
Invitation
It is my pleasure to invite you 
to the public defense of my 

PhD. thesis entitled:

Co-consolidation of 
Titanium-C/PAEK Joints

An investigation into the 
interfacial performance 
governing mechanisms

On Thursday, 
19th of January, 2017 

at 14.45
in the Prof.Dr.Berkhoffzaal
At the university of Twente

A short introduction will be 
given at 14.30

Yibo Su
Davion.su@gmail.com

Paranymphs:
Avdar Akchurin

Yuxin ZhouISBN: 978-94-91909-42-9 Yibo Su

Co-consolidation of Titanium-C/PAEK Joints

An investigation into the interfacial performance 
governing mechanisms

Co-consolidation of Titanium
-C/PAEK Joints: An investigation into the interfacial perform

ance governing m
echanism

s 
Yibo Su



 

Co-consolidation of Titanium-C/PAEK Joints 

 
An investigation into the interfacial performance governing mechanisms 

 

 

 

 

Yibo Su 

  



 
 

This research was carried out under project number M11.6.11447 in the framework of the 
Research Program of the Materials innovation institute (M2i) in the Netherlands 
(www.m2i.nl). 

Composition of the graduation committee: 

Chairman and secretary: 

Prof. dr. G.P.M.R. Dewulf    University of Twente 

Promoter: 

Prof.dr.ir. D.J. Schipper    University of Twente  

Co-promoter: 

Dr.ir. M.B. de Rooij     University of Twente 

Members: 

Prof.dr.ir. A. de Boer      University of Twente 

Prof. dr. G.J. Vancso      University of Twente 

Prof.dr.ir. L.E. Govaert    Eindhoven University of Technology 

Prof.dr. T. Peijs      Queen Mary University of London 

 

 

 

 

Yibo Su 

Co-consolidation of Titanium-C/PAEK joints: an investigation into the interfacial 
performance governing mechanisms 

PhD Thesis, University of Twente, Enschede, The Netherlands 

January 2017 

ISBN: 978-94-91909-42-9 

Copyright ©2017 by Yibo Su, Enschede, the Netherlands 

Printed by Gildeprint, Enschede, the Netherlands  



 
 

 

Co-consolidation of Titanium-C/PAEK Joints 

 
An investigation into the interfacial performance governing mechanisms 

 

 

DISSERTATION 
 

 

to obtain 

the degree of doctor at the University of Twente, 

on the authority of the rector magnificus 

Prof.dr. T.T.M. Palstra, 

on account of the decision of the graduation committee, 

to be publicly defended 

on Thursday 19th of January, 2017 at 14.45  

 

 

by 

Yibo Su 

born on 23 May 1988 

in Dalian, China 

 

 

 



 
 

This thesis have been approved by: 

Promoter: 

Prof.dr.ir. D.J. Schipper     

Co-promoter: 

Dr.ir. M.B. de Rooij      

 

The research was supported by M2i in Delft and ThermoPlastic composites Research Center 
(TPRC) (Project No. TPRC 02-003) in Enschede,  the Netherlands. The support is gratefully 
acknowledged. 

Cover painting by Dazhuo Wang. Dazhuo is an artist from Dalian, China, who lived in 
Enschede for a month and held an exhibition at Rijksmuseum Twente.  

End of the cover shows a fuselage with a number of reinforcement fasteners. Metal-composite 
co-consolidation technique shows potential to economically manufacture those structures 
without employing fasteners, thus the structural weight might be reduced and the fasteners 
stress concentrations are eliminated. The photo was taken by Yibo at the Future of Flight 
Aviation Center of the Boeing Company.  

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



i 
 

Summary 

Fastener free metal-carbon fibre reinforced thermoplastic composite hybrid joints show a 
potential for application in aerospace structures. In comparison with fastened hybrid joints, 
fastener free hybrid joints exhibit advantages in terms of joint weight reduction and a more 
uniformly distributed stress field within the joint. The metal-thermoplastic composite co-
consolidation technique shows potential for manufacturing those fastener free hybrid joints in 
an economic manner. In this technique, the metal parts are essentially co-consolidated with 
fibre reinforced thermoplastic composite prepreg. The thermoplastic resin present in the 
prepreg is thus used for bonding and no additional adhesives are employed. However, there is 
far less understanding of the performance of metal-thermoplastic composite interfaces as a 
crucial factor affecting the strength of the entire co-consolidated metal-thermoplastic 
composite hybrid joint. 

The performance of the metal-thermoplastic composite interface is governed by a variety of 
factors, which are promoted by introducing various bonding mechanisms: mechanical 
interlocking between metal and thermoplastic composite, physical attraction between metal 
and thermoplastic composite, and chemical bonding between metal and thermoplastic 
composite. In addition, the thermal residual stress in adherends generated during the 
consolidation process can impair the interfacial performance. Therefore, with a view to 
optimising the performance of the interface, the investigation of the effectiveness of these 
governing factors is significant. 

The metal-thermoplastic composite hybrid joints studied in this thesis employ grade 5 
titanium (Ti-6Al-4V) as the metal component, while the composite components are from the 
carbon fibre reinforced polyaryletherketone (C/PAEK) family. These titanium alloy-carbon 
fibre reinforced polyaryletherketone (Ti-C/PAEK) hybrid joints are of interest due to the 
application of these materials in the aviation industry.   

In this thesis, the Ti-C/PAEK interfacial performance and the governing factors between 
titanium and C/PAEK are investigated in the following aspects:   

 Suitable experimental approaches to evaluate the Ti-C/PAEK interfacial performance, 
namely mandrel peel test, have been developed and critically assessed.  

 The mandrel peel test is subsequently employed to evaluate the effectiveness of 
factors governing the Ti-C/PAEK interfacial performance. Furthermore, the bonding 
mechanisms activated by these factors are elaborately investigated by experimental 
approaches. 
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 The aforementioned experimental approach shows that the mechanical interlocking 
between titanium and thermoplastic composite is an important factor in the interfacial 
performance. Therefore a theoretical study, including analytical and numerical models, 
is carried out to enhance the understanding of the effectiveness of mechanical 
interlocking on the interfacial performance.  

In order to apply the co-consolidation technique in practice, the effectiveness of the interfacial 
performance governing factors on the strength of co-consolidated Ti-C/PAEK joints is further 
studied. Finally, a guideline for fabricating Ti-C/PAEK hybrid joints by the co-consolidation 
technique, focusing in particular on optimising the Ti-C/PAEK interfacial performance of the 
hybrid joints, is proposed at the end of this thesis.  
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Samenvatting 
Niet geklonken hybride verbindingen tussen koolstofvezel composietmateriaal en metalen 
hebben veel potentieel voor toepassing in de lucht- en ruimtevaart. Als geklonken 
verbindingen worden vergeleken met niet geklonken hybride verbindingen, dan zijn er grote 
voordelen wat betreft vermindering van de massa van de verbinding, maar ook wat betreft een 
meer gelijkmatige verdeling van de spanningen in de verbinding. Verder heeft co-consolidatie 
als productietechniek veel potentieel om dergelijke hybride verbindingen te maken. Bij deze 
techniek worden de metalen delen samengevoegd in een autoclaaf of met een pers (ge co-
consolideerd) met vezel versterkt thermoplastisch prepreg materiaal. De thermoplast die 
aanwezig is in het prepreg wordt in deze technieken dus gebruikt voor hechting. Er wordt dus 
geen gebruik gemaakt van additionele lijmen of andere hechtingsmiddelen. Echter, het is niet 
duidelijk welke factoren bepalend zijn voor de sterkte van een dergelijke ge-co consolideerde 
verbinding. Daarnaast is er niet voldoende bekend over de performance van de metaal- 
thermoplastische composiet verbinding, gefabriceerd via co-consolidatie. 

De performance van de metaal- thermoplastische composiet interface wordt vooral bepaald 
door een aantal belangrijke factoren die samenhangen met het al dan niet realiseren van 
verschillende mechanismen die voor hechting kunnen zorgen: 1) Mechanische verankering 
tussen metaal en het thermoplastische composiet. 2) Adhesie tussen het metaal en de 
thermoplastische composiet en 3) chemische hechting tussen het metaal en het 
thermoplastische composiet. Naast deze factoren kunnen ook de thermische restspanningen in 
de verbinding, gevormd gedurende het co-consolidatieproces, de verbinding aantasten. Om de 
verbinding te optimaliseren is het daarom van groot belang om de belangrijkste factoren die 
invloed hebben op de performance van de verbinding te identificeren De hybride verbinding 
tussen metaal en thermoplastische composiet zoals deze bestudeerd wordt in dit proefschrift 
bestaat uit grade 5 titanium (Ti-6Al-4V) gecombineerd met koolstofvezel versterkt 
Polyaryletherketone (C/PAEK). Deze hybride verbinding tussen de genoemde 
titaniumlegering en koolstof vezel versterkt composietmateriaal is belangrijk vanwege de 
toepasbaarheid in de luchtvaartindustrie. 

In dit proefschrift wordt de performance van de Ti-C/PEAK interface, evenals de 
belangrijkste factoren en mechanismen die de sterkte bepalen, als volgt bestudeerd: 

 Er zijn geschikte technieken ontwikkeld waarmee de performance van de Ti-C/PAEK 
interface kan worden bepaald.  In dit proefschrift wordt hierbij gebruik gemaakt van 
de mandrel peel test. 

 De mandrel peel test is vervolgens gebruikt om de belangrijkste variabelen die de 
performance van de Ti- C-PAEK interface bepalen, te bestuderen. Verder zijn ook de 
belangrijkste hechtingsmechanismen samenhangend met deze variabelen in kaart 
gebracht door middel van experimenten. 
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 De genoemde experimentele aanpak laat zien dat mechanische verankering tussen 
titanium en het thermoplastisch compost materiaal een bepalende factor is in de 
performance van de interface. Daarom is er een theoretische studie gedaan, 
gebruikmakende van zowel analytische als numerieke modellen, om de invloed van 
mechanische verankering op de interface te bepalen. 

Om de co-consolidatietechniek in de praktijk te kunnen gebruiken, is de invloed van de 
factoren die de performance van de geconsolideerde Ti-C/PAEK verbinding bepalen, verder 
in detail bestudeerd. Tenslotte is er een richtlijn geformuleerd voor het fabriceren van Ti-
C/PAEK hybride verbindingen middels co-consolidatie. Hierbij wordt er vooral aandacht 
besteed aan het optimaliseren van de performance van de Ti-C/PAEK hybride verbindingen. 
Deze richtlijn wordt voorgesteld aan het eind van het proefschrift. 
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Nomenclature 
The symbols used in this thesis are classified into a Roman or a Greek symbol group. 
Although some symbols can represent multiple quantities, its intended meaning follows from 
the textual context. 

Roman symbols 

A (μm) amplitude of the sinusoidal function characterising the adherend surface 
topography for the mechanical interlocking model 

Apore  (m2)  area of the pore 

Atotal  (m2)  area of the bonding area 

a (μm) the contact length within the contact adherend and adhesive surfaces for 
the mechanical interlocking model 

a (m)   crack length 

b (mm)  width 

d (μm)   diameter of the idealized titanium surface irregularities  

E (GPa)  elastic modulus of the adhesive for the mechanical interlocking model 

Ec, Em (GPa) elastic modulus of composite peel arm and metal fixed arm in 
longitudinal direction 

 (GPa)  elastic modulus of composite peel arm in transverse direction 

F (N/m) normalized shear force per unit width for the mechanical interlocking 
model 

F (N)   measured load F in double lap shear test 

Fa, Fp (N)   alignment force and peel force 

Fp,90° (N)   peel force measured by standard 90° peel test 

Fmax (N/m) normalized maximum shear force per unit width for the mechanical 
interlocking model 

G (J/m2)   energy release rate measured by mandrel peel test 

Gc (J/m2)   threshold interfacial fracture toughness for using standard 90° peel test   
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 (J/m2) maximum elastic energy stored in the peel arm for only elastic 
deformation 

G90° (J/m2)   energy release rate measured by standard 90° peel test  

GRS (J/m2)   strain energy change contributed by thermal residual stress 

GTS (J/m2)   strain energy change contributed by tensile strain 

H (mm)  adhesive thickness for the mechanical interlocking model 

h (μm)   depth of the idealized titanium surface irregularities  

hc, hm (mm)  thickness of composite peel arm and metal fixed arm  

k   constant employed in analytical model, equals to  

2π3HE(1-2υ)/{(1-υ)3(1+υ)} 

k0   ratio between R1 and R0 

L (mm)  adherend overlap length for the mechanical interlocking model 

l (μm)   resin penetration depth into the idealized titanium surface irregularities 

P0 (bar)  ambient pressure before impregnation starts 

Pa (bar) air pressure within the unfilled region of the idealized titanium surface 
irregularity 

Pc (bar)  capillary pressure 

p(x) (MPa) pressure distribution within the adherend-adhesive interface for the 
mechanical interlocking model 

 (MPa) pressure on the adhesive surface generated by the adhesive surface 
displacement for the mechanical interlocking model 

R (mm)  radius of mandrel 

R0 (m)   radius of curvature at the peel front 

R1 (m)   radius of curvature at the onset of plastic yielding 

Ra, Rq (μm)  arithmetic average roughness and root mean square roughness 

S (MPa)  interfacial shear strength 
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Smax (MPa) the adherend-adhesive shear strength, equals to |Fmax/L|, for the 
mechanical interlocking model 

Si (MPa) interfacial shear strength calculated by the mechanical interlocking 
model 

ΔT (K) temperature difference between thermal stress start building-up and 
mandrel peel test 

Tc (K)   peak crystallisation temperature 

Tg (K)   glass transition temperature 

t (s)   time required for achieving certain penetration depth 

U (J/m) normalized elastic deformation energy of the adhesive for the 
mechanical interlocking model 

Ud (J)   dissipated energy 

Uext (J)   external work 

Us (J)   strain energy stored in peel arm 

u (μm) the displacement of the adherend in x direction for the mechanical 
interlocking model 

ux, uy (μm) the displacement of the adhesive surface in x, y direction for the 
mechanical interlocking model 

vavg (m/s)  average resin flow velocity 

WA (mJ/m2)  thermodynamic work of adhesion 

Greek symbols 

α (10-6/K)  coefficient of thermal expansion 

αc, αm(10-6/K)  coefficients of thermal expansion of composite and metal 

γL (mN/m2)  surface tension of liquid 

δ (mm)   crosshead displacement in double lap shear test 

δy (μm) average displacement of the adhesive surface in y direction for the 
mechanical interlocking model 

εx, εy, εz strain in x, y, z direction of the adhesive for the mechanical interlocking 
model 
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εy   elongation limit of composite  

   elastic strain of composite peel arm 

   elongation limit of carbon fibre 

,  residual strain of composite peel arm and metal fixed arm in 
longitudinal direction  

,  residual strain of composite peel arm and metal fixed arm in transverse 
direction 

θ   slope of the peel arm at the peel front 

θ   contact angle between liquid and solid surface 

λ (μm) wavelength of the sinusoidal function characterising the adherend 
surface topography for the mechanical interlocking model 

μ   viscosity of the molten polymer resin 

μ   friction coefficient of mandrel peel test setup 

μ90°   friction coefficient of standard 90° peel test setup 

υ   Poisson’s ratio of the adhesive for the mechanical interlocking model 

νf   fibre fraction of the composite peel arm 

σc, σm (MPa) axial stress of composite peel arm and metal fixed arm in longitudinal 
direction 

σM (MPa)  the von Mises stress within the adhesive 

σM,Max (MPa)  the maximum von Mises stress within the adhesive 

,  (MPa) residual stress of composite peel arm and metal fixed arm in 
longitudinal direction 

,  (MPa)   residual stress of composite peel arm and metal fixed arm in transverse 
direction 

σx, σy (MPa) the normal stress in x, y direction of the adhesive for the mechanical 
interlocking model 

τI (MPa)  shear strength of oxide-PAEK interface 

τO (MPa)  shear strength of metal oxide 
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τR (MPa)  shear strength of PAEK resin 

τxy (MPa) the shear stress in the x-y plane of the adhesive for the mechanical 
interlocking model 

Abbreviations 

AHP   alkaline hydrogen preoxide 

Al2O3   aluminium oxide  

CFRP   carbon fibre reinforced polymers 

C/PAEK  carbon fibre reinforced polyaryletherketone 

C/PEEK  carbon fibre reinforced polyetheretherketone 

C/PEKK  carbon fibre reinforced polyetherketoneketone 

C/PPS   carbon fibre reinforced polyphenylenesulphide 

CTE   coefficient of thermal expansion 

DCB   double cantilever beam 

DLS   double lap shear 

EDX   energy dispersive X-ray spectroscopy 

ENF   end notch flexure 

FEA   finite element analysis 

G(Al)-S,M,L titanium grit blasted by Al2O3 with aging in air in short, medium and 
long waiting times  

G(Si)-S,M,L titanium grit blasted by SiO2 with aging air in short, medium and long 
waiting times  

OWRK method Owens-Wendt-Rabel-Kaeble method 

PAEK   polyaryletherketone 

PEEK   polyetheretherketone 

PEKEKK  polyetherketoneetherketoneketone  

PEKK   polyetherketoneketone 

PPS   polyphenylenesulphide 
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SiO2   silicon dioxide  

SLS   single lap shear  

Ti   grade 5 titanium (Ti-6Al-4V) 

UD   uni-directional 

XPS   X-ray photoelectron spectroscopy 
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Chapter 1  

Introduction 
1.1 Background of the research 

Carbon fibre reinforced polymers (CFRP) are widely used in various fields of industry; 
especially in the aviation industry due to their high specific stiffness and strength. CFRPs can 
employ either a thermoset or a thermoplastic matrix material. In comparison with their 
thermoset counterparts, thermoplastic composites show a higher fracture toughness, a longer 
shelf time, lower flammability, shorter processing time and strong potential for recycling and 
reuse [1-4]. As a consequence, thermoplastic composites are currently receiving an increasing 
amount of attention from both the aerospace and automotive industries. 

 

Figure 1-1: (a) The elevator of Gulfstream 650 business jet manufactured by Fokker 
Aerostructures with CETEX® carbon-PPS material from Ten Cate Advanced Composites. (b) 

Rivets are used to join the metal and composite components.  

In many aero structures, CFRPs are used in combination with metallic components, for 
example to facilitate load introduction. The CFRP and metal can be mechanically joined using 
bolts, rivets or screws, i.e. mechanically fastened, or can be bonded by various kinds of 
adhesives, i.e. adhesively bonded. As an example, Figure 1-1 illustrates an elevator whose 
primary structure is fabricated from thermoplastic composite (a), with a metal insert 
component which is joined using rivets (b). The mechanically fastened joint offers sufficient 
strength when a properly designed. However, for mechanically fastened joints, stress 
concentrations at the fastener locations are inevitable. These stress concentrations may cause a 
local yielding of the metal component or fracture for the CFRP component, both of which 
deteriorate the integrity and robustness of the joint. In comparison with mechanical fastened 
hybrid joints, the adhesively bonded joint distributes the stress within the bonded region more 
uniformly, thereby reducing stress concentrations [5, 6]. The disadvantage of adhesive 
bonding, however, lies in the requirement for complicated surface preparation prior to 

Composite component 

Metal component 

Rivet 

(a) (b) 
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bonding. Also, in the case of thermoplastic composites, it may not be obvious to find a 
suitable adhesive due to the low surface energy of thermoplastics.  

As an alternative to riveting or adhesive bonding, the metal parts can also be co-consolidated 
with the thermoplastic composite prepreg material. The difference between conventional 
adhesive bonding of metal-thermoplastic composite hybrid joints and metal-thermoplastic 
composite co-consolidation could be interpreted as follows. The conventional fabrication 
process usually involves consolidation of the thermoplastic composite component, followed 
by surface treatment of the bonding region of both the metal and composite parts. 
Subsequently, the appropriate adhesive should be applied to the bonding region, followed by 
a heating cycle to cure the adhesive. In contrast, for the metal-thermoplastic composite co-
consolidation process, the surface treated metal component is co-consolidated with the 
thermoplastic composite prepreg. No pretreatment of the composite is needed and no separate 
curing cycle is needed for the adhesive. The consolidation of thermoplastic composite prepreg 
and the bonding of thermoplastic composite and metal are achieved in the same process. 
Essentially, the thermoplastic resin in the thermoplastic composite also acts as the adhesive. 
The combination of consolidation and bonding makes the process attractive from an economic 
viewpoint.  

Application of the metal-thermoplastic composite co-consolidation technique requires proper 
understanding of the process and, more particularly, the factors affecting the performance of 
the hybrid joint  It is reported that for an adhesively bonded hybrid joint, the joint strength is 
affected by the following factors [6]: the material properties of the adherends and adhesive, 
the stress distribution within the overlap region of the joint which is influenced by the joint 
geometry and loading conditions, and the performance of adherend-adhesive interface.  

The metal-thermoplastic composite interfacial performance is of paramount importance for 
the performance of the co-consolidated hybrid joint [6, 7]. In this perspective, the metal-
thermoplastic composite interfacial performance of two different metal-thermoplastic 
composite hybrid joints are studied in this thesis; both employ grade 5 titanium (Ti-6Al-4V) 
as the metal component. The hybrid joints are distinguished by their thermoplastic composite 
components which are both from the polyaryletherketone (PAEK) family: carbon fibre 
reinforced polyetheretherketone (C/PEEK) and carbon fibre reinforced polyetherketoneketone 
(C/PEKK). These two titanium alloy-carbon fibre reinforced PAEK polymer (Ti-C/PAEK) 
hybrid joints are of interest due to the application of these materials in the aviation industry.   

1.2 Mechanisms governing the metal-thermoplastic composite interfacial performance 

The performance of the metal-thermoplastic composite interface is attributed to the bonding 
between metal and thermoplastic composite, promoted by the three mechanisms which are 
schematically illustrated in Figure 1-2. Bonding can be achieved by mechanical interlocking 
of the thermoplastic into the titanium surface, by physical attraction between the 
thermoplastic and the metal as a result of the secondary bonds (e.g. van der Waals forces, 
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hydrogen bonds) and by chemical bonding (e.g. covalent bonds) between the thermoplastic 
and the titanium [6, 8-11]. In order to optimise the metal-thermoplastic composite interface, 
these bonding mechanisms should be promoted. In addition, the consolidation process 
generates thermal residual stresses which will also influence the interfacial performance. The 
effectiveness of these bonding mechanisms on the metal-thermoplastic interfacial 
performance, with titanium-C/PAEK interfaces as the material combination of interest, is 
elaborately studied in this thesis by means of both experiments and modelling. Furthermore, 
the applicability of the developed understanding for other material combinations is discussed 
in the end of this thesis. 

