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Abstract 

Fibre reinforced polymer (FRP) composites are becoming excellent candidates to address 

significant weight reductions in several industrial sectors such as the aerospace, 

automotive, naval and renewable energy. The Achilles' heel of advanced FRP composites 

centers around the poor interlaminar fracture toughness that may lead to undetected 

damage within the microstructure deteriorating the mechanical performance.  

The purpose of the present work unfolds in two axes, (i) to develop a novel Non-

Destructive Evaluation technique based on Impedance Spectroscopy for the damage 

assessment of nanomodified FRP composites. This study aims to providing an insight in 

the damage mechanisms that occur in FRPs during their active lifetime under different 

loading scenarios (mechanical or environmental loading), (ii) to develop and employ 

three “tailor-on-demand” self-healing strategies to counterbalance the aforementioned 

damage mechanisms and restore specific functionalities in the composite. The healing 

performance of all the adopted self-healing concepts showed remarkable results both at 

polymer and composite level. 
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1.1. Overview 

Due to their excellent mass-specific mechanical properties as well as their “tailor-to-

order” strength and stiffness, fiber reinforced polymer (FRP) composites are widely used 

in several industrial sectors such as the automotive, aerospace, naval and renewable 

energy. There is, however, an important drawback when FRPs are subjected to 

mechanical loading which concerns the susceptibility of these materials to micro-cracking 

or delamination that may be created deep within the microstructure, due to their poor 

through-thickness strength and toughness.  

Nondestructive evaluation (NDE) is a vital tool for damage detection and prevention of 

high value or critical polymer matrix composite (PMC) structures. NDE assesses the state 

of structural health and, through appropriate data processing and interpretation, predicts 

the remaining life of a structure. Among NDE techniques, the ones that relate electrical 

properties to the mechanical response and/or the durability of the structure are of great 

interest due to the sensitivity of the electrical properties to internal degradation. Full 

exploitation of the aforementioned NDE concepts, necessitates an in depth understanding 

of the principles that govern coupled property interaction between electrical and 

mechanical properties in the case of PMCs reinforced with a conductive phase such as 

carbon nanotubes (CNTs) [1–3]. 

As aforementioned, electrical properties act as a potential indicator for the evaluation of 

the structural integrity of the composite. Numerous researchers have attempted a direct 

correlation between the inherent structural integrity and the variation of electrical 

properties. Whilst reversible changes in the electrical properties relate solely to strain, 

irreversible electrical resistance change relates to internal damage of the composite 

material [4–7].  

The initial aim of the current thesis is unfolding in Chapter 2 and is concerned with the 

development of novel strategies towards the on-line monitoring of the structural integrity 

of nanomodified fibre reinforced composites using impedance spectroscopy (IS).  This 

step was essential in order to gain insight on the damage mechanisms that initiate and 

propagate within a composite material during its operating lifetime. For that purpose, 

carbon nanotube (CNT)-modified epoxy resins and their hybrid composites subjected to 

different levels damage via hygrothermal exposure and mechanical step loading 
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respectively. The IS measurements were performed using a simple two-electrode method 

with no specialized modifications. The Electrode polarization (EP) effect which normally 

impedes impedance measurements for dielectric materials have been addressed via the 

incorporation of the conductive nanophase which tailors conductivity to the desired 

levels. The presence of CNTs shifted the electrical response of the material to AC towards 

higher frequencies resulting in a higher signal-to-noise ratio. The AC frequency response 

of the composites revealed a direct correlation between the level of damage as verified 

by optical microscopy and the hysteretic behaviour of the studied materials. Induced 

damage has been successfully modeled using a simple RC circuit in parallel providing an 

insight of the internal state of the material.  

Apart from the conventional damage tolerant design philosophies, the self-healing 

concept has attracted great interest in the research community over the last decade [8–

10]. Inspired by living organisms, self-healing composites possess the remarkable ability 

to detect and heal damage and, as a result, to restore their initial performance (fully or 

partially). Figure 1.1 depicts the autonomous functionalities of an ideal synthetic material 

that is capable of maintaining and recover its initial performance throughout its functional 

life.  

 

Figure 1.1 The life cycle of polymers with autonomous healing functions. 

Self-protection refers to the protection of a material against damaging factors in hostile 

environments, i.e. mechanical or electrical load, chemical corrosion etc.; self-reporting 

functionality ensures the promptly detection of performance loss and finally autonomous 
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self-healing is responsible of recovering the performance and thereby increase the 

materials lifetime [11]. Based on the adopted approach and employed chemistry of self-

healing polymers/ polymer composites, these materials can be divided into two classes: 

(i) autonomous and (ii) non-autonomous self-healing materials. As their name indicates, 

the autonomous self-healing materials, are capable of regaining specific functionalities 

without external intervention e.g. heating. On the other hand, non-autonomous self-

healing materials need external intervention.  

Self-healing composites or materials in general, can be categorized into three conceptual 

approaches, the intrinsic, the vascular and the capsule-based. The intrinsic self-healing 

approach exploits the inherent ability of a composite to restore its initial properties, at the 

molecular level, through physical or chemical reversible bonding, theoretically for an 

infinite number of repetitions [12–16]. The capsule-based concept is an extrinsic self-

healing mechanism that involves the embedment of capsules, which contain an active 

liquid i.e. the healing agent, within the host material. When the composite is damaged, 

the capsules are ruptured, releasing the liquid agent at the damage site thus repairing the 

material [17–19]. An alternative route towards developing self-repairing composites is by 

mimicking the blood vessels of living organisms. This approach, involves the fabrication 

of a vascular network composed of micro-channels or hollow fibers whereby the healing 

agent is manually or automatically introduced into the host matrix [20,21]. Upon damage 

of the vascular network in the presence of crack propagation phenomena, healing is 

performed as the healing agent is delivered to the damaged area. In the case where the 

healing agent is injected in the vascules via an external intervention, this approach 

deviates from a per se self-healing process. 

In Chapters 3,4 and 5 efforts to expand our knowledge on these three self-healing 

approaches have been made by introducing beyond-the-state-of-the-art methodologies for 

the development, characterization and incorporation of the self-healing scenarios to the 

composite materials. In these chapters, a brief introduction on theoretical considerations 

and recent advances on self-healing composites will be presented.  

In more detail, Chapter 3 is concerned with the nano-reinforcement of an epoxy healing 

agent for vascular self-repairing fiber reinforced composites. Multi Wall Carbon 

Nanotubes (MWCNTs) have been selected, as the nanoscaled reinforcing phase of a low-

viscosity epoxy healing agent, in three different weight contents. The rheological 
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behavior of the nanomodified epoxies was evaluated via apparent dynamic viscosity 

measurements and adjusted accordingly. The resulted nanocomposites were infused via 

a vascular network, to Double Cantilever Beam (DCB) fractured Glass Fiber Reinforced 

Composites (GFRPs) specimens in order to assess the effect of the MWCNTs on the 

healing efficiency (η), in terms of maximum bearing load and interlaminar fracture 

toughness (GIc) recovery. The employment of the nano-enhanced healing agent increased 

the calculated healing efficiency (𝑛𝐺𝐼𝑐) up to circa 190%, through the introduction of 

additional energy consumption mechanisms that were confirmed via a comparative 

Scanning Electron Microscopy (SEM) study. 

The work presented in Chapter 4 is unfolding into two main axes: (i) the synthesis and 

characterization of poly(urea–formaldehyde) (UF) microcapsules and (ii) the 

incorporation of the produced microcapsules within a polymeric material to access the 

healing efficiency of the system using several testing protocols and configurations. The 

characterization of the UF capsules was achieved using Thermogravimetric Analysis 

(TGA), Differential Scanning Calorimetry (DSC), Scanning Electron Microscopy (SEM) 

and Raman spectroscopy, while capsule-based self-healing systems have been tested at 

polymer and composite levels.  Obtained results indicated that capsules proved thermally 

stable at elevated temperature while the rough external wall material enhanced the 

interlocking between the capsules and the host matrix. At matrix level, the capsule-based 

self-healing polymer was able to restore its initial fracture toughness at 72% while in the 

case of GFRP specimens, the healing efficiency was almost the same reaching at 77.84%. 

The modification of a polymeric adhesive using UF microcapsules has been proved as a 

reliable route towards up-scaling the employment of capsule-based self-healing 

methodologies to more complicated composite structures. 

Chapter 5 is concerned with the synthesis and characterization of three reversible epoxy 

resins. The reversible cross-link network realized using three bis-maleimide oligomers 

with different molecular masses. The produced healing systems, were characterized using 

DSC and Raman spectroscopy while the healing performance of the three systems was 

assessed via 2 different testing configurations. The obtained results, indicated a 

remarkable healing efficiency when the reversible polymers employed as adhesives at a 

lap strap geometry. A satisfying healing performance in terms of fracture toughness was 
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also recorded in the case where the investigated systems were employed as interlayers in 

Glass Fiber Reinforced Composite coupons. 

The concluding remarks of this study along with future suggestions and recommendations 

related to the field of the study are reported in the final part, Chapter 6. 
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 Introduction 

Coupled property interaction in engineering structures may administer multiple 

functionalities. In order to exploit coupled field interaction for application such as Non-

destructive evaluation, an in depth understanding of the principles that relate structural 

integrity to internal properties is indispensable. Typical example is the electromechanical 

coupling which relates electrical properties to the mechanical response and/or the 

durability of the structure in the case of composites reinforced with a conductive phase 

such as carbon nanotubes (CNTs) [1–3]. 

Electrical properties of epoxy resin-based  CNT composites were extensively studied by 

many research groups over the last years [4–11]. A key feature of the electrical properties 

is that they can act as a very sensitive indicator for the evaluation of composite structural 

integrity. Numerous efforts have focused on the correlation of DC electrical properties 

(i.e. electrical resistance, electrical conductivity) to structural degradation within the 

lifetime of the composite material or structure. It has been established that, reversible 

changes in the electrical properties relate solely to strain, while irreversible electrical 

resistance changes relate to internal damage of the composite material [12–16]. 

Thostenson and Chou [17] established that the change in the size of reinforcements, from 

conventional micronsized fiber reinforcement to carbon nanotubes with nanometer-level 

diameters, enables a unique opportunity for the creation of multi-functional in situ sensing 

capability. By combining these reinforcements of different scales, carbon nanotubes can 

penetrate the matrix-rich areas between fibers in individual bundles as well as between 

adjacent plies and can achieve a percolating nerve-like network of sensors throughout the 

arrays of fibers in a composite, as depicted in Figure 2.1. 

 

Figure 2.1 Three-dimensional model showing the penetration of nanotubes 
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In another work, T. Takeda and F. Narita [18] presented a study on the Mode I fracture 

behavior and crack monitoring of bonded carbon fiber reinforced polymer (CFRP) 

composite joints with carbon nanotube (CNT)-based polymer adhesive layer. Bonded 

joints were fabricated using woven carbon/epoxy composite substrates and CNT-based 

epoxy adhesives while the electrical resistance of the bonded joint specimens was 

monitored during Mode I fracture toughness tests Figure 2.2. They showed that the 

normalized resistance change can be utilized as a quantitative measure of crack extension 

amount and application of this crack sensing technique in real aerospace structures may 

provide confidence in using adhesively bonded joints. 

 

Figure 2.2 (a) Schematic of DCB bonded joint specimen, (b) illustration of crack region in DCB bonded joint specimen 

with CNT-based polymer adhesive layer and (c) load and normalized resistance change versus load point displacement 

plots for MWNT/epoxy adhesive joint specimen showing cohesive fracture 

In a more recent work, the structural integrity of Carbon Fibre Reinforced Polymers 

(CFRPs) with Multi Walled CNTs (MWCNTs) in the matrix phase was evaluated 

concurrently with the self-sensing abilities of the hybrid composite. The adopted 

experimental setup for the electrical measurements is depicted in Figure 2.3. Self-sensing 

was achieved via the electrical network of CNTs within the insulating matrix which 

perform as inherent sensors in the composite structure. Changes in the electrical resistance 

of nano-composites and CFRPs, when subjected to load, provided a direct measure for 

strain and damage accumulation [19]. 
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Figure 2.3 Experimental setup of electrical resistance change method. 

More recently, electrical based methodologies utilizing AC configurations are gaining 

acceptance as more effective non-destructive evaluation (NDE) method for damage 

assessment in PMCs. AC methodologies increase the dimensionality of the problem 

adding additional variables compared to the DC techniques, which is virtually the 

monitoring of a potential function. This dimensionality increase may prove very useful 

in the inverse problem solution i.e. in the case of electrical topography [20,21]. 

The study of the impedance properties of composites which contain conductive 

reinforcing fibers in an insulating matrix have been extensively studied due to the fact 

that the conductive fiber can act as a working electrode or when the fiber volume fraction 

is above the percolation threshold, the entire composite specimen may act as the working 

electrode itself [22–25]. In a typical study, Slipher et al. [26] employed Electrical 

Impedance Spectroscopy (EIS) for damage detection in CFRPs. Impedance magnitude at 

low frequencies and impedance phase at high frequencies proved to be particularly useful 

as damage metrics showing significant sensitivity to the structural deterioration of the 

material due to mechanical loading. The adopted experimental setup is illustrated in 

Figure 2.4 
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Figure 2.4 Automated experimental setup 

In another work, Pohl et al. [27] employed Impedance Spectroscopy as a tool for the NDE 

of smart CFRP structures. They managed to detect damage (delamination) due to low-

velocity impact by monitoring changes in the magnitude of the impedance over a wide 

frequency range Figure 2.5 

 

Figure 2.5 (a) Experimental setup and (b) measured magnitude and phase of impedance 

Shimamura and coworkers [28], studied the influence of moisture absorption on the 

electrical impedance of CFRPs. of the Moisture content monitoring was achieved by 

attaching electrodes on the surface of the composite. They showed that the electrical 

impedance of the composite increased with moisture absorption, and that the electrical 

impedance change in the fiber direction was much larger than that due to tensile strain 



Dimitrios Bekas  Ph.D. Thesis 

45 

 

corresponding to swelling. An interesting application of IS was presented by Peairs and 

et al. [29]. In their study, they showed that impedance-based techniques are capable of in 

situ NDE of a space shuttle ground structure Figure 2.6. They focused on the optimization 

of the sensor frequency range in order to ensure maximum sensitivity for correlation with 

the integrity of the interrogated structure. 

 

Figure 2.6 (a) White room attached to fixed service, (b) bolts connecting white room to fixed service 

However, little research effort has been devoted to the study of the impedance properties 

of composites containing non-conductive reinforcing fibers [30,31]. The use of a non-

conductive reinforcing phase (i.e. glass) in a polymeric matrix results to a composite 

material with dielectric characteristics. Therefore, a material response to an alternating 

field, takes place towards low frequencies of the dielectric spectrum where the effect of 

Electrode Polarization (EP) plays an important role in the IS measurements [32,33] . This 

effect, arises from the accumulation of ions at the interface between the metallic 

electrodes and the composite’s surface forming a space-charge region. The EP effect may 

mask the material’s behavior, and as a result lower the signal-to-noise ratio in the lower 

frequency region of the dielectric spectrum. As can be seen in Figure 2.7 this effect 

impedes the estimation of dielectric parameters of the composite [34].  
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Figure 2.7 (a) A schematic representing the formation of ionic double layers at the electrode/sample interfaces, (b) A 

schematic representation of EP effect in a measured signal. 

Possible solutions to overcome the EP effect include specialized modifications of the IS 

techniques [34,35] and/or modeling the electrode effects using an equivalent electrical 

circuit [36–39]. In a different approach, Fazzino et al. [40] have successfully 

characterized progressive damage initiation and progression in thin woven glass/epoxy 

composites due to fatigue loading, by monitoring changes in the impedance spectra. 

Samples were soaked in 5M conductive solution and a correlation between solution 

uptake and micro-cracks formulation was achieved through the analysis of the impedance 

data. Changes in the dielectric profile were attributed to the phenomenon of micro-crack 

creation which resulted in increased solution uptake and thus creating more conductive 

pathways through the material.  

A non-invasive, in-operando technique to study changes in dielectric properties during 

progressive damage accumulation in composite materials subjected to mechanical 

loading, was presented by R. Raihan and his co-workers [41] . It was determined that the 

size, shape and orientation of microdamage as well as the dielectric character of the defect 

volume and the interfaces created are all distinguished by the method. Observed changes 

were not monotonic, and were specific to the dominant damage mode as a function of 

load level Figure 2.8.  
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Figure 2.8 Response of the dielectric property in different zones of damage progression. Insert:  Edge replica at 

different load.  

Bekas et al [42] studied the effect of damage on the hysteretic electrical behavior of 

carbon nanotube reinforced epoxy composites by measuring phase delays at several 

frequencies for different levels of cyclic thermal shock damage. This study showed that 

there is a direct correlation between the degradation of the material and the impedance 

data, which proved extremely sensitive to the changes invoked in the material 

microstructure due to thermal shock. The embedment of CNTs within the polymeric 

matrix forced the electrical response of the material to AC towards higher frequencies 

where the effect of EP longer exists (Figure 2.9).  

 

Figure 2.9 (a) Experimental setup for the IS measurements. (b) Bode plot-impedance magnitude versus frequency 
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Under the aforementioned considerations, it is evident that there is still room for 

improvement in damage detection and prevention of non-conductive composite materials 

using IS. 

The purpose of the present work is unfolding in three axes: First to enhance the resolving 

ability of the electrical based methodologies via the employment of AC configurations. 

For this purpose, IS has been utilized in order to monitor changes in the dielectric profile 

of nano-composites that are subjected to water absorption tests and hybrid multiscale 

composites that are subjected to mechanical loading and unloading. Second, to tailor the 

electrical response of the composites to higher frequencies of the impedance spectra 

(avoiding the EP effect) through the incorporation of multi-walled carbon nanotubes 

(MWCNTs) as a modulating phase within the polymeric matrix. Third, to study the effect 

of damage (level and type) on the dielectric properties of the material. This involves the 

simulation of induced damage with a typical RC circuit in parallel which simulates both 

resistivity changes at the material level and structural damage at the coupon manifested 

via the creation of interfaces which contribute to the capacitive behaviour of the structure. 

In addition, Optical Microscopy was utilized in order to verify the damages sequence that 

occurred in quasi-isotropic laminates during the mechanical testing.  

 

2.2. Theoretical considerations 

Impedance Spectroscopy is a well-developed branch of AC based methodologies that 

monitors the response of a system to an alternating current or voltage as a function of 

frequency. It may be used to investigate the dynamics of bound or mobile charge in the 

bulk or interfacial regions of any kind of solid or liquid material: ionic, semiconducting, 

mixed electronic–ionic, and even insulators (dielectrics). Typically, IS involves the 

application of a monochromatic voltage to the material under test while phase delay and 

amplitude of the resulting current are measured at that frequency using fast Fourier 

transform (FFT) analysis of the response. A spectrum is generated by sweeping in a range 

of frequencies and measuring the impedance at each point. [43].  

The sinusoidal electric potential that is applied to the material and involves the single 

frequency v=ω/2π can be expressed by 
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𝑉(𝑡) = 𝑉𝑜sin(𝜔𝑡)         (2.1) 

 

where the V(t) is the external potential at time t, V0 is the amplitude of the waveform and 

ω is the radial frequency. The resulting steady state current is governed by 

 

I(t) = Iosin(ωt + φ)         (2.2) 

 

where Ι(t) is the current at time t, I0 is the amplitude of the outbound signal and φ is the 

phase difference between the voltage and the current; it is zero for purely resistive 

behavior. This technique works by first polarizing the material under test at a fixed 

voltage and then applying a small additional voltage (or occasionally, a current) to perturb 

the system. The perturbing input oscillates harmonically in time to create an alternating 

current, as shown in Figure 2.10.  

 

Figure 2.10 External potential and resulting steady state current signals 

The total impedance of the system can be calculated using voltage/current relations that 

can be rearranged to a form similar to Ohm’s law for DC current: 

 

Z =
V(t)

I(t)
=

V0sin(ωt)

I0sin(ωt + φ)
= Ζ0

sin(ωt)

sin(ωt − φ)
= Ζ0 exp(iφ) = Z0(cosφ + isinφ) 

= Ζ′ + iZ′′    

           (2.3) 
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where Z is the total impedance of the system. The impedance is then represented as a 

complex number with a real and an imaginary part: 

 

with  

 

Z′ = |Z| ∗ co s(φ)         (2.4) 

Z′′ = |Z| ∗ sin(φ)  

    

where Z′ and Z′′ is the real and the imaginary parts of the complex impedance respectively 

and |Z| is the magnitude of the total impedance. It is evident that impedance is real when 

φ=0 and thus Z = Z′ denoting a frequency independent or completely resistive behavior. 

Overall, impedance spectroscopy is expected to increase the dimensionality of the 

electrical methodology by introducing both the real and the imaginary part of the 

resistance, providing thus more information on the accumulating damage. This is critical 

for the accurate solution of the inverse problem, where the formulation of governing 

equations based on observation and/ or experiment about any physical problem or system 

is required. By measuring the frequency depending behavior of materials and materials 

systems, beneath electrical properties, structural properties may be extracted as well. 

Figure 2.11 depicts the characterization of a material system using IS. 

 

Figure 2.11 Materials characterization route via Impedance spectroscopy 
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A common method of presenting impedance data is the Nyquist plots. If the real part is 

plotted on the X-axis and the imaginary part is plotted on the Y-axis of a chart, we get a 

"Nyquist Plot" (Figure 2.12a). Notice that in this plot the Y-axis is negative and that each 

point on the Nyquist Plot is the impedance at one frequency. Figure 2.12a has been 

annotated to show that low frequency data are on the right side of the plot and higher 

frequencies are on the left. On the Nyquist Plot the impedance can be represented as a 

vector (arrow) of length |Z|. The angle between this vector and the X-axis, commonly 

called the “phase angle”, is f (=arg Z). The Nyquist Plot in Figure 2.12a results from the 

electrical circuit of Figure 2.12c. The semicircle is characteristic of a single "time 

constant". Impedance plots often contain several semicircles. Often only a portion of a 

semicircle can be observed. Another way to present IS results is the Bode plot where the 

impedance is plotted with log frequency on the X-axis and both the absolute values of the 

impedance (|Z|=Z0) and the phase-shift on the Y-axis. The Bode Plot for the electric 

circuit of Figure 2.12c is shown in Figure 2.12a. It should be pointed out that unlike the 

Nyquist Plot, the Bode Plot does show frequency information. 

