trask, R.S.: Interactions between propagating cracks and bioinspired 
self-healing vascules embedded in glass fibre reinforced composites. Compos. Sci. Technol. 
71, 847–853 (2011) 

123. Kousourakis, A., Bannister, M.K., Mouritz, A.P.: Tensile and compressive properties of 
polymer laminates containing internal sensor cavities. Compos. Part A Appl. Sci. Manuf. 
39, 1394–1403 (2008) 

124. Bekas, D.G., Baltzis, D., Paipetis, A.S.: Nano-reinforced polymeric healing agents for vascular 
self-repairing composites. Mater. Des. 116, 538–544 (2017) 

125. Norris, C.J., White, J.A.P., McCombe, G., Chatterjee, P., Bond, I.P., Trask, R.S.: Autonomous 
stimulus triggered self-healing in smart structural composites. Adv. Funct. Mater. 21, 3624– 
3633 (2011) 

126. Luterbacher, R., Trask, R.S., Bond, I.P.: Static and fatigue tensile properties of cross-ply 
laminates containing vascules for self-healing applications. Smart Mater. Struct. 25, 015003 
(2016) 

127. Patrick, J.F., Hart, K.R., Krull, B.P., Diesendruck, C.E., Moore, J.S., White, S.R., Sottos, 
N.R.: Continuous self-healing life cycle in vascularized structural composites. Adv. Mater. 
26, 4302–4308 (2014) 

128. Gergely, R.C.R., Pety, S.J., Krull, B.P., Patrick, J.F., Doan, T.Q., Coppola, A.M., Thakre, 
P.R., Sottos, N.R., Moore, J.S., White, S.R.: Multidimensional vascularized polymers using 
degradable sacrificial templates. Adv. Funct. Mater. 25, 1043–1052 (2015) 

129. Cuvellier, A., Torre-Muruzabal, A., Van Assche, G., De Clerck, K., Rahier, H.: Selection of 
healing agents for a vascular self-healing application. Polym. Test. 62, 302–310 (2017) 

130. Yamaguchi, M., Ono, S., Terano, M.: Self-repairing property of polymer network with 
dangling chains. Mater. Lett. 61, 1396–1399 (2007) 

131. Chian, W., Timm, D.C.: Chemical/mechanical analyses of anhydride-cured thermosetting 
epoxys: DGEBA/NMA/BDMA. Macromolecules 37, 8098–8109 (2004) 

132. Outwater, J.O., Gerry, D.J.: On the fracture energy, rehealing velocity and refracture energy 
of cast epoxy resin. J. Adhes. 1, 290–298 (1969) 

133. Kim, Y.H., Wool, R.P.: A theory of healing at a polymer–polymer interface. Macromolecules 
16, 1115–1120 (1983)



136 S. H. Pezzin

134. Pascault J.-P., Williams R.J.J.: Epoxy Polymers: New Materials and Innovations, pp. 1–12. 
Wiley-VCH, New Jersey (2010) 

135. Fejos, M., Molnar, K., Karger-Kocsis, J.: Epoxy/polycaprolactone systems with triple-
shape memory effect: electrospun nanoweb with and without graphene versus cocontinuous 
morphology. Materials 6, 4489–4504 (2013) 

136. Wei, H., Yao, Y., Liu, Y., Leng, J.: A dual-functional polymeric system combining shape 
memory with self-healing properties. Compos B. 83, 7–13 (2015) 

137. Yao, Y., Wang, J., Lu, H., Xu, B., Fu, Y., Liu, Y., Leng, J.: Thermosetting epoxy 
resin/thermoplastic system with combined shape memory and self-healing properties. Smart 
Mater. Struct. 25, 015021 (2016) 

138. Zako, M., Takano, N.: Intelligent material systems using epoxy particles to repair microcracks 
and delamination damage in GFRP. J. Intell. Mater. Syst. Struct. 10, 836–841 (1999) 

139. Jones, F., Hayes, S.A.: Self-healing composite material. University of Sheffeld G, 
WO:2005066244-A2 (2005) 

140. Meure, S., Varley, R.J., Dong, Y.W., Mayo, S., Nairn, K., Furman, S.: Confirmation of the 
healing mechanism in a mendable EMAA-epoxy resin. Eur. Polym. J. 48, 524–531 (2012) 

141. Hayes, S.A., Jones, F.R., Marshiya, K., Zhang, W.: A self-healing thermosetting composite 
material. Compos. Part A Appl. Sci. Manuf. 38, 1116–1120 (2007) 

142. Luo, X., Ou, R., Eberly, D.E., Singhal, A., Viratyaporn, W., Mather, P.T.: A thermo-
plastic/thermoset blend exhibiting thermal mending and reversible adhesion. Appl. Mater. 
Interfaces 1, 612–620 (2009) 

143. Hayes, S.A., Zhang, W., Branthwaite, M., Jones, F.R.: Self-healing of damage in fibre-
reinforced polymer–matrix composites. J. R. Soc. Interface 4, 381–387 (2007) 

144. Pingkarawat, K., Wang, C.H., Varley, R.J., Mouritz, A.P.: Self-healing of delamination 
cracks in mendable epoxy matrix laminates using poly[ethylene-co-(methacrylic acid)] 
thermoplastic. Compos. Part A Appl. Sci. Manuf. 43, 1301–1307 (2012) 

145. Pingkarawat, K., Bhat, T., Craze, D.A., Wang, C.H., Varley, R.J., Mouritz, A.P.: Healing of 
carbon fibre–epoxy composites using thermoplastic additives. Polym Chem 4, 5007–5015 
(2013) 

146. Pingkarawat, K., Dell’Olio, C., Varley, R.J., Mouritz, A.P.: An efficient healing agent for high 
temperature epoxy composites based upon tetra-glycidyl diamino diphenyl methane. Compos. 
Part A-Appl. Sci. Manuf. 78, 201–210 (2015) 

147. Thostenson, E.T., Chou, T.W.: Carbon nanotube networks: sensing of distributed strain and 
damage for life prediction and self healing. Adv. Mater. 18, 2837–2841 (2006) 

148. Guo, S., Meshot, E.R., Kuykendall, T., et al.: Nanofluidic transport through isolated carbon 
nanotube channels: advances, controversies, and challenges. Adv. Mater. 27, 5726–5737 
(2015) 

149. Kausar, A.: Self-healing polymer/carbon nanotube nanocomposite: a review. J. Plast. Film 
Sheeting 37, 160–181 (2021) 

150. Sriram, S.R.: Development of Self-healing Polymer Composites and Photoinduced Ring 
Opening Metathesis Polymerisation. PhD thesis, University of Illinois at Urbana-Champaign, 
Urbana, USA (2002) 

151. Chen, X., Wudl, F., Mal, A.K., Shen, H., Nutt, S.R.: New thermally patchable highly cross-
linked polymeric materials. Macromolecules 36, 1802–1807 (2003) 

152. Chen, X., Dam, M.A., Ono, K., Mal, A., Shen, H.B., Nutt, S.R., et al.: A thermally re-mendable 
cross-linked polymeric material. Science 295, 1698–1702 (2002) 

153. Liu, Y.L., Hsieh, C.Y.: Crosslinked epoxy materials exhibiting thermal remendablility and 
removal from multifunctional maleimide and furan compounds. J. Polym. Sci. Part A Polym. 
Chem. 44, 905–913 (2006) 

154. Kuang, X., Liu, G., Dong, X., Liu, J., Xu, D.: Wang, Facile fabrication of fast recyclable and 
multiple self-healing epoxy materials through Diels-Alder adduct cross-linker. J. Polym. Sci. 
Part A 53, 2094–2103 (2015) 

155. Wudl, F., Chen, X.: Thermally Re-mendable Cross-linked Polymers. University of California 
U, US:2004014933-A1 (2004)



Mechanism of Extrinsic and Intrinsic Self-healing in Polymer Systems 137

156. Harris, K.M., Rajagopalan, M.: Self healing Polymers in Sports Equipment (Acushnet 
Company U) US:2003032758-A1 (2003) 

157. Plaisted, T.A., Amirkhizi, A.V., Arbelaez, D., Nemat-Nasser, S.C., Nemat-Nasser, S.: Self-
healing structural composites with electromagnetic functionality. Smart Struct. Mater. SPIE-
5054, 372–381 (2003) 

158. Peterson, A.M., Jensen, R.E., Palmese, G.R.: Reversibly cross-linked polymer gels as healing 
agents for epoxy− amine thermosets. ACS Appl. Mater. Interfaces 1, 992–995 (2009) 

159. Peterson, A.M., Jensen, R.E., Palmese, G.R.: Room-temperature healing of a thermosetting 
polymer using the Diels−Alder reaction. ACS Appl. Mater. Interfaces 2, 1141–1149 (2010) 

160. Saegusa, T., Sada, K., Naka, A., Nomura, R., Saegusa, T.: Synthesis and redox gelation of 
disulfide-modified polyoxazoline". Macromolecules 26, 883–887 (1993) 

161. Lei, Z.Q., Xiang, H.P., Yuan, Y.J., Rong, M.Z., Zhang, M.Q.: Room-temperature self-healable 
and remoldable cross-linked polymer based on the dynamic exchange of disulfide bonds. 
Chem. Mater. 26, 2038–2046 (2014) 

162. Memon, H., Wei, Y.: Welding and reprocessing of disulfide-containing thermoset epoxy resin 
exhibiting behavior reminiscent of a thermoplastic. J. Appl. Polym. Sci. 137, 49541 (2020) 

163. Fengtao, Z., Zijian, G., Wenyan, W., Xingfeng, L., Baoliang, Z., Hepeng, Z., Qiuyu, Z.: 
Preparation of self-healing, recyclable epoxy resins and low-electrical resistance composites 
based on double-disulfide bond exchange. Compos. Sci. Technol. 167, 79–85 (2018) 

164. Si, H., Zhou, L., Wu, Y., Song, L., Kang, M., Zhao, X., Chen, M.: Rapidly reprocessable, 
degradable epoxy vitrimer and recyclable carbon fiber reinforced thermoset composites relied 
on high contents of exchangeable aromatic disulfide crosslinks. Compos. Part B 199, 108278 
(2020) 

165. Di Mauro, C., Malburet, S., Graillot, A., Mija, A.: Recyclable, repairable, and reshapable (3R) 
thermoset materials with shape memory properties from bio-based epoxidized vegetable oils. 
ACS Appl. Bio Mater. 3, 8094–8104 (2020) 

166. De Luzuriaga, A.R., Martin, R., Markaide, N., Rekondo, A., Cabanero, G., Rodriguez, J., 
Odriozola, I.: Epoxy resin with exchangeable disulfide crosslinks to obtain reprocessable, 
repairable and recyclable fiber-reinforced thermoset composites. Mater. Horiz. 3, 241–247 
(2016) 

167. Denissen, W., Winne, J.M., Du Prez, F.E.: Vitrimers: permanent organic networks with glass-
like fluidity. Chem. Sci. 7, 30–38 (2016) 

168. Scheutz, G.M., Lessard, J.J., Sims, M.B., Sumerlin, B.S.: Adaptable crosslinks in polymeric 
materials: resolving the intersection of thermoplastics and thermosets. J. Am. Chem. Soc. 
141, 16181–16196 (2019) 

169. Liu, T., Hao, C., Zhang, S., Yang, X., Wang, L., Han, J., Li, Y., Xin, J., Zhang, J.: A self-
healable high glass transition temperature bioepoxy material based on vitrimer chemistry. 
Macromolecules 51, 5577–5585 (2018) 

170. Memon, H., Liu, H., Rashid, M.A., Chen, L., Jiang, Q., Zhang, L., Wei, Y., Liu, W., 
Qiu, Y.: Vanillin-based epoxy vitrimer with high performance and closed-loop recyclability. 
Macromolecules 53, 621–630 (2020) 

171. Memon, H., Wei, Y., Zhu, C.: Recyclable and reformable epoxy resins based on dynamic 
covalent bonds—present, past, and future. Polym. Test. 105, 107420 (2022) 

172. Radl, S., Kreimer, M., Griesser, T., Oesterreicher, A., Moser, A., Kern, W., Schlögl, S.: New 
strategies towards reversible and mendable epoxy based materials employing [4πs + 4πs] 
photocycloaddition and thermal cycloreversion of pendant anthracene groups. Polymer 80, 
76–87 (2015) 

173. Hughes, T., Simon, George P., Saito, K.: Light-healable epoxy polymer networks via 
anthracene dimer scission of diamine crosslinker. ACS Appl. Mater. Interfaces 11, 19429– 
19443 (2019) 

174. Cordier, P., Tournilhac, F., Soulié-Ziakovic, C., et al.: Self-healing and thermoreversible rubber 
from supramolecular assembly. Nature 451, 977–980 (2008) 

175. Yan, T., Schröter, K., Herbst, F., Binder, W.H., Thurn-Albrecht, T.: What controls the structure 
and the linear and nonlinear rheological properties of dense, dynamic supramolecular polymer 
networks? Macromolecules 50, 2973–2985 (2017)



138 S. H. Pezzin

176. Campanella, A., Döhler, D., Binder, W.H.: Self-healing in supramolecular polymers. 
Macromol. Rapid Commun. 39, 1700739 (2018) 

177. Seiffert, S., Sprakel, J.: Physical chemistry of supramolecular polymer networks. Chem. Soc. 
Rev. 41, 909–930 (2012) 

178. Aida, T., Meijer, E.W., Stupp, S.I.: Functional supramolecular polymers. Science 335, 813– 
817 (2012) 

179. Sordo, F., Mougnier, S.-J., Loureiro, N., Tournilhac, F., Michaud, V.: Design of self-healing 
supramolecular rubbers with a tunable number of chemical cross-links. Macromolecules 48, 
4394 (2015) 

180. Villani, M., Deshmukh, Y.S., Camlibel, C., Esteves, A.C.C., de With, G.: Superior relaxation 
of stresses and self-healing behavior of epoxy-amine coatings. RSC Adv. 6, 245–259 (2016) 

181. Guadagno, L., Vertuccio, L., Naddeo, C., Calabrese, E., Barra, G., Raimondo, M., Sorrentino, 
A., Binder, W.H., Michael, P., Rana, S.: Self-healing epoxy nanocomposites via reversible 
hydrogen bonding. Compos. Part B: Eng. 157, 1–13 (2019) 

182. Rodriguez, E.D., Luo, X., Mather, Patrick T.: Linear/network poly(ε-caprolactone) blends 
exhibiting shape memory assisted self-healing (SMASH). ACS Appl. Mater. Interfaces 3, 
152–161 (2011) 

183. Luo, L., Zhang, F., Leng, J.: Shape memory epoxy resin and its composites: from materials 
to applications. AAAS Research 2022, 9767830 (2022) 

184. Luo, X., Mather, P.T.: Shape memory assisted self-healing coating. ACS Macro Lett. 2, 152– 
156 (2013) 

185. Xiao, X., Xie, T., Cheng, Y.-T.: Self-healable graphene polymer composites. J Mater Chem 
20, 3508–3514 (2010) 

186. Zhang, M.Q., Rong, M.Z.: Theoretical consideration and modeling of self-healing polymers. 
J. Polym. Sci. B Polym. Phys. 50, 229–241 (2012)



Synthetic Design of Self-Healing Epoxy 
Systems 

Xiwei Xu, Jin Zhu, and Songqi Ma 

Abstract Epoxy resins are widely used in our life due to their excellent thermal 
and mechanical properties, dimensional stability, and processability, but they are 
inevitably impacted by chemical/physical events, which leads to micro-cracks during 
use. Self-healable epoxy resins can repair the micro-cracks, greatly extending the life 
and safety of the resin. This chapter reviews the methods of achieving self-healable 
epoxy resins, including embedding hollow fibers (or microcapsules) filled with 
healing agents, thermoplastic additives, or dynamic bonds in the epoxy networks. 
The self-healing mechanisms, advantages, and disadvantages of each method are 
summarized. Finally, the conclusion and prospect of self-healing epoxy resins are 
highlighted. 

Keywords Epoxy resins · Extrinsic self-healing · Intrinsic self-healing · Dynamic 
bonds 

1 Introduction 

Biological tissues can self-repair when damaged. As an example, most animal skins 
can completely self-repair within a few hours or days when damaged to protect other 
subcutaneous tissues from further harm. In contrast, traditional synthetic resins are 
challenging to achieve self-healing when damaged and may lose or weaken their 
special functions such as super hydrophobicity, anti-corrosion property, antibacterial 
activity, and conductivity. 

Resins with self-healing properties can repair damage triggered by physical or 
chemical events in working conditions or specific environments (such as heating) at 
the molecular level. It is complicated and trivial to design resin structures similar to
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living organism’s self-healing and regeneration ability as a benchmark [1] because 
organisms possess exceptionally complex and highly synergistic cells. Cognizant of 
the broad application of resins, straightforward and efficient methods in imparting 
self-healing properties to resins received widespread attention. According to the self-
healing mechanisms, we can simply divide the self-healing process into physical 
and chemical processes. The main physical self-healing processes include diffusion, 
[2] shape-memory effects, [3] the loading of superparamagnetic nanoparticles,[4] 
and phase-separated morphologies [5, 6]. At present, the design of self-healing 
systems by chemical processes including the covalent, [7–9] free-radical, [10, 11] 
or supramolecular [12–14] dynamic bonds have attracted significant attention from 
researchers. 

Epoxy resin is a high-performance thermosetting resin obtained by reacting 
epoxide-containing monomers/oligomers with curing agents. It is often used to 
construct adhesives, coatings, and composites on account of its favorable mechanical 
performance, thermal properties, dimensional stability, and processability. However, 
during service, epoxy resin will inevitably be damaged by external factors, resulting 
in cracks at the macro or molecular scale, reducing the material’s mechanical 
performance and even compromising its special functions, such as anti-fouling, 
hydrophobic, and antibacterial effects. On account of the highly and permanently 
cross-linked network structure of traditional epoxy resin, using physical processes 
(such as diffusion and shape-memory effects) alone could not achieve a satisfactory 
self-healing effect. Combining chemical processes with physical processes can lead 
to a superior self-healing effect. Through the works reported recently, the self-healing 
of epoxy resin can be achieved by adding hollow fiber [15–17], microcapsule[17–19], 
and thermoplastic additive [20] to the epoxy resin matrix, which is known as extrinsic 
self-healing. During the past two decades, intrinsic self-healing epoxy networks 
triggered by dynamic bonds have captured increasing attention. Especially since 
Leibler’s pioneer report on vitrimers, [21] the application of dynamic chemistries in 
epoxy resins has been rapidly developed, and various dynamic bonds have been used 
to construct self-healing epoxy resins. 

2 Extrinsic Self-Healing Epoxy Resins 

2.1 Hollow Fiber 

Most of the micro-cracks on the resins are generated when they receive an external 
impact. Therefore, adding appropriate hollow fibers to the epoxy resins can reduce 
the expansion of cracks in the resins when impacted by force. Meanwhile, adding a 
certain amount of self-healing agents (such as small-molecule monomer and initiator) 
to the hollow fibers can realize the self-repairing of cracks (Fig. 1). When cracks are 
generated in the epoxy resins from an external force, hollow fibers at the cracks 
will also be broken, and the healing agents stored in the hollow fibers will fill the
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Fig. 1 Self-healable epoxy resins based on hollow fiber filled with healing agent 

cracks and then quickly cure under the action of the initiator to regain the mechanical 
properties of the resin. 

In 1996, Dry [22] developed an epoxy resin/hollow fiber composite that achieved 
self-healing of the internal cracks. The authors employed microscopy observation 
and mechanical properties analysis to characterize the self-repairing performance of 
the composite and found that the cracks can be controlled by hollow fiber, and the 
adhesive entered the crack and repaired it. In 2005, Pang and Bond [23] developed 
a bionic visualized seal-healing method, ultraviolet fluorescent dyes as well as the 
healing agent were filled into the hollow fiber, and the self-healing and impact damage 
was visualized through the exudation of the ultraviolet fluorescent dyes when the 
hollow fiber was broken. Bending tests showed that the damaged resin self-healed 
with high efficiency. Kling and Czigány [20] replaced the commonly used epoxy resin 
with unsaturated polyester resin as the healing agent to fill the hollow fiber, mainly 
because the curing of unsaturated polyester material was less susceptible to the mix 
than that of the commonly used healing agent (epoxy resin) in the reported literature. 
Curing of the unsaturated polyester led to a 20% increase in flexural properties. 

2.2 Microcapsule 

Up to now, the microcapsule is one of the largest reported self-healing approaches for 
epoxy resin [24]. Similar to the hollow fiber method, the healing agent (often small-
molecule monomers) is encapsulated in microcapsules. The catalyst for curing is 
evenly distributed in the resin matrix. On account of its outstanding self-healing
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Fig. 2 Self-healable epoxy resins based on microcapsules filled with a healing agent 

efficiency and no requirement of manual intervention, it is widely used in metal 
anti-corrosion coatings [25]. 

White et al. [26] innovatively developed a structural polymer material that can 
self-heal in a straight line without manual intervention by the microcapsule self-
repairing method (Fig. 2). When a crack formed upon the damage, it would rupture 
the microcapsule. The self-healing agents released and interacted with the dispersed 
initiator (or catalyst) in the matrix, which realized polymerization and achieved a 
self-healing effect. According to the fracture toughness test, the willful recovery 
rate of the material on the fracture surface reaches 75%, which has a relatively 
high application value. In addition, the authors also expected their mechanism to be 
applied to other hard materials, including glass, ceramics, etc. 

Anti-corrosion of metallic materials is of great significance both economically 
and ecologically [27, 28]. Anti-corrosion coatings can effectively block water and 
ions from corroding the metal substrates. Nevertheless, once the coating is damaged, 
water and ions can freely reach the metal substrate, causing rapid corrosion and even-
tually cracking of the coating. Adding corrosion inhibitors can improve the corrosion 
resistance of the coatings. However, such materials are now widely restricted by EU 
law because of ecological and toxicological concerns [29, 30]. Thus, it is significant to 
develop self-healable anti-corrosion coatings. Suryanarayana et al. [31] investigated 
the self-healing efficiency of epoxy coatings containing linseed oil-filled microcap-
sules and applied it to the anti-corrosion of metal materials. The authors prepared 
microcapsules in situ by urea–formaldehyde resin. The linseed oil in the microcap-
sules is released under the mechanical action to repair the cracks. Meanwhile, owing 
to the repair of the epoxy coating cracks, the metal protected by the anti-corrosion 
coating was re-protected.
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2.3 Thermoplastic Additives 

Adding thermoplastic resin or additives to the thermosetting resins is also a way 
to realize self-repairing for thermosetting resin/composite (Fig. 3). The above two 
methods (hollow fiber and microcapsule) cannot perform repeated self-repair after the 
resin achieves self-repair and are subject to certain restrictions in the application. In 
addition, the preparation process in the above two methods required the encapsulation 
of the healing agent, which is relatively complex and can often only be used in the 
preparation of composite materials. While thermoplastic particles only need to be 
added during the molding process of the thermosetting resin matrix, which is simpler 
and more efficient. 

Zako and Takano [32] loaded thermoplastic particles at a volume ratio of 40% 
to the glass fiber/epoxy composite (GFRP) laminate. The three-point bending and 
tensile tests found that the addition of thermoplastic particles did not decrease 
mechanical properties, and since thermoplastic resins can melt at elevated tempera-
tures, cracks in the matrix of the composite material can be self-healed. The service 
life of the composite material can be increased. 

Meure et al. [33] developed a thermoplastic healing agent (polyethylene-co-
methacrylic acid (EMAA) particles) for epoxy networks and proposed a related 
mechanism. Incorporating the thermoplastic additive improved the epoxy resin’s 
breaking strength and achieved critical stress strength recovery up to 85%. They also 
revealed the self-healing mechanism: recovery of damaged resin’s strength through 
the formation of a sticky EMAA layer between the EMAA particle and epoxy matrix, 
while swelling of the healing agent occurs during heating and forces it into the broken 
area of the epoxy matrix, facilitating its repair.

Fig. 3 Self-healable epoxy resins based on thermoplastic additives 
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3 Intrinsic Self-Healing Epoxy Resins 

The damage to traditional epoxy resin often needs to be repaired by welding, gluing, 
and other methods. Adding hollow fiber or microcapsule filled with healing agents 
and thermoplastic resin can be an extension of this traditional repair method. During 
the past two decades, dynamic bonds-based self-healable epoxy resins have made 
great progress. Here is a theory about self-healing properties that are instructive 
for developing self-healable epoxy resins from dynamic bonds. From the point of 
thermodynamics, to realize the resin’s self-repairing process, it is indispensable to 
satisfy the change of Gibbs free energy (ΔG (=ΔH − TΔS) < 0) of the whole 
process. The above-mentioned self-repairing process mainly follows two processes: 
(1) breakage of the molecular chains at the rupture when a physical or chemical event 
damaged the material, and (2) thermal motion and diffusion of the molecular chains 
when the interface distance was appropriate, and under the premise that the two 
interfaces are fused by the exchange between the dynamic bonds on the molecular 
chain. In this process, due to the exchange reaction, the enthalpy value before and 
after the reaction was almost unchanged, so the ΔH in this process was almost 
zero. However, the change in the degree of the disorder before and after the reaction 
was significant. The increase in the degree of disorder leads to the migration of 
molecular chains on the fracture surface to the gap and eventually fused. Since ΔH 
can hardly change greatly,ΔG can be assumed as (−TΔS). For the sake of increasing 
the driving force for self-repairing, it was a feasible idea to increase the amount of 
disorder. Reducing the number of atoms in repeating units between two dynamic 
bonds can increase the degree of disorder (ΔS) in the process of dynamic bond 
exchange and molecular chain migration, and there are some efficient approaches 
such as increasing the dynamic bond content and designing dynamic bonds on the 
main chain instead of side chains. In addition, as shown in Fig. 4, increasing the 
flexibility of the molecular chain of the polymer network is also beneficial to the 
increase of ΔS. The relationships between the length of the repeating unit of the 
molecular chain, the flexibility of the chain segment and the change of Gibbs free 
energy (ΔG) are shown in Fig. 4.

The above-mentioned methods for realizing the self-healing feature of epoxy 
resins are all by adding external healing agents. As a result, the currently commercial 
epoxy resin can be directly modified, the research is relatively mature, and they are 
widely used. However, these methods still have some difficult problems to solve. 
For example, the first two methods (hollow fiber and microcapsule) can only endow 
the self-healing property for one time. In addition, these two methods are suitable 
for composite materials. They are difficult to apply in pure resin materials such as 
coatings, adhesives. These two methods need to add hollow fibers or microcapsules. 
Adding thermoplastics to thermosetting epoxy resin seems to be a better method, 
which can achieve self-healing multiple times, and the preparation was relatively 
simple, but there are still several issues. As an example, to achieve a better self-
healing effect, it is essential to add a large number of thermoplastic additives [32]. 
In addition, the loading of a large amount of thermoplastic resin inevitably reduces
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Fig. 4 Curves of ΔG versus segment number (N) in a polymeric chain and flexibility (f ) for  free  
(surface A) and tethered (surface B) chain ends Reproduced with permission from Yang and Urban 
[1]

the mechanical properties of the resin matrix. Meanwhile, this method requires the 
thermoplastic resins and epoxy resins with favorable compatibility, which reduces 
the selection range of thermoplastic resins, and after repairing, the crack is simply 
bonded by a thermoplastic resin with superior fluidity, which theoretically becomes 
a weak point. For instance, when it is used in a high-temperature environment, the 
thermoplastic resin tends to fail, leading to the crack breaking again. 

In recent two decades, the self-healing of epoxy resins was realized by incorpo-
rating dynamic structures. The network rearrangement and the migration of molec-
ular chains can be realized through the exchange of dynamic structures under certain 
conditions (such as heating, ultraviolet light), corresponding to the repairing of the 
resin. By introducing supramolecular chemistries such as hydrogen bonding, epoxy 
resin can obtain self-healing ability, while appropriate content of supramolecular 
bonds can enhance the mechanical performance of the epoxy resin [34, 35]. By 
introducing dynamic covalent bonds, self-healing can also be achieved for epoxy 
resins. Self-healing epoxy resins from dynamic covalent bonds have two catalogs: 
dissociative and associative. For the dissociative one, during the self-healing of the 
epoxy network or network rearrangement, dynamic covalent bonds are first disso-
ciated, and then new dynamic covalent bonds are formed in another place. For the 
associative one, the cleaving and reformation of the dynamic covalent bonds occur 
simultaneously, and the resin’s cross-link density is unchanged. Albeit there is a big 
difference between these two catalogs, they both can achieve effective self-healing 
for epoxy resins via the rational design of the molecular structure.
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3.1 Supramolecular Dynamic Bonds 

A hydrogen bond is a typical supramolecular dynamic bond in nature, so its strength 
is lower than most covalent bonds. Nevertheless, hydrogen bond-contained materials 
with high mechanical properties can still be designed and prepared. In recent years, 
urea isopyrimidone (UPy) captured great attention because it can form quadruple 
hydrogen bonding. Compared with ordinary hydrogen bonds, UPy-based quadruple 
hydrogen bonds have a stronger binding force, which is beneficial to enhancing the 
mechanical performance of materials. Thermosets that only use UPy-based hydrogen 
bonds as cross-linking points showed the same rheological characteristics as thermo-
plastic resins as a result of the de-bonding of hydrogen bonds at elevated temperatures 
[36] and possessed pretty good mechanical properties at room temperature (Fig. 5). 

Zhang et al. [37] used UPy-modified bisphenol-A epoxy resin to prepare cross-
linked supramolecular polymers through epoxy curing reaction and formation of 
hydrogen bonds between UPys (Fig. 6). This epoxy resin can be self-healed at the 
cut point after heating (90°C) for 2 h, and high self-repairing efficiency was reached 
(99%). At the same time, the epoxy resin had excellent mechanical properties (elon-
gation at break was 247%, and tensile strength was 3.10 MPa). This resin was also 
applied to self-healable conductive composites. Sun et al. [35] applied the epoxy 
resin containing UPy to the reusable hot melt adhesive (Fig. 7). They grafted UPy to 
bisphenol-A epoxy resin by chemical modification and prepared reusable adhesive 
through epoxy curing and hydrogen bonding between UPys. The SEA had ultra-
high bonding performance with a bonding strength of 10 MPa. Meanwhile, the SEA 
can also be reused by heating at 80°C for 5 min through the dynamic exchange of 
hydrogen bonds, and it can be reused six times with 80% maintained mechanical 
properties.

Fig. 5 Thermal dynamic exchange of urea isopyrimidone (UPy) 
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Fig. 6 Preparation of the UPy-based self-healing epoxy resin [37] 

Fig. 7 Reusable hot melt adhesive based on supramolecular epoxy Reproduced with permission 
from Sun et al. [35] 

UPy is suitable for preparing self-healing epoxy resins with high performance, but 
the chemical structure of UPy is still complex, and the synthesis route is cumbersome. 
In addition to the UPy-based hydrogen bonding, there are other common hydrogen 
bonds or supramolecular chemistries used in self-healing epoxy resins [38]. For 
instance, Kostopoulos et al. [39] introduced the hydrogen bond-based self-healing
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Fig. 8 The preparation process of the host–guest epoxy system and Schematic diagram of its 
self-healing process Reproduced with permission from Hu et al. [40]

epoxy resin into carbon fiber composites, and the self-healing performance was 
greatly improved after adding hydrogen-bonded supramolecular polymers. The host– 
guest system is a widely studied supramolecular chemistry. Hu et al. [40] introduced 
a host–guest system into an epoxy resin system, the obtained epoxy resin can achieve 
self-healing at 120°C with self-healing efficiency as high as 79.2%, but its synthetic 
method was relatively complicated (Fig. 8). For the sake of achieving epoxy resins 
combining excellent anti-corrosion performance and self-repairing performance, 
Boumezgane et al. [41] combined the advantages of supramolecular bonds (ionic 
dynamic bonds) and microcapsules (Fig. 9). The amino/carboxyl groups terminated 
PDMS was introduced into epoxy resin systems, and microcapsules were formed 
in situ. The surface damage of the resin released the functional PDMS oligomers to 
form supramolecular ionic networks, which endowed self-repairing capabilities and 
improved the anti-corrosion performance of the anti-corrosion coating on scratches. 

3.2 Reversible Diels–Alder (DA) Addition 

Diels–Alder (DA) adduct is generated by the cycloaddition of the conjugated diene 
system with the alkene or alkyne bond. Unlike the hydrogen bond mentioned above, 
the DA adduct was a kind of dynamic covalent structure, with larger bond energy than 
the hydrogen bond. Therefore, it is more suitable to prepare high-performance epoxy
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Fig. 9 Anti-corrosion epoxy resin based on ionic dynamic bond and microcapsules

resins. At high temperatures, the DA system dissociates to realize the easy migration 
of a part of the chain segments and further realize the self-healing of cracks. When 
the temperature drops, the decomposed conjugated diene system, and the alkene or 
alkyne bond undergo a cycloaddition reaction again to recover the resin’s mechanical 
performance. 

Chen et al. [7] first reported a cross-linked polymer that can be healed in a 
mild condition through disconnection and reconnection of DA adducts. The authors 
investigated the reversibility of Diels–Alder (DA) cross-linking by solid-state NMR, 
which demonstrated that DA adducts could decompose above 120°C and form at low 
temperatures. Further, they exposed the relationship between the rate of the forma-
tion of DA adduct and temperature. Taking advantage of this feature of DA adducts, 
Kuang et al. [42] prepared a DA adduct-containing diamine and further reacted with 
a commercial epoxy to produce an epoxy network with outstanding reprocessing and 
repeated self-healing. Cross-linked epoxy resins containing DA adducts can essen-
tially behave like typical thermosets at room temperature, which cannot be dissolved 
in solvents. Nevertheless, it can be reprocessed quickly at high temperatures like 
thermoplastics. This is ascribed to the cleavage of the DA adduct at elevated temper-
ature, which makes the resin reversibly switch between the cross-linked state and the 
linear structure. 

Peterson et al. [43] developed a DA adduct-based reversibly cross-linked gel that 
can be utilized to repair epoxy resins. This gel can apply to the crack surface directly, 
and the resin’s mechanical performance was recovered by 37%. Being heated, on 
account of the DA adduct’s dissociation, the gel transformed into a fluid oligomer 
that diffused into the resin’s crack, and the molecular chains of the oligomers also 
entangled with the chain segment on the crack surface. As the temperature dropped, 
the furan groups on the oligomers re-reacted with maleimide groups to rebuild a 
complete network structure (Fig. 10).

Since the DA addition reaction occurs on the crack surface, the healing effect 
between cracks is extremely sensitive to the distance between the crack surfaces. 
An effective way to reduce the crack distance is to expand and soften the mate-
rial. Peterson et al. [44] invented a room temperature self-healing agent (a solution 
containing bismaleimide (BMI)) for DA adduct-containing thermosetting polymer. 
Solvent swelled and softened the crack surface, which led to the physical bonding of
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Fig. 10 DA adduct-based reversibly cross-linked gel as the secondary healing phase to repair epoxy 
networks Reproduced with permission from Peterson et al. [43]

Fig. 11 Room temperature self-healing agent for DA adduct-containing thermosetting polymer. 
Green pentagon: solvent molecules, red notched trapezoid: furan, blue triangle: maleimide, and 
magenta trapezoid: DA adduct Reproduced with permission from Peterson et al. [44] 

the cracks, and then chemical bonding from the DA addition reaction also occurred 
at room temperature as the crack width is less than the length of BMI (Fig. 11). The 
physical bonding contributed to 28.4% healing efficiency, and chemical bonding led 
to another 41.6% healing efficiency. 

3.3 Disulfide Bond Exchange 

In recent years, self-healable epoxy resins based on disulfide bonds have received 
extensive attention from researchers. Unlike DA addition, during the healing process,
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the disulfide bond does not undergo significant dissociation at high temperatures. 
However, it undergoes a rapid exchange reaction, so the cross-link density of the 
material does not decrease significantly. Consequently, no annealing is necessary 
to realize self-healing for disulfide bond-based self-healing epoxy resins, while 
DA adduct-based ones often require a long time of annealing to achieve favorable 
recovery of mechanical properties. 

Lei et al. [45] added tri-n-butylphosphine (TBP) into an epoxy resin containing 
disulfide bonds. TBP could catalyze the metathesis exchange of disulfide bonds at 
room temperature under alkaline conditions. Through this reaction, the cross-linked 
epoxy resin containing disulfide bonds can self-heal at room temperature (Fig. 12), 
which is demonstrated by the repeated recovery of tensile strength. In addition, this 
polymer can also realize the network rearrangement through the dynamic exchange of 
disulfide bonds, and the reprocessed resin maintains the original mechanical perfor-
mance. Without a TBP catalyst or disulfide bond, the control group failed to achieve 
self-healing or reprocessing. 

Memon and Wei [46] designed and synthesized an epoxy resin containing a disul-
fide bond. Through the curing reaction of this epoxy resin and methyl hexahydroph-
thalic anhydride, disulfide bonds were introduced into the epoxy network (Fig. 13). 
The obtained epoxy network possesses excellent thermal properties and mechanical 
performance. Via the reversible bonding of disulfide bonds, the resin can realize 
welding repair and remodeling processing. After reprocessing three times, the resin 
maintained mechanical performance well with a recovery of > 90%. This resin can 
also be degraded in a solution containing sulfhydryl groups to yield oligomers.

Fig. 12 Epoxy network containing disulfide bonds catalyzed by tri-n-butylphosphine Reproduced 
with permission from Lei et al. [45] 
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Fig. 13 Synthesis of epoxy monomer containing disulfide bond and its self-healing epoxy resin 
[46] 

Si et al. [47] prepared an epoxy network from a diepoxy and a diamine containing 
aromatic disulfide bonds. High glass transition temperature (Tg, 147°C) and tensile 
strength (63.1 MPa) were achieved. Besides the benefit of the abundant disul-
fide bonds, the exchange efficiency of the network is greatly improved, enabling 
rapid relaxation without a catalyst. Carbon fiber composites (CFRP) based on this 
epoxy network could be easily degraded by small-molecule sulfhydryl compounds 
to obtain recycled carbon fibers, which can be reused to prepare CFRP with excellent 
mechanical properties. 

3.4 Imine Exchange 

Similar to the disulfide bond, the imine bond is also a dynamic bond with high 
exchange activity, which allows for rapid exchange without a catalyst via the 
metathesis reaction (Fig. 14) [48]. In addition, the raw materials are commonly 
available because they can be facilely prepared by the condensation reaction of the 
amino group with the aldehyde group. Lei et al. [48] first demonstrated that the 
self-healing of thermosets could be achieved via incorporating an imine bond. 

For epoxy resins, imine bonds can be introduced into the chemical structures of 
epoxy monomer (Fig. 15a) or curing agents (Fig. 15b) or can be in-situ built during 
the formation of the cross-linked network. The introduction of imine bonds into

Fig. 14 Exchange mechanism of imine bond [48] 
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epoxy resins can provide self-healing performance without scarifying thermal and 
mechanical properties. In addition, imine bonds can also bring quite a few attractive 
features, such as antibacterial activity, [49, 50] anti-corrosion property, [51] and 
degradability [52, 53] etc. In 2019, Mo et al. [51] introduced the imine bond into the 
curing agent. The imine bond was incorporated into the epoxy network through the 
curing reaction of the curing agent and the epoxy monomer. The prepared epoxy resin 
can achieve self-healing within 1 h at 90°C,  but with  increasing cross-linking density 
of the network, the resin’s healing process was hindered. Meanwhile, incorporating 
an imine bond also endows epoxy resin with excellent corrosion resistance. Similarly, 
Mai et al.[54] prepared a curing agent containing imine bonds through the reaction 
of vanillin with hexane-1,6-diamine and then used this curing agent to cure epoxy 
resins. The prepared epoxy resin can achieve self-healing within a few minutes at 
90°C. The introduction of imine bonds into epoxy monomers was also a common 
method for preparing imine-based epoxy resins. Jiang et al. [55] prepared imine-
containing epoxy monomers using 4-aminophenol and vanillin as raw materials. 
The cured epoxy resins can be self-healed within a few hours at 120°C and possess 
excellent mechanical properties, thermal stability, and solvent resistance. 

To accelerate the dynamic exchange reaction and increase the self-healing effi-
ciency, we designed an epoxy resin containing both imine bond and DA adduct [56]. 
The synergistic exchange effect accelerated the network rearrangement to realize 
the fast self-repairing and reprocessing of the epoxy resin. In addition, by adjusting 
the ratio of imine bond and DA adduct, the tensile strength of this material can be 
adjusted in the range of 10–90 MPa, which has the characteristics of a large adjust-
ment range and good mechanical properties. Since the degree of reaction of DA 
adducts increases with annealing time, the authors investigated the effect of imine 
bonds on the formation of DA adducts and found that the formation rate of DA 
adducts increased when increasing imine bond content. At the same time, a series of

Fig. 15 Synthetic routes of imine-based epoxy monomer and curing agent 
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materials with various mechanical performances can be easily achieved by adjusting 
the annealing time. 

3.5 Ester Bond Exchange 

In addition to the above-mentioned dynamic bonds, the ester bond is also a commonly 
reported dynamic bond, which can be readily introduced into the cross-linked 
epoxy networks through the curing reaction of epoxy monomers or oligomers with 
acid anhydrides or carboxylic acids. However, compared with the dynamic bonds 
mentioned above, the exchange efficiency of ester bonds was relatively low. There-
fore, to realize the self-repairing performance of epoxy resins, it is essential to adopt 
catalytic methods to accelerate the exchange of ester bonds. Liu et al. [57] prepared 
eugenol-based epoxy monomers and then used succinic anhydride as the curing agent 
to prepare a dynamic network based on an ester bond (Fig. 16). The self-healing was 
achieved by transesterification catalyzed by zinc acetylacetonate hydrate (Zn(acac)2). 
However, limited by the efficiency of the transesterification, the crack required to be 
thermally treated for 1 h (190°C) to realize partial repair. Similarly, the authors further 
prepared a bio-based self-healable epoxy network with a bio-based triepoxy and 4-
methylcyclohexane-1,2-dicarboxylic anhydride. Self-healing was achieved within 
several minutes at 220°C with the catalysis of Zn2+ [57]. Ding et al. [58] also intro-
duced ester bond into epoxy resins via curing of epoxy monomers with glutaric 
anhydride. However, owing to the low ester exchange activity, the system required to 
be thermally treated for two hours (200°C) to realize self-healing. Besides, the above 
works realized the self-repairing performance of ester bond-based epoxy resins by 
introducing external catalysts. Therefore, the addition of catalysts would inevitably 
bring about issues such as toxicity and environmental protection. Thus, several 
auto-catalytic systems based on tertiary amine, [59, 60] excess hydroxyl group, 
[61] carboxyl group [62] etc., were developed. For instance, Liu et al. [61] reported 
a catalyst-free self-healable epoxy resin through hyperbranched epoxy oligomers. 
The excess hydroxyl groups in the system catalyzed the transesterification so that 
the resin could achieve partial self-healing within several hours at 150°C without 
additional catalyst.

4 Conclusion and Prospect 

There are two catalogs of self-healable epoxy resins: extrinsic and intrinsic. Extrinsic 
self-healable epoxy resins were based on loading hollow fibers, microcapsules, or 
thermoplastic additives. The mechanisms for hollow fiber and microcapsule methods 
are the same. Both realize self-repairing by releasing a healing agent from the broken 
hollow fibers or microcapsules in the cracks. For these two methods, self-healing is 
independent of the properties of the epoxy resins. Those with high modulus and high
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Fig. 16 a Synthesis and curing of eugenol-based epoxy monomer and b exchange mechanism of 
ester bonds in epoxy cross-linked networks [57]

Tg can also be self-healed. However, the preparation of hollow fibers and micro-
capsules filled with healing agents is not easy. Loading them also affects the epoxy 
system’s viscosity and processability, and the cracks can be self-healed only once. 
For the method of using thermoplastic additives, the preparation process is simple, 
and the cracks can be self-healed multiple times. However, it requires high loading of 
thermoplastic additives and favorable compatibility of thermoplastic additives and 
epoxy resins, and the healed cracks re-break easily at elevated temperatures. 

Recent two decades witnessed the rapid development of intrinsic self-healable 
epoxy resins from dynamic bonds: non-covalent (supramolecular) or covalent. For 
the supramolecular method, hydrogen bonds, ionic dynamic bonds, or host–guest 
systems were applied to realize the self-repairing of epoxy resins. For the method of 
using dynamic covalent bonds, Diels–Alder adduct, imine bond, disulfide bond, and 
ester bond were commonly used to produce self-healing epoxy resins, and diselenide 
bond, etc. were also exploited. For the intrinsic method, the epoxy resins can be 
theoretically self-healed many times. Diels–Alder adduct-based self-healing epoxy 
resins can repair the cracks easily at elevated temperature by virtue of the cleavage of 
Diels–Alder adduct and the reduction of the epoxy networks’ cross-link density, but 
to achieve enough strength of the healed cracks required further annealing. Disulfide 
and imine bonds as the dynamic bonds based on associative mechanisms can also 
provide excellent self-healing properties to the epoxy resins. While the disulfide 
bond is flexible, as a result, the obtained epoxy resins often exhibited relatively 
lower Tg and modulus compared with traditional epoxy resins. Imine bond-based 
self-healing epoxy resins can possess high modulus and Tg, which is attributed to the 
rigidity of its excellent hydrogen bonding and conjugated ability with the benzene 
ring. At the same time, it is easy to be thermally aged during the thermal-triggered 
healing process. Ester bond-based self-healing epoxy resins have attracted significant 
attention, especially after the first report of vitrimers. However, their self-repairing 
efficiency is limited on account of the slow transesterification. For the intrinsic self-
healable epoxy resins, the self-repairing is often triggered by other stimuli such as
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heating, UV radiation, etc. As a result, most of them are not the real self-healable 
ones; and it is still a challenge to achieve outstanding self-healing for those with high 
modulus and Tg. 

In the future, self-healing efficiency should be improved. For example, the syner-
gistic effect of two or more dynamic bonds can be utilized to accelerate the dynamic 
exchange and self-healing. During the service, stability and durability of the epoxy 
resins are also exceedingly important, so the stability or aging resistance of dynamic 
bond-based self-healing epoxy resins should be focused on to realize a delicate 
balance between self-repairing efficiency and stability. Epoxy resins are mainly from 
nonrenewable fossil resources, so self-healing epoxy resins from renewable biore-
sources should also be investigated. Materials with multiple functions are the future 
trend, so other functions such as flame retardancy, anti-fouling, anti-corrosion, shape-
memory, recyclability, should also be introduced into self-healing epoxy resins. 
Although applications of self-healing epoxy resins in composite materials, anti-
corrosion coatings, etc., were reported, research on specific applications’ overall 
properties is still limited. 
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Self-healing Epoxy Resin 
with Multi-Stimuli-Responsive Behavior 

P. Poornima Vijayan, Jesiya Susan George, and R. V. Revathy 

Abstract Self-healing ability of epoxy have been aroused as a strategy to improve 
the performance of epoxy-based structures, coatings and adhesives. Though there are 
several reports on the development of self-healing epoxy, the sustained and controlled 
healing of epoxy matrix is critical for achieving desired performance. Hence, scien-
tists paid much attention to designing self-healing systems that would trigger and act 
upon certain stimuli. The stimuli should be non-destructing and available in the user 
environment. Both intrinsic and extrinsic self-healing in epoxy systems have been 
tailored to respond to the external environment. Earlier, single stimuli responsive 
self-healing epoxy systems were introduced as smart materials with superior perfor-
mance. Later on, dual-to multiple stimuli-responsive self-healing epoxy systems were 
developed. Moreover, other epoxy systems have been developed to sense different 
combinations of stimuli such as light, temperature, pH, moisture, and restore the orig-
inal functionalities. As a budding research area, practicing more advanced designs 
on multi-stimuli self-healing would benefit future material developments. 

Keywords Self-healing · Epoxy · Stimuli-responsive 

1 Introduction 

Epoxy resins are the widely studied thermoset, considering their high demand in 
the aerospace, construction and electronic industries [1]. Though epoxies are critical 
components in coatings, adhesives and structural composites, they are vulnerable to 
damage by external factors like mechanical impact, temperature and UV irradiation 
[2, 3]. These factors lead to the micro-cracks deep inside, which are tough to find and 
restore manually [4]. Fabrication of new materials that solves the weakness of existing
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materials is the symbol of ever-progressing society. The last two-decade witnessed a 
milestone in polymer science and technology, which is the development of intelligent 
polymers, also known as smart polymers, which possess active functionalities just 
like in natural material [5]. With the advancement in smart and intelligent polymer 
materials, epoxy thermosets have also been explored for the development of smart 
thermosets [6, 7]. 

Self-healing, a promising smart functionality for the sustainable future, has been 
successfully integrated into the epoxy matrix [8]. Nature’s mechanism of wound 
healing has been mimicked by material scientists in self-healing epoxy systems. 
With the integration of self-healing functionality, the epoxy matrix would eliminate 
the limitation of its high brittleness, thereby improving its service time and relia-
bility. Self-healing epoxies are considered the future of the automobile, construc-
tion, aviation, electronics, ships, boats etc., as coatings, adhesives and structural 
composites. The use of epoxy in those diverse environments prompts the researchers 
to design a suitable triggering mechanism to initiate self-healing. The stimuli for 
the autonomous healing process in epoxy have been varying depending on the type 
of self-healing system developed (i.e., extrinsic or intrinsic) [9]. While extrinsic 
self-healing is achieved by incorporating healing agent encapsulated micro-or nano-
containers into matrix material, intrinsic self-healing operates via. dynamic covalent 
bonds and noncovalent interactions [10]. 

A well-controlled healing process is indeed required irrespective of the healing 
mechanism. The self-healing performance of epoxy, which responds to multiple 
physiochemical stimuli, are highly desirable for those applications [11]. Hence, 
investigations on multi-stimuli-responsive self-healing epoxy for specific applica-
tions have improved the reliability and lifetime of epoxy structures. 

The early research on self-healing was mainly devoted to single stimuli-responsive 
epoxies. However, the need for highly reliable epoxy structures, coatings and 
adhesives, lead to the discovery of synergetic multi-stimuli-response self-healing 
epoxy. Although several single-responsive epoxies have been well researched, epoxy 
responses to multiple stimuli are intriguing but challenging. Special care is required 
while designing multi-stimuli-responsiveness in self-healing epoxy. Developing new 
chemistries, controlled release mechanism, after all structure to function behavior 
is the key to successful multi-stimuli-responsive self-healing epoxy systems. The 
simple mechanism of action, fast response time, high sensitivity and multiple 
healing cycles are the major self-healing characteristics. The current chapter initially 
discusses epoxy systems self-heals upon single stimuli response. It follows the 
primary focus of this chapter, i.e., the importance of the multi-stimuli-responsive 
self-healing process, the mechanism of action in the various external environment 
and their performance.
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2 Stimuli for Self-healing Performance in Epoxy 

The simplest and straightforward healing strategy for an epoxy matrix is to use 
thermal stimuli where they can be heated above their Tg, at which the molec-
ular chains freely move and rearranges. However, it would not be considered an 
‘autonomous’ process, as there is a human intervention in heating. In a self-healing 
epoxy matrix based on thermo-reversible Diels–Alder dynamic chemical reaction, 
the mechanical strength and adhesive behavior of healed epoxy largely depends 
upon the temperature change [12]. As temperature varies, the cracks can be healed 
and the healed one showed higher flexural strength and adhesive performance than 
the unhealed sample. Compared with thermal stimulus, other stimuli like light, pH, 
moisture, etc. would be better considered as instantaneous triggering resources for 
self-healing epoxy. 

As a potential stimulus for the healing of epoxy, light can be effectively applied 
to epoxy structures and coatings which are exposed to outdoor environment. Several 
reports show that light initiated self-healing of an epoxy matrix has been successfully 
applied to extend the service life of epoxy-based materials. The presence of the 
photothermal compound and suitable crosslink density of epoxy to favor thermally 
induced healing based on chain diffusion and entanglement is the key to achieving a 
good light-responsive self-healing epoxy. Chen et al. [13] developed an epoxy coating 
which self-heals upon light irradiation. The near-infrared (NIR) (808 nm) initiated 
healing has been designed using carbon black as a photothermal filler. Carbon black 
has excellent photothermal conversion efficiency toward NIR. The crosslink density 
and glass transition temperature (Tg) of epoxy matrix have been lower by replacing 
the diamine curing agent with monoamine. Enhanced chain mobility facilitated by the 
low crosslinking density and Tg of the epoxy matrix favors thermally induced healing 
even with a small amount of carbon black. NIR irradiation at 808 nm has found to help 
in healing the crack completely. Fang et al. [14] controlled the crosslink density of 
diglycidylether of bisphenol A (DGEBA) network by replacing m-xylylenediamine 
(MXDA) with 4-(heptadecafluorooctyl) aniline (HFOA). They used aniline black to 
transmit thermally induced healing into a sunlight responsive one. 

Recently, the photothermal response of plasmonic titanium nitride nanoparticles 
(TiN NPs) has been successfully used in epoxy coating for self-healing corrosion 
protection [15]. In which epoxy matrix was reinforced with titanium nitride nanopar-
ticles grafted to mesoporous SiO2 core–shell nanocontainers loaded with benzotri-
azole (BTA) corrosion inhibitors. In the presence of NIR irradiation, the thermo-
genesis effect of TiN NPs promoted both the release of corrosion inhibitors from 
nanocontainers and the shape memory effect to heal the scratch on the coating. 
This dual-action suppresses the corrosion at the exposed metal surface. Polyaniline 
(PANI) nanofibers are another promising photothermal compound used to develop 
self-healing epoxy in polyaniline (PANI) nanofibers [16]. The temperature required 
for the photothermal conversion of PANI nanofibers found to be increased with the 
NIR irradiation (808 nm). The shape memory effect and self-healing performance 
were enhanced directly with the increase of PANI nanofibers content.
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UV light harms the polymer coatings applied in transportation, oil, gas, construc-
tion and in agricultural industries resulting in their costly maintenance or renewal of 
the coating. In this case, the synthesis of self-healing epoxy coating in which UV light 
activates autonomous healing response to mechanical damage would be an intelligent 
approach. A notable application of UV light initiated self-healing is in spacecraft, 
which are subject to severe environmental factors, including UV light, thermal vari-
ations, and mechanical impact from space debris [17]. UV-responsive microcapsule 
embedded epoxy coating has been developed for in-orbit damage repairing. One 
such microcapsule were reported with UV-curable epoxy in the core and a novel 
UV-protecting shell wall of poly(urea–formaldehyde) embedded with carbon black 
particles [18]. As confirmed by Raman spectroscopy, the core material is released 
upon damage with scribe and cured after UV exposure. It was worth noting that the 
carbon black remained with the shell wall and did not get released into the scribe 
damage. About 65% degree of protection was achieved by using UV-blocking shell 
wall after UV exposure. 

Another reported stimulus for self-healing is water. Water responsive self-healing 
epoxy coatings and composites offer a dynamic healing facility for structures exposed 
to water or moisture. In addition, to ensure the safety and long service life of 
submerged structures, their self-healing functionality should be active in aqueous 
environment. In such an attempt, Yuan et al. [19] developed a water-responsive 
self-healing system with reversible and permanent covalent networks inspired by 
sea cucumber. As shown in Fig. 1a, the rapidly and reversibly modulus shifting 
nature of sea cumber arises owing to the crosslinking as well as de-crosslinking 
collagen fibrils in a low-modulus matrix. Mimicking from this nature architecture, 
poly (propylene glycol) chains were crosslinked with dynamic covalent boroxine 
bonds and permanent epoxy bonds. This network is stiff and strong in the dry state, 
and upon contact with water, the boroxine bonds dissociate to form unbound boronic 
acid, thus breaking the dynamic network. In this state, the system acts like a soft 
rubber. Once water is removed, boronic acid can reverse back to boroxine and return 
to the matrix’s original stiffness. The whole process is illustrated in Fig. 1b.

It is a challenge to establish an anticorrosion coating that self-heals intrinsically in 
water. Underwater intrinsic self-healing has been constructed via. host–guest chem-
istry involving β-cyclodextrin/graphene (CD/G) in an epoxy network [20]. The host 
β-cyclodextrin was attached to the graphene surface which act as the guest molecule 
in the epoxy chain (Fig. 2a). The self-healing behavior has been attributed to the 
action of CD/G as a noncovalent macro-crosslinker which provides the interaction 
sites for the epoxy matrix molecules. Figure 2b shows the self-healing process in 
graphene-epoxy nanocomposite with different content of CD/G nanosheets under 
immersion in water for 24 h. The graphene-epoxy nanocomposite with 1% CD-G 
nanosheets showed the best healing performance among all the samples.

Extrinsic self-healing can also be triggered by water. In epoxy coatings, cellulose 
nanofiber (CNF) could effectively assist the release of healing agents upon exposure 
to the electrolyte solution. An effective epoxy coating on the metal substrate has been 
developed for submerged application with cellulose nanofiber as a key component 
[21]. Epoxy monomer and amine curing agents were immobilized on the surface
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Fig. 1 a Schematic representation of the structure change and tunable property process, b Mech-
anism of water-triggered self-healing and property in epoxy-boroxine hybrid. The blue beads 
represent the permanent crosslinks of epoxy [19]

of cellulose nanofiber and incorporated into the epoxy coating. Once the coating is 
damaged while exposed to water, the cellulose nanofibers get deformed, releasing the 
physically adhered epoxy monomer into the damaged area. Thus, mobilized epoxy 
monomer readily reacts with-NH2 group on the surface of amine immobilized CNF 
to form an epoxy crosslinked network to recover the scratch. 

Self-healing has been developed as a solution for metal corrosion, which can sense 
even a micro-crack at the early stage, and thereby avoid economic losses and infras-
tructure failures at industries. The self-healing functionality has been successfully 
used as an alternative strategy for corrosion protection [22, 23]. The direct addition 
of corrosion inhibitors into epoxy coating adversely affects the coating integrity. 
The encapsulation of inhibitors inside suitable containers provides safe storage and 
controlled release into the matrix on-demand basis [24, 25]. Polymer capsules [26], 
inorganic mesoporous materials [27], nanotubes [22, 23] and layered hydroxides 
[28, 29] are commonly used for the safe encapsulation of corrosion inhibitors. The 
microcapsules and nanocontainers are encapsulated or immobilized with anticorro-
sive agents. Several findings reported self-healing anticorrosive coatings developed
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Fig. 2 a Pictorial representation of fabrication of graphene-epoxy nanocomposites, b Micrographs 
showing self-healing behaviors of different samples during 24 h immersion process: (a) pure epoxy; 
(b) neat elastomer; (c) CD-G0.5% and (d) CD-G1% coatings [20]

with corrosion inhibitors as healing agents [30]. A promising self-healing stim-
ulus for anticorrosive epoxy coating is pH. To protect metal substrates from corro-
sion, self-healing coating doped with pH-sensitive nano-or micro-containers has 
been developed. Halloysite nanotubes [31], cellulose nanofibers [32], mesoporous 
nanomaterials [33], lignin microspheres [34], and core–shell nanofibers [35, 36] are  
extensively use for the encapsulation or immobilization of corrosion inhibitors. The 
loaded micro-or nano-containers were carefully designed to initiate the release of 
corrosion inhibitors upon pH change. For instance, carboxyl-functionalized meso-
porous silica nanomaterials (MSNs-COOH) were used as pH sensitive nanocon-
tainers and were loaded with benzotriazole (BTA) molecules [33]. BTA-loaded 
MSNs-COOH were wrapped with polyethylenimine (PEI) to get BTA@MSNs-
COOH-PEI nanocontainers to release BTA with pH variation. Figure 3a shows  the  
steps involved in fabricating BTA@MSNs-COOH-PEI nanocontainer and its action 
in the epoxy coating matrix. Self-healing coating fabricated via. the incorporation of 
BTA@MSNs-COOH-PEI in epoxy released BTA inhibitor upon localized corrosion. 
An accelerated release of BTA sustained at least 25 h has been overserved at alkaline 
pH. The mechanism of action of BTA@MSNs-COOH-PEI in epoxy coating is due to
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Fig. 3 a The schematic representation of fabrication processes of the smart coating containing 
BTA@MSNs-COOH-PEI and the release mechanism of BTA molecules upon corrosion and b 
Digital images of the uncoated and coated steel panels after 120 h exposure in the salt spray tester: 
(a) uncoated steel, (b) pure epoxy coating, epoxy coating with (c) 8 wt% MSNs-COOH-PEI, (d) 4 
wt%, (e) 8 wt% and (f) 12 wt% BTA@MSNs-COOH-PEI [33] 

the structure changes of PEI polymer with pH. The shrinkage and desorption of PEI 
chains from the nanocontainers with increase in pH cause the accelerated release of 
the BTA. The corrosion protection ability of BTA@MSNs-COOH-PEI in epoxy has 
been demonstrated by salt spray test, where steel panels coated with this self-healing 
coatings are almost devoid of corrosion attack after 120 h exposure (Fig. 3b). 