             

Figure  1-2:  A schematic overview of the bonding mechanisms. From left to right: 
mechanical interlocking, physical attraction and chemical bonding. 

1.3 Behaviour of the titanium-C/PAEK interface 

As mentioned in section 1.1, for metal-thermoplastic composite co-consolidated hybrid joints 
the bonding between titanium and C/PAEK is achieved by the PAEK resin playing the role of 
adhesive. Therefore, as shown in Figure 1-3, the micro scale Ti-C/PAEK interfacial region 
comprises the following components: the titanium surface, the PAEK resin and the carbon 
fibres. 

 

Figure 1-3: The metal-thermoplastic composite interfacial region. (a) real case (b) schematic 
view. 

Figure 1-4 schematically illustrates the micro scale interfacial fracture behaviour of the joint. 
The micro scale interfacial failure behaviour can be categorised into three failure modes 
according to their location (denoted with the red dashed lines) as follows: 1) failure occurring 
at the Ti-PAEK resin interface, named adhesive failure, 2) failure occurring within PAEK 
resin, named cohesive failure and 3) failure occurring at the PAEK resin-carbon fibre 
interface, named fibre-matrix failure.  
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Figure 1-4: Different modes of the interfacial failure. 

1.4 Objective  

The greater objective of this thesis is to define guidelines for fabricating titanium-C/PAEK 
hybrid joints using a co-consolidation technique. In particular, the work focuses on optimising 
the interface performance of titanium-C/PAEK joints. In order to achieve this objective, the 
mechanisms governing the interface performance are investigated by various approaches 
which are introduced in the next section. 

1.5 Approach 

A proper understanding of the factors governing the interfacial performance is required in 
order to achieve the desired objective. Progress requires efforts from an experimental as well 
as a modelling viewpoint. Firstly, an experimental test methodology needs to be developed in 
order to identify, analyse and quantify the important factors that govern the joint performance; 
these may include mechanical interlocking, physical attraction, chemical bonding and thermal 
residual stress. The contribution of the aforementioned mechanisms to the joint performance 
will be analysed experimentally for varying titanium surface treatments. Supported by 
experiments, a model for interlocking will then be developed to provide a proper 
understanding of the interrelation between surface texture and mechanical joint performance. 
Finally, the effect of the interfacial performance governing factors on the strength of co-
consolidated titanium-C/PAEK hybrid joint is studied.   

1.6 Outline of this thesis 

The core content of this thesis is schematically outlined in Figure 1-5. It comprises four 
chapters (Chapter 2 to 5) which were published or submitted for publication in scientific 
journals and are presented in reproduced form in this thesis.  

 

1) Adhesive failure 
2) Cohesive failure 

3) Fibre-matrix failure 
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Figure 1-5: Outline of the thesis. 

The second chapter introduces a tailored experimental approach, namely a mandrel peel test, 
for evaluating the interfacial performance of the co-consolidated titanium-C/PAEK joints by 
measuring the titanium-C/PAEK interfacial fracture toughness as the evaluation criteria. The 
mandrel peel test is further employed to identify, analyse and quantify the mechanisms 
governing the interfacial performance.  

The third chapter employs the experimental approach developed in Chapter 2 to investigate 
the effect of various titanium surface treatments on the interfacial performance of titanium-
C/PAEK hybrid joints. The performance of these hybrid joints is first evaluated, followed by 
an in-depth study of the governing bonding mechanisms, as activated by the surface 
treatments. It is found that an appropriate material combination and carefully selected 
titanium pre-treatment method can result in an interface performance comparable to the 
composites’ interlaminar behaviour. This contributes partly to possible chemical bonding 
between the metal and polymer, while mechanical interlocking, affected by the titanium 
surface topography, plays an important role as well.  

Chapter 4 introduces a theoretical model to investigate the effect of various titanium surface 
topography profiles on the mechanical interlocking effect. The correlation between the 
interfacial performance and titanium surface topography is presented analytically. 

Chapter 5 studies the effect of the interfacial performance governing factors on the titanium-
C/PAEK joint strength by means of a double lap shear test. The test result is compared with 
the theoretical model output from Chapter 4.  

The complete work of investigating the interface performance of titanium-C/PAEK joints is 
summarized in Chapter 6, which also comprehensively discusses various mechanisms and 
approaches that can affect the titanium-C/PAEK interfacial performance. The applicability of 
knowledge on titanium-C/PAEK interfacial performance on generic metal-thermoplastic 
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composite interfacial performance is discussed. Finally, the guidelines for fabricating metal-
thermoplastic composite hybrid joints using a co-consolidation technique are proposed. 

Chapter 7 presents important conclusions of this thesis. In the end, recommendations for 
further research to apply this co-consolidated titanium-C/PAEK joint into practical 
applications are introduced in chapter 8.  
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Chapter 2 

Characterising the interfacial performance of titanium-
C/PAEK hybrid joints by means of a mandrel peel test1 
Abstract 

Fastener free metal-carbon fibre reinforced thermoplastic composite hybrid joints show 
potential for application in aerospace structures. The strength of the metal-thermoplastic 
composite interface is crucial for the performance of the entire hybrid joint. Optimisation of 
the interface requires an evaluation method for these hybrid structures. This chapter 
demonstrates the applicability of a mandrel peel test method for this purpose. The suitability 
of the mandrel peel test for certain hybrid joints is evaluated. Furthermore, a series of 
parameters in the mandrel peel test are assessed in order to optimise the evaluation of the 
performance of metal-thermoplastic interfaces.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                           
1 Reproduced from: Yibo Su, Matthijn de Rooij, Wouter Grouve, Laurent Warnet. Characterisation of metal–
thermoplastic composite hybrid joints by means of a mandrel peel test. Composites Part B: Engineering, Pages 
293-300, Vol. 95, 2016.  
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2.1 Introduction 

Joints exist in transitions between composite parts and metal features or fittings in aerospace 
structures. A technique called one-step consolidation shows potential for the manufacture of 
fastener free metal-carbon fibre reinforced thermoplastic composite joints. During this 
process, the metal parts are essentially co-consolidated with fibre reinforced thermoplastic 
composite prepreg. The thermoplastic resin, already present in the prepreg, is thus used for 
bonding and no additional adhesives are employed. In addition, since the thermoplastic 
composite plays the roles of both adhesive and adherend, the surface cleaning process is 
limited to treatment of the metal only. A reliable experimental method is required to evaluate 
the interfacial strength between the metal and the thermoplastic composite in order to further 
develop the technology. Generally, the performance of such hybrid joints can be evaluated 
through either the stress required to break the joint, i.e. the joint strength, or the energy 
required to propagate the crack at the joint interface, i.e. the joint toughness. The remainder of 
this section shortly introduces several typical test methods based on these two evaluation 
criteria. 

2.1.1 Strength based test methods 

The strength of the hybrid joint is directly measured by the force required to break it. This 
force could be the normal load as measured by the tensile butt test (ASTM D2094) [1, 2], or 
the shear load as evaluated by the lap shear test (ASTM D1002) [3-6]. The measured strength, 
however, not only depends on the degree of adhesion and the mechanical properties of the 
adhesive and adherends, but also on the specific geometry of the joint [7]. The influencing 
factors are the adhesive layer thickness, fabrication induced geometry change, the stiffness of 
the adherend and the bonded overlap area [8-10]. Furthermore, the stress distribution within 
the bonded area for both the tensile butt joint and lap shear joint is non-uniform [7, 11]. These 
features complicate the evaluation of the measurement result. It is, therefore, difficult to 
compare results from different researchers. Moreover, the non-uniform stress distribution can 
influence the locus of failure thus hindering the analysis of the joint failure mechanism. In 
conclusion, since the strength based test methods can not accurately evaluate the metal-
thermoplastic interfacial behaviour, these are not employed in this research. 

2.1.2 Energy based test methods 

The interfacial fracture toughness refers to the energy required to separate the interface into 
two individual surfaces. This energy represents only the fracture behaviour of the interface 
and should be independent of the joint geometry [7]. For identical adherends, the double 
cantilever beam (DCB) test is employed for measuring the interfacial fracture toughness 
under mode I loading [12-14], while the end notch flexure (ENF) test is suggested to 
characterise the fracture toughness under mode II loading [12]. Peel tests, measuring the 
energy required to peel off a relatively flexible adherend (peel arm) from a rigid adherend 
(fixed arm), are the most common test methods to measure the fracture toughness between 
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different adherends under various load modes [15-20]. The peel tests could be classified by 
the different fixture configurations. Several commonly used peel tests are the 90-degree peel 
test (ASTM D6862) [20-22], the floating roller peel test (ASTM D3167) [16, 23] and the 
climbing drum peel test (ASTM D1781) [24]. A peel experiment is attractive for the current 
application, as specimens can be designed quite economically. A single ply of uni-directional 
(UD) fibre reinforced thermoplastic tape can be co-consolidated on a metal substrate. 
Subsequently, it can be peeled off to quantify the interfacial fracture toughness. 

For the previously introduced peel tests, the peel arm is inevitably bent with a certain 
curvature during the peeling [17]. However, in cases of measuring a relatively tough interface 
(fracture toughness>1 kJ/m2 for a 0.15mm thickness UD tape) by using standard peel test, the 
curvature of the peel arm at the peel front could be too large, causing the carbon fibres in the 
tape to fracture before the peel arm is peeled off [25]. This phenomenon of tape fracture prior 
to peel off may also occur in the floating roller peel test and climbing drum peel test, since the 
conformation of the tape to the roller and drum may not be achieved [15]. 

This chapter proposes a mandrel peel test which peels the specimen at a designated peel arm 
curvature, thereby avoiding tape fracture. The following sections elaborate on the mandrel 
peel test. Firstly, the test itself is outlined including a description of the required specimens 
and a discussion on the effects of residual stresses and test parameters. Subsequently, an 
experimental study on titanium-C/PAEK hybrid joints is presented. An experimental 
procedure is finally proposed based on the theoretical and experimental analysis. 

2.2 Mandrel peel test for metal-thermoplastic composite joints 
2.2.1 Principle of the test and specimen preparation 

The mandrel peel test was first proposed by Kawashita et al. [26] to measure the fracture 
toughness of a metal-epoxy-metal peel specimen. Figure 2-1 shows schematically the 
configuration of the mandrel peel test. The flexible peel arm is bent around a mandrel, which 
is a bearing able to rotate around a shaft fixed on a fixture. A tensile force Fp is applied in 
order to peel the peel arm from the fixed arm. An alignment force Fa, provided by a 
pneumatic piston or a dead weight, is applied to the sliding table in order to achieve 
conformation of the peel arm to the mandrel. Kawashita’s work reported that the mandrel peel 
test is able to measure the plastic work in the metal peel arm of a fibre metal laminate, which 
makes the test considerably simpler than a standard peel test in which this contribution to the 
measured force is estimated using a modelling approach [17, 26]. Grouve et al. used the test 
to solve the inapplicability of the standard peel test on the thermoplastic composite UD tape 
peel arm [25]. The curvature of the peel arm can be controlled, which maintains the 
elongation of the carbon fibres in the peel arm below its fracture limit, thereby preventing 
tape breakage. Based on this, the interfacial fracture toughness between a carbon fibre 
reinforced polyphenylene sulphide (PPS) UD tape and a C/PPS woven fabric laminate has 
been successfully measured [25].  
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Figure 2-1: A schematic representation of the mandrel peel test. 

As the test allows peeling of a tape without breaking it, the mandrel peel test is employed to 
measure the fracture toughness of thermoplastic UD tape-metal interface. A titanium alloy-
carbon fibre reinforced polyetherketoneketone (C/PEKK) hybrid joint is employed as an 
example. The hybrid peel specimen is fabricated from grade 5 titanium alloy (Ti-6Al-4V) 
strip as the fixed arm and C/PEKK UD tape as the peel arm. The configuration and 
dimensions of the peel specimen are shown schematically in Figure 2-2: 

 

Figure 2-2: Dimensions of the mandrel peel specimen. 

2.2.2 Interfacial fracture toughness calculation 

The fracture toughness G, measured by the mandrel peel test, is expressed as the strain energy 
change per unit area of crack growth [25]: 

 

where Uext is the external work, Ud is the energy dissipated during the test and Us is the strain 
energy stored in the peel arm. The crack area change is bda in which b is the width of the peel 
arm and da is a crack length increment.  

The change in external work due to the crack growth da is:    

 

Mandrel Load cell measuring Fp  

Load cell measuring Fa  

Peel  arm 

Sliding table 

Pneumatic piston 

Fixed arm thickness: 1 mm 

C/PEKK UD peel arm thickness: 0.15 mm 
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in which Ec and hc are the Young’s modulus and thickness of the peel arm respectively.  
represents the elastic strain in the composite tape peel arm during peeling, while  is the pre-
strain in the composite tape peel arm caused by the residual stress  during the bonding.  

The energy dissipation during the test includes the plastic deformation of the peel arm and the 
friction of the test setup. The energy dissipated through plastic work is often negligible for a 
UD reinforced tape peel arm [27]. Consequently, only friction should be accounted for during 
the test. This friction is typically found to be proportional to the peel force Fp [25, 26]. 
Therefore, the energy dissipated by friction for an incremental crack length da could be 
expressed as: 

 

The strain energy Us of the global system consists of the tensile strain energy stored in the 
peel arm and the fixed arm, plus the residual strain energy stored in the bonded part of the 
peel arm and the fixed arm. The strain energy change dUs is expressed as: 

 

 

where  is the axial stress in the composite peel arm, while subscript m refers to the property 
of the metal fixed arm. In addition subscript r corresponds to the term of residual stress/strain. 
Superscript T refers to the properties in the transverse direction of the peel arm and fixed arm. 

The hybrid peel specimen could be considered as a bi-material system comprising a 
thermoplastic composite UD tape and a metal substrate. The thermal residual stresses in the 
tape and the metal substrate could be solved by using a strain compatibility equation which 
includes the free contraction of the materials ( ) and the mechanical component necessary 
to compensate for the free contraction. The approach of this equation in the longitudinal 
direction is shown as Equation (2.5): 

 

Equation (2.6) represents the force balance between the metal and thermoplastic composite: 

 

Substitution of Equation (2.6) into Equation (2.5) yields: 
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By rearranging Equation (2.7), the value of  is given by [28]: 

 

Substituting Equation (2.6) into Equation (2.8), the value of  is obtained as: 

 

where  is the temperature difference between the conditions at consolidation and during 
testing. For amorphous matrix composites, e.g. polyethersulfone (PES), the temperature at 
which thermal stresses start building-up is around glass transition temperature [29, 30]. For 
semi-crystalline matrices, such as polyetheretherketone (PEEK), this could be found at the 
peak crystallisation temperature [29, 31]. Since PEKK is a semi-crystalline polymer,  in 
this case should be from the peak crystallisation temperature to room temperature. The values 

 and  represent the coefficients of thermal expansion (CTE) of the thermoplastic UD 
tape and metal. Analogously, by applying this solution in the transverse direction, the values 
of  and  can thus be calculated by substituting the longitudinal properties by the 
transverse properties of those materials. 

By substituting Equation (2.2), (2.3) and (2.4) into Equation (2.1), the energy release rate of a 
metal-thermoplastic composite hybrid peel specimen is calculated as Equation (2.10) [32]: 

 

The value of G is the fracture toughness of the interface. 

The dimensions of the Ti-C/PEKK peel specimen are introduced in Table 2-1: 

Dimensions b (mm) hc (mm) hm (mm) 
 10 0.15 1 
Table 2-1: Dimensions of the peel specimen. 

The material properties of the PEKK UD tape can be calculated from a micromechanics 
approach using for example the software U20MM [33]. As introduced previously, the 
temperature change of C/PEKK arm is counted from peak crystallisation temperature to room 
temperature (RT). This peak crystallisation temperature Tc could be regarded as 280 °C [34] 
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for residual stress calculation, therefore the temperature difference ΔT = -255 K.  By 
substituting the dimensions and properties of the Ti-C/PEKK hybrid peel specimen into 
Equation (2.8) and (2.9), the thermal residual stress in the hybrid joints can be calculated. The 
material properties and the thermal residual stresses of both peel arm and fixed arm are 
summarised in Table 2-2 and 2-3 respectively.  

 αc (10-6/K) αm (10-6/K) Ec (GPa) Em (GPa) 
Longitudinal Property -0.120 

8.6 
134 

114 
Transverse Property 15.9 9.5 

Table 2-2: Material properties of the peel specimen. 

Thermal residual stresses  (MPa) (MPa) (MPa)  (MPa) 
 -254 38.1 17.5 -2.62 

Table 2-3: Thermal residual stresses of the peel arm and fixed arm in longitudinal and 
transverse directions. 

The corrections introduced by Equation (2-10) can be illustrated here by assuming a peeling 
force Fp of 100 N as measured in [25].  By substituting the properties listed in Tables 2-1, 2-2 
and 2-3 into Equation (2.10), the contribution of changes in tensile strain energy and residual 
stress can be calculated: 

Contribution of the tensile strain: 

 

Contribution of the residual stress: 

 

The value of GTS and GRS in the case of Fp = 100N is calculated to be 2 J/m2 and 64 J/m2 
respectively. Typically, the fracture toughness value of Ti-C/PEKK peel specimen in this 
research ranges from 500 J/m2 to 1500 J/m2. Under this estimation, the contribution of the 
tensile strain can therefore be neglected. Equation (2.10) thus yields: 

 

2.3 Experimental evaluation 
2.3.1 Sample preparation 

The C/PEKK UD tape used in this research is supplied by Ten Cate with a 59% volume 
fraction of carbon fibre. The grade 5 titanium alloy (Ti-6Al-4V) was supplied by Hamel 
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Metal B.V as plates of 1 mm thickness. Additionally, Cytec PEKK thermoplastic resin film is 
also employed to enhance the bonding of the tape with titanium strips. The PEKK film was 
kindly provided by Fokker Aerostructures.  

Proper titanium surface treatment prior to the bonding process is necessary to establish a 
successful bond between titanium and C/PEKK [35, 36]. These surface treatments could be 
grit blasting, anodising, plasma sputtering and applying coupling agents. Grit blasting is used 
in this research in order to achieve a strong bonding. Grit blasting treatment not only offers a 
mechanically rough surface, but also removes the oxide layer to expose a chemically-active 
titanium surface. These surface modifications could improve the mechanical interlocking 
effect and physical/chemical bonding between C/PEKK and titanium. The as-received 
titanium specimen was first ultrasonically cleaned using isopropyl alcohol and then manually 
grit blasted in a grit blasting cabinet. Table 2-4 introduces the parameters of the grit blasting 
treatment: 

Blasting media and 
grain size 

Blasting 
time 

Blasting 
pressure 

Blasting 
angle 

Distance from 
nozzle to specimen 

SiO2 
(106μm~212μm) 

60 sec 7 bar 90° 50 mm 

Table 2-4: Parameters of grit blasting treatment. 

Peel samples with different expected fracture toughness are prepared to evaluate the 
applicability of the mandrel peel tests for different interfacial toughness values. In this chapter, 
this diversity of fracture toughness is achieved by controlling the time interval between grit 
blasting treatment and consolidation. Based on this, two samples are prepared. Fresh samples 
are immediately consolidated after grit blasting, while aged samples are aged for 28 hours 
before consolidation. 

The one-step consolidation technique is used to fabricate the peel specimens. The mandrel 
peel test specimen comprises a titanium strip with a single ply of C/PEKK UD prepreg tape 
(the 0° fibre direction of the tape is in a longitudinal direction). A layer of 0.06 mm thick 
PEKK film is inserted between the UD tape and the titanium strip to supply sufficient resin at 
the interface. The dimensions of the titanium strip are 120 mm × 10 mm × 1 mm (L × W × H). 
The ply thickness and width of C/PEKK UD tape are 0.15 mm and 10 mm respectively. The 
length of the C/PEKK UD tape is not restricted, but it should be sufficient long to be fixed to 
the load cell. A layer of Upilex S12.5 polyimide film, with a length of 50 mm, is inserted 
between the PEKK film and the titanium strip in order to create an initial crack.  

Figure 2-3 shows schematically the configuration of the titanium strips, the C/PEKK UD tape 
with the PEKK film, and the polyimide film. The titanium strips were laid on a wide C/PEKK 
UD prepreg with a layer of PEKK film between them, the end of those titanium strips were 
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wrapped by polyimide film as an initial crack. Five specimens were manufactured for each 
sample for evaluating the performance of these joints. 

 

Figure 2-3: Mandrel peel test specimen before consolidation. 

Autoclave consolidation is utilised to consolidate the test specimens. The peel specimens are 
placed on a steel table and sealed with polyimide film. Figure 2-4 shows the cycle by plotting 
the temperature change in the autoclave as a function of time. The temperature in the 
autoclave is gradually elevated to 386 °C and is kept constant for 120 min. Afterwards, the 
temperature is slowly decreased to 145 °C. Finally the specimen is held at 145 °C for 20 min 
and slowly cooled down to room temperature. 

 

Figure 2-4: PEKK consolidation process. 

The cut and trimmed peel specimen is shown in Figure 2-5. The specimen is slightly curved 
due to the process induced residual stresses. Therefore, prior to starting the peeling, double 
sided tape is applied beneath the titanium strip to fix the specimen on the sliding table, 
thereby flattening the specimen.  
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Figure 2-5: Consolidated peel specimen. 

Figure 2-6 shows the cross section of the consolidated peel specimen. It is observed that the 
thickness of the tape is constant over the width of the titanium after consolidation. However, 
this thickness is reduced in comparison with the thickness before consolidation (0.21 mm, 
0.15 mm tape + 0.06 mm film), since the resin flows out from the bonded region during the 
consolidation process. The tape thickness of consolidated specimen ranges, in this research, 
from 0.12 mm to 0.21 mm. This tape thickness variation is caused by the different resin 
content of the consolidated peel arm. Thus the thickness variation affects the elastic modulus 
and CTE of the tape, thereby influencing the values of GRS and GTS and the fracture toughness 
G.  

 

Figure 2-6: Cross section of the peel specimen as seen under an optical microscope. 

