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Abstract 

 

In the present thesis, the mechanical behavior of multifunctional materials containing MWCNTs 

and flame retardants POSS compounds as well as of self-healing materials containing 

microcapsules has been investigated. Regarding the multifunctional materials containing 

MWCNTs and flame retardants POSS compounds, numerous mechanical tests have been 

performed, namely several types of quasi-static test and specifically tension, compression, three-

point bending, GIC fracture toughness as well as dynamic tests of fatigue and CAI. Furthermore, a 

multi-scale model simulating the effect of the dispersion, the waviness, the interphase as well as 

the agglomerations of MWCNTs on the Young’s modulus of a polymer filled with 0.4% MWCNTs 

(v/v) has been developed. Representative Unit Cells (RUCs) have been utilized to determine the 

homogenized elastic properties of the hybrid material, which have been assigned to the Finite 

Element (FE) model of a tension specimen in order to predict the Young’s modulus of the filled 

material. Regarding the self-healing materials, the effect of embedded self-healing microcapsules 

on the ILSS behavior of carbon fiber reinforced composite materials has been studied and the self-

healing efficiency has been assessed.  

The materials under consideration are listed below: 

 

Multifunctional materials enhanced with MWCNTs and flame retardants 

 Polymers enhanced with MWCNTs 

 Polymers enhanced with MWCNTs and GPOSS/DPHPOSS 

 Composite enhanced with MWCNTs and GPOSS 

Multifunctional materials enhanced with self-healing microcapsules 

 Composites enhanced with microcapsules and catalyst  

Regarding the multifunctional materials enhanced with MWCNTs, the results showed a significant 

increase in the tensile strength. On the other hand, all other properties investigated, namely 

compression, flexural as well as GIC fracture toughness properties were degraded. This may be 

attributed to the main reinforcement mechanism of CNTs, namely the pull-out mechanism which 

takes place during tension. As far as the fatigue testing is concerned, a slight decrease in the fatigue 

life has been observed in the range of the low stress levels; however, it gradually tends to coincide 

with the reference material resulting in a nearly same fatigue limit. The incorporation of the flame 

retardants GPOSS/DPHPOSS into the polymer further deteriorates the mechanical behavior of the 

filled material. However, GPOSS seems to fulfil the criteria as an effective flame retardant for 

polymers as compared to DPHPOSS.  

Concerning the CAI testing, the results obtained from C-Scan analysis have shown a significant 

increase of the damaged area after the impact tests for the composite materials enhanced with 

MWCNTs as well as flame retardant, GPOSS. As a consequence, a reduced compression after 

impact strength has been found. 
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SEM analysis has revealed MWCNTs agglomerations, while EDS analysis has revealed some areas 

of incomplete dissolution of the flame retardants GPOSS/DPHPOSS into the resin. The results 

underline the sensitivity of the mechanical behavior of the multifunctional polymers on the 

dispersion features of the additives and the significance of both, CNT agglomerates and GPOSS 

aggregates for the observed mechanical behavior.  

 

Furthermore, a multi-scale model simulating the effect of the dispersion, the waviness, the 

interphase as well as the agglomerations of MWCNTs on the Young’s modulus of a polymer 

enhanced with 0.4% MWCNTs (v/v) has been developed. Representative Unit Cells (RUCs) have 

been employed for the determination of the homogenized elastic properties of the 

MWCNT/polymer. A comparison with experimental results obtained by tensile testing has been 

made. As the CNT agglomerates increase, the results showed a significant decrease of the Young’s 

modulus regarding the polymer filled with aligned MWCNTs while only slight differences on the 

Young’s modulus have been found in the case of randomly-oriented MWCNTs. This might be 

attributed to the low concentration of the MWCNTs (0.4% (v/v)) into the polymer. For low 

MWCNTs concentrations, the interphase seems to have negligible effect on the Young’s modulus. 

Furthermore, as the MWCNTs waviness increases, a remarkable decrease of the Young’s modulus 

of the polymer filled with aligned MWCNTs is observed. The experimental results in terms of the 

Young’s modulus are predicted well by assuming a random dispersion of MWCNTs into the 

polymer. 

 

Regarding the multifunctional materials enhanced with self-healing microcapsules, the results 

indicate a general trend of a degraded mechanical behavior of the enhanced materials, as the 

microcapsules exhibit a non-uniform dispersion and form agglomerations which act as internal 

defects. A remarkable value of the self-healing efficiency has been found for materials with limited 

damage, e.g. matrix micro-cracks. However, for significant damage, in terms of large matrix cracks 

and delaminations as well as fiber breakages, the self-healing efficiency is limited. However, 

further investigation should be conducted in order to provide definite evidence. 
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Περίληψη 

Στη παρούσα διατριβή, ερευνήθηκε η μηχανική συμπεριφορά πολυλειτουργικών υλικών 

ενισχυμένων με νανοσωλήνες άνθρακα πολλαπλών τοιχωμάτων και επιβραδυντές φλόγας τύπου 

πολυεδρικών ολιγομερών σιλσεσκιοξανίων καθώς και αυτοεπουλώμενων υλικών με 

μικροκάψουλες. Στο πλαίσιο αυτό, έχει πραγματοποιηθεί ένας ευρύς χαρακτηρισμός της 

μηχανικής συμπεριφοράς των νέων αυτών υλικών. Συγκεκριμένα πραγματοποιήθηκαν 

ψευδοστατικές δοκιμές οι οποίες περιλαμβάνουν εφελκυσμό, θλίψη, κάμψη και μηχανικές δοκιμές 

δυσθραυστότητας GIC, καθώς και δυναμικές φορτίσεις κρούσης και κόπωσης. Για την κατανόηση 

των μηχανισμών που καθορίζουν την μηχανική συμπεριφορά που παρατηρήθηκε 

πραγματοποιήθηκε υποστηρικτική μελέτη της δομής των υλικών και των επιφανειών θραύσης με 

την χρήση ηλεκτρονικής μικροσκοπίας SEM και φασματοσκοπία ενεργειακής διασποράς ακτινών 

Χ EDS. Επιπρόσθετα, αναπτύχθηκε ένα μοντέλο πεπερασμένων στοιχείων πολλαπλών κλιμάκων 

με σκοπό την πρόβλεψη του μέτρου ελαστικότητας του ενισχυμένου υλικού με νανοσωλήνες 

άνθρακα, λαμβάνοντας υπόψη παραμέτρους όπως τη διασπορά των νανοσωλήνων στο υλικό, την 

καμπυλότητά τους, τα συσσωματώματα καθώς και την ενδιάμεση φάση. Για τον χαρακτηρισμό 

της συμπεριφοράς των  αυτοπεπουλώμενων υλικών, πραγματοποιήθηκαν δοκιμές διαστρωματικής 

αντοχής σε διάτμηση και αναπτύχθηκε μεθοδολογία με στόχο την μέτρηση της απόδοσης 

αυτοεπούλωσης σύνθετων υλικών. Τα πειράματα υποστηρίχτηκαν από μελέτη της δομής τους με 

ηλεκτρονική μικροσκοπία SEM και φασματοσκοπία αποσβένουσας ολικής ανάκλασης ATR. 

Τα υλικά, τα οποία έχουν μελετηθεί είναι: 

Πολυλειτουργικά υλικά ενισχυμένα με νανοσωλήνες άνθρακα καθώς επίσης και επιβραδυντές 

φλόγας και ειδικότερα: 

 Πολυμερή ενισχυμένα με νανοσωλήνες άνθρακα 

 Πολυμερή ενισχυμένα με νανοσωλήνες άνθρακα καθώς και Glycidyl/DodecaPhenyl 

Πολυεδρικά Ολιγομερή Σιλσεσκιοξάνια (GPOSS/DPHPOSS) 

 Σύνθετα υλικά ενισχυμένα με νανοσωλήνες άνθρακα καθώς και Glycidyl Πολυεδρικά 

Ολιγομερή Σιλσεσκιοξάνια (GPOSS) 

και  

Πολυλειτουργικά υλικά ενισχυμένα με μικροκάψουλες αυτοεπούλωσης και ειδικότερα: 

 Σύνθετα υλικά ενισχυμένα με μικροκάψουλες αυτοεπούλωσης 

Τα αποτελέσματα των δοκιμών στα πολυλειτουργικά υλικά με την προσθήκη νανοσωλήνων 

άνθρακα, έδειξαν μια σημαντική αύξηση της εφελκυστικής αντοχής. Αντιθέτως, οι υπόλοιπες 

ιδιότητες όπως η αντοχή στη θλίψη και στην κάμψη καθώς και η δυσθραυστότητα 

υποβαθμίστηκαν. Η βελτίωση των εφελκυστικών ιδιοτήτων αποδίδεται στην αποτελεσματική 

παραλαβή των εφελκυστικών φορτίων από τους νανοσωλήνες άνθρακα καθώς και στον μηχανισμό 

pull-out. Η μείωση της αντοχής σε θλίψη και κάμψη αποδίδεται αφενός στην περιορισμένη 

δυνατότητα των νανοσωλήνων άνθρακα να φέρουν θλιπτικά φορτία εξαιτίας της τάσης τους να 
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παρουσιάζουν λυγισμό υπό τέτοιου είδους φορτίσεις και αφετέρου στην παρουσία 

συσσωματωμάτων νανοσωλήνων άνθρακα και αδιάλυτης ουσίας GPOSS τα οποία λειτουργούν ως 

τοπικές αστοχίες. Τα αποτελέσματα των δοκιμών κόπωσης έδειξαν μια μικρή μείωση της ζωής σε 

κόπωση ιδιαίτερα στα χαμηλά επίπεδα τάσης. Η προσθήκη των επιβραδυντών φλόγας  οδηγεί σε 

μια περαιτέρω μείωση των μηχανικών ιδιοτήτων του υλικού.  

Τα αποτελέσματα των μηχανικών δοκιμών θλίψης μετά την κρούση σε δοκίμια με νανοσωλήνες 

άνθρακα και GPOSS έδειξαν μειωμένη αντοχή στη θλίψη κατά περίπου 15% σε σχέση με τα 

δοκίμια χωρίς ενίσχυση και GPOSS. Σημειώνεται ότι στα δοκίμια με ενίσχυση και GPOSS τα 

συσσωματώματα λειτουργούν ως τοπικές βλάβες. Η θεώρηση αυτή ενισχύθηκε από τις 

απεικονίσεις μέσω σάρωσης με υπερήχους C-Scan οι οποίες δείχνουν σημαντική αύξηση της 

περιοχής βλάβης στα δοκίμια αυτά μετά την κρούση σε σύγκριση με την βλάβη που παρατηρήθηκε 

σε δοκίμια χωρίς ενίσχυση. 

Η ανάλυση με ηλεκτρονική μικροσκοπία (SEM) κατέστησε σαφή την ύπαρξη συσσωματωμάτων 

από νανοσωλήνες άνθρακα, ενώ συγχρόνως τα αποτελέσματα από την φασματοσκοπία 

ενεργειακής διασποράς ακτινών Χ (EDS) έδειξαν ατελή διάλυση των προϊόντων των 

επιβραδυντών φλόγας GPOSS/DPHPOSS μέσα στη μήτρα. Τα αποτελέσματα επισημαίνουν την 

ευαισθησία της μηχανικής συμπεριφοράς των πολυλειτουργικών υλικών στις τεχνικές διασποράς 

των νανοενισχύσεων και των προσθέτων (additives) μέσα στη μήτρα του υλικού καθώς επίσης και 

στην αλληλεπίδραση των συσσωματωμάτων και των κατάλοιπων προϊόντων μέσα στο υλικό. 

Το υπολογιστικό μέρος της παρούσας διατριβής περιλαμβάνει την ανάπτυξη ενός μοντέλου σε 

μικρο- και μακρο-κλίμακα με σκοπό την πρόβλεψη της επίδρασης σημαντικών παραμέτρων όπως 

η διασπορά και η καμπυλότητα των νανοσωλήνων άνθρακα, το πλήθος των νανοσωλήνων 

άνθρακα που συμμετέχουν στα συσσωματώματα καθώς επίσης και η ενδιάμεσης φάση στο μέτρο 

ελαστικότητας του υλικού. Τα υπολογιστικά αποτελέσματα έδειξαν σημαντική μείωση του μέτρου 

ελαστικότητας για υλικό με ευθυγραμμισμένους νανοσωλήνες άνθρακα και συσσωματώματα σε 

σύγκριση με το υλικό χωρίς καθόλου συσσωματώματα. Για τυχαία προσανατολισμένους 

νανοσωλήνες άνθρακα μέσα στο υλικό η επίδραση των συσσωματωμάτων στο μέτρο 

ελαστικότητας υπολογίστηκε να είναι αμελητέα. Σε σχέση με το τελευταίο εύρημα πρέπει να 

ληφθεί υπόψη ότι η περιεκτικότητα των νανοσωλήνων άνθρακα μέσα στο πολυμερές είναι χαμηλή 

(0.5 % κ.β.). Επιπλέον, για χαμηλές περιεκτικότητες νανοσωλήνων άνθρακα, η επίδραση του 

πάχους της ενδιάμεσης φάσης νανοσωλήνων άνθρακα/πολυμερούς φαίνεται να είναι αμελητέα στο 

μέτρο ελαστικότητας. Η καμπυλότητα των νανοσωλήνων άνθρακα παίζει σημαντικό ρόλο στην 
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περίπτωση που οι νανοσωλήνες άνθρακα θεωρούνται προσανατολισμένοι. Τα αποτελέσματα των 

πειραματικών δοκιμών σχετικά με το μέτρο ελαστικότητας προβλέφθηκαν ικανοποιητικά 

λαμβάνοντας υπόψη τυχαία διασπορά των νανοσωλήνων άνθρακα μέσα στο υλικό, όπως άλλωστε 

είχε παρατηρηθεί και από τις αναλύσεις ηλεκτρονικής μικροσκοπίας. 

Σε ότι αφορά στα πολυλειτουργικά υλικά τα οποία είναι ενισχυμένα με μικροκάψουλες 

αυτοεπούλωσης, τα αποτελέσματα έδειξαν μια υποβάθμιση της μηχανικής συμπεριφοράς λόγω 

της δημιουργίας συσσωματωμάτων των μικροκαψουλών κατά το στάδιο της ανάμιξης με την 

ρητίνη. Σημειώνεται ότι η μέτρηση της απόδοσης αυτοεπούλωσης δεν είναι προφανής. Για το λόγο 

αυτό αναπτύχθηκε πειραματική μεθοδολογία για τον προσδιορισμό της απόδοσης αυτοεπούλωσης 

σε σύνθετα υλικά στη βάση της πειραματικής σειράς ILSS. Με την χρήση της μεθοδολογίας αυτής 

παρατηρήθηκε αξιοσημείωτη απόδοση αυτοπεπούλωσης κατά το στάδιο όπου η βλάβη παραμένει 

περιορισμένη, π.χ. μικρο-ρωγμές. Για υλικά με σημαντική βλάβη όπως μεγάλες ρωγμές στη μήτρα, 

διαστρωματική αποκόλληση καθώς και θραύσεις ινών, η απόδοση αυτοεπούλωσης ήταν 

περιορισμένη. Απαιτείται περαιτέρω έρευνα με σκοπό την καθιέρωση και την δημιουργία 

προτύπου για την εύρεση της αυτοεπούλωσης στα σύνθετα υλικά κατά τη διάρκεια μηχανικών 

δοκιμών. 
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List of abbreviations 

CNT: Carbon Nanotubes 

SWCNT: Single Wall Carbon Nanotubes 

MWCNT: Multi Wall Carbon Nanotubes 

POSS: Polyhedral Oligomeric Silsesquioxanes 

GPOSS: Glycidyl Polyhedral Oligomeric Silsesquioxanes 

DPHPOSS: DodecaPhenyl Polyhedral Oligomeric Silsesquioxanes 

GIC: Critical Strain Energy Release Rate 

KIC: Plane-Strain Fracture Toughness 

CAI: Compression After Impact 

RUC: Representative Unit Cell 

FE: Finite Element 

AFM: Atomic Force Microscopy 

FEM: Finite Elememt Method 

ILSS: Interlaminar Shear Strength 

CFRP: Carbon Fibre Reinforced Plastic 

SEM: Scanning Electron Microscopy 

EDS/EDX: Energy-Dispersive X-ray Spectroscopy 

ATR-FTIR: Attenuated Total Reflection 

ROMP: Ring Opening Metathesis Polymerization 

DSF: Damage Severity Factor 

PHRP: Peak Heat Release Rate 

LOI: Limiting Oxygen Index  

DCB: Double Cantilever Beam 

SENB: Single-Edge-Notch Bending 

EPT: Electrical Percolation Threshold 

DCPD: Dicyclopentadiene 

TDCB: Tapered Double Cantilever Beam 

ENB: 5-Ethylidene-2-Norbornene 

HG1: Hoveyda-Grubbs Catalyst 1st Generation 

NDI: Non-Destructive Inspection 
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DMA: Dynamic Mechanical Analysis 

TGMDA: Tetraglycidylmethylenedianiline 

BDE: 1-4 Butanedioldiglycidyl ether 

DDS: 4, 4’ Diamminodifenilsolfone 
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1. Introduction 

1.1 Motivation 

 

The evolution of materials over the centuries from mud and straw to the high performance 

composite materials which provide superior 

properties, namely strength-to-weight ratio, 

corrosion resistance, high impact strength, design 

flexibility etc. has enabled the thought for the 

realization of revolutionary composite structures 

e.g. morphing aircrafts, sci-fi space elevators, self-

healing aircrafts etc. To make these technologies 

feasible, the material science research focuses 

among others on the development of new multifunctional materials through embedding nanofillers 

(e.g. carbon nano-tubes, carbon nano-particles, graphene etc.) in the matrix of the already 

extensively used Carbon Fiber Reinforced Plastics (CFRPS) leading to further enhanced tailored 

properties. Thereby, common drawbacks of CFRPs such as low out-of-plane electrical 

conductivity, limited flame resistance, low polymer matrix toughness may be addressed. 

