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Abstract 

The phenomenon of fatigue of materials, whereby cyclic loading causes failures in 

structures, can be traced back to the nineteenth century and beyond. Damage often 

occurs at a stress range well below the strength of the material. In ductile solids, cyclic 

load may lead to the development of plastic deformation near a crack tip. Damage 

tolerance of engineering components is generally treated by linear elastic fracture 

mechanics under small scale yielding (SSY) conditions. There are occasions where 

significant plastic deformation can occur. Additionally, the influence of premature 

contact behind the crack tip, known as crack closure, on fatigue crack growth has not 

been comprehensively studied.       

In this research, Digital Image Correlation (DIC) was utilised to characterise the 

near crack tip field in stainless steel 316L of compact tension specimen under mode I 

loading conditions. Three stress intensity factor ranges were used, ΔK=15, 20, and 25 

MPa√𝑚 (R=0.1) to investigate the material responses behind and ahead of a fatigue 

crack tip. Baseline error of DIC assessment was carried out using three pattern 

techniques and selected measurement window sizes and positions. In situ full-field 

surface measurements for crack tip strains ahead of the crack tip and crack opening 

displacement (COD) were carried out, from which a crack opening loads (Pop) was 

identified at characteristic distances behind the crack tip. Strain evolution and critical 

strains near a fatigue crack tip were measured in both a stationary and a growing fatigue 

crack. In addition, stress intensity factor K and J-integral, were extracted from the 

displacement maps obtained from the DIC measurements. Attempts to map the 

deformation field for extracting K values using the Williams’ series expansion proved 

to be unsuccessful due to the presence of significant plasticity beyond the SSY regime 

for the selected material. 

 J-integral was extracted from the displacement maps around the crack obtained 

using DIC at selected load increments. The displacements were introduced as boundary 

conditions into the finite element (FE) models to obtain an effective J-integral, and the 

results were compared with those nominal from the standard FE analysis. Both visual 

observation and compliance curves were used to determine the crack opening levels; 

whilst the impacts of the crack opening on the J and the normal strains ahead of the 

crack tip were evaluated. The results present a complete picture of the crack tip field at 

the selected load levels, where events both ahead of and behind the crack tip were 
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studied for the first time in terms of crack driving force and attenuation effects. The 

results from the study indicate that crack closure, although clearly identifiable in the 

compliance curves and visual observation, does not appear to impact on global crack 

driving force, such as J-integral, or on strains ahead of the crack tip. 

 

Keywords:  

Fatigue, Fracture, Crack tip fields, DIC, Error assessment, Strain, Crack closure, J‐

integral 
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1 Introduction  

1.1  Background 

One of the most common materials used in engineering components and structures is 

stainless steel 316L (SS316L). It is included in many applications such as jet engines, 

heat exchangers, furnace parts, chemical processing equipment, and parts exposed to 

marine environments. A common failure in such metallic engineering materials is 

fatigue crack growth due to the existence of an inclusion or flaw under cyclic fatigue 

loading. Hence, characterisation of fatigue crack growth has been of great interest in 

damage tolerance assessments of fracture‐ critical engineering components and 

structures.  

It has been generally accepted that the use of an elastic stress intensity factor 

range, ΔK, is adequate in most engineering applications under small‐ scale yielding 

conditions (SSY). The first use of the stress intensity factor range was proposed by Paris 

[1] to correlate fatigue crack growth rates. This approach was then rationalised by Rice 

[2] within the framework of continuum mechanics, who suggested that fatigue crack 

growth rate data can be determined by a stress intensity factor range. The role of load 

ratio R was also recognised and subsequently justified through the consideration of a 

concept of crack closure, a phenomenon first reported by Elber [3], who observed that a 

crack may be partially closed when subjected to cyclic tensile loads. 

From a Material Science perspective, fatigue crack propagation behaviour of 

materials has been considered through intrinsic and extrinsic mechanisms [4], where 

intrinsic mechanisms are concerned with the formation of new fracture surfaces, while 

extrinsic mechanisms consider shielding effects due to various mechanisms of crack 

closure. From an engineering perspective, fatigue crack growth may be considered as 

primary events occurring ahead of the crack tip and secondary events occurring behind 

the crack tip [5]. The evolution of the normal total strain ahead of the crack tip is 

reflective of primary events, while CODs are indicative of secondary events. It is of 

vital importance that both primary and secondary events are investigated so that 

characterisation of fatigue crack growth can be made with confidence. 
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1.2 Research aims and objectives 

The overall aim of this study is to develop full-field characterisation of displacements 

and strains near a fatigue crack tip using DIC. 

General objectives: 

 To map full-field strains in two-dimensions (2D) in the presence of a 

stationary crack using the DIC method; 

 To map full-field strains in 2D in the presence of a growing crack using 

the DIC method;  

 To evaluate the role of crack closure on near-tip strains and crack driving 

force; 

 To assess the baseline errors for displacements and strains using DIC.  

Specific objectives: 

The first aim of this work is to build on the existing results [6] on the evaluation 

of baseline error measurements for displacement and strains in the presence of a crack 

using DIC. The study of uncertainties was expanded using selected DIC patterning 

techniques and selected measurement window sizes and positions. Moreover, a new 

patterning technique for SS316L was developed to overcome some of the drawbacks 

related to the standard method of using white paint. Hence, crack tip location can be 

more accurately identified with a good contrast and low errors. 

 Normal strains ahead of the crack tip for stationary cracks have been previously 

studied at characteristic distance of multiples of grain size and fatigue cyclic loading, 

but the influence of selected parameters, loading conditions and DIC parameters such as 

subset size, step size, measurement window, and spatial resolution have not been 

studied systematically. In this work, the following specific topics were studied: 

 The evolution of strains ahead of a growing crack at fixed distances to the 

crack tip and the impact of the size of the measurement window (MW) on 

the critical strains for SS316L. 

 The influence of measurement resolution, gauge location, loading level, and 

material used on COD, and correlation of the compliance change to the 

visual observations of crack flank movements and near-tip normal strains.   
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Although fatigue crack closure has been of great interest to researchers since the 1970s, 

its impact on crack tip fields has not been explicitly interrogated. In particular, there are 

no systematic studies with experimental evidence to support that the change in the 

compliance recorded behind the crack tip during loading/unloading has definitive 

attenuation effects on the strains in the near-field ahead of the crack tip, or global crack 

driving force, the stress intensity factor range K, or J-integral. Moreover, there appears 

to be no attempt to correlate the physical closure to those obtained from compliance 

traces. 

This work contributes to a fundamental understanding of crack tip fields in an 

attempt to answer some of the above questions, towards developing a more precise, 

mechanistic approach for fatigue life prediction for application purposes.  

1.3 Thesis outline 

The thesis is divided into the following chapters: Subsequent to the introduction, an 

overview of the background and literature relevant to the present study is given, 

including fracture mechanics, crack tip field, fatigue of material, fatigue crack closure, 

and DIC. Experimental procedures and methodologies utilised for this study are 

presented in Chapter Three. Chapter Four reports results and discussion of the analysis 

for stationary and growing cracks, COD, crack driving force, and crack closure. The 

conclusions and future work derived from this study are presented in Chapter Five.         
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2 Literature review  

The second chapter synthesises existing knowledge concerning fracture mechanics, with 

an emphasis on the following topics most relevant to the present study: Fracture 

mechanics, crack tip field, fatigue crack growth, fatigue crack closure, and DIC. DIC is 

of main interest here because it is one of the best techniques used to quantify strains and 

displacements on surfaces in experimental mechanics [7], and is the main method of 

study in this work. The understanding of full-field crack behaviour has the potential to 

offer new insights into the characterisation of micro-devices, as well as in engineering 

applications of larger scales. This research would build upon existing knowledge in 

fatigue crack propagation and crack closure influence on service life prediction in 

engineering components and structures. In contrast to other techniques, DIC yields 

comprehensive data around crack tips, including full-field measurements of deformation 

and the determination of stress intensity factor K, COD, and strain energy release rate J-

integral [7]. Additionally, DIC was utilised in the determination of the size of the plastic 

zone [8–10], closure level [11–13], and T-stress [14,15].  

The accuracy of the displacement/strain estimates extracted from DIC 

experiments is subject to the experimental data collection and processing procedures. 

Therefore, the data processing strategies (the size and position of the measurement 

window, the subset and step sizes employed in the correlation and magnification factor) 

adopted are critical to the accuracy of the crack-related parameter estimates. Beyond the 

measurement procedures, the utility of the method is contingent on image quality, 

subset size, and the algorithm employed in the optimisation of the subpixels [16]. 

Therefore, the review of the DIC uncertainties, pattern techniques, and the influence of 

the DIC parameters on the measurements will be discussed. In general, the application 

of DIC in the determination of the stress intensity factor was extensively reviewed in 

the literature [17,18]. The insights drawn from the literature review have facilitated the 

present study in terms of using DIC on crack problems. 

 

2.1 Fracture mechanics 

Fracture Mechanics deals with stress analysis of cracked bodies. Analytical approaches 

in solid mechanics are employed for the calculation of deformation fields in the 

presence of cracks and the mechanical driving force on a crack. Experimental 

mechanics is also carried out to obtain the resistance of a material to fracture. Fracture 
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mechanics is the study of the influence of the geometry of flaws, loading conditions, 

material response, and environmental effect on the process of fracture in solid bodies 

[19]. 

Fracture analysis is essential in the study of the strength of solid materials. In the 

early history of fracture analysis, Leonardo da Vinci carried out an experiment showing 

how weight required to break iron wires increased with the reduction in length. A 

similar experiment was conducted by Lloyd and Le Blanc in the 1830s. Thereafter, 

Karmarsch demonstrated an experiment on wires which was verified by Griffith’s 

experiment on glass fibre in 1921, consistent with da Vinci’s findings [19].  

Griffith studied glass and metal wires, rods, and plate and found the existence of 

two orders of magnitude disparities between theoretical and bulk strengths of solids. 

The differences resulted from imperfection, scratches, and defects present in solids [19]. 

An analysis of a defect in the form of an elliptical hole gave similar results to those 

from Inglis, where the results indicated that the maximum stress depends on the ratio of 

the semi-axes of the ellipse [19]. However, test results were in apparent conflict with 

these findings which led Griffith to reveal that maximum stress may not be a suitable 

strength criterion. Therefore, a new theory was developed in which fracture occurs 

when the energy released due to propagation of the crack is greater than the surface 

energy. In the 1950s, research was carried out on fracture of ductile materials. Orwan 

identified the existence of plastic deformation ahead of the crack tip. Both Irwan and 

Orwan, in 1948, came to the conclusion that plastic work at the crack tip is a form of 

dissipative energy, and hence should be used in place of the surface energy for brittle 

materials in Griffith’s model [19]. 

 In Europe, railway accidents were estimated to kill two hundred people a year 

between 1860-1870 [20]. Most of these accidents were as a result of derailing that was 

caused by fractures of the wheels, axles or rails [20]. Research into the cause of the 

fractures shows that they often occurred under low stress. Some of the Liberty ships that 

were built during the Second World War suffered catastrophic failures when transported 

to Europe from the US [20]. Consequently, extensive research was initiated in many 

countries, but particularly in the US. The research showed that flaws and stress 

concentrations were responsible for most of the failures.  

Brittle fractures were seen to be promoted by low temperature conditions and 

triaxial stress conditions. Under these conditions, steel structures can easily fracture by 

cleavage without having a significant amount of plastic deformation. Steel begins to 
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behave as a ductile material when the temperature goes above a given level known as 

the transition temperature. The transition temperature is likely to rise in value due to the 

heat cycle experienced during the process of welding [20]. At present, it is possible to 

prevent brittle fractures that occur in low strength steel. It can be achieved by ensuring 

that the material being produced is of a low transition temperature as the welding 

process is controlled in such a manner that it does not raise the ductile-brittle transition.  

