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Abstract  
 

Carbon fiber reinforced polymer (CFRPs) composites are increasingly used as advanced 

materials in many structural applications i.e. aerospace, automotive, marine etc. due to 

their superior in-plane mechanical properties, high specific strength and stiffness and 

corrosion resistance compared to conventional metals. However, during their service life, 

these composite materials due to their laminated structure appear poor out-of-plane 

properties due to the absence of through-thickness reinforcement. Additionally, their low 

polymer matrix toughness leads to interlaminar failures such as delamination. 

Delaminations as a primary failure mode are resulted either from fatigue loadings or low-

velocity impact which are caused by the extension of multiple matrix cracks. Therefore, 

composites are highly susceptible to impact damage due to brittle matrix behaviour and 

poor impact damage tolerance. In light of this issue, the introduction of carbon nano-

particles and especially carbon nanotubes into the matrix of composites has shown 

considerable improvement on the fracture behaviour of the composites by introducing 

additional energy absorption mechanisms during fracture, thus concluding to composites 

with improved damage tolerance. Several attempts have been developed for enhancing the 

fracture toughness and damage tolerance of fibre-reinforced polymers such as stitching, 

hybridization, z-pinning, interleaving and toughening the polymer matrix using nano-sized 

particles. Towards this direction, the use of nanoparticles and especially carbon nanotubes 

(CNTs) into the matrix results in the development of composites with multi-scale 

reinforcement. CNTs are highly potential fillers due to their extraordinary mechanical, 

electrical and thermal properties. The nano-phase improves the fracture behaviour of 

composites by introducing additional energy absorption mechanisms during fracture, thus 

concluding to composites with improved damage tolerance characteristics. However, a 

direct introduction of CNTs into matrix (mainly in high CNTs concentrations) leads to 

increase of resin’s viscosity and an uneven nanofiller distribution and/or filtering effects 

that block the resin close to the inlet gates. This difficulty makes almost impossible the 

direct introduction of CNTs during Out-of-Autoclave (OoA) processes such as liquid resin 

infusion (LRI) or resin transfer molding (RTM). 

 

The present Dissertation aims to the development of Out-of-Autoclave Carbon Fibre 

Reinforced Polymers (CFRPs) with improved interlaminar fracture toughness and damage 

tolerance characteristics by the introduction of carbon nanotubes and nano-doped 

nonwoven interleaf veils on the surface of the main reinforcement (carbon fabrics). More 

precisely, the deposition of multi-walled carbon nanotubes (MWCNTs) into the structure 

of CFRPs has been succeeded by using a liquid CNT-enriched sizing agent solution for the 

pretreatment of main reinforcement prior or after the carbon fabric preform. In addition, 

the introduction of the copolyamide (Nylon-66, 6/11/12, Griltex 1516A) nonwoven veils 

enhanced with CNTs (max concentration of 2.5 %wt. MWCNTs) as interleaf materials 

into the structure of CFRPs was performed as an alternative route of introduction of 

carbon nanotubes between the carbon fabrics). In this thesis, three manufacturing OoA 

techniques were developed to produce nano-enhanced reinforced CFRP composite 

structures with multi-scale reinforcements, as follows: 
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• Dip-Coating Technique, concerns the nano-modification of the main 

reinforcement surface (carbon fabrics) by the integration of MWCNTs in a form of 

CNT-enriched sizing agent. A water-based nano-doped solution was prepared at a 

given wt.% CNT content and the fabric was immersed through it at a constant 

speed rate. Then, the fabric was dried and the dry fabric used to prepare the final 

preform placing it in to the mould. 

• Two Step Infusion Technique, concerns the nano-modification of preform by the 

introduction of a wa ter-based nano-doped solution under vacuum during the first 

Step of process. At the second Step, the nano-doped preform was dried and the 

resin matrix was infused under vacuum to impregnate the nano-treated preform. 

• Interleaving Technique, concerns the indirect introduction of MWCNTs in to the 

main reinforcement by the deposition of nano-doped non-woven interleaf veils. 

 

The primary objective of the current thesis is to investigate the suitable concentration of 

carbon nanotubes leading to the improvement of interlaminar fracture toughness under 

Mode I and Mode II remote loading as well as the effect of the suitable configuration of 

non-woven interleaf veils on the low velocity impact and compression after impact 

behaviour was assessed. Additionally, potential knock-down effects of the in-plane 

mechanical properties of the CFRP composites by the incorporation of carbon nanotubes 

and nano-doped veils were investigated. For that reason, three-point bending (3PB) and 

tensile plain and open-hole tests were performed.  

 

More precisely, at the first two manufacturing techniques (Dip-Coating and Two-Step), 

composite laminates were produced with various CNTs concentrations (0, 0.5, 1, 1.5 and 

2.5 wt.%). During the Interleaving Technique two kinds of nano-doped interleaf veils with 

different thickness (80 and 200 μm) were studied and directly compared with the non-

interleaved (reference) laminates. In addition, the through-thickness electrical and thermal 

conductivity were also characterized in order to ensure the multi-functional performance 

of nano-enhanced CFRP composites. Optical and scanning electron microscopy (SEM) 

examinations of the specimens of each kind of materials for each manufacturing technique 

were also carried out in order to confirm the synergistic associated mechanisms that 

carbon nanotubes introduced during fracture. 

 

According to the aforementioned experimental campaign, it was shown that by the direct 

incorporation of carbon nanotubes to the main reinforcement surface of the composites 

either their introduction prior or after the carbon fabric preform, the effective CNT 

concentration was 1.5 wt.% and the nano-modified CFRP composites exhibit a significant 

increase of the interlaminar fracture toughness under Mode I and Mode II of the order up 

to 100% and 60%, respectively.  

 

Taking into account the results obtained of the study of interlaminar fracture toughness, at 

the two first manufacturing techniques, the nano-modified CFRP laminates with 1.5 wt.% 

MWCNTs were subjected to low velocity impact at three impact energy levels (8J, 15J 

and 30J) and directly compared with the reference laminates. The compression after 

impact tests (CAI) were carried out in order to investigate the influence of CNTs on the 
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damage tolerance of the CFRP composite. In terms of the manufacturing of CFRP 

laminates with the introduction of non-woven co-polyamide interleaf veils, six layers of 

thin veils (thickness <80μm) were selected and positioned at two outer surfaces between 

the carbon fabric layers. For impact resistance, the nano-modified composites produced by 

Dip-Coating and Two Step Infiltration Technique with the introduction of 1.5% 

concentration of MWCNTs exhibited an excellent improvement at impact energies of 8J 

and 15J. While in the case of higher energy (30J), the nano-doped composites both for 

Dip-Coating and Two Step techniques reported an increase of damaged areas of 

approximately 4% and 30% respectively. However, in the case of Dip Coating Technique, 

CAI tests revealed that the residual strength of nano-modified composites was 

significantly improved close to 10% for all energy levels. While in the case of Two Step 

Technique, On the other hand, the copolyimide interleaved composites show a 

considerable increase of delaminated areas for all impact energies compared to the non-

interleaved and the presence of interleaved veils was not exhibited better CAI 

characteristics. Therefore, it was concluded that the copolyimide veils are more 

susceptible to impact damage as the reference non-interleaved composite exhibited more 

resistance to delamination during LVI test. 

 

 

 

 

 

 

Keywords: CFRPs, carbon nanotubes (CNTs), sizing agent, XC R2G, thermoplastics, 

copolyimide, Nylon-66, PA 6/11/12, liquid resin injection (LRI), fracture mechanics, 

interlaminar fracture toughness I and II, low velocity impact, compression after impact, 

damage tolerance, nano-modified composites, multi-functionality, delamination, tensile 

plain and open hole, three-point bending, multi-functional, thermal conductivity, electrical 

conductivity, C-scan, optical microscopy, SEM. 
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Συνοπτική παρουσίαση και σχολιασμός της 

διατριβής 
 

Οι αυξανόμενες απαιτήσεις για ελαφρές κατασκευές κυρίως στον τομέα της 

αεροπορικής βιομηχανίας οδήγησαν στη χρήση νέων σύνθετων υλικών (composite 

materials). Το κυριότερο πλεονέκτημα τους σε σύγκριση με τα παραδοσιακά 

μεταλλικά υλικά είναι οι υψηλές ειδικές τιμές αντοχής και δυσκαμψίας, καθώς και η 

βελτιωμένη συμπεριφορά τους σε κόπωση και διάβρωση. Τα σύνθετα υλικά, όταν 

εκτίθενται στα φορτία λειτουργία των κατασκευών, εμφανίζουν υποβάθμιση 

(degradation) των μηχανικών τους ιδιοτήτων και εμφανίζουν βλάβες που μπορούν να 

οδηγήσουν στην αστοχία της κατασκευής. Οι πιο συνήθεις αστοχίες στα σύνθετα 

υλικά πολυμερικής μήτρας είναι η ανάπτυξη μικρο-ρωγμών στη μήτρα (matrix 

cracks) των στρώσεων του πολυστρώτου ΣΥ. Συνδυαζόμενες οι μικρο-ρωγμές 

διαφορετικών στρώσεων δημιουργούν διαστρωματικές αποκολλήσεις, η διάδοση των 

οποίων οδηγεί στην υποβάθμιση του συνθέτου υλικού και υπό προϋποθέσεις στην 

αστοχία του. Οι διαστρωματικές αποκολλήσεις αναπτύσσονται σε σχετικά χαμηλά 

φορτία και διαδίδονται λόγω της μικρής αντίστασης στη διάδοση διαστρωματικών 

αποκολλήσεων που εμφανίζουν τα ΣΥ πολυμερούς μήτρας. Επομένως βασικός 

στόχος της έρευνας είναι η ανάπτυξη συνθέτων υλικών με αυξημένη αντίσταση στη 

διάδοση διαστρωματικών αποκολλήσεων. Την τελευταία δεκαετία έχει παρατηρηθεί 

ότι η εισαγωγή νανο-σωματιδίων άνθρακα στη μήτρα των συνθέτων υλικών 

βελτιώνει σημαντικά τη διαστρωματική θραυστο-μηχανική συμπεριφορά ων ΣΥ, 

εισάγοντας συμπληρωματικούς μηχανισμούς απορρόφησης ενέργειας κατά τη 

θραύση, και βελτιώνοντας την ανοχή σε βλάβη των κατασκευών από ΣΥ. Η 

μεθοδολογία αυτή έχει εφαρμοστεί στις περιπτώσεις πολύστρωτων συνθέτων υλικών 

που κατασκευάζονται με τη μέθοδο του αυτόκλειστου φούρνου με βασική δομική 

μονάδα του ΣΥ τη στρώση μονοδιεύθυντης ενίσχυσης (prepreg). 

 

Η εισαγωγή νανο-σωματιδίων στη δομή ΣΥ που παράγονται με μεθόδους εκτός 

αυτόκλειστου φούρνου (τεχνικές έγχυσης ρητίνης σε καλούπι σταθερού ή 

μεταβλητού όγκου) έχει αποδειχθεί προβληματική. Σύμφωνα με τη βιβλιογραφία, στη 

μέθοδο έγχυσης του νανο-τροποποιημένου πολυμερούς με τη χρήση της τεχνικής 

LRI, έχει παρατηρηθεί αύξηση του ιξώδους τηε ρητίνης λόγω της παρουσίας των 

νανο-σωματιδίων, κυρίως σε υψηλές περιεκτικότητες. Τα νανοσωματίδια 

φιλτράρονται από την πορώδη ενίσχυση, μπλοκάρουν το πορώδες και το σύστημα 

λειτουργεί ως εμπόδιο στη ροή της ρητίνης (block effects) μέσα στη δομή της 

ινώδους ενίσχυσης (fibre preform). 

 

Στη παρούσα διδακτορική διατριβή αναπτύχθηκαν δομικά σύνθετα υλικά με ενίσχυση 

ινών άνθρακα (carbon fibre) τροποποιημένων με πολυφλοιικούς νανο-σωλήνες 

άνθρακα (MWCNTs). Επίσης έγινε προσπάθεια τα MWCNTs να εισαχθούν στη δομή 

του ΣΥ εμμέσως μέσω της χρήσης λεπτών ινώδων μεμβρανών από πολυαμίδιο 

(interleaf veils) με ενίσχυση με νανοσωλήνες άνθρακα. Η εισαγωγή των nano-veils 

έγινε σε συγκεκριμένες θέσεις ανάμεσα στις στρώσεις της πολύστρωτης πλάκας. Τα 

nano-veils αποτελούντα από συμπολυμερές πολυαμίδιο PA6/6,6 και έχουν τη μορφή 

non-woven interleaf veils. Η εμπορική ονομασία του συμπολυμερούς πολυαμιδίου 
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που χρησιμοποιήθηκε για τα veils είναι Griltex D 1516A COPOLYAMIDE της 

εταιρίας EMS-GRILTECH. 

 

Το υλικό πριν τη μορφοποίηση του σε μορφή νανο-ινών του και το σχηματισμό των 

non-woven interleaf veils ενισχύθηκε με πολυφλυικούς νανο-σωλήνες άνθρακα σε 

περιεκτικότητα 2.5 %κ.β. Σε όλες τις περιπτώσεις ως υλικό της μήτρας του ΣΥ 

χρησιμοποιήθηκε ένα εποξειδικό σύστημα τριών συστατικών που διαθέτει υψηλή 

τιμή θερμοκρασίας υαλώδους μετάβασης (Τg=140-150oC) καθώς και υψηλές 

μηχανικές ιδιότητες. Στο πλαίσιο της παρούσας διατριβής αναπτύχθηκαν τρεις 

διαφορετικές καινοτόμες τεχνικές όσον αφορά τον τρόπο εισαγωγής των νανο-

σωματιδίων άνθρακα εντός της κύριας ενίσχυσης με στόχο την νανο-τροποποίησηση 

του τελικού συνθέτου υλικού. Συγκεκριμένα, οι τεχνικές που αναπτύχθηκαν στο 

πλαίσιο της παρούσας διδακτορικής διατριβής είναι:  

 

• η Dip-Coating Τεχνική που αφορά τη νανο-τροποποίηση της κύριας ινώδους 

ενίσχυσης που διέρχεται μέσα από ένα μπάνιο που φέρει το νανο-τροποιημένο 

διάλυμα. Στην περίπτωση αυτή μπορεί να τροποποιηθούν οι στρώσεις της 

ινώδους ενίσχυσης και στη συνέχεια να δημιουργηθεί το preform, ή μπορεί 

μέσα από το νανο-τροποποιημένο διάλυμα να περάσει κατευθείαν το 

δημιουργηθέν preform,  

• η Two Step Infiltration Τεχνική που αφορά την τροποποίηση του perform με 

την εισαγωγή του διαλύματος που περιέχει τα MWCNTs υπό κενό σε πρώτο 

στάδιο και στη συνέχεια μετά από την απομάκρυνση του διαλύτη και τη 

ξήρανση του preform γίνεται σε δεύτερο στάδιο η έγχυση της ρητίνης και 

πάλι υπό κενό,  

• η Interleaving Τεχνική όπου η εισαγωγή των MWCNTs γίνεται εμμέσως στη 

δομή του ΣΥ μέσω της χρήσης λεπτών ινώδων μεμβρανών από πολυαμίδιο 

(interleaf veils) με ενίσχυση με νανο-σωλήνες άνθρακα. 

 

Αντικείμενο της παρούσας διατριβής αποτέλεσε αρχικά η διερεύνηση της 

καταλληλότερης περιεκτικότητας σε νανο-σωλήνες άνθρακα που μπορούν να δώσουν 

υψηλότερες τιμές διαστρωματικής αντίστασης στη διάδοση αποκολλήσεων σε 

συνθήκες φόρτισης τύπου Ι και ΙΙ καθώς και η επιλογή των κατάλληλων 

θέσεων/στρώσεων εισαγωγής των λεπτών ινώδων μεμβρανών που έγινε μέσω της 

μελέτης της ανοχής σε βλάβη με χρήση κρουστικών φορτίσεων χαμηλής ενέργειας 

(low velocity impact LVI and compression after impact CAI). Επιπλέον στόχος της 

διατριβής ήταν να ελεγχθεί η πιθανή υποβάθμιση των κύριων μηχανικών ιδιοτήτων 

(in-plane properties) του υλικού λόγω της διεργασίας εισαγωγής των νανο-

σωματιδίων αλλά και λόγω της παρουσίας των ιδίων των νανο-σωματιδίων στη δομή 

του υλικού. Για το λόγο αυτό διεξήχθησαν πειράματα εφελκυσμού και κάμψης σε 

δοκίμια αναφοράς και σε νανο-τροποποιημένα δοκίμια. 

Τέλος μελετήθηκε η συνεισφορά της νανο-ενίσχυσης των υλικών με MWCNTs στην 

πολύ-λειτουργικότητα του τελικού συνθέτου μέσω της μέτρησης της θερμικής και 

ηλεκτρικής αγωγιμότητας. 

Η εργασία ολοκληρώθηκε με λεπτομερή ανάλυση της μικρο-δομής των υλικών. 

Μελετήθηκαν οι επιφάνειες θραύσης των δοκιμίων μέσω οπτικής και ηλεκτρονικής 

μικροσκοπίας, έχοντας ως στόχο την αναγνώριση και ανάδειξη των μηχανισμών 

απορρόφησης ενέργειας που προσδίδουν οι νανο-σωλήνες άνθρακα. 
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Αρχικά με τις μεθόδους Dip Coating και Two Step μελετήθηκαν περιεκτικότητες σε 

MWCNTs των 0.5%, 1%, 1.5% και 2.5% κ.β. Στην Τρίτη μέθοδο έμμεσης εισαγωγής 

της νανο-ενίσχυσης χρησιμοποιήθηκαν δύο τύποι λεπτών ινώδων μεμβρανών από 

πολυαμίδιο, νανο-ενισχυμένοι με 2,5 % κ.β. MWCNTs διαφορετικού πάχους (80 και 

200 μm). Στην περίπτωση αυτή, για να γίνει διαχωρισμός από την απλή παρουσία 

λεπτών ινώδων μεμβρανών από συμπολυμερές πολυαμίδιο χρησιμοποιήθηκαν λεπτές 

ινώδεις μεμβράνες με και χωρίς ενίσχυση. 

Στην παρούσα διατριβή η βέλτιστη περιεκτικότητα σε νανο-σωλήνες άνθρακα, που 

δίδει τη μέγιστη βελτίωση στη διαστρωματική αντίσταση στη διάδοση των 

αποκολλήσεων τόσο σε συνθήκες φόρτισης τύπου Ι και σε τύπου ΙΙ, είναι η 1.5% κ.β. 

σε MWCNTs. 

 

Λαμβάνοντας υπόψιν τα αποτελέσματα που προέκυψαν από τη μελέτη της 

δυσθραυστότητας των συνθέτων υλικών που αναπτύχθηκαν, επόμενο βήμα ήταν η 

μελέτη της συμπεριφοράς των δοκιμίων σε συνθήκες κρούσης χαμηλής ταχύτητας 

(low velocity impact) καθώς και η διερεύνηση της εναπομένουσας αντοχής τους κάτω 

από την υποβολή θλιπτικού φορτίου μετά από κρούση (compressive strength or 

residual strength after impact), ώστε να διερευνηθεί η ανοχή στη βλάβη του τελικού 

συνθέτου υλικού. Οι ενέργειες κρούσης που μελετήθηκαν ήταν τρεις: 8J, 15J και 30J 

και διερευνήθηκε η έκταση της αναπτυσσόμενης βλάβης και η εναπομένουσα αντοχή 

τους σε θλίψη μετά από κρούση. Η μεθοδολογία αυτή εφαρμόστηκε και στις τεχνικές 

εισαγωγής της νανο-ενίσχυσης στο ΣΥ που αναπτύχθηκαν στο πλαίσιο της παρούσας 

διατριβής. Η περιεκτικότητα που μελετήθηκε ήταν η 1,5% κ.β. MWCNTs, ως η 

βέλτιστη περιεκτικότητα σύμφωνα με τα αποτελέσματα που προέκυψαν για τα ΣΥ σε 

συνθήκες διαστρωματικής αποκόλλησης. Όσον αφορά την κατασκευή των 

πολύστρωτων πλακών με την ενσωμάτωση λεπτών ινώδων μεμβρανών από 

συμπολυμερές πολυαμίδιο, επιλέχθηκαν τα νανο-ενισχυμένα και μη που φέρουν το 

μικρότερο πάχος και τοποθετήθηκαν έξι στρώσεις συμμετρικά και εγγύτερα στις 

εξωτερικές πλευρές της πολύστρωτης πλάκας του ΣΥ, ανάμεσα από τις στρώσεις της 

ενίσχυσης του άνθρακα. 

 

Τα αποτελέσματα που ελήφθησαν από τις τεχνικές Dip Coating και Two Step για τις 

περιπτώσεις ενεργειών 8J και 15J ήταν αρκετά ενθαρρυντικά διότι παρατηρήθηκε 

μείωση της περιοχής βλάβης (delaminated area) των νανο-ενισχυμένων υλικών σε 

σύγκριση με το υλικό αναφοράς και παράλληλα παρουσιάστηκε βελτίωση της 

εναπομένουσας αντοχής του υλικού σε θλίψη μετά από κρούση. Στην περίπτωση της 

ενέργειας κρούσης των 30J αν και η περιοχή κρούσης των νανο-ενισχυμένων 

παρουσίασε αύξηση σε ποσοστό 4% στην τεχνική Dip Coating, παρατηρήθηκε 

βελτίωση στην εναπομένουσα αντοχή σε ποσοστό 10%. Στην περίπτωση της τεχνικής 

του Two Step παρατηρήθηκε σημαντική αύξηση της περιοχής βλάβης σε ποσοστό 

30% στην περίπτωση της ενέργειας κρούσης των 30J, με συνέπεια την υποβάθμιση 

της εναπομένουσας αντοχής και της δυσκαμψίας των νανο-τροποποιημένων 

σύνθετων υλικών σε ποσοστό 5% και 16%, αντίστοιχα. Αντίθετα, η εισαγωγή των 

διαστρωματικά λεπτών ινώδων μεμβρανών από πολυαμίδιο νανο-ενισχυμένων και μη 

οδήγησε σε σημαντική αύξηση της περιοχής βλάβης μετά από κρούση σε όλες τις 

ενέργειες κρούσης, αλλά δεν παρατηρήθηκε υποβάθμιση της εναπομένουσας αντοχής 

και δυσκαμψίας των υλικών, παραμένοντας στα ίδια επίπεδα με το υλικό αναφοράς. 
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Τέλος μελετήθηκε η συνεισφορά της νανο-ενίσχυσης των υλικών με MWCNTs στην 

πολύ-λειτουργικότητα του τελικού συνθέτου μέσω της μέτρησης της θερμικής και 

ηλεκτρικής αγωγιμότητας. 

 

Η παρούσα Διδακτορική Διατριβή διαρθρώνεται σε έξι κεφάλαια και στη συνέχεια 

δίδεται μια σύντομη περιγραφή τους: 

 

ΚΕΦΑΛΑΙΟ 1ο: ΕΙΣΑΓΩΓΗ 

 

Στο εισαγωγικό κεφάλαιο παρουσιάζονται οι στόχοι και τα καινοτόμα στοιχεία της 

διατριβής καθώς και το τεχνολογικό πρόβλημα που μας απασχόλησε και 

αιτιολογείται η αναγκαιότητα διερεύνησής του. 

 

ΚΕΦΑΛΑΙΟ 2ο: ΒΙΒΛΙΟΓΡΑΦΙΚΗ ΑΝΑΣΚΟΠΗΣΗ 

 

Σε αυτό το κεφάλαιο αρχικά γίνεται μια συνοπτική εισαγωγή στα σύνθετα υλικά όπου 

παρουσιάζονται τα είδη, οι χρήσεις, τα πλεονεκτήματα και τα μειονεκτήματα καθώς 

και οι βασικότερες διαδικασίες παραγωγής των σύνθετων υλικών με έμφαση τη 

μέθοδο της χύτευσης της ρητίνης σε ανοιχτό καλούπι (Infusion process) που 

αποτέλεσε τη βασική τεχνική παρασκευής των σύνθετων υλικών στην παρούσα 

διατριβή. Έπειτα, ακολουθεί μια συνοπτική αναφορά στους νανο-σωλήνες άνθρακα 

καθώς και στις βασικές ιδιότητές και εφαρμογές τους. Τέλος πραγματοποιείται μια 

εκτενής βιβλιογραφική αναφορά (state of the art) στους τρόπους ενσωμάτωσης κα 

εναπόθεσης των νανο-σωλήνων άνθρακα με στόχο τη βελτίωση των μηχανικών, 

θερμικών και ηλεκτρικών ιδιοτήτων του τελικού συνθέτου. 

 

ΚΕΦΑΛΑΙΟ 3ο: ΤΕΧΝΙΚΕΣ ΠΑΡΑΓΩΓΗΣ ΝΑΝΟ-ΕΝΙΣΧΥΜΕΝΩΝ 

ΣΥΝΘΕΤΩΝ ΥΛΙΚΩΝ 

 

Στην αρχή του 3ου κεφαλαίου παρουσιάζονται τα υλικά που χρησιμοποιήθηκαν στην 

παρούσα διατριβή καθώς και στα βασικά τους χαρακτηριστικά και ιδιότητες. Έπειτα, 

παρουσιάζονται αναλυτικά οι τρεις καινοτόμες μεθοδολογίες που χρησιμοποιήθηκαν 

προκειμένου να παρασκευασθούν τα επιθυμητά νανο-ενισχυμένα σύνθετα υλικά 

καθώς και το πλάνο των μετρήσεων και δοκιμών που ακολουθήθηκε. 

ΚΕΦΑΛΑΙΟ 4ο: ΧΑΡΑΚΤΗΡΙΣΜΟΣ ΤΗΣ ΔΙΑΣΤΡΩΜΑΤΙΚΗΣ 

ΔΥΣΘΡΑΥΣΤΟΤΗΤΑΣ, ΤΩΝ ΚΥΡΙΩΝ ΜΗΧΑΝΙΚΩΝ ΙΔΙΟΤΗΤΩΝ ΚΑΙ 

ΤΗΣ ΠΟΛΥ-ΛΕΙΤΟΥΡΓΙΚΟΤΗΤΑΣ ΤΩΝ ΝΑΝΟ-ΕΝΙΣΧΥΜΕΝΩΝ 

ΣΥΝΘΕΤΩΝ ΥΛΙΚΩΝ 

 

Στο 4ο κεφάλαιο παρουσιάζονται αναλυτικά οι ιδιότητες των νανο-ενισχυμένων 

σύνθετων υλικών τροποποιημένων με νανο-σωλήνες άνθρακα καθώς και των ΣΥ στα 

οποία έχουν εισαχθεί μεταξύ των στρώσεων (διαστρωματικά) λεπτές ινώδεις 

μεμβράνες από πολυαμίδιο (interleaf veils) με ή χωρίς ενίσχυση με νανο-σωλήνες 

άνθρακα. Μελετήθηκαν διάφορες περιεκτικότητες κατά βάρος των νανο-σωλήνων 

άνθρακα προκειμένου να βρεθεί η βέλτιστη καθώς επίσης μελετήθηκε η κατάλληλη 

θέση τοποθέτησης ανάμεσα στις στρώσεις του ΣΥ των λεπτών ινώδων μεμβρανών. 

Συγκεκριμένα, αρχικά ελέγχθηκε η πιθανή υποβάθμιση των μηχανικών ιδιοτήτων του 
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υλικού σε πειράματα εφελκυσμού, σε τυπικά δοκίμια εφελκυσμού και σε δοκίμια με 

κεντρική οπή και με πειράματα κάμψης τριών σημείων. Στη συνέχεια, μελετήθηκε ο 

κρίσιμος ρυθμός απελευθέρωσης ενέργειας τύπου Ι και ΙΙ. Τέλος, ελέγχθηκε η πολύ-

λειτουργικότητα των νανο-ενισχυμένων σύνθετων υλικών με τη μέτρηση της 

ηλεκτρικής και θερμικής αγωγιμότητας. Σε όλες τις περιπτώσεις πριν τη διεξαγωγή 

των πειραμάτων πραγματοποιήθηκε ενδελεχής έλεγχος των υλικών με τη χρήση 

υπερήχων. 

 

ΚΕΦΑΛΑΙΟ 5ο: ΧΑΡΑΚΤΗΡΙΣΜΟΣ ΤΗΣ ΑΝΟΧΗΣ ΣΕ ΒΛΑΒΗ ΤΩΝ 

ΥΛΙΚΩΝ ΤΗΣ ΑΝΤΟΧΗΣ ΣΕ ΘΛΙΨΗ ΜΕΤΑ ΑΠΟ ΚΡΟΥΣΗ ΤΩΝ ΝΑΝΟ-

ΕΝΙΣΧΥΜΕΝΩΝ ΣΥΝΘΕΤΩΝ ΥΛΙΚΩΝ 

 

Στο 5ο κεφάλαιο μελετάται η συμπεριφορά σε κρούση των νανο-ενισχυμένων 

σύνθετων υλικών τροποποιημένων με νανο-σωλήνες άνθρακα καθώς και των ΣΥ στα 

οποία έχουν εισαχθεί διαστρωματικά λεπτές ινώδεις μεμβράνες από πολυαμίδιο 

(interleaf veils) με ή χωρίς ενίσχυση με νανο-σωλήνες άνθρακα. Μετράται η έκταση 

της βλάβης που δημιουργήθηκε για διαφορετικές τιμές της ενέργειας κρούσης με τη 

χρήση υπερήχων και προσδιορίζεται η εναπομένουσα αντοχή σε θλίψη μετά από 

κρούση. 

 

ΚΕΦΑΛΑΙΟ 6ο: ΣΥΜΠΕΡΑΣΜΑΤΑ ΚΑΙ ΜΕΛΛΟΝΤΙΚΗ ΕΡΕΥΝΑ 

 

Τέλος, στο κεφάλαιο 6 παρατίθενται τα κυριότερα συμπεράσματα της διατριβής και 

παρατίθενται προτάσεις για μελλοντική έρευνα. 
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CHAPTER 1 

1 Introduction 
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1.1 Motivation and Problem Statement 

 

During the last decades, Fiber Reinforced Polymers (FRPs) are increasingly in 

demand as advanced engineering materials. Their usage ranges in different areas 

including aerospace, automotive, sports and military industries. This tendency is 

clearly driven by the need for usage of structural materials, especially in lightweight 

structural applications due to their promising properties such as high specific strength 

and stiffness, relatively low weight, good corrosion resistance and fatigue life, 

compared to the conventional metals. In Figure 1.1 the rapid increase of the use of 

polymers and composite materials during the last decades is presented. Specifically, 

the use of composite materials and especially the carbon/epoxy and glass/epoxy 

reinforced laminates considerably increased after 1960s. 

 

 
Figure 1.1: The evolution of engineering materials with time. 

 

In addition, the aerospace industry demands for more durable and lighter airframe 

structures have resulted in the development of new materials. More specifically, the 

use of fiber-reinforced composite materials has been widely expanded in aircraft 

structures, due to the inherent advantages of composites over conventional metals, 

such as aluminum and titanium alloys. According to the Federal Aviation Agency, 

airframe structures made by composite materials and especially carbon/epoxy 

composites, such as fairings, spoilers and flight controls, were developed during the 

1960s. Particularly, the epoxy matrices have been the interest of the aircraft industry 

due to their flexibility of modifying mainly the mechanical and electrical properties.  

New generation large aircrafts are designed with all composite fuselage and wing 

structures and the repair of these advanced composite materials requires an in-depth 

knowledge of composite structures, materials and tooling. Boeing 787 Dreamliner and 

Airbus A350XWB are two characteristic examples of the latest generation of large 

commercial aircraft industry, where are composed of more than 50 % of the total 
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weight primary used in the fuselage and wings (e.g. Figure 1.2) which has resulting in 

a 25% improvement in fuel efficiency. 

 

 

Figure 1.2: Material composition of Boeing 787 Dreamliner (source: Boeing). 

 

However, a primary limitation on the use of composite materials is their susceptibility 

to delamination, indicating poor interlaminar strength and toughness that make them 

less impressive compared to the outstanding in-plane mechanical properties due to the 

absence of through the thickness reinforcement. Another limitation has been a weak 

fiber-matrix interface and the brittle nature of thermosetting matrices in composite 

laminates leading to their low fracture toughness. 

The increasing demand for improved mechanical, thermal and electrical properties or 

a combination of these has made it necessary to develop new multifunctional 

composite materials with improved out-of plane properties. In light of this issue, 

many researchers have focused their attention to the enhancement of fracture behavior 

and high performance of structural composites and especially of CFRPs. In 

accordance of the literature, a variety of through the thickness reinforcement 

techniques are proposed to improve fracture toughness of FRPs and to prevent 

composites from delaminations. These techniques include the nano modification 

(hybridization), knitting, stitching, z-pinning, interleaving and toughening the matrix 

using micro-phase particles including rubbery or thermoplastics polymers [1]-[7]. 

However, a major disadvantage of the most of these approaches is the observation of 

large resin rich areas and hence the in-plane properties could be deteriorated. 

In the last decade, extensive efforts have been carried out in understanding the nano-

scale reinforcement and revealing the capabilities offered by nanotechnology, 

improving the fracture behavior of high performance structural composites and 

especially of CFRPs [8]-[10]. The use of nano-materials as reinforcing phase into the 
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reinforced composites constitutes the multi-scale reinforcements has opened a new 

wide range of multi-functional materials in industry. The nano-phase introduces 

additional energy dissipation mechanisms during failure and therefore contributes to 

the improvement of interlaminar fracture toughness of the composite. Thus, the multi-

scale reinforcement approach has resulted in the enhancement of damage tolerance 

and multi-functionality of conventional composites. Towards this direction, Carbon 

Nanotubes (CNTs) in particular have attracted the attention of researchers worldwide 

because of their exceptional mechanical, electrical and thermal properties. 

Furthermore, their high aspect ratio and specific surface area in conjuction with the 

high longitudinal modulus make them an ideal candidate filler material to improve the 

fracture behavior of polymeric matrix and therefore the composite performance [11]. 

Various manufacturing techniques are available for manufacturing of composites such 

as Autoclave method, prepreg molding, Resin Transfer Molding (RTM), Filament 

winding etc. Resin transfer molding, in particular Vacuum Assisted Resin Transfer 

Molding (VARTM) as an Out of Autoclave (OoA) technique has established very 

well in industrial sectors, because VARTM process can provide low cost and high 

quality for large FRP structures compared to the autoclave process. However, when 

composite structures are produced by VARTM processes, some toughening 

techniques such as the incorporation of nano-fillers into resin matrix would be 

restricted. A direct introduction of CNTs into epoxy matrix leads to increase of resin 

viscosity and an uneven nanofiller distribution into manufactured component and/or 

filtering effects that block the resin close to the inlet gates. This difficulty makes 

almost impossible the direct introduction of CNTs during Out-of-Autoclave (OoA) 

processes such as resin infusion or resin transfer molding (RTM). 

 

Due to the existence of the resin filtering problem in VARTM processes, several 

studies have focused on the developing of a hybridization method of CNT/CF. The 

chemical vapor deposition (CVD) and chemically grafting methods to grow directly 

CNTs on the carbon fabric surface (fiber sizing), are effective techniques for 

improving the interfacial bonding between fiber and matrix [12]-[16]. The CVD 

approach, however, can cause a reduction in the strength of the carbon fibers due to 

the extreme conditions (high operational temperature over 700oC and large time of 

stabilization process) and, therefore, compromise the in-plane properties [16]. 

Moreover, this technique is difficult to implement on an industrial scale. As an 

alternate method, the spraying technique and electrophoretic deposition (EPD) are 

industrial-coating and low-energy use techniques include the ability to 

homogeneously coat complex shapes with well adhered films of controlled thickness, 

improving out-of-plane [17]. 

 

1.2 Scope and objectives of the present dissertation 

 

The present thesis, motivated by above mentioned scientific gaps, aims to make a 

significant experimental and testing contribution in the area of nano-modified 

composite materials with multifunctional characteristics. Specifically, the main 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

26 

 

purpose of the present dissertation is the development of nano-enabled composite 

structures using Out of Autoclave (OoA) Techniques with the incorporation of 

multi-walled carbon nanotubes as well as the introduction of thermoplastic nonwoven 

nanofibrous interleaf veils inside to the main reinforcement structure with improved 

interlaminar fracture toughness and damage tolerance characteristics. The main scope 

of this dissertation is summarized by: 

 

❖ The development of nano-modified carbon fiber-reinforced polymer 

composite materials (CFRPs) incorporating with multi-scale reinforcements 

using different processing techniques, which they will be increased the 

resistance to damage and multi-functional characteristics. 

