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Abstract 

The use of adhesive bonding in aircraft structures is continuously increasing due to the 

numerous advantages it provides over conventional joining techniques. However, the use of 

adhesive bonding technology is limited to joining and patch-repairing of secondary structures 

that are not load-critical, as the existing airworthiness certification requirements allow the use 

of adhesive bonding in combination with mechanical fasteners for primary structures. 

According to these requirements, for any bonded joint, the failure of which would result 

in catastrophic loss of the airplane, the limit load capacity must be substantiated by one of the 

following methods: 

1. the maximum disbonds of each bonded joint consistent with the capability to 

withstand the loads must be determined by analysis tests, or both. Disbonds of each 

bonded joint greater than this must be prevented by design features or 

2. proof testing must be conducted on each production article that will apply the critical 

limit design load to each critical bonded joint or 

3. repeatable and reliable nondestructive inspection techniques must be established that 

ensure the strength of each joint. 

The 2nd and 3rd means of compliance were the subject researched in the present PhD 

dissertation, which was part of the ComBoNDT European research project (Quality assurance 

concepts for adhesive bonding of aircraft composite structures by advanced NDT). 

The main objective of the present thesis was two-folded: (a) to evaluate experimentally the 

detailed effects of contamination scenarios related to the production and repair processes as 

well as the effects of hygrothermal ageing on the strength of composite bonded joints and 

repairs, and (b) to investigate the potential of the novel centrifuge testing method to 

characterize strength of bonded joints and to capture the effects of contamination. 

To meet this objective, the subsequent specific objectives have been defined: 

• Experimental characterization of the fracture toughness (Mode-I and Mode-II) of pre-

bond contaminated composite bonded joints. 

• Experimental characterization of the combined effect of pre-bond contamination and 

hygrothermal ageing on the Mode-II fracture toughness of composite bonded joints. 

• Characterization of the effect of pre-bond contamination on the lap-shear strength of 

scarf composite bonded joints. 

• Characterization of the effect of hygrothermal ageing on the bulk mechanical properties 

of the adhesive and the CFRP adherends. 

• Centrifuge testing of reference and pre-bond contaminated composite-to-metal bonded 

joints. 

• Application of a thorough methodology for the interpretation of the experimental 

results and the evaluation of the effects of pre-bond contamination and hygrothermal 

ageing on the strength of composite bonded joints by exploiting data from NDT and E-

NDT (Extended-NDT) methods. 
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• Upscale of the effects of pre-bond contamination to bonded CFRP parts by numerical 

simulation. 

• Development of a numerical model based on explicit FE simulation to simulate the 

centrifuge testing process and to apply the model to assess the role of loading, material 

and geometric parameters on the predicted adhesion strength. 

As conditions on the aircraft production line and in the maintenance/overhaul shed are 

different, defects are categorized as either production-related or repair-related: Moisture 

(production), Fingerprint (production & repair), Release agent (production), release agent + 

Fingerprint (production), Faulty curing (repair), Thermal degradation (repair), De-icing fluid 

(repair), De-icing fluid + Fingerprint (repair). For each scenario, three different levels of 

contamination were pre-set and applied, namely low, medium and high level. These 

contaminants cause weak bonds which are not detectable by the conventional NDT methods. 

The experiments were conducted following the requirements of international standard 

procedures in order to obtain reliable and consistent results; except from the centrifuge testing 

which is yet to be standardized. The experimental results were evaluated by implementing a 

methodology comprising the pre-bond contamination procedure, the statistical analysis 

methods and the data from the conventional and extended NDT (namely X-ray photoelectron 

spectroscopy, Optically Stimulated Electron Emission, Laser Induced Breakdown 

Spectroscopy, Computed Tomography and Ultrasonic Inspection). 

For most of the investigated disturbances, a significant reduction of the mode-I and mode-

II fracture toughness of the CFRP bonded joints was found. The reduction of the bond 

performance was greater under mode-II loading than under mode-I loading. The above 

results were also endorsed by the ANOVA statistical analysis and the failure surface 

characterization. The NDT and ENDT experimental results, added to the fracture toughness 

results by confirming the presence of the contamination on the CFRP adherend surface and 

on the bondline. 

After-bond hygrothermal ageing under the prescribed conditions had no significant 

influence on the moisture absorption and load caring capacity of the joint as well as of the 

bulk adhesive. However, it influenced the fracture toughness of the CFRP adherends and the 

bondline integrity as it led to a drastic reduction of the mode-II fracture toughness of the CFRP 

sample and of the joint, respectively. These findings lead to the conclusion that the combined 

effect of the pre-bond contamination and after-bond exposure to hygrothermal environment 

is more detrimental than each contamination separately and can affect mainly either the CFRP 

adherend or/and the interface between the adhesive and the adherend. 

Furthermore, the results of the tensile mechanical testing revealed that the thermal impact 

enhances the joint performance, whilst the additional presence of deicing fluid lead to a 

reduction of the lap-shear strength. 

Additionally, the adhesion strength values measured by the centrifuge tests compare very 

well with both the fracture toughness tests and the adhesion strength values measured by the 

established and standardized butt joint test. This indicates that the centrifuge testing 

technology shows a great potential to be established as a test method for the characterization 
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of pristine and defected bonded joints as it is a fast testing process which generates repeatable 

tests capable of describing the strength of the joints. 

Numerical simulation of a composite panel stiffened with two T-stringers under 

compression was performed using the LS-DYNA FE platform in order to upscale the 

investigation of the effect of the contamination on realistic structural parts. The debonding 

growth was simulated using the CZM method and the parameters (GIC and GIIC values) used 

in the model of the panel were those of the contaminated bonded coupons measured 

experimentally. The comparison concerning the maximum load for the contamination 

scenarios showed that all contamination scenarios had a negative influence on the load 

bearing capacity of the stiffened panel. 

Finally, the present thesis focused also on the development of a FE model in order to 

simulate the behavior of composite-to-metal adhesive joints loaded under centrifugal force. 

The debonding growth was simulated using the CZM method. A parametric/convergence 

study was performed to assess the effect of the explicit analysis time and select the optimum 

analysis time. Overall, the model presented adequate accuracy and agreement with the 

experimental results, simulating effectively the centrifuge experiment and contributing to its 

optimization by conducting parametric analyses different adhesive area and thickness values. 

The numerical results showed that there is a small effect of bondline area, while there is a 

significant effect of adhesive thickness. Specifically, increase of the adhesive thickness lead to 

a considerable decrease of adhesion strength. 
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Περίληψη 

Παρ’ ότι η σύνδεση με κόλλα σε δευτερεύουσες δομές αποτελεί συνηθισμένη πρακτική 

σήμερα στις αεροναυπηγικές κατασκευές από σύνθετα υλικά, οι κανονισμοί των 

οργανισμών αξιοπλοΐας (EASA και FAA), δεν επιτρέπουν τη σύνδεση κύριων δομικών 

στοιχείων μόνο με χρήση κόλλας χωρίς την ύπαρξη μηχανικής σύνδεσης. Σύμφωνα με 

τους παραπάνω οργανισμούς, υπάρχουν τρία Μέσα Συμμόρφωσης (Means of 

Compliance) μέσω των οποίων μπορεί να αποδειχτεί ότι η σύνδεση με κόλλα έχει την 

ικανότητα να φέρει με ασφάλεια τα απαιτούμενα φορτία: 

1. Η σχέση της μέγιστης αποκόλλησης της σύνδεσης με την ικανότητα της να φέρει 

φορτία πρέπει να καθορίζεται με ανάλυση, μηχανικές δοκιμές ή συνδυασμό τους. 

Η αποκόλληση της κάθε σύνδεσης πέρα από την προκαθορισμένη έκταση πρέπει 

να αποφεύγεται με σχεδιαστικά χαρακτηριστικά. 

2. Ο εκτενής πειραματικός χαρακτηρισμός της σύνδεσης και απόδειξη της 

ικανότητας να φέρει το μέγιστο φορτίο για το οποίο σχεδιάστηκε. 

3. Η εφαρμογή μη καταστροφικών ελέγχων για τον έλεγχο επιφάνειας κόλλησης 

έτσι ώστε να διασφαλίζεται η αντοχή της σύνδεσης. 

Τα Μέσα Συμμόρφωσης 2 και 3 αποτέλεσαν το αντικείμενο του Ευρωπαϊκού 

ερευνητικού προγράμματος ComBoNDT (Quality assurance concepts for adhesive bonding 

of aircraft composite structures by advanced NDT) στο πλαίσιο του οποίου 

πραγματοποιήθηκε μεγάλο μέρος της Διδακτορικής διατριβής. 

Οι βασικοί στόχοι της παρούσης διατριβής είναι (α) Ο πειραματικός προσδιορισμός της 

επίδρασης ατελειών, της υποβάθμισης της ποιότητας της επιφάνειας της κόλλησης και 

της υγροθερμικής γήρανσης, που προκαλούνται κατά τη διαδικασία της παραγωγής ή 

της επισκευής αεροπορικών κατασκευών από σύνθετα υλικά, στην αντοχή συνδέσεων με 

κόλλα και (β) Η εφαρμογή και αξιολόγηση του καινοτόμου πειράματος της 

φυγοκέντρισης για τον χαρακτηρισμό της αντοχής κόλλησης συνδέσεων με κόλλα και τη 

μελέτη της επίδρασης ατελειών και της υποβάθμισης της επιφάνειας της κόλλησης. 

Για την υλοποίηση των παραπάνω βασικών στόχων, εκτελέστηκαν οι παρακάτω 

επιμέρους στόχοι: 

• Πειραματική μελέτη της επίδρασης της ατελούς σύνδεσης στη δυσθραυστότητα 

τύπου Ι και τύπου ΙΙ συνδέσεων συνθέτων υλικών με κόλλα. 

• Πειραματική μελέτη της συνδυασμένης επίδρασης της ατελούς σύνδεσης και της 

υγροθερμικής γήρανσης στη δυσθραυστότητα τύπου ΙΙ συνδέσεων συνθέτων 

υλικών με κόλλα. 

• Μελέτη της επίδρασης των ατελειών και της υποβάθμισης της ποιότητας της 

επιφάνειας κόλλησης στην αντοχή σε διάτμηση μονής επικάλυψης δοκιμίων υπό 

κλίση (επισκευή). 

• Μελέτη της επίδρασης της υγροθερμικής γήρανσης στις μηχανικές ιδιότητες της 

κόλλας. 
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• Μελέτη της επίδρασης της υγροθερμικής γήρανσης στη δυσθραυστότητα τύπου Ι 

και τύπου ΙΙ της CFRP πολύστρωτης πλάκας. 

• Διεξαγωγή πειραμάτων φυγοκέντρισης σε συνδέσεις με κόλλα μεταλλικών και 

συνθέτων υλικών για τον προσδιορισμό της αντοχής κόλλησης και της επίδρασης 

ατελειών και της υποβάθμισης της ποιότητας της επιφάνειας της κόλλησης – 

σύγκριση της μεθόδου με συμβατικές πειραματικές μεθόδους. 

• Εφαρμογή ολοκληρωμένης μεθοδολογίας για την επεξήγηση των αποτελεσμάτων 

των μηχανικών δοκιμών στον πυρήνα της οποίας βρίσκονται αποτελέσματα 

συμβατικών και εξελιγμένων μη-καταστροφικών ελέγχων. 

• Διεύρυνση της επίδρασης της ατελούς σύνδεσης σε συνδέσεις με κόλλα δομικών 

στοιχείων από σύνθετα υλικά μέσω αριθμητικής προσομοίωσης. 

• Ανάπτυξη αριθμητικού μοντέλου για την προσομοίωση του πειράματος 

φυγοκέντρισης και την εκτίμηση των παραμέτρων φόρτισης, υλικών, και 

γεωμετρίας στην αντοχή κόλλησης. 

Τα σενάρια ανάπτυξης ατελειών και υποβάθμισης της επιφάνειας κόλλησης που 

εξετάστηκαν στην εργασία προέρχονται από τις διεργασίες είτε της κατασκευής ή 

επισκευής συνδέσεων με κόλλα συνθέτω υλικών και είναι τα ακόλουθα: Υγρασία 

(Κατασκευή), Δακτυλικό αποτύπωμα (Κατασκευή & Επισκευή), Αποκολλητικό υλικό 

(Κατασκευή), Αποκολλητικό υλικό + Δακτυλικό αποτύπωμα (Κατασκευή), Ατελής 

πολυμερισμός (Επισκευή), Υγρό αποπάγωσης (Επισκευή), Θερμική υποβάθμιση 

(Επισκευή), Θερμική υποβάθμιση + Υγρό αποπάγωσης (Επισκευή). Τα σενάρια αυτά 

προκαλούν ατέλειες και αλλοιώσεις οι οποίες δεν είναι ανιχνεύσιμες από συμβατικές 

τεχνικές μη-καταστροφικού ελέγχου, όπως οι ακουστικοί υπέρηχοι. 

Όλες οι μηχανικές δοκιμές διεξήχθησαν σύμφωνα με διεθνή πρότυπα εκτός από τη 

δοκιμή φυγοκέντρισης για την οποία δεν υπάρχει σχετικό πρότυπο. Τα αποτελέσματα 

των μηχανικών δοκιμών αξιολογήθηκαν με την εφαρμογή μεθοδολογίας η οποία 

συνδυάζει την περιγραφή της διαδικασίας μόλυνσης/αλλοίωσης της επιφάνειας πριν την 

κόλληση, την αποτίμηση των επιφανειών αστοχίας, τα αποτελέσματα της στατιστικής 

ανάλυσης ANOVA των πειραματικών αποτελεσμάτων και αποτελέσματα συμβατικών 

και εξελιγμένων μη-καταστροφικών ελέγχων. Συγκεκριμένα, χρησιμοποιήθηκαν 

αποτελέσματα από τις ακόλουθες εξελιγμένες τεχνικές: Σάρωση Ακουστικών 

Υπερήχων, Φωτοηλεκτρονική Φασματοσκοπία Ακτινών Χ, Οπτικά Διεγερμένη Εκπομπή 

Ηλεκτρονίων, Φασματοσκοπία Πλάσματος Επαγόμενου από Λέιζερ και τη συμβατική 

τεχνική της Σάρωσης Ακουστικών Υπερήχων. 

Για τα περισσότερα σενάρια μόλυνσης/αλλοίωσης τα αποτελέσματα των μηχανικών 

δοκιμών έδειξαν μείωση της δυσθραυστότητας τύπου Ι και τύπου ΙΙ των συνδέσεων οι 

οποίες μετρήθηκε σε όρους του κρίσιμου ρυθμού απελευθέρωσης ενέργειας (GIC και GIIC). 

Η μείωση της δυσθραυτόστητας τύπου ΙΙ ήταν σημαντικά μεγαλύτερη. Τα αποτελέσματα 

των μη-καταστροφικών ελέγχων, στις περισσότερες περιπτώσεις, επιβεβαίωσαν την 

παρουσία ατελειών και μόλυνσης στην επιφάνειας κόλλησης και τη σύνδεση, ενώ οι 

επιφάνειες αστοχίας συμβαδίζουν με τις τιμές της δυσθραυστότητας. 
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Η υγροθερμική γήρανση δεν έχει σημαντική επίδραση στις ιδιότητες της 

(υδροφοβικής) κόλλας και των πλακών CFRP. Ωστόσο, οδηγεί σε υποβάθμιση της 

δυσθραυστότητας των συνδέσεων γεγονός το οποίο αποδίδεται στην υποβάθμιση της 

διεπιφάνειας κόλλας/συνθέτου υλικού, κάτι το οποίο επιβεβαιώνεται και από τις 

επιφάνειες αστοχίας. 

Τα αποτελέσματα των πειραμάτων στα δοκίμια μονής επικάλυψης υπό κλίση έδειξαν 

ότι η θερμική υποβάθμιση δεν επιδρά αρνητικά σε αντίθεση με το υγρό αποπάγωσης η 

παρουσία του οποίου οδηγεί σε σημαντική μείωση της αντοχής σε διάτμηση της κόλλας. 

Ακόμη μεγαλύτερη είναι η μείωση στην αντοχή σε διάτμηση λόγω της συνδυασμένης 

μόλυνση/αλλοίωσης υγρού αποπάγωσης/θερμικής υποβάθμισης. 

Τα αποτελέσματα των δοκιμών φυγοκέντρισης ως προς την αντοχή της κόλλησης 

κυμαίνονται μέσα στο εύρος των τιμών που δίνουν αντίστοιχες, ευρέως αποδεκτές 

στατικές δοκιμές. Επίσης, τα αποτελέσματα για τα διαφορετικά σενάρια 

μόλυνσης/αλλοίωσης είναι αντίστοιχα με αυτά των δοκιμών δυσθραυστότητας γεγονός 

που καταδεικνύει ότι η μέθοδος μπορεί να χρησιμοποιηθεί και για τη μελέτη της 

επίδρασης της ατελούς κόλλησης στην αντοχή κόλλησης. 

Προκειμένου να πραγματοποιηθεί μια πρώτη εκτίμηση της επίδρασης των 

μολύνσεων/αλλοιώσεων στην αντοχή δομικών στοιχείων από σύνθετα υλικά 

συνδεδεμένων με κόλλα μελετήθηκε αριθμητικά η συμπεριφορά σε θλίψη πλάκας από 

υλικό CFRP με κολλητές ενισχύσεις (stringers). Για την ανάλυση, αναπτύχθηκε μοντέλο 

πεπερασμένων στοιχείων στον εμπορικό κώδικα LS-Dyna. Η αποκόλληση 

προσομοιώθηκε με χρήση της μεθόδου της Ζώνης Συνοχής. Η ύπαρξη 

μολύνσεων/αλλοιώσεων στην πλάκα μοντελοποιήθηκε μέσω της χρήσης των 

υποβαθμισμένων τιμών του κρίσιμου ρυθμού απελευθέρωσης ενέργειας τύπου Ι και ΙΙ 

που μετρήθηκαν για κάθε σενάριο από τα αντίστοιχα πειράματα δυσθραυστότητας. Τα 

αποτελέσματα έδειξαν σημαντική μείωση του μέγιστου θλιπτικού φορτίου, που μπορεί 

να φέρει η πλάκα, εξαιτίας των ατελών συνδέσεων των ενισχύσεων. 

Στην παρούσα εργασία μοντελοποιήθηκε για πρώτη φορά το πείραμα φυγοκέντρισης. 

Για την ανάλυση, αναπτύχθηκε μοντέλο πεπερασμένων στοιχείων στον εμπορικό 

κώδικα LS-Dyna. Η αποκόλληση προσομοιώθηκε με χρήση της μεθόδου της Ζώνης 

Συνοχής. Οι εκτιμήσεις του μοντέλου για την αντοχή κόλλησης είναι σε αρκετά καλή 

συμφωνία με τις αντίστοιχες πειραματικές τιμές γεγονός που επαληθεύει το μοντέλο. Με 

χρήση του μοντέλου πραγματοποιήθηκε παραμετρική μελέτη για την επίδραση του 

χρόνου ολοκλήρωσης, της επιφάνειας της κόλλησης και του πάχους της κόλλας. Επελέγη 

ο βέλτιστος χρόνος ολοκλήρωσης μέσα από μία μελέτη σύγκλισης. Τα αριθμητικά 

αποτελέσματα έδειξαν ότι η επίδραση της επιφάνειας κόλλησης στην αντοχή της 

κόλλησης είναι αμελητέα, ενώ η αύξηση του πάχους της κόλλας οδηγεί σε μείωση της 

αντοχής κόλλησης.





List of Tables  xix 

List of Tables 

Table 2. 1 The contamination scenarios studied in the ComBoNDT project (ComBoNDT, 2014).

 ........................................................................................................................................... 35 

Table 2. 2 The ENDT techniques investigated in the ENCOMB project. ................................... 39 

 

Table 3. 1 Physical and mechanical properties of Hexply® M21E/IMA (Hexcel, 2015; Reinoso 

et al., 2016). ....................................................................................................................... 44 

Table 3. 2 Physical and mechanical properties of FM 300K adhesive (Cytec Industries Inc., 

2013). ................................................................................................................................. 45 

Table 3. 3 Physical and mechanical properties of FM 300-2M adhesive (Cytec Industries Inc., 

2011). ................................................................................................................................. 45 

Table 3. 4 Lay-up of composite parts of the stiffened panel. ....................................................... 50 

 

Table 4. 1 Experimental methods used for each material sample geometry. ............................ 51 

Table 4. 2 Summary of experiments conducted on bulk adhesive coupons. ............................. 53 

Table 4. 3 Summary of the experiments conducted on CFRP coupons. ..................................... 54 

Table 4. 4 Summary of experiments conducted repair composite joints. .................................. 54 

Table 4. 5 Summary of tests conducted on metal-to-composite bonded joints. ........................ 55 

Table 4. 6 Summary of the mechanical tests conducted on composite bonded joint coupons.

 ........................................................................................................................................... 56 

 

Table 6. 1 Effect of ageing on the KIC of the adhesive. ................................................................. 104 

Table 6. 2 Moisture diffusion parameters of the P-FP and R-FP contaminated joints. .......... 106 

Table 6. 3 XPS results for the CFRP sample plates at the cleaning steps. ................................ 109 

Table 6. 4 Average concentration of Si on CFRP surfaces as obtained by XPS for the P-RA. 109 

Table 6. 5 Average concentrations of Na and Cl on CFRP surfaces obtained by XPS for the P-

FP scenario. .................................................................................................................... 110 

Table 6. 6 Average concentration of potassium on CFRP surfaces for the DI contamination 

scenario. ......................................................................................................................... 110 

 

Table C. 1 Mechanical properties of the composite material used for the stiffened panel. ... 165 

Table C. 2 Mechanical properties of the adhesive FM 300K used for the stiffened panel. .... 165 

Table C. 3 Mechanical properties of the composite material used for the centrifuge specimens.

 ......................................................................................................................................... 165 

Table C. 4 CZM properties for the FM 300K adhesive used for the centrifuge specimens. .. 166 

Table C. 5 Physical and mechanical properties of the metallic materials of the cylindrical stamp 

(GLEICH GMBH METALLPLATTEN-SERVICE, n.d.). ......................................... 166 





List of Figures  xxi 

List of Figures 

Figure 1. 1 Photo showing the structural parts of the Airbus A380 aircraft which contain 

bonded joints (Stoeven & Farmer, 2009). .................................................................... 29 

Figure 1. 2 The experimental Lockheed Martin X-55 Advanced Composite Cargo Aircraft 

(https://www.lockheedmartin.com/en-us/news/features/history/acca.html). ....... 30 

Figure 1. 3 Quality assurance concept in industrial bonding process (Michaloudaki 2005). .. 31 

Figure 1. 4 Thesis workflow.............................................................................................................. 33 

 

Figure 2. 1 Average crack initiation GIC values for five contamination scenarios investigated 

in the ENCOMB project (Markatos et al., 2013). ......................................................... 36 

Figure 2. 2 Centrifuge test setup (http://www.lumifrac.com). .................................................... 41 

 

Figure 3. 1 Primary structures on the A350 XWB that are made from HexPly® M21E/IMA 

(Hexcel, 2013). ................................................................................................................. 43 

Figure 3. 2 Geometry of the bulk adhesive dumbbell specimen. ................................................ 46 

Figure 3. 3 SENB specimen configuration. ..................................................................................... 47 

Figure 3. 4 Geometry, boundary conditions and dimensions (in mm) of a) the DCB coupon 

and b) the ENF coupon. ................................................................................................. 47 

Figure 3. 5 Geometry and dimensions (in mm) of the centrifuge modular test specimen. ..... 48 

Figure 3. 6 Geometry and dimensions (in mm) of the scarfed joints. ......................................... 49 

Figure 3. 7 Geometry and dimensions of the flat stiffened CFRP panel. ................................... 50 

 

Figure 4. 1 Test pyramid for aircraft structural components (Breuer, 2016). ............................ 52 

Figure 4. 2 a) Photograph showing the automated tape laying process of the laminated panels; 

b) schematic diagram of the vacuum bag. .................................................................. 57 

Figure 4. 3 Photographs showing a) the laminated panel inside the autoclave and b) the cutting 

of the panel. ..................................................................................................................... 57 

Figure 4. 4 a) Milling of the laminated plate and b) overview of the scarfed plate after milling.

 ........................................................................................................................................... 58 

Figure 4. 5 Photographs showing a) the flat laminated skin before being placed into the 

autoclave and b) the T-stringers. .................................................................................. 58 

Figure 4. 6 Surface preparation procedure for the CFRP plates prior to contamination and 

bonding. ........................................................................................................................... 59 

Figure 4. 7 Photographs showing the preparation of samples for bonding a) in the autoclave 

and b) using a vacuum bag. .......................................................................................... 63 

Figure 4. 8 Autoclave thermal and pressure cycles for bonding the production samples with 

adhesive FM 300K. ......................................................................................................... 63 

Figure 4. 9 Autoclave thermal and pressure cycle for bonding repair samples with the 

adhesive FM 300-2. ......................................................................................................... 64 

Figure 4. 10 Photographs showing the stamp-to-plate specimen used in the centrifuge tests.

 ........................................................................................................................................... 64 

Figure 4. 11 Bulk adhesive specimens machined from a 10x10 cm2 bulk adhesive plate. ....... 65 



xxii  List of Figures 

Figure 4. 12 Photograph showing a DCB specimen under mode-I loading. ............................. 66 

Figure 4. 13 Photograph showing an ENF specimen under mode-II loading. .......................... 67 

Figure 4. 14 Photograph showing a scarfed specimen under tensile loading. .......................... 68 

Figure 4. 15 Diagram highlighting the measurement principle of the centrifuge test. ............ 69 

Figure 4. 16 Photographs displaying the setup for the centrifuge test; a) the LUMiFrac desktop 

analyser and b) stamp-to-plate test specimens inside the drum rotor. .................. 70 

Figure 4. 17 Preparation of the centrifuge test specimen (Rietz et al., 2015). ............................. 70 

Figure 4. 18 Schematic representation of the main failure modes of CFRP bonded joints 

observed after destructive mechanical testing. .......................................................... 72 

Figure 4. 19 Bulk adhesive tensile tests a) testing configuration; b) fractured bulk adhesive 

tensile specimen. ............................................................................................................. 73 

Figure 4. 20 Photographs showing the specimens inside the environmental ageing. a) the 

CFRP adherends and the bulk adhesive specimens; b) the CFRP bonded joints. . 75 

Figure 4. 21 Statistical analysis process flowchart. ........................................................................ 77 

 

Figure 5. 1 a) The components and the principle of the OSEE technique for measuring a 

photocurrent revealing the surface state of a substrate; b) The setup of the OSEE 

technique with an industrial robot............................................................................... 82 

Figure 5. 2 a) Sketch showing the measuring principle of the LIBS technique; b) LIBS 

measuring device setup. ................................................................................................ 82 

Figure 5. 3 Overview of the ultrasonic inspection setup; a) example of a phased array probe; 

b) ultrasound generator for emission and reception; c) water tank and the 6-axis 

mechanism used to scan the parts; and d) typical placement of the samples in the 

water tank for the inspections. ..................................................................................... 84 

Figure 5. 4 μ-Computed Tomography System for CFRP bonded samples. .............................. 84 

Figure 5. 5 CT resulting images: cut from top (blue); cut from side (red); cut from front (green); 

3D image indication the three cutting planes. ............................................................ 85 

 

Figure 6. 1 The average GIC values for bonded joints comprising CFRP adherends 

contaminated during production related processes. ................................................. 87 

Figure 6. 2 The average GIC values for bonded joints comprising CFRP adherends 

contaminated during repair related processes. .......................................................... 89 

Figure 6. 3 The average GIIC values for bonded joints comprising CFRP adherends 

contaminated during production related processes. ................................................. 91 

Figure 6. 4 Comparison of the average GIIC values for bonded CFRP joints in the repair 

scenarios before and after hygrothermal environmental ageing. ............................ 93 

Figure 6. 5 Tensile load – displacement curves of adhesive joints manufactured from scarfed 

CFRP adherends that were prepared following the reference and contamination 

scenarios. .......................................................................................................................... 94 

Figure 6. 6 Tensile failure load comparison of adhesive joints manufactured from scarfed 

CFRP adherends that were prepared following the reference and contamination 

scenarios. .......................................................................................................................... 95 

Figure 6. 7 Adhesion strength values obtained upon centrifuge testing specimens of the 

production-related contamination scenarios. ............................................................. 96 



List of Figures  xxiii 

Figure 6. 8 Adhesion strength values obtained upon centrifuge testing specimens of the repair-

related contamination scenarios. .................................................................................. 97 

Figure 6. 9 Average percentages of the failure modes after mode-I testing of the a) R-FP b) R-

DI and c) R-TD samples. ................................................................................................ 99 

Figure 6. 10 Representative fracture surfaces of the scarf joints after loading in tension, sorted 

according to the contamination scenario; a) R-REF; b) R-REF+TD1; c) R-TD1+DI1; 

and d) R-TD1+DI2. ......................................................................................................... 99 

Figure 6. 11 Average percentages of the failure modes presented after the tensile tested of 

scarfed joints, sorted according to the contamination scenario. ............................ 100 

Figure 6. 12 Representative microscopy images revealing the failure modes of centrifuge-

tested joints; a) ADH+FT for R-TD sample (CFRP side); b) ADH+FT for R-TD 

sample (stamp side); c) ADH+LFT for P-MO sample (CFRP side); and d) ADH+LFT 

for P-MO sample (stamp side). ................................................................................... 101 

Figure 6. 13 Average surface percentage for the different failure modes of the centrifuge-tested 

samples a) P-RA, b) P-MO, and c) P-FP. ................................................................... 102 

Figure 6. 14 Average surface percentages of the different failure modes for the a) R-FP b) R-

TD and c) R-DI centrifuge samples. ........................................................................... 103 

Figure 6. 15 A typical weight gain versus time curve of (a) SENB specimen and (b) tension 

specimen. ....................................................................................................................... 104 

Figure 6. 16 a) Young’s modulus and b) tensile strength of the reference and aged adhesive 

specimens....................................................................................................................... 104 

Figure 6. 17 Typical weight gain versus time curve of a) Mode-I CFRP specimens and b) Mode-

II CFRP specimens. ....................................................................................................... 105 

Figure 6. 18 Comparison of a) the GIC initiation and propagation values and b) the GIIC values 

between the reference and aged CFRP samples....................................................... 105 

Figure 6. 19 Variation of normalized weight gain, M (t), with regard to exposure time, t, as a 

result of the hygrothermal ageing for a) the P-FP and b) R-FP contaminated joints.

 ......................................................................................................................................... 106 

Figure 6. 20 The average GIIC values for bonded joints comprising CFRP adherends 

contaminated during production related processes. ............................................... 107 

Figure 6. 21 Comparison of the average GIIC values for bonded CFRP joints in the repair 

scenarios before and after hygrothermal environmental ageing. .......................... 108 

Figure 6. 22 Average OSEE intensities obtained upon inline investigation of contaminated 

CFRP adherend surfaces with a) P-RA, b) P-MO c) P-FP and d) FP3+RA 

contaminants. ................................................................................................................ 111 

Figure 6. 23 Average OSEE intensities obtained upon inline investigation of contaminated 

CFRP adherend surfaces with a) R-TD, b) R-FP, c) R-DI and d) FP3+RA 

contaminants. ................................................................................................................ 112 

Figure 6. 24 Average relative LIBS intensity of the a) P-RA and b) P-FP contaminated surfaces 

correlated to the XPS results. ...................................................................................... 113 

Figure 6. 25 Average relative LIBS intensity of the a) R-FP and b) R-DI contaminated surfaces 

correlated to the XPS results. ...................................................................................... 114 

Figure 6. 26 Average relative LIBS intensity of the a) P-FP3+RA and b) R-TD1+DI combined 

contaminated surfaces correlated to the XPS results. .............................................. 114 

Figure 6. 27 Degree of layer porosity for the production-related contamination cases as 

revealed by CT. ............................................................................................................. 115 



xxiv  List of Figures 

Figure 6. 28 Representative CT images for each one of the three samples analysed for the 

production-related scenarios: a) P-REF, b) P-RA-3, c) P-MO-3 and d) P-FP-3. ... 116 

Figure 6. 29 Degree of layer porosity for the repair-related contamination cases as revealed by 

CT. ................................................................................................................................... 116 

Figure 6. 30 CT images for each one of the three samples analysed for the for the repair-related 

scenarios: a) R-REF, b) R-TD-1, c) R-DI-1 and d) R-FC-1. ....................................... 117 

Figure 6. 31 CT images for the R-REF scarf joints (upper left: cut from top; upper right: cut 

from right/side; lower left: cut from front; lower right: 3D display)..................... 117 

 

Figure 7. 1 Schematic representation of a) the bilinear traction-separation law for the mode-I 

load case and b) the bilinear traction-separation law for the mixed mode load case 

(Floros et al., 2015)......................................................................................................... 122 

Figure 7. 2 FE mesh of stiffened panel created using ANSYS Workbench. ............................. 124 

Figure 7. 3 Applied compression loading and boundary conditions on a flat stiffened panel.