Considering a structure in which a fracture occurs, the crack will tend to grow 

with time under cyclic load. This means that the propagation of the crack will intensify 

with time. It can be explained as a rising curve since it is a function of time, as 

illustrated in Figure 2-1a. There is a considerable reduction in the strength of the 

structure in the presence of a crack. The strength will be lower than the one it was built 

for. The residual strength continuously reduces as the size of the crack increases (Figure 

2-1b). After a given period of time, the structure becomes so weak that an accidental 

overload can fail the structure. Even if such an overload is absent, the crack will keep 

increasing and the structure will fail under a normal operation load. This explains why 

the ships that were constructed in the Second World War failed. When engineers design 

structures, they have to put into consideration that flaws are unavoidable, and structures 

may fail over time, therefore a structure can only have a limited lifetime. For the 

purposes of safety, methods need to be developed to predict how fast a structure will 

fail and how fast the residual strength will decrease [20]. 

 

 

Figure 2-1:(a) The propagation of the crack; (b) curve of residual strength [20]. 
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2.1.1 Loading modes  

Three types of loading modes are classified for material separation in fracture 

mechanics, as shown in Figure 2-2. First is the opening mode, where the loading is in a 

direction normal to the crack plane. This is considered the most important mode among 

others in the study of fatigue and fracture [21]. Second is the sliding mode in which 

shear stress acts perpendicular to the crack front and parallel to the crack plane. Third is 

the tearing mode in which the shear stress is parallel to both the crack front and the 

plane of the crack [22].  

 

 

Figure 2-2: Three loading modes of fracture mechanics [23]. 

2.1.2 Linear elastic fracture mechanics (LEFM)  

Linear elastic fracture mechanics (LEFM) deals with cracks in an elastic body, and was 

first developed by Griffith [24] using the strain energy release method. In the following 

years, Irwin [25] extended this to describe the near tip field in terms of the stress 

intensity factor K. The validity of the stress intensity factor method was based on the 

assessment of the size of plasticity at the crack tip (plastic zone) as small relative to a 

characteristic length such as thickness or crack length, namely the condition of SSY, 

where a characteristic length must be at least 50 times the plastic zone size [26,27].  

Stress intensity factor (K)  

In LEFM, stress intensity factors KI, KII, and KIII are used to measure the intensity level 

of the near crack tip field under mode I, II and III loading, respectively. First order of  

stress field is described as [29]:  

 

                                    𝜎𝑖𝑗 = (
𝑘

√𝑟
) 𝑓𝑖𝑗(𝜃) + ⋯                                               [2-1] 
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Where σij is the stress tensor, k is the proportional parameter, 𝑓𝑖𝑗(𝜃) is the function of 

the polar angle, and r is the distance to the crack tip in a polar coordinate system, as 

shown in Figure 2-3. The stresses of the crack tip field are proportional to the 1/√𝑟, 

leading to singularity when 𝑟 = 0.  

When the singularity exists the stress intensity factor for all loading modes can be 

defined as [30] : 

                                      K = k√2π                                                           [2-2] 

 

By solving for the proportional constant, k, and replacing it in Equation 2-1, the new 

form of stress intensity factor equation results in Equation 2-3:   

 

𝜎𝑖𝑗 = (
𝐾

√2𝜋𝑟
) 𝑓𝑖𝑗(𝜃) + ⋯                                           [2-3] 

 

When the angle 𝜃 = 0ᵒ the stresses for mode I are: 

 

                                                   𝜎𝑥𝑥 = 𝜎𝑦𝑦 = (
𝐾𝐼

√2𝜋𝑟
)                                                 [2-4] 

 

 

Figure 2-3: Illustration of coordinate systems at the crack tip area [31]. 

Considering the through thickness crack in an infinite plate that is subjected to biaxial 

tension, stresses were derived by Westergaard [29] as: 
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                                                  𝜎𝑥𝑥 = 𝜎𝑦𝑦 = (
𝜎√𝑎

√2𝑥∗
)                      [2-5] 

 

Where 𝑥∗ = 𝑥 − 𝑎 = 𝑟. From equations 2-4 and 2-5, mode I stress intensity factor can 

be defined as: 

                                                  𝐾𝐼 = 𝜎√𝜋𝑎                                                         [2-6] 

 

The general form of stress intensity factor based on Eq.2-6 can be expressed as  

 

                𝐾𝐼 = 𝜎√𝜋𝑎 Y                                                     [2-7] 

 

Where Y is the geometry factor in which it depends on the geometry of the crack and 

loading condition. For the relationship between the strain energy release rate G and 

stress intensity factor K in the case of plane stress is described as: 

 

         𝐺 = (
1

𝐸
) 𝐾2                                                         [2-8] 

For plane strain: 

                                                        𝐺 = (
1−𝑣2

𝐸
) 𝐾2                                                     [2-9] 

 

2.1.3 Elastic plastic fracture mechanics (EPFM) 

When LEFM is no longer valid based on the SSY criterion, elastic plastic fracture 

mechanics (EPFM) should be applied. In 1961, Wells [32] proposed a parameter, crack 

tip opening displacement (CTOD), for elastic plastic fracture mechanics analysis. 

Thereafter, Rice [33] introduced the J-integral that estimates the elastic plastic 

deformation of nonlinear materials, which is similar to the conservation integral by 

Eshelby [34].  

J-Integral  

J-integral is defined as a path independent of the contour line that encloses the crack tip 

region from the lower flank to the upper flank in a counter-clockwise direction, as seen 

in Figure 2-4. As long as the contour encloses the crack tip the value of J-integral is 

independent of the integration path. The J-integral is described as [33]: 
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                                             𝐽 = ∫ (𝑊𝑑𝑦 − 𝑇𝑖
𝜕𝑢𝑖

𝜕𝑥
𝑑𝑠)

Γ
                                        [2-10] 

 

Where Γ is arbitrary path surrounding the crack tip, T is defined as the traction vector, 

ds is the incremental length on the contour Γ, 𝑢𝑖 is the displacement vector, and W is the 

strain energy density which can be written as: 

 

                                                   𝑊 = ∫ 𝜎𝑖𝑗𝑑휀𝑖𝑗
𝜀𝑖𝑗

0
                                                [2-11] 

 

The second part of Eq. (2-10) presents the external forces in which the components of 

the traction vector Ti are:  

 

                                                           𝑇𝑖 = 𝜎𝑖𝑗𝑛𝑗                                                        [2-12] 

 

where 𝑛𝑗  is the components of the unit vector perpendicular to the contour.    

For the case of linear elastic conditions dominating along the path of J-integral, the J-

integral can be related to the stress intensity factor, as shown in the following equation.  

 

                                                              𝐽 =
𝐾2

𝐸
                                                           [2-13] 

 

 

Figure 2-4: Two-dimensional diagram of arbitrary path of J-integral surrounding the 

crack tip. Where Γ represents any path around the tip and ds is the incremental length 

along the contour [31]. 
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2.2 Crack tip field  

Stress intensity factor K [25] and J-integral [33] are parameters that describe the crack 

tip field under linear elastic and plastic conditions, respectively. As a result, critical 

stress intensity factor and J-integral can be used for measuring the resistance to fracture 

of the material. Near-tip parameters such as displacements and strains can be obtained 

using numerous methods such as DIC, digital volume correlation (DVC), and X-ray 

tomography.                                                                                                                                                                                                                                                                                                                                                     

Small and Large Scale Yielding (SSY & LSY) 

SSY is a fundamental concept employed in the elucidation of the extent of plastic 

deformation. When the size of the plastic zone is smaller than the region of K 

dominance (where the stress intensity factor is valid to characterise the crack tip stress 

field), the small scale yielding regime is satisfied, hence linear elastic fracture 

mechanics can be applied. Therefore, crack propagation can be characterised by the 

stress intensity factor K [22]. On the other hand, for ductile materials the large scale 

yielding condition applies when the SSY criterion does not meet requirements due to 

large inelastic zone, J-integral should be used to characterise the field intensity of the 

crack tip.       

2.2.1 Elastic stress field   

Elastic stress investigation of a continuum with a sharp crack was carried out by 

Westergaard in 1939 [29]. Thereafter, Williams [28] and Irwin [25] further developed 

his analysis to solve engineering problems. Stresses near the crack tip can be calculated 

using Eq.2-3 in section 2.1.2, where the stress intensity factor K is proportional to the 

stresses at crack tip for a given r and 𝜃. Three loading modes were established by Irwin 

and Williams, as described in section 2.1.1, in which Eq.2-3 can be used for all the 

cases. More significantly, the Westergaard solution implies that a single constant such 

as stress intensity factor K can be used as a solution for all components of stress and 

strain tensors. Figure 2-5 shows the stresses ahead of a crack tip, based on the 

Westergaard analysis. As the distance ahead of the crack tip (r) approaches zero, field 

stresses approach infinity. 
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Figure 2-5: Illustration of stress ahead of the crack tip for elastic model [27]. 

2.2.3 Crack tip plasticity  

Within the vicinity of the crack tip where high elastic stresses prevail and exceed the 

yield stress of the material, local inelastic deformation occurs. The estimates of crack tip 

plasticity are based on the measurement of the plastic zone size using the Irwin method 

[25], in which the radius of the plastic zone can be determined as [31]: 

For plane stress: 

                                                        ry =
1

2π
(

K

σYs
)

2

                                                [2-14] 

 

For plane strain: 

                                                        ry =
1

6π
(

K

σYs
)

2

                                               [2-15] 

 

where K is the stress intensity factor and σYs is the yield stress of the material. 

2.2.4 Crack tip opening displacement (CTOD) 

As J-integral, crack tip opening displacement (CTOD) is a significant parameter that 

describes the crack tip field in elastic-plastic materials, and serves as a fracture criterion. 

CTOD was proposed by Wells [32] as a fracture parameter, when he first observed that 

the crack faces moved in different directions at the occurrence of fracture. He used 

infinite plate with a centre crack specimen, and utilised the elastic displacement solution 

and Irwin`s approach to calculate the crack tip opening displacement as [31]: 
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                                                CTOD =
4

π

K2

Eσys
                                                  [2-16] 

 

CTOD may be related to the energy release rate (G), and the stress intensity factor (K) 

for the cases of SSY by applying the following equation [31]:  

 

                                                      CTOD =
4KI

2

πσYsE
=

4G

πσYS
                                         [2-17] 

 

2.2.5 Strain ratchetting 

Strain ratchetting is a very significant deformation form that is relevant in numerous 

engineering applications. The phenomenon of strain ratchetting, or so-called cyclic 

creep, is attributed to the plastic deformation during loading that is not opposed by an 

equal amount of yielding in the reverse loading direction [22]. Increasing fatigue cycles 

eventually leads to the accumulation of normal strain ahead of the crack tip, which will 

subsequently lead to the failure of the material and produce crack extension [35]. It is 

evident that the material ahead of a growing fatigue crack experiences plastic 

deformation and its accumulation leads to material separation in ductile materials.  

Figure 2-6 shows a stress-strain curve hysteresis loop in which the elastic 

deformation occurs at initial stage (A-B) followed by plastic yielding (B-C). 

Considering ideal behaviour during the following cycles, continuous elastic and plastic 

deformation during unloading occurs at (C-D-E) and loading (E-F-C) in a stable 

hysteresis loop.       
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Figure 2-6: Stable stress-strain hysteresis loop [36]. 

Accumulation of strain due to cyclic creep is shown in Figure 2-7, each cycle is 

shifted towards a higher strain value, where 𝛿e represents the incremental amount of 

ratchetting strain with time.  

 

Figure 2-7: Strain ratchetting [37]. 

The evolution of ratchetting strain ahead of a crack tip was discovered by 

Tong’s group [38]. Elastic plastic finite element simulation of a stationary and a 

growing crack was conducted using a CT specimen and strain ratchetting was captured 

near a crack tip. Although the ranges of stress and strain near the crack tip remained 

essentially unchanged, progressive increments of strain ratchetting occurred which led 

to crack growth [39].  
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2.3 Fatigue of materials 

Fatigue of materials exemplifies the failure of engineering materials following exposure 

to fluctuating stresses, as depicted in Figure 2-8 a and b. Fatigue of materials is thought 

to directly contribute to more than 90 percent of material failures [40]. In the US alone, 

fatigue is responsible for the failure of at least 25 percent of the steel bridge structures in 

the country [41]. Considering that the majority of the engineering materials are exposed 

to cyclic loads, it is necessary to appreciate the cyclic plastic deformation of engineering 

components, as noted in Paul et al [42]. 