 

In order to fulfil this scope, the following objectives are addressed: 

 

1. The development of a novel multi-scale composite material with improved 

fracture toughness and damage tolerance characteristics and the possibility to 

tailor multi-functional properties. 

 

2. To propose three reliable innovative processing techniques that have been 

developed with the incorporation of Multi-walled Carbon Nanotubes 

(MWCNTs) on to the main reinforcement of the composites (carbon fabrics) 

and the direct deposition of nano-modified copolyimide thermoplastic interleaf 

material (veil). More precisely, three novel manufacturing techniques have 

been developed: the first method called Dip-Coating Technique, the second 

one is the Two Step Infiltration Technique and the third method is the 

Interleaving Technique using commercial co-polyamide (Nylon-6/6, 6/11/12) 

veils. These techniques will be analytically described in the appropriate section. 

 

3. To examine the suitable nano-filler concentration of carbon nanotubes and the 

suitable configuration of nano-veils through the experimental characterization 

of the interlaminar fracture toughness of all produced nano-modified 

composite laminates under Mode I and Mode II remote loading. Double 

cantilever beam (DCB) and three-point end notched flexure (3ENF) 

experiments are performed to characterize the interlaminar fracture 

performance of composites produced by three processing techniques and 

investigate the fracture mechanisms associated with the delamination process 

as a result of interlaminar fracture. The additional energy mechanisms 

introduced by carbon nanotubes are evaluated by observation of fracture 

surfaces of damaged specimens using scanning electron microscopy (SEM). 

 

4. To examine three-point bending (3PB) and tensile plain (unholed) and open 

hole tests both for reference and nano-modified CFRP composites in order to 

verify the absence of potential knock down defects at the in-plane mechanical 

properties. 
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5. To examine low velocity impact (LVI) and compression after impact (CAI) 

experiments both for reference and nano-modified and interleaved CFRP 

composites, prepared by selected suitable MWCNT concentration and suitable 

veil configuration, at three developed techniques. Induced damage of the 

impacted specimens is detected using Ultrasonic Inspection (C-scan) and 

verified by post-processing software analysis (Image J). Scanning electron 

microscopy (SEM) analysis was carried out at the fracture surfaces of 

impacted specimens in the center area of impact, verifying the contribution of 

nano-fillers on the compression strength and stiffness after impact. 

6. To investigate the effect of various filler concentrations and nano-doped 

copolyimide interleaf veil on the electrical and thermal conductivity of 

produced composite material by three processing techniques. 

 

1.3 PhD dissertation outline 

 

The layout of the dissertation is presented below, along with a brief description of the 

content of each chapter. 

Chapter 1 is divided into three sections. In the first section, the technological 

problem of the already existing relevant background is concisely mentioned, giving 

the motivation of the present problem. Subsequently, the scope of the thesis together 

with the relative objectives is presented. Finally, in the last section a summary of each 

chapter is provided. 

Chapter 2 summarizes the state-of-the-art literature that has been published in the 

area of the incorporation of nano-filler materials and the development of nano-

reinforced composite materials. Initially, a brief overview about composite materials 

is presented and the microscopic failure modes of the composite materials are briefly 

categorized. Additionally, the properties of carbon nanotubes are specified that place 

them high on the list of the most important inclusions for the composite materials. 

Finally, a short review of approaches for developing nano-scaled composite materials 

is reviewed. According to the literature, there are two main routes to create nano-

enabled composites: the nano-augmentation and the nano-engineering. 

Chapter 3 analytically describes the manufacturing procedures of three innovative 

manufacturing techniques which were developed during this Dissertation in order to 

prepare the desired nano-enhanced composite materials with improved multi-

functional properties (coupling of mechanical, thermal and electrical properties). 

Chapter 4 presents the results of three-point bending, tensile plain and open-hole and 

interlaminar fracture toughness, electrical and thermal properties of all produced 

composite laminates both for the reference and nano-scaled materials using the three 

novel manufacturing techniques. Based on the results of this analysis, a suitable 

selection of carbon nanotubes concentration was specified.  

In Chapter 5 the results of the low velocity impact tests and compression after impact 

properties of all produced composite laminates using the three novel manufacturing 
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techniques based on the selected concentration of carbon nanotubes were 

summarized. 

Finally, the general conclusions of the thesis are highlighted in Chapter 6 and 

possible future work is discussed.  
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CHAPTER 2 

2. Literature review 
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2.1 Abstract 

 

This Chapter summarizes the state-of-the-art literature regarding the main aspects of 

the present thesis; these involve the research areas of the incorporation of nano-sized 

particles to induce multi-scale composites and their failure mechanisms. A general 

description about the composite materials which are used in a wide range of 

applications, specializing in an aerospace industry, is briefly mentioned. The 

fundamental definitions of the composite material failure modes are also presented. 

Additionally, the concept of multifunctionality of composite materials is introduced. 

During the last decades, the carbon nanotubes have attracted the attention of 

researchers worldwide, making them an ideal candidate as reinforcement material into 

composite structures with multi-functional characteristics. The different forms they 

can take in various engineering systems are described. Finally, a comprehensive 

literature review of published works was presented on the incorporation of these 

fillers into composite materials specializing in the OoA processes. 
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2.2 Composite materials 

 

A composite material can be defined as a combination of two or more phases on a 

macroscopic scale with significantly different physical or chemical properties that 

when combined, produce a new material with performance and properties are 

designed to be superior to those of the constituent materials. One of the main phases is 

the 'reinforcement', which gives to the material the outstanding properties (strength 

and stiffness), whereas the weaker phase is called 'matrix', which protects the 

reinforcement from environmental degradation, such as chemical corrosion and 

abrasion and transfer and distributes the applied loads to the fibers. An additional 

phase in composites called 'interphase', which exists between the matrix and the 

reinforcement. 

 

Composites represent a class of high-performance materials which has faced 

immense developments and new applications are continuously considered. Among the 

reasons for the increasing use of composites in various fields and especially in the 

aerospace sector are their significant advantages in design, compared to the other 

engineering materials, due to their high specific stiffness and the capability to 

customize them according to the needs. That is the reason they have received so much 

attention during the last decades by the scientific community and it is proven by the 

increasing amount of literature publications, as shown in Figure 2.1. Furthermore, the 

fact that a composite material consists of different constituents, as mentioned above, 

its performance is tailored according to each application by selecting the fibers, the 

matrix, the layup etc. 

 

 

 
Figure 2.1: Journal publications related to nano-composite materials [1]. 
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2.2.1 Types of composite materials and applications 

 

Composite materials are commonly classified at two following distinct categories [2]-

Error! Reference source not found.. 

The first category of classification is made with respect to the matrix constituent. 

The major composite classes include: 

 

• Organic Matrix Composites (OMCs) 

• Metal Matrix Composites (MMCs) 

• Ceramic Matrix Composites (CMCs) 

 

The term organic matrix composite includes two classes of composites: 1. Polymer 

Matrix Composites (PMCs) and 2. Carbon Matrix Composites (CMCs) 

commonly referred to as carbon-carbon composites. 

 

Polymers make ideal materials because of they can be easily produced, possess 

lightweight and desirable mechanical properties. Polymers are classified into two 

main types, thermosetting and thermoplastic materials. Thermoplastic polymers 

(e.g. polyethylene, polyester) can be re-shaped by heating and are typically used to 

produce parts by various polymer processing techniques such as injection molding, 

compression molding, and extrusion. Thermosetting polymers are formed from a 

chemical reaction between resin and a catalyst which becomes irreversibly hardened 

upon being cured. Epoxies are the most common polymer matrices because of 

excellent mechanical properties, high corrosion resistance and low shrinkage. 

However, the brittle nature of epoxy systems can limit the matrix toughness, often 

resulting in matrix cracking. 

The most important properties of epoxy resins are the followings: 

➢ Good flow characteristics so that it penetrates the fiber tows completely and 

eliminates voids during the curing process 

➢ Reasonable strength, modulus and elongation 

➢ Reduced moisture absorption 

➢ Low shrinkage 

➢ Excellent electrical insulation 

➢ Low coefficient of thermal expansion 

➢ Excellent chemical resistance 

➢ Strength at elevated temperatures 

➢ Dimensional stability 

 

It is worth to mention that one of the most important parameter of epoxy resins is the 

glass transition temperature Tg, at which the matrix begins to soften and exhibits a 

decrease of mechanical properties. The Tg value is not only the important parameter 

for the presence of dimensional stability in composites but it also has effects at the 

physical properties of the matrix at ambient temperatures. 
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The second category of classification is proportional of the reinforcement form, as 

shown in Figure 2.1. 

 

 
Figure 2.2: A classification of various types of composite materials [3]. 

 

All type of composites as previously discussed can also be further classified according 

to the type of reinforcement. Fiber-reinforced composites can be divided into two 

categories: 1. Continuous and 2. Discontinuous fibers. The continuous fiber 

composites incorporate long fibers. When long fibers are oriented only in one 

direction, known as unidirectional composites and when long fibers are reinforced in 

woven mat form, these are known as bi-directional composites. The discontinuous 

fiber composites incorporate short fibers which may be in random orientation or 

aligned in preferred orientation.  

One of the most popular composite categories is the carbon fiber reinforced plastics 

(CFRPs); also referred as carbon/epoxy composites. This material type is commonly 

consisted of continuous carbon fibers with certain orientation and surrounded by the 

polymer matrix. Carbon fiber is the most widely used reinforcement in high 

performance composite applications due to their excellent characteristics, such as high 

tensile strength (3-7GPa), high elastic modulus (200-500 GPa) and low density (1,7–2 

g/cm3). They have diameter about 5-10 μm and consists almost exclusively of carbon. 

Carbon fibers combined all benefits of an ideal engineering material, high strength 

and stiffness, high toughness and low weight. For that reason, they have become a 

widely used material in the aerospace industry, automotive and other industries. 

 

The great advantage of composite materials is that they usually have the optimum and 

the additional properties of their constituent materials that none of them possessed. 

Composite materials possess the following well-known advantages that have led to 

their use in a wide range of applications such as military, automotive, sport goods and 

aerospace industry. 
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➢ High specific Stiffness and Strength 

➢ Lightweight  

➢ Corrosion Resistance 

➢ Dimensional Stability 

➢ Design Flexibility (easily moldable to complex forms) 

➢ Improved Fatigue resistance 

➢ Durable 

➢ Improved friction and wear properties 

➢ Low electrical conductivity and thermal expansion 

 

It is remarkable to mention that the composite materials cannot simultaneously 

possess all of the above properties. Each composite material is made to have some of 

these properties. 

 

Some of the associated disadvantages of advanced composites are as follows: 

 

➢ High cost of raw materials and fabrication 

➢ Transverse properties may be weak 

➢ Composites are susceptible to impact damage and delaminations or ply 

debonding can occur (hidden damages) 

➢ Repair is more difficult than metallic structures 

➢ Composites are more brittle than metals and thus are more easily to damage 

➢ Reuse and disposal may be difficult 

➢ Matrix is subject to environmental degradation 

➢ Low resistance to moisture absorption 

➢ Temperature limits 

 

However, the proper design and suitable material selection can abort many of the 

above disadvantages. 

 

2.2.2 Manufacturing processes of composite materials 

 

The main focus of this section is to describe the main commercially manufacturing 

techniques in the field of fiber-reinforced polymer composites. The basic knowledge 

of these processes will lead to select the right process for an application. A good 

choice of the appropriate application depends on the type of resin and fiber, the 

processing time and the cure temperature of resin as well as the cost effectiveness of 

of the process. There are two types of processing methods: 

 

1. The Out of Autoclave (OoA) and  

2. The Autoclave process 

 

The Autoclave molding is a modification of pressure-bag and vacuum-bag molding. It 

is widely used in the aerospace industry to produce high strength to weight ratio parts 

from pre-impregnated high strength fabrics (prepregs). However, it is one of the most 
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costly and complex processing methods and the autoclave size limits part size. 

Autoclaves are essentially heated pressure vessels usually equipped with vacuum 

systems into which the bagged lay-up on the mould is taken for the cure cycle. 

 

 

 

Figure 2.3: (a) Illustration of autoclave process [6], (b) Pre-impregnated carbon fiber fabric (plain 

weave) Error! Reference source not found.. 

 

Composites production has many processes. Some of the most important processes of 

the OoA category are: 

 

1. Hand (wet) lay-up/Vacuum Bagging 

2. Vacuum Resin Injection or Vacuum Infusion 

3. Resin Transfer Molding (RTM) 

4. Filament Winding 

5. Pultrusion 

6. Compression Molding 
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1 Hand (wet) lay-up/ Vacuum bagging Process 

 

The hand lay-up process is the oldest, simplest and most common open molding 

technique for the production of composite materials (Figure 2.4). This technique is 

used to build large structures such as yacht hulls. It can be a cost-effective technique 

if the required quantities are small. During the process, the dry fiber reinforcement in 

the various forms (woven, knitted, stitched) is positioned manually on a mould and 

the resin is brushed or sprayed over the plies. This is usually accomplished by the 

rollers or brushes for forcing resin into the fabrics and the movement of the entrapped 

air is succeeded. Laminates are left to cure under standard atmospheric conditions.  

 

 
Figure 2.4: Hand (wet) lay-up process [5]. 

 

The Vacuum Bagging is basically an extension of wet lay-up process described above 

where pressure is applied to the laminate once laid-up in order to improve its 

consolidation. This is achieved by the sealing of vacuum bag over the wet laid-up 

laminate and onto the tool. The air is extracted by a vacuum pump up to one 

atmosphere of pressure can be applied and the laminate is left to cure under the 

ambient temperature or in the conventional oven. 

 

2 Vacuum Resin Injection or Liquid Resin Injection (LRI) or Infusion process 

The Vacuum Resin injection, also called as Vacuum Infusion process, is a technique 

that uses vacuum pressure to drive resin into a laminate (Figure 2.5). Fiber 

reinforcement and consumables materials are laid dry onto the mould and the vacuum 

is applied before resin is introduced. Once a complete vacuum is achieved, the resin is 

driven into the laminate to completely wet-out the reinforcements and eliminate the 

air voids in the laminate structures. Vacuum infusion provides a number of 

improvements over traditional vacuum bagged process such as high-quality composite 

structures, better fiber to resin ratio (Vf=55-58%), very consistent resin usage and 

cleaner technique. 
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Figure 2.5: Vacuum Resin Injection Process [5]. 

 

3 Resin Transfer Molding (RTM) 

Resin transfer molding (RTM) is a closed-mould process for manufacturing high 

performance composite structures in medium volumes (1000 to 10000parts). Moulds 

typically consist of metal tools into which a dry fiber preforms (reinforcement) is 

inserted. The mould is then closed and clamped before the injection of resin into the 

tool cavity to thoroughly wet-out the fibers. The tool will often be heated to assist 

with the curing of the resin. Once the resin is cured, the tool can be opened and the 

finished component removed. Compared to injection molding, transfer molding uses 

high pressures to uniformly fill the mould cavity. 

 

 

Figure 2.6: Resin Transfer Molding (RTM) process [5]. 

 

4 Filament winding 

Filament winding is the most commonly used method to produce cylindrical 

structures. It is a high rate process in which a continuous fiber band in placed on a 

rotating mandrel. During the process, (Figure 2.7) dry rovings are drawn through a 

bath containing liquid resin (injection chamber) and then wound on a rotating 

mandrel. Mandrels may be metallic or non-metallic and assured the possibility of easy 

part removal. It is a highly repeatable process that can produce large and thick-walled 
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structures. Typical applications for filament winding are cylinders, pressure vessels 

and engine cowlings. 

 

 

Figure 2.7: Filament winding process [5]. 

 

5 Pultrusion 

Pultrusion represents a continuous transportation method of fiber bundles through a 

resin matrix bath, following by a dropping of them into a preheated die or set of dies. 

The reinforcement is formed into the profile to be produced before entering a die. 

After curing process, where the part is changed from wet saturated reinforcement to a 

solid part, the pultrusion is saw-cut to desired length. A typical flow diagram of 

process is shown in Figure 2.8. 

 

 

Figure 2.8: Pultrusion process [5]. 

 

6 Compression molding 

Compression molding is a method of molding in which the molding material is first 

placed in an open, heated mould cavity. The mould is then closed and pressure is 

applied to force the material into contact with all mould areas, while heat and pressure 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

41 

 

are maintained until the molding material has cured. Compression molding is a high-

volume, high-pressure method suitable for complex structures. Also, it is one of the 

lowest cost molding methods compared with other methods such as resin transfer 

molding and injection molding. 

 

 

Figure 2.9: Compression molding process [5]. 

 

2.3 Carbon Nanotubes 

2.3.1 Introduction 

 

The discovery of multi- walled carbon nanotubes (CNTs) in 1991 by Sumio Iijima [7] 

is considered to be a great significant achievement in most fields of science and 

engineering due to their unique physical and chemical properties. Two years later, in 

1993, Iijima and Ichihashi were collaborated with Bethune and synthesized the single-

walled carbon nanotubes. 

Carbon nanotubes belong to the fullerene family, consisting of hollow cylindrical 

structure with open or closed ends and their walls formed by one-atom thick sheets of 

carbon, called graphene. Graphene is an allotrope form of carbon consisting of a 

single layer of carbon atoms arranged in a hexagonal lattice structure. CNT 

considered as rolled-up graphene sheet, have the edges of the sheet joint together to 

form a seamless cylinder. These sheets are rolled at specific and discrete (chiral) 

angles and the combination of the rolling angle and radius decides the nanotubes 

properties. Due to this unique structure, carbon nanotubes are an ideal filler material 

for polymer composites. In addition, their high aspect ratio in combination with their 

high specific surface area make them unique.  

Carbon nanotubes are categorized as Single-walled (SWCNTs) and Multi-walled 

(MWCNTs). Multi-walled carbon nanotubes consist of two or more concentric 

cylindrical shells of graphene sheets coaxially arranged around a central hollow core 

with interlayer separations as in graphite. The outer diameter of MWCNTs varying 

between 2-100nm, while the inner diameter is in the range of 1-3nm and their length 
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is 0.2 to several μm. Double-walled is considered as a special type of MWCNT where 

only two concentrically rolled-up graphene sheets are presented. In contrast, single-

walled comprise a single graphene cylinder with diameter varying between 0.4-2 nm. 

These different types of carbon nanotubes are illustrated in Figure 2.10. 

 

 

Figure 2.10: Three types of carbon nanotubes (a) single-walled, (b) double-walled and (c) multi-walled 

[8]. 

 

The atomic structure of nanotubes is described in terms of the tube chirality, which is 

defined by the circumferential vector Ch and the chiral angle θ, as depicted in Figure 

2.11 a. The chiral angle determines the amount of ‘twist’ in the tube. The vector Ch is 

defined as Ch=na1+ ma2, where a1 and a2 are the lattice vectors of graphene and n and 

m are the chiral indices. The chiral indices (n,m) uniquely defines the chirality, or the 

rolled-up direction of graphene sheet. 

  

Figure 2.11: (a)Schematic diagram showing how a hexagonal sheet of graphite is rolled to form a 

carbon nanotube, (b) Illustration of the atomic structure of an armchair and zigzag nanotube [9]. 

There are two limited cases where the chiral angle is at 0o and 30o. These cases are 

referred to as zig-zag (0o) and armchair (30o) based on the geometry of the carbon 

bonds around the circumference of the nanotube. For armchair CNTs, the chiral 

indices are equal while for zigzag CNTs n=0 or m=0. 
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2.3.2 Properties 

 

Carbon nanotubes have attracted the interesting of researchers worldwide due to the 

extraordinary mechanical, thermal and electrical material properties which they 

possess. 

• Mechanical: Each carbon atom in a single sheet of graphite is connected via 

strong chemical bond to three neighboring atoms. Thus, carbon nanotubes are 

the strongest and stiffest materials discovered in terms of tensile strength and 

elastic modulus. The elastic modulus of SWNTs is much higher than steel that 

makes them highly resistant. Carbon nanotubes have elastic modulus of about 

1TPa and high tensile strength of 30 GPa. For different experimental 

measurements, the values of Young’s vary in the range of 1-1.4 TPa [10]. 

Compared with carbon reinforcing fibers, the strength to weight ratio of 

nanotubes in the axial direction is up to four times greater. 

•  Electrical: Chirality, the degree of twist of graphene sheet, determines the 

conductivity of CNT interconnects. Depending on the chiral indices, Carbon 

Nanotubes exhibit both metallic or semiconducting behavior along the tubular 

axis. Based on theory, metallic nanotubes can carry the electric current density 

of about 4 x 109 A/cm2, which is more than 1000 times greater than those of 

metals, such as copper. 

• Thermal: All nanotubes are expected to be very good thermal conductors 

along the tube but good insulators lateral to the tube axis. Measurements show 

than individual SWCNT has a room temperature thermal conductivity along 

its axis of about 3500 W/m K, compare this to copper, a metal well known for 

its good thermal conductivity, which transmits 385 W/m K. 

The following Table summarizes the theoretical and experimental properties of 

carbon nanotubes and also graphite properties are listed for direct comparison. 
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Table 2-1: Theoretical and experimental properties of carbon nanotubes [11] 

Property CNTs Graphite 

Specific gravity 0.8 g/cm3 for SWCNT 

1.8 g/cm3 for MWCNT (theoretical) 

2.26 g/cm3 

Elastic modulus 1 TPa for SWCNT 

0.3-1 TPa for MWCNT 

1 TPa (in-plane) 

Strength 50-500GPa for SWCNT 

10-60GPa for MWCNT 

 

Resistivity 5-50 μΩcm 50 μΩcm (in-plane) 

Thermal 

conductivity 

3000 W/m K (theoretical) 3000 W/m K (in-plane) 

6 W/m K (c-axis) 

Thermal expansion Negligible (theoretical) -1 x 10-6 K-1 (in-plane) 

29 x 10-6 K-1 (c-axis) 

Thermal stability >700 oC (in air); 2800 oC (in vacuum) 450-650 oC (in air) 

Specific surface area 10-20 m2/g  

 

2.3.3 Synthesis 

 

There are several techniques that have been developed to produce carbon nanotubes 

which mainly involve gas phases processes. Commonly, three procedures are being 

used for producing CNTs [12]: 

 

1. The Electric Arc-discharge Technique 

2. The Laser Ablation Technique 

3. The Chemical Vapor Deposition Technique 

 

Laser ablation and Arc discharge Techniques were fist used to synthesize CNTs, but 

currently, these techniques have been replaced by low temperature chemical vapor 

deposition (CVD) method (T<800oC), since the nanotube length, diameter, alignment, 

purity, density and orientation of CNTs can be accurately controlled. 
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2.3.4 Applications 

 

Carbon nanotubes find a variety of applications in many technology sectors. They are used 

as reinforcing agents for the reinforcement of polymeric, ceramic or other matrices in 

order to build new composites of improved properties, which in turn find application 

either in electronics (manufacture of electrochemical cables, superconductors, flat screens, 

electrical energy accumulators, etc.) or in medicine (manufacture of chemical and 

biological sensors, bio-sensors and medical devices), or in the automotive and aerospace 

industry. 

 

2.4 Failure modes in composite materials 

 

This subsection addresses the most common failure modes and their importance in 

composite materials. It is important to mention that heterogeneous microstructure of 

composite, the large differences between constituent properties, the presence of interfaces 

as well as directionality of reinforcement that induces anisotropy in overall properties, are 

main reasons for the complexities observed in geometrical features of micro-level failure 

in composites. For that reasons, the understanding of the failure modes, as observed in the 

macroscopic scale, should start with the understanding of the failure modes in microscopic 

scale, e.g. fiber and matrix failures, interface failure etc. [13]. 

 

In composite materials, damage mechanisms, by observing fracture surfaces, can be 

divided into the following failure modes:  

 

• Interfacial debonding 

• Matrix cracking/Intralaminar (ply) cracking 

• Fiber rupture/breakage 

• Delamination/Interlaminar cracking 

 

The evolution of damage under critical loading conditions forms cracks at the macroscopic 

scale. Crack advance can cause serious reduction in strength and stiffness and finally leads 

to interlaminar, intralaminar or translaminar catastrophic fracture. 

 

2.4.1 Interfacial Debonding 

 

The interface plays a significant role in stress transfer between fiber and matrix in 

composite materials. For instance, for tough and well bonded matrices where interfacial 

bond between fiber and matrix is strong, the matrix cracking is delayed, and the composite 

catastrophically fails due to the fiber fracture. In the other hand, if the interface is weak, 

the degree of fiber debonding will be extensive before fiber failure occurs, leading to the 
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fiber pull-out failures. Figure 2.12 (a) shows debonding surfaces between fiber and matrix 

in a unidirectional composite. In compression failure that it is governed by a much more 

complicated failure mechanism, the fibers do not fail due to direct compression, but from 

local instabilities such as micro-buckling and kind-band formation, as presented in Figure 

2.12 (b). 
 

  

Figure 2.12: (a) Interfacial Debonding presented in a UD fiber-reinforced composites [14], (b) Micrograph 

from a kink-band formation [15]. 

 

2.4.2 Matrix cracking/ Intralaminar (ply) cracking 

 

As it was previously mentioned, although the fiber-reinforced composites offer high 

strength and stiffness in longitudinal direction, the poor out-of plane properties, however, 

are the weak point due to the absence of any through the thickness reinforcement. The 

matrix cracking is frequently the first observed form of damage which starts to form from 

defects in a given ply and grow transverse to the loading direction and running parallel to 

the fibers in that ply. Although matrix cracking does not cause catastrophic failure of a 

composite laminate by itself, it can be result in deterioration in material stiffness and can 

also induce more severe forms of failures such as delamination and fiber breakage; these 

failures are very critical failure modes and presented in the following subsections [13]. 

The number of cracks depends on the type of the applied load. If the load is static, the 

presence of matrix cracks will be lower than that caused by the fatigue load. 

 

2.4.3 Fiber rupture/breakage 

 

Perhaps the tensile failure is considered to be the simplest failure mode and the fiber 

breakage (fiber separation) is the mechanism associated with this mode. In a unidirectional 

composite the individual fibers fail at their weak points under tension and stress 

redistribution between fibers and matrix occurs, affecting other fibers in the local vicinity 

and therefore resulting in the breakage of them [13]. The fiber/matrix interface transfers 

the stress from the broken fiber back to the fiber at certain distance, making another fiber 

break possible, if its strength is exceeded by the locally developed stress. 
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2.4.4 Delamination/ Interlaminar cracking 

 

Delamination is the matrix cracking in the interfacial plane between two adjacent plies 

which causes to the separation of these plies within the laminate. Delamination has often 

been considered to be the ‘Achilles heel’ of laminated composites. Delamination is 

common failure mode in reinforced composite laminates due to the relatively low 

interlaminar fracture toughness and can occur at cut (free) edges (e.g. at holes), during 

machining processes (e.g. drilling or fastening) and other geometric discontinuities which 

result in local stress distribution. Another very common cause of delamination is attributed 

to the low velocity impact [16]. For instance, in contrast to metals, during low velocity 

impact (e.g. drop of a tool at maintenance), delamination can occur below the surface of 

the structure and the inner plies with the outer surface to be undamaged during a visual 

inspection. In such cases, the growth of this damage under the subsequent application of 

the applied load leads to a rapid degradation of the mechanical properties and may cause a 

catastrophic failure of a composite. Delamination is an intrinsic problem in composite 

structures because it can cause the separation of two plies and make the structure to 

completely lose its structural integrity. The critical property for the delamination initiating 

is the interlaminar strength which is determined by the matrix. Once interlaminar cracks 

are formed, their growth is determined by the interlaminar fracture toughness [13]. 

Therefore, several attempts were developed in order to enhance the resistance of a 

laminate against delamination either by improving the interlaminar fracture toughness of a 

matrix or by developing through the thickness reinforcement methods (e.g. stitched fibers) 

[17]-[18]. During the last years, a new field of research has been evolved improving the 

thermosetting matrices with the incorporation of nano-sized fillers, exhibiting significant 

improvement in fracture toughness. The toughening mechanisms observed in the nano-

composites fractures were presented in Figure 2.13(b). 

 

  

Figure 2.13: (a) Inter-ply delamination crack in CFRP laminate , (b) Fracture mechanisms of energy 

dissipation of nano-materials [19]. 

In several loading cases, during service life of a composite structure, such as low velocity 

impacts and strikes by low mass projectiles only a finite amount of energy is available to 

damage (crack propagation, delamination.). Then the ability of the composite to absorb 

energy minimizes the developed damage and the related material toughness secure its 
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resistance to crack propagation. Hence, toughness rather than strength and stiffness is the 

key property of the composite material. Fracture toughness is a property of a material 

which could be defined as its ability to resist fracture with existing crack within it.  

 

In fracture mechanics, delamination is characterized by three different damage modes. The 

tensile crack opening (Mode I), the sliding shear (Mode II) and the tearing shear (Mode 

III), as presented in Figure 2.14. A more extensive discussion about the quantification of 

these modes will be presented later. 

 

Figure 2.14: Fracture mechanics delamination modes [20]. 

 

• Mode I (tensile or opening mode), where the crack surfaces move directly apart. 

• Mode II (in-plane shear or sliding mode), where the surfaces of the crack slide 

one on the other perpendicular to the crack front. 

• Mode III (anti-plane shear or tearing mode), where the crack surfaces move 

relative to one another and parallel to the crack front. 

 

2.5 State of the art of nano-reinforced composite materials  

2.5.1 Multifunctionality of composite materials and structures 

 

According to the literature, on material level, the term Multifunctionality is observed to 

have a different meaning depending on the various research team groups. Generally, 

Multifunctional Material System (MFMS) is consisted of Multifunctional Materials 

(MFM), Multifunctional Composites (MFC) and Multifunctional Structures (MFS) [21]. 

Some authors consider multifunctional materials dividing the functions into two groups: 

the structural and non-structural. The important non-structural properties are electrical and 

thermal conductivity including structural health monitoring (SHM), actuation, energy 

harvesting/storage, self-healing etc. While, the most important structural functions are 

strength and stiffness including other mechanical properties such as fracture toughness, 

energy absorption and thermal stability.  

According to Rawal [22], Multifunctional Materials (MFM) are defined as the 

structural composite materials which are designed to perform more than one other non-

structural function. A simple example of an MFM would be Carbon Nanotubes (CNTs) 

which offers high mechanical strength and electrical conductivity whereas a 
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multifunctional composite could be a CFRP laminate which offers the combination of high 

strength and stiffness and high in-plane electrical conductivity. Multifunctional 

Structures (MFS) are defined as structures which perform other engineering functions 

and have the capability to carry mechanical loads. Christodoulou et al. [23], defined a 

synthetic multifunctional material system (SMFM) as a structural material one which 

must, by nature of its application, bear mechanical loads or resist imposed mechanical 

stresses in service that also exhibits at least one additional performance-linked function. 

During the last decades, there is a necessity for the incorporation of multiple 

functionalities into composite structures due to the demand for lighter and more advanced 

materials, especially in the aerospace sector. In the past few years, a trend in research of 

multifunctional materials has been given by the nanotechnology and its products (e.g. 

CNTs, graphene, bucky-papers etc.). According to the literature, carbon nanotubes (CNTs) 

and related nanotechnologies have posed a strong candidacy for providing an integrated 

approach towards enhanced structural integrity and multifunctionality. CNTs possess 

excellent properties in terms of strength, stiffness and conductivity, as mentioned in 

subsection 2.3. Graphene has very similar properties [24]. Moreover, their high aspect 

ratio is the one of the main reasons to develop nanocomposites. Since 2000, a great 

number of works has been reported on multifunctionality of nano-modified materials. 

Recently, Ramesh Gupta et al [25], proposed a review of the research related to 

multifunctional materials and structures. 

 

In terms of reinforced composite, the concept of multi-scale material and structure has 

been developed. In order to benefit from the use of CNTs in conventional fibrous 

composites, there are two main routes to develop nano-enabled composites [26]: 

 

1. Nano-Augmentation, meaning the randomly and homogeneously dispersing nano-

particles (e.g. CNTs) into the matrix of the composite material. 

2. Nano-Engineering, meaning the use of nano-particle structures (e.g. 1D of fiber 

form, 2D in the form of bucky papers and 3D in the form of CNT forests), 

introducing them in the composite laminate. The enhancement of mechanical 

performance as well as additional functionalities can be introduced into 

conventional composites. 

 

These approaches promise composite materials with enhanced performance and the 

capability for integrated functionalities (multifunctionality approach). In accordance of the 

literature review, as summarized in  

 

, there are various manufacturing techniques that are being investigated for the production 

of nano-enabled composite structures, as follows: 

 

The bulk random dispersion of CNTs in the form of powder into a resin matrix of a 

composite material is the most common technique for the development of CNT-doped 

fiber composites. (Figure 2.15, Figure 2.16). The prior dispersion of CNTs into the matrix 

can produce a homogeneous distribution and can maximize the effective interface area 

between CNT and matrix. Also, there are commercial polymer dispersions of CNTs 

researched [27] and developed in the market ready to use to the end-products [28]-[29]. 
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An alternative production route is to establish the nano-phase into the reinforcing phase, 

i.e. the fibers. Along this route is the approach to introduce the nano-phase through the 

sizing of the fibers (Figure 2.17). Typically, CNT dispersion into a liquid is performed and 

then the fibers are passed through this nano-modified liquid to establish their sizing. 

An alternative approach is the integration of CNTs through the interface or interlaminar 

region. To perform this, one choice is the deposition of nano-doped solution over the fiber 

reinforcement by spraying a nano-particle polymer or a solvent solution (Figure 2.18) and 

another one is the electrophoretic deposition (EPD) of CNT fillers on to the fiber 

reinforcement (Figure 2.19) which is an industrial-coating and low-energy use technique 

[30]. 

Another option is the chemical vapor deposition (CVD) and other chemically grafting 

methods to grow directly CNTs on the fiber form for improving the interfacial bonding 

between fiber and matrix (Figure 2.20) [31]-[34]. 

An alternative line of thinking is the direct deposition of raw nano-particles or high 

content of nano-modified polymer or even the direct lamination containing films, fabrics, 

or veils, during the lamination process of composite structures (Figure 2.21). In general, 

films can be prepared by the commercial aqueous or solvent nano-particle solutions. 

Fabrics or veils can be prepared by a high CNT content of polymer fibers, using a spinning 

or extrusion technique. Following, the fibers are chopped and randomly dispersed to 

produce a veil or woven into a fabric (Figure 2.22). The final form can be used as interleaf 

material between the fabric plies of a composite part. 

Other alternative approach is the integration of nano-phase through 1D, 2D and 3D 

commercial products, containing high CNT content (ideally polymer-free). For instance, 

1D product can be found in the form of CNT yarns or CNT continuous fibers that could 

replace the conventional carbon fibers. 2D CNT performs are available in the form of dry 

CNT porous sheets (Figure 2.23). Buckypapers belong to the same category and are 

available in the form ranges from small circular papers to dry CNT large porous sheets 

(Figure 2.24). 
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Table 2-2: A summary of approaches for delivering nano-enabled composite materials 

Nano-

enabling 

type 

Form and 

element 
Illustration of integrated nano-phase 

Nano-

augmentation 

Dispersion of 

nano-particles 

in resin 

 

Figure 2.15: Idealized illustration of CNT-doped matrix [35]. 

 

Figure 2.16: CNT-doped matrix between carbon fibers via 

SEM [36]. 

Nano-

engineering 

Dispersion of 

nano-particle 

in sizing agent  

Figure 2.17: Carbon fiber sizing process using CNT polymer 

agent [37]. 

Nano-

engineering 

Spray-coated 

and 

electrophoretic 

deposition 

with nano-

particle 

dispersion on 

fabric 
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Figure 2.18: CNT-solution depositing onto Carbon prepregs 

using spray coating process [38]. 

 

 

Figure 2.19: Electrophoretic deposition process of CNTs onto 

carbon fiber [39]. 

Nano-

engineering 

Growth of 

nanotubes on 

fiber surface 

 

 

Figure 2.20: CNT random growth of carbon fiber surface [40]. 

Nano-

augmentation 

Mixture of 

nano-particles 

in 

thermoplastic 
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Figure 2.21: CNT pellets incorporated with epoxy resin [41]. 

Nano-

engineering 

Nano-doped 

polymer fiber 

as interleave 

 

 

Figure 2.22: Non-woven veil made of MWCNT doped 

polymer [42]. 

Nano-

engineering 

Nano-

composite 

film as 

interleave 

 

 

Figure 2.23: GNP paper microstructure via SEM [43]. 
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Nano-

engineering 

Porous nano-

particle 

perform as 

interleave 

(Buckypaper)  

Figure 2.24: SWCNT buckypaper in different diameters [44]. 

