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Introduction 

This document is an extract from a Rubicon grant proposal I submitted to the 

Netherlands Organisation for Scientific Research (NWO). This document contains 

the portion of the grant proposal relating to the scientific content. The proposal 

was submitted for the 1 September 2016 round, and at the time of writing was 

still under review, under number: 019.153BT.162BT.007. 

The portions of the grant proposal containing personal information and relating 

to the host institute and to knowledge exchange and impact have been omitted. 

I hope that this document can inspire research ideas in other researchers and/or 

assist them in writing their own grant proposals. 

I would like to acknowledge the valuable feedback from Petra Wassenaar of the 

TU Delft Valorisation centre, which helped me a lot in the writing of this proposal. 

I would also like to thank M. Schuurman, and S. Teixeira de Freitas of the 

Structural Integrity & Composites Group at TU Delft, and B. Blackman of the 

Mechanics of Materials Group at Imperial College London, for their helpful 

feedback. 
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Summary of the research proposal  

By burning fossil fuels, air travel contributes to environmental problems such as 

climate change. To reduce this impact, the fuel consumption of aircraft needs to 

be decreased. Adhesive bonding can help achieve this, by allowing for lighter 

aircraft designs.  

However, adhesives can’t be used safely until we can predict how fast cracks will 

grow in the adhesive when it is exposed to repeated loading (fatigue). Current 

prediction models rely on empirical curve fits; there is no underlying physical 

theory. This means the models are only applicable to very specific cases. It is 

also unclear how changes in loading conditions affect the reliability of the crack 

growth predictions. 

Therefore a new approach is needed: the development of a physical theory of 

fatigue crack growth. To do this, I will derive for the first time an equation for 

the fatigue crack driving force that is based on fundamental physical principles. 

This theory will allow for the development of more generally applicable prediction 

models, reducing the amount of time and money needed to develop new aircraft 

structures. Furthermore it will allow the safe application of adhesive bonding. 

This will result in lighter, more fuel efficient aircraft, reducing the environmental 

impact of air travel.   
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Fatigue Crack Growth in Adhesive Bonds: Back to the Physics! 

 

Introduction 

Historically, the number of passengers traveling by aircraft has doubled every 15 

years. This trend is expected to continue [1]. At the same time there is a 

pressing need to reduce aviation’s contribution to climate change and other 

environmental issues.  In order to meet these challenges, aviation must reduce 

its fuel consumption. This can be achieved by lowering the structural weight of 

new aircraft designs, e.g. by the introduction of new materials such as carbon-

fibre composites, or by the use of new structural joining techniques, such as 

adhesive bonding (gluing). 

 

Figure 1: Aircraft structure joined by rivets. 

Traditionally, aircraft structures are joined by means of mechanical fasteners, 

such as rivets or bolts (see Figure 1). Compared to mechanical fastening, 

adhesive bonds do not  require holes, and the load transfer is spread out over a 

much larger area. This greatly reduces the need for extra reinforcement of the 

joint, resulting in lighter-weight designs. So why is adhesive bonding not already 

widely used for safety-critical aircraft structures? This is mostly due to the issue 

of fatigue crack growth (FCG). 

 

Figure 2: Fatigue crack in an adhesively bonded test specimen. 



In service an aircraft’s structure is subjected to repeated load cycles, known as 

fatigue loading. Due to these fatigue cycles cracks can appear in a material (see 

Figure 2), and then grow, each time a new load cycle is applied. In order to 

safely use a structure, it is necessary to predict how far a crack will grow when a 

certain load cycle is applied. This way the operator of the structure knows when 

it needs to be repaired or replaced. 

For metal structures sufficiently reliable prediction methods are available, but for 

adhesive bonds these methods are still lacking. Although prediction methods do 

exist, the limits of their validity are unclear. Additionally there are many effects 

which are known to influence the crack growth rate, but of which it is still unclear 

how to include them in the models. 

Furthermore, the existing prediction models for FCG (for both metals and 

adhesives) are nearly all purely empirical. They rely on curve-fitting of 

experimental data, with little physical justification [2]. Although it is known that 

certain methods work, it is unclear why they work. Consequently, large and 

expensive test programmes are needed to generate sufficient data to calibrate 

these models. A better understanding of the underlying physics would reduce the 

required number of tests. It would also improve our understanding of the limits 

of validity of existing and future prediction models. 

