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ABSTRACT 

The design and durabihty of adhesively-bonded scarf joints were investigated in the 

present project. The geometrical design parameters of the scarf joint design were 

optimised for maximum load carrying capability. This was undertaken by employing 

analytical, finite element as well as experimental approaches. The results indicated that 

relatively low scarf angles and thin scarf tip thickness were essential to the increase of the 

strength of scarf joints. 

The durability of adhesively-bonded joints was also investigated by performing 

fatigue tests in 'hot/wet' conditions. The results indicated that the silane pre treatment 

(GPS) is capable of providing a significant increase in durability of the joints when 

compared to the grit-blast and degiease (GBD) treatment. In addition, it was also 

observed that the GPS treated joints never failed at the adhesive/adherend interface; 

whilst the GBD treated joints tested in 'hot/wet' fatigue conditions always failed at the 

adhesive/adherend interface. This was also observed for medium scale repair panels 

tested in both 'dry' and 'hot/wet' fatigue conditions. 

Predictions of the fatigue threshold using the finite element approach were in good 

agreement with the experimental results. In addition, predictions of the failure loci for the 

various joint designs and test conditions were also in good agreement with the 

experimental results. 
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Poisson's ratio (subscript s and a denotes adherend and adhesive 

respectively) 

Contact angle 

Scarf angle 

Applied stress range 

Critical stress state 

Stress in the ij plane (ij is the Cartesian coordinate) 

Mean stress level 

Maximum applied stress 

Minimum applied stress 

Yield stress 

Global applied shear stress 

Maximum shear stress 

Abbreviations 

Al-alloy Aluminium alloy 

ARL Aeronautical and Maritime Research Laboratory 

BFRP Boron fibre reinforced plastic 

CAE Chromic acid etching 

CFRP Carbon fibre reinforced plastic 

CTHERM Non-dimensionalized thermal mismatch term 

DERA Defence evaluation research agency, UK 

ETR adherend stiffness ratio 

FE Finite element method 

GBD grit-blast and degrease 

GPS y-glycidoxypropyltrimethoxysilane primer 

SMS Static secondary ion mass spectroscopy 

ToSMS high mass resolution time-of-flight secondary ion mass 

spectrometry 

12 



LIST OF FIGURES 

Chapter 2 

Figure 2.1: Stationary liquid drop on solid surface 

Figure 2.2: Diagram showing peel ply used prior to adhesive bonding of carbon fibre 

reinforced plastics (CFRP) 

Figure 2.3: Proposed schematic diagram of the mechanism of adhesion for epoxy 

adhesive/GPS/ferric oxide surfaces [20] 

Figure 2.4: High resolution ToFSIMS spectrum of grit-blasted aluminium coated with 

GPS, at nominal mass 71 [18] 

Figure 2.5: Effect of concentration of y-aminopropyltriethoxysilane in an aqueous 

solution used as a primer to pretreat sapphire on the 180° peel energy of an 

a-Al203/polyethylene laminate [25] 

Figure 2.6: Common designs of adhesively-bonded joints 

Figure 2.7: The three common stress states (a) direct (normal) stress (b) shear stress 

(c) cleavage (peel) stress 

Figure 2.8: Schematic representation of Volkersen model of an overlap joint (a) 

unloaded (b) loaded in tension, elastic adherends and (c) distribution of 

elastic shear stress in the adhesive layer 

Figure 2.9: Schematic representation of (a) loading eccentricity in an overlap joint and 

(b) reduction of loading eccentricity as joint is loaded 

Figure 2.10: Three primary loads of loading (a) mode I or tensile mode (b) mode II or 

shearing mode (c) mode III or tearing mode 

Figure 2.11: Elliptical crack of length, 2a in a uniformly stressed, infinite plate 

Figure 2.12: General configuration at the free-edge of two bonded dissimilar material 

Figure 2.13: Schematic diagram showing crack growth of length Ac of an existing crack 

of length, a 

Figure 2.14: Schematic representation of the crack closure integral method using the 

finite element method of (a) 4 noded and (b) 8 noded isoparametric 

elements 

Figure 2.15: Variation of strain energy release rate components with crack tip element 

size in single overlap joint [49] 

Figure 2.16: Contours enclosing a crack tip 

13 



Figure 2.17; Crack growth rate, da/dN as a function of AGi for epoxy/aluminium TDCB 

joints [59] 

Figure 2.18: Effect of outdoor weathering on the strength of epoxy-

polyamide/aluminium alloy structural joints (a) Hot/wet tropical site (b) 

hot/dry desert site [57] 

Figure 2.19: Experimental determination of water uptake in bulk adhesive 

Figure 2.20: Predictions of the fatigue life-time of adhesively-bonded overlap joints 

using (a) the J-integral method and (b) analytical solution [63] 

Figure 2.21: The increasing use of composite materials on commercial airplanes [86] 

Figure 2.22: Overlapping composite plies used to stiffened joint ends in a scarf joint 

design 

Figure 2.23: Common failure modes of composite materials: (a) in-plane damage (b) 

microbuckling (c) delamination 

Figure 2.24: Plots of crack growth versus number of fatigue cycles for crack patched 

repair panels subjected to various heat-treatment conditions [64] 

Figure 2.25: Schematic diagram of a uncracked panel bonded with a patch on one 

surface. This is used to explain the equivalent crack opening stress, <%. 

Figure 2.26: Schematic representation of an elliptical crack patch repair. 

Figure 2.27: Variation ofK,- with crack length, a with the two upper bounds Ko and K^c 

Chapter 3 

Figure 3.1: Shear stress-strain response of FM73 M 

Figure 3.2: Experimental and FE predicted tensile stress-strain response of the T4 and 

T6 2014A aluminium alloys 

Figure 3.3: Curing parameters of IM7/8552 carbon fibre reinforced plastic according 

to Hexcel Coip 

Figure 3.4: Experimental and predicted tensile stress-strain response of a 2mm thick 

composite laminate with a stacking order of [0, ±45, 90]2s 

Figure 3.5: Main joint designs used in current project (a) aluminium alloy single scarf 

joint (b) aluminium alloy overlap joint (c) aluminium alloy/CFRP single 

scarf joint (d) aluminium alloy/CFRP double scarf joint (e) presence of 

scarf tip in a scarf joint 

Figure 3.6: Manufacturing of adhesively-bonded joints using a hot press 

14 



Figure 3.7: Schematic diagram showing the experimental setup of the 'hot/wet' 

accelerated fatigue tests 

Figure 3.8: (a) diagram showing positioning of strain gauge on adhesively-bonded 

joint (b) typical strain gauge reading curve observed for crack initiation 

and crack propagation periods in tension-tension fatigue tests 

Figure 3.9: Schematic diagram showing the location of the centre hole and the two 

sawed notches from the horizontal sides of the centre hole in the 

aluminium alloy panel 

Figure 3.10: Schematic diagram showing the configuration used to produce the 

adhesively-bonded repair panels 

Figure 3.11: Schematic diagram of the experimental setup of the adhesively-bonded 

repair panel tests conducted in water 

Chapter 4 

Figure 4.1: Schematic diagram of a scarf joint and definition of symbols used in 

subsequent sections (a) 3D image of a scarf joint showing the presence of 

the adhesive fillet as a result of the scarf tip thickness (b) front view of a 

scarf joint (c) front, detailed, view of a scarf adherend 

Figure 4.2: Free body diagram of scarf joint 

Figure 4.3: Mesh refinement of the adhesive layer 

Figure 4.4: Effect of mesh density in the adhesive layer on the stress components at 

the (a) centre of the adhesive layer, y' = Q (b) near the interface, y' = 0.4/„ 

Figure 4.5: Global and local coordinate system used to define stress orientation 

Figure 4.6: Plot of maximum shear strain in the adhesive against the thickness ratio, 

t j t for scarf joints with adherend thickness 2mm, 4mm and 6mm 

Figure 4.7: Shear stress distribution in the adhesive layer for different scarf tip 

thickness, ts, using the analytical solution 

Figure 4.8: Normalised direct stress distribution at the centre of the adhesive layer (y' 

= 0) plotted against distance along the bond length for different scarf tip 

thickness, 4, 

Figure 4.9: Normalised peel stress distribution at the centre of the adhesive layer (y' = 

0) plotted against distance along the bond length for different scarf tip 

thickness, 

15 



Figure 4.10; Normalised shear stress distribution at the centre of the adhesive layer (y' 

= 0) plotted against distance along the bond length for different scarf tip 

thickness, tst 

Figure 4.11: Normalised direct stress distribution near the adhesive/adherend interface 

(y' = 0.4/a) plotted against distance along the bond length for different 

scarf tip thickness, 4, 

Figure 4.12: Normahsed peel stress distribution near the adhesive/adherend interface 

(y' = OAta) plotted against distance along the bond length for different 

scarf tip thickness, 

Figure 4.13: Normalised shear stress distribution near the adhesive/adherend interface 

(y' = 0.44) plotted against distance along the bond length for different 

scarf tip thickness, 4, 

Figure 4.14; Variation of the direct stress distribution across the thickness of the 

adherend opposite a scarf tip with scarf tip thickness, 4, 

Figure 4.15: Predicted load-displacement curves of scarf joints with scarf tip thickness, 

tsi - 0.15mm and 0.4mm using elastic-plastic finite element analysis 

Figure 4.16: Comparison of the maximum (a) shear strain, (b) shear stress, (c) 

adherend Mises equivalent stress and (d) adhesive Mises equivalent stress 

in the adhesive layer for scarf joints with scarf tip thickness, - 0.4mm 

and 0.15mm 

Figure 4.17: Results from the experimental monotonically-loaded tension tests of scarf 

joints with scarf tip thickness, 4/ = 0.4mm and 0.15mm 

Figure 4.18: Schematic diagram showing adherend failure in scarf joint specimens. 

Adherend yielding was observed before final fracture of the specimens 

Figure 4.19: Shear stress distribution in the adhesive layer for different scarf angle, 0 

predicted using the analytical solution 

Figure 4.20; Normalised direct stress distribution in the middle of the adhesive layer (y' 

= 0) plotted against the distance along the bond length for different scarf 

angles, 6 

Figure 4.21; Normahsed peel stress distribution in the middle of the adhesive layer (y' 

- 0) plotted against the distance along the bond length for different scarf 

angles, 0 

16 



Figure 4.22: Normalised shear stress distribution in the middle of the adhesive layer (y' 

= 0/a) plotted against the distance along the bond length for different scarf 

angles, 6 

Figure 4.23: Normalised direct stress distribution near the adhesive/adherend interface 

iy'- OAta) plotted against the distance along the bond length for different 

scarf angles, 6 

Figure 4.24: Normalised peel stress distribution near the adhesive/adherend interface 

(y' = QAta) plotted against the distance along the bond length for different 

scarf angles, 6 

Figure 4.25: Normalised shear stress distribution near the adhesive/adherend interface 

(y' = 0.44) plotted against the distance along the bond length for different 

scarf angles, 8 

Figure 4.26: Comparison of the maximum stress components in the adhesive and the 

adherend for different scarf angles, 6 

Figure 4.27: Predicted load-displacement curves of scarf joints with scarf angles, d -

1.5°, 1.8° and 5° using elastic-plastic finite element analysis 

Figure 4.28: Comparison of the maximum (a) shear strain, (b) shear stress, (c) 

adherend Mises equivalent stress and (d) adhesive Mises equivalent stress 

in the adhesive layer for scarf joints with scarf angles, d- 1.5°, 1.8° and 5° 

Figure 4.29: Results from the experimental monotonically-loaded tension tests of scarf 

joints with scarf angle, 6 - 1.5°, 1.8° and 5° 

Figure 4.30: Schematic diagram showing adhesive failure in scarfjoint specimens 

Figure 4.31: Schematic diagram showing the adhesive fillet outside the effective bond 

length in a scarf joint, (a) no fillet (b) fillet with entry angle, ^and (c) full 

adhesive fillet 

Figure 4.32: Percentage reduction of the maximum stress components in the adhesive 

and adherend for different fillet sizes 

Figure 4.33: Peel stress contour plots of scarf joint designs with adhesive entry angle 

(a) Of- 30° and (b) 6 / - 60° 

Figure 4.34: Percentage reduction of the maximum stress components in the adhesive 

fillet and the adherend for different adhesive fillet entry angles, 6/ 

17 



Figure 4.35: Percentage reduction of the maximum stress components in the adhesive 

fillet and the adherend for different adhesive fillet entry angle, 6'/'and equal 

adhesive fillet area of Imm^ 

Figure 4.36: Mises equivalent stress contours from elastic-plastic finite element 

analysis showing gross adherend plastic yielding with increase of applied 

load 

Figure 4.37: Predicted load-displacement curves of scarf joints with LI 57 (T6) and 

LI56 (T4) aluminium alloy adherends using elastic-plastic finite element 

analysis 

Figure 4.38: Comparison of the maximum (a) shear strain, (b) shear stress, (c) 

adherend Mises equivalent stress and (d) adhesive Mises equivalent stress 

in the adhesive layer for scarf joints with 'LI 57' (T6) and 'L156' (T4) 

aluminium alloy adherends 

Figure 4.39: Results from the experimental monotonically-loaded tension tests of scarf 

joints with 'L157' (T6) and 'L156' (T4) aluminium alloy adherends 

Figure 4.40: Schematic diagram of the global and local coordinate systems used for the 

overlap joint design 

Figure 4.41: Joint bending observed in adhesively-bonded (a) scarf joint and (b) overlap 

joint with an apphed load, P of 5kN 

Figure 4.42: Normalized direct stress distribution at the centre of the adhesive layer (y' 

= 0) plotted against distance along the bond length for the scarf joint and 

overlap joint design 

Figure 4.43: Normalized peel stress distribution at the centre of the adhesive layer (y' = 

0) plotted against distance along the bond length for the scarf joint and 

overlap joint design 

Figure 4.44: Normalized shear stress distribution at the centre of the adhesive layer (y' 

= 0) plotted against distance along the bond length for the scarfjoint and 

overlap joint design 

Figure 4.45: Predicted load-displacement curves of the scarf joints and overlap joint 

design using elastic-plastic finite element analysis 

Figure 4.46: Comparison of the maximum (a) shear strain, (b) shear stress, (c) adherend 

Mises equivalent stress and (d) adhesive Mises equivalent stress in the 

adhesive layer for the scarfjoint and overlap joint design 

18 



Figure 4.47: Results from the experimental monotonically-loaded tension tests of the 

scarf joints and overlap joint design 

Figure 4.48: Comparison of the durability of adhesively-bonded scarf joints and overlap 

joints surface treated with (a) the GBD surface treatment and (b) the GPS 

surface treatment 

Chapter 5 

Figure 5.1: Comparison of the static failure loads of aluminium alloy scarf joints with 

a scarf tip thickness of 4, = 0.4mm and 'L157' (T6) for different surface 

treatments 

Figure 5.2: Comparison of the static failure loads of aluminium alloy scarf joints with 

a scarf tip thickness of 4r = 0.15mm and 'L157' (T6) for different surface 

treatments 

Figure 5.3: Comparison of the static failure loads of aluminium alloy scarf joints with 

a scarf tip thickness of Ut = 0.15mm and 'L156' (T4) aluminium alloy 

adherends for different surface treatments 

Figure 5.4: Comparison of the static failure loads of 'L157' (T6) aluminium alloy 

overlap joints for different surface treatments 

Figure 5.5: Finite element analysis of the aluminium alloy/CFRP hybrid scarf joint. 

The outline diagram is the undefonned shape while the deformed shape is 

represented by the adhesive (in colour) 

Figure 5.6: Comparison of the static strength of GBD and GPS surface treated 

CFRP/'L156' (T4) aluminium alloy hybrid scarf joints 

Figure 5.7: Comparison of the static failure loads of 'L157' (T6) aluminium 

alloy/CFRP double scarf joints for different surface treatments 

Figure 5.8: Pictures showing the (a) double hybrid scarf joint with the aluminium 

alloy adherends positioned at the outer surface of the joint, (b) double 

hybrid scarf joint design with the CFRP adherends positioned at the outer 

surface of the joint, (c) bending of the 'released' adherend (aluminium 

alloy) and crack propagation in the adhesive layer and (d) non-bending of 

the 'released' adherend (CFRP composite) and failure in adhesive and 

composite 

19 



Figure 5.9: Comparison of the fatigue performance of aluminium alloy scarf joints 

with a scarf tip thickness of 4, - 0.4mm for different surface treatments 

Figure 5.10: Schematic diagram of the adherend failure locus observed in fatigue tests 

Figure 5.11: Comparison of the fatigue performance of aluminium alloy scarf joints 

with a scarf tip thickness of 4, = 0.15mm for different surface treatments 

Figure 5.12: Comparison of the 'hol/wet' durability performance of aluminium alloy 

scarfjoints with a scarf tip thickness of 4, = 0.4mm for GBD and GPS 

surface treatments 

Figure 5.13: Comparison of the 'dry' and 'hol/wet' fatigue performance of aluminium 

alloy scarfjoints with a scarf tip thickness of 4, = 0.4mm for the GBD and 

GPS surface treatments 

Figure 5.14: Comparison of the 'hot/wet' durability performance of aluminium alloy 

scarfjoints with a scarf tip thickness of 4, = 0.15mm for GBD and GPS 

surface treatments 

Figure 5.15: Typical fracture surface of GBD surface treated aluminium alloy scarf 

joints tested in 'hot/wet' fatigue conditions 

Figure 5.16: Comparison of the 'dry' and 'hot/wet' fatigue performance of almninium 

alloy scarfjoints with a scarf tip thickness of 4, = 0.15mm for the GBD 

and GPS surface treatments 

Figure 5.17: Comparison of the fatigue strength of GBD and GPS surface treated 

aluminium alloy overlap joints 

Figure 5.18: Typical fracture surface of (a) GBD surface treated aluminium alloy 

overlap joints and (b) GPS surface treated aluminium alloy overlap joints 

tested in 'hot/wet' fatigue conditions 

Figure 5.19: Comparison of the 'hot/wet' fatigue performance of aluminium 

alloy/CFRP hybrid scarfjoints with a scarf tip thickness of 4, = 0.15mm 

for the GBD and GPS surface treatments 

Figure 5.20: Fracture surface of (a) GBD and (b) GPS surface treated aluminium 

alloy/CFRP hybrid scarfjoints tested in 'hot/wet' fatigue conditions 

Figure 5.21: Comparison of the 'hot/wet' fatigue performance of aluminium alloy scarf 

joints and aluminium alloy/CFRP scarfjoints with a scarf tip thickness of 

tst = 0.15mm for GBD and GPS surface treatments 

20 



Figure 5.22: Durability performance of GBD and GPS surface treated double 

aluminium alloy/CFRP hybrid scarf joints with a scarf tip thickness of 4, = 

0.15mm 

Figure 5.23: Typical strain gauge reading plot for an aluminium alloy scarf joint model 

with a scarf tip thickness, U, - 0.15mm tested in 'hot^wet' fatigue 

conditions where failure was observed to be at the adhesive/adherend 

interface 

Figure 5.24: Comparison of the crack initiation period with the total fatigue life of GBD 

surface treated aluminium alloy scarf joints with a scarf tip thickness of 4, 

= 0.15mm tested in 'hot/wet' fatigue conditions 

Chapter 6 

Figure 6.1: Predicted fatigue strength of the aluminium alloy adherend for the various 

joint designs used in this project 

Figure 6.2: The tapered double cantilever beam (TDCB) joint geometry used to obtain 

fracture mechanics data of an adhesive system 

Figure 6.3: Comparison of the fatigue data of GPS and CAE surface treated TDCB 

joints tested in 'dry' and 'hot/wet' conditions [4] 

Figure 6.4: Comparison of the fatigue data of GBD surface treated TDCB joints tested 

in 'dry' and 'hot/wet' conditions [4] 

Figure 6.5: Figure 6.5: Curve fitting of the TDCB fatigue data obtained from [4] using 

equation 2.3 for the (a) GBD 'dry' tests and (b) GBD 'hot/wet' tests 

Figure 6.6: Curve fitting of the TDCB fatigue data obtained from [4] using equation 

2.3 for the (a) GPS 'dry' tests and (b) GPS 'hot/wet' tests 

Figure 6.7: Effect of the Ct fitting parameter of the modified Paris law on (a) the 

curve fitting of the fracture mechanics data and (b) the predicted shape of 

the Omax-Nf curve, 

Figure 6.8: Effect of the n fitting parameter of the modified Paris law on (a) the curve 

fitting of the fracture mechanics data and (b) the predicted shape of the 

Gmax-Nf curve 

Figure 6.9: Effect of the ni fitting parameter of the modified Paris law on (a) the curve 

fitting of the fracture mechanics data and (b) the predicted shape of the 

Omax-Nf carve 

21 



Figure 6.10: Effect of the «2 fitting parameter of the modified Paris law on (a) the curve 

fitting of the fracture mechanics data and (b) the predicted shape of the 

Omax-NfCVXWe 

Figure 6.11: Typical relationship between Gmax, and a for an adhesive system 

assuming linear elastic material properties 

Figure 6.12: The predicted relationship between G,„ax, Tmax and a for interfacial and 

adhesive (cohesive) crack growth in the scarf joint design with a scarf tip 

thickness of 4, = 0.4mm 

Figure 6.13: The predicted relationship between T„ax and a for interfacial and 

adhesive (cohesive) crack growth in the scarf joint design with a scarf tip 

thickness of /.?, - 0.15mm 

Figure 6.14: Stress contour plot in the adhesive subjected to a temperature drop of 

Zl7^100°C 

Figure 6.15: The predicted relationship between Gmm, and a for interfacial and 

adhesive (cohesive) crack growth in the single CFRP/Al-alloy hybrid scarf 

joint design with a scarf tip thickness of 4, = 0.15mm 

Figure 6.16: The predicted relationship between Gmax, T âx and a for interfacial and 
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1 

INTRODUCTION 

1.1 Motivation 

The joining of structural components has always been a subject of interest to design 

engineers. This interest is rightly justified, as a joint often proves to be the weak point in a 

structure. The basic philosophy of joining two components that are carrying loads is to 

transmit the load-carrying capability from one component to the other as smoothly as 

possible. In the aerospace industry, mechanical fasteners have been the traditional means 

of joining components. There are many advantages of this joining technique, mainly that 

the load is spread out by the numerous fasteners and hence this reduces the concentration 

of stress on a singular point. However, as advanced as this means of joining is, there is 

still a major concern that the concentration of stresses around an individual fastener hole 

will cause fatigue or creep problems. Indeed, there have been past cases where fatigue 

cracks have grown between fastener rows and caused catastrophic failure of a structural 

component. The reason for the lack of fatigue durability of a mechanical fastener can be 

explained by the fact that the stresses around an individual mechanical fastener are still 

relatively high and may therefore lead to the initiation and propagation of fatigue cracks. 

The development of adhesives technology has presented an alternative means of 

joining structural components. In the aerospace industry, the use of adhesives has been 
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able to improve significantly the fatigue hfe of a structure. This is because, an adhesive 

joint allows the stresses to be distributed evenly across the width of the joint, significantly 

reducing the local stress concentrations commonly encountered in mechanically fastened 

joints. The use of adhesives technology, however, causes some additional problems to the 

design engineers. Adhesives used in the aerospace industiy are mainly based upon 

rubber-toughened epoxies and, in particular, it has been reported that the interfacial 

adhesion to aluminium alloy joints is highly susceptible to moisture attack. The durability 

of aluminium alloy joints can, however, be improved by employing a surface 

pretreatment for the adherends. Indeed, surface pretreatments are often used to increase 

the interfacial adhesion and protect the adhesive/adherend interface from environmental 

attack. Surface treatments such as grit blasting and phosphoric acid anodising (PAA) 

form the basis of standard protocols in most aircraft repair handbooks. However, the most 

effective surface treatments currently being used for aluminium alloy joints are strong 

acids and are a hazard to the environment. 

1.2 Aims and objectives 

A main theme of the present project is to investigate the effects of surface treatments on 

the durability of adhesive joints, especially with bonded repair joints in mind. Of 

particular interest is the fatigue durability of aluminium alloy joints which have been 

surface treated using a y-glycidoxypropyltrimethoxysilane (GPS) organosilane surface 

treatment. This surface treatment is considered to be environmental friendly and easier to 

use than the current acid etching and anodizing techniques. The performance of this 

surface treatment will be compared with two other commonly used surface treatments for 

aluminium alloy joints: a grit blasting and degreasing (GBD) surface treatment and a 

chromic acid etching (CAE) surface treatment. 

Below is a list of the main objectives. 

1) To optimize the scarf joint design, as this joint design will be used as the main joint 

design in the project. The reason for using the scarf joint design is because the scarf 

joint design is considered more efficient than the commonly used overlap joint design 
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and is frequently used in adhesively-bonded repair designs. The optimization of the 

scarf joint geometry will be carried out by using analytical, finite element (FE) and 

experimental methods. The scarf joint geometry will be optimized for maximum load-

carrying ability. 

2) To predict the fatigue life-time of adhesively-bonded scarf joints using an energy 

balance approach that employs the fracture mechanics data measured for the same 

adhesive system. 

3) To investigate the fatigue performance of adhesively bonded hybrid joints using 

aluminium alloy and carbon fibre composite adherends. Coupon tests of the 

previously determined optimized scarf joint geometry, as well as a double scarf joint 

geometry, will be used. 

4) To study the effects of residual thermal stresses on the fatigue performance of 

composite/aluminium alloy scarf joints. 

5) To investigate the performance of centre-cracked aluminium alloy panels which have 

been repaired using a single-sided external crack patch technique. These tests 

represent relatively large-scale components on which to validate the ideas developed 

during the present research. 

6) To predict therefore the effect of different surface treatments on the fatigue durability 

of the various types of joints. 

1.3 Outline of thesis 

The outline of the thesis is given in the list below: 

Chapter 2: This chapter presents the background theories and a literature review 

relevant to the project. 
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Chapter 3: This chapter discusses the material properties of the various materials 

used, the manufacturing process employed for the adhesively-bonded 

joints and the various experimental tests methods used in this project. 

Chapter 4: This chapter presents the design and optimization of the scarf joint 

geometry using analytical, finite element and experimental methods. In 

addition, a comparison between the overlap joint geometry and the scarf 

joint geometry will also be presented in this chapter. 

Chapter 5: Experimental results from the investigations of the effects of surface 

treatments on the static, fatigue and durability performance of adhesively-

bonded scarf joints are presented in this chapter. In addition, experimental 

results of the composite/aluminium alloy hybrid joints will be discussed. 

Chapter 6: This chapter discusses the prediction of the fatigue life-time of adhesively-

bonded joints using the energy balance approach. In addition, the 

significance of the fitting parameters for the modified Paris law, which is 

an important aspect of the predictive model, will also be reviewed. 

Chapter 7: Experimental results of the crack patched repair panels tested in 'dry' and 

'hot/wet' fatigue conditions are presented in this chapter. This is followed 

by a discussion of the theoretical and finite element predictions of the 

reduction in the stress intensity factor for the repaired panels. 

Chapter 8: This chapter will present the main conclusions from this project. In 

addition, recommendations for future work are also given. 
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2.1 Introduction 

Adhesive bonding has been used in many applications since early times. Natural 

adhesives such as beeswax and gum were used before the development of adhesion and 

adhesives science to create weapons and armour, as well as cooking utensils. In the 

present age, the use of adhesive bonding is widespread and encompasses many aspects of 

human life, from pressure sensitive adhesives, such as 'Post-it' notes, to the joining of 

structural components in the aerospace industry. 

In the present research, we will concentrate on the use of structural adhesives in 

the aerospace industry. The development of structural adhesives for the aerospace 

industry has proved to be invaluable as adhesive bonding is able to offer new possibilities 

for the joining of components. One of the main advantages of adhesive bonding over 

conventional methods of joining, such as mechanical fasteners, is that adhesive bonding 

allows a load to be transferred far more evenly from one component to the other. This in 

turn reduces stress concentrations around fastener holes and, as a result, prolongs the life 

of structural components. The use of adhesively-bonded joints in aerospace structures has 

been proven to increase the fatigue life of structural components by as much as thirty 

times compared to riveted joints, see Table 2.1. Another major advantage of adhesive 
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bonding is the suitability of this technique to join dissimilar materials and thin sheet 

materials. 

Table 2.1: Fatigue life data of riveted and riveted + bonded lap joints f21 

Adherend 
thickness 

(mml 

Stress 
(MPa) 

Life (kcycles) Adherend 
thickness 

(mml 

Stress 
(MPa) 

Riveted Riveted + bonded 

0.8 78-196 6 297 

0.8 69-177 30 440 

The use of adhesives for load bearing structures has to be carefully designed and 

researched. The right design of adhesive joints is important to ensure that the joint 

realises its full potential. It is well known that adhesives are best used when they are 

loaded in shear or compression. On the other hand, adhesives are often relatively weak 

when loaded in tension. 

In the following sections, the fundamentals of adhesive bonding, such as the 

fundamentals of achieving adhesion and the various mechanisms of adhesion, are first 

discussed. Then the role of surface treatments for improving adhesion is discussed. This 

is followed by a review of the design of adhesive joints, where the overlap joint and the 

scarf joint designs will be discussed in detail. Brief reviews of the principles of fracture 

mechanics and the fatigue behaviour of adhesive joints are then presented. Lastly, a 

summary of the use of adhesives for repairing damaged aerospace structures is given. 

2.2 Interfacial contact 

2.2.1 Introduction 

In order for adhesion to take place, it is necessary that interfacial contact is established 

between the adhesive and the adherend. In other words, the adhesive needs to be able to 

spread over the bonding surface and displace air and other contaminants that may be 

present on the surface. The ability of an adhesive to achieve interfacial contact with a 

solid surface defines the suitability of any adhesive/adherend combination. This can be 

investigated via the wetting equilibria of the adhesive/adherend system and from the free 

energy of the adhesive/adherend interface. 
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2.2.2 Wetting 

The wettability of a surface is defined as the extent to which a liquid is capable of 

spreading on top of a solid surface. This can be shown quantitatively as a liquid drop 

sitting in equilibrium on a solid surface. The liquid drop will fomi a parabolic shape and 

makes an angle to the adjacent surface, termed the contact angle, see Figure 2.1. The 

contact angle can be used as a measure of wettability of an adhesive/adherend 

combination. A contact angle of 6 = 0 signifies that liquid will spontaneously spread 

across the solid surface. As 0 > 0, the liquid becomes stationary. However, the liquid can 

still spread when 9 > 0 if an external pressure is applied to the liquid. The Young 

equation [1] relates the surface free energy per unit area of sohd vapour, jsv, liquid-

vapour, Tiv and solid-liquid, to the equilibrium contact angle, 0. 

= (2.1) 

Vapour 

Liquid 

Solid 

Figure 2.1: Stationary liquid drop on solid surface 

2.2.3 Surface energies 

Surface energy is generated at the surface of a liquid or solid. As the atoms at the surface 

are pulled toward the bulk material, the atomic bond length at the surface decreases. This 

results in an increase of energy at the surface, called the surface energy. The surface 

energy of a solid can be enhanced by surface pretreatments. Table 2.2 summarises the 

improvement in the surface energy of aluminium surfaces that can be achieved using 

chemical surface treatments [10]. 
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Table 2.2: Surface energy of chemically treated aluminium surfaces 
subsequent to primary amine silane depositionHOI 

Surface treatments Surface energy 
(mJ/m*) 

degreased 49 ± 4 

Chromic acid etching 44+4 

Phosphoric acid anodising 76+2 

Chromic acid anodising 68 ± 4 

Different materials exhibit different surface energies and can be categorized into 

low surface energy and high surface energy materials. Organic compounds such as 

polymers are grouped into the first category, where surface free energies are typically less 

than about 100 mJ/m^. On the other hand, metals, metal oxides and ceramics belong to the 

second group where surface energies are typically greater than 500 mJ/m^, for clean 

surfaces. 

2.3 Mechanism of adhesion 

2.3.1 Introduction 

Now that the mechanism for interfacial contact of adhesives has been established, we turn 

our attention to the intrinsic adhesive forces which may act across the interface, and the 

nature and magnitude of these forces. They are a number of theories to describe the 

intrinsic adhesion, namely: the (a) adsorption theory, (b) diffusion theory, (c) mechanical 

interlocking and (d) electronic theory. One or more of these mechanisms may occur in a 

particular adhesive system. For structural applications, mechanical interlocking, diffusion 

theory and the adsorption theory are the most relevant theories. 

2.3.2 Adsorption theory 

The adsorption theory is perhaps the most widely applicable theory for the intrinsic 

mechanism of adhesive bonding. The theory proposes that interatomic and intermolecular 

forces are present at the interface of the adhesive and the adherend. These forces are 

categorized into two categories; primary and secondary forces. The van der Waals forces, 

as well as hydrogen bonds, are categorized as secondary forces and are relatively low in 
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magnitude compared to the primary forces. Nevertheless, there has been evidence that 

secondary forces alone are sufficient to provide a strong bond at the adhesive/adherend 

interface [9], Assuming only secondary bonds are acting at an adhesive/adherend 

interface, the thermodynamic work of adhesion, Wa, can be determined using the Dupre 

equation, equation 2.2. The thermodynamic work of adhesion, fVa, is defined as the work 

required to separate a unit area of a solid and a liquid phase that forms an interface across 

which only secondary forces are present • 

= M 

(Note that in the Dupre equation, is used instead of This, as pointed out by Wake 

[5], is because would have implied that the calculated work of adhesion, fVa is 

referring to the adhesion failure between the bulk liquid and a layer of molecules of the 

liquid one molecule thick.) 

Primary forces are ionic, covalent and metallic interfacial bonds. They are 

chemical bonds that sometimes form across the interface. The use of primers in particular 

has been reported to show evidence of the existence of primary covalent bonds at the 

interface, as will be discussed later. The most common type of such organometallic 

primers is the silane-based primer. The use of silane-based primers is further discussed in 

section 2.4.4. Primers are often used to enhance adhesion and used to provide improved 

resistance of the interface to attack by moisture. The mechanism by which silane-based 

primers work to achieve these aims were unknown until more recent reports showed 

evidence of the formation of strong primary bonds between the primer and the adhesive 

and adherend [4,18,29]. 

2.3.3 Diffusion theory 

The diffusion theory [21] states that the intrinsic adhesion of polymers to themselves and 

to each other is due to mutual diffusion of polymer molecules across the interface. This in 

turn requires the chain segments of the polymers to possess sufficient mobility and are 

mutually soluble. The solubility parameter, is defined by equation 2.3 where AH^ is the 

molar heat of vaporization, R is the gas constant, T is the temperature (K) and K is the 

molar volume. 
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/' KXJ 
5. = (2.3) 

The theory of diffusion appears to hold true only for cases where the above 

mentioned two conditions are satisfied (e.g. autohesion of elastomers and in the solvent 

welding of compatible, amorphous plastics). In a polymer/metal interface, it was noted 

that the increase of interfacial strength is due to improvement in the adsorption of the 

polymeric material rather than by the above classical diffusion mechanism [19]. 

2.3.4 Mechanical interlocking 

Mechanical interlocking is self explanatory, whereby the intrinsic forces are of a 

mechanical form and are generated by irregular surface topology which may be caused by 

mechanical or chemical surface treatments. However, the fact that good adhesion is 

attainable on macroscopically smooth surfaces suggests that this theory might not be of 

wide applicability [9]. 

2.4 Surface treatments 

2.4.1 Introduction 

The role a surface treatment plays in a bonding process is crucial in many ways. The type 

of surface treatments employed is dependent on the adhesive/adherend system and on the 

bonding conditions. Surface treatments are often crucial for the bonding of high surface 

energy materials such as aluminium alloys. This is because high surface energy materials 

attract atmospheric contamination more readily. In addition, most metallic materials come 

with some form of protective coating (such as protective oils, grease, etc.) that in most 

cases needs to be removed before the application of adhesive bonding. Furthermore, in 

order to attain high durability for the adhesive bond, relatively complex and expensive 

(often chemical) surface treatments need to be used to ensure that the intrinsic forces at 

the adhesive/adherend interface do not fail in the presence of water; and thereby allow 

layers of water molecules to form a weak boundary layer. This will be further discussed 

in section 2.7.2 where we consider environmental attack and the durability of adhesively-

bonded joints. Here, we will concentrate on the use of surface treatments on two 
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materials, high strength aluminium alloy and carbon fibre reinforced plastic (CFRP), as 

these materials were used in the present project. 

2.4.2 Mechanical treatments 

Mechanical surface treatments come in the form of grit-blasting or hand abrasion. Grit-

blasting can use alumina grit or fine sand. For CFRP, low-pressure grit-blasting is often 

used to provide a relatively rough bonding surface. Another way of surface treating CFRP 

is to use the peel-ply method, see Figure 2.2. A ply of fabric, commonly made of woven 

or knitted nylon, is installed on the bonding surface and is only removed just before 

bonding [84]. However, it was found that it is extremely difficult to ensure that the peel-

ply does not leave behind some form of contamination, usually in the form of release 

agents. Nevertheless, in practice, some residual release agent from the peel-ply is 

tolerable or the use of an abrasion method such as grit-blasting can be used following the 

removal of the peel-ply. 

Peel ply 

CFRP 

Figure 2.2: Diagram showing peel PIV used prior to adhesive bonding of carbon fibre 
reinforced plastics (CFRP) 

2.4.3 Chemical treatments 

Aluminium alloys are often surface treated prior to bonding with some fonn of chemical 

treatment to enhance the durability of the bonded joint. This is because the high surface 

energy of the aluminium oxide layer makes the interface and oxide prone to water attack 

[9]. In the aerospace industry, aluminium alloys are often used in the building of an 
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aircraft because of their low density and high strength. The durability of bonded joints of 

aluminium alloys hence becomes an important issue. Common surface treatments 

employed by the aerospace industry are acid etching and anodizing processes and Table 

2.3 shows the effect of the type of surface treatment used on the joint strength of 

aluminium alloy bonded lap joints [3], It can be clearly seen that the grit blast and 

degrease surface treatment is inferior compared to the other chemical surface treatments. 

Table 2.3: Effect of pretreatment on aluminium alloy overlap joints using 
a two-part cold-cured epoxv f31 

Surface treatments Strength 
(MPa) 

Coefficient of 
variation 

m 

Solvent wipe 11.7 44.7 

Grit blasting 12.0 14.1 

Chromic acid etching 24.8 13.0 

Chromic acid anodising 24.1 9.7 

2.4.4 Silane primers 

Chemical surface treatments can be expensive and the acids commonly used in these 

surface treatments are a hazard to the environment. Thus, the use of primers for surface 

treating high surface energy materials is becoming increasingly popular. The silane 

primers in particular are popular and were first used to pretreat fibre composites in the 

1940s to increase the environmental durability of glassfibre reinforced plastic composites 

(GRP). Silanes are generally in the form of Y(CH2)nSiX3, where 0 < n < 3, Y is an 

organofunctional group that can react with the matrix in a composite or the adhesive. X is 

a hydrolysable group on silicon that, in the presence of water, hydrolyses and initiates a 

complex cascade of reactions that involves the fonnation of silanols (SiOH) that are 

responsible for bond formation with the adherend. Silanes are usually prepared as a dilute 

solution in water or in a water/ethanol solution. The reason for mixing the silane solution 

with alcohol is to avoid the formation of large oligomers [11] while the silane hydrolyses 

to create silanols before the apphcation of adhesive bonding. 
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Figure 2.3: Proposed schematic diagram of the mechanism of adhesion for epoxy 

adhesive/GPS primer/ferric oxide interfaces [201 

There has been evidence that silane primers are capable of reinforcing the intrinsic 

mechanism of an adhesive/adherend interface by the formation of primary bonds [4, 20]. 

Gettings and Kinloch [20] have investigated the interfacial bonding between y-

gl y ci doxyprop yltrimethoxy si lane (GPS) and mild steel adherends using X-ray 

photoelectron and static secondary ion mass (SIMS) spectroscopy. They postulated that 

evidence of Si02H , SiOH^ and SiOa in the spectrum suggests that a polysiloxane 

structure on the metal substrate could have formed from the polymerization of the silane 

primer. The polysiloxane structure forms many adsoiption sites per molecule and as a 

result, the primer does not behave as a weak boundary layer. In addition, evidence of the 

FeSiO^ ion was also detected. This suggested the formation of Fe-O-Si bonds between the 

metal oxide and the siloxane primer (see Figure 2.3) 
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Figure 2.4: High resolution ToFSIMS spectrum of grit-blasted aluminium coated with 

GPS, at nominal mass 71 r i81 

Interestingly, it was found that organosilane primers such as GPS enhance the 

durability of an epoxy adhesive/steel adhesive system more effectively than for an epoxy 

adhesive/aluminium alloy adhesive system [24]. Sennett et al. have shown that this 

behaviour could be attributed to the fact that both ends of the GPS molecule have a 

tendency to attach themselves to the alumina surface. As a result, the functional epoxy 

end of the molecule would not be available to react with the subsequently deposited 

adhesive. In the case of steel, the silicon-bearing end reacts quickly with the steel surface, 

but the epoxy functionality is much slower to reach the surface. On the other hand, the 

high polarity of the alumina surface (relative to iron oxide) binds all primer functional 

groups to the surface and inliibits the fonnation of a continuously, covalently bonded path 

from the oxide surface to the bulk adhesive. However, evidence of siloxane bonds at the 

interface of an organosilane and aluminium oxide surface was found recently by using 

high mass resolution time-of-flight secondary ion mass spectrometry (ToFSIMS) [4,18]. 

These workers found that, by using a caesium ion source, ToFSIMS was able to show 

41 



convincingly the existence of the AlOSi species on GPS treated aluminium alloy 

surfaces (Figure 2.4). 

2.4.5 Effect of application conditions of the silane surface treatment 

A brief discussion of the effects of application conditions of the GPS surface treatment is 

given here. There are several ways whereby the effectiveness of the GPS surface 

treatment can be optimized. The main variables that can be considered are: 

• Solution concentration 

• Solution pH 

• Drying time 

• Drying temperature 

2.4.5.1 Solution concentration 

The concentration of a silane solution affects the thickness of the silane fikn [22]. Sung 

et. al [25] showed that the optimum solution concentration for an a-AbOs/polyethelene 

laminate is between 1-3 % v/v, see Figure 2.5. The same effect was also observed for an 

epoxy adhesive/aluminium alloy interface where Mazza [26] reported that cohesive 

failure was observed for 'Boeing wedge' test specimens with the silane solution 

concentration between 1-3 % v/v. This is because at higher solution concentrations, the 

formation of a relatively thick and weakly polymerized polysiloxane constituted a weak 

boundary layer between the adherend and the silane film. This weak layer was found to 

be the site for joint failure. 
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2.4.5.2 Solution pH 

The solution pH can also affect the rate at which the silane solution hydrolyses, and this 

in turn affects the silane fikn thickness. It has been suggested that the silane solution 

should be adjusted to have a pH of around 4. This is because, at pH 4, the hydrolysis rate 

is very fast and hence the formation of oligomers (i.e. small clusters of molecules) is 

minimized [4]. As a result, the silane in solution will be mainly monomeric (i.e. single 

molecules) in nature which can react completely and forms a dense silane film without 

defects. However, it was reported by Mazza [26] that no significant difference in failure 

locus was observed for 'Boeing wedge' test specimens with the silane solution in the 

range of pH 4 to 7.2. 