 

2.5.2 Performance of nano-enabled composites 

 

The driver for the development of the aforementioned products/techniques has been the 

pursuit of composites with improved performance. The achievement of the desired 

properties of the final material depends on the suitable selection of the type of nano-

particles. Additional factors that affect the final properties of nano-modified material are 

the weight content of nano-fillers, their dispersion into the matrix, their aspect ratio and 

specific surface area. 

 

As previously pointed out, CNTs have attracted the research attention both for the 

scientific community and industry. Further to CNTs a variety of additional nano-fillers 

(e.g. CNF, nano-SiC etc.) has been proposed, individually or a combination with CNTs in 

hybrid form, in order to enhance the properties of composite and therefore its 

performance. Recently, Graphene has attracted the attention and serves as one of the most 

promising filler for the nano-composite research.  

 

The present review sets the prime interest on carbon nanotubes and other carbon allotropes 

and attempts to include other nano-fillers for certain properties. Until today, the major 

interest for nano-enabled composites is related to the investigation of mechanical, 

electrical and thermal properties.  

 

2.5.2.1 Mechanical properties 

 

On the mechanical performance, the major role of nano-enabled composite materials is to 

enhance the poor out-of plane properties of the composites. Fiber-dominated properties, 

such as strength and stiffness, are already high and the presence of nano-phase into a 

matrix is not expected to improve the situation. The case is much different for matrix-

dominated and the out-of-plane properties where nano-modified materials have been 

employed with impressive results. Such mechanical properties are shear strength, fracture 

toughness and impact damage resistance. 

 

The present subsection presents the comprehensive literature review of the most important 

published works on the effect of nano-particles and especially the carbon nanotubes as 

reinforcing phase for the improvement of interlaminar fracture properties and damage 

tolerance of high-performance composite materials and especially of CFRPs. The focus of 

this review is placed on the two most commonly used manufacturing techniques and their 

related technologies; Autoclave and Resin Transfer Molding (RTM). Autoclave 
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technology is presently the most common technique in aerospace industry for 

manufacturing high-performance and precise components, while RTM techniques have 

been proven the last years as an alternative manufacturing technique for large complex 

structures. 

 

Interlaminar shear strength is among of the first properties of interest. The integration of 

randomly dispersed CNTs into an epoxy resin has shown improvement of 11% of 

interlaminar shear strength for concentration of 0.5 wt.%, but it decreased with a further 

increase in CNT content to 1 wt.% [45]. In [46], the modification of carbon fiber/epoxy 

was presented due to the presence of carbon nanotubes using dip coating technique, 

improving the interlaminar shear strength up to 14%. In the frame of same work, 

improvements have been reported as high as 70% with the sizing of carbon fibers 

depositing into a mixture of functionalized multi-walled carbon nanotubes [47]. 

 

Interlaminar fracture toughness is a very critical property where nano-enabled composites 

have delivered great improvements. Many relative investigations with the incorporation of 

carbon nanotubes into polymer matrix are the following: 

 

Among them, Kostopoulos et al. [48] reported a significant increase of interlaminar 

fracture toughness including 1%wt. MWCNTs into the epoxy matrix of composites. More 

precisely, the fracture toughness of GIC and GIIC of the composite was increased by 60% 

and 75% respectively. Gojny et al. [49] has demonstrated an increase of fracture toughness 

of epoxy resin by 23% under Mode I, in the case of 1wt.% amino-functionalized Double-

walled CNTs has been homogeneously dispersed into the epoxy via three roll calander. 

Davis et al. in [50] demonstrated that fluorine functionalized carbon nanotubes (f-CNTs) 

can be used in the midplane of a fiber reinforced epoxy composite laminate using spraying 

methodology for increasing the Mode II interlaminar fracture toughness. The highest 

improvement of 23% in the average initiation and 27% in the average propagation GIIC 

was observed with only 0.5wt% f-CNTs, respectively. A number of other studies 

mentioned at [51] also showed significant improvements in fracture toughness of polymer 

nanocomposites with small CNT contents often less than 1 wt.%. 

 

In another study, Zhang et al. [52] investigated the effect of spray coated carbon nanotubes 

depositing them on carbon fiber prepreg surface, improving fracture toughness in Mode I 

by about 50% with very low CNT amount of 0.047 wt.%. Joshi et al. [53], reported an 

increase of about 40% and 140% in Mode I and Mode II respectively by spray coated film 

with amount of 1.32 g/m2. 

 

Results in the same direction have been reported for other fillers such as CNFs and 

graphene nanoplatelets (GNPs) in modified polymer matrix. Based on the literature, GNPs 

seems to be very promising fillers for the production of nano-modified polymers with 

improved fracture properties. Tsantzalis et al. [54] reported a similar increase of 100% in 

Mode I interlaminar fracture energy of CFRP laminates with the addition of 1 wt% CNFs. 

Recently, Kostopoulos et al. [55], composed mixed fillers of multi-walled carbon 

nanotubes and few layered graphene nanoplatelets and investigated their synergistic 

effects in terms of enhancing the fracture toughness. Specifically, GIC and GIIC were 
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improved up to 45% and 25% respectively, in the hybrid case combining 0.5 wt% GNPs 

and 1wt% MWCNTs. In another her scientific study, the highest increase of 50% in 

fracture toughness of carbon/epoxy prepreg laminates was achieved by the incorporation 

of 0.5 wt% GNPs in final composite [56]. 

 

Although the introduction of CNTs into composite laminates provide significant 

performance benefits dealing mainly with the interlaminar fracture characteristics and the 

resulted multi-functionality, many problems appear during the incorporation of CNTs into 

these materials, especially in the OoA manufacturing processes. However, at Out-of 

Autoclave (OoA) processes the incorporation of nano-fillers into polymer matrix would be 

restricted. A direct introduction of CNTs into epoxy matrix leads to increase of resin 

viscosity and an uneven nanofiller distribution into the manufactured component and/or 

filtering effects that block the resin close to the inlet gates. Despite this problem, a few 

attempts have been developed in order to infuse nano-modified epoxy resin through 

perform, enhancing out-of plane properties. Advani and coworkers et al. [57] have studied 

the filtering effect of acid-oxidized MWCNTs on the fabric surface. Tanoglu et al. [58] 

referred that GIIC by 8% with the integration of 0.1%wt. amino functionalized CNTs 

whereas no significant improvement for GIC value was reported. K-T Hsiao et al. [59] 

introduced CNFs into polyester matrix to manufacture a multiscale glass fiber reinforced 

composites by resin infusion process at various concentrations (0.5, 1, 1.5 %wt.). In the 

case of 1.5%wt. noticeable CNF filtration effect in the thickness direction and the presence 

of micro-void formation in the specimens were observed. Zhou and his group [60] 

prepared carbon fiber/epoxy composites by infused the nano-modified resin with the 

incorporation of 0.3wt% CNTs. They found that MWCNT/epoxy suspension higher than 

0.4wt% could not penetrate the fabrics, blocking the resin flow. 

 

Other alternatives are the direct position of interleaf materials (veils) between the layers of 

reinforcing fabrics in order to create an interlayer toughening through fiber bridging 

effects. Nanofibrous veils produced by electrospinning can be easily placed in the resin 

rich interlayer between two plies prior to composite production. Furthermore, since there 

is no need to disperse them into polymer resin, the presence of the aforementioned 

disadvantages does not exist, such as an increased of viscosity or inhomogeneous 

dispersion. Although there are many obvious benefits, the research on composites 

enhanced with electrospun thermoplastic nanofibrous to improve fracture properties is still 

very limited. Beckermann et al. [61] reported an increase of fracture toughness of carbon 

fiber UD prepreg laminates interleaved with PA6.6 veils. However, it is concluded that 

these improvements in Mode I only occur during crack initiation while GIC was not 

affected or even decreased at further crack propagation. The effect of polyamide 

interleaves on woven laminates has been studied by Hamer et al. [62] who reports an 

increase in GIC while Palazetti et al. [63]-[64] in his work, reported only minor 

improvements or even decreases on both GIC and GIIC. In addition, it is important to notice 

that the veil’s thickness is also an important factor on the interlaminar fracture toughness 

of the interleaved composites. However, the increasing of the veil’s thickness does not 

lead to the improvement of fracture toughness. 
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It is well known that damage in composites from impact events is one of the most 

important aspects in the field of aerospace and military industries. In the aviation industry 

the structural damages of FRPs are inevitably. The induced damage can occur during 

aircraft maintenance (e.g. tool drop) or during service life (i.e. bird strike, runway debris, 

hail impact etc.). In general, the impact events can be divided into two distinct categories: 

the low velocity impact by a large mass (<11m/s) and a high velocity by a small mass 

(>11m/s) [65]. The induced damage develops under the impacted area and forms the well-

defined pine-tree or cone, as schematically presented in Figure 2.25 [66]-[67]. In the case 

of thick laminates, the matrix cracks firstly presented at the first layers where the impact 

takes place due to the stress concentrations. While for the thin laminates the matrix cracks 

formed at the lower layers due to the presence of bending stresses in the back side of the 

laminates. 

 
Figure 2.25: Schematic illustration of pine-tree of (a) thick and (b) thin composite laminates 

 

Composite structures are highly susceptible to impact damage in the form of matrix cracks 

and delaminations due to low delamination resistance and poor impact damage tolerance. 

While high energy impact loading causes complete penetration, which is detectable on the 

surface, low energy impact can produce extensive sub-surface delamination with barely 

visible impact damage (BVID). Therefore, the internal damage can cause substantial 

degradation in important mechanical properties such as in-plane strength and stiffness. 

The damage resistance of composite materials and the damage tolerance after impact have 

received remarkable attention in the literature over the years. Damage tolerance refers to 

the ability of a material to resist with a specific amount of damage. It is well known that 

composites with improved interlaminar fracture toughness and interlaminar shear strength 

(ILSS) have better performance in compression after impact tests. In addition, significant 

research has been directed towards improving the impact damage resistance and tolerance 

of CFRPs by introducing nano-sized particles. These fillers introduce additional energy 

dissipation mechanisms and therefore contributes to enhance the fracture properties of 

polymer and composites. 

 

Kim et al. [68] found a significant improvement by the introduction of 3wt% nanoclay in 

impact damage resistance in the form of smaller damage area and therefore higher residual 

strength. Ashrafi et al. [69] reported that the impact induced damaged area was decreased 

by 5% and the compression after impact strength was 3.5% higher of carbon fiber/epoxy 

resin composites with incorporation of 0.1%wt. functionalized SWCNTs in the epoxy 

matrix. Kostopoulos et al. [70] has also investigated the influence of MWCNTs in 

delamination area and the compression after impact behavior. About 0.5 wt% MWCNTs 

were dispersed in the epoxy resin of CFRP quasi-isotropic laminates which were subjected 

to low velocity impact at different impact energies (2, 8, 12, 16 and 20J). The 

delamination area after impact was found reduced but results showed large standard 

deviations while the CAI strength was increased around 12-15 % for the doped specimens. 
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In another work, Hosur [71] reviewed that the infusion of nanoclay epoxy resin through 

woven carbon fabric reduced the impact damage.  

 

Although a novel and promising toughening method is the interleaving of electrospun 

nanofibrous veils, the research into interleaved composite laminates subjected to out-of-

plane impact is still very limited. In this technique the interleaf veils are inserted at critical 

locations between the fabric layers that are potential sites for premature failures. Palazetti 

et al. [72] studied the effect of polyamide 6.6 (PA6.6) nanofibers on the impact resistance 

of CFRP laminates. Analysis of the force data during the impact event showed no 

differences between the reference and the interleaved modified material. Akangah et al. 

[73] also analyzed the effect of electrospun Nylon 6,6 on the low velocity impact events. 

The threshold of impact force is increased by about 60% of electrospun modified 

laminates  

 

On the other hand, a degraded CAI behavior was reported in the literature. Gorbatikh et al. 

[74] investigated the effect of CNTs on the impact damage resistance incorporating in the 

three different epoxy masterbatches. An increase of delamination area was found for all 

nano-modified samples while the residual compressive strength was either higher or 

similar to the one observed for reference. This situation indicates that the nano-doped 

specimens have a higher damage tolerance than the baseline material. Pantelakis et al. [75] 

investigates the synergistic effect of multi-walled carbon nanotubes on the after-impact 

behavior of carbon/ epoxy composites revealing a significant increase of the damaged area 

and a reduction of CAI strength of nano-modified composites. According to the author, the 

presence of carbon nanotubes agglomerates may act as stress concentrators rather than as 

reinforcement. Umer et al. [76] proposed the introduction of graphene oxide by resin 

infusion process without negligible effect on the impact response of the nano-modified 

composites. Sadeghian et al. [77] introduced CNFs into polyester matrix to manufacture a 

multiscale glass fiber reinforced composites by resin infusion process at various 

concentrations (0.5, 1, 1.5 wt.%). The positive effect on the fracture properties was proved 

with the addition of 1 wt.% CNF, whereas in the case of 1.5%wt. noticeable CNF filtration 

effect in the thickness direction and the presence of micro-void formation in the specimens 

were observed due to the re-agglomerations. It was proved that the increasing of volume 

fraction of nano fillers leads to the formation of agglomerates. 

 

2.5.2.2 Electrical properties 

 

One of the major attributes of carbon nanotubes is their remarkably high electrical 

conductivity. For the next generation of aerospace applications, a new requirement will be 

the development of high electrical conductivity of the composite material [78].  

 

According to the literature, the filler distribution inside the polymer, the presence of the 

chemical modification on the surface or the ends of nanoparticles, the dimensional 

characteristics of nanoparticles and the filler/matrix interactions are the most important 

parameters that affect the electrical conductivity of a composite. Additionally, percolation 

theory approaches are often applied to describe the transition from insulator to conductor 

of composite materials consisting of an insulator matrix and conductive inclusions. When 

electrically conductive fillers (e.g. CNTs) are added in an insulative polymer, a percolating 
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path can be formed which enables the conduction of electrons through the material. This 

occurs after a critical filler concentration, commonly named percolation threshold [79]-

[81]. Concentrations below the percolation threshold do not affect the electrical 

conductivity of the composite which remains at the level of the non-conductive polymer 

matrix. Close to the percolation threshold, an abrupt increase in the conductivity of the 

composite is achieved and above this critical threshold the material is conductive. 

 

On polymer level, there is a plethora of studies addressing the conductivity dependence of 

these materials on the concentration of conductive filler [82]. Specifically, very high 

values of electrical conductivity in the range of 103-104 S/m have been reported for 

concentration between of 5 and 30 wt% of carbon nanotubes for different polymer 

matrices. 

 

However, these concentration values for fiber-reinforced composites are prohibitive due to 

processing reasons. Most of the reported studies, the maximum concentration of nano-

particles is close to 2 wt%, which is already high, considering that the percolation level is 

far below 1 wt%. For instance, in the case of MWCNTs the reported value of percolation 

threshold is close to 0.1 wt% [82]. Kostopoulos et al. [84] investigated the use of CNTs 

which were dispersed in the epoxy resin at different concentrations (0.1, 0.5, 1 wt%). It 

was found that the electrical conductivity in the through-thickness direction is close to 0.5 

S/m for the reference material, doubled in the case of 0.5 wt% CNT and reached nearly to 

2 S/m in the case of 1wt%. 

 

In the case where CNTs grown on carbon fiber surface the conductivity in through-

thickness direction was improved by two orders of magnitude [85]. In the direction of the 

fiber sizing process, a limited amount of works has been reported on studying the 

electrical performance of the composites. Gao et al. [86] demonstrated an innovative 

approach where the dispersion of CNTs was carried out using a sizing fiber agent which 

was infused into the fabric preform prior to resin infusion. Due to low viscosity of sizing 

agent, CNTs can penetrate into the inter-fiber and inter-bundle regions of preform. For 

comparison, the nano-modified matrix was prepared by the traditional calendaring 

approach. The electrical conductivity measurements of CNT-sized fibers showed values 

two to three orders of magnitude higher than conventional specimens. Bekyarova et al. 

[87] proposed the electrophoretic deposition approach to deposit CNTs on the carbon 

fabric surface in order to study the in-plane and out-of plane electrical conductivity. As 

expected, the in-plane conductivity remained unaffected by the addition of carbon 

nanotubes while for out-of-plane conductivity an enhancement of 30% was observed, 

compared to the reference CFRP laminate where the maximum value was reported to be 

9 S/m. 

 

In the direction of nano-modification of the interlayer region, limited studies have reported 

an enhancement of electrical properties. Vavouliotis et al. [88] studied the effect of carbon 

nanotubes on the electrical performance of CFRP prepreg composites. The electrical 

conductivity increased from 0.8 to 4.5 S/m in absolute value corresponding to change over 

400%. Ballocchi et al. [89] investigated the use of nano-doped thermoplastic veils as 

interleaf material in dry preforms for infusion-based production process. However, the 

out-of-plane conductivity showed decrease from 1.3 to 0.9 S/m compared to baseline 

material. It is speculated that the conductivity of microfiber modified with CNT is low to 

induce changes in the final composite laminate [90]. 
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Summarizing the aforementioned techniques and their effects on the electrical 

conductivity measurement, we can conclude that even though CNTs exhibits high 

theoretical values of conductivity, their properties have not full exploited for the case of 

fiber-reinforced composite materials. Nanotechnology achievements of aerospace 

composites remain relatively close to 5 S/m, while several techniques and synergies 

remain unexplored. 
 

2.5.2.3 Thermal properties 

 

Based on the results shown for the electrical properties of nano-enabled composite 

materials, the research interest at the scientific community has also been directed to the 

thermal properties. Even though several researchers were convinced that the thermal 

conductivity would be performed similarly with electrical in the case of nanocomposites, 

reported works have not confirmed this expectation. The incorporation of low CNT 

concentration into polymers leads to the slight enhancement on the thermal conductivity 

which is in contrast with the electrical conductivity measurement, as mentioned in the 

previous subsection [91].  

 

It is worth to clarify that the explanation of this different behavior of conductive nano-

particles on the thermal and electrical conductivity on non-conductive polymers and 

composites is due to the different nature of the phenomenon. It is known that in the case of 

thermal conductivity, heat transfers via phonons. A phonon is a quantum mechanical 

description of an elementary vibrational motion in which a lattice of atoms or molecules 

uniformly oscillates at a single frequency. Phonons cannot diffuse easily in polymers 

because of their poor crystalline structure. Polymers crystallinity strongly affects the 

thermal conductivity, which roughly varies from 0.2 W/m K for amorphous polymers to 

0.5 W/m K for highly crystalline polymers. 

 

On the other hand, the development of polymer composites with thermally conductive 

fillers has become attractive. The improvement of thermal conductivity of a nano-

modified polymer depends on several factors: The morphological and geometric features 

(e.g. shape, aspect ratio, etc.) as well as the achievement of the incorporation of highly 

filler loadings into a polymer are typically necessary to enhance thermal conductivity. The 

dominating factor in thermal conduction is also the interfacial thermal resistance, also 

known as Kapitza resistance RK, which occurs at the interface of the CNTs and polymer 

matrix. The observed barrier to heat flow can be associated with the differences in the 

phonon spectra of the two phases (polymer and CNT) and possible weak contact at the 

interface. From the theoretical point of view, the transmission of a phonon between two 

phases depends on the existence of common vibration frequencies for the two phases. 

Thus, it was supposed that only low frequency phonon modes of CNTs are effective when 

CNTs interact with the polymer matrix. Nevertheless, higher contents of fillers, the 

alignment, dispersing and functionalization of fillers could result in synergistic effects that 

may bring the desired results. 

 

According to the literature, a recent study proposed by Shin et al. [92] who studied the 

effect of high concentrations (1.1-3.7 wt%) of CNTs on the out-of-plane thermal 

conductivity. The nano-modified mat and buckypaper were incorporated into the 

composites with different processing techniques. The specimens with nano-doped mat and 

buckypapers exhibits 175% and 34.5% enhancement respectively over the baseline 
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material. Wu et al [93] investigated the use of GNP paper like thin film introducing during 

laminating process in between carbon fabric prepreg and showed a significant increase of 

through-plane thermal conductivity to 8 W/m K. In another study [94], the incorporation 

of long-MWCNTs sheets into the epoxy composites showed that the thermal conductivity 

was reached to the value of 55 W/m K. In a more recent study, Kostopoulos et al. [95] 

studied the effect of carbon nanotubes at various CNT weight contents on the effective 

thermal conductivity by associating it with Kapitza resistance. The results showed a strong 

increase of thermal resistance by increasing the CNTs’ weight fraction. This behavior is 

correlated with the presence of CNT agglomeration at higher concentrations and thus 

providing a first indication of the effect of CNT agglomeration on the thermal conductivity 

at various contents. Chapartegui and his coworkers [96] manufactured buckypaper 

structures of MWCNTs which impregnated with an epoxy and a benzoxazine matrix by 

achieving 48% and 44-59% weight fraction respectively and the thermal conductivity was 

measured. The results exhibited a low thermal conductivity for a pristine buckypaper (1.5 

W/mK) compared with the reported conductivity of individual MWCNTs (3000 W/m K). 

Concerning the impregnated buckypaper their conductivity measured 3 to 4 times lower 

compared to the pristine. The authors attributed this decrease of conductivity to the 

interfacial thermal resistance between MWCNTs and the polymer matrix. Similar results 

have also observed by Calard et al. [97]. 
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3.1 Abstract  

 

The current chapter describes the manufacturing methodologies for the fabrication of 

CFRP composites which were used in the frame of this dissertation. Three novel 

manufacturing procedures were developed by Liquid Resin Infusion (LRI) process in 

order to deposit the carbon nanotubes on to the reinforcement surface. Two types of 

composites were manufactured using Out-of-Autoclave technique; the reference or 

baseline and the nano-modified ones. For the implementation of two first novel 

manufacturing techniques, the preparation of nano-modified solution as carrier was 

performed and for the third one a commercial copolyamide nonwoven material (veil) was 

used as interleaf material, depositing it between carbon fabric layers. 

In the subsection 3.2, the specifications and the mechanical properties of materials used 

were mentioned for the development of nano-enabled composite structures. Additionally, 

the methodology for the preparation of nano-modified solution at various MWCNT 

concentrations (0.5, 1, 1.5 and 2.5 wt.%) was mentioned. These resulting mixtures were 

utilized to nano-modify the carbon fabric (CF) reinforcement prior to infusion process. 

A detailed description of each manufacturing technique was presented in subsection 3.3. 

These novel techniques were developed in Department of Mechanical & Aeronautics 

Engineer, in the Applied Mechanics Laboratory (AML), University of Patras, Greece. 

Specifically, the experimental procedure used to properly deposit the carbon nanotubes on 

to the reinforcement surface was described. 

Finally, in the subsection 3.4, the quality assurance procedures (Quality Control) were 

mentioned at various stages of the manufacturing of the materials, from the raw material 

(nano-modified solution, thermoplastic veil) to the final product (composite laminate). 
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3.2 Materials 

 

This section lists the material used for the manufacturing of the reference and the nano-

modified CFRP laminates. Additionally, the suppliers, specifications and properties of 

these materials were presented.  

 

3.2.1 Resin System 

 

The resin material used in this dissertation was provided by Resoltech Advanced 

Technology Resin [1] and consists of the thermosetting epoxy resin RST 1400, the 

anhydride hardener RST 1407 and the imidazole accelerator AC140 which are typically 

mixed in ratio of 100:90:0.5 by weight, as recommended by the manufacturer [2]. The 

resin can be preheated to about 30-50 oC before adding the cold mixture of hardener-

accelerator. Since this particular resin system is easy to process, has low viscosity at the 

processing temperature (T40oC), with extremely long pot life, is capable of impregnating 

the fabrics in large parts using Vacuum Assisted Resin Transfer Molding (VARTM) 

techniques, such as resin transfer molding, infusion etc. Additionally, the typical curing 

cycle followed which is 4h at 80oC and post-cure for 4h at 140oC, according to the 

manufacturer guidelines. Finally, this system is mainly used in industrial and aerospace 

applications. 

 

The following Tables present the features and the mechanical properties of this system. 

 

Table 3-1: Specifications of epoxy Resin system of Resolcoat RST 1400 [2]. 

SPECIFICATIONS 
RST 1400 

(Epoxy) 

RST 1407 

(Hardener) 

AC 140 

(Accelerator) 

Mix ratio 

(parts by weight) 
100 90 0.5 

Viscosity 25 oC 

(ISO 12058-1) [mPa s] 
10000-12000 50-100 < 50 

Mix Viscosity 25 oC 

(ISO 12058-1) [mPa s] 
600 - 900 

Density 25 oC 

(ISO 1675) [g/cm3] 
1.15-1.20 1.2-1.25 0.95-1.05 

Flash point (ISO 2719) 

[oC] 
>200 195 92 
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Aspect (visual) Clear liquid 
Clear, pale yellow 

liquid 
Clear liquid 

Storage Temperature 

[oC] 
2-40 2-40 2-40 

 

Table 3-2: Properties of epoxy Resin system of Resolcoat RST 1400 [1]. 

PROPERTY UNIT VALUE 

Pot life  

(Tecam, 100g, 40 oC, 65% 

RH,) 

h 5-7 

Glass Transition 

Temperature (TG)  

(IEC 1006, DSC, 10K/min) 

(4h 80oC and 4h 140oC) 

oC 145-150 

Tensile Test 

(ISO 527) 

Tensile 

Strength 
MPa 83-93 

Tensile 

Modulus 
GPa 3.1-3.3 

Elongation 

at tensile 
% 4.2-5.6 

Flexure Test  

(ISO 178) 

Flexure 

Strength 
MPa 125-135 

Deflection 

at max. load 
mm 10-18 

Fracture 

properties 

(PM 258-0/90) 

Fracture 

Toughness 

KIC 

MPa m1/2 0.56-0.6 

Fracture 

Energy GIC 
J/m2 88-96 
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3.2.2 Reinforcement Phase 

 

The primary reinforcement phase was a twill weave carbon fabric (2/2) with a density per 

unit area of 194 g/m2, having 3K filaments in the fiber bundle and a dry ply thickness of 

approximately 0.35mm. The carbon fabric reinforcement (having fiber type Pyrofil 

TR30S) was supplied by Fibermax Composites Ltd. [2]. The main basic characteristics of 

carbon fiber fabric and the mechanical properties of fiber tow were summarized in Table 

3-3. This fabric type exhibits: 

 

• High tensile strength 

• High tensile modulus 

• Small coefficient of friction and good wear resistant 

• High dimensional stability (small coefficient of thermal expansion) 

• Excellent electrical and thermal conductivity 

• High X-ray permeability 

 

 
 

Figure 3.1: Twill weave carbon fiber fabric of Pyrofil TR30S [2]. 

 

Table 3-3: Mechanical properties of carbon fiber of Pyrofil TR30S [3]. 

PROPERTY UNIT VALUE 

Tensile 

Properties 

(JISR 7601) 

Tensile 

Strength 
GPa 4.41 

Tensile 

Modulus 
GPa 235 

Elongation % 1.8 
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3.2.3 Nano-particles 

 

Regarding the nano-phase, a liquid CNT-enriched sizing agent with commercial name 

SIZICYLTM XC R2G was purchased from Nanocyl SA, Belgium [5]. It is a liquid sizing 

agent modified with 6.2% maximum solid content of multi-walled carbon nanotubes 

(MWCNTs, NC7000, Nanocyl SA, Belgium) to size fabrics before impregnation by the 

resin system for composite applications [6]. The carbon nanotubes were produced by the 

catalytic chemical vapor deposition process (CCVD). The specific characterizations and 

the properties of carbon nanotubes (NC7000, Nanocyl) were shown in Table 3-4. 

 
Table 3-4: Specific characterization of carbon nanotubes NC7000 Error! Reference source not found.. 

SPECIFICATION/ 

PROPERTY 
UNIT VALUE METHOD 

Average Diameter nm 9.5 TEM 

Average length μm 1.5 TEM 

Carbon purity % 90 TGA 

Surface area m2/g 250-300 

BET 

(surface area 

analysis) 

Volume resistivity Ω cm 10-4 

Internal test 

method 

(resistivity on 

powder) 

Thermal Conductivity  W/m K 3000 - 

Tensile 

Properties 

Tensile 

Strength 
GPa 10-60 

- 
Tensile 

Modulus 
TPa 1 

Elongation at 

Break 
% 10 

 

The sizing agent has excellent compatibility with glass and carbon fibers to improve 

mechanical properties of a composite structure, without affecting the viscosity of the resin 

used to impregnate the fiber (compatible with RTM and infusion processes). To comply 

with viscosity and the process requirements, the sizing agent can be diluted with de-

ionized water. After the treatment of fabrics, the drying of sizing agent has to be done in 

the range of temperatures between 150 and 175 oC.  
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3.2.3.1 Preparation of nano-modified suspensions 

 

In the current subsection, a detailed description of preparation of nano-modified 

suspensions at various MWCNT concentrations (0.5, 1, 1.5 and 2.5 wt%) was described, 

in the frame of this thesis. This solution was used for the Dip- Coating and the Two-Step 

Infiltration Techniques. 

 

The MWCNT-enriched sizing agent solution was prepared by mixing an amount of sizing 

agent into a suitable quantity of distilled water, obtaining a water solution with certain 

content of CNTs. The mixture of nano-modified suspension was subjected to Ultrasonic 

processing equipped with a cylindrical sonotrode (25mm in diameter) (Bandelin 

Ultrasonics GmbH, Berlin, Germany) to homogeneous disperse nano-fillers in suspension. 

Different solutions with different CNT contents were used for the pretreatment of the 

carbon fabric to conclude to different CNTs wt.% content. The required quantity of 

solution depends on the number of carbon fabric plies and its surface for each type of 

experiment, as will be mentioned in the following subsection. 

Specifically, once the sonotrode was subsequently fully immersed into the suspension, 

sonication was employed for 3h, operated at an output power of 60W, as schematically 

depicted in Figure 3.2. To avoid temperature increases in the bulk solution during 

ultrasonication and therefore to prevent the water evaporation, the mixing beaker was 

placed into a temperature control bath with continuous feed of fresh water. The quality 

control of the mixture was performed using a grindometer to confirm the absence of 

agglomerates. A detailed description of the quality control of solutions will be described in 

subsection 3.4. Finally, prior to pretreatment of carbon fabric reinforcement, the prepared 

water-based solution was degassed in a vacuum chamber for about 5 min. 
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Figure 3.2: Illustration of (a) the steps of Ultrasonic processing for the solution preparation, (b) the nano-

modified solution SIZICYL XC R2G during ultrasonication equipped with Bandelin device. 

 

3.2.4 Copolyamide nonwoven veils 

 

Non-woven thermoplastic copolyimide (PA) veils were used as interleaf material, supplied 

by Technology Partners (Warsaw, Poland). It consists of Nylon 6/6, 6/11/12-based 

copolyimide hot melt adhesive (abbreviation: coPA) with trade name Griltex 1516 (Tm= 

85-95 oC). To produce the doped nonwovens, the copolyamide was mixed with 2.5 wt% of 

MWCNT (NC7000) supplied by Nanocyl, Belgium, using a half-industrial melt-blown 

technique (TMBK Partners company in Warsaw, Poland). In this technique, thermoplastic 

polymer is fed into the extruder, after which the melting material goes through the die 

orifices. Thin fibres are formed by the application of high-speed hot air. These fibres are 

then deposited in a transport belt, thus creating the nonwoven web. [7]. The dominant 

advantage of the non-woven interleaved veils is that they are easily integrated in the final 

composite laminate and they have not limitations for the manufacturing processes 

(VARTM, RTM, prepreg-autoclave etc.). In addition, they have no significant effect on 

the production process of laminates (e.g. they did not increase the resin’s viscosity or 

affect to the laminate’s thickness).  

 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

77 

 

Two types of interleaf nonwoven veils were used differing in the thickness of nonwoven 

veil; the first type has thickness above 200μm and the second one has thickness under 

200μm, approximately to 80 μm. To decrease and homogenize the overall thickness of 

nonwovens, they were thermally pressed below the melting point of copolyamides in order 

to produce nonwoven veils with its thickness under 200μm. Each type of veil consisted of 

neat-veil (coPA1, coPA3) and CNT-doped veil (coPA2/2.5, coPA4/2.5) with 2.5 wt.% of 

MWCNTs (NC7000). The special characteristics of nonwovens were listed in Table 3-5, 

while macroscopic images were presented in Figure 3.3. 

 
Table 3-5: Characteristics of different types of interleaf nonwoven veils copolyamide Griltex 1516. 

CHARACTERISTICS 

Nonwoven designation 

coPA1 coPA2/2.5 coPA3 coPA4/2.5 

Areal weight  

[g/m2] 
12 14 12 13 

Filler content 

[wt%] 
- 2.5 - 2.5 

Nonwoven thickness 

[μm] 
207±56.7 206±48.7 80 80 

Fiber diameter (SEM) 

[μm] 
29.3±6.19 57.6±16.4 N/A N/A 

Melting point (DSC) 

[oC] 
92.8 93.2 90.24 93.49 
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Figure 3.3: View of two types of nonwoven copolyimide interleaf material depends on thickness veil 

produced by melt-blown method. 

 

Thermal properties of nonwoven interleaf materials (thinner veils) were investigated by 

means of differential scanning calorimetry (DSC), using the software of Universal TA 

Analysis, as depicted in Figure 3.4. It is visible that the melting point of copolyimide 

Griltex 1516A is close to the cure temperature of epoxy resin during processing of 

composite laminates (Tcure= 80oC). The melting range is a little shifted towards higher 

value in the presence of MWCNT from 90.24 to 93.49 oC from neat coPA to 2.5 wt.% 

MWCNTs coPA, respectively. 
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Figure 3.4: Melting ranges of (a) neat coPA3 and (b) doped with 2.5 wt% MWCNTs coPA4/2.5 nonwoven 

copolyimide interleaf materials (10oC/min). 

 

Figure 3.5 shows SEM pictures of the microstructure of veils. The polyamide veils exhibit 

bent and curved fibers. 
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Figure 3.5: SEM images of (a) neat coPA3 and (b) coPA4/2.5 nonwoven copolyimide interleaf materials 

 

3.3 Manufacturing Techniques of reinforced composites with the 

deposition of carbon nanotubes 

 

One of the main purposes of this dissertation is the development of Out-of-Autoclave 

(OoA) methodologies in order to successfully produce nano-modified composite structures 

with the deposition of nano fillers and especially multi-walled carbon nanotubes on to the 

reinforcement surface (carbon fibers). As mentioned in Chapter 1, although the addition of 

nano fillers into the thermosetting matrix is extensively applied, the directly mixing of 

CNTs into a matrix results a significant increase in a viscosity of resin and leads to an 

uneven nanofiller distribution into the manufactured laminate and/or filtering effects that 

block the resin close to the inlet gates during OoA processes such as LRI, RTM techniques 
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etc. In the frame of this thesis, three manufacturing techniques were developed and 

described in details in this subscection; the first technique is the Dip- Coating Technique 

where the nano-phase was introduced prior to carbon fabric preform, the second one is the 

Two Step Infiltration Technique where the nano-phase was introduced to carbon fabric 

preform under vacuum and the third one is the Interleaving Technique where the 

thermoplastic nonwovens as interlayers were placed between carbon fabrics. The main 

work of this thesis is to assess the ability of MWCNTs to provide increased resistance 

against interlaminar cracking and delamination as well as to improve damage tolerance of 

composites without the deterioration of in-plane mechanical properties. All material 

groups for each of the three aforementioned manufacturing techniques were subjected to 

Mode I, Mode II interlaminar fracture toughness tests, three-point bending (3PB), low 

velocity impact (LVI) and compression after impact (CAI) as well as electrical and 

thermal tests. Finally, for the purposes of this PhD dissertation, plain and open-hole tensile 

tests were decided to execute in order to investigate the effect of carbon nanotubes on the 

in-plane properties of composites (Knock-down effects). 

 

After manufacturing process and cure and post-cure profile of was completed in a 

conventional oven, reference and nano-modified CFRP laminates were subjected to NDT 

(C-scan) inspections to ensure that no major defects presented in the manufactured 

laminates. The C-scan runs for each type of material for each manufacturing method 

separately were presented in the subsection 3.4.2.2. 