In this context, the development of new multifunctional materials designed to have integrated 

mechanical, electrical, thermal, and possibly healing or other functionalities has been the goal of 

the research community in recent years. In this direction, Carbon Nanotubes are considered to be 

the most appropriate candidate for the enhancement of the through-thickness electromechanical 

properties of the composite materials. Furthermore, with a view to improving the flame resistance 

of composite materials, Polyhedral Oligomeric Silsesquioxanes (POSS) compounds would 

potentially allow property modifications of the polymer matrix at molecular level due to their 

nanocage structure. On the other hand, the mechanical properties of the composite materials are 

significantly affected by the accumulated damage leading to delaminations, the initiation of which 

might be triggered by matrix crack propagation. An effective mechanism to limit delaminations 

would be to heal, either stop or retard the occurred microcracks during the service life of structures 

by embedding self-healing materials into the matrix. One of the most promising type of self-healing 

materials developed in 2001 by White et al. is the microencapsulation self-healing mechanism 

based on the Ring Opening Metathesis Polymerization (ROMP).  

Figure 1-1. Concept of sci-fi space elevator   
(Source: BBC.com) 
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The possible combination of all the above-mentioned nanoadditives into the polymer matrix would 

provide sufficiently conductive, flame resistant as well as self-healing materials with a wide range 

of applications from automotive vehicles to aeronautical structures. However, the sensitivity of the 

catalysts of the microencapsulation system currently hinders the efficient combination of the self-

healing materials with carbon nanotubes as well as flame retardants.  

Moreover, although these multifunctional materials can be significantly beneficial for the 

composite structures by replenishing the gaps derived from the drawbacks linked to the composite 

materials, the addition of the nanofillers into the polymer matrix may appreciably deteriorate the 

mechanical behavior of the polymers and thus of the CFRPS.  

 

1.2 Aim and objectives of this thesis 

 

Motivated by the above-mentioned scientific as well as technical aspects and needs, the aim of the 

present Thesis is on the one hand to provide a comprehensive understanding of the mechanical 

behavior of these multifunctional materials covering key aspects, such as mechanical properties, 

characterization and performance and on the other hand to propose a newly developed innovative 

approach for the assessment of the self-healing efficiency of composite materials. Towards this 

direction, the different types of tests (mechanical, microscopy, Raman, EDX etc.) carried out were 

combined with a multi-scale model assessing the effect of crucial parameters on the Young’s 

modulus of the multifunctional materials enhanced with CNTs. 

In order to fulfil the aims of this thesis, the following activities have been performed: 

 

Multifunctional materials enhanced with MWCNTs and flame retardants POSS compounds 

 Material characterization by optical microscopy, SEM and EDS analysis 

 Tensile tests of polymers, polymers enhanced with MWCNTs as well as polymers enhanced 

with MWCNTs and flame retardant GPOSS 

 Compression tests of polymers as well as polymers enhanced with MWCNTs  

 Flexural tests of polymers, polymers enhanced with MWCNTs as well as polymers 

enhanced with MWCNTs and flame retardant GPOSS/DPHPOSS 

 Fracture toughness GIC tests of polymers, polymers enhanced with MWCNTs as well as 

polymers enhanced with MWCNTs and flame retardant GPOSS/DPHPOSS 
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 Fatigue tests of polymers, polymers enhanced with MWCNTs as well as polymers 

enhanced with MWCNTs and flame retardant GPOSS/DPHPOSS 

 Compression after impact (CAI) tests of composite materials as well as composite materials 

enhanced with MWCNTs and GPOSS 

 Material characterization by Ultrasound techniques (C-Scan) and application of the concept 

of the Damage Severity Factor (DSF) (CAI tests) 

 Development of a multi-scale model simulating the effect of the dispersion, the waviness, 

the interphase as well as the agglomerations of MWCNTs on the Young’s modulus  

Multifunctional materials enhanced with self-healing microcapsules 

 Interlaminar Shear Strength (ILSS) testing 

 Material characterization by SEM and EDS analysis 

 Assessment of the self-healing efficiency of composite materials 

 

1.3 Thesis outline 

The thesis is divided into eight chapters. Specifically, in the first Chapter the motivation and the 

aims of the present thesis are presented. 

The second Chapter refers to the theoretical background of the multifunctional materials as well as 

multifunctional self-healing materials. A thorough literature review regarding the nano-enabled 

multifunctional materials has been conducted. Specifically, the current work focuses on the 

mechanical behavior of polymeric systems comprising either MWCNTs, or both MWCNTs and 

flame retardants of POSS type. Furthermore, composite materials with embedded self-healing 

systems are also investigated.  

The materials used, the experimental methodologies and the special equipment employed regarding 

the multifunctional materials containing MWCNTs as well as POSS compounds are presented in 

the third Chapter. More precisely, the following experimental series have been conducted: 

 Material Characterization (C-Scan, Optical microscopy, SEM and EDS analyses) 

 Tension 

 Compression 

 Flexural testing 

 GIC fracture toughness 

 Fatigue 

while for the composites enhanced with MWCNTs as well as flame retardant POSS Compression 

after Impact tests have been conducted. 
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The results and the discussion of the experimental investigation presented in the latter Chapter are 

presented in the fourth Chapter. 

In the fifth Chapter, a multi-scale model simulating the effect of the dispersion, the waviness, the 

interphase as well as the agglomerations of MWCNTs on the Young’s modulus of a polymer 

enhanced with MWCNTs has been developed. Representative Unit Cells (RUCs) have been 

employed for the determination of the homogenized elastic properties of the MWCNT/polymer. 

The elastic properties computed by the RUCs were assigned to the Finite Element (FE) model of a 

tension specimen which was used to predict the Young’s modulus of the enhanced material. 

In the next two chapters, specifically in the sixth and seventh, the experimental methodology 

followed as well as the results and discussion regarding the composite materials enhanced with the 

self-healing materials have been presented. In this context, the ILSS behavior has been assessed 

through designated three-point bending tests aiming also at assessing the self-healing efficiency. A 

thorough material characterization has also been performed. 

In the final chapter, the main conclusions and highlights arising from the current work are 

presented. Furthermore, recommendations for future research are also made.
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2. Theoretical Background: Multifunctional materials Nano-enabled 

multifunctional materials 

 

In nature, all materials exhibit multifunctionality by performing a numerous of different services 

simultaneously. For example, the human skin consists of three main components: epidermis, 

dermis and hypodermis. These layers contain embedded fillers in order to carry out multiple needs 

of the human skin. Thus, skin can be a protective barrier against environmental aggressors but at 

the same time it regulates several aspects of physiology and can be a detector of heat, cold, touch 

and pain.  

The trend in research and development in the recent years lies in the field of multifunctional 

materials which mimic nature. There are several definitions of multifunctional materials. 

According to Christodoulou and Venables [1], a synthetic multifunctional material system is 

defined as a structural material that also exhibits at least one additional performance-linked 

function. Momoda [2] defines a multifunctional material as a composite or hybrid of several 

distinct material phases, in which each phase performs a different but necessary function, such as 

structure, transport, logic, or energy storage. Karlsson and Adeoue [3] assume that a 

multifunctional composite is capable of performing two or more functions simultaneously or 

consecutively. Summarizing, a material system, which contains nano- or micro- substitutes that 

could be either in the same or in a different phase from the main material, and exhibits either 

reinforced structural properties or demonstrates at least an additional function other than the one it 

usually serves, or the combination of the above, can be defined as a multifunctional material.  

A multifunctional material must fulfill the following requirements [1]:  

 The fillers shall have cooperative behavior with the main material 

 The design and the implementation of multifunctional structures shall be in tolerable time-

frames 

 Achieve customized properties with specific purpose 

 Easy in design 

 Scalable operation of multifunctional properties 

The multiple functions can be classified into structural functions, such as strength, stiffness, 

fracture toughness, and damping and into non-structural functions, such as electrical and thermal 



 Mechanical behavior of multifunctional and self-healing polymers and composites  

Panagiota Polydoropoulou – Doctoral Thesis  21 | P a g e  

 

conductivity, sensing and actuation, energy harvesting/storage, self-healing capability, 

electromagnetic interference (EMI) shielding, recyclability and biodegradability. 

In this direction, scientists have employed many nano- and micro-fillers in composite materials. 

Some of these materials are carbon nanotubes, flame retardants, self-healing microcapsules etc. 

 

2.1 MWCNTs-enabled materials 

 

Needle-like tubes consisting of rolled graphitic sheets, namely Multi Wall Carbon Nanotubes 

(MWCNTs) were first produced in 1991 by using an arc-discharge evaporation method, comprising 

2 up to about 50 graphitic sheets [4]. In addition to the arc-discharge method manufacturing 

technique, laser ablation as well as chemical vapor deposition (CVD) are also widely used for the 

production of CNTs. Figure 2-1 shows a typical MWCNT consisting of 3 graphitic sheets. A weak 

van der Waals bonding between the tubular planes and a strong covalent sp2-hybridized bonds in 

the tubular sheets [5] results in significant mechanical, electrical and thermal properties of the 

MWCNT. Regarding the mechanical properties of individual CNTs, several studies have been 

conducted in order to calculate the Young’s modulus of the CNTs [6], [7], [16]–[18], [8]–[15]. 

Table 2-1 summarizes their results regarding the Young’s modulus, of which the average value 

tends to 1 TPa. By taking into consideration their unique properties, a new class of composite 

materials, the CNTs reinforced composite materials has been developed in order to overcome 

common drawbacks of the conventional composite materials, e.g. low electrical conductivity, 

reinforcement of the weak matrix, etc. Previous investigation has shown that MWCNTs have 

definite advantages for the realization of composites with improved electrical conductivity and 

remarkable mechanical properties, such as impact resistance and vibration damping [19]–[21]. 

However, modification in the materials structure is associated with changes in the mechanical 

properties of the materials and hence in their structural performance. 
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Figure 2-1. Multi-walled carbon nanotube 

Approach 
Predicted Young's 

modulus (TPa) 
Reference 

Atomistic-based continuum model 0.9202/0.9448 Wernik & Meguid [6] 

Experimental (AFM) 1.2 Tombler et al. [7] 

Simple analytical approach 0.9 Kashyap et al.[11] 

Linear FEM  0.952–1.066 Tserpes & Papanikos [12] 

Shear lag model 0.897 Kashyap et al.[13] 

Linear FEM  1.248 Giannopoulos et al.[14] 

Nonlinear FEM 0.910-1.133 Meo & Rossi [15] 

MD 1.236–1.347 Jin & Yuan [16] 

Molecular structural mechanics 1.05 Li & Chou [17] 

Nonlinear FEM 1.325 Rafiee & Heidarhaei [18] 

Nano-scale continuum mechanics 1.033-1.042 Shokrieh & Rafiee [8] 

Structural mechanics 0.995-1.033 Li & Chou [9] 

Table 2-1. Literature regarding the predicted value of Young’s modulus of CNTs 
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2.1.1 Mechanical behavior of materials enhanced with MWCNTs under quasi-static 

loading 

A number of studies about the effect of MWCNTs on the mechanical behavior of epoxy polymers 

have been conducted [22]–[27]. Chang [22] investigated the effect of MWCNTs on the static 

mechanical behavior of epoxy polymers. At a concentration of 1 wt. %, the tensile strength was 

increased by approximately 4.5% as compared to the unfilled material, though a further increase 

of the MWCNTs concentration led to a slight decrease of the tensile strength. The MWCNTs 

influence on the flexural behavior was a slight increase of the flexural strength but, with increasing 

concentration, the flexural strength decrease exceeded 10%. The author assumed that this decrease 

may be attributed to the MWCNTs agglomerates in the matrix causing a poor interface between 

MWCNTs and matrix. Zhou et al [23] investigated the concentration effect of an enhanced epoxy 

with 0.1, 0.2, 0.3 and 0.4 wt. % CNTs on its flexural behavior. The maximum flexural strength 

increase was observed at a concentration level of 0.3 wt. % CNTs. The authors assumed that the 

increase of the flexural properties is attributed to the mobility restriction of polymer chains under 

loading due to the presence of the CNTs. On the other hand, at a concentration of 0.4 wt. % CNTs, 

the specimens initially exhibited an increase in their stiffness, yet they failed quickly in terms of 

both strength and elongation to failure; this was explained by the presence of CNTs agglomerations 

and the resulting stress concentration. The latter was assumed to have led to crack initiation and, 

hence, to quick failure. According to Ayatollahi et al [24], the highest critical stress intensity factor 

KIC increase was recorded at a concentration of 0.5 wt. % of MWCNTs in the resin; further 

MWCNTs increase tended to decrease the KIC value. Furthermore, the authors found a correlation 

of the KIC fracture toughness, the tensile properties, as well as the electrical conductivity with the 

MWCNTs aspect ratio. The results showed a considerable improvement in fracture toughness at 

the maximum aspect ratio attributed to a better load transfer due to the increased interface of 

MWCNTs with the matrix. 

A critical issue in order to obtain an improved performance of modified polymers with CNTs is 

the uniform dispersion of the CNTs into the matrix [26], [27]. Focused on facing this issue, Arun 

et al [26] investigated the effect of three different processing methods on the mechanical behavior 

of a filled epoxy resin with 0.1-0.2 wt. % MWCNTs. The results have shown an increase of the 

compressive strength for the two of the three methods used; the authors assumed that the key 

parameter for the significance of this increase was the dispersion homogeneity. However, the third 
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processing method provided the opposite result. The compressive strength of the material 

processed was decreased by 10%. According to the authors this method led to the chemical 

debonding between the epoxy and the MWCNTs, decreasing the properties of the nanocomposite. 

Gkikas et al [27] have identified the MWCNTs dispersion into the epoxy system to be the key 

parameter for both thermo-mechanical and toughness properties of the enhanced polymer. It is 

found that depending on the combination of the MWCNTs concentration and the sonication 

duration, both KIC and GIC fracture toughness values were appreciably increased; best results were 

achieved in the case of reinforcing the polymer with 0.5 wt. % MWCNTs at 1 h sonication. During 

sonication, MWCNTs agglomerates untangle, which allows to obtain an efficient dispersion. 

However, a too long sonication time may have adverse results; it may reduce the MWCNTs aspect 

ratio or may form a cleavage on the surface graphene layers of MWCNTs. 

 

 

2.1.2 Mechanical behavior of materials enhanced with MWCNTs under fatigue loading 

 

Aircraft structures are subjected to fatigue loading, leading to failures which are occurred beneath 

the Ultimate Strength. Investigations available in the open literature on the fatigue behavior of 

epoxy polymers enhanced with both MWCNTs and flame retardant could not be identified. 

Nevertheless, previous studies [28]–[30] on the fatigue behavior of epoxy filled only with 

MWCNTs have shown ambiguous results depending on the level of MWCNTs dispersion into the 

epoxy. Loos et al.[28] investigated the effect of the incorporation of 0.19 ± 0.0042 wt. % MWCNTs 

into an epoxy on the tension-tension cyclic fatigue behavior. During the production of the 

copolymer, some large MWCNTs agglomerates were removed. Fatigue tests were performed at a 

stress ratio of R=0.1 in the range of 25 to 50 MPa. The results showed a significant enhancement 

at the low-stress levels for the filled epoxy system, which was attributed to the crack-bridging and 

pull-out mechanisms of MWCNTs. Moreover, Jen and Huang [29] investigated the effect of as-

received and acid-treated MWCNTs on the fatigue behavior of epoxy resin. The selected 

concentration was 0.5-1 wt. % and the fatigue tests were performed at a stress ratio of R=0.1 in the 

range of 30 to 60 MPa. An appreciable improvement in the fatigue life was observed for the filled 

epoxy with both types of 0.5 wt. % MWCNTs as compared to the neat epoxy. However, the 

increase of the MWCNTs concentration led to the fatigue behavior degradation. A larger 
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degradation was observed for the as-received MWCNTs. The presence of MWCNTs 

agglomerations was the reason for the deteriorating effect on the fatigue behavior. On the other 

hand, the pull-out of CNTs as well as the CNT bridging across cracked matrix proved to be the 

main improvement mechanisms. Yu et al. [30] investigated the effect of 0.5 wt. % MWCNTs into 

an epoxy resin. Micrographs revealed a uniform dispersion of MWCNTs. The incorporation of 

MWCNTs into the epoxy has significantly extended their fatigue life in the range of the high stress 

levels, and less significantly in the range of the low stress levels. 

 

2.1.3 Mechanical behavior of materials enhanced with MWCNTs under compression after 

impact loading 

As far as the CAI behavior of composites filled with CNTs is concerned, Ashrafi et al [31] studied 

the CAI behavior of enhanced with 0.1% (by wt.) of SWCNTs carbon fiber/epoxy laminates. A 

5% reduction in the damaged area after impact was found. The CAI strength was increased by 

3.5%, however the standard deviation was more than 4.5%. The influence of MWCNTs on CAI 

behavior has also been investigated by Kostopoulos et al [32], where impact tests were conducted 

at different energy levels (2 J, 8 J, 12 J, 16 J, 20 J). The delamination area after impact was found 

reduced while the CAI strength was increased around 12-15% for the doped specimens.  

On the other hand, a degraded CAI behavior was found in References [33]–[35]. Siegfried et al 

[33] investigated the CAI behavior of woven carbon fiber/epoxy composites enhanced with 

MWCNTs. In all cases a CNT content of 0.25% (by wt.) was diluted in the epoxy matrix. The 

results showed an increase of the delaminated area after impact for the filled materials as compared 

to the delaminated area observed for the unfilled material. The residual compressive strength was 

either similar to the one observed for the unfilled material, or decreased. Microscope results showed 

extensive matrix cracks for the enhanced material. Therefore, it was assumed that CNTs may act 

as stress concentrators rather than as reinforcement due to the CNT agglomeration during 

dispersion.  