2.4.5.3 Drying time 

Mazza [26] also showed that by using a 1% GPS pretreatment for 'Boeing wedge' 

specimens, hydrolysis times (i.e. the time the solution was allowed to stand prior to its 
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use) of 45 minutes and 1 hour led to 100% cohesive failure within the adhesive; shorter 

or longer hydrolysis times led to inferior results with interfacial failure being recorded. 

Sung et al. [25] also showed that for longer drying times than about 1 hour, a decrease in 

joint durability was observed. 

2.4.5.4 Drying temperature 

Mazza [26] also found that by increasing the drying temperature of silane films from 

room temperature to 93°C, the joint durability of wedge specimens increased and all the 

joints failed cohesively in the adhesive. However, at higher temperatures still, Mazza 

observed an increase in crack growth rate in the 'Boeing wedge' specimens. Hence, he 

concluded that a drying temperature of 93°C was the optimum drying temperature. The 

same conclusion was reached by Abel et al. [23] where, by using XPS and ToFSlMS 

analyses, they found that increasing the drying temperature of silane solutions increased 

the cross link density of a GPS film on grit-blasted surface. Furthennore, they showed 

that overheating could lead to degradation of the deposited film (see Table 2.4). This is 

because at higher temperatures the condensation of silanol groups produces a dense silane 

network that limits the respective mobilities of silane and adhesive [4], As a result, the 

formation of an interpenetrating network with the polymeric adhesives becomes difficult. 

This explains the reason for the drop in the durability of the GPS surface treated 'Boeing 

wedge' test specimens carried out by Mazza when higher drying temperatures (i.e. > 

93 °C) for the silane solution were used. 

Table 2.4: Apparent thickness of GPS film on grit-blasted aluminium r231 

Drying 
temperature 

("C) 

Film thickness 
(nm) 

23 2.9 

50 1.8 

93 2.0 

120 0.8 
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2.5 The design of adhesively-bonded joints 

2.5.1 Introduction 

The design of an adhesively-bonded joint is crucial to the structural integrity of the joint. 

It is recognized that the maximum performance of adhesively-bonded joints can be 

achieved when the adhesive is loaded in shear or compression. Figure 2.6 shows some of 

the more common joint designs that follow this philosophy [84]. In addition, it can be 

observed that in all the joint designs shown, the adhesive layer is either parallel or 

orientated at a small angle to the longitudinal plane. This is to allow the adhesive to be 

loaded in a state of shear. However, when sufficiently high loads are applied to the joints, 

the joints will bend and cleavage or peel stresses can be generated at the overlap terminus. 

This is caused by the eccentricity of loading. 

Single overlap joint 
Bonded doubler 
Double overlap joint 
Tapered lap joint 
Single scarf joint 
Double scarf joint 
Double-strap joint 
Stepped lap joint 

Figure 2.6: Common designs of adhesively-bonded joints 

Depending on the design of an adhesively-bonded joint, the adhesive layer can be 

subjected to three kinds of stresses. They are the direct (normal) stresses, the shear 

stresses and the peel (cleavage) stresses (see Figure 2.7). The direct or normal stresses are 

the stresses acting normal to the plane on which they act and may be tensile or 

compressive. Shear stresses are stresses acting parallel to the plane on which they act and 

the peel or cleavage stresses are generated (1) when there is loading eccentricity or a 

bending moment in the joint or (2) if one or both of the adherends are flexible. Hence, 

even if an adhesively-bonded joint is designed to be purely in a state of shear, peel and 
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cleavage stresses may still appear when the joint is loaded and these stresses are often the 

cause of joint failure. However, the peel and cleavage stresses can be reduced by using 

geometrical optimizing procedures. For example, the double and tapered lap joints are 

geometrically optimized designs of the basic overlap joint design, see Figure 2.6. 

(a) (b) (c) 

Figure 2.7: The three common stress states (a) direct (normah stress (b) shear stress (c) 
cleavage (peel) stress 

As mentioned in the introduction to this chapter, one of the main advantages of 

adhesively-bonded joints is that the applied loads can be transferred more evenly across 

the joint. Hence, adhesively-bonded joints are usually analysed in the plane strain 

condition, where the transverse stresses across the plane of the joint are usually ignored. 

Plane strain assumes that there is a stress component but no deformation in the transverse 

direction across the plane of the joint. However, plane strain assumptions do not occur in 

real structural components. Indeed, it is understood that plane strain condition gives a 

more conservative prediction compared to the plane stress condition while the stress state 

in real structures will occur somewhere between these two limits. In terms of using finite 

element modelling and analytical methods to examine the stress distribution in 

adhesively-bonded joints, two-dimensional modelling has the advantage of reducing 

computational time and three dimensional complexities. 

The next section will review the methods used to design adhesively-bonded joints 

as well as the design criteria that are commonly used. This is followed by a review 

section of the design and optimization of the overlap and the scarf joint geometry. 

2.5.2 Design criteria 

Two methods commonly used to examine and optimize the geometrical parameters of 

adhesively-bonded joints are analytical methods and finite element methods. Also, the 

design of an adhesively-bonded joint can be undertaken via a linear elastic analysis or an 
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elastic-plastic analysis. Linear elastic analyses are useful to optimize geometrical 

parameters of a particular design when it is expected that the adhesively-bonded joint will 

be mainly loaded within the elastic region. This is usually the case in aerospace 

applications as adhesively-bonded joints are subjected to fatigue loads according to the 

flight cycles of an aircraft and are rarely loaded to give gross plastic deformation. In 

addition, linear elastic analyses are computationally economical. 

Linear elastic analyses often make use of stress concentration factors to rank joint 

designs. As mentioned in the previous section, adhesively-bonded joints performed best 

when the adhesive is loaded in shear or compression. Hence, linear elastic analyses can be 

used to minimize peel (cleavage) and tensile stresses in a joint design. This type of 

analysis will be farther discussed in the following sections, as well as in Chapter Four 

where Unear elastic analyses are used to optimize the scarf joint design. 

Elastic-plastic analyses are used when the full behaviour of an adhesively-bonded 

joint is needed. This type of analysis is commonly used to predict the static failure loads 

of adhesively-bonded joints. Unlike the fatigue loading cases, adhesively-bonded joints 

under static loads are usually designed to sustain some form of plasticity especially in the 

adherends before final failure of the joint. Hence, a linear elastic analysis will not 

accurately predict the failure strength of the joint. In any type of analysis, in order to 

predict failure, a failure criterion has to be established. The commonly used failure 

criteria are the critical shear stress/strain criterion and the von Mises equivalent stress 

criteria for two dimensional analyses. In addition, failure in the adherend needs to be 

predicted and the von Mises equivalent stress is normally used in the two dimensional 

case. 

2.5.3 Overlap joints 

2.5.3.1 Volkersen model 

Analytical solutions of the stress distributions in adhesively-bonded joints were first 

investigated by Volkersen [6]. He used a simple two dimensional, linear elastic model to 

investigate the stress distribution in an overlap joint design. He proposed the use of the 

differential shear strain theorem. The adherends are assumed to be elastic and hence the 

tensile strain in the adherends decreases from the applied tensile strain at the beginning of 
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the overlap region to zero at the end of the overlap region. The two adherends are 

orientated on opposite sides of the adhesive layer and will attempt to pull the joint apart 

under the action of an applied tensile load. The magnitudes of the tensile strains depend 

on the stiffness of the adherends (see Figure 2.8b). As a result, the shear stress 

distribution in the adhesive layer is parabolic in form with the maximum stresses near the 

ends of the overlap region (see Figure 2.8c). This phenomenon is termed the differential 

shear strain. Volkersen showed that a stress concentration factor, Sc could be calculated 

based on the maximum shear stresses (near the end of the overlap region), and the 

global applied shear stress, %. By assuming that the adhesive and the adherends are 

elastic solids, the stress concentration factor (see equation 2.4) can be shown to be related 

to the elastic material constants of the adherends, Esi and Es2 (where subscripts 1 and 2 

are the adherends 1 and 2), the shear modulus of the adhesive, Ga, the bond length, /„, the 

thickness of the adherends, 4 where subscript i denotes adherend 1 or 2, and the thickness 

of the adhesive, 4 (see Figure 2.8a). The stress concentration factor, Sc is defined as: 

5", = _ *̂max _ _A 

W 

- 1 + cosh(APF) 

s inh(Affy" 
.(2.4) 

where A is a dimensionless coefficient: 

A - .(2.5) 

and fFis defined by: 

(2.6) 
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Figure 2.8: Schematic representation of the Volkersen model of an overlap joint 
(a) unloaded (b) loaded in tension, elastic adherends and (c) distribution of the 

elastic shear stress in the adhesive layer 

2.5.3.2 Goland and Reissner model 

Volkersen's theory is, however, incomplete as he neglected the effect of loading 

eccentricity and the resulting bending moment effects on the overlap joint geometry. As 

discussed above, an overlap joint will experience bending moments at the ends of the 

overlap region due to loading eccentricity (see Figure 2.9a). Goland Gt al. [7] took 

into account bending moment effects from the eccentricity of loading in an overlap joint 

by introducing the dimensionless bending moment factor, K: 

I f i , 
= l + 2V2tanhj[^-(l-V,')J (2.7) 

where y, is the Poisson's ratio of the adherend. Interestingly, this result shows that as the 

applied load increases, x" decreases. This indicates that as a load is applied to the joint, the 
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joint is rotated at the overlap ends to correct the loading eccentricity (see Figure 2.9b). In 

other words, if a joint can be designed to have pre-deformed adherends, the effect of 

loading eccentricity can be reduced. This is the basis for the design of scarf joints and 

other designs such as tapered lap joints and double lap joints. Goland and Reissner 

showed that the stress concentration factor in the adhesive of a single overlap joint 

including bending moment effects is given by: 

= ^ = - ! : !^(2A)" 'coth(2A)" ' + - ^ ( 1 - 4 (2.8) 

The significance of loading eccentricity can be shown by comparing the 

Volkersen model with the Goland and Reissner model. Assuming a long overlap length, /„ 

oc, AT becomes unity and, by combining equations 2.4 and 2.8, it can be shown that the 

analysis by Goland and Reissner predicts that the shear stress concentration factor is half 

of that of the Volkersen model. 

(a) 

(b) 

Figure 2.9: Schematic representation of (a) loading eccentricity in an overlap joint 
and (b) reduction of loading eccentricity as joint is loaded 

2.5.3.3 Later developments 

Hart-Smith has more recently showed that the Goland and Reissner analysis 

overestimates the bending moment by applying the simplified assumption that no relative 

deformation across the bond line is present in the joint [15]. Hart-Smith showed that the 

peak peel stress at the overlap terminus is related to the bending moment caused by the 

loading eccentricity: 

(2.9) 
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where EA is the modulus of the adhesive and D is the bending stiffness of the adherends. 

Me is the bending moment in the adherends at the ends of the overlap and is given by: 

v2y 

(2-11) 

In his analysis, Hart-Smith pointed out that the key to reducing the stress 

concentration factor lies in the length of the bonded region. He showed that for an 

overlap-to-thickness ratio {IJt) of 8 (typical of laboratory test coupons), the structural 

efficiency (i.e. the failure strength/ultimate tensile strength of the adherend) is 

approximately 36%. On the other hand, for IJt = 80 (typical of structural joints in 

aerospace apphcations), the structural efficiency is more than 90%. This is because the 

stress intensity factor is inversely proportional to the bending moment factor. He then 

showed that for long overlap regions, adhesively-bonded overlap joints typically failed in 

the adherend due to the bending moment effects. He also showed that adhesive failure 

either by shear or peel stresses often only occurs if the adherends are relatively thick or 

the overlap-to-thickness ratio is low [32]. 

The classical Volkersen and Goland and Reissner analyses have also been 

improved by various other workers. For example, Hart-Smith [15-17] formulated an 

elastic-plastic analytical solution for an overlap joint. He used an idealized elastic-plastic 

adhesive shear stress/strain curve and postulated that failure would occur when the 

adhesive reached its critical shear strain value. Tsai et al. [33] included adherend shear 

deformation into the classical Goland and Reissner analysis. They showed that this 

improved solution provides a better prediction for the shear stress distribution in the 

adhesive particularly when composite adherends are used. On the other hand, Abdel 

Wahab [28] proposed a fracture mechanics approach for designing adhesively-bonded 

overlap joints. In his work, he assumed linear elastic fracture mechanics and used the 

crack closure integral method via finite element analysis to derive two design overlap 

lengths that correspond to the prediction of adherend and adhesive/adherend interfacial 
of 

failure. Although this method represents an alternative way to the design/adhesively-
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bonded joints, it is however recognised that the optimum joint design can be more readily 

obtained by considering the stress concentration factors in the joint. 

2.5.3.4 End effects 

Many researchers have also looked at the effect of the spew fillet on the stress distribution 

in the overlap region [8,12,29-31]. They found that the presence of spew fillets at the 

overlap ends could significantly reduce the peak peel stresses in an overlap joint. In 

addition, peel stresses can be reduced by tapering the adherend at the overlap terminus. 

The effect of spew fillet and the optimization of the overlap end of double lap joints were 

also investigated by Adams et al. [12]. They showed that by tapering the adherend and 

including an adhesive spew fillet at the overlap terminus, a three-fold increase in joint 

strength was predicted numerically (via finite element analysis) and was also observed 

experimentally. Nevertheless, the size and shape of the adhesive fillet is very difficult to 

control in practice. However, the suggestion to taper the adherends near the overlap 

terminus has proven to be a popular method for optimising the design of overlap joints. 

2.5.4.5 Conclusions 

The classical analyses of the overlap joint geometry by Volkersen and Goland and 

Reissner proved to be the spark for later developments on the stress analysis of 

adhesively-bonded joints. Recent developments in the use of finite element analysis has 

greatly simplified the process of optimising adhesively-bonded joints, especially when 

non-linear geometries are used (e.g. adhesive spew fillets and tapered adherends are 

employed). Indeed, both these theoretical and experimental approaches has shown that, 

apart from extending the length of the bond region, geometrical optimization at the 

overlap terminus can also improve the efficiency of adhesively-bonded joints. 

2.5.4 Scarf joints 

Scarf joints are modified overlap joints that have tapered adherends. These tapered 

adherends are designed to reduce loading eccentricity in the joint (see Figure 2.6e). The 

tapered adherends reduce the differential strain at the overlap ends and thus reduce the 

stress concentration in the joint. However, the scarf joint design introduces a new 

geometrical parameter, the scarf angle, ft As 0 = 90°, the scarf joint will represent a butt 

joint and as, 6= 0°, the scarf joint will become an overlap joint. Hence, it can be readily 
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seen that with small scarf angles, the adhesively-bonded joint will be loaded with a high 

mode n / mode I ratio (i.e. the shear mode to tensile mode ratio). Webber [34] showed 

that the failure load of scarf joints increases as the scarf angle decreases. He tested pre-

and co-cured scarf repairs using CFRP materials. Soutis et al. [38] investigated CFRP 

scarf joints and showed that the optimum angle to achieve optimum joint strength for 

scarf joints to be 5°. However, these analyses assumed that the scarf tip is sharp to a 

singular point. In practice, this is impossible to manufacture. The effect of the thickness 

of the scarf tip is investigated in the current project and will be discussed in section 4.2. 

Lubkin [35] was the first to formulate an analytical solution for the scarf joint 

design and he utilized a linear-elastic model and assumed no bending moment at the 

overlap ends. Hart-Smith [13,36] computed the shear stress distribution in a scarf joint by 

using a multi-layer superposition method that assumed that the tapered overlap region is 

made up of multiple thin overlap joints. Hence, with a sufficiently large number of steps, 

the scarf joint solution could, in theory, be obtained. Much like his work on the overlap 

joint design, Hart-Smith presented a thorough investigation into the design of scarf joints. 

He also investigated the effects of stiffness difference due to the use of dissimilar 

adherend stiffness and different coefficients of thermal expansion, on the stress 

concentration factor in a scarf joint [13]. Assuming similar adherends, the average shear 

stress in the adhesive is: 

° 2f 

Hart-Smith's elastic solution for the scarf joint design is in the form of differential 

equations but it does not use standard closed-form integrals. However, he also 

investigated the use of an elastic-ideal plastic analysis that leads to an explicit lower-

bound solution that is accurate for most practical material and geometrical combinations 

[13]. 

Analytical solutions of the stress distributions in the adhesive of a scarf joint have 

also been reported by Nguyen and Kedward [14] and Gleich et al. [37]. Gleich et al. 

included the effect of blunt adherend tips in their investigation. They used a linear elastic 

analysis via the finite difference method to solve the governing differential equations for 
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the shear and peel stress distributions in the adhesive. Their analysis also includes 

bending moment effects at the overlap terminus. Nguyen and Kedward investigated a 

simplified analytical solution for tubular scarf joints. In their analysis, the bending 

moment effect was neglected due to the restraint on out-of-plane deflections of tubular 

scarf joints. They also proposed the use of an empirical formula to describe any non-

linear behaviour of the adhesive material. They showed that, for identical adherends, the 

first derivative of the shear strain in the adhesive is the same at both ends of the overlap. 

This then formed the boundary condition for the second order differential equation of the 

shear strain in the adhesive. Using a Rimge-Kutta method, or a finite difference method, 

the governing differential equations can then be solved numerically. This method is also 

used in the current project as a first approximation to optimize the scarf joint design. A 

brief derivation of the governing equations is given later in section 4.2. 

Although analytical solutions of the scarf joint design can be used to optimise 

joint designs, they are however inadequate to model subtle changes in the geometrical 

parameters (e.g. adhesive spew fillet) and often require complex equations when 

adherend plasticity or bending moment effects are included in the analysis. Recent 

developments have shown that optimization of the geometrical parameters of adhesively-

bonded joints are best carried out using finite element analyses which are readily capable 

of modelling non-uniform geometries. In addition, effects of material plasticity and 

adherend bending can be easily incorporated into these analyses. In the present project, 

the finite element method will be the main design method used to optimise the scarf joint 

design. 

2.6 The fracture of adhesively-bonded joints 

2.6.1 Introduction 

The previous section described the various methods used in the design of adhesively-

bonded joints. However, they do not show the behaviour of the joints after a sufficiently 

large flaw has initiated and propagated to final fracture of the joint. Understanding the 

behaviour of adhesively-bonded joints after crack initiation is particularly useful when 

investigating the toughness of the bonded joints, identifying failure mechanisms and 

understanding the fatigue characteristics of adhesively-bonded joints. The theory of 
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fracture mechanics of adhesively-bonded joints is not much different from the classical 

fracture mechanics of homogenous materials, where the underlying basis is that fracture 

occurs from pre-existing flaws in the material. There are two main methods to 

characterize crack growth, the strain energy method and the stress intensity method. 

These will be discussed briefly in the next two sections. 

(a) (b) (c) 

Figure 2.10: Three primary modes of loading (a1 mode I or tensile mode (b) mode II 

or shearing mode (c) mode III or tearing mode 

In the current project, the principles of fracture mechanics are used in the 

prediction of the service life of adhesively-bonded joints. For this application, linear 

elastic fracture mechanics (LEFM) is assumed. Hence, in the following discussions, only 

LEFM will be discussed. There are three primary modes of loading, mode I or the tensile 

mode, mode II or the in-plane shearing mode and mode III or the tearing mode, see 

Figure 2.10. These three modes of loading yield different governing equations and require 

different fracture mechanics testing. 

2.6.4 Stress intensity factor approach 

Irwin [27] showed that the classical Westegaard stress functions for a near field stress 

concentration around a crack tip can be related to the parameter, K known as the stress 

intensity factor (equation 2.13). 

(2..3) 

Subscripts i and j correspond to the Cartesian coordinate system 1-2 shown in Figure 

2.11. Using the stress intensity factor, AT as a fracture criterion, the stress intensity factor. 
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Kc can be expressed in the fonn shown in equation 2.14 where O is a function that is 

dependent on the geometry of the body and (Jc is the critical applied stress. The subscript 

k is the corresponding mode of loading (i.e. I, II or III as shown in Figure 2.10). 

^kc - Q^c'^ 
1/2 .(2.14) 

Hence for fracture to occur, 

.(2.15) 
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Figure 2.11: Elliptical crack of length, 2a in a uniformly stressed, infinite plate 

The use of the stress intensity factor to describe cohesive failure in the adhesive 

for adhesively-bonded joints is sound. However, when evaluating the stress field at a 

bimaterial interface, it was found that the solution has a complex term and is oscillatory in 

nature, and hence the stress intensity factor changes sign as r ^ 0 [9], 

It is recognized that there exists a comer singularity at a bimaterial interface [39-

42]. The stress singularity at the free edge comer of a bimaterial interface is generally in 

the form shown in equation 2.16 see Figure 2.12). 
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+ non-singular terms (2.16) 
/ = i 

where r is the distance from the interface comer, (i, j) = {r , 6), ihs parameter ai is the 

order of singularity, K is the stress intensity factor and are functions that depend on 

the material mismatch parameters, a \ , Ui and 6 and are independent of the applied 

loading. The two elastic material constants for a bimaterial interface is given by [43]: 

^ + 0 ~ / G , (2 17) 
' " + 1 ) + k + i K / G, ' ' k + 1 ) + k + 

where for plane strain conditions, r = 3 - 4v, the subscripts a and s denote the adhesive 

and the adherend respectively and G and v are the shear modulus and Poisson's ratio 

respectively. The free-edge stress intensity factor, K is dependent on the loading 

conditions and the geometry of the joint, and hence details of calibration curves for 

various joint geometry and loading conditions are needed in order to calculate the free-

edge stress intensity factor, K. There are two methods to determine AT, (1) an extrapolation 

method which involves the matching of the asymptotic free-edge displacement or stress to 

the corresponding finite element results and (2) a path-independent contour integral 

which is based on the calculation of stresses and displacement fields far away from the 

interface comer. The second method is considered superior to the extrapolation method as 

it is mesh independent [40]. 

Nevertheless, the determination of the geometrical factor, Q is not straightforward 

especially when the subject of interest is of irregular shape. This is probably one of the 

main reasons for the more popular use of the energy balance approach to describe the 

fracture mechanics behaviour of adhesively-bonded joints. The energy balance approach 

will be reviewed in the next section. 
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Figure 2.12: General configuration at the free-edge of two bonded dissimilar materials 

2.6.5 Energy balance approach 

Griffith [44] and later Orowan [45] proposed that fracture would occur when sufficient 

energy is released from creating new fracture surfaces as a crack grows in length. This 

critical energy is also referred to as the fracture energy or the critical strain energy release 

rate and is denoted as Gc. Assuming that the energy dissipated around a crack tip is 

independent of both the test geometry and the way in which the forces are applied, then in 

order for crack to grow, Gc is related to the external work done, Wj and the elastic stored 

energy Uhy: 

da 
>G. .(2.18) 

where a is the half crack length in the Griffith's elliptical central crack model. The critical 

strain energy release rate can be expressed in the form of equation 2.19 by introducing the 

compliance of the structure, C (= displacemenVload). Hence, Gc can be calculated via C 

by: 

.(2.19) 

where Pc is the critical applied load and h is the width of the specimen. The energy 

balance approach is an attractive approach to predict the fracture of adhesively-bonded 

joints as the critical strain energy release rate, Gc, is a material property of a particular 

adhesive/adherend system (i.e. it is basically independent of joint geometry). There are 

two ways to obtain the strain energy release rate, G from the finite element method. They 
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are the crack closure integral method and the J-integral method. These methods will be 

discussed in more detail in the following subsections. 

2.6.5.1 Crack closure integral method 

Rybicki and Kanninen [46] showed that the strain energy release rate components, Gi and 

Gn could be obtained from the finite element method via a two-dimensional model (see 

Figure 2.13). Their analysis is based on Irwin's model [50] where the energy absorbed 

due to a small increment in crack growth is equal to the work required to close the crack 

to its original length. They obtained the strain energy release rate by considering the 

nodal forces and displacements at the immediate vicinity of a crack tip. This is shown in 

Figure 2.13. The equations of the strain energy release rates, G; and Gn, corresponding to 

mode I and mode II loadings are given in equations 2.20. 

old crack tip 

new crack tip 

Figure 2.13: Schematic diagram showing crack growth of length Ac from an existing 
crack of length, a. 

= l i m ^ ("c - )•• 

.(2.20g) 

..(2.20A) 

where Ac is the element length just before the crack tip, v and u are the vertical and 

horizontal displacements respectively and Fy,„ and Fym are the vertical and horizontal 

forces that are required to 'close' the nodes c and d in Figure 2.14a. The subscripts, c and 

d correspond to the nodes, c and d. This was further improved to include eight noded 
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elements as well as singular elements by Raju [47] (see Figure 2.14b). The strain energy 

release rate equations using eight noded elements are shown in equations 2.21. 

G/ = k - v j + Fy,„ (vp - V, )1. 
Ac—>0 2 Ac 

.(2.2W) 

Gil = (»« -i<d)+ Fxn{^p - " / ) 1 (2.2\h) 

© 

© 

Ac Ac 

(a) (b) 

Figure 2.14: Schematic representation of the crack closure integral method using the finite 

element method of (a) 4 noded and (b) 8 noded isoparametric elements 

One of the major criticisms of this method is that when the crack occurs at a 

bimaterial interface, it was found that as Ac—K), the strain energy release rate components 

exhibit an oscillatory nature. In other words, as the mesh around the crack tip becomes 

smaller, the strain energy release rate components exhibit non-uniform and oscillatory 

values. This is because of the mismatch of material properties at the bimaterial interface. 
et al. they 

This effect was shown by Hadavinia^[49] where ^ considered an interface crack in an 

overlap joint, Figure 2.15. 
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Figure 2.15: Variation of strain energy release rates components with crack tip element 

size in single overlap joint [491 

2.6.5.2 The J-integral method 

The J-integral method was proposed by Rice [48] where he defined the energy field 

around a crack tip by considering an arbitrary contour, F, that envelops the crack tip. 

Consulting Figure 2.16, the contour, F, starting from the lower crack face and extending 

counter-clockwise around the crack tip to the upper face forms a closed loop. The J-

integral is defined as: 

du, 
.(2.22) I" PFok, -7;.—^<6. 

A- - ' ok . 

where W is the strain energy density, 7, is the traction vector, w,- is the displacement vector 

and ds is the increment of the arc length along the contour F. The J-integral is path-

independent and hence calculation of the J-integral via the finite element method, where 

mesh sensitivity is an issue, appears to be encouraging [55]. For linear elastic materials, it 

can be shown that the J-integral is synonymous with the strain energy release rate, G (see 

equation 2.23). 

J = G. .(2.23) 
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Crack tip 

Figure 2.16: Contours enclosing a crack tip 

It is interesting to note that the strain energy release rate is also related to the 

stress intensity factor where: 

G .(2.24) 

Hence, considering both equations 2.23 and 2.24, 

K-
.(2.25) J = G = ^ = (J^5,. 

where Gy and 5i are the yield stress and crack-tip opening displacement respectively. It 

can be clearly seen that the four fracture criteria (J-integral, strain energy release rate, 

stress intensity factor and the crack-tip opening displacement) are all related. Equation 

2.25 is only true when the assumption of small scale yielding is applicable. Hence, when 

one of these fracture criteria is met, the other fracture criteria must reach their critical 

value. In this respect, the J-integral has an advantage in that it can be implemented easily 

into finite element codes and eliminates the need for extrapolated estimations (such as 

those found in the calculation of the stress intensity factors). 

62 



2.7 The fatigue life of adiiesively-bonded joints 

2.7.1 Introduction 

In aerospace applications, one of the properties that an adhesively-bonded joint has to 

possess is good fatigue strength. As mentioned in the beginning of this chapter, 

adhesively-bonded joints, in theory, are far superior to joints where conventional 

mechanical fasteners are employed. As stated previously, the reason is that the applied 

load can be transmitted over a larger area (i.e. across the bond) rather than concentrating 

at a stress raiser (i.e. as with fastener holes). However, the fatigue performance of 

adhesively-bonded joints depends on many factors, ranging from loading conditions to 

environmental effects. The various factors affecting the fatigue performance of 

adhesively-bonded joints are given below: 

• Applied load amplitude • Applied load range • Mean stress level 
— (̂Gmax"Gmin) — CTrnax~̂ m̂in Gm — %(Ornax'̂Gmin) 

• Stress ratio • Applied wave form • Mean strain level 
R = Omln /Omax (sinusoidal, square, etc.) Em=% (Emin+Emax) 

• strain ratio • Specimen geometry • Environmental effect 
Emin/Einax (watSr, Salt, etC.) 

• Temperature • Surface treatment • Frequency 
T / 

There are two ways to present fatigue data. The first is by representing the crack 

growth data where the rate of crack growth, da/dN is plotted against the strain energy 

release rate range (or stress intensity factor range, AK) AG; or the maximum strain energy 

release rate, Gmax, in a fatigue cycle. This method usually utilizes fracture mechanics data 

obtained from employing test geometries such as the tapered double cantilever beam 

(TDCB) and is used to obtain fatigue properties of a particular adhesive system (i.e. 

material employed, surface treatment, loading conditions, etc.). In addition, this method 

eliminates the uncertainty presented by the extent of the crack initiation period to the total 

fatigue life of adhesively-bonded joints; as the crack initiation period is essentially a 

micro-mechanics problem. The strain energy release rate range, AG, is defined as the 

difference between the maximum and the minimum strain energy release rate (see 

equation 2.26). 

= (2J26) 
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Hence, the fatigue crack growth rates can be represented by the Paris law [53]: 

(/TV 
= CXAG)''. .(2.27) 

where Cj and n are fitting constants and depend on the loading conditions (stress 

amplitude, mean stress, stress ratio, frequency), material variables, environment and 

temperature. Equation 2.27 is used to fit the middle region (i.e. Region 2) of the fatigue 

crack growth data, see Figure 2.17. It can be clearly seen that equation 2.27 does not 

represent the top and bottom extremities of the fatigue curve (i.e. Region 1 and Region 3 

on Figure 2.17). The significant increase in fatigue crack growth rate at the top right end 

of the graph represents the fracture toughness, Gc- While the divergence at the lower left 

end of the graph represents the threshold strain energy release rate, G,/,. The sigmoidal 

form of Figure 2.17 can, however, be represented by a modified Paris law (equation 2.28) 

[54, 58]. The constants, n\ and m are fitting parameters of the divergence at the top and 

bottom end of the curve respectively. 

o to 

p 10 

u 

Region 1 

KMion 2 

100 I 
AGIH, 

1000 

Region 3 

5tc 

Figure 2.17: Crack growth rate. da/dN as a function of AG, for epoxv/aluminium TDCB 
joints [591 
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The second method commonly uses % -Nf curves; where the amplitude of the 

cychc applied stress (or load), is plotted against the number of cycles to failure, Nf. 

This method of representing fatigue performance includes the crack initiation and crack 

propagation periods. The Omax-Nf curves are commonly used to represent fatigue 

performance of adhesively-bonded coupon specimens such as the single lap joint 

geometry. 

2.7.2 Environmental attack 

Adhesively-bonded joints in aerospace structures may be particularly susceptible to 

environmental attack. This presents a major challenge to designers for maintaining good 

durability of the adhesive joints especially, when high surface energy adherends such as 

metals, glass and ceramics are used (see section 2.2.3). It was found that water (or 

moisture) exhibits the most deleterious effect on the durability of adhesively-bonded 

joints. Ironically, water is also the most commonly encountered substance. The presence 

of moisture coupled with a relatively high temperature and an applied load, can 

considerably reduce the fatigue strength of an adhesively-bonded structure. This is shown 

in Figure 2.18 where a dramatic reduction in the strength of epoxy-polyamide/aluminium 

alloy structural joints was observed when exposed to hot/wet tropical weather. If the 

assumption is that the mechanism of adhesion is via the interfacial secondary bonds, then 

it can be shown that the thermodynamic work of adhesion in the presence of water, WAI, is 

negative. This indicates that the interface is unstable and will dissociate [9]. Values of the 

thermodynamic work of adhesion in an inert medium, WA, and in water, WAL, are shown 

in Table 2.5, where it can be seen that the epoxy/aluminium interface is indeed predicted 

to be unstable in the presence of water. In contrast, for a low surface energy material, 

such as a CFRP composite, the interface remains stable in the presence of water. 
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Table 2.5: Effect of water on the thermodynamic work of adhesion for various 
interfaces [91 

Interface Inert medium: 
WA 

Water medium: 
Wa, 

Epoxy adhesive/aluminium 
oxide 

232 -137 

Epoxy adhesive/ferric oxide 
(mild steel) 

291 -255 i 

Epoxy adhesive/CFRP 88 99 2 2 - > 4 4 

Gettings and Kinloch [20] have shown that by using organonietallic silane-based 

primers the durability of adhesively-bonded joints could be improved. They proposed the 

formation of a polysiloxane layer and interfacial primary bonds between the silane layer 

(y-glycidoxypropyltrimethoxysilane) and mild steel adherends that prevents moisture 

attack at the epoxy/adherend interface (see section 2.4.4 and Figure 2.3). Results from 

Abel et al. [18] and Adams [4] also suggest that this is the case for silane primed 

aluminium alloy adherends. The current project will investigate this further by 

undertaking experimental tests of GPS surface treated joints. 

10 7. Of original 
breaking srress 
imposed 

Joints 
unstressed 

50 

0 2 
Time (years) 

100 

(b) 

Unstressed 

10*/» of original 4 
breeking srress imposed 

Time (years) 

Figure 2.18: Effect of outdoor weather ing on the strength of epoxv-
polvamide/a luminium alloy structural joints (a) Hot/wet tropical site (b) hot/dry desert 

site r571 

2.7.3 Water uptake of bulk adhesive 

In order to ascertain the saturation levels of water in the adhesive layer of an adhesively-

bonded joint, water uptake tests of the bulk adhesive can be undertaken. However, it 
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should be noted that, the adhesive layer in an adhesively-bonded joint may experience 

higher diffusion rates than the bulk adhesive because of the effects of applied stresses and 

interfacial diffusion. The diffusion of moisture into the bulk adhesive can be 

characterized by the diffusion coefficient, D and its solubility, M^. The diffusion 

coefficient, D may be determined from the half-life of the soiption process, via equation 

2.29 [61]. 

0.04919 

wv> .(2.29) 

where t is the time, 21 is the thickness of the sheet (see Figure 2.19) and {t/tjo.s is the 

time at which M/Moc =0.5. 

water 

21 

adhesive 

Figure 2.19: Experimental determination of water uptake in bulk adhesive 

If the diffusion process obeys Pick's laws of diffusion [51] and the diffusion is in 

one dimension, then for a short period of water uptake time, the fractional uptake 

can be shown to be given by: 

M. 

\ n J 
.(2.30) 

where M, is the moisture absorbed at an exposure time t, and / is the thickness of the bulk 

adhesive (see Figure 2.19). This can also be expanded to a two-dimensional case, by 

considering the thickness in the x direction as 2l\ and the thickness in the y direction as 
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2/2, the moisture absorbed at time t is related to the water concentrations, CJ and C2 by 

equation 2.31 [51]. 

M, = [ ' C^dxV C^dy (2.31) 
J-/, J-/2 

Another factor is that, the rate of water diffusion in an adhesively-bonded joint is 

greater than that in the bulk adhesive. Table 2.6 [52]. The increase in water uptake of the 

adhesive layer in an adhesively-bonded joint is attributed to the diffusion of water along 

the metal/polymer interface, termed wicking. In addition, increasing the operating 

temperature also increases the diffusion coefficient (see Table 2.6). It can be shown that 

in order to achieve 90% saturation in the middle of a TDCB joint, which is typically 

10mm wide, the joint will need to be exposed to water for 96 months [56]. Hence, 

accelerated testing, via elevated testing temperature, is often used to determine the 

durability of a particular adhesive system. However, one should be careful not to impose 

unrealistically high testing temperature as this could result in anomalous failure modes 

[65]. 

Table 2.6: Comparison of the diffusion coefficients from bulk adhesive and 
adhesive ioint (epoxv/aluminium) of FIVI73 [521 

Temperature 
(°C) 

Relative humidity 
m 

Bulk adhesive 
D(x10"m^s"') 

Adhesive joint 
D(x10""mV^) 

20 70 2.8 3.6 

20 95 1.7 3.9 

40 70 8.0 10.3 

40 95 4.2 4.1 

2.7.4 Fatigue life predictions 

Fracture mechanics data such as those shown in Figure 2.17 can be used to predict the 

fatigue life of other adhesively-bonded joint geometries (such as overlap joint) that uses 

the same adhesive system (i.e. adhesive/adherend material, surface treatment, 

environmental condition). As mentioned above, the fracture mechanics data can be fitted 

using equation 2.28. Hence, the number of cycles to failure, Nf can be predicted by 

integrating equation 2.28 with respect to the crack length, a. However, in order to achieve 

this, a relationship between the maximum strain energy release rate, Gmax, the maximum 

applied load per unit width, T âx and the crack length, a has to be first established. 

68 



Kinloch and co workers investigated the use of the J-integral option in the finite element 

code, "ABAQUS" to obtain this relationship [54,63], This method will also be used in the 

current project to predict the fatigue life-time of adhesively-bonded scarf joints. The 

detail description of this method is given in Chapter Six. It is sufficient to mention here 

that this method involves finite element modelling of the adhesively-bonded joint 

geometry. By theoretically growing a crack in the adhesive or at the interface (depending 

on which failure locus was observed experimentally), the relationship between the 

maximum strain energy release rate, G^m, the maximum applied load per unit width, T^ax, 

and the crack length, a, can be obtained via the J-integral parameter. 

Curley et al. [63] also formulated an analytical solution, for an overlap joint 

configuration, which related the maximum strain energy release rate, Gmax, the maximum 

apphed load per unit width, T„ax and the crack length, a by: 

12 {h + K, ) 

1 + e 
.(2.32) 

where Eg is the elastic modulus of the adherend, / is the half bond length, ta is the 

thickness of the adhesive layer, h is the thickness of the adherend and e is given by 

equation 2.33. 

/' T \ 1/2 

A , 
.(2.33) 

where Dt, is the bending stiffness per unit width. They employed this relationship in 

equation 2.28 to predict the relationship between T âx and the number of cycles to failure, 

Nf, for single lap joints and some results from this approach are shown in Figure 2.20. 

The main criticism of the two methods mentioned above is that mode I fracture 

mechanics data is used to predict an essentially mixed-mode (i.e. mode I/Il) joint 

configuration, since the fracture mechanics data were obtained from a TDCB (i.e. mode I) 

test geometiy. Some researchers had developed analytical solutions for the strain energy 

release rate components, i.e. Gi and Gn [59, 60]. However, it has been shown for 
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numerous different adhesive systems that the use of the total strain energy release rate, G, 

as used in equation 2.32 to predict the fatigue life-time of adhesively-bonded overlap 

joints is sufficiently accurate [54,56,63], Figure 2.20. Furthermore, it has been reported 

that Gii is approximately equal to Gi and hence equals to the total strain energy release 

rate, G, for most toughened epoxy adhesive [67]. However, as the applied load increases, 

the deviation of the fatigue life-time prediction from the experimental data did increase. 

This has been suggested to be caused by (1) the increase in the ratio of the crack initiation 

period to the total fatigue life-time of adhesively-bonded joints as the applied load is 

increased and (2) the sensitivity of the fitting parameters in the modified Paris law (i.e. 

equation 2.28). These two factors are discussed in more detail below. 

& 
% 

c85iira 

# 10 w w 
NwAw of cyck*. Np lo fmihue 

# W 10 If 
Number of eye Ics, Nj, lo failure 

(a) (b) 

Figure 2.20: Prediction of the fatigue life-time of adhesivelv-bonded overlap joints using 
fa) the J-integrai method and (b) analytical solution [631 

It should be noted that the prediction of the T„,(a-Nf curves of adhesively-bonded 

structural joints is based on fatigue crack growth. In other words, the methods mentioned 

above do not take into account the fraction of the crack initiation that is included in the 

total fatigue life. Taylor [80], had shown, by using the 'back-face strain gauging' 

technique, that the crack initiation period increases as the applied load increases, although 

typically it is not a significant fraction of the total fatigue lifetime of the joints. 

It has been shown that the fitting parameters of the modified Paris law (see 

equation 2.28) affect the shape of the predicted fatigue life-time [56,63,80]. In particular, 

it has been suggested that the fitting parameters, CT and n, for Region 2 of the fracture 

mechanics data (see Figure 2.17) are the dominant factors affecting the slope of the 
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predicted curve. Furthermore, the inherent scatter of the fracture mechanics data 

in this region makes the determination of these fitting parameters difficult. In accelerated 

testing in 'hot'/wet conditions, the curve fitting parameters, Cr and «, in Region 2 are 

even more difficult to determine. This is because as the cuive moves along Region 2 

towards the fracture toughness, Gc, the effect of environmental attack reduces. Hence, the 

Region 2 of the fracture mechanics data is shortened. 

2.8 Adhesively-bonded repairs 

2.8.1 Introduction 

One of the main advantages of adhesive bonding is the possibility of repairing metallic 

structures with composite materials. Carbon fibre reinforced composites (CFRP) are 

becoming more popular as they are light and strong and are use in their own right as 

structural materials for aerospace applications. They are also being widely used to repair 

aluminium alloy structures which have been damaged and contain cracks. Thus, these 

days, composite materials are used extensively in aerospace structures. Figure 2.21. 

However, a major problem in adhesively bonding CFRP to metallic structures may be the 

development of residual thermal stresses in the joint. This is because CFRP has a 

significantly lower thermal expansion coefficient compared to metallic materials, see 

Table 2.7. 