 ......................................................................................................................................... 125 

Figure 7. 4 FE mesh of the centrifuge specimen. ......................................................................... 125 

Figure 7. 5 Boundary conditions applied onto s) the adhesive nodes and b) the test stamp 

ending nodes. ................................................................................................................ 126 

Figure 7. 6 Centrifugal force and rotor rotational speed as a function of test duration. ........ 126 

 

Figure 8. 1 Predicted load-displacement curve of the reference (non-contaminated) CFRP 

stiffened panel. .............................................................................................................. 129 

Figure 8. 2 Predicted debonding growth (blue color) in the reference CFRP stiffened panel for 

(a) 1.04 mm, (b) maximum load and (c) 1.66 mm. ................................................... 129 

Figure 8. 3 Predicted out-of-plane deformation reference CFRP stiffened panel at maximum 

load. ................................................................................................................................ 130 

Figure 8. 4 Comparison of predicted load-displacement curves between contaminated and 

reference panels. ........................................................................................................... 130 

Figure 8. 5 Effect of the different contamination scenarios on the displacement at debonding 

initiation. ........................................................................................................................ 131 

Figure 8. 6 Effect of the different contamination scenarios on the maximum load.8.2 Simulation 

of centrifuge test. .......................................................................................................... 131 

Figure 8. 7 A typical force-time curve of the centrifuge model. ................................................ 132 

Figure 8. 8 A typical contour of normal stress σz (MPa) in the bondline of the centrifuge model.

 ......................................................................................................................................... 132 

Figure 8. 9 Predicted debonding growth by the centrifuge model. .......................................... 132 

Figure 8. 10 Effect of analysis time on the predicted adhesion strength. ................................. 133 

Figure 8. 11 Predicted force-time curve of the centrifuge model for analysis time of 0.02 s. 133 

Figure 8. 12 Effect of bondline diameter on adhesion strength. ................................................ 134 

Figure 8. 13 Effect of adhesive thickness on adhesion strength. ............................................... 134 



List of Abbreviations  xxv 

List of Abbreviations 

EASA : European Union Aviation Safety Agency 

CFRP : Carbon Fiber Reinforced Plastics 

ASTM : American Society for Testing and Materials 

AITM : Airbus Industries Test Method 

DCB : Double Cantilever Beam  

ENF : End Notched Flexure 

FE : Finite Element 

COMBONDT : Quality assurance concepts for adhesive bonding of aircraft com-posite 

structures by advanced NDT 

ENCOMB : Extended Non-Destructive Testing of Composite Bonds 

NDT : Non-Destructive Testing 

ENDT : Extended Non-Destructive Testing 

μ-CT : Micro Computed Tomography 

XPS : X-ray Photoelectron Spectroscopy 

OSEE : Optically Stimulated Electron Emission 

RH : Relative Humidity 

LASAT : Laser Shock Adhesion Test 

IR : Infrared 

TRL : Technology Readiness Level 

ISO : International Organization for Standardization 

DIN : Deutsches Institut für Normung 

AIPS : Airbus Approvals 

AIPI : Airbus Process Instruction 

SENB : Single Edge Notched Bend 

NDT : Non-Destructive Testing 

CT : Computed Tomography 

LEFM : Linear Elastic Fracture Mechanics 

P-XX : Production related contamination scenario XX 

R-XX : Repair related contamination scenario XX 

A-P-XX : Aged Production related contamination scenario XX 

A-R-XX : Aged Repair related contamination scenario XX 

REF : Reference state 

RA : Release Agent contamination 

MO : Moisture scenario 

FP : Fingerprint contamination 

FP3+RA : combined Fingerprint (level 3) and Release Agent contamination 

DI : De-icing Fluid contamination 

TD : Thermal Degradation 

FC : Faulty Curing 

TD1+DI : combined Thermal Degradation (level 1) and De-icing Fluid 

ADH : Adhesive failure mode 

CO : Cohesive failure mode 

FT : Fiber-tear failure mode 

LFT : Light-fiber-tear failure mode 

TLC : Thin-layer cohesive failure mode 





List of Symbols  xxvii 

List of Symbols  

E11 : tension modulus 

G12 : in plane shear modulus 

 W : specimen width 

a : propagated crack length 

ainitial : initial crack length 

l : length of the specimen 

Atot : energy required to achieve the total propagated crack length 

d : crosshead displacement at onset of the crack propagation 

P : load 

L : span length 

Fc : centrifugal force 

m : mass of the stamp 

r : distance of the test stamp to the rotational axis 

ω : angular velocity 

v : frequency 

σc : tensile adhesion strength 

GIC : critical strain energy release rate under mode-I loading 

GIIC : critical strain energy release rate under mode-II loading 

KIC : stress intensity factor 

PQ : failure load of the bulk adhesive specimen under 3-point bending 

B : specimen thickness 

δ : displacement 

Δ : correction factor for GIC calculation (Modified Beam Theory) 

C : compliance 

f(x) : calibration factor for KIC calculation 

Mj : mean weighs of the specimen  

M(t) : percental normalized weight gain 

wo : initial specimen weight 

wt : weight of the specimen at exposure time t 

D : diffusion coefficient 

M∞ : water uptake at saturation 

h : specimen thickness 

S : slope of the 𝑀(𝑡) curve 

fg(x) : gaussian distribution function 

μ : average value 

σ : standard deviation 

Na : symbol of natrium chemical element 

Cl : symbol of Chlorine chemical element 

KF : symbol of potassium formate chemical element 

K : symbol of potassium chemical element 

C : symbol of carbon chemical element 

T : maximum traction in normal direction 

S : maximum traction in tangential direction 



xxviii   List of Symbols 

ν : Poisson ratio 

δm : total mixed-mode relative displacement 

𝜹𝑰
𝟎 , 𝜹𝑰𝑰

𝟎  : single mode damage initiation separations, normal direction and 

tangential direction respectively 

δο :  mixed-mode damage initiation displacement 

β : mode mixity factor at CZM 

δF : ultimate mixed-mode displacement (total failure) 
𝑬𝒏 : stiffness normal to the plane of the cohesive element 
𝑬𝒕 : stiffness in the plane of the cohesive element 

σz : normal stress in the bondline 

A : bondline area 

Si : symbol of silicone chemical element 

 



Chapter 1  29 

Chapter 1 

Introduction 

1.1 Adhesive Bonding in Aircraft Applications 

Composite materials have been widely used in the aircraft industry to in order to reduce 

weight, which in turn will result in lower fuel consumption, carbon footprint, cost reduction 

and cheaper tickets (e.g. Boeing 787, Airbus A350 XWB). Thus, adhesive bonding technology 

has emerged as a significant element on the aircraft. The photo of Figure 1.1 shows the 

structural parts of the Airbus A380 containing bonded joints is indicative of the present status 

of the extensive use of adhesive bonding in airliners. 

 

 

Figure 1. 1 Photo showing the structural parts of the Airbus A380 aircraft which contain bonded joints (Stoeven 

& Farmer, 2009). 

Adhesive bonding has been used in the manufacture of aircraft fuselage and wing 

structures. It is widely applicable for attaching stringers to the fuselage and wing skins and in 

assembling metal honeycomb cores inside metal skins (EASA, 2014). A characteristic example 

revealing the potential of adhesive bonding technology is the experimental Lockheed Martin 

X-55 Advanced Composite Cargo Aircraft (ACCA) (Figure 1.2). 
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Figure 1. 2 The experimental Lockheed Martin X-55 Advanced Composite Cargo Aircraft 

(https://www.lockheedmartin.com/en-us/news/features/history/acca.html).  

Moreover, the use of adhesive bonding in aircraft structures is increasing, both in the 

assembly of structural parts and when applying composite patch repairs due to the numerous 

advantages it offers over conventional joining methods (Markatos et al., 2014; DaSilva et al., 

2011; Charalambides et al., 1998; Pantelakis, 2014). These include a more uniform stress 

distribution in the area of the joint, the ability to join dissimilar materials, the improved fatigue 

properties, and the attractive strength to weight ratio. On the contrary, bolted repair solutions 

introduce detrimental stress concentrations, significant weight penalty and additional costs 

(Breuer, 2016; Pantelakis et al., 2014). 

However, the use of adhesive bonding technology is presently limited to joining and patch 

repairing of secondary structures that are not load-critical due to the uncertainty over 

durability of adhesively bonded joints. Amongst the reasons inhibiting the certification of 

adhesive bonding for primary structures is the sensitivity of the bondline integrity to the 

presence of defects, which might counteract the strength of the joints. These defects are not 

accessible to visual monitoring during the bonding process, and they usually are caused by a 

pre-bond contamination of the adherend surface during either the manufacture of the joints 

or their repairs. 

https://www.lockheedmartin.com/en-us/news/features/history/acca.html
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Figure 1. 3 Quality assurance concept in industrial bonding process (Michaloudaki 2005). 

Due to the absence of reliable quality assurance methods (Figure 1.3) which can guarantee 

the safety of adhesively bonded joints and enable a corresponding certification, the full 

exploitation of lightweight CFRP composites and adhesively bonded joints for further use in 

load-critical primary aircraft structures is still to be succeeded. 

1.2 Technological Problem 

Regarding the existing certification requirements, the AMC 20-29 European Union 

Aviation Agency’s (EASA, 2014) document, which sets forth requirements for damage 

tolerance and fatigue evaluation or primary composite airframe structure, states that safety-

critical structures must be demonstrated, by experiments and analysis, to exceed the design 

ultimate load. Additionally, “repeatable and reliable non-destructive inspection techniques must be 

established that ensure the strength of each joint”. 

Even though there is a strong need to exploit the potentials of lightweight CFRP structures 

in the aeronautic industry alongside the application of adhesively bonded joints, their 

adequacy for primary aircraft structures remains low. Despite the advances made in this 

sector as well as previous attempts, the shortcomings observed were caused mainly by the 

absence of adequate quality assurance processes. The performance of adhesively bonded 

joints is strongly affected not only by the operational loads to which the joint is subjected 

during service and the size and density of defects (e.g. debonds, delamination, pores, etc.) but 

also by the physicochemical properties of the bondline. 

The corresponding requirements concerning the quality assurance of the manufacturing 

process of load critical CFRP structures are particularly high, as potential failures could 

directly affect the overall safety of an aircraft. Thus, the quality assessment of bonded joints is 

prevalently based on the destructive testing with subsequent statistical evaluation 

(Michaloudaki, 2005). However, this strategy leads to high costs and doesn’t allow for a full 

control of the defects occurring during manufacturing of the components or repairs. 

Means for QA of Bonding Process

NDT

Advantages:
• No destruction of joint
• Full process control
• Direct process supervision

Disadvantages:
• Bare reference values
• Inability for in-line use
• Operational cost
• Inability to detect all defects

Destructive tests

Advantages:
• Process supervision
• Reference values

Disadvantages:
• Operational cost
• Component destruction
• Bond destruction
• No interference in process



32  Introduction 

The already established quality assurance processes for adhesively bonded CFRP non-

critical load structures are based on measurements using methods suitable for the detection 

of potential defects (pores, debonds, delaminations) in the joint area. However, using such 

conventional non-destructive (NDT) methods does not facilitate a detection of any further 

defects of interest, such as kissing bonds, nor does it assess the weakening of a geometrically 

intact bondline. Thus, the development of quality assurance processes which, on the one hand, 

provide a correlation to the physicochemical properties of the probed adherends and 

adhesives and, on the other hand, could make adhesion properties of bonded components 

accessible had to be spurred.  

1.3 Thesis Objectives 

The main objective of the present thesis was two-folded: (a) to evaluate experimentally the 

detailed effects of contamination scenarios related to the production and repair processes as 

well as the effects of hygrothermal ageing on the strength of composite bonded joints and 

repairs, and (b) to investigate the potential of the novel centrifuge testing method to 

characterize strength of bonded joints and to capture the effects of contamination. 

To meet this objective, the subsequent specific objectives have been defined (Figure 1.4): 

• To characterize experimentally the fracture toughness (Mode-I and Mode-II) of pre-

bond contaminated composite bonded joints by considering a complete set of 

contamination scenarios related to the production and repair processes, different 

contamination levels for each scenario and combinations of the scenarios. 

• To characterize experimentally the combined effect of pre-bond contamination and 

hygrothermal ageing on the Mode-II fracture toughness of composite bonded joints. 

• To characterize the effect of pre-bond contamination on the lap-shear strength of scarf 

composite bonded joints. 

• To characterize the effects of hygrothermal ageing on the bulk mechanical properties of 

the adhesive and the CFRP adherends. 

• To conduct centrifuge tests on reference and pre-bond contaminated composite-to-

metal bonded joints, to characterize adhesion strength of the joints and the effects of 

contamination and to evaluate the centrifuge testing method through comparison with 

established methods. 

• To exploit data from NDT and E-NDT methods in order to to explain the effects of pre-

bond contamination and hygrothermal ageing on the strength of composite bonded 

joints. 

• To upscale the effects of pre-bond contamination to bonded CFRP parts by numerical 

simulation. 

• To develop a numerical model based on explicit FE simulation to simulate the centrifuge 

testing process and to apply the model to assess the role of loading, material and 

geometric parameters on the predicted adhesion strength. 
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Figure 1. 4 Thesis workflow. 

1.4 Thesis Outline 

The present thesis is presented in the following Chapters: 

Chapter 1: The technological problem is presented accompanied with a brief presentation of 

previous research conducted to the direction of solving some of the components 

consisting it. Subsequently, the main objectives are stated along with the thesis 

workflow. 

Chapter 2: A brief literature review is conducted regarding the parameters affecting bond 

strength, the NDT inspection of bonded joints, the mechanical characterization and 

the centrifuge tests. Also, the progress beyond the state-of-the-art achieved in the 

present thesis is outlined. 

Chapter 3: The materials and sample geometries for all cases tested are described. 

Chapter 4: The experimental workflow, the test matrix and all testing procedures for the 

destructive and hygrothermal ageing tests are described in detail. In addition, the 

manufacturing and contamination processes are presented. 

Chapter 5: The non-destructive (conventional and extended) testing methods and procedures 

are described. 

Chapter 6: This chapter presents and discusses the experimental results from the destructive, 

hygrothermal ageing, and non-destructive tests. At the end of the chapter, there is 

a detailed discussion on the effects and physical mechanisms for each 

contamination scenario. 

ANOVA Statistical 
Analysis

Contamination 
Procedure

NDT & ENDT

Fracture Toughness/ 
Strength

Fracture Surfaces

Hygrothermal Ageing of 
Bulk Adhesive and 
CFRP Adherends

Fracture Surface 
Characterization

Effect of contamination 
and hygrothermal ageing 

on the joint’s 
performance 

Mechanical Testing of 
Bulk Adhesive and 
CFRP Adherends

Mechanical Testing  &
Hygrothermal Ageing 

of Bonded Joints

Adhesion Strength 
(from Centrifuge Testing)

Simulation of the  
Centrifuge Testing

Upscale of the 
Investigation by 
Modeling of  a 

Composite Stiffened 
Panel 



34  Introduction 

Chapter 7: The CZM method is briefly presented, the FE models of the CFRP stiffened panel 

and the centrifuge specimen and the simulation process of the centrifuge testing 

procedure are described. 

Chapter 8: This chapter presents and describes the numerical results from the simulation of 

the contaminated CFRP stiffened panel and the centrifuge testing simulation. 

Chapter 9: The main conclusions of the thesis are presented with a focus on the detailed effects 

of the contamination scenarios, the upscaled effect of pre-bond contamination, the 

efficiency of the centrifuge testing method, and the parametric results of the 

centrifuge simulation. 

Chapter 10: The main innovations and a few suggestions for future work are presented. 
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Chapter 2 

Literature Review 

2.1 Parameters Affecting the Bond Strength 

Implementing the concept for quality assessment during joining processes, e.g. as applied 

in the ComBoNDT project, requires the development of ENDT technologies for their 

integration into adhesive bonding process chains in aircraft production as well as for in-field 

repair. Such implementation is based on the identification and definition of all test scenarios 

to be considered and investigated; therefore, possible quality-relevant contaminants with high 

relevance for all, or at least for the majority, of aerospace applications must be identified. 

Following this decision, a detailed description of quality-relevant scenarios affecting CFRP 

adherends or adhesive layers in adhesive joints that were investigated during the ENCOMB 

(ENCOMB, 2014) or ComBoNDT (ComBoNDT, 2015) projects is provided in the following 

sections. As conditions on the aircraft production line and in the maintenance/overhaul shed 

are different, defects are categorized as either production-related or repair-related. Production 

bonding activities typically occur more often than in-service bonded repairs. Additionally, in-

service bonded repairs usually occur in less stabilized service environments thus increasing 

the likelihood of degradation due to contamination and resulting potentially in less than 

Ultimate Load capacity (EASA, 2014). Table 2. 1 lists the pre-bond contamination scenarios 

under consideration in the ComBoNDT project. 

Table 2. 1 The contamination scenarios studied in the ComBoNDT project (ComBoNDT, 2014). 

Production-related (P-XX) Repair-related (R-XX) 

Release agent (P-RA) Thermal degradation (R-TD) 

Moisture (P-MO) De-icing fluid (R-DI) 

Fingerprint (P-FP) Fingerprint (R-FP) 

Release agent + Fingerprint (P-RA+FP) Faulty curing of the adhesive (R-FC) 

 Thermal degradation + Deicing fluid (R-TD+DI) 

2.1.1 Pre-bond Contamination Scenarios 

During the molding process of the composite panels, silicone (Si) based release agents are 

used to facilitate the easy removal of the component from the mold. By necessity, the release 

agents are designed to prevent chemical bonding and must be removed prior to any 

subsequent bonding procedure (Davis, 2011). Thus, a Si-containing contamination on the 

CFRP surface caused by release agent residue may hinder the adhesion of the adhesive to the 

substrate as it prevents wetting (Markatos et al., 2013; Pantelakis & Tserpes, 2014; Markatos et 

al., 2014). Figure 2.1 shows the average mode-I fracture toughness of composite bonded joints 
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produced with various contaminants during the ENCOMB project (ENCOMB, 2014) 

including the release agent as well as some of the contaminants that are presented below. 

 

 

Figure 2. 1 Average crack initiation GIC values for five contamination scenarios investigated in the ENCOMB 

project (Markatos et al., 2013). 

Pre-bond moisture penetration into the composite adherend can occur either via air 

humidity or via direct contact with liquid water. CFRP panels undergo several pre-treatment 

procedures, such as wet abrasion and the water brake test to ensure the effectiveness of the 

cleaning procedure (Markatos et al., 2013; Pantelakis & Tserpes, 2014). Although precaution 

measures are implemented, such as large autoclaves to remove moisture by heat-drying, the 

problem persists due to the ubiquity of water, e.g. in the surrounding atmosphere, and the 

limitation of water removal from the bulk of the CFRP thermoset resin through diffusion as it 

is intercepted by the fiber layers.. Moisture uptake mainly affects the properties of the matrix 

resulting to swelling and to the development of stresses large enough to pull the matrix away 

from the fiber (Markatos et al., 2013; Pantelakis & Tserpes, 2014; Budhe et al., 2017). Moreover, 

moisture affects the adhesion properties (Budhe et al., 2017). CFRP can absorb moisture by up 

to 1.5-2.0 wt%. The range for concern at production sites often goes up to 0.5 wt%. A higher 

moisture uptake needs to be avoided because it negatively influences the adhesion properties 

and leads to a loss of performance of both the CFRP as well as the adhesive bond. 

Contamination by fingerprints can occur due to adequately cleaning of the bonding 

surfaces or inappropriate handling after the cleaning process (Creemers et al., 2016; Gause, 

1989). Fingerprint contamination leads to the formation of thin contaminant films on the 

bonding surfaces and finally, to lower adhesion quality (Gause, 1989). This may occur during 

both production and repair processes. Even though the occurrence of fingerprints seems to be 

easily avoidable, they are often responsible for adhesion failures, and therefore the detection 

of fingerprints is an essential requirement for an appropriate quality assurance approach. 

In order to achieve adequate adhesive bonding processes, it is important that all adhesive-

related parameters, like pot life and curing times, comply with regulations as well as the 

specifications of the qualified bonding process. If the adhesive is out of specification with 
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respect to its pot life due to, e.g., too high temperatures in the working area, the result can be 

weak or kissing bonds in the resulting joint. In this scenario, the bonded joint does not contain 

any foreign materials or contaminants that have erroneously remained after the cleaning, 

pretreatment, or conditioning steps. Instead, the loss of performance of the bonded joint is 

due to irregularities affecting the adhesive material that was used in the manufacturing 

process of a limited number of joints. 

In general, the mechanical performance of structural adhesives in both bulk and bonded 

forms, is improved with increases in curing temperature and time and with slow cooldown. 

However, this improvement has an upper limit, and further increases in the curing parameters 

result in deterioration (Sancaktar, 2008). Especially for thermoset adhesives, the curing 

parameters are critical to obtain the optimum mechanical properties of the adhesive. In the 

case of undercuring of the adhesive volatiles are formed and the material becomes more 

ductile, while ovecuring leads to stiffening and eventually embrittlement of the polymer 

(Fleck et al., 1991). 

The environmental conditions which may affect not only the mechanical properties of the 

structural part itself but may also affect the bonding in a repair situation are numerous. The 

effect of the operating environments in terms of temperature has been thoroughly 

investigated as CFRP aircraft parts may be exposed to high temperatures during service 

(Tserpes et al., 2014). For example, fuselage parts struck by lightning or external source of heat 

placed, often inadvertently, near the aircraft part e.g. wing parts that are close to the engine. 

The exposure to high temperatures has been reported to cause local overheating and damage 

to the matrix as well as undermining the bond performance of repair joints (Ebnesajjad & 

Landrock, 2008; Markatos et al., 2013; Pantelakis et al., 2014). 

In winter, airports use de-icer to maximize the runway friction during plane taxiing. 

Runway de-icing fluid is one of the most commonly encountered fluids that aircraft structures 

may be exposed to, as it can be swirled up from the runway to outer parts of the aircraft 

(Moutsompegka et al., 2017). During the patch-repairing of composite parts, inadequate 

cleaning can result in residues or the transfer of de-icing fluid onto the adherend surfaces. 

After drying, the potassium formate, which is present in the de-icing fluid, forms a thin layer 

on the CFRP part, thus hindering the bonding quality. 

Finally, in addition to the single contamination cases described above, the occurrence of a 

combined contamination case is often presented during in-service life of aircrafts. For 

example, combined contaminations for the production scenario include the combination of 

release agent contamination and subsequent fingerprint contamination, while for the repair 

scenario the combination of thermal impact and subsequent de-icing fluid deposition. 

2.1.2 After-bond Hygrothermal Ageing 

Bonded joints are usually applied in structures that often operate under extreme 

temperature and moisture conditions. In-service exposure to hygrothermal environment is a 

critical issue affecting the durability of adhesive bonded joints and should also be considered 
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in the substantiation of repairs (EASA, 2014). The effect of the operating environment in terms 

of moisture and temperature has been thoroughly investigated indicating mainly a significant 

loss of the bond strength of joints subjected to ageing (Pitt et al., 2012). Environmental 

exposure to elevated temperature and high humidity is reported to have a detrimental effect 

on the fatigue endurance of bonded joints in helicopters (Ebnesajjad & Landrock, 2008).The 

combination of a pre-bond contamination, e.g. de-icing fluid, of adhesive composite joints and 

after-bond exposure to hygrothermal ageing has been proven to lead to an even greater loss 

of mechanical performance (Moutsompegka et al., 2017). 

2.2 Non-destructive Inspection of Bondline Quality  

2.2.1 Current NDT Practices  

2.2.1.1 Pre-bond NDT 

After surface treatment, the wettability of the adherends’ surface is usually tested through 

measurements of the contact angle. This test involves the wetting of clean surfaces and the 

drop of water on them. Afterwards, the spread of a liquid drop of known volume is measured 

by a transparent gauge placed over the drop. Additionally, X-ray photoelectron spectroscopy 

(XPS) is widely used for the characterization of the elemental and physicochemical 

composition of a sample surface. 

2.2.1.2 After-bond NDT 

Conventional NDT methods for the quality assessment of the bondline comprise (Adams 

& Drinkwater, 1997): Conventional Ultrasonics, Oblique Incidence Ultrasonic, Lamb Waves, 

Sonic Vibrations, Spectroscopic Methods, Acoustic Emission, Thermal Methods, Radiography 

and Optical Holography. In recent years, advanced techniques such as the neutron 

radiography and X-ray computed tomography are also used. The latter two methods are not 

considered the most suitable for industrial use because their cost and test time are not often 

justifiable by their sensitivity. 

Ultrasonics is the most widely used after-bond NDT method. Ultrasound inspection 

methods for bonds can be classified into two categories: bulk waves-based and Lamb waves-

based methods. Typical applications are the “pulse-echo” and the “through transmission” 

techniques. The properties of the wave propagating through the specimens are monitored. 

Defects may affect these properties. For example, voids can scatter the wave, reducing the 

amplitude of the signal reaching the receiver. Delamination of reasonable size, i.e. comparable 

to the size of the ultrasonic beam, can even stop the wave creating a strong ultrasound 

contrast. 
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2.2.2 Extended NDT 

In recent years extended NDT (ENDT) techniques both for pre-bond and after-bond testing 

of bonded joints are under development. In this area, significant progress has been made by 

European projects ENCOMB (ENCOMB, 2014) and ComBoNDT (ComBoNDT, 2015). 

The objective of the ENCOMB project was the development and adaptation of ENDT 

methods for pre- and post-bond inspection of CFRP aircraft structural components. State-of-

the-art (E)NDT techniques have been screened and the most suitable ones have been taken 

forward for development and adaptation. As part of this process, five contamination scenarios 

have been identified as of primary importance for aircraft manufacturers, namely silicone-

based release agent, moisture, Skydrol hydraulic fluid, thermal degradation and imperfect 

curing of the adhesive. For the characterization of CFRP adherend surfaces, 14 ENDT 

technologies have been tested (Table 2.2). The results have shown that (i) the hydraulic 

fluid/water contamination is detectable by 7, (ii) release agent contamination by 4, (iii) 

moisture in CFRP adherends by 7, and (iv) heat damage of adherends by 4 technologies. 

Several techniques show good results for the detection of different contamination levels. For 

the characterization of CFRP adhesive bonds, 9 ENDT technologies have been tested (Table 

2.2). The results show that (i) weak bond due to release agent is detectable by 5 technologies; 

(ii) weak bond due to moisture by 3; and (iii) poor curing of the adhesive by 4 technologies. 

Several techniques show good results for the detection of different contamination levels. A 

summary of the results of each ENDT method can be found in (ENCOMB, 2014). 

Table 2. 2 The ENDT techniques investigated in the ENCOMB project. 

Pre-bond NDT testing techniques Post-bond NDT testing techniques 

Optically stimulated electron emission (OSEE) Nonlinear ultrasound 

Laser scanning vibrometry Laser Shock Adhesion Test (LASAT) 

Infrared (IR) spectroscopy THz/GHz reflectometry 

Aerosol wetting test Laser ultrasound 

Portable Handheld FTIR spectroscopy Laser scanning vibrometry 

Laser induced breakdown spectroscopy Electromechanical impedance 

THz/GHz Polarization-frequency reflectometry 

(PFR) 

Ultrasonic frequency analysis 

THz/GHz Quasi-optical method of internal 

reflection reflectometry 

Industrial laser ultrasound 

Optical fiber sensors Active thermography using optical 

excitation 

Electronic nose technology (E-Nose)  

Dual-band active thermography 

Laser induced fluorescence 

THz technology 

Optical coherence tomography 

The objective of the ComBoNDT project was to enhance the most promising quality 

assurance concepts of ENCOMB and advance them to a Technology Readiness Level (TRL) of 



40  Literature Review 

5 to 6. Technology Readiness Level is a systematic measurement system used for the 

assessment of the maturity of a particular technology .The main conclusion of ComBoNDT is 

that many technologies have managed to reach the target TRL, however, a lot of work still 

must be done for the methods to meet the requirements of the industry. 

2.3 Mechanical Characterization of Composite Bonded Joints 

Adhesive joint failure occurs by the initiation and propagation of flaws, such as cracks, 

voids, debones etc. Thus, the application of continuum fracture mechanics theories to 

adhesively bonded joints has been widely used. Fracture mechanics has been successfully 

used to characterize the toughness of adhesives and adhesively bonded joints as well as to 

identify the failure mechanisms. Its main aim is to provide a parameter for characterizing 

crack initiation and growth that is independent of test geometry. To this end, two main -and 

interrelated- approaches have been proposed, namely the energy balance approach and the 

stress intensity factor approach. 

The energy criterion, which comes from Griffith’s work, yields the measure of the energy 

required to grow a crack over a unit area, i.e. the fracture energy or critical energy release rate, 

GC. Nevertheless, it should be noted that the GC encompasses also the viscoelastic and plastic 

energy losses around the crack tip damage zone. 

 Stress-intensity factor approach arises from Irwin’s work who found that the parameter of 

the stress intensity factor, K, defines the stress field around a sharp crack of a linear- elastic 

material. However, several challenges come with this approach, especially when the crack is 

located inside thin adhesive layers or at the adhesive-adherend interface (Kinloch, 2005). 

A wide range of destructive tests are used for characterizing the fracture behavior of 

bonded joints. The most used tests are the ones characterizing mode-I (cleavage or tensile 

opening), mode-II (in-plane shear) and mixed-mode-I+II fracture toughness of materials. The 

basic test used by the aircraft industry is the mode-I fracture toughness test on Double 

Cantilever Beam specimens. However, this choice contradicts with the design requirements 

since bonded joints are mainly designed to be loaded in shear. 

Despite the wide acceptance of fracture toughness tests, they are very expensive, time-

consuming and in some cases, such as defected bonded joints and adhesive CFRP joints, do 

not give representative results for the joint’s strength since the crack is growing within a 

complex material system (failure jumping from one interface to the other and adherend 

failure). Concluding, destructive characterization of adhesive joints is a difficult task because 

the involved failure mechanisms are complicated. The task is even more difficult for 

composite adherends since quite often failure in the bondline interacts with failure in the 

surface layers. 
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2.4 Centrifuge Testing 

Although joint configurations are designed to transfer the load between the assembled 

parts through pure shear, during operation, normal stresses are also usually developed. The 

most effective and frequently used method for providing quantitative results in terms of 

normal force per area is the standardized pull-off test which quantifies adhesion strength by 

means of tension (Beck et al., 2012a). The standardized conventional adhesion tests are 

characterized by a series of drawbacks: they are single-sample tests and time-consuming, a 

two-sided clamping of the samples is required (DIN 15870, 2009) (ISO 4624, 2002) and shear 

stresses are also developed due to sample misalignment (Beck et al., 2012b). 

In the last few years, a novel test method, based on the principle of the centrifuge force, 

has been proposed for measuring adhesion strength of adhesive joints (Figure 2.2) The 

principle of centrifuge force has been used for many years as the main mechanical separation 

process for solids from liquids or for liquids from liquids (Sutherland, 2009) (Schulze al, 1989) 

in various applications, e.g. food industry bioengineering (Liu et al., 2017), ice removal on 

ground (Hagerman et al., 2007), air transportation industry (Laforte & Beisswenger, 2005), etc. 

 

Figure 2. 2 Centrifuge test setup (http://www.lumifrac.com). 

The centrifuge test is a multi-sample, single-lap fast test. The application of the centrifuge 

test on adhesive joints is still very new and under evaluation. Only three works have been 

reported in the area. Rietz et al. (Rietz et al., 2015) have used the centrifuge tests to determine 

the tensile and shear strength of metal-to-metal adhesive bonded joints, while Beck et al (Beck 

et al., 2011) (Beck et al., 2012b) have investigated the tensile strength of various optical coatings 

and adhesive films using steel and glass substrates. 