Table 2-5 shows the influence of different tape thickness h on the variation of the fibre 
volume fraction  of the tape, elastic modulus and CTE of the tape, and the residual stresses 
in the tape and titanium. According to the data from table 5, the effect of tape thickness on the 
value of GRS and GTS can be calculated as shown in Table 2-6. It can be observed that the 
thickness has a marginal effect on the value of GRS and GTS. Therefore, the values of GRS and 
GTS shown in Table 2-6 for a tape thickness of 0.15 mm can be used in Equation (2.11) and 
Equation (2.12) as long as the peeling force is not too far off the assumed value of 100 N. 

h 
(mm) 

 
(%) 

 
(GPa) 

 
(GPa) 

      
(10-6/K) 

         

(10-6/K) 
 

(MPa) 
 

(MPa) 
 

(MPa) 
 

(MPa) 
0.12 75 167 11.1 -0.26 14.32 -321 38.5 16.1 -1.93 
0.15 60 134 9.51 -0.12 15.90 -254 38.1 17.5 -2.62 
0.18 50 113 8.56 0.02 17.05 -209 37.7 18.2 -3.28 
0.21 43 97.1 7.94 0.15 17.94 -177 37.2 18.6 -3.91 

Table 2-5: A variety of tape properties as the function of tape thickness. 

 

Polyimide film  Curvature at bonded region  

Titanium  

PEKK tape 
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h (mm) GRS (J/m2) GTS (J/m2) 

0.12 64 2 
0.15 64 2 
0.18 63 2 
0.21 63 2 

Table 2-6: The value of GRS and GTS as a function of tape thickness. 

2.3.2 Parameters in mandrel peel test 

Prior to applying the mandrel peel test to measure the interfacial fracture toughness of the Ti-
C/PEKK hybrid joints, a set of parameters, such as the peeling rate, the alignment force and 
the radius of the mandrel should be chosen. The peeling rate of the mandrel peel test is 
employed as 15mm/min according to the protocol and previous experience [25, 37].  

Alignment force 

The alignment force is employed to ensure the conformation of the peel arm to the mandrel. 
When the alignment force is not sufficient to achieve conformity, the crack position may not 
be at the bottom of the mandrel, but move forwards resulting in the breakage of the peel arm 
as shown in Figure 2-7. For an extreme case as Fa=0, the mandrel peel test performs as 90° 
peel test, when the significance of the mandrel completely vanishes.  

 

Figure 2-7: Schematic representation of the achieved conformity (left) and non-achieved 
conformity (right). 

Choosing Fa requires some experience. After some trial and error tests, this alignment force Fa 
was set as 60 N which ensured conformation at all of the cases with different G. The value of 
Fp, under this circumstance, is measured to be approximately 75 N during the mandrel peel 
test for all of the specimens. Therefore, the energy contributions GRS and GTS should be re-
calculated based on Equation (2.11) and Equation (2.12) while employing the measured Fp  
from the mandrel peel test.   

 

Conformation: curvature at peel front equals 
to the curvature of mandrel  

No conformation: Curvature at peel front larger 
than the curvature of mandrel  

Sufficient Fa  Insufficient Fa  

Fp  Fp  
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Radius of the mandrel 

The maximum bending strain of the bent peel arm conforming to the mandrel is determined 
by , where h is the thickness of the peel arm and R is the radius of the mandrel. The 
radius of the mandrel is restricted to ensure the fibre does not exceed its elongation limit, 
i.e. . The  for AS-4 carbon fibre used in the Ten Cate PEKK UD tape is 
1.7~1.8 %. This criterion limits the minimum radius of the mandrel to 5.83 mm. In this 
research, a mandrel with a 10 mm radius is employed. 

2.3.3 Determination of the friction in mandrel peel test setup 

The value of μ is measured by repeating the mandrel peel test on the same non-bonded peel 
specimen. In the second peel test, the relation between Fp and Fa yields: 

 

A 'non-bonded' peel test is conducted on the same C/PEKK peel specimen after each 'bonded' 
test. This second test, however, is performed using a higher value of Fa in order yield a similar 
value of Fp as for the first test. In this way, the friction coefficient is obtained by plotting the 
value of μ=(Fp-Fa)/Fp as a function of displacement as shown in Figure 2-8. This approach 
could be applied on every specimen to obtain the unique friction coefficient of each test. 

 

Figure 2-8: Plotting the friction coefficient as a function of the displacement under a constant 
Fa. 

In this research, the fracture toughness is then calculated for individual specimens using 
individually measured values of μ. The average μ value is approximately 0.01 for these 
measurements. 

2.3.4 Mandrel peel test results 

The interfacial fracture toughness is determined from the crack growth resistance curve (R-
curve) which expresses the energy release rate G as a function of the crack length. The R-
curve is acquired by plotting the result of Equation (2.13) by using experimental values of Fp 
and Fa, additionally with the value of GRS mentioned in section 2.3.2.  
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Figure 2-9 shows the R-curves of one low toughness specimen (long time interval between 
grit blasting and consolidation, i.e. aged specimen) and one high toughness specimen 
(immediately consolidating after grit blasting, i.e. fresh specimen). The energy release rate G 
increases with the crack length until it reaches a plateau value. By averaging the energy 
release rate G within the plateau zone, the value of fracture toughness for the specimen is 
obtained.  

 

Figure 2-9: R-curves of titanium-C/PEKK peel specimens with distinctive fracture toughness. 

 

Figure 2-10: The average fracture toughness of the peel samples, the bar shows the standard 
deviation. 

 

Figure 2-10 illustrates the overall performance of the samples, with a number of five 
specimens per sample. The discrepancy of the fracture toughness between these two samples 
is caused by the ageing time. The high toughness specimens are consolidated immediately 
after the grit blasting treatment, while the low toughness specimens are consolidated after 28 
hours ageing from the grit blasting treatment.  
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2.4 Discussion 
2.4.1 Influence of the friction in mandrel peel test 

Equation (2.13) indicates that the calculated fracture toughness value is influenced by the 
measurement of the friction coefficient μ. However, in practice the measured μ value does not 
show consistency for each specimen. The measured μ value could range from 0.0025 to 0.02 
for the experiment apparatus in this research. The error due to friction for the measurement 
result of a high toughness interface (>1 kJ/m2) is negligible [25]. However, for a low 
toughness interface, such deviation could be critical.  

 

Figure 2-11: The effective peel force Fp - Fa. 

 

Figure 2-12: (a) The ratio of μFp to Fp - Fa as different value of μ. (b) The fracture toughness 
as the different measurement value of μ. 

Figure 2-11 plots the effective peel force Fp - Fa as a function of crack length for the low 
toughness peel specimen. The average value of Fp - Fa for this specimen is approximately 6.1 
N. Figure 2-12 (a) shows that by choosing the values for μ as 0.0025, 0.01 and 0.02, the value 
of (Fp - Fa - μFp) decreases as 5.91 N, 5.35 N and 4.6 N. The fracture toughness measurement, 
according to Equation (2-13), is thereby affected as shown in Figure 2-12 (b): For μ = 0.0025, 
the fracture toughness is 649 J/m2. For μ = 0.01, the fracture toughness is 593 J/m2. While for 
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μ = 0.02, the fracture toughness is 518 J/m2. The discrepancy between the measured fracture 
toughness is apparent, therefore the friction in the mandrel peel test requires a critical analysis. 

2.4.2 Comparisons between the mandrel peel test and the standard 90° peel test 

For low toughness interfaces, the standard 90° peel test could be reconsidered since the 
interface may fail prior to the tape breakage. By removing the mandrel and pneumatic system 
from the mandrel peel test setup, the 90° peel test setup can be performed easily. The energy 
release rate of the peel specimen considered in this work under 90° peel test follows from [17]: 

 

Without the mandrel and the pneumatic actuator, the friction in the system will be very small, 
resulting only from the movement of the linear bearing, and has therefore been neglected. 
Therefore, the accuracy of the measurement is significantly improved.   

As a conclusion, since the 90° peel test exhibits a more accurate result than the mandrel peel 
test, it is necessary to evaluate the applicability of the 90° peel test on this metal-thermoplastic 
composite interface. 

For a 90° peel test, the maximum elastic energy stored in the peel arm is given by: 

 

Kinloch [17] claimed the relation of the energy release rate G90° and the maximum elastic 
energy stored in the peel arm for only elastic deformation  is: 

 

The k0 is express as R1/ R0, where R0 is the actual radius of curvature at the peel front and R1 is 
the radius of curvature at the onset of plastic yielding. For the case of k0 < 1, the curvature of 
the peel arm is smaller than the curvature at the onset of plastic yielding, i.e. the peel arm 
does not exhibit plastic deformation. For the case of k0 > 1, the peel arm undergoes plastic 
deformation. θ is the slope of the peel arm at the peel front, which is given as: 

 

By substituting Equation (2.16) and Equation (2.18) into Equation (2.17), the energy release 
rate G90° could be expressed as: 
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Equation (2.19) shows the relation between k0 and the 90° peel test measured energy release 
rate G90°. For the interfaces where the value of G90° fulfils the case of k0 < 1, the peel arm does 
not undergo plastic deformation in 90° peel test. For a tougher interface at k0 > 1, the peel arm 
exhibits plastic deformation during 90° peel test. In this research, the C/PEKK peel arm 
breaks in the case of k0 > 1. Therefore, the energy release rate at k0 = 1 is regarded as a 
threshold value for choosing between the 90° peel test and the mandrel peel test. For the 
interface tougher than this threshold, k0 > 1, a 90° peel test is not applicable. This threshold 
value of Gc, for this research, is approximately 1.1 kJ/m2. It is proposed that a 90° peel test is 
preferred for an interface lower than this threshold value for its invulnerable on the influence 
of friction.  

Figure 2-13 shows the energy release rate as the function of the specimen displacement by 
applying a standard 90° peel test on a fresh specimen and an aged specimen. It can be seen 
that when the energy release rate of the fresh specimen reaches the threshold value, the tape 
breaks resulting the test unavailable. Meanwhile, the 90° peel test is applicable on the aged 
specimen since whose fracture toughness is under the threshold value. 

  

Figure 2-13: An energy release rate-displacement curve of applying a standard 90° peel test 
on a fresh specimen and an aged specimen. 

2.5 Conclusion 

The mandrel peel test can be used to quantify the interfacial toughness of titanium-C/PEKK 
hybrid joints. The test allows characterisation of high toughness interfaces, which is not 
possible with a standard peel test as this would result in tape breakage. During the experiment 
it is observed that the friction in the mandrel peel test significantly affects the accuracy of the 
measurement, in particular for those interfaces with lower fracture toughness. The standard 90° 
peel test is thus recommended for low fracture toughness interfaces, since in this case the 
interface may fail before tape breakage. Therefore, the applicability of both mandrel peel test 
and standard 90° peel test for specific interfaces is discussed.  
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Chapter 3  

The effect of titanium surface treatment on the interfacial 
performance of titanium-C/PAEK joints2 
Abstract 

Co-consolidated titanium-carbon fibre reinforced thermoplastic composite hybrid joints show 
potential for application in aerospace structures. The strength of the interface between the 
titanium and the thermoplastic composite is crucial for the strength of the entire hybrid joint. 
Application of a surface treatment on the titanium is an effective way to improve this 
interfacial strength. This chapter evaluates the effect of several titanium surface treatments on 
the interfacial strength between titanium and carbon fibre reinforced polyetheretherketone 
(PEEK) or polyethetketoneketone (PEKK). Furthermore, the underlying bonding mechanisms 
activated by these surface treatments are studied. The research result shows that the grit 
blasted titanium-carbon fibre reinforced PEKK interface outperforms the other interfaces.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                           
2 Reproduced from Yibo Su, Matthijn de Rooij, Wouter Grouve, Remko Akkerman.  The effect of titanium 
surface treatment on the interfacial strength of titanium - thermoplastic composite joints. International Journal of 
Adhesion and Adhesives, Pages 98-108, Vol. 72, 2017. 
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3.1 Introduction 

Joints between composite components and metal features are widely applied in aerospace 
structures. One attempt to fabricate titanium-carbon fibre reinforced thermoplastic composite 
joints is to co-consolidate the titanium with the carbon fibre reinforced thermoplastic 
composite prepreg. During this process, the thermoplastic resin, already present in the 
thermoplastic composite prepreg, works as the adhesive to bond the titanium components and 
the thermoplastic composite. As a result, no extra adhesives are required. The strength of 
these co-consolidated hybrid joints depends on the material properties of the titanium and 
thermoplastic composite, the joint geometry, the inherent residual stresses and the strength of 
the interface [1]. Therefore, in the cases with a designated material combination and a well-
designed joint geometry, increasing the metal-thermoplastic composite interfacial strength is 
the most effective approach to improve the entire joint performance. The improvement of the 
metal-thermoplastic interfacial strength can be achieved by a number of approaches which 
can be classified into two categories: optimising the processing parameters [2-5] and choosing 
a proper surface treatment of the adherends [6-8].  

With respect to processing parameters, a study was presented by Ramani and his co-workers 
[2, 3] based on the titanium-polyetherketoneetherketoneketone (PEKEKK) bonding [2] and 
steel-polycarbonate bonding [3]. A number of parameters, including melting time, adherend 
temperature and cooling rate were optimised to achieve a better metal-polymer bonding. In 
the case of co-consolidation process, however, the processing window is bounded by the 
consolidation quality of the thermoplastic composite prepreg. This leaves little room to 
influence the metal-thermoplastic composite interface performance by changing the 
processing conditions. In addition, since the thermoplastic composite plays the role of both 
adhesive and adherend, the effectiveness of thermoplastic composite surface treatment on the 
interfacial strength is limited. Consequently, surface treatment of the titanium is regarded as 
the most effective way of promoting the titanium-thermoplastic composite interfacial strength 
[6, 7].  

The aim of this research is to evaluate the effect of various titanium surface treatment 
methods on the titanium-thermoplastic composite interfacial strength. Moreover, the bonding 
mechanisms underlying the surface treatments are discussed elaborately. 

3.2 Literature review 
3.2.1 Bonding mechanisms between metal and thermoplastic 

It is proposed that the bonding between the metal and the thermoplastic can be achieved by 
mechanical interlocking of the thermoplastic to the metal, by physical attraction between the 
thermoplastic and the metal as a result of the secondary bonds (e.g. van der Waals forces, 
hydrogen bonds) and by chemical bonding (e.g. covalent bonds) between the thermoplastic 
and the metal [1, 6, 9-11].  Figure 3-1 illustrates these three bonding mechanisms 
schematically. The reminder of this section elaborates these three mechanisms. 



29 
 

 

         

Figure 3-1: A schematic view of the bonding mechanisms. From left to right: mechanical 
interlocking, physical attraction and chemical bonding. 

Mechanical interlocking 

Mechanical interlocking occurs when the polymer flows into the pores, holes or crevices of 
the metal surface. After solidification, the polymer is mechanically locked to the substrate. 
The effect of metal-thermoplastic bonding is therefore governed by the energy required to 
deform or fracture the mechanically locked polymer [1, 6, 9-11].  The effectiveness of 
mechanical interlocking is primarily determined by the adherend surface topography. On the 
one hand, a rough and steep surface profile enhances mechanical interlocking by increasing 
the energy required to break the joint, while on the other hand a smooth surface minimizes 
interlocking and reduces the interface strength. In addition, it is essential that the polymer 
fully impregnates the surface irregularities in order to achieve mechanical interlocking of the 
polymer to metal, which puts a limit on the depth of the surface irregularities. 

Physical attraction 

Secondary bonds, such as van der Waals forces and hydrogen bonds, contribute to the bond 
strength between the metal and the thermoplastic composites [1, 6, 9-11]. These secondary 
bonds can be characterised by the thermodynamic work of adhesion  which represents the 
energy required to separate the interface between metal and thermoplastic [1, 6, 9-11]. The 
work of adhesion between a liquid drop and a solid surface can be determined as: 

 

where γL is the surface tension of the liquid and θ is the contact angle between the liquid and 
solid surface. It should be noted that the magnitude of  is in the order of mJ/m2. The 
mechanical test measured interfacial fracture energy or fracture toughness, however, is often 
in the order of J/m2 or kJ/m2 [1], which is far larger than the magnitude of . This is because 
the fracture energy is also attributed to the deformation energy of the substrates and adhesive 
at the crack tip, i.e. the mechanical interlocking effect [1, 12-14]. Nevertheless, a number of 
investigations have shown the positive correlation between fracture energy and  [1, 12-14]. 
It is reported that the effect of  on the interfacial strength is amplified by mechanical 
interlocking.  
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Chemical bonding 

Metal and thermoplastic may also be bonded by chemical bonding [1, 6, 9-11]. This chemical 
bonding energy (magnitude of 102 to 103 kJ/mol) is far stronger than the value of  
(magnitude of 10 to 102 kJ/mol) [1]. The effect of chemical bonds on fracture energy is 
analogous to the physical bonding, which is also magnified by the mechanical interlocking 
effect [1]. Obviously, the formation of the chemical bonding is highly dependent on the 
specific material combination of metal and thermoplastic.  

3.2.2 Literature review of surface treatment techniques 

A number of researchers reported that the bonding between adherend and adhesives can be 
significantly improved by applying a surface treatment on the adherends [1, 6-8, 15]. A 
successful surface treatment is able to enhance one or more of the aforementioned bonding 
mechanisms. A number of surface treatments have been reported to promote metal-polymer 
bonding. Since the metal surface topography affects the strength of the metal-thermoplastic 
interface due to the mechanical interlocking effect, a number of surface treatments modifying 
the surface topography have been investigated. Grit blasting has been successfully employed 
to promote metal-polymer bonding for aluminium-epoxy [16, 17], steel-polycarbonate and 
steel-epoxy [3, 16], as well as for titanium-PEEK and titanium-polyimide [18, 19]. The 
effectiveness of grit blasting is attributed not only to mechanical interlocking. Grit blasting 
also provides a fresh surface with a relatively high surface energy, promoting the physical 
attraction effect [16]. Moreover, grit blasting can modify the surface chemistry in various 
aspects, including for example removal of the natural oxide layer and inducing elements of 
the abrasive media. This surface modification may introduce chemical bonding between the 
adhesive and the adherend. A laser can also be utilised to texture the metal surface in order to 
promote mechanical interlocking. This was done by Byskov-Nielsen et al. in order to bond 
steel with glass fibre reinforced polyphenylenesulfide (PPS) [20]. Oxidizing the metal surface 
through etching [21, 22], anodising [18, 21-24] and plasma electrolytic oxidation [25] could 
also modify the surface by creating a thin layer of metal oxide with a thickness in the range of 
nanometres to micrometres. This oxide layer exhibits a porous surface topography, distinctive 
to the natural metal surface, which promotes interlocking. In addition to surface topology 
modifications, the formation of an oxide layer modifies the surface chemistry, which may 
influence the bonding strength, depending on the specific material combination.  

The existence of metal oxides promotes the bonding between the metal and the polymer. The 
failure of such an oxidised metal-polymer joint may occur either at the polymer-metal oxide 
interface or at the metal oxide-metal substrate interface, depending on the strength of those 
interfaces. As an example, titanium oxide-titanium failure was observed for titanium-epoxy 
joints, in which the titanium was exposed to high temperatures (>300°C) before bonding [26, 
27]. Similar results were observed when bonding titanium or iron to polyetheretherketone 
(PEEK) at a consolidation temperature of 400°C [18, 28]. This weak oxide-metal interface 
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could be caused by the metal phase change disrupting the interface (titanium) [26, 27], or by 
the inherent low strength of the metal oxide (iron) [28] . 

The surface chemistry could also be modified by introducing foreign atoms to the metal 
surface [1, 6]. A common approach is spraying a plasma phase foreign material to the metal 
adherend. The plasma spraying treatment has been successfully applied on titanium adherends 
to offer a superior interfacial performance under high temperature application from 200°C to 
400°C. These cases are titanium-polyimide joints with air plasma spraying (200°C) [19] and 
titanium-epoxy joints with Ti-6Al-4V powder spraying (400°C) [24, 27]. Other approaches, 
can also introduce foreign atoms. An example is using the silicon sputtering to promote the 
bonding between titanium and polyetherketoneetherketoneketone (PEKEKK) (400°C) [23]. 

If a chemical reaction between metal and the polymer is hard to initiate, a silane based primer 
may be used to form metal-silane-polymer chemical bonds. The effect of the silane primer on 
the bonding strength depends on the surface properties of metal and polymer. For example, a 
silane primer was successfully used to elevate the bond strength between grit blasted titanium 
and FM73 [29], as well as between laser textured titanium and PEEK [18]. However, a silane 
primer was found to be ineffective on alkaline hydrogen peroxide (AHP) etched titanium 
bonded with epoxy. This may be attributed to reduced interaction between the AHP oxide and 
the silane promoter [22]. 

Surface 
Treatments 

Applicable material combination Enhanced bonding mechanisms 
Mechanical 
interlocking 

Physical 
attraction 

Chemical 
bonding 

Grit blasting Al-epoxy [16, 17],Steel-PC and 
steel-epoxy [3, 16], Ti-PEEK and 

Ti-polyimide [18, 19] 

Yes 
 

Yes 
 

Unknown 
 

Laser 
texturing 

Steel-glass fibre reinforced PPS 
[20] 

Yes No No 

Etching Al-epoxy [21, 22] Yes Unknown Yes 
Anodising Ti-PEEK[18], Al-epoxy[21, 22], 

Ti-PEKEKK[23], Ti-epoxy [24, 
26, 27], steel-PEEK [28]. 

Yes 
 

Unknown Unknown 

Plasma 
spraying (air) 

Ti-polyimide [19] No Yes 
 

Unknown 

Plasma 
spraying 
(powder) 

Ti-epoxy [24, 27](Ti-6Al-4V 
powder), Ti-PEKEKK [23] 

(silicon powder) 

Yes Yes 
 

Yes 
 

Silane primer Ti-FM73[29], Ti-PEEK[18], Ti-
epoxy [22] 

No Unknown Depends 

Table 3-1: Summary of the surface treatments with their bonding mechanisms. 
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The various surface treatments are summarised in table 3-1 with the applicable material 
combinations and the bonding mechanisms enhanced by these treatments. It is shown that a 
successful surface treatment can promote multi bonding mechanisms. 

3.3 Experimental evaluation 

In this section, the experimental evaluation process and result of the effect of various titanium 
surface treatments on the titanium-thermoplastic composite interfacial strength are elaborated. 
Firstly the materials and evaluation methods are introduced, afterwards the fabrication of the 
test specimen with the evaluated surface treatments are presented. Finally, the evaluation 
results are shown. 

3.3.1 Materials and evaluation method 

The performance of two types of hybrid joints was investigated, which both employ a grade 5 
titanium alloy (Ti-6Al-4V) as the metal component. The hybrid joints are distinguished by 
their thermoplastic composite components which are from the polyaryletherketone (PAEK) 
family [30]: carbon fibre reinforced polyetheretherketone (C/PEEK) and carbon fibre 
reinforced polyetherketoneketone (C/PEKK). These two types of hybrid joints are of interest 
due to the application of these materials in the aviation industry.  