1976 1980 1985 1990 1996 

Year 

2000 2005 2010 

Figure 2.21: The increasing use of composite materials on commercial airplanes 
1861 
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Table 2.7: Comparison of material properties of CFRP and metallic materials [661 

Materials Elastic modulus 
GPa 

Shear modulus 
GPa 

Thermal expansion 
coefficient 
(oQ-^xlO-® 

Boron/epoxy 
(unidirectional) 

208 max 
20 min 

7 4.5 min 
23 max 

carbon/epoxy 
(unidirectional) 

130 max 
12 min 

5 0.4 min 
28 max 

Aluminium alloy (2024 T3) 72 27 23 

Note: Maximum elastic modulus and minimum thermal expansion coefficient of the composites 
are in the (0') fibre direction. The 90° direction is transverse to the fibre direction. 

Due to the high cost of building new aircrafts and aircraft components, 

adhesively-bonded repairs, using composites, of ageing/damaged metallic aircrafts are 

receiving much attention. In particular, the Aeronautical and Maritime Research 

Laboratory (ARL) in Australia have pioneered the use of composites for in-situ repairs to 

damaged aircraft components [60]. Some of their achievements are shown in Table 2.8. 

They have shown that by using the relatively simple process of crack patching, using 

adhesively-bonded composite patches the structural integrity of damaged aircraft 

components could be restored to nonnal working levels. 

Table 2.8: Examples of the current applications of adhesiveIv-bonded composite repair 

carried out bv ARL [601 

Defects Parent 
material 

Component Aircraft Comments 

Stress-corrosion 7075-T6 Wing plank Hercules Over 300 repairs since 1975 

Fatigue Mg alloy 
MSR 

Landing wheel Macchi Life doubled, at least 

Fatigue AU4SG Fin skin Mirage In service since 1978 

Fatigue AU4SG Lower wing skin Mirage Over 150 repairs since 1979 

Fatigue 2024-T3 Upper wing skin Nomad 
(fatigue test) 

Over 105 900 simulated 
flying hours 

Fatigue 2024-T3 Door frame Nomad 
(fatigue test) 

Over 106 619 simulated 
flying hours 

Stress-corrosion 7075-T6 Console truss F111 Service since 1980 

Lightning burn 2024-T3 Fuselage skin Orion Service since 1980 
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2.8.2 Considerations and practices 

Many aspects of the design of adhesively-bonded repair are similar to that of the design 

of adhesively-bonded joints (see section 2.5). As discussed in section 2.5, the main 

philosophy in the design of adhesively-bonded joint is to reduce the transverse or the peel 

stresses that often appear at the overlap terminus, hi addition, adhesively-bonded repairs 

also aim to reduce the stress intensity factor of the damaged component. Such repairs are 

undertaken by adhesively bonding a composite patch onto the damage area, either as an 

external patch or a flushed plug. There are numerous reports on the design principles and 

practices that are used in adhesively-bonded composite repair of metallic stmctures 

[60,66,70-75]. They typically cover the common practices in the manufacture of the 

composite materials, surface preparation for adhesive bonding and the design of the repair 

patch configurations. Much of the design principles are similar to those of adhesively-

bonded metallic joints. Some of the improvements in repair design result from the 

advantage of using CFRP as the repair material. For example, thin overlapping composite 

plies (usually one ply thick, i.e. -• 0.13mm) are often used in repair procedures for the 

scarf joint configuration, see Figure 2.22. The overlapping plies are used to prevent the 

joint from bending, and hence then reduce the peel stresses at the terminus of the overlap 

region. 

'Metallic Overlaping plies Composite 
adherend / adherend 

Figure 2.22: Overlapinq composite plies used to stiffnened joint ends in a scarf 
loint design 

However, the use of composite materials to repair metallic structures causes two 

major of problems. The first is that the introduction of composite material to a structural 

repair will require the full knowledge of the mechanical properties of the material. 

Secondly, most structural adhesives require elevated curing temperatures. This will cause 

residual thermal stresses to develop in the joint, since composite materials in general have 

significantly lower thermal expansion coefficients than metallic materials. These two 

points will be further discussed in the following sub sections. 
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2.8.2.1 CFRP characteristics 

CFRP composites are typically composed of a carbon fibre mat, reinforced with an epoxy 

matrix. They usually come in thin lamina, or plies, of a thickness of approximately 0.13 

mm, with uni-directionally oriented carbon fibre supported in an epoxy matrix. The 

laminae can be stacked to give any required thickness. In addition, the anisotropic 

behaviour of uni-directional laminae means that the stacking order (i.e. the orientation of 

the plies) of the laminate can be adjusted to give the required stiffness. 

Matrix 

cracking 

failure 

Fibre 

bridging 

Fibre pull 

out 

(c) 

Figure 2.23: Common failure modes of composite materials: (a) in-plane damage (b) 
microbuckling (c) delamination 

The design of a composite laminate is determined by the required loading 

conditions. For example, when a composite is loaded in the direction parallel to the 

carbon fibres, it can exhibit an extremely high strength. On the other hand, the strength of 

the composite laminate will be relatively lower when the composite laminate is loaded in 

a direction other than the direction parallel to the orientation of the carbon fibres. This is 

because of the contribution of the longitudinal strength of the carbon fibres to the strength 
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of the laminate is substantial (see Table 2.7). There are three common types of composite 

failure, (a) in-plane damage, (b) microbuckling and (c) ply delamination, see Figure 2.23. 

With tensile loading, the in-plane and delamination failure types are the common failure 

modes. 

2.8.2.2 Effects of thermal residual stresses 

As mentioned above, adhesive bonding of composite materials to metallic materials for 

structural applications often requires a high temperature curing adhesive to be used. A 

curing temperature of 120°C is common for aerospace structural adhesives. However, 

Table 2.7 showed that the thermal expansion coefficients of composites are significantly 

lower than those of metallic materials. The mismatch in thermal expansion coefficient of 

these two materials can cause the development of residual thermal stresses. An example 

of the effects of the residual thermal stresses is that in an unsymmetrical joint 

configuration (e.g. a single overlap joint and scarf joint), adhesive bonding of a composite 

adherend to a metallic adherend may cause the joint to become bowed. The thermal 

strain, of an isotropic material, caused by a change in temperature can be calculated by 

equation 2.34. 

t̂hcm - ^Iherm '̂̂  (2-34) 

where Eiherm is the thermal strain, athem is the thermal expansion coefficient and AT is the 

change in temperature. Hence, due to the higher thermal expansion coefficient of metallic 

materials, they will always expand (and contract) more than composite materials. As a 

result, an unsymmetrical joint will typically be bowed towards the metal side of the joint. 

The presence of residual thermal stresses in a cracked metallic panel repair using a 

bonded CFRP patch will increase the stress intensity factor, and hence increase the 

fatigue crack growth rate in the repaired panel. Figure 2.24. 
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Figure 2.24: Plots of crack growth versus number of fatigue cycles for crack patched 
repair panels subjected to various heat-treatment conditions [641 

To reduce residual thermal stress effects, Baker [64] has suggested the use of 

boron fibre reinforced plastic (BFRP) instead of the more commonly used carbon fibre 

reinforced plastic (CFRP). This is because BFRP is 1.5 times stiffer than CFRP, has a 

higher fatigue strength and a higher thermal expansion coefficient (see Table 2.7). He 

also suggested that in laboratory testing, two unsymmetrical repair panels could be tested 

simultaneously by bonding two similar panels on either side of a honeycomb structure, 

since this would prevent bowing of the unsymmetrical repair panels due to the 

development of the residual thermal strains in the panels. Molent et al. [68] suggested that 

heating as small an area around the patch as possible could reduce residual thermal 

stresses. This is because the cooler structure surrounding the repair patch does not expand 

and hence will result in a lower effective thermal expansion coefficient than an 

unconstrained structure. In addition, Molent also suggested that by pre-stressing the bond 

region before bonding, the expected theiTnal contraction stresses could be negated. 

Indeed, this method is commonly used when repairing wing skins [68]. 

2.8.2 Analytical analysis of crack patch repair 

Rose [69,77] has proposed a theoretical analysis for predicting the reduction in the stress 

intensity factor of adhesively-bonded, external, crack patch repairs. He suggested the use 

of a two-stage analysis where the first stage is to predict the equivalent crack opening 

stress, ao, in an uncracked plate with a bonded patch, assuming that there is no relative 
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displacement between the patch and the panel, Figure 2.25. However, Rose [76] stated 

that the analytical solution for the equivalent crack opening stress, (To, could only be 

solved analytically for certain simple shapes that possessed a uniform stress state in the 

patch. 

i i i i i ' i i i i i 

Go 

A 

T 

T 

A 

Figure 2.25: Schematic diagram of a'uncracked panel bonded with a patch on one 
surface. This is used to explain the eguivalent crack opening stress, (jn. 

The second stage is to utilize the predicted crack opening stress to predict the 

stress intensity factor of the repair panel. The stress intensity factor for a crack patch 

repair, K,- has two bound values, see Figure 2.26. The first of which is the stress intensity 

factor for an unrepaired panel, Ko, where KQ is related to the square root of the crack 

length, a (see equation 2.35). The second bound is the stress intensity factor for a semi-

infinite crack in a single-sided crack patch repair, Koc (see equation 2.36). 

• .(2.35) 

.(2.36) 
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The characteristic length, A, is related to the physical properties of the panel and the 

patch and is given by equation 2.37. 

1 / 

TTA - .(2.37) 

where S and ^are given by equation 2.38 and 2.39. 

EJ.. 
S — -

G„ 1 1 
- + -

.(2.38) 

E.t 
.(2.39) 

Here, the subscripts, p and r denote the parent (metallic panel) material and the 

repair patch (composite) respectively. As can be seen from equations 2.37, 2.38 and 2.39, 

the characteristic length, A is independent of the crack length, a, or the applied stress, (Xc, 

and can be derived from the physical properties of the joint. Rose noted that for a!A < 1, 

the reduction in stress intensity factor for a crack patch repair is mainly due to the 

reduction from to Go. On the other hand, as a/A > 1, the reduction in stress intensity 

factor for a crack patch repair is due to the restraint of the opening crack displacement for 

a given value of Go. This is the physical basis for the upper bound of to K,- and hence 

the existence of the characteristic length, A. 

iULJLJl^ t 
panel 

Repair 
patch 

oo 

li 
Figure 2.26: Schematic diagram of an elliptical crack patch repair 
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The stress intensity factor, K,- for a crack patch repair can be derived by 

interpolation from these two upper bounds (see Figure 2.27). This is given in equation 

2.40. 

K.. = Or i 
;zDA 

6/ -h A. 
.(2.40) 

Crack length, a 

Figure 2.27: Variation of Kr with crack length, a, with the two upper bounds. Kn and K„ 

As can be seen from the analysis provided by Rose, the analysis of the crack patch 

repair technique utilises fracture mechanics principles. The common procedures of 

obtaining, either, the stress intensity factor, K or the strain energy release rate, G have 

been reviewed in section 2.6. These same procedures can be used to optimise the crack 

patch repair system. For example, the thickness, ply orientation, shape and size of the 

composite patch. Geometrical optimisation of a crack patch repair system is generally 

earned out by comparing the stress intensity factor, K (or the stiain energy release rate, 

G) for different geometrical parameters. The service life of a crack patch repair system 

can also be predicted by incorporating the Paris law equation (equation 2.27) with the 

relationship obtained for K (or G) and crack length, a. 

2.9 Chapter summary 

The following conclusions are drawn from this chapter: 
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1. The selection of the type of surface treatments depends on the adherend 

surface energy. Materials with low surface energy such as composite materials 

often only require mechanical abrasion techniques to provide a foundation for 

good adhesion to occur. On the other hand, materials with high surface energy 

such as metallic materials often needs further surface pretreatments such as 

chemical surface treatments or organosilane primers. This is especially 

important when good durability of the joint is required. 

2. The use of organosilane primers has been shown to provide strong primary 

bonding at the adhesive/adherend interface. This improves the durability of the 

adhesively-bonded joint and is stable in the presence of moisture attack. 

3. Another major factor affecting the performance of adhesively-bonded joints is 

the geometrical design of the joint. Adhesively-bonded joints are designed to 

be loaded mainly in shear or compression. Optimization of the design of 

adhesively-bonded joints can be carried out using classical analytical solutions 

or finite element analyses. The main aim of joint design optimization is to 

reduce peel stresses at the overlap terminus that often appears to be the cause 

of joint failure. 

4. Classical fracture mechanics theories can be applied to adhesively-bonded 

joints. Prediction of crack growth in adhesively-bonded joints can be carried 

out using the stress intensity factor approach or the energy balance approach. 

The energy balance approach in particular is popular as it neglects the stress 

singularity at a crack tip that is often a problem when modelling cracks in 

finite element analyses. 

5. Water (either in liquid or vapour form) is particularly damaging to adhesively-

bonded joints. Water ingress into the adhesive/adherend interface can cause 

severe loss of structural integrity of the bonded joint. Accelerated testing of 

adhesively-bonded joints in the presence of water, high temperature and 

applied load can be used to investigate the durability of adhesively-bonded 

joints. However, care should be taken so that unrealistically high temperatures 

are used as this could cause abnormal failure modes. 
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6. Prediction of the fatigue threshold load of adhesively-bonded joints using the 

modified Paris law has been shown to give good comparison with 

experimental results. However, predictions of the fatigue life at low fatigue 

cycles are poor compared to experimental results. Two of the given 

explanations are that (1) the inherent scatter in the fracture mechanics data, 

especially in region 2 of the fracture curve, results in difficulties for 

determining the curve fitting parameters for the modified Paris law and (2) the 

increasing dominance of fatigue initiation period over the crack propagation 

period means that the prediction of fatigue crack growth will be conservative 

at high applied loads. 

7. Composite materials are increasingly used in the repair of metallic 

components. However, one of the main problems of adhesively bonding 

composite materials with metallic materials is the resulting residual thermal 

stress from high temperature curing of the adhesive. The most effective way of 

reducing residual thermal stresses is to use a symmetrical joint design. 

8. The use of composite patches to repair cracked aluminium alloy panels has 

been shown to be successful. The stress intensity factor of the cracked metallic 

panel is used as the design criterion for the composite patch. It was shown that 

the relatively simple process of external crack patching could increase 

significantly the fatigue life of a cracked metallic panel. 
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CHAPTER 3 

NLATERTAL PROPERTIES AND 

EXPERIMENTAL METHODS 

3.1 Introduction 

In the present chapter, the properties of the various materials used to manufacture the 

adhesively-bonded joints tested in the present project are described in detail. This is 

followed by a description of the various experimental procedures employed in this 

project. As mentioned in Chapter One, the two main aims of the present project are to 

optimise the scarf joint design and to determine the effect of the surface treatment on the 

durability of adhesively-bonded joints. Hence, monotonically-loaded tests, as well as 

fatigue tests, in both 'dry' and 'hot/wet' environment will be the main test procedures 

employed. 

3.2 Material properties 

3.2.1 Adhesive 

The adhesive used is a rubber-toughened epoxy film adhesive, 'FM73 M', produced by 

Cytec Corp, USA. The adhesive is supported by a polyester mat to ease handling and 

repositioning of the adhesive. The adhesive is cured at 120°C for one hour and it is 
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recommended to have a pressure of 0.2-0.3 MPa applied to the joint during the curing 

process. 

In order to undertake the numerical stress analyses in later chapters, it is necessary 

measure the shear stress-strain response of the adhesive and then to model this behaviour 

using a finite element analysis (FEA) approach. Chiu et al. [79] have measured the stress-

strain behaviour of the FM 73M adhesive and their results are shown in Figure 3.1 and 

Table 3.1 and are appropriate for a rate of displacement of Imm/min. The FEA model 

used was a single-element model and the results of the modelling studies are compared 

with the experimental results of Chiu et al. [79] in Figure 3.1. 

Table 3.1: Material properties of FIVI73 M 

Shear 
modulus,G 

(GPa) 

Yield 
stress, Ty 

(MPa) 

Fracture 
stress, tf 

(MPa) 

Fracture 
strain, 

(%) 

Poisson's 
ratio, 

V 

0.58 31 44 61 0.35 

~r 

- Chiu et al. 
- FE prediction 

0.2 0.3 
Strain 

0.4 

Figure 3.1: Shear stress-strain response of FM73 M 

3.2.2 High strength alunriiniunn alloys 

All the materials used as adherends in this project have a nominal thickness of 2mm. Two 

aircraft grade aluminium alloys, 2014A, of different temper grades were used. Details of 

the various material properties of these aluminium alloys are listed in Table 3.2. Uniaxial 

tensile tests were carried out using 'dog-bone' specimens according to the ASTM 
accurate 

standard, D557M-76. Extensometers were used to measure the / sirain values. The two 

types of 2014A alloys listed in Table 3.2 are code-named 'L156' and 'L157'. The main 
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difference between these two types of aluminium alloy is the different temper grade of the 

alloy with 'L156' being a T4 material while 'L157' is a T6 material. Because of the 

difference in temper grades, the LI56 alloy shows a reduction in tensile strength but an 

increase in ductility when compared with the L157 alloy. Both of tliese alloys will be 

used and the effects of the different temper grades will be discussed in section 4.5. 

Table 3.2: Material properties of aluminium alloys L156 and L157 

Aluminium Elastic Yield Fracture Elongation Poisson's 
alloy modulus, stress, stress. ratio. 

E Ty -Cf V 
(GPa) (MPa) (MPa) (%) 

'LI 56' (T4) 69 250 440 18 0.3 
'LI57' (16) 69 450 480 9 0.3 

500 500-

0.00 

400 - 400 -

ra 300 TO 300 -

W 
W2M- 200 

1 0 0 -

experimental T4 
FE prediction 

experimental T6 
FE prediction 

0.04 
1 ' r 

0.08 0.12 
Strain 

(a) 

0.16 0.00 
1 ' r 

0.04 0.08 0.12 
strain 

0.16 

(b) 

Figure 3.2: Experimental and FE predicted tensile stress-strain response of 
the T4 and T6 2014A aluminium alloys 

Figure 3.2 shows the engineering stress-strain curves of the two aluminium alloys 

used in the present work. In addition, the figures also show the finite element models of 

the engineering stress-sti'ain relationships of these two alloys. The finite element models 

were obtained by using a single continuum element and assumed non-linear geometrical 

deformation and two-dimensional plane strain conditions. Elastic-plastic material 

behaviour was assumed and a number of stress-strain points from the experimental stress-

strain curves were employed to produce the hardening behaviour of the alloys. 
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3.2.3 Carbon fibre reinforced plastic 

At a later stage in this project, carbon fibre reinforced plastic (CFRP) was used as the 

adherends; namely, CFRP was adhesively-bonded to aluminium alloy to simulate an 

aircraft repair. The CFRP used in this project is 'IM7/8552', where '1M7' and '8552' are 
epoxy 

the fibre and the^resin designations respectively. The CFRP was prepared from prepreg 

unidirectional rolls provided by Hexcel Corp, UK. The prepreg came with support 

backing films on either sides of the composite to prevent creasing and damage. Sixteen 

plies of CFRP laminae were used in a lay-up sequence of [0,+45,90]2s, to produce a 2mm 

thick, quasi-isotropic laminate. The CFRP panels (600mm x 300mm) were then cured 

using an autoclave according to the manufacturers recommended curing parameters. The 

curing parameters are given below in Figure 3.3. The cured panels were then machined to 

the desired scarf angle and size. 

I IM7/8552 cure procedure; 

Apply full vacuum and 15 psig pressure 

Heat at 3-5°F (1.8-3°C)/minute to 225°F (107°C). 

Hold at 225°F (107°C) for 30-60 minutes. 

Raise pressure to 85-100 psig; vent vacuum when 

pressure reaches 30 psig. 

Raise temperature to 350°F (177°C) at 3-5°F (1.8-

3°C)/minute. 

Hold at 350°F (177°C) for 120 ± 10 minutes. 

Cool at 2-5°F (1.2-3°C) to 150°F (66°C) and vent 

pressure. 

Figure 3.3; Curina parameters of IN17/8552 carbon fibre reinforced plastic accordin 
to Hexcel Cor 

Tensile specimens of the '1M7/8552' CFRP were manufactured to obtain its 

material properties. The laminate was 2mm thick with a stacking order of [0,±45,90]2s. 

The width and gauge length of the tensile specimens were 24mm and 100mm 

respectively. The uniaxial test results are shown in Figure 3.4. Material properties of the 

lamina were obtained from the manufacturer's data sheet and are given in Table 3.3. 

Using these parameters, a finite element analysis of the CFRP was earned out to model 

the stiffness of the 16 ply laminate. The modelled stress-strain behaviour of the composite 
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laminate is shown in Figure 3.4. 

Table 3.3: Lamina material properties of 
ilV17/8552 (manufacturer's data) 

Fibre 
orientation 

Elastic 
modulus 

(GPa) 

tensile 
strength 

(MPa) 

0 164 2400 

±45 5.1 50 

90 11.5 80 

1000 

ro 600 -

S 400-

O— expenmental. 
FE prediction 

0.000 0.006 0.012 
Strain 

0.018 

Figure 3.4: Experimental and predicted tensile stress-strain response of a 2mm thick 
composite laminate with a stacking order of TO. ±45. SOU.. 

3.3 Surface treatments 

As was mentioned in the aims and objectives of this project (see section 1.2), one of the 

main aims of the current project is to investigate the effect of surface treatments on the 

perfomiance of adhesively-bonded aluminium alloy joints. Of particular interest is the use 

of the organosilane primer, y-glycidoxyproplytrimethoxysilane (GPS). The three surface 

treatinents considered here are (a) grit blasting and degreasing (GBD), (b) a si lane 

coupling agent (y-glycidoxyproplytrimethoxysilane) (GPS) with an initial treatment using 

the GBD surface treatment, and (c) chromic acid etching (CAE), again with an initial 

treatment using the GBD surface treatment. 

The use of GPS is in accordance with the international collaborative program led 

by The Structural Materials Centre at DERA, Famborough. The treatment procedure of 

the GPS surface treatment was reported by Digby and Shaw [78]. The ideal conditions 
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used for the GPS surface treatment {^fg, also investigated and reported by Mazza [26]. 

(Effects of the application conditions of the GPS surface treatment were discussed in 

section 2.4.5.) 

One of the most common and simple surface treatments for adhesive bonding is 

the grit blasting and degreasing (GBD) surface treatment. This method, as well as the 

CAE surface treatment, was included in this project to compare the results obtained with 

the GPS surface treatment. The GBD surface treatment is essentially a mechanical surface 

treatment that improves the roughness and cleanliness of the bonding surface by abrading 

the bonding surface using alumina grit. The CAE surface treatment is widely known as 

one of the best surface treatments for aluminium alloys because it promotes strong 

intrinsic adhesion at the adhesive/adherend interface (see section 2.4.3). In addition, the 

CAE surface treatment has been shown to provide good environmental durability in 

adhesively-bonded aluminium alloy joints. However, chromic acid is toxic and hence 

harmful to the environment. Furthermore, the CAE surface treatment requires the bonding 

surfaces to be immersed in a chromic acid bath. This proves to be time and cost 

consuming in real life applications where in-situ repair is often the preferred repair 

procedure. Hence, if the GPS surface treatment can provide good durability to adhesively-

bonded aluminium alloy joints, the GPS surface treatment would be the preferred surface 

treatment, as it is simple and easy to use in field operations. The three surface treatment 

procedures used in this project are outlined below. 

3.3.1 Grit blast and deqrease (GBD) 

• Acetone wipe to clean specimens. 

• Grit blast specimens using 5 0|am aluminium oxide. 

• Acetone wipe again to clean off alumina grit. 

• Degrease specimen using a degreasing tank (1,1,1 -Trichloroethylene). 

• Allow to cool down to room temperature. 

3.3.2 GBD and silane (GPS) 

• Prepare silane solution. 

• 1 % y-GPS in de-ionized water. 

• Adjust pH of solution to 5.0 using acetic acid as necessary. 

• Stir continuously for 60 minutes using a Teflon bar and a polyethylene beaker. 
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• Note temperature and humidity. 

• Apply silane solution immediately after stirring is completed. 

• Apply silane solution with a brush for 10 minutes keeping the surface wet 

• Tip the sample vertical and tap on a paper towel to remove residual silane. 

• Immediately insert samples into drying oven. 

• Drying parameters are 93°C for 60 minutes. 

• Let sample cool to below 30°C and bond immediately. 

3.3.3 GBP and chromic acid etching (CAE) 

• Heat chromic acid bath to 69°C. The chromic acid bath is composed of sulphuric acid, 

sodium dichromate, powdered aluminium and copper sulphate [80]. 

• Lnmerse specimens fully into chromic acid bath for 20 minutes. 

• Rinse specimens with water and immerse in water tank for 10 minutes. 

• Keep water running in water tank. 

• Spray rinse specimens with distilled water. 

• Diy specimens in oven. 

• Ready to bond. 

3.4 Joint preparation 

The bonding procedure used throughout the present project involves curing the adhesive 

using a hot press machine. The surface pretreated panels were inserted into an aluminium 

alloy frame with a layer of adhesive between the two bonding surfaces. This was then 

clamped in between the hot plates in a hot press machine, see Figure 3.6. A pressure of 

0.2-0.3MPa was then exerted onto the panel according to the procedure explained by 

Digby and Shaw [78]. The aluminium alloy frame acts as an alignment tool when placing 

the components of the adhesive joint together (the adherends and the adhesive). In 

addition, it also serves to prevent the adherends from moving, whilst the adhesive cures 

and so hardens. The adhesive, FM73 M, was cured at 120°C for 60 minutes and the 

adhesive joint was left to cool to room temperature using the water-cooling feature of the 

hot press machine. This took an additional 30 minutes. 

Three types of joint designs were used in the present project. They are the single 



overlap joint design, the single scarf joint design and the double scarf joint design, see 

Figure 3.5. One of the aims of this project is to optimize the scarf joint design. The 

optimization of the geometrical dimensions for the scarf joint design used in the project 

will be discussed in Chapter Four. In terms of adherend materials, the joints used in this 

project can be categorized into two categories: aluminium alloy joints and aluminium 

alloy/CFRP hybrid joints. The preparation procedure of the CFRP composite was given in 

section 3.2.3. 

Alum n 

adhesive 

fibreglass 

Scarf tip 
' 

« 
t\_^adherend 

y adherencl̂ ^ '̂'5|k^ 

adhesive' 

Figure 3.5: Main joint designs used in current project (a) aluminium alloy single scatf joint 
(b) aluminium alloy overlap ioint (c) aluminium allov/CFRP single scarf ioint (d) aluminium 

allov/CFRP double scarf joint (e) presence of scarf tip in a scarf joint 
*Note: dimensions given in mm 

The scarf adherends were produced by using conventional milling machines. The 

thickness of the scarf tip, see Figure 3.5e, depends on the efficiency of holding down the 

adherend onto the machine bed to resist the reaction force from the milling action. It was 

found that by using a mechanical locking device, the thinnest scarf tip that could be 

produced without severe waiping of the scarf adherend was 0.4mm. By using a vacuum 
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suction device to hold down the adherend, a scarf tip thickness of 0.15mm could be 

produced. The effect of scarf tip thickness on the perfomiance of scarf joints will be 

discussed in section 4.5. 

All the coupon joints were produced in the same way. The only difference being 

that fibreglass end tabs were used to protect the CFRP composite adherends from being 

damaged by the compressive stresses imposed by the wedge grips. The fibreglass end tabs 

were bonded using araldite room temperature curing adhesives and were bonded to the 

hybrid joints after the production of the joints. For the overlap joint design, aluminium 

alloy end tabs were used to eliminate the loading eccentricity in the joint geometry. The 

end tabs were adhesively-bonded to the adherends using the same adhesive as was used in 

the joint (i.e. FM73 M). The adhesive used for these end tabs was cured at the same time 

as the adhesive in the joint. Figure 3.6 shows the setup of the specimens for the curing of 

the adhesive. It can be seen that alignment plates, made of aluminium alloy, were used for 

the alignment of the overlap joint configuration. 

CFRP/AI-alloy scarf joint specimens 

CFRP/AI-alloy double scarf joint specimens 

AI-alloy/AI-alloy scarf joint soecimens 

I 

0.2-0.3 IVII 

specimen 

AI-alloy/AI-ailoy overlap joint specimen Aluminium alloy Hot plates 

Figure 3.6: Manufacturing of adhesivelv-bonded joints using a hot press 

3.5 Experimental procedures 

3.5.1 introduction 

Monotonically-loaded and fatigue tests were used to compare the effects of 

geometrically-induced stress concentrations in the joint, as well as the effects of surface 

treatments. In addition, monotonically-loaded tests were used to compare the maximum 
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load canying capability of the various joint designs used in this project. The effects of the 

test environment on the durability of adhesively-bonded joints were investigated using 

accelerated fatigue tests, where the joints were immersed in an aqueous bath. This will be 

discussed in Chapter Five. The following sub-sections provide more details of the various 

experiments that were employed throughout this project. 

3.5.2 Monotonicallv-loaded tests 

This test method involves the loading of the adhesive joint in tension using a constant 

displacement rate until the final fracture of the joint. The tests were carried out using an 

Instron tensile testing machine . Specimens were gripped in the machine using Instron 

designated wedge grips. The load-deflection history was then recorded. All monotonically 

loaded tests were performed at the ambient temperature of 23 + 1 °C and room humidity 

(55% R.H.). A constant displacement rate of Imm/min was used throughout the project. 

3.5.3 Fatigue and durability tests 

3.5.3.1 'Dry' fatigue tests 

This test method involves loading the adhesive joint under cyclic fatigue loading with a 

prescribed loading frequency, load amplitude and mean value. As discussed in section 

2.7, the fatigue performance of adhesively-bonded joints depends on many different 

operating parameters. Hence, in order to reduce the size of the experimental data, some of 

these parameters were fixed. A frequency, / of 5Hz and a stress 

ratio, R (ama/Cmm) of 0.1 were used. The varying loads were applied using a sinusoidal 

waveform. Fatigue tests were carried out in either a 'dry' or a 'hot/wet' test environment. 

The 'dry' tests were carried out at room temperature (23 + 1°C) and with atmospheric 

humidity of 55% R.H. The specimens were fatigued to failure and the number of cycles to 

failure was recorded. The threshold load was taken to be the load where the service life 

reached 5-10 million cycles. Tests were stopped after this if no failure was observed. The 

stress-number of cycles to failure, (Jmax-Nf, curves of the fatigue performance of the 

adhesively-bonded joints were thus obtained. 
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3.5.3.1Durability tests ('hot/wet' tests) 

It has been shown in section 2.7.2 that the environmental test conditions can significantly 

affect the durability of adhesively-bonded joints. Adhesively-bonded joints are especially 

vulnerable when water is present, either in liquid or vapour fonn. However, it has been 

suggested that organosilane primers are particularly good in protecting the 

adhesive/adherend interface from water attack. In the current project, the organosilane 

primer, GPS is compared with the GBD and CAE surface treatments. Accelerated testing 

was carried out to compare the three surface treatments mentioned above for the 

aluminium alloy adherends. 

0.2s Time 

' (a) 50kN load cell 

I (b) Instron wedge grips 

I (c) Coupon test specimen 

i (d) Perspex water tank 

! (e^ RTV rubber bung 

! (f) Electric water heater 

I (g) Electric thermometer 

Figure 3.7: Schematic diagram showing the experimental setup of the 'hot/wet' 
accelerated fatigue tests 
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The tests were carried out by immersing the adhesively-bonded coupon test 

specimens in a water bath where a heater pump was used to maintain a constant water 

flow at a temperature of 28°C. Distilled water was used throughout the experiments. In 

addition, the test specimens were subjected to fatigue loads with constant load 

amplitudes. The tests were carried out using a sinusoidal waveform with a frequency,/of 

5Hz and a stress ratio R {Omax/Omm) of 0.1. These test parameters were used in conjunction 

with the fracture mechanics tests of Adams [4] where the fracture mechanics data of the 

same adhesive systems, as used in the present project, were obtained. The experimental 

procedure for the accelerated tests using the coupon test joints described in section 3.3 is 

shown in Figure 3.7. A 'Perspex' water tank is connected up to an electrical heater pump 

and is used to contain water. A hole at the bottom of the tank was cut out and refilled with 

a RTV silicone rubberbung. A slit was then cut into the middle of the rubber bung to 

allow the specimen to slide through it. Once the specimen is in place, mbber sealant was 

then used to close the slit in the rubber bung to prevent water from leaking out of the 

tank. 

3.5.3.S'Back face strain gauging technique' 

The back face strain gauging technique was used to evaluate the crack initiation and crack 

propagation periods of an adhesively-bonded joint loaded in tension-tension fatigue. A 

strain gauge was positioned at the opposite face to the joint end (i.e. opposite a scarf tip 

for the scarf joint design), see Figure 3.8a. As a crack initiates from the joint end, the 

stiffness at the local region of the strain gauge will reduce and this will be shown by a 

change in the strain gauge reading, see Figure 3.8b. This method has been used 

successfully by previous workers [80,81] (see section 1.1 M). However, the position of the 

strain gauge is crucial to the sensitivity of the strain gauge to detect the change in 

stiffness. Nevertheless, this has proved to be a cost effective way to assess the number of 

fatigue cycles occupied by the crack initiation period during the fatigue life of an 

adhesively-bonded overlap joint. 
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^ Crack initiation Crack propagation^ 

No. of cycles, Nf 

Figure 3.8: (a) diagram showing positioning of strain gauge on adhesivelv-bonded 
ioint (b) typical strain gauge reading curve observed for crack initiation and crack 

propagation periods in tension-tension fatigue tests 

3.6 Adhesively-bonded repairs 

3.6.1 Introduction 

In many of the repair examples given in Table 2.8, the adhesively-bonded repair of 

metallic structures using composite materials had been shown to be capable of restoring 

the strength of the damaged structures [60]. The current use of adhesively-bonded repair 

of aerospace structures using composite materials has been discussed in section 2.8. In 

the current project, adhesively-bonded repair of cracked aluminium alloy panels were 

caiTied out to investigate the effect of surface treatments on the durability of the repaired 

panels. The crack patch repair technique pioneered by ARL [64] is used in the cunent 

project. The following sections will discuss the manufacture of the repair panels and the 

experimental procedures. Experimental results, as well as the theoretical and finite 

element predictions of the repair efficiency, are given in Chapter Seven. 

3.6.2 Repair procedure 

3.6.2.1 Inserting a stress raiser for fatigue pre-cracking 

The aluminium alloy, LI57, is used in this investigation. The aluminium alloy panels 

were machined to the dimensions of 610mm x 200mm x 2mm and a hole of radius 3mm 

was drilled into the middle of the panels. Two notches of length 2mm each were manually 

inserted into the horizontal sides of the centre hole using a fine jeweller's saw. These 
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notches serve as stress raisers for fatigue cracks to initiate, see Figure 3.9. 

>2 

Figure 3.9: Schematic diagram showing the location of the centre hole and the two 
sawed notches from the horizontal sides of the centre hole in the aluminium alloy 

panel 

The notched panels were then fatigued to initiate fatigue cracks from the two 

notches. This fatigue pre-cracking process is carried out at a frequency, / of 3Hz using a 

sinusoidal waveform. The maximum applied load was 30kN with a stress ratio, /? of 0.1. 

The fatigue pre-cracked panels were taken out of the Instron fatigue machine when the 

fatigue pre-cracks had each reached a length of 8mm. Grid lines, with a line spacing of 

10mm width, were hand drawn onto the aluminium alloy panels to act as visual guides for 

the measurement of the length of the cracks. A commercially-available digital video 

camcorder was used to measure the crack length. 

3.6.2.2 Repair of cracked aluminium alloy panels using composite patch 

Adhesively-bonded repairs of the cracked aluminium alloy panels were cairied out by 

using the epoxy film adhesive FM73 M. Material properties of the adhesive were given in 

section 3.2.1. CFRP composite patches of dimensions 100mm x 100mm x 2mm were 

used in this repair procedure. The CFRP composite patches were made up of 16 plies of 

uni-directional laminae with a stacking order of [0,±45,90]2s. Material properties of this 

composite were given in section 3.2.3. The cracked aluminium alloy panels were repaired 

by adhesively bonding the composite patch to one side of the panel. The pre-cured 

composite patch was positioned in the middle of the panel, see Figure 3.9. As the 

dimensions of the aluminium alloy panels were too large to fit into the available hot press 

machine, the repair panels were therefore cured in an oven. The curing temperature of the 

adhesive was 120°C and the repaired panels were cured for one hour. A rig was 

constructed to hold the repair panel components (aluminium alloy panel, composite patch 
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and adhesive) together in the oven, Figure 3.10. Rubber spacers were used on the repair 

side of the panel to control the thickness of the adhesive layer. Two 10mm thick 

aluminium alloy panels were used on either sides of the repair panel and steel brackets 

were used to support the rig. A thermo couple was also used to measure the temperature 

at the free surface of the composite patch. A film of non-stick cloth was used to prevent 

the adhesive from extending out onto the supporting aluminium alloy panels. 

(̂ ) (D (2) (D) (G)(I)(D (̂ ) 
piyThermal couple i(b) Steel brackets !(c) M6 Nut and Bolts .(b) Rubber spacer |(i) aluminium 

tel aluminium allov oanel Kfl CFRP oatch 1(g) adtiesive ((h) non-stick cloth 

Figure 3.10: Schematic diagram showing the configuration used to produce the 
adhesively-bonded repair panels 

3.6.3 Durabil ity test of adhesively-bonded repair panel 

Fatigue tests of the adhesively-bonded repair panels were carried out in both 'dry' and 

'hot'wet' conditions. The panels were loaded to a maximum load of 30kN with a stress 

ratio, y?,of 0.1. The panels were fatigued at 3Hz, using a sinusoidal waveform. The details 

of the experimental setup are shown in Figure 3.11. Two aluminium alloy plates of 
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dimensions 205mm x 200mm x 10mm were bolted on to each end of the repair panel, see 

Figure 3.11. Bell-shaped fixtures with a 40mm diameter pin-hole were used to load the 

repair panels. The fatigue tests were carried out using an ESH servo-hydraulic testing 

machine. 

In order to measure the crack growth in the repair panel, a digital video camcorder 

was used. Ten pictures of the crack in the repair panel were taken at intervals of thirty 

seconds. The frame rate used was 30fps (frames per second). The camera was mounted on 

an adjustable platform and was connected to a computer. The camera was positioned at 

the unbonded face of the repair panel where grid lines of 10mm spacing were hand drawn 

onto the unbonded surface of the repair panel. Spotlights were used to provide sufficient 

lighting onto the repair panel, whenever necessary. 

For the 'hot^wet' durability tests, a repair panel was inserted into a 'Perspex' 

water tank that has a RTV silicone rubber bung sitting at the bottom of the tank. The RTV 

silicone rubber bung had a slit cut into the middle of it to allow a single repair panel to 

slide through it. Once a specimen was secured in the rig, rubber sealant was then applied 

to close the slit in the rubber bung to prevent water from leaking from of the tank. A rig 

was constructed using steel brackets to allow the 'Perspex' tank to sit on it. 'G-grips' 

were used to secure the 'Perspex' tank onto the steel rig. The temperature of the water 

was maintained at 28°C by using an electrical heater pump. Distilled water was used 

throughout the experiment. 
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;(a) digital video camcorder !|ej specimen 
j(b) computer jffl Perspex water tank 
kc) beil-shaped fixture | (g ) RTV r u b b e r bung 
i(d) end plates !(h) electric water heater 

I I I I 

Figure 3.11: Schematic diagram of the experimental setup of the adhesivelv-bonded 
repair panel tests conducted in water 
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3.7 Chapter summary 

The material properties of the various materials used in the construction of the 

experimental specimens were given in this chapter. In addition, procedures for the curing 

of the adhesive and composite materials were also given in detail. The manufacturing 

processes of the adhesively-bonded coupon joints were also given. Also detailed in this 

chapter are the three experimental procedures used in the present project. They are the 

monotonically-loaded tests and the 'dry' and 'hot/wet' fatigue tests. Lastly, description of 

the manufacturing and test procedure of the medium scale repair panels were presented. 
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C H A P T E R 4 

OPTIMIZATION OF THE SCARF JOINT 

D E S I G N 

4.1 Introduction 

As mentioned in Chapter One, one of the main aims of the present project is to optimize 

the scarf joint design. This will be discussed in the present chapter. Analytical, finite 

element and experimental methods were used to optimize the scarf joint design. 

Analytical solutions of the scarf joint design have been briefly reviewed in section 2.5.4 

and the analytical method used in the present project will be further discussed in section 

4.2. This is followed by a discussion of the finite element method used to optimize the 

geometrical parameters of the scarf joint design (section 4.3). Monotonically-loaded tests 

are also carried out on selected scarf joint designs to compare with the theoretical 

results and the experimental procedures which were discussed in Chapter Three. 

The scarf joint design owes its name to the orientation of the adhesive plane where 

it is at an angle to the direction of loading. The obvious advantages of the scarf joint 

design are (a) the reduced loading eccentricity and (b) the flat outer suiface that will 

eliminate aerodynamic inefficiencies. However, as explained in section 3.4, a milled scarf 

angle on an adherend will inevitably leave a finite scarf tip thickness, 4,. Hence, if the 
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scarf angle is small, a significantly large gap will appear outside the overlap tenninus. 

This region is defined as the adhesive fillet (see Figure 4.1). 

Total specimen length, L adhesive fillet 
Total bond 
length, 2Lt 

Effective bona 
ennth 

scarf tip 

adherend 1 
adherend 2 

scarf tip 
thickness, tst adherend 

thickness, t 

M 

Figure 4.1: Schematic diagram of a scarf joint and definition of symbols used in 
subsequent sections (a) 3D image of a scarf joint showing the presence of the adhesive 
fillet as a result of the scarf tip thickness (b) front view of a scarf joint (c) front, detailed, 

view of a scarf adherend 

The thickness of a scarf tip is related to the scarf angle, scarf length and the 

thickness of the adherend. Simple trigonometry gives: 

t — t„ 
sin 0 = • .(4.1) 

where 6 is the scarf angle, t is the thickness of the adherend, 4, is the thickness of the 

scarf tip. La is half the effective bond length and L, is half the total bond length (see 

Figure 4.1). Equation (4.1) shows that changing one of these variables will inevitably 

alter at least one of the other variables in the equation. 

The geometrical parameters of the scarf joint design that were investigated in the 

present project are the scarf tip thickness, 4;, the scarf angle, 0 and the adhesive fillet size 

and entry angle, df. These were considered to be of importance since previous work has 

revealed that predictions based on ideal scarf joint models (i.e. with no scarf tip) often 

overestimate the strength of scarf joints [37], whilst other workers Iiave shown that the 

scarf angle significantly affects the performance of a scarf joint design (see section 2.5.4). 
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The presence and shape of any adhesive fillet were also shown to significantly affect the 

performance of the overlap joint geometry (see section 2.5.3.4). 