Furthermore, studies [36], [37] on the low-velocity impact behavior of woven laminate composites 

reinforced with functionalized MWCNTs showed an increase in the damaged area after impact of 

the enhanced with MWCNTs composites as compared to the unfilled material. Specifically, 

Taraghi et al in [36] investigated the low-velocity impact response of composites enhanced with 

0.3, 0.5, 1.0% (by wt.) MWCNTs. The same energy level of 45 J was sustained in all impact tests. 
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The extent of the damaged area on the back side of the specimens for the enhanced with 0.5% (by 

wt.) MWCNTs composites was reduced as compared to the neat specimens. On the other hand, the 

addition of 1.0 % (by wt.) MWCNTs resulted in a larger damaged area. The author yielded the 

increase in the damage development to the existence of nanotubes agglomerates.  

 

2.2 Flame retardants: Polyhedral oligomeric silsesquioxanes (POSS) 

Silsesquioxanes are nanostructures with an empirical formula (RSiO1.5)n, where R can be a 

hydrogen atom or an organic functional group, e.g., alkyl, alkylene, acrylate, hydroxyl or epoxide 

unit. The structure of silsesquioxanes can be random, ladder, cage or partial cage, as shown in 

Figure 2-2[38]. The cage structure, so called Polyhedral oligomeric silsesquioxanes (POSS), is the 

most widely used in polymer-based systems due to their ability to allow property modification at 

molecular level. POSS have been successfully incorporated in main polymer systems such as 

polyolefins, polyesters, polyamides, styrenics, acrylates, polyurethanes, thermosettings and others 

showing increased use temperature and oxidation resistance, improved mechanical properties as 

well as reduced polymer flammability [39]. 
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Figure 2-2. Silsesquioxanes structure [38] 

The incorporation of a flame retardant into the polymer matrix addresses the need to enhance the 

flame resistance in the polymer composite structures for safety issues. POSS are hybrid 

inorganic/organic compounds with an inner inorganic core, which is occupied by the silicon and 

oxygen components and external organic substituents that make them compatible with most 

polymers [40]. POSS compounds can be incorporated in a polymer system through 

copolymerization, simple blending or chemical linking. Through copolymerization, the 

macrophase separation due to the aggregation of POSS units can be avoided thanks to covalent 

bond formation between the POSS compounds and the polymer [41]. The success of physical 

blending depends on compatibility of POSS particles with the polymers. The chemical linking 
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involves synthetic procedures that make difficult the commercialization of the resulting composite, 

even though this procedure results in covalent bonding [40]. 

Raimondo et al [42] studied the flame-retardancy properties of enhanced epoxy systems with 5 wt. 

% POSS compounds by measuring the Limiting Oxygen Index (LOI) and the Peak Heat Release 

Rate (PHRR). For the flame retardancy tests, specimens of 100 x 100 x3 mm3 were forced to 

ignition. High LOI and low PHRR values evidence a flame-resistant material. The GPOSS (Figure 

2-3) compound was proved to be the most promising flame retardant to enhance the resin. The 

results showed a LOI value of 33 and a PHRR value of 327 KW/m2 as compared to 27 and 540 

KW/m2 of the unfilled resin, respectively. In the same study, the effects of MWCNTs combined 

with GPOSS as well as the effects of the two additives separately on the flame resistance were 

assessed. Comparable flame resistance values were obtained for the case of the filled only with 

MWCNTs material as compared to the unfilled resin. On the other hand, the lowest value of the 

PHRR was obtained by the combination of MWCNTs and GPOSS. In Figure 2-4 the results 

obtained regarding the residues of the specimens enhanced with POSS compounds with different 

organic substituents at the end of combustion under cone calorimeter are illustrated. 

 

 

Figure 2-3. Glycidyl POSS (GPOSS) for n=8 (IASS R= (C6H11O2)n where n=8,10,12) 
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Figure 2-4. Flame retardancy test results: Residues of specimens enhanced with POSS 
compounds with different organic substituents [42] 

Open literature works concerning the mechanical behavior of epoxy polymers enhanced with POSS 

compounds are up to now very limited. In [43], Jones et al studied the tensile properties of an epoxy 

resin containing 1, 3, 5 wt. % POSS compounds. The tensile results showed an increase of yield 

strength and modulus of the enhanced polymer as the POSS concentration was increasing, which 

was attributed to the small size of POSS which restricts the mobility of the polymer chains under 

loading. Moreover, Fina et al [39] investigated the effect of the addition of three different types of 

polysilsesquioxanes in a rather different type of resin, a non-structural polypropylene (PP), on its 

tensile behavior. Methyl (Me)-, vinyl (Vi)- and phenyl (Ph) polysilsesquioxane were blended into 

the polymer matrix. POSS were loaded into the polymeric matrix at 1.5% and 5% of inorganic 

fraction. The tensile test results showed an increase in the elastic modulus and the yield stress for 

the vi-PSS, which retained its homogeneity in the filled state. Due to the presence of micron-sized 

aggregates of the POSS substituents into the polymer, me- and ph-PSS exhibited a degraded tensile 

behavior as compared to the unfilled polymer. The authors stated that not only the nature of 

substituent but also the dispersion of PSS are influencing the mechanical behavior; in particular, a 

more improved flame resistance as well as tensile behavior was obtained with vi-PSS, which is 

attributed to the homogeneous dispersion.  
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2.3 Composites containing MWCNTs and flame retardants  

Adding nanocages and carbon-based nanoparticles to an epoxy matrix can enhance its 

multifunctional performance [44]–[46]. This strategy is particularly effective in yielding high 

performance composites, when the nanoadditives, such as nanocages and nanoparticles, are well 

dispersed in the epoxy matrix and the properties of the nanoscale filler are substantially different 

or better than those of the matrix [19]–[21], [46]–[48]. A distribution of nanoadditive at nanoscale 

level in the composite can offer improvement of physical properties, such as enhancement in the 

electrical conductivity and fire resistance, which are substantially absent in the unfilled resins, 

effectively modifying the nature and performance of the original material [49].  

Polymeric materials are ideal candidates to develop multifunctional materials with enhanced 

tailored properties, due to their ability to be reinforced with different forms of additives and 

nanofillers. 

 As reported above, both MWCNTs as well as POSS compounds may produce polymers with 

improved electrical conductivity, as well as fire resistance [50]–[53]; both features are relevant for 

the design of a variety of applications ranging from simple applications to aeronautics and space 

applications. Furthermore, CNTS are found to be effective in medicine, as biomaterials in Tissue 

Engineering, load-bearing implants, and Neuron Engineering [54]–[56]. In addition, the interaction 

of POSS compounds with atomic oxygen may enable self-healing capabilities in satellite 

applications [57]. However, it is obvious that modifications in the materials structure are associated 

with changes on their mechanical behavior and hence on structural performance.  

To take advantage of the improved electrical conductivity and flame resistance and to better 

understand the field of applicability, there is the need to assess the effect of both additives on the 

mechanical behavior of the material. In fact, although many studies deal with the effect of 

MWCNTs or POSS compounds on the mechanical properties of the composites, there is only a 

limited number of studies performed on the simultaneous effect of both additives on mechanical 

behavior of the composites [46], [58]. Researches related to the crack growth rate measurement on 

double cantilever beam (DCB) specimens made of a carbon-fiber fabric-reinforced multifunctional 

epoxy composite constituted by GPOSS and MWCNTs embedded in epoxy formulations 

highlighted relevant benefits from an industrial point of view. In particular, the specimens 

enhanced by CNTs and GPOSS highlighted a significant decrease in the fatigue crack growth rate 

of approximately 80%. The crack growth rate was also observed to be significantly related to the 

interface of the weft and warp tows of the plain weave [58], [59].  
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De Farias et al [60] synthesized a hybrid composite based on an epoxy resin modified with 

silsesquioxanes reinforced with MWCNTs and studied its tensile behavior. The results showed a 

moderate increase by no more than 15% of the tensile strength. Scanning Electron Microscope 

(SEM) analysis revealed some areas on the fracture surfaces rich in MWCNTs indicating the need 

for optimization dispersion techniques. Kadlec et al [61] studied the mechanical behavior of carbon 

fiber–reinforced epoxy composites enhanced with 0.5 wt. % MWCNTs as well as 5 wt. % Glycidyl 

POSS (GPOSS). An approximately 10% decrease in the mechanical properties, namely tensile, 

three-point-bending, interlaminar shear strength as well as GIC fracture toughness properties was 

found; the authors assumed that the decrease was associated with possible CNTs agglomerations 

on the fracture surface of the Double Cantilever Beam (DCB) specimens used in GIC fracture 

toughness tests. 

As far as the electrical conductivity is concerned, the obtained values for the electrical conductivity 

of the filled with both MWCNTs and GPOSS resin is 3.5X10-3 S/m; it is appreciably higher as 

compared to 8X10-13 S/m of the unfilled material. It was found [62] that the electrical percolation 

threshold (EPT), i.e. the transition from the insulating to conducting electrical behavior is exceeded 

for a MWCNTs concentration value ranging between 0.1 and 0.32 wt. %. 

 

 

2.4 Self-healing multifunctional materials 

 

A new class of materials, the so-called self-healing materials have been developed in the last 

decades attempting to simulate the behavior of the living organisms, specifically the ability to heal 

their own wounds. The healing process of the living organisms is a complicated cascade of multiple 

events involving the interaction of multiple cellular and molecular structures which act 

simultaneously aiming to heal the wound by forming new tissue [63]. In this regard, many attempts 

have been already made to develop efficient self-healing materials [64]–[71]. The main self-healing 

mechanisms are the intrinsic, as well as the extrinsic autonomous and non-autonomous healing. 

Some main techniques are illustrated in Figure 2-5. One of the most popular self-healing concept 

is the encapsulation system introduced by White et al. [72] due to the very promising perspectives 

for  the Material Design. 
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Figure 2-5. Classification self-healing polymers [70] 

 

 

 

2.4.1 Self-healing materials containing microcapsules  

Polymers and polymeric matrix composites have been the materials of choice for a variety of 

applications ranging from vehicles to electronics, as well as to aeronautical structures. In service, 

polymers and composites may exhibit different kind of damage like matrix micro-cracking and 

delamination, fiber–matrix debonding or fiber fracture [73], which is associated to inspection and 

repair costs [74] and also may threaten the safe operation of the structure under consideration. 

Therefore, materials offering the potential of restoring their functionality represent desirable 

candidates for damage sensitive structures. Self-healing materials are a new class of 

multifunctional bio-inspired materials capable of restoring their structural integrity in case of a 

damage. A variety of novel strategies have been developed for recovering partially or fully the 

mechanical properties of a material [75], [76]. The main self-healing techniques introduced so far 

are capsule based, intrinsic and vascular self-healing approach [77].  
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One of the most popular techniques is the microencapsulation concept demonstrated by White et 

al. [72]. In this study, 10 wt% microcapsules filled with dicyclopentadiene (DCPD) and 2.5% 

Grubbs’ catalyst were incorporated into the epoxy matrix. The self-healing was achieved through 

ring-opening metathesis polymerization (ROMP). During crack propagation the microcapsules 

containing the healing agent were ruptured, releasing healing agent into the crack plane triggering 

the polymerization assisted by the embedded catalysts and hence healing the crack faces by filling 

them with the released agent. The self-healing efficiency was assessed through mode I fracture 

toughness tests using a TDCB geometry and defined as the ratio of fracture toughness of healed 

specimens to the fracture toughness of specimens filled with microcapsules before healing. A 75% 

recovery of the fracture toughness was achieved. The results from environmental scanning electron 

microscopy (ESEM) revealed the presence of polymerized healing agent on the fracture surface. 

The interlaminar shear strength as well as the interfacial debonding behavior of FRPs containing 

self-healing microcapsules have been investigated by Sanada et al. [78], [79]. They investigated 

the healing efficiency by evaluating the energy absorbed during the ILSS testing before and after 

the healing period. The effect of the microcapsules concentration as well as the effect of the 

stacking sequence have been studied. The results showed an increase of the self-healing efficiency 

of more than 70% for 40% microcapsules concentration. However, the effect on the ILSS strength 

was deteriorating. In the study of Sanada et al. [79], the interfacial debonding behavior of self-

healing FRPs was investigated. They incorporated 30 wt% microcapsules filled with DCPD and 

2.5 wt% Grubbs’ catalyst into a coating layer on the surface of the fiber strand. Tensile experiments 

using single-edge notched tensile (SENT) geometry to estimate the ability of a healed specimen to 

recover critical fracture load were carried out. After a pre-loading, the specimens (virgin test) were 

clamped in a vise and allowed to heal for 10 days at room temperature. After healing, the specimens 

were tested again until fracture. The self-healing efficiency was defined as the ratio of the 

difference between the critical fracture load of the healed specimen and the residual value of the 

load at the end of the virgin test to the difference between the critical fracture load of the virgin 

specimen and the residual value of the load at the end of the virgin test. A load recovery up to 45% 

and 98% for the healed specimens with thickness of 2 mm and 3 mm was achieved respectively. 

Raimondo et al. [80] incorporated 18 wt% microcapsules filled with 5-ethylidene-2-norbornene 

(ENB)/DCPD and 5 wt% HG1 catalyst into epoxy matrix. Delamination damage was introduced 

to the composite panels to analyze the morphological features of the damaged surfaces. The healing 

efficiency of the Carbon Fiber Reinforced Polymers (CFRPs) was highlighted by means of atomic 
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force microscopy (AFM) and field emission scanning electron microscopy (FESEM). Moreover, 

hail and drop tests were performed followed by non-destructive inspection (NDI). Images from 

AFM revealed healed micro-cracks in the form of thin strands and a good distribution of the 

microcapsules along the carbon fibers of the panel. The images from the FESEM showed the 

presence of the polymerized healing agent on the fracture surface. Results from NDI after hail and 

drop tests revealed no cracks in the panels. 

Guadagno et al. [81] investigated the effect of the curing cycle and the matrix composition on the 

mechanical properties of self-healing systems based on epoxy resins enhanced with 10 wt% 

microcapsules filled with ENB and 5 wt% HG1 catalyst. A series of tensile and compression tests 

as well as fracture toughness tests using TDCB specimens were conducted. The results showed 

that the mechanical properties of the self-healing material were dependent on both the matrix nature 

and the curing cycle. Under tensile loading, the material exhibited a brittle behavior, however, 

under compressive loading the material behaved as a ductile polymer. Furthermore, a sufficient 

compatibility was achieved between the microcapsules and the polymer matrix leading to a self-

healing efficiency over 80% for all self-healing systems investigated.  

A large number of studies have been conducted in order to optimize parameters of the 

microencapsulation technique such as the microcapsules content, size and concentration, catalyst 

concentration etc. Brown et al. [82] investigated the effect of different microcapsule diameter sizes 

(50 μm, 180 μm, 460 μm) and concentrations on the fracture behavior of a self-healing polymer. 

In this frame, the increase of the microcapsules concentration resulted in an increase on the initial 

fracture toughness. At the lower concentration, the highest decrease of the diameter of the 

microcapsules led to the maximum fracture toughness. As far as the healing efficiency is 

concerned, it was revealed that it is dependent on both microcapsule size and concentration. The 

combined selection of microcapsule concentration and size led to a self-healing efficiency over 

70%. 

Kessler et al. [83] incorporated 20 wt% microcapsules filled with DCPD and 5 wt% Grubbs’ 

catalyst in CFRPs epoxy matrix composites. The self-healing efficiency was assessed through 

fracture toughness tests using WTDCB geometry. To estimate the effect of the temperature on self-

healing efficiency, self-healing specimens were healed at an elevated temperature. The results 

demonstrated a 45% recovery of the interlaminar fracture toughness at room temperature and over 

80% at healing temperature 80oC. This indicated that the self-healing efficiency was dependent on 

healing temperature. The results also revealed a reduction in the virgin interlaminar toughness for 
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the self-healing composite material. The authors stated that the reason for this degradation was due 

to the increased interlaminar thickness caused by the concentration of microcapsules and catalyst 

dispersion. Images from SEM of the fractured surfaces of the self-healing materials revealed 

broken microcapsules and catalyst cluster.  

Yang et al. [84] investigated the self-healing efficiency of carbon fiber reinforced epoxy T-joints 

stitched with poly(ethyleneco- methacrylic) acid (EMAA). At first, the self-healing efficiency of 

the composite T-joints was evaluated through tensile tests. The self-healing efficiency was defined 

as the percentage recovery in stiffness, ultimate load and absorbed energy. Additionally, the 

capability of the system to heal delamination cracks was also investigated through mode I 

interlaminar fracture tests using a DCB geometry. The results concerning the tensile tests 

demonstrated self- healing efficiencies of more than 50% in terms of stiffness, ultimate load and 

absorbed energy. As far as the interlaminar fracture toughness is concerned, the results showed a 

recovery of more than 150%.  

Moreover, a number of studies about improved mechanical properties by incorporating Carbon 

Nanotubes (CNTs) have been conducted [19], [46], [58], [85]–[87]. Specifically, Guadagno et al. 

[46] investigated a self-healing mechanism based on the creation of reversible hydrogen bonds. 

They incorporated 0.5% MTWCNTs into an epoxy matrix (TGMDA) which was enhanced with 

5% Glycidyl polyhedral oligomeric silsesquioxane (GPOSS). The self-healing efficiency was 

evaluated through Dynamic Mechanical Analysis (DMA) tests using a notched specimen. The self-

healing efficiency was defined as the percentage of the elastic modulus recovered. The same series 

of tests were also conducted for self-healing specimens containing only TGMDA and GPOSS. The 

results demonstrated that embedding MWCNTs as well as GPOSS can increase the relative elastic 

modulus of about 400% as compared to the unfilled material. The authors attributed this significant 

increase of the elastic modulus to the chemical interaction between the MWCNTs and GPOSS with 

the resin. 