The stresses associated with fatigue failures include torsional, flexural, and 

tension-compression, which in turn result in the elastic-plastic stress-strain responses in 

modes I, II and III, although fatigue crack growth usually occurs in mode I even if 

originally a crack is subjected to a mixed mode loading condition. If an engineering 

component is exposed to cyclic loading and unloading, failure often occurs well below 

the yield stress or tensile strength following the attainment of the fatigue limit.  

 

 

Figure 2-8: Typical stress cycles in fatigue studies [40]. 

Despite exposure to cyclic loads, an ideal material should withstand fatigue 

failure, given the technological advances against fatigue fracture, including the 

manipulation of the microstructure. However, defects in materials, components and 

structures, coupled with variations in loading conditions, elevate the risk of such a 

failure [43]. Apart from defects, other forms of stress raisers include surface roughness, 
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geometrical discontinuities, and inclusions [42]. Additionally, residual stresses from 

welding and other post-processing methods also contribute to cyclic deformation of 

materials. 

2.3.1 Crack initiation 

Crack initiation is the first step of fatigue crack formation. Understanding of crack 

initiation processes has been improved with advances in crack detection methods. 

Current methods are capable of detecting crack initiation up to the order of microns 

[44]. However, a fatigue crack can only be detected after it has achieved a certain 

length. Initial micro cracks from inclusions and surface micro-notches might propagate 

undetected.  

Crack initiation is attributed to cyclic deformation and irreversible dislocation – 

a phenomenon that results in strain localisation [44]. The applied pressure/stress causes 

irreversible dislocation movements which leads to the formation of persistent slip bands 

(PSBs) at critical stress points and slip planes [22,44,45]. If the PSBs are formed on the 

surface, this marks the onset of crack initiation, or Stage I of crack growth. Stage I is 

characterised by limited crack penetration. In steel structures, the intensity of Stage I 

cracking is influenced by microstructures (which predict slip reversibility and slip 

concentration) and environment. For example, in the case of steel pressure vessels, 

cyclic deformation can be triggered by hydrogen pressure [46]. The risk of crack 

initiation is further reinforced by the presence of defects, notches, or holes on the 

material surface. 

The formation of the slip steps results in the further exposure of the material to 

the environment. After unloading, the shear stress is unloaded in the opposite direction. 

The cumulative effect is the occurrence of a reverse slip in the parallel slip planes. The 

application of plastic strain on the surface leads to the development of intrusions and 

extrusions, as illustrated in Figure 2-9. 
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Figure 2-9: Intrusions and extrusions and PSBs after the application of plastic strain 

[22]. 

2.3.2 Crack growth regimes 

A review of the literature illustrated that there are three standard classification stages of 

crack growth regimes as depicted in Figure 2-10. The first stage, Stage I, in which the 

growth rate is very slow or discontinuous below fatigue threshold (∆Kth), the threshold 

stress intensity factor below which the maximum growth rates are below 10-8 mm/cycle 

[22]. In this stage the plastic zone near the crack tip is usually less than the grain size 

and crack growth is predominately characterised by shearing, resulting in a zigzag crack 

path and serrated fracture surface.  

For the second stage, Stage II or Paris regime, Eq.2-18, the relationship between 

the log (da/dN) and log (∆K) is linear. At a stress intensity factor range above ∆Kth, the 

plastic zone size is larger than the grain size and the process of the crack growth 

contains simultaneous flow along duplex slip (two slip planes). Formation of ripples on 

the fracture surface (striation) can be observed in pure metals and many ductile alloys in 

which the spacing between two striations correlates with the average crack growth rate 

per cycle.  

𝑑𝑎

𝑑𝑁
= 𝐶(∆𝐾)𝑚                                                 [2-18] 

 

 The last stage of crack growth regime, Stage III, occurs at high stress intensity 

factor in which growth rate is significantly high compared to that in Stage II. In this 

stage the growth rate is sensitive to the stress state, loading ratio, and microstructure of 

the material. The maximum stress intensity factor is bounded by the fracture toughness 

of the material, where there is a significant influence of load ratio and stress state on the 

crack growth rates [22].    
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Figure 2-10: The three stages of stable fatigue crack growth [22]. 

2.3.3 Fatigue crack growth  

Fatigue crack growth is the advancement of the crack where there is a considerable non-

linear deformation ahead of the tip of the crack or tip of the notch [22] under cyclic 

loading. The propagation of a fatigue crack may occur in ductile solids, brittle solids 

and the non-crystalline solids, but the main point here is to make a general description 

for ductile solids. The rate at which the crack grows in a material that is exposed to 

constant amplitude of cyclic stresses is stated in respect of the length of increment in 

each cycle (da/dN). The values of the latter variable are experimentally determined from 

the changes in the crack length over the number of fatigue cycles.  For a constant 

applied stress range, the rate of fatigue crack growth increases with the increase in cycle 

number. A typical illustration of the crack growth pattern is shown in Figure 2-11. 
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Figure 2-11: Typical illustration of crack growth [22]. 

 

2.4 Fatigue crack closure  

Engineering designers are concerned with failure mechanisms and physical 

quantification of damage in order to create damage tolerant structures which can 

withstand a predetermined amount of damage without failure. A crucial aspect of 

damage tolerance assessment is the accuracy of predicting fatigue crack growth rate. 

This requires the knowledge of full-field deformation, the events ahead of the crack tip 

and the events of the crack wake, the latter commonly known as crack closure. There 

are several factors that may lead to crack closure or so called premature contact. Most 

common factors are the plasticity-induced closure (mechanical factor), oxide-induced 

closure (environmental factor) and roughness-induced closure (microstructural factor). 

Numerous detection techniques have been carried out to measure the opening load 

levels of the crack flanks, at which a crack is assumed fully opened. The high resolution 

measurement techniques, such as DIC and DVC, have opened new ways for 

characterising full-field deformation, including crack closure at the surface and in the 

bulk of the material, hence the characterisation of fatigue crack growth is revisited with 

clear experimental evidence [47]; and the new results are compared with results from 

more traditional techniques, as detailed in section 4.5.  

2.4.1 Crack closure phenomenon 

Crack closure refers to a phenomenon in which two crack surfaces previously separated 

by opening, tearing or shearing are closed during part of fatigue loading. Research on 

crack closure phenomena was augmented by the discovery of plastic deformation left on 

the crack flanks during fatigue crack growth – a phenomenon that was termed as 

plasticity-induced crack closure in the 1970s by Elber [3]. He argued that only during 
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the complete separation of the crack faces can the crack propagate [22]. The general 

concept of crack closure is based on the relationship between the applied load and crack 

opening displacement along the crack flank, as shown in Figure 2-12a. The change of 

stiffness was considered to be indicative of crack opening, Kop, from which an effective 

stress intensity factor (∆Keff) is calculated as the difference between Kmax and Kop, as 

seen in Figure 2-12b. An effective stress intensity factor was proposed to correlate 

fatigue crack growth rates by replacing ∆K in the Paris equation as shown in 2-19.  

 

 
𝑑𝑎

𝑑𝑁
= 𝐶(∆𝐾𝑒𝑓𝑓)

𝑚
                                                [2-19] 

 

 

 

                (a) 

 

(b) 

Figure 2-12: (a) Illustration of the relationship between the load and displacement 

during stiffness change caused by crack closure. (b) Definition of an effective stress 

intensity range [31]. 
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2.4.2 Plasticity-induced crack closure 

According to Elber, fatigue crack growth is not only influenced by the events ahead of 

the crack tip but also the events behind the crack tip, in particular the crack face contact 

during part of a loading cycle. The two factors are responsible for the rate of fatigue 

crack growth [22]. Plasticity-induced crack closure has been used as a default 

interpretation of load ratio effects, and the concept has been incorporated in some 

fatigue life prediction models. The process of plasticity-induced crack closure takes 

place under plane stress and plane strain conditions in which the former is more 

prevalent in fatigue cracks due to the lack of constraint and the more pronounced plastic 

deformation [48]. The physical observation of plasticity-induced crack closure under 

plane stress conditions involves the elongation of the volume elements within the plastic 

zone, as illustrated in Figure 2-13.  

The above phenomenon results in the insertion of a plastic wedge in the crack, 

which in turn, may suppress crack growth and crack tip plastic deformation [48]. The 

wedge refers to the excess layers of material behind the crack tip. In contrast, the plastic 

wedge is absent in plane strain conditions. In place of the plastic wedge, there is plastic 

deformation/shearing of the material located within the plastic wake. The phenomenon 

triggers the movement of the volume elements leading to the development of a wedge 

within the crack environment.  

 

 

Figure 2-13: Plane stress plasticity-induced crack closure [48]. 
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2.4.3 Oxide-induced crack closure 

When the oxide layers formed on the surface or corrosion come into contact with the 

crack surface, crack closure may occur similarly to plasticity-induced crack closure, and 

the range of the stress intensity factor and the crack growth rate might both be reduced. 

Existence of this type of crack closure has been confirmed under fatigue conditions at 

high and ambient temperature by numerous studies [49–52]. Oxide-induced crack 

closure is greatly accelerated by environments that contain moisture, high temperature 

conditions, high cyclic frequencies, low levels of load ratios, and structures that are of 

low strength and microstructures with coarser grains. In these cases, fretting and 

rubbing that occur along the surfaces of fracture have favourable conditions. However 

at the high range of stress intensity factor in which the crack propagation is so rapid as 

to break down the oxide film, the influence of the mechanism of fretting oxidation on 

crack closure is neglected. Plastic-induced closure in conjunction with oxide-induced 

closure is thought to give a good mechanistic rationale for several load ratio and 

environmental effects on the propagation of cracks [22,48] 

2.4.4 Roughness-induced crack closure 

Roughness-induced crack closure is known to be one of the mechanisms involved in the 

microstructural effects on the growth rate of a fatigue crack, particularly relevant to 

crack growth near the threshold regime. Materials with finer grains are believed likely 

to improve resistance to fatigue fracture. On the other hand, research on near-threshold 

fatigue has shown that, in most alloys, coarser-grained structures and planar slip 

deformation modes produced a greater fatigue threshold [22]. As discussed in preceding 

sections, at threshold regime (Stage I) crack growth occurs by single shear slip where 

the stress intensity factor is low and the plastic zone size is smaller than the grain size 

leading to crystallographic fracture. As a result, serrated fracture morphology may 

elevate the level of crack closure. Moreover, mismatch of the flank faces, as seen in 

Figure 2-14, caused by slip irreversibility during unloading or plastic deformation, may 

also contribute to the elevation of crack closure. Similarity of the sizes between the 

crack opening displacement and the height of the surface asperities at low ∆K level 

plays a significant role in the characterisation of roughness induced crack closure [22]. 
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Figure 2-14: Roughness-induced crack closure [48]. 

2.4.5 Crack closure measurement techniques   

Current experimental methods in the evaluation of crack closure are categorised into 

direct and indirect methods [53]. The former refers to a set of methods used to 

determine the surface distances between the crack faces, some examples of the main 

direct measurement methods are caustics [54], X-ray tomography [55–57], surface 

strain [58,59], laser interferometry [60], and SEM observation [61]. 

Determination of the opening load using indirect method was first produced by 

Elber [3] in the 1970s. The determination of the underlying mechanisms of crack 

closure can be explained using the formula in Equation 2-19 (section 2.4.1). The 

modified equation focuses on the effective stress intensity range, ∆Keff, which 

corresponds to an effective stress intensity range when the crack is fully open [11,53].  

∆Keff is the difference between the K at the maximum and the Kop. For tension-tension 

cycles at low load ratio, the Kop is usually larger than the minimum stress intensity 

factor, hence ∆Keff is smaller than the applied stress intensity range. Since Elber’s 

indirect method, more techniques have been used to detect the closure level such as 

near-crack tip gauge [62–64], back face strain gauge [65–68], crack mouth opening 

displacement (CMOD) [67,69–71] , potential drop (PD)[72,73], and ‘push rod’ gauge 

[74,75]. 