In addition, the effect of the temper grade of the aluminium alloy adherend on the 

static strength of geometrically similar scarf joint designs was also investigated (see 

section 4.8). Lastly, a comparison between the scarf joint design and the overlap joint 

design is discussed in section 4.9. Further details of the investigations for each of the 

variables considered are given in the introduction to the individual sections (see section $ 

4.5-4.9). 

4.2 Analytical analysis 

The simplified analytical solution for the scarf joint design of Nguyen and Kedward [14] 

was used in the present project. Assuming no bending effects and elastic material 

properties, the shear strain distribution in the adhesive layer of a scarf joint can be solved 

analytically using a second order differential equation, equation (4.2), of the shear strain 

in the adhesive [14]. This is essentially a boundary value problem and this equation can 

be solved numerically using the Runge-Kutta method or the finite difference method. The 

second order differential equation of the shear strain in the adhesive is given in equation 

(4.2): 

a'r. _ n <4.2) 
rj dx t^^A,(x)E2 

// 1 \ 

^ 1 1 d 

dx 

The free body diagram of a scarf joint is given in Figure 4.2, where the symbols, 

X, ta, P, 0 in equation (4.2) are defined. and E2 are the adhesive shear modulus and the 

adherend elastic modulus respectively. The variable A(x) is the cross section area of the 

adherend within the effective bond length. The subscripts 1 and 2 denote adherend 1 and 

adherend 2 (see Figure 4.2). 

Assuming that the scarf tip thickness, ta, of both the adherends are the same and 

that the thickness of the adherend changes linearly along the bond length, 2La, the 

adherend thickness as a fiinction of z is: 

102 



A (^) = cos(^))x + cos(^))...(4.3a) 
IL^ 1 

4 cos(^))z + l ( / - / , cos(^))...(4.36) 
IL^ I 

The cross section area of the adherend, Ai{x) in a scarf joint changes with, x and is 

related to the adherend thickness, /,-(x) (equation (4.3)) and the width of the joint, w by: 

(4.4) 

Substituting equations (4.3a and b) into equation (4.4) gives the change in cross 

section area of the adherend along the bond length of a scarf joint. Subscript i can be 

substituted for subscript I or 2 of the adherend. For equal adherends, the boundary 

conditions for equation (4.2) can be shown to be equal at both ends of the joint [14]. From 

equation 4.3, the boundary conditions, in the form of the first derivative of the shear strain 

in the adhesive, can be shown as: 

ax t 

r p \ 

a V [X)E 1 y 
.(4.5(,) 

m: ^ 

^ p ^ 

a V A 2 y 

adhesiv; 

adherend 1 

adherend 2 

.(4.56) 

— dx —I 

p, ^mm PI + dPi 

T„ 

Pi 
• ft + dPi 

Figure 4.2: Free body diagram of scarf joint 
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The incremental step size, h, used to solve this second order differential equation 

is defined as the bond length divided by the number of increments, n. The number of 

increments was defined by the number of increments whereby the calculated result is 

within 1% of the expected value. Equation 4.2 was solved using the 'MathCAD 6' 

program. The shear stress distribution in the adhesive is then calculated from the shear 

strain distribution by multiplying by the shear modulus. In the following investigations, 

an applied load of 5kN was used throughout. This load will be shown later to be well 

within the elastic region of the various adhesively-bonded joint designs. 

4.3 Finite element analyses 

4.3.1 Introduction 

The two main reasons for using finite element analysis to optimize the scarf joint design 

are; (a) the complexity of analytical solution when bending of the joint and plasticity 

effects are included and (b) the non-uniform geometry of the scarf joint design, especially 

at the overlap terminus. Two-dimensional finite element models were used throughout the 

following investigations. Plane strain conditions and non-linear geometrical deformation 

were assumed for all cases. Continuum elements were used to model the adhesive joint. 

Both elastic and elastic-plastic material properties were considered in separate analyses. 

4.3.2 Linear-elastic finite element analyses 

Linear-elastic finite element analyses were used to investigate the stress distributions in 

the adhesive and the adherend. A load of 5kN was applied to the models, which from 

experiments proved to be well within the elastic region of the joints. By comparing the 

maximum stresses in the joints, the effects of the geometrical parameters under 

investigation can be ranked. The stress distributions were normalized with respect to the 

critical stress components given in Table 4.1 (see section 4.4.2). 

4.3.3 Elastic-plastic finite element analyses 

Elastic-plastic finite element analyses were used to predict the static failure load of the 

joints investigated. The reason for using the elastic-plastic finite element analysis is 

because adhesively-bonded joints, when loaded to failure, often show evidence of having 
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undergone plastic deformation. Results from the elastic-plastic finite element analyses 

can hence be compared directly with the experimental results. A number of failure criteria 

were compared and the failure criterion to occur first is taken to be the most relevant 

failure criterion. Table 4.2, in section 4.4.3, summarises the various failure criteria used. 

4.3.4 Mesh dependencies of the finite element models 

One of the fundamental problems of using tlie finite element analysis is that errors in the 

analysis increase significantly at high stress concentration regions. One way of reducing 

the errors in the analysis is by refining the mesh at such high stress regions. Thus, a 

number of models with increasing numbeiS of element layers in the adhesive were 

produced to quantify the effect of mesh refinement in these high stress regions. Three 

models with (a) three element layers, (b) five element layers and (c) seven element layers 

were used for this comparison. The mesh grids are shown in Figure 4.3. All three models 

have the same geometrical parameters. The direct stress, (Ty-x̂  peel stress, ayy and shear 

stresses in the adhesive, normalised with the applied stress were evaluated, see Figure 

4.4. The normahsed stresses were compared between the three models (see Figure 4.4a 

and b). 

301 rer: 

(a) (b) (c) 

Figure 4.3: Mesh refinement of the adhesive layer 

At the centre of the bond-line, the values of the normalised direct, peel and shear 

stresses are independent of the mesh employed, see Figure 4.4a. Near the 

adhesive/adherend interface, the normalised peel and shear stresses were almost 

independent for all three models, see Figure 4.4b. However, the normalised direct stress 

increases by 17% with an increase of element layers from three elements to seven 

elements across the adhesive thickness. However, an increase of less than 6% in the 

maximum direct stress at the interface of the adhesive was observed for an increase of 

element layers from five elements to seven elements across the adhesive thickness. This 

investigation suggests that, by a finite element model the five element layer, the number 
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of elements in the finite element analysis can be kept relatively low, but whilst the 

numerical errors from this analysis are minimal. 

tO.25-

f 0.12-

O-0.15-
(/) 

g 0.06-
u> 
TD 0.04-

0.05-
= 0 .02 -

No of element layers in adhesive No of element layers in adhesive 

(a) (b) 

Figure 4.4: Effect of mesh density in the adhesive layer on the stress components at the 
(a) centre of the adhesive layer, y' = 0 (b) near the interface, v' - 0 . 4 t 

4.4 Definition of coordinate systems and failure criteria 

4.4.1 Coordinate systems 

The global coordinate system, x-y, originates from the bottom left hand end of the joint, 

Figure 4.5. In the adhesive, three stress components were obtained from the finite element 

analyses. They are the horizontal vertical (CTyv) and shear stresses (Tvv) and are 

oriented in the local Cartesian coordinate system x'- j ' ' (see Figure 4.5). The origin of the 

local coordinate system, x y i s at the middle of the joint adhesive layer. 

Global 
Coordinate, x-y 

local 
Coordinate, x'-y' 

Figure 4.5: Global and local coordinate system used to define stress 
orientation 

4.4.2 Critical stress value for linear-elastic analyses 

The stress components obtained from the analytical and elastic finite element analyses 

that will be shown in the following sections were normalised with respect to their 

corresponding critical stress values. These critical stresses correspond to the yield stresses 

of the various materials used in the following investigations. Table 4.1 summarizes the 
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critical stresses of the adhesive and the adherend using the material properties of the 

FM73 M and 2014A 'L157' aluminium alloy respectively. 

Table 4.1: Critical stress values used to normalize stress components t 

Stress components Critical stress 
(MPa) 

Adhesive (FM73 M) 
Direct stress, s y y 62 

Peel stress, Syv 62 

Sliear stress, Sxy 31 

Adiierend (2014A L157) 
Direct stress, Sxx 450 

4.4.3 Failure criteria for elastic-plastic analyses 

As mentioned in section 4.3.3, failure criteria are required in order to predict the static 

failure load, as well as the failure locus, of adhesively-bonded joints. Naturally, failure 

criteria for the adhesive as well as for the adherend are needed. Table 4.2 shows the 

commonly used failure criteria to deteraiine both adhesive failure and adherend failure. 

Table 4.2: Failure criteria used in elastic-plastic finite element analysis 

Failure criteria value Failure criteria value 

Adhesive Adherend 
Fracture shear strain, yt (%) 61 ultimate tensile strength, ours (MPa) 

Fracture shear stress, rt (IVIPa) 44- T6'L157' 480 

FractureMisesstress, <jf (MPa) 74 T4'L156' 440 

4.5 Effects of scarf tip thickness 

4.5.1 Introduction 

The first geometrical parameter investigated is the scarf tip thickness, tgi, see Figure 4.1c. 

Analytical and finite element analyses were used to investigate scarf joints with scarf tip 

thickness: 0 < ts, < 0.4mm. The geometrical parameters of the models investigated are 

summarized in Table 4.3. 

As explained in the previous chapter, the thickness of a scarf tip can be accurately 

machined by employing a vacuum-suction holding-device on the milling machine, since 

this can minimize the high reaction force of the milling action. It was found that this 

method could produce a scarf tip thickness, l,,, of 0.15mm. On the other hand, a scarf tip 

t Peel and direct stresses taken to be 2 x 31 =62 MPa 
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thickness, tgt, of 0.4mm can be produced using a mechanical screw-locking holding-

device. Hence, two scarf joint models were produced with a scarf tip thickness of, 0.4mm 

and 0.15mm and were tested in monotonically-loaded tests. The scarf angle for both 

models was kept at 1.8°. Hence, the effective bond length was approximately 34 mm and 

48 mm respectively, according to equation (4.1). All the other geometrical parameters 

were kept constant. The CAE surface treatment was used for both joint models, to try to 

ensure that failure did not occur at the interface. 

Table 4.3: Geometrical parameters of scarf joint models, with 2mm thick adherends. 
used to investigate the effects of scarf tip thickness. Ut 

Scarf tip 
thickness, fj, 

(mm) 

Bond length, 
2La 

(mm) 

Scarf angle, 
e 
n 

Adherend 
thickness, t 

(mm) 

Adhesive 
thickness, 4 

(mm) 

0.5* 25.5 1.8 2 0.2 

0.4*A 31.8 1.8 2 0.2 

0.3* 38.2 1.8 2 0.2 

02*A 44.6 1.8 2 0.2 

0.15*A 47.8 1.8 2 0.2 

0.12* 49.7 1.8 2 0.2 

0.1* 50.9 1.8 2 0.2 

0.08* 52.2 1.8 2 0.2 

0.05* 54.1 1.8 2 0.2 

0* 57.3 1.8 2 0.2 

* investigated using analytical solution 
* investigated using linear elastic FE 

4.5.2 Analytical analysis 

As mentioned in section 4.1, the bond length of a scarf joint is related to the scarf angle 

and the scarf tip thickness. Table 4.3 shows that a small change in the scarf tip thickness 

can result in a significant change in the bond length. This is of course due to the small 

scarf angle used. The definition of the analytical governing equation for the shear strain 

distribution in the adhesive layer was given in section 4.2. It was mentioned that the 

boundary conditions used to solve the second order differential equation (equation 4.2) 

are given by the first derivatives of the shear strain in the adhesive layer, (see equation 

4.5). In addition, the first derivatives of the shear strain at both ends of the overlap will be 

equal in magnitude but are of opposite signs. This special case will only be valid for 

identical adherends with a constant scarf angle and scarf tip thickness. Table 4.4 shows an 

example of the accuracy of this iteration procedure using 50 iterations. 
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Table 4.4: Example of the iteration procedure used to calculate the maximum shear 
strain in the adhesive layer at the overlap terminus for different scarf tip thickness, 

Scarf tip 
thickness, 

tst (mm) 

Thickness 
ratio, 

W (%) 

Number of 
iterations, 

n 

Calculated from 
equation (4.5) 

y'a (-La) 

Calculated from 
Runge-Kutta 

iterations 
Ya (La) 

Percentage 
error* 

(%) 

Calculated 
maximum 

shear strain, 
(-LB) 

0.5 25 50 -11.61 11.62 0.16 0.04 

0.4 20 50 -10.78 10.77 0.05 0.03 

0.3 15 50 -10.06 10.02 0.34 0.03 

0.2 10 50 -9.43 9.46 0.34 0.02 

0.15 7.5 50 -9.14 9.14 0.10 0.02 

0.1 5 50 ^ 8 8 8.91 0.36 0.02 

0.05 2.5 50 -8.62 8.67 0.54 0.01 

*Note: Percentage error = [(y\(-La)- (La))/ y'a (-2.)]% 
Values are correct to 2 decimal places. 

From Table 4.4 it can be seen that the reduction of the scarf tip thickness reduces 

the maximum shear strain at the overlap terminus. A reduction of the scarf tip thickness 

from 0.5mm to 0.05mm yields a 62% reduction in the maximum shear strain at the 

overlap terminus. This is accompanied by an increase of approximately 112% in the 

overlap bond length (see Table 4.3). 

However, it is unclear from Table 4.4 whether the contributing factor to the 

reduction of the maximum shear strain at the overlap terminus is due the reduction of the 

scarf tip thickness or the corresponding increase in the overlap length. Hence, the 

maximum shear strain in the adhesive is plotted against the thickness ratio (ts/t) and this 

is given in Figure 4.6. Therefore, in addition, scarf joints with adherend thickness of 4mm 

and 6mm were also analysed using the same procedure as described in section 4.1.1. Two 

conclusions can be made from Figure 4.6. First, the reduction in the thickness ratio 

reduces the maximum shear strain in the adhesive layer at the overlap terminus. This 

confirms the contribution of the reduction in the scarf tip thickness to the reduction of the 

maximum shear strain. Secondly, the plots for the three scarf joints with different 

adherend thickness are different, in that the 6mm thick scarf joint shows the lowest 

maximum shear strain while the 2mm thick scarf joint shows the highest maximum shear 

strain in the adhesive at the overlap terminus, for a given tjt ratio. This is because for the 

thicker adherends, the overlap length will be longer for the same thickness ratio, t j t , and 

scarf angle, d. These data shown in Figure 4.6 therefore suggest that the increase in 
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overlap length, which results due to the increase in the adherend thickness, t, makes a 

significant contribution to the reduction in the maximum shear strain, Yamax-

0.040 

0.035 -

0.030 -

i 0.025-

c 
c5 0.020 

S 0.015 

in 
E 
= 0.010 

— • — t= 2mm 
f = 4mm 

—A— t = 6mm 

0.005 
15 20 25 30 

Thickness ratio, tJt 

r 
35 

T 
40 45 

Figure 4.6: Plots of maximum shear strain in the adhesive against the thickness ratio. 
tJt ior scarf joints with adherend thickness 2mm. 4mm and 6mm 

The normalised shear stress distribution in the adhesive layer is shown in Figure 

4.7, for a value of adherend thickness, t, of 2mm (as used in the experimental work 

described in section 4.5.5). The shear stress distribution is obtained by multiplying the 

shear strain distribution by the shear modulus, which is then normalised by the critical 

shear stress given in Table 4.1. A sudden increase of the shear stress occurs near the 

terminus of the overlap. In the middle of the joint, the shear stress is relatively low and is 

almost constant. In addition, it can be observed that as the overlap length is reduced, the 

length of the constant stress region in the middle of the joint reduces. 

However, the above analytical analysis does not take into account adherend 

bending effects and the elastic-plastic nature of the adhesive and the adherends. In 

addition, the analytical solution assumes that there is no stress variation across the 

thickness of the adhesive layer. In order to investigate the stress distribution at different 

locations across the thickness of the adhesive, linear elastic finite element analysis will be 

used. This is discussed in the next section where all three stress components which act in 

the adhesive (i.e. direct stress, shear stress and peel stress) will be shown in detail. In 
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addition, the effect of scarf tip thickness on the stress concentration in the adherend will 

also be discussed. 

U) 0.7 
0.1 

= 0.15 
= 0.2 

= 0.3 
= 0.4 

0.5 

w 0,4 

distance along bonJ length, x'(mm) 

Figure 4.7: Shear stress distribution in the adhesive layer for different scarf tip 
thickness, k, using the analytical solution 

4.5.3 Elastic finite element analysis 

As mentioned in the previous paragraph, linear elastic finite element analysis was used to 

investigate the effect of scarf tip thickness, /.«, on the stress distribution in the adhesive 

and the adherend. The finite element analysis is simpler to use compared to analytical 

solutions when adherend bending effects may be included into the analysis. Details of the 

numerical procedure were given in section 4.3. The geometrical parameters of the scarf 

joint models investigated using the elastic finite element analyses were given in Table 

4.3. 

Variations of the stress components at the middle of the adhesive (y' = 0) with the 

scarf tip thickness are given in Figures 4.8-4.10. Similarly, Figures 4.11-4.13 show the 

variations of the stress components near the adhesive/adherend interface (y' = 0.44,). 

From these figures, it may be observed that increasing the scarf tip thickness increases the 

maximum stress components in the adhesive. From Figures 4.8-4.10 for y' = 0, it can be 

seen that the relative height of the two peaks in the stress concentrations at both ends of 

the overlap region are the same. It is interesting to note that the peel stress, <7yy. 



distribution (see Figure 4.9) shows an abrupt increase at the joint terminus and is zero for 

most of the overlap length. In addition, there is a sharp change in the direction of the peel 

stress at the joint terminus. This is because, when the joint is loaded, the sudden change 

of stiffness before and after the scarf tip causes the joint to bend and hence causes the 

change in direction of the peel stress near the scarf tip. 
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Figure 4.8: Normalised direct stress distribution at the centre of the adhesive layer 
(v' - 0) plotted against distance along the bond length for different scarf tip 

thickness, Ut 
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Figure 4.9: Normalised peel stress distribution at the centre of the adhesive layer (y' = 
0) plotted against distance along the bond length for different scarf tip thickness, t , 

112 



— • — = 0.4mm 
*—fg = 0.2mm 

— = 0.15mm 
—•—f^ = 0.12mm 

fg = 0.08mm 
—•— (g = 0.05mm 
—•— L = 0mm 

0) 0.4 

« 0.2 

u) 0.1 

O 0.0-

Distance along bond length, x' (mm) 

Figure 4.10: Normalised shear stress distribution at the centre of the adhesive layer (y' 
= 0^ plotted against distance along the bond length for different scarf tip thickness, 
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Figure 4.11: Normalised direct stress distribution near the adhesive/adherend 
interface (y' = OAt) plotted against distance along the bond length for different 

scarf tip thickness, Ut 
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Figure 4.13: Normalised shear stress distribution near the adhesive/adherend 
interface (v' = 0.4L) plotted against distance along the bond length for different scarf 

tip thickness, t , 

However, the stress distributions near the adhesive/adherend interface, i.e. y' = 

0.4/fl, are not symmetrical, see Figures 4.11-4.13. From Figure 4.11 and Figure 4.13, it 

can be seen that the maximum direct and shear stress components occur at the interface 

adjacent to the scarf tip (i.e. x' = L„). On the other hand, from Figure 4.12, the maximum 

peel stress component occurs at the interface opposite the scarf tip (i.e. x ' = -La). 
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Nevertheless, as for the peel stress distribution at the centi-e of the adhesive layer, = 0 

(see Figure 4.9), the peel stress disti'ibution in the middle of the bond at the 

adhesive/adherend interface is also zero, see Figure 4.12. Comparing Figuies 4.8-4.13, it 

can be concluded that the shear stress component in the adhesive is the dominant stress 

component that is acting and is likely to initiate failure in the joint. 

It is interesting to see how the scarf tip thickness affects the stresses in the 

adherend. It was found that a stress concentration occurs in the adherend opposite a scarf 

tip. Figure 4.14 shows the effect of scarf tip thickness on the direct stress in the adherend 

opposite a scarf tip. The horizontal axis is the thickness of the adherend and the direct 

stress is normalised with the critical direct stress given in Table 4.1. It can be seen that 

high direct stresses are present at the adherend/adhesive interface. In addition, increasing 

the scarf tip thickness increases the maximum direct stress in the adherend. It is 

somewhat worrying that this stress concentration is rather high. This indicates that 

adherend failure is possible in the joint and the ultimate failure locus of the joint will be 

dependent on the material properties of the adherend, as well those of the adhesive used. 
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Figure 4.14: Variation of the direct stress distribution across the thickness of the 

adherend opposite a scarf tip with scarf tip thickness, Ut 

The analytical and finite element analyses used to investigate the effect of scarf tip 

thickness on the stress concentration in the scarf joint design has been presented. It can be 

concluded that, by increasing the scarf tip thickness, the stress concentrations at the 

overlap terminus increase. However, these analyses cannot be used to predict the static 



failure load and failure locus of the joints. Predictions of the static failure load and failure 

locus are given in the next section where results from the elastic-plastic finite element 

analysis are given. 

4.5.4 Elastic-plastic finite element analysis 

For long scarf joints such as those used in the present investigation, it is important to 

model the adhesive and adherend with their full material properties in order to predict the 

static failure load and failure locus. This section will discuss the use of an elastic-plastic 

finite element analysis to predict the failure loads and failure loci of scarf joints with 

different values of the scarf tip thickness, ts,. These analyses were canned out in 

conjunction with the experimental tests, given in section 4.5.5. Thus, scarf joints with a 

scarf tip thickness of 0.4mm and 0.15mm will be investigated. The elastic-plastic material 

properties of the adhesive and the adherend were given in Figure 3.1 and Figure 3.2b 

respectively. 
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Figure 4.15: Predicted load-displacement curves of scarf joints with scarf tip 

thickness, Ut = 0.15mm and 0.4mm using elastic-plastic finite element 
analysis 

A number of failure criteria were used to predict the static failure load and failure 

locus of the joints. The Mises equivalent stress was used as the criterion to predict failure 

in the aluminium alloy adherend. Three other criteria were used to predict failure in the 

adhesive. These were based upon the attainment of a critical failure value of the shear 

strain, shear stress and Mises equivalent stress in the adhesive. The critical values of the 

T 
2.0 3.0 3.5 
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failure criteria employed were given in Table 4.2. The predicted load versus displacement 

curves of these two scarf joint designs are shown in Figure 4.15. 

From Figure 4.15, it can be seen that a reduction in scarf tip thickness increases 

the failure load of the joint. In addition, the scarf joint with the thinner scarf tip thickness 

yields at a higher load. Neither scarf joint shows however significant plastic yielding. 

This is because the adherend used in this analysis is the 'L157' alloy (see Table 3.2) 

which only has an elongation of 9%. 
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Figure 4.16: Comparison of the maximum (a) shear strain, (b) shear stress, (c) 
adherend Mises equivalent stress and (d) adhesive Mises equivalent stress in the 

adhesive layer for scarf joints with scarf tip thickness, U, = 0.4mm and 0.15mm 

In order to predict the failure load and the failure locus of the two scarf joint 

designs, the fracture criteria used in this investigation are plotted against the applied load 

in Figure 4.16. It can be seen that the scarf joint design with the thinner scarf tip thickness 

(i.e. ts, = 0.15mm) attains the values of the various fracture criteria at a higher applied 
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load when compared with the thicker scarf tip model. It appears that the Mises equivalent 

stress in the adherend is the dominating failure criterion for both of the joint designs. 

However, for the scarf joint design with 4, = 0.15mm, the adhesive fracture shear stress 

and adhesive Mises equivalent stress criteria appear to give very similar predictions of the 

failure load compared to the adherend Mises equivalent stress criterion. This indicates 

that joint failure might initiate from the adhesive. However, due to the high stress 

concentration in the adherend, and that the fact that the adhesive is much more ductile 

than the adherend, adherend failure could still be the final failure mode for this joint 

design. For the scarf joint design with a scarf tip thickness of 4, = 0.4mm, the adherend 

Mises equivalent stress was the first to reach its critical failure criterion, indicating that 

adherend failure would be the dominating failure mode. A summary of the predicted 

failure loads based on the four failure criteria is given in Table 4.5. 

Table 4.5: Summary of the predicted failure load of scarf joints with scarf tip 
thickness. Uf = 0 .4mm and 0.15mm using elastic-plastic finite element analysis 

Joint design Failure criterion Predicted failure load, 
P(kN) 

Scarf joint 
tst= 0.15mm 

Adherend ultimate tensile strength 22.13 

Scarf joint 
tst= 0.15mm 

Adhesive fracture shear strain 21.41* Scarf joint 
tst= 0.15mm Adhesive fracture shear stress 22.10 

Scarf joint 
tst= 0.15mm 

Adhesive ultimate tensile strength 22.10 

Scarf joint 
tst = 0.4mm 

Adherend ultimate tensile strength 19.42 

Scarf joint 
tst = 0.4mm 

Adhesive fracture shear strain -Scarf joint 
tst = 0.4mm Adhesive fracture shear stress 17.62* 

Scarf joint 
tst = 0.4mm 

Adhesive ultimate tensile strength -

' Predicted failure load occurred at negative slope of the load-deflection curve 
• Analysis termined before failure criterion was reached 

4.5.5 Experimental results 

In order to verify the predictions given above, the two scarf joint designs with scarf tip 

thicknesses, 4,, of 0.4mm and 0.15mm were tested using the monotonically-loaded test 

procedure, see section 3.5.2. At least four specimens were tested for each joint design. 

Results from the experimental tests are shown in Figure 4.17. It can be seen from Figure 

4.17 that the increase in scarf tip thickness has resulted in a decrease of approximately 

18% in the applied load for failure. 
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The majority of the jomts tested failed in the adherend. Although some of the 

specimens failed in the adhesive, the failure load for these joints was very similar to the 

specimens that failed in the adherend. Tlie crack path is schematically shown in Figure 

4.18. A crack initiates from the scarf tip face and propagates, through the adhesive, to the 

opposite interface. The crack then changes direction and continues to propagate along this 

opposite interface. At this point, the applied load is being sustained by adherend 2, see 

Figure 4.18. This results in an increase of the stress concentration on the adherend near 

the interface with the adhesive. With further crack propagation, the cross section area of 

adherend 2 effectively decreases, hence lowering the ultimate load canying capability of 

the adherend. This causes another change of crack propagation direction and the crack 

grows across the thickness of the joint and breaks through the adherend. This typically 

occurs at about 2mm into the effective bond length from the scarf tip. 

From this analysis, it can be concluded that the scarf tip affects the joint 

perfonnance in two ways. Firstly, the thicker the scarf tip, the higher the stress 

concentration at the overlap tenninus, resulting with a reduced load carrying capability 

for the joint. Secondly, as the scarf tip thickness was increased, the thickness of the 

adherend opposite the scarf tip reduces. Hence, the ultimate load carrying capability of 

the thinner adherend opposite the scarf tip results in a lower failure joint strength. Both 

these points explain the reduction in joint strength of the different scarf joint models 

investigated here. 

tst = 0.4mm 

tst = 0.15mm 

16 17 18 19 20 

Failure load, P (kN) 

21 22 

Figure 4.17: Results from the experimental monotonicallv-loaded tension tests of scarf 
joints with a scarf tip thickness of L, = 0.4mm and 0.15mm 
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The experimental failure loads of the two scarf joint designs compared well with 

the predicted failure loads (see section 4.5.4). Table 4.6 summarizes the comparisons 

between the experimental and predicted failure loads, hi addition, the failure loci of both 

scarf joint designs were predicted using the elastic-plastic finite element analysis. Thus, 

whilst the elastic finite element analysis was able to provide an indication of the relative 

joint strength of the scarf joints, accurate predictions of the failure load and failure locus 

required more accurate modelling of the material properties of the adhesive and the 

adherend. 

adherendd 

adherend i 

Figure 4.18: Schemat ic diagram showing adherend failure in scarf joint specimens. 
Adherend yielding w a s observed before final fracture of the specimens 

Table 4.6: Compar ison between the exper imental and predicted failure load and 
failure focus of scarf joints with scarf tip thickness. Ut = 0 .15mm and 0 .4mm 

Scarf joint 
design 

Experimental 
failure locus 

Predicted 
failure locus 

Experimental 
failure load, 

P(kN) 

Predicted 
failure load, 

P(kN) 

Percentage 
error, 

% 

tst= 0.15mm adherend adherend 21.2 ±0 .2 22.13* 4.4 

tst= 0.4mm adherend adherend 18.0 ±0.46 19.42* 7.9 

* prediction based on adherend MIses equivalent stress criterion 

This investigation has established that reducing the scarf tip thickness will result 

in an increase in the joint efficiency. Although the ideal scarf joint would be one that has 

an infinitely-small scarf tip thickness, it is however impractical to produce such a design. 

However, a scarf joint design with a scarf tip thickness of, 4, = 0.15mm can be produced 

using the vacuum-suction holding-device (see section 3.4). 
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4.6 Effects of scarf angle 

4.6.1 Introduction 

A number of researchers have investigated the effects of varying the scarf angle on 

adhesively-bonded scarf joints (see section 2.5.4). The underlying conclusion was that 

small scarf angles are preferred because this will allow the joint to be primarily loaded in 

shear. Increasing the scarf angle will shorten the bond length (see equation 4.1) and could 

result in higher stresses in the joint. In the present section, results from a parametric 

study, using analytical, finite element and experimental procedures, of the effects of 

varying the scarf angle on the stress distributions in the adhesive and the adherend are 

presented. 

In order to reduce the data scale of the present study, it was decided to keep 

constant a number of geometrical design parameters. A scarf tip thickness of 0.15mm was 

used, since this gives rise to relatively low stress concentrations and can be machined in 

practice. The adherend thickness and adhesive thickness were also assumed to be 

constant, i.e. 2mm and 0.2mm respectively. For the linear elastic analyses (both analytical 

and finite element), scarf joints with scarf angles between 1° < 6 < 10° will be 

investigated. A summary of the geometrical parameters of these joint models is given in 

Table 4.7. 

Three designs of scarf joint models were selected for experimental testing. The 

three scarf joint designs had scarf angles of 1.5°, 1.8° and 5°. Referring to equation 4.1, 

the scarf tip thickness was kept constant at 0.15mm and, therefore, the bond length 

changed directly according to the change in the scarf angle. Analytical and finite element 

models, using elastic material properties, will be discussed in the following two sections, 

with a finite element approach using elastic-plastic properties of the adhesive and 

adherends being employed in section 4.6.4. 
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Table 4.7: Geometrical parameters of scarf joint models, with 2mm thick adherends. 
used to investigate the effects of scarf angle. 8 

Scarf angle, 

9 
n 

Bond length, 
2L. 

(mm) 

Scarf tip 
thickness, fs, 

(mm) 

Adherend 
thickness, t 

(mm) 

Adhesive 
thickness, 

(mm) 

10* 8.64 0.15 2 0.2 

9* 9.59 0.15 2 0.2 

8* 10.9 0.15 2 0.2 

T 12.3 0.15 2 0.2 

6* 14.4 0.15 2 0.2 

5»A 17.2 0.15 2 0.2 

4*A 21.5 0.15 2 0.2 

3*A 28.7 0.15 2 0.2 

47.8 0.15 2 0.2 

57.3 0.15 2 0.2 

85.9 0.15 2 0.2 

* investigated using analytical solution 
investigated using linear elastic FE 

4.6.2 Analytical analysis 

Analytical analyses were used to investigate the effect of the scarf angle on the shear 

stress distribution in the adhesive layer. The governing equation for the shear strain was 

given in equation (4.2). The results from the iteration process used to determine the 

maximum shear strain at the overlap terminus is given in Table 4.8. It can be seen from 

Table 4.8 that the percentage error of the input and calculated % is insignificant. The 

results show that by increasing the scarf angle, the maximum shear strain in the adhesive 

layer increases. 

The predicted shear stress distributions in the adhesive layer are shown in Figure 

4.19. It can be seen that by increasing the scarf angle, the shear stress distribution in the 

adhesive layer is shifted upwards. In addition, the curves become shorter as the scarf 

angle is increased. This is because, by increasing the scarf angle and keeping the other 

geometrical parameters constant, the overlap length reduces according to equation 4.1. 

Another observation is that the slopes at the overlap terminus for the different scarf angles 

are very similar. This is confirmed in Table 4.8. The significance of this observation is 

that the distance by which the shear stress increases from the minimum value (the flat 

region in the middle of the joint) to the maximum value at the overlap terminus is 
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independent of the scarf angle. This is in contrast to the previously discussed 

investigation of the effect of scarf tip thickness, whereby the first derivatives of the shear 

stress reduce with reduction of the scarf tip thickness (see Figure 4.7). 

Table 4.8: Results from the iteration procedure used to calculate the maximum shear 

strain in the adhesive laver at the overlap terminus for different scarf angles. <9 

Scarf angle, 
e 
n 

Number of 
iterations, 

n 

Calculated from 
equation (4.5) 

Ya(-i-a) 

Calculated from 
Runge-Kutta 

iterations 
Va(ta) 

Percentage 
error* 

(%) 

Calculated 
maximum 

shear strain, 
Ya (-La) 

10 30 4199 899 0.00 0,05 

9 30 -9.02 9.02 0,00 0.04 

8 30 -9.05 9.05 0.00 0.04 

7 30 -9.07 9.07 0.01 0,04 

6 30 -9.09 9.09 0,01 0.03 

5 30 -9.11 9.11 0,01 0.03 

4 30 -9,12 9.12 0,02 0.03 

3 30 -9.14 9.13 0,01 0.03 

*Note: Percentage error = [(7'a(-Z,o)- y\ (!„))/ y\ (-1^)]% 
Values are correct to 2 decimal places. 
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Figure 4.19: Shear stress distribution in the adhesive laver for different scarf angle. 0 

predicted using the analytical solution 
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4.6.3 Elastic finite element analysis 

Elastic finite element analyses were also used to investigate the effect of the scarf angle 

on the stress components in the adhesive, as well as in the adherend. In addition, the 

effect of adherend bending was also included in the analyses. Figures 4.20-4.22 show the 

normalised stress components at the mid-plane of the adhesive (>'' - 0). From these 

figures, it can be seen that by increasing the scarf angle the peak stresses in the adhesive 

increases. In addition, all three stress components (i.e. the direct, peel and shear stresses) 

increase with an increase in the scarf angle. As a result, the average stresses in the 

adhesive layer increase with an increase in the scarf angle. 

Figure 4.21 shows that the peel stress distribution in the adhesive has two peaks, 

of opposite signs, at the overlap terminus. The opposite signs of the peak peel stresses at 

the overlap terminus indicate that high shear stresses will be present. It is interesting to 

note that for scarf angles of 0 > 3° the minimum peel stress at the middle of the joint has 

a non-zero value. On the other hand, for 9 <3°, the minimum peak stress at the middle of 

the joint is zero. This is in contrast to the previous investigation (see section 4.5.3) of the 

effects of the scarf tip thickness where, for all the scarf tip thickness investigated, the peel 

stress distribution in the middle of the joint is at a zero value. This can be explained by 

the increasingly shortened overlap length as the scarf angle, 0, is increased. 
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Figure 4.20: Normal ised direct stress distribution In the middle of the adhesive layer (y ' 

= 0) plotted against the distance along the bond length for different scarf angles. 6 
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Figure 4.22: Normalised shear stress distribution in the middle of the adhesive laver 
(v' = Ok) plotted against the distance along the bond length for different scarf 

angles. 0 

Figures 4.23-4.25 show the normalised stress components in the adhesive near the 

adhesive/adherend interface (y' = 0.44,). Similar to the observations noted above (see 

section 4.5.3) on the effects of the scarf tip thickness, the direct and shear stress 

distribution in the adhesive show a higher peak at the interface adjacent to the scarf tip 

(i.e. x ' = La), see Figure 4.23 and 4.25. This is due to the relatively high stress 
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concentration at the scarf tip face. On the other hand, the highest peel stress occur at the 

interface opposite a scarf tip (i.e. x ' = -L^). 

b 0.5 

e= 1.5 

</) 0.3 

Distance along bond length, x'(mm) 

Figure 4.23: Normalised direct stress distribution near the adhesive/adherend 
interface W - 0.4fa) plotted against the distance along the bond length for different 

scarf angles. 0 
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Figure 4.24: Normalised peel stress distribution near the adhesive/adherend 
interface (v' = 0.4f«) plotted against the distance along the bond length for different 

scarf angles. 0 
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Figure 4.25: Normalised shear stress distribution near the adhesive/adherend 
interface (v' = 0.4L) plotted against the distance along the bond length for different 

scarf angles. 6 

The maximum direct stress in the adherend is compared with the maximum stress 

components in the adhesive in Figure 4.26. It appears that increasing the scarf angle does 

not significantly affect the stress concentration in the adherend. For small scarf angles 

below 2°, the normalized stresses appear to reach a threshold value. This indicates that a 

further reduction of the scarf angle will not give a significant improvement in the joint 

efficiency. However, for scarf angles higher than 2°, it appears that the maximum shear 

stress in the adhesive increases more rapidly than the direct stress in the adherend. This 

indicates that adhesive failure will be more dominant for higher scarf angle models. It 

may also be noted that, based on this investigation, adhesive failure will be the predicted 

failure locus for all the scarf angles investigated. However, this is clearly not the case, as 

was shown above (see Table 4.6), where for a scarf angle of 1.8° adherend failure was 

observed in the experiments. Indeed, it was observed experimentally that the scarf joints 

with a scarf angle of 1.8° failed in the adherend, but that the crack initiated from the scarf 

tip face and propagated approximately 2mm along the adhesive/adherend interface before 

breaking through the adherend (see Figure 4.18). This observation of the failure 

behaviour of the scarf joint specimens with a scarf angle of 1.8° explains the higher shear 

stress concentration in the adhesive compared to the direct stress concentration in the 

adherend, as predicted in the present analysis. This observation clearly indicates the 

inadequacy of the stress concentration approach for predicting failure in adhesively-
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bonded joints. However, undeniably this method was able to rank joint designs based on 

variations in the geometrical parameters. Furthermore, the ease of approach of this 

method allows an initial, sound design for the joint to be readily fomiulated. 
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Figure 4.26: Comparison of the maximum stress components in the adhesive and 
the adherend for different scarf angles. 0 

4.6.4 Elastic-plastic finite element analysis 

Elastic-plastic analyses were carried out for scarf joints with scarf angles of 5°, 1.8° and 

1.5°. These scarf joint designs were also tested using the monotonically-loaded tests of 

the scarf joints, see section 4.6.5. 

Figure 4.27 shows the load-displacement curves of the three scarf joint designs 

predicted using the elastic-plastic finite element method. The figure shows that there is 

only a small difference between the predicted joint strengths of the scarf joint designs 

with scarf angles 1.5° and 1.8°. However, a significantly lower failure load was obsei-ved 

for the scarf joint design with a scarf angle of 5°. These results are consistent with the 

observations discussed in the previous section (see section 4.6.3), where the shear stress 

concentrations in the adhesive increase significantly when the scarf angle is higher than 

about 3°. As for the elastic-plastic analysis used in section 4.5.4, four failure criteria were 

used to predict the failure load and failure locus of these joint designs. The failure criteria 

were given in Table 4.2. 
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Figure 4.27: Predicted load-displacement curves of scarf joints with scarf angles, 6 
= 1.5°. 1.8° and 5° using elastic-plastic finite element analysis 

The predicted maximum shear stress, shear strain, adhesive and adherend Mises 

equivalent stress are plotted in Figure 4.28 against the applied load, P. Comparing the 

three scarf joint designs, it can be seen from Figure 4.28 that the scarf joint design with a 

scarf angle of 1.5° would fail in the adherend since the adherend ultimate tensile strength 

is the first failure criterion to be reached (see also Table 4.9). On the other hand, both the 

shear stress and adhesive Mises stress criteria for the scarf joint design with a scarf angle 

of 1.8°, predicted a similar failure load to that of the adherend ultimate tensile strength 

criteria. However, the shear strain criterion was only reached after the joint has passed its 

maximum load carrying capability, see Table 4.9. This implies that the scarf joint design 

with a scarf angle of 1.8° would most likely fail in the adherend. It is observed that 

lowering the scarf angle (from 1.8° to 1.5°) reduces the stress concentrations in the joint. 

However, the effect is small and it can be seen that these two scarf joint designs showed 

similar joint strength (see Figure 4.27). 
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Figure 4.28: Comparison of the maximum (a) shear strain, (b) shear stress, (c) 
adherend Mises equivalent stress and (d) adhesive IVlises equivalent stress in the 

adhesive layer for scarf joints with scarf angles. 6= 1.5°. 1.8° and 5° 

On the other hand, failure in the adhesive appears to be likely to occur for the 

scarf joint model with a scarf angle of 5°. It is observed that the adhesive yielded at a 

much lower value than the failure criteria, Figure 4.28b. Similarly, the maximum Mises 

equivalent stress in the adhesive for this scarf joint model also experiences premature 

yielding, see Figure 4.28d. Conversely, the maximum shear strain in the adhesive remains 

at a relatively low value and does not show any sign of reaching its critical value, see 

Figure 4.28a. This suggests that the critical shear stress criteria would give a conservative 

prediction of the failure load for this scarf joint model. In support of this statement, it can 

be seen from Figure 4.27 and Figure 4.28d that the load carrying capability of this scarf 

joint model continues to increase after the maximum shear stress in the adhesive has 

begun to decrease. Hence, from Figures 4.27 and 4.28d, it can be seen that the adhesive 

Mises equivalent stress criterion would give a better prediction of the failure load of this 
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scarf joint model. Comparing the maximum stresses and strains in the adhesive with that 

of the adherend, see Figure 4.28, it can be clearly seen that the adherend Mises equivalent 

stress never reaches the ultimate tensile strength of the adherend. Table 4.9 summarises 

the predicted failure loads of the three scarf joint designs investigated using the elastic-

plastic finite element analysis. 