Despite the progress achieved and the significant indications provided by several studies, the 

question concerning background physics remains open and evidence is needed to prove the 

activation of the self-healing mechanism in case of damage caused when complicated material 

systems are mechanically loaded. 
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3. Experimental Investigation of multifunctional materials enhanced with 

MWCNTs and POSS compounds 

3.1 Materials  

The materials have been produced by the University of Salermo and Carbures Europe S.A. in the 

frame of the European project IASS [88]; they have been optimized with regard to electrical 

conductivity and flame resistance. The material investigated has been an epoxy polymer enhanced 

with 0.5% (by wt) MWCNTs as well as MWCNTs and either 5 wt% GPOSS or DPHPOSS. In 

order to make a comparison feasible, unfilled material has also been used, referred to hereafter as 

‘reference’. 

The epoxy matrix formulation is based on a tetrafunctional epoxy precursor (TGMDA) under the 

commercial name RTM6-2 [89], which is a two-component resin designed to fulfill the 

requirements of the aerospace industry. The operation service temperatures range from -60°C up 

to 120°C. However, the resin used in this study differs from the commercial one since only one 

type of hardener is used instead of a mixture of hardeners used in the commercial resin. 

The epoxy matrix has been prepared by mixing a tetraglycidylmethylenedianiline (TGMDA) with 

epoxy reactive diluents 1-4 butanedioldiglycidyl ether (BDE) at a concentration of 80%:20% (by 

wt.) combined with 4, 4’ Diamminodifenilsolfone (DDS), as hardener. 

The CNTs used were NANOCYL NC3100 series thin MWCNTs, with an average diameter of 9.5 

nm and an average length of 1.5 μm. The carbon purity is greater than 95% with a metal oxide 

impurity lower than 5%. The selected MWCNTs concentration was of 0.5 wt. %. The selected 

concentration of the MWCNTs has been proved to offer sufficient electrical conductivity to 

composite aerostructures resulting to an effective dissipation of lightning currents during flight 

[62], [90], while the mixture is characterized by good dynamic mechanical behavior [91]. An ultra-

sonication for 20 min has been used in order to achieve a uniform dispersion of 0.5 wt. % MWCNTs 

within the epoxy matrix. This dispersion method has been chosen among others based on the results 

of the dynamic mechanical properties for a similar epoxy resin [92], [93]. 

The epoxy resin was filled with 5 wt. % POSS compounds in order to improve the flame resistance 

[53]. The viscous liquid Glycidyl POSS (GPOSS) was functionalized with oxirane rings. 

Concerning the DodecaPhenyl POSS (DPHPOSS), a non epoxy-soluble substance, was embedded 

in the epoxy formulation in the form of very small crystalline aggregates. An ultrasonication of the 

POSS compounds inside the liquid epoxy formulation had preceded the magnetic stirring at 120°C 
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in order to obtain optimal dispersion and eliminate the residuals [53], as shown in Figure 3-1. 

Optical stereo-microscope analysis was performed to evaluate the dispersion level into the epoxy 

resin. The results showed a very good level of GPOSS dissolution into the epoxy resin; 

nevertheless, very small aggregates of GPOSS into the epoxy resin have been revealed. On the 

other hand several aggregates of DPHPOSS molecules were detected [53]. The POSS nanoparticles 

are bonded covalently with polymer [88]. 

Consequently, the final formulations of the epoxy matrix were as follows: 

Epoxy RTM6-2 

Epoxy RTM6-2 + 0,5 wt. %CNT 

Epoxy RTM6-2 + 0,5 wt. %CNT + 5 wt. %GPOSS/DPHPOSS 

 

The material formulations as well as an overview of the tests performed are shown in Table 3-1. 

 

 

Figure 3-1. Scheme of the preparation procedure of the epoxy nanocomposites [49] 
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Tests Standard 

Specimen 

geometry 

Material formulation 

Epoxy Mixture 

(reference)  

Epoxy mixture 

with MWCNTs  

Epoxy mixture 

with MWCNTs 

& GPOSS            

Epoxy 

mixture 

with 

MWCNTs 

& 

DPHPOSS            

Tension 

ASTM 

D638-01 

Dog-bone shape 

165X13X3.5 mm3 

3 4 4 - 

Compression 

ASTM 

D695-02a 

7 x 7 x 14 mm3 5 - 5 - 

Flexural 

 ASTM 

D790-03 

 125X12.7X3.40 

mm3 

5 5 4 5 

GIC 

 ASTM 

D5045-99 

 SENB 48X12X6 

mm3  

3 3 3 3 

Fatigue 

ASTM 

D7791-12 

 Dog-bone shape 

165X13X3.5 

mm3 

13 7 8 6 

Table 3-1. Experimental series 

 

3.2 Experimental procedure of materials enhanced with MWCNTs and/or POSS under 

quasi-static loading 

Prior to mechanical testing, all specimens were subjected to C-Scan evaluation to ensure the 

absence of remarkable initial damage. The mechanical tests performed were tensile tests, 

compression tests, flexural tests and GIC fracture toughness tests.  

To compare the experimental results and determine whether there are any significant differences 

between the means of all the material groups, a statistical analysis (t-test, Bonferroni) was carried 

out. The significance level used for the p-value was 5%. 
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The results of the mechanical tests were discussed supported by SEM and EDS analyses. The SEM 

inspection was performed using a Zeiss SUPRA 35VP model. Concerning the technical data of the 

microscopy, a 1.7 nm resolution at 15 kV accelerating voltage in the high vacuum mode was used. 

The samples were gold coated (Baltec 005 sputer coater) in order to avoid surface charging. The 

elemental chemical analysis was performed in situ during the SEM microscopy. The SEM 

microscope was equipped with an EDS analyzer measuring the energy or wavelength distribution 

of the X-ray signal generated by the electron beam. 

Micrographs of the epoxy samples loaded with GPOSS and DPHPOSS molecules after ultra-

sonication and magnetic stirring in the oil bath were taken by means of an Olympus BX-41 

microscope with polarized optical light in transmission mode.  

3.2.1 Tensile tests 

The tensile tests have been conducted according to the specification ASTM D638-01 [94]. All 

tensile tests have been carried out using a Tinius Olsen testing machine with a 5 kN load cell. A 

constant crosshead speed of 1.5 mm/min was used. For each formulation four dogbone-shaped 

specimens type 1 were tested, except for the reference material where three specimens were used. 

The material formulations used for the tensile tests have been neat epoxy, epoxy filled with 

MWCNTs as well as epoxy filled with MWCNTs and GPOSS. 

To attain information about the axial and transverse strain during the tensile tests, biaxial strain 

gauges were applied at the center of the specimens. 

3.2.2 Compression tests 

For the determination of the compressive behavior of plastics, the equipment used and the 

procedure followed meet the specifications according to the ASTM D695-02a [95]. Compression 

tests were performed using an MTS servohydraulic test machine with a capacity of 100 KN. For 

each formulation, five 7 x 7 x 14 mm3 prism shaped specimens have been carefully machined to 

ensure smooth and parallel surfaces. A special device was utilized to ensure the specimens 

alignment during the test. The crosshead speed was set at 1.3 mm/min. 

The material formulations used for the compression tests have been neat epoxy as well as epoxy 

filled with both MWCNTs and GPOSS. The compressive behavior of polymer filled only with 

MWCNTs was not investigated in the present work. In a recent work carried out by other members 
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of the same research group, it was shown that due to the high aspect ratio of the MWCNTs 

considered in this work (~160), a local buckling of the CNTs occurs under compression; it results 

to inefficient load transfer which decreases the elastic modulus and the strength of the filled 

material [96]. 

3.2.3 Flexural tests 

The flexural behavior of the considered polymer formulations was determined using the equipment 

and the procedure according to the ASTM D790-03 Specification [97]. Three-point-bending tests 

were performed using an MTS servohydraulic test machine with a capacity of 100 kN. A 16:1 span 

to thickness in an adjustable device with the use of screws was used. The material formulations 

used for the flexural tests have been neat epoxy, epoxy filled with MWCNTs as well as epoxy filled 

with MWCNTs and GPOSS/DPHPOSS. For each formulation, five specimens 12.7 x 3.40 x 125 

mm3 were used, except for the filled material with MWCNTs and GPOSS where four specimens 

were used to evaluate the flexural behavior. The crosshead speed was in 14.7 to 15.8 mm/min range 

depending on the specimen thickness. The specimens were loaded up to failure. 

3.2.4 GIC Fracture toughness tests 

For the GIC fracture toughness assessment of the material formulation under investigation, the 

equipment used and the procedure followed meet the specifications according to the ASTM D5045-

99 [98]. Three-point-bending tests were performed using a static tension Tinius Olsen testing 

machine with load capability up to 5 kN. For the determination of the GIC fracture toughness the 

single-edge-notch bending (SENB) geometry was used. An initial sharp notch and a pre-crack of a 

= 6 mm total length were formed by machining. The material formulation used for the GIC fracture 

toughness tests have been neat epoxy, epoxy filled with MWCNTs as well as epoxy filled with 

MWCNTs and GPOSS/DPHPOSS. For the experiment conduction, three specimens 6 x 12 x 48 

mm3 from each material formulation were employed. The crosshead speed was set at 10 mm/min. 

The specimens were loaded up to failure. 
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3.3 Experimental procedure of materials enhanced with MWCNTs and/or POSS under 

fatigue loading 

For the determination of the fatigue properties, the equipment used and the procedure followed 

meet the specifications according to the ASTM D7791-12 [99]. Tension-tension fatigue tests are 

performed using an MTS servo-hydraulic test machine with a capacity of 100 KN. Aluminum tabs 

were used for gripping the plastic specimens in order to avoid fracture in the grips. The specimens 

were subjected to fatigue up to final failure. Fatigue tests were performed at a stress ratio of R=0.1 

and a loading frequency of 5 Hz, in a range of cycles to failure between 103 and 3X106 cycles. Prior 

to the fatigue tests, tensile tests were conducted according to the specification ASTM D638-01 [94] 

for the determination of the ultimate tensile strength. 

Prior to mechanical testing, all specimens were subjected to C-Scan analysis for detection of initial 

defects. According to the C-Scan results, no remarkable initial damage was detected for any of the 

specimens. 

Furthermore, the results of the fatigue tests were discussed, supported by SEM and EDS analyses. 

The SEM inspection was performed using a Zeiss SUPRA 35VP model. The samples were gold 

coated (Baltec 005 sputer coater) in order to avoid surface charging. The elemental chemical 

analysis was performed in situ during the SEM microscopy. The SEM microscope was equipped 

with an EDS analyzer measuring the energy or wavelength distribution of the X-ray signal 

generated by the electron beam. 

 

3.4 Experimental procedure of materials enhanced with MWCNTs and/or POSS under 

compression after impact loading 

3.4.1 Impact tests 

The impact tests have been conducted according to the specification ASTM D7136 [100]. This test 

method determines the damage resistance of composite plates subjected to a drop-weight impact 

event. All impact tests have been carried out using an Instron Dynatup drop tower with a 

hemispherical striker tip. The specimens were fixed with the use of four clamps on each side, as 

shown in Figure 3-2. The specimens have been subjected to low energy impact level, ranging from 

25 to 30 Joules. By the subsequent evaluation, the energy losses due to friction during drop were 

neglected. 
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Figure 3-2. Impact device 

 

3.4.2 C-Scan evaluation 

 

Prior to impact, all specimens were subjected to C-Scan analysis. The specimens have been 

examined using the Ultrapac ultrasonic system and the Ultrawin software. A transducer of 10 MHz 

focused at approximately 20 mm has been used in order to obtain more precise results. All 

specimens have been evaluated for detection of initial damage. 

Following impact testing, the induced damage was initially detected through visible observation. 

Then, all specimens were subjected to a second C-Scan evaluation using the equipment and the 

parameters described above to detect possible delaminations, matrix cracks and extended fiber 

cracking caused by the impact. In order to evaluate the C-Scan results, an image analysis software 

was used. To make a quantitative comparison of the outcome of the C-Scan analyses manageable, 

the impact-induced material degradation is correlated to data obtained from C-scan graphs through 

the concept of the damage severity factor (DSF) [101]. DSF accounts for the varying severity of 

damage at different specimen locations. According to the above concepts, the ultrasonic signals 

and the severity of local damage may be correlated by a one-to-one relationship. For the correlation, 

a linear expression has been used. The damage parameter DSF is given by the relation  (3-1): 

 

 i
i κ1

A

A
ΣDSF    (3-1) 
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where A is the total specimen area, Ai is the area monitored by C-Scan for a given damage state 

and ki is the damage severity of the area Ai. 

In reference [101], DSF values were related to residual properties of composite laminates subjected 

to fatigue. In this work, the derived DSF values were related to residual compressive strength. 

 

3.4.3 Compression after impact tests 

 

Following to impact testing, the specimens were subjected to compression to determine the residual 

strength. For the determination of the residual strength properties of the impacted composite plates, 

the equipment used and the procedure followed meet the specifications of ASTM D7137 [102]. 

Compression testing has been performed using an MTS servohydraulic test machine with a 

capacity of 250 KN. For the installation of the composite plates, a stabilization device to minimize 

loading eccentricities and induced specimen bending has been used, as shown in Figure 3-3 [102]. 

The stabilization fixture is composed of multiple adjustable pieces that prevent out-of-plane 

displacements. For the compression test, the specimen was placed in the fixture and a compressive 

force was applied until a maximum force was reached and the load has dropped off about 30% of 

the maximum load. Acceptable types of damage pass through the damage induced by the impact 

test in the test specimens, meaning that the damage shall be formed across the center line of the 

specimen in the lateral direction. 

 

 

Figure 3-3. Compression stabilization fixture 
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3.4.4 Optical microscopy 

 

After the compression test, optical microscope evaluation was made to identify the damage 

features. The area of interest is the center cross-section, where the impact strike has taken place as 

well as the cross-section out of the boundaries of the impact damage. For the evaluation, specimens 

from both reference and filled material were sliced into stripes. 
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4. Results and Discussion of multifunctional materials enhanced with 

MWCNTs and POSS compounds 

4.1 Characterization of the material 

4.1.1 Microscopy analysis results  

Optical stereo-microscope analysis was performed to evaluate the dispersion level into the epoxy 

resin. The results showed a very good level of GPOSS dissolution into the epoxy resin, as shown 

in Figure 4-1a. The POSS nanocages are well distributed in the epoxy matrix [47]. As far as the 

DPHPOSS is concerned, it was dispersed in powder form. Mechanical stirring, ultrasonication as 

well as magnetic stirring at 120°C were applied aiming at a sufficient dispersion of DPHPOSS into 

the epoxy. However, microscopy results showed multiple DPHPOSS aggregates (Figure 4-1b), 

which indicates that this type of POSS compounds is not sufficiently compatible with the epoxy 

resin [53].  
 

 

Figure 4-1. Optical images of Epoxy Mixture + 5% GPOSS sample (a) and Epoxy Mixture + 5% 
DPHPOSS sample (b) after ultra-sonication and magnetic stirring in the oil bath 

4.1.2 SEM and EDS analysis results 

For a thorough investigation of the internal structure of the multifunctional materials and the 

mechanisms involved, especially regarding the CNTs agglomerates and possible POSS residuals, 

SEM and EDS analyses were carried out. To facilitate the detection of possible defects into the 

matrix, neat polymers were produced without carbon fibers. Moreover, the SEM analysis was also 

performed to polymers enhanced only with MWCNTs aiming to better understand the effects on 
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the mechanical behavior of each constituent, namely MWCNTs and GPOSS, separately. Figure 

4-2a refers to a specimen filled with MWCNTs, while Figure 4-2b shows a specimen filled with 

MWCNTs and GPOSS. Most of the CNTs agglomerations were formed in ellipsoidal or spherical 

shapes, as shown in Figure 4-2. Moreover, SEM images were used for the estimation of the mean 

diameter of the agglomerations. According to the area measurements, a mean diameter was 

calculated assuming a spherical shape of the agglomerations for consistency reasons. The results 

showed a mean diameter of 27 μm and 37 μm for the material enhanced with MWCNTs as well as 

with MWCNTs and GPOSS, respectively. A possible explanation for this difference may be 

attributed to the GPOSS residuals observed during the SEM analysis, as shown in Figure 4-2. The 

GPOSS residuals act as obstacles into the polymer; they make the CNTs distribution more difficult 

and facilitate the forming of agglomerations. Furthermore, a possible increase in the viscosity of 

the material due to the addition of POSS compounds would make the CNTs distribution more 

difficult leading to the forming of more agglomerations. As the carbon nanontube and the polymer 

are chemically and mechanically bonded through diffusion of the matrix polymer into the 

reinforcement resulting in the formation of an interphase, the incorporation of a viscous liquid into 

the polymer will result to an interphase with different chemical composition and thickness than in 

the case of the polymer without POSS compounds. However, the above assumptions have to be 

confirmed by further investigation. In [103], Kopesky et al investigated the thermomechanical 

properties of Poly(methyl methacrylate)s containing POSS compounds; it was found that a 

substantial increase in the viscosity, which was attributed to the retardation of chain relaxation 

processes is due to the synergistic effect of POSS cage structure and the chains of the blend. 

Furthermore, some indications of incomplete dissolution of GPOSS in the resin were observed; 

some residuals can be seen in Figure 4-2c. Figure 4-2c shows a 150μm GPOSS rich area with 

remarkably brittle surface. Across the GPOSS rich area, no grooves are observed; on the contrary, 

a smooth surface which indicates the brittle behavior of the GPOSS rich resin can be observed. By 

implementing the EDS analysis, Figure 4-2d was taken, which proves the presence of GPOSS 

residuals. The element Si refers to the GPOSS compound while the other elements refer to the 

resin. This observation may explain the observed increase of the damaged area in the case of the 

filled material. The MWCNTs agglomerates and the GPOSS residuals behave as defects and 

possible initiation sites for matrix cracks and delaminations [33], [36], [39], [104]. However, 

further conclusions about the fracture mechanisms would require further investigation. 
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The chemical composition of the epoxy nanocomposites MWCNTs & GPOSS compounds at the 

microscopic level was obtained using EDS analysis, as shown in Figure 4-3. Figure 4-3b-c was 

taken, which display the map data of Si, O, S and C for  all elements (Figure 4-3b) and separately 

(Figure 4-3c), respectively. The element Si refers to the GPOSS compound during the other 

elements refer to the resin. The bright areas indicate the presence of the specific element displayed 

at the bottom of each micrograph and highlighted with a different color associated with the type of 

element detected. The image of Figure 4-3c clearly proves the presence of GPOSS residuals. 