Chitosan/poly (vinyl alcohol) core–shell nanofiber loaded with corrosion inhibitor 
system of oleic acid (OA) and 2-mercaptobenzimidazole (MBI) have been found 
effective in imparting pH-responsive self-healing property to epoxy coating over 
metal substrates [36]. The corrosion protection performance evaluated by electro-
chemical impedance spectroscopy (EIS) revealed high inhibition efficiency of 96.66 
and 99.36% for OA/MBI after 10 and 20 days immersion in alkaline and acidic elec-
trolyte, respectively. The high corrosion inhibition efficiency in the acidic condition is 
owing to the synergistic action of chitosan protonation and MBI corrosion inhibitor. 
Cellulose nanofiber facilitates controlled release of the corrosion inhibitor with pH 
change due to the − OH terminal on the molecular chain of cellulose nanofiber [32]. 
Figure 4b shows the micrographs of CNF with well-adhered corrosion inhibitors 
(oleic acid). An increase in local pH initiated the release of OA from CNF surface 
into the micro-crack. OA adsorbed onto the CNF at pH 11.4 was desorbed by a slight 
increase in the pH as OA could be desorbed at a pH higher than 12 (Fig. 4c).
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Fig. 4 SEM images of a 
cellulose nanofibers (CNF), 
b CNF mixed with oleic acid 
and c schematic 
representation of mechanism 
of self-healing in a CNF + 
OA coating [32] 

3 Dual Responsive Self-healing Epoxy 

A dual responsive self-healing healing system could sense and act upon two different 
stimuli, which would be beneficial for several applications concerning efficiency 
and repeatability of healing. Development of micro-crack followed by extensive 
corrosion in metal pipelines could be better sensed and healed by duel responsive self-
healing epoxy coatings. To protect carbon steel against corrosion, a duel responsive 
self-healing epoxy coating has been developed with a photothermal and pH triggering 
mechanism [36]. In this case, microcapsules have been engineered to simultaneously 
load the healing agent/corrosion inhibitor and tailor stimuli-responsive components. 
Huang et al. [37] synthesized a sandwich-like microcapsules with reduced graphene 
oxide/mesoporous silica (rGO@MS) assembled with a pH-responsive poly(N,N-
dimethylaminoethyl methacrylate) (PDMAEMA) layer. Such microcapsule has been 
loaded with benzotriazole (BTA) inhibitors. Under NIR irradiation, microcapsules 
effectively absorb the radiation and helps to increase the surface temperature of 
the coating and initiate shape memory and self-healing effect. Light triggered self-
healing activity could be triggered and completed within 15 s of NIR irradiation. 
The effect of pH on BTA release was analyzed by the UV–Visible spectra of the 
dispersion of microcapsules under pH (3, 7 and 11) as shown in Fig. 5. They observed 
an increased release of BTA from the microcapsules in acidic condition than that in 
neutral and basic conditions, owing to the protonation effect of PDMAEMA under 
acidic condition and accelerate the release of BTA by opening several nanopores. 
Moreover, in a practical condition, anodic dissolution of the carbon steel leads to 
the formation of hydrated cations. The hydrolysis of the hydrated cations is always 
accompanied by acidification, which triggers the release of BTA and retards the 
corrosion process.
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Fig. 5 UV–Visible absorption spectra a release of BTA at different pH conditions, b release of 
BTA from the microcapsules at different pH, c release of BTA in saline water with and without 
irradiation [36] 

Similarly, a dual responsive anticorrosive epoxy coating which sense both pH and 
temperature variations, could achieved using naturally occurring halloysite (HNT) 
nanocontainers in epoxy coating [37]. With pH variations, benzotriazole (BTA) 
immobilized in HNT layer-by-layer (LBL) assembly had a controlled and sustained 
release upon damage of the coating surface. In addition, the system is responsive to 
temperature by the thermos-sensitivity of polyelectrolyte grafted around HNT. 

In epoxy self-healing systems, polycaprolactone (PCL) microspheres could func-
tion as carriers of the corrosion inhibitor and seal the crack by melting micro-
spheres [38]. Self-healing epoxy coating incorporated with corrosion inhibitor 8-
hydroxyquinoline (8HQ) loaded PCL microspheres has been developed to protect 
the aluminum alloy. Upon damage, the 8HQ leached from the microspheres 
and suppressed corrosion. The crack was sealed upon heating by melting the 
inhibitor-loaded PCL microspheres. 

In another study, epoxy cured with cashew nut shell liquid (CNSL) blended with 
polycaprolactone (PCL) showed dual–responsive shape memory and self-healing 
behaviors [39]. Such an epoxy/PCL blend system showed excellent shape memory 
response to thermal and chemical stimuli. After thermal treatment, the epoxy/20 wt 
% PCL blend showed self-healing ability with 93.70 % tensile strength recovery. The 
self-healing ability could be due to the melting of PCL followed by the volumetric 
thermal expansion to fill the damage [40]. 

Recently, Abrantes et al. [42] fabricated epoxy coatings that are sensitive to 
mechanical stress and pH variation. Dual stimuli-responsiveness has been achieved 
by adding microcapsules containing linseed oil as self-healing agent and BTA as 
a corrosion inhibitor. Stimuli-responsive mechanisms exhibited by the coatings are 
mechanical stimulus results in the release of linseed oil and pH variation respon-
sible for the controlled release of benzotriazole helps achieve self-healing ability 
and inhibition of corrosion. Figure 6 illustrates the graphical representation of the 
dual responsive epoxy system. The mechanical stress creates scratches in the system, 
which is also responsible for releasing the linseed oil from the microcapsules. Thus, 
released linseed oil fills the cracks and heals (by film formation) the damage to the site. 
Further, corrosion protection was achieved by releasing BTA with the change in pH.
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Fig. 6 Graphical representation of mechanism of self-healing in epoxy/linseed oil@BTA micro-
capsules [41] 

These two effects can be triggered independently in the microcapsule incorporated 
epoxy system. 

The coating which could sense both crack and pH variation has been developed 
for steel parts in acid/base transfer pipes or storage tanks [42]. Tetraphenylethylene 
(TPE) containing double-wall poly(urea–formaldehyde) (UF)/ polyurethane (PU) 
microcapsules dispersed in the thiol-epoxy thermoset coated over steel substrates 
self-reports the occurrence of crack. TPE shows aggregation induced emission (AIE), 
and the crack is detected by the fluorescence emission of released TPE. The pH 
variation could be detected by adding thymol blue to the matrix. Such dual stimuli-
responsive coatings are extremely beneficial, since they are able to detect the leakage 
at tank part and the crack formation at coating materials (Fig. 7). In further advance-
ment, such self-reporting systems could be upgraded with the encapsulation of 
healing agents in capsules and fluorescence materials as multi-walled microcapsule 
or dual capsule systems. 

Fig. 7 Application of the self-reporting thiol-epoxy thermoset coatings to the laboratory scale 
chemical reservoirs: actual crack test [42]
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4 Multi-Stimuli-Responsive Self-healing Epoxy 

Very recently, research on multi-responsive self-healing epoxy systems is getting 
much interest in scientific research [43]. The development of multi-stimuli-
responsive self-healing epoxy systems for high-end applications is really exciting but 
challenging one. Combining multiple stimuli-responses into a single polymer matrix 
is really a difficult task. The self-healing process assisted by multi-stimuli occurs 
within only a few minutes or even seconds. Those systems can respond to stimuli 
to deal with various environmental changes. Multi-stimuli-responsive systems are 
fabricated for the selective release of self-healing agents in an efficient way such that 
it can respond to external stimuli very rapidly and effectively along with a sudden 
feedback rate [43]. 

The latest developments in multi-responsive epoxy-based self-healing systems are 
discussed here. Hu et al. [44] examined the self-healing action of epoxy systems via 
graphene-assisted host−guest chemistry. β-cyclodextrin anchored-graphene sheets 
(host) on acrylamidoazobenzene (guest) (CD-GNs/AAAB) act as macro-crosslinker 
and photothermal agents to trigger the self-healing action in the system. The cleaved 
bonds are recombined by including CD-GNs on AAAB in epoxy systems by the 
crosslinked anchoring effects of graphene. They observed an increased healing effi-
ciency with the amount of CD-GNs/AAAB. As shown in Fig. 8, an external damage 
can break the link between the host and guest (CD-GNs and AAAB), irradiating the 
broken samples with UV light (366 nm) to disconnect the connection between host 
and guest, further improves the self-healing efficiency. Self-healing was triggered by 
either heating at 120 °C in dark or photothermally using a NIR laser. 

Very recently, Sun et al. [45] reported a triple-response self-healing epoxy system. 
The response to three different stimuli was achieved by incorporating core–shell 
structured material Fe3O4@SiO2 and TiO2@SiO2, in which PU oligomers are 
embedded in the core. The core of the nanostructures which selectively triggered 
by the moisture/UV in the external environment. Under an external magnetic field, 
Fe3O4@SiO2 drive the microcapsules toward the direction of the magnetic field.

Fig. 8 Mechanism of self-healing in epoxy/CD-GNs/AAAB systems [43] 
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TiO2@SiO2 nanostructure can absorb external UV light. The mechanism of healing 
exhibited by this system is fascinating, the photo initiator in the healing agent gets 
excited and results in the formation of an active free radical, initiates the polymer-
ization and heals the crack formed. Water triggered curing in the same achieved by 
releasing healing agent (from microcapsule). Water is reacted with the isocyanate 
group of the PU acrylate oligomer (healing agent) to form an acidic amine group. 
This acidic amine is further dissociated and results in the formation of an amine. 
In another advancement, epoxy vitrimers were successfully explored for developing 
multi-responsive self-healing materials. Introduction of aniline trimer (ACAT, an 
oligoaniline) [45] and Fe3O4 nanoparticles [46], in to epoxy vitrimers were noticed 
for their multi-responsive functions. 

5 Conclusion and Future Perspective 

The versatility offered by the multi responsive self-healing system would satisfy the 
demanding requirements for practical applications of modern society. Considering 
the future demands for industrial application, the research in this area would explore 
more and more simple designs and chemistries in achieving multi-stimuli-responsive 
self-healing epoxy systems for advanced applications. Hybrid structures involving 
graphene oxide, mesoporous and tubular inorganic materials, nanocellulose, etc. 
are the potential components in multi-stimuli-responsive self-healing epoxies. The 
associated functionalities like reprocessing, recycling and self-welding would be 
better practiced in self-healable epoxy materials as a sustainable approach. Designing 
and fabricating a multi-stimuli-responsive epoxy-based self-healing system is a facile 
approach to overcoming the existing challenges of epoxy-based products. Multiple 
triggered self-healing systems will improve the working efficiency during service 
time. 
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Bio-Derived Self-healing Epoxy Resins 

Nataša Z. Tomić and Mohamed Nasr Saleh 

Abstract This chapter discusses different bio-renewable sources for epoxy resins 
and adhesives. The objective is to shed some light on the potential of using bio-
renewable resources to replace the toxic epoxy components while not compro-
mising their high-performance characteristics. Such bio-renewable alternatives can 
be obtained from but are not limited to vegetable oils, lignin, isosorbide, natural 
phenols, and tannic acid (TA). For each of these alternatives, their self-healing mech-
anisms capabilities are detailed. Moreover, the synthesis of natural phenols and TA 
is provided, highlighting the effect of their structure on the mechanical properties 
and the healing efficiency. Thanks to their superior thermal and mechanical prop-
erties, some of these “green” solutions demonstrated a high potential for industrial 
applications. 

Keywords Bio-based resins · Self-healing · Vitrimers · Epoxy resins 

1 Introduction 

Thanks to the outstanding mechanical properties, chemical resistance, thermal 
stability, minimal shrinkage, and great adhesion to many substrates, epoxy resins, 
are widely used in a variety of applications, including adhesives [1–4], coatings [5], 
and composites [6, 7]. One of the important facts is that almost 90% of used epoxy 
resins consist of the bisphenol-A (BPA) building component [8–10]. Nevertheless, 
BPA is derived from nonrenewable fuel sources, and it is designated as an endocrine-
disrupting compound that cannot be used in food-related products, or devices where 
the leached BPA can affect human health [11]. Considering the possible harmful
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impacts on health and energy concerns, caused by nonrenewable fossil feedstock, the 
inevitable goal is to resort to renewable resources for creating bio-based epoxy resins 
without compromising the performance offered by the petroleum-based equivalents. 

For decades, vegetable oils have been recognized as one of the most signifi-
cant renewable options due to their availability, low cost, and long-term viability 
[12, 13]. Moreover, they represent an excellent foundation for different pathways to 
produce bio-based monomers and polymers because of their particular triglyceride 
structure and three flexible nonpolar chains of fatty acids. These chains have 8–24 
carbon segments and up to seven unsaturated bonds [14]. Therefore, epoxidation of 
unsaturated bonds of vegetable oils, which were cured with various cross-linkers 
(e.g., amines, anhydrides, bisphenols, acids, etc.), produced multipurpose epoxy 
resins based on vegetable oils [15–17]. The functional vegetable oil-based epoxy 
resins might successfully mitigate the drawbacks associated with the over-reliance on 
petroleum-based monomers. However, in terms of properties, like mechanical char-
acteristics and glass transition temperature (Tg), epoxy resins derived from vegetable 
oils could not compete with fossil-based epoxy resins available in the market [18]. 
The soft, branched, and flexible architecture of triglyceride chains, as well as the low 
cross-link density, would undoubtedly lead to low mechanical characteristics and 
thermal stability of epoxy resins [19]. Furthermore, epoxy resins are thermosets with 
permanent cross-links, which are making their degradation and recycling more chal-
lenging, resulting in significant environmental and societal implications. Compared 
to thermosets, thermoplastics with no or low branching can be recycled since they 
can be reprocessed by melting. As a result, developing high-strength vegetable oil-
based epoxy resins while having the benefits of both thermosets and thermoplastics 
is a challenge that has attracted much attention and opened the horizon for other 
bio-based resources to be utilized. 

Vitrimers are a recent family of polymers that may rearrange their polymer 
network by induced dynamic covalent bond exchange processes, giving them 
reshaping and reprocessing capabilities [20, 21]. Therefore, they have become espe-
cially appealing because of their potential shape memory, self healing, and repro-
cessing capabilities [22, 23]. At low temperatures, they act like conventional ther-
moset polymers, but at high temperatures, their network structure changes [24]. 
These properties, which complement restructuring or reprocessing efficiency with 
dimensional stability, create more opportunities for epoxy resins [25]. The earliest 
known vitrimer systems were epoxy/acid or epoxy/anhydride polyester-based resins, 
which have been extensively investigated [20, 26]. Transesterification reactions 
appeared to be a promising reaction mechanism for vitrimers. Some “green” alter-
natives with numerous epoxy functionality have been explored in the production of 
“green” vitrimers based on this process. A bio-based vitrimer with shape memory, 
mending capabilities, and possible adhesive uses, has been created by curing sebacic 
acid epoxy with ozonized Kraft lignin [21]. Another bio-based vitrimer, obtained 
by curing bio-based triepoxy (TEP) with anhydride monomer, possessed mechan-
ical properties similar to the cured reference BPA epoxy resin [27]. The ability 
to make bio-based vitrimers from biomass feedstock has been demonstrated by 
the synthesis of the aforementioned vitrimers. As a result, vitrimer research has
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gained momentum, and the creation of ecologically safe and sustainable vitrimers 
has become an appealing alternative. Thus, this chapter is structured in a way to 
highlight the possible routes to use vitrimers to produce self-healing bio-based epoxy 
resins from (i) vegetable oils, (ii) lignin, (iii) isosorbide, and (iv) natural phenols. 
Nevertheless, the last section is dedicated to a relatively new trend in creating self-
healing epoxy resins, not as part of the group of vitrimers, by replacing the BPA 
epoxy component from another bio source which is tannic acid in this case. 

2 Bio-Renewable Sources for Epoxy Components 

2.1 Vegetable Oils 

In order to improve the drawbacks of poor mechanical properties of resins based on 
vegetable oils, the addition of a stiff benzene ring to the networks was successfully 
used [28, 29]. Covalent adaptable networks (CANs) have been proposed as a way 
to add healing and re-processability into cross-linked polymers. The use of dynamic 
covalent bonds can enable the rearrangement of a polymer network resulting in func-
tional smart materials with intrinsic stability. Independent or activated-healing ability, 
reversible malleability, and force imaging capacity are all characteristics of these 
materials [30–35]. Moreover, to increase the molecular mobility of recyclable ther-
mosets, dynamic covalent linkages have also been used. Boronic ester transesterifica-
tions [29], Diels–Alder reactions [36], Schiff-based [37] or disulfide exchange [38], 
and other methods have been established to add dynamic covalent bonding process 
to epoxy vitrimers. Recently, the only vitrimers that could be successfully healed 
and reprocessed at mild temperatures were soft vitrimers with limited mechanical 
properties (tensile strength lower than 10 MPa). The constraints for high mechanical 
properties, self-healing, and processability of epoxy resins are complex and require 
additional research. 

Tricyclic dioxaborolane was used as a hardener to synthesize epoxy vitrimers 
based on vegetable oils with triple exchange cross-linkers of carboxylate ester 
linkage, disulfide bridge, and dioxaborolane [39]. The efficiency of boronic ester 
introduction in polymer network could provide the elastomer with outstanding self-
healing and re-processing properties via dioxaborolane metathesis of boronic ester. 
Those properties can be triggered at room temperature and average humidity, while 
the degree of rearrangement can be varied on several orders of magnitude, from 
passive to exceedingly rapid [31]. Free sulfur alcohol arched in polymers may create 
reversible S–S bridges that would split under specific conditions or instantaneously, 
which was proven to be an effective approach as well for the production of multi-
functional polymers. The advantage of conventional thermosets with plasticity was 
also demonstrated by thermally induced carboxylate transesterification. The strategi-
cally integrated three dynamic cross-linkers in the network can speed polymer chain
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stress relaxation and should make vitrimers bendable at more mild temperatures in 
a shorter time. 

2.1.1 Self-healing Mechanism 

Boronic ester, carboxylic ester, and S–S bonds are examples of common segments 
found in vitrimer chemistry formulation to gain dynamic covalent bonding and a 
variety of functions. Polymers with numerous dynamic covalent bonds may be 
unstable and thus divide into many tiny pieces. A technique for creating a highly 
cross-linked polymer was developed, which was created by “thiol-epoxy” click 
chemistry involving multi-branched epoxy monomers and reactive disulfide nucle-
ophiles capable of forming a variety of dynamic covalent connections [39]. Vegetable 
oil is an effective multi-branched monomer due to its unique triglyceride structure 
represents ideal flexible building blocks (see Scheme 1). The primary disadvantage 
of polymers derived from vegetable oils is their poor mechanical characteristics. 
Incorporating rigid building blocks, such as aromatic structures, is an effective way 
to enhance the mechanical characteristics of such polymers. Therefore, Scheme 1 
shows a highly cross-linked polymer network synthesized from various epoxi-
dized vegetable oils [39] and cured with 2, 2´-(1, 4-phenylene)-bis [4-mercaptan-1, 
3, 2-dioxaborolane] (BDB) at 160°C in the presence of 4-dimethylaminopyridine 
(DMAP). Dynamic bonds of this system can be a subject of transesterification 
reactions, disulfide, and dioxoborolane metathesis at room temperature. 

Scheme 1 Chemical structure and healing mechanism of bio-based epoxy resin from epoxidized 
soybean oil (Republished with permission of the Royal Society of Chemistry, from [39]; permission 
conveyed through Copyright Clearance Center, Inc.)
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2.1.2 The Influence of Vegetable Oils’ Structure on Resin Properties 

Several epoxidized vegetable oils with varying epoxy-equivalent weight (EEW) 
values were used in to achieve different cross-linking densities of bio-based epoxy 
resins, including epoxidized linseed oil (ELO), epoxidized rubber seed oil (ERSO), 
epoxidized soybean oil (ESO), and epoxidized olive oil (EOO) [39]. BELO, BERSO, 
BESO, and BEOO were the names given to the developed epoxy resins. Under ideal 
conditions, a variety of bio-based epoxy resins were produced through thermally 
induced thiol-epoxy click chemistry too. DSC results of the studied epoxy resins 
showed enhanced T g when the EEW of the epoxy resin increased [39]. Changing 
the EEW can alter the mechanical characteristics of the epoxy resins. Increasing 
epoxy contents often leads to higher cross-linking densities and stiffer BDB concen-
trations (assuming the molar ratios of BDB and ESO remain same), which improves 
the tensile strength and Young’s modulus while lowering elongation at break [31]. 
Notably, the epoxy resins’ mechanical performance was significantly dependent on 
humidity and heat treatment [39]. The mechanical characteristics of epoxy resins 
are considerably reduced by increasing humidity, particularly for materials with a 
low EEW (few cross-linking sites), such as BEOO and BERSO. The elongation at 
break of these epoxy resins, on the other hand, was significantly enhanced following 
the same treatment. Since there are fewer cross-linking sites in BEOO and BERSO, 
the cross-linking density is reduced, resulting in poor surface compactness. Water 
molecules can easily penetrate the core of the cross-linking networks, in addition 
to the hydrophilic hydroxyl groups. Water breaks the equilibrium of the dynamic 
reversible chemical bonds, causing the boronic ester groups to split into free boronic 
acid and diol groups, causing the breakdown of the polymer network [31]. At the 
same time, the plasticizing effect of water molecules play a vital role in shifting from 
rigid plastics to flexible elastomers [40]. BESO and BELO (high EEW) had mechan-
ical characteristics, and were less susceptible to humidity, which may be associated 
to higher cross-linking density limiting the water molecule diffusion. 

2.1.3 The Influence of Temperature Treatment on Healing Efficiency 

Figure 1 shows the dependence of the healing efficiency on various thermal treat-
ments for 24 h and humidity of 70%. An increase of the temperature of the thermal 
treatment caused the epoxy resins’ tensile strength and young’s modulus to improve 
considerably. The increase of temperature from 30 to 60°C and 90°C, improved the 
tensile strength of BERSO by 203 and 258%, respectively, coupled with 426 and 
768% increase in young’s modulus. The reason behind it is that the mobility of the 
polymer chain is increased at high temperatures, which speeds up the metathesis 
process between the boronic acid and the diol groups, improving a cross-link density 
of the epoxy resins. Stimulated with temperature, the free boronic acid and the diol 
groups which did not engage in the curing reactions could react again [41]. Further-
more, the rearrangement of the disulfide connections caused by temperature stimu-
lation may encourage additional reactions and result in a better organized polymer
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Fig. 1 Healing efficiency after healing at different temperatures for 24 h with a humidity of 70% 
(produced according to the results from the literature [39]) 

structure, improving the mechanical characteristics [42, 43]. When the temperature 
was raised to 120°C, the mechanical characteristics of the epoxy resins remained 
relatively unchanged, indicating that the reaction between the reactive centers had 
nearly completed at 90°C [39]. 

2.2 Lignin 

Many plants contain lignin, which is the second most prevalent natural polymer. The 
utilization of lignin in obtaining thermosets like phenol–formaldehyde and epoxy 
resins has received a lot of attention lately [44, 45]. However, because of its bulky 
and aromatic structure, lignin is frequently incompatible with other components, 
restricting its use [46, 47]. As a result, chemical lignin modification is required for 
its uses. 

Ozonation is used as a green approach to treat the product in the pulping process 
and to split part of the aromatic rings in the lignin structure. During this treatment, 
carboxylic acid groups are introduced, improving the solubility of the degraded 
lignin [48–50]. On the other hand, lignin after the ozone treatment has carboxylic 
acid groups, which can be employed as a hardener for epoxy resins [51].
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2.2.1 Self-healing Mechanism 

A completely bio-based vitrimer with a high lignin content was recently demon-
strated [21]. Bond-exchangeable cross-linked networks are formed by curing ozone-
treated Kraft lignin (Oz-L) with sebacic acid derived epoxy (Se-EP) in the pres-
ence of zinc catalyst (Zn(acac)2). At high temperatures, the vitrimer based on lignin 
has outstanding shape memory and mending capabilities [21]. The typical produc-
tion techniques for monomer compounds and bio-based vitrimers are depicted in 
Scheme 2.

The lignin structure was altered by ozone oxidation in two ways: (1) a portion of 
the benzene rings was cleaved, reducing the rigidity of the lignin, and (2) additional 
carboxylic acid groups were added [48]. Oz-L had reduced thermal stability than 
Kraft lignin because of the lowering of the amount of thermally stable aromatic 
rings, which was reflected in the temperature drop for a 5 wt % loss (Td5) [21]. The 
decrease of the aromatic rings and the rise of carboxylic acid functionalities caused 
by ozone treatment increased the solubility in polar solutions. 

Oz-L can be employed as a hardener for epoxy resins since it contains reactive 
carboxylic acid (–COOH) and hydroxyl groups (–OH). Sebacic acid, produced from 
castor oil, was converted to a diglycidyl ester (Se-EP), then reacted with Oz-L. 
A modest quantity of ethanol was added to help the two reagents and Zn-based 
catalyst mix well. The mixture was cured in a hot press after removing ethanol 
[21]. The curing process and transesterification following curing are depicted in 
Scheme 2. The carboxylic acid and phenolic OH groups on Oz-L interacted with 
the epoxy groups to create ester bonds in the presence of Zn2+ catalyst, and the 
resultant oxygen anions tended to grab the active hydrogen atoms to form hydroxyl 
groups. The stoichiometry ratio (R) is dependent on the ratio of epoxy to the sum of 
the phenolic OH and carboxyl groups because both of them (–OH and–COOH) can 
react with epoxy groups [22]. Therefore, different curing systems were produced by 
changing the (R). Guaiacol and adipic acids were employed to react with Se-EP to 
differentiate the relative reactivity of phenolic OH and carboxylic acid groups in Oz-
L. Guaiacol contains a single phenolic hydroxyl group, whereas adipic acid has two 
carboxylic acid groups. DSC was employed to study the reactions between model 
compounds. Results showed that the carboxylic acid groups had better reactivity than 
the phenolic groups. Thus, the mixture was treated at 150°C for 1 h and 190°C for 
2 h to complete curing and maximize ester linkage formation [21]. 

2.2.2 Self-healing Capability 

The ability of Oz-L-based epoxy to heal was examined by observing the change in 
surface artificial defect size at 190°C. With a pressure of ~ 0.14 MPa, the damaged 
specimens were put in a press. Figure 2 suggests that the widths of the scratches in 
all samples were reduced by more than 70% in approximately 5 min. The effective 
transesterification reactions (TERs) produced a thermal-responsive shape change 
attributed to the shrinking of the gap. According to the findings of this investigation,
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Scheme 2 Schematic representation of lignin modification and production of Se-EP/Oz-L vitrimer 
(Republished with permission of the Royal Society of Chemistry, from [21]; permission conveyed 
through Copyright Clearance Center, Inc.)

the Se-EP/Oz-L vitrimer with Zn catalyst might be utilized as temperature-triggered 
self-healing adhesives [21].
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Fig. 2 a Shape memory capability (R = 1:1), and consecutive memory cycles for different compo-
sitions b thermally-induced self-healing of Se-EP/Oz-L with R = 1:1 (Republished with permission 
of the Royal Society of Chemistry, from [21]; permission conveyed through Copyright Clearance 
Center, Inc.) 

2.3 Isosorbide 

The economic and environmental challenges linked with standard thermosets have 
prompted research toward the creation of recyclable and re-processable thermosets, 
as well as the synthesis of bio-based polymers. An isosorbide-derived epoxy (IS-
EPO) and aromatic diamines with disulfide linkages (4,4´-disulfanediyldianiline 
(MDS)) were used to create a bio-based vitrimer (MDS-EPO) (see Fig. 3) [52]. Isosor-
bide was chosen as a natural building block because of its plentiful resources from 
maize and its high stiffness and thermal stability, which has been utilized to make 
renewable polymers with high glass transition temperatures (T g) [53, 54]. Isosor-
bide’s relatively strong thermal stability contributed to the improved re-processability 
of epoxy vitrimers on higher temperatures. In the meantime, the dynamic reactions 
of the disulfide linkages are governed by many processes that vary depending on 
the reaction circumstances. External stresses caused the disulfide connections to 
break mechanically, generating thiol radicals that could quickly exchange with other 
disulfide linkages, leading to the repairing or recycling of epoxy thermosets [55–57].



184 N. Z. Tomić and M. N. Saleh

Fig. 3 The synthesis of isosorbide-derived epoxy (IS-EPO) (Republished with permission of John 
Wiley & Sons-Books, from [52]; permission conveyed through Copyright Clearance Center, Inc.) 

2.3.1 Self-healing Capability 

Traditional epoxy resins were unable to regain their integrity after being damaged. 
The use of dynamic bonds in polymer networks provides a satisfactory answer to 
this problem no matter the failure mechanism. When MDS-EPO was damaged, in 
the form of a scratch or fracture, all that was required was thermal treatment of 
the scratched sample to cause matrix relaxation and the dynamic bonds processes 
to recover disulfide bonds and heal the crack. For instance, Fig. 4 shows created 
crack on MDS-EPO, which starts to self-heal at 100°C, and the crack completely 
disappears after 60 min [52]. Thanks to the vitrimer-like behavior of MDS-EPO, 
it was also possible to repair the catastrophic damage, i.e., to make an integrated 
sample out of all broken pieces. To show this, scientists crushed the MDS-EPO 
into a fine powder before processing it in a hot press at 100°C for 60 min [52]. 
Following that, the sample’s structure was restored with the formation of a clear and 
homogenous thin layer. On the contrary, when the MDA-EPO powder was treated 
using the same process, the sample was just physically attached, and it lacked any 
mechanical properties. This comparison proved the re-processibility of MDS-EPO 
thanks to the viscoelastic flow generated by the disulfide exchange.

Ma et al. [52] performed the grinding/hot pressing cycles three times to investi-
gate the influence of consecutive treatments on the tensile characteristics of MDS-
EPO. The mechanical characteristics of MDS-EPO after one reprocessing cycle were 
similar to those of starting specimens. For instance, the recovery rate of the average 
Young’s modulus (E), tensile strength (σ b), and elongation at break (εb) were 103.5 
± 4.5, 82.6 ± 9.6, and 80.0 ± 11.7%, respectively [52]. The recovery rate of E was 
maintained over 80.0% after second and third cycle, whereas the recovery rate of 
σ b and εb was reduced. Obtained results can be related to the oxidation of sulfur 
radicals at elevated temperatures, resulting in the loss of the disulfide bonds, or to the



Bio-Derived Self-healing Epoxy Resins 185

Fig. 4 Optical microscopic 
photographs of fractured 
MDS-EPO after treatment at 
100°C for different treatment 
times (Republished with 
permission of John Wiley & 
Sons-Books, from [52]; 
permission conveyed 
through Copyright Clearance 
Center, Inc.)

cleavage of C–C backbone as a result of frequent and full milling of materials into 
powders [58, 59]. The mechanical characteristics of vitrimers were also reported to 
deteriorate in other systems [58, 60]. 

The research of isosorbide-derived epoxy is designed to give one more alternative 
solution epoxy resin tailoring from both economic and environmental perspectives. 

2.4 Natural Phenols 

One of the primary hurdles is the preparation of high T g epoxy-based vitrimers [61]. 
To fulfill the requests of application at high environmental temperatures, especially 
for aerospace applications, T g values of such epoxy materials should be greater 
than 100°C [62]. Nevertheless, as shown in Table 1, the majority of reported epoxy 
vitrimers have low glass transition temperatures (less than 100°C), limiting their 
uses. The low T g obtained can be attributed to at least two factors. On the one 
side, epoxy vitrimers are intentionally not completely cross-linked using a quantity 
much lower than the required stoichiometric quantity of anhydride or carboxylic acid 
cross-linker in the system. The cross-linking density of the cured polymer is limited 
by the need to reserve a sufficient quantity of available hydroxyl groups to react in 
transesterification, which is done by reducing the quantity of the cross-linker [22]. 
On the other side, to obtain acceptable molecular mobility at increased temperatures, 
existing epoxy vitrimers’ cross-linked structures are usually made of flexible epoxy 
component or cross-linker, resulting in reduced T g’s of the final thermoset. Generally, 
stiff segments and higher values of cross-linking density restrict the polymer chain 
mobility, compromising reparability and re-processability [63].

The backbone stiffness and the cross-linking density of a thermosetting polymer’s 
cross-linked network are both important factors affecting its T g. Bisphenol-A epoxies
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are the most common epoxy resins, accounting for more than 90% of the overall epoxy 
market. Values of T g up to 150°C can be achieved with a completely cured BPA epoxy. 
Multifunctional epoxy resins (functionality ≥ 3) are frequently utilized as matrices in 
composites to attain greater T g for applications such as aerospace equipment. After 
curing with aromatic amines, N,N,N',N'-tetraglycidyl-4,4'-diaminodiphenylmethane 
(TGDDM), a tetrafunctional epoxy, can reach a T g higher than 200°C [68, 69]. 

2.4.1 Synthesis of Bio-Based Triepoxy (TEP) 

Using sustainable feedstocks such as vanillin and guaiacol (derived from lignin), a 
bio-based triepoxy (TEP) vitrimer was developed and produced [27]. As indicated in 
Scheme 3a, TEP was obtained using easy two-stage technique. In the first stage, the 
triphenol chemical was created. Guaiacol’s ortho and para-positions are both reactive 
[70, 71]. The para-substitution product is the major product due to steric hindrance 
in ortho-substitution. The triphenol produced in the first stage was epoxidized in the 
second stage to yield TEP. The reaction utilized an excess of epichlorohydrin (10 
times more compared to the hydroxyl groups) as both a reagent and a solvent, as in a 
conventional industrial approach. TEP was a pale-yellow powder, whereas triphenol 
appeared to be a red solid. It is generally known that phenol groups are susceptible 
to oxidation, leading to the formation of quinone groups and a red appearance. The 
coloring of triphenol became substantially lighter after the phenolic OH groups were 
changed to glycidyl ether groups. 

Scheme 3 a Triepoxy (TEP) synthetic route using vanillin and guaiacol as biomass resources; 
b Molecular Simulation of Triphenol (dihedral angles of triphenylmethane are determined and 
annotated) (Reprinted (adapted) with permission from [27]. Copyright (2018) American Chemical 
Society)
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Scheme 4 TEP and anhydride curing reaction and illustration of dynamic transesterification reac-
tions (TERs) in a cross-linked network structure (Reprinted (adapted) with permission from [27]. 
Copyright (2018) American Chemical Society) 

TEP’s molecular modeling (Scheme 3b) further indicates that the three stiff 
benzene rings are noncoplanar, and the three epoxy groups are spaced far enough apart 
to prevent undesirable cyclization side reactions. Consequently, the epoxy groups in 
TEP efficiently engaged in the curing processes, resulting in a faster cross-linking 
reaction and higher cross-linking density and T g. 

2.4.2 Curing of TEP with Anhydride 

At varying stoichiometric ratios (R= epoxy/anhydride) and amounts of catalyst, TEP 
and anhydride (4-methylcyclohexane-1,2-dicarboxylic anhydride, MHHPA) were 
reacted [27]. MHHPA has a solid molecular structure and is a low-viscosity liquid. 
MHHPA was used as a cross-linker to ensure the formulation’s processability and 
a high  T g. At increased temperatures, Zn(acac)2–H2O catalyzed the cross-linking 
as well as subsequent transesterification in the produced cured product. Zn(acac)2– 
H2O is a solid powder that does not dissolve well in an epoxy/anhydride combination 
below 100°C. Before adding the catalyst, the epoxy/anhydride mixture was warmed 
to 130–140°C to ensure proper mixing. The anhydride ring is opened and activated by 
the catalyst during the curing process, and the produced carboxylate anions combine 
with epoxy groups to form ester linkages and release oxygen anions, which then 
reacts with the anhydride or epoxy (Scheme 4). The cured TEP showed a high T g 

(187°C), and mechanical properties equivalent to the cured BPA-based epoxide [27]. 

2.4.3 Self-healing Capability of Bio-Based TEP 

The existence of thermally induced transesterification processes is expected 
according to the results of the stress relaxation measurements. These reactions cause 
the cross-linked network to reorganize, giving the material self-healing capability. 
The specimens were damaged in a form of a scratch and then put in a press to 
evaluate the reparability/self-healing [27]. The self-healing was done at 220°C for
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Fig. 5 Thermally healed a TEP-1, b TEP-2, c TEP-3, and d TEP-4 samples by clipping the samples 
between two metal plates and heating in a convection oven. e TEP-2 thermal repair using a hot press 
and mild pressing. The width of the crack as a function of healing time was measured at the same 
spot for each sample in all measurements. Thermal deterioration cannot be prevented since the 
mending is high (220°C). If the repairing period is too lengthy (>10 min), thermal degradation 
will occur. (Reprinted (adapted) with permission from [27]. Copyright (2018) American Chemical 
Society) 

various durations. The change of the surface scratches was monitored using an optical 
microscope (see Fig. 5). 

The size of the scratch on the cured TEP having R = 1/1 (TEP-1) shrunk by 
nearly 70% in only 5 min, as illustrated in Fig. 5a, demonstrating their exceptional 
reparability. The reparability was improved when the amount of the catalyst (TEP-3) 
was increased. The cured TEP with R = 1/0.5 (TEP-2), on the other hand, demon-
strated unfavorable reparability. At the 5th minute, the crack’s size had shrunk by just 
27%, and at the 30th minute, it had shrunk by 38% [27]. External tension is usually 
required to gain material mobility when repairing the vitrimer. When exposed to the 
same force, the material with a greater modulus deforms less than the material with 
a lower modulus. TEP-2 with the scratched surface was put under pressure at 220°C 
to validate the theoretical mechanism. Figure 5e shows that the crack width reduced 
by nearly 90% in only 5 min, which is substantially quicker than the results shown 
in Fig. 5b. 

This relatively good reparability is most likely due to (1) the adequate quantities 
of hydroxyl groups and ester linkages accessible for transesterification, (2) the low 
rubbery modulus promoting facile reshaping, and (3) the noncoplanar structure of 
TEP, giving higher free volume in the cured polymer and enabling higher polymer 
chain mobility at the self-healing temperature. This research presents the first high-
T g bio-based epoxy material with exceptional self-healing capacity, as well as a 
straightforward process for making high-T g repairable epoxy materials. 

Recently, a novel eugenol-derived epoxy (Eu-EP) was obtained, and vitrimers 
were created by curing Eu-EP with succinic anhydride (SA) at different amounts 
(1:0.5, 1:0.75, and 1:1) in the presence of Zn-based catalysts [22]. The vitrimer,
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produced with a 1:0.5 stoichiometric ratio, displayed a quick transesterification at 
a high temperatures, outstanding repairability, shape altering, and recycling capa-
bilities similar to those described elsewhere [72, 73]. Even though vitrimers with 
epoxy/anhydride ratios of 1:0.75 and 1:1 had substantially lower transesterification 
degree than the vitrimer with an epoxy/anhydride ratio of 1:0.5 and could not be recy-
cled, they demonstrated significant repairability and shape altering characteristics. 
Nonetheless, ethanol dissolved these two components efficiently at a low tempera-
ture (180°C). The degrading reaction was carried out without introducing an extra 
catalyst because vitrimers already included an efficient catalyst (Zn(acac)2). After 3 h 
of exposure at 190°C, the degraded polymers were transformed back into vitrimers. 
This significant discovery suggests that cured epoxy/anhydride material with a wide 
range of their proportions (from 1:0.5 to 1:1) may be recycled and exhibit repairability 
and shape altering capabilities [22]. 

Eu-EP was obtained in two stages, as illustrated in Scheme 5a. The first stage 
was the Williamson ether synthesis with 1,4-dibromobutane to make a eugenol-
derived diene (Eu-DI). The epoxidation of Eu-DI was used to make Eu-EP in the 
second step. The epoxidation reagent was m-chloroperoxybenzoic acid (mCPBA), 
which was used at room temperature in CH2Cl2. Eu-EP and succinic anhydride (SA) 
reacted at various stoichiometric ratios (R = epoxy/anhydride). 

Scheme 6 shows the possible curing reaction mechanism of Eu-EP and SA 
catalyzed by Zn(acac)2. The anhydride ring is first opened and activated by Zn(acac)2, 
and the generated carboxylate anions combine with the epoxy groups to create ester 
bonds and release oxygen anions, which then react with the anhydride or epoxy. The 
hydroxyl anions may also bind active hydrogen to produce hydroxyl groups [74– 
76]. Since the boiling point of acetylacetone produced by Zn(acac)2 is substantially 
lower than the post-curing temperature, it evaporates through the cross-linking. In 
the meantime, new ligands interact with the Zn2+ ions (i.e., carboxyl or hydroxyl 
group) [73, 77].

Scheme 5 a Synthesis of Eugenol Epoxy (Eu-EP); b Curing Reaction of Eu-EP and SA in the 
Presence of Zinc Catalyst and Illustration of Heat-Induced Transesterification Reactions (TERs) 
(Reprinted (adapted) with permission from [22]. Copyright (2018) American Chemical Society) 
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Scheme 6 Possible curing mechanism of eugenol-based epoxy and SA in the presence of Zn(acac)2 
catalyst (Reprinted (adapted) with permission from [22]. Copyright (2018) American Chemical 
Society) 

2.4.4 Self-healing Capability 

The transition of vitrimer polymers from thermosets to thermoplastics at elevated 
temperatures was governed by the stress relaxation caused by the transesterification 
reactions (TER). This transition is of tremendous interest since it gives the materials 
multifunctional features, including shape change, repair, and recycling. The shape-
changing characteristics of Eu-EP/SA flat films with varied ratios (R = 1:0.5, 1:0.75, 
and 1:1) were investigated by wrapping them in Al foil, and the forms of specimens 
were pushed to adopt the shape of "W-S-U" [22]. The specimens were left to cool 
down to room temperature after processing in a convection oven at 200°C for 1 h. 
All Eu-EP/SAs specimens effectively transformed their forms to "W-S-U" after this 
treatment. The newly developed shape, "W-S-U," remained constant throughout an 
extensive temperature range (25–100°C), showing that the specimens conformed 
to given novel forms. The form modification is flexible, and the procedure can be 
repeated. This reversibility is due to the triggered dynamic bond reactions causing 
the cross-linked polymer network to reorganize. The specimen film can adapt to a 
new shape if it is attached to the required shape at elevated temperature minimum 
for 1 h. Even though the relaxations of Eu-EP/SAs with R = 1:0.75 and 1:1 were 
substantially slower than those of Eu-EP/SAs with R = 1:0.5, they nevertheless had 
significant shape-changing characteristics. 

Figure 6 demonstrates the high self-healing capability of Eu-EP/SA films to repair 
after the cutting process. Furthermore, all Eu-EP/SA specimens were scratched to
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fracture the surface and then put between two metal plates to analyze the healing 
characteristics (Fig. 7) [22]. The healing process was carried out in a convection oven 
at 190°C. The fractures progressively vanished as a function of time under heating, 
as illustrated in Fig. 7, exhibiting outstanding healing characteristics. In just 10 min, 
the fracture widths of all Eu-EP/SAs shrank by more than half. The crack widths of 
Eu-EP/SAs with R = 1:0.5 and 1:1 reduced by more than 90% in 1 h. Eu-EP/SA with 
R = 1:0.75 did not repair as well as the other two Eu-EP/SAs due to its delayed stress 
relaxation rate, but its healing capability was still satisfactory. The aforementioned 
Eu-EP/SA repairs were completed without applying pressure. Under pressure, the 
healing process might be enhanced (Fig. 7). A home iron with a working temperature 
of 60 to 240°C, which includes the temperature range of the TER reactions, can also 
be used to simplify the healing process [22]. 

Although catalyzed dynamic TER in epoxy-anhydride vitrimers has been achieved 
and described [20], the majority of research has been on epoxy anhydride systems 
with a stoichiometric ratio of 1:0.5 (0.5 anhydrides to 1 epoxy group). The shape 
altering and healing of Eu-EP/SAs can also be achieved through a higher variety of 
epoxy anhydride ratios (from 1:0.5 to 1:1) [22]. This represents a significant result,

Fig. 6 Cutting and repairing 
of the cut cured Eu-EP/SA 
having R = 1/0.5 (molar 
ratio of epoxy/anhydride = 
1/0.5) (Reprinted (adapted) 
with permission from [22]. 
Copyright (2018) American 
Chemical Society) 

Fig. 7 Self-healing behavior of Eu-EP/SA specimen having R = 1/0.5 (molar ration of 
epoxy/anhydride = 1/0.5) under external stimuli (force) at 190°C for 10 min (Reprinted (adapted) 
with permission from [22]. Copyright (2018) American Chemical Society) 
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and the formulation technique might be applied to other epoxy-anhydride polymeric 
systems with dynamic bond exchange. 

2.5 Tannic Acid (TA) 

The repair procedure is primarily challenging for adhesively bonded joints. Although 
adhesive bonding improves the load transfer and structural performance, adhesives 
have traditionally been used only in secondary structures [78]. The main issues were 
fatigue and durability of the bonded joints throughout their structural lifespan [79], 
as well as the difficulties of evaluating a bond line after construction and during oper-
ation [80]. Such challenges could be overcome with the introduction of self-healing 
adhesives featuring a long lifetime and cheaper maintenance expenses. Only a few 
investigations have been done on self-healing epoxy adhesives used for the bonding 
of structural elements like aluminum (Al) and steel [81–84]. Adhesive bonds are 
designed to work under shear, in which tractions are applied parallel to the adhe-
sive’s cross-section [85] Shear testing is used to determine the maximum stress that 
a bonded component can bear once it has been correctly constructed. Thanks to its 
production simplicity, cost-effectiveness, and practicality, single-lap joint (SLJ) shear 
testing is widely used in the aerospace and automotive sectors [86, 87]. Even though 
the self-healing capability of the bulk polymer has been appropriately established, 
there are minimal studies on the self-healing potential of the interfacial properties 
of such polymeric adhesives when used for joining/bonding different adherends. 
Therefore, it is crucial to analyze the joints formed by these materials to under-
stand how they may be utilized as adhesives. N. Tomić et al.  [83] presented a novel 
repair approach for adhesively bonded joints utilizing tannic acid’s intrinsic healing 
capabilities (TA). The efficiency of healing was calculated based on the maximum 
load recovery following a complete disbond/failure after the SLJ test. Digital image 
correlation (DIC) and acoustic emission (AE) are two more approaches used to inves-
tigate the self-healing phenomena of TA-based epoxy adhesives. Demonstrating the 
outstanding bio-based adhesives’ healing efficiency bonding lightweight structures 
should increase the level of confidence in using them in structural bonding. 

2.5.1 Synthesis of Epoxy Components from TA 

In the first route, the TA was modified in the reaction with epichlorohydrin (EPH) to 
introduce epoxy functionality. Adhesive A obtained in this manner is shown in Fig. 8 
with the appearance of the resulting product, which was a highly viscous brownish 
oil.

In the second route, the TA was modified by reacting with POCl3 and glycidol to 
introduce reactive epoxy groups. The entire synthesis is available in [3]. Adhesive B, 
synthesized in this manner, is shown in Fig. 8 characterized with a highly viscous light 
brownish oil. The measured epoxy equivalent weight (EEW) was 170 g/mol, which
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Fig. 8 Schematic representation of the TA modified adhesives R, A and B (Reproduced from [83] 
with the CC BY license (https://creativecommons.org/licenses/by/4.0/)

introduced 10 epoxy groups per TA molecule. The investigation of the chemical 
structure was reported in an earlier publication [3]. 

2.5.2 Characterization of Self-healing Epoxy Based on TA 

The experimental approach was thoroughly designed to address all the critical compo-
nents and meet the study’s research objectives [83]. DSC analysis was the first step 
in determining: i) whether the synthesized adhesives have residual chemical activity, 
indicating possible self-healing capability, and if yes, ii) what the healing process 
parameters should be, i.e., temperature and duration. Later, FTIR was carried out, 
which revealed the structural changes that occurred after the self-healing process. 
Moreover, DMA analysis was crucial in determining the influence of these changes, 
as discovered by the FTIR analysis, on the mechanical properties of the bulk material. 
Even with reports gathered through the presented rigorous approach, there is still a 
knowledge gap as these methodologies cannot capture changes at the bonded-joint 
level, which was the subject of two recent studies [83, 84]. As a result, it was crit-
ical to test the self-healing concept, using several popular interface characterization 
techniques, such as single-lap joint (SLJ) and mode I double cantilever beam (DCB)

https://creativecommons.org/licenses/by/4.0/
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testing. Furthermore, in-situ monitoring methods such as DIC and AE were utilized 
to validate and identify any differences between the virgin and healed specimens 
during both SLJ and DCB tests. 

2.5.3 Self-healing Mechanism 

Figure 9 represents potential self-healing mechanisms using adhesives R, A, and B at 
high temperatures. Apart from the epoxy groups’ homopolymerization of DGEBA 
component (adhesive R), the reactions between phenolic groups of TA core and 
epoxy groups were possible (adhesives A and B) [88]. In adhesive A, the remaining 
phenolic groups of TA and the hydroxyl groups of DGEBA are accessible, but in 
adhesive B, the glycidyl phosphate functional groups sterically hinder access to the 
phenolic groups, as illustrated in Fig. 9. Except for the steric barrier, the mobility of 
the bulky modified TA molecules is substantially reduced in the cured adhesive B as 
opposed to A, causing self-healing to be much more challenging. 

According to DSC results [83], the self-healing procedure for eco-epoxy adhesives 
was established to be maintaining 180°C and two bars of pressure (one from the 
vacuum and one of pressure) in a Scholtz Autoclave for 2 h. The temperature rate 
was + 3°C/min, and the cooling rate was –3°C/min. 

The consequence of the self-healing process of adhesive A was a structural change 
of the bulk material, in the form of a reduction of hydroxyl groups amount and an 
increase of the amount of the C–O bonds, which was confirmed by the FTIR analysis 
[83]. These results proved that the phenolic group participated and busted the self-
healing process. The yellowing phenomenon noticed for adhesive R associated with 
carbonyl group formation was not present in the case of adhesive A and B, indicating 
their improved thermo-oxidative resistance and thermal stability [5, 83, 84, 89].

Fig. 9 Hypotheses of self-healing mechanisms for R, A, and B adhesives at high temperatures 
(Reproduced from [83] with the CC BY license (https://creativecommons.org/licenses/by/4.0/) 

https://creativecommons.org/licenses/by/4.0/
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2.5.4 Mechanical Characterization of Self-Healed Adhesively Bonded 
Joint 

Figure 10 demonstrates a typical SLJ specimen of each adhesive type (A, B, and 
R) along with the AE data. These results can be divided into two segments: a linear 
part up to 4 kN and 0.8 mm and a nonlinear section, mainly for adhesive B and R 
specimens. Nevertheless, as shown in Fig. 10 with the horizontal dotted line, this 
nonlinear behavior might be linked to probable slippage at the gripping area beyond 
that load level. This slippage theory could be proven with the AE RMS data response 
(see Fig. 10a). The RMS of the AE signals in specified time intervals is estimated to 
determine the severity of the AE activity. As can be seen, specific AE signals (RMS 
< 5 V) exist from the start of the test until 0.6 mm displacement, which can be linked 
to micro-damage creation in the adhesive or elastic deformation of the adhesive and 
adherends. Beyond the 0.6 mm displacement, a dramatic increase in the RMS value 
of the signals is observed. This sudden rise in the RMS in the case of adhesive A 
relates to the adhesive’s macroscopic damage leading to the specimen’s eventual 
collapse. For adhesives R and B, however, the immediate rise trend was followed by 
a low-level steady RMS trend associated with specimen slippage. As a result of the 
specimen slippage for these two adhesives, the initial macroscopic damage could not 
progress throughout the joint. The RMS value rose again at the end of the test due 
to the joint’s failure. The AE early-stage signals’ energy was insignificant compared 
to the AE signals that originated before the specimens’ eventual failure, as shown 
by the cumulative AE energy curves, which were compatible with the RMS curves. 
The brittle fracture nature of the adhesives was indicated by the definite rising trend 
in the cumulative energy curves closer to the ultimate fracture. 

Only adhesive A specimens were bonded again after the healing process. Both 
adhesive R and B specimens were easily opened while handling, right before testing.

Fig. 10 Virgin representative macroscopic load–displacement curves with AE features a) root mean 
square (RMS) and b) Cumulative energy (Reproduced from [83] with the CC BY license (https:// 
creativecommons.org/licenses/by/4.0/) 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Fig. 11 Virgin versus healed representative macroscopic load–displacement curves with AE 
features a RMS and b Cum. Energy (Reproduced from [83] with the CC BY license (https:// 
creativecommons.org/licenses/by/4.0/) 

Even though minor mechanical connections occurred for R and B adhesive speci-
mens, they were insufficient to keep the specimens intact. The macroscopic load– 
displacement responses of the virgin and healed adhesives were compared. Adhesive 
A specimen (see Fig. 11) revealed that healing was quite successful, with just a < 
10% reduction in stiffness and 50% in the ultimate load. In other words, from the 
stiffness and ultimate load perspective, the healing efficiency, measured as the healed 
normalized by the virgin instance, was 90 and 50%, respectively [83]. 

Another noteworthy finding was the difference in the slope between the virgin and 
healed specimens at 0.2 mm. As previously mentioned and reported by Hodgkinson 
et al. [90], this might be because of the specimen’s adjustment in the grips while 
testing. The same observation was captured in the virgin specimens’ testing, regard-
less of the adhesive type, indicating that it is not a material attribute. The healed 
specimen’s RMS and cumulative AE curves vary from the virgin specimen’s. The 
repaired specimen has more AE events than the unhealed specimen, indicating that 
the mechanical linkages created during the healing process are weaker. As a result, 
the damage is more progressive than in the virgin example, which has far fewer AE 
signals and is mostly localized closer to the end of the test. 

Figure 12a shows the macroscopic response for DCB specimens of the three 
adhesive types in their virgin state. A linear elastic area defines the load–displace-
ment response at the beginning of the loading, independent of the adhesive type, in 
which the applied load is proportional to the displacement (Δ) by the stiffness of the 
aluminum cantilever arm. The crack started propagating from the initial crack length 
of a0 to the crack length of a once the crack-tip opening displacement reached a crit-
ical value. The force was then released, allowing these specimens to be used again 
for the self-healing experiment. When comparing the load–displacement curves of 
the virgin specimens, it was clear that adhesive B had the maximum load, followed 
by adhesives R and A. Adhesives B, R, and A had average GIC values of 52.04, 
39.40, and 22.65 J/m2, respectively. As shown, adhesive B had a fracture toughness 
that was more than double that of adhesive A. The enhanced adherence and cohe-
siveness of adhesive B was attributed to the addition of glycidyl phosphate ester of

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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TA [91], which contributed to a better hydrogen bonding with the adherend. Further-
more, adhesive B’s modified tannic acid can be used as a phosphatizing agent to 
increase the adherence of adhesives, coatings, or paint [92]. The phosphatizing agent 
must complete two tasks in order to achieve this goal: first, diffuse to the metal 
contact and acquire excellent adhesion, and second, interact with the bulk polymer. 
These processes are only achievable for virgin samples since liquid adhesive B might 
diffuse/penetrate, but not for the softened adhesive B during the self-healing process 
at temperatures above T g. This effect can boost the adhesion and cohesion strength 
of virgin samples, leading to a greater GIC for adhesive B compared to adhesive A. 
Adhesive A having a lower GIC than adhesive R is caused by its weaker structure, 
which was expected to improve during the self-healing process compared to the other 
two adhesives. 

The healed DCB specimens were exposed to mode I fracture testing after being 
cured in the autoclave, using identical conditions as the virgin testing. Figure 12b– 
d shows the load–displacement response of each type of the healed specimens 
compared to its virgin counterpart. It was observed that only adhesive A’s load curve

Fig. 12 DCB Mode I load–displacement curve of a) virgin specimens, virgin vs. healed adhesive 
b) R, c) B, and d) A (Reproduced from [84] with the CC BY license (https://creativecommons.org/ 
licenses/by/4.0/) 
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followed the same trend as its virgin condition, indicating its self-healing potential. 
For both the virgin and healed adhesives, the stiffness of the linear-elastic section 
for adhesive A specimen was about the same value (see Fig. 12d). This revealed 
that the “after-healing” initial crack length was nearly identical to the virgin case’s 
initial crack length (a0). The behavior of the other adhesives (R and B) was much 
different. A considerable reduction in stiffness was detected in both cases, indicating 
that the “after-healing” initial crack length differed from the virgin case’s initial crack 
length. Through the healing process, weak mechanical connections were established 
because of the applied pressure and temperature, leading to an increase in the load 
as a function of the applied displacement of up to 20 N. From that point on, the 
load was again linked to the applied displacement via the cantilever beam’s stiff-
ness, but with a greater crack length this time (a). This was verified by the analytical 
load–displacement curves of the simple beam theory (SBT) for the virgin and healed 
examples, indicated in red and blue, respectively (see Fig. 12b–d). The SBT linear 
connection between the applied displacement and the measured load as a function of 
the adherends’ mechanical and geometrical properties was used to predict the linear 
section of the curves. The propagation curves were produced by matching the energy 
release rate with the average GIC value of adhesives R, B, and A. 

The energy calculated as the area under the load–displacement curve was used 
to develop a quantitative index to compare the healing capabilities of each adhesive 
type (see Fig. 13). In that sense, the healing index was defined as the ratio of energy 
dissipated by the healed specimens to reach the crack length at which the virgin test 
was stopped (av), denoted by EH, to the energy dissipated by the virgin specimen 
testing to extend the crack from the initial crack length (a0-v) to the final crack length 
(av), denoted by EV (Healing index = EH/EV). If no healing occurred, the healed 
specimen’s loading curve should identically match the virgin case’s unloading curve, 
resulting in a healing index of zero. Based on the reasoning above, the healing index 
for adhesives R, B, and A was determined to be 8.9, 3.0, and 82.5%, respectively. As 
a result, while adhesive A did not have the highest fracture toughness in its virgin 
form compared to R and B adhesives, it did have the best healing capabilities.

Figure 14 depicts the distribution of the AE signals amplitude generated during 
modeI testing of the virgin and healed DCB specimens. Significant AE occurrences 
began right after the onset of the test, as seen in Fig. 14a, c, and e, in the case of 
virgin specimens, as shown by the red circle on the x-axis. Few AE occurrences 
with displacements smaller than the specified displacement might be attributed to 
the creation of distributed micro-cracks around existing manufacturing flaws within 
the adhesive layer, which could be neglected since they do not lead to major frac-
ture/failure. AE activity remained high till the end of testing of the virgin specimens. 
In the case of the healed specimens, the AE events of the adhesive A specimen began 
at almost the same displacement as they did in its virgin stage (see Fig. 14b). This 
suggested that the recovered connections had high strength and nearly experienced 
the same load as the virgin condition, however in the case of adhesives R and B, the 
AE events of the healed specimens began sooner than the virgin state, indicating that 
these adhesives formed weak connections (see Fig. 14d and f). The loading phase 
of the healed R and B specimens could be categorized into three segments, from
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Fig. 13 The determination of the dissipated energy for the virgin and healed DCB specimens; a 
adhesive R-virgin, b adhesive R-healed, c adhesive B-virgin, d adhesive B-healed, e adhesive A-
virgin, and f adhesive A-healed (Reproduced from [84] with the CC BY license (https://creativec 
ommons.org/licenses/by/4.0/)
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the AE perspective: Region I, in which weak connections created during the healing 
process could carry minor forces (up to 20 N) before breaking. There was no addi-
tional fracture propagation in Region II, and the aluminum cantilever beam arms 
were only deformed elastically. There was very little AE activity in this area. Region 
III, in which the new fracture propagates beyond av in the healed specimen, resulting 
in many additional AE events. However, no indication of Region II in the loading 
process in the case of adhesive A was observed. The breakdown of the high-strength 
bonds produced during the healing process was represented by Region I, which was 
followed by Region III, which was associated with the creation and expansion of the 
new fracture surface beyond av in the healed specimen. The proposed AE segments 
were compatible with the AE trends for crack propagation in adhesively bonded 
joints described in the literature [93].

3 Summary

• Vegetable oils can provide flexibility to self-healing bio-based epoxy resin owing 
to their long flexible fatty acid structure, but on the other hand, they decrease their 
mechanical properties. One of the possible ways to improve these mechanical 
properties is to incorporate rigid segments such as aromatic rings, increase the 
epoxy equivalent weight (EEW) values, or increase the temperature of the healing 
process. Healing efficiencies of more than 100% can be achieved at temperatures 
up to 120°C for 24 h. 

• Lignin can be utilized as a curing agent of epoxy resins after ozonization treatment 
and introducing carboxylic acid groups by cleavage of benzene rings during this 
treatment. Fast self-healing capability was observed when the width of the surface 
scratch was reduced by 70% in ~ 5 min. Reversible transesterification reactions 
enabled effective shape memory properties of lignin-based self-healing epoxy 
resins. 

• The high stiffness and thermal stability of isosorbide were employed to produce 
self-healing bio-based epoxy resins with high glass transition temperatures (T g). 
An isosorbide-derived epoxy, cured with 4,4´-disulfanediyldianiline, completely 
healed the scratch after 60 min at 100°C. This capability demonstrated the poten-
tial of healing the catastrophic damages with full recovery of mechanical prop-
erties of a material. Furthermore, multiple recoveries were investigated, and the 
healing efficiency based on mechanical properties was 80% after the second and 
third cycles of re-processing. 

• The highest T g of 187°C was achieved using bio-based triphenyl epoxy (TEP) 
while maintaining strength and modulus equivalent to the cured bisphenol-A 
epoxy. The self-healing of such materials was done at 220°C, and under external 
pressure, the crack width was reduced by nearly 90% in just 5 min. 