The mandrel peel test is a suitable and convenient test method to evaluate the hybrid joint 
interfacial fracture toughness, employing the PAEK unidirectional composite tape (C/PAEK 
UD tape) as the peel arm and the titanium alloy as the fixed arm [31]. The mandrel peel test 
characterizes the interfacial fracture toughness as a measure for joint performance. Unlike 
strength, the fracture toughness should be independent of the joint geometry [1]. 

 

Figure 3-2: A schematic representation of the mandrel peel test. 

The mandrel peel test setup is shown schematically in Figure 3-2. The C/PAEK UD tape peel 
arm is bent around a mandrel. A tensile force Fp is applied to peel off the peel arm from the 
titanium fixed arm. An alignment force Fa, provided by a pneumatic piston, is subjected to the 
sliding table in order to achieve conformation of the peel arm to the mandrel. The mandrel 
controls the curvature of C/PAEK UD tape peel arm at the peel front to ensure that the strain 

Mandrel Load cell measuring Fp  

Load cell measuring Fa  

Peel  arm 

Sliding table 

Pneumatic piston 

Fixed arm 
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of the carbon fibres in the C/PAEK UD tape peel arm remains under the fracture limit, 
thereby preventing tape breakage during the test [32]. 

By recording the value of Fp and Fa , and plotting the value of  Fp – Fa  as the function of 
crack length a, an effective force-displacement curve of a peel specimen is obtained as shown 
in Figure 3-3 (a). The interfacial fracture toughness G expressed as the strain energy change 
per unit area of crack growth is calculated as: 

 

where b is the width of the peel arm and μ is the global friction coefficient of the mandrel peel 
setup. Figure 3-3 shows that both the effective force and the fracture toughness are increasing 
with the crack length until a plateau is reached. The average value in the plateau zone is taken 
as the joint’s fracture toughness [31-33]. 

 

Figure 3-3: Force-displacement curve (a) and fracture toughness-displacement curve (b) of a 
peel specimen. 

3.3.2 Specimen fabrication  

As introduced previously, the peel specimen comprises a titanium alloy strip and a C/PAEK 
UD tape as shown in Figure 3-4.  

 

Figure 3-4: Design and dimensions of the mandrel peel specimen. 

The details of the materials in the mandrel peel specimen are introduced in Table 3-2. It 
should be noted that the mechanical properties of the C/PEEK tape and the C/PEKK tape are 
quite similar, as is also the case for the PEEK film and the PEKK film. 
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Name Type Supplier Remarks 
Titanium alloy Grade 5 Hamel Metal 

B.V. 
Plates of 1mm thickness 

C/PEEK UD tape Ten Cate  
TC 1200 

Ten Cate 59% volume fraction of AS4 carbon fibre 

C/PEKK UD tape Ten Cate  
TC 1320 

Ten Cate 59% volume fraction of AS4 carbon fibre 

PEEK resin APTIV Victrex Resin film to provide sufficient resin for 
bonding 

PEKK resin PEKK Cytec Resin film to provide sufficient resin for 
bonding 

Table 3-2: Details of the materials for peel specimen fabrication. 

 

Figure 3-5: Mandrel peel test specimen before consolidation. 

A co-consolidation technique was used to fabricate the peel specimens. The titanium strips 
were positioned on a wide UD prepreg tape with a layer of resin film in between them, as 
shown schematically in Figure 3-5. Upilex 12.5S polyimide film with a thickness of 12.5 μm 
and length of 50 mm is employed to wrap one end of the titanium strip in order to create an 
initial crack. An autoclave was employed to consolidate the test specimens using the 
consolidation cycle as represented in Figure 3-6. After consolidation the individual specimens, 
five for each sample, were cut from the wide prepreg. Figure 3-7 shows a cut and trimmed 
peel specimen. The bonded region exhibited some curvature due to the thermal residual stress. 
Double sided adhesive tape was applied under the titanium strip to fix the specimen to the 
sliding table, thereby flattening the specimen, during the mandrel peel test.  

Wrapped polyimide film as initial crack 

C/PAEK UD tape prepreg 

Surface treated titanium strip 

Fibre direction 0° 
Neat PAEK film for  
supplying sufficient resin 

50 mm 
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Figure 3-6: PAEK thermoplastic consolidation process. 

 

Figure 3-7: Consolidated peel specimen. 

3.3.3 Titanium surface treatments 
Untreated titanium  

The peel specimen fabricated with untreated titanium is employed as a reference. It should be 
noted that the untreated titanium was ultrasonically cleaned with isopropyl alcohol for five 
minutes before consolidation. The untreated titanium was bonded with both C/PEEK and 
C/PEKK. 

Grit blasting  

As introduced in section 3.2.2, grit blasting shows a good potential to improve the bond 
performance between metals and polymers. The grit blasting treatment in this research 
employs two different blasting media: Corublast super Z-EW F16-F100 white alumina (Al2O3) 
supplied by Leering Co., and Ballotini AD glass beads (SiO2) supplied by Potters Co. The as-
received titanium was first ultrasonically cleaned with isopropyl alcohol for five minutes and 
then manually grit blasted in a grit blasting cabinet, after which the grit blasted titanium was 
brought to the autoclave for co-consolidation. Table 3-3 lists the parameters used for the grit 
blasting treatment. 

Blasting media and grit size Blasting 
time 

Blasting 
pressure 

Blasting 
angle 

Distance from 
nozzle to specimen 

Al2O3 (100μm~150μm);  
SiO2 (106μm~212μm) 

60 sec 7 bar 90° 50 mm 

Table 3-3: Parameters of grit blasting treatment. 

Apart from the effect of blasting media, this research also studied the effect of the waiting 
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(waiting time < 8h), medium (waiting time around 32h) and long (waiting time around 2 
months). In combination with two different blasting media and two types of thermoplastic 
composites, twelve distinctive grit-blasted peel samples were prepared. 

Anodising treatment 

The effect of anodising treatment on the bond strength between titanium and PEEK has been 
studied earlier [18]. However, in this earlier research, the anodising treatment was applied on 
a laser-textured titanium surface, which therefore already had a rough and rugose topography. 
This makes it difficult to distinguish the effect (and bonding mechanism) of the anodising 
treatment. The present research employs an anodising treatment on untreated titanium strips 
which exhibit a fairly smooth, flat surface. This anodising treatment is accomplished by Metal 
Finishings Ltd under the ISO 8080 standard [34] with an anodising time of five minutes and a 
voltage of 15V to 20V. As a modification of surface chemistry, the oxide layer generated in 
this process is quite thin. Therefore, the oxide porosity introduced mechanical interlocking 
can be distinguished. The anodised titanium is bonded with both C/PEEK and C/PEKK. 

3.4 Evaluation result of the various titanium treatments 

The evaluation results of the various titanium treatments are summarised in two groups, 
distinguished by the different thermoplastic composite tapes.  

3.4.1 Mandrel peel results for the titanium-C/PEEK specimens 

The measured interfacial fracture toughness of the Ti-C/PEEK specimens are shown in Figure 
3-8, in which G(Al)-S,M and L refer to the Al2O3 grit blasted sample with short, medium and 
long waiting time respectively. Similarly, G(Si)-S,M and L are used for the SiO2 grit blasted 
specimen. These labels are also employed in the results of the titanium-C/PEKK joints. 

 

Figure 3-8: Interfacial fracture toughness of Ti-C/PEEK specimen. 

Figure 3-8 shows that the fracture toughness value of some samples is lower than a certain 
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attributed to the release of the residual strain energy (GRS) stored in the specimen. This 
released residual strain energy can be estimated theoretically [31]. The contribution of GRS to 
both the specimens is approximately 60 J/m2. The error bar represents the standard deviation 
of the sample which consists of five specimens. 

3.4.2 Mandrel peel results for the titanium-C/PEKK specimens 

The interfacial fracture toughness of the Ti-C/PEKK specimens is shown in Figure 3-9. 
Comparing Figure 3-8 to Figure 3-9, it is clear that the Ti-C/PEKK specimens outperform the 
Ti-C/PEEK specimens in terms of fracture toughness. 

 

Figure 3-9: Interfacial fracture toughness of Ti-C/PEKK joint. 

  

Figure 3-10: (a) Ti/PAEK resin interfacial failure; (b) Mixed failure mode. 

It should be noted that all of grit-blasted Ti-C/PEKK specimens show multiple failure modes 
which consists of titanium/PAEK resin interfacial failure (observed in all of the Ti-C/PEEK 
specimens and anodised/untreated Ti-C/PEKK specimens, shown in Figure 3-10 (a)), and 
carbon fibre/PEKK interfacial failure (intralaminar failure). As a reference, the interlaminar 
fracture toughness of the C/PEEK UD laminate and C/PEKK UD laminate was also measured 
by a mandrel peel test and at 1450 J/m2 and 1250 J/m2 respectively. The fracture toughness of 
some Ti-C/PEKK specimens exceeds this value since the C/PEKK peel arm also partly 
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fractures perpendicular to the Ti-C/PEKK interface during the peel test, as illustrated in 
Figure 3-10(b). This added local fracture energy, estimated by the number of the ruptured 
cracks with their fracture energy on the peel arm, is approximately 5% to 10% of the 
measured fracture energy. 

3.5 Discussion 

The results presented in previous chapter show that both the surface treatment and the type of 
thermoplastic have a significant influence on the fracture toughness. Therefore, it is 
worthwhile investigating the underlying bonding mechanisms in order to explain the observed 
results. It was introduced in previous sections that the surface treatment may influence the 
titanium-C/PAEK interfacial strength by promoting mechanical interlocking, physical 
attraction and/or chemical bonding. As mentioned, the mechanical interlocking effect depends 
on titanium surface roughness and surface topography; the effect of physical attraction is 
attributed to the surface energy of titanium and molten PAEK polymer; the possibility of 
forming the chemical bonding depends on the chemistry of titanium and PAEK polymer.  

A series of additional experiments was performed to identify the bonding mechanisms 
activated by the different surface treatments. The following equipment was employed for this 
purpose. The surface roughness and topography of the treated titanium before bonding were 
characterized by using a Keyence VK-9700 confocal laser scanning microscope. Additionally, 
the surface topography was observed from a cross sectional view of the titanium using a Leica 
DM microscope. The surface energy of the titanium and the solid PAEK polymer were 
measured by a contact angle method with the DataPhysics OCA 20 contact angle system. The 
surface chemistry was analysed by X-ray photoelectron spectroscopy (XPS) with Quantera 
XPS and Jeol 6400SEM with energy dispersive X-ray spectroscopy (EDX).  

3.5.1 Mechanical interlocking effect 

This section will discuss the mechanical interlocking effect realized by different surface 
treatments. Firstly the analysis of the surface topography and surface roughness are 
introduced, afterwards the ability of the polymer resin to impregnate into the surface 
irregularities is briefly addressed. 

Surface topography modified by the various surface treatments 

A total of four surface topographies will be investigated. These are the Al2O3 grit blasted 
titanium, the SiO2 grit blasted titanium, the untreated titanium and the anodized titanium. 
Figure 3-11 shows the typical 3D topography of each of the surfaces. Furthermore, Table 3-4 
lists the surface roughness as the arithmetic average roughness Ra and the root mean square 
roughness Rq of different surfaces, the data of which is acquired by averaging the surface 
roughness data of five specimen surfaces. Table 3-4 shows that the surface roughness of 
Al2O3 grit blasted titanium is greater than the SiO2 grit blasted titanium. However, no distinct 
difference in 3D surface topography is shown between Figure 3-11 (a) and Fig .11 (b).  
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Figure 3-11: Surface topography of (a) Al2O3 grit blasted titanium and (b) SiO2 grit blasted 
titanium (c) untreated titanium and (d) anodised titanium (100 times magnification, area size 

= 140 μm × 100 μm ). 

 

 

Figure 3-12: The cross section of the short waiting time Ti-C/PEKK specimens of (a) Al2O3 
grit blasted and (b) SiO2 grit blasted (500 times magnification). 

Figure 3-12 shows the cross sectional views of an Al2O3 blasted (Short) titanium-C/PEKK 
specimen and a SiO2 blasted (Short) titanium-C/PEKK specimen. The micrographs show 
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clearly that the Al2O3 grit blasted surface is more rugose than the SiO2 grit blasted surface, 
which is attributed to the larger average size of the SiO2 particles. Table 3-4 shows that the 
surface of both the untreated titanium and anodised titanium are far less rough than that of the 
grit blasted surfaces. The surface roughness and surface topography of the anodised titanium 
is very similar to that of the untreated titanium. The reason for the result is that the thickness 
of the anodised titanium dioxide layer, speculated by the appearance of the anodised titanium 
according to ref [35], is in the range of 60 to 70 nm which is small in comparison with the 
micro scale roughness features already present on the untreated titanium. 

Surface treatments Al2O3 grit 
blasting 

SiO2 grit 
blasting 

Untreated Anodising 

Arithmetic average 
roughness Ra  (μm) 

3.01 ± 0.44 1.96 ± 0.63 1.13 ± 0.25 0.80 ± 0.27 

Root mean square 
roughness Rq  (μm) 

4.41 ± 0.59 3.12 ± 1.77 1.39 ± 0.25 1.03 ± 0.36 

Table 3-4: Surface roughness of the treated surfaces, each data obtained from five specimens. 

The impregnation of the PAEK resin in various surfaces 

 

Figure 3-13: The cross section of the SiO2 grit blasted titanium-C/PEKK joint of (a) short 
waiting time, (b) medium waiting time and (c) long waiting time (500 times magnification). 
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From the point of view of mechanical interlocking, the interfacial fracture toughness is related 
to the surface roughness of the titanium surface. However, the effectiveness of the surface 
roughness also depends on the PAEK resin penetration depth into the titanium surface 
irregularities.  

The cross section of the peel specimen can be used to observe the penetration of the PAEK 
resin. As an example, Figure 3-13 shows the cross section views of the SiO2 blasted titanium-
C/PEKK joints with the three different waiting times. From the figures, it is observed that the 
penetration is achieved in all of the cases. This was also the case for all other specimens.  

Conclusion on mechanical interlocking  

Comparing the surface roughness and topography analysis in previous sections and the 
fracture toughness data in Figure 3-8 and Figure 3-9 shows that if the resin penetration is 
achieved, the interfacial fracture toughness of the specimen is influenced by the titanium 
surface roughness and topography. The titanium surface, with a higher roughness value and a 
more rugose surface topography, could provide a higher interfacial fracture toughness value. 

3.5.2 Physical attraction 

The contribution of physical attraction to the interfacial fracture toughness can be estimated 
from Equation (3.1). This requires surface energy of the molten PAEK at the consolidation 
temperature and the contact angle between molten PAEK and titanium. The contact angle 
between molten PAEK and titanium is calculated from the surface energy of the molten 
PAEK and the titanium at the consolidation temperature according to the Owens-Wendt-
Rabel-Kaelble method (OWRK method) [36]. The surface energy of PAEK and titanium at 
consolidation temperature could be estimated from the surface energy at room temperature by 
means of the methods suggested in ref [37], which even includes the solid-to-liquid phase 
transitions in PAEK.  

 

Figure 3-14: The surface energy of PAEK polymer and various treated titanium surfaces. 
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The surface energies of the treated titanium and PAEK polymers at room temperature were 
obtained by the contact angle measurement using three liquids (water, ethylene glycol and n-
hexane). The surface energies of these surfaces at room temperature are shown in Figure 3-14, 
including the polar term, disperse term and total surface energy (the sum of polar term and 
disperse term as shown in the data label). Each sample consists of five specimens and the unit 
of surface energy is mJ/m2. 

The work of adhesion for the different material combinations in comparing with the 
corresponding fracture toughness is summarized in Figure 3-15.  

 

Figure 3-15: (a). The correlation of work of adhesion and fracture toughness of various Ti-
C/PEEK specimens. 

 

Figure 3-15: (b). The correlation of work of adhesion and fracture toughness of various Ti-
C/PEKK specimens. 

Figure 3-15 shows that for grit blasting treatment with a specific blasting media, the value of 
WA between titanium and PAEK decreases as the waiting time between grit blasting and 
consolidation increases. A similar reduction is observed in the fracture toughness values of 
the corresponding Al2O3 grit blasted titanium-C/PAEK peel specimens. 
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3.5.3 Chemical bonding 

Figure 3-8 and Figure 3-9 showed that the titanium-C/PEKK joint outperforms the titanium-
C/PEEK joint in the case of identical titanium surface treatments. This observation cannot be 
explained by mechanical interlocking effects or the physical attraction. Possibly, this can be 
attributed to differences in chemical bonding between Ti-PEEK and Ti-PEKK. In this section, 
this chemical bonding is studied by comparing the chemical composition of the original 
C/PAEK tapes and the chemical composition of the fracture surface of the C/PAEK peel arms 
which were bonded to the titanium. 

The characterisation of chemical bonding 

Chemical bonding between metal and polymers was observed by a number of researchers in 
the past. Ohuchi et al. [38] reported that titanium can react with the carbonyl group (C=O) of 
poly(4,4’-oxydiphenylene pyromellitimide, PMDA-ODA), resulting in a Ti-O-C bond. Bartha 
et al. [39] found that aluminium can also react with the carbonyl groups of PMDA-ODA to 
form an Al-O-C bond. Sugama et al. [28] showed that metals (iron and chromium) can react 
with the ketone functional group in PEEK to form metal-O-C complexes at temperatures of 
400°C. Based on these observations, the formation of a Ti-O-C bond between titanium and 
the ketone function group of PAEK is postulated for the current work. Furthermore, since 
PEKK has twice as many ketone groups as PEEK, the number of Ti-O-C bonds is presumed 
to be higher for PEKK than PEEK.  

X-ray photoelectron spectroscopy (XPS) was employed to study the chemical bonding.  If the 
Ti-O-C bond is formed, it is expected to break during the peel test at the Ti-O bond as this 
bond has the lowest bonding energy (Ti-O: 666 kJ/mol vs. C-O: 1076 kJ/mol) [40]. The Ti 
atoms will oxidize quickly after rupture, after which it is impossible to distinguish them from 
the as-treated titanium. Instead, the occurrence of the broken Ti-O-C bonds will be measured 
by comparing the content of C-O bonds at the C/PAEK peel arm fracture surface to the 
content of C-O bonds at the original C/PAEK peel arm. Since the Ti-O-C bond is formed by a 
reaction of titanium with a C=O bond, a reduction of C=O bonds will also be evidence of the 
formation of the Ti-O-C bonds. 

A number of original peel arm specimens and Ti-C/PAEK peel specimens were designed and 
produced specifically for XPS analysis. These specimens are small, so they can be mounted 
rapidly on the XPS specimen holder. The XPS measurements on the fracture interfaces were 
performed immediately after peeling the tape from the treated titanium by using tweezers. 
This process minimised the time that the fracture surfaces were exposed to air, thereby 
improving the accuracy and consistency of the XPS measurements. 

Chemical composition of the original C/PAEK peel arm 

This section discusses the chemical composition of the original C/PEEK and C/PEKK peel 
arm. As introduced in section 3.3.2 and illustrated schematically in Figure 3-16, the original 
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consolidated C/PAEK peel arm consists of a PAEK film and a C/PAEK tape. The PAEK film 
side of the consolidated C/PAEK peel arm is analysed, since this was bonded to the titanium. 

 

Figure 3-16: Schematic representation of the cross section of the original C/PAEK peel arm. 

  

  

 

Figure 3-17: XPS measured chemical composition of the PAEK film. The left column shows 
the PEEK surfaces and the right column shows PEKK surfaces. From top to bottom are the 

elemental composition of carbon, oxygen and silicon respectively. The percentage represents 
the function group ratio. 

XPS was used to analyse the chemical composition of the PAEK film surface. Figure 3-17 
shows the XPS analysed chemical composition of the original C/PAEK peel arms. The 
chemical composition of the PAEK film surface is characterized by the ratio of the amount of 
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detected ether (C-O-C) and ketone function (C=O) groups, with the reference of both carbon 
and oxygen elements. 

Theoretically, the carbon bond ratio (C-O: C=O) should be 4:1 for PEEK and 1:1 for PEKK, 
and the oxygen bond ratio (C-O-C: O=C) should be 2:1 for PEEK and 1:2 for PEKK. 
However, Figure 3-17 shows that the oxygen is present primarily in silicon form but not in the 
ether or ketone group. An EDX analysis was therefore performed on these PAEK films to 
analyse the elements further below the surface (XPS detects a thickness of 3 nm surface, 
while EDX has a penetration depth of roughly 1 μm). No silicon was found in the bulk of the 
film. These silicon elements are suspected to have originated from the release agent used 
during the manufacturing process of the PAEK film [41]. Based on this, the oxygen element 
cannot be used to analyse possible chemical bonding by Ti-O-C bonds. 

The carbon content of PAEK film surface shows little difference from the theoretical carbon 
content. Therefore, the detected ether and ketone function group ratio based on the carbon 
element amount could be employed as the criterion of the occurrence of chemical bonding 
between titanium and PAEK film. The following section will elaborate this.  

Chemical composition of the C/PAEK peel arm after bonding with titanium 

Figure 3-18 shows the chemical composition of the fracture surfaces of the C/PAEK peel 
arms as the ether/ketone ratio.  As a comparison with Figure 3-17, it can be seen that the 
ether/ketone ratio of Ti-C/PEEK fracture surfaces shows a marginal difference from the 
original C/PEEK peel arm. In contrast, the ether/ketone ratio for the C/PEKK fracture 
surfaces differs from the original C/PEKK peel arm. The amount of C-O bonds seems to be 
greater than the original C/PEKK peel arm. This is presumed to be caused by the chemical 
bonding of titanium and the ketone function group, resulting in a Ti-O-C bond, causing an 
increase of C-O bonds in comparison with C=O bonds. These results seem to indicate a 
chemical reaction between the titanium and PEKK, and cannot provide evidence for chemical 
bonding between titanium and PEEK. 
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Figure 3-18: Ether/ketone function group ratio of the C/PAEK peel arm fracture surfaces. Left 
column is C/PEEK fracture surfaces and right column is C/PEKK fracture surfaces. From top 

to bottom are the carbon content of the fracture surface of C/PAEK peel arm bonded with 
untreated Ti, anodised Ti, Al2O3 grit blasted Ti and SiO2 grit blasted Ti respectively. 