So far, the centrifuge test configuration allows the testing of composite-to-metal bonded 

joints, as the test stamp is metallic. Composite repairs to metal parts have been used 

successfully around a fuel drain hole in the lower wing of the Mirage fighter and CFRP 

patches on the wing leading edge panels of the Concorde (Armstrong, 2005; Baker et al., 2002). 

 

http://www.lumifrac.com/
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Chapter 3 

Materials & Sample Geometries 

3.1 Materials 

3.1.1 Adherend Materials 

More than 70% of all CFRP airframe parts in commercial aircraft are based on thermoset 

prepregs (Breuer, 2016). Hexcel’s HexPly® M21E/IMA epoxy/carbon fiber prepreg was used 

for the manufacturing of the composite adherents. HexPly® M21E/IMA, developed form 

Hexcel’s M21E third generation thermosetting epoxy resin system uses HexTow® IMA 

intermediate modulus carbon fiber to balance superior strength and stiffness. HexPly® 

M21E/IMA was developed specifically for aircraft applications performed at Airbus e.g. the 

manufacturing of A350 XWB’s fuselage panels, keel beam, the entire wing and empennage 

(Figure 3.1). The matrix epoxy resin was developed to 5ensure an optimal translation of the 

carbon fiber properties whilst delivering outstanding toughness and durability (Table 3.1). 

The sample plates were produced by Aernnova Composites using the liquid water-based 

silicone-containing release agent Frekote® C-600 in order to obtain smooth surfaces. 

 

 

Figure 3. 1 Primary structures on the A350 XWB that are made from HexPly® M21E/IMA (Hexcel, 2013). 

Regarding the structural layout, CFRP monolithic structures were manufactured according 

to the Airbus Approvals (AIPS) / Airbus Process Instruction (AIPI) 03-02-019 standard for 

CFRP (“Manufacture of monolithic parts with thermoset prepreg materials”). For the fracture 

toughness testing, the adherents consisted of eight unidirectional plies and their layup 

sequence was [02, ±45]s according to the AITM 1-0053 (Airbus, 2006) standard. 
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Table 3. 1 Physical and mechanical properties of Hexply® M21E/IMA (Hexcel, 2015; Reinoso et al., 2016). 

Laminate 

density (g/cm3) 

Cured ply thickness 

(mm) 

Tension modulus E11 

(GPa) 

In plane shear modulus G12 

(GPa) 

1.58 0.184 164 5.2 

 

The specimens used in the centrifuge tests had a stamp-to-plate configuration. The 

modular test stamps bonded to the CFRP adherents consisted of the EN AW-2007 aluminum 

alloy adherend screwed onto a body of mass made of copper (see APPENDIX C for physical 

and mechanical properties). The CFRP adherends were manufactured from the Hexply® 

M21E/IMA prepreg material. The layup sequence of the panels was [(0/90/45/-45)3]S. 

3.1.2 Adhesive Materials 

Proper selection of the adhesive is of outmost importance for the performance and 

durability of the joint. The adhesives used for the bonding of the CFRP adherents in this 

research are structural thermosetting epoxy adhesives in the form of a thin film. 

Structural adhesives present high strength and performance under service environment. 

Being capable of bearing high loads, they are used to transfer load between structures that 

may experience large stresses. Structural adhesive bonds must be capable of transmitting 

stress without loss of integrity within design limits in addition to having a shear strength 

greater than 7 MPa and good resistance to aging (Ebnesajjad & Landrock, 2008; Kneafsey, 

2005). 

Structural adhesives comprise mostly thermosetting resins because of their outstanding 

mechanical strength. In contrast with thermoplastic adhesives, thermosetting adhesives have 

no melting point as they consist of three-dimensional cross-linked networks of high weight 

molecules (macromolecules) Ebnesajjad & Landrock, 2008; Sancaktar, 2011). This feature 

makes them suitable for high-temperature structural applications. Since thermosetting 

adhesives cure at an elevated temperature and considerable pressure, these resins become 

infusible and insoluble after initial cure. 

Thermosetting adhesives are usually available in paste or film form of various thicknesses. 

Tape and film adhesives are most often used to bond large areas, such as for applications in 

the aerospace industry. Film adhesives facilitate the precise positioning in the joint, uniform 

bond line thickness and distribute stresses evenly during service (Petrie, 2006). Additionally, 

they offer the advantages of ease of handling and reliability as they are provided ready to use. 

Additionally, the film adhesives contain components that render them superior than paste 

adhesives in terms of toughness and resilience (more recoverable elongation) (Ebnesajjad & 

Landrock, 2008; Kellar, 2011). 

Film adhesives are supplied in both unreinforced and reinforced types. Carriers are usually 

thin flexible web-type materials such as plastic firm or knitted fabric used to reinforce the 

adhesive composition. They usually have no effect on the adhesive properties and can also 
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improve joint strength as they facilitate a more efficient distribution of the applied loads 

(Ebnesajjad & Landrock, 2008). 

Of all the thermosetting structural adhesives, epoxies are more widely used in engineering 

applications. Epoxies offer the advantages of versatility, high strength, relatively low cost, and 

they are completely reactive producing no volatiles during curing (Ebnesajjad & Landrock, 

2008). Epoxy-based adhesive systems are generally extremely resistant to a wide range of 

chemical or high temperature environments than other structural adhesives. 

Based on the above state-of-the-art analysis, in the present research the film adhesives FM 

300K and FM 300-2M from Cytec® were used for the production and the repair scenario, 

respectively. Limited information is publicly available about the formulation of structural 

adhesives because of their proprietary nature. Tables 3.2 and 3.3 present the main physical 

and mechanical properties of the adhesives FM 300K and FM 300-2M, respectively, as they 

are retrieved from Cytec’s technical data sheets. 

FM 300K is a modified epoxy film adhesive which contains moisture-resistant polyester 

carrier. It has high elongation and toughness with high ultimate shear strength producing 

superior bonding quality. Additionally, FM 300K is extremely resistant to moisture and 

corrosion in high humidity environments presenting no significant reduction in its 

mechanical properties. 

Table 3. 2 Physical and mechanical properties of FM 300K adhesive (Cytec Industries Inc., 2013). 

Nominal 

thickness (mm) 
Color Carrier 

Curing 

temperature (oC) 

Tensile shear 

(MPa) 

Flatwise tensile 

(MPa) 

0.20 Green 
Wide 

open knit 
175 36.8 7.1 

 

FM 300-2M was developed specifically for co-cure and secondary composite bonding and 

repair applications (Cytec Industries Inc., 2011). The required cure temperature is reduced 

allowing for secondary bonding of structures far below the composite’s glass transition point. 

As FM 300K does, FM 300-2M offers excellent moisture resistance in high humidity 

environments with no significant reduction in its mechanical properties. 

Table 3. 3 Physical and mechanical properties of FM 300-2M adhesive (Cytec Industries Inc., 2011). 

Nominal thickness 

(mm) 
Color 

Curing 

temperature (oC) 

Lap shear 

(MPa) 

Flatwise tensile 

(MPa) 

0.25 Orange 121 33.5 6.15 
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3.2 Experimental Samples 

3.2.1 Bulk Adhesive Specimens 

3.2.1.1 Bulk Adhesive Specimens for Tension 

Dumbbell-shaped test specimens were used for the determination of the tensile properties 

of the bulk adhesive. This waisted configuration is favored over straight-sided specimens for 

bulk polymer or adhesive samples as the reduced cross-section will induce higher stresses 

within these regions avoiding failure at the gripping area (Dillard, 2011). The dimensions of 

the specimens were defined according to the ASTM D638 (ASTM International, 2004) 

standard, where the thinnest specimen Type V was chosen (Figure 3.2). 

 

Figure 3. 2 Geometry of the bulk adhesive dumbbell specimen. 

3.2.1.2 Bulk Adhesive Specimens for Fracture Toughness  

The determination of the fracture toughness, KIC, or fracture energy, GIC, can be carried out 

using standard techniques for polymers. There are numerous standards available, but all of 

them are based on the Linear Elastic Fracture Mechanics (LEFM) approach and they require a 

natural pre-crack to be created in the specimen. 

Single edge notched bend (SENB) specimens were used as described in the ASTM D5054 

(ASTM International, 2013) standard. Specimen thickness must be sufficient to ensure that the 

LEFM conditions are met and that the crack tip is in a plane strain state (ASTM International, 

2013). The cracked specimens must be of adequate size to impose a linear elastic behavior. The 

specimen width, W, must be twice the specimen thickness, B, W = 2B and the crack length, a, 

must me equal to the specimen thickness, B = a (Figure 3.3). Additionally, the ratio of crack 

length to specimen width must be selected such as that 0.45 < a/W < 0.55 and the length of the 

specimen, l, should be l = 4.4W. 

The target specimen thickness was 3 mm, so the rest of the dimensions were calculated 

based on this figure. Eventually, after manufacturing the adhesive specimen, the thickness 

came up to be 3.4 mm. 
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Figure 3. 3 SENB specimen configuration. 

3.2.2 Joint Coupons 

For the mode-I fracture toughness tests, a double cantilever beam (DCB) specimen was 

used to mirror the relevant geometry and the loading of the adhesive joint. A DCB specimen 

consists of two rectangular adherends bonded along their length, incorporating a region of 

non-adhesive release film placed centrally at one end of the joint for the formation of the initial 

crack in the bond line during testing (Figure 3.4a). This film is usually 12-14 mm in thickness 

and is molded into the joint during adhesive cure. The DCB specimens were cut out from a 

larger bonded panel. The length of the DCB specimen is selected from the AITM standard 

such as to avoid the plastic deformation of the adherents. 

 

a) 

      b) 

Figure 3. 4 Geometry, boundary conditions and dimensions (in mm) of a) the DCB coupon and b) the ENF 

coupon. 
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Up to now, there is no standardized test to obtain the mode-II fracture toughness in 

adhesively bonded joints. Although fracture characterization of bonded joints under pure 

mode-I has been extensively studied and standardized, mode-II is still not well addressed 

owing to some practical aspects inherent to the most popular tests: the End Notched Flexure 

(ENF), the End Loaded Split (ELS) and the Four-Point End Notched Flexure (4ENF). The ELS 

test requires the test specimen to be clamped on a linear bearing trolley that is free to slide in 

a horizontal direction (Sancaktar, 2011). These constitute sources of variability and increase 

the complexity of data reduction (de Moura, 2008; de Moura, Campilho, & Goncalves, 2009). 

On the other hand, the 4ENF test requires a complex setup and presents some problems 

related to large friction effects reduction which lead to an overestimation of GIIC (Blackman, 

2011; de Moura, 2008; de Moura et al., 2009). Consequently, the ENF specimen emerged as the 

most convenient mode-II fracture toughness specimen. The specimen is easy to manufacture, 

the test fixture is simple and the data-reduction methodology straightforward (Carlsson & 

Gillespie Jr, 1989). 

Similar to the DCB specimens, ENF specimens also consist of rectangular adherends, but 

with a longer pre-crack that is embedded through the width at the end of the specimen to 

accommodate the sliding deformation of the adherends that result from the flexural loading 

(Figure 3.24.b). In order to provide crack growth stability, the initial crack length was 

considered to be equal to 70% of L/2 (Ebnesajjad & Landrock, 2008; Pearson et al., 2012). The 

test specimens were cut from the residual part of the mode-I specimens. 

Finally, the specimen for the centrifuge tests comprised a square CFRP composite adherend 

bonded to a metallic cylindrical stamp using a technically relevant adhesive system. The 

aluminum stamps had a diameter of 10 mm on the bonding face and were then screwed onto 

a mass body made of copper (Figure 3.5). The samples were cut to the desired size by dry 

diamond cutting. The final dimensions of the CFRP adherends were 25 mm x 25 mm x 4.4 

mm. 

 

Figure 3. 5 Geometry and dimensions (in mm) of the centrifuge modular test specimen. 
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3.2.3 Scarfed Samples 

The material geometry tested comprises not only coupon-level specimens, but also a series 

of samples that have more complex geometries derived from real geometries in the fields of 

application and are highly relevant for aerospace applications. These are the pilot samples 

and consist of scarfed samples and individual aerospace component parts (stiffened panels). 

As already stated, the two main relevant scenarios for CFRP adhesive joint quality 

assurance are manufacturing, when the joints are first bonded during aircraft construction, 

and maintenance, when aerostructures are repaired. Various types of repairs have been 

developed in order to obtain the maximum strength recovery. The scarf joint is used in this 

study as it is particularly efficient and aesthetically attractive (L.F.M. da Silva, 2011a). 

When damage is detected, the aircraft part is locally scarfed to remove the damaged outer 

layers, which are then substituted with a patch that is bonded over the scarfed area in order 

to restore the load-carrying capacity. 

The scarfed samples used in this work were rectangular and consisted of two CFRP 

adherents after cutting away angular segments by milling with a ratio of 1:17, resulting in a 

scarf angle of 3.4o(Figure 3.6). For the scarf joint to endure peel stress, the length of the scarf 

should be at least four times its thickness (Ebnesajjad & Landrock, 2008). 

Aluminum end tabs (30 mm x 25 mm x 2 mm) were bonded to the ends of the specimens 

using PM Mega Cryl two-part adhesive (Figure 3.6). End tabs enable the even distribution of 

the pressure applied to by the grips, thus preventing gripping damage in the laminate and 

premature failure as a result of a significant discontinuity (ASTM International, 2000). 

 

Figure 3. 6 Geometry and dimensions (in mm) of the scarfed joints. 

3.2.4 Stiffened Panels 

Stiffening members are usually used to rigidize thin plates of adherent or to reinforce joints 

between a thin plate and a thick component, thus reducing the peel and cleavage stress, 

respectively, that are introduced on these structures. 

The aerospace component parts considered here is a flat panel with a laminated skin 

stiffened with two laminated T-stringers. This configuration represented a real-life production 

         46 

195 

120 

Scarf angle: 3.4o 

3.5 
25  

30 



50  Materials & Sample geometries 

of stiffened panels, thus the adhesive for the production scenario was used. The stringers were 

spaced at equal distances on the panels. The dimensions of the skin and the T-stringers of the 

panel are given in Figure 3.7, while the lay-up of each part of the panel is given in Table 3.4. 

 

Figure 3. 7 Geometry and dimensions of the flat stiffened CFRP panel. 

Table 3. 4 Lay-up of composite parts of the stiffened panel. 

Part Lay-up 

Skin [±45/90/02/90/±45/0/90] s 

Web [±45/02/90/03/90] s 

Cap [±45/03/90] s 
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Chapter 4 

Experimental 

4.1 Experimental Workflow – Synopsis of Tests 

The experiments approach followed in the present PhD thesis is presented in Table 4.1 and 

is based on the test pyramid for aircraft structural components that is used in aeronautics in 

order to ensure the compliance of the structure with all the strength and deformation 

certification requirements (Figure 4.1). 

Table 4. 1 Experimental methods used for each material sample geometry. 

Mechanical Characterization of Adhesively Bonded Composite Joints 

Bulk Adhesive 

Coupons 
CFRP Coupons 

Coupon composite 

bonded Joint 

Repair 

composite 

bonded joints 

Coupon metal-

to-composite 

bonded joints 

Tension Mode-I Fracture Mode-I Fracture Tension 
Centrifuge 

Testing 

Mode-I Fracture Mode-II Fracture Mode-II Fracture   

Hygrothermal 

Ageing 

Hygrothermal 

Ageing 

Hygrothermal 

Ageing 

  

Tension after 

Ageing 

Mode-I Fracture 

after Ageing 

Mode-II Fracture 

after Ageing 

  

Mode-I Fracture 

after Ageing 

Mode-II Fracture 

after Ageing 

   

 

Sub-components are major aircraft structures representing a section of the complete 

structural part (e.g. frames, fuselage or wing panels, etc.) and components are major sections 

of the aircraft (e.g. wing, fuselage, landing gear, etc.). Finally, the major tests refer to the testing 

of a full-scale aircraft structure comprising of two or more sub-components. 

Test sample size, complexity, manufacturing lead time and cost increase from bottom to 

top of the pyramid (Breuer, 2016). This underlines the necessity to use the low levels of the 

test pyramid to their fullest potential in order to obtain as much representative information 

about the mechanical performance as possible. 
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Figure 4. 1 Test pyramid for aircraft structural components (Breuer, 2016). 

Mechanical testing is important in all aspects of material science and aeronautical 

engineering. The test method for the determination of adhesive mechanical properties is 

divided in two main categories: tests on bulk adhesive specimens and tests in adhesively 

bonded joints i.e. the in-situ form. Both methods offer advantages and disadvantages 

compared to one another. 

Tests on bulk adhesive specimens are easily performed following the standards for plastic 

materials. However, the bulk adhesive specimens are not as thin as the adhesive layer present 

in real joints. Additionally, the curing process of the bulk adhesive may not be identical from 

the one used in a joint (da Silva et. al., 2012). Thus, tests in situ are used as a closer 

representation of the real joints. The adhesive stress distribution is not perfectly uniform, and 

the location of the failure path may not be cohesive in the center of the adhesive layer. This 

may lead to different fracture resistance measurements rendering the interpretation of the in-

situ test more complex than bulk adhesive characterization. Another aspect of testing the 

adhesives as part of an adherend/adhesive system is the dependence of the joint strength on 

the adherend surface cleanliness level. 

Research conducted on the properties of the bulk adhesive specimens and of adhesively 

bonded joints, considering all the different factors associated with each method (e.g. different 

curing cycle of bulk adhesive and joint), revealed no thickness dependency of the elastic 

properties (Lilleheden, 1993; da Silva, 2011). Thus, the relation between the two methods is 

reasonable. Nonetheless, no test method is perfect, and depending on the given application 

the most appropriate test must be selected by the designer. 

Even though the manufacturing of bulk adhesive specimens is challenging (See Chapter 

4.2.4), testing of bulk adhesives provide entirely the cohesive properties of the adhesive 

isolating the adhesive from the interface or interphase and from the presence of the adherends. 

For the determination of the tensile properties of the adhesive, the most recommended test – 

and the test which was followed in the present thesis- is the bulk tensile test. Specifically, 
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dumbbell-shaped test specimens were used instead of straight-sided specimens as the 

reduced cross-section induces higher stresses within this region avoiding failure at the 

gripping area. 

The tensile properties of the adhesive can be measured also using a butt joint where a 

specimen comprising a thin layer of adhesive between two steel adherends is loaded axially 

in a direction perpendicular to the bond. Even though the stress state is of uniform tension 

apparently, the stress distribution is not uniform due to the presence of the constraining 

substrates or slight misalignments occurring during fabrication or testing, introducing 

additional stresses (e.g. bending in the adhesive) (L.F.M. da Silva, 2011b). 

During fracture testing of bulk adhesive specimens, the crack always tends to run locally 

under mode-I tensile opening, even if other loading modes are applied i.e. in-plane shear 

mode (mode-II).The determination of the fracture toughness, KIC, or fracture energy, GIC, can 

be carried out using standard techniques for polymers. There are numerous standards 

available, but all of them are based on the Linear Elastic Fracture Mechanics (LEFM) approach 

and they require a natural pre-crack to be created in the specimen. Single edge notched bend 

(SENB) specimens were eventually used in this research. 

Thus, in order to facilitate the evaluation of the experimental results derived from the 

mechanical testing of the adhesively bonded joints, the distinct joint components, i.e. the 

adhesive and the CFRP adherends, were also characterized regarding the tensile properties 

and fracture toughness in reference state and in hygrothermally aged state. The experiments 

on the coupon level were conducted following the requirements of international standard 

procedures in order to obtain reliable and consistent results. 

Tables 4.2 and 4.3 present a summary of all the experiments conducted on bulk adhesive 

coupons and CFRP adherents, respectively, during this PhD. 

Table 4. 2 Summary of experiments conducted on bulk adhesive coupons. 

Mechanical Characterization of Bulk Adhesive Coupons 

Pre-bond 

Contamination 

Scenario 

Experimental Method Standard No of Specimens  

Reference state 

Tension ASTM D638-14 5 

Mode-I Fracture ASTM D5045-14 3 

Hygrothermal Ageing DIN EN 2823-99 

8 (5 for tension plus 

3 for mode-I 

fracture) 

Tension after Ageing ASTM D638-14 5 

Mode-I Fracture after Ageing ASTM D5045-14 3 

Total number of tested bulk adhesive coupons: 16 

 

 

 

 

 



54  Experimental 

 

Table 4. 3 Summary of the experiments conducted on CFRP coupons. 

Mechanical Characterization of CFRP Coupons 

Pre-bond Contamination 

Scenario 

Experimental Method Standard No of Specimens  

Reference state 

Mode-I Fracture ASTM D 5528-13 5 

Mode-II Fracture AITM 1.0006-94 3 

Hygrothermal Ageing DIN EN 2823-99 8 (5 for mode-I plus 3 

for mode-II fracture) 

Mode-I Fracture after 

Hygrothermal Ageing 

ASTM D 5528-13 5 

Mode-II Fracture after 

Hygrothermal Ageing 

AITM 1.0006-94 3 

Total number of tested CFRP coupons: 16 

 

In contrast to the bulk material, fracture tests on adhesively bonded joints are more 

complex. In the adhesive layer of a joint the crack propagation and failure path is usually 

constrained by the substrates and the interface resulting in failure under other loading modes 

in addition to mode-I, i.e. mode-II or mixed-mode-I/II loading conditions. 

The scarfed joint is one of the most used joint configurations for repair purposes. It offers 

improved stress distribution over other joint configurations, e.g. single and double-lap joints, 

but the manufacturing process is more complex (Alves et al., 2018). However, current scarf 

repair design approaches are exclusively based on the analysis of pristine joints that are free 

of any flaw or damage (Goh et al., 2013). The fracture behavior of repair scarfed joints was 

investigated by conducting tensile experiments on reference and contaminated scarfed joint 

samples (Table 4.4). 

Table 4. 4 Summary of experiments conducted repair composite joints. 

Mechanical Characterization of Repair Composite Joints 

Pre-bond Contamination 

Scenarios 

Experimental 

Method 

Standard No of Specimens 

R-REF 

Tension ASTM D 3039 

4 

REF+TD1 4 

TD1+DI1 4 

TD1+DI2 4 

Total number of tested repair composite joints: 16 

 

Standardized methods only allow the testing of specific bond strength parameters, and the 

achieved statistics are often limited due to the high cost and work effort required. 

Additionally, the respective measurements are time and cost-consuming due to complex 

sample and fixture preparation, single-sample testing, and manual evaluation of the 

mechanical load and fracture surfaces. Against this background, the novel centrifuge test is 

introduced in order to overcome these limitations. The centrifuge tests are fast and cost-
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effective tests that can be used to determine the adhesion strength of bonded joints. They serve 

as an alternative to the fracture toughness tests, which are more expensive and time 

consuming. Table 4.5 presents a summary of all the centrifuge tests conducted on metal- 

composite bonded joints during the present PhD study. 

Table 4. 5 Summary of tests conducted on metal-to-composite bonded joints. 

Mechanical Characterization of Coupon metal-to-composite 

bonded joints 

Pre-bond 

Contamination 

Scenarios 

Experimental 

Method 
No of Specimens 

P-REF 

Centrifuge Testing 

6 

R-REF 6 

P-RA-1 6 

P-RA-2 6 

P-RA-3 6 

P-MO-1 6 

P-MO-2 6 

P-MO-3 6 

P-FP-1 6 

P-FP-2 6 

P-FP-3 6 

R-TD-1 6 

R-TD-2 6 

R-TD-3 6 

R-FP-1 6 

R-FP-2 6 

R-FP-3 6 

R-DI-1 6 

R-DI-2 6 

      R-DI-3 6 

Total number of tested metal-to-composite bonded joints: 120 

 

Concluding, this chapter discusses and describes the fracture tests performed on both bulk 

adhesive specimens and on adhesive joints, i.e. coupons, design elements (scarf repairs). 

Structural details (stiffened panel) were also investigated but using virtual testing (Finite 

Element Analysis). In this thesis, the experimental characterization has extended the current 

state of research by conducting mode-I fracture toughness tests for additional contamination 

scenarios, mode-II tests on the complete set of contamination scenarios (Table 4.6) and the 

novel centrifuge tests conducted on metal-to-composite bonded joints. Mode-II tests on 

hygrothermally aged joints have been also conducted with the aim of assessing the combined 

effect of pre-bond defects and after-bond hygrothermal ageing. 
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Table 4. 6 Summary of the mechanical tests conducted on composite bonded joint coupons. 

Pre-bond 

Contamination 

Scenario 

No of Specimens for each contamination scenario 

Mode-I 

Fracture 

(AITM 1-0053) 

Mode-II 

Fracture 

(AITM 1.0006) 

Hygrothermal 

Ageing 

(DIN EN 2823) 

Mode-II Fracture after 

Hygrothermal Ageing 

(AITM 1.0006) 

P-REF 6 3 3 3 

P-RA-1 6 3 3 3 

P-RA-2 6 3 3 3 

P-RA-3 6 3 3 3 

P-MO-1 6 3 3 3 

P-MO-2 6 3 3 3 

P-MO-3 6 3 3 3 

P-FP-1 6 3 3 3 

P-FP-2 6 3 3 3 

P-FP-3 6 3 3 3 

P-FP3+RA1 6 3 3 3 

P-FP3+RA3 6 3 3 3 

R-REF 6 3 3 3 

R-DI-1 6 3 3 3 

R-DI-2 6 3 3 3 

R-DI-3 6 3 3 3 

R-FP-1 6 3 3 3 

R-FP-2 6 3 3 3 

R-FP-3 6 3 3 3 

R-TD-1 6 3 3 3 

R-TD-2 6 3 3 3 

R-TD-3 6 3 3 3 

R-FC-1 6 3 3 3 

R-FC-2 6 3 3 3 

R-FC-3 6 3 3 3 

R-TD1+DI1 6 3 3 3 

R-TD1+DI2 6 3       3      3 

Total number of joint specimens: 324 

 

The respective contributions of the individual partners of the ComBoNDT consortium is 

also thoroughly mentioned inside the Chapter. Specifically, the manufacturing of the CFRP 

adherends for the coupons and the pilot samples was performed by Aernnova Composites; 

the pre-bond contamination and the bonding of the samples was performed by Fraunhofer 

IFAM; the characterization of the adherends using X-ray photoelectron spectroscopy was 

performed by Fraunhofer IFAM; the ultrasound testing of the bonded plates and pilot samples 

was performed by Airbus; the mechanical testing of the coupons and the pilot samples as well 

as the ageing of the coupons was performed by the Laboratory of Technology and Strength of 

Materials; and the numerical simulation of the stiffened panels was also conducted by the 
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Laboratory of Technology and Strength of Materials. The datasets obtained from the 

mechanical testing represent design-relevant operand features. 

4.2 Manufacturing of the Adherends 

The CFRP laminates for the coupons were manufactured using the automated tape laying 

(ATL) technique (Figure 4.2a) by the Aernnova Composites company. The diagram showing 

the applied vacuum bag is given in Figure 4.2b, while Figure 4.3 shows the panels placed 

inside the autoclave as well as subsequent the cutting of the panels. 

 

a) b) 

Figure 4. 2 a) Photograph showing the automated tape laying process of the laminated panels; b) schematic 

diagram of the vacuum bag. 

a)  b) 

Figure 4. 3 Photographs showing a) the laminated panel inside the autoclave and b) the cutting of the panel. 

The CFRP material for the scarfed samples was also manufactured by the Aernnova 

Composites company, as described previously, and was then delivered to Fraunhofer IFAM. 

The CFRP plates were scarfed with a ratio of approximately 1:17 by milling (Figure 4.4a) and 

were then manually grinded and cleaned with methyl ethyl ketone to remove any handling 

contamination from thermoplastic residues resulting from the milling process. Lastly, the 

samples were cut to the final size using dry diamond cutting (Figure 4.4b). 

 

©AERnnova 

©AERnnova ©AERnnova 
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 a)  b) 

Figure 4. 4 a) Milling of the laminated plate and b) overview of the scarfed plate after milling. 

The laminated skin for the flat stiffened panels (Figure 4.5a) was manufactured using the 

same process as was applied for the laminates of the coupons. For the manufacturing of the 

T-stringers, the web was shaped by joining two C-shaped preforms that had been 

manufactured using the ATL technology. First, a flat panel was laminated and placed on a 

hot-forming tool to obtain the C-shape. After that, both C-shaped preforms were joined. 

Finally, the stringer was trimmed to obtain the T-stringers with the required dimensions. The 

T-stringers are shown in Figure 4.5b. 

 a)  b) 

Figure 4. 5 Photographs showing a) the flat laminated skin before being placed into the autoclave and b) the T-

stringers. 

4.3 Pre-bond Contamination 

4.3.1 Surface Preparation 

Before the contamination process (and the subsequent bonding), all the adherends were 

carefully grinded and cleaned. Proper treatment of the substrate surface before bonding is of 

outmost importance for the quality of the bond and the performance of the bond in terms of 

bonding strength and extended durability during operation. The surface must be free of any 

contamination that would prevent wetting and the formation of strong chemical (covalent, 

hydrogen, van der Waals, etc.) and physical (mechanical interlocking) bonds across the bond 

line and/or serve as stress concentrators limiting the joint performance. 

© IFAM 

©AERnnova ©AERnnova 

© IFAM 
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The required surface preparation procedure differs depending on the material of the 

adherends to be bonded and the type of adhesive to be applied. To prepare the clean reference 

CFRP samples from the delivered plates the following steps were performed (Figure 4.6), and 

each step was monitored by X-ray photoelectron spectroscopy (XPS) analyses in order to 

assure the effectiveness of the procedure: 

1. Pre-cleaning of the plates with isopropanol (IPA)-soaked tissues to remove part of the 

mold-release agent and any other soluble contaminations, e.g. fingerprint or grease 

residues from the manufacturing process. 

2. Slight grinding of the surfaces to remove residual release agent which had penetrated 

or was incorporated into the topmost resin layers and afterwards wiping with 

demineralized H2O and IPA to remove the dust from a grinding and residual silicone. 

3. A second slight grinding step followed by wiping off the dust with demineralized water 

and IPA. Special care was given not to abrade the first fiber layer for the production 

scenarios intended adherends, while adherends for the repair scenarios were grinded 

down to fibers. Grinding acts also as a surface roughness promoter, which in turns 

increases the effective surface of the adherend and, therefore, increases the bonds with 

the adhesive (Davis, 2011). 

4. Finally, after the cleaning steps, the sample plates were wiped with methyl ethyl ketone 

(MEK)-soaked tissues prior to contamination and adhesive bonding. All the solvents 

used for the cleaning were high quality solvents that do not leave residues detrimental 

to bonding. 

 

 

Figure 4. 6 Surface preparation procedure for the CFRP plates prior to contamination and bonding. 

4.3.2 Production-related Scenarios  

4.3.2.1 Release Agent 

The release agent used was Frekote® 700NC. This is a Si-based liquid that needs to be 

removed from the CFRP surface before the bonding process because it prevents wetting and 

adhesion. Therefore, it is necessary to detect possible residues on surfaces prior to adhesive 

bonding. The release agent was applied to the CFRP surfaces by dip-coating with fixed 

immersion times and fixed withdrawal speeds. Different concentrations of Frekote® 700NC 

© IFAM 
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in heptane were used to yield different degrees of contamination. After the dip-coating of the 

adherend, the polymerization of the release agent was allowed to occur by drying for 30 

minutes under ambient conditions followed by a heat treatment for 60 min in an oven at 80°C. 

The first tests used to yield the desired amounts of Si-containing contaminations on the 

surface were conducted with solutions of Frekote® 700NC in heptane with the following 

concentrations (vol%): 1%, 2%, 3%, 4%, 5% and 8%. Based on the results of the preliminary 

tests (X-ray photoelectron spectroscopy measurements and mechanical tests with lap shear 

specimens), one of the two CFRP adherends per joint was intentionally exposed using dip-

coating solutions with the following volumetric concentrations: 1%, 2% and 4% of Frekote® 

700NC in heptane. 

4.3.2.2 Moisture 

For the preparation of the moist CFRP samples, the adherents were dried in an oven at 

80°C until mass constancy. They were then stored in a climate chamber (70°C and with the 

respective and well-defined relative humidity) for two weeks prior to bonding. After the 

removal from the climate chamber, the samples were directly bonded. The following RH 

conditions were adjusted in the chamber: 30% RH for MO-1, 75% RH for MO-2 and 98% RH for 

MO-3 level. 