 

Figure 2.12 (a) Nyquist and (b) Bode plots, (c) simple electrical circuit 

and the Nyquist plot i.e. the imaginary part vs real part of the impedance. The 

aforementioned methods have been adopted in the present study along with the Bode plot 

of the phase delay vs frequency. 
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2.3. Materials and methods 

2.3.1. Materials 

The Graphistrength Multi Wall CNTs supplied by ARKEMA, France were used in this 

study. They were synthesized by Catalyzed Chemical Vapor Deposition (CCVD); the 

tube diameter ranged from 10 to 15 nm and the tube length was more than 500 nm. The 

epoxy matrix used was the Araldite LY 5052/ Aradur 5052 by Huntsman International 

LLC (Switzerland). For the 16 plies Glass Fiber Reinforced Polymers (GFRPs) quasi 

isotropic laminates, interglas 92145 E-glass unidirectional and E-glass biaxial fabrics 

supplied by R&G, Germany were employed as reinforcement. 

 

2.3.2. Specimen preparation 

Dispersion of 0.5 % w/w MWCNTs in the host resin took place in a laboratory dissolver 

(Dispermat AE, VMA-GETZMANN GMBH, Germany) (Figure 2.13). The temperature 

during the dispersion was kept at 25±10C, so as to avoid overheating of the polymer resin 

and introduction of defects on the CNTs surface, by using a cooling bath manufactured 

by Grant, UK. The dispersion lasted for 2 h at 2000 rpm under vacuum. At the end of the 

dispersion process the hardener was added, and the MWCNTs-epoxy resin mixture was 

degassed in vacuum oven at 230C in order to remove trapped air. Subsequently, the 

mixture was cast to silicon rubber molds and cured at 25 0C for 24 h (Figure 2.13) to 

manufacture square plates of approximately 150 × 150 × 4 mm3. Finally, the plates were 

removed from the mold and postured at 100 0C for 4 h.  
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Figure 2.13 Manufacturing procedure of the nanocomposites and the hybrid GFRPs 

Prismatic specimens of 60 × 100 × 4 mm3 were cut from the plates using a water 

lubricated table diamond saw (Fig. 1). Finally, specimens were lightly sanded in order to 

(i) remove defects from the manufacturing process and (ii) prepare the side surface for 

the application of the measuring electrodes. 

The CNT modified epoxy resin was also employed as matrix for the manufacturing of 16 

plies quasi isotropic laminates GFRPs, [0/±45/90]s2. The hybrid GFRPs were 

manufactured with the hand layup method and pressed in a heated hydraulic press under 

the pressure of 107 Pa at 25 0C for 24 h. Post curing took place at 100 0C for 4 hours 

(Fig.1). Specimens were cut in the desired dimensions according to ASTM-STP3039 

while the ends of the specimens were reinforced with end tabs made of cross-ply laminate 

with the fibers at ±45° to the specimen axis. The tab thickness was 1.8 mm. 

 

2.3.3. Water absorption  

An initial conditioning protocol for all nanocomposites was followed before the 

hygrothermal exposure, i.e. 5h at 40 °C. Hygrothermal exposure of the specimens 

involved immersing the nano-composites into hot distilled water (80 °C) (Figure 2.14). 

For that purpose, a water bath with temperature control was used and the interrogated 

specimens were divided into four groups. The first group remained undamaged and 

worked as reference. The total exposure of the second, third and fourth groups of 
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specimens was 5, 10 and 15 days respectively. At the end of each testing, specimens were 

removed from the water bath and placed in an oven for 5 min at 40 0C so as to remove 

the moisture within the polymeric matrix which would affect the IS measurements.  

 

 

Figure 2.14 Experimental set-up for the hygrothermal exposure test 

 

2.3.4. Step-loading  

Loading-unloading tests were performed using an Instron 5850 universal testing machine 

equipped with 35 kN load cell. The loading sequenced involved incremental loading steps 

at extension control mode with constant loading rate of 2 mm/min. In order to determine 

the ultimate tensile strength (UTS) of the composites, five specimens were subjected to 

tensile loading until fracture according to ASTM-STP3039. The rest of the specimens 

subjected to tensile step-loading of 20%, 40%, 60%, 80% and finally 100% of their UTS. 

The experimental set-up for the step-loading tats is illustrated in Figure 2.15. 
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Figure 2.15 Experimental set-up for the step-loading test, (a) Instron 5850 universal testing machine, (b) GFRP  

 

2.3.5. Impedance Spectroscopy-IS 

Impedance spectroscopy was performed, in both cases, using a dielectric spectrometer-

frequency spectrum analyzer (DETA SCOPE L1 provided by Advise Ltd.). For the 

purposes of the electrical measurements of the nano-composites that were subjected to 

water absorption tests, electrodes were attached at the side surfaces (left and right surface, 

as seen in Figure 2.16) of the prismatic specimens using silver conductive paste so as to 

minimize contact resistance and achieve good electrical coupling. The spectrometer 

applied a sinusoidal electrical excitation waveform of varying frequency while the 

induced current waveform was recorded. The excitation frequency ranged from 10 Hz to 

0.5 MHz. 
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Figure 2.16 Experimental set-up for the IS measurements of the nanocomposites 

 

For the case of hybrid GFRPs that were subjected to mechanical step-loading protocols, 

IS was employed in every step of the mechanical test, in order to achieve a correlation 

between the loading histories, IS data and the local material state changes associated with 

the irreversible damage that were accumulated during the tensile loading. The specimens 

were placed between two aluminum plates so that the plates completely covered the sides 

of the specimens. The aluminum plates were held on the specimen’s sides using 

mechanical grips (Figure 2.17). 

 

 

Figure 2.17 Experimental set-up for the IS measurements of the hybrid GFRPs 
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2.3.6. Optical Microscopy 

Parallel to the IS study an extensive optical microscopic campaign was employed in order 

to trace and verify the typical sequence of damage processes encountered in quasi-

isotropic laminates. These damage modes are expected to lead to the global change in the 

dielectric behaviour of the composite mirrored in its impedance profile. Optical 

Microscopy (OM) examinations were employed in between step loading from the 

polished edge of purposely prepared composite coupons using a Leica optical 

Microscope. 

 

2.4. Results and Discussion  

2.4.1. Nano-composites – IS analysis 

When a material is subjected to an external alternating field, its dipoles are forced to orient 

to the direction of the field. As frequency of the field increases, these dipoles are unable 

to simultaneously follow the variations of the external filed due to inertia effects. 

Therefore, hysteretic phenomena are induced manifesting a phase delay between 

excitation and response signals.  

On the other hand, moisture absorption in epoxy based composites may lead to swelling, 

plasticization and in some cases softening of the matrix [44–46]. These defects disrupt 

the conductive CNT network within the polymeric matrix and as a result the dielectric 

response of the material to an alternating field is highly affected. 

The Bode plots i.e. magnitude of impedance and phase delay versus frequency for the 

nano-composites that were subjected to water absorption can be seen in Figure 2.18a and 

Figure 2.18b respectively. 
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Figure 2.18 Bode plot of (a) Impedance magnitude vs. frequency, (b) phase delay vs. frequency for the four 

nanocomposites 

As can be clearly observed, the magnitude of the impedance at low frequency increases 

with increasing hygrothermal exposure time. In all cases the transition from Ohmic 

(linear, phase delay ≈ 0) to non-Ohmic behavior (non-linear, phase delay < 0) takes place 

at approximately 250 Hz (Figure 2.18a). This behavior is in agreement with DC resistance 

measurements, where the resistance is monotonically increasing as the micro-cracks 

which are created due to mechanical loading, disrupt the conductive CNT network in the 

nano-composite [19]. It is evident that the magnitude of the impedance is highly affected 

by the presence of internal damage, almost doubling its initial value, after 5 days of 

hygrothermal exposure, indicating that is a highly sensitive damage index. It should be 

mentioned that another important feature of the recorded impedance data is the absence 

of the EP effect at low frequencies followed by a high signal-to-noise ratio. 

Variations can also be seen in the case of phase delay values between frequencies of 800 

Hz and 20 kHz (Figure 2.18b). These differences can be attributed to plasticization effects 

and physical degradation of the polymer chains [45] . In all cases, there is an initial part 
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where phase oscillates around zero, denoting an initial DC behaviour which is followed 

by a reduction in the values of the phase delay which are indicative of a completely 

capacitive behaviour [43]. 

In Figure 2.19a, the Nyquist plot of the imaginary and real part of the impedance, as they 

are calculated from Eq. 4, is depicted. The experimental Nyquist plot is different from 

that of a typical Cole-Cole plot (RC circuit in parallel) [43], which is a semicircle and 

possesses a single time constant (Figure 2.19b), however is indicative of a strong 

capacitance element which is scaled according to the level of damage. It can be observed 

that the hygrothermal exposure, led to an increase in the real part of the impedance. This 

is attributed to the fact that the induced microcracks act as discontinuities in the 

conductive network, created by the dispersed conductive nanophase in the composite. The 

imaginary part of the impedance is altered as the developed microcracks may be regarded 

as nanocapacitors which cumulatively contribute to the increase of the reactance of the 

system at approximately half order of magnitude (Figure 2.19a). 

 

Figure 2.19 Nyquist plot for the four nanocomposites and (b) typical Cole-Cole of a single time constant 

The imaginary part of the impedance or reactance, represents the energy storage part of 

the system and is related to capacitance and inductance properties of the interrogated 

element when seen as a typical electrical circuit. Reactance is expressed by  
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X = XL − XC = ωL −
1

ωC
        (2.5) 

 

where Χ is the total reactance, XL is s the inductive reactance, XC is the capacitive 

reactance ω is the radial frequency, L is the inductance and C the capacitance. In all 

observed systems, the negative values of the imaginary part of the impedance -or that 

current leads the voltage – that have been recorded indicate the presence of a capacitive 

behaviour. The total capacitance of the system can be expressed by 

 

C = −
1

ωXC
          (2.6) 

 

In detail, the total capacitance of the system can be calculated by 

 

C = ε0εrΑ/d          (2.7) 

 

where ε0 is s the permittivity of free space, εr is the relative permittivity of the material, 

A is the area of overlap of the two electrodes (in the case of the GFRPs, Al plates) and d 

is the separation between the electrodes. 

The introduction of defects (microcracks) lowers the conductivity of the system; 

therefore, the relative permittivity of the material is changing. The total capacitance of 

the nano-composite is then represented by 

 

C = ε0(εr(1 − V) + VεΑ)Α/d       (2.8) 

 

where εΑ is the relative permittivity of the air and 𝑉 is the concentration of the air (voids) 

within the polymeric matrix. It must be pointed out that the relative permittivity of the air 

(εA) has lower values than the relative permittivity of the composite (εr). Thus, the total 

capacitance of the system is decreasing as the level of damage increases. 

In an effort to simulate the induced damage as a function of the capacitance and/or the 

resistance, a typical RC circuit in parallel has been utilized. The simulation was carried 

out using the LEVMW Complex Nonlinear Least Squares software (Copyright: James 

Ross Macdonald). The results can be seen in Figure 2.20 where the capacitance and the 

resistance versus the exposure time is depicted. As can be observed, there exists an 
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inverse relationship between capacitance and resistance of the system where the 

resistance of the material is monotonically increasing whereas the capacitance of the 

system is decreasing significantly with increasing exposure time.  

 

 

Figure 2.20 Equivalent RC circuit: R and C vs. exposure time 

 

2.4.2. Hybrid GFRP - Mechanical analysis 

Figure 2.21a presents the stress vs strain curves for all the steps of the mechanical tensile 

step-loading while Figure 2.21b depicts the normalized Young’s modulus (E/E0) as a 

function of applied load. The calculation of the Young’s modulus values was performed 

according to ASTM D 3039. It can be seen that the relative stiffness is decreasing with 

increasing level of applied stress (Figure 2.21b). All specimens exhibited a typical brittle 

behavior with a UTS of 200 ±1 MPa.  As loading increases, damage initiation, 

accumulation and propagation occur progressively with the interaction of known failure 

mechanisms (i.e. matrix-cracking, fiber–matrix debonding, delamination, fiber – 

cracking) [47]. Stress vs strain curves could be divided into four major regions depending 

on the dominant failure mechanism that takes place throughout the mechanical testing 

[48]. The first region (up to 31 MPa) concerns the elastic behaviour of the composite 

where only reversible changes occur, followed by the next region where damage initiation 

manifested via transverse matrix failure modes i.e. matrix – microcracking etc.  
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Figure 2.21 a) Stress vs. strain curves and (b) stiffness loss vs. applied load curve for the hybrid GFRPs 

At higher levels of applied load, saturation of matrix cracking with concurrent stretching 

of the fibers is observed (region III) while the region IV refers to fiber fracture (specimen 

failure). It must be pointed out that deterioration is evident even from the first step of the 

applied loading protocol (20% of UTS) which enters region II, denoting irreversible 

damage to the matrix material. 

 

2.4.3. Hybrid GFRP IS analysis 

Fiber reinforced composite materials are universally dielectric. They are poor and 

imperfect conductors that trap charge at interfaces and micro-boundaries, defects, and 

micro-cracks, and they typically conduct with several mechanisms. Heterogeneous 

material systems have many micro-nano interfaces and when they degrade, new “phases” 

are created. Thus, materials of different electrical properties contact each other, and with 

degradation, the nature of the contact changes. In such a material system, polarization is 

typically an interfacial effect that is due to the build-up of charge on the interfaces. The 

dielectric relaxation due to interfacial polarization provides information about the 

heterogeneous structure and the electrical properties of the constituent components. The 

number of dielectric relaxations expected in heterogeneous systems depends not only on 

the number of different interfaces but also on the shape of the inclusions and their 

orientation relative to the vector direction of the applied field. In practice, however, all 



Dimitrios Bekas  Ph.D. Thesis 

63 

 

relaxations predicted are not observed because of the limited frequency range and 

sensitivity of measurements.  

Figure 2.22a and Figure 2.22b depict the Bode plot of the magnitude of the impedance 

and phase delay versus frequency respectively. Similar to the previous case, the 

magnitude of impedance is highly affected by the presence of damage within the 

composite material showing an increase of two orders of magnitude to its initial values 

after the first step of the mechanical loading (Figure 2.22a). This abrupt increase is 

followed by a relative stabilization of the magnitude’s values while a second significant 

increase can be observed in the case of the fractured specimen caused by the large amount 

of air within the discontinuities caused by the failure of the specimen.  

 

Figure 2.22 Bode plot of (a) impedance magnitude versus frequency, (b) phase delay vs. frequency for the hybrid 

GFRP 

Micro-cracking of the matrix material induces a third phase which is trapped air (voids) 

to the composite material that disrupts the conductive CNT network and inevitably 

enhances the effect of interfacial polarization. A polarization mechanism that, as stated, 

occurs due to accumulation of charges between regions with different electrical 
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conductivity is reflected in the phase delay versus frequency curves by the reduction of 

the transition frequency from Ohmic to non-Ohmic behaviour (Figure 2.22b). 

Along with the Bode plots, significant changes can be spotted in the case of Nyquist plot 

of the imaginary versus real part of the impedance (Figure 2.23).  

 

Figure 2.23 Nyquist plot for (a) all cases, (b) intermediate cases and (c) the undamaged specimen 

As can be seen in Figure 2.23, the experimental Nyquist plot is that of a typical RC circuit 

in parallel, which is a semicircle and possesses a single time constant, and is indicative of 

a strong capacitance element which is scaled according to the level of damage. Both real 
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and imaginary parts of the impedance show major differences as the level of damage 

increases.  

The real part of the impedance is affected by the disruption of the CNT network, 

exhibiting an increase of two orders of magnitude compared to its initial values after the 

first step of the mechanical loading (20 % of UTS). On the other hand, the imaginary part 

of the impedance shows a significant increase to its initial values. This behaviour can be 

attributed to the increased effect of interfacial polarization at the boundaries of the 

introduced microcracks. 

Based on the analysis descripted in previous section., as the level of damage increases the 

total capacitance of the system is decreasing (Eq. 7). This can be clearly observed if we 

simulate the induced damage as a function of the capacitance and resistance using a 

typical RC circuit in parallel. 

 

Figure 2.24 Equivalent RC circuit: R and C vs. applied load (% of UTS) 

In Figure 2.24, the equivalent capacitance and resistance versus loading level curves are 

presented. As can be seen, these curves can be divided into three regions which 

correspond to levels of mechanical damage, as described in section 2.4.2. The first IS 

measurement was performed at 20% of UTS which is well above region I i.e. the elastic 

region, so it is not directly represented in Figure 2.24. In region II, both capacitance and 

resistance values show abrupt changes that can be attributed to the initiation and evolution 

of a failure mechanism that of matrix cracking. As stated, induced microcracks (voids) 
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destroy the conductive CNT network and as a result the total resistance of the system is 

increasing while the capacitance moves towards lower values. On the other hand, as 

tensile loading increases, saturation of matrix cracking occurs. Thus, no major differences 

in the aforementioned equivalent values are observed (Region III). In region IV a second 

and even more pronounced change in both capacitance and resistance values is noticed. 

  

2.4.4. Hybrid GFRP - Optical Microscopy 

Figure 2.25-d depict the micrographs of the loading sequence applied on the coupon. 

Typically, damage sequence in quasi-isotropic laminates involves the transverse cracking 

at 90 ° followed by shear failure of the ±45 ° and crack initiation leading to extensive 

interply delamination between the 90° plies and the ±45° interface. At the final stage, the 

failure of the 0° ply leads to the global failure of the coupon [49]. 

 

Figure 2.25 Optical micrographs from the edge of the GFRP coupon (a) undamaged specimen, (b) 40% of UTS, (c) 

80% of UTS and (d) post failure 

As seen in Figure 2.25, this damage sequence was indeed verified by micrographs taken 

in between step loading from the polished edge of the coupons. In the case of the 

undamaged coupon (Figure 2.25a), resin rich regions and void nuclei (entrapped gas 

bubbles) during the manufacturing process can be seen. As is well known, these sites may 
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act as crack initiation sites in the absence of reinforcement. At the early stages of the 

mechanical testing (up to 74MPa), the dominant damage mechanism is manifested as 

transverse matrix cracking (region II, Figure 2.25b). At this point the magnitude of 

impedance exhibits the first significant increase to its values (Figure 2.22a). Incremental 

increase in tensile stress up to 151 MPa, resulted in an increase of the transverse crack 

density until saturation of matrix cracking is achieved (region III, Figure 2.25c). Figure 

2.25d depicts the specimen after failure near the failure site, where large scale 

delaminations can be seen (region IV). 

 

2.5. Conclusions 

The scope of this work was the study of the effect of damage on the electrical hysteretic 

behaviour of CNT-reinforced epoxy nanocomposites. The dielectric profile of the 

composites was monitored using Impedance Spectroscopy (IS) over a wide frequency 

spectrum. IS measurements were performed employing a simple two-electrode technique. 

Results indicate that there is a direct correlation between the degradation of the material 

and the impedance data. In all examined cases, the magnitude of impedance was the most 

sensitive damage metric showing significant changes to its initial values at the early stages 

of materials degradation. It should be pointed out the incorporation of the CNTs within 

the insulating polymeric matrix tailored the material’s electrical response towards higher 

frequencies of the dielectric spectra where the estimation of dielectric parameters of the 

composite was not affected by the presence of electrode polarization effects. 

As was shown, the electrical behaviour of the induced defects has been successfully 

simulated with an equivalent electrical RC circuit in parallel. The disruption of the 

conductive CNT network resulted in an increased total resistance while the capacitance 

of the system exhibited a significant decrease to its values. In the case of hybrid GFRPs, 

IS provided useful information about dominant damage modes that took place at specific 

load levels, as verified by optical microscopy. 
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3.1. Introduction  

Similar to blood vessels in biology, vascular self-healing systems incorporate healing 

agents into a polymer matrix through micro-channels. As can be seen in Figure 3.1 the 

design cycle for vascular networks takes into account several important issues regarding 

to mechanical characterization, the triggering mechanism and the healing performance  

 

Figure 3.1 The design cycle for vascular self-healing materials 

The original idea as proposed by Toohey et. al. [1], concerned the incorporation of a 

microchannel network containing dicyclopentadiene (DCPD) in the material that is 

capable of delivering DCPD to an epoxy surface coating containing Grubbs’ catalyst 

Figure 3.2. Over the last years, the bio-mimetic vascular self-healing Fiber Reinforced 

Polymers, have been extensively studied due to the variety of healing agents that can be 

employed and the large scale of damage that can be healed, spanning from matrix cracks 

to large scale delamination.  
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Figure 3.2 Self-healing materials with 3D microvascular networks. a, Schematic diagram of a capillary network in the 

dermis layer of skin with a cut in the epidermis layer. b, Schematic diagram of the self-healing structure composed of 

a microvascular substrate and a brittle epoxy coating containing embedded catalyst in a four-point ending configuration 

monitored with an acoustic-emission sensor. c, High-magnification cross-sectional image of the coating showing that 

cracks, (scale bar = 0.5 mm). d, Optical image of self-healing structure after cracks are formed in the coating (with 2.5 

wt% catalyst), revealing the presence of excess healing fluid on the coating surface (scale bar = 5 mm) [1]. 