The aim of my proposed research is therefore to improve understanding of 

the physics of fatigue crack growth in adhesive bonds. 

State-of-the-art and innovation of current proposal 

Current methods for prediction of fatigue crack growth are almost all based on 

the theory of linear elastic fracture mechanics (LEFM) [2]. This was pioneered by 

Griffith [3] and further developed by Irwin and Kies [4-6]. Paris et al. [7-9] 

applied LEFM to predict the crack growth rate in metals.  

About a decade later Roderick et al. [10] and Mostovoy and Ripling [11] adapted 

the method of Paris to FCG in adhesive bonds. They used as governing 

parameter the strain energy release rate (SERR, G). The SERR is the amount of 

strain energy that is theoretically released when the crack is advanced by an 

increment da, as shown in Figure 3. 



 

Figure 3: Illustration of definition of G for a cracked plate. When the crack grows by an increment da, some of 
the strain energy stored in the plate is released. The SERR is the derivative of the strain energy with respect to 

the crack growth increment, i.e. dU/da. 

The SERR depends on the force, displacement, and geometry, and therefore 

continuously changes during a fatigue cycle (as the force and displacement 

continuously change). It should be emphasised that the SERR is in practice 

calculated —based on the assumption of linear elastic material behaviour— 

rather than measured. It is also something of a virtual parameter, as a value of 

G can always be calculated, even if in reality energy will only be released if the 

crack actually grows. 

Following the works of Roderick et al. and Mostovoy and Ripling, models for FCG 

in adhesive bonds have all been based around the same fundamental equation 

[2, 12]: 

 ( )nda
Cf G

dN
=  (1) 

where C and n are curve-fitting parameters, a is the crack length, N is the 

number of fatigue load cycles, and f(G) is some function of the SERR. Usual 

choices for f(G) are the maximum SERR in a load cycle: Gmax or the SERR range 

∆G = Gmax-Gmin (where Gmin is the minimum SERR in a load cycle). 

The correlation between G and da/dN expressed in equation (1) has been 

reported in many works [2]. However, it is known that the values of C and n 

depend not only on the material being tested, but also on many other 

parameters. Examples are the ratio between minimum and maximum load (R-

ratio), temperature, and the crack opening mode (see Figure 4). Thus the 

physical meaning of C and n remains unclear. 



 

Figure 4: Definition of the crack opening modes 

Many different equations have been suggested to include these additional 

parameters into a prediction model (e.g. [13-19], for a full review see [2]). 

Generally these models rely on modifications of equation (1), and all are still 

based on empirical curve fits, rather than on a physical theory that describes the 

FCG phenomenon [2, 12].  

Therefore in my PhD research [12] I did not search for yet another prediction 

model, but instead focused on gaining a better understanding of the underlying 

physics. I measured the amount of energy dissipated during each load cycle, and 

showed that this was very strongly correlated to crack growth rate in the same 

cycle. Thus measurements of the energy dissipation can be used to characterise 

fatigue crack growth. 

I also was able to show that the resistance to crack growth (i.e. the amount of 

energy required per unit of crack growth) showed a linear relationship with the 

maximum SERR in the cycle (Gmax). The amount of energy available for crack 

growth on the other hand showed a power-law relationship to the SERR range 

(∆G). The balance of required and available energy ultimately determines the 

amount of crack growth that will occur in a single cycle. 

These results offer clues where to look for a physical explanation of FCG. 

However these results do not explain how an externally applied load cycle 

translates into a force that drives crack growth. A new approach is needed. In 

the proposed research I will therefore, for the first time, derive a 

relationship between the applied load and the crack driving force (CDF) 

based on physical principles. This will allow FCG to be modelled based on a 

physical theory, rather than just empirical correlations. 

I will validate the predictions of the theory I will develop with FCG experiments. 

In particular, I will test whether my theory can correctly account for the effect of 

load ratio, specimen materials and geometry, and crack opening mode.  

The result will be that we will have, for the first time, a unifying theory 

for fatigue crack growth under many different loading conditions. A 

theory that is based on physical principles, rather than just fitting a 

curve through some data points.  



This will eliminate the need for separate tests for each possible load condition, as 

currently required. 