 

3.3.1 Dip-Coating Technique 

 

The manufacturing process of Dip-Coating technique is schematically depicted step by 

step in Figure 3.6. Once the water-based sizing agent-enriched suspension with carbon 

nanotubes prepared, as described earlier (subsection 3.2.3.1), the nano-modification of dry 

carbon fabrics was performed in a closed hood equipped with the appropriate nano-filters 

under slight under pressure. The fabric reinforcement was immersed in the solution bath at 

a given (constant) rate and slightly compressed at the output of the solution bath in order 

to eliminate the excess quantity of solution remaining the needed amount of carbon 

nanotubes, with a view to produce pre-treated fabrics (Figure 3.6-a). Then, the nano-

modified wet fabrics were left to dry using a heating plate so as to evaporate the distilled 

water and avoid possible moisture in the entire preform. To calculate the amount of final 

CNTs deposited on the carbon fabrics, the mass of plies was weighed before and after 

deposition. Then, the dry nano-modified carbon fabrics of each laminate were stacked on a 

mold, covered by a highly permeable medium and sealed with vacuum bag (Figure 3.6-b, 

c). The epoxy resin was infused through the fabrics and the laminates were cured in a 

conventional oven at 80oC for 4h followed by post-cure profile at 140oC for 4h according 

to manufacturer instructions (Figure 3.6-d). Thus, the final CFRP laminate was prepared 

(Figure 3.6-e). 
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Figure 3.6: The step by step manufacturing process of CFRP laminates using Dip-Coating technique. 
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Concerning the interlaminar fracture toughness tests, carbon fiber reinforced composite 

laminates of 200 x 300 mm2 were produced with various CNT concentrations (0, 0.5, 1, 

1.5 and 2.5 wt.%). Each panel was composed of sixteen twill weave carbon fiber plies and 

a 13 μm thick PTFE (polytetrafluoroethylene) film of 70mm wide and 250mm long was 

placed in the middle plane (between 8th and 9th ply) of each plate to generate the starter 

crack prior to infusion, as depicted in Figure 3.6(b). In the case of nano-doped laminates, 

all carbon fabric plies were nano-modified for each filler type CF plies. To produce 

unmodified CFRP laminate, the same process was followed without the intermediate step 

of pretreatment of carbon fiber preform. Finally, from the manufactured laminates, five 

specimens for Mode I and Mode II fracture toughness tests were machined using a jigsaw 

machine to the appropriate dimensions. For the same manufactured laminates four 

specimens were cut from the region of plate without PTFE film in order to carry out three-

point bending (3PB) tests. 

 

According to low velocity impact (LVI) tests, quasi isotropic [(+45/-45)/ (0/90)]5s carbon 

fiber reinforced laminates (CFRPs) were manufactured by Dip-Coating technique, as 

described previously (Figure 3.6). Each panel of 350x350 mm2 was composed of twenty 

carbon fiber plies. Two types of CFRP composite laminates were produced; two 

unmodified CFRP plates and two modified ones with 1.5 wt% MWCNT weight content. 

Regarding the modified laminates, all dry carbon fiber plies (twenty plies) were pretreated 

with the nano-modified solution. To produce unmodified CFRP laminates, the same 

process was followed without the intermediate step of pretreatment of carbon fiber 

preform. For each laminate six specimens of 150x100x4 (mm) were machined using a 

CNC router machine [8]. 

 

Regarding the plain and open-hole tensile tests, quasi isotropic [(+45/-45)/ (0/90)]5s carbon 

fiber reinforced laminates (CFRPs) 350 x 350 mm2 were manufactured by Dip-Coating 

technique, as described previously (Figure 3.6). In the case of the nano-modified 

laminates, the nano-doped suspension with 1.5 wt% MWCNT concentration was used in 

order to impregnate the dry carbon fabrics. Two types of CFRP composite laminates were 

produced; an unmodified CFRP plate as reference and a nano-modified one. For each 

laminate, ten specimens were cut using a jigsaw machine to the appropriate dimensions: 

the five samples were used for plain tensile and the other five for open-hole tests. One 

glass fiber reinforced laminate (GFRP) of 300x300x2 (mm) was prepared in order to exact 

the end tabs for the plain tensile specimens which is mandatory to avoid the excessive 

stresses close to the grips. A twill weave glass fabric was used, supplied by R&G, 

Germany [9] with an areal density of 280 g/m2, having 3K filaments in the fiber bundle 

and a dry ply thickness of approximately 0.35mm [10]. Ten glass fabric layers were cut at 

± 45o and laid on the metallic tool until the required thickness was achieved. The matrix 

material used was a two-component epoxy resin, provided by R&G, Germany [9]. This 

system consists of an epoxy resin HT2 and a hardener HT2 and typically mixed in ratio of 

100:48 by weight, as recommended by the manufacturer [11]. 

 

Similar procedure was followed for the manufacturing of quasi-isotropic laminates for the 

determination of electrical and thermal conductivity for each type of material: reference 

and nano-modified with 1.5 wt% MWCNT weight content. Four samples of 25x25x4 
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(mm) and 40x40x4 (mm) were machined using a jigsaw machine for the measurement of 

thermal and volume electrical conductivity, respectively. The measurements were 

performed through the thickness of specimen. 

 

 

3.3.2 Two-Step Infiltration Technique 

 

In the frame of the present thesis, a Two-Step Infiltration technique was developed in two 

steps, involving the use of liquid carrier in which the multi-walled carbon nanotubes are 

optimally dispersed, having as a result the nano-treatment of the CF preform under 

vacuum. In this work, the carrier is the water-based sizing agent-enriched MWCNTs 

suspension which was prepared as described in the subsection 3.2.3.1. 

 

At the first step the carbon fabric layers (preform) were stacked on a tool and the diluted 

sizing agent was injected into the mold through the preform under vacuum with throttled 

valves. The solution was drained from it at a slow rate in order to treat the preform which 

consisted of carbon fabric layers for each composite laminate, as depicted in Figure 3.7-b. 

During this step a suitable quantity of carbon nanotubes could be attached on the 

reinforcement surface. Then the nano-modified wet fabrics were allowed via vacuum 

application to dry having a heating stage with a controlled temperature of 150oC 

underneath the tool, in order to volatilize the sizing liquid. To investigate the amount of 

carbon nanotubes deposited on carbon fabric surface, the CF layers were weighed before 

and after deposition of CNTs. 

 

At the second step of this process liquid resin infusion (LRI) procedure was followed and 

the preform was impregnated by the injected epoxy resin. Specifically, the nano-modified 

carbon fabrics of each laminate were stacked on a mold, covered by a highly permeable 

medium and sealed with vacuum bag. The epoxy resin was infused through the fabrics and 

the laminates were cured in a conventional oven at 80oC for 4h followed by post-cure 

profile at 140oC for 4h according to manufacturer instructions (Figure 3.7-d). During this 

step, the nano-doped fabric preform succeeds to retain most of its sticking CNTs allowing 

the production of nano-doped composite FRP laminate. An illustration of two-step 

infiltration process to produce nano-doped CFRPs is presented in Figure 3.7. 
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Figure 3.7: The step by step manufacturing process of CFRP laminates using Two-Step Infiltration 

Technique. (a) Schematic diagram of vacuum resin infusion process with all equipment used during two 

steps, (b) 1st Step: The nano-modified solution was infused and then the carbon fabrics were dried under 

vacuum using heating plate, (c) illustration of manufacturing CFRP laminate for fracture toughness test 

during 1st step of process. The nano-modified sizing agent was infused through the carbon fiber fabrics 

during the 1st step of this process, (d) the epoxy resin was infused through the nano-doped carbon fiber 

fabrics during the second step of this process, followed by cure and post-cure of produced plate. 

 

Concerning the interlaminar fracture toughness tests, carbon fiber reinforced composite 

laminates of 200 x 300 mm2 were produced with various CNT concentrations (0, 0.5 and 

1.5 wt%). Each panel was composed of sixteen twill weave carbon fiber plies. and a 13 

μm thick PTFE (polytetrafluoroethylene) film of 70mm wide and 250mm long was placed 

in the middle plane (between 8th and 9th ply) of each plate to generate the starter crack. In 

the case of nano-doped laminates, all CF plies for each filler type were placed on the tool 

and the first step of this procedure was accomplished. Then, the dry carbon fabric plies 

were weighed before and after the deposition of carbon nanotubes. After this step, the 

nano-modified fabrics were placed on the tool and the second step of this process was 

followed. The unmodified CFRP laminate was produced using resin infusion process 

(LRI), without the intermediate step of pretreatment of carbon fiber preform Finally, from 

the manufactured laminates, five specimens for Mode I and Mode II fracture tests were 

machined using a jigsaw machine to the appropriate dimensions. For the same 

manufactured laminates for each filler content, four specimens were cut from the region of 

plate without PTFE film in order to carry out three-point bending (3PB) tests. 
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According to low velocity impact (LVI) tests, quasi isotropic [(+45/-45)/ (0/90)]5s carbon 

fiber reinforced laminates (CFRPs) were manufactured by Two Step Infiltration technique. 

Each panel of 350 x 350 mm2 was composed of twenty carbon fiber plies. Two types of 

CFRP composite laminates were produced; two unmodified CFRP plates and two 

modified ones with 1.5 wt% MWCNT weight content. In the case of nano-doped 

laminates, during the first step of this process, all CF plies (twenty plies) were placed on a 

tool with the appropriate stacking sequence and the sizing agent was infused through them 

in order to modify the surface of all fabric layers. The second step of this process was 

followed, as described previously. To produce unmodified CFRP laminates, the same 

process was followed without the intermediate step of pretreatment of carbon fiber 

preform. It is used the same laminate with the reference produced by Dip-Coating method. 

For each laminate six specimens of 150x100x4 (mm) were machined using a CNC router 

machine [8]. 

 

Similar procedure was followed for the manufacturing of quasi-isotropic laminates for the 

determination of electrical and thermal conductivity for each type of material: reference 

and nano-modified with 1.5 wt% MWCNT weight content. Four samples of 25x25x4 

(mm) and 40x40x4 (mm) were machined using a jigsaw machine for each material type 

for the measurement of thermal and electrical conductivity, respectively. The 

measurements were performed through the thickness of specimen.  

 

3.3.3 Interleaving Technique 

 

The Interleaving Technique is accomplished by inserting copolyamide (thermoplastic) 

non-woven veils as tougheners at critical locations that are potential sites for premature 

failure. Two types of copolyamide nonwoven veils were used in this work, as mentioned 

in subsection 3.2.4. 

 

Three types of laminates were manufactured using out-of-autoclave (OoA) technique (LRI 

process): a reference without nonwovens, a laminate with neat nonwoven veil and a 

laminate with CNT-doped nonwoven veil. The carbon fabrics of each interleaved laminate 

were stacked on a mold and the copolyamide veils were inserted at the appropriate 

locations between the CF plies. The location and the number of interleaf nonwovens 

depend on the type of test. Each laminate was covered by a highly permeable medium and 

sealed with vacuum bag. The epoxy resin was infused through the fabrics and the 

laminates were cured in a conventional oven at 80oC for 4h followed by post-cure profile 

at 140oC for 4h according to manufacturer instructions (see Figure 3.6-c,d). The cure 

temperature is close to melting temperature of veils, as we can see in DSC diagram in 

Figure 3.4. The unmodified CFRP laminate without the presence of nonwoven veils was 

produced using resin infusion process (LRI). 
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Figure 3.8: Illustration of the manufacturing procedure of the Interleaf Technique. The deposition of 

interleaf nonwoven materials (a) neat and (b) CNT-doped between the carbon fabric plies during 

manufacturing of CFRP plates for fracture toughness tests. (c) LRI process for the impregnation of modified 

carbon fabric plies with nonwoven veils. 

 

Regarding the preparation of laminates for interlaminar fracture toughness tests, sixteen 

twill weave carbon fiber plies of 200 x 300 mm2 were placed on a tool and a 13 μm thick 

PTFE (polytetrafluoroethylene) film of 70mm wide and 250mm long was inserted in the 

mid-thickness (between 8th and 9th ply) of each plate to form an initiation site (pre-crack) 

for the delamination. More precisely, four interleaved CFRP laminates were 

manufactured; two neat interleaved composites where one veil (coPA1, coPA3) as 

interlayer was placed in the middle plane of the laminates and two nano-doped interleaved 

composites where one nano-veil (coPA2/2.5, coPA4/2.5) was inserted in the mid-

thickness for each CFRP laminate, as depicted in Figure 3.9. The veil and the teflon sheet 

were aligned edge to edge to assure continuity (over-lap of 1 mm was allowed) at the 

mid-span of laminate. Finally, five specimens for Mode I and Mode II fracture tests were 

machined using a jigsaw machine to the appropriate dimensions. 

 

 

 
 

Figure 3.9: The configuration of inserting one layer of veil (neat or doped) during manufacturing of CFRP 

plates for fracture toughness tests. 

 

Concerning to low velocity impact (LVI) tests, quasi isotropic [(+45/-45)/(0/90)]5s carbon 

fiber reinforced laminates (CFRPs) were manufactured. Each panel of 350 x 350 mm2 was 
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composed of twenty carbon fiber plies. Two types of CFRP composite laminates were 

produced; one unmodified CFRP plate as reference and another two laminates with the 

incorporation of neat and CNT-doped veils (Figure 3.10) with interleaved layup, as 

follows:[[(+45/-45),I/(0/90),I/(+45/-45),I/(0/90),(+45/-45)/(0/90)/(+45/ 

45)/(0/90)/(+45/45)/(0/90)]s, respectively. 

 

 
Figure 3.10: The configuration of inserting six layers of veils (neat or doped) with its thickness 

approximately of 80 μm during manufacturing of CFRP plates for damage tolerance and thermal, electrical 

tests. 

 

It was decided to utilize the thinner nonwoven veils (thickness <200μm) for the 

determination of CAI strength of interleaved composites. From the same manufactured 

plates, four samples of 25x25x4 (mm) and 40x40x4 (mm) were machined using a jigsaw 

machine for the measurement of thermal and electrical conductivity, respectively. The 

measurements were performed through the thickness of specimen. 

 

Concluding the aforementioned processes, it is worth to summarize that two different 

kinds of CFRP laminates were produced for the purposes of this thesis, depend on type of 

the test and the laminate’s thickness, labeled N1 and N2, as detailed described in the 

previous subsections for each manufacturing technique. The dimensions of each plate and 

the characteristics of each type of test are summarized in Table 3-6. 

 

Table 3-6: Function and characteristics each manufactured laminate. 

Plate Test 
Dimensions 

(mm) 
Layup 

No of 

layers 

Thickness 

(mm) 

N1 
Mode I/II, 

3PB 
300x200 [0/90]8s 16 3 

N2 

LVI/CAI, 

Plain & 

Open-hole 

Tensile, 

Electrical, 

Thermal 

350x350 [(+45/-45)/ (0/90)]5s 20 4 

 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

89 

 

Table 3-7, Table 3-8 and Table 3-9 present the characteristics of the produced CFRP 

composite laminates with different proportions of MWCNTs for each of experiment and 

for each of developed aforementioned technique. The name of each plate depends on the 

type test, the manufacturing technique and the MWCNT concentration. Specifically, the 

N1 and N2 described in Table 3-6, the code R corresponds to the reference laminate, the 

code D and 2S corresponds to the Dip-Coating and Two-Step Infiltration Technique as 

well as the character Px defines the produced plate with x take the values 05, 10, 15 and 

25 which correspond to the 0.5, 1, 1,5 and 2.5 wt.% MWCNTs, respectively. Regarding 

the Interleaving technique, the code 1L and 6L referred to the total number of the non-

woven copolyimide interleaved materials which have inserted in each CFRP laminate and 

the character I and ID corresponds to the neat and doped Interleaf veil with thickness 

>200 μm, respectively, while the character IT and IDT corresponds to the neat and doped 

Interleaf veil with thickness <200μm (approximately 80 μm), respectively,. Finally, the 

numbers 1, 2, 3 and 4 correspond to the type test; fracture toughness and three-point 

bending, impact, tensile, electrical and thermal tests, respectively. 
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Table 3-7: Summary of thickness and volume fraction (Vf) for each CFRP laminate produced by Dip-

Coating technique. 

Dip-Coating Technique 

Plate Test 

MWCNTs 

Content 

(wt. %) 

Thickness 

(mm) 

Fiber Volume 

fraction 

(%) 

N1-R-1 

Mode I/II 

& 3PB 

0 3.06 ± 0.02 58 

N1-P05-D-1 0.5 3.13 ± 0.03 57 

N1-P10-D-1 1 3.11 ± 0.06 58 

N1-P15-D-1 1.5 3.07 ± 0.03 58 

N1-P25-D-1 2.5 3.2 ± 0.02 55 

N2-R-2 

LVI/CAI 

0 3.93 ± 0.04 57 

0 3.94 ± 0.02 57 

N2-P15-D-2 
1.5 4.05 ± 0.03 56 

1.5 4.08 ± 0.03 56 

N2-R-3 Plain & 

Open Hole 

Tensile 

0 4.28 ± 0.06 55 

N2-P15-D-3 1.5 4.24 ± 0.07 54 

N2-R-4 Electrical & 

Thermal 

0 3.93 ± 0.04 57 

N2-P15-D-4 1.5 4.08 ± 0.03 56 
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Table 3-8: Summary of thickness and volume fraction (Vf) for each CFRP laminate produced by Two-Step 

Infiltration technique. 

Two-Step Infiltration Technique 

Plate Test 

MWCNTs 

Content 

(wt. %) 

Thickness 

(mm) 

Fiber Volume 

fraction 

(%) 

N1-R-1 
Mode I/II 

& 3PB 

0 3.06 ± 0.02 58 

N1-P05-2S-1 0.5 3.08 ± 0.01 58 

N1-P15-2S-1 1.5 3.93 ± 0.04 58 

N2-R-2 

LVI/CAI 

0 3.93 ± 0.04 57 

0 3.94 ± 0.02 57 

N2-P15-2S-2 
1.5 4.2 ± 0.03 55 

1.5 4.5 ± 0.05 53 

N2-R-4 Electrical & 

Thermal 

0 3.93 ± 0.04 57 

N2-P15-2S-4 1.5 4.2 ± 0.03 55 

 

Table 3-9: Summary of thickness and volume fraction (Vf) for each CFRP laminate produced by Inteleaving 

technique. 

Interleaving Technique 

Plate Test 
Nonwoven 

designation 

Thickness 

(mm) 

Fiber Volume 

fraction 

(%) 

N1-R-1 

Mode I/II 

0 3.06 ± 0.02 58 

N1-2L-I-1 coPA1 3.1 ± 0.02 58 

N1-2L-ID-1 coPA2/2.5 3.08 ± 0.01 58 

N1-1L-IΤ-1 coPA3 3.06 ± 0.02 59 

N1-1L-IDΤ-1 coPA4/2.5 3.08 ± 0.05 57 

N2-R-2 LVI/CAI 
0 3.93 ± 0.04 57 

0 3.94 ± 0.02 57 
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N2-6L-IΤ-2 coPA3 4.03 ± 0.1 56 

N2-6L-IDΤ-2 coPA4/2.5 3.98 ± 0.05 56 

N2-R-4 

Electrical & 

Thermal 

0 3.93 ± 0.04 57 

N2-6L-IΤ-4 coPA3 4.03 ± 0.1 56 

N2-6L-IDΤ-4 coPA4/2.5 3.98 ± 0.05 56 

 

3.3.4 Liquid Resin Infusion process (LRI) – Out-of-Autoclave Technique (OoA) 

 

The Out-of-Autoclave composite manufacturing techniques is an alternative procedure to 

the traditional high pressure and high cost autoclave curing process which commonly used 

by the aerospace sector. In the last few years, the aerospace industry has taken for granted 

the need for the manufacturing of structural composite parts with OoA processes. Despite 

the fact that cost and time advantages of out-of-autoclave processing, it is approved that 

the same mechanical performance of OoA techniques have been succeeded compared to 

that autoclave produces. 

In the frame of the present dissertation, the use of Out-of-Autoclave technique and 

especially Liquid Resin Infusion (LRI) process was developed for the production of twill 

weave carbon fabrics/epoxy resin CFRP composites. Over prepregs, LRI process has 

many advantages. It is a widely used and a cost-effective process for making high quality 

composite parts (no porosity, voids or dryness). It is also extremely repeatable and robust 

process including significantly less raw material cost and has no limit to the size of the 

components that can be manufactured. 

The manufacturing procedure of infusion process, developed in this thesis, is detailed 

described: 

 

Preparation of Infusion process manufacturing 

 

Carbon fabrics (twill weave, 200gsm) were cut to the appropriate dimensions and laid up 

as a dry stack on a glass tool (mold). Prior to the deposition of dry fabrics (perform), a 

mold was wiped with two layers of release agent to make sure that the produced CFRP 

panels could be removed easily from the mold after cure. After completion of lamination, 

the perform is then covered by the suitable consumables which are the peel ply and the 

distribution media (infusion mesh or flow media). The whole dry perform is then seal 

closed using a vacuum bag. High vacuum pump is used to remove all of the air in the 

cavity and consolidate the fabrics and one atmosphere of pressure is applied. Once 

vacuum bag leaks have been eliminated, the resin is allowed to flow into the mold cavity 

to wet out the dry fabrics. The excess of resin is drained to the resin trap until the whole 

surface of the carbon fabrics to be impregnated. 
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The consumables needed to complete the process have some special features: 

i. Peel ply, is the first consumable fabric which is applied on the dry fabrics. It is a 

thermoplastic cloth made by polyamide 6,6 (nylon) and resistant to very high 

temperatures (up to 250 oC). The dominant role of the peel ply is to give a rough upper 

surface of produced laminate and to be able to peel off from the infusion mesh. 

ii. Infusion mesh, is the second consumable fabric which is applied above the peel ply, it 

is made by polyethylene and resistant up to 90 -100 oC. It has a high porosity allowing 

good air and resin flow. The primary role of the infusion mesh is to distribute the resin 

uniformly during the process. 

iii. Vacuum Bag, is a cover film which achieves the sealing of the dry carbon fabrics by 

using a sealant tape or tacky tape. This tape is permanently elastic sealing tape of 

synthetic rubber and is resistant up to 200 oC. 

 

 

Figure 3.11: Illustration of Infusion process Error! Reference source not found.. 

 

The vacuum infusion process is very simple in concept; however, it requires detail 

planning and process design so the plates can be infused in a reasonable amount of time 

without any dry spots. The rate of infusion depends on the viscosity of the resin, the 

distance the resin has to flow, the permeability of fabrics and the media (especially 

through the thickness). The choice of the required materials and the location of vacuum 

ports are critical parameters in making high quality composite parts. Vacuum infusion is 

also an efficient manufacturing process for complex laminates with many plies of fabrics 

and core materials (except honeycombs). 

 

The benefits of the Liquid Resin Infusion (LRI) process are summarized: 

▪ Achieve higher fiber to resin ratio (up to 60% fibers by weight) 
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▪ Higher strength and stiffness 

▪ No resin entrapped air (very low voids) 

▪ Very consistent laminate with great process control (less human errors) 

▪ Minimal part shrinkage with good surface profile and accuracy 

▪ Great dimensional stability 

▪ Cleaner process with no air pollution 

▪ Faster cycle time 

 

3.4 Quality Control 

 

After the completion of the aforementioned manufacturing processes, the quality control 

of the nano-modified solution and final composites was followed. The devices and the 

methodologies used for these purposes are described below. 

 

3.4.1 Nano-modified suspensions 

 

A grindometer device was used in order to verify the quality of the mixtures of liquid 

sizing agent diluted with distilled water during their ultrasonication. It is a device which is 

usually used to measure the particle size of agglomerates inside the suspensions while 

being used to study the uniformity of mixtures. It consists of a steel block on the surface of 

which there is a rectangular cross section with a channel varying depth, as depicted in 

Figure 3.12-a. The depth of the grove is marked off on a graduated scale. In order to control 

the quality of the nano-modified solutions, a small amount of a suspension is poured into 

the deep end of the groove and scraped towards the shallow end using a flat metal scraper 

(Figure 3.12-b). 

 

The advantages of this method are that it used a small sample and gives a very quick 

indication of the particle size distribution, allowing production processes to be followed in 

real time.  
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Figure 3.12: Illustration of (a) the grindometer device and (b) the nano-modified liquid sizing agent 

SIZICYL XC R2G. 

 

3.4.2 Composites 

3.4.2.1 Infrared Camera 

 

During the production of CFRP laminates (during infusion process), an infrared camera 

was used for each type of composites in order to verify the temperature distribution on the 

surface of laminate. Moreover, it was used to secure that the infusion stage can be process 

at the same temperature conditions for all produced laminates. FLIR infrared camera (type 

T335) [13] monitored the heating process during the resin injection. The setup of the 

infrared camera during the production of CFRP laminate is shown in Figure 3.13-a. In 

Figure 3.13–b depicts the temperature profile of a laminate during infusion process at 

different stages of resin impregnation. 
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Figure 3.13: (a) Usage of infrared camera to verify the temperature at the whole surface of composite 

laminate, (b) Temperature distribution using infrared camera at the different stages of infusion process 

(VARTM). 

 

In Figure 3.14 the stages of Infusion (LRI) process, the curing and post-cure cycle was 

detailed depicted which shows the corresponding temperature, pressure and vacuum 

regimes. Prior to infusion process, each laminate was placed on the heat plate which the 

temperature was ramped from the ambient temperature (approximately 20oC) up to the 

suitable temperature of 40 oC, where the infusion process was accomplished under 

vacuum. Pressure was applied on the surface of the CFRP laminate until a completion of 

Infusion process where the vacuum pump was turned off; then the laminate was inserted to 

a conventional oven and the temperature was increased to 80oC and the laminate was left 

to cure under pressure for 4h. Each laminate was demoulded and then post-cured in a 

conventional oven which the temperature was increased to 140oC and cooled down 

afterwards at 2 oC/min for approximately 30min. 
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Figure 3.14: Cure and Post-cure cycle of all produced CFRP laminates with the temperature, pressure and 

vacuum regimes shown. 

 

3.4.2.2 Nondestructive Technique (Ultrasonic Inspection) 

 

NDT or nondestructive Inspection (NDI) is widely defined as ‘comprising those test 

methods used to examine a material or system evaluating its properties without impairing 

its future usefulness [14]. The most frequently used NDT methods are eddy-current, 

magnetic-particle, liquid penetrant, radiography, thermography, ultrasonic and visual 

testing [15]. 

Ultrasonic Inspection is the most widely used and most powerful procedure for inspected 

reinforced composite materials for internal defects. Ultrasonic operates on the principle of 

transmitted and reflected sound waves. An ultrasonic wave traveling through the specimen 

that encounters a defect (i.e. porosity) will reflect some of the energy at the interface while 

the remainder of the energy passes through the porosity. The more severe porosity, the 

greater the amount of the reflected energy and the less that is transmitted through the 

defect. The two most dominant defects in composites are porosity and inclusions. Porosity 

is detectable because it contains solid-air interfaces that transmit very little and reflect 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

98 

 

large amounts of sound. Inclusions are detectable if the acoustic impedance is sufficient 

different than that of the rest of composite material. Fundamentally, a probe with 

piezoelectric crystal transmits ultrasonic pulses into the material and a change in material 

acoustic impedance occurs the pulses are reflected back and received by the same or 

another crystal. 

There are two methods of receiving the ultrasound waveform: reflection and attenuation. 

In reflection or pulse-echo mode, the transducer performs both the transmitting and the 

receiving of the pulsed waves as the ‘sound’ is reflected back to the device. The amplitude 

of the echo received from the back surface is reduced by the presence of defects in the 

structure. Attenuation of the ultrasound is affected by internal defects and the time delay 

of the pulse is related to the depth of the defect. Pulse echo is capable of detecting all types 

of defects but it cannot determine porosity levels. In attenuation or through transmission 

mode, a transducer generates a longitudinal ultrasound that travels through the laminate 

and is received by a separate receiver placed on the opposite side of the part. Through 

transmission is excellent method at detecting porosity, delaminations and some types of 

inclusions [16]. 

In most common applications, very short ultrasonic pulse-waves with center frequencies 

ranging from 0.1-15 MHz and occasionally up to 50 MHz are transmitted into materials to 

detect internal flaws. High frequencies (short wavelengths) are more sensitive to small 

defects while low frequencies can penetrate to greater depths. As the ultrasonic pulse 

passes through the material, it is attenuated due to scattering, absorption and beam 

spreading. This attenuation is usually expressed in decibels (dB). The three most common 

forms of nondestructive ultrasonic testing are A-scan, B-scan and C-scan. Each 

presentation mode provides a different way of looking at and evaluating the region of 

material being inspected. A common technique is immersion testing where the transducer 

is coupled to the specimen with water. Contact testing is also possible where the probe is 

placed on the specimen surface using a viscous gel couplant between the probe and 

specimen tested. 

The following figure presents the C-scan device and two indicative C-scan control 

measurement maps. The C-scan image is a planar map of the part tested where the green 

areas indicate more sound attenuation and therefore lower quality of the part while the red 

areas indicate less sound attenuation and higher quality of the part without defect or 

damage being detected, as depicted in the C-scan color code (left side) in Figure 3.15. The 

white regions that are likely to exist indicate the presence of air voids or the absence of 

material. 

 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

99 

 

 

 
  

Figure 3.15: Illustration of (a) C-scan device and (b) C-scan quality measurement maps of composite 

laminates. 

 

After the production of composite laminates (CFRPs) for all material groups and for each 

of the aforementioned manufacturing techniques, the reference and nano-modified 

laminates were subjected to a number of actions relating to quality of final composite 

material. The quality control of composites was performed using Visual and then 

Ultrasonic Inspection (C-scan), following by dimensional and weight measurements. 

These measurements result in the determination of fiber volume fraction, the density of 

composite laminates and qualitative characteristics of laminates. The quality control of all 

produced laminates was carried out utilizing the C-scan ultrasonic technique. The 

equipment consists of a MISTRAS Group AD-IPR 1210-PCI card and a VUB2000 tank. 

The transducer was a Krautkramer single element probe at 5MHz, non-focal. The C-scan 

imaging provides a flat view of the location and size of discontinuities. 
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Indicative C-scan ultrasound inspection images for all produced laminates for each type of 

material system and for each type of experiment are illustrated in the following Tables. 

The results showed satisfactory and fully acceptable quality without major defects such as 

heterogeneities, thickness variation, porosity and delamination.  

 

Table 3-10: C-scan runs of produced CFRP laminates by Dip-Coating technique for each type of material 

for each type of test. 

Dip-Coating Technique 

 

Interlaminar fracture Toughness Mode I/II 

REFERENCE 
0.5 wt.% 

MWCNTs 

1 wt.% 

MWCNTs 

1.5 wt.% 

MWCNTs 

2.5 wt.% 

MWCNTs 

 

 

 

 

 

 

 

 

 

 

LVI-CAI 

REFERENCE 
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1.5 wt.% 

MWCNTs 

  

Plain-Open Hole Tensile 

REFERENCE 1.5 wt.% MWCNTs 
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Table 3-11: C-scan runs of produced CFRP laminates by Two-Step Infiltration technique for each type of 

material for each type of test. 

Two-Step Infiltration Technique 

 

 

 

Interlaminar fracture Toughness Mode I/II 

0.5 wt.% MWCNTs 1.5 wt.% MWCNTs 

 

 

 

 

LVI-CAI 

1.5 wt.% 

MWCNTs 
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Table 3-12: C-scan runs of produced CFRP laminates by Interleaving technique for each type of material for 

each type of test. 

Interleaving Technique 

 

 

 

Interlaminar fracture Toughness Mode I/II 

coPA1 

(2 Interleaves) 

coPA2/2.5 

(2 Interleaves) 

coPA3 

(1 Interleaf) 

coPA4/2.5 

(1 Interleaf) 

 

 

 

 

 

 

 

 

LVI-CAI 

coPA3 

(6 Interleaves) 

coPA4/2.5 

(6 Interleaves) 
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3.4.2.3 Fiber Volume Fraction 

 

Fiber Volume fraction, Vf, is the percentage of fiber volume in the entire volume of fiber 

reinforced composite material. The volume fraction of fiber reinforcement is very 

important in determining the overall mechanical properties of a composite. A higher fiber 

volume fraction typically results in better mechanical properties of the composite. The 

fiber volume fraction is calculated according to the equation (1). In order to extract the 

values of Vf, the necessary weight measurements of the developed materials were 

obtained, while the characteristics values of the epoxy system and the carbon fiber were 

used according to the Technical Datasheets (TDS). 

 

 

(3.1) 

 

where: 

wf: weight of fiber reinforcement 

wm: weight of matrix 

ρf: density of carbon fiber (1.78 g/cm3) 

ρm: density of matrix ( ̴  1.17 g/cm3) 

 

After the production of composite laminates, the fiber volume fraction of laminates was 

measured. The volume fraction of all produced laminates was in the range of 55-59%, 

which are expected values for LRI (infusion) processes. The corresponding volume 

fraction of each CFRP laminate have been mentioned in Table 3-7, Table 3-8 and Table 

3-9 for each manufacturing developed technique. 
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CHAPTER 4 

4  Experimental procedures and characterization 

of carbon fiber/epoxy composites containing 

MWCNTs and non-woven copolyimide veils 
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4.1 Introduction  

 

Chapter 4 presents the results of the material characterization methods on the produced 

CFRP composites; reference, interleaved with the introduction of copolyimide interleaf 

nano-veils and nano-modified composite materials with the direct introduction of carbon 

nanotubes. Critical findings on the exhibited mechanical properties by the developed 

composites were highlighted. The present study focuses on the simultaneous 

improvements of interlaminar fracture toughness under Mode I and Mode II fracture 

toughness loading conditions of high performance structural composites, in which the 

carbon nanotubes and non-woven thermoplastic interleaves as reinforcements were 

directly deposited onto the main reinforcement (carbon fibres). 

More precisely, the subsection 4.2 describes the development of the experimental 

procedures as well as the various laboratory devices which were used during the testing 

procedures in order the characterization of composite materials to be successful. 

Additionally, a brief description and procedure of each test was mentioned. Reference, 

nano-modified as well as interleaved CFRP composites produced by three manufacturing 

techniques, as detailed described at Chapter 3, were firstly subjected to Mode I and Mode 

II interlaminar fracture toughness tests in various CNTs concentrations and compared. 

These tests, which are closely related to the fracture mechanics theory, calculate the 

critical energy release rates or fracture toughness (GC) for the quantification of the 

delamination resistance. This critical value is taken as a property of a material and is used 

to characterize the ability of a material to resist fracture in the presence of cracks. In 

addition, three-point bending (3PB) tests were conducted for all material groups, plain and 

open hole tensile tests were carried out in order the effect of the carbon nanotubes on the 

in-plane properties of the composites to be determined (knock down effect). The plain and 

open hole tensile tests were examined for the nano-modified composites manufactured by 

Dip-Coating Technique with 1.5wt.% MWCNTs concentration and compared with the 

reference material. Finally, through-thickness electrical and thermal conductivity were 

measured for all material groups in order to explore the effect of carbon nanotubes and 

interleaved veils in the multi-functionality of composites. Detailed fractography using 

optical and scanning electron microscopy highlighted notable morphologies to confirm the 

synergistic associated mechanisms of nano-modified compared to the reference material. 

The subsection 4.3 concerns the obtained results from the experimental characterization 

both for reference, nano-modified and interleaved composites. The tests were carried out 

in the Mechanical and Aeronautics Engineering Department at the Applied Mechanics 

Laboratory (AML), of University of Patras, Greece. The testing machines used for the 

tests were the Instron testing machines.  

According to these results, in the case of the Dip-Coating Technique, it was reported that 

the deposition of MWCNTs onto the main reinforcement led to a significant increase of 

the interlaminar critical strain energy release rate GIC and GIIC of the order of 100% and 

60% respectively, in the case of 1.5 wt.% MWCNTs weight content. Further increase of 

MWCNTs content did not provide further enhancement of GIC and GIC fracture toughness 

due to possible agglomerates formation in the entire composite structure, as evaluated by 
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scanning electron microscopy. Taking into account this observation, we can conclude that 

the incorporation of 1.5wt.% MWCNTs onto the main reinforcement architecture is the 

optimum concentration in order to improve the interlaminar fracture properties of the 

resulting nano-modified composites compare with the baseline reference material. 

In the case of the Two Step Infiltration Technique, the nano-modified CFRP composites 

with the highest CNT concentration (1.5 wt.% MWCNTs) exhibit a necessarily 

improvement of approximately 60% and 40% in GIC and GIIC energy release rate, 

respectively. 

On the other hand, the implementation of copolyamide non-wovens as interlayers in 

CFRPs did not present an enhancement in fracture toughness properties of composites 

under Mode I loading. In terms of GIC energy release rate, all interleaved composites with 

various configurations presented a significant reduction close to 50% compared with the 

baseline (non-interleaved) material. On the other hand, modified composites with neat 

thinner interleaved veil (coPA3) presented improved GIIC fracture toughness if compared 

both to non-interleaved and interleaved laminate with neat veil (thicker) interleaf layer 

(coPA1). Additionally, interleaved composites with two types (copA2/2.5 -thicker, 

coPA4/2.5-thinner) of nano-doped interleaved veils (2.5% wt. MWCNTs) lead to 

significantly improvement in Mode II energy release rate around of 40% and 90%, 

respectively. The main mechanism leading to a higher interlaminar Mode II fracture 

toughness could be the bridging of the cracks by polyamide fibre of veils and due to the 

large plastic deformations introduced by the copolyimide interleaf veils. 