• Another epoxy resin from natural phenols, eugenol-derived epoxy cured with 
succinic anhydride (SA), was healed under pressure and 190°C. In that case, the 
crack shrunk more than 90% in 1 h.
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Fig. 14 A comparison of the macroscopic load–displacement response and the AE signals’ ampli-
tude distribution captured during the DCB tests: a adhesive A-virgin,b adhesive A-healed, c adhesive 
B-virgin, d adhesive B-healed, e adhesive R-virgin and f adhesive R-healed (Reproduced from [84] 
with the CC BY license (https://creativecommons.org/licenses/by/4.0/)

• Most of the presented results showed bio-based epoxy materials designed in the 
form of vitrimers except a couple of relatively novel research studies that showed 
the intrinsic self-healing behavior of tannic acid (TA), which was used to repair 
the adhesively bonded joints of lightweight structures (aluminum, Al). TA was 
modified to introduce epoxy groups, and the design of its structure played a major 
role in determining the self-healing capability. A smaller molecule of modified TA 
was able to diffuse to the interface and recover the adhesion forces. The healing 
efficiency of completely fractured single-lap joint (SLJ) samples from a stiffness

https://creativecommons.org/licenses/by/4.0/
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point of view was 90%. Besides, the healing efficiency of the double cantilever 
beam (DCB) samples was 82.5%. 
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Modeling and Simulation of Vitrimers 

Alessandro Perego, Harsh Pandya, and Fardin Khabaz 

Abstract The healing response in self-healing materials is regulated by the rates 
of three distinct stages: actuation, transport, and repair. The healing efficiency is 
dictated by delicately balancing the rate of damage versus the rate of healing. The 
material damage rate is determined by the frequency of strain rate, loading, and 
stress amplitude. However, by changing the reaction kinetics through temperature 
or concentration the healing rate can be designed to specific damage modes. 
Vitrimers are a particular subcategory of intrinsic self-healing materials that flow at 
temperatures higher than the topology freezing temperature and show thermoset-like 
behavior at low temperatures. Vitrimer chemistry is an excellent way to combine 
the favorable mechanical properties of covalently crosslinked thermosets with 
full recyclability and create intrinsic self-healing materials without needing a 
healing agent. Recently, several theoretical frameworks, coarse-grained particle 
dynamics simulations, and finite element analysis (FEA) have been used to probe the 
thermodynamics, dynamics, rheology, and mechanics of these transient networks. 
Particle-based dynamic simulations have successfully produced key features of 
vitrimers, rubbery plateau, and terminal modulus behaviors. On a continuum level, 
constitutive equations have been developed to study the effect of the kinetics of 
the bond exchange on the macroscopic material response. In this chapter, the 
recent advances in the modeling aspect of vitrimers ranging from particles-based 
simulation techniques to FEA are reviewed. 
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1 Introduction 

The aim of self-healing process is to achieve equilibrium in the material by carefully 
adjusting the rate of healing and the rate of damage [1]. Self-healing materials are 
usually classified into three main categories: capsule based, vascular, and intrinsic 
[2]. This classification is based on the mechanism used to isolate the healing func-
tionality of the material. According to the type of sequestration used, it is possible to 
control how many times the material can be healed, the damaged volume available 
for healing, and the kinetics of the recovery rate. 

Capsule-based self-healing materials sequester the healing agent in discrete 
capsules. When the induced damage ruptures these capsules, the release and reac-
tion of the healing agent initiate the self-healing process [3]. In vascular self-healing 
materials, the self-healing materials are stored in capillaries. These networks may 
be interconnected in one, two, or three dimensions until damage triggers the self-
healing process [3]. After the rupture of the capillaries and subsequent release of the 
healing agent, the material can be replenished with the healing agent, thus allowing 
for multiple local healing events to occur. 

There is no healing agent in intrinsic self-healing materials, but they possess self-
healing functionalities directly embedded in their chemical structure. These func-
tionalities are usually initiated by damage or an external stimulus. For polymeric 
materials, this self-healing process can be achieved by phenomena such as reversible 
polymerization, hydrogen bonding, ionic interactions, and reversible bond exchange 
reactions [3]. Each of these reactions is reversible, and thus, multiple healing events 
can occur for intrinsic self-healing materials [1]. 

Generally, polymers are divided into thermoplastics, in which polymer chains are 
not chemically attached, and thermosets, in which chains are permanently crosslinked 
[4–9]. Thermoplastic materials show flow behavior similar to a viscoelastic liquid 
when heated [8, 10, 11] that allowing these materials to be re-processable [12]. 
However, the molecular topology changes directly result in weak solvent resistance 
and poor mechanical properties [5, 13]. The diffusion of polymer chains in thermoset 
materials is suppressed since the network is crosslinked [14], thus making the ther-
mosets suitable for applications that require strong mechanical properties such as 
coatings, electronics, and structural applications [12, 15]. However, as thermosets 
present a theoretically infinite rubbery plateau when heated above the glass transition 
temperature (Tg) due to the connectivity of the network; thus these materials cannot 
be reprocessed after they are crosslinked [16]. Considering the latter limitation, i.e., 
difficulty in reprocessing thermosets, these materials provide a significant challenge 
for recycling polymers (see Fig. 1) [16–18].

Several attempts have been made to implement non-covalent bonds as crosslinkers 
in thermoset, including hydrogen bonds [19, 20], π–π stacking [21], and metal– 
ligand bonds. However, due to the weaker energy of the non-covalent bond 
interactions [22], these materials show poor mechanical properties compared to 
commercially available thermosets. A more promising approach introduces dynamic 
covalent bonding into thermosetting materials, creating what is commonly known
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Fig. 1 Cumulative global plastic production from 1950 to 2015. Inset: Global plastic waste disposal 
from 1980 to 2015. As it emerges from the data, as of 2015, only, ~ 19% of the total plastic produced 
is recycled successfully [18]. The data in the figure are obtained from Geyer, Jambeck, Lavender 
Law; Production, use, and the fate of all plastics ever made; Sci. Adv.; 2017; American Association 
for the Advancement of Science

as covalent adaptive networks (CANs) [4–6, 23]. Depending on the chemistry of the 
bond exchange mechanism, CANs can be further classified as either associative or 
dissociative [24, 25]. Associative CANs rely on associative exchange mechanisms 
in which the original crosslink is only broken when a new covalent bond to another 
position has been formed [4–6, 25–28]. As a result, upon heating, there is no depoly-
merization and the crosslink density of these networks also remains constant [29, 
30]. Despite displaying promising rheological properties, the timescale associated 
with the bond exchange reaction of these systems remains restricted due to the 
radical nature of the catalyst used [25]. 

In 2011, Leibler and coworkers [27] proposed a unique approach to associa-
tive CANs by adding a suitable transesterification catalyst to an epoxy/acid or 
epoxy/anhydride polyester-based network. These materials are named vitrimers, and 
they show a gradual decrease in the viscosity of the system upon heating following 
an Arrhenius law with an activation energy of ~ 80 k J/mol K, similar to inorganic 
materials such as silica [4, 31, 32]. This characteristic viscosity behavior enables 
vitrimers to be processed in wide temperature ranges without any potential loss in 
network integrity [6]. Also, unlike dissociative CANs, vitrimers show solvent resis-
tance [25]. Additionally, rheology and birefringence experiments show that these 
networks can rapidly relax stress and display great malleability [5, 27, 33, 34], weld-
ability [25, 26], and shape memory [35–37]. Leibler and coworkers proposed a new 
class chemical route using the metathesis of dioxaborolanes to create vitrimers using 
polymethyl methacrylate, polystyrene, and high-density polyethylene as backbone 
chains of the network. These vitrimers can be processed several times via extrusion or 
injection molding [6]. Hence, there is a possibility for repair assembly and alloying 
incompatible polymers, and most importantly, providing new routes for recycling 
thermosetting plastics.
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Two transition temperatures describe the thermodynamics and kinetics of 
vitrimers [6, 28, 38–40]: (1) the glass transition temperature, Tg, which is common 
in amorphous polymeric materials [11] and (2) the topology freezing temperature, 
Tv, which shows the transition from viscoelastic solid to viscous liquid behavior 
and often appears at a temperature above the Tg. At this temperature, the timescale 
of the topological change becomes slow upon cooling, and the network rearrange-
ment becomes sluggish. In experiments, this transition is selected at a temperature 
where the value of shear viscosity reaches 1012 Pa·s [4, 11, 41]. Different factors, 
such as the chemistry of the monomer and crosslinker, number density of crosslinker, 
loading of catalyst, quenching rate, and the density of exchangeable bonds, dictate the 
viscoelastic properties of vitrimers [4]. Ideally, these materials should be designed 
such that they behave like a thermoset network in practical applications and flow 
like a viscous liquid during processing at high temperatures without loss of network 
integrity. It has been suggested that it might be possible to determine the Tv from 
volumetric data similar to the glass transition, but as of now, due to the instru-
ment limitations, the detection of Tv from direct experimental measurements is a 
challenging task [5]. 

Atomistically detailed molecular dynamics (MD) simulations have been success-
fully used to study the bonds exchange reactions at the interface during stretching 
and welding processes in polymeric materials. However, the high computational 
cost of all-atom simulations poses a serious limitation on the choice of the system 
size and on the time scale accessible, making it challenging to capture the complex 
dynamics of associative CANs such as vitrimers accurately. A possible way to extend 
the molecular modeling time scale and bridge it with experimental procedures is to 
apply coarse-graining. This technique allows representing a system by a reduced 
(in comparison with an all-atoms simulation) number of degrees of freedom. The 
simulation of a coarse-grained (CG) system is less computationally expensive than 
the same system in all-atom representations due to reduced degrees of freedom and 
elimination of the fine interaction details. This results in an increase of orders of 
magnitude in the simulated time and length scales. In the case of vitrimers, there 
is an urgent need to predict their viscoelastic properties and dynamics in a relevant 
timescale to experiments [28]. 

Continuum models also show quantitative agreement between the stress–strain 
behavior and stress relaxation modulus and experimental results [42]. Recently, a 
patchy particle model implementing a three-body potential similar to the Stillinger– 
Weber force field was proposed to investigate the dynamics of the vitrimers [40]. This 
model was used to study the phase separation [40], self and collective dynamics of 
the vitrimer system formed using the patchy colloidal particles [40, 43–46]. A recent 
study [47] on aging dissociating polymers based on a coarse-grained bead-spring 
method and Langevin dynamics concluded that the aging is due to the dissociation 
of small clusters of sticky monomers and transformation of the small clusters to 
a large one. In our recent study [48, 49], we have combined molecular dynamics 
(MD) and Monte Carlo (MC) simulations to predict the dynamics and rheology of a 
model vitrimer and compared its properties with a permanently crosslinked one. Our
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results show that a simple bond exchange protocol accompanied with an appropriate 
coarse-graining level generates the essential characteristics of vitrimers. 

In this chapter, we review the available simulation methods and summarize 
the results on the mechanical and rheological properties of these novel polymeric 
systems. We close this chapter with a summary of the models and an outlook on the 
computational techniques. 

2 Simulation and Modeling Techniques and Theoretical 
Frameworks 

2.1 Particle-Based Models 

Generally, in these types of simulations, a collection of a few atoms is considered 
one particle, or bead, with an appropriate nonbonded and bonded energy that governs 
the force field between all the beads in the system tuned to capture roughly the effect 
of polymer chemistry. The trajectories of particles are predicted using appropriate 
equations of motion, and using the principles of statistical mechanics, the properties 
of the system are predicted as a function of the simulation time. 

2.1.1 Patchy Particles and Three-Body Potential 

Using a coarse-grained model, Smallenburg et al. [50] studied the phase behavior of 
vitrimers in a solvent phase. The study used event-driven molecular dynamic simu-
lations (EDMD) and Wertheim’s theory for free energy calculations for simulating 
vitrimers [51]. The model system presented a mixture of two types of patchy parti-
cles, namely particles A and B with f A = 4 and f B = 2, where f denotes the number of 
attractive patches on the particle surface arranged in tetrahedral and polar geometries, 
respectively. The particles were designed based on the Kern-Frenkel model [52]. The 
size of the patches was defined based on their opening angle θm with cos θm = 0.8. 
The patches can only be involved in one bond at a time, and that is, multiple bonding 
partners are available. This type of associative bond exchange in the system satisfies 
the requirement for a vitrimer network. The interactions in the model system were 
considered as a combination of the repulsive potential between beads of diameter σ 
with a mass of  m and attractive interaction between the surface particle patches. The 
bonding between patches could not exceed the maximum bond length of 1.2σ with 
the condition that the vector linking the centers of any two particles passes through at 
least one patch on each particle. The rate of bond switching was controlled according 
to the system by varying the temperature and/or the catalyst load. Using the auto-
correlation of the off-diagonal elements of the stress tensor, the dimensionless shear 
viscosity ηβσ 3

√  
τ , where β = 1

√  
kB T , with kB is the Boltzmann constant, and τ is
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Fig. 2 Dimensionless shear viscosity βησ 3
√  

τ as a function of the average time interval between 
bond switching events. The dashed line indicates an Arrhenius fit (slope = 1). The viscosities were 
calculated at the composition of x = 0.25 (where x is the ratio of the number of patches of A to the 
total number of patches (A + B)), and number density of ρσ 3 = 0.35, where  σ is the diameter of 
the particle, well away from the area where phase separation occurs. τ is the units of time and is 
defined as τ ≡ 

√  
βmσ 2, where  m is the mass of particle and β = 1

√  
kB T , with kB is the Boltzmann 

constant. The figure is obtained from Smallenburg, Leibler, Sciortino; Patchy Particle Model for 
Vitrimers; Phys. Rev. Lett.; 2013; American Physical Society 

the units of time and is defined as τ ≡ √  
βmσ 2, was obtained at different average 

times between bond switching events, as seen in Fig. 2 (note that the frequency of 
the bond exchange γ scales with exp

(−εa
√  
kB T

)
, where εa is the activation energy). 

At small time intervals, when bond switching occurs fast, the viscosity of the system 
is constant, while at (γ τ  )−1 � 1, a linear relationship with (γ τ  )−1 is seen for the 
viscosity, and consequently, an Arrhenius-like behavior of the viscosity is observed. 

Another type of coarse-grained simulation for polymers often is performed 
using the bead-spring model [53], where beads interact using a Weeks-Chandler-
Anderson (WCA) potential [54]. The monomer bond exchange was implemented 
using the WCA potential for nonbonded particles, the harmonic potential for bonded 
particles, and a three-body potential based on the Stillinger–Weber potential. The 
dynamics of the transient networks are predicted as a function of time. A similar 
method incorporating a three-body potential based on the Stillinger–Weber potential 
[55] was proposed to study the self and collective dynamics of vitrimers [46]. These 
two types of dynamics were quantified using the intermediate scattering functions 
(ISFs), and a two-step relaxation was observed for the self and collective part of the 
ISF. 

Eight-arm star-shaped polymers with carboxyl and hydroxyl end groups, respec-
tively, were simulated using the latter method [56]. The underlying idea behind 
the three-body potential is based on the addition of a repulsive potential based on 
interactions three-body interactions between i-j and i-k particles. It also involves a 
parameter λ used to interpolate between a bong swapping and permanently connected 
systems. When the value of λ >>  1, a system with an infinitely long bond lifetime 
is simulated. When λ = 1, the additional potential energy gain associated with the



Modeling and Simulation of Vitrimers 215

formation of the double bond is compensated by the value of the three-body potential. 
The systems were divided into a defect free mixture (DFM), which was a mixture 
of star polymers with either only groups A or B as the end groups, and a defect 
allowing mixture (DAM), which consisted of star polymers with seven arms ending 
with group A and one with group B. After forming bonds in the DAM, the A-type 
ends were free to initiate bond swapping. Both systems were equilibrated in periodic 
cubic boxes with a packing fraction of 0.3. For the stress relaxation calculations, the 
Green–Kubo method [57] was used in a constant number of particles, volume, and 
temperature (NVT) ensemble to calculate the stress σ(t) autocorrelation function. 

In Fig. 3a and b, the stress relaxation of DFM and DAM systems as a function of 
the time at different energy barrier values is plotted. For times shorter than that elastic 
plateau timescale, the chain motion dominates stress relaxation. When the energy 
barrier of the bond swap is high, the topology of the network remains unchanged, and 
the elastic plateau extends beyond the time scale for simulation. However, for the case 
with no energy barrier, which enables bond swapping, there is a second relaxation 
observed, as shown in Fig. 3. This is a characteristic feature of transient networks 
such as vitrimers. The stress relaxation time in this scenario was about 20 μs. In the 
case of DAM, the solid plateau is achieved by the fixed network, while the transient 
networks result in stress relaxation over shorter timescales. The stress relaxation was 
10 times faster with the stress relaxation time of 2 μs which essentially shows the 
DAM networks behave like a viscous liquid. In the inset of Fig. 3b, the comparison 
between the stress relaxation modulus in these two networks is presented, and as 
seen, the improved stress relaxation is a result of the defects when the number of the 
bond swaps was the same for both. It was indicated that a defect loop was formed 
every time an intra-star bond was experiencing stress which led to dissipation, and 
given that the swap rates were the same for both networks, it was concluded that the 
defect loops acted like highways for stress relaxation. It was further hypothesized that 
these loop defects could be used to speed up the stress relaxation process, enhance 
properties of self-healing, and make the material more malleable and recyclable.

2.1.2 Hybrid Molecular Dynamics–Monte Carlo Technique 

Recently, we proposed a hybrid molecular dynamics–Monte Carlo (MD–MC) 
method to describe the dynamics and linear rheology of vitrimers at different temper-
atures [49, 58]. Pant and Theodorou devised an algorithm based on the connectivity-
altering atomistic Monte Carlo (MC) approach to accelerate the equilibrium of 
condensed phases of long-chain systems with a range of chain architectures [58, 
59]. Following their work, similar MD–MC algorithms have been implemented to 
examine materials with reversible bonds, such as thermoreversible gels, supramolec-
ular polymer, and telechelic polymers [47, 60–62]. Based on those methods, it is 
proposed an adaptation of the MD–MC algorithm that can be used for reproducing 
the bond exchange reactions in associative CANs, specifically in vitrimers.
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Fig. 3 a Stress relaxation for DFM for a range of energy barrier values. b Comparison between the 
DAM and DFM stress relaxation values. The figure is obtained from Ciarella, Sciortino, Ellenbroek; 
Dynamics of Vitrimers: Defects as a Highway to Stress Relaxation; Phys. Rev. Lett.; 2018; American 
Physical Society

To explain how the algorithm works, let us suppose we have a system consisting 
of a few polymers chains such as the one depicted in Fig. 4. These polymers are made 
of n monomers units, but only one terminal monomer can react to form additional 
bonds with other chains. At t = t0, two polymer chains are covalently bonded with 
each other. At every user-defined time step, each reactive monomer is sampled to 
find a possible new monomer for the bond exchange. Assuming that (i, j) and (k,l) 
are two exchangeable bonds pairs, for a monomer found at a distance r defined by 
the user, the energy change ΔŨExchange:

ΔŨExchange = α
(
ŨNew(i, l) + ŨNew( j, k) − ŨOld(i, j ) − ŨOld(k, l)

)
, (1)
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Fig. 4 Mixture of 10-mer chains (blue) with crosslinkers (orange) before a and after b crosslinking 
the network (yellow correspond to the reacted beads). c Bond exchange reaction schematic. Red and 
green colors are used to represent the exchangeable bonds. d Probability of an exchange reaction 

PMC

(
T̃
)
as a function of temperature T̃ in vitrimers. The red line in the inset shows the exponential 

fit to the data. The figure is obtained from Perego, Khabaz; Volumetric and Rheological Properties 
of Vitrimers: A Hybrid Molecular Dynamics and Monte Carlo Simulation Study; Macromolecules; 
2020; American Chemical Society 

can be computed. If ΔŨExchange ≤ 0, the new configuration will be accepted, and if
ΔŨExchange > 0, the move is accepted based on the Boltzmann acceptance criterion 
[63, 64]. The α parameter is a dimensionless factor that is introduced to mimic the 
effect of a bond exchange reaction assisted by a catalyst. The polymer network is 
simulated using the well-established CG framework introduced by Kramer and Grest, 
in which the polymer chains are modeled as spherical beads connected by springs 
[53]. Within an atomistic model, each bead corresponds to multiple monomer units. 
All units are normalized in terms of reduced Lennard–Jones (LJ) parameters: length 
= σ , energy = ∈, and time = (mσ 2/∈)1/2 with the bead mass of m. The nonbonded 
interaction is calculated using a shifted and truncated Lennard–Jones (LJ) potential 
defined as: 

ŨLJ(r̃ ) = 

⎧ 
⎨ 

⎩ 
4

[
(
1 
r̃

)12 − ( 1 r̃
)6 −

(
1 
r̃c

)12 +
(

1 
r̃c

)6]
for r̃c ≤ 2.5 

0 for  r̃c > 2.5 
, (2) 

where r represents the distance between two beads and rc represents the cut-off 
distance. Throughout the simulation, the chain structure is maintained numerically 
such that the nearest-neighbor beads along the chain are permanently bonded. These 
permanent bonds are anharmonic, finitely extensible, nonlinear, and described by an
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elastic (FENE) potential: 

ŨBond(r̃ ) = −  
K 

2 
r̃2 0 ln

[

1 −
(
r̃ 

r̃0

)2
]

, (3) 

An appropriate choice of parameter consists of setting Rmax = 1.5σ , and k = 
30∈/σ as it avoids the possibility of chains passing through one another [64–66]. 

The initial crosslink network is constructed using a tetrafunctional crosslinker 
consisting of five beads with the four end beads being reactive and a linear molecule 
with two reactive terminal beads. Reactions are only allowed between the reactive 
beads. The simulated annealing polymerization technique [67, 68] is used to connect 
the tetrafunctional molecules with the linear ones and build the final crosslinked struc-
ture. In Fig. 4a–c, the simulation box before and after reaction and the schematics of 
the monomer and crosslinker are shown, respectively. The relaxation and quenching 
simulations from a high temperature of 2.0 to 0.1 were performed in an isothermal– 
isobaric ensemble with a pressure of zero. The probability of the bond exchange 

between the crosslinker junctions PMC

(
T̃
)
is determined and plotted in Fig. 4d 

at each temperature. As seen in the figure, PMC

(
T̃
)
follows an Arrhenius-like 

temperature dependence. 
The volumetric properties of the model thermoset and vitrimer networks were 

quantified by determining the specific volume, coefficient of thermal expansion, and 
glass transition temperature. In Fig. 5a, the specific volume of the model systems 
is plotted as a function of temperature. Both thermoset and vitrimer systems show 
similar T̃g values, which are expected since the bond exchanges become relevant 
only at high temperatures (see Fig. 4d for the probability of the bond exchange). At 
temperatures higher than T̃g , the specific volume of vitrimer becomes larger than 
that of thermoset that is more visible in the dimensionless excess volume Ṽ E =(
Ṽvitrimer − Ṽthermoset

)√
Ṽthermoset in the inset of Fig. 5a. We plot the coefficient of 

thermal expansion α̃ ·
(
α̃ = (∂V√  ∂T

)
p

√
V
)
in Fig. 5b for these two systems. 

Both thermoset and vitrimer networks show a discontinuous behavior for α̃ at T̃g . 
At T̃ > T̃g the thermoset shows a constant value of α̃; on the other hand, a local 
minimum point at T̃ � 0.87 for the values of α̃ is seen in the model vitrimer.

The dynamics of the crosslinkers in the model systems were determined by calcu-
lating the mean squared displacement (MSD)

〈
Δr̃2

(
t̃
)〉
at different temperatures. As 

seen in Fig. 6a, at temperatures below the glass transition temperature, both systems 
show similar mobility. As the temperature steadily increases and exceeds the T̃g , 
the vitrimer shows higher mobility. At higher temperatures (see Fig. 6c and d), the 
crosslinkers show a nearly diffusive behavior, while the motion of the crosslinker in 
the thermoset network is impeded due to the existence of permanent bonds.

Using the hybrid MD–MC method [58], the rheology of the networks can also be 
determined. We refer readers to our study on the volumetric, dynamics, and rheology 
of the vitrimers for detailed discussion. Here, we focus on the primary outcomes of
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Fig. 5 a The specific volume Ṽ and b thermal expansion coefficient α̃ as a function of reduced 
temperature T̃ for both thermoset and vitrimer. Inset in a: The rescaled excess volume Ṽ E =(
Ṽvitrimer − Ṽthermoset

)√
Ṽthermoset as a function of the temperature. At every temperature, the uncer-

tainty for each data point is about 0.1% of the magnitude of the specific volume (smaller than symbol 
size). The intersection of the fitted lines (dashed lines in a) in the rubbery and glassy regions corre-
sponds to the glass transition temperature T̃g of the system. The figure is obtained from Perego, 
Khabaz; Volumetric and Rheological Properties of Vitrimers: A Hybrid Molecular Dynamics and 
Monte Carlo Simulation Study; Macromolecules; 2020; American Chemical Society

the rheological simulations that are (1) applicability of the time–temperature super-
position (TTS) principle to extend the simulation timescale and (2) Arrhenius-like 
temperature dependence of the viscosity of vitrimer. The linear viscoelastic moduli 
of the thermoset and vitrimer were determined using the NEMD method [69] by  
incorporating the SLLOD equations of motion [70] at different frequencies and 
temperatures. The TTS principle is used to collapse data onto master curves at a 
reference temperature of T̃0 = 0.6. In Fig.  7a, the elastic modulus of the thermoset 
network is plotted against the oscillation frequency. The thermoset network exhibits 
a rubbery modulus at low frequencies and a glassy response after a Rouse-like tran-
sition regime. The vitrimer model essentially behaves the same way as the thermoset 
at intermediate and high frequencies, given that the deformation rate is larger than 
the bond exchange rate, as seen in Fig. 7b. On the other hand, at lower frequen-
cies, the elastic modulus of the vitrimer appears to show a liquid-like behavior (or 
so-called terminal regime). The latter observation is due to the fast timescale of the 
bond exchange in that deformation regime, which corresponds to long times. Both
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Fig. 6 Mean-squared displacement (MSD)
〈
Δr̃2

(
t̃
)〉
of the crosslinking beads (reactive beads that 

can participate in the exchangeable reaction) in thermoset and vitrimer at a T̃ = 0.3, b T̃ = 0.55, 
c T̃ = 1.0, and  d T̃ = 1.5. The diffusive motion is shown by the dashed line, which has a 
slope of unity on the log–log scale. The figure is obtained from Perego, Khabaz; Volumetric and 
Rheological Properties of Vitrimers: A Hybrid Molecular Dynamics and Monte Carlo Simulation 
Study; Macromolecules; 2020; American Chemical Society

viscous moduli of thermoset and vitrimer show the same behavior (see Fig. 7c and 
d). We expect to observe the difference in the viscous moduli at lower frequencies 
which are not accessible in the current simulations. Note that the shift factors used to 
collapse rheological data follow Williams-Landel-Ferry (WLF) equation for the ther-
moset network, while this temperature dependence for the vitrimer model becomes 
more complex (see Fig. 8). The temperature dependence of the shift factor follows 
a combination of the WLF equation at low temperatures and Arrhenius behavior at 
high temperatures in model vitrimer. The intersecting temperature between these two 
regimes corresponds to a temperature of 0.85, which is very close to the temperature 
that coefficient of thermal expansion shows a local minimum. In addition, the zero-
shear viscosity of the vitrimer model shows an Arrhenius-like form which validates 
the model consistency with the temperature dependence of shift factors.
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Fig. 7 Universal curves of rescaled a–b elastic G̃
'
p and c–d loss G̃ ''

p moduli as a function of the 
reduced frequency ω̃p in the model thermoset (left panel) and vitrimer (right panel). The reference 
temperature in both sets of master curves is T̃0 = 0.6. The figure is obtained from Perego, Khabaz; 
Volumetric and Rheological Properties of Vitrimers: A Hybrid Molecular Dynamics and Monte 
Carlo Simulation Study; Macromolecules; 2020; American Chemical Society

The nonlinear mechanics of vitrimers have also been studied using the hybrid 
MD–MC method [49] when the exchange reaction rate was adjusted by introducing 
a constant parameter α in the MC step to adjust the downhill moves energy barrier. 
The model system was constructed using a tetrafunctional crosslinker and 5-mer 
monomer chain. The mobility of the vitrimer network showed an inverse relationship 
with the α value, i.e., smaller values of α led to more frequent bond exchanges in 
the system, and crosslinker particles could move large distances. Using the NEMD 
technique, the stress–strain curves of the vitrimer models with different exchange 
rates under uniaxial deformation were determined at three different temperatures 
(Fig. 9a–f). Note that the stress–strain curves are plotted until the failure point. When 
the temperature is below the T̃g , the thermoset and vitrimer networks with varying 
values of α show similar behavior at low strain values. On the other hand, when 
the strain becomes larger, and the response of the networks to the strain becomes 
nonlinear, vitrimers with slower bond exchanges show a closer stress–strain behavior 
to the thermoset one. At higher temperatures, we also see the same behavior with a 
difference that the magnitude of the stress decreases at the failure point. In all cases,
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Fig. 8 Horizontal shift factors aT used in collapsing the moduli data in Fig. 7 for the thermoset 
and vitrimer as a function of the temperature. Inset: Arrhenius plot of the shift factors obtained at 
T > Tv . The WLF and Arrhenius fit to the data are shown by blue and dashed red lines, respectively. 
The figure is obtained from Perego, Khabaz; Volumetric and Rheological Properties of Vitrimers: A 
Hybrid Molecular Dynamics and Monte Carlo Simulation Study; Macromolecules; 2020; American 
Chemical Society

vitrimers outperform thermoset networks in the failure strain. This strain increases 
by decreasing the value α.

2.2 Continuum Models 

2.2.1 Constitutive Equations 

On a continuum level, most of the current models are built on the approach pioneered 
by Terentjev and coworkers, where they developed a set of microscopic constitutive 
equations to describe transient polymer networks (such as vitrimers and other self-
healing materials) undergoing small deformations in stress relaxation, creep, and 
uniaxial deformation experiments [71, 72]. In their approach, the energy of the system 
is described by treating the polymers as Gaussian chains (i.e., Neo-Hookean model) 
[73]. Here, we briefly review the main features of the constitutive equations, and the 
reader is referred to ref. [73–75] for detailed derivations. 

Breaking and Reforming of Cross-links: Microscopically, the rate of crosslinks 
breakage can be described using the local force acting on the chain. Assuming a 
potential energy well with a characteristic energy barrier, in which the crosslink is 
held, one can derive an equation for a total number of crosslinked chains at a given 
time Nc(t):
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Fig. 9 Stress-strain curves at different temperatures of the simulated thermoset and vitrimer system 
for various values of α. d–f are zoomed-in graphs of a–c, respectively, used to show the initial linear 
response of the four networks. The strain rate used for all the simulations was ˜̇ε = 10−1. The figure 
is obtained from Perego, Khabaz; Effect of bond exchange rate on dynamics and mechanics of 
vitrimers; J. Poly. Sci.; 2021; Wiley

Nc(t) = Nc(0) exp 

⎛ 

⎝− 
t∫

0 

β(t '; 0)dt '
⎞ 

⎠ + 
t∫

0 

Nb(t
') exp 

⎛ 

⎝− 
t∫

t '
β(t ''; t ')dt ''

⎞ 

⎠ρdt ', 

(4) 

where β is the equilibrium Kramers rate [74], ρ the effective rate or re-crosslinking, 
and Nb(t) is the number of un-cross linked chains at a given time. The first term 
of Eq. (1) indicates the crosslinked chains from t ' =  0 as a function of time. The 
re-crosslinking of the chains, from the original chains and other chains broken at 
different times during the same period, is represented by the second term. As Nb(t) = 
Ntot− Nc(t), Eq.  (4) can be seen as an integral equation that helps to determine Nc(t) 
at a particular dynamic deformation state. 

Macroscopic Elastic Energy: The structure of the deformation energy can be char-
acterized macroscopically by adopting Gaussian chains approximation (e.g., using 
rubber elasticity theory) [75]. For a permanently crosslinked rubbery network, the 
system’s energy density while being deformed is described as:
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Frub(t; 0) = 
1 

2 
G
(
tr
[
ET (t; 0)E(t; 0)]− 3

)
, (5) 

where G represents the shear modulus and E(t; 0) is the affine deformation tensor 
at time t to t = 0, which is the reference state. 

However, for a transient network undergoing deformation, there are numerous 
contributions to the average elastic-free energy due to the dynamics of the crosslinks. 
Thus, the elastic free energy density F(t; t0) with regards to the reference state t0 is 
determined by the deformation tensor E(t; t0) defined as: 

E(t; t0) = E(t; 0) · E−1 (t0; 0), (6) 

The energy density can then be written as: 

Ftr.n.(t) = exp 

⎛ 

⎝− 
t∫
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β(t '; 0)dt '
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⎠Frub(t; 0) 

+ 
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ρ 
Nb(t ') 
Nc(0) 

exp 

⎛ 

⎝− 
t∫

t '
β
(
t '', t ')dt ''

⎞ 

⎠Frub(t; t ')dt ', (7) 

The second term is computed using the dynamically changing strain tensor defined 
in Eq. (6) is used to calculate the neo-Hookean free energy density. 

Contrary to a permanent rubbery network where the reference state is at t = 
0, in a transient network, the reference can only be locally specified for different 
chains, depending on their time of crosslinking. Tracking the real-reference state 
thus becomes a difficult task, and it is appropriate to describe an effective shear 
modulus G∗ as the following ratio: 

G∗(t) = 2Ftr.n(t) 
tr
[
ET(t; 0) · E(t0; 0)

]− 3 
(8) 

Elastic Stress Tensor: In transient networks, the stress is defined by both the elastic 
and viscous stresses (σela+σvis). As the origins of σvis are very complex (e.g., dangling 
chains, nonaffine movement of crosslinks and the dynamics of entanglements), it is 
convenient to express this term as: 

σvis = η( ̇γ )  · γ̇ , (9) 

with the viscosity tensor η defined as a function of the strain rate tensor γ̇ . 
To account for the material incompressibility, it is possible to work with the Gibbs 

free energy of the system as: 

g(t) = Ftr.n.(t) − p · det E. (10)
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By defining the elastic stress, σ ela ij , as a function of g(t) (e.g., σ ela ij (t) = σ g(t) 
δEij(t;0) ), the 

expression for the stress tensor can be obtained: 

σ ela ij (t) = exp 

⎛ 

⎝− 
t∫
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β(t '; 0)dt '
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∫
ρ 
Nb(t ') 
Nc(0) 

exp 
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− p · det E · E−1 
ji . (11) 

Equation (11) provides the constitutive equation of the model and can be used to 
study how a transient network responds to an imposed uniaxial stretch. Figure 10a 
shows a schematic of a polymer sheet undergoing uniaxial stretching. By defining 
the length (L), width (W ), and thickness (T ) elongation ratios as λL , λW , and λT , 
respectively, the deformation can be described using the following relationships: 
L = λL L0, W = λW W0, and T = λT HT . Due to the incompressibility of the 
system, one can write λL = λ making λW together with λT equal to 1/

√
λ. 

The deformation tensor at a time t for a particular crosslink formed a time t ' can 
be obtained through Eq. (6): 

E(t; t ') = 
λ(t) 
λ(t ') eLeL + 

√  
λ(t ') 
λ(t) 

(eW eW + eT eT ), (12) 

with eL , eW , and eT as the unit vectors in three orthogonal directions. The average 
end-to-end distance 〈r〉 (Fig. 9b) that indicates the deformation occurring at a time 
t with respect to a reference time τ can then be calculated using:

Fig. 10 a Illustration of a polymeric sheet undergoing uniaxial stretched deformation. b schematic 
of a sample of polymer chains in the network undergoing the same deformation, with r as the 
end-to-end distance and θ as the angle between the end-to-end vector and the stretch direction. The 
figure is obtained from Meng, Pritchard, Terentjev; Stress Relaxation, Dynamics, and Plasticity of 
Transient Polymer Networks; Macromolecules; 2016; American Chemical Society 
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〈
rt;τ
〉 = r0

∫ π/2 

0 
dθ sin θ

√  (
λ(t) 
λ(τ )

)2 

cos2 θ +
(

λ(τ ) 
λ(t)

)2 

sin2 θ, (13) 

with r0 ∼ √
Nsb being the network mesh size in its reference state. The transient 

network’s elastic free energy can be expressed as: 

Ftr.n.(t) = exp 

⎛ 

⎝− 
t∫

0 

β
(
t '; 0)dt '

⎞ 

⎠Frub(t; 0) 

+ 
t∫

0 

ρ 
Nb(t ') 
Nc(0) 

exp 

⎛ 

⎝− 
t∫

t '
β
(
t '', t '

)
dt ''
⎞ 

⎠Frub
(
t; t ')dt '. (14) 

Similarly, using Eq. (8) and dividing both the terms of Eq. (14) by the characteristic 
new-Hookean strain, we can obtain the effective shear modulus: 

G∗(t) = G exp 

⎛ 

⎝− 
t∫

0 

β
(
t '; 0)dt '

⎞ 

⎠ 

+ G 
t∫

0 

ρ 
Nb(t ') 
N0 

exp 

⎛ 

⎝− 
t∫

t '
β
(
t ''; t ')dt ''

⎞ 

⎠ 

×
(

λ(t)2/λ(t ')2 + 2λ(t ')/λ(t) − 3 
λ(t)2 + 2/λ(t) − 3

)
dt '. (15) 

Using Eq. (11), it is possible to calculate the transverse diagonal components of 
the stress, thus obtaining: 

σL (λ, t) = G exp 

⎛ 

⎝− 
t∫

0 

β(t '; 0)dt '
⎞ 

⎠
(

λ(t) − 1 

λ(t)2

)

+ G 
t∫

0 

Nb(t ') 
N0 

ρ exp 

⎛ 

⎝− 
t∫

t '
β(t ''; t ')dt ''

⎞ 

⎠
(

λ(t) 
λ(t ')2 − 

λ(t ') 
λ(t)2

)
dt '. (16) 

Thus, to calculate this dynamic stress under uniaxial deformation, one must first 
solve Eq. (4) to determine Nb(t) and subsequently compute the time-integrals of 
Eq. (16). 

Stress-relaxation: The simplest way to test model accuracy is to compute the stress 
relaxation behavior of the transient network when a uniaxial stepwise deformation λ 
is applied at t = 0. In this scenario, λ(t) = λ(t ') makes the second term of Eq. (15) 
equal to zero. The tensile stress can be easily computed along the stretching direction
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from Eq. (16), thus obtaining: 

σL = Geβ(λ)t

(
λ − 

1 

λ2

)
. (17) 

Equation (17) shows how the stress relaxes following a stretched exponential 
form with the characteristic relaxation time defined as τ = 1/β(λ) [76, 77]. Using 
Eq. (13) to calculate the average end-to-end chain length, we can write the explicit 
form of β(λ) as: 

β(λ) = ω0 exp 

⎛ 

⎝κro 

π/2∫

0 

sin θ
√  

(1/λ) sin 

⎞ 

⎠ exp(−Wb/kbT ) 

= c0(λ) exp(−Wb/kbT ), (18) 

with 

c0(λ) = ω0 exp 

⎡ 

⎢ 
⎣ 

3 

2 
√
Nsλ 

⎛ 

⎜ 
⎝λ3/2 + 

arcsinh
(√  (

λ3 − 1
))

√  (
λ3 − 1

)

⎞ 

⎟ 
⎠ 

⎤ 

⎥ 
⎦ (19) 

Equation (19) indicates that c0(λ) increases monotonically with the stretching 
ratio λ. At lower limits (small strain) c0 ≈ ω0 exp

(
3/

√
(Ns)

)
while at upper limit 

(high strain) c0 ≈ ω0 exp
(
3λ/2 

√
(Ns)

)
. The theoretical normalized shear modulus 

G(t)/Gmax (Fig. 11)of two vitrimer systems shows an excellent agreement with the 
experimental data obtained by Montarnal et al. [5] and rom Hillmyer et al. [33]. 

Fig. 11 Normalized shear modulus G(t)/Gmax as a function of relaxation time at different temper-
atures. The solid lines are the predicted values from the model, and the markers are the experimental 
data from a Montarnal et al. [5] (epoxy vitrimer) and b from Hillmyer et al. [33] (polylactide 
vitrimer). The figure is obtained from Meng, Pritchard, Terentjev; Stress Relaxation, Dynamics, 
and Plasticity of Transient Polymer Networks; Macromolecules; 2016; American Chemical Society
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The takeaway message is that stress relaxation in transient networks decays in 
a stretched exponential manner. In contrast to ordinary rubbers which relax under 
stress, this behavior, due to the permanent nature of the crosslinks, displays a long-
time power-law/logarithmic tail. 

The authors further demonstrate the accuracy of the proposed model by 
performing a strain-ramp simulation on the system. The results show remarkable 
agreement with the experimental values obtained for various vitrimer systems. The 
proposed theoretical framework highlighted that the material response is strongly 
influenced by the crosslinker exchange kinetics. However, the model was built using 
several approximations. For example, the nonaffine displacement of the system is 
not considered in the development of the theory. This is particularly crucial when 
the entangled chain mobility is significant. Additionally, the neo-Hookean model 
is only valid for deformation below 100% strain. When dealing with larger defor-
mations, different elastic models should be implemented. Despite these limitations, 
the proposed model provided an excellent picture of the dynamics and relaxation in 
vitrimers and laid the foundation for developing subsequent continuum models for 
transient networks. 

2.2.2 FEA Implementation 

Continuing within the scope of continuum mechanics, Qi and coworkers developed 
a model which successfully accounts for the coupling between the macroscopic and 
microscopic properties of the network (e.g. bond exchange reactions) [77]. Their 
basic approach was built based on the idea developed by Tobolsky et al. [77, 79] 
in which, during the loading history, the polymer network is broken down into two 
groups of chains, each one reforming at a different period. 

The model requires the following fields variables to be solved for: temperature 
T , the chain composition as a function of time COR(t) and Δ(τ, t), the Lagrangian 
multiplier p (used to reinforce isothermal incompressibility), as well as the displace-
ment vector u ≡ x − X which describes the deformed position. These five coupled 
equations that connect these five variables are as follows: 

1. Energy balance:

[
γ + 

S:F 

3

(
αv + 

dαv 

dT 
T

)]
. 
T =

(
1 − 

αvT 

3

)
S: 

. 
F 

− ∇x · Q + � − 
αvT 

3 

. 
S :F, (20) 

where γ is the specific heat per unit volume, S is the first Piola–Kirchhoff 
(nominal), stress tensor, F is the deformation gradient, αv is the thermal expan-
sion coefficient, T is the temperature, Q is the heat flux vector, and � is the rate 
of eternal heat supply per unit volume. The dot on top of the variables denotes the 
material time derivative. The x in the subscript of the gradient operator denoted 
the gradient being taken with respect to the reference configuration.
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2. Linear momentum balance 

∇x · ST + b = 0, (21) 

where b is the body force vector per unit volume. 
3. Incompressibility constraint 

det(Ft ) = Jt =
(
Fa 
t

)3 = exp 

⎛ 

⎝ 
T∫

T0 

αv

(
T̃
)
d T̃ 

⎞ 

⎠, (22) 

where Fa 
t is the thermal component of F at the deformation time t . 

4. Constitutive equation for the normal stress tensor 

S = −  
p 

Fa 
t

(
Fe t
)−T 

+ 
COR 

Fa 
t C0

Ω(I (t))Fe t 

+ 
t∫

0

[
Δ(τ, t) 
Fa 
t C0

Ω(H (τ, t))Fe t
(
Fe τ
)−1(

Fe τ
)−T
]
dτ , (23) 

where:

Ω(y) ≡ 
C0 RT

√
N √

3y 
L−1

(√  
y 

3N

)
, (24) 

and 

I (t) ≡ tr
(
Fe t
(
Fe t
)T)

, H (t, τ  )  ≡ tr
(
Fe t
(
Fe t
)−1
(
Fe t
(
Fe τ
)−1
)T)

, (25) 

Here, Fe t is the mechanical component of F at the deformation time t ; C0 is 
the original (before deformation) molar density of all the polymer chains; N is 
a material parameter that indicates the length of the chain between crosslinkers. 
L−1 is the inverse Langevin function. 

5. Kinetic equations for heat flux and exchange reaction rate 

Q = −Kt det(F)(FT F)−1∇x T , (25) 

rdtdv = −  ̇CORdtdV ⇒ ĊOR = −Jr  = −k exp

(
− 

Ea 

RT

)
COR, (26)
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∂Δ(τ, t) 
∂t

= −k exp

(
− 

Ea 

RT

)
Δ(τ, t), (τ ≤ t). (27) 

Here, Kt is the thermal conductivity; k is a kinetic coefficient (always positive), and 
Ea is the activation energy of the bond exchange reaction. Initials and boundaries 
conditions (B.C.) are also necessary to solve these field equations. 

The model includes six materials parameters: γ (specific heat), Kb (thermal 
conductivity), C0 (original chain density), N (Arruda-Boyce chain segment number), 
Ea (activation energy), and k (bond exchange rate coefficient). Considering 
isothermal conditions, one can disregard the thermal parameters γ and Kt from 
the model, while all other parameters are accessible through stress-relaxation 
experiments. 

To validate the model, it is important to consider the case of the uniaxial extension 
during an isothermal process. Due to isothermal conditions and using the initial B.C., 
Eq. (26) can be solved for the evolution of the chain composition, to obtain: 

COR = C0 exp

(
−k exp

(
− 

Ea 

RT

)
t

)
, (28) 

Likewise, Eq. (29) is solved to yield:

Δ(τ, t) = k exp
(

− 
Ea 

RT

)
C0 exp

(
−k exp

(
− 

Ea 

RT

)
(t − τ )

)
, (τ ≤ t). (29) 

The associative nature of the bond exchange in transient networks enables the total 
chain density of the system to be calculated by adding the original with the reformed 
chains together (at any time t the total chain density is equal to C0). Additionally, by 
considering isothermal conditions Fa = 1 → Fe = F. The unit vector e1 denotes 
the direction of stretching for the sample. λ, λ1/2, and λ1/2 are the three principal 
stresses. To obtain S11 (tensile stress along e1), it is useful to introduce first the 
following notation: 

λt ≡ λ(t) and λτ ≡ λ(τ ). (30) 

We can then write Eq. (25) as:  

I (t) = λ2 
t + 2/λt , and H (τ, t) = (λt /λτ )

2 + 2λτ /λt . (31) 

Finally, substituting Eq. (30) and Eq. (31) into Eq. (23), we obtain: 

S11(t) = 
COR(t) 
C0

Ω(I (t))

(
λt − 

1 

λ2 
t

)
+ 

t∫

0

[
Δ(τ, t) 
C0

Ω(H(τ, t))
(

λt 

λ2 
τ 

− 
λτ 

λ2 
t

)]
dτ .  

(32)
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S11 represents the applied tensile force per unit cross-sectional area A0 of the unde-
formed stress (nominal tensile stress), and it can be used to study the material response 
for various deformation cases (such as stress relaxation, tensile tests, and creep). 

Stress Relaxation 

During a stress relaxation experiment, at t = 0+, a constant stretch ratio λC is applied. 
Therefore, λt = λτ = λC transforming the tensile stress S11 in: 

S11(t) =
(
λC − λ−2 

C

)
Ω
(
λ2 
C + 2/λC

)
exp

(
−k exp

(
− 

Ea 

RT

)
t

)
(33) 

As seen in the theory developed by Meng et al. [71], the stress decays exponentially 

with time (e.g., S11(t) 
S11(t=0+) = exp

(
− t tr
)
) where tR = 1 

k exp
( Ea 
RT

)
is the characteristic 

relaxation time. Equation (33) it is also consistent with the observations of Leibler 
and coworkers, where they illustrate how the kinetics of bond exchange reaction 
influences tR [78]. 

Figure 12a shows the agreement between the tensile stress values calculated by 
solving Eq. (33) and the experimental data obtained using an epoxy-acid vitrimer 
network catalyzed with 5 mol% zinc acetate [5]. Solving for the relaxation time tR 
and plotting as a function of inverse temperature (Fig. 12b) allows calculating the 
activation energy of the system. The model predicts a value of Ea = 81.1 kJ mol−1 

which is in agreement with the value of 80 kJ mol−1 reported in Montarnal et al. [5]. 

Fig. 12 a Stress relaxation curves at different temperatures. The solid lines are the values predicted 
by the model, while the symbols are the experimental data extracted from Montarnal et al. [5] b 
Relaxation time tR as a function of inverse temperature. The solid line is the fit according to the 
model, and the symbols are the values obtained from the fitting of the experimental data [5]. The 
figure is obtained from Long, Qi, Dunn; Modeling the mechanics of covalently adaptable polymer 
networks with temperature-dependent bond exchange reactions; Soft Matter; 2013; Royal Society 
of Chemistry
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FEM implementation–Modeling thermoforming processes: The notable feature of 
this model is that it can be implemented into three-dimensional finite element code 
(e.g., ABAQUS [80]) using a user material subroutine (UMAT). One of the tech-
nologically remarkable properties of vitrimers is their ability to be easily reshaped 
through thermoforming processes. Thus, the capability to model these types of defor-
mation events is essential from a processing perspective. The following three steps 
are typical in the thermoforming process: 

1. The material undergoes a prescribed deformation at a low temperature (e.g., 
25°C). 

2. The prescribed deformation is maintained, while the sample is heated over a 
time period. During this step, the network topology of vitrimers is re-arranged 
because of the activation of the bond exchange reactions. 

3. The sample is cooled, and the applied deformation is released. As the vitrimer 
undergoes stress relaxation during Step 2, the original shape of the sample will 
not recover. 

Twisting a strip: This simulation is inspired by the experiment used by Montarnal 
et al. [5] to illustrate the stress relaxation event in vitrimers. A twist angle of 5π 
is applied to a sample with dimensions 12 × 1 × 0.1 cm. Figure 13 shows results 
obtained at T = 523 K using two processing times (ta = 10 and ta = 100 s). During 
the stress relaxation (Step 2), the extent of stress relaxation depends substantially 
on ta consequently affecting the final shape of the material. At ta = 10 s, as only a 
modest amount of stress is relaxed, the sample virtually returns to its original shape. 
In contrast, at ta = 100 s, more stress is relaxed producing the shape memory in the 
material. These observations are also consistent with the experiments of Montarnal 
et al. [5] Generally, upon increasing temperature, less processing time is necessary 
to increase the rate of stress relaxation. To explore this effect more quantitatively, 
a fixity parameter can be introduced as the ratio of the deformation obtained after 
thermoforming and the given initially prescribed deformation (for more details, see 
Long et al. [42]).

Although this model shows remarkable agreement with stress-relaxation exper-
iments, it still lacks the ability to capture some important features observed in 
vitrimers. For example, the model shows a shortcoming to describe the network’s 
hysteresis accurately and creep compliance behavior. Furthermore, this continuum 
model does not account for heat conduction and thermal expansions events observed 
during thermo-mechanical tests. This is particularly crucial if local heat is used to 
process the material [77]. 

To account for some of the shortcomings of the model presented by Qi and 
coworkers, such as the inability to study surface welding on the material, a more 
robust multiscale modeling framework was developed in 2016 by Yu et al. [81]. In 
this theoretical model, the dependency of interfacial kinetics of vitrimers was studied 
under various mechanical and thermal fields. Their approach was firstly to model the 
kinetics of the bond exchange reaction at the macromolecular scale. This model was 
used to capture the effect of bond exchange on the evolution of the chain density at 
the interface.



Modeling and Simulation of Vitrimers 233

Fig. 13 FEM simulation of the thermoforming process in vitrimer network. The temperature used is 
523 K. Two processing times are shown: 10 and 100 s. The figure is obtained from Long, Qi, Dunn; 
Modeling the mechanics of covalently adaptable polymer networks with temperature-dependent 
bond exchange reactions; Soft Matter; 2013; Royal Society of Chemistry

In later studies, a cohesive zone approach was incorporated with the model to 
predict the behavior of epoxy vitrimers undergoing interfacial welding and failure. 
Using this multiscale model, the chain density and fracture energy of the material 
can be obtained and later be used as input parameters for the FEM simulations. 
The proposed multiscale model can also be used to analyze more complex welding 
problems like polymer reprocessing with irregular shape and particle size [82]. 

2.2.3 Outlook 

Although the mentioned models successfully account for the kinetics of the bonds 
exchange reactions of vitrimers, they all still rely on elastic models on the continuum 
level such as neo-Hookean and Arruda–Boyce. Consequently, they cannot provide 
a direct comparison between the macroscopic mechanics of the network and the 
single-chain physics of the polymer. As a result, using those models to describe 
more complex molecular phenomena like entanglement and chain diffusion becomes 
fundamentally challenging. In addition, both models require a large number of 
materials parameters and variables to be successfully implemented computation-
ally. To address these limitations, Vernerey et al. [83] introduced a statistically based 
continuum theory for transient networks polymers. In their framework, the polymer 
physical state is characterized by a statistical distribution of the length and direc-
tion of the end-to-end chains. Both macroscopic deformations and molecular-level 
events can be used to alter this distribution. Using a so-called distribution tensor, it is 
possible to relate the chain distribution to stress, strain, and entropy of the network.
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This model provides an extension of the classic rubber elasticity theory. It is usable in 
the range of inelastic deformation, and it can be extended to account for large-chain 
deformations. 

3 Conclusions 

Vitrimers provide a practical route for synthesizing intrinsic self-healing materials 
and reprocessing thermosets. Particle-based simulations techniques mainly utilize 
patchy particles [50], three-body potential [80], and hybrid MD–MC methods to 
describe the bond swap between the crosslinkers. The patchy particles model success-
fully predicts the Arrhenius-like behavior zero shear viscosity of vitrimers that has 
been observed in experiments. Using the three-body potential for bond swapping, 
it was shown that the stress relaxation modulus of transient networks exhibits a 
secondary relaxation due to the change in the network topology [46]. Recently [48], 
we employed a hybrid MD–MC technique to simulate and predict the dynamics of 
a model vitrimer and evaluate its thermodynamics and rheological properties. Our 
simulations showed that the topology freezing temperature, which marks the transi-
tion from the rubbery to the viscoelastic fluid regime in vitrimers, can be detected 
from volumetric and rheological data. The onset of the network rearrangement was 
related to the lifetime of the exchangeable bonds, which determines the rheology 
of the network. The current simulation frameworks [48, 49, 56, 80] provide an 
excellent opportunity to study the linear and nonlinear rheology and mechanics of 
vitrimers with different topologies. One can adjust the bond exchange rate and control 
the competition between self-healing ability in the rubber and the damage caused 
by external stimuli and design the final rubber product with superior mechanical 
strength, re-processability, and self-healing property. 

On a continuum level, different network models have been developed to study 
transient polymer networks such as vitrimers undergoing small to large deforma-
tions. By treating the polymer chains as neo-Hookian chains and starting from the 
classic theory of rubber elasticity, it is possible to derive constitutive equations that 
accurately predict the stress relaxation behavior of these networks [71]. Consis-
tent with experimental observations [5], these models show that stress relaxation in 
vitrimers decays in a stretched exponential manner contrary to the long-time power-
law/logarithmic tail observed in permanently crosslinked networks [4]. Additionally, 
energy balances can be incorporated to account for the coupling between the macro-
scopic thermo-mechanics and microscopic bond exchange reactions of vitrimers 
[77]. Continuum models can also be implemented in commercially available FEA 
software to simulate processes such as thermoforming and polymer welding [77]. 

Considering the current developments in the field of vitrimers, it is of interest 
to investigate the rheology and mechanics of vitrimers as a function of network 
topology, the energy barrier of the bond exchange and chemistry of the network, 
and identify the underlying mechanism of macroscopic flow behavior, fracture,



Modeling and Simulation of Vitrimers 235

and fatigue at different service conditions in these networks, which combines 
recyclability and self-healing ability with maximum solvent resistance. 
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Modeling of Crack Self-Healing 
in Thermally Remendable 
Fiber-Reinforced Composites 

Peyman Shabani and Mahmood M. Shokrieh 

Abstract For incorporating thermally reversible covalent bonds into polymers, 
Diels–Alder (DA) cycloaddition reaction has been widely used. The thermally 
reversible DA reaction is a [4 + 2] cycloaddition between an electron-poor dienophile 
and an electron-rich diene. Furan and maleimide are the most popular pair that has 
been used as diene and dienophile. These healing agents can be embedded into fiber-
reinforced composites. Matrix cracking is a type of damage that usually initiates 
during the manufacturing process or in the early service life. By giving composites 
the self-healing capability, these cracks can be healed before resulting in a catas-
trophic type of damage. In the current research, 4,4’-bismaleimidodiphenylmethane 
(BMI) and furfuryl glycidyl ether (FGE) were utilized along with an epoxy-based 
polymer as the resin system in the fabrication of glass fiber-reinforced compos-
ites. The synthesized polymer and its composites were thermally and mechanically 
characterized. After analyzing the kinetics of the DA reaction in the synthesized 
polymer, a model was proposed based on a shear-lag analysis and the classical lami-
nation theory to predict the recovered stiffness of laminated composites as a function 
of healing temperature and time. Finally, the model was validated by conducting 
experiments on cross-ply laminates with a [903/0/903] stacking sequence. 

Keywords Self-healing composites · Diels–Alder reaction · Matrix cracking ·
Self-healing kinetics · Conversion degree 

1 Introduction 

In the last decades, polymeric composites have been one of the dominant emerging 
materials. Their number and volume of applications have grown steadily, and they are 
conquering new markets every year. However, despite their wide usage, polymeric 
composites are susceptible to micro-cracks initiation during fabrication and in the
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early service life due to thermal and mechanical mismatches of their constituents. 
The growth and coalescence of these micro-cracks can result in a catastrophic failure. 
In pursuance of finding a way to heal these premature matrix cracks, many research 
works have been done. Employing self-healing agents in polymers was one of the 
techniques that have been considered by many researchers [1–13]. The self-healing 
mechanisms are categorized under intrinsic and extrinsic mechanisms. In the extrinsic 
mechanism, the recovery happens via deploying healing agents in the polymer matrix. 
This embedding can be in the form of microcapsules [14–18], hollow-fibers [19, 20], 
or microvascular networks [21–24]. In the intrinsic self-healing mechanisms [25– 
31], the macromolecules of the polymer act as self-healing agents, and the polymer 
can be healed itself. 

To give intrinsic self-healing properties to polymers, non-covalent bonds [32–34] 
or thermally reversible covalent bonds based on acylhydrazones [35], disulfides [36– 
38], or the DA cycloaddition [39–41] can be incorporated into the polymer. It has 
been reported that using reversible covalent bonds would increase the strength of the 
material compared with using noncovalent bonds [42], which is important in several 
industrial applications. 

In this chapter, after reviewing the Diels–Alder (DA) self-healing mechanism, 
a new self-healing polymer is introduced. The kinetics of the cross-link formation 
during the self-healing process is analyzed quantitatively to find the influence of 
the cross-links’ conversion degree on the mechanical properties. The glass-fiber-
reinforced composites made by utilizing this self-healing polymer are mechanically 
characterized, and their healing efficiency has been obtained. Afterward, for esti-
mating the residual flexural stiffness of damaged laminates, a model is proposed 
combining classical lamination theory and a shear-lag model. Finally, the model is 
extended to predict the recovered flexural stiffness of the healed laminate considering 
the temperature and time at which the healing process has been carried out. 

2 Diels–Alder Reaction 

The self-healing mechanism in intrinsic DA-based self-healing polymers oper-
ates based on a thermally reversible reaction that happens between a diene and a 
dienophile to form a cyclohexene ring as shown in Fig. 1. Unlike conventional ther-
moset polymers, DA-based self-healing polymers can separate into their original 
groups under certain thermal conditions through a reaction called retro-DA reaction.

2.1 Furan and Maleimide Self-Healing Systems 

Furan (F) and maleimide (M) have been employed as diene and dienophile in many 
DA-based self-healing systems [42–44]. 3M4F was one of the self-healing systems 
was proposed by Chen et al. [41]. The high melting point of maleimide was one of the
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Fig. 1 Schematic of a 
cycloaddition reaction

drawbacks of this self-healing system which makes it challenging to dissolve it in the 
furan compound. Chen et al. [40] solved the problem by using 1,8-bis(maleimido)-
1-ethylpropane (2MEP) and 1,8-bis(maleimido)-3,6-dioxaoctane (2ME) which have 
lower melting points to produce 2MEP4F and 2ME4F polymers. A lower melting 
point was observed for 2ME4F (160 °C) compared to 2MEP4F (180 °C). However, 
2ME4F showed slightly higher mechanical properties compared to 2MEP4F. Overall, 
2MEP4F was suggested as the optimized combination. 

Tian et al. [45] introduced a thermally reversible polymer using bismaleimide, 
hexahydro-4-methylphthalicanhydride (MHHPA), and N,N-diglycidyl-
furfurylamine (DGFA). The mechanical properties of the resulting polymer 
were similar to traditional epoxy resins. A healing efficiency of 66% was obtained 
for this polymer. In a subsequent study, the blend of furfuryl glycidyl ether (FGE) 
and DGFA was utilized to achieve a higher healing efficiency [46]. By adding 
more FGE, a 15% enhancement in healing efficiency was achieved due to a higher 
amount of DA bonds. However, this enhancement was at the expense of lower 
tensile strength. The retro-DA reaction for this polymer was completed after 20 min 
at 140 °C. For the DA reaction, the specimens were heated at 80 °C for 72 h. 

The time required for DA and retro-DA reactions to proceed was studied in more 
detail by Zhang et al. [47]. Fourier transform infrared spectroscopy (FTIR) test 
results were employed to monitor the progress of DA and retro-DA reactions. It was 
observed that the DA reaction proceed by keeping the specimen at 50 °C for 2 h. 
However, the retro-DA reaction was completed by keeping the specimen for only 
5 min at 150 °C. To find if the polymer is able to restore its mechanical proper-
ties after multiple healing, the specimens were damaged and healed seven times. It 
was reported that the specimens were able to regain their strength completely even 
after seven damaging and healing cycles. Yoshie et al. [48] prepared a thermally 
reversible polymer based on furfuryl-telechelic poly(ethylene adipate) (PEAF2) and 
tris-maleimide (M3). By heating the material for 15 h at 60 °C, the crosslinks were 
formed and the retro-DA happened at 145 °C within 120 min. The self-healing prop-
erty of PEAF2M3 was assessed by joining two pieces of a specimen after the cut. It 
was observed that 68% of the tensile strength was recovered. Postiglione et al. [49] 
used bismaleimide and difunctional and trifunctional furanized monomers to synthe-
size a self-healing polymer. With dynamic mechanical analysis (DMA), differential 
scanning calorimetry (DSC), and FTIR tests the reversibility of the polymer was 
examined. The DA and retro-DA reactions occurred at 50 °C and 120 °C, respec-
tively. To reduce the brittleness of the polymer, 10% benzyl alcohol was added to
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the polymer as a plasticizer. It was observed that this polymer can heal scratches 
up to 95%. However, only 48% of the tensile strength was recovered. Another self-
healing system was designed by Liu et al. [50] based on trifunctional furan (TF) 
and trifunctional maleimide (TMI). The specimens were first split into two pieces 
by a knife. Then, the broken parts were heated up to 120 °C for 20 min and, subse-
quently, at 50 °C for 24 h for activating retro-DA and DA reactions, respectively. The 
reversibility was investigated by FTIR and DSC tests, and the self-healing process 
was assessed by scanning electron microscopy (SEM). A full recovery of properties 
was reported for this polymer. The same authors also introduced another self-healing 
polymer based on maleimide- and furan-containing polyamides (PA-MI and PA-F) 
[51]. The resulting polymer showed higher glass transition temperature, superior 
mechanical properties, and higher toughness. However, the healing efficiency of this 
polymer was not as good as TMI/TF polymer and it was observed that after 3 h 
heating of specimens at 120 °C and keeping them at 50 °C for 5 days, the specimens 
were able to partially heal the damaged surface. 