Methodology 

I will derive an expression for the CDF for fatigue, based on the configurational 

force approach [20-24]. This approach is based on the work of Eshelby [20, 21]. 

Starting from basic physical principles, Eshelby derived an equation for a driving 

force on defects within a certain volume of material (a ‘configurational force’). So 

far, configurational forces have only been derived for the case where the load is 

constant.  

By adding time as a variable to Eshelby’s approach, I will derive a proper CDF for 

fatigue crack growth. Integrating the CDF over a single load cycle will allow me 

to determine how much energy is available for crack growth in that cycle. The 

results of this approach will be validated with the experimental data I collect. 

For my experiments I will use both an epoxy paste adhesive, and an epoxy film 

adhesive. Each adhesive will be tested in combination with two different 

adherend1 materials: a carbon-fibre reinforced polymer (CFRP), and aluminium 

2024-T3. I will apply two different R-ratios to each combination of adhesive and 

adherend.  

I will perform FCG tests for both mode I and mode II opening. For the mode I 

tests I will use double cantilever beam (DCB) specimens with CFRP adherends, 

and tapered DCB (T-DCB) specimens with aluminium adherends2. I will use the 

end-notched flexure (ENF) geometry for mode II. Figure 5 shows a sketch of 

these specimen geometries.  

 

Figure 5: Schematic illustration of the specimen configurations. 

Before the FCG tests, I will conduct experiments under quasi-static loading 

conditions, in order to check the linearity of the force-displacement curve. 

To measure the amount of energy available for crack growth, I will use the new 

strain energy dissipation approach I developed during my PhD thesis[12, 25]. I 

will measure the maximum and minimum force and displacement during the 

fatigue cycles. The area under the resulting force-displacement line gives the 

                                                           
1 Adherends: the parts that are joined by the adhesive. 
2 I already used standard DCB specimens with aluminium adherends during my PhD 

thesis, so that data can also be used for comparison. 



strain energy in the system. From the change in strain energy over the course of 

the test, I can then calculate the amount of energy dissipation per cycle, as 

shown in Figure 6. By the first law of thermodynamics, this is equal to the 

amount of energy available for crack growth. Thus I can test the predictions of 

the theory I will develop. 

 

Figure 6: Illustration of the method used to determine the strain energy dissipation per cycle dU/dN, from the 

measured force P and displacement d.  

The test matrix is shown in Table 1 and a time plan is shown in Table 2. 

Table 1: Test matrix showing the combinations of adhesive and adherend, and the test conditions. Two 

specimens will be tested for each test condition 

  Paste adhesive Film Adhesive 

CFRP 

Adherends 

Mode I 

DCB 
R = 0 R = 0.6 R = 0 R = 0.6 

Mode II 

ENF 
R = -0.25 R = 0.25 R = -0.25 R = 0.25 

Aluminium 

Adherends 

Mode I 

T-DCB 
R = 0 R = 0.6 R = 0 R = 0.6 

Mode II 

ENF 
R = -0.25 R = 0.25 R = -0.25 R = 0.25 

  

Table 2: Time plan for the research work 

 Year 1 Year 2 

 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

Literature review         

Specimen design & manufacture         

Derivation of fatigue driving force (+ paper)         

Mode I tests         

Analysis mode I data         

Writing paper(s) on Mode I results         

Mode II tests         

Analysis mode II data         

Writing paper(s) on Mode II results         

Margin & project wrap-up         

 



Dissemination 

The main route for dissemination will be journal publications and conference 

presentations. Additionally the data produced during this research will be made 

publically available via 4TU.ResearchData. 

If the methodology proves successful I may develop test standards in 

collaboration with ESIS TC4. We would then submit these to the International 

Organisation for Standardization (ISO) to become internationally recognised 

standards. 

Conclusion 

In the proposed research I aim to provide a physical understanding of fatigue 

crack growth in adhesive bonds. In particular I will derive the first expression for 

a fatigue crack driving force that is based on fundamental physical principles. 

The expression will be validated experimentally, and the influence of material, 

specimen geometry, and crack opening mode will be investigated. 

For the past 50 years research into fatigue crack growth has been about 

generating models based on curve fits, rather than understanding when and why 

those models do or don’t work. For the future of fatigue, we need to go back to 

the physics! 
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