Although chemical bonding is postulated to occur in the Ti-C/PEKK specimens, the fracture 
toughness of these specimens cannot be directly correlated to the ratio between ether/ketone 
ratio. This is because the effect of chemical bonding, analogous to physical attraction, is 
effective only in the atomic/molecular scale. Therefore, the contribution of the chemical 
bonding on fracture toughness still depends on the mechanical interlocking effect.  
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From the results above it may be deduced that the chemical bonding between titanium and 
PEEK is non-existent or very small, while chemical bonding between titanium and PEKK 
may occur. This difference is presumed to be the reason of the fracture toughness difference 
between the Ti-C/PEKK samples and Ti-C/PEKK samples. 

3.6 Conclusion  

The effect of various titanium surface treatments on the interfacial strength of titanium-carbon 
fibre reinforced PAEK composite hybrid joints was evaluated. Additional efforts were spent 
to investigate the mechanisms that govern the bonding process. It was shown that mechanical 
interlocking significantly improves the fracture toughness of Ti-C/PAEK joints. A steep and 
high rugosity surface will provide a high fracture toughness interface; meanwhile the molten 
polymer is able to penetrate into the surface pores. Physical attraction between titanium and 
PAEK polymer shows the effect on the Ti-PAEK bonding. However, the effect of physical 
attraction effect on the fracture toughness of Ti-C/PAEK joint is amplified by the mechanical 
interlocking effect. The chemical bonding between titanium and PAEK also influences the 
fracture toughness of Ti-C/PAEK joints. Chemical bonding is postulated in particular for Ti-
PEKK bonding, which is supported by XPS measurement results. No evidence is found of 
chemical bonding for Ti-PEEK. Furthermore, analogous to physical attraction, the effect of 
chemical bonding on fracture toughness is also amplified by the mechanical interlocking 
effect.  

In practice, designing a material combination to establish a tough joint should consider all of 
the three bonding mechanisms. This research shows that grit blasting with Al2O3 grit on 
titanium, with a minimum waiting time between grit blasting and consolidation, will achieve a 
tough interface with C/PEKK tape.  
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Chapter 4 

A theoretical model of the effectiveness of mechanical 
interlocking on the titanium-C/PAEK interfacial 
performance3 
 
Abstract 

The adherend-adhesive interfacial shear strength is a crucial factor that determines the 
performance of adhesively bonded joints. Mechanical interlocking is an important mechanism 
that affects the adherend-adhesive interfacial shear strength. The effectiveness of mechanical 
interlocking is determined by the topography of the adherend and adhesive surfaces. In this 
chapter, the mechanical interlocking effect between two surfaces in contact, both having an 
identical sinusoidal shaped surface, is investigated by means of a theoretical model. The 
model result illustrates a correlation between the adherend-adhesive interfacial shear strength 
and the sinusoidal surface parameters (amplitude A and wavelength λ). It is shown that the 
interfacial shear strength can be promoted either by elevating the amplitude A or by reducing 
the wavelength λ, with the former being more effective than the latter. Furthermore, the 
elevation of A or reduction of λ also increases the stress within the adhesive which may shift 
the joint failure mode from purely interfacial failure to a combination of interfacial failure and 
failure within the adhesive. The work does, however, improve our understanding of the effect 
of amplitude and wavelength on the interfacial shear strength and the conclusions could be 
employed as a reference in adherend surface design.  

 

 

 

 

 

 

 

 

 
                                                           
3 Reproduced from: Yibo Su, Matthijn de Rooij, Wouter Grouve.  A theoretical model of the mechanical 
interlocking effect between adherend and adhesive of the adhesively bonded joint, In preparation. 
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4.1 Introduction 

Adhesively bonded joints are commonplace in aerospace structures. Generally, they are 
composed of relatively stiff adherends such as metals or fibre reinforced polymers (FRPs), 
and relatively flexible adhesives such as polymers. The strength of such joints can be 
expressed as the force required to break the joint in shear loading. Figure 4-1 (a) illustrates 
schematically an adhesively bonded joint under shear loading. The joint may fail in three 
failure modes according to the crack location, i.e. in the adherends, in the adhesive or at the 
adherend-adhesive interface. Additionally, a combination of these failure modes may also 
occur. The first two failure modes occur when the stress within the adherend or adhesive 
exceeds the yield or fracture stress. This depends on the material properties of both the 
adherend and the adhesive, the joint geometry and the loading conditions, which together 
determine the stress distribution in the overlap region [1].  

 

  
Figure 4-1: (a) Schematic illustration of the adhesively bonded joint under shear loading. (b) 
Micro scale interfacial failure due to elastic deformation of the adhesive, exhibiting a crack 

along blue dashed line. (c) Micro scale interfacial failure due to part of adhesive fracture/yield 
attributed to high stress (red dot). 

The adherend-adhesive interfacial failure can be categorised into two sub-failure modes as 
schematically illustrated in Figure 4-1(b) and Figure 4-1(c). Figure 4-1(b) shows the case of a 
poor bonding between adherend and adhesive. As a result, when the joint is under shear 
loading, the adhesive asperities undergo elastic deformation and move over the adherend 
surface. Thus the failure mode in this case is interfacial. Figure 4-1(c) illustrates the case of a 
moderate adherend-adhesive bonding, the adhesive can yield or fracture locally. The joint 
failure mode in this case is a mixture of adherend-adhesive interface failure and adhesive 
failure.  

Although the performance of the adhesively bonded joint also depends on materials properties 
and joint geometry, the failure at adherend-adhesive interface, i.e. the adherend-adhesive 
interfacial performance, plays a key role [1]. With regard to the factors affecting the 
adherend-adhesive interfacial performance, most of the researchers agree that mechanical 
interlocking or keying of the adhesive into the irregularities of the adherend is essential to 
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achieve proper bonding [1-6]. The effectiveness of mechanical interlocking, according to 
various investigations based on experimental evaluation and qualitatively analysis, is affected 
by the surface topography of the adherend and adhesive surfaces [1-3, 5-11]. Some 
researchers have compared the experimental results to theoretical estimations of the interfacial 
shear strength between a porous textured metal surface and polymer [12, 13]. For these 
studies it was concluded that the force required to break the metal-polymer interface is equal 
to the force required for the polymer to fail in the pores. However, these concern only the 
discussed specific porous topography, which does not generally exist on a generic adherend 
surface. Therefore, a theoretical analysis of the effect of surface topography and mechanical 
interlocking on the adherend-adhesive interfacial shear strength, in particular in the case of a 
generalized surface topography, is worthwhile investigating.   

This chapter introduces a theoretical analysis of the mechanical interlocking on adherend-
adhesive interfacial shear strength such as the case illustrated in Figure 4-1(a). The purpose of 
this theoretical study was initially proposed to offer a solution of the problem introduced in 
the Appendix of this thesis. In addition, apart from mechanical interlocking, the interfacial 
shear strength is influenced by physical attraction (secondary bonds characterised by 
thermodynamic work of adhesion WA) and chemical bonding [1, 2, 7, 8]. This chapter, 
however, only discusses the mechanical interlocking, as affected by the surface topography, 
thus physical attraction and chemical bonding are not considered in this chapter. The 
theoretical analysis proposed in this work includes a finite element analysis and an analytical 
solution. The finite element analysis is first introduced to study the effect of surface 
topography on the adherend-adhesive interfacial shear strength. The analytical solution, based 
on a number of idealisations and assumptions on the surface topography and dimensions, 
offers a closed form expression for the interfacial shear strength as a function of the surface 
topography, material properties and joint geometries. Moreover, the analytical solution also 
provides the stress distribution in the adhesive, which will be used to check whether yielding 
or fracture of the adhesive occurs. In addition, since the analytical solution is based on 
idealisations and assumptions, its applicability in the range of practical surface topographies 
and dimensions will be checked by comparing the analytical solution results with the results 
of finite element analysis. By means of the theoretical analysis, the correlation between the 
interfacial shear strength and surface topography is expressed by a design chart which can be 
used to optimise adherend surface design. 

4.2 Finite element analysis of the interfacial behaviour 

The effect of surface topography on the adherend-adhesive interfacial shear strength is first 
studied by a finite element analysis (FEA) which shows the correlation between the adherend-
adhesive interfacial shear strength and the deformation energy stored in adhesive. This 
correlation will be employed in the analytical solution introduced in the next section. It should 
be noted that this FE study considers the deformation of the adhesive to be elastic. The output 
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adherend-adhesive interfacial shear strength is applicable only in the case illustrated in Figure 
4-1(b) in which joint failure occurs at the micro scale adherend-adhesive interface.  

4.2.1 The FEA model 
 

 
 

Figure 4-2: Geometry and boundary conditions as applied in the finite element analysis. 

The finite element analysis is performed in ABAQUS v 6.12. The model is represented 
schematically in Figure 4-2, which is the bottom half of the overlap region in Figure 4-1(a). 
The adhesive (grey meshed part) and the bottom adherend (white part) are defined as an 
elastic solid and a rigid solid respectively. Quadrilateral plane strain elements (CPE4) are 
employed to mesh the adhesive part. The interface between the adherend and the adhesive is 
characterized by a sinusoidal function: 

 

where A is the amplitude and λ is the wavelength of the sinusoidal curve. The following 
symbols are used. The adhesive thickness is H and the contact length between adherend and 
adhesive is L, which consists of n waves of the adhesive sinusoidal surface profile which can 
be achieved by adding a periodic boundary condition. A displacement u = λ in x direction is 
subjected to the rigid adherend as the input, and the required shear force to achieve this 
displacement u is used to determine the interfacial shear strength. The contact length L 
remains constant, as illustrated in Figure 4-2. In addition, the contact elements between 
adherend and adhesive are subjected to “Surface to surface contact”, and “Hard contact” 
properties. The friction coefficient between the adhesive and adherend is set at zero. Since the 
friction force in this case is attributed to two components as the adhesion component and the 
deformation component [14], the former is caused by physical attraction and chemical 
bonding which are not considered as aforementioned. Furthermore the latter is attributed by 
the deformation of the adhesive and the value of which is exactly the output shear force F. 
Therefore, no extra friction coefficient is required to be added at the adherend-adhesive 
interface. 
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The boundary conditions and the finite element discretization are illustrated in Figure 4-2. 
The displacement of the adhesive at the left and right edge is restrained: ux (x = 0 and x = L) = 0; 
the upper adherend does not bend or show a lateral displacement, thus the elastic adhesive 
shows uy (y = H) = 0. In addition the displacement of the bottom rigid adherend is restrained to 
be only in x direction. The typical element edge length of the mesh at the contact region is 1 
μm and is 100 μm at the outer boundaries. 

Table 4-1 shows the interface parameters, adhesive properties and geometrical properties 
employed in the finite element analysis. Since this chapter is based on the research framework 
of investigating the co-consolidated titanium-carbon fibre reinforced polyetherketoneketone 
(C/PEEK) joint, in which the role of adhesive is played by PEEK polymer [15], which 
properties are from [16], the joint geometry is chosen from within the range according to the 
practical applications and experiments reported from a number of researches [3, 12, 17-19]. 
The chosen value of A and λ can employ the average surface roughness value Ra and the root 
mean squared surface roughness value Rq of a sinusoidal surface profile as reference, which 
are shown as: 

 

In this chapter, an example of A = 2 μm and λ= 50 μm, listed in Table 4-1, were employed to 
represent the Chapter 3 aforementioned generic rough surfaces with the measured surface 
roughness as Ra = 0.8-3.1 μm and Rq = 1.0-4.4 μm. 

Surface parameters Adhesive properties Geometries 
Amplitude A Wavelength λ Elastic 

modulus E 
Poisson’s 
ratio υ 

Overlap 
length L 

Thickness  H  

2 μm 50 μm 3.7 GPa 0.44 10 mm  2 mm 

Table 4-1: Parameters utilised in finite element analysis. 

4.2.2 Solution and result of the finite element analysis 

Figure 4-3 shows the FEA solved shear force F = f (u) subjected on the rigid adherend. The 
sign of the shear force is defined with respect to the axis system shown in Figure 4-2. The 
subjected displacement causes a compression of the (sine-shaped) adhesive surface asperities. 
As a result the adhesive resists the adherend displacement as is shown by the sign of the shear 
force in Figure 4-3. Subsequently, when the displacement equals u = 0.5 λ, the adhesive is 
moved over the crests of the adherend surface and the deformation energy stored in the 
adhesive is slowly released. As a result the adhesive pushes the adherend further resulting in a 
positive shear force. Since all of the deformation in this FEA model is elastic and no friction 
between adherend and adhesive is taken into account, the area of shear force curve from 0 to 
0.5 λ (adhesive elastic deformation energy increasing) is equal to the area of the shear force 
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curve from 0.5 λ to λ (adhesive elastic deformation energy releasing). Figure 4-4 shows the 
deformed geometry of the adhesive surface on one crest of the wave in the case of maximum 
shear force (Figure 4-4 (a)) and the point of maximum stored elastic energy (u = 0.5 λ, Figure 
4-4 (b)) 

 
Figure 4-3: FEA output shear force as the function of displacement u. 

    
Figure 4-4: (a) Stress distribution and deformed geometry at maximum shear force. (b) Stress 

distribution and deformed geometry at maximum stored elastic energy. 

It is noted that the maximum shear force Fmax subjected to the adherend occurs at u = 0.25 λ. 
The shear strength Smax in this case, expressed by Equation (4.3), is regarded as the adherend-
adhesive interfacial shear strength corresponding to the failure mode elaborated in Figure 4-
1(b).  
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The F = f (u) curve shows a sinusoidal shape due to the sinusoidal adherend surface 
topography. By fitting this curve in Figure 4-3, the expression of F = f (u) is obtained: 

 

Since the generation of shear force on the adherend is due to the elastic deformation of the 
adhesive, the following relation holds:  

 

where U(u) is the elastic deformation energy of the adhesive as function of the displacement, 
which can be outputted from the FEA as Figure 4-5.  

By fitting the curve in Figure 4-5, the expression of U(u) is deduced as: 

 

By substituting Equation (4.6) to Equation (4.5), further equalising Equation (4.5) to Equation 
(4.4), the following equivalence is obtained: 

 

 

Figure 4-5: FEA output elastic deformation energy as the function of displacement u. 

Equation (4.7) shows the correlation between the adherend-adhesive interfacial shear strength 
and the maximum elastic deformation energy in the adhesive (Umax) which occurs at u = 0.5λ. 
It should be noted that the value of Umax can also be expressed analytically as a function of 
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surface parameters A and λ. The next section will elaborate the analytical solution of Umax. 
Further, according to Equation (4.7) the analytical solution of the interfacial shear strength for 
the failure mode shown in Figure 4-1(b) is thus obtained. 

4.3 Analytical solution   

The FE solution can predict the adherend-adhesive interfacial shear strength with an adherend 
surface profile characterized by a sinusoidal function. However, the FE solution cannot 
express analytically the correlation between the interfacial shear strength and the adherend 
surface profile expressed by sinusoidal parameters. Therefore, an analytical solution 
providing a closed form expression of the interfacial shear strength as a function of the 
adherend surface profile is presented in this section. In addition, the solving time of an 
analytical solution is much shorter than with FE simulation. 

As aforementioned in the FE study, the interfacial shear strength corresponds to the maximum 
elastic deformation energy in the adhesive which can be expressed analytically as a function 
of the adherend surface profile by means of the work presented by Westergaard [20]. The 
following part will elaborate the process of deducing this analytical expression.  

4.3.1 Assumptions and boundary conditions used in the analytical solution 

As aforementioned, the analytical solution is derived from the study presented by 
Westergaard [20] on an elastic sinusoidal surface in contact with an elastic flat surface or an 
elastic sinusoidal surface with identical wavelength [21]. The assumptions and boundary 
conditions in the study of Westergaard are also employed in this analytical solution, which is 
summarized as follows: 

1. The dimensions of the interface texture (A and λ) are much smaller than the dimensions of 
the adhesive (H and L), in addition the value of A is much smaller than the value of λ. 

2. A 2D plane strain condition is considered in this model. 
3. The adherend is regarded as a ‘rigid material’ (Elastic modulus = ∞), the mechanical 

behaviour of adhesive is regarded as purely elastic. 
 

4.3.2 Derivation of the analytical solution 

Adhesive elastic deformation: Interfacial failure 

As introduced in Figure 4-5, the elastic deformation energy stored in the adhesive maximizes 
when u = 0.5λ. Here, the adhesive and adherend are contacting at the crests of the surface 
profiles as shown schematically in Figure 4-6. If the average displacement of each position on 
the adhesive surface is represented by δy, the average compressive pressure  on the adhesive 
can be related to the displacement by considering the adhesive as a slab with thickness H. 
This correlation between δy and  can be expressed by using Hooke’s law as: 
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in which E and υ are the elastic modulus and the Poisson’s ratio of the adhesive respectively. 

 

 

 

Figure 4-6: A schematic view of interfacial behaviour at u = 0.5λ. 

Figure 4-7 shows the contact region between the adherend and the adhesive surfaces (enlarged 
from the white dashed box in Figure 4-6). The adherend and adhesive are brought into contact 
with a contact width 2a and a pressure distribution p(x) due to the presence of . Westergaard 
showed that the correlation between 2a and p(x) can be expressed as [20, 21]: 

 

 

Figure 4-7: The crest of the surfaces at the case of maximum deformation energy. 

Westergaard also proposed a correlation between 2a and  as [20, 21]: 

 

The elastic deformation energy Umax per unit width can be calculated as the work done by the 
uniformly distributed pressure , which is expressed as: 
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Therefore, the value of Umax can also be calculated as a function of 2a by substituting 
Equation (4.8) and Equation (4.10) into Equation (4.11): 

 

Furthermore, by substituting Equation (4.12) into Equation (4.7), the analytical expression of 
Fmax is obtained as: 

 

It is shown in Equation (4.12) and Equation (4.13) that the value of Umax and Fmax are 
correlated with the contact width 2a which can be calculated as follows. Regarding an 
arbitrary wave of the sinusoidal function with a wavelength of λ, Westergaard introduces the 
expression of the y-direction displacement of each position on the adhesive surface uy (x) 

within the contact width 2a (-a < x <a), which is [20]:  

 

The adhesive surface displacement uy (x) of the adhesive surface outside the contact width 2a 
(a < x < λ-a) is: 

 

where C is a constant determined by the choice of coordinates at the adhesive surface. 
Therefore by integrating Equation (4.14) and Equation (4.15) and dividing by λ, the average 
displacement of the adhesive surface can be calculated as:  

 

This adhesive surface average displacement calculated by averaging the displacement of each 
position of the surface should be equal to the average displacement δy generated by the 
average pressure   as mentioned in Equation (4.8). Thus equalling Equation (4.16) to 
Equation (4.8) yields Equation (4.17): 
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The rearrangement of Equation (4.17) shows that the value of 2a is only a function of λ, υ and 
H. Calculation of 2a is achieved by solving Equation (4.17) through numerical integration. 
The calculated value of 2a can be further substituted to Equation (4.12) and (4.13) to calculate 
the value of Umax and Fmax.  

Failure of the adhesive 

The stress distribution in the adhesive is also of interest in order to determine whether 
adhesive failure occurs as indicated in Figure 4-1(c). The stress field within the adhesive is 
generated by the pressure distribution p(x) on the adhesive as aforementioned in Equation 
(4.9). The expression of this stress field is obtained by solving the stress function [21]:  

 

While the stress field is expressed as: 

 

The von Mises yield criterion is employed to determine the adhesive yielding as Equation 
(4.20): 

 

By substituting Equation (4.18) and (4.19) into Equation (4.20), Equation (4.21) is obtained to 
calculate the von Mises stress within the adhesive: 

 

 

The von Mises stress can be used to check whether the adhesive yields under the applied load, 
resulting in the mixed adhesive/interface failure mode as shown in Figure 4-1(c). 

For clarity, Figure 4-8 offers a flow chart to illustrate this analytical solution process. 
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Figure 4-8: A flow chart of the analytical solution. 

4.4 Discussion 

As mentioned in section 4.3.1, the analytical solution is derived on the basis of a number of 
assumptions and idealizations which in particular include a strict definition of the dimensions 
of the interface texture shape and adhesive geometry. These assumptions and idealizations 
may not be always representative to adhesively bonded joints found in practice, which may 
have all kinds of interface textures and various finite geometries. In addition, it should be 
noted that in practical lap shear joints the bending of the adherend under loading is inevitable. 
However, although the restrictions on surface texture shape and lateral deformations are rather 
strong in the model, it can nevertheless provide a means to help understand the effect of 
surface texture and material properties on the interfacial performance. It gives an indication of 
the significance of the parameters and the correlation between these parameters and interfacial 
strength.  

Before proceeding to the results, the applicability of the analytical solution in the range of 
interface texture and geometries found in practice, in particular for those cases similar to the 
grit blasted adherend surface (A = 2 μm, λ = 50 μm)  as introduced in Table 4-1, will be 
investigated by comparing the analytical solution with its corresponding FEA output. The 
analytical model outputs of the interfacial shear strength and von Mises stress are determined 
by the value of contact width 2a, as was shown in Figure 4-8. Therefore, the discrepancy 
between the analytical and FE model is investigated by comparing the analytical solved 
contact width 2a and FEA solved contact width 2a. In addition the analytical solved 
interfacial shear strength and FEA solved interfacial strength are also compared. Both of these 
are used as evaluation criteria to check the applicable range of analytical solution. 

4.4.1 The applicable range of analytical solution of various adhesive geometries 

The adhesive surface parameters (A and λ) are assumed to be much smaller than the adhesive 
geometries (H and L) in the analytical solution.  However, in the FEA the condition of ‘much 
smaller’ is defined by the finite ratios between adhesive surface parameters and adhesive 
dimensions (A/H and λ/L). These ratios can be responsible for a discrepancy between the FEA 
output and analytical solution. It should be noted that the finite ratio of λ/L (number of the 
sinusoidal waves) does not influence either the analytical solution result 2aAS, or the FEA 
result 2aFEA. This is because according to Figure 4-8 the analytically solved 2aAS is 
independent to the value of λ/L when the other parameters remain constant. In addition, the 

Input: 

A, λ, E , υ, L, H 

Medium: 

a = f( λ, υ, H) 

Equation (4.17) 
Output: 

Fmax = f(A, λ, E , υ, L, H, a) 

σM = f(A, λ, E , υ, H, a) 

Equation 
(4.13) (Fmax) 

Equation 
(4.21) (σM) 



63 
 

FEA study can employ periodic boundary conditions to represent an arbitrary number of 
sinusoidal waves which will not affect the result of the FEA study. 