Plaisted et al. [52] employed double cleavage drilled compression (DCDC) test 
method to investigate the self-healing behavior of 2MEP4F polymer. A full recovery 
was reported for these specimens. Subsequently, by considering an autocatalytic 
conversion model the rate of the DA reaction was estimated at different temperatures 
for 2MEP4F [53]. A similar self-healing polymer containing 4FS (4F with an ester 
group) and diphenyl bismaleimide (DPBM) was synthesized by Weizman et al. [54]. 
Using the DSC results, the DA and retro-DA temperatures were obtained equal to 
79 °C and 110 °C. 

A self-healing functional copolymer was synthesized by Wouters et al. [55] using  
butyl methacrylate (BMA) and furfuryl methacrylate (FMA) along with various 
bismaleimide components. After blending furan with bismaleimides, it was mixed 
with commercial amines, e.g., Jeffamine D-230, D-400, and Euredur 76. The self-
healing property of this material was tested by making polymer films out of this mate-
rial and it was stated that this material can be used in self-healing coating. A similar 
polymer, containing 1,1’-(methylenedi-4,1-phenylene)bismaleimide (DPBM) and 
FGE-functionalized Jeffamine D-400 was designed by Scheltjens et al. [56]. It was 
observed that scratches on the coated specimens were healed completely after heating 
the specimen at 130 °C for 2 min. In another article by the same authors, it was 
observed that by replacing aliphatic amines with aromatic amines, the self-healing 
temperature increased. Later, many researchers tried to fine-tune the properties of 
the coating by using different amines [57–60]. 

There are a limited number of studies in which it has been tried to deploy intrinsic 
self-healing systems in fiber-reinforced composites [31, 61–65] to add self-healing 
properties to them. Park et al. [61, 62] used 2MEP4F as the matrix in composite 
specimens. By conducting three-point bending tests, the healing efficiency of this 
remendable composite was investigated. To examine the effect of heating time on 
the healing efficiency, samples were kept at 110 °C for one to three hours, and 
it was concluded that by increasing the heating time, and it was concluded that 
higher healing efficiencies can be achieved by increasing the heating time. However, 
no attempt was made to quantitatively correlate the cracks’ density reduction to
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recovered mechanical properties. To make a correlation between the recovered flex-
ural modulus and the temperature corresponding to the DA reaction, a model was 
proposed by Nielsen et al. [53, 66]. They used 2MEP4FS polymer in the fabrication 
of cross-ply composite samples with [90/0]s layup configuration for the dynamic 
mechanical analysis (DMA). However, the role of time in the healing process was 
ignored in this model. 

Overall, it can be stated that the furan/maleimide system is a prime example of DA 
covalent bonds that has been employed by many research groups, and the applicability 
of using this polymer in fiber-reinforced composites has been partially investigated. 
However, there is a lack of quantitative study on DA cross-links formation during 
the self-healing process. In the following sections, the kinetics of the self-healing 
procedure will be analyzed quantitatively and the healing conversion degree will 
be obtained as a function of time and temperature. Afterward, this polymer will be 
used in the fabrication of glass-fiber-reinforced composite specimens and the healing 
efficiency at different conversion degrees will be obtained. Finally, a model will be 
put forward to predict the modulus degradation in cracked cross-ply laminate and 
subsequently the recovered modulus in the healed laminate. 

3 Material Preparation and Characterization 

3.1 Self-Healing Polymer Synthesis 

The healing agents that were employed in the current research were 4,4’-
bismaleimidodiphenylmethane (BMI), furfuryl glycidyl ether (FGE), and hexahydro-
4-methylphthalicanhydride (MHHPA). First, FGE, MHHPA, and BMI were blended 
with an FGE/MHHPA/BMI molar ratio of 1:0.85:0.5 and mixed for 10 min at 75 °C. 
The mixing temperature was chosen considering the DSC results of the healing agents 
(FGE and BMI). Based on DSC results, the DA reaction proceeds at the maximum 
rate when heating at 75 °C. Therefore, to let the DA cycloaddition proceeds as much 
as possible before the solidification of the polymer, the healing temperature was set 
to 75 °C. The cured polymer consists of thermally reversible bonds as a result of the 
DA reaction between maleimide and furan moieties (Fig. 2) and irreversible bonds 
caused by the reaction between the epoxide group of FGE and MHHPA. As illus-
trated in Fig. 3, MHHPA accompanied by the epoxide group of FGE would create the 
chains of the polymer. Also, for the establishment of cross-links, two FGE monomers 
are required for each BMI. Thus, the molar ratio of 1:0.5 was chosen for FGE/BMI. 
The reason for selecting a non-stoichiometric ratio for FGE/MHHPA was to prolong 
the curing process and let the DA cycloaddition proceeds as far as possible.

Increasing the molar ratio of FGE can result in a higher DA bonds density in the 
synthesized polymer that can lead to a higher self-healing efficiency. However, using 
more FGE would deteriorate the mechanical performance of the polymer considering 
that each FGE molecule has only one epoxide moieties that can contribute to the
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Fig. 2 DA and retro-DA reactions between maleimide (M) and furan (F). Reprinted with permission 
from [31] 

Fig. 3 (Left) Monomers utilized in the self-healing polymer; (Right) The cured polymer. Reprinted 
with permission from [31]

creation of epoxy bonds in the cured polymer. To balance the properties of the self-
healing polymer, the synthesized polymer was mixed with a commercial hot-curing 
resin. Mixing self-healing agents with commercial epoxy resins might decrease the 
healing efficiency, but it will enhance the mechanical performance. Considering the 
complementary properties of the synthesized polymer and the epoxy resin, a hot-
curing epoxy resin (Araldite LY-556/HY-917) with a similar curing temperature as 
the synthesized polymer was added to the mixture (mass ratio of 1:1) to reach a 
balanced performance. Then, the mixture was cured for 4 h at 75 °C and post-cured 
for 8 h at 115 °C. The post-curing temperature was selected according to the epoxy 
resin’s datasheet. Due to the proximity of the post-curing and retro-DA temperatures, 
the specimens were kept for another 4 h at 75 °C to ensure that the DA bonds are 
re-established.
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3.2 Thermal Characterization 

3.2.1 Differential Scanning Calorimetry 

The behavior of the materials through a heating process can be studied via differential 
scanning calorimetry (DSC). Considering the exothermic and endothermic nature of 
the DA and retro-DA reactions, the DSC results of the self-healing agents can be used 
to analyze the behavior of the self-healing polymer and find the span of temperatures 
in which DA and retro-DA reactions take place. The DSC tests were conducted on 
the mixture of FGE and BMI that are taking part in the DA reaction using the Mettler 
Toledo DSC 1 instrument. DSC tests were performed at two different heating rates 
for subsequent analysis of the DA reaction and for developing a quantitative kinetic 
model. 

For selecting suitable heating rates to perform DSC tests, it should be bear in mind 
that at higher heating rates the sample cannot completely absorb the heat because 
of the thermal lag effect. Hence, the then temperature shown on the monitor will be 
higher than the sample’s temperature. On the other hand, by using a lower heating 
rate, the effect of thermal lag decreases [67]. However, the heat flux signals will 
also become weaker which can cause a reduction in sensitivity. In the ASTM E2890 
standard [68], it has been suggested that the heating rate should be selected in a way 
that the maximum heat flow remains lower than 8 mW. Based on these discussions, 
heating rates of 5 °C/min and 3 °C/min were selected. The DA reaction can be 
identified in Fig. 4a by the exothermic peak that was captured between 30 and 95 °C 
with the maximum peak at 74 °C. The maximum peak indicates the temperature at 
which the DA cycloaddition proceeds at the maximum speed. The broad exothermic 
peak was followed by an endothermic peak which denotes the material melting. 
Considering the DSC results, 23.65 kJ/mol was exposed during the DA reaction, 
which was much lower than the value that can be obtained from bond energies, i.e., 
156 kJ/mol per DA reaction product. Poor mixing of FGE and BMI and the consumed 
energy for melting the BMI powder were the causes of this discrepancy. Furthermore, 
because of the dynamic scanning of samples, some potential DA reactants may not 
be given enough time to participate in the DA cycloaddition.

In Fig. 4b, the DSC test result of the cured polymer is shown. The first glass 
transition observed at 53 °C was attributed to the epoxide moieties movement [40], 
and the other glass transition, which was followed by an endothermic peak owing to 
the retro-DA reaction, occurred at 95 °C. In the healing process, the temperature of 
120 °C was selected as the retro-DA temperature.
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Fig. 4 a DSC results of FGE and BMI mixture, b DSC results of the cured polymer (test was 
performed at 5 °C/min heating rate)

3.3 Mechanical Characterization 

3.3.1 Neat Self-Healing Polymer 

Since the Diels–Alder based self-healing polymers are brittle compared with 
commercial epoxy resins, in almost all of the publications on the healing efficiency 
of DA-based polymers either double cleavage drilled compression (DCDC) [45, 46] 
or bending tests (three-point bending [47, 63, 65, 69] or four-point bending [61, 62]) 
have been employed. In the current study, by mixing a hot-curing epoxy resin with 
the healing agents the brittleness of the polymer was controlled. However, still it 
was more brittle than commercial epoxy resins. Therefore, the bending test method 
was selected to examine the healing efficiency. Between three-point and four-point 
bending tests, the three-point bending was chosen to ensure that all samples would 
break into two pieces and to eliminate the influence of shape and number of fractures 
on the healing efficiency. Following recommendations of ASTM D790 standard [70], 
nine specimens were fabricated with the dimensions that are summarized in Table 1. 
All three-point bending tests were perfomed by using the Santam STM-150 testing 
machine. The fixtures are shown in Fig. 5a and b, and some of the failed specimens 
are shown in Fig. 5c. The results of the initial characterization tests are summarized 
in Table 2. The data acquisition was done according to procedure-A of ASTM D790 
[70] that applies to specimens with small deflections.

Five compression specimens were fabricated considering the ASTM D695 stan-
dard [71] to find the compressive modulus and strength of the neat polymer. The 
fixture is shown in Fig. 5b. No barreling or side-slip buckling was observed during 
the test, and the results showed a small scatter. In Table 2, the results are reported. 

The analytical method introduced by Mujika et al. [72] was employed to find 
the tensile modulus of linear-elastic transversely-isotropic materials by having its 
compressive and flexural moduli. In this method, by using classical beam theory, 
the relation shown in Eq. (1) was established between the tensile, compressive, and 
flexural moduli. Since the synthesized polymer meets the mentioned assumptions,
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Fig. 5 a The three-point bending fixture, b The compression fixture test, c Failed specimens after 
the three-point bending test

this method can be applied to this material: 

EF = 4(
1 + 

√ 
ET 
EC

)2 ET (1) 

where EF, EC, and ET are flexural, compressive, and tensile moduli, respectively. 
The tensile modulus of the polymer was obtained equal to 4.04 GPa, using Eq. (1). 

3.3.2 Self-Healing Fiber-Reinforced Composites 

Using the synthesized self-healing polymer, three-point bending fiber-reinforced 
composite standard specimens [70] were fabricated. A unidirectional E-glass (Inter-
glas 92145) fiber with an areal density of 220 g/m2 was utilized for manufacturing 
fiber-reinforced composite specimens. The hand-layup method was used for the fabri-
cation of specimens as shown in Fig. 6. The curing procedure of the laminates was 
the same as neat polymer specimens. All specimens were made with [903/0/903] 
stacking sequence. The high number of 90° to 0° plies maximized the influence
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Fig. 6 Process of making three-point bending composite specimens. Reprinted with permission 
from [65] 

Table 1 Three-point bending and compression test specimens’ dimensions 

Three-point bending test specimens 

Thickness (mm) 5 

Length (mm) 80 

Width (mm) 13 

Support span (mm) 65 

Compression test specimens 

Diameter (mm) 11.2 

Length (mm) 33 

Table 2 The mechanical properties of the synthesized self-healing polymer 

Flexural modulus EF 
(GPa) 

Compressive 
modulus EC 
(GPa) 

Flexural strength XF 
(MPa) 

Compressive 
strength XC 
(MPa) 

Value 3.48 3.03 27.75 89.10 

Standard 
deviation 

0.18 0.07 6.75 8.27
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Table 3 The three-point bending composite specimens’ dimensions 

Thickness (mm) Width (mm) Length (mm) Support span (mm) 

1.7 19.8 87.5 64 

Table 4 Mechanical properties of the self-healing composite and its constituents. f and m subscripts 
represent fiber and matrix 

Property E f (GPa) Em (GPa) V f ρ f (g/m2) ρm (g/cm3) Ply thickness† (mm) 

Value 69‡ 4.04 0.56 220 1.18 0.243 

Property E1 (GPa) E2 (GPa) G12 (GPa) G23 (GPa) ν12 ν23 

Value 40.42* 8.54* 4.28‡ 2.63* 0.27* 0.62* 

* Calculated with micromechanical relations [73] 
‡ Taken from the reference [74] in which the same fiber has been used 
† The thickness of a single ply 

of transverse matrix cracks on the flexural behavior. In this way, it was easier to 
distinguish the effect of crack density on the flexural modulus and, subsequently, 
the effect of the self-healing process on the recovered flexural modulus. All tests 
were performed according to ASTM D790 standard recommendations [70] using  
the Santam STM-150 testing machine. The dimensions of the specimens are shown 
in Table 3. 

For finding the mechanical properties of the unidirectional composites of the E-
glass and the synthesized polymer, the micromechanical relations were used [73]. 
The required properties for the current analysis are reported in Table 4. 

4 Self-Healing Kinetic Analysis 

Due to the dependency of the mechanical properties of thermoset polymers on their 
cross-linking density, for predicting the recovered mechanical properties after the 
healing process, it is critical to know the number of reconnected cross-links at the 
given healing time and temperature. Despite its key role, little quantitative analysis 
has been done to correlate the cross-links’ conversion degree to the self-healing 
conditions. In this section, the kinetics of DA reaction is investigated quantitatively 
and a model is developed to calculate the degree of conversion of reversible cross-
links by having the healing time and temperature. 

To correlate the cross-links’ conversion degree to time and temperature, first, a 
conversion model should be selected. Many models have been introduced so far, and 
some of them have become standards, e.g., Daniel [75], Ozawa [76], and Kissinger 
[68] models. With these methods, we can predict the progression of a reaction by 
having DSC test results. Each method has reaction order and temperature limitations 
and can only be applied to certain DSC curve shapes. These limitations are mentioned
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in Table 5 for three standardized methods. For the synthesized self-healing polymer, 
regarding the DSC results and the Diels–Alder cycloaddition order of reaction, the 
Kissinger method was selected for analyzing the kinetic of the current polymer. 

The cross-linking level describes by the degree of conversion (α). α = 1 repre-
sents the completely cured polymer in which the level of cross-links is maximum. 
According to ASTM E2041 standard [75], α can be stated as Eq. (2): 

α = 
HT − HR 

HT 
(2) 

where HT and HR are the amounts of total and residual exposed energies during the 
polymerization process as illustrated in Fig. 7. 

Table 5 Limitations of reaction progression methods 

Method Standard code Limitations 

Temperature span 
(°C) 

Reaction order Notes 

Flynn–Wall–Ozawa ASTM E698 
[76] 

– – – Not applicable 
to reactions 
including a 
phase change 

Daniel ASTM E2041 
[75] 

−100 to 600 ≤ 2 – No shift in the 
baseline 

– Only applicable 
to smooth 
exothermic 
curves 

– Not applicable 
to an 
accelerated 
reaction 

Kissinger ASTM E2890 
[68] 

27 to 627 0.5 to 4  

Fig. 7 Schematic of the 
DSC result of an exothermic 
reaction. Reprinted with 
permission from [31]
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The rate of conversion degree can be stated as Eq. (3): 

dα 
dt  

= K (T )F(α) (3) 

where F(α) is the conversion function and K(T) represents the constant of the conver-
sion rate which is a function of temperature. The conversion function is connected to 
the shape of the conversion rate (dα/dt) versus conversion degree (α). Many func-
tions have been suggested for the conversion function. Each of them can be used in a 
certain kinetic condition. The most popular conversion functions are summarized in 
Table 6. An autocatalytic or an nth order conversion function can describe most of 
the reactions. In an nth order reaction, the conversion degree rate decreases following 
a power law equation (Eq. (4)) as the reactants are consumed. However, in an auto-
catalytic reaction, the product of the reaction catalyzes the reaction resulting in an 
initial increase in the reaction rate following a decline as a result of the consumption 
of the reactants. The autocatalytic conversion function has the form of Eq. (5). 

F(α) = (1 − α)n (4) 

F(α) = (1 − α)n αm (5) 

In Eq. (5), n and m are the order of reactions. Although at low conversion degrees 
the shapes of these functions are different, they both converge to the same value 
as the conversion degree increases. To model the DA cycloaddition reaction, both 
autocatalytic and nth order functions were employed, and based on the DSC results, 
it was observed that the autocatalytic model is more suitable. 

For K(T), the Arrhenius equation can be stated as Eq. (6):

Table 6 A summary of conversion functions 

Reaction type Equation type Symbol Conversion function f (α) 
Formal nth-order Fn (1 − α)n 

Diffusion One dimensional D1 1/2α 
Two dimensional D2 −[ln(1 − α)]−1 

Three dimensional–Jander equation D3 3 
2 

(1−α)2/3 

1−(1−α)1/3 

Three 
dimensional–Ginstling-Brounstein 
equation 

D4 3 
2 

(1−α)1/3 

1−(1−α)1/3 

Three dimensional–Carter equation D5 3 
2 

(1+(z−1)α)1/3(1−α)1/3 

(1+(z−1)α)1/3−(1−α)1/3 

Nucleation Avrami-Tompkin equation An n(1 − α)[− ln(1 − α)] 
n−1 
n 

Autocatalytic Prout-Tompkin equation B1 αm (1 − α)n 
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K (T ) = Ze  
−Ea 
RT (6) 

where R and Ea are the gas constant and the activation energy, respectively. By 
substituting Eq. (6) and (5) into Eq. (3), the differential equation shown in Eq. (7) 
can be obtained. 

dα 
dt  

=
(
Ze  

−Ea 
RT

)(
(1 − α)n αm

)
(7) 

To be able to solve this differential equation, n, m, Ea, and Z should be obtained 
from DSC results. Ea and Z can be found by having two DSC results that are obtained 
at different heating rates. First, the time derivative of the conversion rate should be 
found as shown in Eq. (8):

(
dα 
dt

)

dt  
= 

dK  (T ) 
dt  

F(α) + K (T ) 
dF(α) 
dt  

(8) 

As the temperature increases, the conversion rate goes up and reaches a peak, 
which is corresponding to the temperature at which the DA cycloaddition proceeds 
at the maximum speed. At this point, the derivative of F(α) with respect to time is 
equal to zero. Therefore, at the peak we have: 

ln
[
β/T 2 m

] = ln[Z R/E] − E/RTm (9) 

where Tm is the temperature at the peak and β is the heating rate. It should be noted 
that Tm in Eq. (9) should be absolute temperature. Considering Eq. (9) as a line 
equation, the slope is E/R, and the intercept is ln[Z R/E]. Therefore, by having at 
least two DSC curves with different heating rates, Ea and Z can be determined. The 
diagram of ln

[
β/T 2 m

]
versus 1/Tm is shown in Fig. 8(a). With respect to this diagram, 

Ea and Z were found equal to 75.19 J/mol and 1.332 × 109 1/s.
Considering Eq. (2), the rate of conversion gives Eq. (10): 

dα 
dt  

= 
−dHR/dt  

HT 
(10) 

where the rate of the heat flow (−dHR/dt) was obtained from the DSC curve. For 
analyzing the conversion degree, a proper curve was fitted to the DSC results. For 
this purpose, the function shown in (6) was suggested. 

q = 0.1542 × Sin(0.0461 × T − 1.726) 
+ 0.0154 × Sin(0.2324 × T − 3.629) 
+ 0.0588 × Sin(0.1413 × T − 2.476) 
+ 0.0026 × Sin(0.3890 × T − 7.824) (11)
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Fig. 8 a The Kissinger plot. b The degree of conversion versus temperature and time. c The 
conversion degree rate versus temperature and time. d The conversion rate of the DA reaction 
versus conversion degree at different temperatures

Using Eq. (2) and Eq. (10), the conversion degree and the rate of conversion can be 
plotted as can be seen in Fig. 8b and c. Since the heating rate was constant during DSC 
tests, the conversion curve has an identical shape in terms of temperature or time. For 
finding n and m parameters, the time derivative of the conversion was obtained. The 
graph of dα/dt  against α is illustrated in Fig. 8d. Since by changing the conversion 
degree, the temperature would change, the K(T ) would get different values. Hence, 
the rate of conversion dα/dt  was divided by K(T) as  shown in Eq.  (12). Then, by 
fitting an autocatalytic function to these curves, n and m were attained equal to 1.32 
and 0.23. 

dα 
dt  

K (T ) 
= (1 − α)n αm (12) 

By substituting the obtained values for n, m, Ea, and Z, Eq. (7) can be rewritten 
as shown in Eq. (13). This differential equation was solved at different temperatures 
using MATLAB. The results are reported in Fig. 9. 

dα 
dt  

=
(
1.332 × 109 e 

−75197 
RT

)(
(1 − α)1.32 α0.23

)
(13)
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Fig. 9 Conversion degree curves at different healing temperatures 

5 Healing Efficiency 

5.1 Self-Healing Polymer 

5.1.1 Flexural Properties Recovery 

Cracked specimens should be sequentially heated for a certain time at retro-DA and 
DA corresponding temperatures to activate the self-healing mechanism. By heating 
at retro-DA temperature, the chains of the polymer would gain mobility to transfer to 
the damaged regions and fill the gaps. However, the amount of these movements is 
not that much to change the specimens’ shape. The subsequent DA reaction would re-
establish the cross-links. Therefore, considering the retro-DA and DA temperatures 
that were obtained from DSC tests, the failed specimens were kept for 30 min at 
120 °C to let the retro-DA cycloreversion proceed. For the DA reaction, a temperature 
should first be selected. This temperature can be between 30 and 95 °C according 
to the DSC result of the healing agents shown in Fig. 4a. It has been reported by 
Nielsen et al. [53, 66] that to have an accurate prediction, the selected temperature 
should be near the peak temperature at which the DA cycloaddition proceeds at the 
highest speed. For this reason, the temperature of 75 °C, which corresponds to the 
peak of DA cycloaddition, was chosen. The times required for achieving different 
conversion degrees were chosen considering the diagram presented in Fig. 9. For  
achieving conversion degrees of 60%, 80%, and 100%, the temperature was kept at 
75 °C for 4, 6, and 40 min, respectively, to let the DA cycloaddition reaction proceed. 
Since the specimens were broken into two pieces after the three-point bending test, 
before starting the healing process, the failed surfaces should meet each other. For
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Fig. 10 Healing efficiencies and flexural modulus recoveries at different degrees of conversion 

this purpose, a fixture was made to apply equal pressure to both ends of the specimens 
while the healing process was on run. 

By dividing the recovered flexural strength (XF.healed ) by the initial flexural strength 
(XF), the healing efficiency parameter can be stated as Eq. (14). 

η = 
X F.healed 

X F 
(14) 

To obtain the healing efficiency at different conversion degrees, three conversion 
degrees of 60%, 80%, and 100% were selected, and at each conversion degree, three 
specimens were tested. As shown in Fig. 10, the healing efficiency at conversion 
degrees of 60%, 80%, and 100% was 15%, 38%, and 83%, respectively. A relatively 
high scattering was witnessed for the healing efficiencies due to different fracture 
surface shapes. Contrary to the flexural strengths, there was a small deviation in 
recovered flexural moduli at various degrees of conversion. The flexural moduli 
regained by 89%, 91%, and 93% after healing up to 60%, 80%, and 100% degrees 
of conversion. 

The weakest covalent bonds in the synthesized polymer are the DA bonds [40]. 
Therefore, as a crack propagates, the breakage of these bonds is more probable that 
the other irreversible bonds of the polymer (Fig. 11). This issue can enhance the 
healing efficiency since the DA bonds, which are healable, are highly influential on 
the recovered strength because they are constructing the cross-links of the thermoset 
polymer. After the healing process, only the thermally reversible bonds would have 
the chance to be re-established. When subjecting the specimens to the bending test 
again, only these newly re-established bonds would carry the load in the healed area. 
Hence, the recovered strengths are only associated with these thermally reversible 
bonds.

In Fig. 12, the optical microscopic images of the damaged and healed samples are 
presented at conversion degrees of 60%, 80%, and 100%. In these images, the darker 
regions show the damaged area. It was observed that more healing agents had the 
chance to reconnect the cross-links by increasing the healing time. The smaller dark 
areas in the completely healed specimen are the evidence for this claim. Microscopic
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Fig. 11 Schematic of the polymer network of damaged and healed specimens after healing

images also showed that the healed specimens were split from the same region at 
which the intact specimens failed. Only in the fully healed specimens, a slight change 
in the breakage shape was witnessed. 

Fig. 12 Optical microscopy images of three specimens healed up to 60%, 80%, and 100%. a 
before healing, b after healing (each column represents different regions of a crack). Reprinted with 
permission from [31]
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Fig. 13 Healing efficiency and flexural modulus recovery after multiple healing (G, H, and I are 
specimen codes) 

5.1.2 Multiple Healing of Self-Healing Polymer 

One of the benefits of intrinsic self-healing polymers is their potential to restore 
their mechanical properties after multiple damaging and healing cycles. However, a 
reduction in healing efficiency has been reported after each healing cycle [77]. To 
obtain the recovered stiffness and strength of the synthesized polymer after multiple 
healing, three of the samples were damaged and fully healed four times. The results 
for the healing efficiency and recovered modulus are presented in Fig. 13. It was  
observed that the specimens were able to regain most of their modulus completely 
even after the fourth healing cycle. However, the healing efficiency declined after 
each healing cycle. This reduction was due to the DA cycloaddition between adjacent 
maleimide and furan moieties that were on the same side of the failed specimen. 
This reaction made some of the DA reactants incapable of re-establishing cross-
links across the damaged surface [78]. Another reason for this observation was the 
diffusion of BMI molecules farther away from the cracked surfaces [79]. 

After each damaging and healing cycle, optical microscopic images of the 
damaged area were taken and it was witnessed that for all specimens, the failure 
happened at the healed region with some slight changes in the shape of the crack. 
This happening was owing to the small defects that remained in the specimen after 
the healing process. These defects acted as initiators of crack during the bending 
test [80]. The optical microscopic images of a specimen’s cracked region after each 
damaging and healing cycle are illustrated in Fig. 14.

5.2 Self-Healing Fiber-Reinforced Composite 

5.2.1 Inducing Initial Matrix Cracks 

To induce initial damage to the three-point bending specimens for further healing 
efficiency analysis, specimens were initially damaged by being subjected to the
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Fig. 14 Optical microscope images of a three-point bending specimen after each damaging and 
healing cycle

tensile stress. First, the tensile strength of the specimens was found by performing 
three tensile tests. During the initial tensile tests, the crack density was measured 
by online optical microscopy. It was observed that crack appearance starts at the 
stress level of 10%. Then, the crack density increased by stress level up to the stress 
level of 70%. After this point, which is called characteristic damage state (CDS), the 
crack density remained constant until the final failure of the specimen. Overall, 31 
three-point bending specimens were fabricated. Three specimens were employed for 
finding the flexural strength and modulus. For finding the residual flexural strength 
of specimens versus crack density, 16 specimens were used. These specimens were 
exposed to tensile tests up to different load levels from 10 to 70% and their crack 
densities were measured after the tensile tests. The rest of the specimens were utilized 
for the healing efficiency analysis. This group of specimens was damaged under 
tensile loading until CDS and then healed up to different degrees of conversion. 

One series of the images that were taken during the tensile test are presented in 
Fig. 15. These nine images were taken with constant extension intervals from the 
extension of 0.10 mm to 1.30 mm that were correlated to 13% and 68% stress levels. 
The initiation of cracks can be seen in the first image (Fig. 15a). By comparing the 
last three images (Fig. 15g–i) it can be stated that the specimen is reaching its CDS 
and the change in crack density is negligible.

5.2.2 Flexural Properties Recovery 

The procedure followed for healing the composite specimens was similar to what 
is mentioned for the neat polymer specimens. The damaged specimens were kept 
at 120 °C and 75 °C, which are the temperatures corresponding to retro-DA and 
DA reactions, for a particular time until reaching the desired degree of conversion. 
To find the influence of the degree of conversion on the healing efficiency, nine 
composite specimens were damaged up to CDS under tensile loading. Then, these
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Fig. 15 a–i Optical microscopic images of a specimen at different extensions, j a specimen at the 
extension of 0.10 mm, k the same specimen at the extension of 1.30 mm. Reprinted with permission 
from [65]

specimens were healed up to 60%, 80%, and 100%. The required time for reaching 
each of these conversion degrees was selected similar to the neat polymer specimens 
based on the conversion degree diagram illustrated in Fig. 9. Similar to polymeric 
specimens, three-point bending tests were used to find the flexural properties recovery 
of the composite specimens. As illustrated in Fig. 16, after the complete healing of 
specimens, both strength and modulus were completely recovered.

5.2.3 Multiple Healing of Self-Healing Composites 

Similar to the procedure mentioned for the neat polymer, the composite specimens 
were damaged up to CDS and healed four times. The results are shown in Fig. 17. In  
specimen B, the occurrence of fiber breakage after the second healing cycle was the 
reason for the considerably decreased in healing efficiency after the second healing 
cycle. The increase that can be seen in the healing efficiency of specimens B and 
C after the second cycle of healing was attributed to the better wetting of fibers. 
Since the polymer’s viscosity was relatively high, the penetration of resin into fiber
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Fig. 16 Healing efficiencies and flexural modulus recoveries

filaments was slow. Hence, when heating at retro-DA temperature, the wetting of 
fibers would improve which can enhance the healing efficiency. Overall, it can be 
interpreted from the results that if the only mode of damage was the matrix cracking in 
the failed specimen, the flexural strength can be fully restored. The reason supporting 
this statement is that the weakest covalent bonds in the synthesized polymer are the 
DA bonds [40]. Hence, during the crack growth, it is more likely that the crack 
propagates by breaking the bonds of DA adducts, which are thermally reversible and 
can fully regain their strength after healing. The percentage of recovered flexural 
modulus is also presented in Fig. 17. As can be seen, the level of recovery was 
constant after each healing cycle, and the specimens were able to recover more than 
90% of their flexural modulus. 

Fig. 17 Healing efficiency and flexural modulus recovery after multiple healing of composite 
specimens. (A, B, and C are the specimen codes)
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6 Modeling of Crack Self-Healing 

6.1 Introduction 

Despite a large number of papers on the prediction of the transverse cracking effects 
on the mechanical behavior of cross-ply laminates subjected to tensile loading, the 
number of studies focusing on stiffness reduction under flexural loading is very 
limited. Adumitroaie and Barbero [81–83] introduced a model based on the crack 
opening displacement (COD) technique, for correlating the residual stiffness to the 
crack density. Their model could estimate the flexural stiffness of thin cross-ply lami-
nates with satisfactory accuracy. However, the predictions deviate from the experi-
mental results as the number of 90° plies increased as a result of matrix crack-induced 
delamination in thicker laminates, which was overlooked in their model. Another 
model based on the COD technique to predict the residual flexural stiffness was 
proposed by Adolfsson et al. [84, 85]. This model was verified by conducting exper-
iments on quasi-isotropic and cross-ply laminates. The analytical results showed a 
higher stiffness compared with experimental results at low crack densities. 

The existing models for predicting the behavior of self-healing composite lami-
nates are limited to continuum damage models. The continuum damage mechanics 
(CDM) framework was extended by Barbero et al. [86] to continuum damage healing 
mechanics (CDHM). In the CDHM, only the physical meaning of the damage and 
healing procedures would be considered. Thus, it can be used for analyzing all self-
healing mechanisms. Barbero et al. [86] identified and verified the damage portion 
of their model in the same article. Subsequently, the healing portion of the model 
was developed [87]. Later, Voyadjis et al. [88, 89] formulated the CDHM model. 
The major limitation of the CDHM method is the large number of required material 
parameters. In the following section, a model was proposed for correlating the flexural 
stiffness of cross-ply composite laminates to the crack density. In this model, a suit-
able shear-lag model was used for estimating the residual modulus of the cracked 
plies, and the classical lamination theory (CLT) was employed to determine the 
residual stiffness of the laminate. 

6.2 Crack Formation Analysis 

6.2.1 Shear-Lag Analysis 

For explaining the stress transfer between fiber and matrix in discontinuous fiber 
composites, the shear-lag model was developed by Cox [90]. This model was later 
modified to predict the strain corresponding to the initiation of multiple matrix 
cracking [91]. Garrett et al. [92, 93] implemented a similar method to analyze 
the transverse matrix cracking. Subsequently, the Garrett model was modified by 
Manders et al. [94] to consider the effect of adjacent cracks. Steif [95] introduced



262 P. Shabani and M. M. Shokrieh

another shear-lag model to take into account the progressive shear at 90° plies. 
Contrary to the Garrett et al. [92, 93] model, variable displacement was considered 
through the thickness of 90° plies which led to a model with a similar form to the 
Garrett et al. [92, 93] model. Afterward, by using a shear-lag method similar to the 
Garett model, Ogin et al. [96, 97] obtained the stiffness reduction in a cross-ply 
laminate subjected to static and fatigue loadings. 

In a cross-ply composite laminate, before the occurrence of transverse cracks in 
the 90° plies, the applied load is shared between 0 and 90° plies. After the transverse 
cracking occurrence, the stress will be released from the crack planes in the 90° plies. 
At these regions, all the applied load will be carried by 0° plies after the occurrence 
of damage. By moving away from the cracked regions, some part of the load would 
transfer to the 90° plies again through the shear transfer mechanism. Using the shear-
lag analysis we can find the axial stress variation in a cracked 90° ply. With respect 
to Fig. 18, the shear stress at the 0°/90° interface can be stated as Eq. (15): 

τ = G90 
23

(
u90 − u0 

t90

)
(15) 

where u90 and u0 are displacements in the x-direction for 90° and 0° plies, and 
G90 

23 is the transverse shear modulus of 90° plies. 0 and 90 superscripts or subscripts 
representing 0° and 90° plies in this chapter. Numerical subscripts denote the material 
principal coordinates, which 1, 2, and 3 are corresponding to the fiber, perpendicular 
to the fiber, and out-of-plane directions. Additionally, alphabetical subscripts are 
used for the global coordinates. The x and z directions are indicated in Fig. 18, and 
y is perpendicular to the page. 

The forces equilibrium in the x-direction can be stated as Eq. (16) for an element 
in the 90° plies. 

dσ 90 x 

dx  
= G90 

23

(
u90 − u0 

t2 90

)
(16)

Fig. 18 Stresses acting on the 90° plies between two transverse cracks. Black regions in the 90° 
ply represent crack surfaces. Reprinted with permission from [65] 
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The axial stresses in the 90° and 0° plies have the following relation with the total 
applied axial stress (σ T x ): 

(1 + λ)σ T x = λσ 0 x + σ 90 x (17) 

where λ = t0/t90. The relation between stress and strain in 0° and 90° plies can be 
established as Eq. (18), in which i can be either 0 or 90, and Ei 

x is the tensile modulus 
in the x-direction. 

σ i x = Ei 
x ε

i 
x , ε

i 
x = 

dui 
dx  

(18) 

By finding the derivative of Eq. (16) with respect to x and by utilizing Eqs. (17) 
and (18), the differential equation of the axial stress in 90° plies is found as Eq. (19): 

d2σ 90 x 

dx2 
− 

β2 

t2 90 
σ 90 x = −  

β2 

t2 90 

E90 
x 

ET 
x 

σ T x (19) 

where ET 
x denotes the tensile modulus of the whole laminate in the x-direction, and 

β2 will be specified as Eq. (15). 

β2 = γ G90 
23

[
1 

E90 
x 

+ 
1 

λE0 
x

]
(20) 

Based on the Garrett model [92, 93], the coefficient γ is equal to 1, and by 
considering the Ogin et al. [96, 97] model, γ would be equal to 3. For the current 
analysis, both of these values are taken into account for γ . Using  Eq. (20), the cracked 
ply residual stiffness will be obtained as shown in Eq. (21) [98]. In this equation, 
Ex,0 and Ex are the initial and the residual stiffnesses of the ply in the x-direction, 
and ρ represents the crack density. Crack density is the number of cracks per mm 
length. In the current study, it has been assumed that transverse cracks are evenly 
spaced along the specimen’s length. 

Ex 

Ex,0 
=

[
1 + 

E90 
x 

λE0 
x 

tanh(2βρ) 
2βρ

]−1 

(21) 

Many shear-lag models have been proposed so far. The major shear-lag models 
for analyzing cracked cross-ply laminates are summarized in Table 7. Although more 
complicated models have a higher number of adjustable parameters, their accuracy 
is not necessarily higher. Because the inaccuracy of the shear-lag models is inherited 
from the one-dimensional stress field that is used for deriving the equations. It should 
be bear in mind that although some models are claimed to be two-dimensional, 
they are basically similar to one-dimensional models with slight modifications to 
the Poisson’s ratio, and these two-dimensional models also suffer from deficiencies 
mentioned for the shear-lag models.
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Table 7 A summary of major shear-lag models for cross-ply laminates 

References Model dimension Shear Lag parameter (β2) Notes 

Garret and Bailey 
[93] 

One-dimensional G90 
23

[
1 

E90 
x 

+ 1 
λE0 

x

]

Laws and Dvorak 
[99] 

One-dimensional Kt90
[

1 
E90 
x 

+ 1 
λE0 

x

]
K is a curve-fitting 
constant 

Ogin et al. [96, 97] One-dimensional 3G90 
23

[
1 

E90 
x 

+ 1 
λE0 

x

]

Highsmith and 
Reifsnider [100] 

One-dimensional G90 
23 

t90 
ts

[
1 

E90 
x 

+ 1 
λE0 

x

]
ts : resin-rich region 
thickness† 

Fukunaga et al. 
[101] 

One-dimensional G90 
23 

t90 
ts

[
1 

Q22 
+ 1 

λQ11

]
Qi j  : stiffness matrix 
coefficients 

Lim and Hong 
[102] 

One-dimensional G90 
23 

t90 
ts

[
1 

Q22 
+ 1 

λQ11

]
Qi j  : stiffness matrix 
coefficients 

Lee and Daniel 
[103, 104] 

One-dimensional 
3G90 

xz  

1+λ G
90 
xz  

G0 
xz

[
1 

E90 
x 

+ 1 
λE0 

x

]

Nuismer and Tan 
[105, 106] 

Two-dimensional 
1 

Q90 
xx  

+ 1 
λQ0 

xx  
1 

3Q90 
xz  

+ λ 
3Q0 

xz  

Qi j  : stiffness matrix 
coefficients 

Flaggs [107] Two-dimensional 
2

[
1 

λQ0 
xx  

+ 
Q90 
yy−Q90 

xy  Q
0 
xy  /Q

0 
xx  

Q90 
xx  Q

90 
yy−(Q90 

xy)
2

]

[
1 
k2 

− 1 
2

]
1 

G90 
xz  

+ λ 
2G0 

xz  

k: transverse shear 
correction factor 
Qi j  : stiffness matrix 
coefficients 

† It has been assumed that the shear deformation is limited to a thin resin-rich region near the 
neighboring plies interfaces 

6.2.2 The Residual Flexural Stiffness of the Cracked Specimens 

The stress–strain relation in a symmetric cross-ply laminate can be stated as Eq. (17): 

⎧⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎩ 

N1 

N2 

N6 

M1 

M2 

M6 

⎫⎪⎪⎪⎪⎪⎪⎪⎬ 

⎪⎪⎪⎪⎪⎪⎪⎭ 

= 

⎡ 

⎢⎢⎢⎢⎢⎢⎢⎣ 

A11 A12 0 0 0 0  
A21 A22 0 0 0 0  
0 0  A66 0 0 0  
0 0 0  D11 D12 0 
0 0 0  D21 D22 0 
0 0 0 0 0  D66 

⎤ 

⎥⎥⎥⎥⎥⎥⎥⎦ 

⎧⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎩ 

ε1 

ε2 

ε6 

k1 
k2 
k6 

⎫⎪⎪⎪⎪⎪⎪⎪⎬ 

⎪⎪⎪⎪⎪⎪⎪⎭ 

(22) 

where Ai j  and Di j  (i, j = 1,2,6) are the in-plane and flexural moduli of the laminate, 
Mi and Ni (i = 1, 2, 6) are in-plane moments and forces per unit length, and k j 
and ε j (j = 1, 2, 6) are curvatures and strains of the mid-plane of the laminate. The 
moment–curvature relation for a laminate subjected to pure bending can be written
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Fig. 19 Schematic of a cross-ply laminate with the stacking sequence of [903/0/903] subjected to 
bending. Reprinted with permission from [65] 

as Eq. (23): 

M1 

k1 
= D11 = 

wh3 

12 
EF (23) 

In Eq. (23), h, w and EF are total thickness, width, and flexural stiffness of the 
laminate, respectively. To determine the flexural stiffness (EF ), first D11 should be 
obtained by using CLT. For a [903/0/903] laminate (Fig. 19) with a ply thickness of 
t = 0.243 mm, D11 is calculated as shown in Eq. (24): 

D11 = 
12E1 + 4089E2 

10000 
(24) 

where E1 is the elastic modulus of a unidirectional ply in the fiber direction and E2 

is the elastic modulus perpendicular to the fiber direction. The flexural modulus of 
the laminate can be calculated by substituting Eq. (24) into Eq. (23). In Eq. (25) h is 
the laminate total thickness. 

EF = 
12 

h3

[
12E1 + 4089E2 

10000

]
(25) 

The modulus of the intact laminate in the loading direction can be stated as Eq. (26) 
according to the rule-of-mixture. It has been reported [108] that the modulus obtained 
using this equation would differ up to 5% from the CLT solution. 

Ex,0 = 
λE1 + E2 

λ + 1 
(26) 

Using Eq. (26), the total stiffness of the cracked laminate will be found as shown 
in Eq. (27). In Eq. (27), E∗

2 indicates the cracked ply residual modulus.
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Ex = 
λE1 + E∗

2 

λ + 1 
(27) 

Substitution Eq. (26) and (27) into Eq. (21), which is deduced from the shear-
lag analysis, the cracked ply residual modulus (E∗

2 ) can be calculated as shown in 
Eq. (28). 

E∗ 
2 =

[
1 − tanh(2βρ) 

2βρ

]
E2 

1 +
[
tanh(2βρ) 

2βρ

]
E2 

λE1 

(28) 

During the bending test, as the load increases, the 90° plies that are placed below 
the neutral axis would experience matrix cracking. These cracks would reduce the 
stiffness of the 90° plies that are under the neutral axis and consequently the position 
of the neutral axis would change. This issue is schematically shown in Fig. 20. 
By using the moment equilibrium equations, the neutral axis movement (δN A) can 
be calculated. As long as the neutral axis movement is smaller than half of a ply 
thickness, the Eq. (29) is valid for the current layup configuration. 

δN A  = 6t
(
E2 − E∗

2

)

3E2 + E1 + 3E∗
2 

(29) 

In Eq. (29), t is the ply thickness. By substituting the characteristics of the current 
laminate with the layup configuration of [903/0/903] and considering the limiting 
case of E∗

2 = 0, which is the worst scenario, the neutral axis movement would be 
smaller than half of a ply thickness. 

To predict the cross-ply laminates’ flexural stiffness by having the crack density, 
a computer code was written in the MATLAB framework. The procedure for finding 
the flexural stiffness is presented in the flowchart shown in Fig. 21. This code grad-
ually increases the crack density, and by taking into account the reduced modulus 
of cracked plies

(
E∗
2

)
, the neutral axis movement (δN A) and crack closure effect, 

it calculates the residual flexural stiffness for the given layup configuration. This 
procedure continues until reaching the crack saturation condition (CDS).

Fig. 20 Schematic of the neutral axis movement after damage occurrence 
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Fig. 21 Flowchart of 
residual flexural stiffness 
prediction in a cracked 
cross-ply laminate. 
Reprinted with permission 
from [65] 

Using the developed code, the residual flexural stiffness of a laminate with the 
stacking sequence of [903/0/903] was predicted. In this analysis, the shear-lag models 
of Garrett et al. [92, 93] and Ogin et al. [96, 97] were taken into account. In these 
two models, the coefficient γ in Eq. (20) was equal to 1 and 3, respectively. The 
prediction of other shear-lag models would place between these two [98]. In Fig. 22, 
the analytical results were compared with experimental results that were obtained 
from 16 specimens that were damaged by subjecting them to tensile loading until 10% 
to 70% of their tensile strength. The flexural moduli of these damaged specimens were 
obtained by performing standard three-point bending tests [39]. For the fabricated 
self-healing polymer, the Ogin model gives a better estimation. As pointed out in 
the shear-lag section, the inaccuracy of the shear-lag models is because of the one-
dimensional stress field assumption. This problem exists even in those models that are 
claimed to be two-dimensional. The second shortcoming of the shear-lag analysis lies 
in another assumption that says intra-laminar cracks would remain far apart. Based 
on this assumption the mutual interactions of neighboring cracks are overlooked 
which is not a valid assumption, especially at higher crack densities. It should be
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Fig. 22 Comparison between analytical and experimental results of the residual flexural modulus 
of cracked laminates with a [903/0/903] stacking sequence. E0 

F is the laminates’ initial flexural 
modulus 

noted that the occurrence of delamination cannot be considered as a source of error 
because considering the microscopic images the only observable damage type was 
matrix cracking. 

6.3 Crack Self-Healing Modeling 

During the self-healing process, two happenings contribute to flexural modulus 
recovery. First, the decrease in crack density due to the transfer of healing agents to 
the damaged regions and filling the cracks. Second, the increase in matrix modulus 
due to DA reaction and re-establishment of cross-links. These two events are illus-
trated in Fig. 23 for the current material and stacking sequence. After the healing 
process, the crack density would reduce. However, some cracks may remain in the 
healed specimen. This issue necessitates finding crack density at different conversion 
degrees. In Fig. 23, the curves are showing the correlation between flexural modulus 
and crack density for composite specimens with different fiber-to-matrix modulus 
ratios (Ef /Em). For the current self-healing composite material, since the modulus 
of the matrix would change during the healing process, the flexural modulus will 
not follow any of these lines. But, it changes the curve after the healing process as 
schematically shown in Fig. 23 (from points A to B). Therefore, to be able to estimate 
the recovered flexural modulus, the crack density and matrix modulus should first be 
correlated to conversion degree.

For correlating the crack density to the degree of conversion, the saturated crack 
densities of the nine specimens were measured at CDS. In the same way, the crack 
densities were measured after the healing process until conversion degrees of 60%,
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Fig. 23 Analytical results of the residual flexural modulus versus crack density with various 
fiber-to-matrix moduli, and a schematic of a cracked cross-ply laminate after the healing process. 
Reprinted with permission from [65]

80, and 100%. For measuring the crack densities, optical microscopic images were 
taken from 10 different regions along the length of specimens, and the average of 
the crack densities was taken into account. In Fig. 24, one series of these images are 
displayed. These images are taken from one region in the intact specimen, after tensile 
loading, and after the healing process. Brighter areas in Fig. 24b to c represent the 
cracks. It was observed that most of the cracks were healed after the healing process. 
However, a few cracks remained in the specimen. One of the healed cracks and one 
of the remained cracks are specified in Fig. 24c and d. 

Fig. 24 a A three-point bending composite specimen, b an optical microscopic image of the intact 
specimen, c after tensile loading up to CDS (Two transverse cracks are indicated inside the boxes), 
d after the healing process (the remaining parts of the same cracks are indicated inside the boxes)
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Fig. 25 a Normalized crack density versus conversion degree, and the magnified values (inset). b 
The normalized modulus recovery versus the conversion degree 

The measured crack densities are illustrated in Fig. 25a. As expected, the crack 
density reduced by the conversion degree, and in the conversion decree of 1, almost 
all cracks were disappeared. To be able to implement these results in a computer 
code, the results were normalized and an exponential curve was fitted to the results. 
The crack densities were normalized by the saturated crack density. Since only the 
thermally reversible bonds would re-establish after the healing procedure, the healed 
specimens will not regain their initial modulus. Thus, it is required to obtain the 
recovered modulus of the neat polymer after the healing process. To this end, the 
recovered moduli of the healed polymers were obtained at 60%, 80%, and 100% of 
conversion degrees. The results are provided in Fig. 25b. In this figure, Em and E0 

m 
are the recovered and initial moduli of the neat polymer. By considering the value 
of zero for a broken specimen, a logarithmic curve was fitted to the results. This 
logarithmic function was also employed in the code for flexural modulus recovery 
predictions. 

A MATLAB code was developed to correlate the flexural modulus recovery to the 
conversion degree by having the crack density reduction and the change in modulus 
as a function of conversion degree. The predictions of the code for the cross-ply 
laminate that was used in this study are shown in Fig. 26. To verify the predictions, 
the experimental results that were previously obtained at conversion degrees of 0.6, 
0.8, and 1 are plotted on the diagram. By comparing the results, it can be stated that 
the model can predict the recovered flexural modulus with high accuracy. Using Fig. 9 
along with this diagram, it is possible to correlate the recovered flexural modulus to 
the healing time and temperature.

7 Conclusion 

Although many intrinsic self-healing polymers have been introduced recently, the 
number of quantitative investigations in the field is very limited and most of the studies
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Fig. 26 Comparison between predicted and experimental flexural stiffness recovery after the 
healing process up to different degrees of conversion for a laminate with a stacking sequence 
of [903/0/903]

are solely experimental. The limited knowledge on the behavior of self-healing mate-
rials has hindered extending their usage from laboratories to practical applications. 
One of the areas that require more exploration is the influence of conversion degree 
on the healing efficiency. In some applications, due to technical limitations, it might 
not be possible to increase the temperature of the composite structure to the temper-
ature at which the Diels–Alder (DA) reaction proceeds at the highest speed, or there 
might be a time limitation. Therefore, the material may not be healed completely. 
To address this issue, a model was developed to predict the cross-links’ conversion 
degree as a function of temperature and time, and to correlate the healing efficiency 
to conversion degree. The model was applied to a new self-healing system containing 
maleimide and furan groups as healing agents. The three-point bending test method 
was selected for investigating the healing efficiency of the self-healing polymer, and 
the healing efficiencies were obtained at conversion degrees of 60%, 80%, and 100%. 
In the neat polymer specimens, the flexural strength recovered 15%, 38%, and 83% 
of its initial value, and the flexural modulus was restored 89%, 91%, and 93% of its 
initial value after healing up to conversion degrees of 60%, 80%, and 100%. 

Using the synthesized self-healing polymer, cross-ply glass fiber-reinforced 
composites were fabricated. After inducing cracks in the bending specimens until 
reaching CDS, the specimens were divided into three groups and healed up to conver-
sion degrees of 60%, 80%, and 100%, and it was observed that the specimens restored 
94%, 97%, and 99% of their initial flexural strength and 91%, 95% and 99% of their 
initial flexural modulus, respectively. Afterward, a model was proposed using the 
shear-lag method and CLT to estimate the residual flexural stiffness of cross-ply 
laminates at different crack densities. The validity of the model was approved by 
performing a series of three-point bending tests. Then, the model was further devel-
oped to estimate the recovered flexural stiffness after the healing process up to the
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desired conversion degree. The accuracy of the self-healing portion of the model was 
also confirmed by experimental results. 

The multiple healing capability of both neat polymer and composite specimens 
were examined by damaging and healing the specimens four times. The composite 
specimens recovered their mechanical properties completely. However, in the neat 
polymer specimens, the healing efficiency degraded cycle-by-cycle due to DA reac-
tion between healing agents on the same side of the damaged surfaces instead of 
cross-linking across the damaged surfaces. 
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Fundamentals of Thermal Conductivity 
in the Epoxy Polymer Network 

Lalson Daniel Mathews and Nishar Hameed 

Abstract In metals, the heat is carried predominantly by electrons. However, it 
is observed in polymers that the thermal conductivity is driven by lattice vibrations 
known as phonons. The thermal conductivity through an epoxy polymer is controlled 
by the state, structure, and orientation of the polymer chain network. Basic under-
standing of the thermal conductivity of epoxy resins is explained through Debye’s 
theory and Fourier’s law. The theories of correlation between thermal conductivity 
and thermal diffusivity, explanation of phonon transport in a 2D epoxy network, 
and electronic contribution of thermal conductivity in undoped polymers lay foun-
dation to the topic of thermal conductivity in epoxy resins. The heat transfer through 
the epoxy resin is controlled by incorporating high thermal conductivity fillers to 
form composites, or, by the intrinsic modification of the epoxy nanostructure for 
improved crystallinity. The thermal degradation of epoxy polymer is proportionally 
dependant on the thermal conductivity. This chapter covers the basic theories of 
thermal conductivity, methods to improve thermal conductivity, factors influencing 
thermal conductivity, and effect of thermal conductivity in the thermal degradation 
of epoxy resins. 

Keywords Epoxy resins · Thermal conductivity · Thermal diffusivity · Phonon 
transport · Lattice vibration 

1 Introduction 

Often, materials are designed so that they spread heat very effectively for applica-
tions such as heat exchangers and microelectronics. Conversely, thermal insulators 
are designed for applications such as building insulation materials and space shuttle 
tiles. In such applications, low or no thermal conductivity is preferred. High tempera-
ture generated at the integrated circuits and electron flow regions of electronic devices 
require high thermal conductivity materials to carry the heat away. Heat generated
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from the integrated circuits, especially those demanding ultra-fast processing require-
ments, has become a performance decelerator for micro-electronics. Miniaturisation 
of electronic devices further enhances the heat production due to the increased resis-
tance causing fire hazard. Materials with high thermal conductivity and low electrical 
conductivity are suitable to carry the heat away from the electronics [1]. It has been 
proven that proper thermal management of the electronic devices will effectively 
improve its reliability and service life [2]. 

Epoxy resins are the commonly used electronic packaging material due to their 
excellent chemical resistance, mechanical, and fatigue properties [3], where excellent 
thermal conductivity is indispensable [4, 5]. However, the thermal conductivity coef-
ficient (λ) of epoxy resin is very low at ~ 0.2 W m−1 K−1 [6] due to the amorphous state 
of the molecular chain. The heat management applications of thermally conductive 
epoxy resins are not constrained within the electronic industry. In a recent research, 
ultra-high thermal conductivity of epoxy composites using multi-dimensional fillers 
composed of micro- and nano-silver particles further treated with trace amount of 
MXene increased the thermal conductivity of epoxy resin to 72.7 W m−1 K−1 [7]. The 
improved fire retardancy of thermally conductive epoxy resins extends its potential 
application in building, construction, automotive, and aerospace. 

A proper understanding of the theories of thermal conductivity in epoxy 
matrices, factors affecting thermal conductivity, and technique to improve thermal 
conductivity, and thermal degradation of epoxy resins is explained in this chapter. 

1.1 Thermal Conductivity in Epoxy Resins 

Thermal conductivity of polymers depends primarily on its morphology [8, 9]. 
Polymers exist in crystalline, semi-crystalline, amorphous, solid, melt, and glassy 
states [10]. Hence, thermal conduction through polymers cannot be expressed in 
one mechanism. Thermal conductivity is higher in crystalline polymers and lower in 
amorphous polymers. The thermal conductivity of epoxy resins—for that being an 
amorphous polymer—is relatively lower than crystalline polymers due to the lack of 
crystallinity in epoxy matrix. Scattering of the propagation of thermal energy caused 
by voids, entanglements, chain ends, and impurities reduces thermal conductivity 
in epoxy polymers [11, 12]. 

In a perfect crystal, the surface atoms exposed to thermal energy gain vibrational 
energy and propagate thermal energy through the sample by transferring the vibra-
tional energy to the adjacent atom. The vibration is in the wave form and is called 
phonon. The enthalpy or energy of that system can be linked to the total amount 
of thermal motion and interaction on a microscopic level [13]. It is important to 
understand the significance of thermodynamics of polymers where heat capacity is 
brought into account. Heat capacity for any polymer is a heat dependant quantity. 
Heat capacity is defined as the heat required to change its temperature by one degree. 
For an accurate useful quantity, specific heat capacity at constant pressure (C P ) is 
defined as the amount of heat required to increase the temperature of a material of
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unit mass by 1 K or 1 °C at constant pressure. This is presented by Eq. (1) 

CP = ΔQ/mΔT (1) 

where ΔQ is the heat required in Jules, m is the mass of the sample, and ΔT is the 
increase in temperature in K or °C. Heat capacity of a polymer is usually measured 
using differential scanning calorimetry or adiabatic calorimetry [10]. 

Heat capacity of a solid is largely contributed from atomic and molecular 
vibrations. This is presented by equation (2) below [14]. 

CV = k 
∫∞ 
0

(
hv 
kT

)2 
e− hv 

kT  g(v)dv
(
1 − e− hv 

kT

)2 (2) 

where k is Boltzmann’s constant, h is Planck’s constant, v is the frequency of 
oscillation, T is temperature, and g(v) represents the vibrational density of states. 

Majority of the basic theories of the thermal conductivity of epoxy resins is based 
on the heat capacity of the system. 

2 Basic Theories of Thermal Conductivity in Epoxy 
Networks 

The difference between temperature and heat is often misconceived. Temperature 
is the measure of the vibration of microscopic particles in a system that generates 
thermal energy. Heat is the transfer of thermal energy (vibration energy) from one part 
of the body to the other or to the adjacent body because of difference in temperature. 
In solids, heat transfer can occur through thermal conduction, convection, or radiation 
[1]. Thermal conductivity is the relationship between heat flux and thermal gradient. 
The mechanism of thermal conductivity is different for crystalline and amorphous 
solids. In a steady state system, the amount of heat conducted per unit time—heat 
flux—is proportional to the product of temperature gradient, area of the material, 
and thermal conductivity. 

In the microscopic level of a solid, the atoms arranged in a regular structure, called 
lattice, will be on constant vibration about the equilibrium position when it is above 
the absolute zero temperature. The vibration increases proportionally with temper-
ature. A quantum of vibrational energy associated with a particular normal mode 
is known as a phonon. In conjunction with this, there are free electrons which are 
travelling in random direction through solid. Heat transfer can occur through any of 
these interactions, such as lattice vibrations (phonons), electron–electron interaction, 
or electron lattice interaction. 

The main contributing component of thermal conductivity in polymers is phonons. 
Phonon contribution for the thermal conductivity is high in polymers with strongly
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bonded linearly arranged polymer chains. Electronic contribution for the thermal 
conductivity of a polymer is negligibly low. 

2.1 Phonon Contribution of Thermal Conductivity in Epoxy 
Resins 

Thermal conductivity is predominantly caused by phonon transport in polymers. 
Study of phonons is an important part of thermal conductivity research especially in 
condensed matter physics. Rate of heat transfer in polymers depends on three factors, 
area, length, and temperature difference at either end of the conductor. Fourier’s law 
of heat conduction connects the relationship between these three variables. 

2.1.1 Debye’s Theory 

The history of the concept of thermal conductivity and heat capacity in classical and 
quantum mechanics interestingly advances with filling the gaps. In 1907, Einstein 
proposed a model of a crystalline solid that contains large number of independent 
three-dimensional quantum harmonic oscillators. Einstein solid model can accurately 
predict heat capacity at high temperatures but failed to explain specific heat at lower 
temperature because all oscillations have one common frequency and specific heat 
value at lower temperature fast approaches to zero. In 1912, Peter Debye developed 
a model that treats atomic lattice vibration as particle in a box which treats the solid 
as individual, non-interacting quantum harmonic oscillators. Debye modelled the 
vibrations as the normal mode vibrations of a continuous elastic body [12]. Debye 
model accurately predicts low temperature dependence of heat capacity and is given 
by the equation 

k(T ) = 
1 

3

∑

j 

∫ C j (ω)v j l j(ω)dω (3) 

where Cj(ω) is the specific heat of phonons with branch index j and frequency ω, v j 
is the group velocity of the phonons, and l j(ω) is the mean free path. 

The simplified Debye’s equation will be λ = 1 3 cvul where λ is the thermal conduc-
tivity, cv is the volumetric heat capacity, u is the velocity, and l is the mean free path 
of phonon [15]. 

A phonon is the normal mode energy quantum of vibration lattice energy and 
is analogous to photon. The quantisation of energy becomes important when a 
polymer reaches characteristic Debye temperature. The normal vibrations with 
certain frequency, direction of the wave vector, and polarization are excited with 
possible oscillations [16].
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2.1.2 Fourier’s Law of Heat Conduction 

The area of conductor (A) is directly proportional to the rate of heat transfer (Q). This 
is because more electrons and atoms can participate in heat transfer. The length of 
conductor (L) is inversely proportional to the rate of heat transfer due to the higher 
chance of collision. The temperature difference (ΔT ) between the objects is directly 
proportional the rate of heat transfer. A higher temperature difference results in 
vigorous heat transfer compared to a lower temperature difference. This relationship 
is plotted in (4). 

Q ∝ A(T2 − T1)/L (4) 

This proportionality relationship is converted into an equation by introducing a 
constant called the coefficient of thermal conductivity (K). The unit of K is watts per 
metre kelvin (W/mK). 