4.3.2.3. Fingerprint (Production) 

Concerning the samples with fingerprint contamination to be investigated for the 

production scenario, the preparation was performed using a standardized salty fingerprint 

solution (artificial hand perspiration solution) according to DIN ISO 9022-12 (ISO, 2012). This 

liquid formulation contains sodium chloride, urea, ammonium chloride, lactic acid, acetic 

acid, pyruvic acid, and butyric acid dissolved in demineralized water. Samples were prepared 

by manually applying this solution onto a surface area of the samples that corresponds to the 

size and extent of a wet fingerprint. Different degrees of contamination were achieved by 

using different dilutions (with demineralized water) of the FP solution: 10% FP solution for P-

FP-1, 50% FP solution for P-FP-2 and pure FP solution for P-FP-3. 

4.3.2.4 Combined Contamination (Production) 

Finally, in addition to the single contamination cases described above, the occurrence of a 

combined contamination case was also considered. Combined contaminations for the 

production scenario included the combination of release agent and fingerprint contaminations 

(RA+FP). Two levels of contamination were investigated: 

• Low level contamination (RA1+FP3): level RA-1 of release agent followed by the 

application of level FP-3 salt-based fingerprint solution. 

• Medium level contamination (RA2+FP3): level RA-2 of release agent followed by 

the application of level FP-3 salt-based fingerprint solution. 
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4.3.3 Repair-related Scenarios 

In the second field of feasible application scenarios, distinct composite “repair” cases were 

defined, implemented, and examined. Hereby, the effects of contacting adherend surfaces 

with either of the two contaminant materials, de-icing fluid or hydraulic oil (applied in a 

fingerprinting process), were examined in detail. The third scenario dealt with thermally 

degraded CFRPs and aimed to account for CFRP parts that may have been exposed to heat 

(fuselage parts or alighting gear, for example, or aircraft structures that affected by lightening 

impact) and are then subjected to a mechanically abrasive surface pretreatment process. A 

fourth scenario that was investigated comprised a faulty curing of an adhesive that is then 

applied to distinct pretreated adherend surfaces. 

4.3.2.1 De-icing Fluid 

The de-icer used was SAFEWAY® KF from CLARIANT, which contains potassium 

formiate (KF) as the freezing point depressant. It was diluted with demineralized water to 

obtain solutions with the following concentrations in vol%: 2%, 5%, 7%, 10%, 30%, and 50%. 

It was applied to the surfaces by dip-coating in the respective aqueous solution; finally, drying 

was performed in an oven for 2 h at 40°C in air. Subsequently, acclimatization at room 

temperature was allowed for at least 24 h. 

With the aim of narrowing the applied range of de-icer solution concentrations, three lap 

shear specimens comprising one contaminated adherend each were manufactured for each of 

these DI concentrations, and these were then used for adhesive bonding and subsequent 

mechanical testing. A significant loss in bond strength was observed for contamination levels 

characterized by surface concentrations of approximately 4 at% potassium as measured by 

XPS. The fracture pattern also showed an impact when potassium surface concentrations of 

approximately 4 at% were present. Based on these preliminary tests, it was decided to assess 

such samples in more detail; these were obtained using de-icer dip-coating solutions with the 

following concentrations for the final coupon level samples: 2%, 7%, and 10% de-icer in 

demineralized water. 

4.3.2.2 Thermal Degradation 

All thermal impact treatments were carried out in an oven with air circulation. The samples 

were placed inside the oven and then underwent the heating phase at different temperatures. 

Once the indicated temperature was reached, the samples remained inside the oven for 2 h. 

Prior to both the surface inspection and the subsequent steps of the bonding process, all 

samples were grinded down to the fibers (using Si-free sandpaper, grit size 120) in order to 

remove the outermost oxidatively affected surface region. A significant loss in bond strength 

(lap shear specimens) was observed for the samples treated with 280°C. In a comparison with 

joints prepared from adherends that had not suffered such a thermal impact, the fracture 

pattern demonstrated an impact from a heat treatment of 260°C. Based on these results, the 
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following three different temperatures were used to realize three different levels of thermal 

impact (TD): 220°C for TD-1, 260°C for TD-2 and 280°C for TD-3. 

4.3.2.3. Fingerprint (Repair) 

Concerning the sample preparation for the repair scenario, fingerprints containing Skydrol 

500B-4 hydraulic-oil from Eastman were applied to the surfaces using a plastic finger. The oil 

was diluted in heptane to obtain formulations with the following contamination 

concentrations in vol%: 20% for R-FP-1, 50% for R-FP-2 and 100% for R-FP-3. 

4.3.2.4 Faulty Curing 

Additionally, a faulty curing of the adhesive was initiated through a selective pre-curing 

of an adhesive that was subsequently introduced into the bonding process. In the resulting 

selected and pre-cured areas, the bond strength may be reduced drastically, possibly due to 

its impeding any force transfer. This scenario represents the cases of weak and kissing bonds. 

Three levels of pre-curing resulting in a faulty curing of the adhesive were realized: a slight 

pre-curing for R-FC-1, a medium pre-curing for R-FC-2 and a strong pre-curing for R-FC-3. 

4.3.2.5 Combined contamination (Repair) 

Finally, besides the single contamination cases described above, a combined contamination 

case was also considered. Combined contaminations in the repair scenario include the 

combination of thermal degradation and de-icing fluid (R-TD+DI), whereby two levels of 

contamination were investigated: 

• Low level of contamination (TD1+DI1): Thermal degradation at 220oC for 2 h followed 

by dip-coating in the DI-1 concentration of the de-icing fluid solution. 

• Medium level of contamination (TD1+DI2): Thermal degradation at 220oC for 2 h 

followed by dip-coating in the DI-2 concentration of the de-icing fluid solution. 

4.4 Adhesive Bonding 

Once the adherends are contaminated, the film adhesive layer is applied on one of the 

substrates. For the production scenarios, the samples were then bonded in an autoclave 

(Figure 4.7) using the adhesive FM® 300K (0.2 mm) from Cytec® following the curing cycle 

shown in Figure 4.8.  

The heating rate (starting from room temperature) was 3 K/min up to 175°C. The pressure 

was 3 bars and the final temperature of 175°C was held for 1 h. This procedure allows the 

adhesive to become slightly fluid and flow into the microroughness on the substrate and to 

form chemical bonds with it (Petrie, 2006). 
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a) b) 

Figure 4. 7 Photographs showing the preparation of samples for bonding a) in the autoclave and b) using a 

vacuum bag. 

 

 

Figure 4. 8 Autoclave thermal and pressure cycles for bonding the production samples with adhesive FM 

300K. 

Plates with the dimensions 30 cm x 30 cm were bonded and afterwards cut into the desired 

sizes mechanical testing in the specified geometries. The cutting was performed dry (diamond 

cutting) to prevent any contamination of the cleaned surfaces as might be the case when using 

cooling liquids. After cutting, the surfaces were cleaned again with isopropanol (IPA) soaked 

tissues. 

For the repair scenarios, all the samples were bonded in the autoclave using the adhesive 

FM® 300-2 which is specially designed for bonded repair. The respective curing cycle is 

shown in Figure 4.9. 

A non-adhesive film – 25 mm in length for the contaminated samples and 30 mm in length 

for the contaminated/aged samples – was inserted in the center of the adhesive layer at one 

end of the sample prior to bonding to obtain an initial delamination for the fracture toughness 

tests. The CFRP plate sizes and the cutting of the repair scenario samples into the final sizes 

after the bonding were as described for the production scenario samples. 

 

© IFAM © IFAM 
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Figure 4. 9 Autoclave thermal and pressure cycle for bonding repair samples with the adhesive FM 300-2. 

For the metal-to-composite joints, the aluminum test stamps were anodized in phosphoric-

sulfuric acid (PSA, 120 g/l H3PO4/ 80 g/l H2SO4) in order to obtain a stabilized oxide layer and 

enable a better adhesion. Prior to anodizing, all stamps were de-greased (Turco 4215 NC from 

Henkel), etched (Aluminetch No. 2 from Henkel) and pickled (Turco Liquid Smutgo NC from 

Henkel). 

For the bonding of the centrifuge samples, the film adhesive was hole-punched to a 

diameter of 10 mm and then deposited onto the test stamp (cleaned by sonication for 5 min in 

isopropanol), which was then placed onto the CFRP sample (Figure 4.10). The production 

samples bonded with the FM 300K adhesive were cured in an autoclave using a custom-made 

curing device at 3 bars and 175°C for 60 min (heating up to 175°C in 60 min, cooling down to 

room temperature in 60 min). The repair samples bonded with the FM 300-2 adhesive were 

cured at 2 bars and 121°C for 90 min (heating up to 121°C in 30 min, cooling down to room 

temperature in 60 min). 

 

Figure 4. 10 Photographs showing the stamp-to-plate specimen used in the centrifuge tests. 

 

Aluminum stamp 

Adhesive 

CFRP Adherent 

Copper 

mass body 
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4.5 Manufacturing of the Bulk Adhesive Specimens 

The manufacturing of bulk specimens from film adhesives is usually done by applying 

pressure between plates. Bulk specimens were prepared by carefully stacking multiple layers 

of film in order to achieve the desired thickness, because the adhesive properties depend 

highly on it, especially if voids are formed inside the specimen (L.F.M. da Silva, 2011b). The 

ideal scenario would be to produce and test very thin adhesive samples to reproduce the 

thickness of the adhesives in real joints, but the main factor that prohibits the realization of 

this is the high flexibility of the thin adhesive layer. After stacking, pressure was applied in a 

mold during curing (L.F.M. da Silva, 2011b). 

The manufacture of bulk adhesive specimens is not a trivial exercise; there is the need to 

minimize the presence of air voids, the need to obtain complete mold fill, and also the need to 

avoid uncontrolled exothermic degradation of the adhesive during cure. 

The manufacturing of the bulk adhesive specimens was performed by IFAM Fraunhofer 

using FM 300K adhesive without supporting mesh. The achievement of 3.5 mm of thickness 

was challenging because the exothermic reaction happening during curing of thick adhesives 

causes burning of the adhesive. However, after adapting the autoclave curing cycle, bulk 

adhesive samples with smooth surfaces without burnings were able to be produced. 

Ultrasound inspections were also performed in order to ensure the absence of air 

inclusions. The adhesive plates were then machined according to the desired dimensions 

using a CNC machine (Figure 4.11). 

 

 

Figure 4. 11 Bulk adhesive specimens machined from a 10x10 cm2 bulk adhesive plate. 

4.6 Mechanical Testing of Bonded Samples 

4.6.1 Mode-I Fracture Toughness Test 

Adhesively bonded joint tests were conducted to measure the fracture resistance under 

mode-I and mode-II loading modes. In these tests, the linear elastic fracture mechanics 
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approach is considered which imposes that the substrates only deform in a linear elastic 

manner and that any plasticity is limited to a small region ahead of the crack tip. 

Mode-I fracture toughness tests were conducted with double cantilever beam specimens 

according to the standard AITM 1-0053 (Airbus, 2006) using a Tinius Olsen H5KT universal 

testing machine with a load cell of 5 kN under ambient conditions (25 OC, 55% RH) and under 

constant applied displacement (5 mm/min). The load was introduced to the DCB specimen 

via metallic piano hinges bonded to the adherends at one end. In order to avoid any influence 

of the incorporated release film, the specimen was preloaded until an initial crack length of 10 

to 15 mm was achieved. The pre-cracked specimen was then loaded continuously by opening 

forces until a total propagated crack length of 100 mm was reached. After that, the test was 

stopped, and the joint was fully unloaded. During unloading, if the force-displacement trace 

does not return to the origin may indicate that plastic deformation of the CFRP adherends has 

occurred. Six specimens per scenario were tested in this manner. During both the loading and 

unloading of the joint, the load and crosshead displacement of the test machine were recorded 

continuously via digital means. A traveling microscope was used to facilitate the visual 

measurement of the crack length. Figure 4.12 illustrates the mounting of a specimen onto the 

tensile testing machine during the mode-I test. 

 

 

Figure 4. 12 Photograph showing a DCB specimen under mode-I loading. 

The AITM 1-0053 standard specification specifies the area method to determine the mode-

I fracture toughness energy (critical strain energy release rate) GIC of CFRP bonded joints 

(Airbus, 2006). The crack extension is related directly to the area enclosed between the loading 

and unloading curves and the propagation fracture toughness energy, GIC, is calculated as 

follows: 

𝐺𝐼𝐶 =
𝐴𝑡𝑜𝑡

𝑎 × 𝑊
× 106 

(J/m2) (4.1) 
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where A is the energy required to achieve the total propagated crack length (J), i.e. the 

integration of the area of the load-displacement diagram), a is the propagated crack length 

𝑎 = 𝑎𝑓𝑖𝑛𝑎𝑙 − 𝑎𝑖𝑛𝑖𝑡𝑖𝑎𝑙 (mm) and W is the width of the specimen (mm). 

4.6.2 Mode-II Fracture Toughness Test 

In properly designed joints, the load-bearing area must be as large as possible and the 

adhesive must be stressed in the direction in which it most resists failure i.e. in shear. Given 

the fact that the mode-II fracture testing of adhesively bonded joints is significantly more 

complex than mode-I fracture tests and there is currently no standardized mechanical test to 

measure the fracture toughness energy of bonded joints under pure mode-II loading, the ENF 

test was used herein, which was identified as the most convenient mode-II fracture toughness 

test (see Chapter 3). Figure 4.13 depicts an ENF test, wherein a pre-cracked specimen is loaded 

into a three-point bending fixture until the crack propagation onset occurs. 

Mode-II tests were conducted according to the AITM 1-0006 standard (Airbus, 1994) under 

a constant displacement rate of 1 mm/min using an MTS universal testing machine with a load 

capacity of 100 kN. The test specimens were cut from the residual parts of mode-I specimens 

so that a pre-crack of 35 mm was achieved. Three specimens were tested for each condition 

within the considered scenarios. In order to facilitate the optical observation of the crack tip 

and the detection of the crack propagation onset, a digital microscope was used, and a thin 

layer of white ink was applied to the longitudinal side faces of the specimen. However, the 

accurate measurement of the crack length in mode-II test is quite challenging since no beam 

opening occurs as in mode-I test, and the crack usually propagates in a complex manner, often 

via a microcracking mechanism (Blackman, 2011). 

 

 

Figure 4. 13 Photograph showing an ENF specimen under mode-II loading. 
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Both the load applied to the specimen and the crosshead displacement of the test machine 

were continuously recorded during the test. To calculate the GIIC fracture toughness energy, 

the following formula was used (Airbus,1994): 

𝐺𝐼𝐼𝐶 =
9 × 𝑃𝑐 × 𝑎𝑖𝑛𝑖𝑡𝑖𝑎𝑙

2 × 𝑑 × 1000

2 × 𝑊 × (1/4 × 𝐿3 + 3 × 𝑎𝑖𝑛𝑖𝑡𝑖𝑎𝑙
3)

 (J/m2) (4.2) 

where d is the crosshead displacement at onset of the crack propagation (mm), Pc is the critical 

load to start the crack propagation (N), a is the precrack length (mm), w is the width of the 

specimens (mm), and L is the span length. A disadvantage of the ENF test is that only an 

initiation value of the GIIC may be determined because the fracture tends to be unstable, with 

the crack growing immediately to the central loading point after initiation, i.e. to 𝑎 =

𝐿 (Blackman, 2011). 

4.6.3 Tension Tests on Scarf Specimens 

The scarfed joints were loaded under ambient conditions (25oC/48%RH) by tensile force 

using an MTS universal testing machine with a load capacity of 100 kN under a constant 

crosshead speed of 0.5 mm/min (Figure 4.14) until a final failure (separation) of the two scarfed 

adherends occurred. Tensile testing of the joint induces shear stresses in the bondline. The 

load and crosshead displacement were recorded using a computerized data logging system. 

A total of four tests were performed for each contamination scenario and the failure load was 

the mechanical property used for comparing the tested specimens. 

 

 

Figure 4. 14 Photograph showing a scarfed specimen under tensile loading. 

Additionally, after the tensile tests, the failure surfaces were examined in order to 

accurately assess the causes of adhesive joint failure (See Chapter 4.7). 
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4.6.4 Centrifuge Tests 

Up to eight samples can be measured within 5 minutes and the measured mechanical 

properties have a defined accuracy with very good precision and reproducibility. The novel 

testing is cost-efficient, fast, and reliable. In the ComBoNDT project, the information value of 

mechanical testing was increased as compared to the results obtained from the 

abovementioned standardized mechanical tests. 

The centrifuge testing principle for bonded joints is illustrated in a schematic diagram in 

Figure 4.15 (Hoffmann et al., 2018). The centrifuge test is based on the physical law of inertia 

of a body (Rietz, 2015). Due to rotation, a progressively increasing radial centrifugal force is 

applied synchronously to each of the specimens being tested. The load increase is adjusted 

through a variation of the rotor’s rotational speed. 

 

Figure 4. 15 Diagram highlighting the measurement principle of the centrifuge test. 

Across the bondline, the axial centrifugal force acts as a normal tensile force. If the applied 

load exceeds the tensile strength of the joint, a rupture occurs, and the test stamp changes its 

position within the guiding sleeve. The detachment of the test stamp from the CFRP adherend 

at the moment of rupture is automatically detected and a position-coded infrared signal is 

sent from the turning rotor, transmitting the current rotor speed as well as the rupture time 

(LUM GmbH, 2018). 

The centrifugal force Fc (N) is derived from: 

𝐹𝑐 = 𝑚 ⋅  𝜔2 ⋅  𝑟 (4.5) 

where m (kg) is the mass of the stamp, r (m) is the distance of the test stamp to the rotational 

axis, and ω (rad/s) is the angular velocity related to frequency v by: 

𝜔 = 2 ⋅ 𝜋 ⋅ 𝑣 (4.6) 
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Dividing the centrifugal force Fc (which is effective at the time of the adhesive fracture) by 

the area of the bondline A (mm2), the tensile adhesion strength σc (MPa) is derived: 

𝜎𝑐 =
𝐹𝑐

𝐴
 (4.7) 

For the preparation of the investigated joints, the composite substrates were subjected to 

contamination with the release agent, moisture, fingerprint, thermal degradation, or de-icing 

fluid before being bonded to the metallic stamp. The centrifuge tests were carried out by the 

author in IFAM’s facilities in Bremen using a LUMiFrac desktop adhesion analyzer equipped 

with a LSFR-ST: 200.42 drum rotor with up to eight testing units (Figure 4.16). The fully loaded 

rotor allows for a maximum rotational speed ω of 13,000 rpm, corresponding to a centrifugal 

acceleration of 13,715 g (LUM GmbH, 2018). 

 

a) b) 

Figure 4. 16 Photographs displaying the setup for the centrifuge test; a) the LUMiFrac desktop analyser and b) 

stamp-to-plate test specimens inside the drum rotor. 

 During the preparation of the specimens and the test, the test stamp was supported within 

the testing unit by means of a guiding sleeve to avoid the development of shear forces at both 

processes (Beck, 2012; Beck 2011). The test specimens were inserted into the detection modules 

and afterwards the loaded modules into the drum rotor by an easy plug-in procedure (Figure 

4.17). 

 

 

Figure 4. 17 Preparation of the centrifuge test specimen (Rietz et al., 2015). 
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By means of the SEPView software, the desired load-controlled testing sequence was 

realized. To achieve compatibility with conventional testing machines (in load-controlled 

mode), the increase in the rotational speed of the rotor was designed to be quadratic. 

According to equation 4.5, a square root-like increase in the rotational speed is accompanied 

by a linear increase in the centrifugal force (Beck, 2011). Subsequently, the rotor and centrifuge 

lid were closed, and the testing procedure was initiated. The duration of each test lasted from 

6 to 20 seconds on average, depending on the contamination scenario. The rupture event was 

detected online outside the centrifuge using a position-coded and rpm-correlated infrared 

data transmission from the inside of the testing units mounted in the drum rotor. 

After testing, high resolution microscopy images of the failure surfaces of both the CFRP 

adherend and the test stamp’s side were taken and examined with the aim of characterizing 

the failure patterns. 

4.6.5 Failure Surface Characterization 

The most popular approach to investigating failure mechanisms in testing of adhesively 

bonded joints is the examination of the post fractured adhesively bonded joint surface. 

Therefore, in order to accurately assess the causes of bondline failure, the fracture patterns 

were examined after the tests based on a visual inspection supported by digital photography. 

The classification, identification, and characterization of the failure mode of the CFRP bonded 

joints were conducted according to the ASTM D5573 standard (ASTM, 2005). For increased 

accuracy, a grid drawn on a clear film placed over the failure surface was used and the square 

areas showing a certain type of fracture pattern were counted, providing input to calculate 

the area percentage attributed to each failure mode. The fracture toughness of the joint 

depends on the nature of the crack initiation and propagation (Fleck et al., 1991). The main 

failure modes that were observed for the tested CFRP adhesive joints are schematically 

described in Figure 4.18: 

• Adhesive (ADH) failure, which occurs when a separation takes place at the 

adhesive/adherend interface (respectively within the three-dimensional 

adhesive/adherend interphase). 

• Cohesive (CO) failure, which results when a separation takes place within the 

adhesive. 

• Fiber-tear (FT) failure, which is perceived when a failure occurs exclusively within the 

matrix of the CFRP adherend, resulting in the appearance of fibers on both fracture 

surfaces. 

• Light-fiber-tear (LFT) failure, which follows when a failure occurs within the 

adherend, near the interface characterized by a thin layer of the matrix on the fracture 

surface with few or no fibers transferred from the substrate to the adhesive. 

• Thin-layer cohesive (TLC) failure, which is observed when the separation takes place 

within the adhesive in proximity to one adherend and not around the mid-thickness 

area of the adhesive layer. 
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Figure 4. 18 Schematic representation of the main failure modes of CFRP bonded joints observed after destructive 

mechanical testing. 

Usually, a mixed failure occurs, and symptoms of several failure modes are observed 

simultaneously for each tested joint. Finally, the directional stability, i.e. stable or unstable, of 

the cracks is another important aspect of the mechanism of crack propagation in adhesively 

bonded joints. In some cases, careful dissection of the joint was necessary to expose all the 

fractured surface, without introducing cross contamination or additional damage of the 

fractured surfaces. 

4.7 Mechanical Testing of Bulk Adhesive 

4.7.1 Tension Test 

The tensile strength and Young’s modulus of the bulk adhesive material was obtained by 

conducting tensile experiments. The measurement of the stress-strain behavior of the adhesive 

was conducted. 

The stress-strain curve of the adhesive was measured by uniaxial tensile tests on dumbbell-

shaped bulk adhesive coupons using a Tinius- Olsen H5KT universal testing machine with a 

load cell of 5 kN following the procedure prescribed by the ASTM D 638 (ASTM, 2014) 

standard. The testing was performed under ambient conditions and under a constant strain 

rate of 1 mm/min and the strain was measured using strain gauges (Figure 4.19). Care was 

used to avoid specimen misalignment and slippage within the grips. 
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 a)  b) 

Figure 4. 19 Bulk adhesive tensile tests a) testing configuration; b) fractured bulk adhesive tensile specimen. 

4.7.2 Fracture Toughness Test 

Mode-I fracture tests on bulk adhesive coupons were carried out according to the ASTM D 

5045-14 (ASTM, 2014) standard for the determination of the fracture toughness KIC and GIC. 

Single edge notched bend specimens were loaded in a three-point bending configuration 

causing the precrack to initiate and propagate. According to the ASTM D 5045-14 (ASTM, 

2014) standard, the natural precrack is created by either a razor tapping or sliding approach. 

However, due to the inherent brittle behavior of the FM 300K adhesive, such a method was 

unsuccessful since the precrack run through the entire specimen. Instead, a razor was 

mounted on the grip of the Tinius-Olsen H5KT testing machine allowing a slow and 

controlled sliding of the razor blade inside the specimen. The quality of the precrack created 

can critically affect the results obtained (Blackman, 2011). 

The SENB specimens were tested at a temperature of 23OC with a displacement rate of 5 

mm/min. The load and displacement of was recorded constantly during the testing. The stress 

intensity factor, KIC and the corresponding fracture energy, GIC, were calculated as follows 

(ASTM, 2014): 

𝐾𝐼𝐶 = (
𝑃𝑄

𝐵𝑊0.5
) 𝑓(𝑥) (4.9) 

where (0<x<1):  

𝑓(𝑥) = 6𝑥1/2
[1.99 − 𝑥(1 − 𝑥)(2.15 − 3.93𝑥 + 2.7𝑥2)]

(1 + 2𝑥)(1 − 𝑥)3/2
 (4.10) 

and  

𝐺𝐼𝐶 =
𝐾𝐼𝐶

2(1 − 𝑣2)

𝐸
 (4.11) 

where PQ is the failure load (kN), B is the specimen thickness (cm), W is the specimen width 

(cm) and a is the crack length (cm), while 𝑥 = 𝑎 𝑊⁄  and 𝑓(𝑥) = 11.17. 
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4.8 Fracture Toughness Test of CFRP Adherends 

 Mode-I interlaminar fracture toughness tests on composite adherents were conducted on 

DCB specimens following the specifications of the ASTM D 5528-13 standard (ASTM, 2013). 

The experimental procedure is similar to the one used for the mode-I fracture of the bonded 

joints. The rate was kept constant at 5 mm/min in order to minimize unstable crack 

propagation at high crosshead rates. Initially, the specimen was loaded until an increment of 

delamination crack growth of 3-5 mm was achieved. Then the specimen was unloaded and 

reloaded at the same constant crosshead speed until the final delamination length increment 

of 50 mm was reached. The load and displacement values were recorded at as many 

delamination length increments as possible at the crack initiation stage and every 5 mm at the 

propagation stage. 

The initiation mode-I fracture toughness GIC was calculated using the corrected Modified 

Beam Theory (MBT) as follows (ASTM, 2013): 

𝐺𝐼𝐶 =
3𝑃𝛿

2𝑊(𝑎 + |𝛥|)
 (J/m2) (4.12) 

where P is the load, δ is the load point displacement, w is the specimen width, α is the 

delamination length and Δ is determined experimentally by generating a least squares plot of 

the cube root of compliance C1/3 , as a function of delamination length. 

Finally, the mode-II fracture toughness of the CFRP adherends was conducted following 

the exact same procedure as described for the mode-II fracture characterization of the 

adhesively bonded composite joints (See Chapter 4.3). 

4.9 Hygrothermal Ageing 

The purpose of accelerated hygrothemal ageing is the investigation of the bonding system 

under extreme environmental conditions of temperature and moisture. The procedure given 

in the EN 2823 (DIN, 1998) standard was used to determine the effects of after-bond exposure 

of the joints and their components to a humid/thermal atmosphere on the mechanical 

characteristics of the contaminated joints. The bulk adhesive specimens, the CFRP specimens 

and the adhesive joints were exposed in an unstressed state to conditions of 70OC and 85% 

relative humidity (RH) until the moisture saturation point. The SENB bulk adhesive 

specimens were prepared to include the notch required for the testing, while all bulk adhesive 

specimens were placed in mesh-type casing to avoid their movement inside the chamber due 

to the fan speed (Figure 4.20a).The CFRP adherents and the adhesively bonded joints were 

placed inside an environmental chamber with an embedded pre-crack (Figure 4.20b), which 

was created a priori through mode-I tests conducted according to the AITM 1-006 standard 

(Airbus, 1994). 

Reference and contaminated specimens were subjected to hygrothermal ageing using an 

ESPEC SH-641 environmental chamber for a period of 64-74 days, ensuring that the saturation 
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point was reached. Constant mass was achieved for the joints when the difference between 

three successive weighings carried out at an interval of 168 h is in conformity with the formula 

below (DIN, 1998): 

|𝑀𝑗−2 − 𝑀𝑗|

𝑀𝑗
≤ 5 × 10−4 (4.13) 

where 𝑀𝑗 represents the mean weighs of the specimen at the time interval of 168 h. 

 

 a)  b) 

Figure 4. 20 Photographs showing the specimens inside the environmental ageing. a) the CFRP adherends and 

the bulk adhesive specimens; b) the CFRP bonded joints. 

During the hygrothermal ageing period, the weight of the specimens was measured on 

weekly intervals. After the hygrothermal ageing, the specimens were stored in sealed 

containers and tested under mode-II loading conditions within 72 hours according to the DIN 

EN 2823 standard (DIN, 1998). 

As a measure of the absorbed moisture, the percental normalized weight gain M (t) was 

used: 

𝑀(𝑡) = (
𝑤𝑡 − 𝑤𝑜

𝑤𝑜
) × 100 (4.14) 

where 𝑤𝑜 is the initial weight (g) and 𝑤𝑡 is the weight at exposure time 𝑡 (g). 

Fick’s law was used to define the equilibrium conditions in composite materials (DIN, 

1998). The rate of water ingress by diffusion through the joint is principally determined by the 

diffusion coefficient D that is derived from the slope of the linear part of M(t) curve as: 

𝐷 = 𝜋 × (
𝐵

4 × 𝑀∞
) × 𝑆2 (

𝑚𝑚2

𝑠
) (4.15) 

where M∞ is the water uptake at saturation (wt%), B is the specimen thickness (mm), S is the 

slope of the 𝑀(𝑡) curve (1/s0.5). 
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4.10 Statistical Analysis 

Statistics science is widely used to collect, analyze and interpret data in the best possible 

way. In this chapter, the mathematical background of the statistical methods used in this 

research are briefly explained. In all the experimental investigations, the main statistical 

approach that prescribes the calculation of the average and standard deviation of the 

experimental values was performed. Any extreme values, called outliers, were identified and 

excluded for the statistical analysis. Histograms were used to plot the average experimental 

values and standard deviation error bars for each contamination scenario and loading mode. 

In order to assist the evaluation of the experimental results, a statistical analysis was 

performed. The one-way ANOVA statistical process (Stahle & Wold, 1989) was used. ANOVA 

is a parametric method for means comparison of several groups. The null hypothesis is that 

the group means come from the same population and a significant difference between the 

means leads to the rejection of the null hypothesis. A small p-value of a magnitude < 0.05 was 

taken as the probability of rejecting the null hypothesis. 

For the ANOVA method to be implemented, the assumptions required by the statistical 

process must be met. ANOVA requires the data to be of a normal (or Gaussian) distribution 

(i.e. the plot of the experimental values against the number of samples has a bell-shaped 

symmetric shape) and the variances of the data to be homogeneous (not significantly 

different). The Gaussian distribution is described by the following function: 

𝑓𝑔(𝑥) =
1

𝜎√2𝜋
𝑒𝑥𝑝 {−

1

2
(

𝑥 − 𝜇

𝜎
)

2

} (4.17) 

where x, μ and σ denote the attribution experimental values, average values and the standard 

deviation of the sample population that can be calculated by the following functions 

 

𝜇 =
1

𝑛
∑ 𝑥𝑖

𝑛

𝑖=1
 (4.18) 

𝜎 = √
1

𝑛
∑ (𝑥𝑖 − 𝜇)2

𝑛

𝑖=1
  (4.19) 

The normality test and the Lavene’s Homogeneity of Variance test were used to check if the 

ANOVA’s assumptions are met. If these requirements are violated, then non-parametric two-

sample t-test is used which compares the means of two groups of observations. While 

ANOVA indicates whether there is a significant difference between groups, it does not 

determine which groups are different. To this end, the ANOVA method was followed by the 

Tukey's Honestly Significant Difference (HSD) post hoc test for pairwise means comparison. 

Figure 4.21 shows the process flowchart implemented for the statistical analysis of the 

experimental results. The statistical results are reported below in the style: “Statistics (degrees 

of freedom) = value, p = value”. 
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Figure 4. 21 Statistical analysis process flowchart. 
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Chapter 5 

Non-Destructive Testing 

5.1 Introduction to Recent Advances in Quality Assessment for 

Adhesive Bonding Technology 

Established NDT methods and procedures have been widely used in industrial product or 

process development and quality assurance (Noeske et al., 2020). The extensive use of CFRP 

materials in aircraft structures has led to the need of adhesive bonding of CFRP in 

manufacturing, maintenance and repair. This further emphasizes the need for reliable quality 

assurance methods to ensure the performance of adhesively joined CFRP structures. 

However, the use of adhesive bonding technology is presently limited to the joining and 

repairing of secondary structures that are not load-critical. Adhesively bonded structures that 

are not load-critical are inspected by means of conventional NDT techniques (e.g. ultrasound, 

thermography, shearography, radiography and water break test) in order to detect defects like 

pores, debonds or delamination in the joint area. However, these methods are time-

consuming, dependent on the operator and expensive drying or cleaning processes are 

required after the inspection. 