Figure 2-15 shows an illustration of some of the above listed methods used to 

obtain compliance curves, including: Near-tip strain gauge mounted along the crack 

growth direction; back face gauge placed on the back of the specimen and CMOD 

across the crack mouth. The near-tip gauge method usually provides higher opening 

loads compared to those from the back face strain gauge and CMOD methods, this 

could be attributed to plane strain and plain stress conditions in which the effect of 

plasticity-induced crack closure prevails at the surface of the specimen [53]. Moreover, 
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higher opening loads were observed using potential drop technique [73], which was 

attributed to electrical short circuits that occur when there is frictional contact between 

the crack face asperities. In this scenario, the electrical and mechanical opening and 

closing faces are not equivalent, especially when the opening is very small (threshold 

regime).    

 

 

Figure 2-15: An illustration of some of the methods used for crack closure measurement 

[74]. 

Most of the proceeding methods are based on load vs displacement curves and 

there are a variety of analyses used to detect the opening and closing loads. Based on 

the ASTM Round Robin [76], there are three causes of variation in crack opening. 

These are: The noise level contained in the data; the measurement technique to obtain 

the load-displacement curve; and the analysis used to construct the load-displacement 

curve [77]. The most popular analysis used are based on ASTM E647 standard (offset 

method) [78] or curve fitting. The latter are further sub-grouped into parabola and line 

(PL), line–parabola–line (LPL), and two tangent methods as shown in Figure 2-16. The 

two-tangent method was adopted as the main technique for this study to track the 

opening loads as the intersection point of two fitted tangent lines to the upper and lower 

portions of load vs displacement. For the PL method, a straight line was fitted to the 

upper part of the load-displacement curve corresponding to the fully opened crack while 

the rest of the data were fitted with a parabola line. Therefore, the transition point 

between the two fitted lines was varied until the max correlation was obtained 

indicating the opening load. The LPL method can be achieved using two straight lines 
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fitted to the upper and lower parts of the load vs displacement curve while the nonlinear 

part of the curve is fitted with a parabola. Hence, the transition points between the 

straight lines and the parabola were varied until the maximum correlation was obtained. 

The latter method is unlike the other two in which both opening and closing loads can 

be detected from the load-displacement curve.  

 

 

Figure 2-16: Curve-fitting techniques for the determination of crack opening [53]. 

Apart from the curve fitting methods, opening load may be obtained using the 

Equation 2-20 [78] by fitting a straight line to a segment spanning 25% of data below 

the maximum load (higher than 0.9Pmax) of the unloading curve. The opening load 

should be less than half of the max load otherwise the range of the fitting should be 

decreased until the opening crack compliance becomes constant. Compliance can be 

obtained using a loading curve by fitting a straight line just below the max value and 

higher than 95% of the max load. Each segment overlaps half of the next segment and 

spans 10% of the load range. The compliance is then obtained for each segment by 

using a linear least squares fit.  

Kujawski and Stoychev [77] compared the methods obtained from the curve 

fitting such as PL, LPL, and two tangent lines, and ASTM-E647 standard (offset) [78] 

using 2324-T39 aluminium alloy with two different thicknesses of specimen and crack 

lengths using a CMOD gauge. They found that the opening load was reduced as the 

crack grows and similar results were obtained between LPL and PL while lower 

opening load was observed using the two-tangent method. Moreover, the two-tangent 
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method was found to produce the most consistent trend. By comparison, the ASTM-

E647 [78] method shows more variation in the opening loads amongst all methods 

examined. Song and Chung [79] found that the offset method has some drawbacks 

including the discontinuity of the Pop in which the method is unable to provide 

measurement of opening load between Pmin and Pmin+ 5%∆P values, and to overcome 

the problem of inconsistency they recommended to use the enhanced ASTM 

normalised–extended method [80].    

 

𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 𝑜𝑓𝑓𝑠𝑒𝑡 =
𝑂𝑝𝑒𝑛 𝑐𝑟𝑎𝑐𝑘 𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒− 𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒

𝑂𝑝𝑒𝑛 𝑐𝑟𝑎𝑐𝑘 𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒
 100               [2-20] 

 

Nowadays, DIC is widely employed in the investigation of crack closure on 

specimen surfaces [11,13,47,81–83] and DVC is used for analysing the closure in the 

interior of the specimens [84–86]. Carroll et al [11] used a DIC technique to measure 

the opening load using different resolutions for three stress intensity factor ranges. They 

found that there is variation in the opening load which depends on the gauge position 

behind the tip, load level, and the resolution employed. Lopez-Crespo et al [87] 

identified crack closure under mixed mode I and II loading conditions by fitting the 

stress intensity factors using the displacements obtained from DIC, and the effects were 

attributed to combined effects of plasticity, roughness, and frictional forces. Patriarca et 

al [81] utilised the DIC  method to compare different techniques for tracking the crack 

opening level. They used compliance (S-shaped), offset, and virtual strain gauge 

methods, and concluded that the first method produced robust and reliable results, while 

the offset method was found to vary by 20% compared to the S-shaped method. 

Notwithstanding the limitation of the virtual strain gauge method, they found that the 

closure results obtained using this method were accurate. 

Apart from DIC, the three-dimensional aspects of crack closure have been 

studied by a number of researchers using X-ray computed tomography (XCT) and DVC 

[13,84,86,88–90]. Limodin et al [84,86] measured 3D fatigue crack morphologies using 

X‐ ray tomography and displacement fields of nodular cast iron (NCI) using in situ 

loading and DVC. The stress intensity factor K was extracted from the displacements 

measured and correlated with the crack growth rates. Rannou et al [88] measured crack 

opening for cast iron using an enriched DVC concept to detect the crack fronts and the 

displacement fields from which extended finite element (FE) was used to extract the 
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stress intensity factor. Wigger et al [91] and Tong et al [47] studied the full-field near-

tip deformation, COD and crack driving force in 3D using both DVC and integrated FE 

analysis. Simpson et al [92] used X-ray diffraction method on a bainitic steel to evaluate 

the effect of crack closure and residual stress on fatigue crack growth post overload by 

quantifying the crack tip strain field. Salvati et al [93] used X-ray diffraction, Finite 

Element Modelling, and DIC to separate the impact of plasticity-induced crack closure 

and residual stress following an overload on the behaviour of fatigue crack growth.  

Even though diverse numerical and experimental measurement methods have 

been employed in the assessment of crack closure, researchers note that the results are 

often ambiguous owing to the 3D nature of the crack closure due to the variation of 

crack tip constraint conditions, such as plane strain and plane stress within the interior 

of the material and the surface, respectively [11]. Beyond plane stress and strain states, 

there are additional challenges associated with the presence of various closing 

mechanisms, such as oxidation-induced, viscous fluid, phase transformation, roughness, 

and plasticity-induced crack closure [11] in which measurement of crack closure using 

DIC, for example, is unable to separate the influence of each mechanism, although the 

over-all effect should be captured using DIC.  

The evaluation of existing models has informed the selection of the method in 

the measurement of crack closure in the current study. In particular, DIC full-field 

displacement measurements were utilised to determine the closure level due to their 

flexibility in multiscale experiments with high resolution [82,83]. Moreover, the DIC 

method was utilised for this study as constituting both direct and indirect techniques for 

tracking physical crack flanks and the compliance change from load-displacement 

curves [47].  

Finally, as the topic that has probably generated the greatest interest in the 

fatigue research community since Elber [3], the concept of fatigue crack closure has 

intrigued generations of researchers. Elaborate methods have been developed to 

measure crack closure due to a number of physical mechanisms whilst numerous 

models have been developed to predict the effective crack driving force for fatigue 

crack propagation [16,44]. The experimental evidence accumulated over the decades 

shows with little doubt that premature contact does occur between the crack flanks in 

ductile metallic materials, which may be captured by a number of methods but typically 

by compliance traces. More recent evidence from full-field studies further reveals the 
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complex nature of the phenomenon, in that the measured opening load varies with the 

measurement location [11,94,95] load level [11,82], and measurement resolution 

[11,82,87]. The principles and the techniques of DIC are reviewed in the subsequent 

sections.  

 

2.5 Digital image correlation  

The utilisation of DIC has its origin with Sutton and his associates [94,96–98]. The 

method was developed by researchers to facilitate the measurement of surface 

deformations through the comparison of deformed and un-deformed states. At the time, 

the effectiveness of the technique was limited by associated technologies. For example, 

numerical computation and digital image processing were still under development [17]. 

The technique was also referred to as computer-aided speckle interferometry and digital 

speckle correlation method, among other terms. 

Current advances in technology have augmented the demand for robust 

measurement methods leading to the enhancement of the standard DIC method [17]. In 

particular, the computational complexity of the method has been reduced at the same 

time. The accuracy and application ranges have been enhanced by extending 2DDIC to 

3DDIC. The latter technique incorporated binocular stereovision [99,100] and digital 

volume correlation [101–103]. The 3DDIC is more effective in the assessment of 3D 

deformation in solid objects. The above merits validate the employment of the method 

as one of the standard techniques used in the elucidation of two- and three-dimensional 

displacements. In particular, the best match in the 2D version is determined by 

registering the two images and the measurement of the displacement field [104]. DIC is 

defined by the following three-steps: Experimental and specimen preparation, recording 

of the images of the specimen (prior and after loading) and image processing to derive 

displacement data and strain information [14]. The activities may be achieved using 

advanced computer programs such as MATLAB. The three main principles are 

discussed in detail in section 2.5.1. 

DIC is the preferred technique for the analysis of the specimens because it 

provides the following advantages. In particular, the digital images before and after 

deformation can be recorded using one CCD camera. Additionally, specimen 

preparation is not necessary if the specimen has a scaled grey surface [17]. Second, the 

measurements do not require advanced materials such as laser sources. In the absence of 
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a laser light, natural or white light can be employed to illuminate the specimens in both 

field and lab applications. Another core advantage of the technique is the high 

resolution and broad range of measurement sensitivity [17], whilst the former images 

are obtained from the high spatial resolution digital imaging device. The resolution can 

also be enhanced by coupling DIC with other material characterisation instruments such 

as the scanning tunnelling microscope [105,106], atomic force microscope [107,108] 

and the scanning electron microscope [109,110]. The images obtained from the 

additional instruments are processed using standard DIC technique. 

 Even though the DIC method was preferred due to the above advantages, there 

are some limitations. For example, the method is only suitable for specimens with a 

grey intensity distribution, which may be manually produced either by painting or 

etching. Additionally, the utility of the method is significantly dependent on the quality 

of the images obtained from the CCD cameras, scanning electron microscope (SEM), 

atomic force microscope (AFM) and other equipment used with imaging devices. The 

SEM instrument elucidates the surface and cross-sectional morphology of the 

specimens at the nanoscale [111]. Even though SEM and AFM augment the quality of 

the images, the two methods require advanced sample preparation, such as through 

sputter coating – a technique employed to suppress charge build-up [112]. 

The last main disadvantage is the inferior accuracy in strain measurement 

relative to the interferometry methods [17]. The limited accuracy impacts on the utility 

of the method in the measurement of microscopic deformations in non-homogenous 

samples. These shortcomings associated with the DIC method do not have a significant 

impact on the application of DIC in this research, because the application of the 

technique was not confined to small deformation measurements. Moreover, the steel 

specimens were homogenous with well-defined microstructure which may be utilised 

through etching.  

2.5.1 Principles of DIC 

DIC technique entails capturing two digital images before and after applying loads to 

the surface of a sample. The first captured image is the reference image while the 

second image is the deformed image. DIC patterns such as speckle and etching are 

created on the surface of the specimen in which a small area of the specimen in the 

reference image is tracked to the same area in the deformed image. The small area 

consisting of at least 3x3 pix² with varied greyscales is known as a subset [5]. By 
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comparing the digital images of these subsets before and after deformation, 

mathematical mapping and cross‐ correlation are carried out, then displacement field 

within the target area is obtained by minimising the correlation coefficient. 