1.5°. 1.8° and 5° using elastic-plastic finite element analysis 

Joint design Failure criterion Predicted failure load, 
P(kN) 

Adherend ultimate tensile strength 22.18 

Scarf joint Adhesive fracture shear strain 17.74 * 
0=1.5° Adhesive fracture shear stress 17.74* 

Adhesive ultimate tensile strength 20.28* 

Adherend ultimate tensile strength 22.13 

Scarf joint Adhesive fracture shear strain 21.41* 

0=1.8° Adhesive fracture shear stress 22.10 

Adhesive ultimate tensile strength 22.10 

Adherend ultimate tensile strength -

Scarf joint Adhesive fracture shear strain -

e= 5° Adhesive fracture shear stress 9.82" 

Adhesive ultimate tensile strength 14.66 

* Predicted failure load occurred at negative slope of the load-deflection curve 
- Analysis termined before failure criterion was reached 
* Conservative prediction - explanation given in Section 4.6.4 

4.6.5 Experimental results 

The three scarf joint designs investigated in the elastic-plastic finite element analysis were 

also tested experimentally. Results from the monotonically-loaded tests carried out on 

scarf joints with scarf angles 5°, 2° and 1.5° are shown in Figure 4.29. The results show 

that increasing the scarf angle reduces the static failure strength of the joints. In addition, 

failure locus of the scarf joints changes from adherend failure to adhesive failure with 

increase of the scarf angle. Adhesive failure was observed for the scarf joint design with a 

scarf angle, 6 = 5°. The crack path is schematically shown in Figure 4.30. Scarf joints 

with scarf angles 1.5° and 2° failed in the adherend, and the crack path was shown in 

Figure 4.18. 
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Comparison between the predicted failure loads using elastic-plastic finite element 

analysis and the experimental results is shown in Table 4.10. The table shows that the 

predictions compare well with the experimental results. In addition, the failure loci of the 

joints are accurately predicted. 

0=1.5 

10 1 4 20 22 2 4 W 18 

Failure load, P (kN) 

Figure 4.29: Results from the experimental monotonicallv-loaded tension tests of scarf 
ioints with scarf angles. 9 = 1.5°. 1.8° and 5° 

Figure 4.30: Schematic diagram showing adhesive failure in scarf joint specimens 

Table 4.10: Comparison between the experimental and predicted failure load and 
failure locus of scarf ioints with scarf angles. 0= 1.5°. 1.8° and 5° 

Scarf joint 
design 

Experimental 
failure locus 

Predicted 
failure locus 

Experimental 
failure load, 

P(kN) 

Predicted 
failure load, 

P(kN) 

Percentage 
error, 

% 

e= 1.5° adherend adherend 21.7 + 0.08 22.18' 2.2 

0= 1.8° adherend adherend 21.2 ± 0 . 2 22.13* 4.4 

0=5° adhesive adhesive 14.5 ± 1.4 14.66* 1 

prediction based on adherend IVlises equivalent s tress criterion 
' prediction based on adiiesive Mises equivalent stress criterion 
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4.7 Effect of fillet size 

4.7.1 Introduction 

It has been shown in section 4.5 that the increase of the scarf tip thickness reduces the 

strength of adhesively-bonded scarf joints. The presence of a scarf tip also leaves a gap 

between the two adherends at the overlap terminus, see Figure 4.31. The size of this gap 

between the two adherends can be significant when the scarf angle is small (see equation 

4.1). For a scarf angle of 1.8°, the length of the gap is approximately 11mm. Naturally, 

this gap is of a triangular shape and could be filled with adhesive. In this section, the 

effect of the fillet size and the entry angle, Of, on the maximum stress components in the 

adhesive fillet is reported. Two-dimensional finite element analysis is used in this 

investigation. The adhesive and the adherend were modelled using elastic material 

properties. The material properties of the adhesive and the adherend were given in Table 

3.1 and 3.2. The scarf joint design used in this investigation has a scarf angle of 1.8°, 

scarf tip thickness of 0.15mm and the thickness of the adhesive and the adherend used 

were 0.2mm and 2mm, respectively. 

adherend 

adherend 

adhesive 
fillet 

adhesive 
fillet 

(c) 

Figure 4.31: Schemat ic diagram showing the adhesive fillet outside the effective 
bond length in a scarf joint, (a) no fillet (b) fillet with entry angle, df and (c) full 

adhesive fillet 

The aim of this investigation is to compare the percentage reduction of the 

maximum stress components in the adhesive fillet that occur by changing the fillet size 
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and entry angle. The percentage reduction of the maximum stress components in the 

adhesive fillet was obtained using equation 4.6: 

pAmax 
(4.6) %(Jij — 

(J., 

where is the maximum stress component and the superscript h denotes the base 

model (no adhesive fillet, Figure 4.31a). The subscripts/ and j coiTespond to thex ' and j / ' 

ax2s defined in Figure 4.5. 

4.7.2 The effect of adhesive fillet size 

This investigation was carried out by increasing the adhesive fillet size from the base 

model with no adhesive fillet up to the scarf joint model with a full adhesive fillet (see 

Figure 4.31). The fillet angle, 9/ was kept constant at 60°. Figure 4.32 compares the 

percentage reduction of the maximum stress components in the adhesive for different 

fillet sizes. Also included in the figure is the maximum direct stress in the adherend. The 

horizontal axis in Figure 4.32 shows the length of the adhesive fillet, //• (%' direction) 

normalized with the maximum fillet length, Lf (i.e. the full adhesive fillet - see Figure 

4.31 c). 

E 40 

c 30-

Normalised adhesive fillet length, l/L, 

Figure 4.32: Percentage reduction of the maximum stress components in 
the adhesive and adherend for different fillet sizes 

From Figure 4.32, it can be seen that the percentage reduction of the maximum 

stresses in the adhesive and the adherend increases with the increase of the fillet size. It 
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was also observed that the most affected stress component was the peel stress in the 

adhesive. This is consistent with Lang and Mallick's work [29] on the overlap joint 

design where they also observed that the peel stress in the adhesive fillet is most sensitive 

to the adhesive fillet size. From Figure 4.32, it was also observed that for a normalized 

fillet length, / / / / > 0.2, no significant changes of the stress components were observed. 

4.7.3 The effect of adhesive fillet entry angle, df 

The adhesive fillet entry angle is the angle the adhesive makes with the adherend at the 

free edge of the adhesive fillet (see Figure 4.31b). Fillet angles between 10° < 6f< 60° 

were investigated. The results were compared with the base scarf joint model where there 

is no adhesive fillet (see Figure 4.31a). It was found that the location of the stress 

concentration in the adhesive fillet changes with the adhesive fillet entiy angle. Most 

notably is the peel stress distribution and this is shown in Figure 4.33. 

V 
M Stress concentraHon 

V 
A 

200 

A 

(a) (b) 

MPa 

B,75 

33,1 

Figure 4.33: Peel stress contour plots of scarf joint designs with ^adhesive i 

There are three regions in the adhesive fillet where a stress concentration might 

occur. Figure 4.33 shows the peel stress distribution in an adhesive fillet for two scarf 

joint models with adhesive fillet entry angle of 60° and 30° respectively. It can be seen 

that for the scarf joint design with the adhesive fillet entry angle of 30°, the peel stresses 

in the adhesive fillet are concentrated mainly on the scarf tip face. On the other hand, for 

the scarf joint design with an adhesive fillet entry angle of 60°, a stress concentration is 

also present at the free end of the adhesive/adherend interface in addition to the stress 

concentrations at the scarf tip face. This additional stress concentration at the free end of 

the adhesive/adherend interface can be explained by the relatively larger angle the 
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adhesive makes with the adherend. It is noted that the peel stresses in the scarf joint 

model increases with the adhesive fillet entry angle. 

Figure 4.34 shows the percentage reduction of the maximum stress components in 

the adhesive and adherend for different adhesive fillet entry angles. As was seen in Figure 

4.32, the peel stress component in the adhesive fillet is the most affected by the presence 

of the adhesive fillet. However, for adhesive fillet entry angles, Of< 4 5°, no significant 

changes to the percentage reduction of the stress components were observed. On the other 

hand, for adhesive fillet entry angles, 6'/ > 4 5°, a 20% drop in the percentage reduction of 

the peel stress component in the adhesive fillet was observed. 
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Figure 4.34: Percentage reduction of the maximum stress components in the adhesive 
fillet and the adherend for different adhesive fillet entry angles. Qf 

It is, however, unclear from this analysis whether the change in the percentage 

reduction of the stresses in the adhesive and the adherend was caused by the change of the 

adhesive fillet entry angle or by the corresponding change in the size of the adhesive 

fillet. In order to clarify this uncertainty, the adhesive fillets were modelled with different 

adhesive fillet entry angles but the adhesive fillet area was kept constant at Imm^. The 

percentage reduction of the maximum stress components was then plotted against the 

change in adhesive fillet entry angle, Figure 4.35. No variation of the stress components 

was observed for different adhesive fillet entry angle when the size of the adhesive fillet 

was kept constant. This indicates that the maximum stress components are not affected by 

the adhesive fillet entry angle. 
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Figure 4.35: Percentage reduction of the maximum stress components in the 
adhesive fillet and the adherend for different adhesive fillet entry angle. Or and eoual 

adhesive fillet area of 1mm^ 

4.8 Effect of temper grade of the aluminium alloy adherends 

4.8.1 Introduction 

The previous three investigations have concentrated on the effect of geometrical 

parameters on the stress concentrations and static failure strength of the scarf joint design. 

In this section, the effects of adherend material property on the joint perfonnance of 

adhesively-bonded scarf joints are discussed. Aluminium allocs are commonly produced 

with different temper grades. This is often carried out by heat treating the alloy to allow 

for variations in strength and ductility. As mentioned in Chapter Three, two variations of 

the aluminium alloy, 2014A were used in this project. The main difference between these 

two variations is the strength and ductility of the alloys, where the 'LI 57' alloy (T6) has a 

higher strength but lower ductility when compared to the 'LI56' alloy (T4). The material 

properties of these two alloys were given in Figures 3.2a and b. 

It has been discussed in section 4.5.5 that adherend failure of the scarf joint design 

is often accompanied by gross plastic yielding of the adherends. Finite element modelling 

of the scarf joint design described in the previous paragraph shows that, with substantially 

high loads, plastic yielding is observed at the adherends adjacent to the overlap tenninus, 

see Figure 4.36. Hence, it can be for seen that different material responses of the adherend 
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could result in very different failure mechanisms. The results from this investigation are 

given in section 4.8.2. Monotonically-loaded tests were also carried out to investigate the 

effect of adherend temper grade on the joint strength of adhesively-bonded aluminium 

alloy scarf joints. The scarf joint models used in this investigation have a scarf angle, 9 = 

1.8°, scarf tip thickness, & = 0.15mm and adherend thickness, t = 2mm. 

X 

J Adherend plastic yielding 
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Figure 4.36: IVIises equivalent stress contours (in MPa) from elastic-plastic finite 
element analysis showing gross adherend plastic yielding with increase of applied 

load 

4.8.2 Elastic-plastic finite element analysis 

A number of failure criteria were used to predict the failure loads and the failure loci of 

these two scarf joint models. These are the same failure criteria used in the investigation 

of the effect of scarf tip thickness (section 4.5) and scarf angle (section 4.6), and are given 

in Table 4.2. Figure 4.37 compares the predicted load-deflection curves of the scarf joint 

models with the two temper grades mentioned above. It can be seen that the 'LI56' (T4) 

scarf joint model yields at a much lower load compared to the 'LI 57' (T6) scarf joint 

model. In addition, the 'LI 56' (T4) scarf joint model has a longer elongation compared to 
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the 'LI 57' (T6) scarf joint model. This difference in the load-displacement behaviour of 

the two types of adherend indicates that the failure mode of these two joints could be 

different. 
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Figure 4.37: Predicted load-displacement curves of scarf joints with L157 
(T6) and L156 (T4) aluminium alloy adherends using elastic-plastic finite 

element analysis 

Figures 4.38 compares the critical shear stress, shear strain and Mises equivalent 

stress in the adhesive as well as the adherend Mises equivalent stress for scarf joints using 

'L157' (T6) or 'L156' (T4) aluminium alloy adherends. It can be seen that the scarf joint 

model with the 'LI56' (T4) aluminium alloy adherends yields at a lower load compared 

to the scarf joint model with the 'L157' (T6) aluminium alloy adherends. Although the 

critical shear stress and Mises equivalent stress in the adhesive and the adherend for the 

scarf joint model with the 'LI56' (T4) aluminium alloy adherends had reached their 

respective failure criteria, there is no indication that the model is suffering from material 

softening. The same observation can be made in Figure 4.37 where the scarf joint model 

with the 'LI 56' (T4) aluminium alloy adherends had been extended by 6mm with no 

indication of material softening. However, judging from the high shear strain values in 

the adhesive, the joint had reached its ultimate tensile load. 
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Figure 4.38: Comparison of the maximum (a) shear strain, (b) shear stress, (c) 
adherend Mises equivalent stress and (d) adhesive Mises eguivalent stress in the 

adhesive I aver for scarf ioints with 'L157' (T6) and 'L156' (T4) aluminium allov 
adherends 

Table 4.11: Summary of the predicted failure load of scarf ioints with 'L157' (T6) and 
'L156' (T4) aluminium allov adherends using elastic-plastic finite element analysis 

Joint design Failure criterion Predicted failure load, 
P(kN) 

Scarf joint 
'L157' (T6) 

Adherend ultimate tensile strength 22.13 

Scarf joint 
'L157' (T6) 

Adhesive fracture shear strain 21.41* Scarf joint 
'L157' (T6) Adhesive fracture shear stress 22.10 

Scarf joint 
'L157' (T6) 

Adhesive ultimate tensile strength 22.10 

Scarf joint 
'L156' (T4) 

Adherend ultimate tensile strength 18.91 

Scarf joint 
'L156' (T4) 

Adhesive fracture shear strain 18.74 Scarf joint 
'L156' (T4) Adhesive fracture shear stress 18.90 

Scarf joint 
'L156' (T4) 

Adhesive ultimate tensile strength 17.81 

Predicted failure load occurred at negative slope of the load-deflection curve 
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On the other hand, the scarf joint model with the 'L157' (T6) aluminium alloy 

adherends yielded at a much higher load but suffered from a lack of adherend ductility. It 

is clear from this investigation that by tempering the aluminium alloy to give relatively 

low yield strength, the adhesive was able to reach its full potential. A summary of the 

predicted failure loads using the various failure criteria are given in Table 4.11. 

4.8.3 Experimental results 

Monotonically-loaded tests on the effect of adherend temper grade were also carried out. 

At least four specimens were tested for each model. The results are given in Figure 4.39. 

It can be seen that the scarf joint design with the 'LI 56' (T4) aluminium alloy adherends 

failed at a lower load compared to the scarf joint model with the 'LI 57' (T6) aluminium 

alloy adherends. The difference between these two adherend temper grades causes an 

increase of approximately 17% in the joint strength when the 'L157' (T6) aluminium 

alloy adherends are employed. In addition, it was observed that the scarf joint design with 

the 'L156' (T4) aluminium alloy adherends failed in the adhesive (see Figure 4.30). On 

the other hand, the scarf joint with the 'LI 57' (T6) aluminium alloy adherends failed in 

the adherend (see Figure 4.18). The experimental results compare well with the elastic-

plastic finite element predictions given in the previous section, see Table 4.12. 
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Figure 4.39: Results from the experimental monotonicallv-loaded tension tests of scarf 
joints with 'L157' (T6) and 'L156' (T4) aluminium alloy adherends 
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Table 4.12: Comparison between the experimental and predicted failure load and 
failure locus of scarf joints with 'L157' (T6) and 'L156' (T4) aluminium alloy adherends 

Scarf joint 
design 

Experimental 
failure locus 

Predicted 
failure locus 

Experimental 
failure load, 

P(kN) 

Predicted 
failure load, 

P(kN) 

Percentage 
error, 

% 

'L157' (16) adherend adherend 21.2 ± 0 , 2 22.13' 4.4 

'L156' (T4) adhesive adhesive 18.1+0.22 18.74* 3.6 

* prediction based on adherend MIses equivalent stress criterion 
^ prediction based on adhesive shear strain criterion 

4.9 Comparison between the scarf joint and overlap joint 

designs 

4.9.1 Introduction 

The previous five sections have focussed on the optimization of the scarf joint design. 

Now, it is interesting to compare the scarf joint design with the overlap joint design. The 

overlap joint design has received much more attention from other researchers because it is 

easier to produce compared to the scarf joint design. The main difference between the two 

joint designs is the orientation of the adhesive plane with respect to the loading plane, hi 

the overlap joint design, the adhesive plane is parallel to the loading plane, see Figure 

4.40. On the other hand, the adhesive plane in a scarf joint design is dependent on the 

scarf angle, see Figure 4.5. However, when a load is applied, the overlap joint design is 

expected to experience more bending compared to the scarf joint design. Figure 4.41. 

This is due to the higher loading eccentricity in the overlap joint design. 

yi 
y 

\ 
overlap joint design S 

X 
Gtobal 
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local 
Coordinate, x - y ' 

Figure 4.40: Schematic diagram of the global and local coordinate 
systems used for the overlap joint design 

In order to compare the joint efficiency of these two joint designs, the overlap 

length and the adherend thickness were kept constant at 34mm and 2mm respectively. 

This overlap length corresponds to the previously investigated scarf joint design with a 
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scarf tip thickness, 4, = 0.4mm and scarf angle 6- 1.8°. The 'LI 57' (T6) aluminium alloy 

was used as the adherends for both joint designs and the adhesive used was the FM73 M 

film adhesive. The material properties of the adhesive and the adherend were given in 

Figure 3.1 and Figure 3.2 respectively. 

iliiaiiin ulii 

deformed shape ~ undeformed shape 

Figure 4.41: Joint bending observed in adhesivelv-bonded (a) scarf joint and <b) 
overlap joint with an applied load. Pof 5kN 

Linear elastic finite element analyses were used to investigate the stress 

concentration in the adhesive of both joint designs. In addition, elastic-plastic finite 

element analyses were used to investigate the post-yield behaviour of these two joint 

designs. Details of the finite element methods used in this investigation were given in 

sections 4.3.2 and 4.3.3. The elastic-plastic finite element predictions are then compared 

with the monotonically-loaded test results. 

4.9.2 Elastic finite element analysis 

Figures 4.42-4.44 show the comparison of the normalised stress components in the mid-

plane of the adhesive between the scarf joint and overlap joint design. Figure 4.42 shows 

that the minimum direct stress in the adhesive of a scarf joint is relatively high compared 

to the overlap joint design. This can be explained by the orientation of the adhesive plane 

where the adhesive plane in the scarf joint is orientated at an angle to the loading plane. 

As a result, the adhesive in the scarf joint design will be subjected to higher direct 

stresses. Interestingly, the maximum direct stress in the overlap joint design is higher than 

that in the scarf joint design. 
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Figure 4.42: Normalized direct stress distribution at the centre of the adhesive layer 
(v' = 0) plotted against distance along the bond length for the scarf joint and 

overlap joint design 
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Figure 4.43: Normalized peel stress distribution at the centre of the adhesive layer (v' 
= 0) plotted against distance along the bond length for the scarf joint and overlap 

joint design 

From Figures 4.43 and 4.44, it can be seen that the maximum peel and shear 

stresses in the overlap joint design are much higher than those in the scarf joint design. 

From Figure 4.43, the maximum peel stress in the overlap joint design is almost four 

times that of the scarf joint design. The shear stress distribution shown in Figure 4.44 

indicates that the maximum shear stress in the overlap joint design has reached the yield 
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stress of the adhesive (see Table 4.1) for an applied load of 5kN. In contrast, the 

maximum shear stress in the scarf joint design is only at 60% of the adhesive yield stress. 

It is believed that the higher loading eccentricity in the overlap joint design results in 

these significantly higher stresses at the overlap joint terminus. Nevertheless, the cun'ent 

investigation does not take into account adhesive and adherend plasticity. Hence, the 

results presented here would not represent an accurate prediction of the static strength of 

these two joint designs. Results from the elastic-plastic finite element analysis of these 

two joint designs will be presented in the next section. 

— • — scarf joint 

o— overlap joint 

-30 -20 -10 0 10 20 30 

Distance along bond length, x' (mm) 

Figure 4.44: Normalized shear stress distribution at the centre of the adhesive layer (v' 
= 0) plotted against distance along the bond length for the scarf joint and overlap joint 

design 

4.9.3 Elastic-plastic finite element analysis 

Figure 4.45 compares the predicted load-displacement curves of the overlap joint and the 

scarf joint design. The figure shows that the overlap joint design is predicted to fail at a 

higher load compared with the scarf joint model. In addition, it can be seen that the 

overlap joint design is more ductile than the scarf joint model. It is noted that the same 

material properties were used for the adhesive and adherend for these two joint designs. 

The results here clearly contradict the elastic finite element prediction presented in the 

previous section. Hence, it is clear that material plasticity plays an important role to the 

prediction of the static strength of the adhesively-bonded joints. This is especially true 

when relatively ductile adhesives are used. 
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Figure 4.45: Predicted load-displacement curves of the scarf joints and 
overlap joint design using elastic-plastic finite element analysis 

Figure 4.46 compares the critical stresses and strains in the adhesive and in the 

adherend between the two joint models. It is observed that the stresses in the adhesive for 

the overlap joint design reach their respective critical values at a higher applied load 

compared to that of the scarf joint design (see Figure 4.46b and d). In addition, it can be 

seen that the maximum Mises equivalent stress in the adherend for the overlap joint 

design did not reach its failure criterion. Figure 4.46c. This indicates that the overlap joint 

design will fail in the adhesive. On the other hand, the maximum direct stress in the 

adherend of the scarf joint design is the first to reach its failure criterion. This indicates 

that the scarf joint design will fail in the adherend. Table 4.13 summarizes the predicted 

failure loads using the elastic-plastic finite element analysis. 
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Figure 4.46: Compar ison of the max imum (a) shear strain, (b) shear stress, (c) 
adherend Mises equivalent stress and (d) adhesive IVIises equivalent stress in the 

adhesive layer for the scarf joint and overlap joint design 

Tab le 4 .13: S u m m a r y of the predicted fai lure load of the scarf and the over lap 

designs using elastic-plastic finite e lement analysis 

joint 

Joint design Failure criterion Predicted failure load, 
P(kN) 

Scarf joint 

Adherend ultimate tensile strength 19.42 

Scarf joint Adhesive fracture shear strain -Scarf joint 

Adhesive fracture shear stress 17.62* 

Scarf joint 

Adhesive ultimate tensile strength -

Overlap joint 

Adherend ultimate tensile strength -

Overlap joint Adhesive fracture shear strain -Overlap joint 

Adhesive fracture shear stress 22.01 

Overlap joint 

Adhesive ultimate tensile strength 22.01 

* Predicted failure load occurred at negative slope of the load-deflection curve 
- Analysis termined before failure criterion was reached 
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Comparison between the elastic and elastic-plastic finite element analysis shows 

two contradicting conclusions. From the elastic finite element analysis, it was found that 

the scarf joint design would be the better joint design when compared to the overlap joint 

design. This is because the stress concentrations in the scarf joint design are much lower 

than those in the overlap joint design. On the other hand, the elastic-plastic finite element 

analysis indicates that the overlap joint design will attain a higher joint strength compared 

to the scarf joint design. Since this analysis indicates that when the applied stress is lower 

than the yield stress of the adhesive and the adherend (i.e. such as may be seen in fatigue 

and creep tests), the scarf joint will be the better joint design. Similarly, for applied stress 

levels higher than the yield stress (i.e. such as when using mono tonic loading to failure), 

the overlap joint design will be the better joint design. In order to confirm these 

observations, experimental testing of these two joint designs was performed using 

monotonically-loaded tests and fatigue tests. Details of the testing procedures were given 

in section 3.5.2 and 3.5.3 respectively. 

4.9.4 Experimental results 

4.9.4.1 Monotonically-loaded tests 

Coupon specimens of the overlap joint and scarf joint design were tested using the 

monotonically-loaded testing procedure given in section 3.5.2. Results from the tests are 

shown in Figure 4.47. The results show that the overlap joint design failed at a higher 

load compared to the scarf joint design. In addition, the overlap joints failed at the 

adhesive. On the other hand, the scarf joints failed in the adherend (see Figure 4.18). This 

compares well with the predictions from the elastic-plastic finite element analysis shown 

in the previous section. A summary of the comparisons between the experimental test 

results and the predicted results are given in Table 4.14. 
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Scarf joint design 

Overlap joint design 

10 14 16 18 

Failure load, P (kN) 

20 22 24 

Figure 4.47: Results from the experimental monotonicallv-loaded tension tests of the 
scarf joints and overlap joint design 

Table 4.14: Comparison between the experimental and predicted failure load and 
failure locus of the scarf joint and overlap joint design 

Joint design Experimental 
failure locus 

Predicted 
failure locus 

Experimental 
failure load, 

P(kN) 

Predicted 
failure load, 

P(kN) 

Percentage 
error, 

% 

Scarf joint adherend adherend 18.0 ±0 .46 19.42* 7.9 

Overlap joint adhesive adhesive 21.1 ± 1.62 22.01* 4.3 

' prediction based on adherend IVlises equivalent stress criterion 
^ prediction based on adiiesive shear stress criterion 

4.9.4.2 Fatigue tests 

Fatigue tests were carried out to compare the joint efficiency of the scarf joint and overlap 

joint designs. The fatigue tests were carried out in 'hot/wet' conditions as part of the 

investigation of the effect of surface treatments on the durability of adhesively-bonded 

joints (see Chapter Five). Details of the experimental procedure were given in section 

3.5.2. In this section, the durability of the scarf joint and overlap joint will be discussed. 

As shown in the finite element predictions given above, the contradiction between the 

elastic and elastic-plastic finite element analysis indicates that the overlap joint design is 

inferior compared to the scarf joint design only when the applied stress is below the yield 

stress of the adhesive and the adherend. 

Figure 4.48 compares the fatigue life of the scarf joint and overlap joint designs 

using (a) the GBD surface treatment and (b) the GPS surface treatment. It can be seen that 
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the overlap joints are less durable compared to the scarf joints. This confirms the finite 

element predictions which indicated that, when the applied stress is lower than the yield 

stress of the adhesive and the adherend, the scarf joint design is the better joint design 

compared to the overlap joint design. 
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Figure 4.48: Comparison of the durability of adhesivelv-bonded scarf joints and 
overlap joints surface treated with (a) the GBP surface treatment and (b) the GPS 

surface treatment 

4.10 Chapter summary 

The following conclusions are drawn from this chapter 

1. The effect of the scarf tip thickness was investigated using an analytical 

analysis, a finite element analysis and experimental testing. It was found that 

an increase in the scarf tip thickness increases the stress concentrations at the 

overlap termini. In addition, increasing the scarf tip thickness also increases 

the stress concentration in the adherend opposite the scarf tip. It was also 

found that the scarf tip thickness should not be neglected from any analytical 

or finite element analyses as the presence of the scarf tip thickness 

significantly affects the length of the overlap region. This is especially true 

when the scarf angle is small. 

2. It was found that for scarf joints with an adherend thickness of, t = 2mm, a 

scarf angle, 9 = 1.8° and a scarf tip thickness of - 0.4mm or 0.15mm, 
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failure occurred in the adherend opposite the scarf tip. This was as predicted 

using the elastic-plastic finite element analysis. 

3. The effect of scarf angle was also investigated using an analytical analysis, a 

finite element analysis and experimental testing. It was found that an increase 

in the scarf angle increases the stress concentrations in the adhesive and the 

adherend. However, the effect of the scarf angle on the stress concentration in 

the adherend is small compared to that in the adhesive. 

4. It was also found from the elastic finite element analysis that for a scarf angle 

of ^ > 2°, the increase in the shear stress component in the adhesive is 

significantly higher compared to scarf joints with scarf angles o f 0 < 2°. This 

indicates that failure in the adhesive will be more likely for scarf joints with 

scarf angles o f 0 > 2°. Elastic-plastic finite element analysis and experimental 

testing of scarf joint specimens with scarf angles, 0= 1.5°, 1.8° and 5° show 

that for scarf joints with scarf angles, 9 = 1.5°, 1.8°, failure in the adherend 

was observed. On the other hand, for scarf joint specimens with the scarf angle 

of 5°, failure was observed to occur in the adhesive. This change in failure 

locus was also accompanied by a predicted decrease in joint strength. The 

experimental results compared very well with the elastic-plastic finite element 

predictions. 

5. The effect of the adhesive fillet size and adhesive fillet entry angle for the 

scarf joint design was also investigated using elastic finite element analyses. It 

was found that the peel stress component in the adhesive fillet was the most 

affected by changes in the adhesive fillet size. However, the percentage 

reduction of the maximum peel stress in the adhesive fillet did not vary 

significantly for the normalised fillet length, l/Lf > 0.2. It was also found that 

the maximum stress components at the overlap terminus were not affected by 

the change in adhesive fillet entry angle. 

6. The studies on the geometrical optimization of the scarf joint design indicates 

that the optimized scarf joint design, for 2mm thick aluminium alloy 
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adherends and rubber-toughened epoxy adhesives, have a scarf tip thickness of 

tst = 0.15mm and a scarf angle of ^ =1.8°. The results from this chapter 

indicate that this scarf joint design is capable of yielding in excess of 90% of 

the ultimate tensile strength of the adherends. 

7. The effect of the temper grade of the aluminium alloy adherends was also 

investigated using an elastic-plastic finite element analysis and experimental 

testing. It was found that for scarf joints made using the LI 56 (T4) aluminium 

alloy adherends a significant increase in the plastic yielding which occurred in 

the adherends was observed. However, the joints yielded at a lower load 

compared to the scarf joints made using the LI57 (T6) aluminium alloy 

adherends. These observations are similar to those recorded for the 

comparison between the stress-strain relationships of these two alloys. It was 

also found that the scarf joints with the LI 56 (T4) aluminium alloy adherends 

failed in the adhesive, while the scarf joints with the L157 (T6) aluminium 

alloy adherends failed in the adherend. The experimental results again 

compared very well with the predictions from the elastic-plastic finite element 

analysis. 

8. A comparison between the scarf joint design and the overlap joint design was 

carried out using elastic finite element analysis, elastic-plastic finite element 

analysis and experimental testing. Interestingly, it was found that from the 

elastic finite element analysis, the overlap joint was found to be inferior 

compared to the scarf joint design. On the other hand, the elastic-plastic finite 

element analysis predicts that the overlap joint design is much stronger than 

the scarf joint design. This was also observed from the monotonically-loaded 

tests carried out on the scarf joint and overlap joint designs. The scarf joint 

and overlap joints were also tested in fatigue conditions. It was found from the 

fatigue tests that the fatigue strength of the scarf joint design is higher than the 

overlap joint design. Hence, it can be concluded that due to the reduced 

loading eccentricity in the scarf joint design, the scarf joint design will be 

better than the overlap joint design if the yield stress of the adhesive and the 

adherend is not exceeded (i.e. fatigue or creep tests). On the other hand, 
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because of the reduced cross section area of the adherends in the scarf joint, 

the static tensile strength of the scarf joint design will be lower compared to 

the overlap joint design. 
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CHAPTER 5 

EFFECT OF SURFACE TREATMENTS -

COUPON TEST RESULTS 

5.1 Introduction 

The importance of the choice of the surface treatment on the performance of adhesively-

bonded joints has been reviewed in section 2.4. Surface treatments play an important role 

in determining the durability of adhesively-bonded joints, particularly for aluminium 

alloy adherends. This is because aluminium alloys have a high surface energy. Hence, 

they are highly susceptible to atmospheric contamination, as well as moisture attack upon 

the bonded joint. As mentioned in Chapter One, one of the main aims of the present 

project is to investigate the performance of a silane (i.e. y-

glycidoxypropyltrimethoxysilane (GPS)) surface treatment. This has been carried out by 

comparing the static and fatigue performance of GPS surface treated adhesively-bonded 

joints with similar joints but surface treated using the grit-blast and degrease (i.e. GBD) 

and chromic acid etching (i.e. CAE) treatments. The application procedures for these 

surface treatments were given in section 3.3. Li the present chapter, results from static and 

fatigue tests of adhesively-bonded joints using the above mentioned three surface 

treatments are given. 
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5.2 Monotonically-loaded tests 

5.2.1 Introduction 

Before undertaking the cyclic fatigue tests, it was necessary to measure the strength of the 

scarf and overlap joints under simple monotonic loading conditions. The experimental 

test procedures for the monotonically-loaded tests were given in section 3.5.2. These tests 

were carried out at a constant displacement rate of Imm/min. Six different joint designs 

were used in this investigation. The geometrical design parameters of these test 

geometries are given in Table 5.1. For all the joints tested in this investigation, the 

adhesive and adherend thickness were 0.2mm and 2mm respectively. A scarf angle of 

1.8° was used for all the scarf joint designs. It should be noted that the scarf joint design 

with a scarf tip thickness of 4, = 0.15 was found to be the optimum design for the scarf 

joint, as discussed in Chapter Four. 

The aluminium alloy/CFRP hybrid joints were tested to investigate (a) the effect 

of residual thermal stresses from the curing of the adhesive and (b) the strength of the 

aluminium alloy/adhesive interface compared to the CFRP/adhesive interface. 

Table 5.1: Geometrical parameters of the various joint designs used in the investigation of 
the effects of surface treatments using the monotonicallv-loaded test method 

Joint design Scarf tip 
thickness, 

tst (mm) 

Adherends Bond length, 
La (mm) 

Aluminium 
alloy temper 

grade 

Single scarf joint 0.4 Al-alloy/AI-alloy 34 L157 (T6) 

Single scarf joint 0.15 AI-alloy/AI-alloy 48 LI 57 (T6) 

Single scarf joint 0.15 Al-alloy/AI-alloy 48 L156(T4) 

Overlap joint - AI-alloy/AI-alloy 34 L157 (T6) 

Single hybrid scarf joint 0.15 AI-alloy/CFRP 48 LI 56 (T4) 

Double hybrid scarf* 0.15 AI-alloy/CFRP 48 L157(T6) 

Note: 
1. * made by adhesively bonding two single hybrid scarf joints, back-to-back 
2. Scarf angle was 1.8° 

5.2.2 Scarf joint (Ut = 0.4mm; 'L157' T6) rAI-allov/AI-aUov1 

Before concentrating on the use of the optimized scarf joint design, a few tests were 

undertaken using a scarf tip thickness of 4, = 0.4mm (it will be recalled that for the 

optimized design, 4, = 0.15mm). Figure 5.1 compares the static failure load of aluminium 
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alloy scarf joints with a scarf tip thickness of 4, = 0.4mm for the three surface treatments. 

It can be seen that there is no significant difference in the failure loads for the different 

surface treatments. For all three surface treatments, the failure load is approximately 

18kN and the average joint efficiency is approximately 79%, i.e. when normalized 

relative to the ultimate tensile strength of the aluminium alloy adherend, see Table 5.2. 

However, it was found that the GBD surface ti'eated joints failed in the adhesive. On the 

other hand, the majority of the GPS and CAE surface treated joints failed in the 

aluminium alloy adherend. (A schematic diagram of the adherend failure mode was given 

in Figure 4.18). However, it should be noted that the occurrence of these different failure 

loci did not cause a significant change in the ultimate strength of the joints. The results 

are summarised in Table 5.2. 

GPS 

GBD 

CAE 

16 16.5 17 17.5 18 

Failure load, P (kN) 

18,5 19 

Figure 5.1: Comparison of the static failure loads of aluminium alloy scarf joints with 
a scarf tip thickness of Ut = 0.4mm and 'L157' (T6) for different surface treatments 

Table 5.2: Summary of the comparison of the failure loads and failure loci of aluminium 
alloy scarf joints with a scarf tip thickness of Ut = 0.4mm and 'L157' (T6) for different 

surface treatments 

Surface 
treatments 

Average failure 
load, 
P(kN) 

Failure locus Joint efficiency 
Omax/UTSAI-alloy 

(%) 

GBD 18.15 ±0.57 adhesive 78.78 ±0 .02 

GPS 18.40 ±0.10 adherend flMf^±0.06 

CAE 18.00 ±0.46 adherend 78.13+ 0.02 

Omax = P/cross Section area of adherend 
UTSamiiov = ultimate tensile strength of aluminium alloy adherend 
AI-alloy = 'L157'(T6) 
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5.2.3 Scarf joint (Ut = 0.15mm; 'L157' T6) [AI-allov/AI-allov1 

Considering the optimized scarf joint design, Figure 5.2 compares the static failure loads 

of aluminium alloy scarf joints with a scarf tip thickness of tst = 0.15mm for the three 

different surface treatments. No significant differences in the failure loads were observed 

for the different surface treatments. However, it should be noted that the joints surface 

treated using the GBD surface treatment failed at the adhesive/adherend interface. On the 

other hand, the GPS and CAE surface treated joints failed in the adherend, as shown in 

Figure 4.18. Figure 5.2 shows that this change in the failure locus (i.e. from adherend to 

the adhesive/adherend interface) resulted in a decrease in the joint efficiency of 

approximately S%, as may be seen by comparing the results shown in Tables 5.3. 

It may be observed from Table 5.3 that the average joint efficiency of the GPS and 

CAE surface treated joints is approximately 93%, when compared to the ultimate tensile 

strength of the aluminium alloy adherend. As discussed in section 4.5, this increase in the 

joint strength of this optimized joint design, compared to the scarf joint design with a 

scarf tip thickness of 4, = 0.4mm, is due to the reduced scarf tip thickness and increased 

bond length. Thus, the work reported in Chapter Four on optimizing the design of the 

scarf joint is clearly of direct relevance and benefit to the present durability studies. 

GBD 

CAE 

GPS 

16.00 17.00 18.00 ,19.00 20.00 

Failure load, P (kN) 

21.00 22.00 23.00 

Figure 5.2: Comparison of the static failure loads of aluminium alloy scarf joints with 
a scarf tip thickness of t̂ , = 0.15mm and 'L157' (T6) for different surface treatments 
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Table 5.3: Summary of the comparison of the failure loads and failure loci of aluminium 
alloy scarf joints with a scarf tip thickness of L, = 0.15mm and 'L157' (T6) for different 

surface treatments 

Surface 
treatments 

Average failure 
load, 
P(kN) 

Failure locus Joint efficiency 
Omax/tlTSAI-atloy 

( % ) 

GBD 20.35 + 0.21 interface 8 8 . 3 2 ± 0 . 0 1 

GPS 21.60 ± 0 . 1 6 adherend 9 3 . 7 5 + 0.01 

CAE 21.20 ± 0 . 2 adherend 9 2 . 0 1 + 0 . 0 1 

cfnax - P/cross sectioti area of adherend 
UTSAi.aiioy = ultimate tensile strength of aluminium alloy adherend 
Al-alloy = 'L157' (T6) 

5.2.4 Scarf joint {Uf= 0.15mm: 'L156' T4) [AI-alloy/AI-allovl 

The effect of the temper grade of the aluminium alloy adherend was discussed in section 

4.8. It was shown that by using the 'LI56' (T4) aluminium alloy adherends, the scarf 

joints used in the present project invariably failed in the adhesive. This is due to the 

relatively high ductility of this alloy compared to the 'LI57' (T6) aluminium alloy 

adherend used to attain the results reported in sections 5.2.2 and 5.2.3. Figure 5.3 

compares the effects of the surface treatments on the joint efficiency of the 'L156' (T4) 

aluminium alloy scarf joint design. It was observed that all the GPS and CAE suiface 

treated joints failed in the adhesive (i.e. cohesive failure). On the other hand, the GBD 

surface treated joints failed at the adhesive/adherend interface. 

GBD. 

GPS 

16.00 16.50 17.00 1 7.50 18.00 

Failure load, P (kN) 

18.50 19.00 

Figure 5.3: Comparison of the static failure loads of aluminium alloy scarf joints with 
a scarf tip thickness of U, = 0.15mm and 'L156' (T4) aluminium alloy adherends for 

different surface treatments 
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Overall, the joint efficiency of the GPS and CAE surface treated joints is 

approximately 87%, when normalized to the ultimate tensile strength of the aluminium 

alloy adherend. However, comparing these results with those from the previous 

investigation of the 'L157' (T6) aluminium alloy adherend, see section 5.2.3, the scarf 

joint with the higher temper grade, 'L157' (T6) alloy, attained a higher joint efficiency 

compared to the scarf joint with the 'LI 56' (T4) alloy, see Tables 5.3 and 5.4. The GBD 

surface treated joints typically failed at a lower load compared to the GPS and CAE 

surface treated joints. However, the decrease in joint efficiency is small for the GBD 

treated scarf joints; i.e. by approximately 10% of the joint efficiency of the GPS and 

CAE surface treated joints. The reason for this is suggested to arise from the inferior 

interfacial strength of the GBD surface treated joints, compared to the GPS and CAE 

surface treated joints where failure occurred in the adhesive. 

Table 5.4: Summary of the compar ison of the failure loads and failure loci of a luminium 
alloy scarf ioints wi th a scarf tip th ickness of = 0 .15mm and 'L156' (T4) a luminium 

alloy adherends for different surface treatments 

Surface 
treatments 

Average failure 
load, 
P{kN) 

Failure locus Joint efficiency 
Omax/UTSA|.alloy 

(%) 

GBD 16.38 ±0.32 interface 77.56 ±0.01 

GPS 18.38 + 0.38 adhesive 87.03 ±0.01 

CAE 18.12 ±0.22 adhesive 85.80 ±0.01 

Omax = P/cross sectioD area of adherend 
UTSAi.aiioy = ultimate tensile strength of aluminium alloy adherend 
AI-alioy = 'L156' (T4) 

5.2.5 Overlap joint rL157' T6) rAI-allov/AI-allov1 

The overlap joint geometry was also studied in the comparison between the overlap and 

scarf joint geometry, as discussed in section 4.9. It was shown that the overlap joint 

design, see Table 5.1, has a higher static joint strength compared to the scarf joint design 

with the same overlap length (i.e. L,, = 34mm). 

Figure 5.4 compares the effects of the three surface treatments on the joint 

strength of this overlap joint design. It can be seen that the failure loads are relatively 

high compared to the scarf joint models used in the previous investigations. Interestingly 

however, the GBD surface treated joints failed via a mixture of adhesive (i.e. cohesive) 

and adhesive/adherend interfacial failure. On the other hand, the GPS and CAE surface 

treated joints failed in the adhesive. However, the difference in failure locus did not 
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significantly affect the joint strength, hi fact, no significant difference was found between 

the joint strengths of the overlap joints using the three different surface treatments. Joint 

efficiency is high, with an average across the three surface treatments in the region of 

95% of the ultimate tensile strength of the aluminium alloy adherend. Table 5.5 

summarises the failure loads and failure loci of this joint design. 