 

Patrick et. al. [2] demonstrated that in situ self-healing can be achieved in structural fiber-

composites via microvascular delivery of isolated, reactive healing reactants. Diglycidyl 

ether of bisphenol A (DGEBA) based epoxy resin (EPON 8132) and aliphatic 

triethylenetetramine (TETA) based hardener (EPIKURE 3046) were used as healing 

agents due to their reaction kinetics and their post-polymerized mechanical properties. In 

order to create the microvascular network, pre-vascularized composite textile 

reinforcement was produced by stitching catalyst-infusion, in a precise pattern of 

aerospace-grade woven fabric. The fiber composite preform was then consolidated into a 

structural laminate via vacuum assisted resin transfer molding (VARTM) of a thermoset 

epoxy matrix. It is worth mentioning that after the final thermal PLA evacuation step 

(three-dimensional (3D) microvasculature), no significant change to fracture properties 

was observed. They have also shown that vascular architectures not only provide efficient 

and repetitive delivery of healing agents, but they also contribute to increased resistance 

to delamination initiation and propagation. The two variations of 3D vascular 

architectures that were fabricated in this work are depicted in Figure 3.3. 
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Figure 3.3 (a) Pre-vascularized, fiber-reinforced composite laminate samples showing sacrificial PLA stitching patterns 

(scale bars = 10 mm) and post-vascularized, X-ray computed microtomographic reconstructions of vascular networks 

filled with eutectic gallium-indium alloy for radiocontrast (scale bars = 5 mm). b) Schematic of microvascular double 

cantilever beam (DCB) fracture specimen with dual channel (red/blue) vascular network where fracture triggers release 

of liquid healing agents from ruptured microchannels [2]. 

In another study by Norris et al [3], a vascular network was fabricated which combined 

damage sensing and healing capabilities within an advanced FRP composite. When these 

vascules were ruptured, due to a low-velocity impact event, the damage was detected 

using pressure sensors triggering the delivery of a low-viscosity epoxy healing agent from 

an external reservoir, to the damage site. 

In a similar work R.S Trask and co-workers [4] presented the construction of a combined 

sensing and healing vascular network within an advanced FRP composite. 

Poly(tetrafluoroethylene) (PTFE)-coated steel wires used in order to create the 

microvascular network inside a fiber reinforced polymer composite. A low-pressure 

sensor was directly connected within the perceived damage zone, while the output signal 

of the sensor was monitored via open-source microprocessors. The laminates were 

subjected to a 10-J energy impact and the healing agent was delivered through a pump 

from an external reservoir Figure 3.4. Two different healing chemistries were tested, a 

commercial system ResinTech RT151 and the well-known epoxy based system of 

DGEBA, ethyl phenylacetate (EPA) and diethylenetriamine (DETA) resulting to a 

recovery of 91% and 94% in post-impact compression strength, respectively. 
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Figure 3.4 Damage sensing and healing agent delivery system in fibre-reinforced composites: (a) schematic illustration 

of coordinated damage detection and autonomous self-healing, (b) schematic illustration of the electronic control 

system and (c) healing agent infusion sequence from a single point of entry (the pigmented RT151 healing resin is 

observed to migrate through the laminate cracking and ’pool’ on the surface, as indicated by the arrow in the last 

photograph) [4]. 

In another work, the effect of microvascular channels on the in-plane tensile properties 

and damage propagation in a 3D orthogonally woven/glass epoxy has been successfully 

described by Coppola et al. [5]. Using Vaporization of Sacrificial Components (VoSC) 

process they managed to produce composites consisted of two-part epoxy matrix with 
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straight and wave shaped channels (Figure 3.5). Sacrificial fibers (SF) were prepared 

using poly(lactic acid) (PLA) monofilament fibers treated with tin(II) oxalate (SnOx) 

catalyst so as to decrease their thermal degradation temperature. SF removed during the 

post-curing process leading to an insignificant alteration on the tensile properties, strength 

and modulus of the composite material. 

 

Figure 3.5 (a–c) Schematics of the unit cell of the preforms. Optical micrographs show surfaces (d– f) normal to the 

warp direction and sur faces (g – i) normal to the weft direction. Scale bars represent 1 mm [5]. 

A. R. Hamilton et al. [6] reported the use of active pumps that can deliver a two-part 

healing system ( Epon 8132/Epikure 3046) inside a material through microvascular 

networks. This technique allowed a small vascular system to deliver large volumes of 

healing agent to the damaged area. Moreover, dynamic pumping resulted to an 

enhancement of components mixing in the target region, improving with that way the 

self-healing efficiency. 

The construction of self-healing materials with embedded ternary interpenetrating 

microvascular networks by direct-write assembly of fugitive inks has been reported by 

Hansen and his team [7]. The matrix material consisted of a two-part epoxy system 

DGEBA (EPON 8132) and an aliphatic amidoamine (Epikure 3046) as hardener. It is 

noteworthy that they managed to accelerate the recovery of mechanical properties of the 

resin by exploring the effect of temperature on the healing reaction kinetics of the healing 

agent. They have managed to reduce the healing times by over an order of magnitude.  

The use of Hollow Glass Fibers (HGFs) filled with a single component epoxy resin 

(Envirez 70301) in e-glass/epoxy composites has been reported by S. Zainuddin et al. 
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[8]. The matrix consisted of a two-part epoxy system. Part-A was a blend of DGEBA, 

aliphatic deglycidylether and epoxy terminated polyether polyol. The curing agent (Part-

B) was a mixture of 70– 90% cycloaliphatic amine and 10–30% polyoxylalkylamine. A 

commercially available woven fabric oriented in two directions (warp at 0o and fill at 90o) 

was used as reinforcement. Figure 3.6 depicts the fabrication of composite embedded 

with HGFs. Using this methodology the managed to achieve significant regaining of the 

mechanical properties after multiple Low Velocity Impact (LVI). 

 

Figure 3.6 Filling of HGFs and fabrication of e-glass/epoxy composite [8]. 

In a step closer to industrial application of vascular self-healing composites, R. 

Luterbacher and his co-worker [9], explored the potential of  using a vascular approach 

in a simplified strap-lap specimen to heal delaminations initiating at the tip of the flange 

and to transfer this knowledge and understanding to a large panel “stringer run-out” 

specimen. In their work, they demonstrate that both composites structures were able to 

fully recover the disbond at the tip of the stringer run-out configuration. A schematic 

representation of the vascular composite structures is depicted in Figure 3.7. 
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Figure 3.7 Schematic representation of (a)la-strap and (b) Stringer run-out specimen [9] 

In a recent study, Coope et al [10] presented a vascular self-healing FRP composite, 

capable of recovering its initial fracture toughness after Mode I crack opening 

displacement, by employing a Lewis acid-catalyzed epoxy self-healing agent. The 

viscosity of the epoxy was adjusted using ethyl phenylacetate (EPA) solvent, while the 

vascular network was created parallel to the fiber direction using 

poly(tetrafluoroethylene) (PTFE)-coated steel wires Figure 3.8. 

 

Figure 3.8 (a) Double cantilever beam (DCB) Mode I specimen geometry, (b) Healing performance for maximum load 

[10] 
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It is evident that one of the most critical aspects that affect the development of a smart 

and efficient vascular self-repairing composite structure is the selection of a proper 

healing agent. The delivery mechanism, as well as the physical and chemical properties 

(i.e. viscosity, curing time etc.) of the healing agents, are fundamental to the repairing 

process as well as to the restoration of the mechanical properties of the composite. 

An unwanted side effect of the healing process in vascular FRPs is that the damaged area 

(i.e. delamination) inevitably becomes a resin rich region which may act as a crack 

initiation site due to the absence of primary fiber reinforcement. A reliable route towards 

eliminating this effect, may be that of the nano-reinforcement of the infused healing agent 

through the incorporation of nanoscaled fillers such as carbon nanotubes (CNTs) [11]. 

Possessing exceptional mechanical properties, low mass density and high surface-to-

volume ratio, CNTs have been proved as excellent candidates for reinforcing epoxy resins 

and hybrid FRP composites [12–17]. However, the addition of CNTs within an epoxy 

resin leads to a significant viscosity increase of the polymer system due to their high 

surface-to-volume ratio [18–20], a property that plays an decisive role to the effectiveness 

of a vascular self-healing system. 

Summarizing, the scope of this work is the nano-reinforcement of a low viscosity epoxy 

resin via the incorporation of multi wall CNTs (MWCNTs) and the employment of this 

nanocomposite as a healing agent in vascular glass fiber reinforced polymer composites 

(GFRPs). As the rheological behavior of the healing agent is a crucial parameter in the 

development of an efficient self-repairing system, the viscosity of the nanomodified 

healing agents, has been monitored and adjusted using EPA as a solvent. The vascularized 

GFRPs were subjected to quasi-static mode I interlaminar fracture toughness tests, using 

the double cantilever beam (DCB) coupon specimen geometry, so as to examine and 

evaluate the effect of MWCNTs to the interlaminar fracture toughness and consequently 

to the healing efficiency of the system [21]. A comparative scanning electron microscopy 

(SEM) study on the fractured surfaces of the healed specimens was also conducted in 

order to gain an insight on the morphology of the laminates fracture process.  
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3.2. Experimental  

3.2.1. Materials 

A two-part low viscosity epoxy resin system, i.e. the Araldite LY 5052 and Aradur 5052, 

supplied by Huntsman Advanced Materials, Switzerland at a mix ratio of 100:38 by 

weight, was used both as the GFRP matrix material as well as the healing agent. This 

epoxy resin-polyamines hardener system was selected due to its low viscosity and easy 

impregnation of reinforcement fabrics. As a healing agent, it was modified using 

MWCNTs supplied by ARKEMA, France with typical diameters and lengths ranging 

from 10 to 15 nm and 1 to 10 μm, respectively. MWCNTs were produced via Catalyzed 

chemical vapor deposition (CVD). Unidirectional GFRPs were manufactured using E-

glass unidirectional fabric supplied by R&G, Germany while EPA solvent was purchased 

from Sigma–Aldrich. 

 

3.2.2. Specimen preparation 

Initially, the influence of tube diameter in the final mechanical properties of the composite 

was investigated. For that purpose, two vascular laminates were manufactured and tested 

using two different Nylon strings with dimeters of 0.6 and 0.8 mm. After the selection of 

the optimized Nylon string diameter, four laminates were manufactured for each healing 

agent scenario (i.e. neat, doped 0.1-0.3 and 0.5+EPA), using 16-plies of unidirectional 

glass fabric with areal density 220gr/m2 and lamina thickness of 0.242mm. The hand lay-

up method was selected as the manufacturing process, with a curing cycle at 25 0C for 24 

h and applied pressure of 107Pa while post curing took place at 1000C for 4 hours under 

the same pressure. Spacers were used in order to achieve uniform laminate thickness of 

3.9mm. As stated the vascular network within the composites was created using nylon 

strings (0.6 mm diameter), placed at the mid-plane of the laminate parallel to the fibers 

direction. An 18-μm-thick teflon release film (PTFE) was placed in the mid-thickness 

plane of the laminate to act as initial pre-crack according to ASTM- 5528 [21]. Figure 3.9 

illustrates the manufacturing process of the GFRP laminates. 
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Figure 3.9 Manufacturing process 

At the end of the curing process, the nylon strings were manually pulled out and the GFRP 

plates were cut to DCB specimen geometry. A two-part epoxy adhesive namely Epocast 

52 A/Epibond 1590 was used to glue pairs of piano hinge tabs at the end of each specimen 

as shown in Figure 3.10. Prior to the bonding process of the end tabs, the surfaces of the 

laminate were roughened using sandpaper (200 grit) and cleaned with acetone. 

  

Figure 3.10  Double Cantilever Beam (DCB) coupon specimen geometry 

For the modification of the epoxy healing agent, three different MWCNT contents i.e. 

0.1, 0.3 and 0.5 % w.w. were selected. Dispersion of the nanofillers within the polymeric 

healing agent was achieved using a laboratory dissolver, i.e. Dispermat AE, VMA-

GETZMANN GMBH, Germany equipped with a double-walled dispersion container 
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Figure 3.11. All dispersions were conducted at 2000rpm for a duration of 2 hours. In order 

to avoid overheating of the mixtures and avoid introduction of defects on the MWCNTs 

surface, the temperature during the dispersion was kept at 25 ± 1 °C using a cooling bath 

manufactured by Grant, UK connected to the dispersion container. 

 

Figure 3.11 Dispersion process 

Hereafter, unmodified healing agents and MWCNT modified healing agents will be 

denoted as neat epoxy (plain epoxy), doped-0.1 (0.1% w.w.), doped-0.3 (0.3% w.w.) and 

doped-0.5 (0.5% w.w.) respectively.  

 

3.2.3. Viscosity measurements  

As stated, a very important factor that affects the efficiency of a healing system is the 

viscosity of the selected healing agent. Therefore, it was crucial to study and adjust the 

viscosity of the nanomodified mixtures after the incorporation of the MWCNTs. Apparent 

dynamic viscosity measurements were conducted using a digital rotary viscometer NDJ-

8S Figure 3.12 at 25 0C in a range of shear rates with the same spindle for all the systems 

so as to investigate any shear rate dependent phenomena. Each shear rate was applied for 

approximately 2 min in order to achieve pseudo-equilibrium and ensure data accuracy. 
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Figure 3.12 Viscometer NDJ-8S 

 

3.2.4. Differential Scanning Calorimetry (DSC) 

DSC measurements were conducted on all employed healing agents so as to examine the 

effect of the CNTs inclusion on glass transition temperature (Tg). All measurements were 

conducted in the range between 20 and 200 0C under N2 atmosphere with a heating rate 

of 30C/min.  

 

3.2.5. Interlaminar Fracture Toughness Test 

Mode I crack opening displacement tests were performed using a WDW-100 Jinan 

universal testing machine equipped with a 100 kN load shell. All specimens were loaded 

at 2 mm/min while load, point displacement, and crack length were recorded. The critical 

mode-1 strain energy release rate, GIC, was calculated using the modified beam theory 

(MBT) method according to ASTM- 5528 [33]. Assuming that during the mechanical 

testing the composite beam is not perfectly built-in, a correction factor ‘Δ’ was added to 

the conventional expression of the GIC resulting in a slightly longer delamination length. 

Δ was calculated experimentally by generating a least squares plot of the cube root of 

compliance, C1/3, as a function of delamination length. GIC was calculated using Eq. 3.1:  

 

𝐺𝐼𝐶 =
3𝐿𝛿

2𝑏(𝛼+|𝛥|)
         (3.1) 

 

where L is the applied load (N), d is the width of specimen (mm), a is the delamination 

length (mm), δ is the displacement (mm) and Δ is the correction factor. 
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3.2.6. Healing process and healing efficiency of the hybrid 

GFRPs 

At the end of the mechanical testing, neat and doped healing agents were injected through 

the microvascular tubes to the fractured area using a Braun Prefusor fm syringe pump set 

to 0.1 ml/min steady mass flow and commercially available syringes 0.46 mm in diameter 

Figure 3.13. 

 

Figure 3.13 Infusion process 

Prior to the injection, appropriate amount of hardener was added to the epoxy resin and 

the mixture was placed in a vacuum oven at 25 °C under low vacuum in order to remove 

any trapped air. Approximately a quantity of 0.3-0.4 mL healing agent was used to fully 

wet both of the crack surfaces. A high intensity commercial lamp was used to illuminate 

the bottom side of the specimen during the injection process in order to ensure full 

wettability. As can be seen in Figure 3.14 a thin nylon sheet (16μm) was placed at the 

mid-plane of the laminate in order to prevent wetting of the pre-crack area. During the 

infusion process, the composites were brought into contact using mechanical grips with 

negligible pressure so as to ensure that the thickness of the injected composites remained 

unaltered. Curing of the healed specimens was achieved by placing the laminates in an 

oven at 25 °C for 24h. Post curing was not applied so as to avoid any degradation in the 

GFRP virgin specimens.  
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The healed composites were then retested under the same loading conditions while the 

healing efficiencies of the systems were calculated based on the maximum bearing load, 

Lmax (Eq.3.2) and the strain energy release rate, GIc (Eq.3.3):  

 

𝑛𝐿 = 𝐿ℎ𝑒𝑎𝑙𝑒𝑑/𝐿𝑣𝑖𝑟𝑔𝑖𝑛         (3.2) 

𝑛𝐺𝐼𝐶 = 𝐺𝐼𝐶ℎ𝑒𝑎𝑙𝑒𝑑/𝐺𝐼𝐶𝑣𝑖𝑟𝑔𝑖𝑛        (3.3) 

 

GIcvirgin corresponds to a global average obtained from virgin specimens from all 4 

manufactured laminates.  

 

Figure 3.14 Schematic representation of the self-healing process 

3.2.7. Scanning Electron Microscopy 

SEM photographs were obtained from the DCB vascular specimens, so as to examine the 

effect of the manufacturing process on the tubes diameter. Afterwards were obtained were 

employed in order to study the fracture surfaces of healed specimens in all configurations, 

i.e. neat and doped healing agents, using a JEOL JSM 6510LV, Oxford Instruments 

scanning electron microscope. The opposite sides of the fractured surfaces, corresponding 

to plies 8 and 9, were cut in coupons 50x25mm and subsequently were scanned under 

SEM. 
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3.3. Results and Discussion 

3.3.1. Viscosity measurements  

In Figure 3.15, apparent dynamic viscosity vs shear rate log-log scaled diagrams for the 

neat and the MWCNTs modified epoxy mixtures are depicted. As can be seen, the neat 

epoxy resin exhibited a typical Newtonian fluid behavior with the viscosity remaining 

unaltered for all the measured shear rates, while the obtained value (1.52 Pa s) is in 

complete agreement with the one provided by the resin manufacturer. The inclusion of 

small weight content of MWCNTs (0.1%w.w.) increased slightly the low shear rate 

apparent viscosity of the solution at 1.66 Pa s but did not significantly affected the 

rheological behavior of the modified epoxy. Further increase in MWCNTs concentration 

enhanced the interactions between MWNTs and the low shear rate viscosity increased to 

3.00 and 8.00 Pa s for 0.3 and 0.5 % w.w. respectively. The rheological behavior of the 

solutions was altered for the two latter mixtures, exhibiting shear thinning at low shear 

rates [22].  

 

Figure 3.15 Log-log scaled diagrams of apparent dynamic viscosity versus shear rate for all the studied healing agents 

As is well known when CNTs are dispersed in a polymer matrix, they gradually form an 

interconnected 3-D network. With increasing dispersion duration, the various sizes of 

CNTs aggregates are broken down until an ideal network is formed, comprised of fully 

disentangled CNTs. However, all relevant literature on CNTs/epoxy composites, indicate 
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that in reality the formed network is in between these two states as CNTs are never fully 

disentangled. Thus, the formed network is comprised of CNTs aggregates of various sizes 

and individual CNTs [23]. 

In such a network, with increasing concentration, individual CNTs and CNTs aggregates 

are found to occupy the same volume which results to increased interconnections. The 

increased interconnections, induce a polymer chain mobility reduction due to Van Der 

Waals forces [24]. At higher shear rates, the viscosity increase is less prominent due to 

shear thinning which is attributed to the loss of these interactions between CNTs and 

CNTs aggregates [26]. 

It is interesting to note that at higher shear rates, the apparent viscosity plateaus on values 

close to that of the neat epoxy resin (Figure 3.15). At 0.5% w.w. filler content, the 

viscosity of the mixture showed a drastic increase making the aforementioned mixture an 

unsuitable self-healing agent in a vascular self-repairing composite. In order to decrease 

the viscosity of the doped-0.5 mixture and inherently assist the infusion of the healing 

agent via the vascular network, EPA (20% w.w.) was added to the doped-0.5 system, 

resulting in a mixture with a low shear rate apparent viscosity of 1.2 Pa s, characterized 

by a Newtonian behavior similar to that of the neat epoxy resin. This reduction in apparent 

dynamic viscosity, as expected, facilitated the infusion of the modified healing agent to 

the vascular network.  

 

3.3.2. Differential Scanning Calorimetry. 

 In a parallel study, the Tg of the neat and nanomodified healing agents were measured 

using DSC measurements. The Tg of all systems is shown in Table 3-1 Tg values for all 

employed healing agent systems. 

 

Healing agent Tg (0c) 

Neat epoxy 49.8 

Doped 0.1 54 

Doped 0.3 54.9 

Doped 0.5+EPA 45 
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As can be seen, the inclusion of the CNTs led to a marginal increase of the Tg, a 

phenomenon that has been extensively reported in the literature [25,26], although CNTs 

may also have detrimental effects to the resin properties [27]. The inclusion of the EPA 

led to an approximately 10% decrease of the Tg in relation to the neat epoxy. This may 

be attributed to the plasticization of the epoxy due to the inclusion of the solvent, which 

impedes the crosslinking process. This plasticization is expected to positively affect the 

toughness of the resin and consecutively the composite, as plasticizing agents are well 

known to improve the toughness of brittle matrix systems [28–30].  

However, it may be assumed that as the solvent evaporates, the resin attains the properties 

of the neat system asymptotically. This process is rapidly evolving, as the Tg already 

reached 90% of its original value after 24h. Thus, the effect of the remaining EPA in the 

healing agent may be regarded as marginal or even negligible in relation to the GIC 

toughness of the composite. Thus, all the employed healing agents can be considered 

stable at room temperature. 

 

3.3.3. Interlaminar Fracture Toughness  

Knock down effect 

As stated, an initial work was conducted in order to study the effect of tube diameter to 

the fracture toughness of the final vascular GFRP. In Figure 3.16 representative load 

versus extension curves for the pristine (no vascules) and the vascular DCB specimens 

with tube diameter 0.6 mm and 0.8 mm are presented.  