 Figure 2-17 shows the basic principle of DIC. On the reference image, assume 

that a point located at (x,y) values on the coordinate system is mapped into a point in the 

deformed image located at (x*,y*). Hence the subset shape can be described as [5]: 

 

𝑥∗ = 𝑥 + 𝑢(𝑥, 𝑦)                                                   [2-21] 

𝑦∗ = 𝑦 + 𝑣(𝑥, 𝑦)                                                   [2-22] 

 

Where u and v are the horizontal and vertical displacements in which can be 

approximated using Taylor series: 

 

𝑥∗ = 𝑥 + 𝑢 +
𝜕𝑢

𝜕𝑥
∆𝑥 +

𝜕𝑢

𝜕𝑦
∆𝑦 +

1

2

𝜕²𝑢

𝜕𝑥²
∆𝑥2 +

1

2

𝜕²𝑢

𝜕𝑦²
∆𝑦2 +

𝜕²𝑢

𝜕𝑥𝜕𝑦
∆𝑥∆𝑦         [2-23] 

 

𝑦∗ = 𝑦 + 𝑣 +
𝜕𝑣

𝜕𝑥
∆𝑥 +

𝜕𝑣

𝜕𝑦
∆𝑦 +

1

2

𝜕²𝑣

𝜕𝑥²
∆𝑥2 +

1

2

𝜕²𝑣

𝜕𝑦²
∆𝑦2 +

𝜕²𝑣

𝜕𝑥𝜕𝑦
∆𝑥∆𝑦         [2-24] 

 

 

 

Figure 2-17: Illustration of DIC principle [5]. 

Δx and Δy are the distance from the centre of the subset to the point (x,y). Digital image 

correlation depends on finding the maximum of the correlation array within pixel 
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intensity array subsets of two corresponding images. A correlation factor can be 

described as [5]: 

C =
∑ f(x,y)g(x∗,y∗)]S

√∑ f²(x,y) ∑ g²(x∗,y∗)SS
                                                  [2-25] 

 

Where S is the subset, 𝑓(𝑥, 𝑦) and 𝑔(𝑥∗, 𝑦∗) are the intensities of the greyscale 

values at points (𝑥, 𝑦) and (𝑥∗, 𝑦∗) in the reference and the deformed image, 

respectively. Therefore, the correlation factor is a function of displacement gradient and 

components (𝑢, 𝑣). In practice, fast Fourier transformation can be employed for 

computation of the cross‐ correlation. As DIC is limited to the surface measurements, 

the speckle pattern can be artificially applied using different techniques from which the 

desired spatial resolution can be achieved, unlike DVC, in which the spatial resolution 

depends on inherent textual markers most metallic materials lack. The main pattern 

techniques for DIC are discussed in section 2.5.2. 

2.5.2 Patterning techniques   

It is crucial for successful DIC correlation to have an adequate pattern on the specimen 

surface. Unsuitable pattern can be a source of error and may impact on the accuracy of 

the DIC measurement when it is not properly distributed [113]. As subset size is a 

significant parameter for the correlation process, there must be a sufficient number of 

features inside a subset in order to be unique from other subsets [114]. These features 

can be artificially made on the specimen surface for example with speckles [115–117], 

by network scratching [10,87,118,119] using SiC grit paper, or by using the natural 

texture of the material [91,120,121] by etching the sample. Traditional pattern can be 

produced by painting the region of interest with white paint and spraying black speckles 

over the white area. The former was employed using a CT specimen in [6,14,35,122] 

for the measurements of the displacement and strain ahead of a crack tip. 

 For crack propagation analysis, Vanlanduit et al [123] found that increasing 

speckle size with respect to the subset size leads to an increase in measurement errors. 

On the other hand, when the speckle is too small relative to the size of the subset, 

typically less than 3x3 pixels, the speckle or features might not be recognisable [124]. 

Therefore, appropriate speckle size as function of the subset size should be explored. 

Optimal size of the speckles or features on the specimen surface was found to be 

approximately five times smaller than the subset size [125]. Another study conducted by 
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Robert et al [126] found that the size of speckles should be less than a third of the size 

of the subset used. Apart from the speckle size, traditional DIC technique might be 

exposed to uncertainties related to the determination of the location of the crack tip, as 

the actual crack length under the paint might differ from that measured on the paint 

[122,127]. In this research several patterning techniques were explored and compared 

(section 3.2.3).   

2.5.3 DIC uncertainties  

It is important to assess the baseline errors that might impact the accuracy of the 

displacement and strain data collected from the DIC. Uncertainty may be caused by a 

number of factors that are related to the equipment used, such as the optical lenses, 

lighting or the CCD sensor, or might be related to the employed technique, such as the 

size and density of the speckles chosen for the pattern used or related to the natural 

texture of the material [113,114,125,128–132]. Moreover, systematic errors related to 

the subset size [133,134], shape function [117,130,135], and correlation algorithms and 

subpixel registration [136,137], can also be the sources of errors for DIC processing. 

In a correlation process subset size is a critical parameter [133,134,138] for the 

accuracy of the measurements. This parameter is closely related to the features of the 

pattern used, as discussed in the preceding section. Yates et al [14] identified an 

optimum size of subset to include a minimum of three features of the pattern employed. 

The selection of the ideal subset size based on the displacement and strains data has 

been studied by many researchers [128,130,132,136]. Apart from the subset size, error 

related to the step size was investigated by [139-141], also by Haddadi and Belhabib 

[136] who concluded that increasing the number of the step size led to reduced strain 

errors but limited the data points obtained. On the contrary, smaller step size increases 

the spatial resolution.  

2.5.4 Influence of DIC parameters  

As indicated in the preceding sections, subset size and step size determine the accuracy 

of the correlation between the deformed and reference images [142,143]. In addition, it 

has been reported that displacement bias error can be minimized through the selection 

of the appropriate subset size [144]. Similarly, field of view (FOV) and the 

measurement window (MW) dictate the accuracy of the measurements [145]. The size 

of FOV affects the estimation of the stress intensity factor, especially when plasticity 
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exists. Mokhtarishirazabad et al [18] investigated the influence of several parameters 

including subset size and FOV on the estimation of the stress intensity factor and they 

found that these parameters affect the extracted K values. They concluded that the 

plastic zone area has a negligible influence on the estimated stress intensity factor when 

a sufficiently large FOV is used. On the contrary, when high resolution is employed in 

which the FOV is small compared to the plastic component, high total strain may exist 

and thus overestimation of K values may occur [5,83]. Moreover, the number of terms 

included in the Williams` series to obtain a good K estimation depends on the size of 

the area used around the crack tip [146].  

For a given FOV, the smaller the step size, the larger the number of displacement 

data points and the longer the correlation calculation time. Step size is normally 

recommended to be 25% of the subset size [125]. The last parameter studied in this 

thesis is the measurement window (MW) which is the area used to extract the 

displacement and strain data from the generated maps following correlation. The 

position of the MW and the size with respect to the crack tip has great influence on the 

measured strains and displacement [6,82,91,122]. Wigger et al [125] investigated the 

impact of some of the DIC parameters including the MW on systematic and random 

errors. Considering MWs ahead of a crack tip, they found that increasing the load level 

and enlarging the MW led to the increase in random error in the displacement and 

strains. On the other hand, for systematic error, enlarging the MW reduces the noise 

level. For the area ahead of the crack tip, enlarging a MW seems to decrease the average 

strain values when all MWs share a common edge [91]. Finally, the knowledge gained 

from the literature review has helped to inform the understanding of the experimental 

design and execution, which are detailed in the next chapter.   
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3 Experimental procedures 

In order to study the surface response behaviour of the material when it is subjected to 

fatigue loading, digital image correlation (DIC) technique was employed in this study. 

This technique enables the user to generate full field mapping of displacements and 

strains in which the results can be extracted and further analysed. The basic principle of 

DIC is to record an image at a reference load, usually the minimum load, and to 

compare it to the images recorded at loaded conditions. This can be carried out using 

LaVision (version 8.4) [147] software by discretising the image into small sub 

windows, and tracking the deformation by moving the subset in steps, called step size, 

until the whole image is analysed.  

For investigating the normal strain evolutions ahead of the crack tip and crack 

opening displacements behind the crack tip, images were taken where the crack tip was 

located in the centre of the field of view and the crack remained stationary during the 

measurements. The first objective was to prepare the sample including geometry 

measurement, stress intensity factor calculation and sample polishing, as described in 

sections 3.1 and 3.2. The second objective was to perform pre-cracking based on the 

calculated stress intensity factor (Eq.3-1), which will be used later for fatigue testing, as 

presented in section 3.3.1. The third objective was pattern creation for DIC recording, 

including polishing, painting, speckling, etching and the determination of the crack tip 

position, as described in section 3.2. The final objective was to carry out DIC 

calibration, image recording and displacement and strain mapping.  

 

3.1 Specimen materials and geometry 

3.1.1 The material  

The material used for this study is Stainless Steel 316L (SS316L), which has a yield 

stress of 280 MPa, Poisson's ratio of 0.3 and elastic modulus of 193 GPa. The grain size 

of the material, as shown in Figure 3-1, is measured to be approximately 17 µm. 
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Figure 3-1: Microstructure of specimen surface after etching for grain size 

measurement. 

3.1.2 Specimen geometry 

Three standard compact tension (CT) specimens (ASTM E647)[78] was utilised for this 

research. The specimen width was W=60 mm, thickness, B=7 mm, which is within the 

recommended range W/20 ≤ B ≤ W/4. The machined notch size measured from the 

centreline of the loading pinholes to the notch tip was 0.2W =12 mm, as seen in Figure 

3-2.   

 

 

Figure 3-2: The CT specimen used in this study, w = 60 & H = 72; all dimensions are in 

mm. 
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3.1.3 K solution and plastic zone size calculation 

It is important to calculate the stress intensity factor (K) before starting the pre-cracking 

to ensure that the load levels are suitable. According to ASTM E647[78], equation (3-1) 

was used to calculate the stress intensity factor for the CT specimen, where Y is the 

geometry function of a/W.  

K =
P

BW1/2
× Y                                                    [3-1] 

               

where, 
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P= Load; W=width; B= thickness; a= crack length.  

 

Since SS 316L material has a low yield stress, plastic zone size should be 

considered as it may be a significant factor affecting crack growth, crack closure and 

crack driving force. The estimated sizes of the plastic zone in plane stress were 

calculated using Equation (2-14) [22] for the selected stress intensity factors, as shown 

in Figure 3-3.  

 

 

 

Figure 3-3: Estimated plastic zone size for SS316L using Eq.2-14. 
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3.2 Specimen preparation 

3.2.1 Polishing 

The purpose of polishing is to make the surface of the sample suitable for replica 

measurements, as a measure of crack lengths during pre-cracking. Both the front and 

back of the specimen surface were polished using a polishing machine (SAPHIR 550) 

with SiC paper grades 200, 400, 600, 800, 1200 and 2500 to obtain a mirror surface 

finish for microscopic examination, as shown in Figure 3-4. The polishing process was 

carried out twice for this study, the first attempt was before the pre-cracking, so that, 

when using replica technique to measure the crack length, the cellulose acetate sheets 

should only copy the crack including the notch. The second polishing attempt was after 

the pre-cracking process, so that scratches from the sharp tip tweezer used to pick up the 

replica samples could be removed and the surface would be adequate for the next stage 

treatment, speckling.      

  

Figure 3-4: Left: Polishing machine (SAPHIR 550). Right: Specimen during polishing 

3.2.2 Etching 

Microstructure of the stainless steel provided a good pattern for DIC correlation. 

Moreover, the grain size of the material was considered important for evaluating normal 

strain development ahead of the crack tip [148]. For these reasons, the material surface 

was etched and grain size was estimated to be approximately 17µm. The chemical 

composition of the etching solution was 50% distilled water, 33% chlorhydric acid, and 

17% nitric acid. The immersion time in the etching solution was about 2 minutes. The 

etching solution was according to E407 ASTM, solution 88. Final microstructure of 

SS316L is shown in Figure 3-5. 
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Figure 3-5: Left: Etched CT specimen. Right: Enlarged the etched pattern used for DIC 

and grain size measurement. 

 

3.2.3 Speckle pattern 

In order to achieve high resolution for DIC correlation, a flat surface with no visible 

features such as polished metal needs to be patterned, for instance with speckles, 

roughening of the surface, or random scratches [149]. 