 Amongst the factors inhibiting the certification of adhesive bonding for primary aircraft 

structures is the lack of available NDT methods adequate/suitable to detect defects regarding 

the physicochemical properties of the adhesive joint, such as kissing bonds or the weakening 

of a geometrically intact bondline. So far, the predominant strategy to quality assurance of 

bonded joints is based on destructive testing with subsequent statistical analysis 

(Michaloudaki, 2005). To this end, Extended nondestructive testing (ENDT) concepts and 

methods have been developed for ascertaining the physicochemical properties that are 

important for the performance of adhesively bonded joints. The provision of quality assurance 

concepts for load-critical primary structures will support the certification and continued 

airworthiness of and allow the wider and optimal use of CFRP bonded joints, resulting in 

weight, time and cost efficiency for the aeronautic or automotive industries (Noeske et al., 

2020). 

The ENDT technologies presented in this chapter were developed by partners of the 

consortium in the framework of the ComBoNDT project for the characterization of the CFRP 

adherend surfaces prior to bonding. In section 5.2.2, a succinct description of the two of the 

most promising and successful- in terms of technology readiness level- surface sensitive 

ENDT techniques developed during ComBoNDT project (ComBoNDT, 2015) are be 

introduced. Namely, these are the Optically Stimulated Electron Emission (OSEE) which was 

developed by Fraunhofer IFAM and the Laser Induced Breakdown Spectroscopy (LIBS) 

developed by Fraunhofer IFAM in collaboration with Airbus Group Innovations. 
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Finally, the characterization of the bonded samples was performed using reference NDT 

methods, namely ultrasound inspection and computed tomography. 

5.2 Characterization of CFRP Adherend Surfaces by NDT 

Methods 

5.2.1 Conventional NDT Techniques: XPS Measurements 

Spectroscopic surface characterization was performed on the CFRP adherends before the 

adhesive bonding to verify the contamination level obtained by the contamination procedure. 

X-ray Photoelectron Spectroscopy (XPS) was used as a spectroscopic reference method, and 

XPS measurements were performed on detached and cut plates in the state “as delivered” on 

three different surface positions. 

X-ray photoelectron spectroscopy (XPS) is a widely used surface analysis method for the 

characterization of the elemental and chemical composition of a sample surface, which is 

positioned inside a vacuum system. The method offers high information content, flexibility in 

analyzing various samples and a sound theoretical background. XPS is based on the 

photoelectric effect and enables the study of the energy distribution of the photoelectrons 

emitted by x-ray irradiated compounds (Hollander 1970). Monochromatic soft x-rays irradiate 

the sample surface, and upon interaction with the sample material electrons are emitted, 

mainly from the atomic core levels. These ejected electrons have discrete kinetic energies, and 

the portion of electrons passing the electron energy analyzer are detected within the 

photoelectron spectrometer. Signal intensities are given by the number of emitted 

photoelectrons as a function of the photoelectron kinetic energy. A high vacuum environment 

is required to enable the emitted photoelectrons to be analyzed without interference from gas 

phase collisions, and in cases of electrically non-conducting surfaces special care is taken to 

control electrostatic surface charging. 

5.2.2 Extended NDT Techniques  

5.2.2.1 Optically Stimulated Electron Emission 

The Optically Stimulated Electron Emission ENDT technique was used to inspect and 

characterize the accessible physicochemical properties of the surface of the contaminated 

CFRP adherents before bonding. In principle, process integrated ENDT technologies aim to 

overcome the limitations of currently available NDT methods in order to allow a more reliable 

assessment of the surface state of CFRP adherents (Tornow et al., 2015). The results from these 

analyses will be used in the evaluation of the effects of different types of contaminations on 

the fracture toughness of the joints. 
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The OSEE ENDT technology is a surface analytical technique which relies on recording the 

photocurrent emitted from a sample illuminated with ultraviolet (UV) light, typically under 

ambient conditions. 

Concerning the principle of an OSEE measurement, concurrently 1 mm2 up to several mm2 

of the scanned sample surface is exposed to UV light of a mercury vapor lamp with prominent 

emission maxima at 4.9 and 6.7 eV. Due to the work function of the respective substrate 

surface amounting to approximately 5 eV, the latter UV emission maximum essentially 

contributes to the photoelectrons emitted from the sample surface, and emitted electrons will 

exhibit kinetic energies of less than approximately 2 eV. A nanometer information depth of 

this method is observed when investigating the surface of an electrically conductive solid 

sample covered with a film exhibiting a thickness of some nanometers. The interaction of the 

emitted photoelectrons with the ambient atmosphere is predominated by an electric field 

effective at the collector of the sensor to an extent which permits sensor-to-surface distances 

in the millimeter range during OSEE measurements. Carefully controlling the distance 

between the sensor and the surface is a prerequisite for effectively applying the set-up 

sketched in Figure 5.1. 

For mounting the substrates to be analyzed, the commercial OSEE device is provided with 

an electrically conductive and earthed moving table, on which the analyzed sample is 

positioned by movements in two perpendicular horizontal directions (x and y) under the 

sensor. The vertical distance between the sample surface and the sensor (z) is set using a 

micrometer screw attached to the holder of the sensor. In the adapted set-up used for the 

investigations the z positioning is executed with an electric motor which allows for assessing 

the surfaces of graded samples. A surface scan is then performed, with the table being 

programmed to move according to a step size and a number of steps (in both horizontal 

directions) defined by the user applying a software associated to the machine. As the scan 

advances, a photocurrent is obtained for each region of the scanned surface, and a 

dimensionless value further on denoted as the OSEE signal is indicated on a monitor. At the 

end, a digital worksheet with the emission values for the entire analyzed sample, i.e. a position 

resolved OSEE map, is presented as a result of the test performed. 

OSEE experiments were performed under ambient conditions with a Surface Quality 

Monitor SQM300. For each surface state, OSEE was used to investigate a set of three 10 cm 

wide square CFRP plates with respect to the surface state. For each sample, using a 6 mm wide 

aperture a surface scan at constant sensor-surface distance was performed, with the table 

being programmed to move according 15 steps with a width of 5 or 6 mm (in both horizontal 

directions). 
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a) b)  

Figure 5. 1 a) The components and the principle of the OSEE technique for measuring a photocurrent revealing 

the surface state of a substrate; b) The setup of the OSEE technique with an industrial robot. 

5.2.2.2 Laser Induced Breakdown Spectroscopy 

Laser induced Breakdown Spectroscopy is a method frequently used to analyze the 

elemental composition of solids, liquids and gases. A high power, short laser pulse is focused 

onto a sample causing the evaporation of a small amount of material (0.1 μg to 1 mg) and the 

formation of plasma above the surface. In the plasma, surface species are excited and then 

relaxation processes occur leading to optical emissions of the excited elements. These optical 

emissions of the species in the plasma are analyzed by a high-resolution spectrometer. The 

principle of the LIBS measurement technique is presented in Figure 5.2a while Figure 5.2b 

shows the general setup of a LIBS device. The spectral lines are used to determine the 

elemental composition of the sample. Many elements of the periodic table can be qualitatively 

detected by LIBS, whereas by using a suitable calibration, quantification may be also achieved. 

LIBS technique offers several advantages compared to conventional NDT methods. Short 

measurement times are required, while the measurements can be performed under ambient 

conditions without priory requiring sample preparation. In addition, LIBS is available as 

portable set-up that allows measurements performed on large samples and the capability to 

be incorporated into in-line applications. 

 

a)  b)  

Figure 5. 2 a) Sketch showing the measuring principle of the LIBS technique; b) LIBS measuring device setup. 

© IFAM 

© IFAM 
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LIBS measurements were performed with the LIPAN 3002 system from LLA Instruments 

GmbH, Berlin. Laser pulses from a Q-switched Nd:YAG laser (1064 nm) with a pulse width 

of 6 ns and a repetition rate of 20 Hz were used for excitation. Pulses from a second XYZ laser 

(266 nm) with a pulse width of XY were used as an additional excitation source at the same 

repetition rate. 

Spectra were analysed using an Echelle spectrometer (LLA Instruments GmbH, Berlin, 

Germany) which allows a simultaneous detection of wavelengths from 200 nm to 780 nm with 

a spectral resolution of a few pm. The spectrometer was combined with an ICCD camera 

(1024x1024 pixels). Measurements were typically done at high laser energies from 160 mJ to 

225 mJ. Control of the spectrum recording, and evaluation of spectra were performed using 

the software ESAWIN which was also developed by LLA Instruments GmbH. The software 

has a large database, which allows automated identification of many relevant atomic emission 

lines in the optical spectral region. 

5.3 Characterization of CFRP Bonded 

5.3.1 Ultrasonic Inspection (Reference method) 

Ultrasonic testing is considered a conventional NDT technique for the quality control of 

components. This technology is widely used for composite material inspection in aeronautics 

as well as in other domains. It is thus considered as a standard method by end users. 

The aim of the ultrasonic inspection was to check the integrity and quality of the produced 

bonded samples. Indeed, according to the literature, a “weak bond” is not expected to be 

detectable by conventional NDT methods. Otherwise, a common interpretation of the 

obtained data is that the bond is considered with defects (such as voids, porosity, gap-like 

disbonding) rather than as a possible weak bond. Therefore, within the framework of the 

characterization using ultrasonic testing as a reference method for the bonded samples, the 

objective was to prove that the contamination and bonding processes do not lead to such 

defects. 

The ultrasound-based inspections were performed in the Airbus laboratory using an M2M 

ultrasonic generator and a 6-axis mechanism (Figure 5.3b and Figure 5.3c). The immersion 

configuration was selected to maximize the signal quality. Samples were placed in consistent 

groups in the water tank on metal beams (Figure 5.3d). The water path for passing the 

oscillation from the sonotrodes to the sample, i.e. the distance between the probe and the 

samples, was set to 40 mm on average. Two different phased array probes were used for the 

inspection (Figure 5.3a). 
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Figure 5. 3 Overview of the ultrasonic inspection setup; a) example of a phased array probe; b) ultrasound 

generator for emission and reception; c) water tank and the 6-axis mechanism used to scan the parts; and d) 

typical placement of the samples in the water tank for the inspections. 

A-scan and B- scan ultrasonic cartographies were generated for each sample. Three main 

echoes can be observed, namely the front wall echo (with the gate or respectively obtained 

signal dataset denoted as “FWE”), bond echo (“Bond”) and back wall echo (“BWE”). All gates 

were synchronized using a synchronization gate tracking the entry echo. 

5.3.2 Computed Tomography (Extended method) 

The µ-Computed Tomography (µ-CT) was used in the ComBoNDT project by Airbus 

Group Innovations to assess the bond quality by evaluating the degree of layer porosity at the 

bond line and gathering 3D information. For the CT testing the system shown in Figure 5.4 

was used. 

 

 

Figure 5. 4 μ-Computed Tomography System for CFRP bonded samples. 

The system was especially designed for CFRP applications and for the required resolutions. 

The sample is placed on the turntable and at distinguished angles, x-ray images are obtained. 
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Based on the images the 3D data are evaluated. The research on micro computed tomography 

technique was focused mainly on the data processing and interpretation. Three coupons were 

prepared and analyzed for each level of contamination. 

The center section of the samples was tested as “regions-of-interest”. To reduce the image 

noise, three images at one angle were averaged and the number of projections was chosen to 

1600. For evaluation of the porosity degree mainly the front cutting plane images are used 

(Figure 5.5). 

 

Figure 5. 5 CT resulting images: cut from top (blue); cut from side (red); cut from front (green); 3D image 

indication the three cutting planes. 

Due to the thickness of the sample only the layer porosity (which is an important value for 

CFRP quality control) could be calculated. With a software tool the sum of the pore surfaces 

is determined. As a result, the layer porosity is calculated as follows: 

𝐿𝑎𝑦𝑒𝑟 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
∑ 𝑜𝑟𝑒 𝑎𝑟𝑒𝑎

𝐸𝑣𝑎𝑙𝑢𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎
× 100% 

 

(5.1) 
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Chapter 6 

Experimental Results 

6.1 Mechanical Testing of Bonded Joints 

6.1.1 Mode-I Fracture Toughness 

6.1.1.1 Production-related scenarios (P-XX) 

The average GIC values of the reference and contaminated samples manufactured within 

the production are compared in the histograms in Figure 6.1. The reference category samples 

denoted as P-REF exhibited the highest fracture toughness values while the experimental 

results indicate a mainly negative effect of pre-bond contamination. Specifically, the results 

for each contamination scenario are presented in detail in the following paragraphs. The large 

scatter resented in the GIC values of all contamination scenarios is attributed to the complexity 

of the adhesion mechanisms and the failure mechanisms (unstable crack propagation, varying 

failure modes) and possibly to non-uniformity of the contamination (Markatos, 2014) 

(Tserpes, 2014). 

 

 

Figure 6. 1 The average GIC values for bonded joints comprising CFRP adherends contaminated during 

production related processes. 

GIC values were decreased due to fingerprint contamination; the decrease is increasing with 

the artificial hand perspiration solution. Specifically, for P-FP-1 the average GIC value was the 

same with that of the reference joints. This indicates that a low concentration level of the FP 

contamination does not affect the performance of the bond. For P-FP-2, the average GIC was 

decreased by 8%, however the large scatter measured for this scenario hinders the deduction 
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of a safe conclusion. Finally, the high contamination level P-FP-3 the GIC fracture toughness of 

the joints decreased significantly, by 39%. These findings indicate the detrimental effect of FP 

contamination on the bond performance when the contamination concentration exceeds a 

certain threshold. 

Regarding moisture contamination, for P-MO-1, the average GIC values show an almost 7% 

increase compared to the reference category. This finding might be attributed to a 

modification of the CFRP material by a moderate water uptake, which causes plasticization 

of the polymeric matrix due to dispersing water molecules. However, in the P-MO-2 

production scenario, the average GIC value was reduced by 24%, and in the P-MO-3 by 8% as 

compared to reference value. Considering the large standard deviation observed, especially 

for the P-MO-2 samples, extrapolating a straightforward structure-property relationship 

regarding the effect of a medium or high level of moisture contamination on bondline 

integrity is hindered. In any case, observing a changed average value or a higher standard 

deviation for the findings related to the design quantity fracture toughness indicates that 

moist CFRP adherends should be considered an issue for the quality assessment of the 

resulting bonded joints. 

For the P-RA scenario, a substantial effect on the GIC was observed. For the P-RA-1 scenario, 

the average GIC values show an almost 18% reduction compared to the reference category, and 

for P-RA-2 the average GIC is reduced comparatively clearly by 20%. The large scatter of the 

GIC values of the P-RA-1 and P-RA-2 samples denotes that there is no statistically significant 

difference between the effects of the P-RA-1 and P-RA-2 contaminations; however, the 

negative effect of the release agent contamination on the fracture toughness of the bonded 

joint is evident when compared to the joints produced following the qualified process. For the 

P-RA-3 contamination scenario the fracture toughness of the joints degrades significantly, by 

43%, demonstrating the detrimental effect of the release agent on the bond performance. 

The results of the combined contamination scenario indicate a significant reduction of the 

GIC value of the bonded joints that is greater than the reduction caused by each contaminant 

separately, indicating that the combination of contaminations may be more detrimental to the 

composite bonded joints’ performance. Specifically, the GIC values in the P-RA1+FP3 and P-

RA2+FP3 scenarios decreased by 48% and 30%, respectively, compared to the reference 

category values. It is worth mentioning that a consecutive combination of the contamination 

RA2+FP3, i.e. first a contamination as for P-RA2 and then as for P-FP3, led to a smaller GIC 

reduction than the nominally lower contamination level of P-RA1+FP3. This finding may 

indicate that the interaction of a high P-RA level with P-FP3 affects the fracture toughness of 

the bondline less than the interaction of a low P-RA level with P-FP3. With both the release 

agent and the artificial hand perspiration solution resulting in filmy deposits on the CFRP 

surface upon drying, the supposed interaction between the contaminations is attributed to the 

effect that the hydrophobic and barely water-soluble release agent film exercises on the 

transfer and/or film formation of the aqueous solution, which finally dries on top of it. 
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6.1.1.2 Repair-related scenarios (R-XX) 

Subsequently, the average GIC values from the mechanical testing of joints manufactured 

according to a repair scenario are presented in Figure 6.2. The reference category samples 

denoted as R-REF exhibited the highest fracture toughness values while the experimental 

results indicate a mainly negative effect of the contamination introduced in the respective 

scenario. Specifically, the results for each contamination scenario are presented in detail in the 

following sections. 

 

 

Figure 6. 2 The average GIC values for bonded joints comprising CFRP adherends contaminated during repair 

related processes. 

In contrast to the deleterious effect of films from the artificial hand perspiration solution 

observed for joints prepared within the P-FP category, for the R-FP scenario the contamination 

with a Skydrol fingerprint seems to have a different scaling effect on the mechanical 

performance of the joint. For the R-FP-1 and R-FP-2 cases the average GIC values showed a reduction 

of 40% and 26% respectively compared to the reference joints. Although R-FP contamination 

degrades the mode-I fracture toughness of the joint, a reduced decrease in the GIC values was 

surprisingly observed for samples provided with higher contamination levels. This trend 

keeps appearing at the high contamination level R-FP-3, where GIC was increased compared 

to the low and medium contamination level and it even exceeded apparently the GIC of the 

reference category by 17%. Intuitively such a trend would hardly be expected if an 

increasingly thicker inert film with a low cohesion were formed on CFRP surfaces upon 

contact with increasingly concentrated Skydrol formulations. 

Returning to Figure 6.2 and moving on to the contamination scenario based on depositing 

residues from a drying aqueous solution of de-icing fluid onto CFRP adherends, the mode-I 

fracture toughness results indicate a detrimental effect of dried de-icer fluid on the bond 

performance as GIC is reduced for all three contamination levels. Specifically, the reduction 

reached up to 30%, 37% and 56% for the R-DI-1, R-DI-2 and R-DI-3 contamination levels, 

respectively. 
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Concerning the TD scenarios, thermal impact and degradation constitute an external 

influence on a well-characterized material rather than a contamination, e.g. by deposited 

substances. High temperatures can cause local overheating, damage the CFRP resin, and even 

affect the fiber/matrix interaction due to the differences in thermal elongation between matrix 

and fiber. The average GIC was reduced by 39%, 53% and 58% for the joints prepared following 

the R-TD-1, R-TD-2, and R-TD-3 cases, respectively, as compared to the reference category. 

However, the GIC value obtained following an exposure of the adherends to the higher 

degradation temperature (R-TD-3) was not significantly lower than that observed after an 

exposure to the temperature of the R-TD-2 scenario. Although the opposite might be expected, 

it should be noted here that in some cases (Tserpes, 2014) (Choi, 1997) (Ochoa-Putman, 2011) 

it has been reported that high temperatures can cause oxidation, especially at the surface of 

the resin, which, due to the formation of carbonyl surface groups, may even improve 

adhesion. This aspect is expected to be less relevant when comparing the effects of the R-TD-

2 and R-TD-3 scenarios because the thermo-oxidatively affected CFRP surface region had been 

removed in a grinding process prior to the bonding step. In any case, thermally affected CFRP 

adherends are clearly an issue for the quality assessment of adhesively bonded joints. 

When inspecting the GIC values of the joints with the faulty curing of the adhesive and 

comparing them with those obtained for the reference joints, it is evident that there was a 

degradation of 15-21%. Evidently, the non-proper curing of the adhesive in a joint can be very 

detrimental. Considering the rather large scatter between the fracture toughness values of the 

joints with the faulty curing of the adhesive, a significant distinction between the effects of the 

three contamination levels within the R-FC scenario was not found. 

Finally, a contamination scenario that combined the thermal impact on the CFRP 

adherends and a deposit of dried de-icer was studied and a loss of the bond quality – mirrored 

by a lower mode-I fracture toughness – was observed. Specifically, the GIC values for samples 

of the combined scenarios R-TD1+DI1 and R-TD1+DI2 decreased by 30% and 52%, 

respectively, compared to the values observed for joints from the reference category. 

Especially for the higher level of combined contamination, i.e. R-TD1+DI2, the GIC reduction 

was greater than the reduction that each contamination scenario induced separately. 

6.1.2 Mode-II Fracture Toughness  

6.1.2.1 Production-related Scenarios (P-XX) 

The average GIIC values of the samples prepared following the qualified production process 

or after intentionally introducing process deviations during production are presented and 

compared in the histogram displayed in Figure 6.3. 

As was observed for the average GIC values of the unaged specimens, the reference category 

samples exhibited the highest fracture toughness values, also with mode-II characterization. 

Implementing any of the previously described contamination scenarios during production or 

repair cases caused a decrease in the GIIC fracture toughness. The observed reduction, as 
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compared to the values found for specimens from the P-REF and R-REF scenarios, 

respectively, was always greater than the decrease of the GIC values that was observed for the 

correspondingly prepared sample sets. This finding indicates that the composite bond is more 

sensitive to contamination when loaded in mode-II (shear-induced crack propagation). 

 

 

Figure 6. 3 The average GIIC values for bonded joints comprising CFRP adherends contaminated during 

production related processes. 

Regarding the production-related fingerprint contamination scenario, a detrimental 

impact of fingerprinting the CFRP adherend surface prior to bonding in the P-FP scenario was 

observed, also for the mode-II fracture toughness. When intentionally applying increased 

contamination levels for further sample sets within this scenario, this highly significant 

adverse effect was confirmed and a further reduction of the value of GIIC was found. 

Specifically, for both the P-FP-1 and the P-FP-2 cases a reduction of approximately 61% was 

observed regarding the reference values, while for P-FP-3 the reduction reached 69%. 

The experimental load-displacement curves of the unaged specimens showed an initial 

linear behavior of the specimens followed by the region where matrix cracking started to 

accumulate at the adherents until macroscale failure of the outer layers of the adherents occurs 

as a result of compression. The crack initiation was not followed by a rapid load drop as a 

result of the small adhesive thickness compared to the adherent’s thickness. 

Clearly exceeding the effects observed the in mode-I test results, a profound impact of 

implementing the moisture contamination scenario for the adherends before bonding was 

revealed in the mode-II fracture tests. An increase of the moisture concentration in the 

atmosphere applied during the storage of the adherends even caused a further GIIC reduction. 

Specifically, a reduction by 45% and 73% compared to the reference values was observed for 

the P-MO-1 and P-MO-2 cases, respectively, while for P-MO-3 the reduction reached 93%. 

These findings clearly reveal the detrimental effect of moisture absorption on CFRP adherends 

in the mode-II fracture toughness of the adhesively bonded composite joints. Moisture 
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significantly lowers the quality of adhesion, and it also leads to a loss of performance in the 

CFRP material itself and, by extension, causes a loss of performance of the adhesive bond 

(Markatos, 2014). 

Concering the mode-II fracture toughness of specimens prepared from adherends 

intentionally contaminated by release agent, a detrimental effect on the fracture toughness 

was observed, which corresponds to the findings of the mode-I tests. Increasing the release 

agent concentration causes an even stronger GIIC reduction. Specifically, for the P-RA-1 

contamination level a reduction of the GIIC value by 37% was observed with regard to the 

reference values, while for P-RA-2 and P-RA-3 the corresponding values were 53% and 82%, 

respectively. 

Finally, it was also observed that the combined contamination with release agent and 

fingerprint resulted in a pronounced reduction of the GIIC values for the sets of bonded joints. 

The decrease in fracture toughness was greater than the reduction caused by each 

contaminant separately, indicating that the effect of successively implementing two deposit-

forming combination scenarios of contaminations may prove even more deleterious to the 

performance of bonded composite joints. Specifically, the GIIC values which were found after 

having applied the combined contamination P-RA1+FP3 and P-RA2+FP3 on the CFRP 

adherends during the manufacture of the joints were decreased by 87% and 82%, respectively, 

compared to the reference category values. As in the mode-I tests, the combination P-RA2+ 

FP3 did not lead to a more distinct reduction of the GIIC value than the P-RA1+FP3 

combination, in which a fingerprint was applied using the same diluted artificial hand 

perspiration solution but on top of a thinner release agent film. 

6.1.2.2 Repair-related Scenarios (R-XX) 

The average GIIC values of the samples prepared following the qualified repair process or 

after intentionally introducing process deviations during repair are presented and compared 

in the histogram displayed in Figure 6.4. 

Intentionally applying runway de-icing fluid to the CFRP adherend surface before bonding 

has a similar impact on the mode-II fracture toughness of the resulting joints as was observed 

in the mode-I fracture toughness testing. An increase of the de-icing fluid concentration used 

for the intentional CFRP surface contamination caused a further GIIC reduction. Specifically, 

when following the R-DI-1 scenario a reduction of 61% was observed compared to the 

reference joint’s values, while for R-DI-2 the corresponding value was 66% and for R-DI-3 the 

reduction reached 80%. 
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Figure 6. 4 Comparison of the average GIIC values for bonded CFRP joints in the repair scenarios before and after 

hygrothermal environmental ageing. 

With respect to specimens from the R-FP contamination scenario, it was observed that the 

mode-II fracture toughness of the joints was drastically reduced. Specifically, applying R-FP-

1 and R-FP-2 contamination levels caused a reduction of approximately 61%, while 

introducing R-FP-3 reduced the GIIC even further to 82% compared to the R-REF category. 

Basically, this reduction in bond strength could be attributed to the fact that the R-FP 

contamination, with the hydraulic fluid transferred by fingerprinting, led to poor adhesion 

between the adhesive and the adherend, whereby kissing bonds were formed. However, the 

observed decrease in the fracture toughness as compared to the R-REF specimens and the 

obtained adhesive fracture image contrast with the findings for the joints based on 

correspondingly contaminated CFRP surfaces that were subjected to mode-I testing and 

which, in the case of the R-FP-3 scenario, yielded increased GIC values as compared to the R-

REF scenario as well as an adhesive fracture image. Therefore, we essentially highlight once 

again that, under mode-II loading, the composite bond is strikingly more sensitive with 

respect to the applied contamination than under mode-I loading. 

Concerning joints prepared from adherends that had experienced thermal impact before 

being bonded within the R-TD scenario, an increase in the exposure temperature caused a 

further GIIC reduction (Figure 6.4). The average GIIC was reduced by 81%, 88%, and 86% for the 

R-TD-1, R-TD-2, and R-TD-3 cases, respectively, compared to the reference category. Again, 

the reduction for the R-TD-3 case was lower than for the R-TD-2 thermal degradation. The 

scatter hinders any clear distinctions to be made between the effects of applying the R-TD-2 

and R-TD-3 scenarios on the adhesive composite bond integrity. 

As in the mode-I tests, the mode-II tests revealed that the intentionally applied faulty 

curing of the adhesive within the repair scenario of CFRP joints can be detrimental to their 

resulting properties. Specifically, for the R-FC-1 scenario a reduction of 46% was observed 
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with regard to the reference values, while for R-FC-2 and R-FC-3 the reduction was even more 

drastic, amounting to 83% and 86%, respectively. 

Finally, applying the more complex repair scenario, which comprises a combination of 

thermal impact and degradation with an application of de-icing fluid contamination on the 

CFRP adherends before being bonded, results in a reduction of the GIIC value of the joints by 

80% and 83% for the R-TD1+DI1 and R-TD1+DI2 cases, respectively. These effects are greater 

than the reduction of the GIIC value caused by each contaminant separately. These findings 

indicate that monitoring effects of successively applied contaminations is a task in the quality 

assessment of adherend surfaces as well as the performance of the resulting joints. 

6.1.3 Tension of Scarf Specimens  

In this section the load displacement curves when performing a tensile testing of adhesive 

joints prepared from scarfed CFRP adherends are presented and discussed. The results 

obtained for specimens prepared following the reference scenario or by implementing distinct 

scenarios characterized by introducing contaminations during the manufacture process are 

presented in Figure 6.5. In all the contamination cases, one of the adherends was contaminated 

while the other was intentionally left in the respective reference state, a setup intended to 

replicate the real-life application of repair patches. 

 

 

Figure 6. 5 Tensile load – displacement curves of adhesive joints manufactured from scarfed CFRP adherends 

that were prepared following the reference and contamination scenarios. 

During tensile testing, it was observed that prior to the final failure (i.e. the separation of 

the two adherends), all specimens presented an initial failure revealed by a first load drop in 

the region of the load displacement curves, which corresponds to plastic deformation. This 

failure was localized at the edges of the scarfed area and is attributed to stress concentrations 

at this point as well as to edge effects. Having overcome this marginal fracture, the initial 

failure propagated along the scarfed area and led to the final separation of the two adherends. 
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Figure 6. 6 Tensile failure load comparison of adhesive joints manufactured from scarfed CFRP adherends that 

were prepared following the reference and contamination scenarios. 

For the specimens prepared following one of the contamination scenarios, all samples of 

the II-R-REF+TD1 scenario presented a higher failure load, by 22%, than the reference samples 

(Figure 6.6). Although the exposure of flat CFRP adherends to an elevated temperature 

following the R-TD-1 scenario decreased the fracture toughness tested in mode-I and mode-

II loading, such a decrease was not prominently observed in the tensile testing of the joints 

prepared from scarfed CFRP adherends. Even though heat usually damages the CFRP 

structure or causes chemical changes in the matrix, there have been reports that high 

temperatures can cause oxidation of the resin which may improve adhesion due to the 

formation of carbonyl groups at the surface (Choi, 1997; Ochoa-Putman, 2011; Tserpes, 2014). 

When implementing scenarios comprising the successive application of two contamination 

cases, the obtained results revealed that the contamination combining thermal impact and 

deposits of dried de-icing fluid had a negative effect on the mechanical performance of the 

scarfed repair joints, reducing the tensile failure load as compared to specimens prepared 

following the reference scenario. Specifically, for samples from the TD1+DI1 scenario, the 

reduction of the failure load was 29%, while for the TD1+DI2 scenario the reduction reached 

38% (Figure 6.6). 

6.1.4 Centrifuge Tests  

6.1.4.1 Production-related scenarios (P-XX) 

In this section, the effect of pre-bond contamination scenarios related to production and 

repair processes on adhesion strength between the intentionally contaminated CFRP surface 

and the adhesive layer is assessed based on investigations by means of the novel centrifuge 

testing technology. The plot shown in Figure 6.7 displays the average adhesion strength 

values, as derived from Equation 4.7 for the applied geometry used in the tests, for the 

production-related contamination scenarios. 
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Figure 6. 7 Adhesion strength values obtained upon centrifuge testing specimens of the production-related 

contamination scenarios. 

For all the intentionally implemented deviations from the qualified manufacture process 

for CFRP adherend surface preparation by applying contaminations defined for production 

scenarios, the results showed a decrease in the adhesion strength. This decrease was small for 

the low and medium contamination levels; however, for the high contamination level a more 

profound decrease was found. The lowest adhesion strength values were obtained for the 

specimens prepared following the P-MO-3 case (98% RH). The standard deviation is also 

considerable, but within acceptable limits for revealing the described trends. Remarkably, for 

all the sets of samples prepared with contaminated adherends, a significantly higher standard 

deviation of adhesion strength values was observed than for the P-REF specimens. 

6.1.4.2 Repair-related scenarios (R-XX) 

The plot shown in Figure 6.8 displays the average adhesion strength values obtained upon 

centrifuge testing specimens of the repair-related contamination scenarios. The R-REF 

samples showed a much lower adhesion strength (almost half) than that of the P-REF samples 

(Figure 6.7) and a significantly higher relative standard deviation of the measured strength 

values was found for the reference scenario R-REF as compared to in the P-REF scenario. 

These findings are attributed to the different type of adhesive used and the different curing 

conditions applied. 

Against the background, quite insignificant effects of the implemented deviations from the 

reference joining process were found. Concerning the specimens from repair-related 

contamination scenarios, (except for R-FP-1 and R-TD-1), a decrease of the adhesion strength 

was generally observed as compared to the specimens prepared following the R-REF scenario. 

In the following sections, the centrifuge test results for each contamination case will be 

presented in detail. 
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Figure 6. 8 Adhesion strength values obtained upon centrifuge testing specimens of the repair-related 

contamination scenarios. 

For the Skydrol-based R-FP scenario, there seemed to be a slight increase in the adhesion 

strength for the R-FP-1 case, while an insignificant variation in the adhesion strength was 

observed for the R-FP-2 case and a decrease of the adhesion strength for the R-FP-3 case. 