Dimitrios Bekas  Ph.D. Thesis 

92 

 

 

Figure 3.16 Load vs extension curves for all configurations 

As can be seen, the pristine specimen has a maximum load of 41.21 N. In the case of 

vascular DCB specimens with tube diameter of 0.6 mm and 0.8 mm the maximum load 

decreases to 35.06 N and 32.33 N respectively. Therefore, the introduction of the vascular 

network within the GFRP, results in a knockdown effect of 14.9 % and 21.5% for the two 

studied tube diameters. In terms of strain energy release rate (GIc), a total reduction of 

10% and 13% was observed after the introduction of 0.6 mm and 0.8 mm tube diameter 

respectively. In detail, the strain energy release rate of the pristine GFRP composite was 

calculated at 480 J/m2 while for the case of vascular composites with tube diameter of 0.6 

mm and 0.8 mm, the GIc was calculated at 435 J/m2 and 420 J/m2 respectively Figure 3.17.  
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Figure 3.17 Evolution of the strain energy release rate (GIc) with increased crack length for all the studied 

configurations 

3.3.4. Evaluation of the healing process 

Figure 3.18 depicts the evolution of the strain energy release rate (GIc) with increasing 

crack length for all the studied self-healing composites. “Virgin” specimens were not 

subjected to any healing process, “Healed: Neat” specimens were healed with plain epoxy 

healing agent, while “Healed: Doped -0.1, -0.3 and -0.5+EPA” specimens were healed 

using nano-reinforced healing agents with 0.1, 0.3 and 0.5 %w.w. MWCNTs weight 

content, respectively. In all cases the mode-1 fracture toughness of the healed specimens 

was characterized by a resistive (R-curve) behavior that included an initial value of Gic 

followed by a region of increasing toughness until a quasi-steady-state was achieved. As 

can be observed, the doped-0.3 and doped-0.5+20% EPA curves exhibited a higher 

initiation value and a more abrupt toughening region when compared with the neat epoxy 

and doped-0.1 curves. In order to examine the significance of the observed differences 

between the fracture toughness of the neat and the modified epoxy systems, the 

experimental data were statistically analyzed and represented in terms of the confidence 

level, based on student’s t- test and the hypothesis that the examined property of the 

studied material equals the property of the reference material. If the confidence level is 

found above 99% or 95%, the measured property of the studied composite, i.e. fracture 
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toughness, is considered significantly different than that of the reference one at the 

respective confidence level. 

 

Figure 3.18 Evolution of the strain energy release rate (GIc) with increased crack length for all the studied self-

healing composites 

The experimental values of the fracture toughness (GIc) along with the healing efficiency 

values as they were calculated based on the recovery of the energy release rate, are 

summarized in Table 3-2. The relative difference, in terms of GIc, was calculated with 

respect to the virgin composite.  

Table 3-2 Experimental values of the fracture toughness and the calculated healing efficiency 

GIC virgin 

(J/m2) 

Healing  

agent 

GIC healed 

(J/m2) 

Healing  

efficiency  

nGIC (%) 

459±28 Neat Epoxy 580 ± 108 126 

Doped-0.1 625 ± 125 136 

Doped-0.3 777 ± 101 169 

Doped-0.5 + 20% EPA 883 ± 146 192 
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  For the case of the healed doped-0.1 composite, the relative increase in fracture toughness 

was 7.7 %, while the recovery of the initial fracture toughness was 136%. An increase 

that is not significantly different at 99% or 95% confidence level compared to that of the 

healed neat (𝑛𝐺𝐼𝐶 = 126%). On the other hand, the relative increase in toughness in the 

cases of healed doped-0.3 and doped-0.5 systems, was found significantly different at 99 

% confidence level. In detail, the fracture toughness of the healed doped 0.3 and 0.5 

composites was increased by 33.8% and 52.0% in comparison with the healed neat 

composite, resulting in a remarkable healing efficiency of 169% and 192% respectively. 

The aforementioned increase can be associated with the CNTs effect on the curing process 

of the epoxy and specifically on the cross-link density [31]. It has been shown that the 

fracture toughness of an unmodified resin, is inversely proportional to the polymer cross-

link density [32], while the incorporation of CNTs within an epoxy results in reduced 

cross linked density [33]. Therefore, the resulted nanomodified polymers were 

characterized by a greater energy consumption capability. 

Significant improvements, in terms of maximum load recovery, were also found for the 

healed doped 0.3 and 0.5 composites. Figure 3.19 depicts the maximum bearing loads for 

the virgin and all healed specimens. A total healing efficiency of 126 % was calculated 

for the healed neat composites while in the cases of healed doped-0.1-0.3 and 0.5 

composites, the healing efficiencies were calculated at 136, 169 and 192 %, respectively. 

It must be pointed out that the doped-0.3 and doped-0.5 composites, exhibited significant 

increase in terms of maximum load recovery (99 % confidence level) compared with the 

healed neat composites.  
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Figure 3.19 Maximum loads for the virgins and the healed vascular GFRPs. 

As stated, the inclusion of the MWCNTs in the healing agents, leads to an increase in 

healing efficiency up to 192% in relation to the virgin specimen. Figure 3.20  reveals that 

ηGic is a linear function of CNT ww% content.  

 

Figure 3.20. Healing efficiency vs healing agent system. Healing efficiencies were calculated in relation to the virgin 

specimen. 

However, this dependence is technically limited by the increased viscosity which was 

overcome by the usage of solvent i.e. EPA in this study. The selected EPA quantity in 

this study (20%w.w.), resulted in the required reduced viscosity but also resulted to a 
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marginally reduced Tg. As is indicated in similar studies, further increase in EPA weight 

content, could deteriorate the resulting matrix system [10]. 

 

3.3.5. SEM fractography  

Figure 3.21 depicts SEM photographs obtained from the DCB vascular specimens with 

different tube diameter.  

 

Figure 3.21 SEM photographs obtained from the DCB vascular specimens for the case of 0.8mm (left) and 0.6mm 

(right) diameter 

 

A slight reduction in the diameter was observed in both cases. This reduction can be 

possibly attributed to the pressure applied in the manufacturing process in combination 

with the increase in the temperature during the post-curing process. 

Figure 3.22a presents SEM micrographs obtained from fractured healed neat and doped 

composites. Both sides of the healed neat fractured surface in low magnification (x25) 

are presented in the middle section of Figure 3.22(a), while selected areas at higher 

magnification (x150) are presented in the left and right inserts. As can be observed, the 

healed neat composite failed at an adhesive manner at the glassy epoxy interface created 

by plies 8 and 9. On one side (left insert) of the fracture surface, only bare glass fibers 

can be seen while the opposite side (right insert) is essentially the imprint of the glass 

fibers onto the epoxy matrix. The exposed glass fibers possess smooth surfaces with no 

significant residues of epoxy matrix while a small amount of fractured fibers appear at 

the stitching direction (green arrow). The observed adhesive failure is indicative of a 

relatively weak epoxy/glass fiber interface. As can be seen in Figure 3.22(b-d) the fracture 

surfaces of the healed doped 0.1 and 0.3 specimens, revealed a completely different 

morphology. The healed doped-0.1 (Figure 3.22b) and healed doped-0.3 (Figure 3.22c) 
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specimens seem to have failed in a cohesive manner at the middle of the epoxy matrix. 

Healed doped-0.5 specimen failed in a cohesive manner as well, while small areas of 

adhesive failure are present (Figure 3.22d).  

 

Figure 3.22 Fractured surfaces from specimens healed with (a) unmodified healing agent and modified with (b) 0.1%, 

(c) 0.3%  and (d) 0.5% w.w. CNTs. Red arrows indicate sites of (b) crack bifurcation and (d) fiber pullout. The yellow 

arrow indicates the glass fiber primary reinforcement orientation while the green arrow indicates the perpendicular 

supporting stitching orientation of the UD fabric. 

It is interesting to note that, the exposed fibers on the healed doped-0.5 specimen, were 

partially protected with nanomodified epoxy matrix. This behavior is a clear indication 

of a stronger adhesive bonding between the nanoenhanced healing agents and the virgin 

fractured surface due to the fact that the MWCNTs affect the epoxy and sizing coating of 

fibers interface, resulting in increased interfacial bond [34]. It is evident that the 

incorporation of the MWCNTs within the polymeric healing agent enabled different 

energy absorption mechanisms i.e. crack deflection and/or bifurcation that delay or hinder 
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the crack initiation and propagation [35,36]. The additional presence of fiber pull-out and 

breakage phenomena in the case of healed doped-0.5 system, justified the observed 

increase in the fracture toughness and self-healing efficiency while simultaneously 

proving the effectiveness of the novel nano-reinforced self-healing system. In addition, 

the dissolution of the healed doped-0.5 system using 20% of EPA as a solvent, increased 

the plasticity of the epoxy mixture, resulting in a higher ductile failure mechanism. 

 

3.4. Conclusions  

In the present work, the employment of a MWCNT-reinforced low-viscosity epoxy as a 

healing agent in vascular self-healing GRFP composites, was evaluated. The 

effectiveness of the novel nano-modified healing agent was assessed via rheological, 

mechanical and scanning electron microscopy studies. The main findings of this work 

are: 

1. The study of the rheological behavior of the healing agents (neat and doped) 

showed that the incorporation of small MWCNTs weight content resulted in a 

slight increase to the dynamic viscosity of the mixture but did not affect the 

rheological behavior of the epoxy. However, in the cases of 0.3 and 0.5 % w.w. 

MWCNTs, a significant increase to the low shear rate dynamic viscosity, up to 

3.00 and 8.00 Pa s, was observed, respectively. The viscosity of the doped-0.5 

mixture was adjusted using 20% of EPA as solvent, resulting in a Newtonian 

mixture with reduced apparent dynamic viscosity of 1.2 Pa s.  

2. Results obtained from the DCB mode-1 interlaminar fracture toughness tests, 

indicated that in the cases of doped-0.3 and doped-0.5 systems, the relative 

increase in terms of fracture toughness was 33.8% and 52.0% resulting in healing 

efficiencies of 169% and 192%, respectively. A healing recovery that is 

significantly different when compared with that of the healed neat composite 

(𝑛𝐺𝐼𝐶 = 126%), indicating the great effectiveness of the nano-reinforced systems 

as healing agents for vascular self-repairing FRP composites. 

3. SEM images revealed that the nanoreinforced healing agents enabled additional 

energy consumption mechanisms (e.g., crack bifurcation). The observed 

transition from adhesive to cohesive failure, indicated an enhancement of the 
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adhesive strength between the nanomodified healing agents and the virgin 

fractured surface due to the beneficiary effect of MWCNTs on the epoxy/sizing 

coating of fibers interfacial strength. In the case of the doped-0.5 system, the 

addition of the EPA solvent increased the plasticity of the epoxy mixture, resulting 

in a higher ductile failure mechanism.  

Based on the findings of this study, the nano-reinforcement of the epoxy healing agent 

proved to be a highly effective route towards the recovery of the initial structural 

integrity of a vascular FRP composite. The best performing system was that of the 

healed doped 0.5 composite, where the polymer was modified via the incorporation 

0.5% w.w. CNTs.  
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CHAPTER 4 

4.Synthesis, characterization and evaluation 

of poly(urea-formaldehyde) microcapsules 
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4.1. Introduction 

An alternative approach to achieve self-repairing polymeric materials is the 

incorporation of capsules within the polymer. Inside these microcapsules lies the 

healing agent which will be delivered to the damaged area upon rupture of the capsule. 

In self-healing approaches using microencapsulated healing agents, at least one 

component of the healing agent must be of low viscosity and capable of being stored 

in the microcapsules. In addition, the capsules should be easily breakable upon 

cracking of the matrix, thereby releasing the healing agent to the target areas via 

capillary effects. Subsequently, the cracked portions are repaired through chemical 

and/or physical interactions with the healing system. The first capsule-based self-

healing concept was proposed by White et al. [1]. They embedded microcapsules 

containing healing agent and catalyst particles into a matrix material achieving a very 

promising self-healing efficiency. Since then, microcapsules were extensively studied 

by many researchers due to their ease of applicability and their potential for mass 

production. The design cycle for capsule-based self-healing materials is composed of 

(1) development of encapsulation technique(s), (2) integration strategies into the bulk 

material, (3) characterization of mechanical properties, (4) validation of damage 

triggering and release of healing agents, and (5) evaluation of healing performance 

(Figure 4.1).  

 

Figure 4.1 The design cycle for capsule-based self-healing materials 
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Among the different classes of microencapsulated healing agent systems, five types 

of healing systems have proven efficient (Figure 4.2).  

 

 

Figure 4.2 5 different types of healing systems, (a) Single capsules, (b) Capsule/dispersed catalyst, (c) Phase-separated 

droplet/capsules, (d) Double-capsule and (e) all-in-one microcapsules [2] 

The single-capsule system consists of one type of encapsulated healing agent. The healing 

agent can be a reactive chemical, a solvent, or a low-melting point metal. The release of 

the agent initiates reactions with the functional groups of the polymer matrix like 

polymerization induced by the surrounding moisture environment or light, chain 

entanglement across the fractured surfaces, or conductive bridging. The second type of 

capsule-based self-healing materials that of capsule/dispersed catalyst system concerns 

the encapsulation of the monomer within brittle capsules and the dispersion of the catalyst 

within the matrix. After breakage of the microcapsules in the matrix, the released 

monomer and catalyst come in contact and polymerization takes place. In the third 

capsule-based approach (phase separation), either the healing agent or the polymerizer is 

phase-separated in the matrix material. These two fluids react with each other upon 

release. The double-capsule system is concerned with the encapsulation of one or more 

reactive liquid healing agents while the all-in-one microcapsules system is entirely self-

contained. Both monomer and catalyst/initiator are either sequester in the core and shell 

wall of the same capsule and isolated from each other by layers (thus generating a 

multilayer microcapsule) or are encapsulated in separate smaller spheres that are stored 

within a larger sphere (thus generating a capsule-in-capsule). Upon rupture, the released 
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healing agent comes in contact with the catalyst and is subsequently healing with the 

damaged area [3,4]. 

Several epoxy monomers have been easily encapsulated using various methods [5–9]. 

Capsule synthesis can proceed via a number of methods including layer-by-layer 

assembly, coacervation, internal phase separation and emulsification polymerization 

(Figure 4.3). In order to determine which microencapsulation technique and shell material 

should be adopted, the following parameters must be taken into account: properties of the 

core material (viscosity, Tg, etc.), capsule size, permeability of the shell, encapsulation 

efficiency, difference in the toughness properties and interfacial interactions between the 

microcapsule and polymer matrix, and processing parameters of the self-healing 

composite system.  

 

Figure 4.3 Methods for the dynamic self-assembly of nano- and microcapsules. (a) emulsification [2] 

Li Yuan et al. [10] demonstrated the self-healing ability of a cyanate ester (CE) resin by 

the addition of microcapsules within the volume of the material. The capsules consisted 

of a poly(urea-formaldehyde) shell filled with an bishenol A epoxy (EP) as curing agent. 

Diaminodiphenylsulfone (DDS) catalyst was also used in the CE formulation to decrease 

the polymerization reaction temperature. Specimens exhibited an 85% self-healing 

efficiency proving the effectiveness of the microcapsule approach for the development of 

self-healing polymer materials, as well as for fiber-reinforced CE composites. Henghua 

Jin et al. [11] demonstrated a self-healing epoxy adhesive suitable for bonding steel 
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substrates using DCPD filled microcapsules and Grubbs’ first generation catalyst. It was 

noteworthy that the addition of both components to the neat resin epoxy (EPON 828) 

increased the virgin fracture toughness by 26% and a recovery of 56% of fracture 

toughness was reported.  

Another possible application of capsule based self-healing is that of self-healing coatings. 

Capsule-based self-healing coatings have been studied by many researchers over the last 

three years to due to the increased importance of maintaining the potential of protection 

of the underlying substrate [12–16]. In detail, X. Liu et al. [17] prepared a smart self-

healing coating consisted of an epoxy resin Diglycidyl Ether of Bisphenol-A (DGEBA) 

as matrix and microcapsules filled with the same polymer as curing agent. Capsules were 

synthesized by interfacial polymerization of epoxy droplets with ethylenediamine (EDA). 

These microcapsules exhibited high shell strength but able to rupture under external force, 

releasing the healing agent to the damaged area. It should be noted that the complete 

absence of catalyst along with the high level of healing efficiency, make epoxy-capsule 

loaded polymers excellent candidates for the development of self-healing films. In 

another study, E. Manfredi and co-workers [18] produced glass fiber reinforced polymer 

(CFRP) containing a solvent (ethyl phenylacetate –EPA) capsule-based healing system 

using vacuum assisted resin infusion molding technique. Capsules were manually 

dispersed into the composite and the maximum pressure threshold, in order to avoid 

premature capsule rupture was calculated at 0.3 bar. Optical images of the capsule-

functionalised ply after undergoing different vacuum pressure differences are depicted in 

Figure 4.4.  
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Figure 4.4 Compaction test under vacuum: optical images of the capsule-functionalised ply after undergoing different 

vacuum pressure [18] 

It must be pointed out that the healing process is based on the swelling mechanism of the 

polymeric matrix (Epon 828/DETA) in the presence of EPA solvent which results in 

filling the defects that have been created due to static loading in Mode I and II. Using a 

single capsule, resin-solvent self-healing chemistry, Jones and co-workers [19] managed 

to obtain a full recovery of interfacial shear strength (IFSS) for a glass/epoxy composite. 

Microcapsules contained EPON 862 (diglycidyl ether of bisphenol-F) dissolved in EPA 

while the shell material consisted of poly(urea-formaldehyde) - pUF. Moreover, several 

parameters that can affect the healing efficiency of the system, like the resin-solvent ratio, 

the capsule coverage and the capsules size were also examined. Results indicated that the 

critical resin-solvent ratio in order to obtain submicron capsules (0.6 lm diameter) was 

30:70 in which a total of 83% recovery of IFSS was reported. Figure 4.5 depicts SEM 

images of fibers with varying capsule coverage that have been used for the IFSS 

experiment.  



Dimitrios Bekas  Ph.D. Thesis 

112 

 

 

Figure 4.5 SEM micrographs of glass fibers with varying capsule loadings [19]. 

Dual-component microcapsules also drew the attention of the research community. 

As stated, the approach lies in fabricating a self-healing epoxy composite by 

embedding a healing agent consisting of epoxy and its hardener inside separate 

capsules. H. Zhang and co-worker [20] created two types of healing agent carriers, 

i.e. microcapsules containing epoxy solution (Epolam 5015 and hardener 5015) and 

etched hollow glass bubbles (HGBs) loaded with amine solution (diethylenetriamine 

and ethyl phenyl acetate) which they incorporated in self-healing epoxy system 

(Epolam 5015 and hardener 5015) (Figure 4.6).  

 

Figure 4.6 Scheme of capsules and HGBs randomly distributed in the epoxy matrix [20]. 

Using TGA, SEM and optical microscopy they managed to characterize both capsules 

and bubbles. The results indicate that the amine in the etched HGBs shows high 

thermal stability during the curing stage. A mathematical model has been also 

formulated in order to calculate the available healants and the diffusion distance on 
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the crack plane of a two-part epoxy- amine. Based on the simple cubic array model, 

the diffusion distance of the released healing agent was calculated to be inversely 

proportional to the cubic root of the concentration of the healing agent carrier. In a 

more recent study, Jin and his team [21] focused on the encapsulation of epoxy and 

amine reactants in separate polymeric microcapsules. In the case of the epoxy resin, a 

polyurethane (PU)-poly(urea-formaldehyde) (PUF) double shell wall was used. The 

core consisted of Bisphenol-A epoxy resin diluted with a low viscosity reactive 

diluent (o-cresyl glycidyl ether). As for the amine capsules, they were produced 

following a method of vacuum infiltration of polyoxypropylenetriamine (POPTA) 

into polymeric hollow (PUF walled) microcapsules, demonstrating thus a simple 

approach for the encapsulation of a highly reactive core material. Both epoxy and 

amine microcapsules can be seen in Figure 4.7. Afterwards, capsules were embedded 

into an epoxy matrix system (Araldite/Aradur 8615) while taking into account the 

required stoichiometry. Maintaining the total capsule concentration at 10 wt% while 

varying the ratio of epoxy to amine capsules, which was at an equal mass ratio of 

amine:epoxy capsules (5:5), they managed to obtain the highest average healing 

efficiency. It was demonstrated, that higher exposure temperature caused more loss 

of core contents for both types of capsules leading to a poor mixing of the reactants 

in the damaged area. 

 

Figure 4.7 a) Epoxy capsules consist of a polyurethane – poly (UF) double shell wall and a DGEBA/o-CGE core. (b) 

Amine capsules contain a poly(UF) shell wall and a POPTA core [21]. 
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Apart from the well-known poly(urea-formaldehyde)-shell microcapsules, a 

generalized silica coating scheme was developed by Jackson et al. [22]. In order to 

functionalize and protect sub-micron and micron size dicyclopentadiene monomer-

filled capsules and Grubbs’ catalyst particles Fluoride-catalyzed silica condensation 

chemistry was used for the construction of the protective and functional silica coatings 

resulting to an improvement of the dispersion of the capsules and catalyst particles 

inside the epoxy matrix. Unlike many other studies, a successful incorporation of both 

capsules into the epoxy was achieved without significant loss of healing agent. In 

Figure 4.8, a TEM image of a silica coated DCPD-filled capsule is presented. 

 

Figure 4.8 A representative TEM image of a microtomed cross - section of a silica coated DCPD -filled capsule . The 

DCPD core is removed during the microtoming process [22]. 

In an effort to improve the self-healing efficiency of epoxy resin, Qi Li and his co-workers 

[23] prepared a dual-component microcapsule of DGEBA and polyether amine (hardener) 

using a water-in-oil-in-water emulsion solvent evaporation technique with polymethyl 

methacrylate (PMMA) as shell material. They have shown that the healing efficiency of 

epoxy was affected by the content and ratio of the dual-component microcapsules. Self-

healing was carried out successfully at room temperature, but, as was indicated, an 

increase in temperature led to higher levels of the self-healing efficiency. 

A very interesting concept developed by Dong Yu Zhu and his team [24], constitutes the 

construction and development of a multilayered microcapsules used for self-healing 

thermoplastics (Figure 4.9). By optimizing the synthesis conditions, robust 

poly(melamine-formaldehyde) (PMF)-walled microcapsules containing fluidic glycidyl 

methacrylate (GMA) monomer with proper size and core content were produced. Second 

and third (outer/protective) layers consisted of living poly(methyl methacrylate) (PMMA 

-Br) and wax respectively. Results concerning the performance and stability (thermal and 
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chemical) indicate that the multilayered microcapsules might be applicable for 

manufacturing not only self-healing thermoplastics but also self-healing thermosets. 