Q = −K A(T2 − T1)/L 

or it can also be represented as 

Q = −K A
ΔT

Δx 

This relationship is known as Fourier’s law of heat conduction. The negative value 
is a correction factor for the direction of the heat flow; T1 and T2 are the temperatures 
at the colder and hotter regions of the conductor, respectively, andΔx is the thickness 
of the specimen. 

2.2 Electronic Contribution of Thermal Conductivity 
in Epoxy Resins 

Thermal conductivity of solids (K ), especially metals, are well described by the 
movement of free electrons (Ke). Metals have the benefits of crystalline structure 
and delocalised free electrons to participate in thermal conductivity. In metals, atoms 
are bonded by metallic bonding where electrons are not bound to a particular atom. 
The electron sea model of metallic bonding describes this criterion clearly. These free 
delocalised charge carriers participate in the heat flow. Simultaneously, the lattice 
vibration—phonons—

(
K p

)
contributes to the thermal conductivity as an indepen-

dent entity. The overall thermal conductivity of metals, in general, solids consist of 
electronic contribution and phonon contribution [17, 18]. 

K = Ke + K p
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In metals, the phonon contribution to the thermal conductivity is negligibly low, 
i.e., 

K ≈ Ke 

However, in polymers, thermal conductivity caused by movement of electrons 
is insignificant due to the absence of free electrons except for doped polymers 
that contains polarons and free charge carriers [19]. The electronic contribution 
for thermal conductivity is significant compared to undoped polymers. Polaronic 
conduction through polymers is equated to electronic conduction through metals, and 
hence, the Wiedemann–Franz law for thermal conductivity in metals is applicable 
to polymers [20]. In 1853, Wiedemann and Franz reported that thermal conductivity 
of metals at room temperature is proportional to electrical conductivity [21, 22]. 
The law is represented by equation Ke  = (

kb 
e

)2 
Lσ T , where kb is the Boltzmann 

constant, e is the elemental charge, and L is the Lorenz factor. The validity of Wiede-
mann and Franz has been in question due to the lack of theoretical understanding 
and challenges in thermal conductivity measurements of conducting polymers [23]. 
In general, a good electronic conductor is a good heat conductor. 

2.3 Thermal Conductivity and Thermal Diffusivity 

Thermal diffusivity is the measure of the rate of heat transfer to achieve equilibrium. It 
is the heat conducted away from the material to the heat stored in the material [24]. In 
a homogenous body, thermal conductivity λ and thermal diffusivity a are interrelated 
by specific density ρ and specific heat capacity CP as per the equation below. Thermal 
diffusivity is the measure of rate of heat transfer to achieve equilibrium [25]. 

λ = aCP ρ (5) 

Thermal diffusivity in epoxy polymers is measured by transient methods related to 
laser flash analysis [26]. The specimen is heated by the laser flash, and the diffused 
heat from the specimen is measured by infrared radiation sensor. The instrument 
set-up is illustrated in [27] (Fig. 1).

Assuming there is no heat loss, the normalised temperature increase on the bottom 
side is given by the equation below. 

V = 1 + 2 
∞∑

n=1 

(−1)n exp
(−n2

)
ω 

where ω = π2αt/L2, V = T /Tm which is the dimensionless temperature increase of 
the rear face, T, instantaneous temperature increase of the rear face of the specimen; 
Tm = Q/ρcpL which is the maximum temperature increase of the rear face, Q, input
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Fig. 1 Laser flash analysis instrument schematic diagram [27]. (Reproduced with permission from 
Elsevier Ltd.)

energy on the front face; ρ, density; cp, specific heat; L, specimen length; t, time; 
and α, thermal diffusivity [28]. 

2.4 Phonon Mean Path 

A fundamental understanding of thermal transport in 2D materials and its epoxy 
composites is obtained by analysing the phonon mean free path (MFP). Phonon 
mean free path is the average travelling distance between two consecutive phonon 
scattering events [29]. The phonon MFP is affected by scattering of phonon by 
an impurity, phonon–phonon scattering, and/or phonon boundary scattering. The 
effective mean free path

(
le f  f

)
of phonon scattering can be expressed as 

1 

le f  f  
= 1 

l p−p 
+ 

1 

l p−b 

where l is the phonon mean free path, and the subscripts p − p and p − b are the 
phonon–phonon and phonon-boundary scattering [30]. Dynamic scattering is caused 
by the inharmonic vibration of the molecules and static scattering is caused by defects 
[31]. 

In epoxy composites, phonon scattering at the boundaries is explained based 
on kinetic theory of phonon transport. According to the kinetic theory of phonon 
transport, thermal conductivity K is given by
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K ∼
∑

i 

Ci vi li 

where Ci is the specific heat, vi is the group velocity, and li is the mean free path of 
the phonon in mode i with angular frequency ω. 

Therefore, the effective mean free path le f  f  is determined as [32] 

le f  f  =
∑

i 

Ci vi 

3 Methods to Improve Thermal Conductivity in Epoxy 
Resins 

Formulating epoxy composites with highly thermally conductive metallic or inor-
ganic materials is a modest method to improve thermal conductivity of epoxy resins. 
The intrinsic thermal conductivity of the filler contributes to the enhanced thermal 
conductivity of the epoxy composite with that filler. Unfortunately, adding high 
content of the fillers in most cases destroys the flexibility, failure strength, and 
processability of the epoxy resin mainly due to high interfacial thermal resistance 
[33, 34]. Moreover, despite the highest loading levels, the thermal conductivity of 
the composites will never reach the individual thermal conductivity of the filler. 
Another commonly used method to improve thermal conductivity of epoxy resin 
is the molecular re-designing of epoxy matrix to synthesise intrinsically modified 
thermally conductive epoxy resins. Introducing liquid crystal units to the molecular 
structure is a widely used idea [35, 36]. This places molecular chain orientation in 
order, for a continuous heat transfer through the matrix [37]. 

3.1 By Forming Epoxy Composites 

Generating effective three-dimensional thermal conduction pathways in epoxy 
matrix gives rises to increased thermal conductivity of epoxy resins. Various types of 
thermally conductive nano-fillers such as graphene, graphite, boron nitride, carbon 
nanotubes, metal powder, aluminium nitride, ceramic particles, cellulose nanofiber 
[38–46], and filler combinations [40, 47, 48] were studied in this region with signifi-
cant thermal conductivity improvements. Figure 2 illustrates the synergistic effect of 
multi-particle composite system of epoxy matrix where micro-silver, nano-silver, 
MXene, and graphene work together to create a bridging effect that creates a 
continuous path for heat transfer between particles [7].

The high intrinsic thermal conductivity of the fillers enhances the overall thermal 
conductivity of the epoxy matrix by forming a continuous three-dimensional thermal
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Fig. 2 Schematic figure of microstructural characteristics of composites. a–c The Ag/epoxy 
composites with an increment of AgNP. d The MXene/AgMP/AgNP composite. e The 
graphene/AgMP/AgNP composites [7]. (Reproduced with permission from Elsevier Ltd.)

pathway for heat transfer. In polymer composites, the thermal conductivity is 
determined by the thermal conductivity of the filler matrix [49, 50]. 

Interfacial thermal resistance is one important drawback of epoxy composites 
where phonon scattering causing rapid accumulation of heat inside the composite, 
reducing its stability [51, 52]. Similarly, excessive addition of fillers will not 
adequately improve the overall thermal conductivity of the composite over a certain 
point and large quantity of fillers will deteriorate the mechanical properties of the 
composite [53]. 

The filler aspect ratio, dimensions, and surface are important parameters that affect 
the resultant composite. Filler alignment and direction in the epoxy matrix also affect 
the overall thermal conductivity of the composite. Transfer of thermal conductivity 
at the filler-matrix is the biggest challenge that needs resolution to achieve superior 
thermal conductivity in polymer composites [54]. 

The thermal conductivity of a composite is explained by several models and 
equations. Maxwell model explains the composites with spherical filler and low 
volume fraction. Rayleigh model includes analytical expression for thermal conduc-
tivity of continuous matrix reinforced with parallel cylindrical fibres arranged in 
uniaxial simple cubic array. Hasselman–Johnson model states that the effective 
thermal conductivity of a composite depends not only on filler volume but particle 
size as well. The bruggeman theory gives formula for multicomponent systems in 
addition to the two components system.
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Fig. 3 Schematic diagram phase arrangement and heat flow transfer in liquid crystal epoxy [59]. 
(Reproduced with permission from Elsevier Ltd.) 

3.2 By Intrinsic Modification of Thermal Conductivity 
in Epoxy 

Designing and modification of the epoxy molecular chain structure and orientation, 
to introduce crystalline characteristics to the naturally amorphous epoxy matrix, has 
widely become a popular topic in recent years. This method successfully eliminates 
many issues caused by the filler enhanced thermal conductivity of epoxy composites. 

Liquid crystal epoxy resins are an important thermosetting polymer in this cate-
gory. They are formed by curing liquid crystal epoxy monomers containing rigid rod-
shaped mesogens, special flexible segments, and epoxy end groups [36, 55]. A highly 
ordered mesogen structure shows high thermal conductivity [56]. The liquid crystal 
epoxy resins form partial crystal-like structure so that the heat flow is conducted along 
the molecular chain direction which inhibits the scattering of phonons. The thermal 
conductivity of the liquid crystal epoxy resins can be further improved by preparing 
its composites by the addition of fillers [35, 57]. The highly aligned microstructure 
in the liquid crystal gives the composite high thermal conductivity [58]. Figure 3 
is a schematic representation of phase arrangement and heat flow transfer in liquid 
crystal epoxy. 

4 Factors Influencing Thermal Conductivity of Epoxy 
Polymers 

4.1 Radius of Gyration—Amorphous State 

The amorphous structure intensifies the phonon scattering resulting in lower thermal 
conductivity of epoxy resins [15]. The ratio of the thickness dz  to the radius of 
gyration Rg of a polymer film is known as the chain coefficient indicator dz/Rg .
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Fig. 4 Schematics of the 
chain structure as dz/Rg 
decreases. a Large dz/Rg, 
polymer chains entangle 
with each other; b Middle 
dz/Rg, polymer chains have 
less overlap; and c Small 
dz/Rg, polymer chains are 
isolated (limiting case) [60]. 
(Reproduced with 
permission from AIP 
publishing) 

Thermal conductivity increases linearly with chain coefficient indicator for amor-
phous polymer films. Larger radius of gyration improves the thermal conductivity 
of amorphous polymer films by providing more space for heat transfer. Strongly 
confined and less entangled polymer chains in amorphous polymers will increase 
the thermal conductivity (Fig. 4) [60, 61]. 

4.2 High-Order Structure—Crystalline State 

Phonon scattering caused by microscopic anisotropy reduces the thermal conduc-
tivity in epoxy polymers. In an anisotropic cross-linked polymer, thermal conduc-
tivity will also be anisotropic. Thermal conductivity values through the molecular 
chain direction could be higher than those of perpendicular direction [62]. The macro-
scopic isotropy can be achieved by the use of liquid crystal epoxy resins (LCEs) by 
disordering the domains of the crystal-like structure that is linked with the internal 
amorphous structure through covalent bond. This high order structure will suppress 
phonon scattering and enable the resin with high thermal conductivity. High density 
of covalent bonds and packaging of mesogenic groups lead to high thermal conduc-
tivity [63]. The covalent network of mesogenic epoxy can trap thermally conductive 
phase change material, polyethylene glycol, to achieve a homogenous solid state [64]. 
Formation of spherulites on the mesogenic resins enhances thermal conductivity by 
suppressing phonon scattering. Adjusting the initial curing temperature will have 
effect on the formation of larger spherulite structures further enhancing the thermal 
conductivity [15, 65, 66]. The spontaneous orientation of LCEs can be achieved by 
designing the molecules of LCE bringing diglycidyl moieties at the side position of 
the molecule to maintain the orientation after thermal curing [67].
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4.3 Polymer Chain Orientation 

The random chain orientation in amorphous epoxy polymers reduces the phonon 
mean path causing phonon scattering [68]. The orientation of epoxy molecular micro-
chain in an ordered structure maximises the thermal conductivity path. Polymer 
chain can be oriented by applying external forces such as electrical, magnetic, or 
mechanical at low viscosity states [69, 70]. 

In epoxy composites, the thermal conductivity along the filler orientation increases 
the thermal conductivity of the composite [71]. However, the interfacial thermal 
resistance between the filler and the polymer matrix remains large. The interfacial 
thermal resistance (Rint  ) is defined as the ratio of temperature discontinuity ΔT 
occurring at the interface to the heat rate Q per unit area A flowing across the interface 
between two phases in contact [72, 73] and is given by the equation 

Rint  = ΔT 

Q/A 

In epoxy composites, interfacial thermal resistance is caused by the lack of contin-
uous thermal conductive paths between the polymer matrix and fillers [74]. Poor 
interfacial adhesion creates voids between the filler and epoxy matrix [75], whereas 
improved interfacial affinity between the filler and epoxy matrix decreases the resis-
tance and reduces the number of voids in the composite [76] resulting in high thermal 
conductivity. The interfacial compatibility between filler and epoxy matrix requires 
effective methods that ensures a strong interfacial bonding [77]. The polymer–filler 
interfacial adhesion can be improved by modification [78] or functionalisation of the 
filler to generate or enhance van der Waals interaction or hydrogen bonding between 
the binder and the filler [79]. Functionalisation of the fillers will increase the thermal 
conductivity of the composite by reducing interfacial thermal resistance even though 
the intrinsic thermal conductivity of the filler itself is negatively affected by the func-
tionalisation. Uniform dispersion and close contact of the fillers reduces the inter-
facial thermal resistance and provide a continuous thermal pathway. Unfortunately, 
some of the modification methods such as strong acid etching or high temperature 
ablation will destroy the crystal structure of the filler resulting in reduced thermal 
conductivity [80]. 

5 Thermal Degradation and Thermal Conductivity 
of Epoxy Polymer 

Thermal degradation of a polymer is influenced by heat and may undergo either 
chain end degradation mechanism or random degradation mechanism. The chain 
end degradation mechanism results in generating monomers of the original polymer, 
whereas the random degradation mechanism results in producing smaller polymer
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with a lower molecular weight. Thermal degradation mainly depends on the stability 
of carbon–carbon bond, substituent atoms on the carbon, presence of aromatic ring 
or oxygen in the polymer backchain, and formation of free radicals by breaking of 
the substituent groups on a polymer chain. A polymer with highly stable carbon– 
carbon bonds with high dissociation energy will have high thermal stability. When 
hydrogen atoms in a polymer chain is replaced with highly electronegative atoms 
such as fluorine, the polymer becomes thermally stable. Presence of aromatic rings 
increases the thermal stability of a polymer, whereas presence of oxygen decreases the 
thermal stability of a polymer. Thermal degradation or thermal stability of a polymer 
depends on the heat conducting properties of the polymer. As a matter of fact, thermal 
stability of a polymer increases proportionally with thermal conductivity. 

The concept of reactive block copolymers where reactive groups are incorporated 
to promote covalent linkage with epoxy network in the resulting blend improves the 
thermal stability of the epoxy thermoset [81]. The ordered connections with covalent 
bond encourage efficient phonon transport [82]. The thermoset epoxy polymers when 
cross linked with ionic liquid system can also deliver flexible thermal behaviour. The 
material becomes soft and flexible when heated up to a certain temperature without 
thermal degradation [83]. 

6 Conclusion 

The basic theories of thermal conductivity of epoxy resins have historically been 
revised to accommodate previously unidentified challenges. Based on those theories, 
several techniques have been evolved to improve the thermal conductivity of epoxy 
resins. Composites of epoxy resins prepared by inserting highly thermally conductive 
nanoparticles has gained popularity in research and application due to the variety of 
nanomaterials incorporated in the epoxy matrix resulting excellent improvement in 
thermal conductivity. Molecular chain modification and the use of mesogens such 
as liquid crystal epoxy significantly added crystallinity to the naturally amorphous 
epoxy structure. This change in the molecular chain significantly enhanced the heat 
transfer through the epoxy chain due to the reduced phonon scattering. 

To expand the field of application for thermally conductive epoxy resins, the 
current state of molecular level nano-engineering should be expanded to address 
issues such as interfacial thermal resistance, deteriorated mechanical properties, 
failure strength, and processability. It is evident that the interfacial thermal resistance 
causes lack of continuous path for heat transport. Addressing these issues with the 
help of machine learning and numerical simulations will fast track the process when 
ultra-high thermal conductivity is targeted for epoxy resins. Thermal conductivity 
fostering fire retardancy of epoxy resins is identified as an appropriate characteristic 
improvement in fire retardant epoxy applications. Heat carried away from the surface 
of an epoxy coating is deemed ideal for fire retardant structural coating applications. 
Considering the definite application environment, the thermal conductivity of epoxy 
resins shall be a major research topic for years ahead.
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Abstract In this chapter, modeling, simulation, and machine learning methodolo-
gies are discussed to design and predict the thermal conductivity of epoxy materials. 
Although epoxy has some excellent properties such as chemical resistance, high 
tensile, compression, and bending strengths, they have relatively low thermal conduc-
tivity (<0.1 W/m K). Therefore, it is ideal for designing epoxy-based composites with 
higher thermal conductivity for heat dissipation (TC) (1–10 W/m K). Here, recent 
progress in the field of modeling, simulation, and machine learning is explained, 
describing methods of predicting the TC of epoxy materials based on different factors. 
Several classical theoretical models are discussed here based on their applications 
on the TC of epoxy-based composites. Some examples of simulation studies of the 
micro- and macro-scale level on the TC of epoxy-based materials are elaborated to 
show how these studies can be carried out to predict the TC. Finally, an overview of 
two different ML techniques (transfer learning and deep learning) for predicting the 
TC of epoxy materials is explained. 

1 Introduction 

Due to the increased demand for high-speed processors with improved efficiency 
in the last several years, the electronic industry is leaning toward manufacturing 
miniaturized and integrated devices to meet the requirements. However, it poses 
severe problems due to the heat accumulation in the denser assemblies of electronic 
devices, which might degrade their performance or might cause premature failure 
[1]. To overcome this challenge, thermal management materials of superior thermal 
conductivity (TC) and low coefficient of thermal expansion (CTE) can dissipate the 
heat quickly and relieve the thermal stress in these devices. Epoxies are widely used 
for electronic packaging due to their lightweight, excellent adhesive strength, long 
service life, ease of manufacturability, and excellent moisture/corrosion resistance 
[2, 3]. Although pure epoxy possesses a low CTE of 50–90 × 10−6 K−1 [4], its TC
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is relatively low (∼0.2 Wm−1 K−1) [5] to be used as thermal management mate-
rials. Therefore, research has been conducted in the past years on incorporating high 
thermal conductive fillers into the epoxy matrix to prepare epoxy-based materials or 
composites with superior thermal conductivity. The traditional thermally conductive 
epoxy-based materials are prepared by the addition of one or several kinds of fillers 
such as graphene [6], boron nitride [7], aluminum nitride [8], silicon carbide [9], and 
zinc oxide [10]. 

The TC is one of the most important intrinsic material properties to design mate-
rials for thermal management applications. The TC of epoxy-based materials is influ-
enced by several factors: bulk TC of the epoxy matrix, intrinsic TC of the fillers, fabri-
cation methods, interfacial thermal resistance, filler morphology, filler loading level, 
and filler functionalization [11]. Due to the dependence of TC of epoxy materials 
on several factors, there a large combination of possible variables to design a ther-
mally conductive material with the best property. Therefore, to reduce the number 
of possible experiments, modeling and simulation could be implemented to find 
the best candidate materials, saving time and resources. Furthermore, modeling and 
simulation can be used to study qualitatively or quantitatively the effect of various 
parameters on the TC of the materials. Also, in the case of 2D materials with atomic-
scale thickness, measuring the TC experimentally can be a daunting task and does 
not always produce the best result [12]. Modeling and simulation approaches are 
needed in this scenario to verify and validate the experimental characterization of 
the TC of 2D materials. 

Another method to provide a promising solution for fast and accurate prediction of 
physical properties including TC is machine learning (ML). ML can precisely portray 
the relationship between structure and properties including interactions which are 
nonlinear and complex. Different physical laws govern the structure and properties 
which does not provide a universal relationship in traditional theory or experimental 
works. As ML uses data mining, it can build a proper relationship without consid-
ering the laws or principles [13]. Several studies have been carried out in recent 
years in applying ML techniques to discover materials with desirable thermal prop-
erties. These studies considered either the atomic/molecular scope or the macroscopic 
physical properties [14, 15]. 

Figure 1 shows the different approaches to science that have progressed over 
time. For several hundred years, the processing and designing of materials have 
been carried out by experimental observation from empirical knowledge. During the 
twentieth century, the theoretical modeling was achieved from the extracted experi-
mental results. With the advent of supercomputers, the theories are implemented in 
the simulation of complex phenomena (e.g., thermal transport phenomenon), leading 
to accurate predictions of the properties of materials. However, some of these scien-
tific events are too complicated to explicitly explain with the theory. The emergence 
groundbreaking ML methods to teach computers the concept of those phenomena 
using big data sparked the “fourth paradigm of science” for materials discovery [14].

This chapter will systematically present approaches to modeling, simulation, and 
ML related to TC of epoxy materials. The first section will provide the fundamental 
theories of thermal transport in amorphous polymers such as epoxy. In the second
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Fig. 1 Different scientific approaches over the last four hundred years. The supercomputer image 
was taken from Oak ridge national laboratory [14]

section, different theoretical modeling for determining TC of epoxy composites is 
discussed, considering several factors such as the interaction of fillers, interfacial 
thermal resistance, and filler geometry. Some simulation techniques for determining 
the TC of epoxy materials are presented with the examples drawn from the previous 
simulation studies conducted on epoxy materials. Finally, ML methods for predicting 
the TC of epoxy materials are explained in detail with two different approaches. 

2 Theories of Thermal Conduction in Epoxy Polymers 

Thermal conduction is the principal mechanism of heat transfer in a solid material. 
The characteristics of thermal conduction can be expressed by the TC and specific 
heat capacity. The TC of solid material is expressed via Fourier’s law: 

jq = −  κ∇T (1) 

where jq is the heat flux (W/ m2), κ is the value of TC, and ∇T is the temperature 
gradient (K/m). The negative sign indicates that thermal transfer occurs down the 
temperature gradient. Another equation to describe the thermal conduction is the 
diffusive heat flow equation which is shown as 

C 
δT 

δt 
− ∇(κ∇T ) = 

δqv 
δt 

(2) 

where C is the volumetric heat capacity (J/ Km3), and qv is the volumetric heat 
flow. These two equations are the central pillar for thermal conductivity modeling 
by providing an analytical or numerical solution with relevant initial and boundary
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conditions. However, to understand the underlying relationship between the thermal 
conduction and structure or bonding, the microscopic level of the material needs to 
be considered. 

Thermal conduction occurs via heat carriers such as phonons and electrons at 
the microscopic level. Phonons are the main contributors of vibrational energy for 
thermal transport, and the resulting TC, κ of a bulk material can be expressed by the 
Debye approximation: 

κ(T ) = 
1 

3

∑

j 

Cj(ω)vjlj(ω)d ω (3) 

where Cj is the phonon specific heat with branch index j and phonon frequency ω, 
ν j is the phonon group velocity, lj is the phonon mean free path (MFP), and T is 
the temperature of the bulk material [16]. However, Debye’s model assumes that 
the vibrations are harmonic with the distribution of frequencies and high-frequency 
cutoff ω, just like in a pure crystalline material. The TC increases with T 2 at low 
temperature caused by increased specific heat, whereas at high temperature, the TC 
decreases linearly with T due to the Umklapp scattering of phonons. 

On the other hand, epoxy polymers are amorphous or semi-crystalline materials 
that deviate from Debye’s high-temperature model. At high temperatures, the TC of 
epoxy polymers reaches a plateau as κ increases up to a saturation point resulting 
from the localization of the excited phonons. This might be because the polymer 
materials consist of non-homogenous bonding with stiff-force constant involving 
the covalent bonding within the polymer backbone, and side groups coexist with 
softer non-bonded interactions between the chains [17–19]. Also, these non-bonded 
interactions are nonlinear with localized an harmonic vibrations like the “fracton 
hopping” model, which contributes to thermal transport [20]. Therefore, the basic 
thermal transport for amorphous polymers is best described by the “minimum thermal 
conductivity model (MTMC)” which states that the amorphous limit can be derived 
from Debye’s model as discussed above, assuming that the lifetime of vibration is 
half of the period of vibrations. Considering the contribution of individual vibrations, 
minimum thermal conductivity, κmin can be expressed by two measured variables (the 
atomic density and average sound velocity) as shown below: 

κmin =
(π 
6

)1/3 
κBn

2/3 
3∑

j 

Vj

(
T 

θj

)2 
θj/T∫

0 

x3ex 

(ex − 1)2 
dx (4) 

where κB is the Boltzmann constant, n is the atomic density, V 1 = Vl and V 2,3 =Vt are 
the longitudinal and transverse speed of sound, respectively, θ j = Vj(è/κB)(6π 2n)1/ 3 
is the Debye cutoff temperature, and è is the reduced Planck constant [21]. For 
amorphous polymers at or above room temperature, where all vibrational modes are 
assumed to be thermally excited, the minimum thermal conductivity can be given
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by κmin = 0.40 κBn2/ 3(Vl + 2Vt). This is usually observed in polymers with long 
straight sections in longitudinal directions due to the drawing process. 

3 Modeling of Thermal Conductivity of Epoxy Composites 

Modeling of the TC of polymer is generally developed for their composite materials 
due to the low TC of the polymers. Classical theoretical modeling of TC for compos-
ites mainly falls into two types: “effective medium approximations” and “microme-
chanics method”. In this section, several classical models of these categories for the 
TC of polymer composites are explained, considering the conditions in which models 
can be used. The application of these models on the TC of epoxy composites is also 
discussed to validate the accuracy of the models in specific conditions. 

3.1 Rule of Mixtures and Equivalent Inclusion Models 

Rule of mixtures models can calculate the TC of the composites as a function of its 
volume fraction and the individual components’ properties. The parallel model (also 
known as the linear mixing rule) calculates the upper bound of the TC. In contrast, the 
series model (also known as the inverse mixing rule) calculates the lower bound of the 
TC of the composites. Most experimental results fall within these two limits in which 
the accuracy of the series model is greater. Assuming each component contributes 
independently to the overall TC of the composites and the two components are in 
perfect contact with each other, the series and parallel models are shown by 

κ−1 
c = Vf κ

−1 
f + (

1 − Vf
)
κ−1 
m (Series) 

κc = Vf κf +
(
1 − Vf

)
κm (Parallel) 

(5) 

where κc is the TC of the composites, κ f and κm are the TCs of the filler and polymer 
matrix, respectively, and Vf is the volume fraction of the filler [22]. 

To understand the mechanism involved, Gozny et al. fitted three separate theo-
retical models (series model, parallel model, and equivalent inclusion model) to 
calculate the TC of epoxy composites consisting of amino-functionalized multi-
walled carbon nanotubes (MWCNT) as fillers. The correlation of the experimentally 
obtained TC values for MWCNT(–NH2)/epoxy composites with theoretical models 
is shown in Fig. 2. For the series model, they assumed that the composite was homo-
geneous with the fillers isolated in the matrix, which leads to TC values of the lower 
bound. The parallel model assumes that an internal network of conduction pathways 
is formed, with the fillers and matrix considered as separate phases without any inter-
actions. This provides an overestimation of the TC values of the composites with an 
upper bound [23]. A third model, known as the equivalent inclusion model, which
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Fig. 2 Comparison of the 
TC values obtained 
experimentally for 
MWCNT(–NH2)/epoxy 
composites with rule of 
mixtures and equivalent 
inclusion models [23] 

was developed by Hatta et al. [24] based on the previous works from Eshelby [25], 
was chosen to overcome the limitations of the rule of mixtures models. 

The equivalent inclusion model considers the aspect ratio of the fillers, especially 
in a random orientation. The derived equations for the calculation of TC of 3D 
random short fiber-reinforced composites are shown below: 

κc 

κm 
= 1 + Vf

[(
κf − κm

)
(2S33 + S11) + 3κm

]

J 
(6) 

J = 3
(
1 − Vf

)(
κf − κm

)
S11S33 + κm

[
3(S11 + S33) − Vf (2S11 + S33)

]
(
κf − κm

) (7) 

S11 = 1/D 

2[(l/D)2 − l
]3/2 

⎧ 
⎨ 

⎩

(
l 

D

)[(
l 

D

)2 

− l

]1/2 

− cosh−1

(
l 

D

)⎫ 
⎬ 

⎭ (8) 

S33 = 1 − 2S11 (9) 

where l is the length of the filler and D is the diameter of the filler. From Fig. 2, 
it can be concluded that the obtained values from the equivalent inclusion model 
are in good agreement for high aspect ratio fillers with the experimental data for 
MWCNT/epoxy composites compared to the rule of mixtures models. However, for 
low aspect ratio fillers, a significant difference is observed between the experimental 
and fitted values, which might be due to the agglomeration of CNTs, their waviness, 
and the shortening of fibers during processing. In the case of amino-functionalized 
MWCNTs, the experimental results tend to follow the equivalent inclusion model 
at high filler loadings because of the increased percolation threshold due to the 
functionalization process [23].
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3.2 Maxwell–Garnett (MG) Model 

The Maxwell–Garnett (MG) model is one of the earliest models for predicting the 
TC of composites derived from the early works of Maxwell’s utilization of potential 
theory [26]. MG models assume that the spherical fillers are isolated within the 
matrix, and there is no interaction among them. At low filler loading, the theoretical 
values from the MG model follow a linear relationship for the TC of the composites. 
For a composite with no interaction between homogeneous spherical fillers randomly 
distributed in a homogeneous matrix, the TC is calculated by [27]: 

κc = κm

(
1 + 3Vf 

κf − κm 
2κm + κf − Vf

(
κf − κm

)
)

(10) 

Nayak and coworkers are used two theoretical models (rule of mixtures model 
and Maxwell model) and a numerical analysis model (FEM model) to compare the 
experimental values for TC of pine wood dust particles-reinforced epoxy composites 
with the predicted values. According to the Maxwell model, the fillers were spher-
ical and dispersed, whereas the matrix was in a continuous phase. Among the two 
theoretical models, they found out that the deviation of the theoretical results from 
the experimental results is 2–44% and 4–28% for the rule of mixtures model and 
Maxwell model, respectively. Furthermore, they concluded from their findings that 
the Maxwell model overestimates the TC values, and the rule of mixtures model 
underestimates the TC values with respect to the experimental ones. From Fig. 3 and 
the results obtained, it can be stated that the Maxwell model has greater accuracy 
than the rule of mixtures model for a particulate filler epoxy composite. However, the 
Maxwell model’s accuracy is lower than the FEM model because it fails to take into 
account the interaction of fillers at high filler loading, and all fillers are not uniformly 
spherical [28].

3.3 Lewis-Nielsen Model 

Unlike the MG model, the Lewis-Nielsen model considers the geometry and orien-
tation of the fillers. It also considers that a thermally conductive pathway can be 
formed with a specific shape and size distribution of fillers at low filler loading. This 
model is shown as follows: 

κc = 
1 + ABVf 

1 − Bψ Vf 
(11)
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Fig. 3 Comparison of TC values obtained from the maxwell model with the other models [28]

where B = 
κf 
κm 

−1 
κf 
κm 

+A 
and ψ = 1 +

(
1−ψm 

ψ2 
m

)
f . A is a generalized Einstein coefficient that 

depends upon the filler geometry and orientation, and ψm is the maximum packing 
fraction [29]. 

Wang and Qiu investigated the effect of TC enhancement with incorporating CNT 
in glass fiber/epoxy composites through the experimental procedure and theoretical 
modeling with the Lewis-Nielsen model. They determined that the Lewis-Nielsen 
model underestimated the experimental TC values, as shown in Fig. 4. This might be 
because the model is invalid for fillers with a high aspect ratio, or it might have ignored 
entirely the orientation effect of the fillers during the processing of the composites 
[30].

3.4 Agari Model 

Agari model is based on the generalization of the rule of mixtures models and 
considers the formation of thermal conduction chain by the interaction of fillers 
fraction, geometry, and the interaction between them. Therefore, the model can accu-
rately predict the TC of composites for high filler loading [31]. Agari derived the 
following equation for determining TC: 

log κc = Vf C2 log κf +
(
1 − Vf

)
log(C1κm) (12)
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Fig. 4 Comparison of the TC values of epoxy-CNT composites for experimental results and results 
obtained from the Lewis-Nielsen model (square marks: experimental results, solid line: theoretical 
predictions) [30]

where C1 is the correlation of the effect of the fillers on the crystallinity and crystal 
size of the polymer matrix, which directly influences κm, and C2 is a factor of 
ease in forming conducting chains of fillers and falls between 0 and 1. The value 
of C2 approaches 1 when particles can more easily form conductive chains, thus 
contributing to a greater effect to change the overall κc [32]. 

Wang and co-researchers analyzed the TC of the Si/epoxy composites by 
comparing the experimental data and the theoretical data from the Agari model to 
observe whether the model provides an accurate prediction of the TC of the compos-
ites. They reported that the predicted TC values of the composites are close to the 
experimental values at lower filler loading, as shown in Fig. 5. Although the model 
deviates at high filler loading, it should not be considered invalid because the error 
might be due to the poor filler dispersion and the presence of voids in the compos-
ites during the processing of the composites. Agari model does not consider these 
processing variables that might arise and only consider the intrinsic variables [33].

3.5 Bruggeman Model 

The Bruggeman model considers the formation of the thermal conduction pathway 
due to the direct contact between the fillers. At high filler content, the distance 
between the fillers is small, and the fillers interact with each other. This model is an 
expansion of the Maxwell model as it also regards the fillers to be spherical. The 
Bruggeman model is defined by the following equation for a binary composite [34]: 

1 − Vf = 
κf − κc 
κm − κc

(
κm 

κc

)1/3 

(13)
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Fig. 5 Comparison of the 
experimental and the Agari 
model values of the TC of 
the three composites with 
different filler volume 
fractions [33]

Lee and coworkers fitted several models, including the Bruggeman model, to 
compare how the models predict the experimental data for TC values of aluminum 
nitride (AlN) filled epoxy composites, as shown in Fig. 6. Bruggeman’s model 
provides a more accurate and consistent result at a high filler fraction than the 
Maxwell model as it considers the interaction among fillers. However, the Agari 
model matched better than the Bruggeman model as it considers the aforementioned 
factors, C1 and C2, which affect the TC of the composites, unlike in the Bruggeman 
model, where all fillers are assumed to be spherical [35]. 

Fig. 6 Comparisons of the 
measured TC of aluminum 
nitride-filled epoxy 
composite with the 
calculated TC by various 
theoretical models, including 
the Bruggeman model [35]
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3.6 Deng-Zheng Micromechanical Model 

Deng-Zheng micromechanical model does not have the limitations that other models 
face and thus fit perfectly for composites with low filler loading. Besides considering 
the effect of anisotropy, aspect ratio, and rough surfaces of the fillers, it also considers 
the “interfacial thermal resistance (ITR)” between the fillers or matrix and filler. The 
equation shows Deng-Zheng model for a 2D shaped filler-reinforced composites 
[36]: 

κc 

κm 
= 

⎡ 

⎣ 1 
3 

η(
κm 

ηκce+H (ηp)

)

⎤ 

⎦Vf + 1 (14)  

where κce is the equivalent axial TC of the fillers as shown by the equation: 

κce = κf(
1 + 2Rk κf 

L

) (15) 

Here, Rk represents the Kapitza resistance, and L is the average largest lateral length 
of folded 2D fillers. The quantity H(ηp) can be shown by 

H (ηp) = 1(
(ηp)2 − 1

)

⎡ 

⎣ ηp√ (
(ηp)2 − 1

) ln
(

(ηp) +
√ (

(ηp)2 − 1
)) − 1 

⎤ 

⎦ (16) 

where p = SA/SL is the aspect ratio, η = Se 
A 
SA 

is the folding degree, and Se 
A is the 

equivalent average area of flat surface of the 2D fillers. 
In Fig. 7, it is shown that the theoretical values from the Deng-Zheng model 

fitted perfectly with the experimental values in a straight line for epoxy composites 
consisting of 2D exfoliated graphene (EG) nanosheets. From the figure, the intercept 
and slope are calculated and found to be 1 and 172.28, respectively. The slope can 
also be expressed as 

κc 

κm 
= 

⎡ 

⎣ 1 
3 

η(
κm 

ηκce+H (ηp)

)

⎤ 

⎦ (17)

Putting the calculated value of the slope in the above equation, the folding degree 
η is calculated and found to be η = 0.84, which indicates that the fillers are not fully 
extended in the epoxy matrix. Therefore, Deng-Zheng’s micromechanical model also 
provides information on the influence of the filler’s microstructure in the matrix [37].
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Fig. 7 Experimental values 
(dot) and Deng-Zheng 
micromechanical model 
derived values for effective 
TC λe/λm of 2D EG-epoxy 
nanocomposites [37]

4 Simulation of Thermal Conductivity of Epoxy Materials 

4.1 Molecular Dynamics Simulation 

Molecular dynamics (MD) simulation is a statistical mechanics-based tool where 
Newton’s law of motion, F = ma, is combined for a collection of particles relative 
to time. Using Newton’s law, MD can determine the microstructure and interactions 
between the particles considering the particles’ physical movements in a short period. 
In MD simulation, a force-field file is used as input to describe the physical parameters 
of the particles such as the atomic mass, bond angle, and bond length. The size of the 
MD system is typically between 10 A and 100 nm; the number of atoms in the system 
is from several thousand to millions, and the simulation period is between 100 ns and 
microseconds [38]. MD simulations mainly fall into two categories: non-equilibrium 
MD (NEMD) and equilibrium MD (EMD). 

The most straightforward approach for determining the TC of epoxy materials 
with MD simulations is the non-equilibrium molecular dynamics (NEMD) method. 
This method considers the arbitrary shapes and structures of the composites without 
any assumptions or simplifications and can describe in detail the vibrational motion 
of phonons. The temperature gradient is calculated by implementing heat source 
and sink, in which the temperatures are kept constant and then removed at a steady 
rate. However, it requires a large amount of computation power and time, and it also 
ignores the size effect of highly aligned polymer chains when the phonon mean free
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path is longer than the length of aligned chains. To overcome this problem, equilib-
rium MD (EMD) based on Green–Kubo formalism is usually carried out. This method 
does not use any kind of heat source and sink and use periodic boundary conditions. 
Therefore, phonon scattering does not occur, and size effects are negligible. A smaller 
system size can be used as there is no need to establish the temperature gradient. 
Although the simulation time is longer, a single process can determine the whole TC 
tensor, which is applicable for anisotropic materials [39]. 

Before simulating epoxy materials, its model structures need to be generated with 
force acting between its atoms. Two types of molecular modeling are carried out to 
generate the epoxy structures: united-atom (UA) models and coarse-grained (CG) 
models. UA model combines a group of carbon and other heavy atoms into one 
particle, excluding the hydrogen atoms, and evaluates the dynamics and interaction 
between the particles based on united-atom force fields. As a result, it ignores most 
of the non-bonded interactions present in the epoxy materials. CG model treats small 
groups of atoms into a single particle or bead, considering all kinds of interactions 
and bonding energy present in the epoxy materials [38]. The non-bonded interactions 
are determined by pair potentials such as Lennard–Jones (LJ) potential to describe 
the “hard-core repulsion”, “van der Waals attraction” or “Coulomb interactions”. 
The bonded energies include the energy for “bond stretching”, “angle bending”, 
“torsion”, “inversion”, and the cross term of these functions. 

4.1.1 NEMD Simulation of TC of Epoxy Materials 

Several studies have been carried out in recent years on NEMD simulation of TC of 
epoxy-based materials. Wang et al. examined the effect of incorporating function-
alized graphene (FG) in epoxy resin by NEMD. At first, the equilibrated molecular 
structure of FG/epoxy composites is constructed by the atomistic modeling of FG and 
epoxy with the implementation of NVE and NPT ensemble in the MD simulation. 
The term “NPT ensemble” indicates that the number of atoms (N), pressure (P), and 
temperature (T) is kept constant during the simulation. “NVE ensemble” indicates 
that the number of atoms (N), volume (V), and energy (E) remains constant during 
the simulation. The simulation cell consists of the FG positioned in the center of the 
box in the XY plane direction with the epoxy chains distributed evenly on both sides 
of the FG, as shown in Fig. 8a. A temperature gradient is created by applying heat 
energy to the right side of the cell (heat source) and removing the same amount of 
energy from the left side (heat sink) at a constant rate. The TC of the epoxy nanocom-
posites is then calculated by Fourier’s law, as shown in Eq. (1). Another simulation 
cell is constructed to determine the TC of the nanocomposites by considering the 
“interfacial thermal conductance (ITC)” at the FG/epoxy interfaces. In this cell, the 
FG and the epoxy chains are oriented perpendicularly to the XY plane so that heat 
flux can pass through FG/epoxy interfaces, as shown in Fig. 8b. From the NEMD 
simulation, the ITC was calculated as shown by
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Fig. 8 NEMD simulation for a in-plane TC of graphene/epoxy composite and b ITC of 
graphene/epoxy interface [40] 

H = q

Δt.A.ΔT 
(18) 

where H is the ITC, A is the cross-sectional area through which the heat flux passes, 
and q is the supplied or removed heat energy in the nanocomposite model in each step 
of the NVE ensemble. ΔT is determined as the average of half of the temperature 
difference of the epoxy located at each side of the interface of the segmented cell 
regions [40]. 

4.1.2 EMD Simulation of TC of Epoxy Materials 

EMD is the most efficient way to estimate the anisotropic TC of epoxy materials 
at various temperatures compared to the NEMD techniques, where a single scalar 
quantity of TC is measured. The first step in the EMD technique is to construct the 
atomic modeling of epoxy polymers with sufficient cross-linking units so that their 
properties are portrayed properly. “Dendrimer growth approach” is the most popular 
method to build epoxy networks. In this technique, a single monomer of epoxy resin 
is modeled first, followed by cross-linking a second layer of monomers around it. 
The third layer of monomers is cross-linked to the second layer, and in this way, 
layers of monomers are added to the core structure that grows at each pass to build 
cubic unit cells [41]. After constructing the dendrimer structure, the TC is estimated 
using the “Green–Kubo expression”, which relates the TC tensor to the integral over 
time t of the heat flux autocorrelation function as follows: 

κ = 
V 

3κBT 2 

∞∫

0 

J (0).J (t)dt (19)
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where V is the volume of the unit cell, κB is the Boltzmann’s constant, T is the 
temperature, J is the atomistic heat flux vector, and the angular brackets denote the 
ensemble average, heat current autocorrelation factor, HCACF = J(0) . J(t) [42]. J 
is defined as 

J =
∑

i 

eivi + 
1 

2

∑

i<j

(
fij

(
vi + vj

))
xij (20) 

Liu et al. carried out an equilibrium MD study on the thermal and rheolog-
ical properties of boron nitride nanosheets (BNNSs) filled epoxy composites. The 
models of neat epoxy resin and BNNS/epoxy composites were constructed using 
the Materials Studio 8.0 software, as shown in Fig. 9. Different force fields were 
used to characterize the interactions present in the model structure. CVFF potential 
is used for interactions between the epoxy resin and curing agent. Tersoff potential 
was applied to define the bonding within BNNS, and Lennard–Jones (LJ) poten-
tial was used for the interactions between epoxy and BNNS. Then, based on the 
“Green–Kubo theory”, EMD simulation was carried out to determine the TC of the 
BNNS/epoxy composites. The calculations were carried out by using the large-scale 
atomic/molecular massively parallel simulator (LAMMPS) package. The energy of 
the constructed epoxy composites system was minimized by applying the conjugate-
gradient algorithm. NVT and NPT ensembles were carried out using a Nose–Hoover 
thermostat and barostat to accurately construct the model with the actual density. 
Finally, the calculations for the TC of the composites were obtained by carrying out 
a dynamic equilibrium for the whole model at 300 K in the atmosphere with the 
periodic boundary conditions applied in three directions [43].

Figure 10 shows the TC of epoxy and epoxy/BNNS composites at 300 K with 
the change of correlation time. The heat current autocorrelation function calculates 
the TC with a correlation time of 50 ps and then integrated within the correlation 
time interval using Eq. (20). Ten independent calculations were performed for each 
system to calculate its TC by averaging the TC values of the ten systems in the last 
5 ps. In the figure, the thin gray line represents TC of each system, and the blue line 
is the average.

4.2 Finite Element Modeling 

Finite element modeling (FEM) is a powerful numerical simulation technique to 
solve many engineering problems at the macroscopic level involving stress anal-
ysis, heat transfer, fluid flow, etc. Software packages such as ANSYS, ABAQUS, 
and COMSOL Multiphysics are general-purpose finite element modeling packages 
for solving wide variety of engineering problems numerically. A physical problem 
usually occurs in a continuum of matter (solid, liquid, or gas) with several field vari-
ables which vary from point to point in a domain resulting in an infinite number
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Fig. 9 Different types of models constructed using materials studio: a epoxy monomer, b boron 
nitride nanosheet (BNNS), c neat epoxy d–f 10 wt.%, 2 × 10 wt.%, 4 × 5 wt.% BNNS/epoxy 
composites, respectively [43]

of solutions. FEM helps to provide a finite number of solutions by segmenting the 
domains into elements consisting of nodes located at element boundaries. These 
nodes reduce the physical problem by solving the variables at its locations, and the 
solution of these nodes can be extrapolated further from its neighboring nodes to the 
whole domain [25]. 

FEM can be used to validate and verify the values obtained from numerical simu-
lation by comparing them with the values obtained from experimental methods or 
theoretical models. Recent FEM studies on determining the TC of epoxy mate-
rials mainly focused on the epoxy-based composites due to their macroscopic struc-
ture. Sharma et al. carried out FEM analysis along with experimental investigation 
and theoretical models to compare the TC of unfilled and marble dust-filled needle 
punched nanowoven jute-epoxy composites (NNPJEC). 

They used ANSYS to determine the TC of the composite for different filler concen-
trations. A three-dimensional model of the composites was constructed in the first 
step by the design modeler in the ANSYS Workbench as shown in Fig. 11. 100 × 
100 × 100 μm cube is modeled and then segmented into alternate layers of 5 epoxy 
(in vol.%) and 4 jute as the reinforcing material. The marble dust particles were 
constructed as spherical shaped and randomly distributed in the layers of epoxy. In 
the next steps, the mesh parameters and boundary conditions are defined.

The geometrical model is meshed in program-controlled, linear element mode 
with an element size of 0.0001 mm, as shown in Fig. 12. For the boundary conditions, 
the temperature (T1) at nodes of face ABCD was set as 20 °C and nodes of face EFGH 
was set as 100 °C. The heat flow was applied in the X direction with all other sides
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Fig. 10 TC vs correlation time of a neat epoxy and b 10 wt.% BNNS/epoxy at 300 K [43]

Fig. 11 3D geometry model for a unfilled and b MD filled NNPJEC [44]
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completely insulated, as shown in Fig. 13. The numerical solution is performed using 
Eq. (1). The temperature distribution obtained from the simulation is shown in Fig. 14 
[44]. 

The underlying mechanism of heat transfer in epoxy-based composites can also 
be understood by the FEM simulation technique. Xu and coworkers are used another 
simulation package for FEM called COMSOL Multiphysics 5.4 to study the heat 
transport and enhancement mechanism for randomly distributed BN/epoxy and 3D-
BN/epoxy composites. They constructed three models of pure epoxy, randomly 
distributed BN (20 vol%)/epoxy, and 3D-BN (20 vol%)/epoxy with the boundary 
conditions defined. The temperature at the bottom is fixed at 120 °C, while the other 
sides are perfectly insulated with an initial temperature of 20 °C. Transient-state 
finite element methodology was implemented with a total time length of 0.02 s and 
step length of 0.002 s. 

The temperature distribution and heat flux arrow of the three different models are 
shown in Fig. 15. The heat transfers occur evenly throughout the body of pure epoxy

Fig. 12 Meshing for a unfilled and b MD filled NNPJEC [41] 

Fig. 13 Boundary 
conditions for the developed 
model [44]
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Fig. 14 Temperature distribution profile for a unfilled NNPJEC and b, c, and  d 8, 16, and 24 wt.% 
MD filled NNPJEC [44]

and randomly distributed BN/epoxy. The average top surface temperatures of these 
models remain constant throughout the whole process. This is due to insufficient 
thermal conduction pathway and the epoxy matrix’s low TC. On the other hand, the 
heat transfers faster, with the average top surface temperatures and bottom surface 
temperatures becoming almost equal. The 3D-BN provides selective and efficient 
thermal conduction pathways due to BN arrangement along the heat flow direction 
[45].

5 Machine Learning (ML) for the Thermal Conductivity 
of Epoxy-Based Materials 

In the past few years, machine learning (ML) techniques have piqued interest in 
various research fields due to their excellent ability to extract useful information. ML 
methods can play a significant role in the design of novel materials or in predicting the 
physical properties of an unknown material. However, in polymer science, ML-based 
methods have not been widely implemented because there are not enough datasets 
due to the experiments being labor-intensive and expensive to construct. Further-
more, the datasets obtained from the previous literature sources are usually noisy 
and inconsistent because of several experimental factors such as process conditions, 
origin and purity of used chemicals, and environmental conditions. As a result, a
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Fig. 15 Process of heat transfer displayed by finite element simulation. Temperature distribution 
and heat flow arrows of a pure epoxy resin, b randomly distributed BN/epoxy composite with 20 
vol% BN, c 3D-BN/epoxy composite with 20 vol% BN [45]

vast and comprehensible source of information on polymer properties are not easily 
obtainable, and the datasets are scattered [46, 47]. Moreover, for polymeric mate-
rials like epoxy, it is difficult to construct an ML model to create a link between its 
structure and TC. This is due to the shortage of common public databases including 
TC of epoxy materials. Additionally, developing an extensive database by molecular 
dynamics for polymers that occupy an ample chemical space is seriously limited by 
its longer computation time. As a second rank tensor, the obtained TC values also 
depend on the factors such as polymer processing operations which are not recorded 
in the database [48]. 

Few workflows have been conducted in the past to predict polymers’ TC by ML 
methods to overcome the issue of limited data. Here, two approaches will be discussed 
to predict the TC of epoxy or epoxy composites materials. The first approach 
combines experimental techniques with active learning and Bayesian optimization to 
model and maximize the κ from various epoxy materials. This approach also helps to 
find out the best condition for achieving the target TC from a limited dataset without 
requiring any data from the previous literature through designing controlled experi-
ments [49]. In the second approach, several ML algorithms, including “convolution 
neural network (CNN)”, are employed to train models that can predict the effective 
TC of epoxy-based composites. The datasets contain composites structures that are 
created from a “quartet structure generation set (QSGS)”, and numerical methods 
are applied, such as the lattice Boltzmann method (LBM), to calculate the effective 
TC [50]. Before discussing these approaches, an overview of the methodology of the 
ML framework is explained.
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5.1 ML Methodology Framework 

ML techniques generally fall into three main categories: supervised learning, unsu-
pervised learning, and reinforcement learning. Most of the techniques used for 
predicting TC utilize the supervised ML strategies. Supervised learning uses the 
training dataset that contains a labeled set of input and output pairs for N number 
of samples. The goal of the supervised learning method is to evaluate a prediction y 
for the corresponding input x with low bias and low variance error [51]. The overall 
process of developing ML models consists of four steps, as shown in Fig. 16. The  
first step is collecting enough data from experiments, trusted numerical simulations, 
or other reliable sources. The second step is choosing proper features (e.g., molec-
ular structure, physical properties, and/or chemical properties of the material) on the 
subject as input parameters. This is followed by capturing the effect of each param-
eter on the output, which leads to model training. In the last step, the final model 
should be evaluated by another portion of the dataset known as the testing dataset 
[52]. 

Data collection should be done so that a suitable and reliable dataset is prepared 
after understanding the problem and thermal transport mechanism in the material. 
The main objective during this process is to ensure that the training dataset represents 
the complete diversity of reality as much as possible. Due to the development of mate-
rials informatics in the past several years, many research groups have contributed to 
building databases to collect material properties for both experimental and theoret-
ical values. These commonly used databases are Materials Project Database, Citrine 
Informatics, Wolfram Data Repository, Polyinfo, Cambridge Structural Database, 
Nanomine, and Atomwork. 

Feature generation or engineering is carried out by setting up features from the 
training dataset that can represent both the materials in the training dataset and the new 
dataset. The quality of feature selection seriously influences the accuracy of the ML 
models. For predicting the TC of epoxy-based materials, the features might include 
molecular weight, specific heat capacity, density, coefficient of thermal expansion, 
curing temperature, curing reagent, thermal stability, etc.

Fig. 16 Workflow for constructing a ML model for predicting TC [53] 
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After choosing the dataset and its features, the ML model is trained to draw 
a relationship between features (input data) and the TC (output data) through the 
ML algorithm. The complete set of data is divided into 3 sub-groups for training, 
validation, and testing purposes. The training data are used in the learning process 
by the ML algorithm to provide the ML models parameters. The validation data 
can optimize the hyperparameters in ML models for the best performance. To eval-
uate the predictive performance of the ML algorithms, three statistical performance 
measures are widely used: “linear correlation coefficient (R)”, “mean absolute error 
(MAE)”, and “root mean square error (RMSE)”. If the obtained ML model shows 
low accuracy to predict the TC of the testing dataset for a particular ML algorithm, 
the previous steps are reiterated by increasing the samples of the training dataset or 
choosing a different ML algorithm until the ML model shows better accuracy with 
the performance metrics. 

5.2 Prediction and Optimization of TC of Epoxy Materials 
from Small Dataset Through Transfer Learning 

The barrier of the limited dataset in the field of polymer science can be tackled by a 
two-stage data-driven approach called transfer learning. Transfer learning involves 
active learning and Bayesian optimization to take relevant segments of a pre-trained 
ML model and applying it to a new and similar problem. The objective of the first 
stage, active learning, is to develop a model to find epoxy materials for a specific 
range of high TC. Bayesian optimization is carried out in the next stage to search for 
epoxy materials with extremely high TC after screening the experimental conditions. 
It is a sample-efficient optimization method that does not require many samples to 
obtain good results and suitable for tasks that requires function which are extremely 
expensive to evaluate. The schematic for this ML-guided process including different 
steps is shown in Fig. 17.

At first, the data are collected from the public database such as Polyinfo and QM9 
for the forward prediction step. The data for TC values had only a few instances 
which provide a poor accuracy for the model obtained through direct learning as 
shown in Fig.  19d. Therefore, an indirect approach is preferred by mapping structures 
of epoxy materials to proxy properties which include glass transition temperature 
Tg, melt temperature Tm, density ρ, and heat capacity Cv. Molecular fingerprint 
(ECFP) can be selected as the molecular feature to represent the chemical structure 
of the epoxy monomer. A linear regression model is trained on a random selection 
of 80% of the instances of the given data for Tg and Tm. As shown in Fig. 18c–d, the 
modes gave decent predictions for glass transition temperature and melt temperature. 
Similarly, 1000 pre-trained models were constructed by using a different portion 
of the dataset to refine the weight parameters for the small dataset on TC values. 
The best transferable model to predict TC was identified from the 1000 pre-trained 
models that predicted the highest generalization capability on the five validation sets,
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Fig. 17 Different steps for the prediction of TC of polymers from small datasets through transfer 
learning. a Forward prediction derives a model that describes polymeric properties (e.g., glass 
transition temperature (Tg) and melting temperature (Tm)) as a function of chemical structures 
in the constitutional repeat units. The forward model trained on the dataset from PoLyInfo was 
inverted to obtain a backward model, which was conditioned by desired property regions (UTg and 
UTm). The backward model produced a library of hypothetical chemical structures that exhibit the 
desired properties. In addition, a prediction model of TC was developed, which was utilized in the 
post-screening of the produced library. Here, an ML framework called transfer learning was used to 
overcome the issue of limited data on TC: prediction models of proxy properties were pre-trained on 
the given large datasets from PoLyInfo and QM9, and then, the pre-trained models were fine-tuned 
using the limited data on the target property. The transferred model is not directly used for the 
molecular design calculation because its generalization capability would likely be restricted by the 
design space spanned by the few training polymers. b Analytic workflow consisting of four internal 
steps toward materials discovery [54]

each randomly constructed from 20% of the data. In this way, “transfer learning” is 
constructed to correlate TC to the molecular structure [48, 54].

However, the model is unreliable since the test dataset only has a few data points for 
TC. Therefore, the properties Tg and Tm are considered as design targets, whereas the 
transferred model is used to screen promising candidates with a high TC. Figure 18c 
shows the excellent accuracy of transfer learning for predicting TC. The next stage 
involves backward propagation for the generation of the structure of the chosen candi-
dates. A molecular library composed of different epoxy materials is generated using 
the Bayesian molecular design method which requires fewer training data values. 
In the molecule generation process, 1000 candidates are generated based on factors 
such as synthetic accessibility (SA), ease of processing, validity of chemical bond, 
and liquid-crystalline polymers (LCPs) likeness. At the final stage, three chemical 
structures are selected from these 1000 candidates based on three main criteria: TC, 
LCPs likeness, and SA score. Finally, the monomer of these three candidates is 
carried out for experiments to obtain the values of the thermophysical properties for 
validation [48, 54].



318 M. R. H. Mazumder et al.

Fig. 18 Performance of forward prediction models. a–b Five-fold cross-validation of trained linear 
models for glass transition temperature (Tg) and melting temperature (Tm). All predicted values in 
the five validation sets are plotted against observed values, denoted by blue dots (red for the training). 
The mean absolute error (MAE), root mean square error (RMSE), and correlation coefficient (R) 
are shown in each plot. c–d Validation results for the prediction model on TC exhibited the best 
transferability (MAE = 0.0204 W/mK) out of 1000 pre-trained models on Tm. The prediction 
results of the best-transferred model and a random forest model trained directly using the 28 data 
points for TC (MAE = 0.0327 W/mK) are shown in c, d, respectively [54]
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Fig. 19 Structure of composites for different volume fractions of inclusions [50]

5.3 Predicting the TC of Epoxy Composites Using Deep 
Learning (DL) Methods 

A specialized branch of ML is the deep learning (DL) which can analyze unstructured 
data and automated identification of features by extracting high-level features from 
raw input data. The use of convolution neural network (CNN) in deep learning (DL) 
methods of ML has been developing fast in recent years and is a handy tool for image 
detection. Like face recognition, CNN can also be applied to record the feature of 
the composites’ microstructure. The extracted structural features can be used to find 
out the relationship between these structures and the property of the compos. CNN 
can provide a rapid prediction of a composite without solving tedious simulation 
processes or carrying out experiments. 

For analyzing the heat transfer phenomenon and predicting the TC of epoxy 
composites, a database with different composite material structures must be 
constructed. The structures can be created by the quartet structure generation set 
(QSGS) package, and lattice Boltzmann method (LBM) is applied to calculate its 
effective TC. The calculated TC values obtained from LBM by solving Boltzmann 
transport equation (BTE) are later used in the training dataset. This method is chosen 
because the dataset collected from QSGS and LBM is easily obtainable. Also, the 
results calculated from LBM have greater accuracy as the energy from BTE follows 
the heat diffusion laws in macroscale composite systems. The CNN model is then 
applied to train the dataset to predict the effective TC of composite materials. 

A large number (about 1500) of structures are generated using QSGS with different 
volume loading of inclusions ranging from 2 to 30%, and each volume fraction has
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about 100 data. Figure 19 shows some examples of the generated structure using 
QSGS. The extensive training data reduce over-fitting of data and provide a model 
with higher accuracy. The ratio of the TC of matrix material κ1 and the TC of 
inclusion κ2 is fixed at a specific value (1:10) as the objective of CNN is to represent 
the structural features. The dataset is then divided randomly into training data and 
testing data. For a dataset containing 1500 structures, 1400 structures consist of 
training and validation data, whereas the rest of the structures are used for testing 
the dataset. 

Several CNNs with various generated structures have been previously constructed 
for image recognition such as LeNet-5, AlexNet, and ResNet. Wei et al. used the 
LeNet-5 CNN model to predict the effective TC of composites based on their training 
data [50]. The architecture of this CNN model as shown in Fig. 21 is discussed 
here to show how the CNN model works in predicting the TC of composites from 
its structure. The CNN involves an input layer (i.e., the structure), an output layer 
(i.e., the effective TC), and multiple hidden layers. The input layer is an image of 
the structure with a particular pixel size (in this case 100 × 112 with approx. 104 
parameters). CNN reduces the number of parameters from the input to establish the 
mapping from the structure to the effective TC. The CNN can reduce the image to a 
few parameters in a one-dimensional vector using different kinds of functional layers 
without altering the key features of the structure, as shown in Fig. 20. Here, 96 feature 
maps with sizes of 54 × 48 pixels containing 96 different features were obtained 
using the kernels of 7 × 7 pixels in the first layer. The size of feature map was further 
reduced to 27 × 24 pixels using the corresponding kernels of 3 × 3 pixels in Pool-1. 
Using three convolution and pooling layers, the output features were converted to a 
one-dimensional feature vector by the fully connected layer FC-1 which in turn was 
processed by the fully connected layer FC-2. The feature vector is finally transformed 
into effective TC as the output which can be used to construct the regression model 
to predict the TC. 