The study on the effect of the finite ratio A/H is introduced as follows. Table 4-2 shows the 
parameters utilised to study the effect of A/H by employing various values of H since, 
according to Figure 4-8, the value of 2aAS depends on the value of H. Table 4-3 shows the 
agreement between 2aAS and 2aFEA, expressed as a value of 2aAS /2aFEA, for various A/H and A. 
It can be observed from Table 4-3 that the effect of A/H does not significantly affect the value 
of 2aAS /2aFEA which is within the range of 85.9% to 96.5%. However, the agreement between 
the interfacial strength value Smax, AS and Smax, FEA, as shown in Figure 4-9, reduces with 
increasing A/H ratio. This is in line with expectations as the analytical model is limited to the 
case of A being much smaller than H. According to Figure 4-9, the agreement between Smax, AS 
and Smax, FEA, expressed as Smax, AS /Smax, FEA at the value of A/H = 0.002, are 80%, 86% and 91% 
for A = 1 μm, 2 μm and 4 μm respectively.  

Surface parameters Adhesive properties Geometries 
Amplitude A Wavelength λ Elastic modulus E Poisson’s ratio υ Thickness  H  
1 to 4 μm 50 μm 3.7 GPa 0.44 0.05 mm to 4 mm 

Table 4-2: Parameters for studying the effect of A/H. 

2aAS /2aFEA A/H = 0.001 A/H = 0.002 A/H = 0.005 A/H = 0.01 A/H = 0.02 
A = 1 μm 89.7% 91% 92.8% 93.8% 96.5% 
A = 2 μm 85.9% 88.4% 90.6% 90.6% 92% 
A = 4 μm 87.8% 85.9% 88.4% 90.4% 91% 

Table 4-3: The value of 2aAS /2aFEA of various A/H. 

 
Figure 4-9: The effect of various A/H and H on agreement between Smax, AS and Smax, FEA. 
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It is also noticed from Figure 4-9 that the agreement between Smax, AS and Smax, FEA reduces by 
employing a smaller A and H (while keeping A/H constant). This is because the analytical 
solution, referring to the Westergaard solution, assumes the adhesive geometry H to be large; 
the strain within the adhesive is always regarded as a very small value. However, the value of 
Smax, FEA, according to the Abaqus theory manual, is calculated based on the virtual work 
principle and determined by the strain of the elements. Therefore, in the case of a large value 
of H, the element strain is small so the value of Smax, FEA is close to Smax, AS. However, when the 
value of H decreases, the element strain increases further, enlarging the deviation between FE 
solution and analytical solution.  

4.4.2 The application range of analytical solution of various A/λ ratio 

As introduced in section 4.3.1, the analytical solution assumes the value of A is much smaller 
than the value of λ. Therefore, the A/λ ratio will affect the applicable range of the analytical 
solution. Again, the discrepancies between the analytical and FEA solution are compared to 
check the applicable range or A/λ. Table 4-4 shows the parameters employed to study the 
effect of various A/λ ratios which can be achieved by utilising either a constant λ with various 
values of A or a constant A with various values of λ. 

Surface parameters Adhesive properties Geometries 
Amplitude A Wavelength λ Elastic modulus E Poisson’s ratio υ Thickness  H  
1 to 4 μm 25 μm to 100 μm 3.7 GPa 0.44 2 mm 

Table4-4: Parameters for studying the effect of surface profile A/λ. 

λ = 50 μm A/λ = 0.02 A/λ = 0.04 A/λ = 0.08 
2aAS /2aFEA 85.9% 85.9% 85.9% 
Smax, AS / Smax, FEA 92.3% 92% 91.2% 

Table 4-5: The effect of various surface profile  A/λ on agreement between analytical solution 
and FEA solution by utilising various A values with constant λ = 50 μm. 

Table 4-5 shows that in the case of a constant value of λ with increasing A, the agreement 
between Smax, AS and Smax, FEA  reduces by employing a larger A/λ than expected.  

A = 2 μm A/λ = 0.02 A/λ = 0.04 A/λ = 0.08 
2aAS /2aFEA 90.4% 85.9% 83.2% 
Smax, AS / Smax, FEA 87% 92% 95% 

Table 4-6: The effect of various surface profile A/λ on agreement between analytical solution 
and FEA solution by utilising various λ with constant A = 2 μm. 

Table 4-6 shows that in the case of a constant value of A with decreasing λ, the agreement 
between 2aAS  and 2aFEA reduces by employing a larger A/λ. However, the agreement between 
Smax, AS and Smax, FEA, contrary to expectation, increases with A/λ. This might be because a 
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smaller λ will make the adhesive more like a beam shape, corresponding to Equation (4.8), 
therefore in this case the FE result will be close to the analytical solution. 

4.4.3 Summary of the application range of the analytical solution 

Section 4.4 discussed the boundary conditions and various parameters which result in a 
discrepancy between the analytical solution and FEA result. It is shown in section 4.4.1 that 
the agreement between the analytical solution and the FEA solution increases by utilising a 
smaller A/H value. For example, the agreement between the analytical solution and FEA 
result is between 80% and 91% for a constant A/H = 0.002 with an adhesive thickness of 0.5 
mm, 1 mm and 2 mm. Where A/H = 0.002, it is observed in section 4.4.2 that for the cases of 
surface texture parameters in the range of a generic metal surface similar to the grit blasted 
metal surface as aforementioned, the agreement between analytical solution and FE solution 
is between 87% and 95%.   

4.5 Design chart 

Section 4.3 introduced the derivation of an analytical solution for the adherend-adhesive 
interfacial shear strength as a function of surface texture parameters. This section will 
introduce a design chart to optimize the adherend surface texture to achieve an optimised 
mechanical interlocking effect for promoting the interfacial shear strength. 

According to Equation (4.13) and Figure 4-8, the value of Smax is affected by the adhesive 
elastic modulus E and Poisson’s ratio υ, the adhesive thickness H and the adherend surface 
texture parameters, i.e. the amplitude A, wavelength λ. For the purpose of studying the 
correlation between the interfacial shear strength and surface texture parameters, Equation (4-
13) is transformed as: 

 

with k = 2π3HE(1-2υ)/{(1-υ)3(1+υ)}. The equation shows that the interfacial shear strength is 
proportional to the adhesive elastic modulus E and adhesive thickness H. According to 
Equation (4.22), the value of Smax is a function of A, λ and a/λ. As mentioned in section 4.3.2, 
the value of a needs to be determined numerically. Consequently, the closed form expression 
of a is not available. However, according to Figure 4-8, the value of a is determined by the 
value of H, υ and λ. Therefore, in the case of a certain H and υ, the expression of sin (πa/λ) 
will be obtained by fitting the numerically solution calculation results of sin (πa/λ) to the 
wavelength λ. 

Figure 4-10 shows the fitting result of sin (πa/λ) as a function of wavelength λ, in cases of 
different adhesive properties H and ν. It is shown that the value of sin (πa/λ) increases with 
wavelength λ. A general expression of this fitting could be established as a power function 
shown in Equation (4.23): 
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where the value of b and c is influenced by the value of H and ν. 

 
Figure 4-10: The fitting of sin (πa/λ) as a function of wavelength λ, (a) in a fixed ν = 0.44 with 

different H, (b) in a fixed H = 2 mm with different ν. 

According to Equation (4.23), Equation (4.22) is therefore expressed as:  

 

The correlation between surface profile (A, λ) and the value of maximum von Mises stress 
σM,max within the adhesive could be obtained by employing a comparable approach. It should 
be noted that the adhesive maximum von Mises stress σM,max occurs at the point with 
maximum contact pressure at x = 0 in Figure 4-6 [21]. Therefore Equation (4.21) is reduced as: 

 

It is shown in Equation (4.25) that the value of σM at a certain point is affected by the value of 
A, λ and sin (πa/λ) in the case of fixed material properties. Therefore the value of σM,max could 
also be expressed as a function of A and λ, by substituting Equation (4.23) into Equation 
(4.25): 
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Equation (4.24) shows that in the case of adhesive elastic deformation, the adherend-adhesive 
interfacial shear strength could be improved by either increasing A or reducing λ; the former is 
more effective than the latter for the cases shown in Figure 4-10. Meanwhile, according to 
Equation (4.26), increasing A or reducing λ will also result in an increase of von Mises stress 
in the adhesive, transforming the failure position from adherend-adhesive interface to the 
adhesive. Figure 4-11, for example, plots the adherend-adhesive interfacial shear strength 
calculated by Equation (4.22) and adhesive maximum von Mises stress calculated by 
Equation (4.26) as a function of the adherend surface amplitude A, while the other parameters 
are constant as shown in Table 4-7. In Figure 4-11, the y-axis on the left represents the 
interfacial shear strength Smax, while the y-axis on the right represents the maximum von 
Mises stress within the adhesive σM,max.  Both the value of σM,max and Smax increase with the 
texture amplitude A. When σM,max reaches the adhesive yield stress, as an example of 105 MPa 
from the tensile strength of Victrex PEEK 150G with other material properties introduced in 
Table 4-7 [16], the failure mode shifts from interface failure to adhesive failure. The value of 
A in this case is regarded as the optimised surface design, the corresponding interfacial shear 
strength Smax can be found on the left y-axis. 

Surface parameters Adhesive properties Geometries 
Amplitude A Wavelength λ Elastic modulus E Poisson’s ratio υ Thickness  H  
1 to 4 μm 50 μm  3.7 GPa 0.44 2 mm 

Table 4-7: Parameters for studying the effect of adherend-adhesive interfacial shear strength 
and maximum von Mises stress as a function of the adherend surface amplitude A. 

 
Figure 4-11: The adherend-adhesive interfacial shear strength and maximum von Mises stress 

as function of the adherend surface amplitude A. 
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effect of adhesive elastic modulus and adhesive thickness on the optimised Smax is elaborated 
below. Concerning the elastic modulus of the adhesive, Equation (4.22) and Equation (4.26) 
show that the value of Smax and σM,max increase monotonously with the elastic modulus of the 
adhesive. Therefore, if the adhesive elastic modulus is doubled, according to Equation (4.26) 
and Equation (4.22) the optimised A and interfacial shear strength Smax will both be halved.  

Figure 4-10 (a) shows that reducing the thickness of adhesive layer increases the value of sin 
(πa/λ), which could further increase the value of Smax and σM,max  according to Equation (4.22) 
and Equation (4.26). However, Equation (4.22) shows the value of Smax is also proportional to 
the thickness of adhesive layer and the reduction of adhesive thickness could thus also 
decrease the value of Smax. Therefore, the effect of adhesive thickness H on the optimised Smax 

should be elaborated. 

 
Figure 4-12: The effect of adhesive thickness on the optimised interfacial shear strength and 

optimised amplitude. 

Figure 4-12 shows the effect of various adhesive thickness on the value of optimised A and 
optimised Smax calculated from Equation (4.22) by substituting the value of the corresponded 
optimised A; other data are from Table 4-7. It is observed from Figure 4-12 that a thicker 
adhesive layer, corresponding with a rougher surface (large A value), could provide a higher 
optimised Smax. The effect of thickness, however, reaches a plateau after a certain adhesive 
thickness which is roughly 2 mm in this case. Table 4-8 shows the corresponding optimised 
adherend surface roughness calculated from these optimised amplitude A correlated to the 
various adhesive thickness H. It can be seen that a 7 % elevating of the optimised Smax by 
employing a 10 mm thick adhesive instead of 2 mm thick adhesive, the adherend surface 
roughness Ra and Rq has to be more than doubled.  
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Thickness H (mm) 0.1 0.2 0.5 1 2 3 4 5 10 
Optimised Smax (MPa) 1.50 1.92 2.39 2.66 2.85 2.92 2.96 2.99 3.05 
Optimised A (μm) 0.66 0.83 1.17 1.57 2.14 2.59 2.97 3.30 4.62 
Ra (μm) 0.42  0.53 0.75 1.00 1.36 1.65 1.89 2.10 2.92 
Rq (μm) 0.47 0.59 0.83 1.11 1.51 1.83 2.10 2.33 3.27 

Table 4-8: The optimised adherend surface roughness calculated from optimised amplitude. 

4.6 Conclusion  

This chapter introduced an analytical model which correlates the adherend-adhesive 
interfacial shear strength to the surface profile of the adherend, which is postulated to be a 
sinusoidal shape texture. A solution of the force required to displace the adherend from the 
adhesive, and the stress distribution in the adhesive, as a function of the surface profile are 
provided. The applicable range of the analytical model is discussed based on different 
adhesive geometries and various sinusoidal textures. It is shown from this model that the 
interfacial shear strength is promoted by an elevation of the surface amplitude A or a 
reduction of surface wavelength λ. However, the von Mises stress within the adhesive is also 
increased by increasing A or reducing λ. Based on this knowledge, a design chart of 
optimising adherend surface design to achieve an optimised interfacial shear strength has been 
proposed. 
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Chapter 5  

The effect of grit blasting parameters on the strength of 
co-consolidated titanium-C/PEKK hybrid joints4  
Abstract 

As an application of the experimental techniques and models developed earlier, this chapter 
studies the lap shear strength of co-consolidated titanium-carbon fibre reinforced 
polyetherketoneketone (Ti-C/PEKK) joints. Grit blasting is employed as the titanium surface 
treatment prior to bonding. The influence of the titanium surface roughness, as modified by 
various grit blasting parameters, on the strength of these joints will be evaluated. It is found 
that a rough titanium surface, formed by a large size of grit, could promote the performance of 
the Ti-C/PEKK joint. In addition, according to the theoretical study in Chapter 4, the strength 
of Ti-C/PEKK joint is also elevated by employing a rougher titanium surface.  

 

 

 

 

 

 

  

                                                           
4 Reproduced from: Yibo Su, Matthijn de Rooij, Wouter Grouve. The effect of grit blasting parameters on the 
strength of co-consolidated metal-thermoplastic composite hybrid joints,  In preparation. 
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5.1 Introduction 

Hybrid joints comprising metal and composite components are commonly applied in aero 
structures. One way of fabricating fastener free titanium-carbon fibre reinforced thermoplastic 
composite joints is to co-consolidate the titanium with the carbon fibre reinforced 
thermoplastic composite prepreg. The thermoplastic resin, already present in the prepreg, acts 
as the adhesive needed to bond the titanium components and the thermoplastic composite. 
Thus no additional adhesive is used for bonding. The strength of the co-consolidated hybrid 
joint depends on the material properties of the titanium and the thermoplastic composite, the 
joint geometry and the performance of the titanium-thermoplastic composite interface [1]. 
The latter term, governed by various bonding mechanisms and factors such as the residual 
stress state [2-5], is a significant factor that affects the titanium-thermoplastic composite joint 
strength.  

The effect of the governing factors on the interfacial performance was demonstrated for the 
material system of interest in an earlier chapter of this thesis [6-8]. Earlier work showed that 
chemical bonding may be induced between the titanium and the thermoplastic to enhance 
interface performance [6, 9-11]. Furthermore, it was shown that a rough titanium surface 
promotes the mechanical interlocking or keying of the thermoplastic into the irregularities of 
the titanium, as shown schematically in Figure 5-1. This effectively improves the interface 
performance, in particular where the interface is loaded in shear [1-3, 6-8, 12-14]. 
Additionally, the thermal residual stresses which inevitably develop during processing may 
deteriorate the interface performance [8].  

 

Figure 5-1: Schematic illustration of the mechanical interlocking effect. 

In this chapter, the effect of the type of thermoplastic matrix and the titanium surface 
roughness, which is modified by a grit blasting treatment, on the strength of co-consolidated 
titanium-thermoplastic composite hybrid joint is further elaborated. The fabrication of the 
hybrid joints is first introduced, followed by the strength evaluation. Afterwards the 
effectiveness of these factors is discussed.  

5.2 Fabrication of the hybrid joint 
5.2.1 Materials  

Two types of titanium-thermoplastic composite hybrid joints are investigated in this research, 
both of them employ grade 5 titanium alloy (Ti-6Al-4V) as the metal component. 

Titanium surface with certain 
topography and roughness 

Thermoplastic resin locked in irregularities 

Load 
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Unidirectional carbon fibre reinforced polyetherketoneketone (C/PEKK) tape is employed as 
the composite component. Both materials are of interest due to their application in the 
aviation industry. Details of the materials are listed in Table 5-1. 

Name Type Supplier Remarks 
Titanium alloy Grade 5 Hamel 

Metal B.V. 
Plates of 2 mm thickness 

C/PEKK UD 
tape 

Ten Cate TC 
1320 

Ten Cate 59% volume fraction of AS4 carbon 
fibre, the width of tape is 304.8 mm and 
the thickness of a single tape is 0.15 mm  

Table 5-1: Details of the materials employed.  

5.2.2 Joint design for strength evaluation 

Type of the joint 

As a commonly employed and standardised strength based test, also used by other researchers 
to investigate the strength of co-cured steel-carbon epoxy joints [15, 16], a titanium-C/PEKK 
double lap shear (DLS) joint is employed in this research. DLS joints are regarded as simple, 
convenient and close to practical applications [1, 17-19]. An example of the proposed design 
is, analogous to ASTM D3528 [20], to co-consolidate a titanium-C/PEKK panel in the 
autoclave and afterwards trim it into DLS joints. In comparison to the widely applied single 
lap shear (SLS) joint, the DLS joint is less sensitive to failure due to peel stresses [1, 15, 16, 
21] as a result of eccentric loading.  

Titanium surface roughness modification 

The previous investigation showed that grit blasting treatment can modify the surface 
roughness of the titanium to promote the titanium-C/PEKK interfacial performance [6, 8]. 
Similar grit blasting treatment is also utilised in this study. In order to vary the titanium 
surface roughness, two different sizes of grit will be employed. All of the grit is supplied by 
Leering. Co as the Corublast Super Z Alumina series. The as-received titanium was manually 
grit blasted in a grit blasting cabinet with ten minutes of blasting time, 7 bar of blasting 
pressure, 90° blasting angle and 10 mm distance between titanium and nozzle. The grit sizes 
and the resulting titanium surface roughness (expressed by the arithmetic average roughness 
Ra and the root mean square roughness Rq) are shown in Table 5-2. Meanwhile, the grit 
blasted titanium 3D surface topography and appearance are introduced in Figure 5-2. It can be 
seen that the larger grit will create larger pits on the titanium surface. The surface roughness 
and topography of the grit blasted titanium were measured by using a Keyence VK-9700 
confocal laser scanning microscope. The surface roughness data in Table 5-2 is obtained as 
the average surface roughness measurement result of five arbitrary spots on the grit blasted 
titanium plate. 
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Grit Type Super Z F-20 Super Z F-36 
Grit diameter (mm) 0.84-1.19 0.42-0.60 
Arithmetic average roughness Ra  (μm) 9.06 ± 0.26 8.32 ± 0.40 
Root mean square roughness Rq  (μm) 13.24 ± 0.90 11.61 ± 0.41 
Table 5-2: Grit diameter and surface roughness of the grit blasted titanium.  

     

 

Figure 5-2: Grit blasted titanium surface topography as (a) F-20, (b) F-36, and (c) a general 
appearance of the grit blasted titanium surface (area size = 1.0 mm × 0.7 mm ). 

Geometry of the DLS joint 

The DLS joint configuration is schematically shown in Figure 5-3. A cross-ply lay-up is used 
for fabricating the C/PEKK adherend, in order to reduce the interfacial residual stress. Table 
5-3 shows the properties of the adherend materials. The composite adherend is employed as 
the outer adherend. A similar configuration was also employed by Shin and his co-workers, 
who based this on a study of the residual stress in co-cured steel-carbon/epoxy double lap 
shear joints [16].  

 

Figure 5-3: DLS joint configuration. 
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Material Elastic modulus Tensile 
strength  

Shear 
strength  

CTE (10-6/K)  

Ti 114 GPa 950 MPa 550 MPa  = 8.6  
0/90 
C/PEKK1  

74.6 GPa 1262 MPa 94 MPa2 
(Interlaminar) 

= 0.8 (below Tg);  
= 2.16 (above Tg)3 

PEKK Resin4 4.5 GPa 102 MPa 59 MPa5 = 50 (below Tg);  
= 120 (above Tg)6 

1The material properties of C/PEKK laminates refer to a [0/90]3S lay-up. 2The interlaminar 
shear strength of the C/PEKK is assumed to be equal to Ten Cate TC 1200 C/PEEK. 3The 
CTE of 0/90 C/PEKK laminate is calculated from the properties of a UD tape by the method 
proposed in ref [22]. 4The material properties of C/PEKK were retrieved from the Cytec 
PEKK datasheet [23].5 The shear strength of PEKK resin is calculated from the tensile 
strength by employing the Huber-Mises Hencky yield criterion [24]. 6The CTE of PEKK 
Resin is assumed to be equal to Victrex PEEK Resin [25].  

Table 5-3: Properties of the experiment materials. 

 

Figure 5-4: Schematic view of the DLS joint under loading; the resin layer thickness is 
exaggerated. 

Figure 5-4 shows schematically the loading condition of the DLS joint during the strength 
measurement process. If the DLS joint is perfectly symmetrical and the Ti-PEKK interface is 
sufficiently robust, failure of the DLS joint will be caused either by shear failure of the PEKK 
resin resulting cohesive failure or by the failure between the PEKK resin and composite 
adherend (carbon fibres). The strength of the DLS joint in this case, regarded as the maximum 
theoretical apparent joint strength, will be equal to the lower value of the PEKK resin shear 
strength or C/PEKK shear strength. According to the data from Table 5-3, this maximum 
theoretical apparent joint strength can be estimated as approximately 60 MPa.  

Under this estimation, according to the joint design proposed by ASTM D3528 and Shin’s 
research [15, 16, 20] and considering the load capability of the experiment apparatus, the DLS 
joint will employ a 20 mm × 20 mm overlap area. The thickness of the titanium adherend and 
composite adherend are chosen as 2 mm and 1.8 mm (12 plies of UD tape) respectively. The 
fabrication process of the titanium-C/PEKK joints is introduced in the next section.  