 

Figure 4.9 Profile of multilayered microcapsule [24]. 

A novel approach that concerned the implementation of a Lewis acid-catalysed self-

healing system into epoxy-based fibre reinforced polymer (FRP) composite materials was 

investigated by Coope and his co-workers [25]. In their work, self-healing performance 

was quantified using a TDCB test specimen and the effects of several parameters such as 

the capsule content and healing temperature and time are also instigated. The Lewis acid-

catalyzed self-healing epoxy resin exhibited good compatibility and adhesion between 

the healing agent and the host matrix, while a recovery value of greater than 80% fracture 

strength was reported. 

In a recent study conducted by L. Hia et al. [24], alginate multi-cored microcapsules were 

developed and embedded into epoxy matrix to produce a capsule-based self-healing 

composite system. The micro capsules were produced via the electrospraying method 

while two different epoxy resins (EPIKOTE 828 and ARALDITE 506) were employed 

as core material. The produced self-healing systems were tested via fracture (TDCB 

geometry) and impact tests. Figure 4.10 illustrates the synthesis of the multi-core 

microcapsules. Results obtained from impact tests showed multiple healing events up to 

3 cycles due to the controlled release of multi-core capsules system, while in the case of 

the TDCB specimens showed only a single healing cycle which was attributed to the slow 

and steady crack propagation of the test. 
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Figure 4.10 Schematic illustration of multi-core microcapsules synthesis process [24]. 

It is evident that capsule-based self-healing materials are more likely to be 

commercialized in the near future because there are no changes in the molecular structure 

of the host polymers, the microencapsulation has matured as a technology since its 

emergence in the 1950s [24] and loaded microcapsules can be easily incorporated into 

the polymer matrix using existing blending techniques. Therefore, continuous efforts 

should be devoted to this research area to facilitate large-scale application of self-healing 

composites. 

The work related to this chapter concerns the synthesis and characterization of p(Urea-

Formaldehyde) microcapsules containing DGEBA resin as core material. UF 

microcapsules were prepared by in situ polymerization in an oil-in-water emulsion. 

Characterization of the UF capsules was achieved using SEM, TGA, DSC and Raman 

spectroscopy. The produced capsules were then incorporated in a polymeric matrix and 

the evaluation of the healing efficiency was investigated using several testing 

configurations and geometries at (i) matrix/polymer level (Tapered double cantilever 

beam), (ii) composite level (mode-II fracture toughness test) and finally (ii) model 

composite structure level (lap strap geometry).  
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4.2. Experimental  

4.2.1. Materials  

4.1.1.1 Microcapsule materials 

The solvent Ethyl phenylacetate (EPA), the wall materials urea (NH2CONH2), formalin 

(37 wt% in H2O) the surfactant poly(ethylene-alt-maleic anhydride), (EMA, Mw 

500,000), the stabilizers resorcinol (C6H4-1,3-(OH)2) and ammonium chloride (NH4Cl) 

and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich and used as received. 

The core material or the healing agent EPON 828 was purchased from Polysciences. Inc.  

4.1.1.2 TDCB specimen 

EPON 828 resin, supplied from Polysciences. Inc, cured with diethylenetriamine (DETA) 

purchased from Sigma-Aldrich, was selected as the matrix system for the manufacturing 

of Tapered Double Cantilever Beam specimens. The catalyst aluminum(III) triflate 

(Al(OTf)3) was also supplied from Sigma-Aldrich. 

4.1.1.3  Glass Fiber reinforced composites – GFRP 

A two-part epoxy resin system, i.e. the EPON 828 and EPIKURE 541, supplied by 

Huntsman Advanced Materials, Switzerland at a mix ratio of 100:50 by weight, was used 

both as the GFRP matrix material as well as the healing agent. E-glass unidirectional and 

biaxial fabric supplied by R&G, Germany as primary reinforcements. 

 

4.2.2. Preparation of microcapsules 

Although there are several microencapsulation techniques, they are not necessarily 

appropriate to self-healing applications, and the encapsulation method is often suited for 

specific types of core materials. The emulsification polymerisation method benefits from 

high strength capsule shell walls, large scale synthesis, thick shell wall and a narrow size 

distribution. ([2]). Therefore, when considering possible commercial exploitation this is 

the preferred method for scale-up synthesis. The principle of in situ microencapsulation 

oil-in-water emulsion polymerisation synthesis, as employed by self-healing material 

researchers, is based on the methodology employed by Brown et al. (2003) [26]. By using 

this setup, capsule size can be altered simply by changing the agitation rate or by 

introducing a sonication step during the initial synthesis. [27]. 
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Figure 4.11depicts an outline of the in-situ polymerization in an oil-in-water emulsion 

that was adopted in this work for the synthesis of the UF microcapsules.  

 

Figure 4.11 Microencapsulation of EPON 828 utilizing in situ polymerization of urea with formaldehyde to form 

capsule wall 

 

In detail, 2.5 gr EMA powder was mixed overnight with 100 ml of deionized water, in a 

warm bath in order to achieve a 2.5% (w/v) aqueous surfactant solution (Figure 4.12).  

 

Figure 4.12 Aqueous surfactant solution of EMA 

Before the encapsulation process, the resin was diluted with a non-toxic solvent (ethyl-

phenylacetate EPA) so as to decrease the viscosity of the healing agent. For the 

encapsulation process, 100 mL of deionized H2O was placed in a high shear stirrer 

(Dispermat D-51580) with 25 mL of 2.5% (w/v) EMΑ aqueous surfactant solution at 
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room temperature. The experimental set-up for the synthesis of the microcapsules is 

depicted in Figure 4.13.  

 

Figure 4.13 (a) experimental set-up for the UF microcapsule synthesis, (b) aqueous solution  

Under continuous agitation, 2.5 g urea, 0.25 g ammonium chloride, and 0.25 g resorcinol 

were dissolved in the solution. After the addition of those chemicals, the pH was adjusted 

from approximately 2.7 to 3.5 by drop-wise addition of sodium hydroxide (NaOH). 60 

mL of the core was then dispersed (epoxy resin – solvent, 15% dilution), in the mixture 

and the agitation continued at 400 RPM for 10 min. 6.33 g of formalin solution was then 

added, and the temperature was increased to 55 oC with a rate of 10 oC/min. The reaction 

proceeded under continuous agitation with the temperature at 55 oC for 4 h. Once cooled 

to ambient temperature, the suspension of microcapsules was recovered by filtration using 

a Buchner funnel (Figure 4.14a) The microcapsules after several ablutions were placed in 

an oven at 25 oC for drying (Figure 4.14b).  
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Figure 4.14 (a) filtration and (b) drying of the microcapsules 

 

4.2.3. Microcapsule characterization  

4.2.3.1 Scanning Electron Microscopy- SEM 

Microcapsule size analysis and surface morphology was performed using a JEOL JSM 

6510LV, Oxford Instruments scanning electron microscope. Microcapsule samples were 

prepared on glass slides, dried in a vacuum oven, and sputter coated with gold. The 

accelerating voltage for the SEM measurements was selected at 5.0 kV. Mean diameter 

and standard deviation were determined from data sets of at least 200 measurements.  

4.2.3.2 Differential Scanning Calorimetry-DSC 

The presence of EPA and EPON 828 within the produced microcapsules was confirmed 

DSC measurements using a DSC 404 C Pegasus Thermal analyzer Netzsch-Gerätebau 

GmbH, Germany. The temperature range was selected at 25-4000C and the heating rate 

was 10 0C/min.  

4.2.3.3 Thermogravimetric analysis -TGA 

An important parameter that affects the healing efficiency of a system is the thermal 

stability of the microcapsules at elevated temperatures. For that purpose, two independent 
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studies were conducted. In the first case, TGA scans were performed on a DSC 404 C 

Pegasus Thermal analyzer (Netzsch-Gerätebau GmbH, Germany) under nitrogen flow 

and a heating rate of 10 0C/min in order to investigate the thermal stability of the UF 

capsules. Prior to testing Capsule samples were dried at 80 0C for 2 h before thermal 

testing in order to remove residual water. In a parallel study, the mass loss of a capsule 

system was measured during 2 h isotherm at given temperature, in order to investigate 

the thermal stability of the UF microcapsules for a time period. Isothermal experiments 

were performed at 180 and 210 0C.  

 

4.2.3.4 Raman Spectroscopy 

Raman spectroscopy was employed in order to confirm the structure of the produced 

capsules by discriminating between the Raman signatures of the encapsulated chemicals 

(resin and solvent) and the UF wall. Initially, characteristic Raman profiles of each 

utilized substance were recorded. Subsequently, a single capsule was selected for a depth 

profile study. In more detail, spectra were acquired with the laser focused initially on the 

capsule wall and then moving in steps of 5 μm towards the center of the capsule (80 μm). 

This study was conducted twice in order to ensure repeatability of the results. A Labram 

HR - Horiba scientific system was used for the Raman measurements. The 784 nm line 

of an NIR laser operating at 45mW at the focal plane was employed for the Raman 

excitation. An optical micro- scope served as the collector of the Raman scattering 

equipped with a 50x long working distance objective. Raman spectra in the range of 

1000–2000 cm-1 were collected. Spectral treatment included a quadratic baseline 

subtraction, normalization to the band with the highest intensity and then fitting with an 

adequate number of Lorentzian distributions. 

 

4.2.4. Manufacturing process 

4.2.4.1 TDCB specimen  

As stated, the healing evaluation of the microcapsules at the matrix/polymer level was 

achieved via fracture tests using a modified TDCB geometry, which ensures controlled 

crack growth along the grooved central trench of the brittle specimen [28,29]. For the 

grooved central trench, 20 wt.% of UF microcapsules were initially dispersed within the 

host matrix (EPON 828) using shear mixing for 10 min. At the end of the dispersion 
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process, hardener DETA and aluminum triflate (catalyst) were added to the mixture. The 

mix ratio for the host system was 12 parts curing agent DETA for 100 parts EPON 828 

while the concentration of the Lewis-acid catalyst was at 3 wt%. Mixture was then 

degassed and casted into closed silicon molds and left to cure for 24 hours at room 

temperature. The main body of all the TDCB samples was manufactured consisted of the 

epoxy system EPON 828/DETA epoxy system. Figure 4.15 illustrates the TDCB 

geometry adopted in this study.  

 

Figure 4.15 TDCB specimen geometry 

4.2.4.2 GFRP coupons  

GFRP specimens were manufactured using 18-plies of unidirectional glass fabric with 

areal density 220gr/m2 and lamina thickness of 0.242mm. The hand lay-up method was 

selected as the manufacturing process, with a curing cycle at 25 0C for 24 h under vacuum. 

A modified epoxy resin system (EPON 828/DETA) containing 20 wt% of UF capsules 

and 3 wt% of aluminum triflate was employed to impregnate plies 8 and 9. As matrix 

materials for the host composite, the epoxy system EPON 828/DETA was employed. 

During the manufacturing process, an artificial crack starter was created in the mid-place 

using a 15 μm thick sheets of polytetrafluoroethylene (PTFE). One GFRP laminate was 
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manufactured without incorporating UF capsules at the mid-plane and worked as 

reference in order to study the effect of capsule incorporation of the fracture toughness. 

At the end of the manufacturing process, specimens were cut to the desired dimensions 

according to the ASTM 1.0006 standard [30] for mode II interlaminar fracture toughness 

tests. 5 specimens were created for each case. The capsule-based self-healing GFRP 

composite is depicted in Figure 4.16. 

 

 

Figure 4.16 Capsule-based self-healing GFRP coupon 

 

4.2.4.3 Lap strap specimens 

In an effort to scale-up the use of capsules in composites structures, an epoxy resin was 

modified using the UF microcapsules and employed as an adhesive between two 

composite laminates with a lap strap geometry in order to simulate the stiffening of a 

composite panel. The aforementioned geometry was proposed by R. Luterbacher and his 

co-workers [31] who explored the potential of using a vascular approach in a simplified 

strap-lap specimen to heal delaminations initiating at the tip of the flange and to transfer 

this knowledge and understanding to a large panel “stringer run-out” specimen. In our 

work, both lap and strap consisted of quazi isotropic ([-45/90/45/0]S) GFRPs. The GFRPs 

were manufactured with the hand layup method and pressed in a heated hydraulic press 

under the pressure of 107 Pa at 25 0C for 24 h. Post curing took place at 100 0C for 4 h. 

For the modification of the adhesive, 20wt. % of UF capsules and 3wt.% of aluminum 

triflate were dispersed in a two-part epoxy systems EPON 828/DETA as described in the 

previous section. Specimens were then cut in the desired dimensions while the ends of 
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the specimens were reinforced with end tabs made of cross-ply laminate. The lap-strap 

specimen is depicted in Figure 4.17. 

 

Figure 4.17 Capsule-based self-healing Lap strap geometry  

 

4.2.5. Mechanical characterization 

In all cases (matrix, composite and composite structure level) a comparative study 

between unmodified (reference) and capsule-modified (virgin) materials have been 

conducted in order to investigate the knock-down effect of introducing a self-healing 

functionality to a polymer or a polymer composite.  

4.2.5.1 TDCB fracture test – matrix level 

Before testing, a pre-crack was created by tapping a fresh razor blade into the front part 

of the grooved central trench of the TDCB specimens. Afterwards, specimens were pin-

loaded on an in-house mini-testing machine (Figure 4.18). Testing was conducted at 

ambient temperature until the crack was fully propagated through the groove while the 

displacement rate was selected at 1 mm/min.   



Dimitrios Bekas  Ph.D. Thesis 

125 

 

 

Figure 4.18 TDC fracture test set-up 

4.2.5.2 Mode II interlaminar fracture toughness tests of GFRP – composite level 

Mode II crack opening displacement tests were performed using a WDW-100 Jinan 

universal testing machine equipped with a 100 kN load shell. Five specimens were tested 

for each case scenario. The fracture of the interface occurring during this test is an in-

plane shear fracture. All specimens were loaded at 1 mm/min while load, point 

displacement, and crack length were recorded. Following Szekreneyes [32] the critical 

mode-II strain energy release rate, GIIC, was calculated using Eq 4.1: 

 

GIIC =
9Fua2

2b(
1

4
L3+3a2)

          (4.1) 

 

where GIIC (J/mm2) is the mode -II fracture toughness energy, F is the critical load to start 

the crack, u is the displacement at the onset of the delamination, a is the initial crack 

length, b is the width of the specimen and L is the span length. The experimental set-up 

for the mode II interlaminar fracture toughness tests can be seen in Figure 4.19. It must 

be noted that the mechanical testing stopped when delamination at the mid-plane was 

evident.  
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Figure 4.19 mode II interlaminar fracture toughness tests 

 

4.2.5.3 Lap strap specimen testing protocol – model composite structure 

Lap strap specimens were tested under tensile loading using a WDW-100 Jinan universal 

testing machine equipped with a 100 kN load shell. Tests were performed at ambient 

temperature and the displacement rate was selected at 1 mm/min. The stresses were 

calculated using the cross-section of the skin. The specimens were gripped 50 mm at 

either end leaving an initial grip-to-grip separation of 100 mm while tests were stopped 

upon delamination of the strap. As explained in [31], during tensile loading the specimen 

deforms through the thickness causing through thickness stresses at the tip of the flange, 

due to the offset between the loading axis and the neutral axis. This causes delamination 

at the tip of the flange. It should be mentioned that failure in this case is manifested in a 

mixed mode. At the early stages of the tensile test, the adhesive layer between lap and 

strap, fails in mode II followed by mode-I failure at higher stress levels. This behavior is 

depicted in Figure 4.20, where displacements are exaggerated for illustration purposes.  
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Figure 4.20 Initial stages of the mechanical testing (left), out of plane deformation of the lap strap specimen (right). 

4.2.6. Assessment of the healing efficiency  

4.2.6.1 TDCB specimen  

At the end of the mechanical testing, healing was performed by holding the two sides of 

the fractured TDCB specimen in place using duct tape. Specimens were then placed in a 

laboratory oven and healing took place for 48 h at 80 0C. At the end of the healing process, 

specimens were left to cool down for 4 hours until they were retested under the same 

loading conditions. From Eq 4.2 it can be seen that, the TDCB fracture geometry, as it 

proposed by Mostovoy et al. [33], provides a crack length independent measure of 

fracture toughness.  

 

KIc = 2Pc
√m

β
          (4.2) 

 

where Pcis the critical fracture load and m and β are geometric terms. In detail,  β depends 

on the specimen and crack widths b and bn, respectively. The value of can be calculated 

theoretically:  
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m =

3a2

h(a)3
+

1

h(a)
         (4.3) 

 

or experimentally: 

 

m =
Eb

8

dC

da
          (4.4) 

 

where a is the crack length from the line of loading and h(a) is the specimen height profile, 

E is the Young’s modulus and C is the compliance. Based on the above equations, the 

evaluation of healing efficiency, η, can be defined as the ratio of fracture toughness of 

healed specimen, KIC
h to the virgin specimen, KIC

v, which is then scaled to the ratio of 

peak loads at fracture:  

 

n = 
KIc
h

KIc
v = 

Pc
h

Pc
v          (4.5) 

 

4.2.6.2 GFRP coupons  

For the case of the fractured GFRP specimens, healing was achieved using a hot press at 

a temperature of 80 0C during the entire process while no external pressure was applied 

on the composites. A thin nylon sheet (16μm) was also placed at the mid-plane of the 

laminate in order to prevent wetting of the pre-crack area while the pre-cracked area of 

the coupons was outside the hot press Figure 4.21.   
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Figure 4.21 Healing process of the GFRP specimens 

At the end of the healing process composites were left to cool down and retested under 

the same loading conditions. Healing efficiency was then calculated in terms of peak load 

(Pc) and mode-II interlaminar fracture toughness energy (GIIC) recovery:  

 

np =
Pc
h

Pc
v          (4.6) 

 

nG =
GIIc
h

GIIc
v           (4.7) 

 

where Pc
h and Pc

v are the peak load of the healed and the virgin coupons, respectively, 

while the GIIc
h  and GIIc

v  represent the mode-II interlaminar fracture toughness energies, 

respectively. 

 

4.2.6.3 Lap strap specimen 

The healing protocol that was adopted for the restoration of the initial mechanical 

properties of the lap strap specimens was the one described in the previous section (GFRP 

coupons). The healing efficiencies in this case were related to: (i) the efficiency in the 

recovery of stiffness nE and (ii) the recovery of the initial delamination strength nσ:  
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nE =
Eh−Ed

Ev−Ed
           (4.8) 

  

and 

 

nσ =
σΙ
h

σΙ
v          (4.9) 

 

where  Eh, Edand Ev represent the stiffness of the healed, damaged and pristine state. σΙ
v  

and σΙ
hcorrespond to the stress level at which the delamination initiated at the tip of the 

strap of the virgin and the healed specimen, respectively. The apparent stiffness was 

calculated using the linear part of the resulted stress-strain curve between 50 and 150 

MPa. The strain level was calculated using the initial grip-to-grip distance and the stress 

level refers to the lap thickness while the damaged stiffness Ed was calculated during a 

second loading performed after delamination initiation.  

 

4.3. Results and discussion  

4.3.1. Microcapsule characterization  

4.3.1.1 SEM analysis 

Figure 4.22 shows two SEM images of EPON 828/EPA filled microcapsules obtained at 

two   levels of magnification (i.e. x30 and x65). As can be seen, the SEM images revealed 

that the capsules were spherical in shape, and had rough exterior shell walls. It is evident 

that capsules tend to agglomerate after drying and sieving. This effect can be attributed 

to the low concentration of EMA surfactant [27]. The rough porous morphology of the 

outer surface results to an enhanced mechanical interlocking between the capsules and 

the host polymer matrix. This is a crucial parameter, since the efficiency of a capsule-

based self-healing system is highly affected by the capsules facture.  
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Figure 4.22 SEM images obtained at different levels of magnification 

 

Capsule mean diameter was determined at 200 μm from data sets of at least 200 

measurements while the standard deviation was calculated at 36 μm. Figure 4.23a depicts 

the dimensional analysis conducted using the SEM software while Figure 4.23b illustrates 

the microcapsules size distribution.  

 

Figure 4.23 Microcapsules (a) Dimensional analysis and (b) size distribution 

 

4.3.1.2 Differential Scanning Calorimetry - DSC  

As stated, DSC analysis was performed in order to confirm the presence of both 

components within the UF microcapsules. Figure 4.24 depicts the DSC spectra obtained 

from the core solution of dried UF microcapsules. Two distinct transitions which are 

characteristic of the healing agent (epoxy) and the EPA (solvent) in the core of the 

microcapsules. 
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Figure 4.24 DSC curves obtained from UF microcapsules 

In detail, the DSC curves presented in Figure 4.24 exhibit an endothermic peak that is 

representative of the evaporation of EPA (minimum ca. 240 0C) and an exothermic peak 

that corresponds to the homopolymerization of the healing agent EPON 828 [34]. 

 

4.3.1.3 Thermogravimetric analysis - TGA 

Thermal stability and overall quality of the produced capsules were investigated using 

Thermogravimetric analysis (TGA). Figure 4.25 illustrates representative TGA curves for 

the UF microcapsules over the selected temperature spectrum. Microcapsules exhibited 

an initial minor mass loss of 5-7% from 150 – 200 0C that can be attributed to the thermal 

decomposition of the shell polymer. Behavior that is in accordance with the results 

obtained from separated UF shell wall material [35]. The second onset of mass loss at 

220-240 0C is associated with the boiling point of encapsulated EPA. This point indicates 

that capsules were stable up to the rupture and release of the vaporized healing agent. At 

elevated temperatures and specifically over 350 0C, the third onset of mass loss is an 

indication that the encapsulated EPON 828 was partially polymerized. 