An activation function (e.g., sigmoid function) is added after each output layer 
to increase the nonlinearity of the network. A convolution neural kernel matrix is

Fig. 20 Architecture of the convolution neural network LeNet-5. The size of kernels and the number 
of feature maps are indicated, and they can be adjusted according to specific needs [50]
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Fig. 21 Relationship 
between the TC predicted 
using CNN model and the 
LBM model. The CNN 
model is trained with 1400 
datasets. The inset is the 
histogram of the RMSEs of 
the CNN models with 
different training datasets 
(1400, 750, 250) [50]

used for the mapping of the image of the structure to generate feature maps. The 
kernel parameters are first initialized by the “Gaussian initialization method” before 
extracting the features. Euclidean loss as the loss function is utilized for the parame-
ters to be optimized to obtain the optimal regression model. Euclidean loss calculates 
the square sum of the difference between the two inputs among which one is the 
normalized target value, and the other is a predictive value as shown below: 

1 

2N 

N∑

i=1

∥∥yi − y'
i

∥∥2 
(21) 

During the training of the neural network, the weighted parameters of the function 
are constantly updated according to the algorithm during each iteration to minimize 
the loss. After training the network, optimal parameters in the layers of the regression 
model are obtained which can best fit the target effective TC to the structure. From the 
trained CNN model, effective TC of testing data is predicted. With a testing dataset 
size of 100, the predicted effective TC values from the CNN model are compared with 
the TC values calculated by LBM. As shown in Fig. 21, the predicted results fit well 
with the calculated values by LBM which indicates a greater accuracy of the CNN 
model. It also shows that the root means square error (RMSE) decreases slightly with 
the number of training datasets. The RMSE is calculated by the following equation: 
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where κLBM and κCNN are the calculated results from LBM and predicted results 
from the CNN model, respectively.
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6 Conclusions and Future Outlook 

Epoxy-based materials are widely used for thermal management applications due to 
their electrically insulating nature and low coefficient of thermal expansion. Highly 
thermally conductive fillers are usually incorporated into the epoxy matrix to develop 
epoxy-based materials with high thermal conductivity. Modeling and simulation are 
required to reduce the number of potential experiments, develop new design criteria 
for the selection of matrix and fillers, and understand the heat transfer mechanism 
for existing materials. 

Over the years, various theoretical and analytical models have been developed 
for the prediction and description of thermal conductivity in polymer composites. 
These models take into consideration several assumptions such as particle size and 
size distribution, filler volume fraction, shape, topology, spatial distribution, and 
so on. For instance, the Maxwell model considers diluting dispersion of spherical 
particles embedded in a continuous matrix ignoring the interactions between fillers. 
The Bruggeman model considers filler interaction and therefore, is more accurate 
for high filler volume fractions. Although these models are successful in describing 
experimental results, the accuracy largely depends on the introduction of fitting 
parameters (e.g., interfacial or Kapitza resistance). 

To understand the phenomenon of heat transport at the molecular level within the 
matrix and/or fillers through various interfaces, classical molecular dynamics (MD) 
simulation can be carried out. It combines the computational efficiency and the rela-
tive accuracy of the description of atomic structure, chemistry, polymer chain confor-
mation, and bonding to determine the TC. It also considers the interfacial thermal 
resistance when fillers are added into the polymer matrix and accurately describes the 
inter-atomic forces present within the polymer matrix or fillers. Numerical simulation 
methods in the form of finite element modeling are another simulation technique to 
predict the TC of epoxy composites considering the details of materials distribution. 
Finite element modeling calculates the TC of the material by directly solving the 
heat diffusion equation through partial differential equations methods. Unlike the 
numerical models, it can clearly portray the heat conduction mechanism that occurs 
throughout the material. 

ML techniques are widely used in this era of the rapid growth of technology in 
different fields. The development of new materials synthesis technology and the fast-
growing demand for the rapid and accurate prediction of physical properties require 
new computational approaches like ML methods. ML methods can correlate many 
variables to predict the TC of an epoxy material. Also, it can be used to design a 
new epoxy material with the desired TC value. Here, two studies are discussed to 
predict the TC of epoxy materials. The first study used transfer learning to estimate its 
TC with limited dataset while the other study implemented DL methods to predict 
the TC from the microstructure of epoxy composites. However, the ML methods 
are relatively new and developing in the field of polymer science, and more work is 
needed to be done in future related to TC of epoxy materials to reach its full potential.
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Fundamentals of Electrical Conductivity 
in Polymers 

Xoan F. Sánchez-Romate 

Abstract The fundamentals of electrical conductivity in polymers have been 
explored, more specifically, in conductive nanofilled-based polymers. First, the deter-
mination of the percolation threshold was investigated as it constitutes a crucial 
parameter to enable electrical networks throughout the polymer media. Furthermore, 
the electrical transport mechanisms of electrically conductive polymers were identi-
fied. Particularly, intrinsic conductivity of nanofiller, contact, and tunneling resistance 
was identified as the main transport mechanisms, being very affected by the nature 
of the insulating media as well as the geometry and interactions of the nanofillers. 
Furthermore, the electromechanical properties of conductive polymers have been 
also explored, where the tunneling transport mechanisms play a very prevalent role, 
leading to very high electrical sensitivities to mechanical strain. Temperature depen-
dance of the electrical conductivity has been also investigated, and electro-thermal 
capabilities of electrically conductive polymers were determined, highlighting the 
high correlation between the electrical conductivity and the heating efficiency by 
Joule’s effect. Finally, some interesting applications of electrically conductive poly-
mers were discussed where the development of strain and damage sensors and electro-
thermal heaters for de-icing and self-healable systems were identified among the most 
interesting ones. 

Keywords Electrical properties · Polymers · Percolation threshold ·
Nanocomposites · Joule’s effect · Electromechanical properties 

1 Introduction 

Nowadays, there is an increasing interest in polymer science. The reason lies in the 
fact that polymers usually present many interesting properties such as inherent corro-
sion resistance, lightness, and a good balance of mechanical properties, especially
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in thermosets. This combination of properties makes polymers very useful in a wide 
range of applications. 

Among the different properties of polymers, the electrical ones are quite inter-
esting. In this regard, polymers are insulating by nature. In fact, the measurement of 
their dielectric constant has been subject of a deep investigation since the first studies 
reported by Senturia and Shepperd in 1986 [1] where they investigated the dielectric 
analysis during thermosetting curing. 

In general, the main transport mechanism in polymer matrices is the ionic conduc-
tivity, and the electrical properties are significantly influenced by the ionic mobility 
during the curing process, as it is affected by the time, temperature, and frequency 
of the measurements. Regarding to this, Johari [2] studied the effect of these param-
eters on the electrical conductivity of epoxy resins, correlating the changes in some 
physical features such as viscosity during curing with the diffusion coefficient or 
impurity ions, which affected the electrical properties of the resin. 

It has been pointed out that the electrical properties of conventional polymers 
have been widely studied. However, their insulating nature limits their applications 
in multiple fields. In this context, in the last decades, there have been an extensively 
development of electrically conductive polymers, as they can open a wide range 
of novel functionalities over the traditional polymers. These conductive polymers 
are based on the addition of conductive nanofillers inside the insulating media to 
create electrical networks. The understanding of the main mechanisms of electrical 
conductivity of this type of polymers is, thus, crucial for a proper development of 
novel functionalities. 

Therefore, this chapter will be focused on the electrical properties of electri-
cally conductive polymers. First, the main electrical transport mechanisms will be 
discussed, by exploring the effect of the insulating media as well as the conductive 
nanofillers. In addition, theoretical models will be explored to better understand the 
correlations between the different parameters on the electrical properties of conduc-
tive polymers. Furthermore, the complex analysis under AC electric field will be also 
explored, as it will give further information about the role of the insulating media 
and the interactions with the conductive elements. The temperature dependance of 
the electrical conductivity will be also investigated, as it will have a significant effect 
on the main transport mechanisms in both the insulating media (as it will affect 
the ionic mobility) and the conductive one. Moreover, electro-thermal capabilities 
of electrically conductive polymers will be discussed, by correlating the electrical 
properties of conductive polymers with their resistive heating capabilities. 

Finally, a summary of some interesting applications of electrically conductive 
polymers will be listed, from strain sensors for wearable and structural devices to 
electro-thermal heaters for de-icing and self-healing applications.
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2 Electrical Transport of Electrically Conductive Resins 

As commented before, conventional polymers are insulating by nature. This is a 
limitation for a great number of applications requiring a certain level of electrical 
conductivity. 

In this regard, the addition of conductive nanoparticles is a solution to achieve 
electrically conductive resins. The principle is based on the fact that their inclu-
sion induces the creation of electrical pathways inside the material. These electrical 
pathways, once above a certain threshold, promote the creation of a continuous elec-
trical network, and thus, the electrical conductivity may increase several orders of 
magnitude, leading from an insulating to an electrically conductive material. 

2.1 Conductive Fillers 

Therefore, electrically conductive resins consist of a non-conductive polymer matrix 
and conductive fillers. The conductive fillers include metal fillers, carbon-based 
fillers, ceramic fillers, and metal-coated fillers [3]: 

• Metal fillers: Metal fillers comprise metal particles with diameters below 20 μm. 
They can be classified into silver (Ag), gold (Au), nickel (Ni), and copper (Cu), 
and they are now widely used at nanoscale (that is, with average size of around 
10–9 nm) due to their exceptional properties at this scale. Silver particles present 
unique electrical and thermal properties and are usually used in the form of flakes 
with loadings between 15 and 30 wt.%. [4]. Gold particles are commonly used in 
electronics due to their good electrical conductivity and corrosion and oxidation 
resistance. Nickel particles are usually used in a spherical form. They possess 
higher electrical resistivity than silver ones, although a good oxidation and corro-
sion resistance. Finally, copper particles present excellent electrical properties 
although the oxidation of the particles may be a problem. 

• Carbon-based fillers: Carbon-based nanofillers are usually divided accordingly to 
their geometry into 0D, 1D, and 2D nanoparticles. 0D nanoparticles are those that 
do not present any characteristic dimension outside the nanometer scale. Here, 
carbon black and fullerenes are among the most used nanofillers. 1D nanoparticles 
are those that present one characteristic dimension outside the nanometer scale (the 
length) and the other two in the range of nanometers (the diameter). Single-walled 
or multi-walled carbon nanotubes (SWCNTs, MWCNTs) and carbon nanofibers 
(CNFs) are the most used. The first one presents superior mechanical and electrical 
properties, whereas the second ones are much more cost-efficient [5]. Finally, 2D 
nanoparticles are those that present two characteristic dimensions outside the 
nanoscale (diameter) and the other one at nanoscale level (thickness). Graphene 
and graphene nanoplatelets (GNPs) are the most common nanoparticles used as 
it present outstanding in-plane electrical and thermal conductivity.
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• Ceramic fillers: Ceramic fillers usually present semiconductive characteristics. In 
this regard, BaFe, BN, TiB2, TiN, and SiC are among the most common fillers 
for polymer matrices. However, in most cases, due to their semiconductive char-
acteristics, they are used as secondary fillers for enhancing electrical and thermal 
conductivity [6]. 

• Metal-coated fillers: Metal-coated fillers can be categorized into two wide types 
involving metal core and non-metal core particles. The non-metal core materials 
include carbon-based fillers, glass, or polymers coated with silver, gold, nickel, 
aluminum, or chromium. They promote an enhancement on the electrical conduc-
tivity but also on the resistance to oxidation or to moisture, which is a relevant 
problem in several resins, such as epoxy polymers. 

Apart from metallic, carbon-based, ceramic or metal-coated fillers, there are also 
a wide investigation in the use of conductive polymers as fillers to enhance the 
electrical properties of resins. These conductive polymers are organic materials which 
possess electro-conductivity due to their unique structure. Here, polypyrrole (PPy) 
and polyaniline (PANI) are among the most extensively studied inherently conductive 
polymers. 

Table 1 summarizes some of the most relevant results concerning electrical 
conductivity of different nanocomposites depending on the type of conductive filler.

Once described the most typical fillers used to enhance the electrical conductivity 
of polymer matrices, it is important to defined and explore a critical parameter; 
the percolation threshold, as it plays a dominant role in the electrical transport of 
nanoparticle-based polymers. 

2.2 Percolation Threshold 

The percolation threshold is defined as the critical volume fraction of nano or 
microparticles where the polymer system becomes electrically conductive, that is, 
where the electrical pathways are created throughout the material. 

The determination of the percolation threshold is a key factor to understand the 
electrical properties of nanoparticle-based polymer systems. In this regard, there are a 
great number of parameters that affect the determination of the percolation threshold. 

On the one hand, the geometry of the nanoparticles plays a very prevalent role. It is 
well known that the percolation threshold is inversely proportional to the aspect ratio 
of the nanoparticles, defined as the ratio between the maximum and the minimum 
characteristic dimensions. Therefore, the higher the aspect ratio of the nanoparticles 
is the lower the critical volume fraction needed to create the electrical pathways 
throughout the material. 

Apart from the aspect ratio of the nanoparticles, the intrinsic 0D, 1D, or 2D 
nature of the nanoparticles also have a very dominant role in the determination of 
the percolation threshold. More specifically, it has been proved that 2D nanopar-
ticles present values of percolation threshold significantly higher than 1D ones.
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Table 1 Summary of maximum electrical conductivity and volume fraction needed for different 
nanofilled-based polymer composites (some data was extracted from [3]) 

Main filler Additional 
filler 

Treatment Volume 
fraction 
(wt.%) 

σmax (S/m) References 

Silver 
nanoparticles 

– Silane-based 
coupling agent 

5 3.99 × 10–2 [7] 

MWCNTs – Mixed curing 
agent-assisted 
layer-by-layer 
method 

15 12 [8] 

MWCNTs – Three-roll milling 0.3 0.1 [9] 

SWCNT – Purified 0.005 2 × 10–2 [10] 

CNF Magnetite 
nanoparticles 

Coating by 
magnetite, weak 
magnetic field 
alignment 

0.2 1 × 10–9 

GNPs – Ultrasonication 8 1 [11] 

Graphene – PSS (noncovalent 
functionalization) 

1.2 1 × 10–2 [12] 

BaFe PANI – – 6.1 × 10–4 [13] 

Graphene Gold Gold 
functionalization 

1 1 × 10–4 [14] 

GO Polypyrrole 
(PPy) 

PPy coating 0.5 6.5 × 10–5 [15]

For example, graphene-based nanocomposites usually present values of percola-
tion threshold around 1 to 10 wt.% [16], whereas the percolation threshold of carbon 
nanotube-based nanocomposites is usually below 0.1 wt.% [9]. On the other hand, 
nanocomposites based in 0D particles such as fullerene and carbon black present 
values of percolation threshold usually above 10 wt.% due to their low aspect ratio 
in comparison with 1D and 2D nanoparticles [17]. The reason lies in the fact that 1D 
particles present a very high aspect ratio in comparison with 0D and 2D nanoparti-
cles, and thus, it is easier to create efficient electrical pathways inside the material 
even at low nanofiller contents. 

Another important parameter affecting the determination of the percolation 
threshold is the waviness of the nanoparticles. The waviness ratio is defined as the 
effective length of the nanoparticle (i.e., the nanotube) divided by its actual length, 
as shown in the schematics of Fig. 1. Here, the higher the waviness ratio is the higher 
the percolation threshold will be, as the effective aspect ratio is reduced, and thus, 
the electrical transport mechanisms are less efficient. In this context, some studies 
demonstrated that the percolation threshold of, for example, functionalized nanopar-
ticles are quite above than the percolation threshold of non-functionalized ones [18].
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Fig. 1 Schematics of a CNT 
where the upper one denotes 
the real wavy CNT and the 
lower one the equivalent one. 
Here, the waviness ratio is 
defined as the amplitude, a, 
of the wavy CNT divided by 
Leff (reproduced with 
permission from [18]) 

This is explained by their higher waviness ratio due to the lateral distortions induced 
by the functional groups [19]. 

The geometry of the nanofillers, thus, plays a very prevalent role. However, not 
only the geometry influences the percolation threshold, but also the dispersion state 
of the nanofillers, that is, their distribution within the polymer. 

First, it is important to briefly describe the most common methods for dispersion 
of nanoparticles in polymer matrices. The aim of these methods is to achieve a 
homogeneous distribution of the nanoparticles as well as avoiding the presence of 
larger aggregates. In this regard, some methods are based in the prevalent action of 
shear forces to induce the disaggregation of larger agglomerates. More specifically, 
three-roll milling and toroidal stirring are among the most used dispersion techniques. 

Three-roll milling consists in a progressive reduction of the gap between three rolls 
that are rotating at different speeds. Here, the higher the rotating speed or the lower 
the gap between adjacent rolls is the higher the shear forces induced in the mixture. 
Moreover, the resin also plays a very prevalent role as the shear forces involved are 
proportional to the viscosity of the mixture. Therefore, resins with higher viscosity 
will induce more prevalent shear forces during the dispersion process making it more 
efficient. 

On the other hand, toroidal stirring consists in the induction of a toroidal 3D flow 
on the mixture that promotes a high homogenization of the nanoparticles as well as 
a good disaggregation of larger agglomerates. The principle for this disaggregation 
is the same than in case of three-roll milling, that is, the action of the shear forces 
induced by the blade. Here, the rotating speed of the blades, as well as the distance 
between the blades and the walls of the container, is the most important parameters 
that affect the effectiveness of the dispersion procedure. More specifically, the lower 
the gap between the blades and the walls or the higher the rotating speed is the higher 
the shear forces induced during the dispersion. 

Apart from the dispersion procedures based on the action of shear forces, there 
are other techniques used to achieve a proper dispersion of the nanoparticles. For 
example, ultrasonication is one of the most common dispersion techniques for 
nanoparticles in low-viscosity resins. It is based on the emission of ultrasonic pulses 
that induces the breakage of larger agglomerates by the action of cavitation forces
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in the fluid media. Here, the most important parameters of the dispersion procedure 
are the sonication time and the viscosity of the mixture. As expected, the increasing 
sonication time promotes a larger breakage of aggregates, whereas the viscosity acts 
in the opposite way as the higher the viscosity of the mixture, the lower the cavitation 
forces induced and thus, the lower the effectiveness of the ultrasonication process. 
In this regard, it is very common to use solvents during the dispersion process to 
reduce the viscosity of the mixture. These solvents are removed after the dispersion 
is achieved to avoid the formation of voids and generalized porosity in the final 
nanocomposite. 

Therefore, once explained the most common techniques for the dispersion of 
nanoparticles in polymer systems, it is important to explore how the dispersion state 
affects the electrical properties of the final nanocomposite. 

In this regard, there are several studies that investigate the correlations between 
the dispersion state and the electrical network created. More specifically, Li et al. 
[20] proposed a simple analytical model correlating some geometry factors and the 
dispersion state with the percolation threshold, Pc, of the system for CNT-doped 
nanocomposites: 

Pc = 
ξεπ  
6 

+ 
(1 − ε)27πd2 

4l2 
(1) 

where ξ is the proportion of the CNTs that are in form of aggregates, ε is the entangle-
ment degree of the CNTs inside an agglomerate, and d and l are the average diameter 
and length of the CNTs, respectively. 

Therefore, a high value of ξ would imply that most of CNTs are aggregated, that 
is, the dispersion state is not very good. On the other hand, a high value of ε would 
imply that the degree of entanglement of the CNTs inside the aggregates would be 
very high. A high value of aggregation parameters would lead, thus, to an increase 
of the percolation threshold, making the electrical network much less efficient. 

As a general fact, therefore, it can be observed that the higher the aggregation 
of the nanoparticles is the higher the percolation threshold will be. This can be 
easily explained because well-dispersed nanoparticles promote the creation of more 
efficient electrical networks inside the material, as the distribution of these electrical 
pathways is much more homogeneous, as it can be observed in the schematics of 
Fig. 2.

Furthermore, by using this analytical model, it is possible to better understand 
the effect of the mentioned dispersion procedures on the percolation threshold by 
analyzing the dispersion achieved and the possible geometric modifications during 
the dispersion. 

More specifically, it can be observed that ultrasonication is the most efficient 
technique in terms of disaggregation of larger aggregates, as the cavitation forces are, 
generally, very aggressive. However, it also induces a much more prevalent breakage 
of the nanoparticles themselves, leading to a reduction of their effective aspect ratio. 
In case of three-roll milling or mechanical stirring, the aggregation parameters are 
significantly higher, whereas the breakage of the nanoparticles is much less prevalent.
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Fig. 2 Schematics of nanoparticle distribution for a an aggregated dispersion and b well-dispersed 
nanoparticles, where the red lines denote the main electrical pathways

2.3 Electrical Conductivity 

Once understood how the electrical pathways are created and the importance of a 
proper determination of the percolation threshold; it is time to evaluate how these 
parameters affect the electrical properties of the nanocomposites. In this regard, the 
calculation of the electrical conductivity is a subject of huge interest. 

2.3.1 Scaling Rule Model 

As commented before, the percolation threshold is a critical parameter to determine 
the electrical properties of the final nanocomposites. Some analytical models for 
calculating the electrical conductivity are based in a scaling rule as follows: 

σc = σ0 · (φ − φc)
t (2) 

where σ0 is an invariable factor that depends on the aspect ratio of the nanoparticles, 
ϕ and ϕc are the volume fraction of the nanofiller and the percolation threshold, 
respectively, and t is an experimental fitting exponent which usually ranges from 1.3 
to 2. 

This model offers an initial evaluation of the electrical properties of the nanocom-
posite as a function of nanofiller content. However, it usually does not fit very well 
the experimental measurements, especially in nanofiller contents around the perco-
lation threshold, where the changes in the electrical conductivity are very prevalent 
due to the changes in the main electrical transport mechanisms that occurs at these 
contents. 

In these models, the percolation threshold is usually taken as a fixed parameter 
that is constant for each system. However, it significantly depends on the current 
dispersion state of the nanofillers inside the material. In fact, it has been proved that, 
during curing, the percolation threshold of the system changes, as the dispersion state
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Fig. 3 Equivalent 
percolation threshold as a 
function of the waviness 
ratio, λ, and the aspect ratio,
Ʌ, of the carbon nanofillers 
(reproduced with permission 
from [18]) 

of the nanofillers also changes because of a reaggregation before the gelation occurs 
[21]. 

Therefore, an equivalent percolation threshold was defined by Sánchez-Romate 
et al. [18]. This novel approach supposes that the percolation threshold is not a fixed 
parameter that depends on a fixed geometry and dispersion state, unique for each 
system, but a variable parameter that changes with the actual nanofiller content as it 
affects the interactions and distribution of the nanofillers. In other words, for a better 
understanding, this novel approach assumes that the percolation threshold depends 
on the actual dispersion state of the nanoparticles. It means that, for example, the 
percolation threshold increases with nanofiller content, as the aggregation of the 
nanoparticles is much more prevalent, and thus, the electrical pathways are much 
less efficient, accordingly to the model presented in Eq. (1). 

This novel analytical method also takes geometry parameters such as the wavi-
ness or the aspect ratio of the nanoparticles, into account for the determination of 
the equivalent percolation threshold, as shown in the graph of Fig. 3. Here, it can be 
observed that the higher the waviness ratio of the nanofillers, the higher the percola-
tion threshold, as the entanglement of the nanoparticles is much more prevalent, and 
thus, the electrical pathways created are less efficient. 

Although the scaling law can offer an initial approximation, it does not really 
reflect the main electrical transport mechanisms governing nanofilled conductive 
polymers. In this regard, it is important to deeply explore these mechanisms to better 
understand the electrical properties of these systems. 

2.3.2 Electrical Transport Mechanisms 

In general, there are three main electrical transport mechanisms governing the 
nanofilled conductive polymers: the intrinsic electrical conductivity of the nanofillers,
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the contact resistance between adjacent nanofillers, and the tunneling resistance 
between neighboring nanofillers that are not in direct contact. 

The first mechanism only depends on the electrical properties of the nanofiller, 
and thus, it is out of scope of this chapter. However, the contact and the tunneling 
resistance between nanoparticles are very affected by the insulating media, that is, 
the polymer matrix, so it will be explored in the present throughout the chapter. 

In this regard, it is important to define the tunneling effect. It is correlated with the 
probability of hoping conduction between two conductive particles that are separated 
by a thin insulating media. As a general fact, the higher the transmission probability, 
the lower the electrical resistance associated to this tunneling effect. 

There are a lot of research exploring the tunneling effect in nanocomposites. 
More specifically, the electrical resistance associated to tunneling effect, Rtunnel, can 
be calculated from the following formula: 

Rtunnel = h2t 

Ae2 
√
2mϕ 

exp

(
4π t 

h 

√ 
2mϕ

)
(3) 

where m and e are the mass and charge of an electron, t is  the interparticle distance, 
also called, tunneling distance, A is the cross-section area throughout the electron 
transmission may occur, also called tunneling area, and φ is the height barrier of the 
insulating media, which mainly depends on the nature of the polymer matrix. 

Therefore, there are several parameters that govern the tunneling transport mecha-
nism. More specifically, considering the mass and charge of the electron as invariable 
parameters, it is important to deeply study the effect of the others, that is, the tunneling 
distance, the tunneling area, and the height barrier of the polymer matrix. 

Determination of Tunneling Distance 

The tunneling distance, as mentioned earlier, is determined from the interparticle 
distance between adjacent and neighboring nanoparticles. Therefore, it heavily 
depends on the distribution of the nanoparticles inside the polymer media. Gener-
ally, the interparticle distance decreases by increasing the nanofiller content. More 
specifically, some studies propose a correlation between the interparticle distance 
and the volume fraction of the nanofillers as follows [22]: 

t = tc
(

φc 

φ

)α 
(4) 

where t and tc are the tunneling distance at a determined volume fraction of nanopar-
ticles, ϕ, and at percolation threshold, ϕc, defined as a fixed interparticle distance 
of 1.4 nm, respectively, and α is an experimental exponent which depends on the 
maximum compaction of the nanofillers.
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Therefore, by increasing the volume fraction of the nanofiller, the tunneling 
distance between neighboring nanoparticles will be decrease, and thus, the electrical 
resistance associated to tunneling resistance will be also decreased. 

However, the expression set in Eq. (4) is quite simple and does not take aggre-
gation parameters into account. In this regard, there are several models that also 
study the influence of the nanofiller aggregation in the tunneling distance between 
nanoparticles. It can be considered that the interparticle distance inside an aggre-
gate is the minimum distance between nanoparticles, set as 0.34 nm for nanofillers 
that are in direct contact. Outside the aggregates, the interparticle distance is signif-
icantly higher. Therefore, the mean interparticle distance does not only depend on 
the volume fraction of the nanofiller but also on the dispersion state. 

Effect of Tunneling Area 

The determination of the tunneling area throughout the tunneling transport may occur 
is also a very crucial factor to determine the electrical properties of the nanocom-
posites. This tunneling area mainly depends on the geometry of the nanofillers and 
the type of contact between adjacent and neighboring nanoparticles. 

In this regard, several studies have explored the influence of the tunneling area 
and type of contact in the electrical properties of nanocomposites. For example, 
Kuronuma et al. [23] proposed an analytical model for the determination of 
tunneling resistance in CNT-doped polymers. They supposed that the contact between 
nanotubes may occur in-plane or out-of-plane. In the first case, the tunneling area, 
AI , can be estimated as follows: 

AI = 
π d2 

4 
(5) 

where d is the outer diameter of the nanotube. 
In case of out-of-plane contacts, the tunneling area, AII , can be estimated by using 

the following formula: 

AI I  = d2 (6) 

In both cases, the differences between the tunneling area for in-plane and out-of-
plane contacts are quite slight. However, in case of 2D nanoparticles, the differences 
may be much more prevalent. 

In this context, some studies have proposed different approximations of the 
tunneling area for [24] in-plane and out-of-plane contact in case of 2D nanopar-
ticles, as observed in the schematics of Fig. 4. Here, the tunneling area for in-plane 
contacts may be estimated as follows: 

AI I  = l · t (7)
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Fig. 4 Schematics of in-plane and out-of-plane contacts in a GNP network (reproduced with 
permission from [24]) 

where l and t are the average length (diameter) and the average thickness of the 
nanoplatelet, respectively. 

However, in case of out-of-plane contacts, the estimation is quite more compli-
cated than for nanotubes. A first simple approximation may suppose the tunneling 
area as a mean value of the total diameter of the nanoplatelet, by using the following 
expression: 

AI = 
l2 

2 
(8) 

Therefore, since l � t , the out-of-plane and in-plane tunneling areas are signif-
icantly different. For this reason, thus, the prevalence of in-plane or out-of-plane 
mechanisms will play a relevant role in the estimation of the electrical properties of 
the nanocomposite. 

Effect of the Height Barrier 

The height barrier of the polymer matrix, as commented, is the other parameter that 
plays an important role on the electrical transport mechanisms in nanocomposites, 
especially, at lower nanofiller loadings, since the tunneling mechanisms are most 
predominant in these cases. For example, the typical values of height barrier for 
epoxy resins usually range from 0.5 to 2.5 eV [25]. Therefore, depending on the 
estimated value of the height barrier, the electrical conductivity will change. More 
specifically, as observed in the graphs of Fig. 5, the electrical conductivity decreases 
with increasing height barrier from 0.5 to 2.5 eV in several orders of magnitude, 
accordingly to the expression of Eq. (3). These differences in the electrical conduc-
tivity are more prevalent at lower nanofiller contents, as commented before, due to a 
much more prevalent role of the insulating media in the electrical transport properties 
of the nanocomposite.
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Fig. 5 Electrical resistivity 
as a function of height 
barrier of an epoxy matrix 
and volume fraction of the 
nanofiller (reproduced from 
[25] under Creative 
Commons CC-BY license) 

2.3.3 Analytical Models for Electrical Conductivity Estimation 

Therefore, once estimated the main transport mechanisms and how they are affected 
by the geometry, dispersion state and type of contact of the nanofillers, as well as by 
the height barrier of the insulating media, it is time to explore how it is reflected in, for 
example, the determination the electrical conductivity of polymer nanocomposites. 

In this regard, Sánchez-Romate et al. [9] proposed a very simple analytical model 
for the calculation of the electrical conductivity of nanofilled polymer matrices that 
is reflected in the schematics of Fig. 6. It is based on a block model which assumes 
that the material may be divided in three main regions: one, which is dominated by 
the larger aggregates, where the main conduction mechanisms are governed by the 
intrinsic electrical conductivity of the nanofillers and the contact resistance between 
adjacent nanoparticles. The second region, also called the well-dispersed area, is 
given by these regions where the nanoparticles are not in contact but the interparticle 
distance is low enough to guarantee the conduction mechanisms by tunneling effect. 
Therefore, here, the main transport mechanism is given by the tunneling resistance. 
Finally, the third region, also called non-percolated area, is given by the zones of the 
material where there are not enough nanoparticles to guarantee a proper electrical 
network and thus, can be considered as an insulating region.

By dividing the material in these three main blocks, the electrical conductivity 
can be estimated as follows: 

1 

R 
= ξa · 1 

Ra 
+ ξd · 1 

Rd 
+ ξnon · 1 

R∞︸ ︷︷ ︸
∼0 

→ R = Ra Rd 

(ξd Ra + ξa Rd ) 
(9)
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Fig. 6 Schematic of the proposed model in [9] showing (left) the real dispersion state and (right) 
the equivalent block disposition (reproduced with permission from [9])

where R is the equivalent electrical resistance of the element, and ξ a, ξ d , and ξ non 
are the volume fractions of the agglomerated, well-dispersed, and non-percolated 
regions. 

Therefore, by using this simple analytical model, it is possible to determine 
the correlation between the dispersion state and the electrical conductivity of the 
nanocomposite by taking the transport phenomena previously described. In this 
context, an aggregation parameter is defined as the ratio between the fraction of 
aggregated areas and the well-dispersed ones; ϕ = ξa/ξd . 

Here, it can be observed that the electrical conductivity decreases by increasing 
the aggregation ratio. This is explained because the presence of larger agglomerates 
affects the creation of efficient electrical networks, as previously described. More 
specifically, by increasing the fraction of aggregated areas, also increases the fraction 
of non-percolated regions as the nanoparticles are much more entangled and thus 
occupy a lower volume fraction. As the correlation between the interparticle distance 
and the tunneling resistance follows a linear-exponential law, this would explain the 
lower efficiency of the electrical networks in this case. 

Another important parameter that must be considered also in the estimation of the 
electrical conductivity of nanomposites is the orientation of the nanofillers. There are 
many of studies exploring the influence of this parameter in the creation of the elec-
trical networks inside the material [26, 27]. It was found that electrical conductivity 
increases with CNT alignment due to the creation of more percolating networks [28]. 
Therefore, the possible alignment of the nanofillers, especially in case of 1D nanopar-
ticles, is also an important factor to consider in order to determine the electrical 
properties of the nanocomposite. 

2.4 Electromechanical Properties 

The electrical conductivity does not only depend on the dispersion state, polymer 
nature or nanofiller type, but also is conditioned by the mechanical constraints of the 
material.
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More specifically, the electrical properties of nanofilled resins change with 
mechanical strain. The reason lies in the fact that, the application of an external 
strain field promotes the deformation of the electrical network, leading to changes in 
the interparticle distance and/or in the type of contact between adjacent nanoparticles. 

Moreover, most of nanofillers are piezoresistive. It means that their electrical 
conductivity changes with the applied strain. Therefore, even the intrinsic electrical 
resistance of the conductive nanofillers may vary with the application of an external 
strain field. 

In this regard, it can be assumed, that at low strain levels, the deformation of the 
nanofillers can be negligible, as the Young’s modulus of the nanofillers is usually 
several orders of magnitude above the Young’s modulus of the polymer matrix. There-
fore, the variations of the electrical conductivity due to the piezoresistive response 
of the nanofillers can be neglected and, for this reason, the changes in the electrical 
conductivity when applying a strain field will be due to the changes in the electrical 
resistance by tunneling effect, as the interparticle distance changes. 

Concerning Eq. (3), it can be elucidated that the tunneling resistance increases 
in a linear-exponential fashion with applied strain as the correlation between the 
tunneling distance, and the applied strain can be approximated by the following 
expression: 

t = t0 · (1 + ε) (10) 

where t0 denotes the initial tunneling distance at zero strain conditions. 
Regarding the electromechanical properties, it is important to study a key param-

eter, the gauge factor. It is defined as the ratio between the change of the normalized 
resistance ΔR/R0 and the applied strain, ε. The gauge factor denotes the electrical 
sensitivity of the system under an applied strain. Therefore, the higher the gauge 
factor is the higher the sensitivity of the system will be. 

In this context, as it can be observed in the graph of Fig. 7, the changes of the 
normalized resistance are more prevalent when increasing the tunneling distance, 
due to the linear-exponential correlation between the tunneling distance and the 
tunneling resistance. Therefore, it implies that the lower the nanofiller content, the 
higher the gauge factor that can be achieved as the interparticle distance will increase. 
More specifically, the nearer the nanofiller content to the percolation threshold of the 
system is the more electromechanical sensitive the system will be.

As commented before, the electromechanical response is also affected by the 
dispersion state of the nanofillers, their geometry and the type of contacts between 
adjacent and neighboring nanoparticles. 

More specifically, the dispersion state has been found to be a critical factor 
that governs the electromechanical properties of nanocomposites. Furthermore, as 
explored in [9], the fraction of aggregated, well-dispersed, and non-percolated areas 
plays a dominant role in the gauge factor of the system. 

As a general fact, the gauge factor was supposed to be higher near the percolation 
threshold, due to a higher interparticle distance. However, this statement is only true 
if the nanoparticles are homogenously dispersed within the polymer matrix. More
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Fig. 7 Variation of the 
electrical resistance as a 
function of tunneling 
distance by using the 
expression from Eq. (3), 
where a linear-exponential 
correlation is observed

specifically, even a low nanofiller contents, if the aggregation ratio is very high, this 
will imply that the most prevalent conductive pathways take place throughout the 
aggregates. As commented before, the main conduction mechanisms inside larger 
aggregates are the intrinsic conductivity of the nanofiller itself. Therefore, the change 
of the electrical resistance with applied strain will not be as high as throughout the 
well-dispersed areas, where the interparticle distance is considerably higher. 

On the opposite side, if the aggregation ratio is very low, this will imply that the 
most prevalent conduction mechanisms take place in the well-dispersed areas, that 
is, they will be governed by the tunneling effect. Therefore, the gauge factor will be 
increased. 

In this regard, Fig. 8 shows the value of the gauge factor estimated by the model 
in [9] as a function of the mean interparticle distance and the aggregation ratio. It can 
be observed that the higher the aggregation ratio is the lower the value of interpar-
ticle distance where the maximum gauge factor is achieved. This can be explained 
because, at a very high fraction of aggregates, the main electrical mechanisms take 
place through the aggregates. It means that, if the interparticle distance in the well-
dispersed regions is very high, these well-dispersed areas will not participate in the 
most prevalent electrical transport mechanisms, as the electrical resistance of these 
regions will be much higher than the electrical resistance of the aggregates. The 
opposite effect happens with a very low aggregation ratio, where the most prevalent 
electrical transport mechanisms take place through the well-dispersed regions, and 
thus, the gauge factor increases with interparticle distance.

Apart from the dispersion state, the type of contact between neighboring nanopar-
ticles also plays a very prevalent role. Here, as commented before, in case of 1D 
nanoparticles such as nanotubes or nanowires, the slight differences between the 
tunneling area in in-plane and out-of-plane contacts are reflected in slight varia-
tions of the electromechanical behavior. However, in case of 2D nanoparticles, the
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Fig. 8 a Effect of the aggregate ratio and interparticle distance (IPD) on the gauge factor (GF) and 
b effect of the aspect ratio and CNT content on the mean IPD (reproduced with permission from 
[9])

prevalence of in-plane or out-of-plane mechanisms will play a dominant role in the 
electromechanical response of the material. 

In this context, Fig. 9 shows the electromechanical response under tensile condi-
tions as a function of the fraction of in-plane and out-of-plane mechanisms. It can be 
observed that, by increasing the fraction of in-plane contacts, the sensitivity increases, 
whereas at very low fractions of in-plane mechanisms (under 0.1), the gauge factor 
is very low, even negative, due to the prevalence of Poisson effect.

Furthermore, the electromechanical response under compressive strain is quite 
more difficult to understand. Here, there are many mechanisms that take part. On 
the one side, the effect of the compressive strain itself that promotes a reduction 
in the interparticle distance between neighboring nanoparticles. On the other hand, 
the presence of local buckling mechanisms that may be reflected in the creation of 
microcavities [29], acting as disruptions in the electrical network. 

The in-plane/out-of-plane models have been proved to be also an effective way to 
understand the electromechanical behavior under compressive strain. In fact, Fig. 10a 
summarizes the effect of in-plane/out-of-plane contact proportion on the electrome-
chanical behavior of a GNP-epoxy nanocomposite under compressive strain. Here, 
it can be elucidated that the higher the in-plane proportion is the higher the electrical 
resistance decrease with applied strain will be. In this regard, this model has been 
proved to fit very well the experimental results obtained for compressive tests in 
GNP-epoxy nanocomposites (Fig. 10b). It can be observed that, at low strain levels, 
the electrical resistance decreases due to the decrease in the tunneling distance of in-
plane contacts. However, at high strain levels, an increase of the electrical resistance 
is observed. This is explained by the presence of local buckling mechanisms as well 
as due to the prevalence of out-of-plane contacts, acting in an opposite way because 
of the Poisson effect. Therefore, as a general fact, the in-plane mechanisms dominate
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Fig. 9 Sensitivity estimated from the in-plane/out-of-plane contact model in [24] as a function of 
the applied strain, where f denotes the fraction of in-plane contacts in the network (f = 1 denotes 
a 100% proportion of in-plane contacts, whereas f = 0 denotes a 100% proportion of out-of-plane 
contacts) (reproduced with permission from [24])

the electromechanical response at low strains, whereas the out-of-plane mechanisms 
rule the electromechanical response at high strains.

The 1D or 2D nature of the nanoparticles also plays a prevalent role in the 
electromechanical capabilities of the nanocomposites. It can be observed that 2D 
nanoparticle-based composites usually present much higher gauge factor values than 
1D nanoparticle-based ones. This can be easily explained accordingly to the expres-
sion in Eq. (3) by using the tunneling areas estimated from Eqs. (5–8). In case of 
2D nanoparticles, the tunneling areas in both in-plane and out-of-plane contacts 
are generally much higher than in 1D nanoparticles, as l · t � d2. Therefore, the 
maximum interparticle distance between neighboring nanoparticles can be increased 
for 2D nanoparticles, and thus, the sensitivity increases due to the linear-exponential 
dependency with the tunneling distance. In fact, several studies have reported gauge 
factors of around 1–10 for nanotubes [31, 32], whereas it can be above 10–50 in case 
of nanoplatelets at low strain levels [16, 33]. 

Furthermore, the electromechanical response of 2D nanoparticle-based compos-
ites is usually much more exponential than in case of 1D nanoparticle-based ones, 
for the same reasons that those described before. In addition, the electromechan-
ical response of hybrid 1D–2D nanoparticle-based composites has been also studied 
[34], to better understand the possible interactions in a hybrid network. Here, it can 
be noticed that the higher the ratio 2D to 1D nanoparticles is the higher the expo-
nential behavior of the electrical response as a function of the applied strain will 
be, (Figs. 11a and b) as the number of electrical pathways through the 2D nanopar-
ticle networks is increased, as observed in the schematics of Fig. 11c. Therefore, the
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Fig. 10 Electromechanical 
behavior under compressive 
conditions showing a the 
influence of the f parameter 
(that is, the fraction of 
in-plane contacts) and b the 
theoretical to experimental 
comparison for a GNP-epoxy 
compressive test (reproduced 
with permission from [30])

selection of the type of nanoparticle is a very crucial factor for the development of 
electromechanical sensitive materials.

2.5 AC Electrical Analysis 

Apart from the DC electrical conductivity, the nanocomposites also show complex, 
frequency-dependent electrical properties. In this regard, there are some investiga-
tions dealing with alternating current (AC) properties of nanofilled polymer matrices.
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Fig. 11 Electromechanical behavior of a 5 wt.% GNP–0.2 wt.% CNT, b 5 wt.% GNP-0.1 wt.% 
CNT, and c schematics of electrical transport in a hybrid GNP-CNT network where the red line 
denotes the preferential electrical pathways (reproduced from [34] under Creative Commons CC-BY 
license)
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As a general fact, the knowledge of the AC properties would allow to better under-
stand the possible interactions among nanofillers and the particular effect of the 
insulating media on the electrical properties of the nanocomposites. 

Figure 12 shows the typical Niqvist plot of the complex impedance as a function 
of AC frequency for an epoxy/CNF system. Here, it can be observed that both the 
real and imaginary parts of the complex impedance increase with decreasing the 
nanofiller content, in a similar way than in case of DC conductivity. More specifi-
cally, the electrical network can be modeled by a series–parallel circuit composed by 
an RC element, which corresponds to the tunneling effect occurring between adja-
cent nanoparticles and an LRC element, corresponding to the intrinsic and contact 
resistance between nanoparticles, as observed in the schematics of Fig. 13. There-
fore, by adjusting the RC and LRC parameters, it is possible to quantify the effect 
of the intrinsic, contact, and tunneling mechanisms in the electrical properties of 
the nanocomposite. For example, a high RC/LRC ratio will be reflected in a high 
prevalence of the tunneling mechanisms inside the electrical network, typically for 
nanocomposites filled with low nanoparticle contents. However, a low RC/LRC 
ratio would denote a high prevalence of intrinsic and contact transport mechanisms, 
typically for nanocomposites filled with high nanoparticle contents. 

Fig. 12 a EIS data for 1.0, 1.5, and 2.0 wt% CNFs, b close up of boxed region from a showing 1.5 
and 2.0 wt% more clearly, c EIS data for all weight fractions normalized by DC resistance, RDC, 
and d close up of boxed region from c (reproduced with permission from [35])
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Fig. 13 Schematic of nanofiller and nanofiller-to-nanofiller junction. For cases i–iii, CNFs are 
proximate enough to enable inter-nanofiller electron tunneling. For case iv, it is assumed that the 
CNFs are too distant to participate in electron tunneling but near enough to enable inter-nanofiller 
capacitive coupling. Lastly, the intrinsic AC properties of the CNFs are modeled as a capacitor in 
parallel with a series resistor-inductor combination (reproduced with permission from [35]) 

The capacitance terms associated to tunneling effect can be explained by the 
formation of micro-capacitors between nanofillers due to the presence of a thin 
insulating layer between the conductive nanoparticles and can be modeled as follows: 

C j = 
αε0εr 

t 
(11) 

where α is a scaling factor, ε0 and εr are the permittivity of free space and the relative 
permittivity of epoxy, respectively, A is  the overlapping area between nanofillers, 
which can be considered as the tunneling area, and t is the length of the thin layer, 
which can be considered as the tunneling distance. 

On the other hand, the capacitance and inductance terms of the nanofillers, Cf 

and Lf , can be estimated from the following formulas: 

C f = δlCq; L f = ζ l Lk (12) 

where δ and ζ are two scaling factors, l is the length of the nanofiller; and Cq 

and Lk are the typical capacitance and inductance terms of the nanofillers that may 
be determined from the literature. For example, in case of CNTs, they have been 
estimated as Cq = 100 aF/μm and Lk = 10 nH/μm [36]. 

In addition, the effect of an applied strain on the complex impedance analysis is 
shown in the graphs of Fig. 14 for a GNP-PDMS system. Here, it can be observed 
that, at large deformations, there is an increase of both the real and the imaginary parts 
of the complex impedance. This is explained by the effect of out-of-plane contacts 
that, as explained before, play a relevant role at very high strains. As out-of-plane 
contacts promote an increase of the electrical resistance due to tunneling effect due to 
the separation of the nanofillers, it will be reflected in an increase of the capacitance 
term corresponding to the insulating media.
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Fig. 14 EIS curves as a function of the compressive deformation for a 4, b, 6,  c 8, and d 10 wt% 
GNP samples where the dots denote the experimental measurements and the solid lines the fitted 
data using the equivalent circuit (reproduced with permission from [37]) 

2.6 Temperature Dependance of Electrical Conductivity 

The electrical conductivity does not only depend on the type and distribution of 
nanofillers inside the polymer matrix, but also on other factors such as the tempera-
ture. In fact, the effect of the temperature on the electrical conductivity of nanofilled 
polymers is quite complex to understand. 

More specifically, the electrical properties as a function of the temperature highly 
depend on the nanofiller concentration. As explained before, for nanofiller contents 
below the percolation threshold, the insulating media dominates the electrical proper-
ties of the whole material as not enough electrical pathways are formed. On the other 
hand, for nanofiller contents above, the percolation threshold, the intrinsic, contact, 
and tunneling transport between adjacent and neighboring nanoparticles are the most 
dominating mechanisms governing the electrical properties of the nanocomposites. 

Therefore, the temperature dependency of the electrical conductivity will be 
different depending on the nanofiller content, that is, if it is below or above percolation 
threshold.
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In particular, the temperature effect on the tunneling conductivity can be 
approximated by the following formula [38]: 

σ ∼ exp
(

− T1 
T + T0

)
(13) 

Being 

T1 = 
wAε2 0 

8πkB 
; T0 = 

2T1 
πχw 

(14) 

where χ = 
√ 

2mV0 
h2 and ε0 = 4V0 

ew , with e and m being the electron charge and mass, 
respectively, V0 is the potential barrier height, w is  the gap width, kB is the Boltzmann 
constant, and A is the area of the nanoparticles. 

Apart from the tunneling effect, which dominates when the nanofiller content is 
above the percolation threshold, there are other electrical transport mechanisms that 
governs the electrical properties of the polymer matrix. 

On the one hand, the polymer matrix can be approximated filled with granular 
conductive materials, with a nanometer size, dispersed in the dielectric matrix. These 
granules can be formed by incomplete chemical reactions or by thermal variations 
during the curing process, resulting in trapped ions [39]. In this case, the electrical 
conductivity as a function of temperature can be estimated by applying the following 
expression: 

σ ∼ σ0 + ln
[

gEc 

max(T , ┌)

]
+

√ 
kB T

┌
(15) 

where σ 0 is related to the diffusion of the electrons from grain to grain, g is the dimen-
sionless conductance (g � 1 in the strong coupling regime), Ec is the single-grain 
Coulomb charging energy, and ┌ is a characteristic energy related to the tunneling 
conductance and the mean energy-level spacing. 

Finally, the ionic conductivity is a very relevant electrical transport mechanisms 
inside the polymer matrix when below the grass transition temperature and is corre-
lated to the presence of small concentrations of impurity molecules [40]. It can be 
given by the following formula: 

σ ∼
∑
i 

Ai 

T 
exp

(−Eai 
kB T

)
(16) 

where the sum runs for the different ionic species present in the system, Eai is the 
activation energy for a specific ionic species, and Ai is a constant associated with 
the electronic charge and the separation between neighboring potential walls for a 
characteristic ionic species.
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Therefore, the electrical conductivity as a function of temperature can be calcu-
lated by taking all these effects into account, leading to the following formulas 
depending on the nanofiller content, that is, if the nanofiller content is below or 
above the percolation threshold: 

σ ∼
∑
i 

Ai 

T 
exp

(−Eai 
kB T

)
+ ln

[
gEc 

max(T , ┌)

]
+

√ 
kB T

┌
for φ <  φc (17) 

σ ∼ exp
(

− 
T1 

T + T0

)
+

∑
i 

Ai 

T 
exp

(−Eai 
kB T

)
+ ln

[
gEc 

max(T , ┌)

]

+ 
√ 
kB T

┌
for φ >  φc 

These expressions, thus, allow to better understand the effect of the temperature on 
the electrical conductivity of a nanofilled polymer matrix. As a general fact, the ionic 
conductivity will increase with increasing the temperature and thus, at contents below 
the percolation threshold, the electrical conductivity will increase with temperature, 
as it is the main electrical transport mechanism. 

However, at nanofiller contents above percolation threshold, tunneling transport 
mechanisms will play a very prevalent role in the electrical properties. Here, it is 
important to point out that, at nanofiller contents slightly above percolation threshold, 
tunneling resistance will be the most relevant electrical transport mechanism, whereas 
at nanofiller contents significantly above percolation threshold, the contact resistance 
will be the governing transport mechanism [41]. The tunneling resistance is reduced 
with temperature increase [42] as it depends on thermal fluctuations. However, the 
contact resistance has an opposite behavior with temperature since an increase in 
the temperature will enhance the kinetic energy of the carriers, and thus, contact 
resistance will increase due to scattering effects. For these reasons, the electrical 
conductivity of highly filled polymer composites usually decreases with temperature, 
as contact resistance is the most relevant transport mechanism. The effect of the 
temperature on the electrical conductivity as a function of nanofiller content is also 
described in the graph of Fig. 15.

2.7 Electro-Thermal Properties 

The presence of electrically conductive nanofillers can offer a wide range of novel 
properties to the polymer matrix, as commented before. Here, the capability of 
heating by Joule’s effect is one of the most interesting. 

Joule’s heating effect refers to the temperature increase in a conductive material 
due to the current flowing throughout it. More specifically, electrically conductive 
polymer matrices based on the addition of conductive nanofillers are susceptible to 
temperature increase when an electric field is applied. At atomic level, Joule’s heating
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Fig. 15 Temperature 
dependance of the electrical 
conductivity of a nanofilled 
resin a function of the 
nanofiller loading showing 
the three typical behaviors: 
below percolation threshold; 
around or slightly above the 
percolation threshold and 
highly above the percolation 
threshold of the system

is a result of the movement of electrons that collides with atoms in a conductor. 
Therefore, impulses are transferred to the atoms, increasing their kinetic energy in 
form of heating. 

As a general fact, the heating originated due to the applied voltage can be estimated 
by the well-known Joule’s formula: 

Q = I 2 Rt (18) 

where Q is the heating flow, I and R are the current flow and the electrical resistance 
of the material, respectively, and t is the time the electrical field is applied. 

Therefore, there is a direct correlation between the Joule’s heating capabilities 
and the electrical conductivity of the nanocomposites. Here, the presence of local 
aggregates of nanoparticles, defects, disruptions of the electrical network, etc., thus, 
will have a very significant impact on the Joule’s heating capabilities of the material. 

There are three main regimes when analyzing the heating by Joule’s effect: the 
heating regime, which occurs in the first stages when applying the electric field; the 
maximum temperature regime, which occurs when the temperature is stabilized; and 
the cooling regime, which takes places once the electric field is not longer applied. 
The temperature can be estimated for each region by following these expressions 
[43, 44]: 

Heating regime : Tt = (Tmax − T0)
(
1 − e− t 

τh

)
+ T0 (19) 

Maximum temperature regime : hr+c = IcV0 

Tm − T0 
(20) 

Cooling regime : Tt = (Tmax − T0)
(
e− t 

τc

)
+ T0 (21)
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Fig. 16 a Heating and b cooling curves of PP/CNT nanocomposites as a function of applied voltage 
where the solid lines denote the theoretical fitting using expressions from Eqs. (19–21) (reproduced 
from [45] under creative commons CC-BY license) 

where t is the time, Tmax is the maximum temperature that can be reached, T 0 is 
the initial temperature, Tt is the temperature at each time or transient temperature, 
τ h and τ c are characteristic times, during heating and cooling, respectively, hr+c is 
the heat transferred by radiation and convection, and Ic and V 0 are the current and 
applied voltage, respectively. A typical heating–cooling cycle is showed in the graphs 
of Fig. 16. 

There are a lot of studies dealing with Joule’s heating capabilities of nanofilled 
polymer composites for a multiple range of applications. Here, it is very common 
to plot the maximum temperature reached as a function of applied voltage. Usually, 
the correlation between the maximum temperature reached and the applied voltage 
follows a square law, due to the dependance between the heating flow and the current 
passing through the material, expressed in Eq. (18). However, this expression only fits 
in case of ohmic materials, that is, those who present a linear variation of the current 
flow with applied voltage. In case of materials with a very semiconductive behavior, 
where the hopping conduction is the main transport mechanisms, the correlation 
between the applied voltage and the current passing through the materials follows 
an exponential law [46], which is typical for low-filled polymer composites, where 
the intrinsic and contact transport mechanisms are not so prevalent: 

I = GV exp(kV  ) (22) 

where G is the conductance at 0 V, and k is a fitting parameter indicating the exponen-
tial ratio between current and voltage. Here, a higher value of this parameter would 
denote a higher exponential correlation between I and V.
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Fig. 17 Average 
temperature reached as a 
function of the applied 
voltage for a GNP-epoxy 
nanocomposites at different 
GNP contents and sonication 
time, where the gray-colored 
area indicates the 
degradation zone of the 
epoxy resin (reproduced 
from [11] under creative 
commons CC-BY license) 

Therefore, in this case, the electrical conductivity at low voltage levels is much 
lower than at high voltage levels, and thus, the maximum temperature reached at 
high voltage levels would be much higher than expected by Joule’s law. 

On the other hand, in case of high-filled resins, the main transport mechanisms 
are due to intrinsic and contact effects between adjacent nanoparticles. Here, the I–V 
curve follows a linear fashion, and thus, they present an ohmic behavior. However, 
in this case, it has been elucidated that the electrical conductivity slightly decreases 
with temperature, so the maximum temperature reached as a function of voltage is 
lower than expected from the square law of Eq. (18). In this regard, Fig. 17 shows 
an example of temperature-voltage curves for Joule’s heating test where the samples 
with the highest heating capabilities show a more linear response than those with the 
lowest heating response. 

3 Applications of Electrically Conductive Polymers 

Once understood the main electrical properties of conductive polymer matrices, it is 
important to explore the possible applications of this type of materials. In this regard, 
electrically conductive polymers open a wide range of applications in comparison 
with conventional polymers. Among these applications, their use as sensors, heaters, 
de-icing or self-healable systems is gaining a great deal of attention in the last decades.
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3.1 Polymer-Based Strain and Damage Sensors 

The use of nanofilled conductive polymers as strain and damage sensors is based on 
their electromechanical properties, which have been discussed previously. 

Here, the main advantage of this type of sensors over the conventional metallic 
gauges is their high sensitivity. Whereas the gauge factor at low strains can reach 
10–50 for GNP-based nanocomposites, in case of conventional metallic gauges is 
around 2–3. Therefore, the nanofilled resins can be used for the detection of very 
small strains. 

In this regard, strain sensors may be divided in two broad groups: those for wear-
able devices, which require a huge flexibility and thus, very high failure strain; and 
those for structural applications, which require a high stiffness and strength. 

3.1.1 Wearable Flexible Sensors 

Most of thermosetting polymers are brittle, with high stiffness and very low failure 
strain. However, there are flexible thermosets, by working with systems with very 
low glass transition temperature. For example, one of the most used epoxy system 
for with high flexibility is based in poly(ethylene glycol) diglycidyl ether (PEGDGE) 
monomer, which presents a very low glass transition temperature (below room 
temperature), very high failure strain (up to 50%) and low stiffness; the ideal 
conditions for wearable devices. 

Figure 18 shows an example of a CNT-PEGDGE system for the detection of 
small and large human movements. It can be observed that the high sensitivity of the 
system, due to the inherent piezoresistive behavior of the CNTs and the tunneling 
effect through the epoxy media, promotes a high motion detection.

Moreover, there are many research on wearable sensors based in nanofilled elas-
tomers, such as polydimethylsiloxane (PDMS). Here, the electromechanical mecha-
nisms are very similar to those commented before, but the elastomeric nature of the 
resin makes them highly applicable as wearable flexible devices. 

Apart from the sensitivity for detection of large and small strain, the long-term 
stability is a crucial factor, as these sensors will be used in continuous cycling load 
conditions. In this context, it is important to study the electromechanical response 
when applying cycling load conditions. From Fig. 19, it can be observed that there 
is an initial decay of the electrical resistance. This can be associated to two effects: 
on the one hand, the inherent viscoelastic behavior of the elastomeric matrix, which 
promotes a delay between the electrical and the mechanical response and the possible 
irreversibility of the nanofiller network during the first stages of cycling load.
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Fig. 18 Electromechanical measurements of finger motion monitoring in the case of fingers 
closing-opening for a CNT-PEGDGE wearable sensor (reproduced from [47] under creative 
commons CC-BY license)

Fig. 19 Typical 
electromechanical response 
under cycling load in tensile 
conditions for a GNP-PDMS 
wearable system (reproduced 
with permission from [37])
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3.1.2 Structural Electrically Conductive Polymers 

The employment of structural conductive polymers for strain sensing and damage 
detection follows two main paths: their use as sensing coatings and their use as 
structural matrices in fiber-based multiscale composites. 

In the first case, the development of electrically conductive polymers allows the 
creation of multifunctional smart coatings. In fact, there are many studies exploring 
their damage and strain sensing capabilities of nanofilled-based polymer coatings. It 
has been observed that, through electrical impedance tomography (EIT) techniques, 
which consists in the interpolation of electrical measurements through an electrode 
network, it is impossible to obtain an accurate mapping of the electrical conductivity 
of the material, making possible the identification of superficial defects [48]. 

In the second case, the use of nanofilled resins as matrices of fiber-based multiscale 
composites has been attracted the interest of many researchers. Here, it is possible 
to identify, not only the strain field throughout the material but also the presence 
of a wide range of defects such as matrix cracking, interfacial cracking or even, 
fiber breakage, as it induces a change in the surrounding strain field [49, 50]. In 
this regard, Fig. 20 shows an example of a multiscale CNT-GFRP composite under 
bending conditions. Here, it can be observed that it is possible to detect and locate 
the damage during the test, as the whole material acts as a sensor. This fact, in 
combination with their high sensitivity, makes nanofilled multiscale composites very 
promising materials for structural health monitoring (SHM) applications. The use of 
EIT techniques, as well as in case of polymer coatings, also offers a rapid mapping 
of defects in multiscale glass fiber composites [51, 52].

3.2 Applications as Electro-Thermal Heaters, De-Icing 
Devices, and Self-Healable Systems 

The electro-thermal capabilities of nanofilled resins open a way for a wide range of 
applications including electro-thermal heaters for de-icing or self-healable devices. 

Their capability as electro-thermal heaters is based on the extremely high effi-
ciency of Joule’s heating. More specifically, the heating rates that can be achieved 
are much superior to those achieved by other conventional heating (i.e., conventional 
oven or UV). Furthermore, the heating rate is increased with applied voltage, as the 
kinetic energy of the nanofillers is increased. In this regard, heating rates ranging 
from 0.18 to 2.89 °C/s for applied voltages ranging from 25 to 100 V, respectively, 
have been reported for CNT reinforced epoxy resins [54]. 

In this regard, these exceptional electro-thermal capabilities can be used for a 
wide range of applications. For example, there are many research taking advantage 
of Joule’s heating capabilities for out-of-autoclave curing [55, 56]. Here, their fast 
heating rate in combination with a good nanofiller distribution is the crucial factors 
to ensure an homogeneous curing of the polymer matrix.
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Fig. 20 Electromechanical response of glass fiber multiscale composites based on polycraplactone-
epoxy blends filled with CNTs showing a a prevalent compressive failure and b mixed tensile-
compressive failure, where the micrographs on the lefts denote the transversal sections (reproduced 
from [53] under creative commons CC-BY license)

Apart from curing by Joule’s effect, this type of materials is commonly used for 
de-icing applications [57]. Here, when the ice is formed over the material surface, 
the application of an external voltage promotes an adequate surface heating, leading 
to the ice-melting. As observed in the graphs of Fig. 21, the de-icing capabilities 
of GNP-polymer composites are quite good, promoting an adequate, and fast ice-
melting. Furthermore, most of the nanofillers enhance the hydrophobicity of the 
polymer matrix, avoiding the ice formation, as the wettability of water drops over 
these surfaces are quite poor.

Finally, another interesting application of the electro-thermal capabilities of 
nanofilled thermosetting resins is correlated to the development of self-healable 
systems. In this regard, self-healing refers to the capability of a material to restore 
their initial state after a damage takes place. Here, this self-healing capability can be 
achieved by an intrinsic or extrinsic stimulus. The external stimulus is usually based 
on healing processes that occurs by thermal activation. Therefore, heating by Joule’s 
effect can be used to activate this external stimulus and promote the healing process 
inside the material.
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Fig. 21 a Temperature 
profile during de-icing tests 
of a GNP-epoxy coating, IR 
images at b initial state and 
after c 2 min,  d 4 min, and  e 
6 min of voltage application 
and photographs showing f 
the initial state and g 
complete de-icing after 
Joule’s heating test where the 
left specimen corresponds to 
the reference coating and the 
right one to the Joule’s 
heated (reproduced from 
[60] under creative commons 
CC-BY license)
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The self-healing process under Joule’s heating is now gaining a great deal of 
attention. For example, some self-healable systems are comprised by blends of ther-
moplastic particles, such as polycaprolactone (PCL) and epoxy resins. Here, if the 
temperature reached is above the melting point of PCL, this thermoplastic phase 
may flow, filling a crack. The efficiency of self-healing process has proved to be very 
high, over 70% [58], indicating that the healing activation by Joule’s heating is quite 
promising and avoids the use of conventional heating sources that are usually much 
less autonomous. Another example of self-healable systems activated by thermal 
stimulus is based on the presence of reversible bonds, such as Diels–Alder (DA) and 
retro-Diels–Alder (rDA) reactions. Here, the activation by Joule’s effect has shown 
healing efficiencies of above 90% [59], proving the high potential of electro-thermal 
process for this type of self-healable systems. 