 

The assessment of potential knock down effects of the resulting composites were 

investigated under three-point bending tests (3PB) as well as plain and open hole tensile 

tests. Optical microscopy and SEM examinations of the fracture surfaces of specimens 

were performed and led to qualitative conclusions regarding the involved failure and the 

synergistic associated mechanisms of fillers and interleaf materials that were responsible 

for the remarkable increase in both GIC and GIIC value compared to the reference. Finally, 

the subsection 4.3.3 investigates the effect of carbon nanotubes and interleaved materials 

(veils) into the composite structure on the through-thickness electrical and thermal 

conductivity of composites in order to verify the multi-functionality of composites. 
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4.2 Experimental Characterization 

 

This subsection presents the experimental procedures and the laboratory devices used in 

order to successfully implement the experimental characterization for reference and nano-

modified CFRP composites which were produced for the needs of this dissertation. 

Simultaneously, a brief description and procedure of each test was mentioned. 

 

4.2.1 Interlaminar fracture properties  

 

Fracture toughness is the most significant property improvement in fiber reinforced 

composites. Toughness is quantified in terms of the energy absorbed per unit crack 

extension and thus any process which absorbs energy at the crack tip can give rise to an 

increase in toughness. 

 

In the frame of this thesis, quasi-static tests for the determination of interlaminar fracture 

toughness under Mode I and Mode II were performed. 

 

4.2.1.1 Mode I Interlaminar fracture toughness tests 

 

The standard ASTM D5528 [1] was used for the determination of the opening Mode I 

interlaminar fracture toughness test of continuous fiber-reinforced composites using the 

double cantilever beam (DCB) method with loading end blocks. 

 

Three data reduction methods have been evaluated during round-robin testing to calculate 

the Mode I fracture toughness GIC values. These methods involved Area Method, Beam 

Theory (BT) method, Modified Beam Theory (MBT), Compliance Calibration (CC) and a 

Modified Compliance Calibration method (MCC) [1]. In our work, MBT method was used 

because it yields the most conservative results of GIC of the specimens tested. Whereas, BT 

method without correction overestimates the Mode I fracture toughness because the beam 

is not perfectly built-in during DCB test, which allows the rotation at the crack tip. This 

overestimation can be balanced by containing in the DCB specimen a slightly longer 

delamination so the crack length is replaced by (α + |𝛥|). Hence, the MBT data reduction 

method is utilized for the determination of the R-curves. 

The critical energy release rate GIC is calculated according to the Modified Beam Theory 

(MBT),  

  

𝐺𝐼𝐶 =
3𝑃𝛿

2 𝑏 (𝛼 + |𝛥|)
 

(4.1) 

 

where,  

GIC is the fracture toughness under Mode I  

P is the load 

δ is the opening displacement 
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b is the specimen width 

α is the crack length and  

Δ is the correction term applied to the crack length (Figure 4.1) 

 

Τhe correction factor Δ is determined by plotting the cube root of the compliance C 

against the crack length α, as shown in Figure 4.1. The compliance, C is defined as the 

ratio of δ/P. 

 

 
Figure 4.1: Typical diagram for the determination of the correction term Δ [1]. 

 

In the DCB tests, as the delamination grows from the insert, a resistance-type fracture 

behavior typically develops where the calculated GIC first increases monotonically and 

then stabilizes with further delamination growth. A delamination resistance curve (R-

curve) depicting GIC as a function of delamination crack length will be generated to 

characterize the initiation (GIC,ini) and propagation (GIC,prop) of a delamination in a DCB 

specimen. The GIC,ini value is the energy dissipated when the crack starts to propagate and 

the GIC,prop is the G value at a constant state where the crack propagates in a self-similar 

way independent on the crack length. 

 

Quasi-static interlaminar fracture toughness tests were performed at Instron hydraulic 

Universal testing machine (Instron 8872, AML, Patras) equipped with a 25kN load cell at 

RT conditions. Five samples were tested for each type of material group. DCB specimen 

dimensions and experimental set-up are both illustrated in Figure 4.2. As described in the 

Chapter 3, the 25 mm PTFE film as starter crack was inserted in the mid-thickness of each 

CFRP laminate which is also shown in Figure 4.2. The specimens were painted white on 

one side and marked thin vertical lines of 1mm increments for the first 15 mm of crack 

growth and then the remaining area with 5 mm increments until the crack was propagated 

to 100 mm. All specimens of each material type were loaded in tension at a constant 

crosshead rate of 5mm/min while the load and the opening displacement values were 

recorded as well as the crack growth was visually observed. Two aluminum tabs were 

glued at the outer surfaces on the pre-cracked end of each specimen using a two-

component epoxy Elan-tech AS 89.1/AW 89.2 adhesive [3], purchased by ELANTAS [4]. 

The surfaces of the specimens, as well as the tabs, were scrubbed with sand paper and 

cleaned thoroughly with acetone, before the gluing of the end tabs. Proper care was taken 

while applying the adhesive without covering the Teflon insert. An example of DCB 

specimen can be seen in Figure 4.2 where the inserted PTFE film and the area that the 

interlaminar crack propagated can be depicted. 
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Figure 4.2: Schematic depiction, DCB specimen and snapshot during the test of the Double cantilever beam 

(DCB) specimen configuration. All dimensions in mm. 

 

According to the aforementioned standard, ASTM D5528, three definitions for an 

initiation value of GIC could be evaluated. These include GIC: (1) determined using a load-

displacement curve at the point of significant deviation from linearity (NL point), (2) 

determined at the point at which delamination is visually observed on the edge measured 

with a microscope and (3) at the point at which the compliance has increased by 5% or the 

load has reached the maximum value. In the frame of this thesis, the Non-linear point (NL) 

was determined for all tested samples for each type of material which corresponds to the 

physical onset of delamination from the crack starter (insert), according to the 

aforementioned standard. Therefore, this MBT method is used to calculate the initial 

release strain energy rate GI,NL and the average from the remaining recording points GI, 

prop. These critical and propagated values were determined for each material system for 

each manufacturing technique. 

 

4.2.1.2 Mode II Interlaminar fracture toughness tests 

 

The Airbus Standard AITM 1.0006 [5] was used to determine the Mode II interlaminar 

fracture toughness energy GIIC of continuous fiber-reinforced composites using the three-

point-end-notched-flexure (ENF) method. Firstly, the DCB specimens were loaded under 

Mode I, as mentioned above, to create a natural crack. Then, the specimens were cut to the 

appropriate dimensions, according to the standard. The test specimens were 120 mm long 

with the nominal specimen span length (2L) of 100 mm and a nominal half-span length 

(L) of 50 mm. ENF specimen dimensions and experimental set-up are both illustrated in 

Figure 4.3. Five samples were tested for each type of material. Quasi-static interlaminar 

fracture toughness tests were performed at Instron hydraulic Universal testing machine 
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(Instron 8872, AML, Patras) equipped with a 25kN load cell at RT conditions. ENF 

specimens were then subjected to flexural loading at a constant crosshead rate of 

1mm/min. During the test, the applied load and the deflection of load application point 

were recorded. Once the specimen received the required load that is an evidence of crack 

propagation the test is terminated. The interlaminar strain energy release rate GIIC was 

calculated (in accordance with AITM 1.0006) by the following equation, 

 

𝐺𝛪𝛪𝐶 = 
9∗𝑃∗𝛼2∗ 𝑑∗1000

2∗𝑤∗ (
1

4
∗ 𝐿3+3∗𝛼3) 

 (4.2) 

 

where,  

𝐺𝐼𝐼𝐶 is the energy release rate  

P is the critical load to start the crack  

α is the initial crack length  

d is the crosshead displacement at crack delamination onset 

 w is the specimen’s width and  

L is the span length [L=100mm] 

 

 
Figure 4.3: Schematic depiction and snapshot during the test of the End-Notched Flexure (ENF) specimen 

configuration, as derived from DCB specimen. All dimensions in mm. 

 

4.2.2 Mechanical properties 

4.2.2.1 Three-point bending tests 

 

After the completion of fracture toughness tests, three-point bending tests were carried out 

for each type of material and for each manufacturing technique, except Interleaving in 

order to examine the effect of the multi-walled carbon nanotubes on the in-plane flexural 

properties of the composites. During the three-point bending test, the cross-sections of 

specimens remain flat, thus the deformations due to shear stresses are not taken into 

account. In particular, their effect is too small to be considered negligible if the ratio 

length to thickness is greater than 10 (L/t>10). 

The standard ASTM D7264 [6] was utilized in order to determine the flexural strength and 

modulus for the reference and nano-modified composites. This test method is developed 
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for optimum use with continuous fiber reinforced composites. Center loading was applied 

on a simple supported beam, as depicted in Figure 4.4. The standard span-to-thickness 

ratio is chosen (32:1), the specimen’s width is 13 mm with the specimen’s length being 

about 20% longer than the support span. The mean thickness of specimens is 

approximately 3 mm. (the specimens were cut from the CFRP laminates where fracture 

toughness tests were carried out, as mentioned in the previous subsection). The 3PB 

specimen dimensions and experimental set-up are both illustrated in Figure 4.4. Three 

point bending tests were performed for each material type at Instron hydraulic Universal 

testing machine (Instron 8872, AML, Patras) equipped with a 25kN load cell at RT 

conditions and the crosshead speed rate was kept at 1mm/min, according to the 

aforementioned standard. During the bending test, the load and corresponding mid-span 

deflection were recorded until the specimen’s failure occurred. 

 

 
Figure 4.4: Schematic depiction and snapshot during the three-point bending test (3PB). All dimensions in 

mm. 

 

The flexural strength (σmax) and flexural stiffness (Ef) were determined by the equation 

4.3 and 4.4, respectively. The flexural strength (σmax) is calculated according to Euler-

Bernoulli beam theory, where P is the maximum applied load recorded during testing prior 

to failure. The maximum stress at the outer surface occurs at mid-span and calculated by 

the following equation, 

 

σ=
3∗𝑃∗𝐿

2∗𝑏∗ℎ2 (4.3) 

 

where, P is the maximum applied load, L is the support span, b is the specimen’s width 

and h is the specimen’s thickness. 

 

The flexural secant modulus of elasticity is the ratio of stress to corresponding strain at 

any given point on the stress-strain curve. It is calculated by the following equation, 

  

𝐸𝑓 =
𝐿3 ∗𝑚

4∗𝑏∗ℎ3 (4.4) 
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where. L is the support span, m is the slope of the secant of the force-displacement curve, 

b is the specimen’s width and h is the specimen’s thickness. 

 

4.2.2.2 Plain Tensile - Open Hole tests 

 

The plain and open-hole tensile tests were carried out in accordance with the procedure in 

AITM standard, AITM 1.0007 [7]. This Airbus standard defines a method to determine the 

in-plane properties of plain, open-hole composites with multidirectional fiber 

reinforcement. 

 

Quasi-isotropic carbon fiber reinforced composites for the reference and nano-modified 

with 1.5 wt.% MWCNTs were produced by Dip-Coating technique, as mentioned in 

Chapter 3. Ten specimens were prepared for each type of material; five plain (PT) and five 

open-hole (OHT) test specimens were prepared, according to the aforementioned standard. 

Four tabs were stuck on the ends of the plain tensile specimens in order to secure the 

premature failure by grips during the tensile tests. The tabs were consisted of twill weave 

glass fiber fabric (280 g/m2) with a nominal thickness of 2 mm. The manufacturing 

procedure of GFRP laminates was described in Chapter 3. The surfaces of the specimens, 

where the tabs were placed, were sanded using emery cloth before the bonding of the end 

tabs. The Elan-tech AS 89.1/AW 89.2 adhesive [3], purchased by ELANTAS [4], was 

used for the bonding process. Regarding the preparation of open-hole specimens, to 

produce accurate holes with no damage to the composite, a drilling-jig was used, utilizing 

a sacrificial material to avoid damage on exit sides of the specimen. The holes were first 

drilled undersized and then reamed to the final dimensions. The plain (PT) and open-hole 

(OH) specimen dimensions and specimen’s preparation set-up are both illustrated in 

Figure 4.5 (a) and Figure 4.5 (b). The grip length at either end of the specimen was 50 

mm, yielding a free length of 180 mm, according to the standard. 

 

Quasi-static tensile tests were conducted on Instron hydraulic Universal testing machine 

(Instron 8802, AML, Patras) equipped with a 250kN load cell at RT conditions. Tensile 

tests were executed on 2 mm/min constant crosshead velocity. For each sample for each 

material type, load and crosshead displacement were recorded continuously. The 

crosshead displacement was monitored using a video camera extensometer displaying an 

enlarged image in a PC screen.  
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Figure 4.5: Schematic depiction of (a) plain and (b) open-hole tensile specimens and snapshot during the 

tensile test. A plain and open hole specimen was subjected to tensile test (upper, right picture) and the valid 

failure mode after tensile testing was presented (bottom, right picture). All dimensions in mm. 

 

For the plain specimens, the ultimate tensile strength is calculated by the equation 4.5 and 

the tensile modulus of elasticity is calculated by the equation 4.6. 

𝜎𝑡𝑢=
𝑃𝑢

𝑡𝑛∗𝑤
 (4.5) 
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where, Pu is the maximum applied load before failure, w is the specimen’s width and tn is 

the specimen’s nominal thickness. 

 

For each specimen plot the stress-strain curve, as depicted in Figure 4.6. 

 

Figure 4.6: Typical diagram of stress-strain curve for the determination of modulus of elasticity during 

tensile test [7]. 

 

𝐸𝑡 =
𝛥𝑃

𝑤 ∗ 𝑡𝑛 ∗ 𝛥휀𝑥
 (4.6) 

where, ΔP= Pu/2-Pu/10, w is the specimen’s width and tn is the specimen’s nominal 

thickness. 

 

For the open-hole tensile specimens (OHT), the ultimate tensile strength is calculated by 

the following equation, 

 

𝜎𝑡𝑜ℎ =
𝑃𝑢

𝑡𝑛∗𝑤
 (4.7) 

where, Pu is the maximum applied load before failure, w is the specimen’s width and tn is 

the specimen’s nominal thickness. 
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4.2.3 Electrical conductivity 

 

𝑇ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑠 𝑐𝑎𝑛 𝑏𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑑 𝑜𝑢𝑡 𝑒𝑖𝑡ℎ𝑒𝑟 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑜𝑓 𝑎 

material – measurement of surface electrical conductivity or through the thickness of a 

material – measurement of volume electrical conductivity, by applying a direct current 

(DC) or an alternating current (AC). The electrical resistivity, also known as specific 

electrical resistance, is a fundamental property of a material which quantifies how strongly 

a material opposes the flow of electric current. The electrical conductivity is the reciprocal 

of electrical resistivity and defines the material’s capability to conduct an electric current. 

 

The electrical resistivity of a specimen is calculated by the following equation, 

 

ρ=𝑅 ∗
𝐴

𝑙
 (4.8) 

where, R is the electrical resistance of a specimen, A is the cross-sectional area of a 

specimen and l is the specimen’s length.  

 

The specimens’ preparation was performed according to the Airbus standard, AITM2-

0065 [8], which defines a method to measure the electrical resistance of a panel in carbon 

fiber-reinforced polymers (CFRPs) through the thickness (volume conductivity). 

 

The electrical conductivity of a specimen is calculated by the following equation, 

according to the aforementioned standard: 

 

σ=
𝑡

𝐼1∗𝐼2∗𝑅
 (4.9) 

 

where, t is the specimen’s thickness, I1 and I2 are the side lengths of the specimen and R is 

the electrical resistance measured on the ohmmeter. 

 

In the frame of the present thesis, for the measurement of electrical conductivity (DC) of 

all material groups, a digital conductivity multimeter, Keithley DMM 2002 was utilized 

[9] and an apparatus was developed to ensure uniform pressure distribution on the surface 

of the specimen, as shown in Figure 4.7. According to the fundamental principles of this 

measurement, a closed DC circuit is created, and the specimen’s resistance is measured 

using the four-point probe method. Four specimens of 40x40x4 (mm) of each material 

type were extracted from the quasi-isotropic plates (from different positions) in order to 

measure the electrical conductivity. Regarding the specimen’s preparation for the 

electrical conductivity measurement test, the lower and the upper surface of specimens 

were sanded and polished in order to remove resin on the surfaces and cleaned using 
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acetone prior to deposit a highly-conductive silver paint film. This will permit to have a 

good contact between the outer carbon fibers and the conductive film. 

 

 

Figure 4.7: (a) Schematic illustration of digital multimeter Keithley DMM 2002 for the electrical 

conductivity measurement, (b) The specimen’s position before the measurement and (c) the measurement of 

electrical resistance of specimen. 

 

4.2.4 Thermal conductivity 

 

The thermal conductivity is a property of a material which defines its ability to conduct 

heat. In the present work, the thermal conductivity for all material groups was measured 

using the thermal conductivity analyzer, Mathis TCi [10]. This measurement procedure is 

a nondestructive one, and the samples remain intact and can be used again.  

 

Mathis TCi apparatus equipped with a one-sided, interfacial, heat reflectance sensor that 

applies a momentary constant heat to the specimen, as shown in Figure 4.8. The resistance 

of the sensor is heated when it leaks from a certain electric current value, releasing heat to 

the specimen. This heat provided results in a rise in temperature at the interface between 

the sensor and the samples’ surface- typically less than 2 oC. This temperature rise induces 

a change in the voltage drop of the sensor element. The rate of increase in the sensor 

voltage is used to determine the thermo-physical properties of the sample material. 

Fourier’s law was used to calculate the thermal conductivity, which is given by the 

following equation: 
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𝑄 =-k 
𝑑𝑇

𝑑𝑥
 

(4.10) 

where Q is the heat flux, k is the thermal conductivity and 
𝑑𝑇

𝑑𝑥
 is the temperature difference 

across the sample. 

 

The thermal conductivity, thermal effusivity and specific thermal capacity were measured 

directly and quickly by the software, providing a detailed report of the thermal 

characteristics of the sample.  

The thermal diffusivity quantifies the thermal inertia of a material and determines the 

relative difficulty in heating a material to a given temperatures. It is defined by the 

following equation, 

 

𝐸𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦 = √𝑘 ∗ 𝜌 ∗ 𝐶𝑃 (4.11) 

 

where, k is the electrical conductivity, [W/m K], ρ is the material’s density, [Kg/m3] and 

𝐶𝑃 is the heat capacity, [J/Kg K]. 

 

In the present work, five specimens of 25x25x4 (mm) of each material type were extracted 

from the quasi-isotropic plates in order to measure the thermal conductivity.  

 

 
Figure 4.8: (a) Schematic illustration of Mathis TCi device for the thermal conductivity measurement of 

materials, (b) the sensor and (c) the specimen’s position on the surface of the sensor during the thermal 

conductivity measurement. 
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4.2.5 Microscopy examination 

 

Optical microscopy and SEM examinations on cross section and fracture surfaces of 

specimens of the composites for each manufacturing technique were performed. 

According to the optical microscopy (OM) analysis, the cross-sections both for the 

reference and nano-modified specimens were examined using a ToupCAM optical 

microscope. Tested specimens were cut along the loading direction and polished by 

abrasive papers.  

 

A scanning electron microscopy (SEM) produces images of a sample by scanning the 

surface with a focused beam of electrons. The electrons interact with atoms in the sample, 

various signals are generated that can be transmitted and backscattered, providing 

information about the surface morphology and the sample’s composition. The sample is 

mounted on a stage in a chamber area and the vacuum is applied by a combination of 

pumps. The level of vacuum depends on the design of the microscope. High resolution 

images of the sample surfaces can be achieved which reveal sample’s details of less than 1 

nm. Magnification in a SEM can be controlled over a range of about 10 to 500.000 times. 

Finally, its difference with other microscopes lies in the fact that SEM has the ability to 

focus on a specific area of the sample and to carry out a detailed analysis. 

 

In the present thesis, a FEI InspectTM F50 scanning electron microscopy was used in 

order to examine the fracture surfaces of specimens tested under Mode I and Mode II 

fracture toughness and compression after impact tests. The primary objective was to 

statistically assess the dispersion quality of various concentrations of carbon nanotubes 

inside the composites; the size and the particles’ morphology, with the absence of 

agglomerates were identified. SEM examinations were also used to study the additional 

energy dissipation mechanisms that carbon nanotubes have been introduced into the 

material structure, during the fracture of composites. Regarding the specimens’ 

preparation, the specimens were coated with a thin layer of gold to improve the electron 

conductivity prior to observation. 
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Figure 4.9: (a) Illustration of scanning electron microscopy (SEM) and (b) the sample’s position into the 

chamber area of SEM. 

 

4.3 Results and Discussion of experimental characterization 

4.3.1 Interlaminar fracture performance of CFRP composites 

 

The integration of MWCNTs into the main reinforcement’s architecture in order to 

develop a multiscale carbon fiber reinforced composites using an Out-of-Autoclave (OoA) 

alternative methodology is expected to have an impact on final materials’ performance. In 

the present subchapter, an overview of the role of the multi-walled carbon nanotubes on 

the interlaminar fracture toughness properties for each manufacturing technique was 

assessed. The way of introduction of nano-particles in to the CFRP structure was 

described in details in the previous Chapter (Chapter 3). Reference and nano-modified 

composites from each manufacturing procedure were subjected to Mode I and Mode II 

interlaminar fracture toughness tests and compared. Finally, the morphology and 

microstructures of fracture surfaces of the tested specimens after the Mode I and Mode II 

fracture tests were also investigated by scanning electron microscopy analysis (SEM). 

 

4.3.1.1 Interlaminar fracture toughness of Dip-Coating Technique 

 

The resistance to interlaminar crack propagation of the produced laminates was measured 

by performing two types of fracture toughness experiments both for reference and nano-
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modified specimens to quantify the interlaminar toughening effect resulted by the nano-

modification of woven fabric with MWCNTs-enriched sizing agent. In Dip-Coating 

technique, five CFRP composite plates with various CNT concentrations (0, 0.5, 1, 1.5 

and 2.5 wt.%) were manufactured, as mentioned in Chapter 3 (Table 3-7). 

 

4.3.1.1.1 Mode I fracture toughness enhancement 

 

Figure 4.10 illustrates the results of energy release rate under Mode I for all material 

groups. The typical load (P) versus crack opening displacement (δ) curves of DCB 

specimens for the reference and nano-doped laminates were displayed in Figure 4.10(a). 

These curves were used to generate the typical delamination crack growth resistance 

curves (R curves) for all material types. Both the reference and nano-doped laminates 

show a linear load-displacement relationship up to the point of the crack initiation, after 

which they demonstrate distinct crack growth mechanism. It is worth to notice that the 

general trend of the presented curves for all material systems do not present any dramatic 

difference, while an unstable ‘stick-slip’ crack growth behavior was observed in the nano-

modified specimens. More precisely, it is clearly seen (Figure 4.10-a) that the reference R-

curve is reasonably steady while the R-curves of nano-doped material, mainly with higher 

CNTs concentration, present more evidently this ‘stick-slip’ fracture behavior. This 

situation can be attributed to the possibility of carbon nanotubes to be pulled-out during 

testing and might result in an unstable crack growth. This fact is consistent with existing 

studies on improvement of fracture toughness of the modified composites introducing 

carbon nanotubes on main reinforcement surface [11]-[13]. 

 

The initiation value GIC,initiation is defined from deviation of linearity and the propagation 

value GIC,propagation obtained from the average of five samples for each material type at the 

plateau region (steady state), as suggested by the ASTM D5528 standard. It was noticeable 

that the end of the elastic region is not related with the value of maximum load but at the 

deviation from linearity. The fact that the load continues to further increase after the crack 

initiation mainly for the nano-modified composites with the MWCNT concentration above 

to 1 wt.% reveals the positive effect of carbon nanotubes on the fracture process and 

therefore the fracture performance of CFRPs. 

 

It is worth to mention that the initiation fracture energy is directly related to matrix 

toughness and does not involve any fiber bridging mechanisms. This situation is due to the 

fact that the crack onset is appeared at the end of PTFE film where the matrix has not still 

developed the interaction with the reinforcement. The obtained values of initiation and 

propagation of GIC were reported in Table 4-1 as well as the increase achieved of the 

nano-modified laminates compared to the reference material. Finally, it is obvious that the 

MWCNTs modified CFRPs achieve higher maximum loads, which corresponds to higher 

critical loads during the crack propagation than the reference material. 

 

Mode I fracture toughness for reference and nano-modified CFRP specimens is 

characterized by a crack resistance (R curves) behavior that includes an initiation value, a 

region of increasing toughness (resistance) as the crack extends until a steady-state value 

is reached, which corresponds to a self-similar crack advance. The R-curves represent the 

general trend of fracture toughness as a function of crack growth. As it is evident in Figure 
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4.10(b), there is an initial part where crack growth resistance increases versus crack length 

and this part followed by a region of almost constant crack resistance value, the plateau 

region, (typical R curve behavior). It is clearly seen that GIC values of nano-doped 

specimens with the addition of 1.5wt.% MWCNTs rise sharply compared to the other 

laminates with lower MWCNTs content. This proves the positive effect of MWCNTs 

fillers at highest concentration in the interlaminar fracture energy. 

 

Mode I fracture energy for each prepared CFRP either with reference or nanomodified is 

summarized in Figure 4.10(c). It is clearly seen that the addition of 0.5wt.% and 1wt.% 

MWCNTs did not showed significant improvement in GIC values, compared to reference 

material. On the other hand, it is evident that the addition of 1.5wt.% MWCNTs into the 

structure of woven fabric reinforcement caused higher improvement of GIC value as it is 

compared against with the reference material. More precisely, the integration of 1.5wt.% 

MWCNTs achieved the highest increase of 103% in GIC. Finally, it was concluded that 

further increase of MWCNTs content did not provide further enhancement of GIC 

toughness due to possible agglomerates formation. The average GIC values for both 

initiation and propagation for each material type are presented in Table 4-1. The 

corresponding standard deviations are also shown. Furthermore, it was observed that the 

initiation value for all nano-modified CFRPs remains almost the same, although higher 

that the reference one. 

 

 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

124 

 

 

 

Figure 4.10: Mode I interlaminar fracture energy (a) load-displacement curves, (b) R curves and (c) Strain 

energy release rate GIC for carbon/epoxy composites produced by Dip-Coating Technique with different 

CNTs concentrations. 
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Table 4-1: Summary of GIC interlaminar fracture toughness values for all tested materials. 

 

 

Laminate 

MWCNTs 

content 

(wt.%) 

Interlaminar Fracture toughness, GIC 

(KJ/m2) 

GIC 

increase 

compared 

to 

reference 

Initiation Propagation 

AVG STDEV AVG STDEV 

N1-R-1 0 0.16 0.03 0.44 0.02 - 

N1-P05-D-1 0.5 0.24 0.09 0.45 0.06 3% 

N1-P10-D-1 1 0.23 0.04 0.54 0.05 23% 

N1-P15-D-1 1.5 0.22 0.1 0.89 0.04 103% 

N1-P25-D-1 2.5 0.24 0.05 0.88 0.13 101% 

 

4.3.1.1.2 Mode II fracture toughness enhancement 

 

Typical load-deflection curves of the ENF tests for reference and nano-doped laminates 

are given in Figure 4.11(a). All specimens for each type of material showed a similar 

behavior but the load-displacement behavior of each material is different. 

 

More precisely, the applied load increases linearly until the onset of the crack propagation, 

which is indicated by the deviation from the elastic region. As a first conclusion the slope 

of load displacement curve of the reference material almost coincides with the slope of the 

low content MWCNTs modified composites (0.5 and 1.0 %wt.). For higher MWCNTs 

content this slope is slightly increased, and this is more significant in the case of 2.5 wt.% 

MWCNTs content. Furthermore, for the reference plate the applied load increases linearly 

until the onset of the pre-crack propagation where then the load drops. On the other hand, 

in the case of MWCNTs modified CFRPs with higher concentrations (1.5 and 2.5 wt.% 

MWCNTs) the linear load-displacement relationship is followed by a distinguishable 

deviation from linearity and much later the load drop appears. 

 

The average values and standard deviations for all manufactured CFRP plates are 

presented in Figure 4.11(b). Additionally, these results were summarized in Table 4-2 as 

well as the improvement achieved of the nano-modified composites compared to the 

reference material was reported. As we can see, the addition of 0.5 wt.% MWCNTs did 

not lead to any enhancement of GIIC compared to the reference material, while marginally 

enhancement (16%) achieved with the addition of 1 wt.%. On the other hand, the 

introduction of higher amount of MWCNTs into the woven fabric reinforcement caused a 

significant improvement in Mode II fracture toughness. More precisely, the increase in 

GIIC achieved in the case of 1.5%wt. MWCNTs nano-modified composite was of a 

magnitude of 62% compared to reference laminate without further improvement 

succeeded in the case of 2.5wt.%. This is in complete agreement with the results presented 

earlier for GIC and the explanation is again the formation of CNT agglomerates that violate 

structural integrity does not further promote interlaminar fracture toughness. 
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Figure 4.11: Mode II Interlaminar Fracture Toughness (a) load-displacement curves and (b) comparison of 

average GIIC for carbon/epoxy composites produced by Dip-Coating technique with different CNTs 

concentrations. 
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Table 4-2: Summary of GIIC interlaminar fracture toughness values for all tested materials. 

 

Laminate 

MWCNTs 

content 

(wt.%) 

Interlaminar Fracture toughness, 

GIIC (KJ/m2) 
GIIC increase 

compared to 

reference 

AVG STDEV 

N1-R-1 0 0.54 0.04 - 

N1-P05-D-1 0.5 0.53 0.06 0% 

N1-P10-D-1 1 0.62 0.07 16% 

N1-P15-D-1 1.5 0.87 0.09 62% 

N1-P25-D-1 2.5 0.85 0.13 58% 

 

These above results are in agreement with the results reported by Zhang et al. [14], where 

an increase of interlaminar fracture toughness under Mode I and II was observed without 

the deterioration of in-plane mechanical properties of nano-modified composites produced 

by the RTM process with the deposition of carbon nanotubes on the surface of carbon 

fibre fabric using spraying technique.  

 

4.3.1.1.3 Quality assessment of toughening mechanisms 

 

The fracture surfaces of the tested specimens after Mode II tests were examined by 

scanning electron microscopy, as shown in Figure 4.12. This SEM examination was used 

to confirm the additional toughening mechanisms that have been activated by MWCNTs 

that were responsible for the improvement in both GIC and GIIC. Figure 4.12 presents the 

failure mechanisms that were observed in the case of MWCNTs contents (0, 0.5, 1, 1.5 

and 2.5 wt.%). 

 

The reference CFRP composite has a very smooth and clear fracture surface, as observed 

in Figure 4.12(a) that indicates the brittle behavior of epoxy resin. Furthermore, a closer 

examination of the crack propagation along the fiber-matrix interface revealing a weak 

interfacial adhesion between woven fabric and matrix material. Figure 4.12(b) presents the 

fracture surface of composite containing 0.5%wt. MWCNTs. A smooth fracture surface is 

still exhibited, as observed in the case of reference material. Additionally, a small presence 

of carbon nanotubes is revealed in the fiber-matrix interface. Towards this direction, in the 

case of 0.5wt.% MWCNTs the interlaminar fracture energy both for GIC and GIIC is not 

increased due to the absence of significant additional energy absorption mechanisms. 

Figure 4.12(c) and (d) present the main failure mechanisms that were observed during 

fracture in the case of 1 and 1.5 wt.% MWCNTs, respectively. By the micrographs 

captured at different magnification levels, it is evident that carbon nanotubes were 

uniformly distributed into the material’s structure and the absence of MWCNT 

agglomerates was verified. Also, along the fracture surfaces it was observed that carbon 

nanotubes were pulled-out operating as crack-bridging elements along the crack path. The 

red framed areas and the red arrows at these Figures indicate the pull-out toughening 
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mechanisms that were activated with the introduction of MWCNTs. This mechanism is 

more prominent in Figure 4.12 (d) and clearly indicates that the carbon nanotubes operate 

as crack-bridging elements and resists to crack opening and interlaminar crack 

propagation. In parallel, due to the presence of MWCNTs that acts as micro-pins along the 

crack front, in some cases these micro-pins promote crack bifurcation whenever the micro-

pins cannot be removed or broken. All these additional energy absorption mechanisms 

contribute at macroscale, to the significant increase of composite interlaminar fracture 

energy at 1.5 wt. % MWCNTs concentration. Finally, no further increase and slight 

degradation of the interlaminar fracture properties observed for higher MWCNTs 

concentration (2.5 wt. % MWCNTs), and this is associated to the presence of various size 

of agglomerates, circled in red, as can be seen in Figure 4.12 (e,f). 
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Figure 4.12: SEM images of fracture surface of (a) reference material, (b) nano-reinforced composites with 

0.5, (c) 1, (d) 1.5 and (e), (f) 2.5 wt.% MWCNTs after Mode I and Mode II tests at different magnifications. 
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4.3.1.2 Interlaminar fracture toughness of Two-Step Infiltration Technique 

 

The resistance to interlaminar crack propagation of the produced laminates was measured 

by performing two types of fracture toughness experiments both for reference and nano-

modified specimens to quantify the interlaminar toughening effect resulted by the nano-

modification of woven fabric with MWCNTs-enriched sizing agent. Three CFRP 

composite plates with various CNT concentrations (0, 0.5, and 1.5 wt.%) were 

manufactured, as mentioned in Chapter 3 (Table 3-8). The suitable selection of the CNTs 

concentration for the implementation of multiscale composite laminates produced by the 

Two-Step technique is based on the previous work (Dip-Coating Technique). As we 

mentioned above, the fracture toughness of the nano-modified laminates manufactured by 

the Dip-Coating technique showed significant difference with respect to the reference 

material in the case upper of 1 wt.% MWCNTs content. For that reason, we decided to 

produce laminate with 1.5 wt.% MWCNTs. The fracture toughness of nano-treated 

composites in the low MWCNTs concentration (0.5 wt.%) was also investigated in order 

to compare with the corresponding results according to the literature. 

 

4.3.1.2.1 Mode I fracture toughness enhancement 

 

The results from the Mode I interlaminar fracture toughness both for the reference and the 

nano-modified composites with 0.5 wt.% and 1.5 wt.% MWCNTs were summarized in 

Figure 4.13. Typical load vs displacement curves from the DCB tests of the different 

group of neat and nano-modified composites were presented in Figure 4.13(a). The 

maximum load and stiffness of nano-doped specimens displayed an increase compared to 

the reference material. In all curves, the load increases linearly up to the crack initiation 

point and then load drop occurs at crack propagation onset. The initiation value of energy 

release rate was defined from the deviation of linearity, as mentioned previously in the 

subsection 4.3.1.1.1. Specifically, it was clearly seen from the representative load-

displacement curves that the visible crack propagation is not observed at the moment 

(maximum load) where the load drops but at the deviation from the elastic region. After 

crack onset, the general trends of the curves do not present any dramatic differences. It is 

obvious that the higher maximum loads were achieved for the nano-modified laminates 

which can be correlated to the higher critical loads during crack propagation compared to 

the reference material. The fact that the load continues to further increase after the crack 

onset in the case of nano-modified composites means that the introduction of carbon 

nanotubes has a positive influence on the fracture process of CFRPs introducing additional 

energy dissipation mechanisms during crack propagation.  

 

Figure 4.13 (b) presents the resistance curves (R- curves) for each material type where the 

initiation value, the region of increasing toughness as the crack propagates and the plateau 

area (steady-state) were observed. The R-curves represent the general trend of fracture 

toughness as a function of crack growth. As it is clearly seen, there is an initial part where 

the crack growth resistance increases versus crack length which is followed by the plateau 

region (typical R curve behavior). It is evident that GIC values of nano-doped specimens 

with the addition of 1.5wt.% MWCNTs rise sharply compared to the reference material 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

131 

 

and the nano-modified with lower MWCNTs content (0.5 wt.%). This proves the positive 

effect of MWCNTs fillers at highest concentration in the interlaminar fracture energy. 

 

Figure 4.13 (c) summarizes the propagation values of each material system which were 

obtained from the average of five samples for each material type at the plateau region, as 

reported well in the subsection 4.3.1.1.1. It is clearly seen that the introduction of 0.5 wt.% 

MWCNTs did not showed further enhancement in GIC values, compared to reference 

material. On the other hand, it is evident that the addition of 1.5wt.% MWCNTs into the 

structure of woven fabric reinforcement caused higher improvement of GIC value as it is 

compared against with the reference material. More precisely, the integration of 1.5wt.% 

MWCNTs achieved the highest increase of 60% in GIC. Finally, the obtained average 

values of initiation and propagation of GIC were reported in Table 4-3 as well as the 

increase achieved of the nano-modified laminates compared to the reference material. 