Dimitrios Bekas  Ph.D. Thesis 

133 

 

 

Figure 4.25 Representative TGA curves for the UF microcapsules  

To further investigate the thermal stability of microcapsules, isothermal experiments were 

performed at 180 and 210 0C for 2 h. Representative TGA curves for the isothermal scans 

at 180 and 210 0C are depicted in Figure 4.26a and Figure 4.26b, respectively.  

 

Figure 4.26 Representative mass loss of microcapsules during a 2 h isotherm at (a) 180 0C and (b) 210 0C 
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As can be observed, the produced UF microcapsules exhibited a satisfying thermal 

stability at elevated temperatures. In detail, a total mass loss of 8% was recorded after 

maintaining the microcapsules at 180 0C for 2h. The aforementioned loss was increased 

after 2h at 210 0C, reaching at approximately 10%. In both cases, the recorded mass loss 

can be attributed to the removal of either residual water or/and unencapsulated EPA 

solvent.  

4.3.1.4 Raman Spectroscopy 

Characteristic Raman spectra of the chemicals (wall: urea and formaldehyde, healing 

agent: EPON 828 and EPA, stabilizers: EMA, NH4Cl and Resorcinol) used for the 

preparation of the UF capsules are presented in Figure 4.27,Figure 4.28,Figure 4.29, along 

with a schematic representation of their molecular structure. The red circles indicate the 

most prominent bands for each material. These spectra were used as a reference for the 

identification and assignment of the Raman bands found in the final spectra to specific 

molecular vibrations. A complete peak assignment, not presented here, was conducted. 

Further details about the molecular frequencies of interest for this study are summarized 

in Table 4-1 below. 

 

Figure 4.27: Raman spectra and schematic representations of molecular structures of Urea (left) and Formaline 

(right).(*Note: Formaline is diluted formaldehyde.)

 

Figure 4.28: Raman spectra and schematic representations of molecular structures of EPON828 (left) and EPA 

(right). 
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Figure 4.29: Raman spectra and schematic representations of molecular structures of EMA (left), ammonium chloride 

(right) and resorcinol (down). 

The depth profile study using Confocal Raman Microscopy of a UF capsule is presented 

in Figure 4.30 (up). This plot reflects a 3D map of the molecular vibrations of the 

capsules, from their surface and up to 80 μm into their core, for 1000 – 2000 frequency 

range. Several overlapping bands were found in the spectra of the capsules due to their 

complex chemical nature and the resulting various molecular vibrations. Some of these 

bands were selected for the confirmation of the capsule wall and core materials, as 

summarized in Table 4-1. The selection of these bands was based on the aforementioned 

assignment, taking into consideration typical displacements caused to the bands due to 

molecular interactions.  
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Figure 4.30: Raman depth profile (3D map) of the UF microcapsules (up), selected Raman spectra of the wall and the 

inner part of the capsule for comparison (down). 

As can be seen in Figure 4.30(up) the normalized intensities of a triplet of bands situated 

at 1230, 1246 and 1297 cm-1 were increased in the spectrum corresponding to the surface 

of the capsule possibly due to EPON resin from some other ruptured capsules covering 

the studied surface. Then the respective intensities decreased while penetrating from the 
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surface inside the capsule wall and finally increased again at ~ 40 μm from the surface 

and onwards, demonstrating the increased concentration of EPON inside the capsule core. 

Additionally, a lower intensity band representing the stretching vibration of the carbonyl 

group in urea (the capsule wall material) appeared only in the spectra acquired at the first 

15 μm from the capsule surface and then vanished as we moved to the capsule core. The 

aforementioned statements were proven by the spectra corresponding to depths of 5 and 

45 μm from the surface of the capsule as presented in Figure 4.30(down).  

 

Table 4-1 Molecular frequencies of interest 

 Experimental band 

frequency (cm-1) 

Assignment by comparing to the 

spectra of constituent material  

Assignment by comparing to literature 

values 

1006 EPA - Urea 

Ring deformation (EPA) [36] / C-N 

symmetric stretching in urea [37] 

1230  ΕΡΟΝ - Resorcinol 
In plane molecular deformation in EPON 

[38] / OH deformation in resorcinol [39] 

1246 EPON Epoxy ring deformation [38]  

1297  ΕΡΟΝ C-O and C-C stretching [38] 

1620 EPON / Resorcinol (1608 cm-1) 

C=C symmetric stretching in EPON [38] 

/  

CC intermolecular stretching in 

resorcinol [39] 

1697 Urea (1649cm-1) Stretching of carbonyl group [40] 

 

 

4.3.2. TDCB specimen – matrix level 

4.3.2.1 Mechanical characterization 

Figure 4.31 depicts representative load-extension curves obtained from the reference (no 

capsules), virgin (embedded UF-capsules) and healed TDCB specimens. The average 

critical loads were determined from the first failure event (i.e. peak loads). As can be 

seen, the incorporation of the microcapsules within the polymeric matrix induced a 

marginal toughening effect. In detail, the peak load of the virgin TDCB specimen was 

recorded at 93 ± 25 N while for the case of the reference TDCB specimen was at 81 ± 15 

N showing an increase of approximately 14%. The aforementioned enhancement can be 
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attributed to several operative toughening mechanisms (energy consumption 

mechanisms) i.e. capsules rapture, crack pinning, crack deflection caused from the 

incorporation of the microcapsules within the polymer [25,41] 

 

 

Figure 4.31 Load versus displacement curves for all the reference, virgin and healed specimen. 

The healing efficiency of the TDCB specimens was calculated according to Eq 4.6. After 

the healing process, the total recovery of the fracture toughness was calculated at 

approximately 72 % showing the ability of the capsule-based system to effectively regain 

a sufficient percentage of its initial fracture toughness. According to other studies, the 

calculated healing efficiency is considered very satisfying for a capsule-based self-

healing system and provides evidence that there was a good adhesion between the new 

polymer and the host matrix  [25,41,34,42]. Table 4-2 summarizes the peak load along 

with the calculated healing efficiency for the investigated system.  

 

 Table 4-2 Peak load and healing efficiency values for the TDC specimens 

Specimen Peak Load - P
max

 

(N) 

Healing efficiency - n 

(%) 

Reference 81.04 ± 15 - 

Virgin 93.10 ± 25 - 

Healed 59.92 ± 32  72 
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4.3.2.2 SEM analysis 

In order to gain an insight on the quality of the healing process, a comparative scanning 

electron microscopy (SEM) study on the fractured surfaces of the healed TDCB 

specimens was conducted (Figure 4.32). SEM photographs of the healed fractured 

surfaces revealed that the healed polymer failed in a cohesive manner indicating a strong 

interface between the reacted healing agent and the host polymer.  

 

 

Figure 4.32 SEM images of the fracture surface of the healed TDCB specimen. 

As stated, upon rupture the resin–solvent mixture (healing agent) that was encapsulated 

is delivered to the crack plane. However, as can be seen there are small areas that were 

not properly healed, thus undermining the total healing efficiency of the system. This 

behavior can be attributed to (i) the absence of microcapsules due to insufficient 

dispersion (ii) capsule pull-out phenomena and (iii) crack deviation phenomena around 

the capsules. 
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4.3.3. GFRP – composite level 

4.3.3.1 Mechanical characterization 

Representative load versus displacement curves obtained from the mode II interlaminar 

fracture toughness tests of the reference virgin and healed capsule-based self-healing 

GFRPs are depicted in Figure 4.33. As can be seen, the load curves exhibited a linear 

increase followed by a deviation from linearity. At the final stages of the experiment a 

load drop at crack propagation onset was recorded. This was an expected trend and is 

common in brittle composites [43,44]. It should be noted, that the inclusion of UF 

microcapsules within the polymer matrix at the midplane of the GFRP composite had a 

detrimental effect on the mode II fracture toughness energy (GIIc) values while the Pmax 

did not significantly changed. In detail, the Pmax and the GIIc in the case of the reference 

GFRPs were 568 ± 20 N and 2.84 ± 0.15 kJ/m2, respectively. In the case of the virgin 

GFRPs the aforementioned values exhibited an increase reaching at 654 ± 38 N and 2.10 

± 0.4 kJ/m2 for Pmax and the GIIc, respectively. This reduction may be attributed to the 

increased diameter of the microcapsules which may lead to crack initiation sites.  

 

Figure 4.33 Load vs cross-head displacement curves for the reference, virgin and healed GFRPs 

Table 4-1 summarizes the calculated healing efficiency values in terms of Pmax (Eq. #) 

and GIIc (Eq.#). After, the healing process the GFRP regained its initial maximum load at 

66.5% and the mode II fracture toughness energy at 77.84%. Although failure in this case 

occurred predominantly in the matrix phase (matrix dominant), the fracture toughness 
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recovery was reduced compared with the TDCB specimens. This behavior indicates that 

healing of large scale damages (i.e. delaminations) using capsule-based approaches 

remains a challenge. However, it should be pointed out that the calculated healing 

efficiencies found to be similar or even higher compared to those reported in the literature 

[45].  

Table 4-3 Mode II Fracture toughness energy under (GIIC), peak load (Pmax) and healing efficiency values  

Specimen P
max 

 

(N) 

G
IIC

 

 (kJ/m
2

) 

Knockdown  

Effect (%) 

nP (%) nG (%) 

Reference 568 ± 20 2.84 ± 0.15 - - - 

Virgin 654 ± 38 2.10 ± 0.4 -26 - - 

Healed 435 ± 79 1.63 - 66.5 77.84 

4.3.3.2 SEM analysis 

SEM photographs were obtained from the fractured area of the healed GFRPs in order to 

assess the quality of the healing process. As can be seen in Figure 4.34a, failure occurred 

in a mixed mode manner (both adhesively and cohesively). In several areas, the 

polymerized healing agent can easily be observed, indicating a strong interface between 

the reacted healing agent and the host polymer. However, there are areas that were not 

properly healed and thus do not contribute to the recovery of the materials fracture 

toughness (Figure 4.34b).  

 

Figure 4.34 SEM photographs from the fractured areas of the healed GFRPs at different magnifications 

This behavior can be either attributed to (i) broken capsules during the manufacturing 

process, (ii) capsule pull-out phenomena and/or (iii) crack deviation phenomena around 

the capsule. In addition, the catalyst clusters are visible on the fracture plane may lead to 
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unstable crack propagation in the virgin loading cycle (knock-down effect) and to poor 

recovery of the initial fracture toughness during the healed loading cycle [45].  

 

4.3.4. Lap strap specimen – composite structure level 

4.3.4.1 Mechanical characterization 

Figure 4.35 illustrates representative stress-strain curves from the reference, virgin and 

healed lap strap specimens.  The apparent stiffness was calculated using the linear part of 

the resulted stress-strain curve between 50 and 150 MPa. The strain level was calculated 

using the initial grip-to-grip distance and the stress level refers to the lap thickness while 

the damaged stiffness Ed was calculated during a second loading performed after 

delamination initiation. In all cases a brittle failure of the adhesive layer is evident and is 

manifested by a small drop in the stress strain curve. As can be seen the incorporation of 

the UF microcapsules within the adhesive polymer, did not significantly affect the 

initiation load of the delamination, which showed a reduction of 4% reaching from 269.31 

± 22 N (reference) to 261.73 ± 35 N (virgin) while the Young’s modulus increased from 

10.17 ± 1.2 N to 11.55 ± 1.7 N.  

 

Figure 4.35 Representative stress-displacement curves for the reference, virgin and healed specimen 

After the healing process, the stress-displacement response was similar to that of the 

virgin specimen demonstrating a successful recovery in performance. Healing 

efficiencies based on the recovery of the stress at the delamination of the strap (nσ) and 
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the Young’s modulus (nΕ) were calculated using Eq. 4.8 and Eq. 4.9, respectively. Table 

4-4 presents the critical stress, the Young’s modulus and the calculated healing 

efficiencies for the lap strap specimens.  

 

Table 4-4 Critical stress, Young’s modulus and the calculated healing efficiencies for the lap strap specimens 

Specimen Emax (MPa) σc (MPa) nE (%) nσ (%) 

Reference 10.17 ± 1.2 269.31 ± 22 - - 

Virgin 11.55 ± 1.7 261.73 ± 35 - - 

Healed 10.93 ± 2.0 165.23± 38 70.19 63.13 

 

As can be observed, the stiffness of the composite structure was recovered at 70.19 % 

(from 11.55 ± 1.7 MPa to 10.93 ± 2.0) and the delamination stress level of the strap, was 

decreased from 261.73 ± 35MPa to 165.23± 38MPa, resulting in a healing efficiency, nσ 

= 63.13%. The calculated healing efficiency values along with the negligible knock-down 

effect constitute encouraging factors for up-scaling the employment of capsule-based 

approaches to model composite structures.  

 

4.4. Conclusions 

Poly(urea–formaldehyde) microcapsules filled with EPON 828/EPA mixture were 

prepared via in situ microencapsulation oil-in-water emulsion polymerization. The 

produced capsules were characterized via SEM TGA DSC and Raman spectroscopy and 

then incorporated into a thermoset matrix in order to assess the healing efficiency of the 

system at (i) matrix, (ii) composite and (iii) model composite level. Obtained results 

indicated that the capsules were thermally stable at elevated temperature while the rough 

external wall material enhanced the interlocking between the capsules and the host matrix. 

At matrix level, the capsule-based self-healing polymer was able to restore its initial 

fracture toughness at 72% while in the case of GFRP specimens, the healing efficiency 

was almost the same reaching at 77.84%. However, the incorporation of capsules at the 

midplane of a GFRP composite had a detrimental effect on the fracture toughness, thus 

showing that the employment of capsule-based methodologies remains a challenge. 
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Finally, it has been proved that the modification of a polymeric adhesive using UF 

microcapsules, could be a reliable route towards up-scaling the employment of capsule-

based self-healing methodologies to more complicated composite structures.   
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5.1.  Introduction 

Due to their sophisticated molecular architecture, polymers and polymeric materials 

constitute ideal candidates that can be “transformed” into self-healing materials by 

programming or designing their functionalities at the molecular level. These polymers 

constitute one of the most important categories of self-healing materials, that of the 

intrinsic or remendable healing polymers. In this case, repair is achieved through the 

inherent reversibility of bonding in the matrix phase, which acts as a healing agent. The 

first intrinsic self-healing strategy relied on the ability of the polymeric chains to increase 

their mobility upon heating. Thus, chain entanglements in the damaged area were able to 

reform and subsequently heal the damage [1]. Two important limitations of this concept 

lie: (i) in the slow formation of interfacial entanglements due to the high melt viscosities 

of the polymer and (ii) that this approach can be only applied for thermoplastic polymers. 

Despite the good healing performance that was achieved in a first-generation intrinsic 

self-healing epoxy systems [2], the incorporation of dicyclopentadiene (DCPD)/Grubbs’ 

catalyst within the matrix -an expensive and unstable substrate in the hostile environment 

Grubbs’ catalyst- limits its applications [3]. Within the aim of the research community is 

to maximize the healing efficiency and minimize the cost. In an effort to address the self-

healing functionality to different classes of polymers, several concepts based on ionomers 

[4], disulphide bridges [5,6], Diels-Alder reaction [7–9] and supramolecular chemistry 

[10–14] have been developed to meet the application requirements.  

Takahiro Kakuta et al. [15] used the host-guest interaction to produce self-healing 

materials that can recover their initial strength even after being sectioned in the middle. 

The aforementioned self-healable supramolecular materials were consisted of 

cyclodextrins (CD) - guest gel crosslinked between poly(acrylamide) chains with 

inclusion complexes. The obtained CD–guest gels exhibit a self-standing property 

without chemical crosslinking reagents, indicating that the newly formed host − guest 

interactions between the CD and the guest units stabilize the conformation of the CD–

guest gels. In another study [16], a promising non-covalent thermal-switchable self-

healing hydrogel was developed by mixing hydrophobically modified chitosan (hm-

chitosan) with thermal-responsive vesicle composed of 5-methyl salicylic acid (5mS) and 

dodecyltrimethylammonium bromide (DTAB). By tuning the temperature, the hydrogel 
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can be switched from sol to gel state (Figure 5.1). These transitions can be reversibly 

performed for several cycles in a similar way to a supramolecular gel. The gelation 

temperature in particular, can be easily controlled by varying the ratio of DTAB to 5mS.  

 

 

Figure 5.1 Thermal-switching of the vesicle-based gel. Photographs of a sample in aqueous solution: (a) before and (b) 

after heating. (c) Schematic illustration of the sol–gel transition [16] 

In a more recent work, Lafont and his team [17], created a multifunctional self-healing 

composite capable of multiple healing by mixing an uncured thermoset rubber with 

reversible disulphide bonds, loading it with inert, thermally conductive graphite and 

hexagonal boron nitride (hBN) as fillers. They proved that the higher the healing 

temperature the better was the cohesion recovery even for highly loaded composites. A 

very promising concept that combines reversible covalent linkages through imine bond 

formation with non-covalent interactions through hydrogen bonds between urea-type 

groups inside the same polymer structure was presented by Nabarun Roy and his team 

[18]. Through polycondensation reaction between siloxane-based dialdehyde and 

carbohydrazide they managed to address reversibility to carbinol (hydroxyl) - terminated 

polydimethylsiloxane (PDMS) via the formation of bis-iminourea type subunits. 

Acylhydrazone units and lateral hydrogen bonding interactions impart to the polymer 

structure reversible covalent and non-covalent linkages respectively, resulting to a soft 

dynamic polymer film capable of autonomous healing. In addition, alterations to the 

mechanical properties of the polymer can be achieved by modifying the length of the 

siloxane spacer units. In another study, So Young An  et al. [19] reported a novel dual 

sulfide–disulfide crosslinked networks which exhibited a rapid (30 s to 30 min) and 
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effective self-healing ability at room temperature without external stimuli. The method 

that has been used for the synthesis of dual-sulfide–disulfide crosslinked network, 

produced a sufficient density of disulfide crosslinkages which was necessary for the 

completion of the self-healing process at room temperature. In a recent study, healing 

functionality was successfully incorporated in a polyurethane (PU) elastomer by 

crosslinking the tri-functional homopolymer of hexamethylene diisocyanate (tri-HDI) 

and polyethylene glycol (PEG) with alkoxyamine-based diol. It was shown that the design 

of the polyurethane molecules can be used to optimize not only the mechanical properties 

but also the healing performance. As can be seen in Figure 5.2 the healing process was 

completed only by a single step dynamic equilibrium of C-ON bonding [19].  

 

Figure 5.2 Healing mechanism of polyurethane crosslinked by alkoxyamines [19]. 

Thermally reversible reactions, especially the Diels-Alder (DA) reaction, for cross-

linking linear polymers have been extensively studied by many researchers. The Diels–

Alder reaction is an organic chemical reaction ([4+2] cycloaddition) between a 

conjugated diene and a substituted alkene, commonly termed the dienophile, to form a 

substituted cyclohexene system and can be reversible under certain conditions; the 

reverse reaction is known as the retro-Diels–Alder reaction (Figure 5.4).  Their main 

advantage is the theoretically infinite number of repetitions of the healing process without 

any further addition of chemical or healing agents [20–23].  
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Figure 5.3 Diels-Alder and retroDiels-Alder reactions 

Hermosilla et al. [24] presented a novel reversible thermoset polymer based on chemical 

modification of aliphatic polyaketones into the corresponding derivatives containing 

furan and/or amine groups along the backbone (Figure 5.4).  

 

Figure 5.4 Reversible polymer networks containing covalent and hydrogen bonding interactions [24]. 

The furan moieties allow for the thermal setting of the polymer by the Diels–Alder ( DA) 

and retro-DA sequence (bis-maleimide), while amine moieties allow for the tuning of the 

hydrogen bonding density. This new class of polymer material showed improved Tg 

values with respect to the respective counterparts containing only furan groups. Via this 
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modification, these materials recovered their mechanical properties after three thermal 

cycles. In another study, Joost Brancart et al. [25] investigated the ability of furan-

maleimide building blocks to create reversible covenant networks in an epoxy based 

coating. Furan-fictionalized precursors were synthesized via reaction of amines with 

furfuryl glycidyl ether (FGE). The reversible cross-linking of the furan- precursors with 

a bis-maleimide was achieved in a two-step procedure. Thermal analysis of these 

composites showed that modification of the polymer network structure allows for the 

tailoring of the temperature for the self-healing process while Atomic Force Microscopy 

was employed so as to study the self-healing behavior of coatings at the microscopic level 

(Figure 5.5).  

 

Figure 5.5 Atomic force microscopy-based study of self-healing coatings based on reversible polymer network 

systems [25] 

Jenifer Ax and Gerhard Wenz [26] created a processable, remendable and highly oriented 

polymeric material with pending furane substituents, esterifying hydroxyethylcellulose 

with both furoylchloride and acetic anhydride (Figure 5.6). In order to achieve 

crosslinking (DA reaction), 1,6-bis(N-maleimido) hexane was used. They have shown 
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that both constituents can be mixed without premature formation of gels due to the low 

rate DA reaction under 70 oC.  

 

Figure 5.6 Thermoreversible Diels–Alder reaction of hydroxyethylcellulose furoate acetate 1 with bismaleimide 2 

[26]. 

Amamoto Y. et al. [27] have successfully produced a cross-linked polymer based on 

reshuffling of thiuram disulfide (TDS) units. Stimulation of the self-healing process 

occurred under ambient conditions (visible light, air, room temperature) in the absence of 

a solvent. To carry out the self-healing reaction in a bulk material at room temperature, 

the reactive TDS units, capable of re-shuffling, were incorporated in the main chain of a 

low Tg polyurethane. The produced self-healing polymer managed to regain its initial 

mechanical properties after a 24h healing process. Figure 5.7 illustrates representative 

photographs of TDS cross-linked polymer along with stress strain curves at different 

healing times. 
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Figure 5.7 Photographs of TDS cross-linked polymer in self-healing reaction. (a) Before self-healing reaction, after 

cutting cross-linked polymer, and after self-healing reaction for 24 h. (d) Stress-strain curve of cross-linked polymer  

after irradiation of visible light at room temperature over time [27]. 