However, a robust conclusion cannot be drawn for the R-FP1-1 and R-FP-2 cases due to the 

very high standard deviation of the results for these two cases and the R-REF case. Only for 

the R-FP-3 case was there a considerable decrease in the adhesion strength by 14%. 

Bearing in mind that the TD scenario mimics effects of a thermal impact on the CFRP 

adherends, we may assume from the finding that for specimens of the R-TD-1 case a similar 

behavior in terms of adhesion is observed as for the R-REF case. In contrast, the R-TD-2 and 

R-TD-3 cases present a lower adhesion strength, and this is attributed to the degradation of 

the polymer matrix, which becomes effective in the first layer of the CFRP adherend because 

of the increased temperature. The lowest adhesion strength for this set of scenarios was 

measured for the R-TD-3 case (corresponding to one of the CFRP adherends experiencing a 

pre-bond exposure of 280οC). 

Finally, for the R-DI scenario, a detrimental effect of the presence of dried de-icer was 

revealed for the adhesion strength of the joint. Specifically, for the R-DI-1 and R-DI-2 cases, 

there is a 25% reduction of adhesion strength, while the reduction for the R-DI-3 the reduction 

is almost 36%. 

Tensile testing of butt joints in literature show a good agreement with the centrifuge 

experimental results. Specifically, Lee et al. (Lee et al., 2012), conducted tensile tests on patch 

repairs of retired aircraft parts to obtain the flatwise tensile strength. Aluminum alloy/ FM 300 

adhesive butt joint configurations yielded a fracture stress of approximately 30 MPa. 

Additionally, Suzuki (Suzuki, 1987) conducted tensile tests on joints of steel plates bonded 

with a brittle adhesive in order to determine the adhesion tensile strength. The results 

presented a brittle fracture and the tensile strength was 28.6 MPa (Ren & Nod, 2020). Finally, 

Seo & Lim (Seo & Lim, 2005) found that the tensile strength of adhesively bonded butt joint 

specimens (stainless steel adherends bonded with an epoxy adhesive) was 33.33 MPa. Based 

on the above, it turns out that the adhesion strength values measured by the centrifuge tests 
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compare very well with the adhesion strength values measured by the established and 

standardized butt joint test. 

Concluding, based on the practicality of the experimental process and the validity of the 

findings, it can be concluded that the centrifuge testing technology can be potentially used as 

a reliable testing method for the characterization of bonded joints. 

6.1.5 Failure Surface Characterization 

6.1.5.1 Mode-I samples 

The characterization of the failure mode observed for the respective fracture surfaces 

showed that adhesive failure was the dominant failure, presented at a percentage of 100% of 

the failure surface, for all the production-related scenarios regardless of the contamination 

case or level. The adhesion fracture occurred in both substrates for all production-related 

scenarios, but in a different way for each specimen (the pattern and amount of separated 

adhesive differ), contributing to the large scatter effect observed in the GIC values. 

In the repair reference R-REF samples, a mixed-mode failure was observed (Figure 6.9) 

with the dominant failure being the light-fiber-tear failure at a percentage of 50%. 
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 c) 

Figure 6. 9 Average percentages of the failure modes after mode-I testing of the a) R-FP b) R-DI and c) R-TD 

samples. 

The findings of mode-I toughness tests, which relieved a decrease of the GIC deterioration 

as the R-FP contamination concentration increases is endorsed by the failure mode 

characterization results, where an increasing CO failure mode was observed (Figure 6.9a). 

By increasing the R-DI contamination level, there is an increase in the percentage of LFT 

failure (Figure 6.9b), which is a clear sign that the presence of DI fluid degrades the tensile 

strength of the matrix. 

The dominant failure mode of the thermally impacted joints R-TD was the FT failure and 

the percentage of it was increased as the R-TD contamination level increased reaching up to 

100% for the R-TD-2 and R-TD-3 cases (Figure 6.9c). This indicates the damage caused to the 

CFRP adherents due to thermal degradation. 

6.1.5.2 Scarf samples 

In this section we present and discuss the respective fracture patterns observed when 

performing tensile testing of adhesive joints prepared from scarfed CFRP adherends. The 

failure surfaces of the joints were examined after the tensile tests in order to characterize the 

failure modes and correlate them with the tensile test results. 

 

 a)  b) 

 c)  d) 

Figure 6. 10 Representative fracture surfaces of the scarf joints after loading in tension, sorted according to the 

contamination scenario; a) R-REF; b) R-REF+TD1; c) R-TD1+DI1; and d) R-TD1+DI2. 
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Figure 6.10 depicts the representative fracture surfaces of each contamination scenario 

studied, showing the main failure modes observed in the tensile specimens.The percentages 

of the different failure modes are compared for the different sample sets in Figure 6.11. For 

the reference samples, a mixed-mode failure was observed, with the dominant failure being 

the FT failure, at 63% of the surface area, while ADH failure was observed for 37% of the 

surface area. In contrast, the tested samples prepared following the II-R-REF+TD1 case 

presented a higher amount of CO failure (30%), while FT failure and the ADH failure modes 

showed a reduction (43% and 27%) as compared to the reference samples. This change of the 

fracture pattern coincides with the increase in the failure load observed for the specimens 

prepared from scarfed adherends that had been exposed to elevated temperatures following 

the II-R-REF+TD1 scenario. This can be explained by the fact that cohesive failure requires 

greater amount of energy for a crack to develop and propagate compared to ADH failure or 

FT failure, thus presenting an increase in the failure load. 

 

 
Figure 6. 11 Average percentages of the failure modes presented after the tensile tested of scarfed joints, sorted 

according to the contamination scenario. 

Inspecting the fracture patterns obtained for the II-R-TD1+DI1 samples, the FT remained 

the dominant failure. The observed increase of the area percentage (77%), as compared to 

samples prepared following the REF scenario, indicates that the combined successive 

contamination with R-TD1 and R-DI1 had a deleterious impact mainly on the behavior of 

CFRP adherends under tensile loading. Finally, after testing the II-R-TD1+DI2 set, the FT 

failure showed a slight reduction compared to the findings for II-R-TD1+DI1. Specifically, 71% 

of the surface area with a FT failure was observed, while ADH failure increased to 29%. These 

findings indicate that the R-TD1+DI2 combined contamination affects mainly the bondline 

performance (the interphase between the adherends and adhesive). 

6.1.5.3 Centrifuge samples 

Figure 6.12 depicts representative microscope imagery revealing the different failure 

modes observed for the various samples. Meanwhile, Figure 6.13 and Figure 6.14 display the 
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evaluated average surface area percentages of the failure modes for specimens prepared 

following the different production and repair-related contamination scenarios. 

 

 a)   b) 

 c)  d) 

Figure 6. 12 Representative microscopy images revealing the failure modes of centrifuge-tested joints; a) 

ADH+FT for R-TD sample (CFRP side); b) ADH+FT for R-TD sample (stamp side); c) ADH+LFT for P-MO 

sample (CFRP side); and d) ADH+LFT for P-MO sample (stamp side). 

Considering the specimens for the production-related scenarios, all the investigated 

fracture patterns revealed ADH and LFT failure modes (Figure 6.12). The adhesive mainly 

remained on the metallic stamp, which is an indication of a stronger bond between the metallic 

stamp and the adhesive as compared to between the adhesive and the CFRP adherend. This 

stands for all cases of ADH failure here. The considerable percentage of LFT failure mode 

(~30%) presented in the reference joints is also an indication of a bond that is stronger that the 

laminate itself. 

Regarding the failure modes of the P-RA contaminated joints, there is an increase of ADH 

failure and a decrease of LFT failure compared to the P-REF joints (Figure 6.13a). This 

transition is due to the weakening of the adherend/adhesive bond. However, a safe conclusion 

about the effect of each contamination level on the failure modes cannot be drawn from the 

variation of the average percentages of the failure mode. 
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Figure 6. 13 Average surface percentage for the different failure modes of the centrifuge-tested samples a) P-RA, 

b) P-MO, and c) P-FP. 

Observation of Figure 6.13b reveals that moisture absorption leads to the increase of ADH 

failure and to the decrease of LFT failure mode. This is an indication for the weakening of the 

CFRP/adhesive bond due to presence of moisture on the CFRP’s surface. 

Similar conclusions are drawn for the P-FP scenario for the type and percentage of the 

failure modes. The only difference between the P-MO and the P-FP scenarios is that the 

decrease of adhesion strength is smaller for the P-FP scenario (Figure 6.13c). 

The percentages of the failure modes in Figure 6.14a reveal a similar failure behavior for 

the R-FP-1 case and the R-FP-2 and R-FP-3 cases, namely a decrease of the LFT failure and an 

increase of the ADH – which is an indication of a weak bond – and TLC failure modes. 

The findings of the failure mode characterization for the R-TD-1 contaminated joints 

presented a similar behavior as for the R-REF joints (Figure 6.14b). In contrast, the R-TD-2 and 

R-TD-3 cases present FT failure mode which confirms the polymer matrix has been degraded 

in the first layer of the CFRP adherend because of the increased temperature. The FT failure 

increases drastically as the temperature increases, reaching up to 83% of the failure surface for 

the R-TD-3 contamination level. 
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 a) 

 b) 

 c) 

Figure 6. 14 Average surface percentages of the different failure modes for the a) R-FP b) R-TD and c) R-DI 

centrifuge samples. 

Finally, for the R-DI scenario, the failure mode percentages (Figure 6.14c) showed that an 

increase in the DI concentration causes an increase of the ADH failure mode, as the deposition 

of a thin layer by the de-icer acts as a barrier during the bonding of the adhesive and the CFRP 

adherend. However, in contrast to the adhesion strength, there is not a clear differentiation 

regarding the failure mode percentages between the different concentrations of the dried de-

icer. 

6.2 Hygrothermal Ageing Tests 

6.2.1 Effect of ageing on bulk adhesive properties 

Aiming to support the evaluation of the effects of ageing on the fracture toughness of the 

composite bonded joints, the effects of ageing on the bulk mechanical properties of the 
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adhesive FM 300K have been additionally characterized by tension tests and fracture 

toughness tests. 

Figure 6.15 shows typical weight gain curves of bulk adhesive specimens. The weight gain 

is around 1.25% for the SENB specimens and 1.42% for the tension specimens. Figures 6.16 a) 

and b) compare the Young’s modulus and tensile strength of the reference and aged adhesive 

specimens, respectively. As shown, there is a small increase of both bulk properties, which 

reveals a zero or slightly negative effect of the ageing on the adhesive. 

 

a) b) 

Figure 6. 15 A typical weight gain versus time curve of (a) SENB specimen and (b) tension specimen. 

a) b) 

Figure 6. 16 a) Young’s modulus and b) tensile strength of the reference and aged adhesive specimens. 

Contrary to the tensile properties, ageing has a negative effect on the fracture toughness of 

the adhesive (12% decrease in KIC) as can been seen in Table 6.1. 

Table 6. 1 Effect of ageing on the KIC of the adhesive. 
 

KIC (MPa*m0.5) 

Aged 3.31 ± 0.08 
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6.2.2 Effect of ageing on fracture toughness of CFRP samples 

Figure 6.17 shows typical weight gain curves of the CFRP specimens. The weight gain is 

around 0.85%. 

 

a) b) 

Figure 6. 17 Typical weight gain versus time curve of a) Mode-I CFRP specimens and b) Mode-II CFRP 

specimens. 

 

The effect of ageing on the fracture toughness of the CFRP specimens, measured in terms 

of GIC (initiation and propagation) and GIIC is presented in Figure 6.18. As shown, there is a 

significant decrease of fracture toughness due to water absorption (11.6% for GIC initiation, 

21.4% for GIC propagation and 16.53% for GIIC). 

 

 a)  b) 

Figure 6. 18 Comparison of a) the GIC initiation and propagation values and b) the GIIC values between the 

reference and aged CFRP samples. 

6.2.3 Water absorption of CFRP bonded joints 

Figure 6.19 plots the percentage normalized weight gain M (t) with regard to exposure time 

t for the different fingerprint contamination levels for both the production and the repair. Two 

main regions are evident, namely the linear region (corresponding to the rapid increase of the 

moisture content) and the plateau (corresponding to the material’s tendency towards 

saturation). 
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The diffusion parameters derived using Equations 4.3 and 4.4 for the different cases are 

listed in Table 6.2. The final water uptake was between 0.52% and 0.60%, similar for all cases 

which was expected since the fingerprint covers a small area of the adherent compared to the 

total water absorption area of the joint. 

 

a) b) 

Figure 6. 19 Variation of normalized weight gain, M (t), with regard to exposure time, t, as a result of the 

hygrothermal ageing for a) the P-FP and b) R-FP contaminated joints. 

The diffusion coefficient D can be used to compare the diffusion rate within the material 

system. For the FP contamination cases the D coefficient was similar between the 

contamination levels as well as in comparison to the reference case, which was expected since 

the percentage of the contaminated area is small compared to the total sample area. 

Table 6. 2 Moisture diffusion parameters of the P-FP and R-FP contaminated joints. 

Scenario M∞ (%) D (mm2/s) ×10-6 

A-P-REF 0.572 0.3303 

A-P-FP-1 0.518 0.3989 

A-P-FP-2 0.626 0.3205 

A-P-FP-3 0.522 0.3599 

   

A-R-REF 0.568 0.3931 

A-R-FP-1 0.540 0.3613 

A-R-FP-2 0.568 0.4262 

A-R-FP-3 0.591 0.3138 

 

The weight gain achieved with the hygrothermal ageing conditions 70 OC and 85% RH was 

0.49-0.71%. Both the moisture absorption data obtained by the experiment and the subsequent 

statistical analysis performed on the reference and contaminated joints-production and repair- 

showed no significant differences in the absorbability of the contaminated joints compared to 

the reference ones, indicating that the diffusion parameters of the joint are not affected by the 

contamination. The moisture absorption data of the rest of the contaminated joints are 

presented in APPENDIX A. 
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6.2.4 Effect of ageing on GIIC of pre-bond contaminated CFRP bonded 

joints 

The combination of a pre-bond contamination of adhesive composite joints and after-bond 

exposure to hygrothermal ageing leads to a drastic reduction of the GIIC (Figure 6.20 and Figure 

6.21). In the majority of the investigated scenarios, the effect of applying the combination of 

pre-bond contamination and after-bond long-term hygrothermal ageing to a set of bonded 

joints is more severe than the effect of applying either of the two scenarios separately. 

 

 

Figure 6. 20 The average GIIC values for bonded joints comprising CFRP adherends contaminated during 

production related processes. 

The drastic reduction of the GIIC values ascertained when comparing the findings for sets 

of aged and unaged CFRP joints coincides with the fact that the onset of crack propagation 

was observed at the side of the specimen where the moisture concentration and thermal effect 

are higher (Mubashar, 2011). Additionally, the crack propagation occurred near the adhesive 

region, and diffusion through the adhesive is regarded as the primary access route for 

moisture to enter a joint (Bowditch, 1996). 
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Figure 6. 21 Comparison of the average GIIC values for bonded CFRP joints in the repair scenarios before and after 

hygrothermal environmental ageing. 

For example, the ageing procedure resulted in a reduction in the mode-II fracture 

toughness of the R-REF samples by 62% compared to the unaged repair reference scenario 

(Figure 6.21). Additionally, for all the aged specimens of any of the applied contamination 

scenarios, the observed GIIC values of the aged samples were drastically reduced for all 

contamination levels compared to the respective unaged reference REF category. 

Surprisingly, it was observed that there were some sets of joint specimens for which the GIIC 

values after the hygrothermal ageing were higher than for the respective set that was 

destructively tested before ageing, namely for the sample sets prepared following the P-MO-

3, R-FP-3 and R-FC-3 scenarios. We attribute this finding of increased fracture toughness after 

hygrothermal ageing to a plasticization caused by the swelling of the adhesive layer and the 

CFRP matrix due to a specific water uptake. Additionally, that the Skydrol contained in the 

R-FP series is known to react with the water from the environmental chamber, producing 

phosphoric acid (Moutsompegka et al., 2019). Discriminating between such effects or deriving 

more detailed insights into effects caused by a reversible water uptake, e.g. a plasticization of 

polymeric material, or by irreversible chemical reactions with moisture, e.g. the hydrolysis of 

phosphoric acid esters, might be possible if re-dried aged specimens were investigated in 

addition to unaged and aged specimens. 
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6.3 NDT Results 

6.3.1 Characterization of CFRP Adherend Surfaces 

6.3.1.1 Conventional NDT Techniques: XPS Measurements 

As described in Chapter 3, in order to prepare the clean reference samples from the 

delivered CFRP plates, a thorough cleaning procedure was followed to remove any 

contaminations or residues remaining from the manufacturing process. Each step was 

monitored using x-ray photoelectron spectroscopy (XPS) analyses to measure the amount of 

release agent on the plate surface and the results are presented in Table 6.3: 

1. The XPS measurements performed on the “as delivered” plates on three different 

positions showed an inhomogeneous distribution of Si-containing release agent on 

the CFRP surface. 

2. After the first cleaning step, the XPS results for the cleaned plates showed that pre-

cleaning with IPA was effective since the amount of release agent on the CFRP 

surface was reduced to 0.5-1.4 at% which indicates an amount of release agent 

material that can easily be removed by a subsequent abrasive grinding step without 

significant smudging. 

3. After the second cleaning step, further XPS measurements showed that a small 

amount of silicone remained on the surface 

4. Finally, the samples coming from the last cleaning step showed a very clean surface. 

Table 6. 3 XPS results for the CFRP sample plates at the cleaning steps. 

CFRP Plates Condition Si (at%) 

CFRP “as delivered” sample plates 5.3 ± 1.3 

CFRP sample plates after IPA cleaning 0.9 ± 0.5 

CFRP sample plates after IPA cleaning and slight grinding 0.3 ± 0.2 

CFRP sample plates after IPA cleaning and two slight grinding steps with 

cleaning in between 

0.1 ± 0.04 

For the release agent contamination scenario, the first and last dip-coating samples for each 

dip-coating contaminant solution were used for the XPS measurements; these were conducted 

on three positions (top, middle, bottom) on each sample. Based on the results of the XPS 

measurements, samples with the final average concentrations of Si onto the CFRP surface 

were obtained for each contamination scenario as shown in Table 6.4. 

Table 6. 4 Average concentration of Si on CFRP surfaces as obtained by XPS for the P-RA. 

Scenario Si (at%) 

P-RA-1 3.2 ± 1.0 

P-RA-2 5.1 ± 0.7 

P-RA-3 6.2 ± 0.3 
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For the production fingerprint contamination, three samples for each P-FP concentration 

were analyzed using XPS. Based on the results of the XPS measurements, samples with the 

final average concentrations of Na and Cl onto the CFRP surface were obtained for each 

contamination scenario as shown in Table 6.5. 

Table 6. 5 Average concentrations of Na and Cl on CFRP surfaces obtained by XPS for the P-FP scenario. 

Scenario Na (at%) Cl (at%) 

P-FP-1 0.2 ± 0.1 0.5 ± 0.3 

P-FP-2 0.5 ± 0.1 0.9 ± 0.0 

P-FP-3 0.7 ± 0.1 1.1 ± 0.2 

 

Since the de-icer used for this contamination scenario contains potassium formate, the 

potassium content on the surface was taken as a measure for the degree of de-icing 

contamination. Dip-coating of the final R-DI contaminated samples was performed using 

solutions of 2%, 7% and 10% de-icer in demineralized water. Based on the results of the XPS 

measurements, samples with the final average concentrations of potassium onto the CFRP 

surface were obtained for each contamination scenario as shown in Table 6.6. 

Table 6. 6 Average concentration of potassium on CFRP surfaces for the DI contamination scenario. 

Scenario K (at%) 

R-DI-1 6.4 ± 1.8 

R-DI-2 10.9 ± 2.3 

R-DI-3 12.0 ±1.4 

 

The Skydrol contained in the repair fingerprint contamination scenario has the tendency 

to spread over the CFRP surface, therefore no clear fingerprints could be visually observed 

after a while. As a result, XPS measurements were not conducted for this contamination 

scenario since the oil evaporates in the vacuum chamber. 

6.3.1.2 Extended NDT Techniques 

Optically Stimulated Electron Emission 

For the production scenario, three different scenarios were investigated, namely the P-RA, 

P-FP, P-MO, and P-FP3+RA, and the respectively obtained OSEE results were compared to 

the reference surface state of production samples (P-RE). With the instrumental settings 

applied, an average OSEE intensity of 754 ± 152 a.u. was obtained for the P-REF adherends. 

Subsequently, plots showing the average OSEE intensity in comparison to the one obtained 

for P-RE are displayed for the production-related contamination scenarios (Figure 6.22). 
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a) b) 

c) 
d) 

Figure 6. 22 Average OSEE intensities obtained upon inline investigation of contaminated CFRP adherend 

surfaces with a) P-RA, b) P-MO c) P-FP and d) FP3+RA contaminants. 

As may be inferred from Figure 6.22, clear detection of P-RA, P-FP and P-MO is successful. 

It is worth mentioning that for the P-MO-3 results, the average OSEE intensity was increased 

surpassing value of the reference adherends. However, OSEE is not able to differentiate 

between the levels of contamination since the large scatter presented hinders the deduction of 

a clear differentiation amongst them. 

For the repair scenario, four different scenarios were investigated and the respectively 

obtained OSEE results were compared to the reference surface state of repair samples (R-REF), 

namely the R-DI, R-FP, R-TD and the combined contamination R-TD1+DI. Figure 6.23 plots 

the average OSEE intensity in comparison to the P-REF values. 

With the instrumental settings applied, an average OSEE intensity of 739 ± 106 a.u. was 

obtained. Τhe thermal degradation level R-TD-1 within the R-TD scenario cannot be clearly 

detected and differentiated from the surface state corresponding to R-RE. Moreover, the six 

samples corresponding to the surface states R-TD-2 and R-TD-3 were not investigated by 

OSEE due to their visually perceivable strong deformation. 
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a) b) 

c) 

 
d) 

Figure 6. 23 Average OSEE intensities obtained upon inline investigation of contaminated CFRP adherend 

surfaces with a) R-TD, b) R-FP, c) R-DI and d) FP3+RA contaminants. 

It is observed that all the surfaces corresponding to the R-FP-1, R-FP-2, and R-FP-3 

contamination levels within the R-FP scenario can be clearly detected and differentiated from 

the surface state corresponding to R-REF. Additionally, whilst it cannot be observed a 

differentiation between the R-FP-1 and R-FP-2 levels, the R-FP-3 level is clearly detected and 

differentiated from the low and medium levels of R-FP contamination. 

Regarding the R-DI scenario, the surface states corresponding to contamination levels 

R-DI-2, and R-DI-3 within the R-DI scenario can clearly be detected and differentiated from 

the surface state corresponding to R-RE. However, the surface state of the sample with level 

R-DI-1 cannot be differentiated from the one of the R-RE sample with the OSEE settings 

applied. 

Moreover, within the repair scenario OSEE results for surface states corresponding to R-RE 

were taken for being compared with OSEE results obtained for sample surfaces exhibiting 

combined contaminations following the scenario R-TD-1+DI1 and the scenario R-TD-1+DI2. 

The sample surface states comprising combined contaminations can clearly be detected and 

can be differentiated from the surface state corresponding to R-RE. Somewhat remarkably, 

the surface states of samples within the scenario R-TD-1+DI1 can be differentiated from the 

ones of R-RE samples, in contrast to samples prepared following the scenario R-DI-1 or the 

scenario R-TD-1. 

Finally, the scarfed adherends were also attempted to be tested using the OSEE method. 

However, due to the sensitivity of the method the signal from the contamination is overlaid 
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by the strong signal changes originating from the thickness variations of the scarfed 

substrates. Therefore, the OSEE technique is not suited for measurements on this scarfed 

CFRP surface. 

Laser Induced Breakdown Spectroscopy 

Meaningful statistics and correlation analyses could be derived for the full set of 

experiments. Measurement variations in the data are mainly due to the complex interaction 

of the laser beam with the contaminated surface which impacts the generation of the plasma.  

It was shown that surface contaminants containing the elements Na, K, P and Si can be 

detected reproducibly on CFRP surfaces and that the LIBS-signal correlates with the level of 

contamination as determined by reference methods in favorable cases. In the case of P-FP in 

it was shown that the method is capable of reproducing the spatial variability of the 

contamination regardless of the presence of other contaminants such as a release-agent. 

 

a) b) 

Figure 6. 24 Average relative LIBS intensity of the a) P-RA and b) P-FP contaminated surfaces correlated to the 

XPS results. 

Based on production scenario detection of RA, and P-FP is possible and able to differentiate 

between different levels of these contaminations (Figure 6.24). P-MO scenario was a difficult 

case for the LIBS-technique due to the lack of elemental contrast measurable because of the 

water absorption. Concerning the repair scenario, the technique can detect the R-FP and R-DI 

and differentiate different levels of these contaminations (Figure 6.25). The main limitation of 

this technique is the unavailability of a handheld sensor. R-TD scenarios was also a difficult 

case for the LIBS-technique as there was no tracer element in this scenario which could be 

used for detection. Meaningful correlations for these P-MO and R-TD types could not be 

derived. 
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a) 
b) 

Figure 6. 25 Average relative LIBS intensity of the a) R-FP and b) R-DI contaminated surfaces correlated to the 

XPS results. 

For the P-FP3+RA combined contamination, Figure 6.26a shows the good correlation of 

LIBS results (Si/C) with the XPS results (Si). The Si/C ratio increases with increasing release 

agent concentration on the CFRP surface. We can clearly detect the low release agent 

concentration (compared to a clean reference sample) and distinguish it from the higher 

release agent concentration. The fingerprint contamination is not spread over the entire 

sample (as it is the case for release agent) but is located somewhere in the middle of the 

samples. 

For the R-TD1+DI combined contamination, the LIBS results correlate well with the XPS 

results for K concentration on the surface as shown in Figure 6.26b. A clear detection of DI in 

comparison to the reference sample is shown. Also, the two contamination levels can be 

differentiated. 

 

a) b) 

Figure 6. 26 Average relative LIBS intensity of the a) P-FP3+RA and b) R-TD1+DI combined contaminated 

surfaces correlated to the XPS results. 
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6.3.2 Characterization of CFRP Bonded Joints by Reference Methods 

6.6.2.1 Ultrasonic Inspection  

The resulting joints manufactured from intentionally contaminated adherends were 

inspected using conventional NDT. The objective was to make a statement on the sample 

quality as well as on the weak bond status. All the samples were investigated using two 

different probes (5 MHz and 10 MHz). For the contaminated coupons and the multi-

contaminated flat samples, three different kinds of defects were observed: 

1. Manufacturing defects with a marginal impact on the use of the sample for ENDT 

evaluation, e.g. bending of the bonded joints presented at the R-REF and R-TD scenarios, 

adherend surface quality issues resulting in surface defects especially on the edges of 

the joints. 

2. Minor deviation from the ultrasound reference signal in the case of moist CFRP samples 

or sample surfaces contaminated by fingerprints (including multi-contaminated 

specimens). This effect could be due to contamination if only compared to the reference 

signal, but no further proof has been found so far. 

3. Contamination-induced defects such as debonding (in faulty curing scenario) or 

delamination (in thermal degradation scenario). In the R-FC contaminated joints, the 

regions showing the effects of debonding were evidenced in the middle of the joint and 

their size varied from 1-5 cm. For the thermally degraded joints, considerable sized 

delamination was located on the first composite layer, i.e. the one that has been 

thermally affected. In these cases, the state of the joint of the samples cannot be 

considered as presenting as a weak bond but rather as a bond with defects. 

Concluding, the status of weak bonds could be confirmed for most of the samples. 

6.6.2.2 Computed Tomography 

Due to the thickness of the sample only the layer porosity (which is an important value for 

CFRP quality control) could be calculated for the joint coupons. Therefore, a threshold level 

representing the surface pore to adhesive was iteratively chosen. 

 

 

Figure 6. 27 Degree of layer porosity for the production-related contamination cases as revealed by CT. 
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Figure 6.27 shows the average porosity area for the production-related contamination 

scenarios as it was calculated from equation 5.1, while Figure 6.28 shows some representative 

CT images. The porosity area values range from 0.9% to around 4%. 

 

 a)  b)  

  c)      d) 

Figure 6. 28 Representative CT images for each one of the three samples analysed for the production-related 

scenarios: a) P-REF, b) P-RA-3, c) P-MO-3 and d) P-FP-3. 

The average porosity area and representative CT images for the repair-related 

contamination scenarios are presented in Figure 6.29 and Figure 6.30. The bond lines of the R-

REF samples contained porosity below the evaluation limits. Thus, no degree of layer porosity 

could be evaluated (Figure 6.30a). The porosity area values for the contaminated joints range 

from 0.3% to around 4%. 

 

 

Figure 6. 29 Degree of layer porosity for the repair-related contamination cases as revealed by CT. 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

R-REF R-DI-1 R-DI-2 R-DI-3 R-TD-1 R-TD-2 R-TD-3 R-FC-1 R-FC-2 R-FC-3

P
o

r
o

si
ty

 A
r
e
a

 (
%

)



Chapter 6  117 

 a)  b) 

 c)  d) 

Figure 6. 30 CT images for each one of the three samples analysed for the for the repair-related scenarios: a) R-

REF, b) R-TD-1, c) R-DI-1 and d) R-FC-1. 

The CT testing was also performed on the scarfed joints. On the CT images the slop of the 

adhesive bonding and the porosity at the area of the bonding were visible. The R-REF scarf 

joints showed a high degree of porosity, which is a greater porosity level compared to the 

reference R-REF coupon joints (Figure 6.31). The resulting CT evaluations for the R-TD1+DI1 

mixed contamination case showed again porosity within the bond line and the pores are 

clustered. Finally, similar indications were displayed for the R-TD1+DI2. Due to the high 

degree of pores it is not possible to distinguish among the samples with different mixed 

contaminations regardless of repair or production case. 

 

 

Figure 6. 31 CT images for the R-REF scarf joints (upper left: cut from top; upper right: cut from right/side; lower 

left: cut from front; lower right: 3D display). 
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Summarizing, with μ-Computed Tomography it is possible to evaluate the layer porosity 

of the bond lines of the repair and production cases. This includes the size, the layer porosity 

degree, and the position. Specifically: 

• The single pores of the different production cases can mainly be detected close to/or 

inside the adhesive spacer mesh. 

• The single pores of the repair cases can mainly be detected along the fibers within the 

bond lines. 

• The pores of both cases differ from each other due to the different properties of the bond 

lines. 

• The pore distribution among the three same samples of each application case was 

varying. This is properly because the samples were cut out of on plate with 

heterogeneous distribution of pores. 

• A relation of degree of layer porosity and the different intensities (low, medium, high) 

as well as among the cases was not possible. This is due to the distribution of the pores. 

•  The reference and mixed contaminated scarf joints presented a very high degree of 

porosity, rendering impossible the distinguishing among the joint categories. 

• Due to the CT-physics the detection of “kissing bonds” or weak bonds caused by 

missing of adhesion between CFRP and adhesive is not possible. The exception is, if 

there is a gap. 

6.4 Synopsis of Experimental Results 

The effect of the presence of various single or combined pre-bond contaminants on the 

adherend surfaces on the mechanical behavior of adhesively bonded CFRP composite joints 

was investigated. Three different levels of each contamination were considered for each 

production- and repair-related scenarios. Prior to bonding, the CFRP adherends were 

inspected by IFAM using XPS analysis as well as the OSEE and LIBS ENDT method which 

allowed to quantitatively assess the physicochemical variations at the contaminated surfaces 

applying a full range sweeping and process-integrated monitoring. 

The reference CFRP adherends and the bulk adhesive for the production related scenario 

were destructively investigated using mode-I and mode-II fracture toughness tests as well as 

tension tests. The bonded joints were experimentally characterized using mode-I and mode-

II fracture toughness tests and the novel centrifuge testing. Additionally, ultrasound 

inspection and computed tomography NDT methods were utilized by Airbus Group to 

evaluate the presence of defects on the bondline of the bonded joints. 

Moreover, the effect of the combined pre-bond contamination of the adherend and after-

bond hygrothermal ageing of the bonded joint under the conditions of 70oC/85% RH was 

studied conducting hygrothermal ageing on already contaminated joints and subsequent 

mode-II tests on the aged joints. 
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Finally, ANOVA statistical analysis of the results derived from each of the above 

experimental series was used to assist the evaluation and the deduction or reliable 

conclusions. 

In the following paragraphs, a summary of the non-destructive and destructive test results 

is given categorized by each contamination scenario, in order to give an overall and spherical 

preview on the effect of the contamination on the performance of adhesively CFRP bonded 

joint. 