19 20 21 

Failure load, P (kN) 

Figure 5.4: Comparison of the static failure loads o f L157' (T6^ aluminium alloy 
overlap joints for different surface treatments 

Table 5.5: Summary of the comparison of the failure loads and failure loci of 'L157' (T6) 
aluminium alloy overlap ioints for different surface treatments 

Surface 
treatments 

Average failure 
load, 
P(kN) 

Failure locus Joint efficiency 
Omax/UTSAI-alloy 

( % ) 

GBD 21.30 + 1.20 Interface/adhesive 9 2 . 4 5 ± 0 .05 

GPS 22.63 ± 0.29 adhesive 9 8 . 2 2 + 0.01 

CAE 21.10 ±1.60 adhesive 9 1 . 5 8 ± 0 . 0 7 

Omax = P/cross sectioD area of adherend 
UTSAi-aiioy = ultimate tensile strength of aluminium alloy adherend 
Al-alloy = 'L157' (T6) 

5.2.6 Single hybrid scarf joint (Ut = 0.15mm, 'L156' T4) fAI-allov/CFRPi 

Aluminium alloy/CFRP hybrid scarf joints were produced in a similar manner as the scarf 

aluminium alloy joints, see Figure 3.6. The manufacturing procedure for the CFRP 

composite and the bonding procedures were given in sections 3.2.3 and 3.4, respectively. 

Since the GPS and CAE surface treated aluminium alloy joints discussed above did not 
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show any significant differences in the failure loads or failure loci of the joints, the use of 

the CAE surface treatment was excluded from these studies. 

The difference in the thermal expansion coefficient of the aluminium alloy and the 

CFRP composite resulted in a 'bowed' joint after the curing of the adhesive (at 120°C), 

see Figure 5.5. Figure 5.6 compares the failure load of the hybrid joints using the GBD 

and GPS surface treatments. As found in the above studies, the failure load of the GPS 

treated joints is relatively high compared to the GBD treated joints. It can be seen that, by 

comparing Figures 5.3 and 5.6, the failure loads of the single hybrid joints are relatively 

low compared to the aluminium alloy joints (see section 5.2.4). Both the GBD and GPS 

surface treated hybrid joints failed at the adhesive/aluminium alloy adherend interface 

with a small amount of tearing in the composite. Table 5.6 summarises the failure loads 

and failure loci of this joint design. It was observed that crack initiation occurs at the 

CFRP scarf tip face and propagates towards the aluminium alloy scarf tip. This is due to 

the relatively high stress concentration in the adhesive, at the CFRP scarf tip, compared to 

the stress concentration in the adhesive at the Al-alloy scarf tip, see Figure 5.5. 

pf fWoocqwew 

Figure 5.5: Finite element analysis of the aluminium allov/CFRP hybrid scarf joint. The 
outline diagram is the undeformed shape while the deformed shape is represented by 

the adhesive (in colour) 

*Note: Stress concentration regions are indicated by the colours red (highest stress concentration) and 
orange/yellow 
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GBD 

GPS 

14 14.4 14.8 15.2 15.6 16 

Failure load, P (kN) 

16.4 16.8 17.2 

Figure 5.6: Comparison of the static strength of GBD and GPS surface treated 
CFRP/'L156' (T4) aluminium alloy hybrid scarf joints 

Table 5.6: Summary of the comparison of the failure loads and failure loci of single 
hybrid CFRP/'L156' (T4) aluminium alloy scarf joints for different surface treatments 

Surface 
treatments 

Average failure 
load, 
P{kN) 

Failure locus Joint efficiency 
Omax/UTSAI-alloy 

( % ) 

GBD 15.20 ±0.10 Interface 7 1 . 9 7 + 0 . 0 1 

GPS 16.60 ±0.30 Interface 7 8 . 6 0 ± 0 .01 

OmaK = P/cross Section area of adherend 
UTSAi.aiioy = ultimate tensile strength of aluminium alloy adherend 
Al-alloy ='L156'(T4) 

5.2.7 Double hybrid scarf joint = 0.15mm, 'L157' T6) FAI-alloy/CFRPl 

It has been shown in the previous section that the single hybrid scarf joints were bowed 

after curing of the adhesive. This is due to the different thermal expansion coefficient of 

the aluminium alloy adherend and the CFRP composite adherend. A way of rectifying 

this is to use a symmetrical joint design (see section 2.8.2.2). Hence, the double hybrid 

scarf joint was produced. This joint was produced by adhesively bonding two single 

hybrid scarf joints back-to-back, with the CFRP composite adherend positioned at the 

outer surface of the joint, see Figure 3.5d and 5.8b. 

Figure 5.7 compares the failure loads of the double hybrid scarf joints using the 

three surface treatments (i.e. the GBD, GPS and CAE treatments). It can be seen from the 

data that no significant differences in the failure loads were recorded and all the joints 

failed with a mixture of adhesive and composite failure. However, the failure loads are 
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extremely high. The average failure load for this joint design is approximately 4%N. 

Clearly, this is more than twice the failure load of the single hybrid scarf joint model, see 

section 5.2.6. 

The reason for this is suggested to arise from tire high rigidity and fracture stress 

of the composite adherend. In order to explain this observation, double hybrid scarf joints 

with the aluminium alloy adherend positioned at the outer surface of the joint were 

produced, see Figure 5.8a. Considering the double hybrid scarf joint with the aluminium 

alloy adherend positioned at the outer surface of the bond, a crack initiates at the 

aluminium alloy scarf tip face and grows into the effective bond length (i.e. in the 

adhesive). The 'released' adherend will bow out in an attempt to open up the crack. This 

allows the crack to propagate the length of the effective bond if the CFRP composite 

adherend is able to sustain the apphed load, see Figure 5.8c. On the other hand, if the 

'released' adherend is made of CFRP composite, see Figure 5.8b, it will not open up as 

much as the aluminium alloy adherend because of the higher rigidity of the CFRP 

composite, see Figure 5.8d. This forces high direct stresses into the CFRP adherend. As a 

result, CFRP composite failure will accompany adhesive failure, see Figure 5.8d. The 

high fracture stress of the CFRP composite allows the failure load to increase above the 

expected failure load (i.e. double of the single hybrid scarf joint). A summaiy of the 

failure loads and failure loci of the double hybrid scarf joints using the three different 

surface treatments are given in Table 5.7. 

CAE 

GPS 

GBD 

16 21 26 31 36 41 46 51 

Failure load, P (kN) 

Figure 5.7: Comparison of the static failure loads o f L157' (T6) aluminium allov/CFRP 
double scarf joints for different surface treatments 
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Table 5.7: Summary of the comparison of the failure loads and failure loci o f L157' (T6) 
aluminium allov/CFRP double hybrid scarf joints for different surface treatments 

Surface 
treatments 

Average failure 
load, 
P(kN) 

Failure locus Joint efficiency 
SAl-alloy 

(%) 

GBD 4^.18 ±0.54 adhesive/CFRP iO'i.O'st 0,01 

GPS 44.78 ±0.14 adheslve/CFRP 97.18± 0.00 

CAE 44.69 ±0.01 adhesive/CFRP 96.98+ 0,00 

?max = P/cross SBCtlon area of adherend 
UTSAi-aiioy = ultimate tensile strength of aluminium alloy adherend 
AI-alloy= 'L157' (T6) 

(a) (b) 

M M 

• 
(c) (d) 

Figure 5.8: Pictures showing the (a) double hybrid scarf joint with the aluminium alloy 
adherends positioned at the outer surface of the joint, (b) double hybrid scarf joint 

design with the CFRP adherends positioned at the outer surface of the joint, fc) 
bending of the 'released' adherend (aluminium alloy) and crack propagation in the 

adhesjye layer and (d) non-bending of the 'released' adherend (CFRP composite) and 
failure in adhesive and composite 

5.2.8 Comparison of Joint Designs 

Monotonically-loaded tests of the effect of surface treatments on various joint designs 

have been presented in the previous six sections. Table 5.8 summarises the failure loads, 

failure loci and joint efficiencies of the various joint designs and different surface 

treatments. It can be seen from Table 5.8, that the effect of surface treatment on the 

monotonically-loaded strength of adhesive joints affects the failure loci of the joints. 
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It can be seen that a difference in the monotonically-loaded strength of adhesive joints is 

only present when there is a distinct difference in the failure locus of the different surface 

treated joints (i.e. the scarf joint designs with a scarf tip thickness of 4, = 0.15mm and 

'L156' (T4) and 'L157' (T6) aluminium alloy adherends, see Table 5.8). 

Table 5.8: Summary of the failure loads, failure loci and joint efficiencies of the various 
joint designs employed in the present proiect tested under monotonicallv-ioaded test 

conditions for different surface treatments 

Joint Designs 

GBD GPS CAE 

Joint Designs P 
(kN) 

Failure 
locus 

C {%) 
P 

(kN) 
Failure 
locus (%) 

P 
(kN) 

Failure 
locus 

c (%) 

Scarf joint, = 0.4mm 
'LI 57' (T6) 

[Al-alloy/Al-alloy] 

18.15 
±0.57 Ad 

78.78 
±0.02 

18.?0 
± 0../ 0 A 

g l . i 6 
± O.o'' 

18.00 
±0.46 A 

78.13 
±0,02 

Scarf joint, 1 ,̂= 0.15mm 
'L157' (T6) 

[AI-alloy/Al-alloy] 

20.35 
±0.21 I 

88J2 
±0.01 

21.60 
±0.16 A 

93.75 
±0.01 

21.20 
±0.20 A 

92.01 
±0.01 

Scarf joint, 0.15mm 
'L156'(T4) 

[Al-alloy/Al-alloy] 

16.38 
±0.32 I 

77.56 
±0.01 

18.38 
±0.38 Ad 

87.03 
±0.01 

18.12 
±0.22 Ad 

85.80 
±0.01 

Overlap joint, 
'L157'(T6) 

[Al-alloy/Al-alloy] 

21.30 
±1.20 I/Ad 

92.45 
±0.05 

22.63 
±0.29 Ad 

98.22 
±0.01 

21.10 
±1.60 Ad 

91.58 
±0.07 

Single hybrid scarf joint, 
0.15mm 

'L156' (T4) 
[CFRP/ Al-alloy] 

15.20 
±0.10 

I 

71.97 
±0.01 16.60 

±0.30 
I 

78.60 
±0.01 -

-
-

Double hybrid scarf 
joint* 

/j,= 0.15mm 
'L157'(T6) 

[CFRP /Al-alloy] 

4618 
±0.54 

Ad/ 
CFRP 

/oo.i>£-
±0.01 

44.78 
±0.14 

Ad/ 
CFRP 

97.18 
±0.00 

44.69 
±0.01 

Ad/ 
CFRP 

96.98 
±0.00 

(Jmax = P/cross SGction area of adherend 
UTSw-aiioy = ultimate tensile strength of aluminium alloy adherend 
f = ohax / UTSAi-aiioy = joint efficiency 
P = Average failure load 
I = Interface failure 
Ad = adhesive failure (i.e. cohesive failure) 
A = adherend failure 
I/Ad = interface/adhesive failure 
Ad/CFRP = adhesive/CFRP failure 
* Double hybrid scarf joint design with CFRP composite adherend positioned at the outer surface of the 

joint, see Figure 5.8b. 

5.3 Constant amplitude dry' fatigue tests 

5.3.1 Introduction 

Results from the 'dry' fatigue coupon tests will be presented in the present section. The 

experimental procedure for this test was given in section 3.5.3.1. Two joint designs were 

used in this investigation, (a) aluminium alloy scarf joints with a scarf tip thickness of 4, 
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= 0.4mm and (b) aluminium alloy scarf joints with a scarf tip thickness of 4, = 0.15mm. 

The reason that only these two joint designs were tested in 'diy' fatigue will become 

apparent in the following sections, see section 5.3.2 and 5.3.3, where the majority of the 

joints from both types of joint designs were found to fail in the adherend. 

5.3.2 Scarf joint ff,, = 0.4mm) [AI-allov/AI-allovl 

Before concentrating on the optimized scarf joint design, as shown in Chapter Four, a few 

tests were carried out using the scarf joint design with a scarf tip thickness of&( = 0.4mm. 

This scarf joint model has been used previously in this project to investigate the effect of 

the scarf tip thickness (see section 4.5) and the effect of surface treatment on the static 

joint strength (see section 5.2.2). In this section, results from 'dry' fatigue tests using this 

joint design will be presented. Figure 5.9 compares the fatigue perfonnance of this joint 

design for different surface treatments. The fatigue threshold stress is approximately 90.6 

± 16.3MPa, and this represents 21% of the average static sti'ength of this joint design. 
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Figure 5.9: Comparison of the fatigue performance of aluminium alloy scarf joints 
with a scarf tip thickness of U, = 0.4mm for different surface treatments 

Note: 1. Arrow denotes specimens that did not fail 
2. All open triangles denote adhesive failure 
3. All filled circles denote adherend failure 

Most of the joints failed in the adherend and failure occurred just outside the 

effective bond length, see Figure 5.10. However, at higher applied loads, it was found that 
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some of the joints failed in the adhesive, see Figure 5.9. From the relatively high standard 

deviation in the static test results of this batch of tests, it can be concluded that the surface 

treatment on some of the joints was improperly undertaken. Nevertheless, no significant 

difference in the fatigue threshold was observed for the different surface treatments. 

Adherend failure 

Figure 5.10: Schematic diagram of the adherend failure locus observed in fatigue 
tests 

5.3.3 Scarf joint lUt = 0.15mm) rAI-allov/AI-allov1 

This joint design represents the optimized joint design as discussed in Chapter Four. Both 

'L156' (T4) and 'L157' (T6) aluminium alloy adherends were used in this design. 

However, the different temper grades of the aluminium alloy adherends do not 

significantly affect the fatigue performance of the joints as different temper grades only 

affect the post-yield behaviour of the aluminium alloy, see section 4.8. 

Figure 5.11 compares the fatigue perfonnance of this joint design for the three 

different surface treatments. It can be seen that there is no significant difference in the 

fatigue performance of these joints. This is because all the joints failed in the adherend 

and the failure locus of these joints was similar to that shown in Figure 5.10. It can be 

seen from Figure 5.11 that the fatigue threshold for this joint design is 103.5 ± 17.2MPa. 

Comparing the data shown in Figure 5.9 with Figure 5.11, it can be seen that the 

reduction of the scarf tip thickness from = 0.4mm to 4, = 0.15mm increased the fatigue 

threshold by approximately 14%. Interestingly, the increase in the static joint strength of 

these two joint designs was observed to be 18% (see section 4.5.5). 
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Figure 5.11: Comparison of the fatigue performance of aluminium alloy scarf joints 
with a scarf tip thickness of U, = 0.15mm for different surface treatments 

Note; 1. Arrow denotes specimens that did not fail 
2. All filled circles denote adherend failure 

5.3.4 Comparison of joint designs 

Aluminium alloy scarf joints with a scarf tip thickness of 4, - 0.4mm and 0.15mm were 

tested under 'dry' fatigue test conditions. Table 5.9 compares the fatigue threshold values 

and failure locus of these joints. 

Table 5.9: Summary of the fatigue thresholds and failure loci of the scarf joint designs 
with a scarf tip thickness of Ut = 0.4mm and 0.15mm tested in 'dry' fatigue conditions 

for different surface treatments 

Joint Designs 

GBD GPS CAE 

Joint Designs 
(MPa) 

Threshold 
failure locus 

Glhns 
(MPa) 

Thres hold 
failure locus (MPa) 

Threshold 
failure locus 

Scarf joint, /„ = 0.4mm 
[Al-alloy/Al-alloy] 

90,6 
± 16.3 A 

90.6 
± 1 6 . 3 A 

90.6 
± 1 6 . 3 A 

Scarf joint, /„= 0.15mm 
[Al-alloy/Al-alloy] 

103.5 
+ 17.2 A 

103.5 
± 1 7 . 2 A 

103.5 
± 17.2 A 

Qhres = Fatigue threshold (MPa) 
A = adherend failure 

*Note: (7,1, was calculated by taking the average of the lowest data point for the failed' specimens and the 
highest data point for the specimens that did not fail 
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5.4 Constant amplitude 'hot/wet' durability tests 

5.4.1 Introduction 

As mentioned in Chapter One, a main aim of the current project is to compare the 

durability of GPS surface treated aluminium alloy joints with GBD surface treated 

aluminium alloy joints. In this section, results from the cyclic fatigue 'hot/wet' tests will 

be presented. The experimental procedures for these tests were given in section 3.5.3.2. 

5.4.2 Scarf joint (Ut = 0.4mm) rAI-alloy/AI-allovl 

As for the monotonically-loaded tests (see section 5.2) and the 'dry' fatigue tests (see 

section 5.3), a few 'hot/wet' fatigue tests were carried out using scarf joints with a scarf 

tip thickness of = 0.4mm, before concentrating on the optimized scarf joint design (i.e. 

a scarf joint with a scarf tip thickness of tsi = 0.15mm). 

Figure 5.12 compares the durability of this scarf joint design using the GBD and 

GPS surface treatments. It can be seen that the fatigue threshold of the GBD surface 

treated joints is relatively low when compared to the GPS treated joints. The estimated 

fatigue threshold of the GBD surface treated joints is approximately 37.5 ± 12.5MPa. 

This corresponds to 10% of the average static strength of this joint design. The GPS 

surface treated joints failed in the adherend, similar to the failure locus shown in Figure 

5.10, and the fatigue threshold was 90.6 ± 16.3MPa, which corresponds to 24% of the 

average static strength for this joint design. The poorer performance of the former joint 

design was due to the GBD treated joints failing at the adhesive/adherend interface. It was 

observed that a crack grew from one end of the joint and propagated the entire length of 

the bond, towards the other end of the joint subsequently causing final fracture of the 

joint. 
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Figure 5.12: Comparison of the 'hot/wet' durability performance of aluminium alloy 
scarf joints with a scarf tip thickness of U, - 0.4mm for GBD and GPS surface 

treatments 

Note; 1. Arrow denotes specimens that did not fail 
2. All open squares denote interfacial failure 
3. All filled circles denote adherend failure 

In order to observe the effect of water on the fatigue perfonnance of these joints, 

the durability test results were compared with the 'dry' fatigue test results, see Figure 

5.13. It can be observed from this figure that the GPS surface tieated joints were not 

significantly affected by the presence of water. In fact, all the GPS surface treated joints 

(in 'dry' and 'hot/wet' conditions) failed in the adherend. However, it was observed that, 

in the presence of water, the GBD treated joints failed in the adhesive/adherend interface. 

On the other hand, in 'dry' fatigue conditions, the GBD surface treated joints failed in the 

adherend. The estimated reduction in the fatigue threshold for the GBD surface treated 

joints tested in the 'hot/wet' condition is about 40% of the fatigue threshold in the 'dry' 

test condition. The results clearly show, that in the presence of water, the GBD surface 

treated joints experience a reduction in performance. This is caused by the instability of 

the adhesive/adherend interface in the presence of water, see Table 2.5. 
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Figure 5.13: Comparison of the 'dry' and 'hot/wet' fatigue performance of aluminium 
alloy scarf joints with a scarf tip thickness of = 0.4mm for the GBD and GPS 

surface treatments 

Note: 1. Arrow denotes specimens that did not fail 
2. All open triangles denote adhesive failure 
3. All filled circles denote adherend failure 
4. All open squares denote interfacial failure 

5.4.3 Scarf joint (Ut = 0.15mm) rAI-alloy/AI-allovl 

Figure 5.14 compares the durability performance of aluminium alloy scarf joints with a 

scarf tip thickness of = 0.15mm. It can be seen that the fatigue performance of the GBD 

surface treated joints is significantly inferior when compared to the GPS treated joints. 

Furthermore, the GBD surface treated joints all failed at the adhesive/adherend interface, 

see Figure 5.15. On the other hand, the GPS surface treated joints failed in the adherend, 

similar to the failure locus shown in Figure 5.10, and has similar fatigue strength as those 

tested in the 'dry' test condition. This observation is similar to that found in the previous 

investigation of the aluminium alloy scarf joints but with a scarf tip thickness of = 

0.4mm. The estimated fatigue threshold of the GBD surface treated joints is 42.5 ± 

8.8MPa. This is a 12% increase in the fatigue threshold compared to the GBD treated 

aluminium alloy scarf joints with a scarf tip thickness of 4, = 0.4mm. Again, this increase 

in fatigue strength of the scarf joints with a scarf tip thickness of 4, = 0.15mm is similar to 

that observed in the 'dry' tests, see section 5.3.3. 

171 



150-

i 
1 0 0 -

"D 
O Q. 
Q. m 
E 
3 E 
% so-

lo 

• GBD 
• GPS 

• • 

• • • 

on 

10° 10" 
log number of cycles to failure, N, 

Figure 5.14: Comparison of the 'hot/wet' durability performance of aluminium alloy 
scarf joints with a scarf tip thickness of t^ = 0.15mm for GBD and GPS surface 

treatments 

Note: 1. Arrow denotes specimens that did not fail 
2. All open squares denote interfacial failure 
3, All filled circles denote adherend failure 

Figure 5.15: Typical fracture surface of GBD surface treated aluminium alloy scarf 
ioints tested in 'hot/wet' fatigue conditions 

The 'hot/wet' test results were compared with the 'dry' fatigue test results to 

quantify the effect of moisture on the fatigue performance of this scarf joint design, see 

Figure 5.16. It can be seen from this figure that the GBD surface treated joints tested in 

'hot/wet' test conditions have a lower fatigue threshold compared to the tests carried out 

in the 'dry' test condition. This reduction in fatigue threshold is estimated to be about 

40% of the fatigue threshold in the 'dry' test condition. Again, this is similar to the 

decrease in the fatigue threshold observed for the aluminium alloy scarf joints but with a 
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scarf tip thickness of tg, = 0.4mm. However, for the GPS treated joints, no significant 

reduction in the fatigue strength of these joints were observed for the 'diy' and 'hot/wet' 

test conditions. In fact, all the GPS treated joints tested in both the 'dry' and 'hot/wet' test 

conditions failed in the aluminium alloy adherend. 
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Figure 5.16: Comparison of the 'dry' and 'hot/wet' fatigue performance of aluminium 
alloy scarf joints with a scarf tip thickness of = 0.15mm for the GBD and GPS 

surface treatments 

Note; 1. Arrow denotes specimens that did not fail 
2. All open squares denote interfacial failure 
3. All filled circles denote adherend failure 

5.4.4 Overlap joint fAI-alloy/AI-allovl 

This joint design was initially used to compare with the scarf joint design (see section 

4.6). A few tests were also carried out to investigate the effect of surface treatment on the 

durability of this joint design. Figure 5.17 compares the durability of the aluminium alloy 

overlap joints for the GBD and GPS surface treatments. The figure also shows results 

from 'dry' fatigue tests. It can be seen that the GBD surface treated joints are inferior 

compared to the GPS surface treated joints. The GBD surface treated joints all failed at 

the adhesive/adherend interface, see Figure 5.18a. On the other hand, the GPS surface 

treated joints failed with a mixture of adhesive and interfacial failure, see Figure 5.18b. 

Interestingly, cracks initiated from both ends of the overlap region. This observation was 

also reported by Little [56]. At the same time as this project was being undertaken. 
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Underbill [82] produced experimental results that compared the durability of GBD and 

GPS surface treated overlap joints. He also showed that the GBD surface treated joints 

were inferior compared to the GPS surface treated joints. However, due to time 

restrictions, no further experiments were carried out using this joint design. 
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Figure 5.17: Comparison of the fatigue strength of GBD and GPS surface treated 
aluminium alloy overlap joints 
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Figure 5.18: Typical fracture surface of (a) GBD surface treated aluminium alloy overlap 
joints and (b) GPS surface treated aluminium alloy overlap joints tested in 'hot/wet' 

fatigue conditions 

5.4.5 Single hybrid scarf joint (Ut = 0.15mm) [AI-alloy/CFRPl 

The aluminium alloy/CFRP hybrid scarf joints were produced to investigate the 

effectiveness of bonding CFRP composite to aluminium alloy. Results from the 
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monotonically tests were given in section 5.2.6. It was obsei-ved that the coupon 

specimens were bowed after the curing of the adhesive. This is due to the difference in 

thermal expansion coefficients of the composite and the aluminium alloy adherends. 

Nevertheless, the joints were tested in 'hot/wet' fatigue conditions and the results are 

presented in Figure 5.19. 
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Figure 5.19: Comparison of the 'hot/wet' fatigue performance of aluminium 
aliov/CFRP hybrid scarf joints with a scarf tip thickness of = 0.15mm for the GBD 

and GPS surface treatments 
Note: 1. All open squares denote Interfacial failure 

2. All open triangles denote adhesive failure 
3. All filled circles denote adherend failure 

Figure 5.19 compares the durability of the GBD and GPS surface treated hybrid 

scarf joints. It should be noted that throughout this investigation, the composite adherends 

were surface treated using the GBD surface treatment. From Figure 5.19, it may be 

observed that the durability of the GBD surface treated joints is inferior compared to the 

GPS surface treated joints. In fact, the longest test carried out on a GBD surface treated 

joint was for 1.5 million cycles at a maximum applied stress of 16.7MPa. This applied 

stress is less than 50% of the estimated fatigue threshold for the aluminium alloy scarf 

joint model with a scarf tip thickness of 4-, = 0.15mm, see section 5.4.3. Thus, this clearly 

shows the effect of the thermal residual stress, arise from the curing of the adhesive at 

elevated temperatures, on the fatigue strength of the single hybrid joints and that this pre-
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stress in the joint may become significant at low applied loads (i.e. near the fatigue 

threshold). 

As observed in the above studies using aluminium alloy adherends, the GBD 

surface treated joints failed at the adhesive/aluminium alloy adherend interface, see 

Figure 5.20a. On the other hand, at low fatigue cycles, the GPS surface treated joints 

failed in the adhesive layer accompanied by some degree of composite failure, see Figure 

5.20b. At high fatigue cycles, it was observed that the GPS surface treated joints failed in 

the aluminium alloy adherend, as shown in Figure 5.10. 

It is interesting to note that the crack in the GBD surface treated joints initiated 

from the aluminium alloy scarf tip. This observation is in contrast to that observed from 

the monotonically-loaded tests where the crack in the joint was observed to initiate from 

the CFRP scarf tip end of the joint. The reason for this difference can be explained by the 

influence of moisture on the adhesive/aluminium alloy interface. In the monotonically-

loaded tests, the joints were not subjected to significant moisture attack. Hence, failure in 

the joint initiated from the CFRP scarf tip where it was shown that the adhesive in this 

region is subjected to relatively high stress, see Figure 5.5. On the other hand, in the 

'hot/wet' fatigue tests, the integrity of the GBD surface treated adhesive/aluminium alloy 

adherend interface was clearly adversely affected by the presence of water. This caused 

the crack to initiate from the aluminium alloy scarf tip. 

(a) (b) 

Figure 5.20: Fracture surface of (a) GBD and (b) GPS surface treated aluminium 
allov/CFRP hybrid scarf joints tested in 'hot/wet' fatigue conditions 
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Figure 5.21 compares the durabihty perfonnance of the aluminium alloy scarf 

joints with the aluminium alloy/CFRP hybrid scarf joints (i.e. both joint designs with a 

scarf tip thickness of = 0.15mm). It can be seen that the fatigue perfomiance of the 

GBD surface treated aluminium alloy/CFRP hybrid scarf joints is inferior compared to 

that of the GBD surface treated aluminium alloy scarf joints. On the other hand, the 

fatigue performance of the GPS surface treated joints appears to be unchanged. The 

reduction of the durability performance observed for the GBD surface treated hybrid 

joints can be attributed to the effect of residual thermal stresses in the joints. This will be 

discussed further in the next chapter where the effect of the residual thermal stresses in 

the hybrid joints is discussed. 
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Figure 5.21: Comparison of the 'hot/wet' fatigue performance of aluminium alloy 
scarf joints and aluminium allov/CFRP scarf joints with a scarf tip thickness of t̂ i = 

0.15mm for GBD and GPS surface treatments 

Note: 1. Arrow denotes specimens that did not fail 
2. All open triangles denote adhesive failure 
3. All filled circles denote adherend failure 
4. All open squares denote interfacial failure 

5.4.6 Double hybrid scarf joint (f,, = 0.15mm) [AI-aHov/CFRP] 

Double hybrid scarf joints were used in this project to bond aluminium alloy adherends to 

CFRP composite adherends. The use of this symmetrical joint design eliminates the 

problem of bowed joints as seen from the single aluminium alloy/CFRP hybrid joints. It 
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was shown in section 5.2.7 that this joint design failed in the adhesive accompanied by 

composite failure when tested in monotonically-loaded tests. 
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Figure 5.22: Durability performance of GBD and GPS surface treated double aluminium 
allov/CFRP hvbrid scarf joints with a scarf tip thickness of U, = 0.15mm 

Note: All filled circles denote adherend failure 

Figure 5.22 shows the durability peifomance of this joint design tested in 

'hot/wet' fatigue test conditions, h was observed that all the joints tested failed in the 

aluminium alloy adherend, outside the bonded region. This indicates that even in the 

presence of water, the effect of surface treatment is rendered insignificant by the presence 

of very high stress concenti'ations in the aluminium alloy adherend. The high stress 

concentrations at the terminus of the bonded region, similar to those seen in the single 

scarf joint designs in Chapter Four, is especially high in this double hybrid scarf joint 

design where the CFRP composite adherends were positioned at the outer surface of the 

bond. As mentioned in section 5.2.7, when loaded monotonically to failure, this 

arrangement caused the joints to fail in the adhesive accompanied by CFRP composite 

failure. In cycle fatigue test conditions, these stress concentrations apparently caused the 

aluminium alloy adherend to fail instead. The reason for this observation could be 

explained by the relatively low applied loads which thus do not allow the aluminium alloy 

adherend to yield and transfer much of the stresses into the bonded region and the CFRP 

composite adherends. It is noted that this observation is in contrast to all the results 

presented in the previous sections using unsymmetrical joint designs (see sections 5.4.2-
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5.4.5). Finite element analysis of the fatigue strength and failure loci of this joint design 

will be further discussed in section 6.4.2.3. 

5.4.7 Comparison of joint designs 

Fatigue tests in 'hot/wet' conditions were performed on a number of joint designs, see 

section 5.4.2 - 5.4.6). Generally, it was observed that adhesive joints surface treated with 

the GBD surface treatment show a lower fatigue threshold compared to adhesive joints 

surface treated with the GPS surface treatment. This trend was observed for five out of 

the six joint designs employed in the present study, where only the double hybrid scarf 

joints did not appear to be affected by the different surface treatments of the joints. Table 

5.10 summarises the fatigue threshold stress and failure locus of the various joint designs. 

Table 5.10: Summary of the fat igue thresholds and failure loci of the joint designs 

tested in 'hot/wet' fatigue condit ions for different surface t reatments 

( taken at a number of fatigue cycles. A/f = 1 million cycles^ 

Joint Des^ns 

GBD GPS 

Joint Des^ns ^hres 
(MPa) 

Threshold 
failure locus (MPa) 

Threshold 
failure locus 

Scarf joint, = 0.4mm [Al-alloy/Al-alloy] 37.5 ± 1 2 . 5 I 90.6 ± 1 6 . 3 A 

Scarf joint, 0.15mm[Al-alloy/Al-alloy] 42.5 ± 8 . 8 1 103.5 + 17.2 A 

Single hybrid scarf joint, 0.15mm 
[CFRP/Ai-alloy] 25* 1 80* A 

Double hybrid scarf joint, = 0,15mm 
[CFRP/Al-alloy] 108* A 108* A 

a-ihres = Fatigue threshold (MPa) 
A = Adherend failure 
I = Interfaclal failure 
* Values without standard deviation because of a lack of experimental data 

5.4.8 Back face' strain gauging results 

The fatigue results shown in the previous sections only considered the total life of the 

various adhesively-bonded joint designs. In this section, results of the 'back face' strain 

gauging technique are discussed. The 'back face' strain gauging technique has been 

discussed in section 3.5.3.3. This investigation was only carried out at the later stages of 

this project. Hence, the results presented here are incomplete. Nevertheless, the results 

indicate that the crack initiation period in the optimized scarf joint design is significant, 

especially in the low fatigue cycles region. 
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Figure 5.23 shows the typical strain gauge reading;from a fatigue test carried out 

in 'hot/wet' fatigue test conditions where the GBD surface treated joints were found to 

fail at the adhesive/adherend interface. Due to time constraints, only the aluminium alloy 

scarf joint design with a scarf tip thickness of 4, = 0.15mm was used in this investigation. 

From Figure 5.23, it can be seen that before a crack is initiated, the strain gauge reading is 

constant. As a crack initiates and grows in the joint, the strain reading deviates from the 

essentially constant value and increases until total failure of the joint. 
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Figure 5.23: Typical strain gauge reading plot for an aluminium alloy scarf joint model 
with a scarf tip thickness, U, = 0.15mm tested in 'hot/wet' fatigue conditions where 

failure was observed to be at the adhesive/adherend interface 

Figure 5.24 compares the crack initiation period with the total fatigue life for 

aluminium alloy scarf joints with a scarf tip thickness of = 0.15mm. It can be seen that 

as the apphed load is increased, the percentage of the crack initiation period over the total 

fatigue life of the joints increases. This is expected as, higher the applied load, the lower 

is the resistance of the joint to crack propagation. It is interesting to note that the 

percentage of the crack initiation period is significant when compared to the crack 

propagation period. The results here show that the percentage of the crack initiation 

period for joints that have a fatigue life of 7 - 50 thousand cycles is approximately 35 ± 

5%. This indicates that the prediction of the fatigue life-time using the modified Paris law 
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equation as discussed in section 2.7.3 would be conservative, as this method only predicts 

the crack propagation period of the joints. The prediction of the fatigue life-times of the 

scarf joint designs will be discussed in the next chapter. 
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Figure 5.24: Comparison of the crack initiation period with the total fatigue life of GBP 
surface treated aluminium alloy scarf joints with a scarf tip thickness of = 0.15mm 

tested in 'hot/wet' fatigue conditions 
Note: The percentage is given for the crack initiation period and the brackets relates the data for the crack 

initiation period with the corresponding total fatigue life data 

5.5 Chapter summary 

1. The effect of surface treatments on the static and fatigue strength of adhesively-

bonded joints was investigated. Aluminium alloy scarf joints and overlap joints, as 

well as CFRP/aluminium alloy hybrid single and double scarf joints, have been 

employed. 

2. From the monotonically-loaded tests, it was found that the failure locus and 

failure loads of the joints depend not only on the surface treatment employed but 

also on the joint design and the material behaviour of the adherends. For all the 

joint designs investigated, it was found that the static failure loads and failure loci 

of the joints using GPS and CAE surface treatments are essentially the same. The 

GPS and CAE surface treated joints failed either in the adhesive or in the 

1 8 1 



aluminium alloy adherend. In addition, it was found that failure in the aluminium 

alloy adherend and in the adhesive both yielded approximately the same failure 

loads. 

3. In the monotonically-loaded tests, the GBD surface treatment on aluminium alloy 

adherends can sometimes cause interfacial failure in the joint that results in a 

decrease in the joint strength (approximately 10% compared to the GPS and CAE 

surface treated joints). This was observed for three of the joint designs tested. 

They are (a) the aluminium alloy scarf joints with a scarf tip thickness of ts, -

0.15mm with aluminium alloy adherends 2014A 'LI57' (T6) and (b) 'LI56' (T4) 

and (c) the single CFRP/aluminium alloy hybrid scarf joints. On the other hand, 

the GBD surface treatment did not cause a significant difference to the joint 

strength or a change in the failure locus of (a) the aluminium alloy scarf joints 

with a scarf tip thickness of 4, = 0.4mm, (b) the aluminium alloy overlap joints 

and (c) the double CFRP/aluminium alloy hybrid scarf joints. From these results, 

it can be concluded that the GBD surface treatment causes a weak 

adhesive/adherend interface but this will only be apparent if the joint design and 

the adherend materials allow the interface to be subjected to relatively high 

stresses. 

4. The static failure loads of the various joints tested in this investigation are 

relatively high when compared to the ultimate tensile strength of the aluminium 

alloy adherends. The highest joint efficiency recorded was in the region of 93%. 

This was observed for three joint designs; (a) the scarf joint design with a scarf tip 

thickness of 4, = 0.15mm and 'LI57' (T6) aluminium alloy adherends, (b) the 

aluminium alloy overlap joint design and (c) the double CFRP/aluminium alloy 

hybrid scarf joint design. 

5. The single CFRP/aluminium alloy hybrid joints were found to be 'bowed' after 

curing of the adhesive. This is caused by the different thermal expansion 

coefficients of the CFRP and aluminium alloy adherends. The failure loads of 

these hybrid joints were found to be lower, by approximately 3kN, compared to 

the aluminium alloy joints with the same geometrical design parameters. 
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6. Fatigue tests carried out in 'dry' test conditions were only undertaken for the 

aluminium alloy scarf joints with a scarf tip thickness of 4, = 0.4mm and 4, -

0.15mm. It was found that the joints mainly failed in the adherend, just outside the 

effective bond length. This indicates that the different surface treatments do not 

play a dominant part in determining the fatigue strength of these joints when 

tested in the 'dry' environment. It was found that the fatigue threshold of these 

joints is approximately 21% of the static strength of the joints. 

7. Fatigue tests in 'hot/wet' test conditions were performed using all the different 

joint designs. For these tests, only the GBD and GPS surface treatments were 

used. It was found that the GBD treated joints often show a decrease in fatigue 

strength compared to the GPS treated joints. It was observed for four of the five 

joint designs tested that the GBD surface treatment caused the joints to fail at the 

adhesive/aluminium alloy adherend interface. Only for the double 

CFRP/aluminium alloy hybrid scarf joints did the different surface treatments 

show no effect on the durability of the joints. On the other hand, the GPS joints 

failed in the aluminium alloy adherend for all the various types of joint design. 

8. Interfacial failure was observed for the GBD surface treated joints tested in the 

'hot/wet' test conditions and this led to a significant reduction in the fatigue 

strength of these joints. It was found that the decrease in the fatigue threshold of 

the GBD treated joints tested in the 'hot/wet' test conditions was approximately 

40% compared to the fatigue threshold of the 'dry' fatigue tests. 

9. Residual thermal stress in the GBD treated single CFRP/aluminium alloy hybrid 

joints was clearly seen to affect the fatigue strength of the joints. However, this 

was not shown to significantly affect the fatigue strength of the GPS surface 

treated single hybrid joints. This is because the GPS surface treated joints failed in 

the aluminium alloy adherend. On the other hand, the GBD surface treated single 

hybrid joints failed at the adhesive/aluminium alloy interface. The longest test 

carried out on the GBD surface treated single hybrid joints lasted for 1.5 million 

cycles at a maximum applied stress of 16.5MPa. This is less than 50% of the 

observed fatigue threshold of the aluminium alloy scarf joints with the same 

geometrical parameters as the single hybrid joints. However, due to time 
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restrictions, no further tests were carried out to determine the fatigue threshold of 

this joint design. 

10. The double CFRP/aluminium alloy hybrid scarf joints were also tested in 

'hot/wet' fatigue conditions. However, it was found that, regardless of the surface 

treatment used for the aluminium alloy adherends, the joints failed at the 

aluminium alloy adherend. This is believed to be caused by the rigid CFRP 

composite adherend being positioned at the outer surface of the bond. This 

prevents crack initiation in the adhesive or at the adhesive/adherend interface. In 

addition, the alignment of the joint components of the double hybrid scarf joints 

proved to be difficult and any misalignment of the joint components could have 

caused the joints to be loaded in an unsymmetrical manner and hence caused the 

development of stress concentrations in the aluminium alloy adherend. 

11. Results from the 'back-face' strain gauging technique used for the aluminium 

alloy scarf joints with a scarf tip thickness of 4/ = 0.15mm indicated that the 

significance of the crack initiation period increases as the applied load is 

increased. It was also observed that for joints which failed between 7-50 thousand 

cycles, the percentage of the crack initiation period is about 35% of the total 

fatigue life of the joints. 
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C H A P T E R S 

PREDICTION OF THE FATIGUE LIFE-

TIME OF ADHESIVELY-BONDED JOINTS 

6.1 Introduction 

Adhesively-bonded joints in aerospace applications are often subjected to fatigue stresses. 

In the previous chapter, experimental results concerning the effects of surface treatments 

and joint design on the fatigue performance of adhesively-bonded joints have been 

presented. It was shown that different surface treatments and joint designs have a 

significant effect on the fatigue strength of the joints. Hence, it is important for design 

engineers to be able to predict the fatigue performance of various joint designs and 

adhesive systems. In the present chapter, predictions of the fatigue life-time of 

adhesively-bonded joints are discussed. It was shown in the previous chapter that 

adhesively-bonded joints could fail in the adhesive, at the adhesive/adherend interface or 

in the adherend. Hence, the prediction of the fatigue life-time of adhesively-bonded joints 

has to be able to consider these three different loci of failure, in order to predict 

accurately the behaviour of adhesively-bonded joints when subjected to fatigue 

conditions. The next two sections will discuss tlie metliods used to predict these three 

failure loci. This is followed by the results from the predictions of the fatigue life-times of 

the adhesively-bonded joints. 
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The first joint design to be included in this investigation is the aluminium alloy 

scarf joint with a scarf tip thickness of 4, = 0.4mm. This joint design was also used in the 

geometrical optimization process of the scarf joint design as discussed in Chapter Four, 

see Table 4.3. This is followed by the results for the optimized aluminium alloy scarf 

joint design (i.e. with a scarf tip thickness of 4, = 0.15mm, see Table 4.3). The final two 

joint designs used in this investigation are the single and double CFRP/aluminium alloy 

hybrid scarf joints. Both of these joint designs use the geometrical properties of the 

optimized aluminium alloy scarf joint design, see sections 5.2.6 and 5.2.7. The production 

of the CFRP adherend and the CFRP/aluminium alloy hybrid joints were described in 

Chapter Three, see Figure 3.6. Below is a summary of the four joint designs used in the 

present investigation: 

• Aluminium alloy single scarf joint with a scarf tip thickness of 4, = 

0.4mm (see Table 4.3) 

• Aluminium alloy single scarf joint with a scarf tip thickness of 4, = 

0.15mm (i.e. optimized scarf joint design, see Table 4.3) 

• CFRP/aluminium alloy single hybrid scarf joint design with a scarf tip 

thickness of 4, = 0.15mm (see section 5.2.6) 

• CFRP/aluminium alloy double hybrid scarf joint design with a scarf tip 

thickness of 4, = 0.15mm (see section 5.2.7) 

6.2 Prediction of adherend failure 

It was observed in the previous chapter that most of the GPS treated joints failed in the 

adherend. This failure locus is shown in Figure 5.10. The same failure locus was also 

observed for GBD surface treated joints tested in 'dry' conditions. The reason for this 

mode of failure is clearly due to a stress concentration occurring in the adherend at the 

overlap terminus. This stress concentration is caused by the presence of the scarf tip and 

the associated change in stiffness of the joint before and after the scarf tip. Finite element 

results showed that this stress concentration in the adherend is sufficiently high to cause 

adherend failure in the static tests, see section 4.5.5 and Figure 4.18. 