Furthermore, the initiation values for each material type remains at the same values 

compared to the reference. 
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Figure 4.13: Mode I interlaminar fracture energy (a) load-displacement curves, (b) R curves and (c) Strain 

energy release rate GIC for carbon/epoxy composites produced by Two-Step Infiltration technique with 

different CNTs concentrations. 
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Table 4-3: Summary of GIC interlaminar fracture toughness values for all tested materials. 

 

 

Laminate 

MWCNTs 

content 

(wt.%) 

Interlaminar Fracture toughness, GIC 

(KJ/m2) 

GIC 

increase 

compared 

to 

reference 

Initiation Propagation 

AVG STDEV AVG STDEV 

N1-R-1 0 0.16 0.03 0.44 0.02 - 

N1-P05-2S-1 0.5 0.15 0.05 0.41 0.02 0% 

N1-P15-2S-1 1.5 0.18 0.05 0.7 0.06 60% 

 

4.3.1.2.2 Mode II fracture toughness enhancement 

 

The Mode II results both for the reference and the nano-modified composites 

manufactured by the Two-Step Infiltration technique were summarized in Figure 4.14. The 

representative load - displacement curves of the ENF tests both for the reference and the 

nano-modified composites with various CNT content (0.5 and 1.5 wt.%) were shown in 

Figure 4.14(a). The applied load increases linearly until the onset of crack propagation, 

which is indicated by the deviation from the elastic region. 

 

All specimens for each material type showed a similar trend but the load-displacement 

behavior of each material is different. More precisely, we can conclude that the load-

displacement curve for the reference material almost coincides with the corresponding 

curve of the nano-modified composites with 0.5 wt.% MWCNTs. For higher MWCNT 

concentration (1.5 wt.%) the slope sharply increased and the critical load was higher 

compared to other composites (reference and nano-modified with 0.5 wt.% MWCNTs) 

which leads to higher Mode II fracture energy. Additionally, for the nano-doped 

composites with higher CNTs concentration the load increases linearly until the onset of 

crack propagation where the load drops. On the other hand, for the reference and the nano-

doped composites with lower CNTs concentration (0.5wt.% MWCNTs), the load increases 

linearly until the onset crack propagation and then a distinguishable deviation from 

linearity was observed and much later the load drop appears. 

 

The average values and standard deviations for each material type were shown in Figure 

4.14-(b). Additionally, these results were summarized in Table 4-4 as well as the 

improvement achieved of the nano-modified composites compared to the reference 

material was reported. As it is clearly seen, the addition of 0.5 wt.% MWCNTs did not 

lead to any enhancement of GIIC compared to the reference material. On the other hand, 

the introduction of highest content of MWCNTs caused a significant improvement in 

Mode II interlaminar fracture toughness. Specifically, the addition of 1.5 wt.% MWCNTs 

achieved an increase of 40%. 
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Figure 4.14: Mode II Interlaminar Fracture Toughness (a) load-displacement curves and (b) comparison of 

average GIIC for carbon/epoxy composites produced by Two Step Infiltration technique with different CNTs 

concentrations. 
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Table 4-4: Summary of GIIC interlaminar fracture toughness values for all tested materials. 

 

Laminate 

MWCNTs 

content 

(wt.%) 

Interlaminar Fracture toughness, GIIC 

(KJ/m2) 

GIIC 

increase 

compared 

to reference 
AVG STDEV 

N1-R-1 0 0.54 0.04 - 

N1-P05-2S-1 0.5 0.55 0.04 0% 

N1-P15-2S-1 1.5 0.75 0.03 40% 

 

4.3.1.2.3 Quality assessment of fracture mechanisms 

 

Scanning electron microscopy analysis was performed for the fracture surfaces of 

reference and nano-modified composites produced by the Two Step Infiltration technique. 

Specimens at the region close to 50 mm of the propagation crack length were cut in order 

to investigate the main failure mechanisms that were observed in the case of nano-

modified composites, as can be seen in Figure 4.15. 

 

The reference CFRP composite has a very smooth and clear fracture surface, as observed 

in Figure 4.15(a) associated with the brittle behavior of epoxy resin. Furthermore, a closer 

examination of the crack propagation along the fiber-matrix interface revealing a weak 

interfacial adhesion between woven fabric and matrix material. Figure 4.15(b) presents the 

fracture surface of composite containing 0.5%wt. MWCNTs. A smooth fracture surface is 

still exhibited, as observed in the case of reference material as well as a small presence of 

carbon nanotubes was revealed in the fiber-matrix interface in the direction of propagation 

path. For that reasons the introduction of 0.5wt.% MWCNTs into the main reinforcement 

led to a slight reduction of the interlaminar fracture energy both for GIC and GIIC (Figure 

4.13(b) and Figure 4.14(b)). On the other hand, the composites in the case of higher CNT 

content (1.5 wt.% MWCNTs) exhibit more rougher fracture surfaces compared against to 

that of the reference and the nano-doped with 0.5wt.% MWCNTs, as illustrated in Figure 

4.15(c) and (d). It is obvious the presence of uniformly distributed carbon nanotubes 

without agglomerates were verified. The increase of GIC and GIIC was of magnitude of 

60% and 40% respectively. This above behavior can be explained due to the significantly 

high aspect ratio of CNTs which allow them to act as nano-bridge elements along the 

propagation path (pull-out behavior). More extra energy is required in order to pull them 

out from the matrix or break them. The extensive pull-out toughening mechanisms were 

observed in the case of higher concentration, as shown in Figure 4.15(d), which indicates 

the enhancement both of mode I and Mode II fracture energy. In parallel, due to the 

presence of MWCNTs that acts as micro-pins along the crack front, in some cases these 

micro-pins promote crack bifurcation whenever the micro-pins cannot be removed or 

broken. All these additional energy absorption mechanisms contribute at macroscale, to 

the significant increase of composite interlaminar fracture energy at 1.5 wt. % MWCNTs 

concentration. 
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Figure 4.15: SEM images of fracture surface of (a) reference material, (b) nano-reinforced composites with 

0.5, (c) and (d) 1.5 wt.% MWCNTs after Mode I and Mode II tests. SEM magnification ιs 2 μm. 
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4.3.1.3 Interlaminar fracture toughness of Interleaving Technique 

 

The resistance to interlaminar crack propagation of the produced laminates was measured 

by performing two types of fracture toughness experiments both for reference and nano-

modified specimens in order to investigate the interlaminar toughening effect resulted by 

the incorporation of thermoplastic interleaf non-woven veils in between the carbon fabric 

layers at critical locations. Five CFRP composite plates with different interleaf veils (neat 

and doped incorporating multi-walled carbon nanotubes) were manufactured, as 

mentioned in Chapter 3 (Table 3-9). In particular, two CFRP laminates incorporating neat 

non-woven interleaf veils differing with veil’s thickness of about 200μm (coPA1, coPA3) 

and another two composite laminates incorporating doped non-woven interleaf veils 

differing with veil’s thickness close to 80μm (coPA2/2.5, coPA4/2.5) were manufactured. 

The introduction of nanofibrous nonwoven veils did not increase the thickness of all 

produced CFRP laminates (approximately 3mm for all interleaved types) even the interleaf 

veil with high thickness (t> 200μm).Therefore, the fibre volume fraction was calculated to 

be about the same (Vf= ≈ 58%) for all produced interleaved composites. The results on 

Mode I and Mode II fracture toughness of interleaved composites with the aforementioned 

configurations were evaluated and compared with the reference material. 

 

4.3.1.3.1 Mode I fracture toughness enhancement  

 

In Figure 4.16 the typical load - displacement curves of DCB specimens were reported for 

various interleaved laminates compared with the reference material. Black line is related to 

the reference laminate (non-interleaved) while each other colored curve illustrates a 

different configuration of interleaved laminate, as presented above. 

 

It is highlighted that all interleaved laminates exhibit a maximum load that is lower than 

the corresponding value of the non-interleaved (reference) laminate, as shown in Figure 

4.16-(a). It could be concluded that when the non-woven interleaved material either neat 

or nano-doped was placed into the crack opening interface, the magnitude of maximum 

force is lower with respect to the reference material. A decrease of about 12% was 

observed for the maximum force both for the neat and the nano-modified interleaved 

specimens. From a first view, it clearly depicts that nanofibers interleaved into the 

delaminated interface did not strongly influence the mechanical behavior and the 

performance of laminates under Mode I conditions. 

 

Both the reference and interleaved laminates show a linear load-displacement relationship 

up to the crack-initiation point, after which the load drop occurs at crack propagation 

onset. In all curves of the interleaved specimens, the load increases linearly up to the 

maximum load where corresponds to the crack initiation point and then load drop occurs 

at crack propagation onset. On the contrary with the reference material, the initiation value 

GIC,initiation for the interleaved laminates is obtained from the point of maximum load and 

not from the deviation of linearity. 
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Figure 4.16-(b) presents the resistance curves (R - curves) for each material type where the 

initiation value, the region of increasing toughness as the crack propagates and the plateau 

area (steady-state) were observed. As it is clearly seen, there is an initial part where the 

crack growth resistance increases versus crack length which is followed by the plateau 

region. It is evident that the GIC values for all interleaved laminates were decreased 

compared to the non-interleaved (reference) material.  

 

The copolyimide veils are adhered to the matrix, did not formed bridging during the crack 

growth (not pull-out from the matrix) revealing a poor adhesion to the matrix and there 

was not a good load transfer to the polyamide fibre veil. Therefore, all types of interleaved 

veils would not contribute to the suppression of crack growth under Mode I remote 

loading. It could be concluded that the placement of non-woven interleaved veil did not 

led to the enhancement of interlaminar fracture toughness under Mode I remote loading. 

More precisely, it is confirmed that the interleaved laminates lead to weaker interfaces for 

all presented configurations with respect to the non-interleaved material. This behavior 

could be justified due to the presence of voids in the interleaved area, weakening the 

interfaces, as it was presented in the section 4.3.1.3.3. of optical microscopy assessment. 

Additionally, the bridging effect between the non-woven interleaf veil and the carbon fibre 

in the interlaminar area during the crack propagation was not presented. 

 

Figure 4.16-(c) summarizes the mean propagation interlaminar fracture toughness values 

for all composites studied. As it is shown in this diagram, GIC values of all interleaved 

composites were deteriorated in comparison with the reference (non-interleaved) 

composites. It is clear that comparing the GIC value results between the interleaved 

specimens, a negligible increase in GIC propagation value was presented in the interleaved 

composites with the introduction of neat thinner copolyamide interleaf veil (coPA3) 

compared to the corresponding neat thicker veil (coPA1). In the case of the nano-modified 

Interleaf material with the placement of thicker nano-doped veil (coPA2/2.5) in the crack 

propagation interface, an enhancement of 33% was concluded compared with the thicker 

neat non-woven Interleaf material (coPA1). Corresponding behaviour was reported in the 

case of the placement of thinner nano-doped veil compared to the thinner neat 

veil(coPA3). 

 

The obtained average values of initiation and propagation of GIC were reported in Table 

4-5 as well as the decrease achieved both for the neat and doped interleaved laminates 

compared to the non-interleaved laminate (reference material). Comparing the interleaved 

laminates, in the case of neat interleaved composites, the thinner interleaved material 

(coPA4) showed the greatest GIC,initiation and GIC,propagation values, 0.22 KJ/m2 and 0.195 

KJ/m2. However, in relation to the non-interleaved laminate, the propagation GIC value 

decreased by about 60% and 56% for the coPA1 and coPA3 interleaved composites, 

respectively. 

The effect of PA6.6 nanofibres on woven laminates has been studied by Hamer et. al [15] 

where an increase of critical energy release rate GIC was reported while Palazetti et al. 

[16]-[17] demonstrated only minor improvements and even decreases on both GIC and GIIC. 
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Figure 4.16: Mode I interlaminar fracture energy (a) load-displacement curves, (b) R curves and (c) Strain 

energy release rate GIC for carbon/epoxy composites produced by incorporating non-woven Interleaf 

materials neat and doped with different MWCNTs in various configurations. 

 

Table 4-5: Summary of GIC interlaminar fracture toughness values for all tested interleaved and non-

interleaved materials. 

 

Laminate 

Nonwoven 

veil 

Interlaminar Fracture toughness, GIC 

(KJ/m2) 

GIC 

increase 

compared 

to non-

interleaved 

material 

Initiation Propagation 

AVG STDEV AVG STDEV 

N1-R-1 - 0.16 0.03 0.44 0.02 - 

N1-1L-I-1 coPA1 0.13 0.04 0.18 0.026 -60% 

N1-1L-ID-1 coPA2/2.5 0.19 0.045 0.24 0.02 -46% 

N1-1L-IT-1 coPA3 0.22 0.059 0.195 0.014 -56% 

N1-1L-IDT-1 coPA4/2.5 0.15 0.05 0.28 0.05 -36% 
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4.3.1.3.2 Mode II fracture toughness enhancement  

 

Figure 4.17 shows the representative load - displacement curves of the ENF tests both for 

the non-interleaved and interleaved specimens with various configurations. The applied 

load increases linearly until the onset of crack propagation, which is indicated by the 

deviation from the elastic region.  

 

All specimens for each material type showed a similar trend but the load-displacement 

behavior of each material is different. As a first conclusion, it is clear that the slope of the 

non-interleaved (reference) material coincides with the slope of the interleaved composites 

placing one layer of nano-modified veil (coPA2/2.5) at the mid-thickness. In both two 

curves, the applied load increases linearly until the onset of the pre-crack propagation. 

After this point a distinguishable deviation from linearity was observed and much later the 

load drops. In the case of the neat interleaved (coPA1), a negligible increase of the slope 

was observed in comparison with the non-interleaved material but the critical load was 

much lower compared to the non-interleaved and interleaved composites which lead to 

lower Mode II interlaminar fracture toughness. On the other hand, in the case of neat 

interleaved composites with one veil (coPA3), the critical load was higher compared both 

to the non-interleaved and neat interleaved composites. Finally, in the case of the nano-

modified interleaved composites (coPA4/2.5), the critical load was significantly higher 

compared to all composites which led to higher Mode II fracture toughness. 

 

The average values and standard deviations of the aforementioned materials were 

presented in Figure 4.17-(b). Additionally, these results were summarized in Table 4-6 

which presents the crack initiation Mode II critical strain energy release rates for each 

material type. The increase achieved with the introduction of non-woven interleaved neat 

and nano-modified composites compared with the reference non-interleaved composite 

was also reported. As it is mentioned previously, it can be seen that the non-woven 

interleaved composites with neat thinner interleaf veil exhibit the best fracture toughness 

results compared to the non-interleaved and interleaved with thicker neat veil. 

Specifically, the neat interleaved composites (coPA3) showed an increase of 17% 

compared to non-interleaved material and 70% enhancement compared to the neat 

interleaved (coPA2). On the other hand, in the case of the nano-modified interleaved 

composites (coPA2/2.5), the placement of thicker non-woven interleave modified with 

carbon nanotubes at the mid-plane of the composites led to a considerable Mode II 

fracture toughness increase of about 40% compared to non-interleaved material. Finally, 

the incorporation of one thin layer of nano-doped interleaf veil (coPA4/2.5) showed a 

significant improvement close to 90% in Mode II fracture toughness compared to the non-

interleaved reference composites.  

 

A variety of effects on the GIIC value were reported in literature with composites 

interleaved with nanofibrous interleaved veils. Daelemans et al. [18] reported a highest 

improvement in GIIC of about 190% upon interleaving of polyamide interleaf veils (PA 

6.9).  
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Figure 4.17: Mode II Interlaminar Fracture Toughness (a) load-displacement curves and (b) comparison of 

average GIIC for carbon/epoxy composites produced by Interleaving technique with different veil 

configurations. 
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Table 4-6: Summary of GIIC interlaminar fracture toughness values for all tested materials. 

 

Laminate 

Nonwoven 

veil 

Interlaminar Fracture toughness, 

GIIC (KJ/m2) 

GIIC 

increase 

compared 

to 

reference AVG STDEV 

N1-R-1 - 0.54 0.04 - 

N1-1L-I-1 coPA1 0.376 0.17 -30% 

N1-1L-ID-1 coPA2/2.5 0.76 0.08 40% 

N1-1L-IT-1 coPA3 0.633 0.03 17% 

N1-1L-IDT-1 coPA4/2.5 1.03 0.074 90% 

 

 

4.3.1.3.3 Quality assessment of toughening mechanisms 

 

Optical micrography analysis was performed for all specimens subjected to Mode I and 

Mode II fracture toughness captured by different magnifications. The typical 

microstructure of reference CFRP cross-section specimen was presented in Figure 4.18-

(a). Microstructure images of the composite laminates with inserted neat copolyimide non-

woven (coPA1) and nano-doped copolyimide non-woven (coPA2/2.5) were shown in 

Figure 4.18-(b) and (c), respectively. It can be seen that in both laminates the melted 

nonwovens are not uniform in size along the length of the placement area of the nonwoven 

interleaf layer. This could be a result of insufficient compaction of the nonwoven layers. 

On the other hand, it could be due to the heterogeneous structure of the interleaved 

copolyimide layers. In the area of the inserted nonwoven layers, if the pores between the 

fibres are too small, the resin is not capable to penetrate in the interlaminar area, having as 

a result to not mixed with the melted thermoplastic polymer and therefore the nonwoven 

layer is discontinuous and remains as droplets. It can be concluded that the formation of 

non-uniform layer of melted nonwoven copolyimide interleaves led to the presence of the 

free spaces of the thermoplastic material in the epoxy which corresponds to the presence 

of voids into the composite. Similar behaviour of the nonwoven copoyamide interleaves 

was observed in the study by Boczkowska [19]. 

 

Otherwise, in the case of the neat (coPA3) and nano-doped (coPA4/2.5) thinner 

copolyimide non-wovens, it was observed that the copolyimide thermoplastic has melted 

better compared to the non-woven (coPA1) and (coPA2/2.5), as mentioned previously. It 

can be observed that the melted nonwovens are uniform in size and it is very difficult to 

distinguish from epoxy. This could be due to the interleaf’s thickness which is lower 

compared to the interleaf’s thickness of neat coPA1 (t >200μm) and nano-doped 

coPA2/2.5 (t >200μm).  
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However, we can conclude that in all interleaved composites, the toughening interlayer 

material remain in between the CF plies, where it is desired, keeping the veil in its proper 

location. Tsotsis et al. [20] was reported that there are two important factors which 

contribute to keep the interlayer nonwoven in its proper location. The first factor is the 

suitable melt-bonding of the interlayer to the fibres without its excessive flow during 

melting. The second factor is to prevent the interlayer’s location during infusion. It is 

proved that the pressures used in the infusion process are sufficiently low and they are not 

able to displace the nonwovens. 

 

Finally, it is important to notice that the incorporation of nonwoven interlayer either neat 

or nano-doped veil differing in veil’s thickness did not affect the overall thickness of the 

CFRP composite laminate after curing, as it was summarized in Table 3-8. 
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Figure 4.18: Optical microscopy analysis of cross sections of (a) reference (non-interleaved) specimens, (b) 

coPA1 interleaved specimens, (c) coPA2/2.5 interleaved specimens, (d) coPA3 interleaved specimens and 

(e) coPA4/2.5 interleaved specimens after Mode I and Mode II tests at different magnifications. 

 

4.3.2 Mechanical properties 

 

4.3.2.1 Three-point bending tests 

 

Three-point bending tests were conducted in order the effect of the deposition of carbon 

nanotubes into the main carbon fibre reinforcement on the in-plane properties of the entire 
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composite to be determined (knock-down effect). 3PB tests were performed for both 

reference and nano-modified CFRPs composites in various CNT concentrations produced 

by Dip-Coating, Two-Step Infiltration and Interleaving Techniques in order to measure the 

flexural strength and flexural modulus of composites, as shown in the following diagrams. 

 

Typical load-displacement curves for the 3PB experiments for three manufacturing 

techniques were presented in Figure 4.19. In this plot can be observed that the load was 

monotonically increasing until the maximum load was reached and then a relatively 

sudden load drop occurs, which indicates the initiation of specimens’ failure, which is the 

desired failure mode in accordance of ASTM standard. 

 

 
Figure 4.19: Typical load-displacement curves of the three-point bending tests for all tested materials. 

 

The average values and the standard deviations of the flexural Strength and Modulus for 

all tested materials for each manufacturing technique were reported. Three specimens 

were tested for each material type. The flexural strength and modulus of produced nano-

modified specimens with various CNTs concentrations produced by the Dip-Coating 

Technique were summarized in Figure 4.20 and Figure 4.21, respectively.  

Specifically, the flexural strength of all nano-doped CFRP composites were increased 

compared to the reference material, except the corresponding value of the composite 

laminate with the incorporation of 2.5 wt.% MWCNTs. The flexural modulus of all nano-

modified composites with CNT contents of 0.5, 1 and 1.5 wt.% was retained at the same 

levels compared to the reference composite material while the corresponding value in the 

case of higher concentration was decreased at the amount of 10%. The decrease of flexural 

modulus and strength is attributed to the possible presence of CNT agglomerates at the 

entire composite structure in the case of higher CNTs concentration (2.5 wt.% MWCNTs), 

as presented in Figure 4.12 (e,f). 
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Figure 4.20: Flexural strength of CFRP composites with various CNT concentrations produced by Dip-

Coating Technique. 

 

 

Figure 4.21: Flexural modulus of CFRP composites with various CNT concentrations produced by Dip-

Coating Technique. 

 

The flexural strength and modulus of produced nano-modified specimens with various 

CNTs concentrations produced by the Two-Step Infiltration Technique were summarized 

in Figure 4.22 and Figure 4.23, respectively. The flexural strength of all nano-doped 
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composites was increased at the amount of 10-16% compared to the baseline material 

while the flexural modulus was retained at the same levels. This behavior could be 

attributed due to the presence of the suitable concentration of CNTs (1.5 wt.%) at the 

entire composite structure (without the presence of agglomerates).  

 

Figure 4.22: Flexural strength of CFRP composites with various CNT concentrations produced by Two-

Step Infiltration Technique. 

 

 

Figure 4.23: Flexural modulus of CFRP composites with various CNT concentrations produced by Two-Step 

Infiltration Technique. 
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Finally, it was concluded that in the case of Dip-Coating and Two-Step Techniques, the 

knock down effects on the in-plane mechanical properties were not determined with the 

direct introduction of MWCNTs onto the main reinforcement surface (carbon fabrics). 

 

The flexural strength and modulus of produced interleaved specimens with the 

introduction of different kinds of nonwoven interleaf veils were summarized in Figure 

4.24 and Figure 4.25, respectively. The flexural strength of all interleaved CFRPs was 

negligible decreased at the amount of approximately 4% while the detrimental effect 

(knock-down effect) of all kinds of interleaved copolyimide either neat or nano-doped 

nonwoven veils on the flexural modulus was presented. The decrease of flexural modulus 

of all interleaved composites is attributed to the lower value of their flexural modulus 

compared to the corresponding value of the reference composites (flexural modulus of 

matrix material). 

 

Figure 4.24: Flexural strength of interleaved CFRP composites produced by Interleaving Technique. 
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Figure 4.25: Flexural modulus of interleaved CFRP composites produced by Interleaving Technique. 

 

4.3.2.2 Plain Tensile - Open Hole tests 

 

Several specimens were subjected to quasi-static Plain (PT) and open-Hole (OHT) tensile 

tests for both reference and nano-modified with the introduction of 1.5 wt.% MWCNTs 

concentration manufactured by Dip-Coating Technique. The main purpose of the quasi-

static tensile tests was to explore possible knock down effects due to the introduction of 

carbon nanotubes onto the main reinforcement of the composites. For each material type 

five plain and five open-hole tensile specimens were tested in order to identify the ultimate 

tensile strength (UTS) and Young’s Modulus (E) of composites.  

 

Typical stress-strain curves of the quasi-static tensile tests for each material type for both 

plain and open-hole specimens were shown in Figure 4.26. In both cases of plain and 

open-hole tensile tests, it can be observed that for each material type the general trend 

does not present any significant difference; the applied stress was increased linearly until 

the specimen΄s failure. On the other hand, it is clearly seen that a presence of a small hole 

of 6 mm in the center of specimens changed the stress-strain behaviour of material by 

decreasing the elongation latitude, compared with the plain (unfilled) specimens. 

Therefore, it is clearly seen that the tensile strength of holed specimens was significantly 

deteriorated close to 50% compared to the unfilled specimens. 
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Figure 4.26: Representative stress (σ) vs strain (ε) curves during quasi-static tensile tests of (a) plain and (b) 

open hole specimens for both reference material and nano-modified CFRP composites with 1.5wt.% 

MWCNTs produced by Dip-Coating Technique. 

 

Figure 4.27 compares the critical tensile characteristics; the ultimate tensile strength 

(UTS) and Young’s Modulus (E) for each material type subjected to plain and open hole 

tensile tests. The Young’s Modulus (E) was measured only in the case of plain tensile 
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specimens. The mean Young’s Modulus both for reference and nano-doped specimens is 

43-45 GPa with the modulus calculated from the gradient of the chord between a strain of 

0.1%-0.3%. According to these results, we can conclude that the introduction of 1.5 wt.% 

MWCNTs did not affect at the in-plane tensile properties and Young’s Modulus was 

retained at the same levels (approximately 4% increase for the nano-modified samples). In 

addition, the tensile strength of composites either plain or open-hole tensile specimens 

were not affected by the introduction of carbon nanotubes onto the main reinforcement 

surface. More precisely, the composites with the introduction of CNTs with 1.5 wt.% 

concentration exhibit negligible decrease of tensile strength value (from 528 MPa reported 

for reference material to 504 MPa for nano-modified composites). Additionally, negligible 

increase was observed for open-hole tensile nano-modified specimens of tensile strength 

value (from 268 MPa for reference material to 270 MPa for nano-modified with 1.5 wt.% 

MWCNTs). Finally, it was reported that the presence of stress concentration around the 

hole of 6 mm during open-hole tensile experiments caused strength loss of approximately 

50% compared to standard tensile strength, as expected. 
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Figure 4.27: Comparison in terms of (a) ultimate tensile strength (σmax) and (b) Young’s Modulus (E) of 

plain tensile specimens for both reference material and nano-modified CFRP composites with 1.5wt.% 

MWCNTs produced by Dip-Coating Technique. 

 

In addition, the failure modes of plain tensile specimens both for reference and nano-

modified CFRPs were showed in Figure 4.28. All samples for each material type were 

broken suddenly in a brittle manner, yielding in two separate pieces. In the case of plain 

tensile specimens, an identical failure mode was observed; a tension failure inside the 

gauge length or near the tab. The fibre breakage is clearly depicted. The nano-modified 

CFRPs specimens, with the introduction of 1.5 wt.% carbon nanotubes produced by Dip-

Coating Technique, showed clear evidence of the same failure type. As a result, the 

maximum ultimate tensile strength values are governed by the tensile failure loads. 

 

  

Figure 4.28: Representative examples of failure modes of plain tensile specimens of (a) reference CFRP 

composites and (b) nano-modified CFRP composites with 1.5 wt.% MWCNTs produced by Dip-Coating 

Technique. 
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The failure modes of open-hole tensile specimens both for reference and nano-modified 

CFRPs were showed in Figure 4.29. All samples for each material type were broken 

suddenly at the fracture area neat the hole and yielding in two separate pieces. The sample 

failure begins with the fibre-matrix breakage due to the stress concentration around the 

hole and finally failed in brittle failure mode due to fibre breakage of carbon fibre. 

 

  

Figure 4.29: Representative examples of failure modes of open-hole tensile specimens of (a) reference 

CFRP composites and (b) nano-modified CFRP composites with 1.5 wt.% MWCNTs produced by Dip-

Coating Technique. 

 

4.3.3 Physical properties 

 

Another drawback of carbon fibre reinforced polymers as summarized in Chapter 1 is their 

low through-thickness electrical and thermal conductivity. The epoxy resin which binds 

the carbon fibres acts as an insulation barrier to electrical charge. The incorporation of 

CNTs have been expected to improve the through-thickness electrical and thermal 

conductivity in order to affect the multifunctionality of the CFRP composites. 

 

4.3.3.1 Through-thickness Electrical Conductivity 

 

The in-plane electrical conductivity of conventional carbon fibre reinforced polymer 

composites are generally high due to the presence of carbon fibre fabric which has high 

electrical conductivity. However, it was reported that the out-of-plane electrical 

conductivity are orders of magnitude lower in comparison with the conductivity in the 

fibre direction (in-plane) [21]. 

 

The out-of-plane electrical conductivities of all produced composites with different 

manufacturing techniques were depicted in Figure 4.30. The composite manufactured 

from VARTM method reported that had exhibited through-thickness electrical 

conductivity which was generally higher than that reported in the literature review as 

discussed in Chapter 2. Even the virgin material (undoped with CNTs, non-interleaved) 

exhibited through-thickness electrical conductivity close to 12 S/m. This enhancement 

may be attributed to the fibre to fibre contact and fibre bridging which would have 

significantly contributed to the electrical conductivity measurement (out-of-plane). 
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The conductivity was futher increase with the introduction of CNTs which generates 

conductive electrical pathways – networks In the cases of the deposition of carbon 

nanotubes on to the main carbon fibres (CFs), exhibited a slight increase (5%) in through-

thickness conductivity for the Dip-Coating technique with the incorporation of 1.5 wt.% 

MWCNTs, while for the Two-Step Infiltration technique an improvement of 16% was 

achieved, but a large standard deviation was observed, as shown in Table 4-7. In the 

Interleaving technique, six layers of neat and nano-doped with 2.5 wt.% MWCNTs thinner 

(t=80μm) nonwoven interleaf veils were inserted at the outer CF plies as interlayers. The 

incorporation of doped thermoplastic nonwovens leads to an increase close to 23% 

whereas the neat interleaved specimens exhibited a decrease of about 18%, when 

compared to the reference material (virgin, non-interleaved), as expected due to absence of 

carbon nanotubes. 

 
Table 4-7: Through-thickness electrical conductivity for all tested materials. 

Laminate 
Through-Thickness Electrical 

Conductivity [S/m] 

Difference compared to 

Reference 

N2-R-4 12.4 ±0.51 - 

N2-P15-D-4 13.05 ±0.55 5% 

N2-P15-2S-4 14.31 ±4.88 16% 

N2-6L-IT-4 10.11 ±2.2 -18% 

N2-6L-IDT-4 15.24 ±1.28 23% 

 

According to these results, we can conclude that the direct deposition of carbon nanotubes 

and the incorporation of nano-doped interleaf veils on the main reinforcement surface 

seems to lead to a slightly improvement of through-thickness electrical conductivity. It is 

obviously that the presence of carbon nanotubes did not significantly affect in the 

electrical conductivity and a reported small increase is due to the percolation pathways 

formed by the carbon fibres. On the other hand, the reported increase of out-of-plane 

conductivity at composites with nano-doped nonwovens coPA4/2.5 could be explained 

because of the homogeneous structure of the doped nonwoven, as depicted in Figure 4.18 

(e). It can be observed that in the laminate with thinner nano-doped interleaf veil the layer 

of melted nonwoven is more uniform in size through the whole cross-section. Therefore, 

the electrical conductivity of this laminate can be improved because the nano-doped 

copolyamides are more conductive than the resin matrix. MWCNTs in the nonwoven 

interleaf veils create conductive pathways in copolyamides and therefore the electric 

current which passes through the carbon fibers is easily conducted through the uniform 

nonwoven. 

This observation is in contrast with the microstructure of laminate with neat nonwoven. 

Similar results have been reported in [19] where the incorporation of thermoplastic 

nonwovens with 3.5 wt.% MWCNTs led to the increase of the volume electrical 

conductivity by about 3 orders of magnitude compared to the reference. In addition, it was 
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reported that the out-of-plane electrical conductivity has significantly improved by two 

orders of magnitude with the deposition of carbon nanotubes onto the carbon fibers using 

growth method [22]. 

 

 

Figure 4.30: The through-thickness electrical conductivity of reference, nano-modified composites with the 

introduction of 1.5 wt.% MWCNTs and interleaved with thinner non-woven veils. 

 

4.3.3.2 Through-thickness Thermal Conductivity 

 

The through-thickness thermal conductivity of nano-modified and interleaved composites 

produced by three manufacturing techniques, as measured using the method described in 

subsection 4.2.4, was shown in Figure 4.31. The nano-modified composites with the 

introduction of 1.5 wt.% MWCNTs and the interleaved composites with the incorporation 

of neat and nano-doped thinner interleaved nanofibrous veils were tested. As it is clearly 

seen, the out-of-plane thermal conductivity for all material groups was slightly decreased 

compared with the baseline material. (see Table 4-8). 
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Table 4-8: Through-thickness thermal conductivity for all tested materials 

Laminate 
Through-Thickness Thermal 

Conductivity [W/mK] 

Difference compared to 

Reference 

N2-R-4 0.6 ±0.038 - 

N2-P15-D-4 0.55 ±0.011 -8% 

N2-P15-2S-4 0.54 ±0.018 -9% 

N2-6L-IT-4 0.55 ±0.044 -8% 

N2-6L-IDT-4 0.55 ±0.04 -8% 

 

According to these results, we can conclude that the distribution of MWCNTs in the 

composite structure did not significantly influence the through-thickness thermal 

conductivity. It is clearly seen that the nano-modified composites produced by Dip-

Coating and Two Step Infiltration Technique with the introduction of the same filler 

content (1.5 wt.% MWCNTs) did not present any dramatic differences on thermal 

conductivity measurement with respect to reference material. In addition, it is worth to 

notice that the introduction of thermoplastic copolyamide interleaf veil in the structure of 

CFRPs did not lead to the extensive reduction of thermal conductivity, as it was expected 

due to the presence of six layers of thermoplastic material (copolyimide) at the entire 

composite structure.  

 

 

Figure 4.31: The through-thickness thermal conductivity of reference, nano-modified composites with the 

introduction of 1.5 wt.% MWCNTs and interleaved with thinner non-woven veils. 
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It was concluded that the presence of carbon nanonotubes and the thermoplastic nonwoven 

veil did not lead to the more efficient formation of the required phonon transfer paths due 

to the presence of the thermal resistance (Kapitza resistance) which occurs at the interface 

of CNTs and polymer matrix material.  

 

 

 

4.4 Conclusions 

 

In this Chapter, the main objective is to investigate the mechanisms of interlaminar 

fracture toughness for the nano-modified and interleaved CFRP composites. The sizing 

agent- enriched with multi-walled carbon nanotubes and several types of copolyimide 

nonwoven veils were used as interleaf materials. The nano-modified carbon/epoxy and 

interleaved composites were produced using three novel manufacturing techniques which 

were developed for the purposes of this thesis. MWCNTs-enriched sizing agent was 

utilized in order to prepare nano-modified solutions in various CNT concentrations (0.5, 1, 

1.5 and 2.5 wt.% MWCNTs) for the development of multiscale reinforced composite 

laminates using an OoA manufacturing process and especially using LRI process. In 

addition, neat and nano-modified with 2.5% wt. MWCNTs copolyimide interleaved veils 

varying in thickness were used in different configurations. Additionally, to examine the 

potential knock down effects 3PB and plain and open-hole tensile tests were performed for 

each material type. To examine the virgin toughening performance and the carbon 

nanotube functionality of the proposed composites, electrical and thermal conductivity 

measurement were conducted. 

 

The main conclusions of the current study are as follows: 

 

➢ The nano-modified composites produced by Dip-Coating and Two Step Infiltration 

Technique were subjected to Mode I remote loading and the presence of MWCNTs with 

1.5 wt.% concentration led to a significant increase of the GIC value about of 100% and 

60%, respectively. Additionally, these nano-modified composites exhibit necessarily 

improvement in the Mode II crack resistance behaviour. Specifically, the addition of 1.5 

wt.% concentration exhibited an increase of approximately 60% and 40%, respectively. 

This is probably attributable to the contribution of the pull-out mechanisms provided by 

MWCNTs in tensile (Mode I) and in shear (Mode II) loading type.  

 

In the case of Interleaving Technique, it could be concluded that toughening effects of 

different types on interleaf materials were not presented under Mode I fracture toughness. 

It is thought that the veil fibres are embedded in the matrix and were not pull out from the 

matrix. Additionally, fiber bridging in the crack plane was not observed during crack 

growth. This fact has as a result the crack propagates rapidly and the bridging effect of 

interleaf veils did not contribute to the suppression of crack growth. This is the reason why 

the level of applied load was decreased in comparison with the non-interleaved 

composites. Other important parameter could be the chemical compatibility between the 
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polyamide nano-fiber veil and the resin matrix, the veil’s thickness and its architecture as 

well as the capability of fiber veil to absorb the energy during the crack length 

propagation. On the other hand, the interleaved composites resulted higher improvements 

in the crack propagation under Mode II loading conditions than under Mode I due to a 

possible optimal loading of the nanofibers along their fibre direction. Specifically, the 

introduction of thinner thermoplastic nonwovens and especially the nano-doped 

coPA4/2.5 interleaf veil caused a significant improvement of about 90% in Mode II 

fracture toughness.  