4 Conclusions 

Throughout this chapter, the electrical properties of polymers have been discussed. 
More specifically, the main transport mechanisms involving electrically conductive 
polymer composites have been discussed. 

It has been observed that there are a wide range of conductive micro and nanofillers 
that can be incorporated to polymer resins: metal, carbon-based, ceramic, and metal-
coated fillers. Here, the percolation threshold, that is, the critical volume fraction 
where the electrical pathways are created, promoting an electrically conductive 
network, is a critical parameter. It depends on the aspect ratio of the nanofillers, 
their dispersion state, and the possible interactions among them. 

Furthermore, the main transport mechanisms were identified as intrinsic electrical 
conductivity of nanofillers, contact, and tunneling resistance between adjacent and 
neighboring nanoparticles. The first one depends on the nanofiller nature, whereas 
the contact and tunneling ones are influenced by the nanofiller, the insulating media, 
and the interactions nanofiller-polymer. More specifically, the interparticle distance, 
the tunneling area, and the height barrier of the insulating media were identified as 
the main parameters governing tunneling transport. 

In addition, the linear-exponential correlation of tunneling resistance with inter-
particle distance makes nanofilled-based resins very susceptible to electrical changes 
with applied strain. Here, the sensitivity achieved in these systems is quite above that 
found in conventional strain gauges, making them very promising for strain sensing 
and damage detection devices. 

Moreover, the electro-thermal properties of the nanofilled resins make them very 
susceptible to heating by Joule’s effect, that is, by the application of an external 
electrical field. This interesting property can be used to develop thermo-electrical 
heaters, de-icing systems or to stimulate thermal activation of self-healing processes. 

Therefore, it can be concluded that a good understanding of electrical properties 
of polymers is a key factor to take advantage of their multiple functionalities.
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Abstract Electrically conductive epoxy thermosets are getting widespread consid-
eration due to the fast-growing advanced engineering material industry. There are 
known platforms for encapsulating semiconductors, equipment constituents, elec-
tric circuit board substances, aerospace, etc. Currently, various efforts are being 
made to manufacture conductive epoxy-based nanocomposites, and a systematic and 
comprehensive understanding is required to move the achievements a step ahead. The 
conduction mechanism appears as a result of conductive network formation created 
in the presence of a specific type of additives, namely electrically conductive fillers. 
Conductive fillers are powders, fibers, and other materials added to epoxy resin to 
make it easier for electrons to pass through. This chapter describes how the electrical 
conductance of epoxy thermosets is improved using different types of conductive 
fillers. The emphasis is on conventional electrically conductive agents (e.g., metals, 
carbonaceous fillers, and intrinsically conductive polymers) as well as green ionic 
mixtures, including multi-functioning ionic liquids and deep eutectic solvents. The 
latter category is important since ionic mixtures can play simultaneously as epoxy 
hardening compounds and curing catalysts, in addition to their role as electrically 
conductive agents. Numerous examples of recent and current research activities are 
given to introduce a complete background of achievement. 

Keywords Epoxy resin · Conductive nanocomposites · Electrical conductivity ·
Conductive additives · Ionic liquids · Deep eutectic solvents 

1 Introduction 

In the developing industries, there is a growing demand for high-performance 
conductive polymer composite materials in many industrial sectors such as medical, 
aerospace, and automotive. Although insulating polymers have advantages in various 
applications, many cases require a conductive substrate for the intended electrical
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and electronic areas, including dissipation of electrostatic charge from rubber, trans-
mission lines, electrical machines, artificial muscles, and biosensors. Due to these 
potentials, electrically conductive thermosets have gained intensive attention from 
academic and industrial researchers. Thus, material engineers have been seeking to 
find a sustainable way to induce electrical conductivity to be conventional, cheap, and 
easy to access with polymeric precursors and combine the conductivity of conducting 
agents with the versatility of thermosets. For this, they have persistently attempted 
to produce conductive platforms and modify their electrical properties as well [1, 2]. 

Epoxy resins are reactive polymer chains that can be useful industrial materials 
after they are cured by polymerization into three-dimensional networks. Thanks to 
their excellent thermal and chemical stability and mechanical characters, high stiff-
ness, feasibility to tailor their properties by both polymerization and curing protocols, 
low creep, and very low cure shrinkage, they are widely used in high-performance 
engineering usages like tough adhesives, coatings, and paints along with components 
in aerospace and automobile manufacturing industries [3, 4].  They  are also used as  
medium matrix for manufacturing composite materials for electronic components, 
construction, mining, capsulation of semiconductors, equipment parts, and electronic 
circuit boarding stuff [3]. In addition, given a medium conductance, epoxy thermosets 
are primary candidates for use in tools such as medical equipment, electronic boards, 
and cement. The low-level electric conduction of epoxy thermosets (about 10–7 to 
10–14 S/m) is their limitation to employ as electrically conductive materials. Their 
low electrical conductivity imposes challenges, for example, in aircraft protection 
against lightning and interference of electromagnetic waves [5]. Also, good electrical 
conductivity is needed for having antistatic properties to protect mining and trans-
port equipment, gas storage, and electrical and electronic devices against fire [6]. To 
address these issues, great attention has been paid to prepare polymeric nanocompos-
ites or blends and manipulating their electrical characteristic as well as mechanical 
and physical properties by applying sustainable procedures, as will be discussed in 
this chapter. 

This chapter first describes the general principles of conductive polymer compos-
ites, briefly emphasizing influential factors of conductivity. This is followed in Sect. 3 
by the conduction mechanism as well as structural parameters capable of reducing the 
percolation threshold of the composites. Sections 2 and 3 are prerequisites for the 
following contents related specifically to conductive epoxy thermosets. Section 4 
provides the main methods to fabricate conducting epoxy thermosets concerning 
the type of additives (metallic fillers, intrinsically conductive polymers, and ionic 
mixtures), especially green conducting materials developed recently as an innova-
tive class of conductive additives. The design and efficiency of hybridized conduc-
tive epoxy nanocomposites as one of the interesting subjects in polymer science are 
discussed in this section as well. The common processes of incorporation and disper-
sion of fillers are reviewed in Sect. 5, which is followed by the manually tailorable 
factors to affect the performance of loaded fillers in the polymer matrix.
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2 Conductive Polymer Composites (CPCs) 

Electricity polymer composite conductors are defined as smart composites composed 
of dispersed hybrid or single conductive agents as fillers in nonconductive (or less 
conductive) polymer matrix, providing an electrically conductive material required 
for different applications. The conductivity value depending on the specific appli-
cation of polymer can range from 10–12 to 10–8 S/cm for electrostatic discharge, 
10–8 to 10–2 S/cm for partly conductive usages, and above 10–2 S/cm for shielding 
usages, etc. (Fig. 1) [7]. The key factor for the preparation of CPCs is how to disperse 
conducting additives into the matrix to obtain a continuous conductive network within 
the composite. Suppose the filler concentration gets to a critical amount, the noncon-
ducting substance changes from an insulating to conducting state in the sense that 
the electric conduction exhibits a sharp increase. This critical volume fraction is 
specified as the percolation threshold and will be discussed in Sect. 3.1. Solution 
processing, melt blending, and in situ polymerizations are the conventional methods 
developed for the fabrication of CPCs and have been described carefully by Pang 
et al. Generally, CPCs are categorized into two types (isotropic and anisotropic) upon 
the direction of the conductance axis of a material which is in close relation with the 
filler type and composite fabrication method [7, 8]. 

2.1 Isotropic and Anisotropic CPCs 

The main types of CPCs are isotropic and anisotropic conductive materials. The 
isotropic versions are electrically conductive materials that exhibit conductivity in 
all directions, while the anisotropic materials show a different conductivity behavior 
in different directions. To fabricate an isotropic CPCs, it is needed to incorporate

Fig. 1 Classifying of CPCs substances based on their electrical resistance and utilization scopes 
(Reproduced with permission from Elsevier [8]) 
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a high concentration of conductive fillers into the polymer or resin through which 
a conductive network can be formed, and the material exhibits conductivity in all 
directions after manufacturing. The used thermoplastic or thermoset matrix precursor 
can be modified chemically so that the conducting agents are able to form mechan-
ically or electrically interactions with the matrix [9, 10]. In contrast, for the fabri-
cation of anisotropic CPCs, the filler concentration remains below the percolation 
threshold (around 5–20 vol%), which causes electrical conductivity only in one orien-
tation or axis or in two orientations (unidirectional or bidirectional anisotropic). This 
is because of the imperfect network formation, which is formed at concentrations 
below the percolation threshold. Anisotropic conductive materials are produced as 
thermoset or thermoplastic substances or as liquids and pastes that, after processing, 
conductivity is finally achieved [10, 11]. 

3 Conduction Mechanisms 

The general conduction mechanisms of CPCs are explained based on two models, 
i.e., electron tunneling and particle-to-particle connection (Fig. 2). A phenomenon 
through which the electrical conductivity can be achieved either by jumping of elec-
trons between neighboring particles which are segregated by means of a tinny film 
of nonconducting polymer matrix or by crossing the matrix barrier is the electron 
tunneling model (Fig. 2a). The electrical conductivity via the second mechanism is 
achieved through the filler particles attached to each other. Contacting filler particles 
form conductivity pathways which facilitate making a conducting net in the matrix. 
Therefore, electrons are able to move from one particle to a neighboring particle 
[12–14] (Fig. 2b).

3.1 Percolation Threshold (PT) 

As discussed, the least amount of conductor agents needed to create a conducting 
net is defined as the percolation threshold (Fig. 3). At the critical volumetric concen-
tration of fillers, composite resistivity drops suddenly, and more links between filler 
components increase the number of paths that the electron can pass through the 
composite [14].

To predict the conduction of composites, numerous methods are developed based 
upon influential determinants, including specific conductance of the additive parti-
cles, volume portion of the conducting phase, the possibility of the formation of at 
least a one-directional conducting net, and the connections at the interfacing between 
the individual additive particles and the polymer matrix [17].  As  shown in Fig.  3, three 
main regions of conductivity can be described depending on the number of particle 
arrangements involved in the formation of conducting pathway within the matrix. 
Region I is the state where the material is nonconductive, and particle concentration
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Fig. 2 a Tunneling effect between conductive fillers embedded in an insulator matrix and b 
schematic illustration of the possible conductivity pathways in CPCs. The filler particles produce 
a conductive pathway among each other which facilitates electrical current (Redrawn from Refs. 
[10, 13, 15])

Fig. 3 Variation of 
composite conductivity 
versus filler concentration 
(Redrawn from Refs. [14, 
16])
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is not sufficient to form an electrically conductive path. Region II corresponds to the 
state where the conductivity exhibits a fast increase (resistivity decreases) due to a 
small variation of filler concentration [16]. The conductivity is produced by direct 
contacts of particles, tunneling effect, or both [10]. The space thickness (the width 
of nonconductive polymer) and level of the potential barrier affect the tunneling 
effect [18]. Finally, region III describes a conductive composite, and its conductivity 
is close to those of the conductive particles. In this case, the maximal conductivity 
is observed matching sufficiently numerous paths for the flow of electrons [19]. 
Usually, it is recommended that no more filler is added to avoid further increase in 
weight. At this stage, the conductivity of the composite can be calculated according 
to Eq. 1 (called percolation power law equation): 

σ = σ f (Vf − Vcrit)
t (1) 

in which σ and σ f are the electric conductance of composite and pure additive, 
correspondingly [19]. V f, V crit, and t denote the filler volume fraction, the PT, and 
the critical exponent, respectively. 

Numerous experimental investigations and mathematical modeling methods have 
been developed for the prediction of this critical concentration (PT) or (critical 
volume fraction, V c), wherein dispersed particles in the composite form a conductive 
network. The probability of formation of such a network can be calculated through the 
statistical number mean average of connections between each neighboring particle. 
At the PT, the critical number of connections for each particle can be calculated via 
Eq. 2: 

Cp = Pc Z (2) 

where Pc and Z are defined as the critical possibility of making a net system and the 
maximum number of probable connections per particle, respectively. The experimen-
tally measured value of Cp is 1.5, which is a constant for spherical fillers dispersed 
in a composite [18, 20]. 

3.1.1 Factors Affecting PT 

As mechanical and rheological characteristics of the composites are affected by 
means of the particle volume fraction, lower PT values are often desired. There 
are several factors that affect the magnitude of PT, the most important of which 
are morphological properties of the matrix, number of components involved in the 
composite, particle shape and size, pre-treatment of particle, and particle size distri-
bution. In the following, we briefly discussed two important factors affecting the 
value of the critical concentration of conducting agents [21, 22].
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Fig. 4 Illustration of the influence of blend morphology on the creation of conducting net a 
droplet blends morphology and b co-continuous blend morphology resulting in double percolation 
phenomenon (Redrawn from Ref. [22]) 

Crystallinity and Morphology 

A higher degree of polymer crystallinity moves a greater portion of conducting parti-
cles into the amorphous phase, facilitating the formation of a continual conductive 
pathway with a lower level of PT. This is owing to the optimal arrangement of addi-
tives inside the matrix and decrease of space among particles in the amorphous phase 
[23]. 

Polymer Blends 

For the same reason discussed above, a conducting composite made from a nonhomo-
geneous polymer mixture might need fewer PT than composites made from each pure 
polymer. For a nonhomogeneous blend with a co-continual morphology (Fig. 4), the 
fillers preferably are located in polymer 1 phase, causing the forming of conducting 
paths at lower PT (double percolation phenomenon). For the double percolation 
phenomenon, the conductive additive phase should be continuous in the polymer 1 
phase as well as the conducting phase (polymer 1+ filler) in the polymer 2 phase 
(Fig. 4b) [24]. 

The conductive additives can selectively concentrate in only one of the phases 
of the polymer blend or at the boundary among them. The latter situation results in 
lesser PT values. Processing or thermal treatment of the blend changes the droplet 
blend morphology (Fig. 4a) into the co-continuous morphology. Consequently, the 
fillers are located in one phase or at the boundary (Fig. 4b). By increasing the degree 
of crystallinity, fillers are excluded from the crystalline phase to the amorphous 
phase [22]. It must be added that in polymer blends, the filler tends to migrate to 
a more compatible polymer phase due to differences in interfacial tension between 
polymers and filler particles. Further, when the matrix is composed of two or more 
types of polymers, the filler particles might not be dispersed homogenously in the
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Fig. 5 Influence of dispersing and distributing of additives on polymer’s conductance. a, b The 
poor filler dispersion inhibits network formation. c Complete distribution of well-dispersed fillers 
at low filler concentration increases the adjacent fillers distance and consequently inhibits network 
development. d The favored distributing of well-dispersed additives creates a conductive three 
dimensional network (Redrawn from Ref. [17]) 

system and are selectively located in the lower viscosity polymer phase. Thus, fabri-
cation methods and processing conditions must be considered carefully before the 
incorporation of fillers into the matrix [24]. 

The concentration ratio of polymer blend and fillers affects the selective location 
of fillers, and the fractions of the polymers in a droplet morphology of the pure 
blend together with co-continuous morphology may be stabilized and refined [25, 
26]. As shown in Fig. 5, besides achieving a good distribution of fillers, a good 
dispersion of them is a vital criterion for building a conductive network at lower PT 
in a nonconductive matrix. 

4 Approaches to Impart Electrical Conductivity in Epoxy 
Resins 

Conductive polymers are categorized into (I) intrinsically conducting polymers 
(ICPs), having a solid backbone made up of an extensively conjugated system, and 
(II) extrinsically conductive polymers (ECPs) made up of an ordinary insulating
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Fig. 6 Different kinds of 
additives for the production 
of conductive epoxy 
thermosets 

matrix and external conductive agents. Epoxy resins are a member of nonconducting 
polymers that, by incorporating electrically conductive fillers, are converted into a 
conducting cured resin. To prepare advanced materials from epoxy resins, the addi-
tion of different forms of fillers can be a smart way to benefit from both additive 
and polymer properties. A wide spectrum of fillers and additives has been evolved 
to increase the mechanical, thermal, electrical, optical, magnetic, and flame retar-
dant properties of the epoxy matrix each of which is realized by the application of 
special fillers. To impart conductivity properties in epoxy, several types of specific 
kinds of additives called conductive fillers are used. They include metals (conduc-
tive elements), carbonaceous fillers, ceramic fillers, inherently conductive polymers 
(ICP)s (e.g., blending of polymers), as well as ionic mixtures such as ionic liquids 
(ILs) and deep eutectic solvents (DESs) as a new generation of conducting fillers 
(Fig. 6) [27–29]. 

In the following, we discuss the application and performance of the most common 
conductive fillers based on their types which have received great attention in the 
preparation of conductive epoxy-based materials. These fillers are known owing 
to their superior multi-functioning properties compared with others. The conductive 
agents are also categorized in terms of their intrinsic conductivity and wherein metal-
based materials exhibit much more conductivities (Fig. 7). It is worth mentioning 
that the size and geometry of filler particles are also important factors that one can 
categorize according to their shape characteristics [30].

4.1 Metallic Fillers 

Metallic fillers integrated into the epoxy resins boost the composite’s special proper-
ties such as thermal conductivity, thermal expansion, heat resistance, and shrinkage 
and have the potential to provide a conductive pathway within the insulator material. 
Metallic fillers are metal particles with less than 20 μm in diameter. To exceed the
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Fig. 7 General conductivity ranges of common fillers (Copied, with authorization from RSC [30])

PT, wide particle size distributions are usually preferred since a lower concentra-
tion of fillers is necessary to initiate electrical conductivity [28, 29]. Metal fillers 
involving gold (Au), silver (Ag), copper (Cu), and nickel (Ni) are the most known 
metal fillers applied in the preparation of nanocomposites. Metal oxides are a type 
of metallic fillers which are generally available, less expensive, and exhibit more 
cytocompatibility. Due to the feasibility of their preparation as well as their excellent 
properties, they are considered an alternative to metals and carbon materials in elec-
trochemical applications. Despite their promising advantages, aggregation of metal 
oxide nanoparticles might reduce their active surface and subsequent performance 
as conducting agents. Therefore, it is suggested to treat virgin particles with chem-
ical methods before application. Metal-based additives have been widely used in 
the fabrication of conductive nanocomposites, especially with epoxy resins. Among 
these, silver and copper are the most efficient fillers for preparing conductive epoxy 
thermosets [31]. 

4.1.1 Silver (Ag) 

Ag nanoparticles are considered matchless fillers due to their great electric conduc-
tance and optical, thermal, and biological properties. Regardless of being expensive, 
they are broadly used due to their several benefits like easy forming and making in 
different sizes and shapes such as flakes, nano-powders, nanowires, and nanorods. 
The silver oxides possess excellent conductance that is commonly rare for other 
metals. Both Ag particles and their oxide derivatives provide a high level of elec-
trical and thermal conduction that is usually difficult to achieve in the case of other 
metals. For instance, a 15–30 vol% of silver flakes loading is sufficient to prepare 
electrically conductive epoxy adhesives [32]. 

Silver particles are often applied in epoxy thermosets after hybridization with 
other conductive fillers, as will be discussed in Sect. 4.8. However, individual Ag 
particles have also been used as conductive agents, but the produced composites 
show some limitations, such as Ag agglomeration or migration, low thermal and 
electrical conductance, and poor impact resistance. The electrical characteristic of 
epoxy/Ag composites has been investigated after manipulating filler performance
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through physical and chemical modifications [30]. For example, adding silica parti-
cles can increase both the electric conductance and the mechano-thermal proper-
ties of epoxy/Ag nanocomposites. The Monte Carlo simulation results disclosed 
that suitable intermolecular connections are formed among silver nanoparticles in 
the presence of silica, resulting in a conductive network formation at the same Ag 
concentration. Thus, the resistivity decreased from 104 Ω cm to 10–4 Ω cm with the 
addition of 1.5 vol% of silica particles (Fig. 8). The interactions among OH groups 
on the SiO2 surface and functional groups of epoxy resin led to suitable dispersion 
of SiO2 in the resin, reducing the number and extent of holes in the nanocomposite 
[33]. 

It should be stated that, despite the higher aspect ratio of nanomaterials which 
facilitates the conductive network formation, the overall resistance should also be 
considered. The overall resistance of a nanocomposite like epoxy/Ag includes the 
summation of the resistance of additives, the resistance among additives, and the 
resistance among additives and matrix (Fig. 9). 

Jiang et al. treated Ag particles with five varied kinds of surfactants to reduce 
agglomeration by fewer connection points among the particles. The results showed 
that diacid functionalized Ag nanoparticles resulted in much more resistivity reduc-
tion than other surfactants [34]. Although these organic layers on the particles reduced 
the particle agglomeration, they created a nonconducting layer on the Ag particles, as

Fig. 8 SEM pictures of side view morphologies of epoxy/Ag nanocomposites (a) with and  
(b) without SiO2 (Copied, with authorization from the American Institute of Physics Publishing 
[33]) 

Fig. 9 Influence of particle size on contact points and subsequent resistivity (Reproduced with 
permission from Springer Nature [34]) 
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reported by Lu et al. Ag flakes were made from Ag powders by mechanical grinding 
and coated with a tinny film of organic lubricant. This treatment resulted in the reduc-
tion of conductivities of epoxy/Ag flake nanocomposite. The most efficient results 
were obtained after removing the nonconductive lubricants by glycol butyl ether and 
poly(ethylene glycol) [30]. 

4.1.2 Copper (Cu) 

Metallic copper is a cost-effective, flexible, and formable material with high elec-
trical and thermal conductivity, which can be an alternative to the currently employed 
epoxy/Ag composites [35]. The challenge associated with their corresponding 
composite materials is the tendency of Cu to oxidize to copper oxide, then to cupric 
sulfide, and finally to copper carbonate under environmental circumstances [36]. 
Organic or inorganic copper coating, nitrogen-based copper treatment, and using 
solder powder in the composite process are the main techniques to prevent the 
corrosion and oxidation of Cu. Further, Cu can be modified by other conductive 
metals, such as silver, to improve its stability [37]. Nitrogen-based compounds such 
as benzotriazole and imidazole can also control the oxidation phenomenon through 
the formation of more stable Cu complexes [38]. Mohd et al. prepared cetyltrimethy-
lammonium bromide (CTAB) stabilized epoxy/Cu nanocomposites. The composites 
exhibited conducting properties comparable with epoxy/Ag nanocomposites. They 
synthesized Cu nanoparticles in epoxy through the water to organic phase transfer 
method. In this method, a solution of epoxy in toluene was used as the organic phase. 
The solution of Cu2+ ions in water stabilized by CTAB was reduced to metallic Cu by 
NaBH4 [39]. In another report with a similar purpose, copper powders after surface 
modification by silane linking reagent (SCA) were used for conductive epoxy/Cu 
adhesives. SCA can form a connection betwixt Cu particles and epoxy resin (Fig. 10), 
connecting two kinds of materials with complete unlike properties and enhancing 
the filler dispersion. It was found that when the SCA to Cu powder mass ratio was 
3:100, the bulk resistance decreased to the lowest amount of 1.34 × 10–3 Ω cm. Then 
the bulk resistance increased again with an enhancement of SCA content [40].

The finding described above illustrated the potential of conductive fillers, espe-
cially Ag and Cu, to achieve electrically conductive epoxy thermosets. Although 
intact metal particles are known as sufficient conductive materials, incorporation 
within the epoxy matrix requires chemical or physical modifications [40]. 

4.2 Carbonaceous Fillers 

Carbonaceous materials are made up of carbon atoms joined together, forming 
different shapes. They can be generally categorized into prevalent carbonaceous 
materials such as carbon black (CB) and activated nanostructures, including carbon 
nanotube (CNTs), graphene and graphene oxide (GO), fullerenes, etc. (Fig. 11) [41]
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Fig. 10 a Correlative reaction for the copper-epoxy linking via Cu modified with SCA. b Variation 
of bulk resistivity versus SCA amount (Copied, with authorization from Elsevier [40])

Fig. 11 Collage of different carbon nanomaterial structures and their nomenclature (Reproduced 
with permission from Elsevier [4]) 

These nanostructures have a great specific surface area, conductance, mechanical 
properties, high control on functionalization, and electrochemical stability. 

4.2.1 Carbon Nanotubes (CNTs) 

CNTs are hollow tubes made of carbon with typically nanometers diameters and are 
mainly categorized into mono-walled carbon nanotubes (SWCNT) and multi-walled 
carbon nanotubes (MWCNT)s. Due to attractive characteristics, such as excellent
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aspect ratio, good electric and thermal conductance, small thermal expansion coeffi-
cient, and good tensile strength, they are regarded as promising agents for the prepa-
ration of materials with great functioning. Thanks to their good electric conduction 
(105 to 106 S/cm) and great surface area, CNTs are superior to ordinary additives to 
increase electric conductance and the mechanical properties of the nanocomposite at 
a fairly lesser amount of PT [4]. For example, the conductivity of MWCNT/epoxy 
nanocomposites initiates at a low PT (below 1.5 wt%) and reaches a high level of 
conductivity. Although CNTs provide a large surface area, the existence of strong van 
der Waals interactions within the structure can increase the probability of agglom-
eration, reducing their efficiency as time goes on. Consequently, different physical 
and chemical techniques have been established to disperse CNT particles more effi-
ciently including ultrasonication, using surfactants, acid oxidation of CNTs, high 
shear mixing, and surface modifications [10]. Compared to SWCNTs, MWCNTs 
have been mainly utilized as conducting additives owing to lesser price and superior 
dispersion. Though, the greater intrinsic electrical conductance of SWCNTs causes 
and enhances the conductivity at lower PT. In this regard, a novel method is the pre-
dispersion of SWCNTs to ensure fine dispersion. Moisala et al. applied this treatment, 
and epoxy composites were made with low additive contents (0.005–0.5 wt%) [42]. 

Since the electrical performance of nanocomposites depends on processing 
conditions, different procedures have been developed by researchers. To facilitate 
increasing the efficient aspect ratio of CNTs, Rosca and Hoa used a three-roll 
milling method to disperse MWCNT particles within the epoxy resin. During the 
process, shear force and the number of rolling determined the quality dispersion of 
the nanotube. They showed that the composite conductance increased nearly 10× as 
the aspect ratio increased 5.5× [43]. 

Alignment methods of CNTs through which randomly dispersed rod-like fillers 
get an aligned structure under the application of electric and/or magnetic fields are 
other strategies to enhance the efficiency of filler conductivity. For example, Ma et al. 
applied a low magnetic field of 0.4 T and imposed CNTs alignment in the epoxy 
resin. The findings approved the role of a magnetic field as the electric conductance 
was improved by 6–8 orders of size (10–7 S/m) together with a reduced PT value 
[44]. Khan et al. showed the effect of electric field on epoxy/CNT nanocomposites. 
They applied DC current to align the MWCNT fillers in an epoxy matrix. Compos-
ites containing aligned CNTs showed better electric conductance and mechanical 
strength compared to the composite prepared with randomly dispersed CNTs. Also, 
composites containing aligned CNTs required lower PT (0.0031 vol%), while the 
PT was 0.034 vol% for the composite containing random-oriented CNTs [45]. 

4.2.2 Carbon Nanofibers (CNFs) 

CNFs or vapor-grown carbon nanofibers (VGCNF) are hollow nanofibers with a 
diameter between 50 and 300 nm with substantial properties, for example, great 
mechanical and thermal properties, high stiffness, and electric conductance as high as 
metals (105 to 106 S/cm). Carbon fibers, due to their low density (much lower density
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than steel) and high strength, can form lightweight materials with outstanding proper-
ties, especially in advanced applications of composites. Despite the superior proper-
ties of CNTs, due to the high-volume production of CNFs and their cost-effectiveness 
compared to CNTs, CNFs can be an outstanding substitute for CNTs. Many studies 
have been accomplished to increase the composites’ electric and mechanical proper-
ties with the integration of CNFs in the polymer matrix, especially in epoxy compos-
ites. For example, Ladani and Wang used CNFs to increase the electric conductivity 
properties of epoxy nanocomposites. They used a surfactant followed by a three-roll 
grinder for dispersing of CNFs in a liquid resin. Then, the CNFs were oriented using 
an exterior AC electric field. By adding 1.6 wt% of CNFs, an enhanced electric 
conductance to around 7 orders of magnitudes to 10–2 S/m was detected and rupture 
energy enhanced to 1600% from 134 to 2345 J/m2 [6]. In another study, Bal et al. 
applied different amounts of CNF up to 1 wt% and used them under refrigerated as 
well as at room temperature curing conditions to study the electrical and mechanical 
characteristics of epoxy nanocomposites. The data revealed that the conductivity of 
composites with 0.5–1.0 wt% CNF was 3 to 6 orders of magnitude more than pure 
epoxy, in the range of 2 × 10–4 S/m to 4 × 10–1 S/m. Refrigerated specimens showed 
improved dispersion and better conductivity at low amounts of CNFs, while room 
temperature cured samples showed higher conductivity at high amounts of CNFs 
due to the fiber alignment in the network structure [46]. Although CNFs have a high 
surface area and are a suitable and inexpensive alternative to CNTs, one of the chal-
lenges of using them is that their electrical and mechanical properties are lower when 
randomly oriented than in their align-oriented state. Therefore, many efforts have 
been made to align them, such as using mechanical stretching or applying electric or 
magnetic fields. In one study, Wu et al. coated CNFs with magnetic Fe3O4 nanoparti-
cles and then used a weak magnetic field of ~ 50 mT to align them. According to the 
results, aligned nanocomposites exhibited higher electrical conductivity (over one 
order of magnitude) in comparison with randomly oriented epoxy nanocomposites 
[47]. 

4.2.3 Carbon Black (CB) 

Most carbon black grades are incorporated into epoxy resins to impart elec-
trical conductivity at lower volume fractions. Their efficiency varies dramatically 
depending on the size and geometry, preparation procedures, porosity, and surface 
chemistry, leading to the wide electrical conductivity ranges from 102 to 103 S/cm. 
The advantages of some CB grades, such as a low aggregation, good electrical 
conductivity, and less volatility, make them suitable candidates for the fabrication 
of electrically conductive composites. Particularly, CBs with a high aspect ratio are 
preferred since they facilitate the formation of conductive networks and require lower 
PT [4, 17]. In CB clusters, electron channeling is dominant for the movement of elec-
trons as they flow among the particles that are firmly positioned near each other and 
surrounded by the polymer. The electrical conductivity rises with the size of the 
aggregate due to the facile leap of electrons through the polymer matrix [9].
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Despite the advantages of CB as a filler of high-performance composites, the 
required concentration restricts its application. Typically, CB-based composites need 
a high level of CB to reach adequate electric conductance. The challenge arises 
when the higher loading of CB leads to an increase in viscosity and impairment of 
mechanical properties [48]. Several methods have been reported to decrease PT of CB 
filled composites, the most important of which is using a second filler to contribute 
with CB or preparing composites with polymer blends [49]. However, the latter 
suffers from the probability of polymers incompatibility. For example, Michaela 
et al. studied the electrical conductance of epoxy/silicone/CB blends. The three-
component material showed a six times greater conductance compared to epoxy/CB 
composites at a similar level of CB [50]. 

4.2.4 Graphene, Expanded Graphite 

Using graphene nanoparticles (GNPs) as an additive in the fabrication of polymer 
composites is a hot research topic because of its outstanding mechanical prop-
erties (hardness and Young’s modulus) and great thermal conductivities (3000– 
5000 W/m K) and super electrical conductivity, etc. [51]. It is believed that graphene-
based nanocomposites present a low PT due to the high aspect ratio, improving the 
electromagnetic interference shielding effectiveness of epoxy resins. Further, GNP 
can be applied as a more efficient toughening agent to enhance the toughness of 
epoxy thermosets and most properties of polymer [52, 53]. Although the aspect 
ratio of GNPs is higher than other nanofillers, the composite conductivity deterio-
rates over time owing to the inhomogeneous dispersing of graphene sheets inside 
the composite. To address this, several approaches have been developed to increase 
the long-term and stable dispersion of GNPs, including chemical and non-chemical 
functionalization, microwave exfoliating and surface modifying, etc., through which 
its aspect ratio, hydrophobicity, and π-π interactions are altered. Also, optimization 
of processing conditions has received immense consideration in facilitating elec-
tron flow and reduction of required filler concentrations [54]. Chandrasekaran et al. 
developed GO/epoxy nanocomposites with the use of two dispersion techniques, 
namely the three-roll mill method and sonication. An utmost conductance of 1.8 
× 10–6 S/m was achieved by the three-roll mill method for 1.0 wt% of GNP [55]. 
Li et al. described a new method to enhance the surface conductivity of epoxy resins 
by applying carbon-based nanofillers. For this, they used sprayed GNPs and CNTs 
on the substrate instead of random dispersion of additives inside the matrix, resulting 
in a reduction of the surface resistivity of non-modified resin from 2 to 3 Ω/sq to 
resistivity = 3 × 10−4 Ω/sq in the case of composite material [56]. 

Another current research subject deals with the investigation of the synergistic 
influence of additives with unlike aspect ratios. As represented in Fig. 12, appreciable 
electrical conductivity values can be obtained by the combinations of carbonaceous 
fillers as well as by varying their concentration [57].

Han et al. incorporated graphene platelets (GnPs) into epoxy adhesives to improve 
lap shear strength and electric conductance. Besides the significant performance
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Fig. 12 Synergistic 
influence of additives 
mixture on the electric 
conductance of hybridized 
composites (Reproduced 
with permission from 
Multidisciplinary Digital 
Publishing Institute [57])

of GnPs, they reported that the simultaneous presence of GnPs and CNTs could 
generate a three-dimensional network, affecting the lap shear strength of composite 
dramatically in comparison with pure epoxy resin or the composite prepared from 
only one of the fillers. The PT of the composite comprising GnPs and CNTs was 
verified at 0.41 vol%, which was lesser than that of the composite loaded with only 
GnP (0.58 vol%) or CNTs (0.53 vol%) nanofillers [58]. 

4.3 MXene Nanosheets 

Recently, MXene nanosheets have evolved as an innovative generation of transition 
metal carbide/nitride 2D nanostructured materials with the potential to be applied in 
various research fields owing to their outstanding chemical and structural character-
istics. MXenes are known as encouraging conductive agents thanks to their inherent 
high conductance and unrivaled structure [59]. Since the surface atoms of MXenes 
are metals like Ti, they are able to bond easily to the oxygen atom of epoxy resins 
and are distributed well in the polymer matrix. Feng et al. prepared epoxy resin 
containing Ti3C2Tx MXene nano-plates and obtained composites with outstanding 
conductance (4.52 × 10–4 S/m) and mechanical characteristics [60]. The calculated 
PT of the composite was about 0.28 vol% (0.85 wt%) (Fig. 13).

Song et al. loaded rGO and MXene nanosheets inside epoxy resin to prepare 
conductive honeycomb structural epoxy nanocomposites. They showed that the 
electric conductance improved with the rise of MXene content, whereas the epoxy 
nanocomposite with a maximum content of both additives presented the maximum 
electrical conductance [61].
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Fig. 13 Electric 
conductance of the 
epoxy/MXene composite at 
varying content of Ti3C2Tx 
MXene nanosheets 
(Reproduced with 
permission from 
Multidisciplinary Digital 
Publishing Institute [60])

4.4 Clay 

Clay is in the form of fine grains, a kind of natural soil. These particles are utilized 
in numerous electrochemical applications due to their advantages, such as excellent 
surface area, porous structure, and ability to transfer electrons. This filler is not usually 
used individually in electrical applications, and their hybridized nanostructures have 
gained immense attention in the fabrication of conductive epoxy thermosets [62]. 

4.5 Ionic Liquids (ILs) 

ILs are described as salts in the liquid state. These liquids are commonly composed 
of bulky cations, which are stabilized through interaction with organic or inorganic 
anions. ILs have evolved as green alternatives to common organic solvents due to the 
advantages associated with these ionic mixtures. There is a wide range of precursors 
for the preparation of ILs, and therefore, one can easily tailor their major prop-
erties by changing the nature of ILs [63, 64]. Please refer to the excellent review 
written by Ghandi et al. for more detail [65]. In addition to the application of ILs 
as a component (as the solvent, catalyst, or reactant) in many composite materials, 
they are also considered promising compounds for the production of electroactive 
apparatus, for instance, lithium-ion batteries, capacitors, etc., thanks to their low 
viscosity, ionic nature, and excellent conductivity. In this context, the improvement 
of the electric conductance of epoxy composites has been reported by several research 
groups. Moreover, ILs can be applied as catalysts, hardeners, plasticizers, and lubri-
cants in the fabrication of epoxy thermosets [66–68]. Zhang et al. applied 1-butyl-3-
methylimidazolium iodide ([BMIM] [I]), which played simultaneously two roles as 
a catalyst of curing reaction and conducting agent. They observed that the electrical
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resistance of the composite was reduced by nearly two times compared to epoxy 
resins cured in the presence of other imidazole-based compounds. Further, [BMIM] 
[I] caused gelation of the resin at a lower level of the hardening processes, enhancing 
the development of a conducting network [69]. Another potential ILs was 1-ethyl-3-
methylimidazolium bis(trifluoromethane sulfonyl) imide ([EMIm][TFSI]), acting as 
an excellent conducting agent for the epoxy resins cured by tetraethylenepentamine. 
This IL affected the composite’s resistivity, mechanical strength, and morphology 
in terms of the applied concentration. At lower concentrations, the mobility of ions 
inside the matrix is confined due to the rigid and glassy nature of the network; 
however, the restriction was diminished at higher concentrations, showing higher 
conductivity values (84.0 × 10–2 S/m) [70]. 

Matsumoto et al. reported the synthesis of transparent epoxy thermosets 
conductor carrying a quaternary ammonium salt in the polymer’s backbone. The 
network was produced via warming a mixture of different di-epoxide compounds, 
glycidyltrimethylammonium bis(trifluoromethanesulfonyl) imide, and diamine 
cross-linking reagent. In addition to good thermomechanical stability, the cross-
linked polymers showed a range of conductance with the maximum conductivity in 
the case of poly (ethylene glycol)-based di-epoxide (1.0 × 10–3 S/m) used as one of 
the reactants [71]. To enhance the conductivity value and achieve a high level of func-
tionality, Shirshova et al. added a mature bis(trifluoromethane) sulfonimide lithium 
salt (LiTFSI) and ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
([EMIM][TFSI]) ILs to an epoxy thermoset. The conductivity was approached to 
8.0 × 10–2 S/m, which was sufficient to apply thin films of material as separation 
membranes for Li-ion batteries [72]. In another work, Soares et al. investigated 
the influence of alkyl-phosphonium-based ILs decorated with altered anions on the 
morphology, ionic conductivity, and mechanical characteristics of epoxy networks 
cross-linked with Jeffamine-D230. The structure of ILs and conductivities at altered 
temperatures are presented in Fig. 14. The authors observed a substantial dependency 
between conductance and frequency, proving that the material had a semiconducting 
behavior. The calculated Arrhenius plots showed the influence of the temperature on 
the conductance, as presented in Fig. 14b. Samples having Phos-DCA and Phos-DBS 
showed a noteworthy relation between conductance and temperature, proposing the 
formation of more polar structures. The material composed of Phos-DCA exhib-
ited the utmost conductance (10–6 S/cm), indicating the greater movement of the 
dicyanamide anion, possibly as a result of its enhanced dispersion in the epoxy 
matrix [73].

The incorporation of 1-decyl-3-methylimidazolium bromide ([DMIm][Br]) 
content as high as 50 wt% in the epoxy matrix caused solid and pliable electrolyte 
with great heat resistance and ionic conductance of about 0.1 × 10–2 S/m at RT that 
enhanced up to 10 × 10–2 S/m at 170 °C [74].
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Fig. 14 a Structure of ionic liquids. b Variation of conductivities as the temperature (at a frequency 
of 1 kHz) reduces for thermosets having (O) Phos-DCA; (�) Phos-TFSI; (∇) Phos-DBS ILs 
(Reproduced with permission from Elsevier [73])

4.6 Deep Eutectic Solvents (DESs) 

Unlike ILs with disadvantages, such as non-bioadaptability [75], multi-step purifi-
cation procedures, and the unfeasibility to be used in bulk chemical processes [76], 
DESs are easily prepared in sheer form. They are non-active against H2O, eco-
friendly (once cautiously made from eco-benign compounds), and biodegradable 
[77]. DESs are used as a solvent, precursor, and green substitute for traditional
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synthesis methods. Particular DESs comprise the components that cause exceptional 
properties in the resulting product or affect their morphology, molecular weight, 
conductance, and reaction speed [78]. Using DES as a green cross-linking agent, 
reduced the required amount of the amine conventional hardener. [79]. Furthermore, 
DESs cause the curing reaction to occur in homogeneous surroundings, affecting 
network morphology and ionic conductivity [64, 80]. Lately, the conductance of solid 
polymer electrolytes has been noticed as the main topic because of their great effi-
ciency in electronic devices [81]. Due to the suitable electrical conductance and dura-
bility of DESs, their usage as gel electrolytes has been explored as eco-compatible 
substitutes to ILs. Actually, eutectic gels show good conduction and ductility in 
smart sensing and flexible electronics applications as a novel category of ionic gels 
[82]. Despite the good electrical conductivity and stability of DESs, their applica-
tions as conducting agents in epoxy polymers have been rarely studied. Lately, our 
research team has assessed the influence of natural DESs based on arginine (Arg) 
or glutamic acid (Glu) and ethylene glycol on the cure reaction kinetics, reaction 
progress, and electrical conductance of epoxy resin based on bisphenol-A diglicy-
dylether (DGEBA) (Fig. 15a). The formed DESs played two roles as epoxy curing 
catalyst and conducting agents. The results revealed a noticeable influence of DESs 
on the course of epoxy-amine reaction based on hydrogen acceptor components of 
DES. Electrochemical impedance spectroscopy showed that higher concentrations 
of DESs can make a high level of conductivity. It is worth mentioning that the nature 
and content of DESs affected the amount of reaction progress, and, consequently, the 
trend of conductivity. DC conductivity increased with decreased monomer consump-
tion or increased by increasing the DES dosage. In fact, the electrons flow rate in 
a matrix is limited due to the polymer chain’s compactness of polymer chains and 
the enhanced charge movement in the cross-linked sample. We observed signifi-
cant changes in the isothermal cross-linking reaction growth by using [DES]Arg/Eg 
and [DES]Glu/Eg compared to the conductive ILs and nonconductive common curing 
agents. It was shown that the presence of [DES]Arg/Eg led to a decrease in the Eact of 
epoxy curing reaction more efficiently than that of [DES]Glu/Eg [83].

4.7 Intrinsically Conductive Polymers (ICPs) as Filler 

Conductive polymers or, more precisely, ICPs exhibit the electrical properties previ-
ously found only in metals. The electrical conductance of ICPs (10−10 to 10+5 S/cm) 
and their environmental stability against moisture, heat, and corrosion make them 
ideal candidates for various applications such as antistatic materials and commer-
cial batteries and monitors [21]. These organic polymers can conduct electricity; 
however, their strength is not similar to commodity or engineering polymers. For 
a nonconductive polymer matrix, adding a small quantity of conducting polymers 
is a sustainable route for obtaining a conductive matrix. Combining a small weight 
fraction of conductive polymers like polypyrrole (PPy), polythiophenes (PTh), etc., 
with commercial polymers can fabricate a conductive reinforced material suitable
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Fig. 15 a Synthesis course and suggested structure of DESs from their corresponding compounds. 
b Variation of DC conductance and reaction progress versus DESs content for the specimens cross-
linked isothermally at 323 K (Reproduced with permission from Elsevier [83])

for different applications. Several blending methods have been developed, which 
can be classified into two general chemical and electrochemical methods. Paoli et al. 
reviewed the benefits of using blends in some technological applications rather than 
pure conductive polymers [84]. Newly, ICPs have been noticed as one of the moti-
vating candidates to prepare conductive epoxy thermosets since they overcome some 
limitations and drawbacks of metal fillers. It should be noted that ICPs generate 
less electrical conductivity compared to carbonaceous and metal fillers [85]. In the 
following, we reviewed the recent research and achievements of the conductive epoxy 
networks by blending epoxy resin with ICPs.
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4.7.1 Polypyrrole (PPy) 

PPy has attracted significant attention due to its electrical conductivity (7.5 × 103 
S/cm) and its fascinating thermal and physicomechanical properties. Its conduc-
tivity results in electrons jumping between the chains and the movement of cations 
or anions inside the matrix. Due to the aforementioned advantages, PPy is considered 
the main component in high-performance applications, including microelectronics, 
biosensors, as well as tissue engineering, and surgical instruments. However, PPy 
suffers irregularities in the polymer backbone due to probable redox reactions occur-
ring in contact with moisture and oxygen, which ultimately deteriorates its conduc-
tivity [86, 87]. Through the contribution of PPy as a filler in the epoxy composites, 
Olivier et al. prepared an epoxy-based material reinforced in view of electrical and 
mechanical properties. They found that the matrix conductivity increased from 10–12 

S/cm up to 2 × 10–5 S/cm by adding only 8.1 vol% of PPy particles in the epoxy 
resin. The result of mechanical–thermal analysis indicated that the PPy particles did 
not seem to have a mechanical reinforcement effect. In another work, Barrau et al. 
showed the enhancement of the conductance of PPy-epoxy composites by eight 
orders of magnitude (1 × 10–5 S/m) at 15 wt% PPy content in comparison with pris-
tine epoxy. Further, they observed a continuous growth of the Tg with PPy amount 
as a result of the greater Tg of the PPy. However, they observed a downshift in Tg in 
the vicinity of PT, related to the increase of epoxy chain motion at this concentration, 
as shown in Fig. 16 [88]. 

The morphology of the applied PPy influences the range of conductivity values. 
To explore the influence of conductive additive geometry on the conductance of the 
polymer matrix, Zhang et al. applied fibrous and spherical PPy in the epoxy matrix. 
The results demonstrated that due to the higher aspect ratio, nanofibrous PPy resulted 
in lower PT compared to spherical PPy nanostructure [89]. 

Surface treatment of fillers is always considered a promising way to enhance the 
filler properties, subsequently increasing the end-use performance. In this context,

Fig. 16 Variation of Tg of 
PPy—epoxy blend versus 
PPy weight content (Copied, 
with authorization from John 
Wiley and Sons [88]) 
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Fig. 17 a Synthesis path for the functionalization of PPy; SEM descriptions of DA-PPy with b 
spherical morphology, c fibrous morphology, d nanorod morphology, and e nanoflake morphology 
(Copied, with authorization from John Wiley and Sons [90]) 

Zhang et al. functionalized PPy with dopamine (DA) molecules and investigated 
the role of PPy modification on the conductivity of final epoxy-based adhesives. 
They observed a correlation between DA/PPy reacting mole ratio on the morphology 
of produced fillers so that several morphologies, such as nanosphere, nanofiber, 
nanorod, and nanoflake, can be achieved by easily changing the feed components, as 
displayed in Fig. 17. It was detected that the conductance increased to 24 S/m with 
adding of 3 wt% of DA-PPy, as a superior capacitance for supercapacitor application 
[90]. 

In a similar work of filler treatment, Guo et al. coated the PPy on magnetite 
(Fe3O4) nanoparticles and used them as a hardener of epoxy thermosets, as shown 
in Fig. 18. This resulted in enhanced conductivity and good distribution of Fe3O4 

within the matrix. It was found that the conductance of the epoxy resin cured by 
modified particles increased seven times compared to the unmodified specimen [91].

4.7.2 Polyaniline (PANI) 

PANI is a member of the conductive polymer family. In addition, PANI displays a 
relevant role in the development of high-performance nanocomposites. It has advan-
tages over other conducting polymers, such as high-temperature resistance, good 
environmental stability, and excellent electrical conductivity. PANI is polymerized 
from cheap aniline monomer and can be classified into three oxidation states: a 
completely oxidized form pernigraniline, a completely reduced form leucoemeral-
dine, and partially oxidized form emeraldine base. The range of PANI conductivity 
depends on its oxidative state and can be increased up to 30 S/cm for emeraldine after 
protonation and the formation of charge carriers. The blending of PANI with a host 
nonconductive matrix (such as epoxy resin) is an ongoing research field conducted 
by the motivation for combination of electrical properties of PANI with great prop-
erties of matrix [92, 93]. The challenge arises when the amine functional groups of 
epoxy curing agents can reverse the protonation of PANI and reduce its conductance
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Fig. 18 Cross-linked structure formed by the epoxy resin and modified curing agent (Copied, with 
authorization from RSC [91])
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Fig. 19 De-protonation of conductive PANI by amine-based curing agents turns the polymer state 
into a nonconductive fashion (Reproduced, with permission from Pure and Applied Chemistry [94]) 

potential (Fig. 19). Therefore, the type and concentration of used hardener should be 
optimized to address this challenge [94]. 

In this regard, the type of protonating agent plays an important role in producing 
stable conductive forms so that the reverse reaction is not favored in a competing 
reaction. Researchers have used protonation of PANI with various acids, for example, 
p–CH3–C6H4–SO3H and HCl, wherein the PT was at quantities above 15 wt% of the 
conductive polyaniline salt [94]. A run-through of these diverse examinations showed 
that the doping agent of polyaniline, the grade of epoxy, and their blending method 
were the most influential parameters responsible for developing a high conductive 
polymer blend. Tsotra et al. studied the stability and final conductance of epoxy 
resin/PANI blend protonated with dodecylbenzenesulfonic acid (DBSA). In addition 
to the significant role of DBSA-PANI on the mechanical properties of the material, 
the PT value decreased to 2 wt% with a maximum conductivity of 2 × 10–7 S/cm for 
10 wt% PANI-DBSA [95]. The structure of the DBSA-PANI component (Fig. 20) 
was responsible for the fine dispersion of filler and its stable nature as well, leading 
to the achieved electrical performance.

In complementary work, Jia et al. studied the influence of two kinds of PANI-
DBSA, powder and paste (having additional DBSA), on the dispersion and following 
conductivity level. It was shown that paste form resulted in lesser PT in comparison 
with powder, owing to its superior dispersion in the resin. To enhance more, they 
applied PANI-DBSA coated mica particles and found excellent conductivity values 
for the composite due to good dispersion. The PANI-mica sticky stuff achieved a 
considerably improved dispersion in the epoxy resin than in powder form resulting 
in a much better reduction in composite resistivity in terms of filler concentration 
(Fig. 21) [96].

In the following, Soares et al. evaluated the result of physical blending and poly-
merization of DBSA doped PANI in an epoxy matrix on the conductivity of the
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Fig. 20 Protonation of emeraldine base by acid–base reaction between PANI and DBSA (Copied, 
with authorization from Elsevier [95])

Fig. 21 Electrical resistivity 
of modified epoxy/PANI 
composites in terms of filler 
content (Copied, with 
authorization from Elsevier 
[96])

epoxy thermoset. A lower PT was gained at 2 wt% additive content for in situ poly-
merization method compared with physical blending (i.e., 10 wt%) with a maximum 
conductance of 10–3 S/cm at 12 wt% filler content [97].
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4.7.3 Polythiophene (PTh) 

PTh, a well-known electroluminescent, is the next widely used ICP in epoxy-based 
materials. Although PTh is a polymer with a low price and density along with suit-
able electrical conductivity and good environmental stability [98], its insolubility and 
poorer constancy in the p-doped conductive form are a challenge to its application 
and processability. Therefore, it is rarely used in polymer blends in comparison with 
two previous conductive polymers. However, researchers attempt to increase PTh 
performance in PTh–epoxy thermosets. Zabihi et al. prepared PTh nanoparticles and 
studied the electrical characteristic of the PTh-epoxy matrix. The electrical conduc-
tance was enhanced by adding PTh and got to 1 × 10–7 S/m at 20 wt% loading, 
with a PT of 0.5–1 wt%. To improve the dispersion of PTh within epoxy resin, other 
strategies have been developed as well. Khezri et al. prepared hybrid composites 
comprised of PTh enriched GO through polymerization of the thiophene monomer 
absorbed on GO surface. PTh-GO nanoparticles were well dispersed in the epoxy 
matrix owing to powerful interaction among functional groups on the GO surface and 
continuous phase (Fig. 22). With this modification, the aspect ratio of the PTh–GO 
increased and allowed to form a conductive pathway better than the PTh to afford a 
lesser PT quantity (1 wt%) [99]. Similar functional group alteration was also reported 
by Bazireh et al. with the difference that they used CNTs instead of GO. Electrical 
conductivity measurements revealed that the conductivity of material varied between 
2.5 × 10−2 and 1.7 S/cm in terms of composite composition [99]. 

Fig. 22 Schematic illustration for the synthesis of PTh on GO nanosheets (Copied, with 
authorization from the Royal Society of Chemistry Publishing [99])
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Fig. 23 a Photopolymerization of thiophenes to produce highly conjugated PTh. b Direct cationic 
polymerization of epoxides induced by light illumination (Reproduced, with permission from 
Elsevier [100]) 

Marco et al. developed a novel method to link conductive polymers with the epoxy 
networks to enhance the conductivity of material as well as the dispersal of conduc-
tive additives in the medium. In the process, an epoxy-PTh network was formed 
by light-stimulated concurrent polymerization of thiophene and a two-functional 
epoxy monomer, 1,6-hexanediol diglycidyl ether (HDGE). Polymerization of epoxy 
monomer was initiated by the liberated protons resulting from thiophene photopoly-
merization, as shown in Fig. 23. They illustrated that the applied methodology, 
in addition to PTh doping using iodonium salt, could significantly improve the 
conductivity of produced material [100]. 

4.7.4 Poly(3,4-ethylenedioxythiophene) (PEDOT) 

PEDOT is another member of ICPs that is doped with a myriad of synthetic or biolog-
ical compounds, with the most common being polystyrene sulfonate (PSS) [101]. 
The attraction toward PEDOT, especially in biomedical applications, arises from its 
potential to stimulate cells, visual translucency in its conductive state, great stable-
ness, adequate band gap, and small oxidation–reduction potential [102]. The main 
disadvantage of PEDOT is low solubility in solvents which can be partially relieved 
by using counterions such as polystyrene sulfonate (PEDOT:PSS) or tetramethacry-
late [103]. Current advances in PEDOT: PSS polymeric mixtures and composites
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have been reviewed by Liu et al. [104]. In terms of epoxy-based materials, several 
reports directly used PEDOT: PSS to initiate conductivity for industrial applica-
tion. Jian et al. enhanced the anticorrosive acting of epoxy coatings by incorporation 
of innately conductive PEDOT: PSS. The surface morphology studies ascertained 
that the erosion of coatings was reduced considerably by an increasing amount of 
PEDOT:PSS [105]. The report of Si et al. is another example of PEDOT commercial 
advantages for the reduction of silver content in epoxy thermosets. As discussed in 
Sect. 4.1.1, silver (Ag) is unique among affordable metals because of its high conduc-
tivity; however, the amount of silver must be reduced to allow its cost-effective appli-
cation. It was observed that the use of dry PEDOT:PSS in epoxy-based adhesives 
decreased the quantity of Ag too much lower than that of conventional silver-based 
conductive adhesives [106]. In the following, they reported the use of water-based 
PEDOT: PSS nanogels for improving the conductivity level of the conventional 
conductive epoxy thermosets. The results indicated that CH3OH as a solvent could 
contribute mainly to the distribution of PEDOT:PSS particles in epoxy and raise the 
conductivity among PEDOT:PSS and Ag particles [106]. 

4.8 Hybrid Composites Based on Epoxy Resin 

Hybridization is a process of incorporating two or more organic or inorganic fillers 
inside a polymeric matrix to yield a higher active surface, strength, higher strength-to-
weight ratio, and other properties required for high-performance applications [107]. 
To enhance the electrical conductivity of epoxy thermosets, multi-blending of addi-
tives with different physical characteristics, for example, particle geometry, surface 
chemistry, interfacial tension, etc., can be used [108, 109]. This section concerns the 
development of electroactive hybrid composites of epoxy resins, especially based on 
the combination of conductive polymers with carbonaceous or metal fillers. 

A significant contribution has been made toward the hybrid composites of epoxy 
coatings with sufficient conductivity and corrosion inhibition. Yue et al. prepared 
epoxy-based composite coatings with enhanced electrical conductivity and corrosion 
resistance via the incorporative acting of PANI and titanium nitride (TiN). The results 
indicated that the corrosion potential (Ecorr = −  0.338 V) for PANI-TiN/epoxy 
composite was moved up by 0.235 and 0.120 V compared with the original epoxy 
matrix (Ecorr = −  0.573 V) and PANI/epoxy (Ecorr = −  0.458 V), respectively 
[110]. The corrosion inhibition of epoxy coatings was also reported by blending 
epoxy with PANI/ZnO and core-shell particles of polysulfide@urea–formaldehyde 
resin as a self-restoring factor. The coating composed of 7.5% core-shell particles 
exhibited corrosion protection. PANI not only operated as a physical wall against 
the corroding agents but also trapped the electrons released from the substrate (e.g., 
Al). These electrons can convert doped PANI to a de-doped state according to the 
reaction described in Fig. 24.

It is clear that the penetrations of corrosive species inside the matrix became more 
difficult with the addition of ZnO particles, and therefore, much more efficiency was
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Fig. 24 De-doping of PANI induces a decrease in film conductivity (Reproduced with permission 
from Elsevier [111])

achieved [111]. We can also refer to the research reported recently by Pirhady et al. 
to increase the adhesion of fillers on the substrate. They replaced PANI/ZnO compo-
nent with alumina/PANI core-shell nanoparticles doped with cerium nitrate inhibitor. 
Hybridization of PANI with AL2O3 was carried out through the adsorption of aniline 
monomer on the surface of Al2O3 and subsequent polymerization using (NH4)2S2O8 

(APS) as an oxidation reagent. Results of electrochemical impedance spectroscopy 
demonstrated that the fabricated epoxy coatings provided excellent active protection 
against corrosion due to the formation of the Ce3+/amine complex. Further, alumina 
nanoparticles enhanced the mechanical and blocking properties of the coating [112]. 

Other hybrid nanocomposites have also been evolved for different applications 
via a combination of PANI with carbonaceous fillers, especially CNTs. Imani et al. 
prepared conductive epoxy adhesives by incorporation of MWCNT and PANI doped 
with para-toluenesulfonic acid. The composite was prepared through in situ polymer-
ization that resulted in suitable dispersal and great mixability of additives with the 
matrix. The PT values for epoxy/MWCNT, epoxy/PANI, and epoxy/PANI/MWCNT 
were calculated at 0.049, 0.043, and 0.026 wt%, indicating the synergistic effect 
of fillers [113]. Gu et al. reported the surface functionalizing of MWNTs with 
PANI (PANI/MWCNT) via an easy surface-initiation polymerization technique by 
means of the oxidizing of CNTs and later anilines by a Cr+6 oxidizing agent. This 
modification resulted in a more stabilized MWCNT upon loading in epoxy matrix 
compared to individual application of MWCNT particles. The electrical conduc-
tance of cross-linked epoxy incorporated with modified MWNTs was enhanced 5.5 
times compared with pristine specimens [114]. In another work, Wang et al. fabri-
cated a mixed conductor with a sandwich configuration, wherein PANI-coated CNT 
(PANI@CNT) was trapped between GO sheets (PANI@CNT-GO) by electrostatic 
and π-π stacking interactions (Fig. 25). The results indicated that the dielectric prop-
erties of PANI@CNT-GO/EP composites were not caused by the simple adding of 
its primary constituents but had an evident synergetic effect [115].

Another type of hybridized epoxy nanocomposites is based on the additives, 
wherein Ag is contributed as one of the main components. Luan et al. demonstrated 
an enhancement in the tunneling effect of Ag-nanowires (NW) upon the addition of 
chemically reduced graphene (CRG). In addition to the reduction of PT value from 
30 to 10 wt%, the presence of CRGs also enhanced the heat resistance and mechan-
ical strength of the composite via the formation of interactions between hardener and 
epoxy chains, as shown in Fig. 26 [116].
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Fig. 25 Schematic preparation of PANI@CNT-GO hybrids (Reproduced with permission from 
Elsevier [115])

Zhang et al. hybridized CNT with Ag particles and used them as conductive 
agents. At low concentrations, the Ag particle is not able to interconnect with the next 
particle through a channel. Adding percentages above 65 wt% of Ag filler increased 
the conductivity by forming tunnels in the epoxy matrix. Initially, the composite 
contained only Ag filler, and gradually CNT filler was added to the system. As 
presented in Fig. 27, the electrical resistance of epoxy composite containing 65 wt% 
Ag was equal to 9.8 × 10–3 Ω cm, which was reduced to 9 × 10–4 Ω cm after 
the addition of 0.8 wt% CNT. As the CNT content exceeded the PT, the composite 
crossed the percolation area, and a change happened like a charge transfer from 
tunneling to partial metallic diffusing transference [117].

One of the problems of using fibers as a conductive filler is the electrical conduc-
tance of the composite in the direction of the sheet thickness. To solve this problem, 
two-dimensional and one-dimensional (or zero-dimensional) fillers can be used 
simultaneously. Kandare et al. used graphene filler as a two-dimensional filler and 
silver nanoparticles or silver nanowires as zero and one-dimensional fillers in epoxy, 
respectively. The results showed that the simultaneous use of these two types of 
additives improved the conductance of the composite in the direction of sheet thick-
ness up to 70%. In contrast, the conductance of epoxy composite with one type of 
graphene filler increased by 55%. The reason for the further increase in the presence 
of two types of fillers, silver and graphene, was the increase in physical interactions 
and the creation of more pathways for electron transfer [118]. 