This stress concentration will also, of course, reduce the fatigue life-time of the 

aluminium alloy adherends. The stress concentration in the aluminium alloy adherend can 
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be calculated using finite element analysis, and the results for the foui* joint designs are 

given in Table 6.1. The fatigue strength, asc, of the aluminium alloy adherends may then 

be calculated by dividing the maximum appHed stress, asc=i, from plain specimens, e.g. 

round bar specimens, where the stress concentration, Sc, is equal to unity, as obtained 

from the literature [83], by the predicted stress concentration of the joint designs used in 

the present project, see equation 6.1. 

(6.1) 

The effect of this stress concentration on the fatigue strength of the aluminium alloy 

adherend is shown in Figure 6.1. This method of predicting the fatigue strength of the 

aluminium alloy adherends is based on the assumption that the fatigue strength of 

aluminium alloy varies linearly with the stress concentration factor. In addition, it is 

assumed that the surface finish of the coupon joint specimens is of relatively good quality 

and that the deleterious effect of the surface flaws from machining the joints on the 

fatigue strength is negligible. Furthermore, it was found that there was a significantly 

large scatter (e.g. a range of number of cycles to failure, Nf, oi 6 x 10̂  to 1000 x 10^ for 

an applied stress of approximately 200MPa) in the fatigue strength of plain (i.e. round bar 

specimens) aluminium alloy specimens {Sc - 1) [83]. All these observations suggest that 

the current method of predicting the fatigue strength of the aluminium alloy adherends 

would only serve as a first approximation to the true fatigue strength of the aluminium 

alloy adherends. 

The predicted stress concentration factor for the various joint designs used in the 

present investigation may also be used to indicate the fatigue performance of these joint 

designs. It can be seen from Table 6.1 that the aluminium alloy scarf joint with a scarf tip 

thickness of 4, = 0.4mm has a relatively high stress concentration factor compared to the 

other three joint designs. Consequently, this joint design would have a lower fatigue 

strength and fatigue threshold when compared to the other three joint designs, see Figure 

6.1. Conversely, the predicted stress concentration in the single hybrid scarf joint is 

relatively low compared to the other three joint designs. Hence, it can be seen from 

Figure 6.1, that this joint design would have the highest fatigue strength and fatigue 
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threshold among the four joint designs investigated here. However, these statements will 

only be true if the following two assumptions hold true: 

• All joints will invariably fail in the adherend. 

• The integrity of the adhesive and the bond interface does not play a role in the 

fatigue strength of the joints. 

Table 6.1: Predicted stress concentration in the aluminium alloy adherend for the 
various joint designs used in this proiect 
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Figure 6.1: Predicted fatigue strength of the aluminium alloy adherend for the 
various joint designs 
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6.3 Prediction of adhesive and interfacial failure 

6.3.1 Introduction 

It had been shown by previous researchers [54,56,63] that, by using fracture mechanics 

data obtained from fracture mechanics tests such as the tapered double cantilever beam 

(TDCB), the fatigue life-time of adhesively-bonded overlap joints using the same 

adhesive system can be predicted, see section 2.7.3. This method involves the use of the 

energy balance approach where the maximum strain energy release rate is related to the 

crack length and the applied load. 

6.3.2 Fracture mechanics approach to fatigue failure predictions 

As discussed in section 2.7.1, mode I fracture mechanics data of adhesively-bonded joints 

can be easily obtained using the tapered double cantilever beam (TDCB) joint geometry. 

Figure 6.2. The results are usually plotted in the form of a logarithmic graph of da/dN 

against the maximum strain energy release rate, G,„ax. It is interesting to note that the 

fracture mechanics data is of a sigmoidal form where the plot diverges at the lower and 

upper limit (see Figure 2.17). The upper limit is termed the fracture toughness, Gc- The 

fracture toughness, Gc, is the critical strain energy release rate of an adhesive system 

under essentially static loading conditions. At the lower limit of the graph, the curve 

attains a value called the threshold strain energy release rate, Gii,. The significance of this 

material parameter is that the propagation of fatigue cracks is not possible when the strain 

energy release rate of the system is below this value. Hence, the value of G,/, is a valuable 

parameter when designing aerospace structures against fatigue crack growth. 

The sigmoidal shape of the fracture mechanics data can be fitted using the 

modified Paris law, see equation 2.28. In order to predict the fatigue life-time of 

adhesively-bonded joints using fracture mechanics data, the term Gmax in the modified 

Paris law equation has to be related to the crack length, a and the maximum applied load 

per unit width, T âx of the joint geometry that is to be predicted. 
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Cyclic loading 

Figure 6.2: The tapered double cantilever beam (TDCB) joint geometry used to 
obtain fracture mechanics data of an adhesive system 

As noted above, the relationship between G,„ax, a and Tmax has to be calculated for 

the joint geometry whose fatigue perfonnance is to be predicted. This can be formulated 

using closed-form analytical solutions or the finite element approach (see section 2.7.3). 

In the present work, the finite element approach will be used to predict the relationship 

between the maximum strain energy release rate, Gmax, the crack length, a, and the 

applied load per unit width, T âx, for the four joint designs used, see section 6.1. This is 

canied out by calculating the J-integral for different crack lengths and applied loads. The 

fact that fatigue is a phenomenon that often appears when the joint is subjected to pre-

yield loads greatly simplifies this calculation, as linear elastic fracture mechanics theory 

(LEFM) can be used in the analysis. LEFM theory assumes that the J-integral is equal to 

the strain energy release rate, G. Hence, the relationship between Gmax, o and T„,ax can be 

obtained directly from finite element analysis. Obviously, finite element modelling of the 

required joint geometry has to be earned out and a crack is grown (quasi-statically) into 

the adhesive layer to simulate crack growth. Once, a set of the data of the crack length, a 

with the corresponding Gmax and Tmax is obtained, this relationship is then substituted into 

the modified Paris law equation and integrated with respect to a to obtain the number of 

cycles to failure, Nf. Thus, we have equation 6.2: 

1 -

N, = \ 

\>h 

G. 

Co 1 -
G., 

-da. (6.2) 

max y 

The integration limits, ao and «/ are the initial flaw size and the final crack length 

before the occurrence of unstable crack growth. Curley et. al [63] showed that the initial 
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flaw size, ao can be deduced by modifying the Griffith equation for a through-thickness 

crack in an infinitely-wide plate with a constant, %, such that: 

.(6.3) 

where % is the adhesive fracture stress. Eg is the adhesive modulus and Gc is the fracture 

toughness. However, Curley et. al [63] also showed that the exact value of the initial flaw 

size does not significantly affect the predicted fatigue lifetimes. This is because the 

relationship between Gmax, Tmax and a is often expressed by a third order polynomial form, 

where the coefficient of a reduces as the order of a increases. Furthermore, ao is 

invariably small compared to the independent constant in the polynomial equation. For 

example, equation 6.4 shows the relationship between Gn,ax, T,„ax and a for the aluminium 

alloy scarf joint design with a scarf tip thickness of - 0.4mm. (The derivation of this 

equation is discussed in detail later in section 6.3.5.) It can be seen that for any small 

values of ao, the ratio of GmcJTmcJ would be approximately equal to 2-10" .̂ 

= 3.7 10-' - a' -7.2-10-'fl- +8.6 10"" 0 + 2 .410 - 9 .(6.4) 

Fracture mechanics data of the adhesive systems used in the current project are 

shown in Figures 6.3 and 6.4. These data were obtained from Adams [4]. Clearly, it can 

be seen that the fracture mechanics data follows a sigmoidal form as mentioned above. In 

addition, it can be observed from Figure 6.3 that there is no significant difference between 

the GPS and CAE surface treatments. More significantly, Adams reported that the value 

of the threshold strain energy release rate, G,/„ for both of these treatments is the same [4]. 

On the other hand, it can be observed by comparing Figures 6.3 and 6.4 that the value of 

Gth for the GBD treated joints tested in 'hot/wet' conditions is significantly lower than for 

the GPS and CAE treated joints. Further, the value of G,h for the GBD treated joints 

tested in the 'hot/wet' condition is significantly lower than the value of G,/, observed from 

the 'dry' test conditions. Table 6.2 summarizes the value of the threshold strain energy 

release rates, Gth, and the fracture toughness, Gc, of the various adhesive systems. 

Table 6.2: The fracture toughness and threshold strain energy release rates of the 
various adhesive systems 141 

GBD GBD GPS GPS 
'dry' 'hot/wet' 'dry' 'hot/wet' 

Gc (J/m') 680 680 1465 1465 

Gth (J/m^) 85 13 250 100 
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Figure 6.3: Comparison of the fatigue data of GPS and CAE surface treated TDCB 
joints tested in 'dry' and 'hot/wet' conditions [41 
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Figure 6.4: Comparison of the fatigue data of GBD surface treated TDCB joints 
tested in 'dry' and 'hot/wet' conditions [41 

6.3.3 Curve fitting the fracture mechanics data 

6.3.3.1 Curve fitting method 

A linear regi'ession method was used to obtain two of the four curve fitting parameters of 

the modified Paris law. These are the y-axis intercept, CT, and the slope, n, of region 2 of 
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the fracture mechanics data, see Figure 2.17. The values of the other two curve fitting 

parameters, m; and «2, were obtained by visual inspection of the fit of the predicted cui"ve 

onto the available experimental data. The relevance of the fitting parameters will be 

discussed in more detail in section 6.3.4. The upper and lower limits of the prediction 

curve were determined by the values of the fracture toughness, Gc, and fatigue threshold, 

Gth, as given in Table 6.2. 

6.3.3.2 GBD surface treatment 

Fracture mechanics data for the GBD treated TDCB joints is shown in Figure 6.4. Cuive 

fitting of this data using the modified Paris law (equation 2.28) was carried out to 

determine the various fitting parameters for this adhesive system. Figures 6.5a and b 

show the curve fitting of the GBD system in 'dry' and 'hot/wet' conditions respectively. 

It can be seen that the experimental data of the 'dry' system follows the sigmoidal form. 

However, a lack of experimental data in the 'hot/wet' system makes the fitting of the data 

difficult. Nevertheless, the threshold strain energy release rate is clearly indicated in the 

plot. The values of the curve fitting parameters are summarized in Table 6.3. 

O Fatigue data [4] 

Curve fit 
O Fatigue data [4] 

Curve fit 

I I I ' I ' I ' I 

2 .0 2.2 2 .4 2 .6 2.8 3 .0 

log (J/m ) 'og (J/m ) 

(a) 

Figure 6.5: Curve fitting of the TDCB fatigue data obtained from [41 using equation 
2.3 for the (a) GBD 'dry' tests and (b) GBD 'hot/wet' tests 
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Table 6.3: Curve fitting data used to curve fit the experimental fracture mechanics 
data of the GBP system obtained from [41 

Fitting GBD GBD 
parameters 'dry' 'hot/wet' 

CT (m /̂N cycle) 3.13x10""' 7.36 X 10 " 

n 458 2.55 

NI 10 1 

NZ 10 1 

Gth (J/m )̂ 85 13 

GC (J/m )̂ 680 680 

6.3.3.3 GPS surface treatment 

Fracture mechanics data for the GPS treated TDCB joints is given in Figure 6.3. It was 

observed that the values of the threshold strain energy release rate in 'dry' and 'hot/wet' 

conditions are lOOJ/m^ and 250J/m^, respectively. Figure 6.6 shows the linear regression 

curve fit of this data using the modified Paris law (equation 2.28). It can be seen that both 

sets of data follow the sigmoidal form of the modified Paris law. Table 6.4 summarizes 

the values of the curve fitting parameters. 

O Fabgue data [4] o Fatigue data [4] 
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3.0 3.2 

Figure 6.6: Curve fitting of the TDCB fatigue data obtained from [41 using equation 
2.3 for the (a) GPS 'dry' tests and (b) GPS 'hot/wet' tests 
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Table 6.4: Curve fitting data used to curve fit the experimental fracture mechanics 
data of the GPS system obtained from f41 

Fitting GPS GPS 
parameters 'dry" 'hot/wet' 

Ct (m /̂N cycle) 4 .34x10* 1 . 3 0 x 1 0 ^ * 

n 5.95 4.19 

ni 10 10 

"2 10 10 

Gft (J/m )̂ 250 100 

Gc (J/m )̂ 1465 1465 

6.3.4 Relevance of the curve fitting parameters 

It can be seen that there is considerable scatter in the fracture mechanics data (see Figures 

6.3 and 6.4). This is especially true for the 'hot/wet' systems, where the influence of 

moisture on the fatigue crack propagation decreases as the crack growth rate increases. 

Hence, curve fitting of these sets of data will invariably be difficult. In the present 

section, the importance of the exact values of the curve fitting parameters to the predicted 

shape of the ama.̂ NfCwvQ will be discussed. 

There are four fitting parameters, i.e. CT, n, NJ and in equation 2.28. It is clear 

from equation 2.30 that the parameters CT and n are the axis intercept and slope for region 

2 of the fracture mechanics data according to the classical Paris law for crack 

propagation, see equation 2.29. In order to examine the relevance of these curve fitting 

parameters on the predicted shape of the Gmax-Nf curve, we may assume for convenience 

that Gmax is related to Tmax and a according to equation 6.4. Further, the curve fitting 

parameters given for the GBD treated joints tested in the 'hot/wet' environment will be 

used, see Table 6.3. 
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Figure 6.7: Effect of the Cr fitting parameter of the modified Paris law on (a) the 
curve fitting of the fracture mechanics data and (b) the predicted shape of the (Tma,-

Nf curve 

Figures 6.7a and b show the effect of the value of the Cr parameter on the cui-ve 

fitting of the fracture mechanics data and the predicted (Jmax-Nf curve respectively. From 

Figure 6.7a, it can be observed that by reducing the value of CT, the predicted sigmoidal 

curve translates downwards. Consequently, from Figure 6.7b, reducing the CT value 

translates the predicted (7max-Nf curve to the right. Conversely, increasing the CT value 

translates the predicted Omax-Nf curve to the left. However, it can be seen that the effect of 

increasing CT from the best fit value (i.e. 100% CT), using the linear regression method, 

on the predicted (Jmax-A'/'curve is relatively small compared to the effect of decreasing the 

value of CT from the best fit value. It may also be observed that changing the CT 

parameter does not rotate the curve. This is as expected, as the CT parameter is the 

intercept of the log da/dN axis and hence changing it leads to a horizontal translation of 

the predicted curve. 

The effect of the n fitting parameter is shown in Figure 6.8. It can be seen that 

changing the value of the n fitting parameter from 10% to 190% of the best fit value (i.e. 

that obtained using the linear regression method) significantly changes the shape of the 

curve fitting of the fracture mechanics data and also of the predicted a„u,x-Nf curve, see 

Figures 6.8a and b. The n fitting parameter is the slope of region 2 of the fracture 

mechanics data. Hence, changing the n value changes the slope of the curve fitting plot of 
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the fracture mechanics data. This has the effect of rotating the predicted Omax-Nf, cuwe, as 

well as translating it horizontally. 
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Figure 6.8: Effect of the n fitting parameter of the modified Paris law on (a) the curve 
fitting of the fracture mechanics data and (b) the predicted shape of the 

curve 

The effect of the NJ and fitting parameters on the predicted (JMNX-NF CMXVQ are 

shown in Figures 6.9 and 6.10, respectively. It can be seen tliat changes to these two 

parameters leads to a horizontal ti'anslation, as well as a rotation, of the predicted Omax-Nf 

curve. However, these effects are less significant compared to the effects from vaiying 

the CT and n fitting parameters. This is to be expected as the «/ and parameters are 

essentially the fitting parameters of the fracture mechanics data that determine the 

position where region 2 of the fracture mechanics data changes to region 1 and region 3 

respectively, see Figure 2.17. It can be observed that, if both ni and n2 parameters were to 

be changed by the same amount, the curve fit on the fracture mechanics data would only 

translate vertically. This will cause a horizontal ti'anslation of the predicted (Tmax-Nf curve 

as observed from changing the CT fitting parameter. Hence, in order to reduce the number 

of variables in the modified Paris law equation, the and fitting parameters are 

usually set to be equal in value. 
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Figure 6.10: Effect of the n, fitting parameter of the modified Paris law on (a) the 
curve fitting of the fracture mechanics data and (b) the predicted shape of the p-mav-

A/f curve 

From the above analyses, it can be concluded that the slope of region 2 of the 

fracture mechanics data, n, is the fitting parameter that most significantly affects the 

shape of the predicted Omax-Nf curve. It may also be noted that changing the curve fitting 

parameters does not affect the predicted fatigue threshold. It only affects the horizontal 

position and slope of the predicted a„u,x-Nf curve. In other words, this method of 

predicting the fatigue life-time of adhesively-bonded joints can actually be used to predict 

relatively accurately the fatigue threshold stress. This is of considerable importance, since 
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the fatigue threshold stress is especially relevant to design engineers as real-life structures 

may be designed to be always loaded below this stress level. 

6.3.5 Relationship between a and for different joint designs 

6.3.5.1 Introduction 

As commented earlier, the fatigue life associated with adhesive and adhesive/adherend 

interfacial failure for adhesively-bonded coupon specimens can be predicted by obtaining 

the relationship between Gmax, Tmax and a. This relationship may then be substituted into 

the modified Paris law (equation 6.2) and integrated to obtain the number of cycles to 

failure, Nf. In this section, results from the finite element modelling of the various scarf 

joint designs are given. 

6.3.5.2 Finite element models to calculate Gmax 

The finite element models are based upon 2-dimensional models and assume plane stî ain 

characteristics. The adhesive and adherends were modelled using linear elastic material 

properties. The material properties of the adhesive and the adherends are given in Tables 

3.1 and 3.2 respectively. In the modelling procedure, a crack is grown quasi-statically into 

the joint according to the expected failure locus of a particular adhesive system. For 

example, the GBD adhesive system in 'hot/wet' conditions will require the crack to be 

grown along the adhesive/adherend interface. The J-integral (equivalent to Gmax, 

according to LEFM assumptions) is calculated implicitly using the finite element 

package, ABAQUS. This is then related to the applied load per unit width, Tmax, and the 

crack length, a. 

6.3.5.2 AI-alloy/AI-alloy single scarf joint designs 

Figure 6.11 shows the graph of Gmax plotted against TmaJ for different crack lengths. It 

can be seen that for any crack length, a, Gmax varies linearly with TmaJ- This would be 

expected for a linear elastic system, see equations 6.5-6.9. It may also be observed that by 

increasing the crack length, a, the ratio of GmaJTma^ increases. 
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Figure 6.11: Typical relationship between fmavand a for an adhesive system 
assuming linear elastic material properties 

From Figure 6.11 it can be seen that by plotting the ratio of GmaxlTmax for a set of 

crack lengths, a single relationship for these three parameters can be obtained. This is 

shown in Figure 6.12 for the scarf joint design with a scarf tip thickness of 4, = 0.4mm. It 

can be seen that the data can be readily fitted using a third order polynomial regression 

method. The relationships between GmiJTmax and a for interfacial and adhesive 

(cohesive) crack growth in the scarf joint design with a scarf tip thickness of = 0.4mm 

are given in equations 6.5a and b respectively. As mentioned in section 6.3.2, the y-axis 

intercept of the curves is significant to the determination of the fatigue threshold. 

% ^ = 3.7-10-' 
T 

max 

-7.210-^6;^ +8.6 10'^ u + 2.4.10- .(6.5a) 

TL 
= 8 . 9 . 1 + 7.8 10-^ + 4.9.10"" o + 3.7 1 .(6.5A) 
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Figure 6.12: The predicted relationship between 7^.^ and a for interfacial and 
adhesive (cohesive) crack growth in the scarf joint design with a scarf tip thickness 

of t̂ , - 0.4mm 

Similarly, the relationship between Gmax, and a was obtained for the scarf 

joint design with a scarf tip thickness of /« = 0.15mm, see Figure 6.13. Again, this 

relationship can be easily fitted using a third order polynomial regression method. By 

comparing Figures 6.12 and 6.13, it can be observed that the y-axis intercept for the scarf 

joint design with a scarf tip thickness of = 0.15mm is relatively low when compared to 

that of the scarf joint design with a scarf tip thickness of 4-, = 0.4mm. This indicates that 

the scarf joint design with a scarf tip thickness of 4, = 0.15mm would have the higher 

fatigue threshold. The relationships between GmaJTmcJ and a for interfacial and adhesive 

(cohesive) crack growth in the scarf joint design with a scarf tip thickness of = 0.15mm 

are given in equations 6.6a and b, respectively. 

^ = 2.2-10"' •a'' +7.1 l O ' ^ a - +2.0-10"' a + l . O 1 0 
-9 

T max 

.(6.6a) 

& = 6 . 7 1 0 - ^ . a ' + 3 . 3 l O - ^ a ^ + 2 . 4 1 0 " o + l . O l O .{6.6b) 
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Figure 6.13: The predicted relationship between and a for interfacial and 
adhesive (cohesive) crack growth in the scarf joint design with a scarf tip thickness 

of U, = 0.15mm 

6.3.5.3 Single CFRP/AI-alloy hybrid scarf joint design 

As discussed in section 5.4.5, aluminium alloy/CFRP hybrid scarf joints were tested to 

investigate the viability of repairing aluminium alloy structures with CFRP composite 

materials. It was found that, for unsymmetrical joint designs, the joint came out bowed 

after the curing of the adhesive. This is due to the different thermal expansion coefficients 

of the aluminium alloy and the CFRP composite, see section 5.2.6. It was also found that 

by testing these hybrid joints in 'hot/wet' fatigue conditions, the fatigue threshold of the 

GBD surface treated joints was lower than that of the GBD surface treated aluminium 

alloy joints, see section 5.4.5. In order to predict the fatigue life-time of these joints, the 

effect of residual thermal stresses on the fatigue perfonnance of these joints has to be 

taken into account. This can be carried out by predicting the residual thermal stresses in 

the adhesive. 

A heat transfer finite element analysis was carried out to predict the stress state 

induced in the adhesive from curing of the adhesive at an elevated temperature. A 

temperature drop of 100°C was used to simulate the change in temperature of the curing 

of the adhesive (i.e. 120° to 20°). The highest stresses in the adhesive at the two overlap 

termini were found to be 30MPa and 22MPa respectively, where the higher stress was 
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found to be at the CFRP scarf tip end of the joint. These stresses act as pre-stresses in the 

joints and the total stress in the joint can be calculated as: 

^/olcil ^applied ^Ihenmil' (6.7) 

where Oappiied is the applied stress from the fatigue test and Othemmi is the residual thennal 

stress which arises from the curing of the adhesive. 
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Figure 6.14: Stress contour plot in the adhesive subjected to a temperature drop of 
/ir=100°C. 

As mentioned in section 5.4.5, the GBD treated joints failed at the 

adhesive/aluminium alloy interface, with the crack initiating from the aluminium alloy 

scarf tip. On the other hand, the GPS treated joints failed in the adhesive layer 

accompanied by composite failure, with the crack initiating from the CFRP scarf tip, see 

Figure 5.20. Hence, two separate analyses had to be carried out to model these two failure 

loci. Figure 6.15 shows the predicted relationship between Gmax, T„ax and a for these two 

failure loci. It can be seen that the y-axis intercept for the adhesive failure loci is 

relatively low compared to that for the interfacial failure. This is in contrast to the 

previous analysis of the aluminium alloy scarf joints. The reason for this is because the 

adhesive at the CFRP scarf tip end of the joint is at a higher stress state compared to that 

at the aluminium alloy scarf tip end (see Figure 6.14). The relationships between 

Tmax and a for these hybrid joints are also different compared to the aluminium alloy 

joints. This is because, the different adherends in the hybrid joints react differently when 

a crack is present in the adhesive (or at the adhesive/adherend interface). The CFRP 
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adherend is incapable of plastic deformation, and hence will not peel open as much as an 

aluminium alloy adherend. As a result, the calculated J-integral will be higher, as the 

energy required to propagate the crack would be higher. Again, the relationship between 

Gmax, Tmax and a can be fitted using a third order polynomial regression method. The 

relationships between Gmax/TmcJ and a for interfacial and adhesive (cohesive) crack 

growth in the hybrid scarf joints are given in equations 6.8a and b, respectively. 
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Figure 6.15: The predicted relationship between 7"̂ .̂  and a for interfacial and 
adhesive (cohesive) crack growth in the single CFRP/AI-allov hybrid scarf joint 

design with a scarf tip thickness of L, = 0.15mm 

G. 
^ - - 5 . 8 3 10-^ .6,^+5.75 IQ-"a" 

T 
^ max 

2.86 10"" 0 + 3.3610- .(6.8a) 

^ = 5 . 4 2 . 1 0 - ' * . a V L 6 8 1 0 - ^ 6 , ^ + 2 . 3 l O " ' 0 + 1 . 4 9 . 1 0 " ^ .(6.8A) 

6.3.5.4 Double CFRP/AI-alloy hybrid scarf joint design 

Double CFRP/aluminium alloy hybrid scarf joints were also tested in 'hot/wet' fatigue 

conditions. The experimental results were given in section 5.4.6. The relationship 

between G^ax, T„ax and a for this joint design was obtained to predict interfacial and 
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adhesive (cohesive) failure. Although these joints were observed to fail in the aluminium 

alloy adherend, it is interesting to see whether the predicted fatigue loads for adhesive and 

interfacial failure would be higher than that for failure in the aluminium alloy adherend. 

The same procedure, as detailed above, was used to obtain the relationship between G,„av, 

T,„ax and a for the double hybrid scarf joint design. The results are shown in Figure 6.16. 

The relationships between GmaJTmm and a for interfacial and adhesive (cohesive) crack 

growth in the double hybrid scarf joints are given in equations 6.9a and b, respectively. 
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Figure 6.16: The predicted relationship between and a for interfacial and 
adhesive (cohesive) crack growth in the double CFRP/AI-allov hybrid scarf joint 

design with a scarf tip thickness of = 0.15mm 

G„ 
= 1 . 2 3 1 0 " ^ - 2 . 1 7 + 4 . 2 8 I Q - - a + 1 . 3 5 1 0 

- 1 0 .(6.9a) 

= 7 . 9 2 - 1 0 " ^ 0 ^ - 7 . 8 2 - 1 0 " ^ 6/^ + 3 . 0 8 1 0 " * a + 1 . 4 5 1 0 " ' ° . . ( 6 . 9 A ) 

6.3.5.5 Summary 

The relationships between GmaJTmax and a for interfacial and adhesive (cohesive) failure 

of the four joint designs have been discussed above. It can be seen that these relationships 

may be readily fitted using a third order polynomial regression method. For the two 
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aluminium alloy joint designs (section 6.3.5.2), the y-axis intercept of the predicted 

relationship between GmcJTmm and a for adhesive (cohesive) failure is relatively high 

compared to . that for interfacial failure. This implies a relatively higher fatigue 

threshold for joints that failed along the adhesive when compared to joints that failed in 

the interface. The reverse is true for the single hybrid scarf joint design where the y-axis 

intercept of the predicted relationship between GmJTmJ and a for adhesive (cohesive) 

failure is relatively low compared to that for interfacial failure. The predicted 

relationships between GmaJTmax and a for adhesive (cohesive) failure and interfacial 

failure of the double hybrid scarf joint design are very close to each other, implying a 

similar fatigue performance for the two failure loci. 

6.4 Fatigue life-time prediction 

6.4.1 Introduction 

The fatigue life-time predictions for the various joint designs and adhesive systems will 

be discussed in this section. The prediction methods, for adherend, adhesive and 

interfacial failure loci, have been discussed in sections 6.2 and 6.3. Discussion of the 

fatigue life-time predictions will be given in section 6.4.3, after the presentation of the 

results. 

In the previous section, the strain energy release rate, Gmor, was related to the 

maximum applied load per unit width, Tmm- However, in the following subsections, the 

fatigue life-time predictions will be presented with the maximum applied stress, Omax, 

instead of Tmax- The maximum applied stress, Omax, is obtained by dividing the maximum 

applied load per unit width, Tmax, by the width of the specimen. There are two reasons for 

doing this. Firstly, the maximum applied stress, ffmca, can be readily compared with the 

predictions for adherend failure. Secondly, the use of the maximum applied stress to 

indicate the fatigue strength of the joints can be readily compared with the static strength 

of the joints, as presented in Chapter Five. 
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6.4.2 Fatigue life-time predictions 

6.4.2.1 Al-alloy scarf joints = 0.4mm] 

The fatigue life-time predictions of the aluminium alloy scarf joint design with a scarf tip 

thickness of 4; = 0.4mm, tested in 'dry' fatigue conditions are shown in Figure 6.17. As 

may be seen, the joints would be predicted to tend to fracture via failure in the adherend, 

or possibly in the case of the GBD pretreated joints, via failure along the interface. From 

the experimental studies, it was observed that failure mainly occurred in the adherend. 

However, the predicted values of Gmax were only in good agreement with the experimental 

measured values at relatively high A//-values, i.e. around the threshold region. 

Figure 6.18 shows the predicted fatigue strength of the aluminium alloy scarf 

joints with a scarf tip thickness of tst - 0.4mm tested in 'hot/wet' fatigue conditions. The 

GPS treated joints were predicted to fail in the aluminium alloy adherend. On the other 

hand, the GBD treated joints were predicted to fail at the adhesive/adherend interface. It 

can be seen that the prediction of the failure loci of the joints are again accurate. 

As noted above, it can be seen from both Figures 6.17 and 6.18 that the fatigue 

life-time predictions for relatively low numbers of fatigue cycles to failure are not very 

accurate. There are several possible explanations. Firstly, the fatigue life-time predictions 

do not take into account any crack initiation period. It was shown in section 5.4.8 that the 

time spent on crack initiation increases as the applied load increases. The reverse is true 

for the crack propagation period. Secondly, it was shown in section 6.3.4 that the values 

selected for the curve fitting parameters, Cj-, «, «/ and significantly affects the shape of 

the predicted Omax-̂ f curve. Furthermore, there is considerable scatter, especially in 

region 2, in the fracture mechanics data, see Figures 6.5 and 6.6. This is particularly true 

for the prediction of interfacial failure for the GBD treated joints tested in 'hot/wet' 

conditions, where the lack of experimental data for this adhesive system for region 2 of 

the fracture mechanics curve (see Figure 6.5b) makes it difficult to determine accurately 

the curve fitting parameters. Nevertheless, from Figures 6.17 and 6.18, the prediction for 

the fatigue threshold appears to accurately predict the experimental fatigue threshold. 
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6.4.2.2 Al-alloy scarf joints = 0.15mm] 

Figure 6.19 shows tire prediction of the fatigue strength of the aluminium alloy scarf 

joints with a scarf tip thickness of 4, = 0.15mm tested in 'diy' fatigue conditions. Based 

on these predictions, both the GBD and GPS treated joints will always tend to fail in the 

aluminium alloy adherend. (Although, as noted above, the predicted fatigue threshold for 

interfacial failure in the GBD surface treated joints is very close to the prediction for 

adherend failure.) Indeed, these joints when tested in the 'dry' environment did always 

fracture via failure of the adherend and the threshold values of a„,ax are predicted 

reasonably accurately. 

350-

(U GL 300-
s 

b' 250-
(/} 
(/) 

2 
200-

"O 0) 
"Q. 150-a. 150-
TO 
E -

=5 E 100-
X TO s 

50-

• GBD experimental data 
• GPS experimental data 
• CAE experimental data 

Predicted interfacial failure (GBD) 
Predicted adhesive failure (GPS) 
Predicted adtierend failure 

Pred. adiierend 
failure • red. adhesive 

failure 

Pred. int. failure 

10' 10° 10" 

log number of cycles to failure, N, 
10' 

Figure 6.19: Prediction of the fatigue performance of aluminium alloy scarf joints 
with a scarf tip thickness of L, = 0.15mm tested in 'dry' fatigue conditions for 

different surface treatments 

Note: 1. Arrow denotes specimens that did not fail 
2. All filled circles denote adherend failure 

Figure 6.20 shows the prediction for the aluminium alloy scarf joints with a scarf 

tip thickness of 4/ = 0.15mm tested in 'hot/wet' fatigue conditions. The figure shows that 

the GPS treated joints are predicted to fail in the aluminium alloy adherend. On the other 

hand, the GBD treated joints are predicted to fail at the adhesive/adherend interface. It 

should also be noted that the predicted fatigue threshold for the GBD treated joints 

compares well with the experimental results. However, the predicted fatigue strength of 

the GBD treated joints for low number of fatigue cycles appears to be relatively low 
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compared to the experimental results. This was also obsewed in the fatigue prediction of 

the aluminium alloy scarf joints with a scarf tip thickness of 4, = 0.4mm tested in 

'hot/wet' fatigue conditions (see Figure 6.18). This obsei-vation will be further discussed 

in section 6.4.3 where possible reasons to explain this observation are discussed. 
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Figure 6.20: Prediction of the 'hot/wet' durability of aluminium alloy scarf joints with 
a scarf tip thickness of t̂ , = 0.15mm for GBP and GPS surface treatments 

Note: 1. Arrow denotes specimens that did not fail 
2. All open squares denote interfacial failure 
3. All filled circles denote adherend failure 

6.4.2.3 CFRP/AI-alloy single hybrid scarf joints [fg, = 0.15mm] 

The predictions of the fatigue strength and failure locus of the CFRP/aluminium alloy 

single hybrid scarf joints are given in Figure 6.21. The effect of the residual thermal stress 

was also included in this analysis (see section 6.3.5.3). It can be seen that the predictions 

again indicate that the GPS surface treated joints will fail in the aluminium alloy 

adherend. On the other hand, the GBD surface treated joints will fail at the 

adhesive/adherend interface. As for the previous investigations, the predicted fatigue 

strength of the GBD surface treated joints for low number of fatigue cycles appears to be 

relatively low compared to the experimental results. Further discussions on the possible 

reasons for this observation are given in section 6.4.3. 
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Figure 6.21: Prediction of the 'hot/wet' durability performance of CFRP/aluminium 
alloy single scarf joints with GBP and GPS surface treated aluminium alloy 

adherends 
Note: 1. All open squares denote aluminium alloy/adhesive interfacial failure 

2. All filled circles denote aluminium alloy adherend failure 
3. All open triangles denote adhesive failure 

6.4.2.3 CFRP/AI-alloy double hybrid scarf joints [fg, = 0.15mm] 

Figure 6.22 shows the prediction of the fatigue strength for the CFRP/aluminium alloy 

double scarf joint design. The predictions indicate that the joints would always tend to fail 

in the aluminium alloy adherend. This compares well with the experimental results where 

all the joints were found to fail in the aluminium alloy adherend. The reason for this 

failure locus has been discussed in section 5.4.6. 
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6.4.3 Discussion 

The fatigue life-time of aluminium alloy single scarf joint designs, CFRP/aluminium 

alloy single and double hybrid scarf joint designs were predicted for three kinds of failure 

loci. Namely, aluminium alloy/adhesive interfacial failure, adhesive (cohesive) failure 

and aluminium alloy adherend failure. It was found that the prediction methods were 

capable of predicting the failure locus of the joints. In addition, the fatigue threshold of 

the four joint designs was also predicted. Table 6.5 summarizes the failure loci and 

fatigue threshold of the four joint designs. 
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Table 6.5: Compar ison of the predicted fat igue threshold and failure locus with the 

experimental results 

Joint 
designs 

Surface 
treatment 

Test 
condition 

Experimental 
failure locus 
at 10® cycles 

Predicted 
Failure locus 

at 10® 
cycles 

Experimental 
fatigue 

threshold at 
10® cycles 

(MPa) 

Predicted 
fatigue 

threshold at 
10® cycles 

(MPa) 

Al-alloy / Al-alloy 
scarf joint, 
tst - 0.4mm 

GBD dry Al-alloy 
adherend 

Al-alloy 
adherend 

90.6 ± 16.3 90 Al-alloy / Al-alloy 
scarf joint, 
tst - 0.4mm 

GPS dry Al-alloy 
adherend 

Al-alloy 
adherend 

90.6 ± 16.3 90 

Al-alloy / Al-alloy 
scarf joint, 
tst - 0.4mm 

GBD 'hot/wet' interfacial interfacial 37.5 ± 12.5 37 

Al-alloy / Al-alloy 
scarf joint, 
tst - 0.4mm 

GPS 'hot/wet' Al-alloy 
adherend 

Al-alloy 
adherend 

90.6 ± 16,3 90 

Al-alloy / Al-alloy 
scarf joint, 

tst - 0.15mm 

GBD dry Al-alloy 
adherend 

Al-alloy 
ad herend 

103.5 ± 17.5 118 Al-alloy / Al-alloy 
scarf joint, 

tst - 0.15mm 
GPS dry Al-alloy 

adherend 
Al-alloy 

adherend 
103.5 ± 17.5 118 

Al-alloy / Al-alloy 
scarf joint, 

tst - 0.15mm 

GBD 'hot/wet' interfacial interfacial 42.5 ±8 .8 46 

Al-alloy / Al-alloy 
scarf joint, 

tst - 0.15mm 

GPS 'hot/wet' Al-alloy 
adherend 

Al-alloy 
ad herend 

103.5 ± 17.5 118 

CFRP / Al-alloy 
single hybrid 
scarf joint, 

tst = 0.15mm 

GBD 'hot/wet' Al-alloy 
interi'ace 

Al-alloy 
interface 

25* 29 CFRP / Al-alloy 
single hybrid 
scarf joint, 

tst = 0.15mm GPS 'hot/wet' Al-alloy 
adherend 

Al-alloy 
ad herend 

80* 145 

CFRP / Al-alloy 
double hybrid 

scarf joint, 
tst= 0.15mm 

GBD 'hot/wet' Al-alloy 
adherend 

Al-alloy 
ad herend 

108* 124 CFRP / Al-alloy 
double hybrid 

scarf joint, 
tst= 0.15mm GPS 'hot/wet' Al-alloy 

adherend 
Al-alloy 

adherend 
108* 124 

Note: * Values given without a standard deviation because of lack of experimental data 

One of the main problems observed from the predictions of the fatigue life-time of 

adhesively-bonded joints is the prediction of the fatigue strength at relatively low number 

of fatigue cycles, Nf, i.e. at relatively high values of the maximum applied stress, Omax, in 

the fatigue tests. In particular, the predictions for interfacial failure of the GBD treated 

joints appeared to be poor at low values of Nf. This observation was recorded for all the 

joint designs tested in the current project. Considering Figure 6.5b, there is a lack of the 

experimental fracture mechanics data for the GBD treated TDCB joints tested in 'hot/wet' 

conditions. It has been discussed in section 6.2 that the curve fitting parameters, CT and n 

for region 2 of the fracture mechanics data significantly affect the shape and horizontal 

location of the predicted Omca-Nf curve. Nevertheless, the predictions shown in section 
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6.4.2 indicate that the predicted fatigue threshold invariably compares well with the 

experimental results. This is because the predicted fatigue threshold is independent of the 

curve fitting parameters, CT, n, M and In fact, the predicted fatigue threshold is only 

related to the threshold strain energy release rate, Gth and the initial flaw size, ao, via the 

relationship between Gmax, a and Tm(D:- However, it has been shown in section 6.1 that ao 

is invariably small and that the relationship between G„uvc, a and Tmax indicates that the 

influence of ao on the fatigue threshold would be small. Hence, assuming that ao 0, the 

fatigue threshold will solely depend on the threshold strain energy release rate. The 

fatigue threshold of a particular adhesive system and joint design can hence be carried out 

without using the modified Paris law. Thus, we now have: 

'-'th 
0 

.(6.10) 

where a,h is the fatigue threshold value of a^ax, w is the specimen width, G,i, is the 

threshold strain energy release rate and 0 is the constant of the Gmax, Tmax and a 

relationship when a = 0. Table 6.6 shows the predictions of the fatigue thresholds of the 

two adhesive systerrTand joint designs based on equation 6.10 where poor predictions of 

interfacial failure was observed in the above investigations, see sections 6.4.2.1 and 

6 . 4 . 2 . 2 . 

Table 6.6: Predictions of the 'hot/wet' fatigue thresholds of the GBP surface treated 
aluminium alloy scarf ioints using equation 6.10 

Joint design 
Environmental 

condition/ 
failure locus 

Surface 
treatment 

Predicted fatigue 
threshold based 
on equation 6.10 

(MPa) 

Experimental 
fatigue 

threshold 
(MPa) 

Al-alloy scarf joint with 
scarf tip thickness, 

fs/ = 0.4mm 

'hot/wet'/ 
interface 

GBD 36 37.5 ±12.5 

Al-alloy scarf joint with 
scarf tip thicl^ness, 

tst = 0.15mm 

'hot/wetV 
interface 

GBD 56 42.5 ±8 .8 

Finally, the discrepancy of the predicted fatigue strength at low fatigue cycles may 

possibly be explained by the increasing significance of the crack initiation period to the 

total fatigue life of the joints as the fatigue load is increased. The prediction method used 

to predict adhesive or interfacial failure only considers the crack propagation period. 
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However, it was shown in section 5.4.7 that the significance of the crack initiation period 

increases as the apphed fatigue load is increased. In addition, it was found that for the 

aluminium alloy scarf joints, with a scarf tip thickness of tst = 0.15mm, the percentage of 

the crack initiation period of the total fatigue life of the joints in the regime of 7-50 

thousand fatigue hfe cycles is in the region of 35%. Nevertheless, although this will move 

the predicted curve towards the right of the graph, it can be surmised that the predictions 

will still be relatively conservative compared to the experimental results. 

6.5 Chapter summary 

1. Methods for predicting of the cyclic fatigue strength of the scarf joint designs used 

in the present project have been given. It was found that the predicted failure loci 

of the various joint designs tested in the 'dry' and 'hot/wet' environment were in 

good agreement with the experimental observations. 

2. The predictions for interfacial failure using the modified Paris law equation for the 

GBD surface treated joints tested in 'hot/wet' fatigue conditions were in relatively 

poor agreement with the experimental results at low numbers of fatigue cycles to 

failure, Nf. However, the predicted fatigue threshold values of the maximum 

applied fatigue stress, (j,/„ were in good agreement with the experimental results. 

3. The fatigue strength predictions were also able to show that the GPS surface 

treated joints will never fail cohesively in the adhesive even in the presence of 

water. In addition, from experimental observations, the GPS surface treated joints 

never fail at the adherend/adhesive interface even in the presence of water. This is 

in good agreement from previous work by Adams where fatigue tests of GPS 

surface treated TDCB joints also showed no signs of interfacial failure [4]. 