Usually, white paint was applied on the face of the sample as a rectangular shape 

centred at the crack tip. Thereafter, black ink was sprayed using an airbrush gun to 

generate random speckles on the white painted rectangular shape for image correlation 

purposes, as shown in Figure 3-6. For achieving well-distributed black speckles the 

airbrush gun was appointed to the edges of the rectangular shape (red dash line), as 

illustrated in Figure 3-6(c). The distance between the air brush gun and the surface of 

the specimen was approximately 50 cm. Several attempts were made to achieve a thin 

white paint layer and well-distributed patterns of black speckles. In this work, three 

different patterns were used for DIC preparation. The first technique was using white 

paint as a background and black speckles applied as shown in Figure 3-7; while the 

second pattern was only black speckles sprayed on the well-polished surface (mirror 

finish) of the metal, as seen in Figure 3-8. The third method was using the etched 

surface (microstructure) as a pattern, see Figure 3-5. All of these patterns were used for 

DIC correlation.  
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Figure 3-6: (a): Airbrushing system kit; (b): Airbrush gun used to spray speckles; (c): 

mirror surface with a white paint and black speckles. 

 

Figure 3-7: Pattern used for white paint with black speckles. 

 

             Figure 3-8: Pattern used for speckles sprayed on the surface of SS316L. 
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3.2.4 Determination of the crack tip 

The accurate identification of the crack tip position is important for obtaining the strains 

and displacements near the crack tip. For etched surface and speckles on the surface 

metal patterns, crack tip position was identified before putting the specimen on the 

testing rig Instron, with the DIC system including an Olympus BX40 microscope and a 

CCD camera. When using white paint as background with black speckle patterns, the 

crack tip may not be easily located. In this case, the crack length was first measured 

under the microscope before painting the background and the crack tip was then 

accurately identified by finding some features outside the painted rectangular area and 

measuring the distance between these features to the crack tip before and after the paint. 

An illustration for this technique is shown in Figure 3-9. Prior to the white paint, several 

trials were made using a piece of paper to cover the crack then finding the features at 

the edges of the covered area, then identifying the tip position and removing the paper. 

This method was successively applied to ensure that the identified crack tip locations 

matched before and after the cover. 

However, when applying the load to the white painted sample the crack shown 

on the painted surface may not replicate the real crack size in the metal, as the elasticity 

of the paint may stretch over the crack whilst the real crack size could be longer than the 

paint crack size [127]. This will lead to errors in the measurements of the strains and 

displacements near the crack tip. In order to overcome this drawback, black speckles 

were directly painted on the polished mirror surface, as described on section 3.2.3. This 

method enables accurate location of the crack tip position, as the whole crack path 

becomes visible and is easy to directly measure from the notch to the tip. However, this 

technique is time consuming since it needs two further steps to be taken: Firstly, when 

using the DIC`s flashing lights the contrast applied to the surface may not be sufficient 

for locating the crack tip and producing good quality imaging. In this case, it was 

necessary to attach a white piece of paper to the specimen for the purpose of reflecting a 

white background onto the field of view and enhancing the light distribution applied. 

Secondly, the surface of the specimen needs to be well polished for DIC correlation and 

for locating the tip, unlike the painted background. Moreover, an etched pattern also 

allows us to accurately track the crack tip, and can be used before the pre-cracking stage 

as the etched patterns will not be affected by acetone needed for the application of 

replicas, unlike the painted patterns. However, in this study, etched patterning was not 

https://www.artisantg.com/Scientific/55500/Olympus_BX40_Research_Microscope
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our first choice, although it was used for measuring strains and COD in the weld steel 

(section 4.1.4 and 4.3.4); and also used in the second part of section (4.1.2, Figure 4-3) 

and (4.3.2, Figure 4-18) to examine the influence of the MW position on the strains and 

COD. Moreover, it was used in the comparison of the measured closure with the FE 

results (section 4.5.3) and for producing J-integral (section 4.5.6). The painted 

background was only used in a large field of view (section, 4.4.3, Figure 4-28), as the 

other two methods do not seem to work with relatively small grains.    

 

 

 

Figure 3-9: Left: crack tip location identified before painting. Right: Crack tip location 

identified after painting. 

3.3 Mechanical testing  

3.3.1 Pre-cracking 

The purpose of pre-cracking is to provide a sharp and straight fatigue crack of adequate 

size and to remove the effect of the notch history. Pre-cracking was done using a load-

shedding scheme (ASTM E647)[78] where the maximum load was reduced gradually 

from 11.2 kN to 4.8 kN, corresponding to Kmax = 25 to 15 MPa√m, as seen in Figure 3-

10. The load ratio and frequency were 0.1 and 10 Hz, respectively. Crack growth was 

monitored by surface replicas as described in the following section.  

The measurements were taken for the crack length on both sides of the specimen 

under the microscope, and the average crack lengths are recorded for each 

measurement, as shown in Table 3-1. The servo-hydraulic machine (25 KN loading cell) 

was used under cyclic tension load for pre-cracking. In order to obtain the stable fatigue 

crack growth, the stress intensity factor range was initially started at 25 MPa√m 

corresponding to the maximum load to initiate the crack from the notch tip, and reduced 

manually in steps to be concluded at ∆K=15 MPa√m corresponding to the minimum 

load. The final crack length was measured as 19.55 mm and a/W=0.33. Thereafter, the 
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stationary crack may be assumed under ∆K =15, 20, 25 MPa√m for selected individual 

cycles.  

 

 

Figure 3-10: Load shedding scheme used for pre-cracking. Left of Figure is the range of 

stress intensity factor reduced during pre-cracking. Right of Figure are the 

corresponding loads reduced during pre-cracking. 

 

Table 3-1: Crack length measurements from the front and the back faces of the 

specimen during the pre-cracking.  
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3.3.2 Surface replica technique 

For monitoring crack length during the pre-cracking process, the surface replica 

technique was conducted. This technique enables us to measure the crack length without 

removing the specimen from the test machine. For this technique, at zero load, cellulose 

acetate sheets were cut into small pieces and placed on the surface of the specimen 

covering the full crack length. Acetone was then sprayed onto a small piece of the 

replication material which was held by hand for few seconds until the acetone 

evaporated as illustrated in Figure 3-11 (a). The replica sheet was then removed using a 

tweezer and placed on a microscopic slide (Figure 3-11 (b)). An Olympus BX40 

microscope was used to measure the crack length and record the images via Leica 

software as seen in Figure 3-11c. Samples were taken regularly during the pre-cracking 

stage and measured on both front and back sides; the results are shown in Table 3-1. 

 

 

Figure 3-11: (a): Cellulose acetate sheet after acetone was sprayed on the specimen;  

(b): Replica sheet removed from the specimen; (c): Crack length measured during pre-

cracking under Olympus BX40 microscope. 

 

 

 

https://www.google.com/url?sa=i&source=images&cd=&ved=2ahUKEwjNqvz6_MzgAhV9AWMBHWhGC6cQjhx6BAgBEAM&url=http%3A%2F%2Fwww.agarscientific.com%2Freplication-materials.html&psig=AOvVaw22-yRavveD034oura9v61C&ust=1550843645884002
https://www.google.com/url?sa=i&source=images&cd=&ved=2ahUKEwjNqvz6_MzgAhV9AWMBHWhGC6cQjhx6BAgBEAM&url=http%3A%2F%2Fwww.agarscientific.com%2Freplication-materials.html&psig=AOvVaw22-yRavveD034oura9v61C&ust=1550843645884002
https://www.artisantg.com/Scientific/55500/Olympus_BX40_Research_Microscope
https://www.artisantg.com/Scientific/55500/Olympus_BX40_Research_Microscope
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3.3.3 Stationary crack testing  

After pre-cracking and the preparation of the DIC pattern, the CT specimen was put 

back into the Instron test machine. Using MT software for load control and data 

acquisition, the loading waveform was trapezoidal, with a 20 second ramp up loading, 

hold for 4 seconds at Pmax then 20 seconds ramp down unloading and hold for 4 seconds 

at the minimum load to allow image acquisition. Within each complete cycle, 48 images 

were recorded during loading/unloading at a frequency of one image per second. 

Optical microscopy was used also to monitor the crack length and to verify the crack tip 

position. About 100 cycles were allowed to elapse before imaging after the load was 

raised to the next level, and 3 cycles were recorded at each load level. Negligible crack 

growth (<5-10 μm) was found at ΔK = 15 and 20 MPa√m, while about 10μm crack 

growth was detected at ΔK = 25 MPa√m, which was considered sufficiently small not 

to invalidate the assumption of stationary cracks. Full field measurements were taken 

for the stationary crack near the crack tip where the crack opening displacement were 

taken behind the crack tip while the normal strain evolution was taken from the front of 

the crack tip. Distance on the x-direction was chosen to be a multiple of average grain 

size (which was measured previously as ∆=17µm.) while distance on the y-direction for 

calculating the COD was chosen to be 30 µm from the crack plane to the centre of the 

measurement window (A1i, A2i). The CODs were calculated from the vertical 

displacements of A1ί and A2ί at a fixed distance to the crack plane y. Strain 

measurement window size is 15 x 15 µm², whereas COD measurement window is 28 x 

28 µm². An illustration of the positions for the crack opening displacement and strain 

measurements is shown in Figure 3-12. 

 

 

Figure 3-12: An illustration of the tracking points used for recording the normal strains 

ahead of the crack tip (front: ίΔ, ί = 1, 2, 4, 10) and the crack opening displacements 

(CODs) in the crack wake (wake: ίΔ, ί = 1, 2, 4, 10, 29). The tracking points were 

chosen to be multiples of the average grain size (Δ =17 μm) [82]. 
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3.3.4 Growing crack testing  

Mechanical testing was carried out on an 8500 Instron servo-hydraulic testing machine 

(25kN). Pre-cracking was carried out under load-control using a load shedding scheme. 

The initial ∆K was 25 MPa√m, and the load was reduced manually step-by-step 

according to the measured crack length. The load ratio and loading frequency were 0.1 

and 10 Hz, respectively. Crack growth was monitored by surface replicas technique. 

The pre-cracking was terminated when the crack length reached a/W ≈ 0.30, ∆K ≈ 

15MPa√m. Mechanical testing was then carried out under cyclic load at ∆K = 25 

MPa√m (R=0.1) to allow steady-state fatigue crack growth at a rate approximately 10-7 

m/cycle. Two series of experiments were carried out. 

Series 1: Critical strain at the onset of crack growth 

In order to investigate the development of strains ahead of the crack tip during fatigue 

crack growth the specimen was subjected to cyclic loading from Pmin to Pmax at ΔK = 25 

MPa√m, R=0.1. Periodically, the experiment was interrupted and DIC images were 

taken at both minimum and maximum loads at an interval of 200 cycles. A total of 260 

images were recorded during the fatigue crack growth from the initial crack length of 

18.35 mm to the final crack length of 20.35 mm. A total of 13,000 cycles elapsed during 

the 2 mm crack growth. 

Strain measurements were taken at 20 measurement windows (MW) ahead of 

the crack tip along the perceived crack path, as shown in Figure 3-13a. The distance 

between each MW (centre to centre) is 100 µm. Critical strains or instantaneous strains 

at the onset of crack growth were measured and the effects of the sizes of MW on the 

strain measurements were examined as illustrated in Figure 3-13b.  
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(a) 

 

(b) 

Figure 3-13: (a) The crack path and the observation points (red crosses) during the 

fatigue crack growth. The initial and the final crack tip positions are marked with blue 

crosses. (b) The selected sizes of measurement window (MW) used in the study. 

Series 2: Crack Opening Displacement during fatigue crack growth 

A CT Specimen was subject to cyclic loading from Pmin to Pmax at ΔK = 25 MPa√m, 

R=0.1, and fatigue crack growth from an initial crack length of 19.40 mm to the final 

crack length of 19.71 mm was monitored during a crack growth of 310 μm in a total of 

3000 cycles. The experiment was interrupted every 1000 cycles and 11 images were 

taken from minimum to maximum during a complete quasi-static cycle. 