The non-destructive testing of the CFRP adherends prior to bonding were able to detect 

many of the contamination scenarios, while the non-destructive testing of the bonded joints 

revealed a significant degree of defects such as contamination-induced delamination or large 

porosity area percentage. 

For each of the investigated disturbances, a significant effect on the resulting CFRP 

composite joint strength was found for at least one level of contamination applied during the 

bonding process. Specifically, the reference category exhibited the highest fracture toughness 

values, while for almost all cases, except from R-FP-3, the presence of the contaminant proved 

to be detrimental for the fracture toughness of the joints. The higher the contamination level, 

the higher the decrease of the joints’ performance. The above results were also endorsed by 

the ANOVA statistical analysis, as the mean experimental GIC and GIIC values for each 

contamination scenario yielded a statistically significant difference compared not only to the 

reference material but in many cases also compared to each contamination level, i.e. a 

differentiation of the effect of each contamination level on the mode-I and mode-II fracture 

toughness of the joints was statistically achieved. However, in some cases only the high level 

of contamination yielded a statistically significant fracture toughness reduction compared to 

the reference joints. This was more evident for the mode-I fracture toughness results as a result 

of the large scatter inherent to these types of tests. 

A combined contamination results in a reduction of the fracture toughness of the bonded 

jointed that is greater than the reduction caused by each contaminant separately, indicating 

that a combination of contaminations may be more detrimental to the composite bonded 

joints’ performance. 

Additionally, a novel test was used that is both time and cost-efficient, namely the 

centrifuge test, whereby the adhesion strengths of all the bonded joints were measured. 

Besides the rather large scatter presented in some scenarios, in almost all contamination 

scenarios, except for R-FP-1 and R-TD-1, there was a decrease of the adhesion strength. By 

evaluating the centrifuge test’s experimental process and results it can be concluded that the 

centrifuge testing technology has great potential to be established as a test method for the 

characterization of bonded joints as it is a fast testing process that generates repeatable tests 

capable of describing the strength of the joints. 

In order to evaluate the combined effect of the pre-bond contamination and after-bond 

exposure to hygrothermal environment on the mode-II fracture toughness of CFRP bonded 

joints, the contaminated samples underwent ageing inside an environmental chamber. 

Mostly, there was a negative effect of the contamination. After-bond hygrothermal ageing 
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significantly degrades the mode-II fracture toughness of the composite bonded joints. The 

decrease is larger for the contaminated samples, which reveals that the combined effect is 

more severe than that of the two effects separately. However, the moisture absorption data of 

the reference and contaminated joints did not differ. Moreover, the mode-II load-

displacement curves of the aged and unaged samples did not show any significant difference 

between the two conditions. The comparison of the strength of the bulk adhesive in the 

reference state and after hygrothermal ageing revealed no significant effect on the bulk 

adhesive material; something that was expected as the adhesive used in the present work are 

moisture resistant. On the contrary, the hygrothermal ageing was detrimental for the CFRP 

samples due to water absorption. These findings lead to the conclusion that the combined 

effect of the pre-bond contamination and after-bond exposure to hygrothermal environment 

affect mainly either the CFRP adherend or/and the interface between the adhesive and the 

adherend. 

Furthermore, the results of the tensile mechanical testing revealed the effect of each 

contamination scenario in the tensile performance of the scarfed samples. A single 

contamination of an adherend with TD-1 proved to be beneficial since the sample presented 

a higher failure load than the reference samples. This was attributed to the enhancement of 

the matrix properties due to its oxidation and the formation of carbonyl groups at the surface. 

However, the negative effect of the combined contamination was also demonstrated. 

In total, 340 test coupons were tested using mode-I and mode-II fracture toughness tests, 

while 136 samples were tested using centrifuge and tensile tests and 16 bulk adhesive samples, 

resulting in a total of 492 tested specimens. 
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Chapter 7 

Numerical Simulation 

7.1 Simulation of debonding: The CZM method 

Two main fracture mechanics-based numerical approaches are mainly used for simulating 

the fracture behavior of adhesively bonded joints: the Cohesive Zone Modeling (CZM) 

method and the Virtual Crack Closure Technique (VCCT). 

CZM method is widely used to model the fracture behavior of composite bonded joints 

subjected to complex loading conditions. This approach is associated to interface elements 

and enables the prediction of the crack initiation and crack growth (Ochsner et al., 2008). 

Specifically, this approach is directly applicable to interfacial failure and certain forms of 

adherend failure (Crocombe et al., 2008). In contrast to the VCCT method, the CZM method 

offers the capability to perform crack growth simulation without prior assumptions about the 

crack location, size and direction. However, CZM is mesh dependent and requires many input 

parameters that sometimes may be difficult to accurately calculate experimentally. 

VCCT on the other hand, has the advantage of ease of use in terms of crack growth by 

means of the energy release rate and the capacity to implement various fracture criteria (Floros 

et al., 2015). The method assumes that, when a crack extends the energy released during this 

process is equal to the work necessary to close the crack to its initial length before propagation 

(Irwin, 1958). Additionally, VCCT is a mature method since it has been used in numerous 

applications in metals. 

For the analysis, the linear elastic/linear softening (bilinear) traction-separation law was 

adopted. The CZM is implemented via either a zero-volume or a finite volume element where 

the traction between two nodes follows the curve shown in Figure 7.1a which describes the 

constitutive law for the tension loading and separation of the adherends in the normal 

direction (mode-I). The first region (until point 1) corresponds to the elastic part of the 

material’s response. In this region, the material remains undamaged and the unloading at 

point 1 follows the elastic line. The region from point 1 to point 2 represents the material 

softening (damage growth) area. Once the loading has progressed beyond point 2, the 

material has suffered some damage (damage parameter is greater than zero but less than one), 

however, there is no adherend separation yet. This occurs at point 2, where the adherends 

separate permanently (damage parameter has reached unity). The total area under the triangle 

represents the energy required to debond the adherends and is known as the fracture energy. 
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   a)  b) 

Figure 7. 1 Schematic representation of a) the bilinear traction-separation law for the mode-I load case and b) the 

bilinear traction-separation law for the mixed mode load case (Floros et al., 2015). 

The mixed-mode behavior is described by the mixed-mode bilinear traction shown in 

Figure 7.1b. The ultimate displacements in the normal and tangential directions are the 

displacements at the time when the material has failed completely, i.e., the tractions are zero. 

The linear stiffness for loading followed by the linear softening during the damage provides 

an especially simple relationship between the energy release rates, the peak tractions, and the 

ultimate displacements: 

𝐺𝐼𝐶 = 𝑇 ∙
𝛿𝐼

𝐹

2
 (7.1) 

𝐺𝐼𝐼𝐶 = 𝑆 ∙ 𝛿𝐼𝐼
𝐹/2 (7.2) 

The subscripts I and II refer to the normal and shear, as before, and the subscript C refers 

to “critical”. In this cohesive material model, the total mixed-mode relative displacement 𝛿𝑚 =

√𝛿𝐼
2 + 𝛿𝐼𝐼

2  where δ1=δ3 is the separation in normal direction (mode-I) and 𝛿𝐼𝐼 = √𝛿1
2 + 𝛿2

2 is the 

separation in tangential direction (mode-II). The mixed-mode damage initiation displacement 

δο (onset of softening) is given by the following equation: 

δ0=δI
0δII

0
√

1+β2

(δII
0 )

2
+(βδI

0)
2
 (7.3) 

where 𝛿𝐼
0 = 𝑇/𝐸𝑛 (𝐸𝑛is the stiffness normal to the plane of the cohesive element) and 

𝛿𝐼𝐼
0 = 𝑆/𝐸𝑡 (𝐸𝑡 is the stiffness in the plane of the cohesive element) are the single mode 

damage initiation separations and 𝛽 =
𝛿𝐼𝐼

𝛿𝐼
 is the mode mixity. The ultimate mixed-

mode displacement (total failure) for the power B-K law is: 

δF=
2

δ0 (
1

1+β2 En+
β

1+β2 Et)

[GIC+(GIIC-GIC) (
β2Et

En+β2Et

)

2

] (7.4) 

In this work, the fracture behavior of composite bonded joints subjected to compression, 

centrifuge testing and tension was characterized by numerical simulation. The fracture 

toughness of the joints was evaluated in terms of the critical energy release rate. 
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The fracture behavior of composite bonded joints was simulated using the cohesive zone 

modeling method. The simulations were performed using the LS-DYNA explicit FE code. 

In LS-DYNA (LS DYNA theory manual, 2014) the fracture energy is an input parameter. It 

has units of energy/area. In addition, the elastic stiffness (slope) and the peak stress (point 1) 

are required for complete definition of the bilinear law. Numerical studies have shown that 

the fracture toughness is an important parameter for obtaining accurate results, while the 

initial stiffness and the peak stress can be more versatile (Floros et al., 2015). For the initial 

stiffness (penalty stiffness) the constant value 10E+6 was used. The ultimate displacements 

had to be adjusted accordingly using the equations 7.1 and 7.2 in order to keep the fracture 

toughness (area under the triangle) correct. 

7.2 Simulation of composite failure 

Where necessary, apart from the debonding simulation, for simulating damage in the 

composite adherends, which could be developed due to stress concentration at the areas of 

the joint configurations, was simulated using the progressive damage modeling method. To 

this end, the material model MAT_162 (*MAT_COMPOSITE_MSC_DMG) (LSTC, 2012) of the 

LS-DYNA was used which has the capacity to predict several failure modes to the composite 

material. The specific material model implements automatically the progressive damage 

modeling method by combining a set of strain-based Hashin-type (Hashin, 1980) failure 

criteria for predicting several modes of damage such as tension/shear fiber failure, 

compression fiber failure, perpendicular matrix failure and delamination (Floros, 2015; 

Tserpes, 2016). 

The contact between the two adherends at the area of the pre-crack that occurs due to 

bending was modeled using the AUTOMATIC_SURFACE_TO_SURFACE contact option of 

the LS-DYNA (LS-DYNA, 2014). 

7.3 FE Models 

7.3.1 Modeling of a composite stiffened panel with imperfect bonded 

stringers 

The debonding process is already complicated since it involves a three-material system 

(adherend, adhesive, and adherend/adhesive interface) as well as the geometric challenges of 

the parts themselves. Therefore, to determine the effects of the contaminations on the bonded 

joints of individual aerospace component parts, a numerical simulation was performed under 

compression loading using the LS-DYNA FE platform. 

A composite panel, stiffened with two stringers, was simulated under compression using 

the LS-DYNA FE platform. Besides the reference panel, all contamination scenarios were 

simulated, and their maximum load bearing capacity was compared to the reference panel. 
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Debonding growth was simulated using the CZM method. This method has been widely used 

in the last decade to simulate the delamination progression in composite materials and the 

debonding progression in bonded joints, mainly due to its ease of use as it has been 

implemented in many commercial FE codes. 

For the analysis, the linear elastic/linear softening (bilinear) traction-separation law was 

adopted. In LS-DYNA, the fracture energy is an input parameter. It has units of energy/area. 

In addition, the elastic stiffness (slope) and the peak stress (point 1) are required to completely 

define the bilinear law. To this end, skin, cap, and web components were modeled using 

standard eight-node solid elements with three degrees of freedom per node (ELFORM=1) and 

MAT_162_COMPOSITE_MSC_DMG. In addition, MAT_162 automatically applied a 

property degradation module to simulate the damage effects. The CZM parameters (GIC and 

GIIC values) used in the model of the panel were those of the contaminated bonded coupons 

measured experimentally in Section 6.1 (APPENDIX C). This was based on the assumption 

that the same contamination conditions characteristics apply for the panel and the coupons. 

The FE mesh was created using ANSYS Workbench and imported in the LS-DYNA FE 

platform. All analyses were performed using LS-DYNA. The imported mesh is depicted in 

Figure 7.2. 

 

 

Figure 7. 2 FE mesh of stiffened panel created using ANSYS Workbench. 

The adhesive layer was modeled using eight-node cohesive elements with three degrees of 

freedom per node (ELFORM=19) and MAT_138_COHESΙVE_MIXED_MODE, which applied 

a mixed mode CZM with bilinear traction-separation law to the cohesive elements. 

Furthermore, the debonding growth was predicted using the B-K power law. 

The FE model was loaded in compression by applying displacement and the nodes were 

fully supported at the end of panel, as can be seen in Figure 7.3. In addition, in order to reduce 

the extensive out of plane deformation that would cause a buckling to the panel, the nodes 

that are depicted in Figure 7.3 were also supported. These nodes represent a possible anti-

buckling device that could be used during mechanical tests. 
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Figure 7. 3 Applied compression loading and boundary conditions on a flat stiffened panel. 

7.3.2 Modeling of the centrifuge testing 

In the FE model of the centrifuge specimen, the composite adherend was modeled using 

the Element Formulation (ELFORM) 1 which refers to a constant stress eight-noded solid 

element with three DOFs per node. Since the damage of the composite material was not 

simulated, the MAT_002_ORTHOTROPIC_ELASTIC material model was used for the 

composite plates. The FM 300-K adhesive was modeled using 

MAT_138_COHESΙVE_MIXED_MODE and ELFORM 19 which is an 8-noded cohesive 

element with three DOFs per node. The average size of each element was 0.5 mm. Finally, the 

metallic parts were modeled using MAT_001_ELASTIC which refers to an isotropic elastic 

solid material. The FE mesh pf the centrifuge modular specimen is shown in Figure 7.4. 

 

 

Figure 7. 4 FE mesh of the centrifuge specimen. 

The boundary conditions were applied onto the adhesive nodes and the test stamp ending 

nodes (Figures 7.5) in a manner that constrain the specimen across the x and y axis. The 
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specimen’s rotation was permitted using angular velocity. The rotated about the y-axis and 

the distance of the specimen to the rotational axis was 62.8 mm. 

 

a) b) 

Figure 7. 5 Boundary conditions applied onto s) the adhesive nodes and b) the test stamp ending nodes. 

During the centrifuge test, rotation of the rotor caused the introduction of a progressively 

increasing radial centrifugal force to the specimens being tested. The load increase is adjusted 

through a variation of the rotor’s rotational speed. According to equation 4.5, a square root-

like increase in the rotational speed is accompanied by a linear increase in the centrifugal force 

at a range of 0-4 kN (Beck, 2011). From equation 4.5, the rotational speed ω can be derived and 

plotted as a function of test duration (Figure 7.6). The applied loading rate was 10 N/s. 

 

 

Figure 7. 6 Centrifugal force and rotor rotational speed as a function of test duration. 

Finally, a parametric study was conducted in order to investigate the effect of the adhesive 

thickness and the bonding area in terms of film adhesive radius. 
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7.4 LS-DYNA FE Code Parameters 

7.4.1 Damping Energy 

Given the fact that the LS-DYNA FE code is applicable to general transient analysis, it is 

expected that within the solution will be included always inertia and damping forces. Thus, 

when simulating quasi-static phenomena, these forces must remain negligibly small. 

Damping is defined as the energy dissipation mechanism that causes vibrations to diminish 

over time and eventually stop. Damping control is useful for smoothing out noisy forces. In 

order to main the energy balance inside the modelled system, damping is controlled using 

DAMPING_GLOBAL and DAMPING_PART_STIFFNESS options. Damping energy should 

be smaller than the total energy. 

7.4.2 Hourglass energy 

Under-integrated shell or solid elements undergo non-physical modes of deformation as a 

result of the zero-energy modes of deformation (zero strain and no stress), affecting 

significantly the numerical results. These modes are called hourglass modes, and it is 

important that these modes are inhibited using hourglass stabilization techniques. These 

techniques internally calculate and apply counteracting forces so as to not significantly 

dissipate hourglass energy. Though hourglass modes are a nonissue for fully integrated 

elements, under-integrated element formulations are mainly used to increase the 

computational efficiency and accuracy. 

Thus, hourglass energy control measures were undertaken in this work. Hourglass energy 

was computed and kept at a magnitude of <10% of the peak internal energy. Hourglass energy 

was controlled by increasing the mesh density, decreasing the time-step of the analysis and 

by using the CONTROL_HOURGLASS option of the LS-DYNA code. 
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Chapter 8 

Numerical Results 

8.1 Simulation of CFRP stiffened panel 

8.1.1 Simulation of reference compressive behavior 

In this chapter, the numerical results from the analysis of the CFRP stiffened panel and the 

simulation of centrifuge testing are presented and discussed. Initially, a preliminary 

compression analysis of the referenced CFRP panel has been performed in order to predict 

the reference behavior; namely stiffness, maximum load, debonding initiation load and 

deformation. The predicted load-displacement curve is depicted in Figure 8.1.  

 

 

Figure 8. 1 Predicted load-displacement curve of the reference (non-contaminated) CFRP stiffened panel. 

Debonding of the stringers started at 275 kN (1.04 mm) and propagated as shown in Figure 

8.2. The load drop is attributed mainly to the extensive debonding of the stringers since there 

was no extensive out of plane deformation (buckling) of the panel as can be seen in Figure 8.3. 

 

 

Figure 8. 2 Predicted debonding growth (blue color) in the reference CFRP stiffened panel for (a) 1.04 mm, (b) 

maximum load and (c) 1.66 mm. 
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Figure 8. 3 Predicted out-of-plane deformation reference CFRP stiffened panel at maximum load. 

8.1.2 Simulation of the effects of contamination on the compressive 

behavior 

In Figure 8.4, the predicted load-displacement curves of the contaminated panels are 

compared with the curve of the reference panel. As expected, there is no effect of 

contamination on the panel’s stiffness contrary to the maximum load and displacement at 

debonding initiation. 

 

 

Figure 8. 4 Comparison of predicted load-displacement curves between contaminated and reference panels. 

Figures 8.5 and 8.6 reveal that pre-bond contamination is predicted to have a detrimental 

negative effect on the behaviour of panel and especially on the debonding initiation 
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displacement. As expected, the effect is analogous to the reduction of the GIC and GIIC values 

adopted in the models. In some cases, such as the P-FP, the P-MO and the P-RA+FP, the 

reduction of the debonding initiation displacement is more than 30%, while the reduction of 

the maximum load is almost 20%. 

 

 

Figure 8. 5 Effect of the different contamination scenarios on the displacement at debonding initiation. 

 

Figure 8. 6 Effect of the different contamination scenarios on the maximum load.8.2 Simulation of centrifuge test. 

8.2 Simulation of centrifuge test 

Figure 8.7 shows a typical force-time curve obtained from the centrifuge model. The force 

data are taken at the surface nodes of the metallic cylinder. Force is negative because it is the 

reaction force. The centrifugal force is the opposite from the reaction force. Complete 

debonding of the composite adherend takes place at the maximum force. The adhesion 

strength of the bondline is derived as the ratio of the maximum force to the bondline area. 

Figure 8.8 shows a typical contour of the normal σz stress in the bondline at the time of 
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maximum load. A shown, σz is tensile and non-uniform which is due to the effect of 

rotation/inertia of the specimen and the edge-effect. Figure 8.9 illustrates debonding initiation 

and growth (deleted elements) in the centrifuge model. As shown, debonding initiates from 

the right edge and propagates towards the left edge of the bondline. 

 

 

Figure 8. 7 A typical force-time curve of the centrifuge model. 

 

 

Figure 8. 8 A typical contour of normal stress σz (MPa) in the bondline of the centrifuge model. 

 

   

Figure 8. 9 Predicted debonding growth by the centrifuge model. 
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8.2.1 Selection of analysis time 

Due to the explicit type of the analysis, a very important parameter is the analysis time, 

which is different from the real time of the experiment. To this end, a parametric/convergence 

study has been performed to assess the effect and select the optimum of analysis time. In the 

histogram of Figure 8.10, the predicted adhesion strength values are compared for different 

analysis times. The results show that there is a convergence of adhesion strength values for 

times greater than 0.01 s. 

 

 

Figure 8. 10 Effect of analysis time on the predicted adhesion strength. 

However, for such times, vibration phenomena start to appear in the analysis which cause 

oscillations in the force-time curve as shown in Figure 8.11. Based on the above, the 0.005 s 

have been selected as the analysis time for all analyses performed in the present thesis. 

 

 

Figure 8. 11 Predicted force-time curve of the centrifuge model for analysis time of 0.02 s. 

8.2.2 Effect of bondline area 

Bondline area is one of the parameters that can be adjusted in the centrifuge testing 

machine. To assess the effect of the bondline area on the adhesion strength, three bondline 
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diameters, namely 8, 10 (reference) and 12 mm have been modeled. These diamaters 

correspond to bondline areas of 50 mm2, 78.5 mm2 and 113 mm2, respecitvely. The predicted 

adhesion strength values are shown in Figure 8.12. As can be seen, there is a small effect of 

bondline area since for more than the double surface area (from 8 to 12 mm) the adhesion 

remains almost steady. The flunctuation of adhesion strength with the bondline diameter is 

to the different rate of change of centrifugal force and bondline area. 

 

 

Figure 8. 12 Effect of bondline diameter on adhesion strength. 

8.2.3 Effect of adhesive thickness 

Adhesive thickness is an important parameter in any bonded joint. It is, therefore, 

important to assess its effect on adhesion strength predicted by the centrifugal model. To this 

end, the adhesive thicknesses of 0.1, 0.2 and 0.5 mm have been modeled. The predicted 

adhesion strength values are shown in Figure 8.13. 

 

Figure 8. 13 Effect of adhesive thickness on adhesion strength. 

As can be seen, there is a significant effect of adhesive thickness. Specifically, increase of 

the adhesive thickness leads to a considerable decrease of adhesion strength. This is attributed 

to the incorporation of more defects inside a thicker bondile compared to thinner adhesive, 

e.g. cracks, voids, etc. This finding is in agreement with the effects of adhesive thickness on 
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the strength and fracture toughness of brittle adhesives (Liao et al., 2013; Budhe et al., 2017). 

However, the exact values of adhesion strength for cases of large adhesive thickness need to 

be further evaluated by using more than one cohesive elements in the through-the-thickness 

direction. 
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Chapter 9 

Conclusions & Innovation 

The main objectives of the present thesis were a) the evaluation of the effects of defects that 

are introduced prior to bonding during either the aircraft manufacture or the in-service 

bonded repair, and b) the evaluation of combined pre-bond contamination and after- bond 

hygrothermal ageing on the mechanical performance of composite bonded joints by 

destructive and non-destructive testing and numerical simulation. The novel centrifuge test 

was also utilized both experimentally and numerically. 

From the present study, the following conclusions can be drawn: 

• Pre-bond contamination of the adherends led to a reduction of the mode-I and mode-II 

fracture toughness of the CFRP bonded joints since the reference category exhibited the 

highest fracture toughness values. The reduction of the bond performance was greater 

under mode-II loading than under mode-I loading indicating that the joint integrity is 

more sensitive to the contamination when loaded in mode-II (shear induced crack 

propagation) and highlighting the reliability of the mode-II test over the mode-I tests. 

The NDT and ENDT experimental results, added to the fracture toughness results by 

confirming the presence of the contamination on the CFRP adherend and on the 

bondline. 

• After-bond hygrothermal ageing under the prescribed conditions had no significant 

influence on the moisture absorption and load caring capacity of the joint as well as of 

the bulk adhesive. However, it influenced the fracture toughness of the CFRP adherends 

and the bondline integrity as it led to a drastic reduction of the fracture toughness of the 

CFRP sample and of the joint, respectively. These findings lead to the conclusion that 

the combined effect of the pre-bond contamination and after-bond exposure to 

hygrothermal environment affect mainly either the CFRP adherend or/and the interface 

between the adhesive and the adherend due to the moisture absorption along the edges 

of the adhesive and the CFRP matrix, enabling diffusion inside the bondline. Finally, in 

the vast majority of scenarios investigated in this study, the combined effect of the pre-

bond contamination and after-bond ageing is more severe than the two separate effects. 

• Furthermore, the results of the tensile mechanical testing revealed the effect of the 

thermal impact and deicing fluid contamination scenario in the tensile performance of 

the scarfed samples. The single contamination of one of the adherends with TD-1 proved 

to be beneficial since the sample presented a higher failure load than the reference 

samples due to the enhancement of the matrix properties as a result of the oxidation and 

the formation of carbonyl groups at the surface. However, the negative effect of the 

combination of the contaminations was demonstrated as the failure load of the scarf 

joints was significantly reduced. 
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• For all the intentionally implemented deviations from the qualified manufacture 

process for CFRP adherend surface preparation by applying contaminations defined, 

the centrifuge test results showed a decrease in the adhesion strength. This decrease was 

small for the low and medium contamination levels; however, for the high 

contamination level a more profound decrease was found. From the centrifuge 

experimental process, it can be concluded that the centrifuge testing technology shows 

a great potential to be established as a test method for the characterization of pristine 

and defected bonded joints as it is a fast testing process which generates repeatable tests 

capable of describing the strength of the joints. 

• Mechanical testing of bonded joints should be reconsidered being performed based on 

new standards with loading and geometry specifications (e.g. bondline thickness) that 

are more realistic for aircraft bonded joints. 

• Numerical simulation of a composite panel stiffened with two T-stringers under 

compression was performed using the LS-DYNA FE platform in order to upscale the 

investigation of the effect of the contamination on realistic structural parts. The 

comparison concerning the maximum load for the contamination scenarios showed that 

all contamination scenarios had a negative influence on the load bearing capacity of the 

stiffened panel. Also, as a result of the contamination, the debonding initiated earlier 

than in the reference panel. 

• Finally, the present thesis focused also on the development of a FE model in order to 

simulate the behavior of composite-to-metal adhesive joints loaded under centrifugal 

force. Overall, the present model presented adequate accuracy, effectively simulating 

the centrifuge experiment and contributing to its optimization by conducting 

parametric analyses different adhesive area and thickness values. 

The main contribution and innovation of the present thesis is the extensive characterization 

of the effects of pre-bond contamination related to production and repair processes as well as 

the effects of hygrothermal ageing on the strength of composite bonded joints and repairs and 

the implementation of the novel centrifuge testing method to characterize the adhesion 

strength of bonded joints. 

Besides the main contribution of the thesis, several minor innovations were achieved: 

• The characterization of the effects of pre-bond contamination and hygrothermal ageing 

on the Mode-II fracture toughness of composite bonded joints. 

• The characterization of the effects of fingerprint and de-icing fluid on the strength of 

composite bonded joints. 

• The characterization of the effects of pre-bond contamination on the lap-shear strength 

of scarf composite bonded joints. 

• The upscaling of the effects of pre-bond contamination to bonded CFRP panels by 

numerical simulations. 

• The implementation of centrifuge tests to characterize the effects of pre-bond 

contamination on the adhesion strength of composite-to-metal joints. 
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• The numerical simulation of centrifuge testing and the study of the role of parameters 

related to the area and diameter of the bondline. 
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Chapter 10 

Future Work 

During implementation of the thesis and after evaluation of the thesis’ findings, the 

following suggestions for future work have been raised: 

• Experimental evaluation of the effects of pre-bond contamination and ageing on the 

mixed mode-I+II fracture toughness of composite bonded joints. 

• Experimental evaluation of the effects of pre-bond contamination and ageing on the 

dynamic (fatigue, impact, high-strain rate, etc.) behavior of composite bonded joints 

• Simulation of the pre-bond contamination process of composite bonded joints. 

• Upscaling by tests and models of the effects of pre-bond contamination on the strength 

of composite structural parts (i.e. CFRP panel with bonded stringers). 

• Simulation of the effects of pre-bond contamination on the fracture toughness of 

composite bonded joints and translation of NDT and Extended NDT data to proper 

input data for predictive models. 

• Development of machine learning functions (e.g. Artificial Neural Network models) 

correlating the contamination type and level with the mechanical performance of 

composite bonded joints by using the experimental data. 

• Investigation of the chemical and physical mechanisms of the parameters that lead to 

the contamination of the bonded joints. 