➢ Three-point bending and tensile plain and open-hole tests were conducted for 

CFRP composites in order to examine the possible degradation of in-plane mechanical 

properties of developed CFRPs. The effect of CNTs on the in-plane mechanical 

performance was significant because no knock down effects were observed. In general, the 

flexural strength and modulus of nano-modified composites were not decreased but 

remained at the same levels compared to the reference material.  

 

The ultimate tensile strength and stiffness of nano-modified composites were not 

deteriorated but the introduction of carbon nanotubes did not lead to further improvement 

of in-plane tensile properties. Additionally, the tensile strength of open-hole specimens 

were decreased close to 50% compared to the corresponding strength value of plain 

(unholed) tensile specimens but was retained at the same levels if compared to the 

reference (open-holed) material. 

 

➢ The introduction of carbon nanotubes in the field of composites has created new 

possibilities for the development of materials with tailored multi-functional properties. 

Hence, to examine the multi-functionality of the produced composites with the 

introduction of carbon nanotubes and nano-doped thermoplastic interleaf veils, the volume 

electrical and thermal conductivity were measured. We can conclude that the effect of 

CNTs and interleaf material did not exhibit enhancement on the thermal conductivity but 

did not present any deterioration in comparison with the reference composites. On the 

other hand, the through-thickness electrical conductivity of nano-modified composites (1.5 

wt.% MWCNTs) produced by Dip-Coating and Two-Step Infiltration Technique as well 

as the nano-doped interleaved composites with thinner (t<200μm) copolyimide interleaf 

veil (coPA4/2.5) presented a slight increase compared to the reference. 
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The research presented in this chapter has been published in following journal and 

conference paper: 

 

• P. Dimoka, C. Kostagiannakopoulou, A. Masouras, V. Kostopoulos. Improvement 

of interlaminar fracture properties of Out of Autoclave manufactured carbon fiber 

reinforced polymers using multi-walled carbon nanotubes. World Journal of Mechanics, 

9,147-162, 2019. 

• P. Dimoka, C. Kostagiannakopoulou, N. Dodis, V.Kostopoulos. Investigation of 

Interlaminar Fracture properties of Out of Autoclave manufactured CFRPs having CNTs 

modified Carbon Fiber reinforcements. 18th European Conference of Composite Materials, 

24-28 June, 2018, Athens. 

 

 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

161 

 

4.5 Chapter4 – References 

[1] ASTM D 5528, Standard test method for mode I interlaminar fracture toughness of 

unidirectional fiber-reinforced polymer matrix composites. ASTM Int. 

 
 

[2] Gdoutos EE, Pilakoutas K, Rodopoulos CA (2000). Failure Analysis of Industrial Composite 

Materials. United States of America. McGraw-Hill companies. 

 

 

[3] Technical datasheet of structural adhesive for carbon composite Elan-tech AS 89.1/AW 89.2, 

ELANTAS, < https://shop1.r-g.de/en/art/153891>. 

 

[4] ELANTAS, <https://www.elantas.com>. 

 

[5] Airbus industry test method, Carbon Fiber Reinforced Plastics. Determination of interlaminar 

fracture toughness energy Mode II, AITM D 1.0006, Issue 2, June 1994. 

 

 

[6] ASTM D7264, Standard test method for flexural properties of polymer matrix composite 

materials. ASTM Int. 

 

[7] Airbus industry test method, Fiber Reinforced Plastics. Determination of plain, open hole and 

filled hole tensile strength, AITM 1.0007, Issue 3, December 2004. 

 

[8] Airbus industry test method, Electrical conductivity for a composite laminate with carbon 

fiber: measurement along Z direction, AITM2-0065, Issue 3, February 2010. 

 

[9] Keithley 2002 datasheet, < http://www.testequipmenthq.com/datasheets/KEITHLEY-2002-

Datasheet.pdf>. 

 

[10] Thermal conductivity analyzer, Mathis TCi, <https://www.setaram.com/wp-

content/uploads/2015/01/Mathis_TCi_pages.pdf>. 

 

[11] Shan FL, Gu YZ, Li M, Liu YN, Zhang ZG. Effect of deposited carbon nanotubes on 

interlaminar properties of carbon fiber-reinforced epoxy composites using a developed 

spraying processing. Polym Compos 2013; 34:41–50. doi:10.1002/pc.22375. 

 

[12] Wicks SS, Villoria RG De, Wardle BL. Interlaminar and intralaminar reinforcement of 

composite laminates with aligned carbon nanotubes. Compos Sci Technol 2010; 70:20–8. 

doi:10.1016/j.compscitech.2009.09.001. 

 

[13] Kepple KL, Sanborn GP, Lacasse PA, Gruenberg KM, Ready WJ. Improved fracture 

toughness of carbon fiber composite functionalized with multi walled carbon nanotubes. 

Carbon N Y 2008; 46:2026–33. doi:10.1016/j.carbon.2008.08.010. 

https://shop1.r-g.de/en/art/153891
https://www.elantas.com/
http://www.testequipmenthq.com/datasheets/KEITHLEY-2002-Datasheet.pdf
http://www.testequipmenthq.com/datasheets/KEITHLEY-2002-Datasheet.pdf
https://www.setaram.com/wp-content/uploads/2015/01/Mathis_TCi_pages.pdf
https://www.setaram.com/wp-content/uploads/2015/01/Mathis_TCi_pages.pdf


PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

162 

 

 

[14] Shan, FL., Gu, Y. Z., Li, M., Liu, Y. N., & Zhang, ZG. Effect of deposited carbon nanotubes 

on interlaminar properties of carbon fiber-reinforced epoxy composites using a developed 

spraying processing. Polymer Composites, 2013, 34(1), 41–50. 

https://doi.org/10.1002/pc.22375 
 

[15]  Hamer S, Leibovich H, Green A, Intrater R, Avrahami R, Zussman E, et al. Mode I 

interlaminar fracture toughness of Nylon 66 nanofibrilmat interleaved carbon/epoxy 

laminates. Polym Compos 2011;32:1781–9. doi:10.1002/pc.21210 
 

[16] Palazzetti R, Zucchelli A, Gualandi C, Focarete ML, Donati L, Minak G, et al. Influence of 

electrospun Nylon 6,6 nanofibrous mats on the interlaminar properties of Gr–epoxy 

composite laminates. Compos Struct 2012;94:571–9. doi:10.1016/j.compstruct.2011.08.019. 

 

[17] Palazzetti R, Yan X, Zucchelli A. Influence of geometrical features of electrospun nylon 6,6 

interleave on the CFRP laminates mechanical properties. Polym Compos 2014;35:137–50. 

doi:10.1002/pc.22643 

 

[18] Daelemans, L., van der Heijden, S., De Baere, I., Rahier, H., Van Paepegem, W., & De 

Clerck, K. Nanofibre bridging as a toughening mechanism in carbon/epoxy composite 

laminates interleaved with electrospun polyamide nanofibrous veils. Composites Science and 

Technology, 2015, 117(July), 244–256. https://doi.org/10.1016/j.compscitech.2015.06.021 

 

[19] Kozera R, Boczkowska A. Nonwoven fabrics with carbon nanotubes used as interleaves in 

CFRP. Conference Series Material Science and Engineering, September 2018. 

doi:10.1088/1757-899X/406/1/012033. 

 

[20] Tsotsis TK. Interlayer Toughening of Composite Materials 2009. doi:10.1002/pc. 

 

[21] Bekyarova E, Thostenson ET, Yu A, Kim H, Gao J, Tang J. Multiscale Carbon Nanotube - 

Carbon Fiber Reinforcement for Advanced Epoxy Composites 2007: 3970–4. 

doi:10.1021/la062743p. 

 

[22] Shin YC, Novin E, Kim H. Electrical and thermal conductivities of carbon fiber 

composites with high concentrations of carbon nanotubes. Int J Precis Eng Manuf 2015; 16:465–

70. 

 

  

https://doi.org/10.1002/pc.22375


PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

163 

 

CHAPTER 5 

5  Low velocity impact and compression after 

impact assessment of carbon fiber/epoxy 

composites containing MWCNTs 
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5.1 Introduction 

 

In this chapter, the main objectives are to investigate and evaluate the damage tolerance 

provided by the direct introduction of multi walled carbon nanotubes (MWCNTs) on the 

main reinforcement surface and by the non-woven interleaf materials (veils) under impact 

and post-impact compression loading. 

 

The subsection 5.2 describes the development of the experimental procedures as well as 

the various laboratory devices which were used during the testing in order the 

characterization of composite materials to be successful. A brief description and procedure 

of each test was mentioned. 

Specifically, the assessment of potential knock down effects of the nano-modified 

composites produced by three manufacturing techniques were investigated under low 

velocity impact (LVI) and compression-after impact (CAI) tests. LVI impact tests were 

conduct at three impact energy levels (8, 15 and 30 J). In cases of the Dip-Coating and 

Two-Step Infiltration Techniques, the nano-modified composites were produced with the 

introduction of 1.5 wt.% MWCNTs weight content. In the Interleaving technique, a case 

of thinner (thickness=80 μm) non-woven copolyimide Interleaf veil was used producing a 

CFRP laminate with the incorporation of neat veil (coPa3) and another one with the 

incorporation of nano-doped veil (coPa4/2.5) (2.5 wt.% MWCNTs). The nano-modified 

CFRP composites with the incorporation of 1.5wt.% MWCNTs and non-woven 

interleaves were subjected to low velocity impact at three impact energy levels (8, 15 and 

30J) using a drop tower testing machine and directly compared with the unmodified 

CFRPs. Afterwards, the impacted specimens were subjected to compression loading. The 

LVI composite specimens were inspected using ultrasonic technique (C-scan) and the 

cross-sections of fracture surfaces both for the reference and nano-modified CFRPs were 

examined by scanning electron (SEM) and optical microscopy (OM). 

 

The subsection 5.3 presents the obtained results from the experimental characterization 

both for reference and nano-modified composites. The tests were carried out in the 

Mechanical and Aeronautics Engineering Department at the Applied Mechanics 

Laboratory (AML), of University of Patras, Greece. The testing machines used for the 

tests were the Instron testing machines. 

According to these results, in the case of Dip-Coating and Two-Step Infiltration technique, 

in terms of the CFRPs impact performance, the residual strength of nanomodified 

composites was improved for lower energy levels (8 and 15 J) to the reference material. It 

is worth to mention that taking into account the delamination areas (impacted areas), in the 

case of the higher impact energy (30J), the residual strength of the impacted nano-

modified specimens did not degrade although the damaged areas in this material type were 

increased compared to the reference ones. This situation indicates that the nano-modified 

laminates present a higher damage tolerance than the reference material. The effective 

compressive modulus was also measured and showed no significant difference in the case 

of Dip-Coating technique compared to the reference material but did not deteriorated 

while in the case of Two Step Technique a small reduction of 16% was exhibited at the 
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impact energy of 30J. The test results obtained from C-scan analysis of nano-modified 

specimens showed that the delamination area after the impact was mainly reduced, without 

the degradation of compressive strength and stiffness, indicating a potential improvement 

of damage resistance. On the other hand, in the case of the Interleaving technique, the 

delamination area of CFRPs with the incorporation of veils was significantly increased up 

to 60% compared to the non-interleaved (reference) material in both cases of neat and 

nano-doped interleaves. However, it is remarkable to mention that the compressive 

strength and stiffness of the modified composites with the incorporation of both neat and 

nano-doped non-woven interleaf veil was negligible increased without deterioration 

compared to the non-interleaved material for all energy levels. However, this fact indicates 

that the effect of the introduction of interleaves did not improve the damage tolerance of 

the produced interleaved composites compared to both the non-interleaved and reference 

CFRP composites. 
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5.2 Experimental Characterization 

 

This subsection presents the experimental procedures and the laboratory devices used in 

order to successfully implement the experimental characterization for reference and nano-

modified CFRP composites in terms of low velocity impact and compression after impact 

tests. Simultaneously, a brief description and procedure of each test was mentioned.  

 

5.2.1 Low velocity impact (LVI) and after-impact (CAI) testing 

 

The low velocity impact tests were carried out according to ASTM D7136 standard [1]. 

This test method determines the damage resistance of composites subjected to a drop-

weight impact event without penetration. An in-house built drop weight impactor was 

utilized for this purpose, as depicted in Figure 5.1-(a), equipped with a 16 mm diameter 

hemispherical hardened steel striker tip. The specimen’s dimensions and experimental set-

up are both illustrated. 

 

The specimens were fixed with the use of four clamps on each side and three cases of low 

energy impact level 8J, 15J and 30J were carried out. For each test series, at least three 

specimens of 150 x 100 x 4 mm3 were subjected at the same impact energy level. The 

specimens were clamped with four rubbers pins, as shown in Figure 5.1-(b). Different 

weights and initial heights values of the impactor were suitably selected for each energy 

level. Specifically, the weights of the impactor were adjusted to 1.22Kg, 1.72Kg and 3.22 

Kg and the initial heights were pre-determined to 0.67m, 0.87m and 0.95m for each of 

three energy levels: 8, 15, 30J, respectively. The measured velocities just before impact for 

each of the aforementioned energy impact levels were 3.65, 4.15 and 4.28 m/sec, 

respectively. The impactor was manually left to all from the pre-determined drop height 

and arrested after rebounding to avoid a sequential strike. 
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Figure 5.1: Schematic depiction of an in-house built drop weight equipment and snapshot during impact 

test. All dimensions in mm. 

 

After each impact event, the impacted specimens for each material type and for each 

manufacturing technique were subjected to compression after impact (CAI) tests, 

according to ASTM D7137 standard [2]. For this purpose, an anti-buckling jig was 

employed to support the specimen edges and to prevent from out-of-plane displacements. 

An Instron hydraulic universal testing machine (Instron 8802) with a 250kN load cell was 

used and a constant crosshead speed was kept at 0.5mm/min, until failure. For the 

compression test, the specimen was placed in the fixture and a compressive force was 

applied until a maximum force was reached and then the load suddenly drops. This fixture 

plays an important role for the compression after impact test results in order to avoid 

global buckling during compression, (Figure 5.2-(a)). No failure occurred in the edge 

regions and all specimens failed in a valid manner avoiding global buckling as required. 

The load drop was related to the final failure of the specimen which is developed across 

the center area where the impact event takes place in the transverse direction of specimen, 

as depicted in Figure 5.2-(b). 
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Figure 5.2: Schematic depiction of compression after impact test fixture and snapshot during compression 

with a specimen positioned in place. 

 

The compression strength after impact test for each material type at specific impact energy 

was calculated based on the following equation: 

 

σ(Ε)= 
𝑃𝑟

𝑤∗𝑡
 

 

(5.1) 

where, 

𝑃𝑟 is the maximum load (break failure load) 

w is the specimen’s width and 

t is the specimen’s thickness 

 

5.3 Damage assessment of impacted specimens 

 

After each impact test, the composite specimens were examined for visible damage, 

detecting possible delaminations and extended fiber cracking on the back side of 

specimens caused by the impact. Non-destructive Inspection was also used to assess the 

internal impact damage for all impacted specimens for each material type. All test samples 

before and after impact were conducted to Ultrasonic C-scan technique in order to 

evaluate the extent of damage. To evaluate the C-scan results and to quantify the 

delamination areas, an image analysis software (Image J) [3] was utilized to post-process 

the C-scan images. The maximum damage width and length of the impacted area were 

measured to determine the damaged area. 

 

5.4 Microscopy examinations 

 

Optical microscopy and SEM examinations were performed on cross-section and fracture 

surfaces of the impacted specimens, respectively, as described in paragraph 4.2.5. After 
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CAI tests, all specimens were cut into two halves through the mid plane where the impact 

damage takes place in order to observe the internal damage from the cross-section areas by 

optical and scanning electron microscope. According to the optical microscopy (OM) 

analysis, the center cross sections where the impact has taken place, for each material type 

for each technique were examined after compression after impact tests. Additionally, the 

fracture surfaces of the impacted specimens at same center area were examined using a 

FEI InspectTM F50 scanning electron microscopy (SEM). OM and SEM examinations 

were performed in order to confirm the influence of multi-walled carbon nanotubes that 

they were responsible for the enhancement of compression-after impact properties due to 

the additional energy dissipation mechanisms that they introduced. 

 

5.5 Results and Discussion 

5.5.1 Low velocity impact (LVI) and compression after impact (CAI) assessment of 

CFRP composites produced by Dip-Coating Technique 

5.5.1.1 Resistance to low velocity impact 

 

Reference and nano-modified CFRPs with the introduction of 1.5 wt.% MWCNTs were 

subjected to low velocity impact test at three impact energy levels (8J, 15J and 30J) and 

directly compared with the reference composites. For each material type two CFRP 

laminates were manufactured as described in subsection 3.3.1. 

 

The dominant failure modes, such as delamination, matrix cracking and fiber breakage, 

were observed in the composites after the low velocity impact test where these 

deformations are visible through naked eye. A similar type of damage is exhibited in both 

of two materials, reference and nano-modified specimens. Figure 5.3 depicts the damage 

areas of reference and nano-doped specimens for all energy levels from the impacted and 

the back side. The visible observation by naked eye of the damage on the specimen 

surface indicated that all samples of each material type fractured in a similar way. The 

damaged areas of specimens after impact were analyzed by an image analysis software 

(Image J) in order to quantify the extent of damage areas in the front and the back side of 

specimens for each impact energy level, as shown in Figure 5.3. 

It is well observed, as the impact energy level was increased, the damage area was 

increased. Specifically, a visible dent has been formed in the cases of 15J and 30J on the 

front side (impacted side), which the impactor came in contact with the sample during 

impact. In the case of impact energy of 15J there was a visible minor dent depth at the 

front side of specimen while extensive front and back-face damage was observed at 30J. 

On the back side, fiber breakage was obvious only in the cases of 15J and 30J impact 

energies. Specifically, in the case of higher impact energy, the damage mode of specimens 

has also changed from small cracks to the combination of large cracks on the impacted 

side and extensive fibre breakages on the back side compared to the case of 15J. Samples 

impacted at 8J no remarkable damage in the front and back side was observed, when 

visually inspected with naked eyes, but ultrasonic inspection revealed a small damage at 

the point of impact (white regions). These failure modes corresponded very well to the 

review work of Richardson and Wisheart [4]. 
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(a) (b) 

Figure 5.3: Failure modes after low velocity impact test at impacted and back side of (a) reference and (b) 

nano-modified specimens with the introduction of 1.5 wt.% MWCNTs produced by Dip-Coating technique 

at three impact energy levels. 

 

After the impact, the induced damage was evaluated and quantified both for the reference 

and nano-modified specimens with 1.5 wt.% MWCNTs by non-destructive testing (C-

scan) using the same equipment and the parameters described earlier to assess the extent 

of damage. To evaluate the C-scan results and to quantify the delamination areas, an 

image analysis software (Image J) [3] was utilized to post-process the C-scan images. 

According to the quantification of the damage assessment, each damage size can be 

correlated to the residual strength of the material. The maximum damage length and width 

were measured in order to determine the impact damage area. Figure 5.4 illustrates the 

delaminated areas of a reference as well as a nano-doped specimen before and after impact 
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test. The white regions in the center of each specimen represent the damaged area induced 

by the low velocity impact event.  

 

  

 (a) (b) 

Figure 5.4: C-scan inspection images before and  after impact test for all energy levels for (a) reference 

material and (b) nano-modified with 1.5 wt.% MWCNTs concentration produced by Dip-Coating technique. 

 

These results were verified using the post-processing image software, where the damaged 

area of each specimen was measured, as previously described. In the case of nano-

modified material, the measured delaminated areas tend to be smaller compared to the 

reference material both for impact energy levels of 8J and 15J. Thus, the introduction of 

carbon nanotubes on to the main reinforcement architecture decreases the LVI induced 

damage resistance of the final composite both for impact energies of 8J and 15J. The 

reduction of damage area can directly be related to the contribution of MWCNTs exhibited 

more resistance to delamination in the direction of maximum interlaminar shear (45o), 

where maximum delamination is expected to occur. 

On the other hand, in the case of the higher impact energy (30J), the extent of 

delaminations detected by C-scan runs of the CNT-enriched composites is larger than one 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

172 

 

would expect from the visible surface damage. Thus, the nano-modified composite 

exhibits slightly higher damage area (4%) when compared with the reference material. 

These results of delaminated areas (mean values, standard deviation) of two material 

systems for the three impact energy levels were summarized in Table 5-1. 

 

Table 5-1: Damage area results after LVI testing for reference and nano-modified with 1.5 wt.% MWCNTs 

concentration produced by Dip-Coating Technique. 

Laminate 

Impact Energy 

8 J 15 J 30 J 

Damaged area (mm2) 

AVG SD AVG SD AVG SD 

N2-R-2 197 11 390 24 570 77 

N2-P15-D-2 180 1 330 23 590 45 

Difference 

compared to 

Reference 

-8 % -15 % 4% 

 

These observations are in agreement with the results reported in the literature [5]-[6]. 

Siegfried et al. [5] investigated the effect of MWCNTs on the woven carbon/epoxy 

composites on the compression after impact properties. An increase of delaminated areas 

after impact of the nano-modified specimens was observed. The CAI strength was either 

similar or lower to the one observed for the reference material. Additionally, Pantelakis et 

al. [6] investigated the synergistic effect of multi-walled carbon nanotubes on the after-

impact behavior of carbon/ epoxy composites revealing a significant increase of the 

damaged area and a reduction of CAI strength of nano-modified composites. According to 

the authors, the reason for the increased damage area is due to the presence of 

agglomerates which act as a stress concentrations and initiation sites for delaminations. 
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5.5.1.2 Compression after impact behaviour of CFRPs  

 

After the impact tests, all impacted specimens both for reference and nano-doped 

composites were subjected to CAI test. The residual compressive after impact strength and 

the effective modulus were measured both for the reference and nano-modified composites 

with 1.5 wt.% MWCNTs concentration, according to the referenced standard [2]. 

 

Figure 5.5-(a) presents the typical compressive stress vs strain curves both for reference 

and nano-modified CFRP specimens with 1.5wt.% MWCNTs concentration under 

compression for each energy impact event (8, 15, 30 J). In the compression after impact 

test, all specimens in each material type behave similarly and dramatic differences were 

not observed. It was also observed that the compressive strain at failure of the two material 

types did not show significant difference; for the reference compressive strain was almost 

retained at 1 % while for the nano-modified, it was decreased from 1.5% to 1.2% and 1% 

at impact energies of 8J, 15J and 30J respectively. The Instron machine was set to stop the 

test after the sudden drop during compression test which is obtained with a linear drop of 

the curves after the maximum load was reached. This drop is related to the final failure of 

the specimen which is triggered by the impact event and is developed across the center of 

the specimen in the lateral direction. 

 

The compression after impact characteristics (strength and effective modulus) of each 

material type were summarized in bar charts in Figure 5.5-(b) and (c). 

As it is clearly seen in Figure 5.5-(b), an enhancement in the compression after impact 

strength of the CNT-modified CFRPs with the addition of 1.5 wt.% onto the woven fabric 

reinforcement was in the range of 8-18% for the different impact energy. It is worth to 

mention that taking into account the damaged area, in the case of the higher impact energy 

(30J) the residual strength of the impacted nano-modified specimens did not degrade 

although the damaged areas in this material type were increased compared to the reference 

ones. This fact indicates that the nano-modified laminates have a higher damage tolerance 

than the reference material. It appears that the network-like structure of the CNT 

dispersion in the woven reinforcement has a beneficial effect on the residual compressive 

strength. 

 

Additionally, it is concluded that the nano-modified CFRP composites exhibited a small 

decrease of the compression stiffness at a rate of 3.3% and only 0.8% at impact energy of 

8J and 30J, respectively compared to reference material and a negligible increase in the 

case of 15J, as can be seen in Figure 5.5-(c) and Table 5-3. 

 
.



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

174 

 

 

 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

175 

 

 

Figure 5.5: Compression after impact test for each material type produced by Dip-Coating Technique. (a) 

Typical compressive stress versus compressive strain (%) curves resulted from CAI test for three energy 

impact levels (8, 15,30J) both for reference and nano-doped CFRPs with 1.5 wt.% MWCNTs concentration, 

(b) Maximum compressive residual strength versus impact energy of the reference and modified CFRPs and 

(c) Compressive modulus vs impact energy of the reference and modified CFRPs. 

 

Specifically, the compression after impact properties both for compressive strength and 

effective modulus (mean values, standard deviation) of two material systems for the three 

impact energy levels were summarized in Table 5-2 and Table 5-3, respectively. 

 

These observations are in agreement with the results reported in the literature. 

Specifically, Yokozeki et al. [7] reported a 7% increase in CAI strength for nano-enhanced 

laminates with the incorporation of 10wt.% of cup-stacked CNT. Kostopoulos et al. [8] 

reported a 12-15% increase in residual compressive strength for nano-enhanced prepreg 

laminates containing 0.5wt.% MWCNTs compared to baseline. 
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Table 5-2: Results of compressive strength after CAI tests for reference and nano-modified with 1.5 wt.% 

MWCNTs concentration produced by Dip-Coating Technique. 

Laminate 

Impact Energy 

8 J 15 J 30 J 

Compressive Strength [MPa] 

AVG SD AVG SD AVG SD 

N2-R-2 260 16 224 3 190 9 

N2-P15-D-2 305 9 250 0.15 204 16 

Increase 

compared to 

Reference 

18 % 12 % 8 % 

 

 

Table 5-3: Results of compressive modulus after CAI tests for reference and nano-modified with 1.5 wt.% 

MWCNTs concentration produced by Dip-Coating Technique. 

Laminate 

Impact Energy 

8 J 15 J 30 J 

Compressive Modulus [GPa] 

AVG SD AVG SD AVG SD 

N2-R-2 22.5 0.21 22.08 0.22 22.03 0.87 

N2-P15-D-2 21.8 0.5 22.3 0.93 21.9 0.62 

Increase 

compared to 

Reference 

-3.3 % 1.02 % -0.8 % 

 

 

5.5.1.3 Optical microscopy (OM) and SEM examinations 

5.5.1.3.1 Optical Microscopy of impacted specimens 

 

The damage morphology inspection of the two material systems was carried out using an 

optical microscopy (OM) for all energy levels. The examined area of interest is the center 

cross section of specimens where the impact strike has taken place. The impact damage 

tends to initiate in the lower plies due to flexural fracture [9]. When the impact event is 

placed on the laminated composites, one or more failure modes can become dominant 

such as matrix cracking, delamination, fibre breakage, ply shear-out and surface micro-

buckling [10]-[11]. The matrix cracking, delamination and fibre breakage seems to be the 
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main failure modes which are observed for two material types for all energy levels. 

Otherwise, the transverse cracking was not observed which means that the impact energy 

could not be dissipated sufficiently through the interlaminar region. Additionally, this 

situation could be clarified due to the enhanced Mode II fracture toughness which was 

observed for the nano-modified composite with 1.5 wt.% MWCNTs, as mentioned in 

Chapter 4. 

 

In the case of the lower energy (8J), OM analysis was examined both for the cross sections 

after LVI and compression after impact tests, as shown in Figure 5.6-(a) and (b), 

respectively. OM examination for CFRP samples of center cross section after impact tests 

present that no extensive damage was detected close to the area which the impact has been 

taken place both for two material systems (i.e. fiber fracture, matrix cracks, delamination 

etc.), as depicted in Figure 5.6-(a). In general, the impact energy is mainly absorbed in the 

form of elastic deformation and/or through other failure modes, as mentioned previously, 

while plastic deformation does not take place. More precisely, it is noticeable that the 

plastic deformation was not observed for composite materials. 

 

In the case where the optical microscopy assessment was done after the compression after 

impact test, the main failure modes (delamination, matrix cracks and fiber breakage) are 

more visible, as shown in Figure 5.6-(b). Additionally, each specimen was examined in the 

area out of the boundary of the impact where matrix cracks could not be found. For that 

reason, it could be concluded that these matrix cracks are damage due to the impact event 

and not a result of the compression test. In terms of the reference material, multiple 

delaminations between plies, matrix cracks and extensive cracks inside tows were found. 

These matrix cracks were inclined at about 45o and followed the conical shape of the 

impact damage. In terms of the nano-modified specimens, only extensive fiber breakages 

and a lesser presence of matrix cracks were observed compared to the reference material. 

Based on this situation, we can conclude that the matrix of the reference material is weak 

under a compressive load caused by the impactor. In addition, it is worth to mention that 

the matrix cracks observed by optical microscopy have no severe effect on the 

compressive stiffness of the laminates but they also act as an initiation mechanism for the 

delaminations. Additionally, it could be reported that the impact resistance of the nano-

modified composites could be improved by the addition of carbon nanotubes on to the 

main reinforcement architecture because of the absence of the extensive matrix cracks and 

delaminations. Furthermore, the measured damage areas were smaller than the reference 

for the impact energy of 8J. 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

178 

 

 
(a) 

 
(b) 

Figure 5.6: Optical microscope images (a) after impact and (b) after CAI of reference and nano-modified 

enriched with 1.5wt.% MWCNTs specimens at the center area of impact and at an impact energy level of 8J. 

 

In the case of the impact energies of 15J and 30J, OM analysis was also examined for the 

cross sections both for reference and nano-modified specimens after CAI tests, as depicted 

in Figure 5.7 and Figure 5.8. In terms of the reference material in the case of 15J, multiple 

delaminations between the layers and extensive cracks inside the tows were observed 

whereas a lesser presence of matrix cracks were found for the modified composites 

compared to the reference. Finally, we can conclude that the impact resistance of the 

modified composites for the impact energy of 15J was enhanced due to the absence of 

severe matrix cracks and delaminations. 

 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

179 

 

 
Figure 5.7: Optical microscope images after CAI of reference and nano-modified enriched with 1.5wt.% 

MWCNTs specimens at the center area of impact and at an impact energy level of 15J. 

 

In the case of the larger impact energy (30J), where the damage area was larger compared 

with the reference composite without the deterioration of the residual strength of 

composites, the presence of extensive delaminations between the plies and fibre breakages 

were observed in the case of the nano-modified specimens. It was concluded that the 

presence of CNTs makes the material more sensitive to matrix failure under in-plane 

compressive stresses in higher impact energy. More impact induced matrix cracks were 

found by examining nano-modified specimens after CAI tests. In this case, the CNTs act 

as initiation sites for delaminations during impact. Therefore, it was not surprising that the 

damaged areas were larger comparted to the reference. On the other hand, in terms of 

reference material, intralaminar failure was only presented at the center area of impact 

without the presence of matrix cracks, delaminations or fibre breakages. 

In addition. the toughening mechanisms that have been introduced by carbon nanotubes 

such as pull-outs might be responsible for the improvement of the compressive strength 

and stiffness. 
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Figure 5.8: Optical microscope images after CAI of reference and nano-modified enriched with 1.5wt.% 

MWCNTs specimens at the center area of impact and at an impact energy level of 30J. 

 

5.5.1.3.2 Scanning electron microscopy of impacted specimens 

 

Scanning electron microscopy (SEM) was also used after CAI test in order to confirm the 

additional energy dissipation mechanisms introduced by MWCNTs that were responsible 

for the improvement of after impact properties and therefore the performance of 

composites. All specimens were examined close to the center area where the impact event 

took place. 

 

Figure 5.9 presents the failure mechanisms that were observed in the cases of three energy 

levels of the nano-modified specimens with 1.5wt.% MWCNTs concentration. By 

analyzing the micrographs captured at different magnifications, carbon nanotubes were 

distributed uniformly into the material’s structure without the presence of MWCNT 

agglomerates. The white arrows in these figures indicate the pull-out toughening 

mechanisms that were activated with the introduction of CNTs at all energy levels. In the 

area with nanotubes, the fracture surfaces appear to be rougher, indicating an additional 

energy dissipating mechanism. Carbon nanotubes provide a large interface area, absorbing 

larger amounts of energy than the reference material resulting in a reduced delamination 

area for the impact energies of 8 and 15J. In the case of impact energy of 30J, a possible 

explanation for the situation of the larger damaged area of nano-doped specimens could be 

a lesser extent of MWCNTs, as it is clearly seen in Figure 5.9-(c). Concluding, the 

increased damage severity caused by the impact has not resulted in a reduction of CAI 

strength and stiffness for the nano-modified material, as previously noted. 

 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

181 

 

 
Figure 5.9: SEM micrographs of impacted specimens with 1.5 wt.% MWCNTs produced by Dip-Coating 
technique at different magnifications at three impact energy levels (a) 8J, (b) 15J and (c) 30J. 

 

5.5.2 Low velocity impact (LVI) and compression after impact (CAI) assessment of 

CFRP composites produced by Two Step Infiltration Technique 

5.5.2.1 Resistance to low velocity impact 

 

Reference and nano-modified CFRPs with the introduction of 1.5 wt.% MWCNTs 

produced by Two Step Infiltration Technique were subjected to low velocity impact test at 

three impact energy levels (8J, 15J and 30J) and directly compared with the reference 

composites. For each material type two CFRP laminates were manufactured as described 

in subsection 3.3.2. 

 

The primary failure modes, such as delamination, matrix cracking and fiber breakage, 

were observed in the composites after the low velocity impact test where these 

deformations are visible through naked eye. Figure 5.10 depicts the damage areas of 

reference and nano-doped specimens for all energy levels from the impacted and the back 



PhD Dissertation                                                                                                      | Polyxeni V. Dimoka 

182 

 

side. Inspection of the damage on the surfaces both in the front and back side by naked eye 

indicated that the specimens of two material systems fractured in a similar manner. 

Specifically, in the cases of impact energy of 8J and 15J, matrix cracks were found on the 

front side without extensive discernible damage in the back side (fibre breakage did not 

observed). On the other hand, in the case of higher impact energy (30J), a visible dent and 

fibre breakage have been observed at the impacted and back side both for reference and 

nano-modified specimens, respectively. 

We could conclude that similar results were reported for the nano-modified specimens 

produced both by Dip-Coating and Two Step Infiltration Technique with the introduction 

of the same nano-filler content (1.5 wt.% MWCNTs). 
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(a) (b) 

Figure 5.10: Failure modes after low velocity impact test at impacted and back side of (a) reference and (b) 

nano-modified specimens with the introduction of 1.5 wt.% MWCNTs produced by Two step infiltration 

Technique at three impact energy levels. 

 

After the impact, the induced damage was evaluated and quantified both for the reference 

and nano-modified specimens with 1.5 wt.% MWCNTs by non-destructive testing (C-

scan) using the same equipment and the parameters described earlier to assess the extent 

of internal damage. Figure 5.11 illustrates the projected C-scan delaminated areas of a 

reference as well as a nano-doped specimen before and after impact test. The white 

regions in the center of each specimen represent the damaged area induced by the low 

velocity impact event. An image analysis software (Image J) [3] was utilized to post-

process the C-scan images, measuring the maximum damage length and width in order to 

determine the impact damage area.  
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(a) (b) 

Figure 5.11: C-scan inspection images before and  after impact test for all energy levels for (a) reference 

material and (b) nano-modified with 1.5 wt.% MWCNTs concentration produced by Two Step Infiltration 

Technique. 

 

In the case of nano-modified composites manufactured by Two Step Technique, the 

measured delaminated areas were decreased compared to the reference material both for 

impact energy levels of 8J and 15J. A closer view of the aforementioned results, which 

were summarized in Table 5-4, revealed that the modified specimens exhibited more 

resistance to delamination under impact event in the direction of maximum interlaminar 

shear (45o), decreasing the LVI induced damage resistance of the final composite. On the 

other hand, the nano-modified composites suffered more severe damage at the higher 

impact energy (30J) providing an increase of 33% in delaminated area. Therefore, it was 

proposed that further testing could be required to confirm this situation. 
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Table 5-4: Damage area results after LVI testing for reference and nano-modified with 1.5 wt.% MWCNTs 

concentration produced by Two Step Infiltration Technique. 

Laminate 

Impact Energy 

8 J 15 J 30 J 

Damaged area (mm2) 

AVG SD AVG SD AVG SD 

N2-R-2 197 11 390 24 570 77 

N2-P15-2S-2 175 34 334 11 757 18.6 

Difference 

compared to 

Reference 

-11 % -15 % 33% 

 

 

5.5.2.2 Compression after impact behaviour of CFRPs  

 

After LVI tests, all impacted specimens both for reference and nano-doped composites 

were loaded in compression in order to assess their compression after impact properties. 