Composite adherend  

PEKK resin works as the adhesive  

Titanium adherend  Load F  
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5.2.3 Joint fabrication   

Step 1- Laying up the titanium plate and thermoplastic composite prepreg 

The grit blasted titanium plate and thermoplastic composite prepreg plies are laid up in a 
picture frame mould with a size of 304.8 mm × 304.8 mm. The laying-up sequence is shown 
schematically in Figure 5-5. Twelve layers of C/PEKK UD tape prepreg with an area of 304 
mm × 304 mm are placed in the picture frame mould in a [0/90]3S lay-up to form the 
composite laminate adherend. Subsequently, two pieces of laser cut and grit blasted titanium 
plate with thickness of 2 mm are inserted in the mould. One works as the metal adherend with 
an area of 304 mm × 202 mm and the other plays the role of the end block of the DLS joint 
with an area of 304 mm × 102 mm. A strip of polyimide film is inserted between the titanium 
adherend plate and the end block plate to prevent them from being bonded by the molten 
PEKK resin. Additionally, the end block plate is coated locally with release agent as shown in 
the figure. Finally, plies with a similar [0/90]3S stacking sequence are laid up to form the other 
composite adherend.  

 

 

Figure 5-5: Schematically view of the lay-up sequence of the titanium-C/PEKK panel. 

Step 2 - Autoclave co-consolidation the titanium-C/PEKK panel  

Figure 5-6 shows the autoclave consolidation parameters of the Ti-C/PEKK panel. The 
parameters are chosen according to the standard from the supplier of the prepreg, which is 
also in accordance with the parameters employed in Chapter 3. 
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Figure 5-6: Autoclave co-consolidation parameters of the Ti-C/PEKK panel.  

Step 3 - Trimming the panel into double lap shear joints 

The double lap shear joints are waterjet cut from the titanium-C/PEKK hybrid panels. Each 
double lap shear joint has a width of 20 mm, with the cross section and the details of the 
composite tape lay-up sequences, as shown schematically in Figure 5-7. 

 

 

 

 

Figure 5-7: Schematically view of the cross section of DLS joint (bottom) and the details of 
the composite tape lay-up (above part).  
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Two grooves are milled in the composite laminate adherend to create a DLS joint with an 
overlap length of 20 mm. Figure 5-8 shows the DLS joint ready for test. 

 

 

 

Figure 5-8: The DLS joint ready for testing.  

5.2.4 Equipment and test parameters for the DLS test 

The DLS tests are performed on an Instron® 5982 universal testing system with a force cell 
having a capacity of 100 kN. The crosshead displacement rate is set to 1.27 mm/min, 
according to ASTM D3528 and Shin’s research [15, 16, 20]. 

5.3 Results of the DLS test 

Figure 5-9 (a) shows the load-displacement curve of two DLS test specimens. The strength of 
a DLS joint is calculated from the force breaking the joint divided by the joint overlap area 
measured from each specimen. 

  

Figure 5-9: (a) Load-displacement curve of the DLS joint. (b) Average apparent shear 
strength of the DLS joints.  

The average apparent shear strengths of the DLS joints are introduced in Figure 5-9 (b). Each 
sample contains five specimens. The error bars represent the standard deviation of the sample. 
As a reference, the co-cured steel-epoxy DLS joint strength measured by Shin and his co-
workers is approx. 12.5 MPa (20 mm overlap) [15, 16], and the resistance welded C/PEKK 
DLS joint strength is approx. 50 MPa (12.7 mm overlap) [26].  
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In comparison with the strength of the two joints as shown in Figure 5-9 (b), it is shown that 
the strength of F20 grit blasted Ti-C/PEKK joint is not significantly higher than the F36 grit 
blasted Ti-C/PEKK joint. In other words, the DLS joint strength elevation is not significantly 
correlated to the utilisation of the rougher titanium surface created by a larger grit. This 
phenomenon corresponds to the research done by Harris [19] who reported the grit size has no 
significant effect on the SLS joint strength. In this study, the similar measured DLS joint 
strength between the two joints may be attributed to the similar surface roughness value of the 
two surfaces. Nevertheless, the strength measurement shows that the standard deviation of 
F20 grit blasted sample is lower than the F36 grit blasted sample. From this point of view, a 
rough titanium surface is still preferred for promoting the overall performance of Ti-C/PEKK 
joint. 
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Figure 5-10: (a) Titanium and C/PEKK fracture surfaces of the first failure side of the DLS 

joint. (b) Titanium fracture surface and (c) C/PEKK fracture surface with their enlarged view 
(10 times magnification). (d) Schematic view of the crack path of the first failure side. 

 

Based on the observation of the DLS joint fracture surfaces, two fracture types are identified. 
These are closely related to the failure sequence as both sides of the joint do not fail 
simultaneously. Figure 5-10 introduces the side which fails first. The two fracture surfaces 
depicted in Figure 5-10 (b) and (c) (left part of both figures) are the fracture surfaces of the 
titanium and C/PEKK respectively. These surfaces exhibit a large area of cohesive fracture, 
which is related to a failure due to the shear stresses. Similar fracture surfaces were reported 
in the work of Shin et al. on the co-cured hybrid joint fracture surfaces [15, 16, 20]. In order 
to better understand the fracture behaviour of the DLS joints, the region of the fracture 
surfaces within the red dashed box are further observed by optical microscopy (right part of 
the figures). The titanium fracture surface, provided in Figure 5-10 (b), shows two regions. 
The light region (upper left) resembles the grit blasted titanium before bonding as shown in 
Figure 5-2 (c), while the darker region shows traces of PEKK resin. The corresponding 
C/PEKK fracture surface shows bare fibres, indicating that resin is removed. Thus the failure 
mechanism of the light region of this firstly failed fracture surface is partly cohesive. The dark 
region of the titanium surface, however, shows PEKK resin, which indicates a cohesive 
failure. Figure 5-10 (d) shows schematically the crack path of this side.  

Figure 5-11 illustrates the side which failed later. Figure 5-11 (b) and (c) show the two 
fracture surfaces of titanium and C/PEKK which seem to fail by peel stress. The enlarged 
region of the titanium fracture surface also shows two failure regions. The dark region shows 
total cohesive failure and the light region shows a partly cohesive failure. The corresponding 
C/PEKK peel failure fracture surface, as shown in Figure 5-11 (c), reveals a carbon fibre 
exposure which resembles the first failure titanium fracture surface as shown in Figure 5-10 
(c). 
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Figure 5-11: (a) Titanium and C/PEKK fracture surfaces of the later failure side of the DLS 
joint. (b) Titanium fracture surface and (c) C/PEKK fracture surface with their enlarged view 

(10 times magnification).  

5.4 Discussion  

The effect of titanium surface roughness on DLS joint strength is further discussed in this 
section, which begins with the analysis of the joint fracture process through the load-
displacement curve of the joint.  

The load-displacement curve, depicted in Figure 5-12, shows that the measured load F 
increases with the crosshead displacement δ up to a certain point where the joint fails 
suddenly. According to the observation of the fracture surfaces, the fracture process of the 
DLS joint is postulated as follows. In the stage of increasing load (Stage I in Figure 5-12), the 
Ti-PEKK interface does not fail and the PEKK resin is carrying the load. The maximum shear 
stress within the joint (τmax, occurring at the end of the overlapped region) is correlated to the 
load, which is thus also increasing [27]. The joint failure can be initiated if the maximum joint 
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shear stress approaches the shear strength of the less robust side of the Ti-C/PEKK interface. 
The interfacial failure initiates and propagates since the value of τmax will increase due to the 
reduced overlap length. Afterwards, as observed in Figure 5-10, the failure mode transfers 
into a cohesive failure. A similar failure mode was also observed in Shin’s research on co-
cured DLS joints [15, 16].  

 

Figure 5-12: The behaviour of the DLS joint during the DLS test. 

It should be noted that the maximum shear stress of the DLS joint always occurs at the end of 
the titanium adherend. This DLS joint, with a larger outer adherend stiffness and lower CTE, 
corresponds to the joint stress distribution described by ref [28, 29] which shows the 
maximum shear stress position of the DLS joint employed in this chapter is the end of the 
inner adherend.   

The aforementioned analysis indicates that the apparent DLS joint strength is correlated to the 
shear strength of the Ti-C/PEKK interface. In Chapter 4 of this thesis, a theoretical model was 
introduced to study the effect of titanium surface roughness on the titanium-C/PEKK 
interfacial shear strength, i.e. the mechanical interlocking effect. The theoretical model 
simplifies the real titanium surface topography into a sinusoidal surface profile and employs a 
variety of idealizations to provide an analytical solution of the energy required to deform the 
resin in order to move it out of the rough titanium. Also, it provided the stress distribution 
within the resin. Both the deformation energy required and the stress distribution can be used 
to calculate a titanium-C/PEKK interfacial shear strength. 
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In the theoretical model, the equation used for calculating the interfacial shear strength Si is 
expressed as (Eq. (4.13) in Chapter 4): 

 

where ν and E are the Poisson’s ratio and elastic modulus of the resin respectively, A and λ are 
the amplitude and wavelength of the sinusoidal function characterising the grit blasted surface, 
and a is the contact width between titanium and resin as a function of ν, λ, and H, where H is 
the adhesive thickness. According to Equation (4.1) from Chapter 4, the titanium surface 
topography profile could be characterized by a sinusoidal function as:  

 

   

Figure 5-13: Power spectrum of (a) F-20 grit blasted titanium surface, (b) F-36 grit blasted 
titanium surface. 

The appropriate A and λ should be chosen to represent the grit blasted titanium surface 
topography. This chapter employs the power spectrum of the measured titanium surface 
topography data, which shows the frequency content of the surface, to select the wavelength 
of the characteristic sinusoidal function. Figure 5-13 shows the power spectrum of both F-20 
and F-36 grit blasted titanium surface topography. The horizontal axis of the power spectrum 
shows the frequency content of the measured surface topography profile. It can be seen from 
Figure 5-13 that the grit blasted surfaces are generated containing a broad range of 
frequencies. So, there is not a single distinct dominating frequency which can be used to 
describe the surface. To simplify the analysis, an alternative approach is employed by 
selecting typical wavelength (frequency) data from the power spectrum for both surfaces. In 
this chapter, a wavelength of 50 μm as a high frequency characterisation and a wavelength of 
200 μm as a low frequency characterisation are compared with the real surface topography as 
shown in Figure 5-14. The chosen value of A of the characterisation function is based on the 

1.E-16

1.E-15

1.E-14

1.E-13

1.E+03 1.E+04 1.E+05 1.E+06

Sq
ua

re
 o

f h
ei

gh
t d

at
a 

(m
2 )

 

Frequency (m-1) 

F20 grit blasted titanium 

1.E-16

1.E-15

1.E-14

1.E-13

1.E+03 1.E+04 1.E+05 1.E+06

Sq
ua

re
 o

f h
ei

gh
t d

at
a 

(m
2 )

 

Frequency (m-1) 

F36 grit blasted titanium 

(a) (b) 



84 
 

measured root mean squared surface roughness value Rq of the grit blasted surface as a 
reference, which is shown in Equation (5.3): 

 

 

Figure 5-14: Real surface topography and characterised sinusoidal surface topography of (a) 
F-20 grit blasted titanium surface, (b) F-36 grit blasted titanium surface. 

Prior to the calculation of the interfacial shear strength, the maximum stress within the resin, 
determining the failure mode of the Ti-PEKK interface, is of interest. As aforementioned, by 
means of the theoretical model, the maximum von Mises stress within the resin can be 
calculated by Equation (5.4): 

 

The value of the contact width a is a function of ν, λ, and H. In this chapter, the adhesive 
thickness H is considered to be in the range from 0.02 mm (observed average resin thickness 
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between the titanium surface and the first layer of carbon fibres) to 0.15 mm (thickness of one 
ply of tape). Table 5-4 shows the maximum von Mises stress within the resin for different 
surface profiles and the two bounds of the resin thicknesses. It can be seen that the calculated 
maximum von Mises stress of all the cases exceeds the yield stress of the PEKK resin (approx. 
100 MPa as shown in Table 5-3). These values indicate that the Ti-C/PEKK interfacial failure 
engages cohesive failure, which corresponds to the fracture surface observation as shown in 
the upper region of Figure 5-10 (b).  

Adhesive thickness F-20  
λ = 50 μm 

F-36  
λ = 50 μm 

F-20  
λ = 200 μm 

F-36  
λ = 200 μm 

0.02 mm 1.77 GPa 1.56 GPa 272 MPa 238 MPa 
0.15 mm 634 MPa 561 MPa 142 MPa 125 MPa 

Table 5-4: Theoretical values for the maximum von Mises stress for different surface profiles 
and resin thickness. 

The theoretical model can calculate a titanium-C/PEKK interfacial shear strength as a 
measurement of the energy required to deform the resin. The effect of two titanium surface 
roughness values on the Ti-C/PEKK interfacial shear strength, calculated by the theoretical 
model, could be expressed as the interfacial shear strength ratio between the F-20 grit blasted 
Ti-C/PEKK and the F-36 grit blasted Ti-C/PEKK, which can be compared with the apparent 
strength ratio between the F-20 grit blasted Ti-C/PEKK joint and the F-36 grit blasted Ti-
C/PEKK joint. 

Figure 5-15 shows the comparison between the model-calculated interfacial shear strength 
ratio and experimentally measured apparent joint strength ratio, where two wavelengths and 
two adhesive thicknesses are employed in the model. 
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Figure 5-15: Comparison between the calculated mechanical interlocking effect (model) and 
measured mechanical interlocking effect. 

It is observed in Figure 5-15 that the model-calculated interfacial shear strength ratio is 
identical for the different cases. This is because, according to Equation (5.1), if the resin 
property, adhesive thickness and wavelength of the characterisation function are chosen as a 
constant in calculating the interfacial shear strength, the interfacial shear strength ratio is 
attributed only to the square of the amplitudes of the characterisation function which, 
according to Equation (5.3), is correlated to the square of Rq of the F-20 and F-36 grit blasted 
surfaces.  

When comparing the calculated interfacial shear strength ratio with the measured apparent 
joint strength ratio shown in Figure 5-15, it can be seen that the model overestimates the 
mechanical interlocking effect. This is attributed to the various idealizations of the model as 
aforementioned in Chapter 4, such as the single sinusoidal simplification, the PEKK resin to 
be completely impregnated into the titanium surface, etc. However, the theoretical model 
shows that an increase of the titanium surface roughness (amplitude of the sinusoidal 
characterisation function) can elevate the titanium-C/PEKK interfacial shear strength, which 
could be a factor showing that a higher titanium surface roughness is capable to promote the 
overall performance of the titanium-C/PEKK DLS joint.  

5.5 Conclusion 

This chapter investigated the titanium surface roughness on the strength of co-consolidated 
titanium-carbon fibre reinforced polyetherketoneketone (C/PEKK) hybrid joints. Double lap 
shear test specimens were manufactured and tested. It was shown that an increase in titanium 
roughness results in a promotion of the Ti-C/PEKK DLS joint performance. The effect of 
titanium surface roughness on the DLS joint strength is also theoretically studied, which is 
compared with the DLS test result. The theoretical study overestimated the effect of the 
titanium surface roughness on the DLS joint strength, since the theoretical study employs 
various idealizations, such as the sinusoidal surface profile and complete resin impregnation.  
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Chapter 6 

Discussion 
This chapter consolidates and discusses the results presented in the previous chapters and 
proposes guidelines for the co-consolidation of titanium-C/PAEK hybrid joints. Firstly, the 
experimental methodologies chosen to characterize the mechanical performance of the 
titanium-C/PAEK interface are discussed in terms of their practical applicability. Secondly, 
the mechanisms governing the mechanical performance of the titanium-C/PAEK interface are 
elaborated; additionally the approaches available to promote these mechanisms will also be 
discussed. Efforts will, moreover, be spent to elaborate on the applicability of the obtained 
results for general co-consolidated metal-thermoplastic composite hybrid joints. Finally, 
guidelines will be proposed for the fabrication of titanium-C/PAEK hybrid joints through co-
consolidation.   

6.1 Interface characterization methodologies 

The titanium-C/PAEK interfacial performance can be characterized in two ways: as the ability 
of the interface to withstand crack growth/propagation, i.e. interfacial fracture toughness, and 
as the load bearing capacity of the interface, i.e. the interfacial strength.  

The titanium-C/PAEK interfacial fracture toughness was measured by employing a mandrel 
peel test, for which the test specimen is easily manufactured and requires few materials (a 
single ply of C/PAEK UD tape and titanium thin strip). Moreover, the mandrel peel test itself 
is easy to perform. The test result is the interfacial fracture toughness, which is independent of 
the geometric features of the specimen. These advantages make the mandrel peel test well 
suited to evaluate the effect of pre-treatment, material properties and processing conditions on 
the interface performance. As a downside, however, and as aforementioned in Chapter 2, the 
mandrel peel test is only suitable for relatively tough interfaces. The measurement of weak 
interfaces is vulnerable to the effects of friction in the setup. In these cases, a standard peel 
test could be a viable alternative. Nevertheless, the test proved to be a useful tool to identify 
and analyse the mechanisms governing the Ti-C/PAEK interface performance. The translation 
of the knowledge on these mechanisms into a practical hybrid joint has to be considered.  

As an alternative, double lap shear tests were performed to characterize the effect of surface 
roughness on the performance of Ti-C/PAEK joints. The experimental results were in line 
with the mandrel peel test results. The Ti-C/PEKK was found to outperform Ti-C/PEEK and 
the joint strength increased with roughness.  

6.2 Mechanisms governing the interfacial performance 

The Ti-C/PAEK interfacial fracture toughness is attributed to the energy required to separate 
the interface which consists of the energy terms shown in Figure 6-1:   
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Figure 6-1: Terms affecting the interfacial fracture toughness. 

Figure 6-1 shows that the interfacial fracture toughness can be enhanced by either promoting 
the first two terms or reducing the last term. The first two terms show that the robustness of 
the Ti-C/PAEK bonding is governed by various bonding mechanisms, e.g. mechanical 
interlocking, physical attraction and chemical bonding, as was also discussed in Chapter 3. 
The last term is determined by the thermal residual stress in the titanium and C/PAEK 
adherends, which was studied in Chapter 2.    

The following sections elaborate on the effectiveness of different bonding mechanisms and 
the influence of residual stresses on the interfacial performance. Additionally, various 
approaches for promoting the interfacial performance are further discussed.  

6.2.1 Mechanical interlocking 

Chapter 3 showed that, for the titanium-C/PAEK combination studied in this thesis, 
mechanical interlocking is an important bonding mechanism that governs the interfacial 
toughness. Therefore, promoting mechanical interlocking should be an efficient way to 
optimize the joint performance.  

The effectiveness of mechanical interlocking is attributed to the energy required to plastically 
deform the interlocked PAEK resin and titanium during fracture of the interface. It should be 
noted that the plastic deformation energy of the interlocked PAEK resin is dominating the 
effectiveness of mechanical interlocking, since the yield stress of the PAEK resin is much 
smaller than that of titanium (i.e. the titanium is assumed to not plastically deform). 

As was discussed in Chapter 3 and 4, the energy required to deform or break the PAEK 
polymer asperities during fracture of the surface is determined by the PAEK resin material 
property, titanium surface topography and the degree of impregnation of the PAEK resin into 
titanium surface irregularities. The effect of the latter two factors is elaborated in the 
following sections. 

Resin impregnation 

The extent of PAEK resin impregnation can be evaluated by the resin penetration depth l into 
the surface irregularities. As aforementioned in Chapter 3, this penetration depth puts a limit 
on the depth of the titanium surface irregularities. A theoretical estimation of the value of l is 
proposed to determine the factors affecting the maximum penetration depth. Figure 6-2 shows 
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schematically the penetration of molten PAEK polymer into a surface pore. The pore is 
assumed to have a cylindrical shape with a depth h and a diameter d.  

 

Figure 6-2: Schematic view of the penetration of the thermoplastic resin. 

During processing, the PAEK resin impregnates into the titanium surface irregularities due to 
the capillary action as well as due to the applied consolidation pressure. As a lower bound, if 
only capillary contribution is considered, the pressure driving the resin flow Pc is expressed as: 

 

where  is the surface energy of the molten PAEK polymer and  is the contact angle 
between the metal and polymer. According to Chapter 3, the magnitude of  is in the 
range of 10 to 15 mJ/m2. The dimension of d is in the order of micrometres corresponding to 
the surface topography profile introduced in Chapter 3 and 5. Therefore, the magnitude of Pc 

lies in the order of 0.1 to 1 bar which is quite low compared to the external consolidation 
pressure (approx. 10 bar for autoclave and 30 bar for press forming). 

By assuming the resin flow to be laminar, Poiseuille’s equation can be employed, simplifying 
the parabolic flow velocity profile into an average flow velocity:  

 

in which Pa is the air pressure within the unfilled region of the surface irregularity. The 
polymer viscosity is denoted by  and lies in the order of magnitude of 500 Pa∙s for the PAEK 
resins. Assuming the air entrapped in the surface irregularity follows the ideal gas law of PV 
= constant, the value of Pa could be calculated as:  

 

where P0 is the ambient pressure before impregnation starts. For autoclave consolidation, this 
value of P0 is the vacuum pressure (approx. 0.01 bar). For hot press forming and some out-of-
autoclave processing technique, P0 is equal to the atmospheric pressure (1 bar).  

The penetration depth l is achieved at  as , thus the value of l yields: 
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Equation (6.4) shows that the resin penetration depth driving by capillary pressure is 
influenced by the pressure ratio between ambient pressure and capillary pressure. During 
autoclave consolidation the ambient pressure is equal to vacuum pressure, which is much less 
than the capillary pressure, thus the resin penetration depth is comparable to the metal surface 
irregularities depth. This is in accordance with the experimental data, which was observed 
through the cross section view of the metal-thermoplastic interface as shown in Chapter 3. 
However, in some processes P0 is equal to the atmospheric pressure, which is greater than the 
capillary pressure. Consequently, additional pressure needs to be applied in order to drive 
impregnation. In practice, external pressure is employed to force impregnation of the resin 
and achieve full wetting. The value of Pc  in this case is the external pressure, which is much 
greater than the atmospheric pressure, thus the penetration depth is comparable to the hole 
depth.   

The time required to achieve penetration is also important. By substituting Equation (6.3) to 
Equation (6.2), the time required to achieve penetration depth l can be obtained by solving 
Equation (6.5):  

 

The solution of Equation (6.5) is a transcendental function which is not handy to use in 
practice; an alternative is to check the time required to achieve a large degree of penetration. 
For example, in the case of a press forming process with a 30 bar external pressure and half of 
the external pressure carried by resin, the maximum penetration depth l, according to 
Equation (6.4), can be achieved as l = 0.933 h. If a penetration depth of l = 0.9 h is regarded 
as a sufficiently large degree of penetration, according to Equation (6.5), the flow velocity at 
the moment of penetration depth l = 0.9 h is:  

 

Equation (6.5) also shows that during penetration, i.e. the increase of penetration depth l, the 
flow velocity reduces as a result of a decreasing pressure gradient. For the sake of simplicity, 
the resin flow velocity is considered as a constant which is the lower bound of the resin flow 
velocity, therefore a maximum value for the time required for penetration is obtained when 
the resin flow velocity at l = 0.9 h is taken.  