Furthermore, in Reference [49] the authors have implemented EDX analysis for both types of 

materials containing either GPOSS or DPHPOSS. The analysis results have shown that 

systematically more DPHPOSS than GPOSS aggregates remain dissolved into the matrix.  

Moreover, CNTs tend to be curved due to their increased length as compared to the diameter (aspect 

ratio≈156) and their limited bending stiffness. Figure 4-4 shows a fracture surface with curved 

CNTs. 
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Figure 4-2. SEM images of material enhanced with MWCNTs (a), material enhanced with MWCNTs 
& GPOSS (b), GPOSS aggregation (c) and EDS map data of Si, O, S, C (d) 

 

 

Figure 4-3. Epoxy rich in GPOSS (a) SEM image of GPOSS aggregates, (b) map data of Si, O, S, C 
and (c) map data of Si, O, S, C, separately 

 

Figure 4-4. SEM image of the fracture surface with curved CNTs  
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4.2 Quasi-static loadings results 

4.2.1 Tensile tests results 

The stress-strain curves recorded during the tensile test are illustrated in Figure 4-5. The curves 

were constructed using the strain data recorded by the strain gauges. The load data is taken by the 

load cell of the Tinius Olsen testing machine. To facilitate the comparison, representative curves 

of all material formulations were selected. As it can be seen, in all cases an almost linear behavior 

is exhibited and then a sudden brittle fracture occurs without significant deformations. 

The influence of the considered additives on the tensile properties is displayed in Figure 4-6. The 

observed deviations are large. Specifically, for the reference material the deviations amounted to 

24%, 29% and 10.5%, for the filled material with MWCNTs 21%, 29.9% and 20.5%, and for the 

filled material with MWCNTs and GPOSS 25.5%, 38.7% and 9.5% concerning the tensile strength, 

tensile strain and the Young’s modulus, respectively. Large deviations were also observed in [26], 

[27], [61]. The values of the tensile strength are shown in Figure 4-6a. An enormous increase over 

120% (p-value = 0.004) is observed for the tensile strength of the material filled with MWCNTs 

as compared to the unfilled one. A similar observation was made in [27], where the maximum 

tensile strength increase reached 70% dependent on the optimization techniques of the dispersion 

of CNTs into the polymer. However, also in that case the results showed a large standard deviation. 

The addition of GPOSS into the polymer has led to a tensile strength reduction as compared to the 

polymer filled with MWCNTs. Nevertheless, the tensile strength of the material which is filled 

with both additives remains increased by more than 50% as compared to the unfilled one. Similar 

results are observed regarding the tensile strain, as shown in Figure 4-6b. The results concerning 

the Young’s modulus values are given in Figure 4-6c. It should be noticed that the results showed 

an appreciable deviation and no significant differences (p-value > 0.05) were found. 

 

 

Figure 4-5. Representative tensile stress-strain curves  
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Figure 4-6. Tensile strength (a), strain (b) and Young’s modulus (c) of reference material, material 
filled with MWCNTs and material filled with both MWCNTs and GPOSS. 

Inclusions into the matrix lead to stress concentration around them, resulting in a multiaxial state 

of stress, even under axial loading. Assuming a sufficient adhesion between the CNTs and the 

polymeric matrix, axial stresses are transferred to CNTs during tension [96] resulting in an efficient 

material reinforcement. On the other hand, CNTs agglomerations of a random shape act as 

inclusions and consequently as damage initiation sites. As far as the GPOSS is concerned, covalent 

bonding between the GPOSS and the polymer is supposed to prevent stress concentration and, 

hence, damage initiation. Nevertheless, possible incomplete dissolution of GPOSS forming 

aggregates may lead to local stress concentration resulting in additional damage initiation sites. In 

the case of the material enhanced with MWCNTs, their presence under axial loading seems to play 

a predominant role and also to overbalance the adverse contribution of large agglomerations. The 

incorporation of GPOSS into the polymer results in additional damage initiation sites due to the 

GPOSS aggregates and, hence, to a partial compensation of the beneficial effect of the CNTs. 

On the basis of the observed results, it can be concluded that an effective load transfer at the 

nanotube/resin interface seems to have been achieved, thus delivering the axial stresses to the 

MWCNTS [24], [25]. Improvements on the tensile behavior of materials filled with MWCNTs 
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have also been recorded in the literature [22], [105]. On the other hand, the incorporation of GPOSS 

into the resin should occur very carefully so as to prevent damage initiation. Since a decrease in 

the tensile strength has been observed, GPOSS dissolved parts seem to have been the main cause 

of the decrease. Apparently, the predominant role of MWCNTs on the tensile behavior 

overbalances the MWCNTs agglomerations as well as the reverse effect of GPOSS aggregates. In 

a similar manner, the synergistic effect of silsesquioxanes reinforced with MWCNTs in an epoxy 

resin led to a more than 10% increase in the tensile strength as it was found by De Farias et al [60]. 

It is worth mentioning that a reduced mechanical performance has also been observed by Fina et 

al [39] due to the presence of POSS aggregates.  

 

4.2.2 Compression tests 

The load versus displacement data obtained from the MTS servohydraulic test machine is plotted 

in Figure 4-7. To facilitate the comparison, representative curves of both material formulations 

were selected. An initial linear behavior is observed in both cases followed by a non-linear region 

forming a plateau. As shown in Figure 4-8, a 7.80% decrease of the compressive strength in the 

case of the material filled with MWCNTs and GPOSS was observed, which is considerably 

decreased (p-value = 0.004) as compared to the reference material. 

 

 

Figure 4-7. Compression load–displacement 
curves 

 

Figure 4-8. Compressive strength 
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CNTs are less efficient at effectively reinforcing the polymeric material under compression. As 

their aspect ratio increases, the buckling behavior of CNTs under compressive stresses becomes 

more pronounced, diminishing their ability to further carry loads. Curved CNTs have been revealed 

by SEM analysis shown in Figure 4-4 which justifies their limited effectiveness under compressive 

loading.  Moreover, the presence of large particles of MWCNTs agglomerates as well as GPOSS 

aggregates leads to local high stresses and, consequently, to local failures. 

To this end, the observed decrease in the compressive strength due to the combined effect of 

MWCNTs and GPOSS, can be justified considering on the one hand the ineffective load-bearing 

capability of the MWCNTs and on the other hand the presence of the inclusions, which have been 

revealed from the SEM and EDS analysis and shown in Figures 4-2, 4-3. Furthermore, a non-

uniform dispersion of the MWCNTs and GPOSS into the polymer may have caused local stress 

concentration supporting damage evolution. The results underline that the nanofillers homogeneity 

into the resin is a critical parameter for the mechanical behavior of the enhanced material. An 

ineffective MWCNTs dispersion [26] or a non-uniform GPOSS dispersion leading to residuals [39] 

results to the degradation of the mechanical behavior. 

4.2.3 Flexural tests 

Figure 4-9 illustrates the average stress-strain curves of each material formulation. A polynomial 

fit has been employed to represent the average of the obtained measurements of the total number 

of specimens for each material type. Data for the values and deviation of the flexural strength and 

modulus is given in Figure 4-10. As far as the flexural strength is concerned, the material filled 

with MWCNTs and GPOSS shows a higher reduction (p-value = 0.003) than the material filled 

only with MWCNTs (p-value = 0.016) as compared to the reference material (6% and 15% 

respectively), whereas the inclusion of DPHPOSS crystals determines a decrease of about 60% as 

compared to the unfilled sample. This behavior is most likely due to the morphological feature of 

the nanocomposite containing DPHPOSS, which, as described in previous section, results in the 

form of crystalline aggregates. On the other hand, an insignificant decrease (p-value > 0.05) in the 

flexural modulus is exhibited for the filled materials as compared to the reference one.  
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Figure 4-9. Average flexural stress-strain curves 

 

 

Figure 4-10. Flexural strength and modulus of all materials 

Under three-point bending, the upper part of the specimen is subjected to compression while the 

bottom part of the specimen to tension. Assuming a sufficient adhesion between the CNTs and the 

polymeric matrix, axial stresses are transferred to CNTs during tension [49], resulting in an 

efficient material reinforcement, overriding the effect of the inclusions. On the other hand, as their 

aspect ratio increases, the buckling behavior of CNTs under compressive stresses becomes more 

pronounced, diminishing their ability to further carry loads. Moreover, due to their high aspect ratio 

and low bending stiffness, CNTs become curved (Figure 4-4) which results in a limited 

effectiveness under compressive loading. In addition, the presence of large particles of MWCNTs 
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agglomerates as well as GPOSS aggregates leads to local high stresses and, consequently, to local 

failures.The observed values of the flexural properties are the interacting effect of the efficient 

mechanism of MWCNTs under tensile loading as well as the deteriorating effect of curved CNTs 

under compressive stresses and the presence of MWCNTs agglomerates. As also stated in [22], 

[23], [105], [106], MWCNTs agglomerates seem to be the reason for the decrease in the flexural 

behavior by further increase of the concentration of the MWCNTs into the material. In conclusion, 

a less pronounced effect on the flexural strength and flexural modulus seem to be attributed to the 

incorporation of CNTs into the polymer, while a significant effect on the flexural strength may be 

attributed to the incorporation of POSS compounds into the polymer and especially to the 

incorporation of DPHPOSS. Large DPHPOSS aggregates, as highlighted by the stereoscopy results 

(Figure 4-1), have led to a significant degradation of the above-mentioned parameter.  
 

4.2.4 GIC Fracture toughness test results 

The GIC load-deformation curves of each material formulation are derived using the load data 

obtained from the Tinius Olsen testing machine and shown in Figure 4-11. Using a linear fit to 

represent the average of the obtained measurements of the 3 different specimens for each material 

type, a linear behavior is exhibited up to the fracture for all cases investigated. As it can be seen in 

Figure 4-12, the addition of MWCNTs determines a slight decrease in the fracture load (10%). A 

further decrease of about 27% is observed by adding GPOSS compound, whereas for DPHPOSS a 

more pronounced decrease of about 55 % with respect to the unfilled sample is observed.  
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Figure 4-11. Average fracture toughness load-deformation curves 

The critical-stress-intensity factor, KIC, required for the crack propagation is calculated as: 

𝐾𝐼𝐶 = (
𝑃𝑄

𝐵𝑊
1

2

) 𝑓(𝑥) (4-1) 

 

where PQ is the maximum load, B is the specimen thickness and W is the specimen width. 𝑓(x) is 

a polynomial function where x is the ratio of the initial crack length to the width W. Since the 

geometrical requirements are satisfied, KIC is equal to KQ, according to Specification D5045-99 

[42]. The critical strain energy release rate, GIC, is given by the relation (4-2): 

 

 𝐺𝐼𝐶 = 𝑈
(𝐵𝑊𝛷)⁄  (4-2) 

 

where U is the corrected energy and Φ is an energy calibration factor, which may be computed by 

the relation (4-3): 

 

𝛷 = (
𝛢 + 18.64

𝑑𝐴
𝑑𝑥⁄

) (4-3) 
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where A is a polynomial function. 

The calculation results are shown in Figure 4-12. As exhibited above, the lowest KIC and GIC values 

are observed in the case of the material which is filled with both, MWCNTs and GPOSS/DPHPOSS 

material (p-value < 0.05). 

 

Figure 4-12. Fracture toughness KIC & critical strain energy release rate GIC 

 

The mechanisms involved in fracture toughness testing are more complex as compared to the 

uniaxial loading cases investigated so far in this study. With regard to the geometry of a SENB 

specimen, three-point bending is expected to cause essential tensile stresses at the plane along the 

crack tip. Therefore, one should expect that well-dispersed CNTs would increase the GIC values 

due to the strengthening effect of CNTs under tensile loading and possible crack bridging effects, 

as the propagating crack may meet the CNTs lying transverse to the crack propagation plane. On 

the other side, the material investigated in this study was found to include MWCNTs agglomerates 

as well as incompletely dissolved POSS compounds which act as defects causing a multiaxial stress 

state which facilitates the material failure. The results observed indicate that this deteriorating 

effect is overriding the beneficial effects of MWCNTs. The detrimental effect of the lack of 

dispersion homogeneity on the fracture toughness values was also observed in [24], [27]. 

Moreover, it has been found [107] that the incorporation of silicon-based release agents on the 

surface of CFRP adherend has led to a significant degradation of the fracture toughness of CFRPs. 
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4.3 Fatigue test results 

The S-N curves were produced by using the 4-parameter Weibull function; they are shown in 

Figure 4-13. The general Weibull function is defined by the Equation (4-4): 

 

𝑌 = 𝑃1 +
(𝑃2 − 𝑃1)

𝐸𝑋𝑃(
𝑙𝑜𝑔𝑋

𝑃3
⁄ )𝑃4

⁄  
(4-4) 

 

where Y is the fatigue stress and X is the number of cycles to failure, P1 is the intersection point 

with the vertical axis, which corresponds to the strength of the material and P2 is the fatigue limit. 

The Weibull coefficients are given in Table 4-1. 

 

 P1 P2 

Reference material 52.94 19.45 

Material enhanced with MWCNTs 60.62 18.05 

Material enhanced with MWCNTs 

& GPOSS 
33.99 9.46 

Material enhanced with MWCNTs 

& DPHPOSS 
29.93 8.00 

Table 4-1. Weibull coefficients (P1 = strength of the material, P2 = fatigue limit) 

The results do not allow for a univocal assessment of the effect of the incorporation of MWCNTs 

into the polymer on the fatigue life of the material. As shown in Figure 4-13, the incorporation of 

the MWCNTs into the polymer seems to downgrade the fatigue behavior at the moderate regime 

stresses. With regard to the improvement of the tensile behavior through enriching the polymer 

with MWCNTs, one might expect an improved fatigue behavior, especially at high stresses at >0 

R-values. The present results, although consistent with this expectation, are not enough to validate 

it. A slight decrease in the fatigue life is observed at the lower regime stresses; however, it gradually 

tends to coincide with the reference material resulting in a nearly same fatigue limit. The values of 

the fatigue limit are 19.45MPa and 18.05MPa for the reference and the enhanced material, 
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respectively. The further addition of the POSS compounds into the polymer which was enhanced 

with MWCNTs polymer has a significant deteriorating impact on the fatigue life, as compared to 

both reference material and material enhanced with MWCNTs. 

 

Figure 4-13. Comparison of all S-N curves for all types of material 

According to Zhang et al.[108] and Loos et al. [28] the crack-bridging effect and MWCNTs pull-

out seem to be the main mechanisms of the fatigue life enhancement in the case of the enhanced 

material with MWCNTs at the low and moderate regime stresses. However, the presence of 

inclusions into the matrix leads to stress concentration around them resulting in a multiaxial state 

of stress [109]. Larger MWCNTs assemblies of a random shape act as inclusions and consequently 

as damage initiation sites. Furthermore, the incomplete dissolution of POSS compounds may act 

as a deterioration factor in terms of embedded obstacles into the polymer, which makes the 

MWCNTs distribution more difficult and facilitates the increase of the dimensions of the 

MWCNTs agglomerations (Figures 4-2, 4-3). Another parameter which is of major importance for 

the mechanical behavior of the material, which is enhanced with MWCNTs, is the bonding level 

of the CNTs into the polymer. The interface thickness of the CNTs may indicate the bonding level 

of the CNTs into the polymer; a small thickness indicates a weak bond between the matrix and the 

CNTs.  

More extensive images obtained from the SEM inspection revealed the existence of the pull-out 

and the crack-bridging mechanisms, as shown in Figures 4-13, 4-14. Figure 4-14 refers to material 
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enhanced only with CNTs, while Figure 4-15 refers to material enhanced with both additives. 

Figure 4-14a shows a lot of CNTs pulled-out as well as voids formed by the fully pulled-out CNTs. 

A broken CNT across a crack is shown in Figure 4-14b, while the CNTs crack-bridging has been 

captured in Figure 4-14c-d. Figure 4-15a-b shows a lot of CNTs pulled-out as well as voids formed 

by the fully pulled-out CNTs. The CNTs crack-bridging has been captured in Figure 4-15c-d. 

Moreover, SEM images with a magnification range 30-70kx were used for the estimation of the 

interface thickness. More than 50 measurements for each type of material were obtained in order 

to calculate the average thickness of the CNT interface. The mean value of the CNT interphase was 

7.8 nm and 2.8 nm for the material enhanced with MWCNTs and the material enhanced with both 

additives, respectively. The CNT interphase of the material enhanced only with MWCNTs is 

almost three times larger compared to the material enhanced with MWCNTs and GPOSS, which 

indicates a strong bond of the CNTs into the polymer for the material enhanced only with CNTs. 

Furthermore, an evidence of the weak bonding between the CNTs and the polymer for the material 

enhanced with both additives can be found in Figure 4-15a-b, where it is clearly observed how 

easily the CNTs have been pulled-out. In addition, the change in the viscosity which was measured 

for the material enhanced with MWCNTs and GPOSS [110] can be assumed as one more evidence 

for the change of the interface thickness of the CNTs. 
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Figure 4-14. SEM images of material enhanced with MWCNTs. (a) Pulled-out MWCNTs, (b) pulled-
out and broken MWCNTs, (c)-(d) crack-bridging of MWCNTs 
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Figure 4-15. SEM images of material enhanced with MWCNTs & GPOSS. (a) MWCNTs 
agglomerates, (b) crack-bridging of MWCNTs, (c)-(d) pulled-out MWCNTs 

 

Therefore, the deteriorating effect of the MWCNTs agglomerations (mean diameter = 27 μm) is 

overriding the beneficial effects of the MWCNTs on the fatigue life, namely the pull-out and the 

crack-bridging mechanisms as well as the sufficient bonding (mean thickness = 7.8 nm) between 

the CNTs and the polymer. This has led to a slight decrease in the fatigue behavior at the moderate 

and low regime stresses and a decrease of the fatigue limit of 7.1% as compared to the reference 

material. 