The residual compressive after impact strength and the effective modulus were measured 

both for the reference and nano-modified composites with 1.5 wt.% MWCNTs 

concentration, according to the referenced standard [2]. 

 

Figure 5.12-(a) presents the typical compressive stress vs strain curves both for reference 

and nano-modified CFRP specimens with 1.5wt.% MWCNTs concentration under 

compression for each energy impact event (8, 15, 30 J). In the compression after impact 

test, all specimens in each material type behave similarly and no dramatic differences were 

presented. It was also observed that the compressive strain at failure of the two material 

types did not show significant difference; for the reference compressive strain was almost 

retained at 1 % while for the nano-modified, it was decreased from 1.3% to 1.15% and 1% 

at impact energies of 8J, 15J and 30J respectively. The Instron machine was set to stop the 

test after the sudden drop during compression test which is obtained with a linear drop of 

the curves after the maximum load was reached. This drop is related to the final failure of 

the specimen which is triggered by the impact event and is developed across the center of 

the specimen in the lateral direction. 

 

The compression after impact characteristics (strength and effective modulus) of each 

material type were summarized in Figure 5.12 and Table 5-5 and Table 5-6. As it is clearly 

seen in Figure 5.5-(b), an enhancement in the residual strength of nano-modified CFRPs 

was in the range of 8-12% varying impact energy, while a negligible reduction was 

achieved in the higher energy. The fact that the nano-modified composites achieved the 

same residual strength with the reference material despite featuring a larger delamination 

area indicates that it has a higher damage tolerance compared to the baseline.  
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Additionally, the nano-modified CFRP composites exhibited a small decrease of the 

compression stiffness at a rate of only 10%, 8% and 16% at impact energy of 8J, 15J and 

30J, respectively compared to reference. Hence, the evolution of damage reduces the 

stiffness of specimens. The significant reduced stiffness in the case of the nano-modified 

composites at higher energy can be attributed to the large increase of the damaged area as 

well as the achieved low fibre volume fraction (Vf=50%) of the produced laminate, as 

observed in Figure 5.12-(c), while the residual strength remain at the same values in terms 

of reference without further deterioration, as previously reported.  
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Figure 5.12: Compression after impact test for each material type produced by Two Step Infiltration 

Technique. (a) Typical compressive stress versus compressive strain (%) curves resulted from CAI test for 

three energy impact levels (8, 15,30J) both for reference and nano-doped CFRPs with 1.5 wt.% MWCNTs 

concentration, (b) Maximum compressive residual strength versus impact energy of the reference and 

modified CFRPs and (c) Compressive modulus vs impact energy of the reference and modified CFRPs. 

 

Table 5-5: Results of compressive strength after CAI tests for reference and nano-modified with 1.5 wt.% 

MWCNTs concentration produced by Two Step Infiltration Technique. 

Laminate 

Impact Energy 

8 J 15 J 30 J 

Compressive Strength [MPa] 

AVG SD AVG SD AVG SD 

N2-R-2 260 16 224 3 190 9 

N2-P15-2S-2 290 7 243 3.8 181 2.2 

Increase 

compared to 

Reference 

12 % 8 % -5 % 
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Table 5-6: Results of compressive modulus after CAI tests for reference and nano-modified with 1.5 wt.% 

MWCNTs concentration produced by Two Step Infiltration Technique. 

Laminate 

Impact Energy 

8 J 15 J 30 J 

Compressive Modulus [GPa] 

AVG SD AVG SD AVG SD 

N2-R-2 22.5 0.21 22.08 0.22 22.03 0.87 

N2-P15-2S-2 20.2 1.65 20.1 1.11 18.5 0.084 

Increase 

compared to 

Reference 

-10 % -8 % -16 % 

 

Similar observations are in agreement with the results reported in the literature [12]-[13]. 

Yourdkhani et al. [12] investigated the effect of MWCNTs using resin film infusion 

process on the compression after impact properties. Larger delaminated areas of the nano-

modified specimens were observed at impact energy of 27J while the CAI strength was at 

the same level to the one observed for the reference material. Ashrafi et al. [13] found that 

the incorporation of SWCNTs resulted in a 5% decrease in the impact damage area while 

only 3.5% improvement succeeded on the compressive strength after impact. 

 

5.5.2.3 Optical microscopy (OM) and SEM examinations 

5.5.2.3.1 Optical Microscopy of impacted specimens 

 

The damage morphology inspection of the reference and nano-modified with the 

deposition of 1.5 wt.% MWCNTs composites was carried out using an optical microscopy 

(OM) for all energy levels. The examined area of interest is the center cross section of 

specimens where the impact strike has taken place. A deeper observation at microscale is 

necessary because the damage caused by the impact was revealed. Taking into account the 

results derived from C-scan graphs, a more extensive delaminated area is expected in the 

case of the nano-modified material at higher impact energy (30J). 

 

Figure 5.13 illustrates the delaminated area both for reference and the nano-doped 

composites at three impact energy levels. In the case of the nano-modified specimens, it is 

clearly seen that at the impacted area multiple interlaminar and intralaminar matrix cracks 

as well as more extensive delaminations were observed compared to the reference material 

for all impact energies. Additionally, in the nano-modified composites the impact induced 

cone shape damage with extensive delaminations and fibre breakages. This observation is 

in contrast with the obtained damage in the case of reference material. More precisely, in 

the case of the higher impact energy (30J), more extensive damage was observed with the 

presence of delaminations and more extensive interlaminar failures. Therefore, this 
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situation can be attributed to the reduced stiffness of the nano-modified composites, as 

reported previously, especially in the case of the impact energy of 30J. It could be 

concluded that the observed extensive damage for the nano-modified CFRP composites 

produced by the Two-Step Infiltration technique may be attributed to the way of the 

deposition of carbon nanotubes of the impregnation process during the manufacturing 

stage. Because of the nano-doped solution was injected by one inlet gate through the 

carbon fabric perform, it was supposed that the carbon nanotubes were not deposited 

homogeneously at the whole surface and through the thickness of the preform. 
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(a) 

 

(b ) 
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(c)  

Figure 5.13: Optical microscope images after CAI of reference and nano-modified enriched with 1.5wt.% 

MWCNTs specimens at the center area of impact produced by Two Step Infiltration technique at an impact 

energy level of (a) 8J, (b) 15J and (c) 30J. 

 

5.5.2.3.2 Scanning electron microscopy of impacted specimens 

 

Scanning electron microscopy (SEM) was also used after CAI test in order to confirm the 

additional energy dissipation mechanisms introduced by MWCNTs that were responsible 

for the improvement of the after-impact properties and therefore the performance of 

composites. All specimens were examined close to the center area after CAI where the 

impact event took place.  

 

Figure 5.14 presents the failure mechanisms that were observed in the cases of three 

energy levels of the nano-modified specimens with 1.5wt.% MWCNTs concentration. By 

analyzing the micrographs captured at different magnifications, carbon nanotubes were 

distributed uniformly into the material’s structure without the presence of MWCNT 

agglomerates at all energy levels. Specifically, in the case of the impact energies of 8J and 

15J, the presence of carbon nanotubes is revealed in the fibre-matrix interface at the 

impacted area. These areas appear to be rougher which indicates an additional energy 

dissipation mechanism. In addition, the presence of rougher impacted areas indicates no 

brittle behaviour of resin matrix. 
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In the case of higher impact energy of 30J, pulled-out carbon nanotubes could be found 

suggesting an active toughening mechanism. Carbon nanotubes provide a large interface 

area, absorbing larger amounts of energy than the reference material resulting in a reduced 

delamination area for the impact energies of 8 and 15J. In the case of impact energy of 

30J, a possible explanation for the situation of the larger damaged area of nano-doped 

specimens could be a lesser extent of MWCNTs, as it is clearly seen in Figure 5.14-(c). 

Concluding, the observed increase of damage severity caused by the impact has resulted in 

a reduction of CAI strength and stiffness for the nano-modified material at the higher 

energy, as previously noted. 

 

 

Figure 5.14: SEM micrographs of impacted specimens with 1.5 wt.% MWCNTs produced by 

Two-Step Infiltration technique at different magnifications at three impact energy levels (a) 8J, (b) 

15J and (c) 30J. 
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5.5.3 Low velocity impact (LVI) and compression after impact (CAI) assessment of 

CFRP composites produced by Interleaving Technique 

 

5.5.3.1 Resistance to low velocity impact 

 

Interleaved CFRPs with the deposition of neat and nano-doped (2.5 wt.% MWCNTs) non-

woven interleaves produced by Interleaving Technique were subjected to low velocity 

impact test at three impact energy levels (8J, 15J and 30J) and directly compared with the 

reference composites (without the presence of interleaves - veils). For each material type 

one CFRP laminate was manufactured as described in subsection 3.3.3. Based on the 

improved Mode II fracture toughness results which were reported in previous Chapter for 

the interleaved specimens, only thinner non-woven veils coPA2 and coPA4/2.5 were used 

for the execution of LVI and CAI test in order to explore the effect of non-woven 

interleaves on the after impact behaviour. 

 

Figure 5.15 depicts the damage areas of neat coPA2 and nano-doped coPA4/2.5 non-

woven interleaved impacted specimens for the impact energy levels of 15J and 30J from 

the impacted and the back side. In the case of impact energy of 8J no severe damage 

(matrix cracks) was observed with naked eye at the two sides of specimens both for two 

material interleaves types. The damaged areas of specimens after impact were analyzed by 

an image analysis software (Image J) in order to quantify the extent of damage areas in the 

front and the back side of specimens for each impact energy level. 

Visual inspection of the damage on the surface indicated that the specimens fractured in a 

similar way. Specifically, in the case of 15J, matrix cracks were appeared in the front side 

without the presence of fibre breakage in the back side. Whereas at the higher impact 

energy (30J) a visible dent depth and fibre breakages have been observed at the impacted 

and back side respectively both for neat and nano-modified interleaved specimens. It is 

clear that the extent of delaminated areas for two types of interleaved did not present 

significant differences.  
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(a) (b) 

Figure 5.15: Failure modes after low velocity impact test at impacted and back side of (a) neat coPA2 and 

(b) doped coPA4/2.5 non-woven interleaved specimens produced by Interleaving Technique at two impact 

energy levels 15 J and 30 J. 

 

After the impact, the induced damage was evaluated and quantified both for the neat 

coPA3 and doped coPA4/2.5 non-woven interleaved specimens and directly compared to 

the reference (non-interleaved) material by non-destructive testing (C-scan) using the 

same equipment and the parameters described earlier to assess the extent of internal 

damage. Figure 5.16 illustrates the projected C-scan delaminated areas of all material 

systems after impact test. The white regions in the center of each specimen represent the 

damaged area induced by the low velocity impact event. An image analysis software 

(Image J) [3] was utilized to post-process the C-scan images, measuring the maximum 

damage length and width in order to determine the impact damage area.  
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Figure 5.16: C-scan inspection images after impact test for all energy levels for reference material , neat and 

doped non-woven interleaved specimens produced by Interleaving Technique. 

 

According to the post-processing software analysis, the measured delaminated areas both 

for two interleaved systems were significantly increased compared to the reference 

material for all impact energy levels. Although by incorporating thermoplastic veils 

between the plies of a composite laminate the reduction of the brittleness of the resin is 

expected and also acts to reduce the crack propagation, the impact damage resistance for 

the copolyimide interleaved composites presents poor improvement. A closer view of the 

aforementioned results, which were summarized in Table 5-7, revealed that both the 

interleaved systems did not improve the resistance after impact of CFRP composites. 

More precisely, the neat interleaved composites suffered extensive damage at all impact 

energies. The delaminated areas of doped interleaved were significantly increased of about 

40% - 60% in various impact energies compared to baseline. It was assumed that the low 

modulus copolyimide web interleaves resulted in an increase in damaged areas.  
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Table 5-7: Damage area results after LVI testing for reference, neat coPA3 and doped coPA4/2.5 non-

woven copolyimide interleaved specimens produced by Interleaving Technique. 

Laminate 

Impact Energy 

8 J 15 J 30 J 

Damaged area (mm2) 

AVG SD AVG SD AVG SD 

N2-R-2 197 11 390 24 570 77 

N2-6L-IT-2 280 25 550 47 810 22 

N2-6L-IDT-2 320 30 556 30 805 45 

Difference of 

neat interleaved 

compared to 

Reference 

42 % 41 % 42% 

Difference of 

doped 

interleaved 

compared to 

Reference 

62 % 43 % 42% 

 

5.5.3.2 Compression after impact behaviour of CFRPs  

 

After LVI tests, all impacted specimens both for neat and doped interleaved composites 

were loaded in compression in order to explore their compression after impact properties 

and directly compared with the achieved value of non-interleaved composites. The 

residual compressive after impact strength and the effective modulus were measured for 

two material interleaved, according to the referenced standard [2]. 

 

Figure 5.17 (a) presents the typical compressive stress vs strain curves for reference non-

interleaved and interleaved specimens under compression for each energy impact event (8, 

15, 30 J). In the compression after impact test, all specimens in each material type behave 

similarly and no dramatic differences were presented. It was also observed that the 

compressive strain at failure of the interleaved composites did not show significant 

difference compared to the reference material; the compressive strain was almost retained 

at 1 % for all material systems. The Instron machine was set to stop the test after the 

sudden drop during compression test which is obtained with a linear drop of the curves 

after the maximum load was reached. This drop is related to the final failure of the 

specimen which is triggered by the impact event and is developed across the center of the 

specimen in the lateral direction. 
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The compression after impact characteristics (strength and effective modulus) of each 

material type were summarized in Figure 5.17 and Table 5-5 and Table 5-6. As it is clearly 

seen in Figure 5.17 (b), the compressive after-impact strength (CAI) of the interleaved 

specimens are almost the same values as the non-interleaved samples. The residual 

strength of these specimens is range from 254 to 257 MPa at 8J of impact energy. In the 

cases of 15J and 30J, a slight reduction of 8% and 7% of CAI strength respectively for the 

doped interleaved was observed compared to the reference material. However, because the 

standard deviations of doped interleaved mainly in case of impact energy 15J are relatively 

large it is considered that further testing could be required to confirm this situation.  

 

Since the damaged areas of interleaved composites are significantly larger than the non-

interleaved (Table 5-7) while the residual strength did not deteriorated but attain at same 

levels in comparison with the reference material, it could concluded that the interleaf veils 

either neat or doped would not contribute to the enhancement of the compressive-after 

impact strength for CFRP composites. Additionally, it was also observed that the 

interleaved CFRP composites exhibited a negligible difference on the compression 

stiffness in comparison with the non-interleaved. Thus, the evolution of damage did not 

reduce the stiffness of specimens.  

 

It is worth to mention that taking into account that the evolution of damage did not reduce 

the residual strength and stiffness of the interleaved specimens, this indicates that the 

damage tolerance of the interleaved composites was not deteriorated but it was not 

improved. 
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Figure 5.17: Compression after impact test for each material type produced by Interleaving Technique. (a) 

Typical compressive stress versus compressive strain (%) curves resulted from CAI test for three energy 

impact levels (8, 15,30J) for reference (non-interleaved), neat and doped non-woven copolyimide interleaved 

CFRPs, (b) Maximum compressive residual strength versus impact energy and (c) Compressive modulus vs 

impact energy of all material systems. 
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Table 5-8: Results of compressive strength after CAI tests for reference (non-interleaved), neat (coPA3) and 

doped(coPA4/2.5) interleaved  produced by Iterleaving Technique. 

Laminate 

Impact Energy 

8 J 15 J 30 J 

Compressive Strength [MPa] 

AVG SD AVG SD AVG SD 

N2-R-2 260 16 224 3 190 9 

N2-6L-IT-2 257 2.3 234 3 193 3 

N2-6L-IDT-2 254 6 206 24.3 177 8 

Difference of 

neat interleaved 

compared to 

Reference 

-1 % 4 % 2 % 

Difference of 

doped 

interleaved 

compared to 

Reference 

-2 % -8 % -7 % 

 

Table 5-9: Results of compressive modulus after CAI tests for reference (non-interleaved), neat (coPA2) 

and doped(coPA4/2.5) interleaved  produced by Iterleaving Technique. 

Laminate 

Impact Energy 

8 J 15 J 30 J 

Compressive Modulus [GPa] 

AVG SD AVG SD AVG SD 

N2-R-2 22.5 0.21 22.08 0.22 22.03 0.87 

N2-6L-IT-2 22.8 0.23 21.6 0.57 22 0.28 

N2-6L-IDT-2 23 0.28 22.1 0.77 21.4 0.25 

Difference of 

neat interleaved 

compared to 

Reference 

1 % -2 % -0.1 % 

Difference of 

doped 

interleaved 

compared to 

Reference 

2 % -0.1 % -3 % 
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5.6 Conclusions 

 

In the present investigation, the effect of carbon nanotubes and non-woven nanofibrous 

veils on the damage resistance and damage tolerance of the produced CFRP composites 

has been assessed. The nano-modified carbon/epoxy and interleaved composites were 

produced using three manufacturing techniques which were developed for the purposes of 

this thesis. In cases of Dip-Coating and Two Step Infiltration Techniques, nano-modified 

CFRP composites with the introduction of 1.5% wt. MWCNTs were prepared. In the case 

of Interleaving Technique, the thinner (thickness=80μm) interleaves coPA3 and 

coPA4/2.5 were incorporated on the main reinforcement. Low velocity impact tests at 

various impact energies (8, 15 and 30J) were conducted and according to C-scan 

inspections it was shown that by the incorporation of carbon nanotubes and interleaf veils 

the damage area was significantly affected. It has also been proved that the improved 

fracture properties, especially Mode II, of the nano-doped composites due to the presence 

of CNTs necessarily influence the impact behaviour of the material. The following 

conclusions are drawn, as a result of evaluating the study for LVI and CAI resistances. 

For impact resistance, the nano-modified composites produced by Dip-Coating and Two 

Step Infiltration Technique with the introduction of 1.5% concentration of MWCNTs 

exhibited an excellent improvement at impact energies of 8J and 15J. While in the case of 

higher energy (30J), the nano-doped composites both for Dip-Coating and Two Step 

techniques reported an increase of damaged areas of approximately 4% and 33% 

respectively. CAI tests revealed that the residual strength of nano-modified composites 

was significantly improved. More precisely, in Dip-Coating an enhancement of 8-18% in 

residual strength was achieved and the LVI event was not reduced the compressive 

stiffness. In Two-Step technique an enhancement of 8-12% in residual strength was 

reported but CAI tests revealed that the impact event reduced the stiffness only in the 

higher impact energy with the nano-doped samples to appear the lower value (16% 

decrease). Additionally, it is worth to notice that since the damaged areas of this system 

was also larger in case of higher impact energy than the reference and the residual strength 

did not deteriorated, we conclude that the nano-modified composites have a higher 

damage tolerance than the baseline material. 

 

On the other hand, the copolyimide interleaved composites show a considerable increase 

of delaminated areas for all impact energies compared to the non-interleaved. It is 

assumed that this fact may be attributed to the low modulus of copolyimide interleaf veils. 

It was concluded that the copolyimide veils are more susceptible to impact damage as the 

reference non-interleaved composite exhibited more resistance to delamination during LVI 

test. Otherwise, it was also observed that the presence of interleaved veils was not 

exhibited better CAI characteristics. The residual strength and stiffness of interleaved 

composites was not affected as retained at the same levels of the reference composites.  
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The research presented in this chapter has been published in following journal: 

P. Dimoka, S. Psarras, C. Kostagiannakopoulou, V. Kostopoulos. Assessing the damage 

tolerance of Out of Autoclave manufactured carbon fibre reinforced polymers modified 

with multi-walled carbon nanotubes. Materials, 12(7):1080, 2019. 
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CHAPTER 6 

6 General Conclusions, Outlook and suggestions 

for future work 
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6.1 Conclusion remarks 

6.1.1 Introduction 

 

The objectives of the current PhD research are to evaluate and understand the failure 

mechanisms of the interlaminar fracture toughness of the nano-modified and interleaved 

CFRP composites and its influence on the post-impact properties. The main scope of the 

present dissertation was the development of innovative manufacturing techniques 

producing carbon fibre-reinforced polymers (CFRPs) with multi-scale reinforcements and 

multi-functional characteristics. Therefore, nano-enabled composite materials were 

manufactured by Out of Autoclave (OoA) techniques with the introduction of nano-fillers 

(carbon nanotubes) on to the main reinforcement architecture (carbon fibres) avoiding the 

direct introduction of nano fillers into the epoxy resin which leads to increase of resin’s 

viscosity and the presence of multiple agglomerates as well as the direct deposition of 

nano-veil as interleaf material between the carbon fabrics. 

 

In Chapter 1 the aim and the objectives of this thesis were presented. More precisely, the 

primary objective was to improve the fracture toughness and through-thickness damage 

tolerance of the produced CFRP composites with either the introduction of the suitable 

concentration of carbon nanotubes or the non-woven copolyamide interleaf veils. The 

second objective was to investigate the possible degradation of the in-plane mechanical 

properties under the assessment of tensile and three-point bending properties. Finally, the 

multi-functionality of the produced composites of all material groups was investigated. 

 

Chapter 2 reviewed different methods from previous work and the effect of toughening 

composite materials on the fracture toughness properties, the residual strength after impact 

and the enhancement of thermal and electrical through-thickness conductivity was 

investigated. Chapter 3 described the manufacturing methodologies of each manufacturing 

technique which was developed in the frame of this thesis.  

The mechanisms of Mode I and Mode II interlaminar toughening by the introduction of 

carbon nanotubes and non-woven veils were described and evaluated in Chapter 4. In 

Chapter 5, the impact resistance and the residual strength after compression after impact of 

the resulting composites were investigated for each material group for each manufacturing 

procedure which was developed for the purposes of this thesis. 

In this Chapter the major conclusions are summarized and suggestions for future work are 

mentioned and suggested. 

The key findings are discussed in more detail in the following three paragraphs. 
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6.1.2 Conclusions on Manufacturing Procedures 
 

For the purposes of the current dissertation, three novel manufacturing techniques were 

developed with the direct introduction of carbon nanotubes (CNTs) onto the carbon fibre 

reinforcement and the deposition of thermoplastic copolyamide interleaf materials (veils) 

between the carbon fabrics. These aforementioned techniques were: Dip-Coating, Two 

Step Infiltration and Interleaving Techniques. At the first two manufacturing techniques, 

composite laminates were produced with various CNTs concentrations (0, 0.5, 1, 1.5 and 

2.5 wt.%) and at the last technique two different configurations regarding the placement of 

non-woven copolyamide interleaf materials (veils) were studied. 

 

Towards in this direction, it was confirmed that the non-woven copolyamide interleaf 

materials (nano-veils) and the direct deposition of carbon nanotubes using the 

aforementioned manufacturing techniques were valid using Out of Autoclave technique 

and especially the Liquid Resin Infusion (LRI) process. Based on the Dip-Coating and 

Two Step infiltration Technique, we can conclude that the introduction of carbon 

nanotubes and especially in the effective MWCNT concentration (1.5 wt.% MWCNTs) 

was successfully accomplished without the presence of agglomerates into the composite 

structure. In terms of the Interleaving Technique, the validation of the incorporation of 

non-woven interleafs were confirmed. It could be concluded that the presence of interleaf 

material in the entire composite structure did not increase both the laminate’s thickness 

and weight. The fibre volume fraction of all produced laminates was in a range of 55-59%. 

Quality control for all CFRP produced composites was performed utilizing the non-

destructive technique (C-scan). The results showed satisfactory and acceptable quality 

without major defects (heterogeneities, porosity, thickness variations, delamination etc.). It 

was also confirmed that the effect of carbon nanotubes with the effective concentration 

(1.5 wt.% MWCNTs) has resulted in the improvement of fracture toughness and the after-

impact resistance without the presence of knock down effects in the in-plane mechanical 

properties. 

 

6.1.3 Conclusions on Interlaminar Fracture Toughness 

 

Chapter 4 investigated the effect of carbon nanotubes which were introduced on to the 

main reinforcement surface using novel manufacturing procedures developed in the frame 

of this thesis and the deposition of non-woven copolyamide interleaf materials on the 

fracture toughness compared to conventional (reference) CFRPs (unmodified, non-

interleaved materials). The nano-modified composite laminates were composed of sixteen 

nano-modified carbon fibre layers of twill weave carbon fabric for each filler content (0.5, 

1, 1.5 and 2.5 wt.% MWCNTs). In the case of non-woven interleaved composites, neat 

and nano–doped veils as tougheners were placed in the mid-thickness of the produced 

laminates and subjected under Mode I (DCB) and Mode II (3ENF) interlaminar fracture 

toughness tests. The results can be summarized as follows: 
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➢ From DCB tests the following major conclusions can be reported for each 

manufacturing technique: 

✓ Dip-Coating Technique: The nano-modified composite materials with the 

introduction of 1.5 wt.% onto the carbon fabric structure achieved the highest 

increase of 103% if compared with the baseline material. On the other hand, the 

addition of 0.5 wt.% and 1wt.% of MWCNTs did not present significant 

improvement in GIC values, compared to reference material. Finally, further 

addition of carbon nanotubes into composite structure did not provide further 

enhancement in Mode I fracture toughness due to the presence of the formation of 

agglomerates. 

✓ Two Step Infiltration Technique: The introduction of 1.5 wt.% MWCNTs 

caused the highest improvement of about 60 % in Mode I fracture toughness as it 

is compared against with the reference material. Otherwise, the addition of lower 

CNT concentration (0.5 wt.%) onto the carbon fabric reinforcement did not show 

further enhancement with respects to baseline material. 

✓ Interleaving Technique: In the case of the interleaved composites, both neat and 

nano-doped non-woven veils exhibit poor Mode I fracture toughness compared to 

non-interleaved composites. Specifically, the propagation GIC value decreased by 

about 50-60% for neat non-woven interleaf veils. It is important to notice that fibre 

bridging due to the existence of interleaf material at the crack plane was not 

observed during crack growth. This might be an explanation why the applied load 

was significantly decreased during Mode I test compared to non-interleaved 

material. 

 

➢ From 3ENF tests the following concluding remarks were listed for each 

manufacturing technique: 

 

✓ Dip-Coating Technique:  

o The addition of 0.5 wt.% CNTs did not lead further improvement of Mode 

II fracture toughness whilst a slightly enhancement of about 16% exhibited 

with the addition of 1 wt.% of MWCNTs concentration. 

o A significant increase achieved in the case of 1.5 wt.% MWCNTs was 

close to 60% without further improvement succeeded in the case of 

2.5wt.%. 

 

✓ Two Step Infiltration Technique:  

o The nano-modified composites with the introduction of highest CNT 

concentration (1.5 wt.%) achieved an improvement of 40% in GIIC value 

compared to the reference material.  
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o In the case of lower CNT content, did not show further increase, as similar 

observations were reported for Mode I fracture toughness. 

 

✓ Interleaving Technique: According to experimental results that were conducted, 

although Mode I fracture toughness of all interleaved composites exhibit 

deteriorated results in comparison with reference material (non-interleaved), an 

improvement in Mode II values was achieved except in the case of interleaved 

composites with the deposition of neat (thicker) interleaf non-woven veil (coPA1). 

More precisely, 

o In the case of neat non-woven copolyamide interleaf material (one veil, 

coPA3), an increase of 17% was exhibited if compared with the reference 

non-interleaved material. 

o The deposition of nano-modified veil (coPA2/2.5) leads to a considerable 

improvement close to 40% compared to non-interleaved composites. 

o The incorporation of one layer of doped thinner interleaf veil (coPA4/2.5) 

showed a significant improvement close to 90% in Mode II fracture 

toughness compared to the non-interleaved reference composites. 

 

Based on the above results reported for interlaminar fracture toughness for two first 

manufacturing techniques, we can conclude that 

▪ The reported results for GIC fracture toughness are in complete agreement with the 

results presented for GIIC fracture toughness. 

▪ The concentration of 1.5 wt.% MWCNTs was the effective concentration where a 

significant improvement exhibited both in Mode I and Mode II interlaminar 

fracture toughness tests. For that reason, it was decided to produce nano-modified 

laminates with the introduction of 1.5 wt.% MWCNTs in order to investigate the 

low velocity impact and damage tolerance characteristics after compression after 

impact test. 

In the case of interleaved composites, we propose that  

▪ Further investigation and testing have to be required to assess the possible 

'positions' of non-woven thermoplastic interleaves into the entire composite 

structure.  

▪ In addition, the study of the adhesion between veil fibres and resin matrix has to be 

further investigated. If the adhesion strength is weak, the veil fibres would be pull-

out from the matrix and act as fibre-bridging. In contrast, good adhesion results in 

the fact that the veil fibres are embedded with the matrix and the interleaf veil 

cannot contribute to the improvement of interlaminar fracture toughness under 

Mode I remote loading. 
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6.1.4 Conclusions on Damage Tolerance Characteristics 

 

In order to investigate the low velocity impact (LVI) and compression after impact (CAI) 

tests, quasi-isotropic composite laminates were produced for each kind of material for 

each manufacturing technique. In the case of Dip-Coating and Two Step Infiltration 

Techniques, the nano-modified specimens with the deposition of 1.5 wt.% MWCNTs were 

manufactured. In the case of interleaved composites, neat and nano-doped with the 

incorporation of 2.5 wt.% MWCNTs copolyamide thinner (with thickness lower to 200 

μm, approximately to 80 μm) non-wovens as interlaves were produced.  

The impact and post-impact compression resistance of all produced composites were 

discussed in Chapter 5. Reference and nano-modified composite specimens were subjected 

under LVI at three impact energy levels (8, 15 and 30 J) and directly examined under 

compression after impact test. 

➢ The following major conclusions were listed below for each manufacturing 

technique: 

 

✓ Dip-Coating Technique:  

o The delaminated area of nano-doped specimens was necessarily reduced 

close to 8-15% at impact energies of 8J and 15J while a slight increase of 

4% at the higher impact energy (30J) was observed. 

o The nano-modified composites present improved impact and compression 

after impact properties. More precisely, an enhancement in the residual 

strength of the nano-modified specimens was in the range of 10-20% for 

the different impact energy level. 

o Although the damaged areas of the nano-modified specimens at the highest 

impact energy (30J) were slightly increased close to 4% compared to the 

reference material, the residual strength was not deteriorated. This indicates 

that the nano-doped specimens with the introduction of 1.5 wt.% MWCNTs 

exhibit higher damage tolerance resistance in comparison with the baseline 

material. 

o Regarding the compression stiffness Ecomp, the nano-modified composites 

were not able to improve the stiffness of the entire composite but the last 

did not present knock down effects. 

o Having introduced nano-scale reinforcements onto the main reinforcement 

structure, additional energy dissipation mechanisms exist as reported in the 

literature. CNT pull-out and breakage mechanisms that were verified by 

SEM fractography, absorb larger amounts of energy. This observation is 

attributed to larger interface areas which they provide. 
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✓ Two Step Infiltration Technique: In terms of impact and compression after 

impact resistance, the nano-modified composites present similar results compared 

with the corresponding nano-doped specimens produced by Dip-Coating 

Technique for the same CNT concentration. More precisely,  

o The impacted areas of the nano-doped composites were reduced in the 

range of 11-15% with the incorporation of 1.5 wt.% MWCNT 

concentration onto the carbon fabric reinforcement surface. On the other 

hand, a significant increase of about 30% was reported for the delaminated 

area of nano-doped composites at the higher impact energy (30J). 

o The improvement in CAI strength of the nano-modified composites was 

approximately of 8-12% for LVI impact energies of 15J and 8J, 

respectively. Although the delaminated area in higher impact energy was 

significantly increased, a negligible decrease close to 5% in residual 

strength was achieved compared with the baseline material. 

o The compression stiffness of the nano-modified specimens was slightly 

reduced. A large decrease of about 16% was observed at the higher impact 

energy (30J). It is believed that this situation is attributed due to the 

increase of delaminated areas where the impact was taken place. 

o At the nano-modified CFRP composites, the introduction of carbon 

nanotubes onto the main reinforcement (carbon fabrics) was 

homogenously, as revealed by SEM morphology.  

 

✓ Interleaving Technique: The introduction of six layers either neat or nano-doped 

copolyimide nonwoven interleaf veils did not lead to the improvement of the 

compression after impact properties. 

o The delaminated areas of the interleaved composites were significantly 

increased suffering extensive damage at all impact energies. 

o Although the impacted areas of the interleaved composites were 

significantly larger than the reference, the residual strength of interleaved 

composites and the compression stiffness were not deteriorated but retain at 

the same levels in comparison with the reference. 

 

6.2 Suggestions for future work 

 

It has already been mentioned that LRI process is a promising and attractive technique in 

the academic and industrial areas. In this study, the Out-of-Autoclave manufacturing 

techniques were developed with possible scalability throughout all the processing stages. 

The aim of the current thesis is to develop the final multi-scale reinforced composites with 

the introduction of nano-filler with alternative techniques during the manufacturing 
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process. Therefore, the development of multi-scale reinforced composites was 

accomplished by the introduction of carbon nanotubes either onto the main reinforcement 

surface prior to preforming (Dip-Coating) or during preform of carbon fibre fabrics (Two-

Step Infiltration) and with the incorporation of interleaf nonwoven nano-veils between the 

carbon fabrics (Interleaving). The present PhD project investigated the Mode I and Mode 

II fracture toughness, the LVI and CAI behaviour. Additionally, the assessment of 

potential knock down effects were investigated under three-point bending and tensile tests 

to ensure that the deterioration of in-plane mechanical properties were not presented. 

Additionally, the verification of multi-functionality of the developed composites was 

achieved through the measurement of thermal and electrical conductivity of developed 

composites. 

This study highlighted several areas which should be investigated in order to make future 

improvements in performance of multi-scale carbon-fibre reinforced composites with the 

incorporation of nano-fillers: 

 

• Taking into account that the nano-modified CFRP composites with the 

introduction of carbon nanotubes present a significant improvement both in 

interlaminar fracture toughness and compression after impact properties without 

the deterioration of in-plane properties of the entire composites, the author of the 

present study suggests that the findings of this research could be used in the 

aerospace sector and especially as structural components in secondary structures 

where the developed manufacturing processes could be easily integrated with 

possible scalability throughout all the processing stages at the production line of an 

industrial sector. 

 

• Regarding the manufacturing process of Two-Step Infiltration technique, it is 

believed that the nano-treatment of the carbon fabric preform did not 

homogeneously at whole surface of fabrics and through-thickness due to the nano-

doped solution was injected from one inlet gate. To overcome this problem we 

suggest as future work either use more inlet gates or spiral tube along the edge of 

the preform. 

• In the current thesis, the effect of carbon nanotubes on the interlaminar fracture 

toughness was investigated. We propose that other important matrix dominated 

tests (e.g. in-plane compression) could be employed in order to explore the effect 

of CNTs in the composite structure. In addition, by combining Mode I and Mode 

II, mixed mode loading could be interesting and beneficial. 

• Concerning the low velocity impact tests performed in this study, we suggest to 

perform LVI tests at impact energies higher to 30J to verify the beneficial effect of 

carbon nanotubes on the residual strength of composites. 

 

• It is well known that aircraft composite structures are subjected to dynamic 

loadings during service life. Hence, further investigation of multi-scale composites 

behaviour under fatigue loading is needed. Although the conventional CFRP 
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composite materials have good fatigue properties, the damage resistance under 

cyclic loading is often poor. Therefore, the contribution of CNTs could be 

addressed this performance. 

 

• Aircraft composite structures are also subjected to extreme temperature differences 

and humidity conditions during service life. As all experiments were carried out 

under constant environmental conditions (ambient temperature), the environmental 

hydrothermal aging condition is needed as future work and a clearer view of the 

performance of the composites would be extracted. 

 

• Further assessment is needed to be implemented with the incorporation of other 

nano-filler type such as graphene nanoplatelets (e.g. GNPs) in various 

concentrations in order to explore the improvement on both fracture toughness and 

damage tolerance characteristics. Additionally, its effect on the multi-functionality 

by measuring the thermal and electrical conductivity would be useful information. 

 

• The prediction of properties characterization and constituent optimization could be 

performed through finite element modeling (FE) prior to extensive experimental 

work. The fracture mechanisms which were investigated in this study could be 

clarified by evaluating the correlation of experimental and numerical approaches. 

Additionally, the FE analysis could be utilized to predict the optimized 

homogeneity of CNTs as well as the effective concentration of fillers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Appendices 
 

Appendix A: Thermosetting Epoxy resin 
The Resoltech Advanced Technology Resin, epoxy resin RST 1400 is a Bisphenol A 

diglycidyl ether (commonly abbreviated as BADGE or DGEBA). DGEBA is an organic 

compound used as a constituent of epoxy resins. 

 

 

 

Appendix B: Chemical Structure of Copolyamide 

Nylon-66, PA 6/11/12 
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