In a more recent work, Claudio Toncelli and co-workers [28] presented the successful 

synthesis and crosslinking of functionalized (varying amounts of furan groups) 

polyketones with (methylene-di-p-phenylene)bis-maleimide. In addition, they managed 

to modify thermal and mechanical properties of the material by controlling the furan 

reactions. This self-healable polymer exhibited an almost full recovery of thermal and 

mechanical properties for seven consecutive self-healing cycles, independently of the 

furan intake. Guadalupe Rivero et al. [29] managed to produce polyurethane networks 

with healing capability, based on PCL and furan-maleimide chemistry, at mild 

temperature conditions via one-pot synthesis. A combination of a quick shape memory 

effect (contact of the free furan and maleimide moieties) followed by a progressive Diels 

– Alder reaction (reformation of the covenant bonds) allows the remendable process to 

take place at 50 0C, resulting in a complete recovery of the structural integrity without 

complete melting of the polymer. A schematic representation of the Diels−Alder based 

shape memory assisted self-healing process is depicted in Figure 5.8. 
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Figure 5.8  Schematic depiction of the Diels−Alder based shape [29] 

The use of surface-functionalized silica nanoparticles as cross-linking agents in thermally 

triggered self-healing nanocomposites based on Diels-Alder chemistry of poly (butyl 

methacrylates) and structurally varied polysiloxanes was proposed by Sandra Schafer and 

Guido Kickelbick [29]. It has been observed that the healing properties of the 

nanocomposite are highly affected by the molecular structure of the crosslinker (spacer 

length), the length of the polymeric chain but also by the type of the polymer. DA reaction 

seemed to be favored by the use of modified polymers (high mobility) and by the presence 

of particles that have long spacer groups along with lower molar amount of coupling 

agent.  

The DA mechanism has been also incorporated into polymers using a wide variety of 

traditional polymerization methods to obtain epoxies that combine the self-healing 

functionality with the advantages of a thermoset polymer [30–32]. However, during the 

synthesis and/or the healing process of these self-healing polymers, several side reactions 

may take place that could undermine the total healing efficiency of the system [33–35]. 

The side reaction could involve maleimide groups reacting with excess amine units 

(Michael addition) [36] and/or exposed maleimides reacting together 

(homopolymerization). The main parameter that favors the aforementioned reactions is 

the process time period at elevated temperatures. In detail, if the polymer is held at an 

elevated temperature for a long period of time, the possibility of side reaction to take 

place increases dramatically and the polymer is no longer thermally reversible. 
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In an effort to avoid the unwanted side reactions, D.H. Turkenburg and H.R. Fischer [37] 

modified a conventional epoxy system with Diels-Alder-based thermo-reversible 

crosslinks using a two-step process consisting of a bulk polymerization reaction followed 

by a network formation step using 1,1’- (methylenedi-4,1-phenylene) bismaleimide 

(BMI).The self-healing epoxy system was then used as a matrix material for the 

fabrication of Glass Fiber Reinforced Composites that were capable to heal cracked and 

delaminated areas.  

To date, most previous works focused on optimizing the processing conditions during the 

synthesis of thermally reversible cross-linked polymers. Within the scope of this work is 

to investigate the effects of three different thermo-reversible cross-linking agents on the 

thermal and mechanical properties of the resulted self-healing epoxy systems. For this 

purpose, 3 different bismaleimide oligomers were introduced as cross-linking agants via 

a two-step process in a diglycidyl ether of bisphenol A (DGEBA) resin. Prior to the 

synthesis of the reversible polymers, size exclusion chromatography (SEC) was 

employed in order to study the average molecular weights and the polydispersities of the 

three oligomers. The thermal properties of the produced self-healing polymers were 

investigated using Differential Scanning Calorimetry while the healing efficiency was 

assessed using two different testing configurations at composite (mode-II fracture 

toughness test) and model composite (lap strap geometry) levels. GFRP coupons, have 

been also studied using Acoustic Emission (AE) in order to monitor the fracture process 

of the GFRP coupons and build an understanding on the damage behavior of materials 

under stress while the failure mechanisms of the virgin GFRPs have been studied using 

optical microscopy. 

 

5.2. Experimental  

5.2.1. Materials  

Epoxy resin Diglycidyl ether of bisphenol A (DGEBA) was obtained from Polysciences 

Inc., USA and furfuryl amine (FA) was obtained from Sigma-Aldrich. The cross-linkers, 

bismaleimide oligomers BMI-1500 (viscous liquid), BMI-1700 (viscous liquid) and 

BMI-3000 (light yellow powder) were kindly provided by Designer Molecules Inc. It 
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should be pointed out that the number in the BMI name denotes the average Molecular 

Weight of the oligomer in daltons. Figure 5.9 depicts the molecular structures of the BMIs 

used in this study. According to the material datasheets, the average value of n lies 

between 1-10 for the case of BMI-1700 and BMI-3000, while for the case of BMI-1500 

is 1.3.  

 

Figure 5.9 Molecular structure of (a) BMI-1500, (b) BMI-1700 and (c) BMI-3000 

5.2.1.1 Glass Fiber reinforced composites – GFRP 

The materials that have been employed for the manufacturing of the Glass Fiber 

Reinforced Polymers were described in detail in Section 4.1.1.3 of Chapter 4 (Capsules). 

In this case, a catalyst was not used, since the material itself acts as the healing agent and 

is capable of healing defects.  

5.2.2. Synthesis of the reversible polymers 

5.2.2.1 Prepolymerization of DGEBA/FA polymer 

For the prepolymerization of the DGEBA, a similar approach as described in [37,38], was 

followed. This step induced a substantial degree of (irreversible) polymerization to the 

host material that is required to secure a sufficient mechanical strength which the most 

favorable characteristic of a thermoset polymer. DGEBA and FA were mixed in a metallic 

container at a 5:2 ratio in order to ensure that each amine group will react twice (once as 

primary amine and once as secondary amine) with an epoxy group, making them inactive 

and thus ensuring the reduction of the unwanted side reactions with the maleimide. In 
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order to avoid evaporation of FA in the early stages of polymerization, the mixture was 

gradually heated up to 130 0C for 40 mins under continuous stirring. With the progress of 

the polymerization the viscosity of the system was dramatically increased and the stirring 

was stopped. Prepolymerization took place at 130 0C for 2 h and the final prepolymer was 

left to cool down at room temperature. At the end of the process, the final product was 

grinded using a laboratory grinder mill (Figure 5.10). 

 

Figure 5.10 Prepolymerization of the DGEBA resin 
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5.2.2.2 Reversible cross-linking process 

Cross-linking of the DGEBA resin occurred by adding a stoichiometric amount of BMI 

to the prepolymer solution. The reaction between the BMI and the furfuryl groups was 

performed in a ceramic container under continuous stirring. In order to avoid unwanted 

side reactions that take place at elevated temperatures after a long period of time, the 

prepolymer/BMI mixture was rapidly heated up to 150 0C (Δt < 3 min). The BMI was 

completely dissolved into the prepolymer after 5 min and the final polymer left to cool 

down to room temperature. At this stage, the reversible crosslinks between the polymeric 

chains of the prepolymer were formed resulting in an intrinsic self-healing epoxy resin. 

Due to the different molecular weight of the three cross-linkers, the average distance (d) 

between 2 polymeric chains is different in each of the produced polymers. Hereafter, the 

produced self-healing polymers will be denoted as BMI-1500, BMI-1500 and BMI-3000 

with an average chain distance of d1, d2 and d3, respectively (d3 > d2 ≥ d1).  Figure 5.11 

depicts a schematic representation of the cross-linking process along with the produced 

self-healing polymers.  
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Figure 5.11 Molecular structure of (a) BMI-1500, (b) BMI-1700 and (c) BMI-3000 

 

5.2.3. Characterization Methods of reversible polymers 

5.2.3.1 Size exclusion chromatography (SEC) 

Average molecular weights and polydispersities of all samples were determined by size 

exclusion chromatography (SEC). A size exclusion chromatograph, equipped with an 

isocratic pump (Spectra System P1000), column oven (Lab Alliance) heated at 30 oC, 
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three columns in series (PL gel 5 mm Mixed-C, 300 x 7.5 mm), refractive index (RI, 

Shodex RI-101) and two-angle laser light scattering detectors, and tetrahydrofuran (THF) 

as the eluent, was calibrated with eight PS standards (Mp: 1,200–3,000,000 g/mol). 

5.2.3.2 Raman Spectroscopy 

The successful incorporation of the self-healing agents into the structure of the DGEBA 

resin was confirmed by Raman spectroscopy measurements. The 784 nm line of an NIR 

laser operating at 2mW at the focal plane was employed for the Raman excitation. An 

optical microscope served as the collector of the Raman scattering equipped with a 50x 

long working distance objective. Raman spectra in the range of 500–2000 cm-1 were 

recorded using a Labram HR - Horiba scientific system. Spectral treatment included a 

quadratic baseline subtraction, and a subsequent normalization to the band with the 

highest intensity. 

5.2.3.3 Differential Scanning Calorimetry -DSC 

To investigate the thermal behavior of the produced self-healing epoxies from 30 to 200 

0C, Differential Scanning Calorimetry was employed for four subsequent heating- cooling 

cycles (heating with 10⁰C/min, cooling with 5⁰/min) using a DSC 404 C Pegasus Thermal 

analyzer Netzsch-Gerätebau GmbH, Germany. This study provided useful information 

about the optimized temperature for the synthesis and the healing process of the reversible 

epoxy systems. 

 

5.2.4. Manufacturing process 

5.2.4.1 Glass Fiber reinforced composites – GFRP 

GFRP coupons manufacturing process was described in Chapter 4, Section 4.2.4.2 

(Capsules). At the midplane of the GFRP coupon, 170 g/m2 of melted reversible polymer 

was employed to impregnate plies 9 and 10 of the GFRP coupons. Figure 5.12 illustrates 

a schematic representation of the manufactured GFRP coupons that have been subjected 

to mode-II interlaminar fracture toughness test.  
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Figure 5.12 Intrinsic healing GFRP composite 

 

5.2.4.2 Lap strap specimen 

The manufacturing process of the lap strap specimens was described in detail in Chapter 

4, Section 4.2.4.3. BMI-1500, BMI-1700, and BMI-3000 were employed as adhesives 

between the lap and the strap, in order to assess the efficiency of these three reversible 

epoxy systems to heal damages in composite structures. The thermo-reversible polymers 

were introduced between the lap and the strap using a hot press. Bonding took place at 

140 0C for the cases of BMI-1500 and BMI-1700 and at 110 0C for the case of BMI-3000 

while the process duration was selected at 3 min in order to avoid/reduce the unwanted 

side reactions. Processing temperatures (bonding and healing) were selected based on the 

results obtained from the DSC experiment which will be presented in the following 

section (Results and Discussion).  At the end of the process, the manufactured lap strap 

specimens left to cool down for 10 h at ambient temperature.  

 

5.2.5. Mechanical characterization  

The testing protocols that have been adopted for the mechanical characterization of the 

GFRP coupons and the lap strap specimens was described in detail in Chapter 4 , Section 

4.2.5.2. Mechanical testing was performed on unhealed and after 4 healing events 

specimens. Hereafter, specimens before healing will be denoted as virgin specimens 

while healed 1, healed 2, healed 3 and healed 4 will be referred to specimens that have 
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been subjected to 1,2,3 and 4 healing cycles, respectively. In the case of GFRP coupons 

a comparative study between unmodified (reference) and intrinsic (virgin) composite 

materials have been conducted in order to investigate the knock-down effect of 

introducing a self-healing functionality to a polymeric matrix. 

 

5.2.6. Acoustic Emission – AE 

AE has been employed in order to monitor the fracture process of structural materials and 

build an understanding on the damage behavior of materials under stress. The AE activity 

was recorded on-line using a wide band AE sensor (R-15-ALPHA, Physical Acoustics 

Corp., PAC) that was attached on the upper side of the specimen. A layer of medical 

ultrasonic gel was applied between the sensors and the specimen to provide acoustic 

coupling. Due to the specific sensors sensitivity to frequencies from 100 up to 600 kHz, 

it can capture a wide range of different sources. The pre-amplifier gain was set to 40 dB.  

After performing a pilot test, the threshold was also set to 40 dB in order to avoid the 

possibility of electronic/environmental noise. The signals were recorded in a two-channel 

monitoring board PCI-2, PAC with a sampling rate of 5 MHz.  

 

5.2.7. Optical microscopy  

Optical Microscopy (OM) was employed on the fractured surfaces of the GFRP 

specimens in order to gain an insight on the morphology of the laminates fracture 

characteristics. At the end of the mechanical testing, the opposite sides of the fractured 

surfaces, corresponding to plies 8 and 9, were cut in coupons 50x25mm and subsequently 

were optically scanned using a Leica DM-4000M optical microscope with up to 1000x 

magnification. 

 

5.2.8. Assessment of the healing efficiency 

After mechanical testing, healing of the GFRP coupons and lap strap specimens was 

achieved using a hot press.  In the case of composites containing BMI-1500 and BMI-

1700 polymers, healing was performed at 140 0C, while for the BMI-3000 modified 

composites, the selected healing temperature was 110 0C.  The entire healing process 

lasted 5 mins while no external pressure was applied on the composites in order to avoid 



Dimitrios Bekas  Ph.D. Thesis 

169 

 

material loss due to resin leakage and maintain the virgin specimen thickness. Healed 

specimens were left to cool down for 3 h and were retested under the same loading 

conditions. At this point the second reaction that is required for the self-healing process, 

that of DA was completed. For both testing configurations, a total of 4 healing cycles 

were performed. Healing efficiency for the case of GFRP coupons was calculated in terms 

of peak load (PC) and mode-II interlaminar fracture toughness energy (GIIC) recovery 

using Eq. 4.6 and 4.7, respectively. The efficiency of the lap strap specimens to regain 

their initial mechanical properties was quantified using Eq 4.8 and 4.9. These two 

quantities are related to: (i) stiffness recovery nE and (ii) initial delamination strength 

recovery nσ.  

 

5.3. Results and discussion  

5.3.1. Reversible polymers 

5.3.1.1 Size exclusion chromatography (SEC) 

The SEC was calibrated with polystyrene standards varying from 103 up to 3x106. Since 

the standards have a different chemical structure from the initial materials that have been 

used, only qualitative results have been obtained from the SEC method. For comparison 

reasons, all the chromatographs of the three different materials are illustrated in a single 

graph (Figure 5.13).  

 

 

Figure 5.13 Chromatographs obtained from the three oligomers. 
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As can be observed, the BMI-1500 and BMI-1700 exhibited similar results, whereas 

BMI-3000 showed a completely different behavior. For the case of BMI-1700, the 

obtained n value seamed to vary from 1 up to 4 and not from 1 up to 10 as indicated in 

the datasheet. A different n value of that indicated in the datasheet (n=1.3) was also 

obtained for the oligomer BMI-1500 where the average “n” value seemed to vary from 1 

– 3.5.  However, in the case of BMI-3000 the GPC results are in a good agreement with 

those given in the datasheet where the n value lied between 1 and 8 instead of 1 to 10.  

 

5.3.1.2 Raman Spectroscopy  

Figure 5.14 shows the basic vibrational modes of FA, DGEBA and the resulting 

prepolymer. The most prominent bands in the spectrum of FA were the C-N stretching 

vibration of primary amines at about 1074 cm-1 and the furan ring vibration appearing at 

1504 cm-1 [39]. The more complex structure of DGEBA resin was reflected in its 

spectrum by a multitude of different peaks. However, only the band placed around 1250 

cm-1 and representing the C-O stretching motions of the epoxide groups was of interest in 

the current analysis [40]. 

As already shown in Figure 5.10 an opening of the epoxide group takes place during the 

prepolymerization of DGEBA with FA. As is evident in the prepolymer spectrum of 

Figure 5.14 this characteristic vibrational mode was still present, denoting a remaining 

amount of unreacted epoxide groups, but its shape became sharper in comparison to the 

DGEBA spectrum showing a notable decrease in the amount of epoxide groups. An 

additional evidence of the successful formation of the prepolymer was given by the 

presence of the C-N stretching vibration at 1067 cm-1. This vibration was downshifted by 

~7 cm-1 as a result of the incorporation of the amine group in the polymeric chain of the 

host resin. 
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Figure 5.14: Normalized Raman spectra of FA, DGEBA and the resulting prepolymer. 

A comparison of the spectra of the three BMIs with that of the prepolymer can be seen in 

Figure 5.15. The black arrows indicate the peaks of interest for the current analysis. In 

general, the three BMIs presented the same number of Raman bands with the main 

differences among them being exhibited in the peaks’ characteristics (shape, intensity and 

position). More specifically, in all BMI cases some new peaks arose after the addition of 

the maleimide to the prepolymer. These bands were, i) The maleimide out-of-plane C-H 

bending vibration found at 820 cm-1, 831 cm-1 and 827 cm-1 for the BMI-1500, BMI-1700 

and BMI-3000 [41] , respectively and ii) the furan ring vibration [39] placed at 1500-

1505 cm-1 for all the three BMIs. 

A differentiation among the BMIs was evidenced as a decrease in the intensity of the 

maleimide out-of-plane C-H bending vibration for the case of the lengthy BMI-3000 

precursor. BMI-3000 also presented a significantly higher amount of epoxide groups 

(Raman band positioned at about 1250 cm-1) in comparison to BMI-1500 and BMI-1700. 

Based on the aforementioned evidence we postulate that although BMI-1500 and BMI-

1700 have very similar spectral profiles or equally structures, BMI-3000 differs 
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substantially possibly due to its decreased ability to be inserted into the prepolymer’s 

polymeric chains. 

 

Figure 5.15 Normalized Raman spectra of the prepolymer and the three BMIs. 

5.3.1.3 Differential Scanning Calorimetry 

Figure 5.16a illustrates the DSC curves obtained from the virgin BMI-1500 polymer and 

the same polymer after 4 consecutive healing cycles. The glass transition temperature 

(Tg) of the virgin self-healing polymer was manifested as an endothermic peak and was 

calculated at 50.1 0C. This value exhibited a minor decrease at 48.6 0C after 4 healing 

cycles showing that the healing process had a minor impact on the glass transition 

temperature of the polymer. It should be mentioned that the duration of all the healing 

cycles was kept as short as possible to avoid unwanted side reactions.  
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Figure 5.16 (a) DSC curves for the BMI-1500 for 5 subsequent heating- cooling cycles and (b) zoomed temperature 

window of the reversible rDA reaction. 

The second endothermic peak for the virgin BMI-1500 was evident at approximately 

134.8 0C and was attributed to the thermo-reversible reaction of retroDiels-Alder (Figure 

5.16b). As is well know the area under a peak of a DSC curve, represents the total amount 

of energy that is required for the completion of a reaction. In this case, the area under the 

peak that represents the rDA reaction showed a reduction after the first healing cycle and 

remained unaltered for the rest of the heating-cooling cycles. This behavior can be 

attributed to the radical polymerization of the unreacted BMI-1500 precursor that did not 

participate to the formation of the thermo-reversible cross-link network. The 

aforementioned process is irreversible, thus cannot be spotted in the rest heating cycles 

of the DSC measurement. During cooling, a wide exothermic peak can be observed and 
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is attributed to the second thermo-reversible reaction that participates to the healing 

process, that of Diels-Alder.   

The DSC curves obtained from the polymer BMI-1700 after 5 heating-cooling cycles are 

depicted in Figure 5.17a 

 

Figure 5.17 (a) DSC curves for the BMI-1700 for 5 subsequent heating- cooling cycles and (b) zoomed temperature 

window of the reversible rDA reaction. 

As can be seen the BMI-1700 exhibited a similar thermal behavior compared with the 

BMI-1500. In detail, the glass transitions temperature was determined at 48.0 0C for the 

case of the virgin polymer while after 4 healing cycles, the Tg decreased marginally at 

46.2 0C, showing that the heating-cooling process did not affect the glass transition 

temperature of the polymer. However, the second endothermic peak at 132.6 0C that 

corresponds to the rDA reaction, appeared wider than that of the BMI-1500 indicating a 
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more gradual transition from the solid to the liquid state (healing process). In addition, 

the reduction in the area under the second endothermic curve after a healing event is 

approximately the same compared to BMI-1500 (Figure 5.17b). Thus, it can be postulated 

that the amount of unreacted BMI precursor during the formation of the reversible 

network is almost the same for both cases.  

As can be observed in Figure 5.18a, the thermal behavior of the BMI-3000 is significantly 

different compared to the other two reversible polymers. The Tg was determined at 46.2 

0C for the virgin reversible polymer while it remained unaltered after 5 heating-cooling 

cycles. 

 

Figure 5.18 (a) DSC curves for the BMI-1700 for 5 subsequent heating- cooling cycles and (b) zoomed temperature 

window of the reversible rDA reaction. 
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The second rDA reaction in this case took place at approximately 110 0C (Figure 5.18b). 

This shift of the healing temperature towards lower values can be attributed to the 

increased length of the BMI-3000 precursor that enhanced the occurrence of the rDA 

reaction at lower temperatures. In addition, the reduction of the energy required for the 

completion of the rDA reaction was significantly increased after a single healing cycle, 

showing that the lengthy, BMI-3000 precursor was not sufficiently inserted between the 

polymeric chains and thus remained unreacted. This enhancement in the irreversible 

radical polymerization of the BMI is expected to have a detrimental effect on the self-

healing performance of the BMI-3000. Table 5-1 summarizes the obtained glass transition 

temperatures for 5 heating-cooling cycles for all the interrogated systems.  