4. The effect of residual thermal stresses on the fatigue performance of the hybrid 

joints was predicted and it was demonstrated that they reduced the fatigue strength 

of the GBD treated single hybrid joints. However, this effect did not significantly 

affect the fatigue performance of the GPS surface treated joints. This is due to the 
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relatively high fatigue strength of these joints compared to the values of the 

residual thermal stresses. 

5. It was also shown that the predictions of the fatigue threshold stresses, <7,h, could 

be undertaken without using the modified Paris law. This is noteworthy, since it is 

suggested from the present results that predicting the fatigue threshold. Of/,, would 

be the preferable route for design engineers to follow. 
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C H A P T E R 7 

REPAIRED ALUMINIUM ALLOY PANELS 

7.1 Introduction 

The previous three chapters have discussed the effects of joint design and surface 

treatment on the static and fatigue performance of coupon joint specimens, hi this chapter 

the effects of surface treatments on the crack growth rate in panels of cracked aluminium 

alloy repaired with an adhesively-bonded patch of CFRP is considered. Such repaired 

panels were tested in both 'dry' and 'hot/wet' fatigue conditions. The aim of this 

investigation is to compare the fatigue performance of the grit blast and degrease (i.e. 

GBD) and the silane (i.e. GPS) surface treated aluminium alloy panels. The repair of the 

crack panels were carried out by adhesively bonding a CFRP composite patch onto a 

centrally-cracked aluminium alloy panel to give a single-sided repair, see Figure 3.9. 

Details of the experimental procedure and the materials used have been described in 

section 3.6. 

This crack patched-repair technique has been successfully used in previous work, 

most notably by Baker [60]. Some of his work was discussed in section 2.8 

and in the present research, the same philosophy of a single sided repair of a cracked 

aluminium alloy panel is used. Clearly, the repair patch serves as an alternative route for 

an applied load to be transferred from one side of the crack to the other. Thus, the 

increase in the cross sectional area at the crack will reduce the stress intensity factor, K, at 

217 



the crack tip. Apart from the experimental studies, finite element analysis of the crack 

patched panels was also carried out to predict the reduction of the stress intensity factor of 

the repaired aluminium alloy panel. A brief discussion of the theoretical analysis of the 

crack patched-repair technique has been given in section 2.8.2. Further details of the 

analytical analysis, as well as the finite element analysis, will be discussed in the 

following sections. Since the aim of this investigation is to investigate the effect of the 

aluminium alloy surface treatments, the design of the repair patch was not optimized to 

give optimum repair efficiency. The CFRP composite patches consisted of 16 plies of 

IM7/8552 CFRP laminae. The stacking order of these composite patches is [0, +45, 90]2s; 

similar to that used in the hybrid scarf joints, see section 5.2.6. 

7.2 Experimental results 

7.2.1 introduction 

The crack-patched repair design is essentially a lap joint configuration. Figure 3.9 shows 

the geometrical parameters of the repair panel specimens whilst the bonding procedure 

and experimental details were given in Figures 3.10 and 3.11 respectively. Both the 

parent and repair components were of the same thickness of 2 mm. The parent component 

had an overall length of 610 mm and a width of 200 mm. Two 10 mm end plates were 

mechanically fastened on either ends of the specimen and were then connected to the 

fatigue machine via a 40 mm diameter pin. The gauge area was 200 x 200 mm. The repair 

patch covered an area of 100 x 100 mm in the centre of the panel. A hole, 3 mm in 

diameter, was drilled through the centre of the panel and two notches of length 2 mm 

were sawed, using a wire saw, through both sides of the hole in the x-direction, see Figure 

3.9. The notched panels were then fatigued in tension to initiate two fatigue cracks from 

both sides of the centre hole. The cracks were fatigued to a length of 8 mm before the 

panels were repaired with the CFRP composite patch. 

Five panels were tested, where one panel was unrepaired and four panels were 

repaired, all witli the same geometrical paiameters, see Table 7.1. The un-repaired 

specimen was used as a control specimen to assess tlie performance of the repaired 

panels. The four repair panels were surface treated using either the GBD or the GPS 

surface treatment. Two specimens were tested in the 'hot'wef condition, while the other 
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two specimens were tested in the 'dry' test condition (Descriptions of the GBD and the 

GPS surface treatments were given in section 3.3). 

Fatigue tests were carried out using constant load amplitude control. The 

maximum applied load, Pmax was 30 kN and a stress ratio, ^ of 0.1 was used. A constant 

fatigue frequency of 3 Hz was employed. Grid lines of 5 mm spacing were drawn on to 

the un-repaired surface of the panels. A video camera linked to a computer was used to 

record the crack growth history. In the 'hot/wet' tests, a transparent 'Perspex' water tank 

was constructed in which the panel was tested with a temperature-controlled water flow at 

28°C. Distilled water was used for the 'hot/wet' tests. 

Table 7.1: Surface treatment and testing environment of the crack patched 
repair panels used in this investigation 

Panel 
Aluminium alloy 

panel surface 
treatment 

Testing environemt 

Unrepaired (1) - 'dry' 

repaired (2) GBD 'dry' 

repaired (3) GBD 'hot/wet' 

repaired (4) GPS 'dry 

repaired (5) GPS 'hot/wet' 

7.2.2 Fatigue test results 

Figure 7.1 shows the crack growth data of the five panels tested. Two cracks originate 

from the centre hole of each panel and the crack growth of both these cracks is shown in 

Figure 7.1. The unrepaired cracked aluminium alloy panel gave a fatigue life-time of 

approximately 30 thousand cycles. On the other hand, the adhesively repaired panels 

show a significant increase in the fatigue hfe-time of the panels compared to the 

unrepaired panel. 

The GBD treated panel tested in the 'hot/wet' condition was the first repaired 

panel to fail, where the fatigue life-time is approximately 200 thousand cycles. This is an 

increase of approximately 600% compared to the unrepaired panel. It was observed that 

interfacial failure had occurred at the adhesive/aluminium alloy adherend interface. 
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Further discussion of the failure locus will be given in the next section. The GBD treated 

panel tested in 'diy' condition, however, showed a fatigue life-time of approximately 300 

thousand cycles. Interfacial failure at the adhesive/aluminium alloy adherend interface 

was observed to occur over about half of the fracture surface, while CFRP delamination 

was observed over the other half, see Figure 7.3. This will be further discussed in the next 

section. Comparing both of the GBD treated repair panels, a reduction of approximately 

30% of the fatigue life-time of the panels was observed for the GBD treated panel tested 

in the 'hot/wet' condition when compared to the GBD treated panel tested in the 'dry' 

condition. 

The GPS treated panel tested in the 'hot/wet' condition gave a fatigue life-time of 

approximately 290 thousand cycles. This is comparable to the GBD treated panel tested in 

the 'dry' condition. However, the longest serving repair panel was the GPS treated panel 

tested in the 'dry' condition. This panel was able to sustain approximately 340 thousand 

cycles before catastrophic failure at the fastener holes in the bottom loading plates. This is 

an increase of approximately 1100% of the fatigue life-time compared to the uniepaired 

panel. The reason for the catastrophic failure at the fastener holes is further discussed in 

the next section. Nevertheless, the left hand crack in the panel was able to propagate to 

the left hand free surface of the panel before the occurrence of the catastrophic failure at 

the fastener holes. 

For the five panels tested, the two cracks propagating from the centre hole 

appeared to propagate in a symmetrical fashion, although not necessarily at the same 

propagation rate. Generally the cracks propagated in the plane of the x-axis. The growth 

rate of the two cracks showed a larger discrepancy when the crack length exceeded the 

length of the bonded region, see Figure 7.1. This is probably due to the misalignment of 

the bonded patch at the centre of the panel. 

An approximation of the crack growth rate of the experimental tests described 

previously could be carried out by taking the slope of the curves shown in Figure 7.1. The 

crack grovWh rate data can then be plotted against crack length to investigate the changes 

in crack grovW:h rate as the crack length increases, see Figure 7.2. 
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According to the Paris Law, the log of the crack growth rate, da/dN is proportional 

to the log of the stress intensity factor, K. Similarly, this can be rewritten, for a given 

maximum stress level, by relating the crack growth rate, da/dN to the crack length, a\ 

since K is directly proportional to the square root of the crack length, a. For the 

unrepaired panel, a straight line of log da/dN as a function of log a could be used to 

approximate the data, see Figure 7.2. On the other hand, the data for the repaired panels 

were fitted by taking the average of the data points. This curve fitting method, although 

crude, is sufficient to show the general trend of the crack growth rate of the repaired 

panels. As can be seen from Figure 7.2, there is considerable scatter in the graph for the 

repaired panels. Nevertheless, it may be seen that the curves for the repaired panels all 

exhibit a low crack growth rate before approaching the edge of the repair patch, i.e. <7 < 

50mm, when compared to the unrepaired panel. However, as the cracks propagated pass 

the repair patch, i.e. a > 50mm, the crack gi'owth rate appears to increase significantly, 

and catastrophic failure rapidly follows. 

100 

— o — un-repaired 

—D— GBD 'dry' 

—V— GBD 'hot/wet' 
—A— GPS 'dry' 

GPS 'hot/wet' 

5.0x10 1.0x10 1.5x10 2.0x10 2.5x10 

Number of cycles, N 

3.0x10 3.5x10" 

Figure 7.1: Comparison of fatigue the crack growth of un repaired and 
repaired panels for the GBP and GPS surface treatments 
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Figure 7.2: Comparison of the fatigue crack growth rate between the repaired and un-
repaired crack patched panels 

Note: ave.fit denotes where the average of three adjacent data points were 
taken to calculate the average fit of the data points 

7.2.3 Failure loci of crack patched repair panels 

It was observed that final fracture, via rapid crack growth, of the repair panels occurred 

after the fatigue cracks have propagated approximately 80% of the width of the panel. 

Figure 7.3 shows the fracture surface of the GBD treated panel tested in 'dry' condition. 

It can be observed that the fracture surface can be approximately divided in half, where 

one part shows CFRP delamination whilst the other shows a mixture of cohesive and 

adhesive/aluminium alloy failure. The cohesive failure mechanism can be observed to 

mainly occur at the centre of the fracture surface, i.e. away from the boundaries of the 

fracture surface. On the other hand, the adhesive/aluminium alloy interfacial failure was 

observed to be mainly located near the boundaries of the fracture surface. Cohesive 

failure, as well as CFRP delamination, is most probably caused by the sudden tearing of 

the joint as final fracture occurs. On the hand, the interfacial failure around the boundaries 

of the repair patch can be attributed to the effects of fatigue loading. 

222 



Alumin ium alloy panel 

(a) adhesive 
(cohesive) failure 
away from the 
boundaries of the 
repair patch 

CFRP patch 

(b) A lumin ium alloy / 
adhesive interfacial 
failure near the crack 
in the aluminium alloy 

® panel, as observed 
'•^•from the aluminium 

alloy fracture surface. 

CFRP patch 

(c) A lumin ium a l l oy / 
adhesive interfacial i * 
failure near the crack ^ 
in the aluminium alloy f ? i 5 cm 
panel, as observed | 
from the CFRP 
fracture surface 

Aluminium alloy panel 

Figure 7.3: Fracture surface of the G B P 'dry' specimen (a) adhesive failure (b) 
adhesive/aluminium alloy adherend interfacial failure viewed from the aluminium 

alloy fracture surface(c) adhesive/aluminium alloy adherend interfacial failure viewed 
f rom the CFRP composite fracture surface 

In the case of the GBD treated panel tested in the 'hot/wet' condition, the fracture 

surface of the bonded region shows that water had attacked the integrity of the adhesive 

bond around the boundaries of the patch, since interfacial failure can be clearly seen in 

Figure 7.4. Comparing Figures 7.3 and 7.4, it can be clearly seen that the presence of 
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water had adversely affected the integrity of the adhesive bond to the aluminium alloy 

adherend. Evidence of final fracture was observed at the middle of the patch where 

adhesive tearing was observed. However, unlike the GBD treated panel tested in the 'dry' 

condition, significant CFRP delamination was not observed. In contrast to the GBD 

treated panel tested in 'dry' condition, the lack of CFRP delamination, as well as the 

widespread interfacial failure at the adhesive/aluminium alloy interface, suggested that 

the GBD treated panel tested in the 'hot/wet' condition has lost considerable strength 

during the cycle fatigue loading before the occurrence of final fracture. 

The GPS 'dry' specimen failed catastrophically at the fastening bolts in the lower 

end plates. Residual thermal stresses in the panel caused by the high temperature curing 

of the adhesive resulted in a slightly distorted specimen. Hence, when fatigued it was 

observed that significant bending in the specimen was present. However, final fracture of 

the panel occurred after the left hand crack had reached the free surface of the panel and 

the right hand crack had reached a length of 80 mm. Hence, it is believed that the crack 

growth data is not significantly compromised by the presence of the residual stresses. 

The GPS 'hoVwet' specimen shows no clear sign of moisture ingress into, and 

attack upon, the adhesive bond. In fact fibre failure in the composite appears to be the 

main failure mechanism, see Figure 7.5. Interfacial failure was observed at the right hand 

side edge of the repair patch. However, the separation appears not to be confined to a 

single interface, but to occur randomly from both interfaces. Some form of crack 

propagation during the fatigue life of the panel could have occurred here. However, the 

relatively low percentage of interfacial failure throughout the adhesive bond suggests that, 

even if the integrity of the adhesive bond has been compromised during the fatigue 

history of the panel, the ultimate failure mechanism of the repair patch is due to fibre 

breaking at the centre of the patch. This illustrates the considerable durability advantage 

offered by the GPS surface treatment compared to the GBD surface treatment. In fact, the 

GPS surface treatment shows little reduction in fatigue performance when fatigued in the 

'hot/wet' condition, see Figure 7.5, compared to that seen in the 'dry' condition. 
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Figure 7.4: Fracture surface of the GBP 'hot/wet' specimen (a) adhesive failure (b) 
adhesive/aluminium alloy adherend interfacial failure viewed from the aluminium 

alloy fracture surface (c) adhesive/aluminium alloy adherend interfacial failure viewed 
from the CFRP composite fracture surface 
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Figure 7.5: Fracture surface of the GPS 'hot/wet' specimen (a) adhesive/aluminium 
alloy adherend interfacial failure viewed from the CFRP composite fracture surface 

(b) adhesive/aluminium alloy adherend interfacial failure viewed from the aluminium 
alloy fracture surface (c) CFRP fibre failure at the centre of the repair patch 
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7.3 Analytical and Numerical analysis of crack patching 

7.3.1 Analytical calculation of stress intensity factors. K,, and Kr 

Description of the two-stage analytical solution of a single-sided crack patch analysis 

developed by Rose [76] was reviewed in section 2.8.2. It was noted that the stress 

intensity factor of a repaired panel, K,- can be exti-apolated from two bounds; namely the 

stress intensity factor for an unrepaired panel, Ko, and the stress intensity factor for a 

semi-infinite crack in a single-sided crack patch repair, Kĉ , see equations 2.35 - 2.40. 

In order to calculate the stress intensity factor of the un-patched panel, the 

constants Ct and n were obtained from Figure 7.2 by curve fitting the log da/dN vs. log a 

curve for the un-patched panel, see equation 7.1. The stress intensity factor for an un-

patched panel, K ,̂, can be expressed by equation 7.2: 

(7.1) 

= G o - " V ^ (7.2) 

where ( f is the applied stress, Q is the geometry factor and a is the crack length. In order 

to simplify the equations, the geometry factor, Q, is assumed to be unity. (This is, 

however, not strictly true, since when the crack length, a, is comparable with the width of 

the specimen, the geometry factor becomes somewhat larger than unity [85]. Thus, the 

following analysis could be improved by incorporating a function for the geometry factor, 

Q, depending on the ratio of crack length versus specimen width.) 

Now, for a crack patched panel, the stress intensity factor, Kr, will also depend on 

the stiffness ratio of the parent material, as well as the patch material, and also the elastic 

strain constant, p, see equations 2.35-2.39. The stress intensity factor for a crack patched 

panel was given in equation 2.40 as: 

(2.40) 
' « + A 
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where Ob is the near field equivalent stress, a is the crack length and ^ i s a characteristic 

length that is related to the material and geometrical properties of the repair design, see 

equation 2.37. 

Rose [76] has shown that in order to solve the stress intensity factor of a crack 

patched panel, the equivalent crack opening stress, Ob, has to be derived from the far field 

applied stress, However, here we use the far field applied stress, <7\ instead of the 

near field equivalent stress, Ob, in the calculation of the stress intensity factor for the crack 

repaired panels. There are two reasons for doing this. The first is because it is somewhat 

complex to derive, analytically, the equation for the equivalent crack opening stress, Ob, 

because it depends on the shape of the repaii- patch. (Rose had shown that by using an 

elliptical shaped repair patch, the stress is uniform within the repair patch region and 

hence the relationship between Ob and <f can be analytically derived.) Secondly, Rose 

has also shown that for values of the ratio between the crack length and the characteristic 

length of a repair panel, a/A, larger than one, the reduction of stress from the far field 

apphed stress, a", to the equivalent crack opening stress, Ob, becomes less significant 

when compared to the characteristic length, A. For the experiments carried out here, A = 

0.005 and 0.008 <a< 0.05. Hence, the ratio, a/A is significantly greater than one. 

7.3.2 Effect of bending on single sided repairs 

The effect of bending in the panel, caused by the eccentricity of loading in a single sided 

repair panel can be quantified by a second characteristic length, .<41, as described by Rose 

[76] and see equation 7.3. 

y4I = y4(l + Q) (7.3a) 

(7.36) 

+ (7.3c) 
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r(x; K") = (x + sinh % cosh x + k sinh" %) /(cosh x + k sinh x)" (7.3d) 

K.. (7.3e) 

where E is the Young's modulus, t is the thickness, EI is the bending stiffness and S is the 

stiffness ratio (see equation 2.38). The subscripts r and p denote the repair adherend and 

the parent adherend respectively. 

Substituting A1 into A in equation 2.40 gives the stress intensity factor of the 

repair panel including bending effects. Figure 7.6 compares the predicted stress intensity 

factor of the crack patch panels, K,-, with and without including the effect of bending. It 

can be seen from Figure 7.6 that the stress intensity factor of the unrepaired panel 

increases with an increase in the crack length. On the other hand, the predicted stress 

intensity factor for the repaired panels indicates a plateau region as the crack length 

increases (i.e. a/A > 1). In addition, by including the effect of bending into the analytical 

analysis, via equations 7.3, the predicted stress intensity factor for the crack patch panels 

is reduced by approximately 60%. 

Unrepaired pa 

K„ =a"'Jm 

I 
O) 

1 0 -

repaired panel including 
bending effects 

—r-—" repaired panel excluding 
bending] effects 

1 1 1 
a + A 

0.01 0.02 0.03 

crack length, a (m) 

0.04 0.05 

Figure 7.6: Comparison between the stress intensity factor for the unrepaired panel. 
K„ and the repaired panels. Kr with and without bending effects 
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7.3.3 Finite element calculation of KXa) 

The repair panels were modelled using eight-noded brick elements in a 3-dimensional FE 

analysis. As the panels are symmetrical about the y- and x-axis planes, a quarter of the 

panels was modelled, see Figure 7.7. The aluminium alloy panels were modelled with 

five layers of elements across the thickness of the panel. The adhesive was modelled with 

one layer of elements and the carbon fibre composite was modelled with 16 layers of 

elements with orthotropic material properties. All three materials were modelled as elastic 

materials. Nonlinear geometrical deformations were allowed in the model. A crack was 

inserted into the model at the x-axis plane, initiating from the origin of the x-y plane, see 

Figure 7.7. Crack lengths, a of 10 mm, 25 mm, 50 mm and 60 mm were modelled. 

aluminium alloy 
panel 

Carbon fibre 
composite 

adhesive 

Crack tip 
front 

Figure 7.7: Quarter FE model of a repair panel and insert showing a blow-up view of the 
crack tip 

230 



Figure 7.8 shows a close-up view of the Mises equivalent stress distribution 

around the crack tip. The figure clearly shows a non-uniform stress field across the 

thickness of the aluminium alloy panel as a result of the non-symmetrical nature of the 

repair panel along the z-plane. At the free end of the aluminium alloy panel, the stress 

distribution shows a typical mode I stress contour around the crack tip. This indicates that 

mode I failure is dominant at the free surface and hence, the use of the J-integral to 

predict G and Kr will be valid near the free surface of the aluminium alloy panel. 

The strain energy release rate, G was calculated for these crack lengths using the 

/-integral method. The definition of the /-integral was given in section 2.6.5.2. Using 

linear elastic fracture mechanics assumptions, J is equal to G and is related to the stress 

intensity factor according to equation 2.35. The /-integral was calculated from six 

positions across the thickness of the aluininium alloy panel. The slope of the /-integral 

against the applied load per unit width, T„uJ for each crack length was obtained. Figure 

7.9 shows the variation of GITmax against crack length for the six positions across the 

thickness of the panel. It can be seen from Figure 7.9 that the strain energy release rate 

decreases as it approaches the patched side of the panel. This is consistent with the Mises 

stress distribution shown in Figure 7.8. The relationship between GITmJ and a can be 

fitted using a hyperbolic function. Substituting T,nJ with CF%, where tp is the thickness 

of the aluminium alloy panel and using equation 2.40, a relationship for K,- as a function 

of the crack length, a, may be obtained at the free surface of the aluminium alloy panel, 

i.e. z = 0mm, see equation 7.4. 
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Figure 7.8: Mises stress distribution at the crack tip for with an applied stress of 
75MPa 
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Figure 7.9: Variation of for different crack lengths, a, at different locations 
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Using equation 7.4 and plotting for 8mm < <7 < 50 mm (i.e. within the repair patch 

length), the FE predicted stress intensity factor for the crack patch panels, K,-, compares 

well with the above analytical analysis, see Figure 7.10. It is interesting to note that the 

two methods of obtaining the stress intensity factor for the repair panels gave the same 

hyperbolical form for K, as a function of crack length, a. 

The predicted stress intensity factor as a function of crack length could now be 

used to predict the fatigue life-time of the repair panels by relating the stress intensity 

factor with the crack growth rate, as in a typical Paris crack growth equation, see equation 

7.1. However, this requires significantly more experimental and theoretical work to be 

undertaken and hence due to time constraints this was not pursued in the present project. 
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Figure 7.10: Comparison between finite element and analytical predictions of 
the repair stress intensity factor, K,. (K„ is for the unrepaired panel) 

7.4 Further Considerations 

The use of small scale repair panels to investigate the viability of adhesively-bonded 

repairs further justified the use of such techniques for aerospace structures. The method 

illustrated here could however be improved by incorporating more factors into the 

prediction of the life-time of the repair panels. Due to time constraints, these factors were 

not incorporated into the present analysis. 

The suggested factors that could more accurately predict the life-time of 

adhesively-bonded repair panels are listed below. 

1. The incorporation of a thermal-mechanical analysis where the contribution of 

residual thermal stresses in the adhesive as well as the bonded repair panel is 

included into the analysis. It was found from the experiments cairied out in the 

present project that the repair panels were distorted due to the relatively high 

temperature curing adhesive. In addition, the adhesive and adherends exhibited 

different coefficients of thennal expansion. This induced distortion of the repair 
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panel will change the stress distribution in the panel when it is loaded in the 

fatigue tests. 

2. The present analysis assumes that the geometrical factor, Q, is unity for all crack 

lengths. This is not strictly true, as when the crack length increases and becomes 

comparable with the specimen width, the geometrical factor, Q, increases. This 

will in turn increase the values of the predicted stress intensity factors. 

3. A more accurate method to record crack growth rates in the repair panel as well as 

at the bonded (i.e. repaired) region is required. This is particularly important as the 

crack growth rate in the aluminium panel is predicted to grow at different rates 

across the cross sectional area of the panel. Furthermore, the current method of 

recording crack growth does not provide information about the integrity of the 

adhesive bond. 

7.5 Chapter Summary 

1. Fatigue testing in 'dry' and 'hot/wet' conditions using crack aluminium alloy 

panels which were repaired using an adhesively-bonded CFRP repair patch were 

performed to investigate the effect of surface treatment of the aluminium alloy on 

the fatigue strength of the repair panels. Four repair panels were used, where two 

were treated using the GBD surface treatment, whereas the other two panels were 

treated using the GPS surface treatment. Fatigue tests were carried out in both 

'dry' and 'hot/wet' test conditions. 

3. Crack growth in the GBD repair panel tested in the 'hot/wet' fatigue conditions 

experienced a relatively high growth rate compared to the other three repair 

panels. The fatigue hfe of the GBD repair panel tested in the 'hot/wet' fatigue 

conditions was approximately 200 thousand cycles. On the other hand, the other 

repair panels were able to sustain a life of approximately 300 thousand cycles. 
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4. It was found that, using a 'hot/wet' test condition, the silane surface treated repair 

panels did not show any significant increase in the crack growth rate compared to 

test carried out in the 'dry' test condition. Thus, the GPS treatment is very 

effective at preventing loss of integrity of the bonded repair under 'hot/wet' test 

conditions. 

5. Significant interfacial debonding was observed at the adhesive/aluminium alloy 

interface for the GBD surface treated crack patch panel tested in 'hot/wet' 

conditions, whilst, the other three repair panels mainly failed in the CFRP 

composite. 

6. The predicted stress intensity factor, as a function of crack length, for the repair 

panels using FE analysis were in good agreement with the results obtained using 

the analytical approach proposed by Rose [76]. It was found that for a crack tip at 

the edge of the repair patch (i.e. a - 50mm), the repair stress intensity factor, Kr, is 

approximately 12.5MPam°'^. This is significantly lower in value than that for the 

unrepaired panel (i.e. = 30MPam°'^). 
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C H A F T E R O 

C O N O L U e i Q N a A N D 

REOOMNENDATIDNS FOR FUTURE 

WORK 

8.1 Introduction 

A main aim of the present project was to investigate durability in an aqueous 

environment, under cyclic fatigue loading, of adhesively-bonded aluminium alloy and 

carbon fibre reinforced plastic (CFRP) joints which are typical of those used for repairing 

cracked aerospace structures. A second aim was to study the effect of pretreating the 

aluminium alloy by using a y-glycidoxypropyltrimethoxysilane (GPS) organosilane 

surface treatment. The present project can be divided into four sections. The first is the 

optimization of the scarf joint design, which was selected as the main joint design in the 

present project, for optimum joint strength. Secondly, this was then followed by static and 

fatigue testing of these joints, and fatigue tests were also carried out in both 'dry' and 

'hot/wet' test conditions. Thirdly, analytical, as well as finite element, approaches were 

developed to predict the failure locus and failure strength of the joints under 

monotonically-loaded testing conditions. In addition, the fatigue life-times of the 

adhesively-bonded joints were also predicted. Finally, small scale repair panels were 

tested in both 'diy' and 'hot/wet' fatigue conditions. 
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8.2 Conclusions 

The following points summarise the main findings and conclusions of the project. The 

conclusions will be divided into four sections, in line with the four chapters given from 

Chapter Four to Seven. 

8.2.1 Optimization of the scarf joint design 

Three geometrical design parameters of the scarf joint design were optimized. These were 

the scarf tip thickness, scarf angle and the adhesive fillet size. In addition, the effect of the 

temper grade of the aluminium alloy adherend was also investigated. Lastly, the strength 

of the scarf joint design was compared with the overlap joint design. The following points 

highlight the main conclusions from this investigation. 

1. It was found that an increase of the scarf tip thickness increased the stress 

concentrations at the overlap terminus. In addition, increasing the scarf tip 

thickness also increased the stress concentration in the adherend opposite the scarf 

tip. The experimental results showed that for scarf joints, with an adherend 

thickness o f f = 2mm, a scarf angle, 9 = 1.8° and a scarf tip thickness of -

0.4mm and 0.15mm, loaded monotonically, failure occurred in the adherend 

opposite the scarf tip. This was indeed as predicted using the elastic-plastic finite 

element analysis. 

2. Increasing the scarf angle increased the stress concentrations in the adhesive and 

the adherend. However, the effect of the scarf angle on the stress concentration in 

the adherend was relatively small compared to that in the adhesive. It was also 

found, from the elastic finite element analysis, that for a scarf angle, 6 > 2°, the 

increase in the shear stress component in the adhesive was significantly high when 

compared to scarf joints with scarf angles, 6 < 2°. This indicated that failure in the 

adhesive would be more likely for scarf joints with scarf angle, 6 > 2°. Elastic-
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plastic finite element analysis and experimental testing of scarf joint specimens 

with scarf angles, 0 - 1.5°, 1.8° and 5° showed that for scarf joints with scarf 

angles, 6 = 1.5°, 1.8°, failure in the adherend was observed. On the other hand, for 

scarf joint specimens with a scarf angle of 5°, failure was observed to occur in the 

adhesive. This change in failure locus was also accompanied by a decrease in joint 

strength. The experimental results were in very good agreement with the 

predictions from the elastic-plastic finite element studies. 

3. The effects of the adhesive fillet size and adhesive fillet entry angle for the scarf 

joint design were investigated using elastic finite element analyses. It was found 

that the peel stress component in the adhesive fillet was the most affected by 

changes in the adhesive fillet size. However, the percentage reduction of the 

maximum peel stress in the adhesive fillet did not vary significantly for the 

normalized fillet length, l/Lf > 0.2. It was also found that the maximum stress 

components at the overlap terminus were not affected by the change in adhesive 

fillet entry angle. 

4. The effect of the temper grade of the aluminium alloy adherends was investigated 

using elastic-plastic finite element analysis and experimental testing. It was found 

that for scarf joints employing the LI56 (T4) aluminium alloy adherends that a 

significant improvement in the joint ductility was observed. However, the joints 

yielded at a lower load compared to the scarf joints manufactured using the LI 57 

(T6) aluminium alloy adherends. These observations were similar to the 

comparison between the stress-strain relationships of these two alloys, where it 

was observed that the L157 (T6) aluminium alloy has relatively high yield 

strength but low ductility when compared to the LI56 (T4) aluminium alloy. It 

was also found that the scarf joints using the LI56 (T4) aluminium alloy 

adherends failed in the adhesive, while the scarf joints with the LI57 (T6) 

aluminium alloy adherends failed in the adherend. The experimental results were 

in good agreement with the predictions from the elastic-plastic finite element 

analyses. 
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5. A comparison between the scarf joint design and the overlap joint design was 

undertaken using elastic finite element analysis, elastic-plastic finite element 

analysis and experimental testing. Interestingly, it was found that from the elastic 

finite element analysis the overlap joint was predicted to possess a lower tensile 

strength when compared to the scarf joint design. On the other hand, the elastic-

plastic finite element analysis predicted that the overlap joint design was 

significantly stronger than the scarf joint design. This latter prediction was in 

agreement with the monotonically-loaded tests carried out on the scarf joint and 

overlap joint designs. 

6. The scarf joint and overlap joints were also tested under fatigue loading. It was 

found from the fatigue tests that the fatigue strength of the scarf joint design was 

higher than the overlap joint design. Hence, was concluded from both the 

experimental and analytical results that, due to the reduced loading eccentricity in 

the scarf joint design, the scarf joint design will exhibit better fatigue behaviour 

than the overlap joint design; providing the yield stress of the adhesive and the 

adherend are not exceeded. On the other hand, because of the reduced cross 

section area of the adherends in the scarf joint, the static tensile strength of the 

scarf joint design will be lower than that of the overlap joint design. 

8.2.2 Effects of surface treatments - coupon test results 

The effects of changing the surface treatment were investigated by performing tests under 

monotonically-loaded and fatigue loading. The fatigue testing was carried out in both 

'dry' and 'hoi/wet' conditions. The following points highlight the main conclusions from 

these investigations: 

1. From the monotonically-loaded tests, it was found that the failure locus and 

failure loads of the joints depended not only on the surface treatment employed 

but also on the joint design and the material behaviour of the adherends. For all 

the joint designs investigated (i.e. aluminium alloy scarf joints and overiap joints, 

CFRP/aluminium alloy hybrid single and double scarf joints, see Figure 3.5), it 

was found that the static failure loads and failure loci of the joints using a silane 

(i.e. y- glycidoxypropyltrimethoxysilane (GPS)) and chromic acid etching (i.e. 
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CAE) surface treatments were essentially the same. The GPS and CAE surface 

treated joints failed either in the adhesive, or in the aluminium alloy adherend. In 

addition, it was found that, whether failure occuned in the aluminium alloy 

adherend or in the adhesive, both treatments yielded approximately the same 

failure loads. 

2. In the monotonically-loaded tests, the GBD surface treatment for the aluminium 

alloy adherends sometimes led to interfacial failure in the joints. This resulted in a 

decrease in the joint strength of approximately 10% compared to that measured 

for the GPS and CAE surface treated joints. This was observed for three of tlie 

joint designs tested: namely (a) the aluminium alloy scarf joints with a scarf tip 

thickness of = 0.15mm with aluminium alloy adherends 2014A 'L157' (T6), (b) 

'L156' (T4), and (c) the single CFRP/aluminium alloy hybrid scarf joints. On the 

other hand, the grit-blast and degrease (GBD) surface treatment did not cause a 

significant difference to the joint strength or a change in the failure locus of (a) the 

aluminium alloy scarf joints with a scarf tip thickness of tsi = 0.4mm, (b) the 

aluminium alloy overlap joints and (c) the double CFRP/aluminium alloy hybrid 

scarf joints. These results could be explained by the fact that the GBD surface 

treatment might indeed cause a relatively weak adhesive/adherend interface, but 

this will only be apparent if the joint design and the choice of adherend materials 

allow the interface to be subjected to relatively high stresses. 

3. The static failure loads of the various joints tested in this investigation were 

relatively high when compared to the ultimate tensile strength of the aluminium 

alloy adherends. The highest joint efficiency recorded was in the region of 93%. 

This was observed for three joint designs: (a) the scarf joint design with a scarf tip 

thickness of tst - 0.15mm and 'LI57' (T6) aluminium alloy adherends, (b) the 

aluminium alloy overlap joint design, and (c) the double CFRP/aluminium alloy 

hybrid scarf joint design. 

4. The single CFRP/aluminium alloy hybrid joints were found to be 'bowed' after 

curing of the adhesive. This was caused by the different thermal expansion 

coefficients of the CFRP and aluminium alloy adherends. The failure loads of 

these hybrid joints were found to be lower, by approximately 3kN, when 
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compared to the aluminium alloy joints employing exactly the same design 

parameters. 

5. Fatigue tests carried out in 'dry' test conditions were only undertaken for the 

aluminium alloy scarf joints with a scarf tip thickness of 4, = 0.4mm and 4, = 

0.15mm. It was found that the joints mainly failed in the adherend, just outside the 

effective bond length, independent of the surface pretreatment (i.e. GBD, GPS or 

CAE). This indicates that the different surface treatments do not play a dominant 

part in determining the fatigue strength of these joints when tested in the 'dry' 

environment. It was found that the fatigue threshold of these joints was 

approximately 20% of the static strength of the joints. 

6. Fatigue tests in 'hot/wet' test conditions were performed using all the different 

joint designs. For these tests, only the GBD and GPS surface treatments were 

used. It was found that the GBD treated joints often showed a decrease in fatigue 

strength compared to the GPS treated joints. Indeed it was observed that the GBD 

surface treatment mainly caused the joints to fail at the adhesive/aluminium alloy 

adherend interface and that for these joints the decrease in the fatigue threshold of 

the GBD treated joints tested in the 'hot/wet' test conditions was approximately 

40% of the fatigue threshold measured for the 'dry' fatigue tests. However, the 

GPS treated joints all failed in the aluminium alloy adherend and gave for better 

durability when fatigue tested in the 'hot/wet' environment. Since the GPS treated 

joints all failed in the aluminium alloy adherend, the fatigue threshold was hence 

essentially the same as that found in the 'dry' fatigue tests. 

7. Residual thermal stress in the GBD treated single CFRP/aluminium alloy hybrid 

joints was clearly seen to affect the fatigue strength of the joints. However, this 

was not shown to significantly affect the fatigue strength of the GPS surface 

treated single hybrid joints. This was due to the GPS surface treated joints failing 

in the aluminium alloy adherend. On the other hand, the GBD surface treated 

single hybrid joints failed at the adhesive/aluminium alloy interface. The longest 

test carried out on the GBD surface treated single hybrid joints lasted for 1.5 

million cycles at a maximum applied stress of 16.5MPa. This is less than 50% of 
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the observed fatigue threshold of the aluminium alloy scarf joints with the same 

geometrical parameters as the single hybrid joints. 

8.2.3 Prediction of the fatigue life-time of adhesively-bonded joints 

Prediction of the fatigue life-time of adhesively-bonded scarf joints was studied using the 

J-integral method. 

1. Using the modified Paris law equation for the GBD surface treated joints tested in 

'hot/wet' fatigue conditions, gave a poor agreement with the experimental results 

at low number of fatigue cycles. However, the predicted fatigue threshold was in 

good agreement with the experimental results. It was also found that the predicted 

failure locus was as observed from the experimental results. 

3. The theoretical work modelling also confirmed the experimental observations by 

predicting that the GPS surface treated joints would never fail in the adhesive, 

even in the presence of water. 

4. The effects of the residual thermal stresses on the hybrid joints were predicted and 

revealed that they would decrease the fatigue strength of the GBD surface treated 

single hybrid joints. However, such residual stresses did not significantly affect 

the fatigue performance of the GPS surface treated joints. This was due to the 

relatively high fatigue strength of these joints compared to the level of the residual 

thermal stresses. 

5. It was also shown that the prediction of the fatigue threshold could be undertaken 

using a relatively simple model, without needing to use the modified Paris law. 

8.2.4 Repaired aluminium alloy panels 

Aluminium alloy panels containing a centre crack were repaired by adhesively bonding a 

CFRP patch over the crack. Fatigue tests in 'dry' and 'hot/wet' test conditions were 

carried out on the panels. The aluminium alloy panels were surface treated with either the 

GBD or the GPS surface treatments. Analytical and finite element modelling were 
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undertaken to determine the reduction of the stress intensity factor of the repaired panels, 

compared to an unrepaired panel. The following points highlight the main conclusions 

from this investigation; 

1. Crack growth in the GBD repair panel tested in the 'hot/wet' fatigue conditions 

experienced a relatively high growth rate compared to the GBD tests undertaken 

in the 'dry' environment and to all the GPS treated repairs. For example, the 

fatigue life of the GBD repair panel tested in the 'hot/wet' fatigue conditions was 

approximately 200 thousand cycles. On the other hand, the other tests were able to 

sustain a life of approximately 300 thousand cycles. This is significantly very high 

when compared to the unrepaired panel, where the fatigue life was approximately 

30 thousand cycles. Thus, again the use of the GPS surface ti'eatment on 

aluminium alloy adherends greatly increases the durability of adhesively-bonded 

joints. 

4. Indeed it was found that, when using the 'hot/wet' test condition, the silane (i.e. 

GPS) surface treated repair panels did not show any significant increase in the 

crack growth rate compared to tests carried out in the 'dry' test condition. 

5. Significant interfacial debonding was observed at the adhesive/aluminium alloy 

interface for the GBD surface treated crack patch panel tested in the 'hot/wet' 

conditions; whilst the other three repair panels mainly failed in the CFRP 

composite. 

6. The predicted stress intensity factors for the repair panels from using finite 

element analysis were in very good agreement with the values calculated from an 

the analytical method. For example, it was found that for a crack tip at the edge of 

the repair patch (i.e. crack length, a - 50mm), the repair stress intensity factor, Kr, 

is approximately 12.5MPam°'^. This was significantly lower in value than for the 

unrepaired panel (i.e. Ku = 30MPam°'^). This was the underlying reason for the far 

lower crack growth rates seen in the repaired panels compared to the unrepaired 

panels. 
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8.3 Recommendations for future work 

From the present project, it may be concluded that the durability of adhesively-bonded 

joints, for aerospace structures, using the GPS surface treatment is far superior compared 

to the GBD surface treatment. The experiments used in the present project were able to 

clearly distinguish the higher fatigue strength of the GPS treated joints compared to the 

GBD treated joints. In addition, it was found that the GPS treated joints never failed at the 

adhesive/aluminium alloy adherend interface. However, due to time constraints, there are 

some aspects that were not fully explored. These are included in this section where 

suggestions for future work are presented. The suggestions are: 

1. The use of the threshold strain energy release rate, G,/„ as a material property to 

determine the fatigue threshold of adhesively-bonded joints appears to be valid for 

different joint designs. However, prediction of the fatigue life-time of adhesive 

joints using fracture mechanics (i.e. the plot of the rate of crack growth per cycle, 

da/dN versus the maximum strain energy release rate, Gmax) does not always 

provide accurate predictions, especially at low numbers of fatigue cycles. The 

problem appears to be the inherent scatter observed in the fracture mechanics data, 

and also the sensitivity of the modified Paris law to these variations. Furthermore, 

low cycle fatigue may be influenced by micro-level variations at the bonding 

surfaces and defects in the bulk adhesive and the adherends. Hence, in order to 

predict accurately the complete fatigue life-time of adhesive joints, it is proposed 

that a combination of micromechanics and macro-mechanics be investigated. 

2. The use of a cohesive zone model (CZM) could be used to predict post crack-

initiation behaviour of adhesive joints. Furthermore, adhesive joints may exhibit a 

change in crack growth direction. This cannot be easily predicted using the 

present modified Paris law approach, but could be readily predicted using a CZM 

approach coupled with a finite element analysis model. 

3. The data collection method for the crack patch repair panel experiments, where 

crack growth at the bonding surface or the adhesive/CFRP can be determined, 

needs to be improved. Due to time constraints, a video camera was used in the 

present project to record crack growth in the aluminium alloy panel. However, 
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with more accurate information on the crack growth at the bonding surface, or in 

the adhesive/CFRP patch, predictions of the reduction of the stress intensity factor 

in the repair panels would be more accurate. The values of the stress intensity 

factor could then be used to predict the fatigue crack growth behaviour of the 

panels. 

4. A more detailed thermal-mechanical analysis to investigate the effect of residual 

thermal stresses in CFRP/aluminium alloy repair panels could be undertaken. It 

was observed from the experiments that the panels were distorted in a manner 

where the panel was bowed towards the aluminium alloy surface. On a one sided 

repair, this appears to reduce the crack opening displacement at the unrepaired 

side of the panel. Hence, the effect of residual thermal stresses may actually 

reduce the fatigue crack growth rate in the aluminium alloy panel. 
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