The significant increase of the dimensions of the inclusions (mean diameter = 37 μm) as well as 

the weak bonding (mean thickness = 2.8 nm) between the CNTs and the polymer in the case of the 

material filled with both additives, MWCNTs and POSS, has remarkably downgraded the fatigue 

behavior resulting in a decrease of the fatigue limit by more than 50% as compared to the reference 

material. 
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4.4 Compression after impact 

4.4.1 Impact tests 

The mean contact force-time and energy-time curves recorded during the impact test of all 

specimens are illustrated in Figure 4-16. The graphs show a typical impact behavior of composite 

plates as it can be also found in the Literature [31], [32], [35], [104], [111], [112]. In Figure 4-16(a), 

almost the same values are observed for the first discontinuity in contact force as well as the peak 

contact force of both materials. However, the filled material shows systematically longer contact 

duration than the reference material. This duration discrepancy is likely due to creation of more 

damaged areas in the case of the filled material [33]. After the peak force, a more rapid load drop 

is observed in the case of the reference material as compared to the filled one. Concerning the 

energy versus time results, as shown in Figure 4-16(b), slight differences are observed. After the 

maximum impact energy value is reached, a slight drop leading to a constant energy is observed 

for both materials, reference and filled. The constant energy observed coincides with the absorbed 

energy by the specimens [111], [112]. The percentage of the energy absorption with regard to the 

impact energy given was 96% and 93% for the reference and the filled material, respectively; the 

deviation in both cases has not exceeded 3.5%. 

The results from the impact tests for both materials are given in Table 4-2. Each specimen is 

indicated with a sequence number at the first column of Table 4-2 and the rest columns show results 

concerning the maximum load and impact velocity, as well as the nominal and absorbed energy. 

 

 

Figure 4-16. Force-time (a), energy-time (b) curves for both materials, reference and filled 
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 Seq.No 
Maximum 

load (KN) 

Impact 

velocity 

(m/s) 

Impact 

energy (J) 

Absorbed 

energy (J) 

R
ef

er
en

ce
 m

a
te

r
ia

l 

1 5.14 2.75 27.50 26.91 

2 5.17 2.77 27.96 27.79 

3 5.25 2.74 27.75 26.65 

4 5.42 2.73 27.37 26.23 

5 4.73 2.76 27.44 26.98 

6 5.71 2.75 28.02 25.30 

7 4.79 2.85 29.57 29.11 

8 5.14 2.71 27.10 24.85 

 Average 5.17 2.76 27.84 26.73 

 Deviation 0.32 0.04 0.76 1.35 

F
il

le
d

 m
a

te
r
ia

l 

1 5.42 2.73 27.47 25.89 

2 5.64 2.82 29.01 27.22 

3 5.78 2.70 26.98 24.05 

4 5.45 2.87 30.08 28.61 

5 4.66 2.77 28.32 26.23 

6 5.10 2.78 28.43 25.71 

7 4.61 2.84 29.23 29.12 

8 4.90 2.68 26.25 23.41 

 Average 5.20 2.77 28.22 26.28 

 Deviation 0.44 0.07 1.26 2.00 

Table 4-2. Impact results 

 

Permanent damage occurs after the impact test, such as indentation, delamination, matrix cracking 

and fiber breakage as indicated also in [113], [114]. Most of these deformations are visible through 

naked eye. A visible dent has been formed at the impacted (front) surface area, as it is shown in 

Figure 4-17(a). At the back side of the specimens, fiber breakage is obvious (Figure 4-17(b)). A 

similar type of damage is exhibited in both materials, reference and filled. 
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Figure 4-17. (a) Impacted area, (b) back side of the specimen 

 

4.4.2 C-Scan evaluation 

 

The internal damage has been detected through C-Scan analysis; representative results are 

illustrated in Figure 4-18. The graph refers to a reference (Figure 4-18(a) to (d)), as well as an 

enriched with MWCNTs and GPOSS specimen (Figure 4-18(e) to (h)) before and after impact test. 

As it can be seen in Figure 4-18, the red central circle indicates the damage caused by the impactor 

for both specimens. Yet, in the case of the enriched material the damage also expands out of the 

boundaries of the impacted area. A distinct increase in damaged area is shown in the case of the 

enriched with MWCNTs and GPOSS material. According to C-Scan graphs, the damaged area, 

which was calculated was 640±106 mm2 and 1090±174 mm2 for the reference and the filled 

material, respectively. Based on a statistical analysis using the t-test’s statistical significance with 

95% confidence level, the calculated p-value was 0.000 which indicates a significant increase for 

the measured damaged area of the filled material as compared to the unfilled one. 
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Figure 4-18. C-Scan graphs and corresponding DSFs of reference material before and after impact 
(a) to (d) as well as filled material before and after impact (e) to (h) 

 

The results in Figure 4-18 allow to compare the damaged areas of the impacted specimens, yet they 

do not account for the severity of the observed damage. An assessment of the damage severity 

caused by the impact tests can be made by involving the Damage Severity Factor concept (DSF) 

proposed in reference [101]. The parameters in Eq. (1) were derived by using an image analysis 

software. 

The calculated DSF values are given in Table 4-3 at the state ‘before impact’ and ‘after impact’ of 

both reference and filled materials. Each specimen is indicated with a sequence number at the first 

column of Table 4-3. In Figure 4-18 the calculated DSF values are matched to the corresponding 

C-Scan graphs; the damage severity (state) ‘1-ki’ is obtained according to the color palette scale. 

The results refer to a 70X50 mm2 portion of the specimen, from the total specimen geometry of 

150X100 mm2. The red central circle was set as the reference center, which corresponds to the 

impacted area. The calculations performed exhibit a similar DSF for the undamaged specimens of 
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both materials, reference and filled. A 30% increase is found for the damage severity of the filled 

material after impact. 

 

  Seq.No 

DSF 

before 

impact 

DSF 

after 

impact 

 Seq.No 

DSF 

before 

impact 

DSF 

after 

impact 

R
ef

er
en

ce
 m

a
te

r
ia

l 

1 0.10 0.22 

F
il

le
d

 M
a

te
r
ia

l 

1 0.13 0.30 

2 0.09 0.23 2 0.13 0.36 

3 0.06 0.20 3 0.10 0.35 

4 0.06 0.20 4 0.10 0.30 

5 0.09 0.24 5 0.10 0.27 

6 0.09 0.30 6 0.10 0.25 

7 0.09 0.21 7 0.09 0.32 

8 0.09 0.24 8 0.10 0.26 

 Average 0.09 0.23   0.10 0.30 

 Deviation 0.01 0.03   0.01 0.04 

Table 4-3. DSF before and after impact of both reference and filled material 

Since the energy absorbed by the filled material is equal or less than the impact energy absorbed 

by the reference material, it contradicts the observation of increased impact damage for the filled 

specimens. To explain this observation it is justified to assume that the addition of the nanofillers 

(MWCNTs and GPOSS) facilitates damage accumulation and spread. The observed increase of the 

damaged area in the case of the enhanced with MWCNTs material is consistent with results from 

the literature [33], [34]. According to Siegfried et al [33], CNT agglomerations were assumed to 

act more like rigid inclusions and stress concentrators supporting damage evolution. Still, in the 

case of a possible incomplete dissolution, the GPOSS residuals into the polymer matrix may also 

reduce the mechanical properties of the filled material, as it is indicated in reference [39]. 

4.4.3 Optical microscopy 

A deeper observation at microscale has revealed the damage seeded from the impact event. Taking 

also into account the obtained results from C-Scan graphs, a more extensive damaged area out of 

the boundaries of the impacted area is expected in the case of the enhanced with MWCNTs and 

GPOSS material. The shots are taken after the CAI tests; however, the damage origin of the impact 

event remains obvious. 

Figure 4-19(a) illustrates the undamaged state, while Figure 4-19(b) to (c) depict a widespread 

damage within (Figure 4-19(b)) and out (Figure 4-19(c)) of the impact boundaries. At the impacted 
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area fiber breakages, multiple matrix cracks and delaminations are introduced into both materials 

as shown in Figure 4-19(b). In the case of the reference material, the impact induced limited cone 

shape damage with extensive delaminations and fiber breakages. Considering the area out of the 

impact boundaries (Figure 4-19(c)), the traces of the impact damage are obvious in the case of the 

filled material; fiber breakages and matrix cracks are shown in Figure 4-19(c). 

 

Figure 4-19. Optical microscope images of reference and enriched material after impact and CAI (a) 
undamaged cross-section, (b) central cross-section (c) out of the boundaries of impact damage 
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Siegfried et al [33] found also an expanded and more severe damage condition in the case of the 

enhanced with MWCNTs material. According to the author, CNT agglomerates act in this case 

more like rigid inclusions and stress concentrators, resulting in more matrix cracks which act as 

initiation sites for delaminations. 

 

4.4.4 Compression after impact tests 

 

The results obtained from optical microscope and SEM investigation are consistent with the 

following results of the CAI tests. Since a larger damaged area due to impact event is attained in 

the case of the filled material, a more severe material degradation as compared to the reference 

material is expected. A larger damaged area is associated with an increased loss of the CAI strength. 

A typical case for the CAI tests performed is a sudden fracture when the maximum load is reached. 

The fracture is developed across the specimen center line in the lateral direction. 

The load-displacement curves of both reference and filled material are shown in Figure 4-20. 

Similar curves were found in [31], [32]. As it can be seen in Figure 4-20(a), concerning the 

reference material a linear load-displacement curve until the maximum load is obtained, while in 

the case of the filled material (Figure 4-20 (b)), not all specimens demonstrate a linear curve and 

the standard deviation is larger. 

In total, the compressive residual strength was appreciably reduced (p-value=0.005) in comparison 

to the reference material, based on the same statistical analysis (t-test), as described above. The 

compressive strength was 158±8.5 MPa and 133±19 MPa for the reference and the filled material, 

respectively. Figure 4-21 illustrates the type of fracture of both reference and filled material across 

the center line in the lateral direction; almost all specimens have fractured in a similar way. The 

marked areas indicate initial defects which were formed at the production stage and were revealed 

during the initial C-Scan analysis. 
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Figure 4-20. Load-displacement curves for compression test of reference (a) and enriched (b) 
material 

 

 

Figure 4-21. CAI damage of reference (a) and enriched (b) material 

Reduced strength after impact due to the addition of nanofillers after the impact is also reported in 

references [33], [34]. E.g., Ozgultenkin [34] found a reduced compressive strength of about 7%, 

with the addition of only 0.01-0.05% (by wt.) MWCNTs into the composite materials. 

The reduced residual strength in the case of the enhanced with MWCNTs and GPOSS material can 

be attributed to the large increase of the damaged area as well as of the severity of damage in the 

form of more extensive delaminations, matrix cracks and fiber breakage after the impact test, as 

exhibited above, and is also reflected in the higher DSF values obtained for these specimens (Table 

4-3, Figure 4-18). The more extended damage may be attributed to the CNTs agglomerations in 

the matrix [33], [36], [104]. 
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It should be noticed that the contribution of GPOSS in the reduction of the compressive strength 

remains unclear. However, a reduction of the mechanical behavior in the case of a non-uniform 

dispersion has been noticed by Fina et al [39]. Separating the effects of GPOSS and MWCNT is 

complex and should be part of a further research. 
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5. Multi-scale modeling of polymer enhanced with MWCNTs 

5.1 Introduction 

 

Different forms of Carbon have paved the way to innovative emerging technologies by developing 

multifunctional materials with enhanced tailored properties. Multi-walled carbon nanotubes 

(MWCNTs) are considered to provide excellent mechanical and multifunctional properties to 

polymers in terms of electrical conductivity, thermal properties etc. [50], [52], [115]; features 

which are very important for the aircraft structures. 

A large number of investigations available on the mechanical behavior of composite materials 

enhanced with MWCNTs have shown opposing results [22], [87], [116]; it has been found that the 

mechanical properties of the materials enhanced with CNTs remain almost the same, or show a 

moderate improvement or even undergo deterioration. It seems that a large number of CNT 

parameters, e.g. aspect ratio, dispersion, waviness, interphase bonding, etc. influence the behavior 

of the enhanced material. By studying the mechanical behavior experimentally, it is difficult to 

distinguish and isolate the impact of each parameter comprehensively. For this reason, many 

analytical studies [117]–[119] have been conducted in order to simulate the effect of the CNTs 

agglomerations and the waviness by using Mori-Tanaka or Eshelby’s models; however, they 

involve generalized assumptions for the shape of both CNTs and agglomerations. 

In this context, Shi et al. [118] studied by means of a micromechanics model the effect of the 

agglomerations as well as the waviness. The authors assumed that the agglomerations act as 

spherical inclusions and they considered the waved CNTs as spiral-shaped inclusions. It has been 

found that both agglomerations and waved CNTS significantly reduce the stiffening effect of 

CNTs. Furthermore, Pan and Bian [117] investigated the effect of the CNTs agglomerations on the 

elastic modulus of the reinforced polymer by developing a micromechanical model based on the 

self-consistent and Mori–Tanaka methods. The CNTs have been modeled as spherical inclusions 

representing the agglomerations as well as by assuming a random orientation of the CNTs into the 

matrix in order to derive the elastic properties. The results showed that a uniform CNTs distribution 

into the matrix could improve the elastic properties of the enhanced material; however, the CNTs 

agglomerations are found to significantly reduce the elastic modulus of the enhanced material. 
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On the other hand, the promising alternative 3D modeling of Carbon nanotubes has remained up 

to now limited due to the advanced modeling requirements. Only primitive design of a few number 

of CNTs representing the agglomerations has been developed. Specifically, Chanteli et al. [120] 

have numerically investigated the effect of the CNTs agglomerates on the elastic properties of a 

CNTs/polymer material. For the modeling of the CNTs agglomerates, RUCs of 3, 5 and 10 CNTs 

have been developed by using one single pattern at each RUC. The results showed that by 

increasing the multitude of the CNTs, the elastic properties decrease. However, for increasing 

waviness, increased elastic properties have been found, which was attributed to the crimping of the 

CNTs leading to the alignment of larger parts of the CNTs. Furthermore, a multi-scale simulation 

approach for the prediction of the Young’s modulus of polymers enhanced with CNTs has been 

developed by Rafiee et al. [121], by taking into account several parameters such as the 

agglomerations, the waviness, etc. At the micro-level, the authors have investigated the interaction 

between the CNT and the polymer. For the modeling calculations, one single CNT has been used. 

At the macro-level, the non-uniform distribution of the inclusions has been investigated as well as 

the prediction of the mechanical properties has been made. One of the main results showed that the 

effect of the waviness on the Young’s modulus seems to be more negative than the effect of 

agglomerations. 

However, MWCNTs seem to be effective in reinforcing polymers only if a uniform dispersion 

without entanglements has been achieved [118], [121]–[124]; as the MWCNTs become more 

agglomerated and waved into the polymer, lower material properties should be expected [118], 

[120], [121], [124]. The dispersion process is a crucial parameter for an effective reinforcement, as 

the MWCNTs tend to be formed in agglomerations due to the weak Van der Waal forces between 

their tubes [125]. MWCNTs have large surface areas leading to the forming of agglomerations 

during the dispersion process due to the weak Van der Waal forces between their tubes [126]. 

Furthermore, as the MWCNTs aspect ratio increases, this phenomenon becomes more pronounced 

[127]. 

Although several studies on the effect of the MWCNTs distribution on the Young’s modulus have 

been conducted, limited results exist by using a more realistic RUC including a periodic geometry 

of multiple MWCNTs with random orientation and a more realistic waviness of MWCNTs with 

aspect ratio exceeding 150. 
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In this chapter, a multi-scale model simulating the effect of the dispersion, the waviness, the 

interphase as well as the agglomerations of MWCNTs on the Young’s modulus of a polymer 

enhanced with 0.4% MWCNTs (v/v) has been developed. RUCs have been employed for the 

determination of the homogenized elastic properties of the CNT/polymer. The elastic properties 

computed by the RUCs were assigned to the FE model of a tension specimen which was used to 

predict the Young’s modulus of the enhanced material. Furthermore, a comparison with 

experimental results obtained by tensile testing has been made. 

 

5.2  Material  

 

Regarding the material properties used for the neat polymer, a Young’s modulus of 3.26 GPa has 

been used according to the tensile results described in 4.2.1. The MWCNTs were modeled as 

isotropic materials with a Young’s modulus of 1 TPa, which belongs to pristine non-functionalized 

MWCNTs, and a Poisson’s ratio of 0.3, according to Reference [120].  

 

5.3 Experimental investigation  

 

The influence of the MWCNTs on the Young’s modulus as compared to the neat polymer is 

displayed in Figure 4-6 of Chapter 4. The values for the Young’s modulus of the neat polymer as 

well as the polymer enhanced with 0.4% MWCNTs (v/v) have been found to be 3.26 GPa and 3.57 

GPa, respectively. However, the observed deviations are large. This might be attributed to the non-

uniform dispersion of the specimens as well as the observed waviness of the MWCNTs which have 

been confirmed by the SEM analysis, as shown in Figures 5-1, 5-2. 

Moreover, the presence of MWCNTs agglomerates into the polymer has been revealed by the SEM 

analysis. Multiple MWCNTs-rich regions with large parts of neat polymer are shown in Figure 5-1. 