 

Table 5-1 Tg values or all the interrogated systems 

Specimen Cycle Tg 

(
0

C) 

Specimen Cycle Tg 

(
0

C) 

Specimen Cycle Tg 

(
0

C) 

BMI-1500 1 50.1 BMI-1700 1 48.0 BMI-3000 1 46.2  
 

2 48.7 
 

2 45.6 
 

2 45.1  
 

3 48.7 
 

3 47.2  
 

3 45.8  
 

4 48.6 
 

4 46.3  
 

4 46.0  
 

5 48.6 
 

5 46.2  
 

5 46.2  

 

5.3.2. GFRP coupons 

5.3.2.1 Mechanical characterization 

Representative load versus displacement curves obtained from the mode II interlaminar 

fracture toughness tests of the reference, virgin and healed (4 healing cycles) BMI-1500 

GFRPs are depicted in Figure 5.19. As can be seen, by modifying the epoxy resin into a 

reversible polymer, did not significantly affected neither the peak load (Pmax) nor the 

mode II fracture toughness energy (GIIc) values Table 5-2. In detail, the Pmax and the GIIc 

in the case of the reference GFRPs were calculated at 608 ± 20 N and 2.84 ± 0.15 kJ/m2, 

respectively. In the case of the virgin BMI-1500 GFRP the aforementioned Pmax values 

exhibited a minor increase reaching at 559 ± 25 N while the GIIc remained unaltered at 

2.85 ± 0.3 kJ/m2. 
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Figure 5.19 Load vs cross-head displacement curves for the reference, virgin and healed BMI-1500 GFRPs 

 

After, the first healing event the GFRP regained its initial maximum load at 64.40% and 

the mode II fracture toughness energy at 66.30% while after the second healing cycle the 

aforementioned healing efficiency values were calculated at 53.8% and 56.14% (Table 

5-2). 

 

Table 5-2 Mode II Fracture toughness energy under (GIIC), peak load (Pmax) and healing efficiency values for the BMI-

1500 composite 

Specimen Pmax  

(N) 

Giic 

(kJ/m2) 

nP  

(%) 

nG 

(%) 

Reference 538 ± 20 2.84 ± 0.15 - - 

Virgin 559 ± 25 2.85 ± 0.20 - - 

Healed 1 360 ± 20 1.89 ± 0.32 64.4 66.31 

Healed 2 301 ± 31 1.6 ± 0.35  53.84 56.14 

Healed 3 220 ± 18 0.62 ± 0.22 39.35 21.75 

Healed 4 148 ± 17 0.25 ± 0.14 26.47 8.77 
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After the fourth healing process, the reversible polymer was unable to effectively regain 

its initial properties (np = 26.40% and nG = 8.77%). This behavior can be attributed to the 

increased cumulative duration of the healing process that enhanced the side reactions at 

elevated temperatures. Even though an intrinsic self-healing polymer is theoretically 

capable of regaining its initial properties/functionalities for an infinite number of 

repetitions, in practice there is a limit to this reversible character and its associated with 

the side reactions [30,34].  Figure 5.20 presents a schematic representation of the 

irreversible side reactions occurring after an increased process time at elevating 

temperature. 

 

Figure 5.20 Unwanted side reactions 

Figure 5.21 illustrates representative load extension curves obtained from the mode II 

interlaminar fracture toughness tests of the reference, virgin and healed (4 healing cycles) 

BMI-1700 GFRPs while Table 5-3 summarizes the calculated healing efficiency values 

in terms of Pmax (Eq. 4.6) and the GIIc (Eq.4.7). 
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Figure 5.21 Load vs cross-head displacement curves for the reference, virgin and healed BMI-1500 GFRPs 

In this case, a similar behavior with the composites containing BMI-1500 as interlayer 

can be observed. However, it is evident that the introduction of the reversible polymer 

BMI-1700 at the composite midplane had a detrimental effect on the fracture toughness. 

In detail, the Pmax and GIIC values of the virgin specimens showed a decrease of 3% and 

20%, respectively. After the first healing event, the recovery of Pmax reached at 67.93% 

and the healing efficiency in terms of GIIC was calculated at 77.63%. The aforementioned 

healing efficiency values remained the same even after two healing cycles (np = 65.83%, 

nG = 79.38%) while after the fourth healing, a satisfying recovery in both quantities was 

calculated (np = 43.89%, nG = 32.89%).  

 

Table 5-3 Mode II Fracture toughness energy under (GIIC), peak load (Pmax) and healing efficiency values for the BMI-

1700 composite 

Specimen Pmax  

(N) 

Giic 

(kJ/m2) 

nP  

(%) 

nG 

(%) 

Reference 538 ± 20 2.84 ± 0.15 - - 

Virgin 524 ± 18 2.28 ± 0.12 - - 

Healed 1 356 ± 21 1.77 ± 0.32 67.93 77.63 
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Healed 2 345 ± 23 1.81± 0.35  65.83 79.38 

Healed 3 254 ± 17 0.92 ± 0.22 48.47 40.35 

Healed 4 230 ± 27 0.75 ± 0.14 43.89 32.89 

 

Representative load versus displacement curves obtained from the mode-II interlaminar 

fracture toughness tests of the reference virgin and healed GFRPs containing BMI-3000 

at the midplane are depicted in Figure 5.22. 

 

Figure 5.22 Load vs cross-head displacement curves for the reference, virgin and healed BMI-1500 GFRPs 

It is evident, that the incorporation of the BMI-3000 as interlayer at the GFRP midplane, 

highly decreased the fracture toughness of the composite. As can be seen in Table 5-4 

both the Pmax and GIIC values exhibited a dramatic decrease reaching at 225 ± 18 N and 

0.57 ± 0.12 kJ/m2, respectively. Regarding the healing efficiency of the system, after the 

first healing event the reversible polymer managed to regain its initial peak load at 76.44% 

and the GIIC values at 56.14% while after the second healing cycle the aforementioned 

percentages reached at 62.22% and 31.57%, respectively. This behavior is a clear 

indication that the BMI-3000 is not a suitable candidate for the modification of an epoxy 

system towards the development of a reversible polymeric matrix.   
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Table 5-4 Mode II Fracture toughness energy under (GIIC), peak load (Pmax) and healing efficiency values for the 

BMI-1700 composite 

Specimen Pmax  

(N) 

Giic 

(kJ/m2) 

nP  

(%) 

nG 

(%) 

Reference 538 ± 20 2.84 ± 0.15 - - 

Virgin 225 ± 18 0.57 ± 0.12 - - 

Healed 1 172 ± 21 0.32 ± 0.32 76.44 56.14 

Healed 2 140 ± 23 0.18 ± 0.35  62.22 31.57 

Healed 3 113 ± 17 0.09 ± 0.22 50.22 15.78 

Healed 4 110 ± 27 0.14 ± 0.14 48.89 24.56 

 

5.3.2.2 Acoustic Emission  

Figure 5.23 summarizes the AE profile of the virgin BMI-1500, BMI-1700 and BMI-

3000 GFRP coupons during the mode-II fracture toughness tests. As can be seen, in all 

cases the cumulative AE activity of the virgin specimens indicated a typical brittle crack 

initiation. For almost the entire duration of the mechanical testing, AE activity, exhibited 

a plateau on the respective graphs followed by an abrupt increase just before the crack 

initiation. However, it should be noted that the AE activity in the case of BMI-3000 is 

significantly lower than the other two reversible systems. This behavior can be possible 

attributed to the weak interfacial bonding between the polymer and the glass fibers. A 

postulation that can be supported by the decreased fracture toughness reported in the case 

of BMI-3000 and from the results obtained from the OM study that will be presented in 

the next section.  
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Figure 5.23 AE activity of the virgin (a) BMI-1500, (b) BMI-1700 and (c) BMI-3000. 

Figure 5.24 depicts how the healing processes affected the cumulative AE activity of the 

interrogated GFRP coupons.  

 

Figure 5.24 AE activity versus healing cycles for all the studied systems 

As it was expected, the AE activity decreased because the healing functionality of the 

material is well known to decrease with successive healing cycles and is not in reality a 
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reversible process [42]. In all cases, a reduction in AE activity with increasing healing 

cycles is evident since the material after healing is not capable of full repairing all the 

damaged sites. It is well known that the initiation and propagation of cracks within a 

material under stress invokes stress waves that propagate within the material known as 

AE [43,44]. Thus, the number of produced AE events was decreasing with increasing 

healing events.   

 

5.3.2.3 Optical microscopy - OM 

In order to examine the failure mechanisms after the mode-II fracture toughness tests, the 

fractured surfaces of the virgin GFRP coupons were studied via optical microscopy. The 

following figures illustrate the OM micrographs obtained from the opposite sides of the 

fractured surfaces of the three GFRP coupons. As can be observed the failure mechanisms 

differ with the BMI-3000 exhibiting a completely different behavior. In more detail, in 

the case of BMI-1500 a cohesive failure mechanism is evident since both surfaces of the 

composite are completely covered by the reversible polymer and there is no evidence of 

exposed fibers. (Figure 5.25). This failure mechanism indicates a strong interphase 

between the BMI-1500 and the glass fibers. It should be noted, that these results are in 

agreement with those obtained from the mechanical characterization of the BMI-1500. 

 

Figure 5.25 Fractured surfaces of the GFRP coupon containing BMI-1500 as interlayer 

As can be seen in Figure 5.26 the fracture in the case of GFPR coupons that contained 

BMI-1700 interlayer occurred both adhesively and cohesively. Unlike BMI-1500, there 



Dimitrios Bekas  Ph.D. Thesis 

184 

 

are exposed glass fibers in both fractured surfaces, indicating a relatively weaker glass 

fiber/BMI-1700 interface.  

 

 

Figure 5.26 Fractured surfaces of the GFRP coupon containing BMI-1700 as interlayer 

The OM photographs obtained in the case of BMI-3000 confirmed what was postulated 

after the mechanical characterization of the BMI-3000 GFRP coupons. As can be seen in 

Figure 5.27, the composite in this case failed in an adhesive manner, indicating an even 

weaker interface glass fibers/BMI-3000 interface. As stated, these results are in 

agreement with the significantly decreased fracture toughness that was observed from the 

mode-II fracture toughness test.  
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Figure 5.27 Fractured surfaces of the GFRP coupon containing BMI-3000 as interlayer 

 

5.3.3. Lap strap specimens 

5.3.2.4 Mechanical Characterization 

The following figures illustrate representative stress-strain curves from the reference, 

virgin and healed BMI-1500, BMI-1700 and BMI-300 lap strap specimens.  In all cases, 

the apparent stiffness was calculated using the linear part of the resulted stress-strain 

curve between 50 and 150 MPa. The strain level was calculated using the initial grip-to-

grip distance and the stress level refers to the lap thickness. The damaged stiffness Ed 

was calculated during a second loading performed after delamination initiation. In almost 

all cases a brittle failure of the adhesive layer is evident and manifested by a small drop 

in the stress strain curve. However, it should be noted that in the case of BMI-3000 

healed-4, failure of the adhesive layer occurred in a more ductile manner. Thus, the 

maximum stress was calculated at the point where the slope of the stress-strain curve 

changed (Figure 5.28). 
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Figure 5.28 Typical stress versus strain curve for the lap-strap specimen. Failure of a ductile adhesive layer. 

Figure 5.29 presents representative stress versus strain curves for the virgin and healed 

lap strap specimens that contain BMI-1500 as adhesive layer while Table 5-5 summarizes 

the calculated healing efficiency values in terms of Young’s modulus and critical stress. 

As it can be observed, the material managed to almost fully regain its initial mechanical 

properties after several healing cycles. In detail, after the first healing event the healing 

efficiency values of the reversible adhesive layer, BMI-1500, was calculated at 97.05 % 

and 95.55 % in terms of Young’s modulus and critical delamination stress recovery, 

respectively.  
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Figure 5.29 Representative stress-displacement curves for the reference, virgin and healed BMI-1500 lap strap 

specimens 

Only a minor reduction in both the aforementioned quantities was calculated after the 

second and third healing event. Even after 4 healing cycles, the healing performance of 

the BMI-1500 was significantly high showing a recovery in Young’s modulus at 92.20 

% while in the case of critical delamination stress the healing efficiency reached at 

91.55%.  

 

Table 5-5 Critical stress, Young’s modulus and the calculated healing efficiencies for the BMI-1500 lap strap specimens 

Specimen E
 

(GPa) 
σmax 

(MPa) n
E  

(%) 
n

σ
 

(%) 

Virgin 9.75 ± 0.4 225.65 ± 22 - - 

Healed 1 9.46 ± 0.4 215.07 ± 20 97.05 95.55 

Healed 2 9.45 ± 0.3 217.12 ± 18 96.91 96.40 

Healed 3 9.42 ± 0.4 215.65 ± 21 96.09 95.50 

Healed 4 8.99 ± 0.4 206.08 ± 20 92.20 91.55 

 

Equally impressive with the previous case is the healing performance of the lap strap 

specimens incorporating BMI-1700 as adhesive.  As can be seen in Figure 5.30 and Table 

5-6, the healing efficiency values of the reversible polymer were nE = 97.14% and  
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nσ = 100.57% while after the fourth healing reached at 87.27 % and 122.25 %, thus 

demonstrating a successful recovery in performance.  

 

Figure 5.30 Representative stress-displacement curves for the reference, virgin and healed BMI-1700 lap strap 

specimens 

 

Table 5-6 Critical stress, Young’s modulus and the calculated healing efficiencies for the BMI-1700 lap strap specimens 

Specimen E
 

(GPa) 
σmax 

(MPa) n
E  

(%) 
n

σ
 

(%) 
Virgin 10.14 ± 0.2 138.93 ± 15 - - 

Healed 1 9.85 ± 0.3 138.14 ± 20 97.14 100.57 

Healed 2 9.59 ± 0.2 152.90 ± 17 94.57 110.79 

Healed 3 9.04 ± 0.4 155.07 ± 22 89.15 112.31 

Healed 4 8.85 ± 0.4 169.21 ± 21 87.27 122.25 

 

 

The results from the mechanical testing of the BMI-3000 lap strap specimen are depicted 

in Figure 5.31, while Table 5-7 summarizes the calculated healing efficiency values nΕ 

and nσ. It is evident that the healing performance of the BMI-3000 is significantly high 
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especially compared with the previous case where the same reversible polymer has been 

used as a matrix material and tested in a fracture toughness test. 

 

 

Figure 5.31 Representative stress-displacement curves for the reference, virgin and healed BMI-3000 lap strap 

specimens 

After the initial healing, the stiffness was fully recovered and the stress level at which the 

delamination of the strap initiated was increased, resulting in a healing efficiency, nσ = 

143.51%. Even after four healing events the material exhibited a remarkable healing 

performance achieving a recovery of 86.84% and 118.32% in stiffness and critical 

delamination stress, respectively.  

Table 5-7 Critical stress, Young’s modulus and the calculated healing efficiencies for the BMI-3000 lap strap specimens 

Specimen E
 

(GPa) 

σ
 
(MPa) n

E  

(%) 

n
σ
 

(%) 

Virgin 9.88 ± 0.3 131.45 ± 16 - - 

Healed 1 9.84 ± 0.4 188.60 ± 20 100.10 143.51 

Healed 2 8.95 ± 0.3 102.16 ± 15 90.58 77.80 

Healed 3 8.82 ± 0.3 192.36 ± 16 89.27 146.56 

Healed 4 8.58 ± 0.4 155.48 ± 19 86.84 118.32 
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5.4. Conclusions 

In this work, the successful synthesis of three reversible epoxy resins via a two-step 

reaction was presented. Using this methodology the side reactions occurrence during the 

thermal processing of the polymers was minimized. The characterization of the reversible 

polymers via DSC showed that the two oligomers BMI-1500 and BMI-1700 were 

successfully incorporated between the polymeric chains, via the Diels-Alder reaction, 

creating a reversible 3-D network. On the other hand, the increased molecular mass of the 

BMI-3000 had a detrimental effect on the creation of the reversible cross-linking. In 

addition, the irreversible radical polymerization of the BMI-3000 was enhanced at 

elevated temperature, thus compromising the healing performance of the system. The 

assessment of healing performance was initially achieved via a mode-II fracture 

toughness test. The three reversible polymers were employed as interlayers at the mid 

plane of GFRP coupons. The results indicated that the incorporation of BMI-1500 and 

BMI-1700 did not affect the fracture toughness of the system while a satisfying healing 

performance was also observed. However, in the case of BMI-3000 a significant knock-

down effect on the fracture toughness was recorder. OM and AE revealed, that the reason 

behind this behavior was the weak interfacial bonding between the BMI-3000 and the 

glass fibers, resulting in an adhesive mode -II failure. The three reversible polymers have 

been also tested as adhesives in a lap strap specimen. In all cases, a remarkable stiffness 

and delamination stress recovery was recorded even after 4 healing events, indicating that 

these three reversible polymers are excellent candidates for the manufacture of composite 

structures with healing functionalities.  
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6.Conclusions and Suggestions for 
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6.1. Conclusions  

The current thesis lies at the intersection between damage detection (self-sensing) and 

damage repair (self-healing) in polymer composites. In the first part, a novel method has 

been developed for the structural integrity of nanomodified fibre reinforced composites 

using Impedance Spectroscopy (IS). The electrical properties of the interrogated system 

were tailored via the incorporation of MWCNTs, resulting in an increased signal-to-noise 

ratio. IS results indicated a direct correlation between the degradation of the material and 

the measure of the impedance, which proved extremely sensitive to the changes invoked 

in the material microstructure due to mechanical loading or hydrothermal exposure. As 

was shown, the electrical behavior of the system may be adequately modelled by 

simulating it as a simple RC circuit in parallel. Under this assumption, the resistance of 

the equivalent circuit was monotonically increasing due to the disruption of the 

conductive CNT network in the material. At the same time, the total capacitance of the 

material was decreased as the developed cracks at the nanoscale cumulatively affect the 

macroscopic capacitance of the material.  

This step was essential in order to gain insight on the damage mechanisms that initiate 

and propagate within a composite material during its operating lifetime. The internal 

degradation of the material was counterbalanced by the development of several “tailor-

on-demand” self-repairing scenarios that were capable of restoring specific 

functionalities of the composite.  

In detail, in Chapter 3, the employment of a MWCNT-reinforced low-viscosity epoxy as 

a healing agent in vascular self-healing GRFP composites, was evaluated for the first 

time. The modification of the healing agent resulted in a remarkable healing performance, 

without compromising the rheological behavior of the system. SEM analysis revealed that 

the nano-reinforced healing agents enabled additional energy consumption mechanisms 

(e.g., crack bifurcation). The observed transition from adhesive to cohesive failure, 

indicated an enhancement of the adhesive strength between the nanomodified healing 

agents and the virgin fractured surface due to the beneficiary effect of MWCNTs on the 

epoxy/sizing coating of fibers interfacial strength.  

The synthesis, characterization and evaluation of poly(urea-formaldehyde) microcapsules 

have been reported in Chapter 4. The developed capsule-based self-healing polymer was 
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able to restore its initial fracture toughness at 72% while in the case of GFRP specimens, 

the healing efficiency was almost the same reaching at 77.84%. However, the 

incorporation of capsules at the midplane of a GFRP composite had a detrimental effect 

on the fracture toughness, thus showing that the employment of capsule-based 

methodologies remains a challenge. Finally, for the first time it has been proved that the 

modification of a polymeric adhesive using UF microcapsules, could be a reliable route 

towards up-scaling the employment of capsule-based self-healing methodologies to more 

complicated composite structures.  

In the final main Chapter of this thesis, a novel study concerning the effects of three 

different thermo-reversible cross-linking agents on the thermal and mechanical properties 

of the resulted self-healing epoxy systems was conducted. The results derived from the 

DSC, showed that the two oligomers BMI-1500 and BMI-1700 were the most suitable 

candidates that can be successfully incorporated between the polymeric chains, via the 

Diels-Alder reaction, creating a reversible 3-D network. Regarding the healing 

performance, all the investigated reversible systems showed their remarkable ability to 

fully heal a delaminated lap strap geometry. It has been found that the fracture toughness 

and the healing temperature of the DA-based self-healing systems are inversely 

proportional quantities and are highly affected by the molecular weight of the crosslinker. 

 

6.2. Suggestions for Future Work 

Within the scope of this study, IS proved a highly efficient NDE method and produced 

impressive results. However, the experimental set up required access on both sides of the 

composite structure.  The employment of interdigital sensors will be a reliable route 

towards the development of NDE system, based on IS, that will not require access to both 

sides of an aerospace composite structure. Compared with the full field sensors, 

interdigital sensors provide increased resolution and can be placed at critical areas of a 

composite structure. In addition, localization of a possible defect can be achieved by 

advancing from a 1D problem to a 2D one using Electrical Impedance Tomography (EIT).  

EIT is a well-established electrical-based method for characterizing processes in 

polymers and could be also employed for the quantification and localization of defects in 

advanced composite materials.  
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Regarding the self-healing concepts, the current thesis pushed the boundaries of our 

knowledge regarding the self-healing polymers and polymer composites. However, there 

are several issues that should be addressed before the self-healing concept can be adopted 

as a trustworthy technology in order to conform to the standardization demands of the 

aerospace industry. Further progress should be made towards the development of a fully 

autonomous self-healing system. For that purpose, efforts should be focused on novel 

healing chemistries that possess greater stability, increased reactivity, and faster kinetics. 

Another important issue that should be countered is the incorporation of the self-healing 

concepts on advanced composite structures without compromising their performance. 

Especially in the case of vascular self-healing composites, the creation of the vascular 

network usually decreases the composite performance. Therefore, efforts should be 

targeted on optimizing (i) the tube diameter, (ii) the processing conditions, (iii) the 

chemistry of the healing agent and (iv) the healing agent delivery mechanisms to the 

damaged site. Characterization of self-healing materials through various experimental 

techniques is naturally following the material production step. This study could provide 

useful information about the healing process and assist on the optimization of the healing 

conditions. More specifically, studying the reaction kinetics of the Diels-Alder reaction 

is of high importance since the healing conditions affect both the performance and the 

repeatability of the healing process.  In addition, advanced characterization techniques 

such as Raman and Impedance spectroscopies could assess the healing process and 

provide an indirect measure of the healing efficiency of the system by measuring how the 

measured quantity deviates from the initial value.  
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