• Extensive and efficient correlation of results from mechanical tests with findings from 

the NDT and the Extended NDT data. 
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APPENDIX A 

Moisture Absorption Data 

➢ Release Agent (P-RA) 

 

 

Scenario M∞ (%) D (mm2/s) 

A-P-REF 0.572 0.3303 

A-P-RA-1 0.521 0.4365 

A-P-RA-2 0.519 0.4766 

A-P-RA-3 0.493 0.3442 

 

 

➢ Moisture (P-MO) 

 

 

Scenario M∞ (%) D (mm2/s) 

A-P-REF 0.572 0.3303 

A-P-MO-1 0.618 0.3582 

A-P-MO-2 0.541 0.4645 

A-P-MO-3 0.496 0.3836 

 

 

➢ De-icing Fluid (R-DI) 

 

 

Scenario M∞ (%) D (mm2/s) *10-6 

A-R-REF 0.568 0.3931 

A-R-DI-1 0.541 0.3555 

A-R-DI-2 0.565 0.3159 

A-R-DI-3 0.539 0.3817 
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➢ Thermal Degradation (R-TD) 

 

 

Scenario M∞ (%) D (mm2/s) *10-6 

A-R-REF 0.568 0.3700 

A-R-TD-1 0.713 0.3596 

A-R-TD-2 0.683 0.4388 

A-R-TD-3 0.630 0.9689 

 

 

➢ Faulty Curing (R-FC) 

 

 

Scenario M∞ (%) D (mm2/s) *10-6 

A-R-REF 0.568 0.3931 

A-R-FC-1 0.537 0.3891 

A-R-FC-2 0.538 0.5015 

A-R-FC-3 0.533 0.4845 

 

 

➢ Thermal degradation + De-icing Fluid (R-TD1+DI) 

 

 
 

 

 

Scenario M∞ (%) D (mm2/s) *10-6 

A-R-REF 0.568 0.3931 

A-R-TD1+DI1 0.538 0.4435 

A-R-TD1+DI2 0.565 0.4486 

 

 

➢ Fingerprint + Release Agent (R-FP3+RA) 

 

 
 

 

 

Scenario M∞ (%) D (mm2/s) *10-6 

A-P-REF 0.572 0.3303 

A-P-FP3+RA1 0.541 0.4334 

A-P-FP3+RA2 0.547 0.4281 
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APPENDIX B 

Statistical Analysis Results 

➢ Release Agent (P-RA) 

 

 Mode-I 

Effect of P-RA on GIC 

Mode-II 

Effect of P-RA on GIIC 

Centrifuge 

Effect of P-RA on adhesion 

strength 

Homogeneity of 

variance 

NO  

F (3) = 4.56, p= 0.014 

 YES 

F (3) =1.9, p= 0.207 

 YES 

F (3) =1.88, p= 0.168 

ANOVA Significant 

difference 
__ 

YES 

F (3,8) =97, p =1.25E-6 F (3,18) =4.5, p = 0.0157 

 t-Test Significant 

difference 

Tukey’s HSD Significant 

difference 

Tukey’s HSD Significant 

difference 

P-REF vs P-RA-1 
NO 

t (8.17) =1.34, p= 0.215 

YES 

p = 3.19E-4 

NO 

p = 0.2641 

P-REF vs P-RA -2 
NO 

t (7.52) =1.29, p=0.236 

YES 

p = 2.34E-5 

NO 

p = 0.353 

P-REF vs P-RA-3 
YES 

t (7.69) =6.045, p=3.58E-4 

YES 

p = 6.39E-7 

YES 

p = 0.0085 

P-RA-1 vs P-RA-2 
NO 

t (9.8) =0.07, p=0.95 

YES 

p = 0.048 

NO 

p = 0.9975 

P-RA-1 vs P-RA-3 
NO 

t (6.03) =2.42, p=0.05132 

YES 

p =7.16E-5 

NO 

p =0.399 

P-RA-2 vs P-RA-3 
NO 

t (5.79) =2.04, p=0.089 

YES 

p = 0.00145 

NO 

p = 0.303 

 

 Moisture Absorption 

Effect of P-RA on M(t) 

Diffusion Coefficient  

Effect of P-RA on D 

Aged Mode-II  

Effect of P-RA on aged 

GIIC 

Homogeneity of 

variance 

YES 

F (3) =0.0093, p= 0.99 

NO  

F (3) =4.16, p= 0.033 

 YES 

F (3) =0.32, p= 0.81 

ANOVA Significant 

difference 

NO  

F (3,8) =1.686, p =0.24 

__ YES 

F (3,8) =37.25, p =4.77E-5 

 Tukey’s HSD Significant 

difference 

t-Test Significant 

difference 

Tukey’s HSD 

Significant difference 

A-P-REF vs A-P-RA-1 
NO 

 

YES 

t (5.26) =-11.7, p=5.85E-5 

NO 

p = 0.093 

A-P-REF vs A-P-RA -2 
NO 

 

NO 

t (2.03) =-2.0, p=0.181 

YES 

p = 0.013 

A-P-REF vs A-P-RA-3 NO NO YES 
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 t (2.11) =-1.33, p=0.3 p = 5.37E-4 

A-P-RA-1 vs A-P-RA-2 
NO 

 

NO 

t (2.08) =-0.04, p=0.97 

YES 

p = 5.28E-4 

A-P-RA-1 vs A-P-RA-3 
NO 

 

NO 

t (2.27) =2.17, p=0.146 

YES 

p =4.87E-5 

A-P-RA-2 vs A-P-RA-3 
NO 

 

NO 

t (3.095) =1.11, p=0.344 

NO 

p =0.089 

 

 Aged Mode-II  

Effect of ageing on GIIC 

Homogeneity of 

variance 

NO 

F (7) =3.59, p=0.016 

ANOVA Significant 

difference 
__ 

 t-Test Significant difference 

P-REF vs A-P-REF YES 

p =4.11E-4 

P-RA-1 vs A-P-RA-1 YES 

p =0.02 

R-RA-2 vs A-P-RA-2 YES 

p = 0.0049 

R-RA-3 vs A-P-RA-3 NO 

p=0.31 

 

➢ Moisture (P-MO) 

 

 Mode-I 

Effect of P-MO on GIC 

Mode-II 

Effect of P-MO on GIIC 

Centrifuge 

Effect of P-MO on 

adhesion strength 

Homogeneity of 

variance 

 YES 

F (3) =2.15, p= 0.12 

 YES 

F (3) =3.37, p= 0.075 

 YES 

F (3) =2.16, p= 0.1245 

ANOVA Significant 

difference 

NO 

F (3,20) =2.71, p =0.07 

YES 

F (3,8) =260.82, p =2.57E-8 
YES 

F (3,20) =8.68, p = 6.88E-4 

 Tukey’s HSD Significant 

difference 

Tukey’s HSD Significant 

difference 

Tukey’s HSD Significant 

difference 

P-REF vs P-MO-1 
NO 

 

YES 

p = 5.7E-6 

NO 

p = 0.153 

P-REF vs P-ΜΟ -2 
NO 

 

YES 

p = 2.36E-8 

NO 

p = 0.148 

P-REF vs P-ΜΟ-3 
NO 

 

YES 

p = 0 

YES 

p = 3.07E-4 

P-ΜΟ-1 vs P-ΜΟ-2 
NO 

 

YES 

p = 2.26E-4 

NO 

p =1 

P-ΜΟ-1 vs P-ΜΟ-3 
NO 

 

YES 

p =4.08E-6 

YES 

p =0.043 
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P-ΜΟ-2 vs P-ΜΟ-3 
NO 

 

YES 

p = 0.0024 

YES 

p = 0.045 

 

 Moisture Absorption 

Effect of P-MO on M(t) 

Diffusion Coefficient  

Effect of P-MO on D 

Aged Mode-II  

Effect of P-MO on aged 

GIIC 

Homogeneity of 

variance 

NO  

F (3) =9.62, p= 0.0049 

 YES 

F (3) =2.33, p= 0.12 

 YES 

F (3) =2.56, p= 0.13 

ANOVA Significant 

difference 
__ 

YES 

F (3,13) =7.36, p =0.0039 

YES 

F (3,8) =49.8, p =1.6E-5 

 t-Test Significant 

difference 

Tukey’s HSD 

Significant difference 

Tukey’s HSD 

Significant difference 

A-P-REF vs A-P-ΜΟ-1 
NO 

t (2.006) =-1.86, p=0.202 

NO 

p = 0.966 

YES 

p =4.26E-4 

A-P-REF vs A-P-ΜΟ-2 
NO 

t (2.01) = 1.23, p=0.34 

YES 

p =0.0065 

NO 

p =0.12 

A-P-REF vs A-P-ΜΟ-3 
NO 

t (3.97) =2.04, p=0.11 

YES 

p =0.044 

YES 

p = 0.015 

A-P-ΜΟ-1 vs A-P-ΜΟ-2 
YES 

t (3.76) =48.4, p=2.08E-6 

YES 

p =0.019 

YES 

p = 4.84E-5 

A-P-ΜΟ-1 vs A-P-ΜΟ-3 
YES 

t (2.00) =4.51, p=0.045 

NO 

p =0.13 

YES 

p =1.59E-5 

A-P-ΜΟ-2 vs A-P-ΜΟ-3 
NO 

t (2.00) =1.636, p=0.243 

NO 

p = 0.487 

NO 

p =0.45 

 

 Aged Mode-II  

Effect of ageing on GIIC 

Homogeneity of variance YES 

F (5) =7.95, p=0.0016 

ANOVA Significant difference YES 

F (5,12) =89.67, p =4.45E-9 

 Tukey’s HSD Significant difference 

P-REF vs A-P-REF YES 

p =4.11E-4 

P-ΜΟ-1 vs A-P-ΜΟ-1 YES 

p =1.19E-5 

P-ΜΟ-2 vs A-P-ΜΟ-2 NO 

p=0.43 

P-ΜΟ-3 vs A-P-ΜΟ-3 YES 

p =0.0013 
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➢ Fingerprint (P-FP) 

 

 Mode-I 

Effect of P-FP on GIC 

Mode-II 

Effect of P-FP on GIIC 

Centrifuge 

Effect of P-FP on 

adhesion strength 

Homogeneity of 

variance 

 YES 

F (3) = 2.543, p= 0.08371 > 0.05 

 YES 

F (3) = 1.109, p= 0.4006  

 NO 

F (3) = 3.17, p= 0.047  

ANOVA Significant 

difference 

YES 

F (3, 21) = 10.41, p= 0.21E-3 < 0.05 

YES 

F (3, 8) = 242.39, p = 3.43E-8  __ 

 Tukey’s HSD Significant 

difference 

Tukey’s HSD Significant 

difference 

t-Test Significant 

difference 

P-REF vs P-FP-1 
NO 

p = 1 > 0.05 

YES 

p= 2.8997E-9 

NO 

t (5.16) = 0.59, p= 0.58 

P-REF vs P-FP-2 
NO 

p = 0.76514 

YES 

p= 2.40835E-8 

NO 

t (5.44) 2.14, p= 0.08 

P-REF vs P-FP-3 
YES 

p = 6.11E-4 < 0.05 

YES 

p= 0 

YES 

t (4.25) = 2.98, p= 0.03  

P-FP-1 vs P-FP-2 
NO 

p = 0.77581 

NO 

p= 0.94815 

NO 

t (8.3) = 0.64, p= 0.54 

P-FP-1 vs P-FP-3 
YES 

p = 6.41243E-4 

NO 

p= 0.18352 

NO 

t (8.65) = 1.29, p= 0.22 

P-FP-2 vs P-FP-3 
YES 

p = 0.00645 

NO 

p= 0.0872 

NO 

t (8.35) = 0.89, p= 0.39 

 

 Moisture Absorption 

Effect of P-FP on M(t) 

Diffusion Coefficient  

Effect of P-FP on D 

Aged Mode-II  

Effect of P-FP on aged 

GIIC 

Homogeneity of 

variance 

 NO 

F (3) = 4.58, p= 0.038 < 0.05 

 NO 

F (3) = 8.467, p= 0.002  

YES 

F (3) = 3.73, p= 0.06 

ANOVA Significant 

difference 
__ __ 

YES 

F (3,8) = 14.3, p= 0.0014  

 t-Test Significant 

difference 

t-Test Significant 

difference 

Tukey’s HSD 

Significant difference 

A-P-REF vs A-P-FP-1 NO 

t (3.99) = 1.48, p= 0.214 > 0.05 

YES 

t (7.7) = -8.7, p= 2.9E-5  

NO 

p = 0.095 > 0.05 

A-P-REF vs A-P-FP-2 NO 

t (2.01) = -2.18, p= 0.159 

NO 

t (2) = -1.44, p= 0.2835 

NO 

p = 0.152  

A-P-REF vs A-P-FP-3 NO 

t (3.99) = 1.354, p= 0.247 

NO 

t (3.17) = -1.04, p= 0.37 

NO 

p = 0.052  

A-P-FP-1 vs A-P-FP-2 NO 

t (2.01) = -4.133, p= 0.053 

NO 

t (2.05) = -0.13, p= 0.90 

YES 

p = 0.0038 < 0.05 

Α-P-FP-1 vs Α-P-FP-3 NO 

t (4) = -0,12, p= 0.91 

NO 

t (3.26) = -1.28, p= 0.28 

YES 

p =0.00158 

A-P-FP-2 vs A-P-FP-3 NO 

t (2.01) = 3.96, p= 0.057 

NO 

t (3.22) = -0.756, p= 0.5 

NO 

p = 0.867 
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 Aged Mode-II  

Effect of ageing on GIIC 

Homogeneity of variance YES 

F (7) = 1.7, p= 0.177 

ANOVA Significant difference YES 

F (7, 16) = 193.24, p= 3.01E-14 

 Tukey’s HSD Significant difference 

P-REF vs A-P-REF YES 

p = 0 < 0.05 

P-FP-1 vs A-P-FP-1 NO 

p = 0.41 

P-FP-2 vs A-P-FP-2 YES 

p = 3.34E-5 

P-FP-3 vs A-P-FP-3 YES 

p = 0.0025  

 

➢ Fingerprint (R-FP) 

 

 Mode-I 

Effect of R-FP on GIC 

Mode-II 

Effect of R-FP on GIIC 

Centrifuge 

Effect of R-FP on adhesion 

strength 

Homogeneity of 

variance 

 NO 

F (3) = 7.8, p= 0.0015 < 0.05 

 YES 

F (3) = 2.38, p= 0.14 

 YES 

F (3) = 1.17, p= 0.344  

ANOVA Significant 

difference 
__ 

YES 

F (3, 8) = 367, p = 6.65E-9 

NO 

F (3, 20) = 2.3, p = 0.11 

 t-Test Significant 

difference 

Tukey’s HSD Significant 

difference 

Tukey’s HSD Significant 

difference 

R-REF vs R-FP-1 
YES 

p = 0.012 < 0.05 

YES 

p= 0 

NO 

p = 0.79 

R-REF vs R-FP-2 
NO 

p = 0.059 

YES 

p= 0 

NO 

p = 0.99 

R-REF vs R-FP-3 
NO 

p = 0.41 

YES 

p= 0 

NO 

p = 0.39 

R-FP-1 vs R-FP-2 
YES 

p = 0.022 

NO 

p= 0.56 

NO 

p = 0.88 

R-FP-1 vs R-FP-3 
YES 

p = 0.0218 

YES 

p= 1.58E-4 

NO 

p = 0.083 

R-FP-2 vs R-FP-3 
NO 

p = 0.05098 

YES 

p= 5.23E-5 

NO 

p = 0.297 
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 Moisture Absorption 

Effect of R-FP on M(t) 

Diffusion Coefficient  

Effect of R-FP on D 

Aged Mode-II  

Effect of R-FP on aged 

GIIC 

Homogeneity of 

variance 

 NO 

F (3) = 4.58, p= 0.038 < 0.05 

YES 

F (3) = 1.34, p= 0.32 

YES 

F (3) = 2.93, p= 0.099 

ANOVA Significant 

difference 
__ 

YES 

F (3,9) = 5.05, p= 0.025 

YES 

F (3,8) = 19.34, p= 5.03E-4  

 t-Test Significant 

difference 

Tukey’s HSD 

Significant difference 

Tukey’s HSD 

Significant difference 

A-R-REF vs A-R-FP-1 NO 

t (2.00) = 1.16, p= 0.36 > 0.05 

NO 

p = 0.29 

NO 

p = 0.52 > 0.05 

A-R-REF vs A-R-FP-2 NO 

t (3.98) = -0.00169, p= 0.99 

NO 

p = 0.78 

YES 

p = 4.42E-4  

A-R-REF vs A-R-FP-3 NO 

t (3.99) = -0.697, p= 0.56 

NO 

p = 0.238 

YES 

p = 0.031 

A-R-FP-1 vs A-R-FP-2 NO 

t (2.01) = -1.235, p= 0.34 

NO 

p = 0.8054 

YES 

p = 0.00197 

Α-R-FP-1 vs Α-R-FP-3 NO 

t (2.00) = -2.017, p= 0.18 

YES 

p = 0.02057 

NO 

p =0.229 

A-R-FP-2 vs A-R-FP-3 NO 

t (3.97) = -0.65, p= 0.55 

NO 

p = 0.079 

YES 

p = 0.0279 

 

 Aged Mode-II  

Effect of ageing on GIIC 

Homogeneity of variance YES 

F (7) = 2.16, p= 0.095 

ANOVA Significant difference YES 

F (7, 16) = 241.87, p= 5.107E-15 

 Tukey’s HSD Significant difference 

R-REF vs A-R-REF YES 

p = 0 

R-FP-1 vs A-R-FP-1 NO 

p = 0.55 

R-FP-2 vs A-R-FP-2 YES 

p = 6.84E-6< 0.05 

R-FP-3 vs A-R-FP-3 YES 

p = 8.5E-4  
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➢ De-icing Fluid (R-DI) 

 

 Mode-I 

Effect of R-DI on GIC 

Mode-II 

Effect of R-DI on GIIC 

Centrifuge 

Effect of R-DI on adhesion 

strength 

Homogeneity of 

variance 

 YES 

F (3) =1,72, p= 0,19 

 YES 

F (3) = 2.28, p= 0.156 

YES 

F (3) =0.323, p=0.8 

ANOVA Significant 

difference 

YES 

F (3,20) =10.54, p =2.26 

YES 

F (3,8) =269.37, p =2.47E-8 

YES 

F (3,17) =7.23, p =0.00245 

 Tukey’s HSD Significant 

difference 

Tukey’s HSD Significant 

difference 

Tukey’s HSD Significant 

difference 

R-REF vs R-DI-1 
YES 

p =0.03 

YES 

p = 2.68E-7 

YES 

p = 0.0247 

R-REF vs R-DI-2 
YES 

p =0.008 

YES 

p = 6.27E-8 

YES 

p = 0.03 

R-REF vs R-DI-3 
YES 

p =1.12E-4 

YES 

p = 0 

YES 

p = 0.002 

R-DI-1 vs R-DI-2 
NO 

p = 0.92 

NO 

p =0.3 

NO 

p = 0.997 

R-DI-1 vs R-DI-3 
NO 

p =0.091 

YES 

p =1.11E-4 

NO 

p =0.678 

R-DI-2 vs R-DI-3 
NO 

p = 0.268 

YES 

p =6.28E-4 

NO 

p = 0.623 

 

 Moisture Absorption 

Effect of R-DI on M(t) 

Diffusion Coefficient  

Effect of R-DI on D 

Aged Mode-II  

Effect of R-DI on aged 

GIIC 

Homogeneity of 

variance 

NO  

F (3) = 9.46, p=0.00521 

NO  

F (3) = 12.99, p= 0.00128 

 YES 

F (3) =2.40, p= 0.14 

ANOVA Significant 

difference 
__ __ 

YES 

F (3,8) =19.56, p =4.84E-4 

 t-Test Significant 

difference 

t-Test Significant 

difference 

Tukey’s HSD 

Significant difference 

A-R-REF vs A-R-DI-1 
NO 

t (2.00) = 1.14, p=0.37 

NO 

t (3.74) = 1.03, p=0.364 

YES 

p =0.0028 

A-R-REF vs A-R-DI -2 
NO 

t (3.96) = 0.095, p=0.92 

YES 

t (3.55) =3.18, p=0.039 

YES 

p =0.00156 

A-R-REF vs A-R-DI-3 
NO 

t (2.00) = 1.19, p=0.355 

NO 

t (4.89) =-0.69, p=0.519 

YES 

p = 5.15E-4 

A-R-DI-1 vs A-R-DI-2 
NO 

t (2.03) =-0.9, p=0.457 

YES 

t (3.9) =4.69, p=0.0098 

NO 

p =0.95 

A-R-DI-1 vs A-R-DI-3 
NO 

t (2.05) =0.4848, p=0.674 

NO 

t (2.57) =-2.02, p=0.15 

NO 

p =0.44 

A-R-DI-2 vs A-R-DI-3 
NO 

t (2.00) =0.955, p=0.44 

YES 

t (2.42) =-4.3, p=0.035 

NO 

p =0.72 
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 Aged Mode-II  

Effect of ageing on GIIC 

Homogeneity of variance YES 

F (7) =2.09, p=0.105 

ANOVA Significant difference YES 

F (7,16) =138.57, p =4.115E-13 

 Tukey’s HSD Significant difference 

R-REF vs A-R-REF YES 

p =2.95E-6 

R-DI-1 vs A-R-DI-1 YES 

p =4.14E-4 

R-DI-2 vs A-R-DI-2 YES 

p =0.00333 

R-DI-3 vs A-R-DI-3 NO 

p=0.57 

 

➢ Thermal Degradation (R-TD) 

 

 Mode-I 

Effect of R-TD on GIC 

Mode-II 

Effect of R-TD on GIIC 

Centrifuge 

Effect of R-TD on adhesion 

strength 

Homogeneity of 

variance 

NO  

F (3) =3.51, p=0.037 

 YES 

F (3) =2.56, p= 0.127 

YES 

F (3) =1.96, p=0.15 

ANOVA Significant 

difference 
__ 

YES 

F (3,8) =585.7, p =1.03E-9 

YES 

F (3,20) =32.45, p =7.03E-8 

 t-Test Significant 

difference 

Tukey’s HSD Significant 

difference 

Tukey’s HSD Significant 

difference 

R-REF vs R-TD-1 
YES 

t (6.89) =3.31, p=0.013 

YES 

p = 0 

NO 

p =0.96 

R-REF vs R-TD-2 
YES 

t (5.94) = 4.69, p=0.003 

YES 

p = 0 

NO 

p =0.18 

R-REF vs R-TD-3 
YES 

t (6.08) =4.21, p=0.0054 

YES 

p = 0 

YES 

p = 3.7E-7 

R-TD-1 vs R-TD-2 
NO 

t (7.08) =2.32, p=0.052 

NO 

p =0.095 

NO 

p = 0.075 

R-TD-1 vs R-TD-3 
NO 

t (7.35) =1.42, p=0.195 

NO 

p =0.28 

YES 

p =2.57E-7 

R-TD-2 vs R-TD-3 
NO 

t (7.96) =-1.04, p=0.328 

NO 

p =0.85 

YES 

p =2.81E-5 
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 Moisture Absorption 

Effect of R-TD on M(t) 

Diffusion Coefficient  

Effect of R-TD on D 

Aged Mode-II  

Effect of R-TD on aged 

GIIC 

Homogeneity of 

variance 

NO  

F (3) =6.78, p= 0.014 

NO  

F (3) =5.39, p= 0.01 

 YES 

F (3) =1.76, p= 0.23 

ANOVA Significant 

difference 
__ __ 

YES 

F (3,8) =117.36, p =5.94E-7 

 t-Test Significant 

difference 

t-Test Significant 

difference 

Tukey’s HSD 

Significant difference 

A-R-REF vs A-R-TD-1 
YES 

t (2.26) =-5.76, p=0.022 

NO 

t (7.69) =0.85, p=0.41 

YES 

p =4.3E-7 

A-R-REF vs A-R-TD-2 
YES 

t (3.86) =-3.01, p=0.04 

NO 

t (4.6) =-2.49, p=0.058 

YES 

p =1.98E-6 

A-R-REF vs A-R-TD-3 
NO 

t (2.02) =-2.59, p=0.12 

NO 

t (2.04) =-2.8, p=0.10 

YES 

p = 1.33E-5 

A-R-TD-1 vs A-R-TD-2 
NO 

t (2.17) =1.00, p=0.41 

YES 

t (6.97) =-2.73, p=0.0295 

NO 

p =0.1 

A-R-TD-1 vs A-R-TD-3 
YES 

t (2.35) =12.8, p=0.0031 

NO 

t (2.11) =-2.94, p=0.093 

YES 

p =0.00169 

A-R-TD-2 vs A-R-TD-3 
NO 

t (2.01) =1.805, p=0.21 

NO 

t (2.04) =-2.4, p=0.13 

NO 

p =0.053 

 

 Aged Mode-II  

Effect of ageing on GIIC 

Homogeneity of variance YES 

F (7) =2.08, p=0.106 

ANOVA Significant difference YES 

F (7,16) =412.76, p =1.11E-16 

 Tukey’s HSD Significant difference 

R-REF vs A-R-REF YES 

p =0 

R-TD-1 vs A-R-TD-1 YES 

p =0.00166 

R-TD-2 vs A-R-TD-2 NO 

p=1 

R-TD-3 vs A-R-TD-3 NO 

p=0.68 
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➢ Faulty Curing (R-FC) 

 

 Mode-I 

Effect of R-FC on GIC 

Mode-II 

Effect of R-FC on GIIC 

Centrifuge 

Effect of R-FC on 

adhesion strength 

Homogeneity of variance  YES 

F (3) =2,59, p= 0.082 

 YES 

F (3) =1.98, p= 0.19 
__ 

ANOVA Significant 

difference 

NO 

F (3,19) =1.69, p =0.2 

YES 

F (3,8) =225.05, p =4.6E-8                __ 

 Tukey’s HSD Significant 

difference 

Tukey’s HSD Significant 

difference 
__ 

R-REF vs R-FC-1 
NO 

 

YES 

p = 8,35Ε-6 
__ 

R-REF vs R-FC -2 
NO 

  

YES 

p = 0 
__ 

R-REF vs R-FC -3 
NO 

 

YES 

p = 0 
__ 

R-FC -1 vs R-FC -2 
NO 

 

YES 

p = 5,34Ε-5 
__ 

R-FC -1 vs R-FC -3 
NO 

 

YES 

p =2.74E-5 
__ 

R-FC -2 vs R-FC -3 
NO 

 

NO 

p =0.8 
__ 

 

 Moisture Absorption 

Effect of R-FC on M(t) 

Diffusion Coefficient  

Effect of R-FC on D 

Aged Mode-II  

Effect of R-FC on aged 

GIIC 

Homogeneity of 

variance 

NO  

F (3) =12.44, p= 0.002 

 YES 

F (3) =3.82, p= 0.0051 

 YES 

F (3) =3.24, p= 0.081 

ANOVA Significant 

difference 
__ 

YES 

F (3,9) =5.72, p =0.018 

YES 

F (3,8) =82.2, p =2.36E-6 

 t-Test Significant 

difference 

Tukey’s HSD 

Significant difference 

Tukey’s HSD 

Significant difference 

A-R-REF vs A-R-FC-1 
NO 

t (2.00) =1.29, p=0.32 

NO 

p = 0.88 

YES 

p =2.85E-6 

A-R-REF vs A-R-FC -2 
NO 

t (2.00) = 1.26, p=0.34 

YES 

p =0.016 

YES 

p =5.2E-6 

A-R-REF vs A-R-FC -3 
NO 

t (2.04) =1.45, p=0.28 

NO 

p =0.17 

YES 

p = 4.77E-5 

A-R-FC-1 vs A-R-FC-2 
NO 

t (2.08) =-0.33, p=0.77 

NO 

p =0.065 

NO 

p =0.74 

A-R-FC-1 vs A-R-FC-3 
NO 

t (3.85) =0.91, p=0.41 

NO 

p =0.49 

YES 

p =0.01 

A-R-FC-2 vs A-R-FC-3 
NO 

t (2.19) =1.81, p=0.203 

NO 

p = 0.48 

YES 

p =0.044 
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 Aged Mode-II  

Effect of ageing on GIIC 

Homogeneity of variance NO 

F (7) =3.71, p=0.0199 

ANOVA Significant difference __ 

 Tukey’s HSD Significant difference 

R-REF vs A-R-REF YES 

t (2.32) = 19.47, p=0.0012 

R-FC-1 vs A-R-FC-1 YES 

t (2.32) = 9.56, p=0.0064 

R-FC-2 vs A-R-FC-2 NO 

t (2.03) = -0.779, p=0.516 

R-FC-3 vs A-R-FC-3 YES 

t (3.13) = -5.85, p=0.0087 

 

➢ Thermal Degradation + De-icing Fluid (R-TD1+DI) 

 

 Mode-I 

Effect of R-TD1+DI on 

GIC 

Mode-II 

Effect of R-TD1+DI on GIIC 

Centrifuge 

Effect of R-TD1+DI on 

adhesion strength 

Homogeneity of variance  YES 

F (2) =2.15, p= 0.155 

 YES 

F (2) =2.57, p=0.156  
__ 

ANOVA Significant 

difference 

YES 

F (2,13) =8.93, p=0.0036 

YES 

F (2,6) =624.66, p =1.09E-7  __ 

 Tukey’s HSD 

Significant difference 

Tukey’s HSD Significant 

difference 
__ 

R-REF vs R-TD1+DI1 
NO  

p =0.078 

YES 

p = 1.7E-7 
__ 

R-REF vs R-TD1+DI2 
YES 

p =0.0028 

YES 

p = 1.35E-7 
__ 

R-TD1+DI1 vs R-TD1+DI2 
NO  

p =0.23 

NO  

p = 0.66 
__ 

 

 Moisture Absorption 

Effect of R-TD1+DI on 

M(t) 

Diffusion Coefficient  

Effect of R-TD1+DI on 

D 

Aged Mode-II  

Effect of R-TD1+DI on aged 

GIIC 

Homogeneity of 

variance 

NO  

F (2) =5.69, p= 0.041 

 YES 

F (2) =1.869, p= 0.223 

 YES 

F (2) =0.233, p=0.798 

ANOVA Significant 

difference 
__ 

YES 

F (2,7) =6.45, p =0.0258 

YES 

F(2,6) =231.6, p=1009E-6 

 t-Test Significant 

difference 

Tukey’s HSD 

Significant difference 

Tukey’s HSD  

Significant difference 
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A-R-REF vs  

A-R-TD1+DI1 

NO 

t (2.09) =1.239, p=0.336 

YES 

p =0.0375 

YES 

p =9.51E-6 

A-R-REF vs  

A- R-TD1+DI2 

NO 

t (3.97) =0.105, p=0.92 

NO 

p=0.053 

YES 

p =2.14E-6 

R-TD1+DI1 vs  

R-TD1+DI2 

NO 

t (2.07) =-1.00, p=0.418 

NO 

p=0.968 

YES 

p = 0.0094 

 

 Aged Mode-II  

Effect of ageing on GIIC 

Homogeneity of variance  YES 

F (5) =2.06, p=0.14  

ANOVA Significant difference YES 

F (5,12) =517.37, p=1.41E-13 

 Tukey’s HSD Significant difference 

R-REF vs A-R-REF YES 

p=0 

R-TD1+DI1 vs A-R-TD1+DI1 NO 

p =0.79 

R-TD1+DI2 vs A-R-TD1+DI2 NO 

p=0.1030 

 

➢ Release Agent + Fingerprint (P-FP3+RA) 

 

 Mode-I 

Effect of P-FP3+RA on 

GIC 

Mode-II 

Effect of P-FP3+RA on GIIC 

Centrifuge 

Effect of P-FP3+RA 

on adhesion strength 

Homogeneity of variance  YES 

F (2) =0.9, p= 0.43 

 YES 

F (2) =1.29, p= 0.34 
__ 

ANOVA Significant 

difference 

YES 

F (2,13) =13.97, p =5.75E-4 

YES 

F (2,6) =359.56, p =5.66E-7  __ 

 t-Test Significant 

difference 

Tukey’s HSD Significant 

difference 
__ 

P-REF vs P-FP3+RA1 
YES 

p =4.85Ε-4 

YES 

p = 8.34Ε-7 
__ 

P-REF vs P-FP3+RA2 
YES 

p =0.0146 

YES 

p = 1.217Ε-6 
__ 

P-FP3+RA1 vs P-FP3+RA2 
NO  

p =0.21 

NO  

p =0.39 
__ 
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 Moisture Absorption 

Effect of P-FP3+RA on 

M(t) 

Diffusion 

Coefficient  

Effect of P-FP3+RA 

on D 

Aged Mode-II  

Effect of P-FP3+RA on 

aged GIIC 

Homogeneity of variance NO  

F (2) =13.77, p=0.00571  

NO  

F (2) =14.87, p= 0.001 

 YES 

F (2) =0.419, p= 0.67501 

ANOVA Significant difference 
__ __ 

YES 

F (2,6) =17.54, p =0.0031 

 t-Test Significant 

difference 

t-Test Significant 

difference 

Tukey’s HSD 

Significant difference 

A-P-REF vs A-P-FP3+RA1 
NO 

t (2.00) = 1.228, p=0.34 

YES 

t (3.4) =-5.79, p=0.007 

YES 

p =0.042 

A-P-REF vs A-P-FP3+RA2 
NO 

t (2.03) =0.977, p=0.43 

YES 

t (3.4) =-5.57, p=0.008 

YES 

p =0.0025 

A-P-FP3+RA1 vs A-P-FP3+RA2 
NO 

t (2.38) =-2.52, p=0.107 

NO 

t(5.99) =0.205, p=0.844 

NO 

p=0.079 

 

 Aged Mode-II  

Effect of ageing on GIIC 

Homogeneity of variance YES 

F (5) =1.94, p=0.16 

ANOVA Significant difference YES 

F (5,12) =281.2, p =5.32E-12 

 Tukey’s HSD Significant difference 

P-REF vs A-P-REF YES 

p=0 

P-FP3+RA1 vs A-P-FP3+RA1 NO 

p=0.25 

P-FP3+RA2 vs A-P-FP3+RA2 NO 

p=0.88 
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APPENDIX C 

Material Properties used for FE Analysis 

➢ Modeling of a composite stiffened panel with imperfect bonded stringers 

Table C. 1 Mechanical properties of the composite material used for the stiffened panel. 

Mechanical Property Value Mechanical Property Value 

E11 (MPa) 164000  F11t (MPa) 3050 

E22 (MPa) 8500  F11c (MPa) 1500 

E33 (MPa) 8500  F22t (MPa) 65 

G12 (MPa) 4200  F22c (MPa) 285 

G13 (MPa) 4200  F33t (MPa) 64.5 

G23 (MPa) 3360  F33t (MPa) 290 

ν12 0.35   

ν13 0.35   

ν23 0.265   

 

Table C. 2 Mechanical properties of the adhesive FM 300K used for the stiffened panel. 

Mechanical Property Value Mechanical 

Property 

Value 

Stiffness normal to the plane of the cohesive 

element (N/mm3) 

106  GIC (J/m2) 1458.82 

Stiffness in the plane of the cohesive element 

(N/mm3) 

106  GIIC (J/m2) 1720.13 

Maximun Traction in normal direction (MPa) 7.1   

Maximun Traction in tangential direction 

(MPa) 

36.8   

 

➢ Modeling of centrifuge testing 

Table C. 3 Mechanical properties of the composite material used for the centrifuge specimens. 

Mechanical Property Value Mechanical Property Value 

ρ (ton/mm
3
)

 
 1.158*10

-9 
 v

23
 0.4 

E
11 

(MPa) 1.78*10
5
 G

12 
(MPa) 5200 

E
22

 (MPa) 10
4
 G

23 
(MPa) 5200 

E
33 

(MPa) 10
4
 G

31 
(MPa) 5200 

v
21

 0.0179   

v13 0.0179   
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Table C. 4 CZM properties for the FM 300K adhesive used for the centrifuge specimens. 

Property Value 

Mass density 1.12×10-9 (ton/mm3) 

Stiffness normal to the plane of the cohesive element 106 (MPa) 

The stiffness in the plane of the cohesive element 106 (MPa) 

Energy release rate for mode-I GIC 4.4244 (N/mm) 

Energy release rate for mode-II GIIC 4.4244 (N/mm) 

Peak traction in normal direction 53.2 (MPa) 

Peak traction in tangential direction 40.3 (MPa) 

Ultimate displacement in the normal direction 0.1609 (mm) 

Ultimate displacement in the tangential direction 0.212 (mm) 

 

 

Table C. 5 Physical and mechanical properties of the metallic materials of the cylindrical stamp (GLEICH GMBH 

METALLPLATTEN-SERVICE, n.d.). 

Property Aluminum AN AW-2007 
Copper WCu 

(50%W / 50% Cu mixture) 

ρ (ton/mm
3
)

 
 2.85×10

-9
 1.306×10

-8
 

E
11 

(MPa) 7.25×104 2.2×105 

v 0.377 0.36 

 