Therefore, based on the aforementioned consideration, the time t required to achieve l = 0.9 h 
is obtained by solving Equation (6.6): 
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In typical titanium surface topographies, such as observed in Chapter 3 of this thesis, l and d 
are of the same order, typically in the order of micrometres. For a PAEK resin with a 500 Pa∙s 
viscosity, the value of t is in the order of 20 ms. In practice, the penetration time is shorter 
than the typical processing times seen in press or autoclave consolidation. Therefore, for a 
typical titanium surface and typical external pressure, the PAEK penetration depth and time 
would not be a limitation on influencing the effect of mechanical interlocking.  

Titanium surface topography 

The experimental study presented in Chapter 3 and Chapter 5 showed that a rough titanium 
surface topography can promote the interfacial performance. In practice, surface treatments 
that increase the titanium surface roughness, e.g. grit blasting, positively affect the interfacial 
performance. In contrast, as the C/PAEK is molten during the co-consolidation process, 
approaches for increasing the C/PAEK surface roughness are inapplicable for enhancing the 
interfacial performance.  

The effectiveness of a rough titanium surface topography is attributed to the energy required 
to deform the thermoplastic polymer surface asperities during failure. This was illustrated in 
Chapter 4, in which a theoretical model was proposed to study the effect of surface 
topography (characterized by a sine curve) on the energy required to flatten surface asperities. 
It was shown that a higher energy is required to flatten a sinusoidal surface with a larger 
amplitude or a shorter wavelength, corresponding to a surface with steeper and rougher 
surface asperities.  

Both the experimental study and the theoretical model show that a tough interface requires a 
rough titanium surface which can be achieved through a number of different routes. This 
work focuses on grit blasting, in which the surface topography can be controlled by grit 
blasting parameters such as grit size, grit material, etc. As an alternative to grit blasting, some 
metal surface treatments can modify the metal surface into a specific topography rather than a 
generalized rough surface. For example, Chapter 3 reviewed other research works, which 
discussed how to generate a porous surface topography by means of either oxidising the 
titanium surface or laser texturing the titanium surface.  

 

Figure 6-3: Schematic view of the oxidised titanium-PAEK interface. 
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Oxidising the titanium surface, such as anodising, can generate a porous titanium oxide layer 
upon the titanium surface. If the bonding between titanium oxide and titanium substrate is 
sufficient robust, the interfacial failure is attributed to the failure of the thermoplastic resin 
interlocked in the oxide pore as shown in Figure 6-3. The interfacial shear strength S in this 
case is correlated to the area of the oxide pore as [1]: 

 

where τR is the shear strength of the PAEK resin, τI  is the shear strength of the oxide-PAEK 
interface, Apore and Atotal are the area of the pore and the bonding area respectively. According 
to the analysis of ref. [1], the interfacial shear strength S is attributed mainly to the first term, 
as the shear force is carried by the resin, in Equation (6.8). Based on this consideration, and 
additionally assuming the interfacial shear strength S to be attributed by either the shear 
failure of the resin or the shear failure of the oxide, the value of the interfacial shear strength S 
will be determined by the lower value of either shear force carried by the resin, i.e. τR ∙ 
(Apore/Atotal) or metal oxide , i.e. τO ∙ (1 - Apore/Atotal), where τO is the shear strength of metal 
oxide. Therefore, the theoretical maximum interfacial shear strength is realised when the 
following equilibrium is met: 

 

It can be seen that the theoretical maximum interfacial shear strength might approach the resin 
shear strength which is higher than the grit blasted titanium-C/PAEK interfacial strength 
studied in Chapter 5, if the resin shear strength is much lower than the metal oxide shear 
strength. However, in practice, the bonding between the titanium substrate and the titanium 
oxide is usually weaker than the bonding between the titanium oxide and polymer as was 
reported from other researchers work in Chapter 3. This thesis also investigates the effect of 
oxidizing the titanium surface on the Ti-C/PEEK interfacial toughness as shown in Figure 6-4.  

Figure 6-4 (a) show a cross section of Keronite-treated (the commercial name of plasma 
electrolytic oxidisation) titanium-C/PEEK interface. An oxide layer with a thickness of 
approx. 5 μm is generated on the titanium substrate. This oxide layer is quite porous as is 
shown in the Figure 6-4 (c) which is the 3D topography of the Keronite-treated surface. 
Figure 6-4 (b) shows the cross section of the Keronite-treated titanium fracture surface after 
peeling, while figure 6-4 (d) shows the 3D topography of the fracture surface. It can be 
observed that a part of the titanium oxide was peeled off from the titanium surface during the 
mandrel peel test, i.e. the titanium-oxide interface failed. Therefore, the interfacial 
performance of oxidised titanium-C/PAEK is affected by the bonding between the titanium 
substrate and the titanium oxide, which can be poorer than the bonding between the titanium 
oxide and the PAEK polymer. A possible surface treatment to avoid these drawbacks of 
oxidising is to employ laser texturing of the titanium surface. This way, the weak bonding 
between the titanium substrate and the titanium oxide is absent and the size of the textured 
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pore could be well-tailored. For example, the laser textured pore area to bonding area ratio 
can typically reach values around 50% [2]. The titanium-C/PAEK interfacial strength in this 
case (approx. 50% of τR, as 30 MPa) can exceed the grit blasted titanium-C/PAEK interfacial 
strength reported in Chapter 5 (25 MPa).  

 

     

Figure 6-4: (a) cross section view of Keronite-treated Ti-C/PEEK interface. (b) cross section 
of Keronite-treated titanium fracture surface. (c) 3D topography of Keronite-treated titanium 

surface. (d) 3D topography of Keronite-treated titanium fracture surface. 

6.2.2 Physical attraction and chemical bonding 

Physical attraction and chemical bonding are attributed to the intermolecular bonds and 
interatomic bonds between the titanium and PAEK, with the intermolecular bonding energy 
much lower than the interatomic bonding energy. The effectiveness of physical attraction and 
chemical bonding on the titanium-C/PAEK interfacial performance can be analysed as 
follows. When the C/PAEK is bonded with a very flat titanium surface, apart from the effect 
of thermal residual stress, the energy required to separate the titanium-C/PAEK interface is 
only contributed by the physical attraction (work of adhesion, approx. 30 mJ/m2 as reported in 
Chapter 3) and chemical bonding (separation energy could be ten times of the work of 
adhesion as 300 mJ/m2, since the bond energy of secondary bonds, governing the physical 
attraction, are about 10 to 102 kJ/mol, and the bond energy of primary bonds, governing the 
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chemical bonding, are about 102 to 103 kJ/mol, according to ref [3]). If the titanium surface is 
rough and mechanical interlocking occurs, the failure involves plastic deformation of the 
PEAK resin, which may contribute significantly to the energy required for failure.  

         

Figure 6-5: (a) Schematic view of the interfacial separation of the titanium-C/PAEK interface, 
(b) Physical attraction/chemical bonding enlarging the yield stress region. 

Figure 6-5 (a) shows schematically the separation of the rough titanium-C/PAEK interface 
during the mandrel peel test, the PAEK is plastically deformed in those yield regions. The 
physical attraction and chemical bonding, as attraction forces between titanium and PAEK, 
may enlarge the area of the yield region by the separation stress, which further results in more 
PAEK resin being plastically deformed and increases the titanium-C/PAEK interfacial 
fracture toughness measured in the mandrel peel test.  

Physical attraction 

Chapter 3 shows that an effective approach to promote physical attraction is to increase the 
titanium surface energy, which can further decrease the contact angle. The surface treatments 
that remove the natural oxides and expose the surface, e.g. grit blasting, can increase the 
titanium surface energy. However, this fresh titanium surface will oxidize again in the air, 
which further results in a reduction of the surface energy. A number of researchers have 
measured the titanium surface energy in air, for example the as-received grade 5 titanium 
alloy shows a surface energy of 36 mJ/m2 [4], and the anodised titanium surfaces exhibits 
surface energy from 44 mJ/m2 to 56 mJ/m2 [5-7], a grit blasted titanium surface is measured to 
be 60 mJ/m2 [8]. These values are comparable to the grade 5 titanium surface energy 
measured in air as 30 to 60 mJ/m2 reported in Chapter. In addition, Figure 6-6 shows the 
contact angle measurement result of polished titanium at different times after the polishing 
operation. Clearly, the contact angle increases with waiting time. 

This surface energy reduction results in a decrease of the interfacial fracture toughness of Ti-
C/PAEK joints. A waiting time of 32 hours causes a decrease of 85% to 90% in toughness 
when compared to a waiting time of 8 hours. Therefore, the waiting time between surface 
treatment and co-consolidation process should be minimized to avoid this surface energy 
reduction.  

If a long waiting time between surface treatment and co-consolidation is inevitable, the 
treated metal components should be well preserved. The metal components can be stored in a 
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nitrogen atmosphere to avoid further oxidation after surface treatment. Another approach is to 
pre-bond a layer of thermoplastic resin on the metal surface. On one hand this resin layer 
protects the metal surface from surface oxidation; on the other hand the resin layer can work 
as extra adhesive during the co-consolidation process. This resin layer should be sufficiently 
thick to avoid the permeation of oxygen through the resin; for example, according to the study 
from ref [9] approx. 3 to 6 hours are required for the oxygen to permeate through a 1 mm 
thick Aptiv PEEK film.   

  

Figure 6-6: Water contact angle on polished titanium (a) 1 min after polishing (69.8°), (b) 2 
mins after polishing (80.2°), (c) 3 mins after polishing (83.3°). 

Chemical bonding 

Promoting chemical bonding may be more effective than physical attraction in increasing the 
titanium-C/PAEK interfacial performance. As with physical attraction, this depends strongly 
on the type of thermoplastic resin. Moreover, the titanium surface should preferably be fresh, 
since the inert titanium oxide may hinder the occurrence of chemical bonding. 

It should be noted that for the joints studied in this thesis, identification of the occurrence of 
chemical bonding between titanium and the PAEK polymer was a complicated issue. 
Generally, if the titanium-PAEK chemical bonding has occurred by a formation of the Ti-O-C 
complex, the interfacial failure will involve the breakage of the Ti-O bond, as this bond has a 
lower bonding energy. The titanium atom group, on the fracture surfaces of the titanium, 
should be distinguishable to the original titanium surface as titanium dioxide. In addition, the 
content of C-O and C=O function group ratio between the C/PAEK fracture surface and the 
original C/PAEK should be different. However, in practice the titanium atom at the fracture 
surface will oxidize quickly after the interfacial failure, after which it is impossible to 
distinguish it from the as-treated metal. A possible solution for this issue is to peel and mount 
the XPS specimen in a nitrogen atmosphere, which can also improve the accuracy of the 
measurement result on the content of C-O and C=O function groups, which are vulnerable to 
the environment dirt and humidity.  

6.2.3 Thermal residual stresses in the adherends 
Chapter 2 and 3 of this thesis, utilising the mandrel peel test, reported the effect of the thermal 
residual stress on the Ti-C/PAEK interfacial fracture toughness. It was shown that the release 
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of the thermal strain energy stored in the titanium and the PAEK composite may exceed the 
energy required to separate the Ti-C/PAEK interface, resulting in premature failure of the 
interface. This phenomenon was also observed in the co-consolidated Ti-C/PAEK double lap 
shear joints. Figure 6-7 shows a comparison between a well fabricated Ti-C/PAEK DLS joint 
(an F20 grit blasted Ti-C/PEKK joint) and a premature failed Ti-C/PAEK DLS joint (an F20 
grit blasted Ti-C/PEEK joint).  

 

 

Figure 6-7: A well fabricated DLS joint (above) and a premature failed DLS joint (bottom).  

In addition, for non-premature failure DLS joints reported in Chapter 5, the thermal residual 
stress stored in both adherends could apply a shear stress at the interface, which might bias 
the stress distribution into one end of the DLS joint showing a negative effect on the apparent 
strength of the DLS joint.  
The generation of the thermal residual stress can be affected by the processing parameters, 
such as cooling rates and melting time, since these parameters can influence the crystallinity 
of the PAEK resin [10]. For example, the stress free temperature is observed to be influenced 
by the cooling rate in consolidating C/PEEK composites [11]. Therefore, the effect of thermal 
residual stress, particularly for the Ti-C/PAEK joints fabricated by various co-consolidation 
techniques and processing parameters, requires further investigation.  
 
6.3 General metal-thermoplastic composite joints 

Section 6.1 and 6.2 elaborated the characterisation and governing mechanisms of the 
titanium-C/PAEK interfacial performance. This section will discuss the applicability of this 
knowledge on generic metal-thermoplastic composite joints.  

The mandrel peel test is capable of evaluating the interfacial performance of generic metal-
thermoplastic composite joints. If the measured interfacial fracture toughness is lower than 
the threshold value introduced in Chapter 2, a standard 90° peel test can be considered as well.  

Regarding the mechanical interlocking effect, the consideration of resin impregnation can be 
extended to a general polymer resin. In addition, the theoretical model from Chapter 4, which 
studies the correlation between metal surface topography and resin deformation energy, is 
also applicable when studying a general metal-thermoplastic composite interfacial 
performance. 

The physical attraction is not very effective in promoting Ti-C/PAEK interfacial performance; 
this can be attributed to the rapid re-oxidization of the treated titanium surface resulting in a 
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reduction of surface energy. However, most of the materials applied in the aviation industry, 
such as aluminium [12] and magnesium [13], exhibit a room temperature oxidization rate 
similar as titanium [14] i.e. a 1 nm thick oxide grows in approx. 1h. The surface energy of 
these materials in air are also similar (40 mJ/m2 to 70 mJ/m2 of grit blasted aluminium alloy 
[15], 30 mJ/m2 to 40 mJ/m2 of sandpaper polished magnesium alloy [16]) to the titanium 
surface energy (30 mJ/m2 to 60 mJ/m2). In addition, if oxygen is present in co-consolidation 
process such as press forming, the metal can be further oxidised at a higher rate due to the 
high consolidation temperature [17].  

The chemical bonding in a titanium-C/PAEK joint might be attributed to the Ti-O-C bond 
between titanium and PAEK. As different metal-thermoplastic combinations, the chemical 
bonding between metal and thermoplastic may take a different form. For example, ref [18] 
reported that the chemical bonding between stainless steel and PEEK is attributed to Fe or Cr-
O-C complexes. In addition, ref [19] shows that, depending on the amount of oxygen,  the 
chemical bonding between steel and polyphenylene sulphide (PPS) can be formed as 
Fe2(SO4)3, FeSO4, or FeS. The highest bond strength, as Fe2(SO4)3, can be formed in an 
oxygen rich atmosphere to enhance the adhesion between steel and PPS. In summary, the 
effect of chemical bonding on the interfacial performance is complex and the approaches for 
promoting the chemical bonding between titanium and PAEK could not be entirely translated 
to generic metal-thermoplastic composite joints. 

6.4 Guidelines for fabricating co-consolidated titanium-C/PAEK hybrid joints 

The titanium surface should be modified to exhibit a high surface energy and a rough 
topography. Grit blasting treatment is an appropriate and economical surface treatment for 
achieving this target. A dense and large grit, with a sufficient blasting pressure (7 bar used in 
this thesis) to offer higher kinetic energy, can form a rougher surface to further promote 
interfacial performance. Titanium surface oxidation is not recommended, since the weak 
bonding between titanium oxide and titanium substrate can affect the interfacial fracture 
toughness of the oxidised titanium-C/PAEK joint. 

The time between grit blasting treatment and co-consolidation should be minimized, since 
ageing the grit blasted titanium in the air for one day will reduce the interfacial performance 
by 10% to 15%. If a long waiting time is inevitable, the treated titanium adherend could be 
either stored in environment without oxygen or pre-bonded by a neat resin layer. 
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Chapter 7 

Conclusions 
This thesis discusses the mechanisms governing the interfacial performance of Ti-C/PAEK 
joints as manufactured through a co-consolidation process. The following conclusions are 
drawn based on the presented results.  

1. The mandrel peel test was shown to be a suitable testing technique to characterize high 
toughness titanium-C/PAEK interfaces. Such interfaces are difficult to characterize using 
a standard peel test, as this would result in fracture of the composite peel arm during 
testing. However, the accuracy of the measurement of weaker interfaces using the mandrel 
peel test is affected significantly by friction in the experimental setup. Therefore, an 
interfacial fracture toughness threshold value is proposed to distinguish between a high 
toughness interface and a low toughness interface, where the former can be measured by 
the mandrel peel test and the latter can be measured by a standard peel test. 

2. The mechanisms governing the titanium-C/PAEK interfacial performance were identified 
and evaluated using the mandrel peel test. It was shown that mechanical interlocking is an 
important mechanism that has a considerable effect on the interfacial fracture toughness. 
The experimental results indicate that chemical bonding may occur between titanium and 
PEKK, resulting in a very tough interface compared to PEEK. Physical attraction is an 
important consideration, although its effect was small compared to chemical bonding and 
mechanical interlocking. 

3. A theoretical model, expressing analytically the correlation between PAEK deformation 
energy and titanium surface topography characterized by single sinusoidal function, was 
proposed to study the effect of mechanical interlocking on the titanium-C/PAEK 
interfacial performance. It was shown that by increasing the titanium surface roughness 
(expressed as a high amplitude-wavelength ratio sinusoidal function to characterize the 
titanium surface) the deformation energy of the PAEK will increase, thereby enhancing 
the mechanical interlocking effect i.e. further promoting the interfacial performance. 

4. A rougher titanium surface, promoting the mechanical interlocking effect, could promote 
the performance of the titanium-C/PEKK double lap shear joints. The measured 
mechanical interlocking effect is not as significant as the mechanical effect studied in the 
theoretical model , since the latter employs various idealisations.  

5. In practice, by considering all of the bonding mechanisms, it is shown that a strong hybrid 
Ti-C/PAEK joint can be manufactured by applying grit blasting with a large and dense 
grit on titanium, with a minimum waiting time between grit blasting and consolidation, 
and employing C/PEKK as the composite component. 
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Chapter 8 

Recommendations 
This thesis investigates the interfacial performance of co-consolidated metal-thermoplastic 
composite joints, particularly focusing on the mechanism governing the bonding between 
metal and thermoplastic composite. Although good progress has been made, the following 
recommendations are suggested for further research with the aim of applying this co-
consolidated metal-thermoplastic composite joint into practical applications.    

8.1 Understanding the Ti-C/PAEK interfacial behaviour 

Durability of the interface 

The long term performance of the interface, such as creep resistance, fatigue resistance and 
harsh weather resistance, is crucial if the co-consolidated metal-thermoplastic composite joint 
is to be used in practical applications. A further investigation of the interfacial long term 
performance is recommended.  

Chemical bonding 

It is found that the chemical bonding can be a determining factor in the titanium-C/PAEK 
interfacial performance, so it would be worthwhile investigating this to get a better 
understanding of this chemical bonding. However, fast oxidization of the titanium surface 
after testing makes it difficult to analyse the exact composition of the fracture surfaces. 
Therefore, a better characterisation method of the chemical bonding is required.   

Thermal residual stress 

The thermal residual stress in the titanium and C/PAEK adherends shows a negative effect on 
metal-thermoplastic interfacial performance, thus a further investigation on the effect of 
thermal residual stress is suggested. For example, the evolution of thermal residual stress 
during the consolidation process could be studied to more precisely. In addition, FEM could 
also be employed to study the effect of thermal residual stress on the interfacial strength. 

8.2 Optimising the manufacturing process of the Ti-C/PAEK joint 

Titanium surface treatment 

The interfacial performance of laser textured porous titanium-C/PAEK joint is recommended 
for investigation, since the interfacial strength of the laser textured titanium-C/PAEK joint 
may be higher than the interfacial strength of a grit blasted titanium-C/PAEK joint in 
theoretical prediction.  
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Co-consolidation technique 

A study of the performance of the Ti-C/PAEK joint fabricated by various co-consolidation 
techniques is recommended. On one hand, the different processing parameters such as cooling 
rates and melting times may affect the interfacial performance. On the other hand, the 
presence of oxygen in some co-consolidation techniques may affect the chemical bonding 
between titanium and PAEK resin. 
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Appendix  

Interfacial strength between titanium insert and C/PEEK 
laminate 
The theoretical model introduced in Chapter 4 was proposed primarily to understand the 
interfacial shear strength between a surface textured titanium insert and a C/PEEK laminate. 
The titanium-C/PEEK interfacial shear strength is measured by a push out test, which 
apparatus is shown in Figure A-1 (a). The push out test specimen, as a cylindrical titanium 
insert co-consolidated with a C/PEEK woven laminate shown in Figure A-1 (b), is clamped in 
the fixture. An indenter, with a 0.5 mm/min velocity moving downwards, pushes out the 
titanium insert from the condition shown in Figure A-1 (c) to the condition shown in Figure 
A-1 (d). 

     

Figure A-1: (a) The push out test apparatus. (b) The push out test specimen. (c) The titanium 
insert before being pushed out. (d) The titanium insert after being pushed out.  

It should be noted that, as shown in Figure A-1 (c) and (d), the titanium insert is textured with 
grooves by means of lathe turning, so as to promote mechanical interlocking. The shape of the 
turned grooves is shown in Figure A-2 (a). 

Indenter 

(a) 

Force Clamps 

(b) 

C/PEEK laminate 

Titanium insert 
Clamped specimen 

(c) (d) 
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Figure A-2: (a) The shape of the grooves, observed by optical microscope in 10 times 
magnification. 

The force-displacement curve of the push out test is illustrated in Figure A-2 (b). It can be 
observed from Figure A-2 (b) that if the bonding between titanium and C/PEEK is weak (no 
extra treatment is applied to the titanium insert, similar to the ‘untreated titanium’ in Chapter 
3), corresponding with the shape of the groove shown in Figure A-2 (a), the titanium-C/PEEK 
interfacial failure is attributed to the titanium insert moving over the C/PEEK surface. In this 
case, the force required to maintain the displacement should correspond to the elastic 
deformation energy of the C/PEEK and titanium. Therefore, a theoretical model representing 
the groove as a sinusoidal shape is proposed to investigate the effect of groove shape 
(sinusoidal parameters) on the deformation energy and the force required to maintain the 
displacement. Furthermore, the scale of the model is transformed from texture scale 
(millimetres) to surface roughness scale (micrometres).   
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