Furthermore, a deeper view at the CNTs structure revealed significantly waved CNTs randomly 

oriented into the polymer, as shown in Figure 5-2. The extreme waviness might be attributed to 

their high aspect ratio (~160). 
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Figure 5-1: SEM image of a region at the fracture surface of the specimen with many 
agglomerations 

 

Figure 5-2: SEM image of the fracture surface of the polymer enhanced with 0.4% MWCNTs (v/v) 

5.4 Description of the model 

 

A multi-scale model simulating the effect of the agglomerations on the elastic properties of the 

polymer has been assessed by taking into account significant parameters in terms of the grade of 

agglomerations into the polymer, the MWCNTs dispersion quality, the waviness of MWCNTs as 
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well as the MWCNT/matrix interphase role. At micro-scale level, a RUC which comprises the 

dispersed MWCNTs into the polymer and, at macro-scale level, the FE model of a tensile specimen 

have been developed. 

 

a. RUC model 

Regarding the RUC geometry, the length of the side of the cube is determined according to 

Reference [120] and is given by the relation (5-1): 

𝑊𝑅𝑈𝐶 = √
𝑘 ×

𝜋×𝑑𝑛
2 ×𝐿𝑛

4

𝑉𝐶𝑁𝑇

3

 (5-1) 

  

where k is the number of MWCNTs in the agglomerate, dn and Ln are the CNT’s diameter and 

length, respectively and Vcnt is the MWCNTs volume fraction. A random distribution of CNTs 

into the polymer was generated by using DIGIMAT (Digimat 2017.1), as shown in Figure 5-3. The 

periodic geometry of the RUC is generated based on a random algorithm which control the random 

placement of the CNTs into the cubic matrix. The CNTs were represented as solid particles and 

perfect bonding has been assumed between the particles and the matrix. To evaluate the effect of 

the number of the MWCNTs on the Young’s modulus to be selected for the RUC, a study has been 

made. Different RUCs with one up to 30 MWCNTs have been developed and the results are shown 

in Figure 5-4. According to this study, the value of the Young’s modulus tends to reach a more 

constant value, as the number of MWCNTs which are embedded into the RUC increases. Based 

on this study and taking also into account the software’s capabilities, in order to more realistically 

represent the MWCNTs agglomerates into the polymer, the RUC has been simulated by 24 

MWCNTs. 
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Figure 5-3: Typical geometry of the RUC representing the distribution of 0.4% MWCNTs (v/v) into 
the polymer generated in DIGIMAT 

 

Figure 5-4: Effect of the number of the MWCNTs on the Young’s modulus of the RUCs 

Although in many recent studies, numerical and analytical, [119], [120], [128]–[135] attempts to 

predict the elastic properties of material enhanced with carbon nanotubes have been made, most of 

them are based on specific geometrical assumptions regarding the shape of the carbon nanotube, 

namely aligned or sinusoidal. The results from the SEM analyses reveal the increased tendency of 

the CNTs to become waved, due to the low bending stiffness which they possess, usually derived 

from a high aspect ratio [96], [117], [131], [136]–[138]. As the aspect ratio of the CNTs increases, 

this tendency becomes stronger resulting in extreme waviness of the CNTs forming completely 

random shape patterns.  
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In the present study, three different states have been considered to evaluate the effect of the 

MWCNTs waviness on the Young’s modulus, namely low, medium as well as high level of 

waviness. The waviness of the CNTs has been interpreted by considering its random curviness as 

a Bezier curve with multiple control point. The orientation, as well as the distance of the control 

points used for the generation of the CNT are governed by a tortuosity factor which denotes the 

acceptable maximum change [139].  

In this study, an effort to realistically represent the internal structure of a material enhanced with 

MWCNTs by employing a large number of CNTs has been made. At this point, the parameter λ is 

introduced, which represents the degree of the agglomerations level into the polymer. The 

parameter λ is defined as the ratio of the MWCNTs formed in agglomerations in regard to the total 

volume of MWCNTs, as given in equation (5-2): 

 

𝜆 =  
𝑉𝐶𝑁𝑇𝑠𝑖𝑛𝑐

𝑉𝐶𝑁𝑇𝑠
  (5-2) 

           

where 𝑽𝑪𝑵𝑻𝒔𝒊𝒏𝒄
 is the volume of CNTs which are concentrated into the inclusion and 𝑽𝑪𝑵𝑻𝒔 is the 

total volume of CNTs. As MWCNTs agglomerations into the polymer increase, the uniform 

distributed MWCNTs (Figure 5-5a) become less (Figure 5-5b) till the state that all MWCNTs are 

concentrated in agglomerations (Figure 5-5c). For example, when λ value is equal to 0, it means 

that there are no agglomerations into the polymer and a uniform dispersion prevails. On the other 

hand, when λ value tends to 1 all MWCNTs are formed in agglomerations leaving a part of the 

polymer neat.  

Table 5-1 shows all the cases which have been studied for X- and randomly-oriented MWCNTs. 

Moreover, the parameter γ represents the concentration of the MWCNTs into the agglomerate and 

is assumed to be from 1% to 5% (v/v) (Table 5-1); it has been assumed that an increased value of 

the concentration of the MWCNTs into the inclusion takes place.  

Furthermore, a high level of waviness has been assumed for the MWCNTs into the agglomerations 

based on the SEM analysis results, as shown in Figure 5-2. The MWCNTs which are uniformly 

dispersed into the matrix are assumed to be either X- or randomly-oriented, since in the present 

study the deviations from the idealized MWCNTs distribution are investigated.  

In short, the effective elastic modulus taking into account the following parameters concerning 

either X- or randomly-oriented MWCNTs into the polymer has been assessed: 
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 degree of waviness (low, medium, high) 

 interphase property by considering two different thicknesses [86] 

 degree of agglomerated CNTs according to the value of λ parameter (0-1) and furthermore 

by assuming an increased value for the concentration of MWCNTs into the agglomeration 

reaching up to 5% (v/v). 

 

Figure 5-5: Macroscopic model configuration a) λ=0, uniform dispersion of MWCNTs into the 
polymer b) 0<λ<1, partly uniform dispersion of MWCNTs as well as MWCNTs agglomerates into the 

polymer and c) λ=1, MWCNTs agglomerates into the polymer 

 

γagglomerations=1-5% (v/v) 
X-oriented 

MWCNTs 

Randomly-oriented 

MWCNTs 
λ λ 

0.0 0.0 
0.2 0.2 
0.4 0.4 
0.6 0.6 
0.8 0.8 
1.0 1.0 

Table 5-1. Study of models with different λ values for X-oriented as well as randomly-oriented 
MWCNTs into the polymer. Five different cases for the MWCNTs concentration: 1-5% (v/v) 

For large agglomerates, an increased MWCNTs concentration into the polymer has been assumed 

as the result of strong interactions between MWCNTs, as shown in Figures 5-1, 5-2. Therefore, the 

representation of the agglomerates into the polymer has been made by RUCs of 24 CNTs with 

concentrations ranging from 1% to 5% (v/v). Figure 5-6 shows a typical geometry for the RUC of 

a polymer with a large agglomerate which is represented by 5% MWCNTs (v/v). 
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Figure 5-6: RUC representing the distribution of 5 % MWCNTs (v/v) into the polymer generated in 

DIGIMAT 

A conforming mesh with an element type of tetra has been used due to the complicated geometry 

of the enhanced material with multiple MWCNTs. A dense mesh with higher density near the 

MWCNTs has been selected. As the MWCNTs concentration increases, the ratio of the MWCNTs 

diameter to the length of the RUC decreases. Therefore, a coarser mesh is required for RUCs with 

higher MWCNTs concentration. The respective meshes for two typical RUCs are presented in 

Figure 5-7. 

 

Figure 5-7: Typical meshes of the RUC geometries generated in DIGIMAT FE (a) RUC 

mesh of polymer enhanced with 0.4% MWCNTs (v/v) and (b) RUC mesh of polymer 

enhanced with 5% MWCNTs (v/v) 

Furthermore, the Young’s modulus for X- and randomly-dispersed MWCNTs has been predicted. 

The effect of waviness taking into account the orientation of MWCNTs on the Young’s modulus 

has been also studied. Figure 5-8 shows the RUCs regarding the effect of the orientation as well as 
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the waviness of MWCNTs. Figure 5-8a-c refer to X-oriented MWCNTs with increasing waviness. 

Figure 5-8d-f refer to randomly-dispersed MWCNTs with increasing waviness. A RUC comprising 

24 MWCNTs has been also used for the predictions. 

 

 

Figure 5-8: Effect of the orientation as well as the waviness of MWCNTs. a) low waviness of X-

oriented MWCNTs into the polymer, b) medium waviness of X-oriented MWCNTs into the polymer, 

c) high waviness of X-oriented MWCNTs into the polymer, d) low waviness of randomly dispersed 

MWCNTs into the polymer, e) medium waviness of randomly dispersed MWCNTs into the polymer 

and f) high waviness of randomly dispersed MWCNTs into the polymer. 

 

At micro-scale level, the effect of the interphase thickness on the Young’s modulus has also been 

studied by assuming two different interphase thicknesses according to Reference [86]: 2.8 nm and 

7.8 nm. Moreover, three cases have also been considered regarding the Young’s modulus of the 

interphase (𝐸𝑖𝑛𝑡𝑒𝑟𝑝ℎ𝑎𝑠𝑒):  

𝐸𝑖𝑛𝑡𝑒𝑟𝑝ℎ𝑎𝑠𝑒 = 𝐴 × 𝐸𝑝𝑜𝑙𝑦𝑚𝑒𝑟 (5-3) 
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where A=0.5, 5, 10. An isotropic behavior has been assumed for the interphase. A typical RUC of 

the polymer enhanced with 0.4% MWCNTs (v/v) simulating the MWCNT/matrix interphase is 

presented in Figure 5-9. 

 

Figure 5-9: Typical RUC of polymer enhanced with 0.4% MWCNTs (v/v) simulating the 
MWCNT/matrix interphase 

5.5 Macro-scale level  

 

By taking into account all the different states regarding the dispersion of CNTs into the polymer 

which have been revealed by SEM analysis, a region free of CNTs, a coarse or a uniform CNTs 

dispersion or CNTs agglomerates might be found into the enhanced polymer as shown in Figure 

5-10. It is assumed that these images sufficiently represent the material. The images have been 

processed by using Matlab software and the results are illustrated in Figure 5-11. A square part of 

the image is selected (Figure 5-11b). Following, CNTs are detected and counted, marked by 

different colors as shown in Figure 5-11c. The detection of CNTs is based on a light intensity 

threshold. The more lightened objects of appropriate shape are assumed to be CNTs. Furthermore, 

geometrical data concerning the diameter, area and distances of CNTs have been taken into account 

in order to exclude objects derived from lightened areas without CNTs. However, improvements 

are required aiming at excluding all the lightened areas without CNTs. An assumption that the local 

volume is represented by the calculated CNTs concentration has been made. Based on this 

procedure, indicative values for CNTs concentration have been obtained, providing a quality 

measurement for the dispersion of CNTs of the enhanced material. 
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Figure 5-10: SEM analysis results of (a) a more uniform dispersion of CNTs as well as agglomerated 
CNTs and (b) a coarse dispersion of CNTs 
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Figure 5-11: Estimation of the number of CNTs by using MATLAB algorithm in order to estimate the 
local concentrations of MWCNTs (a) SEM analysis image, (b) selection of a local region for 
processing in Matlab and (c) detection and marking of CNTs 

At macro-scale level, an FE model of the tensile specimen has been developed by means of a 

commercial code in ANSYS FE. The material has been represented using the 3D ANSYS 

SOLID185 element [140]. A typical FE mesh of the specimen is shown in Figure 5-12. More than 

500.000 elements have been used for the  For the tensile loading, the boundary conditions were 
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applied at the parts of the specimen captured by the tabs. One side was fully built in, while at the 

other side an axial displacement was applied. 

 

Figure 5-12: Typical FE mesh of the tensile specimen 

For the elements of the specimen’s FE model, an isotropic material behavior was assumed except 

for the cases where X-oriented MWCNTs have been assumed. The Young’s modulus of the 

elements was obtained by the RUCs. 

Figure 5-13 illustrates the FE models of the tensile specimen for different values of λ parameter. 

Figure 5-13a shows the pattern of FE model for λ=0.2, where only few agglomerates are embedded 

into the polymer; mostly a uniform distribution of MWCNTs prevails. On the other hand, Figure 

5-13e shows the pattern of the FE model for λ=1, where only agglomerates are embedded into the 

polymer. 
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Figure 5-13: Macroscopic FE tensile models configuration. a) λ=0.2, b) λ=0.4, c) λ=0.6, d) λ=0.8, e) 

λ=1
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5.6 Numerical analysis results  

 

The predicted values regarding the Young’s modulus for all RUCs are shown in Figure 5-14. An 

increasing Young’s modulus for an increasing MWCNTs concentration has been found for the 

RUCs, with values reaching up to 12 GPa for 5% MWCNTs (v/v) into the polymer.  

 

 

Figure 5-14: Young’s modulus of the RUCs for 0.4%, 1%, 2%, 3%, 4% and 5% (v/v.) MWCNTs into the 

polymer
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Furthermore, the orientation of MWCNTs plays a predominant role in the effectiveness of the 

reinforcing. The results regarding the orientation of MWCNTs, as well as the degree of their 

waviness are shown in Figure 5-15. A significant degradation of the Young’s modulus has been 

predicted for randomly oriented MWCNTs as compared to the aligned CNTs. In addition, the 

waviness seems to play an appreciable role in the case of the aligned CNTs; however, for 

randomly-oriented CNTs, the effect of the waviness is negligible. It seems that the Young’s 

modulus obtained by the experimental results correlates very well with the case that the 

MWCNTs are assumed to be randomly-oriented with a high degree of waviness. This case has 

also been verified by the results obtained by the SEM analysis (Figures 5-1, 5-2).  

 

Figure 5-15: Effect of the degree of waviness on the Young’s modulus for X- and randomly-

oriented MWCNTs into the polymer 

Regarding the effect of the interphase on the Young’s modulus, it seems that for low MWCNTs 

concentration into the polymer, the interphase has a negligible effect on the Young’s modulus, 

as shown in Figure 5-16. As the MWCNTs concentration increases, the effect of the interphase 

thickness on the Young’s modulus becomes stronger. 
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Figure 5-16: Effect of the interphase thickness on the Young’s modulus 

As far as the macroscopic model is concerned, the numerical results regarding the effective 

elastic modulus taking into consideration the orientation as well as the degree of the 

agglomerations are shown in Figures 5-17, 5-18. For λ=0, the considered material regarding the 

numerical model corresponds to polymer enhanced with either X-oriented uniformly dispersed 

(Figure 5-17) or randomly-oriented uniformly dispersed (Figure 5-18) CNTs (no 

agglomerations). As the λ increases, the specimen comprises uniformly dispersed CNTs as well 

as CNTs agglomerations. For λ=1, only CNTs formed in agglomerations are included in the 

specimen. For the X-oriented CNTs, the results showed that there is a large deviation of the 

Young’s modulus for the X-oriented uniform dispersed MWCNTs (λ=0) as the degree of the 

agglomerations in the specimen increases. As the λ tends to 1, the numerical results converge 

with the experimental results. The experimental value is consistent with the predicted Young’s 

modulus of the specimen enhanced only with CNTs highly concentrated in agglomerates, as 

shown in Figure 5-17. On the other hand, the presence of CNTs agglomerations seems to 

insignificantly affect the Young’s modulus of a specimen with randomly-oriented CNTs, as 

shown in Figure 5-18. Furthermore, the value of the Young’s modulus is almost consistent with 

the experimental value. This indicates that the produced tensile specimen is governed by a 

random dispersion with multiple agglomerations as revealed also by the SEM results (Figures 

5-1, 5-2). Some previous studies have shown a reduction of the Young’s modulus due to the 

randomly oriented CNTs, which is relative to the concentration of the CNTs into the polymer 

[118], [122], [124]. Moreover, the effect of the CNTs agglomeration on the Young’s modulus 

becomes more pronounced as the CNTs concentration increases [118]; for high CNTs 
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concentration, the forming of agglomerations strongly influences the effective elastic 

properties. 

 

Figure 5-17: Young’s modulus of the polymer 

enhanced with X-oriented MWCNTs 

 

Figure 5-18: Young’s modulus of the polymer 

enhanced with randomly-oriented MWCNTs 
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6. Assessment of the mechanical behavior of self-healing materials 

 

In this chapter, the effect of the microcapsules on the interlaminar shear strength (ILSS) behavior 

of CFRPs is investigated. Furthermore, the respective self-healing efficiency was evaluated. The 

self-healing mechanism was attempted by the incorporation of 18% microcapsules filled with ENB 

and DCPD (95%/5%) of 1.5 μm diameter and 5% HG1 catalyst. The ILSS behavior was assessed 

through designated three-point bending tests. Moreover, SEM analysis was carried out to support 

a better understanding of the results obtained from the mechanical tests. 

6.1 Self-healing materials 

The material investigated has been epoxy polymer enhanced with 18 wt. % microcapsules and 5 

wt. % HGI catalyst. It is based on a ring opening metathesis polymerization (ROMP) reaction of 

catalysts to produce polymers from cyclic olefins. It has been provided by the Italian Aerospace 

Research Centre and the University of Salermo in the frame of the European project IASS (Anon 

2016). The epoxy matrix is based on Bisphenol A diglycidyl ether (Acronym BADGE) with a 

reactive diluent 1,4-Butanediol-diglycidyl ether (Acronym BDE) in order to reduce the viscosity 

of the solution and hence, to improve the solution preparation process.  

The cyclic olefins that act as healing agents are 5-ethylidene-2-norbornene (ENB) and 

dicyclopentadiene (DCPD) at a fraction of 95:5%, respectively. The outer shell of the 

microcapsules is composed of poly(urea-formaldehyde) and the inner shell of ethylene maleic 

anhydride copolymer (EMA). The microcapsules have been prepared by in situ polymerization 

using an oil in water emulsion, and their mean diameter is 1.5 μm [80]. The Hoveyda-Grubbs’ first-

generation catalyst (HG1) at a content of 5 wt. % in the form of solid particles is used to activate 

the ROMP reaction, which lasts less than 40 seconds. The selected healing system was chosen 

aiming to increase the degree of the cross-linking metathesis products even at extremely low 

temperatures (-50°C), a feature that makes their application feasible for aeronautical structures. 