In another study, nano and microscale conductive fillers were utilized simul-
taneously to explore the influence of hybrid additive scale on the conductivity 
of the epoxy composite. Marcq et al. used two types of CNTs multi-wall carbon 
nanotubes (MWCNTs) and double-wall carbon nanotubes (DWCNTs) as nanofillers 
and silver flakes as microscale fillers. The outcomes indicated that the dispersion of 
CNTs and the agglomerates of silver particles in the polymer medium improved 
the conductivity of the epoxy composite owing to the combined effect of both 
additives at the micro and nanoscales. Different percentages of Ag filler and 0.4%
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Fig. 26 Conductivity patterns of a the composite contained with Ag NWs lonely, b the CRG–Ag 
NWs mixed composite and c scheme of the interactions among the surface functional groups of the 
CRGs and curing agents in the epoxy matrix (Copied with authorization from the Royal Society of 
Chemistry [116])

vol CNTs were used to prepare conductive composites. According to Fig. 28, the  
penetration threshold for epoxy-containing Ag/MWCNT filler was 15% vol and for 
Ag/DWCNT filler was 17.5% vol, which increased the conductivity three and one 
times compared to epoxy/Ag composite, respectively. Also, at 25% vol, the conduc-
tance of epoxy/Ag/MWCNT was three times greater than that of epoxy/Ag/DWCNT 
[107].

Nowadays, an emerging trend is to prepare hybrid materials using nanoclay. 
Though different types of clay have been used, montmorillonite (MMT) is one of the 
most commonly used clay so far for the creation of hybrid substances. In the realm
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Fig. 27 Resistance and shear strength of the as cross-linked ECAs with varying CNT content 
(Copied, with authorization from Springer Nature [117])

Fig. 28 Relation of the electric conductance of epoxy to the Ag flecks content for mixed composites. 
Data points are linked to direct the eye (Reproduced with permission from Elsevier [107])

of epoxy composites, great attention has been devoted to clay-based composites due 
to the advantages of these nanosheets. For example, clay significantly enhances the 
dispersion of CNTs and electrical properties in conductive epoxy. Sene et al. used 
simultaneously two types of fillers, MWCNT and MMT, and investigated the elec-
tric conductance of the product. In this study, in place polymerization technique was 
used to mix the fillers and epoxy matrix, and high-energy ultrasound (which does not 
require a solvent) was used to achieve a better dispersion. The outcomes revealed that
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Fig. 29 Representation of 
micro-constructional 
progress in epoxy 
composites having various 
ratios of CB and clay 
(Reproduced with 
permission from Elsevier 
[120]) 

the use of these two fillers enhanced both the electric conductance and mechanical 
strength of the epoxy matrix and had a synergistic effect [119]. 

Etika et al. added clay filler to the epoxy resins containing different percentages 
of CB filler to increase its electrical conductance. They reported that by adding only 
0.5 wt% of the clay to the system having 2.5–5.0 wt% CB, the electrical conductivity 
showed a sharp increase. The mechanism behind this phenomenon is the facile initi-
ation of conductive network formation in the existence of both fillers simultaneously, 
as shown in Fig. 29 [120]. 

The findings described above indicated the excellent role of fillers hybridization 
on the performance of multi-functional materials. In addition to what we discussed 
above, there exists a wide spectrum of electrically conductive hybrid composites 
prepared with the combination of different fillers and novel approaches and treat-
ments. For more details, the reader is suggested to read a great review recently 
published by Prunet et al. discussing hybrid conductive polymers used in flexible 
electronic devices [121].
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5 Dispersion of Conductive Fillers and Incorporation 
Methods 

Homogeneous filler distribution is considered the main challenge of composite 
formation. Filler dispersion becomes more difficult as the filler content increases 
since they are more likely to agglomerate, deteriorating the mechanical and electrical 
properties of the polymer. Thus, proper dispersing of fillers could facilitate the initi-
ation of electrical conductance and reduce PT value [1, 55]. To achieve an idealized 
dispersion, sustainable methods are strongly demanded to disperse the fillers well, 
without degradation or geometry changes. For this, an interaction can be established 
between the filler and the surrounding polymer. Surface energy is a determining 
factor that affects the interaction of fillers and polymers and subsequently changes 
the quality of particle distribution. Further, these interactions directly influence the 
morphological and some other properties of the prepared composites [7]. 

Several techniques have been evolved for the proper dispersion of fillers in epoxy 
resins (Fig. 30). In these methods, a solvent might be used for viscosity reduction 
and better dispersion of the fillers. After mixing, the used solvent should be removed 
from the system, although, with the evaporation of the solvent, the agglomeration of 
fillers may occur again [13, 122]. 

5.1 Melt Processing 

Melt processing or melt mixing has received immense attention as it is a solvent-
free method. In this method, the fillers are mixed with a molten polymer using high 
shear mixing to disperse filler particles homogenously between polymer chains. The 
use of high shear mixing creates excellent dispersion for conductive fillers but can 
reduce the aspect ratio of fillers, resulting in undesirable properties in filler–polymer 
composites. Also, polymer chains experience a significant reduction in structural

Fig. 30 Common methods 
of fillers dispersion in epoxy 
thermosets 
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Fig. 31 Preparation of conductive polymer composites using melt mixing (Copied, with authoriza-
tion from Elsevier [124]) 

entropy throughout this procedure. However, melt processing is desired for industrial 
processes due to its rate and easiness. This is a suitable technique for polymer blend 
formation [123]. 

The extrusion-based compounding process is the main method of melt processing. 
Twin-screw extruders are majorly applied to improve the efficiency of the mixing 
process. The screw consists of two intermeshing, co-rotating screws helping to 
increase of pumping rate as well as dispersion quality. For the composite, the 
components are fed into an extruder barrel, and following a homogeneous mixture 
is extruded to be fabricated. Different processing methods like injection molding 
and compression methods can increase the mechanical and electrical properties 
of the final product. Figure 31 shows the composite extrusion process schemati-
cally, wherein graphene-based nanocomposite is manufactured by application of a 
single-screw extruder [13]. 

5.2 Solution Blending 

In the case of sheet and tube-shaped fillers such as graphene and CNTs, the solution 
mixing method is of interest. Here, a similar solvent (organic solvent or water) is first 
added to both the polymer and filler separately. Ultrasonication can also be used to 
increase the dispersal of fillers in the solvent. Finally, the polymer solution is added 
to the filler suspension, and then the solvent is removed after vigorous mixing, as 
shown in Fig. 32 [123].
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Fig. 32 Preparation steps of a composite containing filler via solution mixing method (Reproduced 
with permission from Elsevier [124]) 

5.3 In Situ Method 

Upon this technique, the fillers are first blended with monomer or monomer mixtures, 
and then the polymerization begins in the presence of additive particles (Fig. 33). In 
this method, the probability of particle degradation or geometry changes is close to 
zero as the destructive mechanical shears are not applied. Further, there exists enough 
time for the particles to form secondary interactions with the polymer molecules. 
One of the problems associated with this procedure is the need for high electric 
power to disperse the additives, which makes it commercially unusable. Compared 
to other mixing methods, this procedure is appropriate for insoluble polymers that 
are not miscible in the solution processing method or for polymers that have low 
thermal resistance and have problems in the melt mixing method. Also, the compos-
ites prepared by this method showed enhanced mechanical properties, and lower PT 
value than that of other methods [123].
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Fig. 33 Preparation of 
conductive polymer 
composites using in situ 
polymerization (Reproduced 
with permission from 
Elsevier [124]) 

5.4 Other Methods 

The three methods mentioned above are the main methods of composites preparation 
techniques. However, there are some other methods like latex technology developed 
so far. In latex technology, filler particles first form an aqueous colloid, then merge 
with the associated polymer latex, and finally dry [21]. 

The common methods described above have their pros and cons, as listed in 
Table 1. 

Table 1 Benefits and drawbacks of the three main techniques of composite construction [17] 

Mixing techniques Benefits Drawbacks 

Melt blending Simplicity of method, usability in 
industry, creating good dispersion 
for fillers 

Make changes and reductions in 
their dimensions, reduce other 
properties related to fillers 

Solution mixing Better dispersion of fillers (due to 
lower viscosity) than the melt 
mixing method 

Unsuitable for use in the industry, 
requires special methods for 
dispersing fillers and affecting 
their dimensions 

In situ polymerization Creates good dispersion for fillers, 
lower PT than the other two 
methods 

Requires a lot of energy to 
disperse fillers, not economical
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6 Determinants Influencing the Electric Conductance 
of Polymer Composites 

To prepare nanocomposites, various parameters must be considered. Regardless of 
the form of design, the producer requires to consider these factors when producing 
a novel polymer nanocomposite product. In general, these parameters can be 
divided into three main categories: parameters related to fillers, polymer matrix, 
and preparation of nanocomposites [125, 126]. 

6.1 Additive Characteristics 

The geometric shape of the loaded conductive agents is an effective factor in the 
formation of isotropic and anisotropic structures. In anisotropic conductive materials, 
spherical fillers and oriented rod-like fillers are preferred to trigger conductivity only 
on Z-axis and restrict electrical contact on the X-Y axis. However, sheet (flake)-like 
fillers provide electrical conductivity in all directions when they are used at the same 
concentrations [109]. 

6.1.1 Additive Geometric Shape 

The physical properties of fillers, such as different geometrical shapes, are critical 
factors affecting the conductivity of the final composite. The filler’s geometries, such 
as shape (e.g., powder, fibers, etc.), dimension, and size, affect the range of conduc-
tivity. For example, although carbon fillers are the same materials, their electrical 
conductivity shows significant differences due to differences in their shape. Smaller 
filler sizes or higher length to diameter ratio (higher than 1) reduces the PT and thus 
increases the electrical conductivity of the composite [125, 126]. 

6.1.2 Size Polydispersity 

The fillers may be exposed to changes in size or dimension during the preparation 
and processing steps. As mentioned, the geometry of the additive particles affects the 
conductivity of the composite, so the distribution of some filler characteristics such 
as length, diameter, and thickness can also affect the electrical conductivity [17]. 

6.1.3 Orientation 

Some substance features are inherently orientation dependent, like electrical conduc-
tance, so how the filler particles are oriented within the matrix can directly increase
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Fig. 34 Alignment methods 
for orientation of the 
nanofillers in 
nanocomposites 

or decrease the filler’s conductance efficiency. Orientation mode causes the fillers to 
experience a different number of contacts, subsequently making different electrical 
conductivity in the composite. Some successful alignment methods are shown in 
Fig. 34 [15, 125, 126]. 

6.2 Polymer Properties 

The properties of the nonconducting polymer can also influence the final conductance 
of the composite. Polymer type, crystallization degree, viscosity, polarity, and even 
superficial tension of the polymer can affect the amount of filler required to conduct 
electricity. As mentioned earlier, the interaction between the conductive additive and 
the nonconductive polymer medium affects the distribution of fillers. For example, 
increasing the polarity of a nonconductive polymer decreases the PT due to the 
enhanced interactivity between the conductive additive and the polymer medium. 
Also, for a polymer with an amorphous phase, the required concentration of the filler 
is much more than a polymer with a semicrystalline phase [17]. 

6.3 Processing Conditions 

As mentioned before, the processing conditions for conductive material fabrication 
are of great importance. For example, although intense mixing causes the fillers to 
distribute well, it might collapse the filler particles and affect the final conductivity. 
In methods such as injection molding and extrusion, the fillers pass through a nozzle 
or mold that causes them to orient in the same direction resulting in the forma-
tion of anisotropic conductive materials. Another influential factor is the pathway 
responsible for network formation. If the network possesses structural defects and 
voids, it means that the conductive fillers are absent there, subsequently restricting
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the achievement of electric conductance in a specific route. It is deduced that the 
manufacturing condition is important to changing conductivity features of materials 
[5]. 

Ning et al. studied the influence of different factors of the fabrication process 
on the electrical properties of polymer/MWCNTs nanocomposites. They prepared 
epoxy/MWCNT nanocomposites via in situ polymerization method. They found that 
in situ polymerization was efficient in the production of the electrically conductive 
nanocomposites by adding a very small amount of CNT. It was found that curing at 
a high temperature increased the electric conductance of nanocomposites because of 
the easy formation of a macroscopic conductive network. The influence of blending 
rate and period was intricate, but moderate shear forces and less blending period were 
useful for the construction of macroscopic conductive networks of MWCNT, and no 
important aggregations of MWCNT were recognized for the samples. Substantial 
high shear forces and blending period could disintegrate the created conducting 
networks of MWCNTs [127]. 

7 Influence of Conductive Additives on Thermal 
and Mechanical Properties 

The mixing of conductive fillers with epoxy alters its electrical conductance and 
affects other properties of the polymer, for example, mechanical and thermal proper-
ties. Composites containing conductive fillers show a higher Young’s modulus than 
pure polymers. In general, various factors such as the amount of added fillers, the 
surface area of the fillers, their geometry and structure, as well as the interaction 
between the fillers and the polymer medium, change the mechanical properties of 
the composites [15]. 

8 Conclusions and Future Outlook 

Epoxy resins, also known as polyepoxides, are a class of reactive prepolymers that are 
widely used as matrix materials for engineering composites. Since the first exper-
iments of conductive nanocomposites were demonstrated using the embedding of 
conductive agents, many advances have been made to fabricate much more effi-
cient conductive additives. The ultimate exploitation of the potential of different 
approaches will produce novel engineering composites. To achieve this, the synthesis 
of stable, high-efficient conducting agents, followed by designing a suitable manu-
facturing process, could be envisioned. One of the merging trends is the combination 
of diverse kinds of conducting agents to fabricate mixed additives. Hybrid materials 
with multi-functionality are strongly desired and are the subject of ongoing research. 
The next trend is the induction of specific orientation and morphologies for fillers,
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especially rod-shaped additives, by application of external electric or magnetic fields. 
Moreover, epoxies cured in the presence of DESs playing as catalysts, hardeners, 
and conducting agents have not been explored carefully, and deep research is needed 
to develop more efficient mixtures. 
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Applications of Electrically Conductive 
Epoxy Adhesives 

Jie Chen, Wenbin Li, and Xiaoan Nie 

Abstract Electrically conductive adhesives (ECAs) mainly comprise the resin 
matrix, conductive particles, dispersion additives, and other additives. ECAs can 
effectively bond various materials and have conductive properties. The conductive 
mechanism of ECAs is considered to be the contact between conductive particles 
to form an electrical path. ECAs are widely used for microelectronic assembly, 
including the connection of thin wires with printed circuits, electroplating bottom 
plates, metal layers of ceramic adhere and metal chassis, bonding wire and tube 
base, bonding elements, and plane hole passing through printed circuits, bonding 
waveguide tuning, and hole repair. At present, much research has been done in 
epoxy-based conductive adhesives, including categories, conduction mechanisms, 
fillers, and applications. 

Keywords Epoxy resin · Conductive adhesives · Conductive mechanism ·
Conductive fillers 

1 Introduction 

Electronic products continue to develop to the direction of miniature, flat, high sensi-
tivity, and high reliability. With electric current conductivity and excellent bonding 
performance, electrically conductive adhesives (ECAs) are used in many electronics 
fields. As an alternative to tin/lead-based solders, ECAs have many excellent proper-
ties and are conductive composites applications owing to their environmental friend-
liness, low processing temperature, and high flexibility [1]. Normally, ECAs can 
be prepared by dispersing conductive fillers in an insulating polymer matrix or by 
physically blending conductive polymers with the matrix. Specifically, conductive 
fillers mostly include metals/metal-coated materials, carbons, and ceramic materials. 
Moreover, intrinsic conductive polymers mainly include polypyrrole, polyaniline,
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polythiophene, and polyacetylene, which can be blended with an insulating matrix 
to achieve conductivity. 

Depending on the morphology, filling rate, and performance, conductive adhesives 
can be roughly divided into isotropic conductive adhesives (ICAs) and anisotropic 
conductive adhesives (ACAs). The two categories conduct current equally in all direc-
tions and only in the Z-direction based on packing arrangement, respectively [2]. The 
conductive mechanism of conductive adhesives is that the contact between conduc-
tive particles forms an electrical pathway (a three-dimensional conducting network), 
which endows the conductive adhesives with electrical conductivity. Conductive 
adhesives contain solvents, and conductive particles are separated in the adhesives 
before curing or drying, so the particles do not continuously contact with each other 
and are insulating. After conductive adhesive curing or drying, due to the volatiliza-
tion of solvent and adhesive curing caused by adhesive volume shrinkage, conduc-
tive particles stably and continuously contact with each other, showing electrical 
conductivity. 

The electron tunneling effect can also produce a certain current path between 
conductive particles in the conductive adhesive. When the conductive particles do 
not contact each other, an isolation layer exists between the particles, which hinders 
the directional motion of free electrons in the conductive particles. According to 
the concept of quantum mechanics, for a microscopic particle, even if its energy is 
lower than the barrier energy, penetration in addition to reflection may occur, which 
is known as the tunneling effect. Electrons, which are microscopic particles, can pass 
through the barrier of conductive particle separation. The former mechanism and the 
latter concept are based on and relating to electrical conductivity, respectively [3]. 
Generally, applications of ICAs include electrical interconnections for connecting 
substrates (e.g., ceramics and plastics) and replacement solders for thermal-sensitive 
elements [4]. ACAs are applied into flat panel display, glass flip-chips, smart cards, 
and flip boards [5]. 

Epoxy resin-based ECAs are widely used in the field of electronics, such as die 
connection and weldless interconnection because they possess outstanding chem-
ical, thermal and mechanical properties, adhesiveness, compatibility with diverse 
additives and substrates, and availability of solvent-free formulations [1]. However, 
epoxy resins have low electrical conductivity (10–7 to 10–14 S m−1), which limits the 
use of ECAs. Because of this question, this chapter discusses the basic principles and 
limitations of various ECAs, and the main conductive mechanisms that contribute to 
conductivity of ECAs based on epoxy resins. Various conductive fillers in ECAs are 
discussed: metals, carbons, ceramics, metal coatings, polypyrrole, polyaniline, and 
polythiophene. 

2 Electrically Conductive Adhesives 

ECAs are generally deemed as conductive composite materials with an essentially 
clean and straightforward alternative to electronic applications. ECAs can provide an 
intrinsic adhesion when the polymer substrate is cured. When the concentration of
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the conductive filler exceeds the critical level (the percolation limit), the composite 
conductivity rises suddenly. Namely, the conductive filler constitutes a conductive 
network by linking within the substrate, which provides a path for electron transport. 
In applications such as integrated circuits, conductive adhesives are a prospective 
alternative to lead-free tin–lead solders with six merits: 

(1) lead-free; 
(2) low environmental pollution; 
(3) lower curing temperature than that of the solder; 
(4) high dimensional stability; 
(5) processability; 
(6) adhesive ability for multi-material applications. 

Conductive adhesives have many advantages for integrated circuits and various 
electronic applications, but still have some disadvantages, such as low conductivity, 
poor mechanical properties, easy migration, and unstable contact resistance between 
the adhesive and the component [6]. 

Diverse blends of conductive substrates and non-conductive substances were 
studied in the early twentieth century. A patent (1926) for electromechanical applica-
tions of conductive adhesives, a conducting varnish (1933), an electrically conductive 
composite comprising metal powder or graphite-reinforced Bakelite resin (1933), and 
a patent with electrically conductive adhesive were registered [1]. U.S. patent in 1956 
proposed an application of conductive cement that uses a thermosetting polymer as a 
binding agent to fix semiconductor crystals to a metal substrate, which was regarded 
an early use of ECAs in electronics. Then, publications on experimental and theoret-
ical research of conductive adhesives are increasing. ECAs are applied extensively 
in electronics because of low processing temperature and various low-cost fillers and 
are significantly superior over the existing interconnection technology. The adhesives 
have an apparent coefficient of thermal expansion owing to their high flexibility and 
advantages over solder alloy when bonding large chips on any substrate. In addition, 
MacDiarmid, Heeger, and Shirakawa won the Nobel Prize in 2000 for their discovery 
of inherently conductive polymers. 

2.1 Types of ECAs 

ECAs can be divided by the substrates into thermoplastic ECAs and thermoset-
ting ECAs. The thermosetting substrates of ECAs are originally monomers and 
prepolymers undergoing polymerization reaction in solidification, forming a three-
dimensional crosslinked structure in the polymer chain connection form with high-
temperature stability. The substrates of thermoplastic ECAs are composed of very 
long polymer chains that contain a few branched chains, which and flow easily at 
high temperature and do not easily form a crosslinked three-dimensional network. 
At present, the substrates of most of commercial ECAs are thermosetting resins, of 
which epoxy resin is widely used owing to its excellent comprehensive performance.
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Thermoplastic resins can also be added at appropriate temperature to improve the 
toughness and reprocessing performance of the system. 

Depending on the curing system, ECAs can be separated into room-temperature-
curing ECAs, medium-temperature-curing ECAs, high-temperature-curing ECAs, 
and UV-curing ECAs. Room-temperature-curing ECAs are unstable, and the volume 
resistivity easily changes when stored at room temperature. The metal particles 
easily oxidize during high-temperature curing of ECAs, and the curing time must 
be shorter to meet the requirements of ECAs. Medium-temperature-curing ECAs 
(below 150 °C) are used worldwide, and the temperature resistance of electronic 
components, the use of temperature matching, and mechanical properties are also 
better. UV-curable conductive adhesives combine the UV-curable technology with 
ECAs, which gives ECAs new properties and expands their application range. They 
can be used in the electronic display technology, such as electroluminescence of 
liquid crystal display. 

Depending on the types of conductive fillers, conductive adhesives can also 
be divided into metal-filled ECAs, non-metal-filled ECAs, and other-filled ECAs. 
Metal-filled ECAs can also be separated into precious-metal-filled ECAs. The 
conductive fillers used are mainly gold, silver, and base metals. Conductive fillers 
include aluminum, copper, nickel, iron, and other metal powder, sheet, fiber. 
Nonmetallic conductive fillers mainly include carbon black, graphite, and carbon 
fiber. Other types of conductive fillers are mainly silver-coated glass fiber, silver-
coated carbon powder, and metal oxides. Metal-filled ECAs, especially precious-
metal-filled ECAs, have excellent conductive performance and high stability, but are 
limited by high costs. They are generally used for precise connection or connection 
in a more demanding environment. Non-metal-filled ECAs have poor conductivity 
and are mostly used for printing resistors, electromagnetic shielding, and switching 
contacts. Other-filled ECAs have good comprehensive properties and are one of the 
important research and development directions in the future. 

According to the application fields, ECAs can be classified into ECAs for filling 
holes, ECAs for printing lines, and ECAs for connecting. The application of ECAs 
for plugging holes is mainly reflected in high-density interconnect multilayer boards. 
ECAs are used to fill the micro-holes, formed by photoimaging or laser, and play the 
role of conductive interconnection between layers. ECAs are used in printed circuits, 
mainly printed circuit boards, because the ECAs before solidification are commonly 
liquids or creams, and have a certain fluidity under the action of external force. 
Hence, the conductive adhesives can be put directly on the insulation layer with a 
net printing to draw the line. Consequently, circuit boards can be reasonably made 
to eliminate the chemical plating, plating, and etching, but do not produce pollution, 
which is good for the environment. ECAs are connected mainly in the manufacturing 
and assembly process of parts or parts and substrate conductives. 

ECAs can also be classified by the conduction direction into isotropic conductive 
adhesives (ICAs) and anisotropic conductive adhesives (ACAs). The main difference 
is that ICAs are conductive in all directions, while ACAs are conductive in a direction-
dependent way. ICAs are lead-free substitutes for solders because of their environ-
mental friendliness, short assembly time, low cost effective, processing temperature,
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and thermomechanical fatigue. ICAs can be widely used in non-solderable substrates 
and finer pitches. However, ICAs have some shortcomings, such as air trap, hygro-
scopicity, non-self-alignment, and ease of silver migration, which lead to low conduc-
tivity, low impact strength and instable contact resistance. ACAs become a research 
hotspot for fine pitch components thanks to their low cost and processing tempera-
ture, no cleaning, and lead-free formulations. However, ACAs rely on complicated 
methods and special bonding equipment, which limit the applications of ECAs. 

2.1.1 Isotropic Conductive Adhesives (ICAs) 

The ICA systems require a higher concentration of a filler to quickly meet the perme-
ability percolation threshold, which can form a conductive network and conduct in 
all directions over this threshold. The matrix acting as the binder for the base material 
may be thermoplastic (e.g., polyvinyl acetate, polyvinyl chloride, polyvinyl alcohol 
ethers) or thermosetting (e.g., epoxy, cyanate ester, silicone, polyurethane) and may 
form mechanical or electric bonds with the base material. Especially, thermoplastic 
ICAs can be recycled or repaired and are more widely used in ECAs. However, ICAs 
have certain limitations, including the deterioration at high temperatures and poor 
strength. Polymer matrix resins mainly include epoxy resins, phenolic resins, poly-
imide, polyurethane, and thermoplastic plastics. The mechanical properties of epoxy 
resin include good thermal performance, low curing shrinkage rate, adhesive ability, 
and strong mechanical/thermal shock resistance. It can be used in various complex 
conditions (e.g., hot and humid, chemical corrosion) with strong resistance. Epoxy 
resin can also be cured at a lower temperature, and the formulation can be designed 
strongly. At present, thus, epoxy resin-based conductive adhesives are dominant in 
the conductive adhesive market. 

In ICAs, conductive fillers as the main formulation component mainly consist 
of carbon, metal, and metal oxides, which are uniformly distributed in the resin 
matrix in spherical, sheet, or fibrous form and form conductive paths after curing. 
Different from the point-to-point contact of spherical metal particles in the conductive 
adhesives, sheet metal particles have better electrical conductivity because of their 
high horizontal to vertical ratio, which makes them have both point-to-point contact 
and face-to-face contact. Table 1 shows the conductivity of various conductive fillers, 
including Ag, Au, Ni, Cu, and C. Ag is widely used owing to its high conductivity, 
simple processing, and largest contact with flakes [7].

ICAs have been used for electrical interconnection of non-weldable substrates 
and welding replacement of thermal sensors with the help of ceramic and plastic 
properties. In these fields, they are usually called “polymer solders.” Some studies 
on epoxy-based conductive adhesives focus on obtaining high conductivity of ICAs 
under different conditions. For example, Sachdev et al. prepared ICAs using epoxy 
siloxane hybrid composites with excellent bonding strength, durability, low resis-
tivity, and low tensile modulus. Wu et al. (2006) found the volume resistivity of 
epoxy-based ICAs filled with silver nanowires was remarkably lower at low filler 
loading (1.2 × 10–6 Ω m at 56 wt% Ag nanowire) [8].
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Table 1 Electrical resistivity 
of common conductive fillers 

Conductive filler Resistivity (Ω cm) Equivalent to the 
conductivity of mercury 

Au 2.40 × 10–6 39.6 

Ag 1.62 × 10–6 59.1 

Cu 1.69 × 10–6 56.7 

Al 2.62 × 10–6 36.1 

Zn 5.92 × 10–6 16.0 

Fe 9.78 × 10–6 9.8 

Ni 7.23 × 10–6 13.8 

Sn 1.14 × 10–5 8.3 

Pb 2.06 × 10–5 4.6 

Bi 1.06 × 10–4 0.8 

C (graphite) 10–3–1 0.000095–0.095

2.1.2 Anisotropic Conductive Adhesives (ACAs) 

ACAs are composed of polymer resins, conductive particles, and other additives. 
Polymer resins provide conductive adhesives with the bonding ability and mechanical 
properties. Polymer resins include thermoplastic resins, thermosetting resins, and 
their mixtures. Thermosetting resins include acrylic resins, epoxy resins, and vinyl 
acetate copolymers, while thermoplastic resins include polyurethane. Conductive 
particles provide ACAs with Z-axis conductivity, including gold-plated-type polymer 
microspheres on the surface of core-shell structures, gold-plated-type metal particles, 
or solid metal particles. Curing agents react with thermosetting resins to form three-
dimensional crosslinking structures and correspond to different thermosetting resins, 
but thermoplastic resins do not need a curing agent. Compared with ACAs based 
on thermoplastic resins, ACAs based on thermosetting resins have higher bonding 
strength and can work stably at higher temperature. 

ACAs do not have a complete conductive network system because the conduc-
tive filler concentration (about 5–20 vol%) is below the percolation threshold. Thus, 
ACAs lead to current flow in one direction (Z-axis, unidirectional ACAs) or two direc-
tions (bidirectional ACAs) by exerting external forces. ACAs, as the main bonding 
materials for electronic packaging, are usually connected between the substrate and 
chip by hot pressing. The bonding process mainly includes three steps: preloading, 
bonding, and post-treatment. In preloading, the lower protective film of ACAs is 
removed and placed on the substrate to be bonded to soften ACAs at lower temper-
ature and pressure than required for curing. The purpose of preloading is to make 
ACAs fully contact with the substrate and rearrange some conductive particles in 
preparation for bonding. The preloading process usually takes tens of seconds. In 
the bonding process, the upper protective film of ACAs is discarded, and conductive 
bumps and substrate circuit chip circuit are aligned. Then, after raising to the curing 
temperature, a part of the conductive particles under the action of external pressure
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are sandwiched between the substrate and chip circuit in two conductive bumps, and 
an insulation layer of conductive particles is crushed. Then, the adhesive and curing 
agent of ACAs undergoes curing reactions, which achieve the connection between 
the chip circuit and the substrate circuit. In other directions, conductive particles do 
not form a conductive path with each other, thus achieving the anisotropic structure 
of insulation in other directions and conductivity in a single direction. Post-treatment 
can reduce the stress concentration and internal stress in the solidified colloid. Post-
treatment can also prevent colloid solidification and improve the bonding stability in 
the hot-pressing process. 

ACAs can also be divided into film anisotropic conductive pastes (ACFs) and gel 
anisotropic conductive pastes (ACPs). ACFs and ACPs work in the same principle, 
but the devices that can be bonded are different. ACFs are supplied in rolls and 
separated from each other by a protective film to avoid adhesion. ACPs are paste 
liquids. The biggest difference between ACFs and ACPs is that ACPs are used by 
dropping or brushing, while ACFs are used by hot pressing. ACFs can connect 
components in short time with simple hot-pressing equipment. ACPs cannot be easily 
stored, and gas discharge in large area hot pressing is hard. Even printing thickness 
and the distribution of conductive particles are uncontrollable. Therefore, ACPs have 
not been rapidly developed. ACFs can be used for flip-chip packaging, circuit board 
connection, and LCD connection. Although ACAs provide much convenience for 
modern bonding and basically meet the requirements, there are still many problems: 
(1) long-term stable storage problems; (2) low impact resistance of epoxy resin; (3) 
low stability at high temperature or high humidity. 

2.2 Conduction Mechanisms in ECAs 

Basically, ECAs comprise conductive fillers distributed in an insulation polymer. 
The conductive mechanism theories of ECAs are mainly divided into the percolation 
theory and the tunneling effect theory from macroscopic and microscopic perspec-
tives. The former holds that the shrinkage of ECAs makes the conductive particles 
form a stable continuous contact and then induces conductivity. With an increase in 
the content of conductive particles, the resistance of the cured conductive adhesive 
is weakened first slowly and then sharply when the particle concentration reaches a 
critical level, which is called the percolation threshold. Initially, the composites are 
non-conductive until reaching the critical level. With a rise in filler concentration, 
conductive particle clusters are enlarged in size, forming conductive channels. The 
conductive filler is spread in the polymer matrix, and the conductivity of the conduc-
tive adhesive depends on the particle volume fraction. When the critical filling volume 
concentration is reached, the resistivity of the electrode suddenly decreases to a low 
order of magnitude. 

The characterization of conductive channels is mainly based on two mecha-
nisms: interparticle contact and electron tunneling. ECAs form a conductive network 
through physical contact or tunneling between conductive particles during the
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packing. At the percolation threshold, an uninterrupted particle conductive chain 
exists in the adhesive formula, which leads to a significant reduction in resistivity. 
When the filler concentration exceeds the critical level, the particle volume fraction 
in the system rises, promoting the conduction. As the current carriers intensify the 
drift of polarized particles, they further combine, and the contact between particles 
becomes the dominant conduction mechanism of electron tunneling. 

As for the conductive mechanism of ECAs, three situations are feasible: The 
conductive filler is separated, and the intrinsic conductivity of the filler plays a 
role; the conductive filler is in direct contact, and the electron tunneling between 
conductive particles is predominant. First, conductive fillers are mutually divided 
in the polymer; the internal conduction of the conductive fillers takes effect, and 
the conductivity of the ECAs increases. However, this increase is lower because the 
internal conductive fillers cannot wholly overcome the polymer barrier and blockage. 
Second, the conductive fillers of ECAs are in direct contact to constitute a continuous 
conductive network in the polymer matrix, which transmits electrons via the particle 
network through the conductance mechanism of metal particles. Last, electrons can 
be transferred between the conductive fillers by passing through the narrow gap 
(<10 nm) between the fillers when a thin insulating polymer matrix closely separates 
the fillers (electron tunneling effect). The alternating current/direct current (AC/DC) 
behavior of composites can distinguish between interparticle or band conduction 
and electron tunneling conduction. Moreover, band conduction and tunneling are 
associated with DC and AC conductivity, respectively. 

2.3 Epoxy Resin-Based ECAs 

Welding is generally considered a convenient way to connect two matrices, such 
as metals. Welding offers strong bonding and high conductivity along or across the 
matrix, but these methods have many troubles, such as the existence of harmful 
substances (e.g., lead), high processing temperature, the need for a cleaning solvent, 
and the inability to connect some materials (e.g., glass). To overcome the problems 
related to solders, many research groups have carried out much research. The first 
type of conductive cement is based on an epoxy resin composed of silver particles, 
which connect semiconductor crystals to metal substrates or supports. This material 
can be regarded as the first ECAs use in electronic technology. For example, the effect 
of the silver sheet lubricating layer on composite conductivity was studied to remove 
the lubricating layer with an ordinary solvent. Alternatively, an inherently conductive 
polymer is introduced to the epoxy matrix to improve electrical performances. 

There are many studies on the preparation of conductive adhesives (conductive 
filler mixed with insulating matrix, and conductive polymer mixed with insulating 
polymer). For example, Jia et al. (2003) investigated a conductive epoxy-anhydride 
system involving polyaniline (PANI)-dodecylbenzenesulfonic acid (DBSA) and 
revealed the percolation threshold of PANI-DBSA filler-reinforced epoxy composites 
[9]. Choi et al. (2005) characterized the electrics of epoxy composites modified by
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vapor-grown carbon nanofibers, and results show the electrical resistivity decreased 
with the filler content [10]. The mechanical and electrical properties of low-viscosity 
epoxy composites outperformed those of high-viscosity composites. 

The conductive fillers integrated into the epoxy insulating substrate include metal, 
carbon, ceramic, and metal coatings. Ma et al. (2008) provide a simple way to decorate 
carbon nanotubes (CNTs) with silver nanoparticles (Ag–NPs) to strengthen conduc-
tivity [11]. Conductive polymer composites were prepared by adding Ag@CNTs 
as a conductive filler into epoxy resin. The conductivity of composites with 0.10 
wt% Ag@CNTs was over four orders-of-magnitude higher than those with the 
same content of pristine or functionalized CNTs, which verifies the superiority 
of Ag@CNTs. Zhang et al. (2010) reported highly reliable, cheap ICAs—silver-
coated Cu flakes—for electronic packaging and found the resistivity of ICAs (2.4 
× 10–4 Ω cm) was identical to that of commercial Ag-filled ICAs [12]. Yim et al. 
(2010) reported a new type of ICAs with CNTs and low-melting-point alloys as 
fillers and found the CNT-filled ICAs had lower electrical resistance than those of 
common ICAs [13]. The effect of ceramic fillers on the electrical behaviors of epoxy 
resin-based adhesives was also studied. Zhao et al. (2014) used face-centered cubic 
(FCC) TiB ceramic powder as a conductive filler to prepare epoxy-based ceramic 
ECAs with the polymer matrix [14]. 

When the epoxy monomer of ECAs is mixed with an appropriate curing agent, 
the viscous liquid monomer or prepolymer is transformed into an insoluble three-
dimensional (3D) network. The curing kinetics is mainly affected by the reaction 
activity and the migrability or flexibility of functional groups. The crosslinking reac-
tion of epoxy resin is mainly affected by curing time, curing temperature, curing 
agent structure, and filler dosage. Therefore, in epoxy-based ECAs, the conduc-
tive filler can be used to catalyze the curing reaction, changing the curing rate, and 
finally affecting the properties of ECAs (e.g., crosslinking density, strength, bending 
modulus, hardness, conductivity, heating conductivity). 

2.4 Conductive Fillers 

ECAs are composed of a non-conductive polymer and a conductive filler. When the 
filler content exceeds its percolation threshold, a 3D conductive network is formed, 
which strengthens the conductivity of the polymer. Table 2 shows various conductive 
fillers.

2.4.1 Metal Fillers 

Generally, a wide versus narrow particle size distribution calls for a lower filler 
concentration to surpass the percolation threshold in imbuing conductivity. The 
importance of particle size distribution is associated with the particle size and average 
particle size. Compared with any other metal, silver particles are unique with high
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Table 2 Types of conductive 
fillers 

Conductive fillers Metal fillers Ag 

Au 

Ni 

C 

Carbon fillers Carbon nanotube 

Carbon nanofiber 

Carbon black 

Graphene 

Ceramic fillers BN, TiC, SiC, TiB2, 
TiN, TiB, BF 

Metal-coated fillers Metal core 

Non-metal core

conductivity and thermal conductivity, and silver oxides also have higher conduc-
tivity than other metals. When the polymer matrix level is 15–30 vol%, the filler load 
of silver sheets is usually used to prepare ICAs. In addition to low cost and easy 
formation, they can be made into diverse shapes and sizes and be composed of silver 
sheets, particles, wires, and nanorods. 

Lu et al. (1999) studied the conductivity of epoxy adhesive after removing 
the lubricating layer on the silver sheet, and successfully removed some solvents, 
resulting in higher conductivity of the composites [15]. Johnsen et al. (2012) probed 
into the conductivity (by current arrangement) of Ag-reinforced epoxy composites 
[16]. Due to the electronic arrangement, the volume conductivity of epoxy material 
rose by five orders of magnitude. The conductivity of isolated silver wires increased 
by 9–10 orders of magnitude as the particle alignment led to a transition from 
polymer- to silver-dominated conductivity [16]. Despite the high conductivity of 
silver particles, electrochemical composites made from silver-reinforced materials 
are limited in practical application by the disadvantages in conductivity, thermal 
conductivity, silver migration, and impact strength. 

Nanosilver particles (e.g., Ag nanoparticles, nanowires, and nanorods) have 
superior conductivity. Cheng et al. (2007) prepared a UV-curable epoxy adhesive 
with nanosilver particles without a polymeric protector [17]. With a photosensitive 
mixture of AgNO3 in ethylene glycol as example, the surface electrical resistivity 
of photocurable conductive adhesives may be decreased to 8.803 × 106 Ω m−1 

under 900 mJ cm−2 irradiation. Tee et al. (2007) used Ag-NPs as a conductive metal 
filler to prepare Ag-NPs-filled epoxy resin composites [18]. Electrical characteri-
zation showed the insulator transited to the conductor when the Ag content was 
5% (vol/vol) because of the effective treatment with a silane coupling agent. As 
for the morphology, the filler dispersion of the composite system was significantly 
improved after the treatment. Xiong et al. (2014) prepared a typical epoxy resin-based 
conductive adhesive and studied the effects of curing processes on the conductivity 
of adhesives [19]. It was found the curing temperature dramatically influenced the
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loading of 55% silver, and the volume resistivity of ICAs dropped from 1.0 × 10–3 at 
180 °C to 4.7 × 10–3 at 250 °C. In addition, they discussed why the volume resistivity 
changed with temperature from the perspective of silver sheet dispersion in ICAs. 

Gold particles are usually used as thin-layer coatings for electrical connectors 
in the electronic industry. They perform well in conductivity, corrosion resistance, 
oxidation resistance, non-chlorinated acid resistance, non-toxicity, and ductility. 
However, they also are easily affected by free chlorine and have high costs. Nickel, an 
essential component of various alloys, is a low-cost filler with high oxidation resis-
tance in the atmosphere. It can maintain high corrosion resistance in a wide range of 
pH, but its conductivity is worse than that of silver and copper, so it is the preferred 
filler for electromagnetic shielding materials. Nickel is usually used for spherical 
particles in ACAs because it has a resistivity two orders-of-magnitude higher than 
that of Ag-filled adhesives, limiting its application in ICAs. The main reason for the 
high resistivity of nickel is its high hardness and difficulty in transforming into thin 
sheets with the best shape and size. Nickel has a wide size range, including spherical 
and narrow size distribution. Nickel can be plated with chemical gold to improve 
oxidation resistance. 

Copper, a soft and changeable ductile metal, is widely applied as a conductive 
filler in the electronic industry thanks to its high conductivity, thermal conductivity, 
good electromigration properties, and economic benefits. Copper has higher elec-
trical conductivity and lower cost than silver, but its oxidation resistance is weak, 
and it easily oxidized into non-conductive copper oxide, thus affecting the conduc-
tivity of the coating. Therefore, as a conductive metal filler, copper shall be modified 
to enhance its oxidation resistance. The main difficulty of using Cu-based electro-
chemical composites is to control copper oxidation and gradually reduce the electrical 
properties of adhesives. Generally, this problem can be solved via organic or inor-
ganic coating of copper, N-based processing of copper, and incorporation of solder 
powder to the adhesive system. In addition, surface modification (plating conductive 
silver) of copper improves its stability, and the treatment (nitrobenzotriazole and 
imidazole) of copper can produce stable oxidation-controlled complexes. 

2.4.2 Carbon Fillers 

Carbon particles, mainly including carbon black (CB), CNTs, carbon nanofibers 
(CNFs), and graphene (GR), are a type of conductive fillers with more extensive 
application. They have abnormally high conductivity because of large surface volume 
ratio or aspect ratio. Some nanofillers have one- and two-dimensional structures, 
which are significantly recognized and used because of unique optical, chemical, 
electrical, thermal, mechanical, and properties. 

CNTs featured with high strength, modulus, surface, thermal conductivity, current 
density, and thermal stability are considered excellent nanofillers to enhance the prop-
erties of polymers, adhesives, and composites. However, large specific surface areas 
and the inherently strong van der Waals force in structures lead to the agglomeration 
or aggregation of CNTs, limiting the ability of CNTs to strengthen the properties
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of polymers. To address this problem, CNTs aggregates must be decomposed and 
completely dispersed in the substrates, which often results in an increase in the prop-
erties of adhesives or composites. Therefore, various methods have been proposed 
to enhance the dispersion of CNTs in the matrix, including high-shear mixing, ultra-
sound, surfactant, acid oxidation of CNTs, and other chemical approaches. Due to the 
high aspect ratio, CNTs can form an efficient conducting network with a low perco-
lation threshold so as to make many polymers conductive. CNTs obtain a percolation 
threshold when the filler load is minimal, which provides high conductivity for the 
polymer matrix because the aspect ratio is proportional inversely to the volume 
fraction of the filler. 

Material researchers have studied CNTs to improve the conductivity of various 
polymers. Jakubinek et al. (2015) added low load (nearly 1%, w/w) SWCNTs to raw 
aerospace-level epoxy resins to transfer conductivity while keeping structural adhe-
sion, and thus developed structural and conductive adhesives [20]. It was found the 
composites’ peel strength and lap shear strength did not vary with the introduction 
of 0.5 wt% SWCNTs, but increased by 30% and decreased by 10%–15%, respec-
tively, after the addition of 1 wt% SWCNTs. For SWCNTs adhesive with 1 wt% 
addition, the conductivity of the composite was up to 10–1 S m−1. High conductivity 
and uniform dispersion after the addition of 8 wt% MWCNTs were achieved by 
three-roll milling. Reportedly, the aspect ratio is among the critical parameters deter-
mining the conductivity and seepage behavior of composites, and when the aspect 
ratio rises by 5.5 times, the conductivity increases by nearly ten times [21]. More-
over, three-roll milling can induce the extended arrangement of MWCNTs with a 
high aspect ratio under medium load (2–4 wt%). The arrangement of CNTs greatly 
influences the conductivity of epoxy adhesives. Felisberto et al. (2012) reported the 
electrical properties of CNTs/epoxy composites filled with aligned and randomly 
oriented nanotubes [22]. It was found the percolation threshold of the composites 
with ordered CNTs was one order-of-magnitude smaller compared with those under 
random orientation (0.06–0.5 wt%). At the percolation threshold, the conductivity 
was 1.4 × 10–5 S/m. 

CNFs or VGCNFs are cheap, hollow, discontinuous cylinders/filaments in 
diameter of 50–500 nm and length of several microns, providing a high-aspect 
ratio stacked cones (length/diameter > 100) and nanographene layers arranged in 
parallel along the axis. This arrangement is about 100 times smaller than stan-
dard carbon fibers [23]. CNFs or VGCNFs, featured with outstanding mechanical 
properties, physical properties, thermal conductivity, and conductivity, have inter-
ested researchers as ideal candidates for carbon-filled materials to prepare polymer 
matrix composites/nanocomposites. For example, the conductivity of nanocompos-
ites is about 106 S m−1, and the thermal conductivity is about 1900 Wm−1 K−1. 
However, the performances of VGCNFs are better than CNTs because of their mass 
production from natural gases or coals and high cost-effectiveness compared with 
CNTs. VGCNFs are more widely used and easier-to-obtain, making them excel-
lent substitutes for CNTs [23]. Due to the interaction of van der Waals forces 
between carbon fibers, VGCNFs tend to agglomerate, resulting in poor proper-
ties of composites. Therefore, improving the ultimate performance of reinforced
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composites/nanocomposites is the only goal [23]. Smrutisikha et al. (2010) prepared 
CNF/epoxy composites with different CNF contents (up to 1 wt%) under different 
curing conditions and studied the electrical properties [24]. The conductivity of the 
insulating epoxy resin was improved by 3–6 orders of magnitude after the injection of 
CNF. In addition, the samples cured at room temperature had high conductivity, which 
was due to the network formed by nanofiber aggregation along the fiber arrangement 
direction. 

CB is an amorphous carbon and pure para-crystalline carbon material as clusters. 
This light, loose, and fine black powder has a large surface area of 10–3000 m2 g−1. 
CB results from incomplete burning or thermal degradation of carbonaceous mate-
rials (e.g., heavy oil, coal, fuel oil, and natural gas) under deficient air. According to 
records, China is one of the earliest countries to produce CB. The structure of CB 
is expressed by the degree of chain or grape-like aggregation between CB particles. 
CB comprises agglomerates in size and morphology, and the particle number in each 
agglomerate is named high-structure CB. The oil absorption value is indicative of 
structure, and a larger means a higher structure of CB, which easily forms a spatial 
network channel that is hard to destroy. High-structure CB has fine particles, dense 
mesh chains, large specific surface area, and many particles per unit mass, which 
contribute to the formation of a conductive chain structure in polymers. Among 
many CB varieties, acetylene CB is the best. CB particles with broad versus narrow 
particle size distribution can give more conductivity to the polymer, which can be 
explained by statistical methods. 

The larger CB filling amount leads to the higher density and more conductive paths 
of dispersed CB particles or CB particle aggregates, the smaller average distance 
between particles, and the higher probability of mutual contact. A more polar blend 
system composed of polymers with different polarities, and CB contains a larger 
critical volume fraction of CB, meaning that the system conductivity decreases. 
Because the surface of CB contains strong polar groups, the polarity of the matrix 
is significant, and the effect is enhanced. At this time, the strength increases, but 
this hinders the aggregation of conductive particles, resulting in poor conductivity. 
However, in the blend system composed of a multi-component resin matrix and 
CB, the filled CB will produce segregation due to the varying polarities of different 
matrices. The conductivity relies on the concentration and layout of CB particles and 
the proportion of polymers both in the segregation phase. 

In the example of CB, the dominant mechanism of electron tunneling is current 
driven because it involves the current between flowing particles that are closely 
located in the polymer matrix by the interlayer. The net increase in conductivity is 
due to electrons jumping easily within the whole matrix. Gonza’lez et al. (2005) tested 
the conductivity of commercial CB under compression and found the conductivity 
of carbon with small compressed volume rose with the decline of sample volume 
[25]. The increase of total conductivity is more significant for the densest carbon and 
less for the lightest carbon. The conductivity and its change under compression are 
positively correlated with carbon density. Tantawy et al. (2002) showed that epoxy 
composites were electrically and thermally stable at high CB content, giving them 
a broad application prospect in heating devices and conductive composites [26]. In
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addition, the conductivity of the insulating epoxy resin matrix rose with the increase 
of CB content, and the conductivity (3.4 × 10–5 S m−1) was above 7 wt% CB. 

Studies show that CB will significantly impact the curing kinetics and conductivity 
of epoxy formulations. Trihotri et al. (2015) explored the impacts of curing conditions 
on the activation energy and dielectric properties of CB-epoxy (CB-EP) composites 
at varying temperatures and frequencies, and reported that room-temperature-cured 
CB-EP had higher activation energy and lower dielectric constant compared with 
heat-cured CB-EP [27]. In addition, with an increment of CB concentration in the 
composites, the activation energy of the curing system decreases, which may be 
ascribed to the higher polarization energy or charge carrier density. 

GR with outstanding electrical, mechanical, and optical properties is formed by 
closely packing carbon atoms into a single-layer two-dimensional honeycomb lattice 
structure. GR is among the materials with the highest strength known. Graphene 
outperforms other nanofillers in terms of specific surface area and aspect ratio and 
can build an uninterrupted conductive network in the polymer matrix. However, due 
to the high aspect ratio, hydrophobicity, and π-π interaction of graphene layers, 
graphene is unevenly dispersed in the composite matrix, resulting in a reduction 
and deterioration of material properties. Therefore, researchers use different tech-
nologies (e.g., covalent/non-covalent functionalization, microwave stripping, surface 
modification) to evenly disperse graphene layers into polymers. 

The conductivity of different graphene epoxy composite derivatives has already 
been studied with structural results. Liu et al. (2013) carried out marginal func-
tionalization by Friedel Crafts acylation reaction between original graphite and 4-
aminobenzoic acid to obtain 4-aminobenzoic acid-based functional fossil ink [28]. 
Functionalization mainly occurred in the edges of graphite, and the original graphene 
structure on the inner substrate was retained. Functional graphene sheets were used as 
nanoscale reinforcing materials to produce epoxy-based conductive composites for 
electrical interconnection. The conductivity of the composites increased by 31.3%, 
and the shear strength rose from 8.7 to 15.2 MPa after adding 0.6 wt% functional 
graphene. Bindu et al. (2014) prepared microwave stripping reduced graphene oxide 
(MERGO) was from natural graphite and synthesized epoxy nanocomposites from in-
situ polymerization with triethylenetetramine (TETA) as a curing agent [29]. The AC 
conductivity of the nanocomposites was 10–5 S m−1, and the dielectric constant was 
significantly improved. Preparing epoxy/MERGO nanocomposites from graphene 
is economical and straightforward and can be applied to the production of other 
MERGO-based polymer nanocomposites. 

2.4.3 Ceramic Fillers 

Ceramic materials are inorganic non-metal substances resulting from the forming 
and high-temperature sintering of natural or synthetic compounds. They have high 
melting point, hardness, and high wear and oxidation resistance. Ceramic materials 
are often used as fillers in ECAs owing to their large dielectric constant, low dielectric 
loss, and high thermal stability. Common ceramic materials include barium titanate
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(BaTiO3), calcium cupric titanate (CCTO), calcium titanate (CaTiO3), and titanium 
dioxide (TiO2). Ceramics have a lower linear expansion index than metals do and have 
high dimensional stability upon temperature variation. Functional ceramics such as 
BN, TiC, SiC, TiB2, TiN, and TiB usually have remarkable physical properties and 
are applied in many fields, including fillers for epoxy-based conductive adhesives. 

Ceramic ECAs were prepared using face-centered cubic (FCC) TiB ceramic 
powder as a conductive filler and the polymer as a matrix. Also, the conductivity 
of the ceramic electrolytic capacitor was studied [30]. A percolation threshold was 
obtained at 60% FCC-TiB with the lowest resistivity of 1 × 10–3 Ωm at 75% loading. 
Some ceramics including BaFe, BN, TiB2, TiN, and SiC have semiconductor prop-
erties. These materials are also considered secondary fillers of ECAs, which are 
usually used to enhance the conductivity and thermal conductivity of composites. 
Saad et al. (2015) prepared barium ferrite/polyaniline composites (Ba Ferrite/PANI) 
by in-situ polymerization, which were dispersed in a diglycidyl ether bisphenol 
A/carboxyl polyester hybrid powder coating system [14]. The filling amount of Ba 
ferrite/PANI was directly proportional to the conductivity of epoxy composites. Cui 
et al. (2013) prepared conductive adhesive (ECAs) by adding microsilver sheet and 
hexagonal boron nitride (BN) nanoparticles to the matrix resin [31]. The hexag-
onal BN nanoparticles well affected the reliability of electrochemical ceramics and 
improved the properties of the ceramics. 

Some researchers synthesized ceramic nanomaterials for epoxy-based adhesives. 
Bouzidi et al. (2015) prepared indium tin oxide (ITO) nanopowders using the sol– 
gel method and prepared the ITO nanoparticles (ITO-EP-NCs) in the epoxy resin 
matrix [32]. The UV absorption performance of ITO-EP-NCs was enhanced under 2 
wt% ITO load, and the absorption bandwidth reached 400 nm. The addition of ITO 
nanoparticles improved the UV and IR shielding properties of epoxy resin. Abenojar 
et al. (2009) probed into the curing and mechanical properties of an epoxy adhe-
sive filled with boron carbide (B4C) [33]. The B4C-reinforced epoxy resin had high 
wear resistance and specific wear resistance against alumina. With the increase of 
B4C content, the reinforced epoxy resin showed good mechanical properties and fine 
particles. Tg decreased slightly after addition of B4C. Singh et al. (2017) reported the 
synergistic impact of hybrid BN and graphene on the thermal conductivity of epoxy 
adhesives [34]. The thermal conductivity increased to 1.65 W m−1 K−1 by about nine 
folds from the original epoxy resin. The activation energy declined with the incor-
poration of BN particles into the epoxy/graphene framework. Also, the curing speed 
of the epoxy/graphene/BN adhesive system surpassed that of the epoxy/graphene 
adhesive system. 

Ceramic fillers are often used in ECAs because of their low dielectric loss 
and large dielectric constant and heating stability. Achieving a higher dielectric 
constant at a lower filling amount is difficult. In general, at above 50 wt%, although 
ceramic/polymer matrix composites have high dielectric constant, the ceramic 
packing is prone to reunition, leading to the formation of numerous holes and defects 
in the composite. Hence, the wear performance of the composite material will decline, 
leading to a conductance loss. The main reason is that the dielectric properties at the 
interface between the high-dielectric ceramic filler and the low-dielectric polymer
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matrix are too different, resulting in the distortion of the electric field. Therefore, how 
to improve the interface compatibility between ceramic fillers and polymer substrates 
becomes a research focus in recent years. There are two main research directions: to 
form a core–shell structure on the filler surface and to graft organic polymers on the 
ceramic surface. 

2.4.4 Metal-Coated Fillers 

Compared with carbon-based fillers and ceramic fillers, some metal fillers have high 
conductivity and thermal conductivity. Among them, silver (Ag) is used in ECAs 
because of its easy processing, high conductivity, thermal conductivity, and chem-
ical stability. However, its high cost hinders its wide application in many electronic 
fields. Therefore, Ag is usually mixed with other fillers to make coating fillers, 
which promotes high conductivity, and has a low cost. Copper with low electrical 
impedance, good electromigration, and low cost is widely used as an epoxy-based 
conductive filler. However, the main disadvantage of the copper filler is copper oxida-
tion or corrosion, reducing the electrical performance of the electrolytic capacitor. 
Therefore, the copper filler needs surface modification to control oxidation, which 
can be achieved by coating other metals (e.g., silver) on the copper surface. On this 
basis, Nishikawa et al. (2010) coated a silver layer on the surface of copper particles 
to solve the problems due to high resistance and oxidation [35]. Curing and relia-
bility tests showed the epoxy-based ECAs of the Ag-plated Cu filler were much lower 
and more stable than the pure Cu filler because the Ag coating over Cu prevented 
Cu oxidation. Zhao et al. [36] prepared sheet silver-plated copper-filled ICAs with 
epoxy resin as the matrix and tetraethylpentamine as a curing agent. The Ag content 
on the copper surface of the coating was up to 96.32%, and the flake Cu–Ag powder 
with high-content silver had high oxidation resistance. In addition, the percolation 
threshold of ICAS filled with flake Cu–Ag powder was only 40%. 

The non-metal core of metal-coated epoxy conductive fillers mainly includes 
carbon filler, various polymers, or glasses with lower conductivity than metal parti-
cles. Carbon-based materials such as graphite or graphene, CNTs, and CFs have 
high aspect ratios and provide epoxy-based adhesives with mechanical strength and 
high thermal stability, but their conductivity is lower than metal fillers. Therefore, 
with the help of the high conductivity of some metal particles based on Ag and 
Au, conductive metal particles are coated on carbon-based fillers to improve their 
conductivity and save costs of ECAs. Wei et al. (2009) prepared nano-graphite from 
expanded graphite and silver-plated nano-graphite [37]. The Ag-plated nano-graphite 
conductive adhesive comprised an epoxy resin, a silver-plated nano-graphite conduc-
tive filler, triethanolamine, and other additives. The percolation thresholds of the 
conductive adhesive were 7 wt% and 17 wt%, respectively. When the conductive 
filler concentration was 20 wt%, the epoxy conductive adhesive had lower resistivity 
of 1.50 × 10–3 Ω cm and high thermal stability. Gallego et al. (2015) tested gold-
functionalized graphene (Au-GNP) as a conductive filler in epoxy adhesives to study
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the conductivity of ECAs [38]. The Au-GNP nanofiller was distributed into UV-
curable epoxy resin. The addition of Au-GNP nanofiller significantly improved the 
conductivity by about four orders of magnitude relative to the epoxy nanocomposites 
with the same dose of bare graphene. Kim et al. (2014) showed that MWCNTs can 
enhance the conductivity by electroless nickel plating (Ni) and improve the electro-
magnetic interference shielding rate of Ni-MWCNTs-reinforced epoxy nanocom-
posites, suggesting a high Ni content raises surface conductivity [39]. The insulator 
was transformed into a conductor by coating metal particles on the surface of the 
polymer. It can control the overall cost of ECAS and improve the strength and elastic 
modulus of composites. Zeng et al. (2006) prepared conductive composites with 
epoxy resin (EP) as a matrix and nickel-plated polyethylene terephthalate (PET) 
fiber as a filler [40]. Compared with conventional nickel-plated PET/EP composites, 
ultrasonic electroless nickel-plated PET/EP composites contained more nickel and 
less phosphorus, showing higher electrical conductivity and better electromagnetic 
shielding effect. 

2.5 Inherent Conductive Polymers 

ICPs are organic materials with conductive properties owing to their unique struc-
ture, but they are fragile and cannot withstand any significant external load. ICPs 
show high conductivity (101 S m−1, close to that of copper, 103 S m−1) and low 
specific mass (1.2–1.7). In recent years, ICPs are regarded as promising conduc-
tive fillers because of their metal electronic and semiconductor optical properties, 
flexible mechanics, and processability of traditional polymers. Conductive polymers 
can be prepared by doping conjugated polymers, which becomes a trend. Generally, 
the conductivity of conductive materials formed by conjugated polymers is between 
10–11 and 10–8 S m−1, and can be increased by 6–9 orders of magnitude to 10–5 

to 101 S m−1 after doping. ICPs are filling materials to provide conductivity for 
adhesive formulation. However, compared with traditional conductive fillers (e.g., 
metal and carbon fillers), the conductivity of adhesive formulations prepared from 
conductive polymers is lower, while traditional conductive fillers-enhanced adhesive 
systems are usually sufficient to meet some applications. ICPs-reinforced conductive 
adhesives can be achieved by mixing two polymers (adhesive matrix and ICPs) or 
building an interpenetrating polymer network. When the adhesive matrix is mixed 
with ICPs, conductive polymer particles are added to the liquid polymer matrix and 
cured under thermal conditions. Another method of preparing conductive adhesive 
is to polymerize and compressed-mold a conductive polymer in an insulating matrix.
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3 Prospects of ECAs 

According to literature and policy reports, ECAs have an outstanding market prospect 
and opportunities in various industries. To meet the further requirements of ECAs, 
high conductivity can be achieved by several methods. New trends may include 
the integration of different conductive fillers (mainly nanofillers) to generate mixed 
fillers. Adding hybrid fillers into the insulating matrix can improve the conductivity 
and show the synergistic effect of the two fillers. The mixed filler promotes electron 
transport in the 3D electronic network because the secondary filler will be used as the 
primary filler between the bridges. In addition, the development of ICP fillers based 
on metal particle coatings may beneficially impact ECAs. The evolution of ICPs-
coated carbon-based nanofillers can remarkably improve conductivity. Coating metal 
conductive particles into carbon-based nanofillers and changing the carbon fillers to 
strengthen the conductivity of epoxy composites is a sustainable and reliable method 
to prepare ECAs. 

4 Summary 

This chapter mainly introduces all aspects of epoxy-based conductive adhesive 
(ECAs) as economical substitutes of welding connection in many electronic pack-
aging industries. It covers the basic principle of ECAs, especially categories (e.g., 
ICAs and ACAs) and the conduction mechanism. The mixing of a conductive filler 
and an epoxy resin matrix to transform an insulating material into a conductive 
one is elaborated. The conductive fillers introduced into the epoxy matrix include 
metal fillers, carbon fillers, ceramic fillers, and metal-coated fillers. Several inher-
ently conducting polymers mixed with epoxy include polypyrroles, polyanilines, and 
polythiophene. 
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