Crack opening displacement (COD) was calculated from the displacement maps, 

where pairs of vertical displacements, at a fixed distance of 30 μm in the y-direction 

from the crack plane, were taken behind the crack tip at selected distances to the crack 

tip. The average vertical displacements at these positions were established and the 

CODs were obtained by subtracting the displacements on upper flank from those of 

lower flank, as illustrated in Figure 3-12. CODs were calculated at N=1000, 2000 and 

3000 cycles at ΔK = 25 MPa√m (R=0.1) and plots of COD vs P/Pmax were produced. 
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3.4 Digital image correlation 

3.4.1 Error measurements 

It is crucial to estimate the baseline errors of DIC measurements before carrying out the 

experimental programme. The DIC system was calibrated for 25x magnification 

producing a resolution of 0.54 μm/pixel. Under zero load, five images were recorded for 

error analysis. DIC correlation between these images was carried out using subset size 

and step size of 49 x 49 (pixels)² (26.46 x 26.46 μm²) and 12 pixels (6.48 μm), 

respectively. Two squares of MW of 0.5 x 0.5 mm² were chosen to be consistent with 

previous work [6], both in front of and behind the crack tip, as shown in Figure 3-14. 

Standard deviations of the displacement and strain on x- and y-direction were obtained 

from the generated maps as average values of the MWs. Figure 3-15 and 3-16 show the 

overall error measurements, which compare favourably with those of Zhu et al [6] using 

similar parameters. Variation of the error measurements for the displacement is about 

+/- 0.02 µm, and the maximum error appears to be in the crack wake on the y-direction 

≈0.022 µm. For the strain measurement, errors in the crack wake area are also worse 

than those ahead of the crack, which may be attributed to the discontinuity of the 

materials on the crack path. The error range recorded for strains is from 0.08% to 

0.14%, as shown in Figure 3-16. 

Following consideration of the literature [6], the analysis was carried out using 

two areas of interest (in front of and in the wake of the crack, see Figs.3-17, 3-18) and 

within a full field of view (Fig.3-19, 3-20), to evaluate the measurement uncertainties 

using different methods to create surface patterns. Three different DIC patterns were 

used: 1) White painted background with black speckles; 2) speckles directly produced 

on the surface, and 3) etched surface. An etched surface seems to produce high 

measurement errors for both displacement and strain (Figures 3-17, 3-18). Overall, it 

seems that using only speckles on the surface produced the lowest errors. Maximum 

displacement error of 0.029µm is found on the etched surface while maximum error of 

about 0.011µm was achieved using only speckles. 

For the error assessments conducted within a complete field of view (FOV 

=1.2x1.1 mm²), the crack tip was placed in the centre for the three different DIC 

patterns. Figures 3-19 and 3-20 show that the worse results are again from the etched 

surface, where the standard deviation of the displacement and the strain reached 0.032 

µm and 0.16%, respectively. In general, it can be observed that speckles directly on 
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surface pattern has the lowest displacement and strains errors among all patterns used 

when the measurement window is divided, with few exceptions (Figure 3-19 and 3-20). 

This might be due to the better lighting contrast applied on polished surface rather than 

painted or etched surfaces. Speckling on the surface was therefore chosen as a default, 

unless otherwise specified (section 3.2.4), for our experiments.   

 

 

Figure 3-14: Image of the measurement windows used for error analysis.  

 

Figure 3-15: Comparison of standard deviations for the measured displacements. 
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Figure 3-16: Comparison of standard deviations for the strains. 

 

 

Figure 3-17: Displacement errors from different DIC patterns. No paint: Only black 

speckles on the surface and white background reflection; paint: white paint background 

and black speckles; etched: microstructure of material surface. 
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Figure 3-18: Strain errors from different DIC patterns. No paint: Only black speckles on 

the surface and white background reflection; paint: white paint background and black 

speckles; etched: microstructure of material surface. 

 

Figure 3-19:  Displacement error measurements for full field of view. No paint: Only 

black speckles on the surface and white background reflection; paint: white paint 

background and black speckles; etched: microstructure of material surface. 
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Figure 3-20: Strain error measurements for full field of view. No paint: Only black 

speckles on the surface and white background reflection; paint: white paint background 

and black speckles; etched: microstructure of material surface. 

 

3.4.2 Subset size selection 

An image recorded by CCD camera is divided into sub images identified as subset 

windows. In order for the DIC to correlate the un-deformed (minimum) image to the 

deformed images, DIC software tracks the change of the grey scales inside each subset 

window to find the maximum correlation between the two images. The influence of the 

subset size on the standard deviation of the strains is shown in Figure 3-21, where the 

uncertainty increases with the decrease of the subset size which is consistent with others 

[114,125]. From the error analysis, a subset size of 59x59 pixels² was adopted where the 

minimum standard deviation was obtained and error baseline seems to stabilise. This 

subset size is approximately 1.8 times the grain size and 3 to 5 times the average 

speckle size; the latter value was found to be an optimal subset size [125]. 
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Figure 3-21: Influence of subset size on measurement uncertainty of strains. 

 

3.4.3 Step size selection 

Step size is the grid movement of the subset window for DIC correlation algorithm. It is 

recommended that the step size is to be 25% of the subset size [125], therefore a step 

size of 14 pixels was set as default for our tests when the subset size is 59 x59 pixels².      

3.4.4 Test procedures 

After preparation, the specimen was loaded under tension cyclic loading using a servo-

hydraulic Instron machine. The specimen was positioned with its surface parallel to the 

camera, and a piece of white paper was attached to the upper grip to reflect white 

background onto the specimen mirror surface.  The DIC system consists of 12-bit CCD 

cameras (Imager E-lite) with resolution of 2456 × 2058 pixels, two flashing lights, and a 

Schneider Kreuznach F2.8 50-mm lens with 100-mm extension tubes. Optical 

magnification of 25x was calibrated for one camera according to DaVis 8.2, achieving a 

resolution of 0.54 µm/pixel. The crack was visible and tracked by CCD camera starting 

from the notch and moving towards the tip by the amount of distance measured from the 

microscope. The crack tip was identified by using the neighbouring speckles previously 

noted under the high magnification microscope. To facilitate the analysis the crack tip 

was always located at the centre of the field of view, so that reliable measurements can 

be obtained ahead and behind the crack tip. Two flash lightings were placed on each 

side of the specimen to insure sufficient contrast is achieved.  The testing system is 

shown in Figure 3-22. 
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Figure 3-22: The experimental setup for fatigue testing and DIC imaging. 

          After polishing of the specimen surface, as described previously in section 3.2.1, 

specimen was put on the testing rig Instron and a piece of white paper was attached to 

the lower testing grip, as seen in Figure 3-23 (a). Reflection of white background can be 

seen in Figure 3-23 (b) where the field of view is fully covered. Finally, the attached 

paper can be adjusted by hand with the lighting system until enough contrast is achieved 

where the measured distance between the microscope and the surface of the specimen 

approximately is 3.5 cm, as shown in Figure 3-23 (c). A crack morphology captured 

before and after reflection of a white background can be seen in Figure 3-24 (a) and (b). 
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Figure 3-23: Procedures of white reflection technique. (a): white piece of paper attached 

to the Instron machine; (b) white background reflected on the field of view; (c): 

adjustment of the camera in which the distance between the microscope and the surface 

of the specimen approximately 3.5 cm.    
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Figure 3-24: (a): Field of view before reflecting white background; (b): Field of view 

after white reflection technique. 

3.4.5 Displacement and strain maps 

LaVision software (version 8.4) was used for processing the DIC correlation. Subset 

size of 59 x59 pixels ≈ 32 x 32 µm² and step size of 14 pixels ≈ 7.5 µm were utilised  to 

track the deformed surface of these subsets during loading/unloading, and to correlate 

un-deformed image recorded at minimum load to the deformed image recorded at 

maximum load. No smoothing filter, which recalculates the deformation field after the 

original calculations, was used for producing the displacement and strain maps (Figure 

3-25).  

 

 

Figure 3-25: A typical map of (left) displacement Vyy and (right) strain εyy (taken at K = 

22 MPa√m) [82]. 
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3.5 Determination of SIF from DIC data 

The stress intensity factor for mode I was estimated by fitting the displacement maps 

from DIC to the Williams` series expansion [28] using an algorithm DICITAC [14]. 

According to Williams [28], the displacement field ahead of a crack tip may be 

expressed as infinite series, which may be written as follows [14]: 
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where 𝑢 and 𝑣 are displacements in x and y directions and 𝑎𝑛 and 𝑏𝑛 are related to 

mode I and mode II parts of deformation, respectively. µ is the shear modulus and 𝜅 =

(3 −  𝜈)/(1 +  𝜈) for plane stress, 𝜈 is the Poisson's ratio, 𝑟 is the radial distance from 

crack tip, and 𝜃 is the phase angle in a polar coordinate system with the crack tip at the 

centre. The displacement data from the DIC measurements were first processed to 

remove rigid body motions by using LaVision StrainMaster (v 8.4), then fitted to 6 

terms of Williams` series [28] to obtain the values of KI as a function of applied load; 

further details of the fitting procedure were given elsewhere [14]. The fitting strategies, 

including the appropriate area of interest (AOI), the subset size, and the size of the 

measurement window recommended in Mokhtarishirazabad et al [18] were considered 

and adopted as appropriate. Specifically, rectangular regions of 1.28 × 1.07 mm2 

(FOV1) and 7.5 × 5.9 mm2 (FOV2) were chosen as AOIs to perform image correlation. 

The crack length was about one‐ third inside of the AOI (between 25% and 50% 

recommended). A subset size of 49 pixels × 49 pixel and a step size of 6 pixels were 

used. The AOIs contain approximately 115,000 displacement data points. 
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3.6 Finite element method 

3.6.1 The material model 

The elastic-plastic material model of SS316L from Eeten and Nilsson [150] was 

adopted where a nonlinear combined isotropic-kinematic hardening rule was used.  

The von-Mises yield criterion is expressed as:       

 

𝑓(𝜎 − 𝛼) = √
3

2
(𝑆 − 𝛼𝑑𝑒𝑣): (𝑆 − 𝛼𝑑𝑒𝑣)                                [3-4] 

 

where S is the deviatoric stress tensor and 𝛼𝑑𝑒𝑣 is the deviatoric part of the back stress. 

The isotropic hardening was described by using an exponential law as: 

 

𝜎0 = 𝜎0 + 𝑄∞(1 − 𝑒−𝑏�̅�𝑝𝑙
)                                                    [3-5] 

 

where 𝜎0 is the initial yield surface size, 𝑄∞ and 𝑏 are material parameters which are 

calibrated by cyclic experimental data, and 휀̅𝑝𝑙 is the equivalent plastic strain. 

The equivalent plastic strain is expressed as: 
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The overall back stress is made up of multiple back stress components, in which the 

evolution of the back stress components is expressed as: 
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1
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where 𝐶𝑘 and 𝛾𝑘 are kinematic hardening parameters, �̇�𝑘 is the rate of change of 𝐶𝑘 with 

respect to field variables and temperature. In the present study at room temperature, k = 

1 was taken for simplicity. Five parameters, including kinematic hardening parameters 

𝐶 and 𝛾, initial yield stress 𝜎0 and isotropic hardening parameters 𝑄∞ and 𝑏, are 

extracted from the experimental results of van Eeten and Nilsson [150], and are 

presented in Table 3-2. 
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Table 3-2: The material parameters for SS316L used in the FE model [83] 

 

 

3.6.2 Finite element analysis 

Finite element analysis was conducted together with the experiments using DIC 

methods to obtain strains and crack closure analysis. Additionally, FE modelling was 

used to extract the J-integral, when the stress intensity factor is no longer valid when 

significant plasticity is present.  