For the enhanced material used for the ILSS testing, the resin was infused into a carbon fiber dry 

preform of 24 plies of carbon fiber cloths (SIGMATEX (UK) LDT 193GSM /PW /HTA40 E13 3K 

using a modified bulk film infusion process in order to overcome the infiltration issues. It is based 

on the infusion of the resin on the preforms with the use of a vacuum bag under pressure. A reduced 

flow path length has been achieved leading to the minimization of the infiltration effects through 

the preform. However, this process has led to a decreased fiber volume of the filled material as 



Mechanical behavior of multifunctional and self-healing polymers and composites  

Panagiota Polydoropoulou – Doctoral Thesis  91 | P a g e  

 

compared to the reference one. Fiber, resin and void content was measured according to the ASTM 

D3171 specification [141]. The results are shown in Table 6-1. 

 

 Fiber volume (%) Matrix volume (%) Void content (%) 

Neat material 53.4 41.1 5.5 

Enhanced material 46.0 49.4 4.6 

Table 6-1. Fiber volume and void content measured according to ASTM D3171 [141] 

 

 

6.2 Experimental procedure (ILSS) 

6.2.1 Interlaminar shear strength testing (ILSS) and self-healing efficiency 

 

The ILSS tests were performed in accordance to the ASTM D2344 standard [142]. In this context, 

three-point-bending tests were performed using an MTS servohydraulic test machine with a 

capacity of 100 kN, as shown in Figure 6-1. A 4:1 support span to thickness was used and the 

crosshead speed was set at 1 mm/min.  

 

 

Figure 6-1. Test Configuration for ILSS testing 

Four experimental series were set up; an overview of the performed tests may be seen in Table 6-2. 

The first experimental series consisting of 8 unfilled specimens and 8 specimens enhanced with 

microcapsules was used to obtain the reference ILSS properties of both materials. By displacement 

control, the specimens were loaded up to a 30% load drop [142]. 
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Material  Type of tests   

Unfilled Filled No of tests Pre-loading Rest period Loading 

R SH 8 No pre-loading No rest period 30% load drop 

R.1 SH.1 3 75% pre-loading 24 h 30% load drop 

R.2 SH.2 3 90% pre-loading 24 h 30% load drop 

R.3 SH.3 6* 100% loading 24 h 30% load drop 

* It includes 3 experiments from the first batch (SH) 

Table 6-2. Type of ILSS tests  

 

To assess the potential self-healing efficiency of the enhanced material, three more experimental 

series were carried out using 12 unfilled specimens and 12 specimens enhanced with microcapsules 

at different pre-loading levels to introduce different extents of damage. Pre-loadings of 75%, 90% 

as well as loading at 100% as compared to the mean ILSS strength obtained for the reference 

unfilled and enhanced material were used. After pre-loading, the specimens were fully unloaded 

and allowed to a healing rest period of 24 hours. Then, by displacement control, the specimens 

were loaded up to a 30% load drop.  

For polymers, the self-healing efficiency has been defined by several authors as the ratio of the 

maximum load after the healing period to the maximum load before the healing period [72], [76], 

[81], [83], [143]. For CFRPs, irreversible damage (e.g. fiber breakages etc.) has to be excluded 

from the self-healing definition. Therefore, the self-healing efficiency was defined by assessing the 

absorbed energy during the specimen loading [78], [84] according to Sanada et al: 

 

𝒉 =
𝑼𝒉𝒆𝒂𝒍𝒆𝒅 − 𝑼𝒅𝒂𝒎𝒂𝒈𝒆𝒅

𝑼𝒗𝒊𝒓𝒈𝒊𝒏 − 𝑼𝒅𝒂𝒎𝒂𝒈𝒆𝒅

 (6-1) 

 

In this expression, Uvirgin is the absorbed energy during the 1st loading of the filled material obtained 

by measuring the area below the load-displacement curves with regard to the Pcritical, and Uhealed is 

the absorbed energy during the 2nd loading of the filled material obtained by measuring the area 

below the load-displacement curves with regard to the Pcritical as shown in Figure 6-2a. The value 

for Udamaged is obtained by assuming the same damage severity a as for the case of reference 

material, as shown in Figure 6-2b. The a value is given by equation (6-2) and Udamaged by equation 

(6-3): 

 

𝒂 =
𝑼𝒅𝒂𝒎𝒂𝒈𝒆𝒅

′

𝑼𝟎
′  (6-2) 
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𝒂 =
𝑼𝒅𝒂𝒎𝒂𝒈𝒆𝒅

𝑼𝟎

 (6-3) 

 

Combining equations (6-2) and (6-3), Udamaged is given by equation (6-4):  

 

𝑼𝒅𝒂𝒎𝒂𝒈𝒆𝒅 =
𝑼𝒅𝒂𝒎𝒂𝒈𝒆𝒅

′

𝑼𝟎
′ 𝑼𝟎 (6-4) 

 

For pre-loadings, 75% as well as 90% of the mean ILSS value, the self-healing efficiency is also 

defined according to the equation (1) taking into account the Pcritical as the maximum load during 

the 1st loading of the filled material, as shown in Figure 6-2c-d. 

 

Figure 6-2. Definition of self-healing efficiency (according to Sanada et al [78]) 
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The results of the mechanical tests were discussed supported also by SEM analysis. The SEM 

inspection was performed using a Zeiss SUPRA 35VP model. Moreover, a 1.7 nm resolution at 10 

kV accelerating voltage in the high vacuum mode was used and the samples were gold coated 

(Baltec 005 sputer coater) in order to avoid surface charging. The elemental chemical analysis was 

performed in situ during the SEM microscopy. 

To provide more evidence concerning the ring-opening of the metathesis products, the chemical 

changes of the structure were investigated using the Attenuated Total Reflection (ATR) (MIRacle 

of PIKE technologies accessorize) in an IR BRUKER EQUINOX55 spectrometer. All spectra were 

taken at a spectral resolution of 4 cm-1 (100 scans).
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7. ILSS behavior results 

7.1 ILSS results 

Figure 7-1 illustrates the load-displacement curves of unfilled and enhanced material. As observed, 

all specimens exhibit a similar behavior. The calculated short-beam strength is shown in Figure 

7-2. A 25.7% decrease of the short-beam strength in the case of the filled material as compared to 

the unfilled one is observed. Sanada et al. [78] has also found decreased short-beam strength for 

materials filled with microcapsules; the effect of the microcapsules on the mechanical behavior 

becomes more pronounced for higher values of microcapsules concentration. However, it should 

be noticed that for the filled specimens a decreased fiber volume by 7.4% was measured (Table 

6-1). The measurement was performed according to the ASTM D3171 standard [141] by the Italian 

Aerospace Research Centre and the University of Salermo.  

Therefore, in order to make an assessment of the effect of the microcapsules on the mechanical 

behavior manageable, an implicit numerical analysis has been performed to assess the effect of the 

decreased fiber volume on the ILSS behavior of the filled material. The ILSS behavior has been 

evaluated using a parametric finite element (FE) model developed in Ansys™ Mechanical FE 

Code, as shown in Figure 7-3a. The element type utilized for the specimen was SOLID185, while 

for the supports 2D SHELL181 was used. CONTA174 as well as TARGE170 were used to 

represent the contact between the specimen and the support beams. The elastic properties were 

obtained by Helius Composite software using the micromechanics model. The ply properties have 

been obtained by [144]. In this context, the ILSS value of two composite materials involving 

53.45% and 46.0% fiber volume fraction has been simulated. The results showed that the reduction 

in the fiber volume fraction by 7.4%, as in our case, leads to a final 11.24% reduction in the ILSS 

strength of the filled material as compared to the unfilled one, Figure 7-2. In Figure 7-3b-c, contour 

plots of the axial and shear stresses are illustrated. 
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Figure 7-1. Load-displacement curves of reference (a) and filled (b) material 

 

Figure 7-2 Short-beam strength (MPa) 
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Figure 7-3. (a) FE model (b) SX and (c) SXY stresses for displacement of 0.08 mm 

 

Representative load-displacement curves for the R.1-3 as well as for the SH.1-3 series (Table 6-2) 

are shown in Figure 7-4. Pre-loadings at 75%, 90% and loading at 100% of the mean ILSS strength 

as well as the loading after the rest period for both materials are presented, respectively. Pre-loading 

at 75% has no effect on the ILSS behavior of the specimen, as it can be seen in Figure 7-4a-b. The 

load-displacement curves after the rest period fall together with the load-displacement curve 

obtained during pre-loading to 75%. In this case, no extensive damage has been occurred and 

hence, no healing effect can be expected. However, a pre-loading increase to 90% of the mean 

ILSS strength induces a limited damage to the material leading to the degradation of the ILSS 

behavior of the unfilled material, as shown in Figure 7-4c. On the other hand, in the case of the 

filled material it seems that the damage occurred by the pre-loading at 90% has been eliminated 

due to the self-healing mechanism activation. Extensive damage is occurred leading to a 

significantly degraded behavior of both materials during first loading at 100%, as shown in Figure 

7-4(e-f). Nevertheless, a part of this extensive damage seems to have been recovered in the case of 

the filled material as it can be seen in Figure 7-4f. 
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Figure 7-4. Load-displacement curves of representative samples before and after the rest period. 
1st loading at 75% of the mean short-beam strength (a), (b) 1st loading at 90% of the mean short-

beam strength (c), (d) and 1st loading at 100% of the mean short-beam strength (e), (f) of reference 
and filled material, respectively 
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7.2 Assessment of the self-healing efficiency 

The calculated self-healing efficiency according to Equation (1) is given in Figure 7-5. At 75% 

pre-loading, no discrepancies from the linear behavior have occurred during the reloading and 

hence the curves coincide. According to Equation (1), this results in an undefined self-healing 

efficiency and therefore it is excluded from the graph of Figure 7-5. Almost 115% self-healing 

efficiency of the filled material at 90% preloading has been calculated. It seems that only micro-

cracks have occurred at this pre-loading level which have been filled by the healing agent. 

Moreover, some micro-cracks which have been developed during the production process may have 

been filled by the healing agent leading to an improved microstructure. At 100% loading it seems 

that the damage is irreversible for both materials, as the failure extends to the fibers; it is visible 

even by optical microscope images in Figure 7-6. Extensive damage with multiple matrix cracks, 

delaminations as well as fiber breakages are observed for both materials in Figure 7-6(a-b). It seems 

that initial microcracks have been quickly developed to large cracks or even to delaminations. To 

this end, microcapsules are ineffective to bond the crack faces of macro-cracks or large 

delaminations. However, a 26.5% self-healing efficiency has been achieved for the filled material 

which may represent the healing of some matrix cracks which still remain at the micro-level. 

Sanada et al. [78] found also a self-healing efficiency of almost 30% concerning cross-ply 

laminates filled with 20% microcapsules for ILSS testing. 

 

 

Figure 7-5. Self-healing efficiency 
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Figure 7-6. Optical microscope images of (a) reference and (b) enhanced material after the load 
drop 

 

7.3 Morphology and microstructure of the self-healing material 

 

The SEM analysis has revealed the surface morphology and the microstructure of the material 

which is enhanced with microcapsules before rupture, as shown in Figure 7-7. The appearance of 

the neat resin is almost smooth without rough areas (Figure 7-7a). On the other hand, when 

microcapsules are embedded into the resin, the surface morphology becomes appreciably rough 

and the microcapsules are dispersed non-uniformly into the material (Figure 7-7b-d). After 

mechanical testing, the morphology of the fracture surface has a completely different appearance 

as compared to the unfilled material, as it may be seen in Figure 7-8. Similar SEM results are 

presented in studies concerning self-healing materials with embedded microcapsules [145]–

[149][143], [150]–[153]. Microcapsules of 1.5 μm mean diameter appear to have ruptured and their 

healing agent seems to have been polymerized and diffused close to them (Figure 7-8b-d) forming 

rough surfaces completely different as compared to the unfilled material (Figure 7-8a).  

The results obtained by ATR-FTIR spectra of both materials before mechanical testing and, hence, 

before the activation of the self-healing mechanism are presented in Figure 7-9. No differences are 

observed since the chemical composition of both materials is similar. The ATR-FTIR spectra of 

both materials after mechanical loading and potential activation of the self-healing mechanism are 

shown in Figure 7-10. As it can be seen in Figure 7-10, the absorption band at 1650 cm –1 for the 
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metathesis products is significantly bigger than in the reference material. This band is characteristic 

of the alkenes produced during polymerization [143], [150]–[153] and it is assigned to the 

stretching vibration of the double bond which is formed during ROMP polymerization [150], [154].  

 

 

 

Figure 7-7. Surface of (a) reference material, (b-d) material filled with microcapsules 
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Figure 7-8. Fracture surface of (a) reference material, (b-d) material filled with microcapsules 

 

Figure 7-9. ATR-FTIR spectra of the reference (a) as well as of the filled (b) material before the 
mechanical testing 
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Figure 7-10. ATR-FTIR spectra of the reference (a) as well as of the filled (b) material after the 
healing period 

 

To sum up, the results obtained by SEM analysis as well as by ATR-FTIR spectroscopy, both 

constitute a strong indication that the self-healing mechanism has been activated. However, further 

investigations should be conducted in order to provide definite evidence.
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8. Conclusions and future work 

8.1 Conclusions 

The aim of the present thesis has been on the one hand to provide a comprehensive 

understanding of the mechanical behavior of multifunctional materials containing MWCNTs 

and flame retardants POSS compounds and self-healing materials containing microcapsules 

covering key aspects, such as mechanical properties, characterization and performance and on 

the other hand the assessment of the self-healing efficiency of composite materials. Towards 

this direction, the different types of tests (mechanical, microscopy, Raman, EDX etc.) carried 

out were combined with a multi-scale model assessing the effect of crucial parameters on the 

Young’s modulus of the multifunctional materials enhanced with CNTs. 

Regarding the multifunctional materials enhanced with MWCNTs, the results showed a 

significant increase in the tensile strength. On the other hand, all other properties investigated, 

namely compression, flexural as well as GIC fracture toughness properties were degraded. This 

may be attributed to the main reinforcement mechanism of CNTs, namely the pull-out 

mechanism which takes place during tension. As far as the fatigue testing is concerned, a slight 

decrease in the fatigue life has been observed in the range of the low stress levels; however, it 

gradually tends to coincide with the reference material resulting in a nearly same fatigue limit. 

The incorporation of the flame retardants GPOSS/DPHPOSS into the polymer further 

deteriorates the mechanical behavior of the filled material. However, GPOSS seems to fulfil 

the criteria as an effective flame retardant for polymers as compared to DPHPOSS.  

Concerning the CAI testing, the results obtained from C-Scan analysis have shown a significant 

increase of the damaged area after the impact tests for the composite materials enhanced with 

MWCNTs as well as flame retardant, GPOSS. As a consequence, a reduced compression after 

impact strength has been found. 

SEM analysis has revealed MWCNTs agglomerations, while EDS analysis has revealed some 

areas of incomplete dissolution of the flame retardants GPOSS/DPHPOSS into the resin. The 

results underline the sensitivity of the mechanical behavior of the multifunctional polymers on 

the dispersion features of the additives and the significance of both, CNT agglomerates and 

GPOSS aggregates for the observed mechanical behavior.  

Furthermore, a multi-scale model simulating the effect of the dispersion, the waviness, the 

interphase as well as the agglomerations of MWCNTs on the Young’s modulus of a polymer 

enhanced with 0.4% MWCNTs (v/v) has been developed. Representative Unit Cells (RUCs) 

have been employed for the determination of the homogenized elastic properties of the 
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MWCNT/polymer. A comparison with experimental results obtained by tensile testing 

according to ASTM 638 has been made. The results show a remarkable decrease of the Young’s 

modulus for the polymer enhanced with aligned MWCNTs due to the increase of the CNT 

agglomerations. On the other hand, slight differences on the Young’s modulus have been 

observed for the material enhanced with randomly-oriented MWCNTs by the increase of the 

MWCNTs agglomerations, which might be attributed to the low concentration of the MWCNTs 

into the polymer. Moreover, the increase of the MWCNTs waviness led to a significant decrease 

of the Young’s modulus of the polymer enhanced with aligned MWCNTs. The experimental 

results in terms of the Young’s modulus are predicted well by assuming a random dispersion 

of MWCNTs into the polymer. 

Regarding the multifunctional materials enhanced with self-healing microcapsules, the results 

indicate a general trend of a degraded mechanical behavior of the enhanced materials, as the 

microcapsules exhibit a non-uniform dispersion and form agglomerations which act as internal 

defects. A remarkable value of the self-healing efficiency has been found for materials with 

limited damage, e.g. matrix micro-cracks. However, for significant damage, in terms of large 

matrix cracks and delaminations as well as fiber breakages, the self-healing efficiency is 

limited. However, further investigation should be conducted in order to provide definite 

evidence. 

8.2 Future research topics 

 

Based on the capabilities of the experimental and numerical methodologies developed in the 

present thesis, the following subjects are proposed for future study: 

 Attempt for the effective incorporation of  CNTs, flame retardants POSS as well as self-

healing materials into polymers and composite materials. 

 Focus on the improvement of the dispersion methods of the additives into the material 

 Extension of the multi-scale model developed in this thesis in order to predict the 

mechanical properties of the material enhanced with MWCNTs and the material 

enhanced with MWCNTs as well as POSS compounds 

 Extension of the multi-scale model developed in this thesis in order to predict the elastic 

as wel as the mechanical properties of the material enhanced with microcapsules 

 Further investigation in order to provide definite evidence for the self-healing efficiency 

of the composite materials. 
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