Similar to the specimen used for the experiment, a compact tension (CT) 

specimen was created using FE modelling as shown in Figure 3-18a. ABAQUS 

software [151] was used to carry out the analysis. To avoid shear locking and hourglass 

mode during the FE analysis, a 4-noded plane stress bilinear element-CPS4 with 

enhanced hourglass control and reduced integration in ABAQUS was applied to mesh 

the model. In order to accurately capture the large strain gradients near the crack tip, 

refined meshes were applied to the near tip area. The displacement maps extracted from 

DIC were injected into the 2D FE models as boundary conditions and an area of 0.65 x 

0.1 mm along the crack wake was excluded to reduce the measurement errors as shown 

in Figure 3-18b. In order to minimise the errors occurring when interpolating the DIC 

displacement maps to the nodes of FE mesh, the nodal spacing of the FE meshes were 

selected to be similar to the DIC step size of 7.74 µm.  

Contact pairs were defined between the crack flanks to prevent potential crack 

penetration due to crack closure under fatigue loading. Cyclic loading was applied to the 

centre of the loading pins and it was considered that there was no gap involved between 

the sample and the loading pin. In order to model the residual plastic strain in the CT 

specimen that was caused by pre-cracking, crack growth was simulated by releasing 

sequential crack tip nodes under cyclic loading. One node was released every two cycles 

at the minimum stress to avoid a sudden change of the measured displacement [152]. A 

sharp crack was introduced in the FE model and the crack blunting post pre-cracking 

was neglected. 
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Figure 3-26: (a): The finite element model of the CT specimen used for the analyses, 

with the displacements extracted from the DIC analysis as the boundary conditions 

(effective) and under load control (nominal). (b): A region with DIC data excluded is 

marked (ab) to reduce the correlation scatter [83]. 
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4 Results and discussion 

In this chapter, results obtained from the experiments are presented and discussed in 

detail. Results are classified into five sections. The first section evaluates normal strain 

near the crack tip for stationary cracks by studying the impact of experimental 

parameters on the strain evolution in the y-direction. These parameters are loading 

conditions, number of fatigue cycles, the material used, and DIC parameters (MW 

locations and size, subset size, step size, and image resolution). The second section 

examines the effects of the location and the size of the measurement window on the 

normal strains and onset strains in the y-direction for growing cracks. The third section 

investigates the influence of load, location of the MW, measurement resolution and 

material on crack opening displacement (COD). Furthermore, COD for a growing 

fatigue crack was calculated and analysed. The fourth section seeks to evaluate the 

crack driving force for materials with large plastic (SS316L) and elastic characteristics 

(welded 30Cr2Ni4MoV) and the influence of the image resolution on the estimation of 

the stress intensity factor (K). The last section discusses the crack closure measurement 

including the impact of the measurement location, load, and resolution on the crack 

opening load. Additionally, different techniques for obtaining opening loads will be 

explored and compared including visual observation and finite element (FE) methods, 

and crack closure during fatigue crack growth will be investigated. The most significant 

part of the last section is to investigate the crack closure effect on normal strains and on 

the stress intensity factor (K) and J-integral.    

4.1 Near-tip strain development for stationary crack  

4.1.1 Influence of load level  

Stationary crack analysis was carried out where the specimen was subjected to cyclic 

loading and negligible crack growth recorded. The normal strains ahead of the crack tip 

were recorded during the loading and unloading of a cycle. Three load cases 4, 5.3 and 

6.5 kN were applied, corresponding to stress intensity factor ranges ∆K=15, 20, and 25 

MPa√m (a/W≈0.4), to study the normal strain development as a function of normalised 

load (P/Pmax). The experiments started following the pre-cracking ending at about 

∆K=15 MPa√m. The load was increased from minimum to maximum in 22 steps. Four 

positions, 17, 34, 68, and 170 µm were selected in front of the crack tip to be multiples 

of grain size distance. The measurement window (MW) at each position was selected to 
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be 15 x 15 µm² ≈ 28x28 pix². Normal strain values were obtained at the three load 

cases.  

Figure 4-1 (a-d) shows the effects of loading level on the normal strains at 

selected tracking positions to the crack tip.  It is evident that load has a direct influence 

on the normal strain near the crack tip. As the load increases, normal strains increase, 

especially near the crack tip position (Figure 4-1 a and b). Strains recorded at ∆K= 25 

MPa√m increase more during a complete loading cycle than those at ∆K= 20 MPa√m or 

at ∆K= 15 MPa√m. The trends seem to continuously increase with load in most of the 

cases, without apparent change or discontinuity during loading. Three complete cycles 

were recorded and analysed, and a similar trend observed. The trend in unloading is 

similar to that of loading, omitted here for clarity.  

 

 
           

 
 

Figure 4-1: The effects of load level on the strain development at the selected locations 

(a, Δ; b, 2Δ; c, 4Δ; d, 10∆) ahead of the crack tip [82]. 
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4.1.2 Influence of measurement location 

Normal strain ahead of the crack tip was measured at different locations to study the 

influence of distance to the crack tip on εyy for the three load cases, as shown in Figure 

4-2 (a-c). For all the load cases studied, it can be noted that with the decrease in the 

distance between the MW and the crack tip, the normal strains increase due to the large 

gradient of strains near the crack tip. At low stress intensity factor range, ∆K=15 

MPa√m, strains increase as the crack tip is approached (1∆, 2∆). Maximum normal 

strain reaches 0.84%, 0.34%, 0.28%, and 0.07% at 1∆, 2∆, 4∆, and 10∆ respectively. 

For ∆K=20 MPa√m maximum normal strain reaches 3.4%, 0.82%, 0.61%, and 0.24% at 

distances 1∆, 2∆, 4∆, and 10∆, respectively. At high stress intensity factor range, 

∆K=25 MPa√m , strains are obtained at positions 1∆, 2∆, 4∆, and 10∆ are 5.1%, 2.5%, 

0.78%, and 0.4%, respectively, (Figure 4-2 (c)). Results are broadly consistent with the 

data published [35,122]. 

 

 

  

 

Figure 4-2: The normal strains measured at the selected locations ahead of the crack tip 

for the three load cases (a-c) [82]. 
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A second experiment was also carried out using another CT specimen (SS316L) 

with a/W=0.32. Similar DIC parameters were utilised and the same stress intensity 

factor ranges were obtained. Strain values extracted from DIC were also graphed with 

the loading as shown in Figure 4-3 (a-c). Displacement maps were introduced into the 

FE model to obtain the strains ahead of the crack tip and to compare them to the DIC 

measurements. Measurement windows were obtained at the same distance to the crack 

tip as the previous test and omitting 4∆ for simplicity. It can be seen that similar FE and 

DIC results are obtained for all load cases, and higher strains near the crack tip are 

recorded. At ∆K=15 MPa√m, minimum and maximum standard deviations of the strains 

between the FE and the DIC are about 0.0 and 0.2%, respectively. The strain values 

obtained are 1.7%, 1.1%, 0.65%. At ∆K=20 MPa√m, minimum and maximum standard 

deviations of the strains between the FE and the DIC reached ≈ 0.01 and 0.3%, 

respectively. Strains recorded are 4.4%, 2.3%, and 0.19%, while at ∆K=25 MPa√m, 

strains are 6.4%, 3.1%, and 0.41% for 1∆, 2∆, and 10∆, respectively. Minimum and 

maximum standard deviations of the strains recorded at high K between FE and DIC 

reached ≈ 0.0 and 0.4% respectively. In general, strain values obtained from FE and 

DIC seems to differ more when the load level is increased, which might be attributed to 

the high strain gradient at higher loads. Moreover, the sensitivity of strain values to 

noise level might increase when increasing the load level, as reported in [125]. 

However, the analysis of the results obtained from both methods (FE and DIC) confirms 

the significant impact of measurement location on the normal strains near the crack tip.  
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(a) 

 

(b) 

 

(c) 

Figure 4-3: Comparison of the experimentally measured (DIC) (open symbols) and FE 

simulated normal strains (x symbols) at the selected locations ahead of the crack tip for 

the three load cases: (a) ∆K=15MPa√m; (b) ∆K=20MPa√m and (c) ∆K=25MPa√m. 
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4.1.3 Influence of fatigue cycles 

To investigate influence of fatigue cycles on the normal strain measured ahead of the 

crack tip, 20 cycles were recorded with 25 images taken for each complete cycle. 

Loading increased from Pmin to Pmax (0.6 to 6 KN) corresponding to ∆K=20 MPa√m, 

with a frame rate of one image/second, and a total of 500 images were achieved. Strains 

were analysed at 1st, 10th, and 20th cycles. Four locations were tracked (1∆-4∆) to 

calculate the average normal strains as a function of loading at three selected cycles, 

Figure 4-4 (a – d). Strain ratchetting is observed very close to the crack tip (Figure 4-4), 

as reported in [35]. In the latter work, two locations ahead of the crack tip (28.5 and 57 

µm) were used for approximately 150 cycles at ∆K=15 to 28 MPa√m for the first test, 

and 20 to 39 MPa√m for the second test. They concluded that normal strains increase 

with the increase of loading cycles and under higher load level particularly close to the 

crack tip. Strains increase from ≈3.5 to 4.3% for the first test at location = 28.5µm 

which is comparable to the strain values (4.1 to 4.5%) obtained at 17µm ahead of the 

crack tip as seen in Figure 4-4a. Strain accumulating with the increase of fatigue cycles 

near the crack tip will cause the material ahead of the crack tip to fail [6]. 
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Figure 4-4: Normal strain measured ahead of the crack tip for three selected cycles. (a): 

Measured at 17 µm; (b): Measured at 34µm; (c): Measured at 51 µm; (d): Measured at 

68 µm. 

4.1.4 Influence of material  

In comparison with a material with large plasticity (SS316L) (Table 3-2 section 3.6.1), 

compact tension specimen (CT) of welded Cr2Ni4MoV steel, which is essentially 

elastic, was utilised. Specimen thickness of the latter material is 12.5 mm, W=50mm, 

notch size of 11.5 mm, and a/W=0.288. Mechanical properties, chemical composition 

and microstructural characteristics of the base metal (BM), weld metal (WM), and heat 

affected zone (HAZ) are showing in Table 4-1 below.  

 

Table 4-1: Mechanical properties, chemical composition and microstructural 

characteristics of the constituents of the welded Cr2Ni4MoV steel [36]. 
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Similar DIC parameters and K values were used for this specimen and strain 

obtained ahead of the crack tip within grain size distance in which it was measured to be 

7 µm [36]. Strain versus normalised load was constructed, as seen in Figures 4-5a, 4-6a, 

and 4-7a. As expected high strains near the crack tip area are obtained and the 

correspondence with the increase of load is evident. Maximum standard deviation of 

strains recorded within 1-2 grain size are 0.42% and 0.17% for SS316L and welded 

steel respectively at low K. For medium K, the variation increased to 1.4% for SS316L 

while the same value (0.17%) was obtained using welded steel. At high K value, a 

further increase was observed using SS316L (2.3%) and a small increment obtained for 

welded steel (0.22%). Similar strain values near the crack tip (1∆-2∆) for welded steel 

might be due to smaller grain size used for strain measurements. 

Results from strain measured using SS316L and welded Cr2Ni4MoV steel 

materials were compared for the three K values as shown in Figures 4-5,4-6,4-7 (b-d) 

for 1∆, 2∆, and 10∆ distances to the crack tip where ∆=7 µm and 17 µm for 

Cr2Ni4MoV and SS316L, respectively. In general, the trend of strains measured near 

the crack tip for both materials, Figure 4-5(b,c), 4-6 (b,c), and 4-7 (b,c), seems to be 

similar, where the strains increase with load, while scatter increases away from the 

crack tip (10∆) for welded steel at all K levels. It was observed that at 2∆, strain values 

seem to be very similar for both materials for all stress intensity factor levels in which 

the maximum standard deviation reaches 0.27%, 0.16%, and 0.49% for low, medium, 

and high K values, respectively.  The strains obtained from both materials seem to have 

a similar relationship and trend with the applied load.  It is interesting to note that, the 

plasticity level differs significantly between the two materials, where the welded 

Cr2Ni4MoV steel is essentially elastic while SS316L has large plastic deformation. 
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Figure 4-5: Normal strain obtained at ∆K=15MPa√m; (a): Strain measured using 

Cr2Ni4MoV steel at 1∆, 2∆, 10∆; (b): Comparison of measured strain at 1∆ for both 

materials; (c): Comparison of measured strain at 2∆ for both materials; (d): Comparison 

of measured strain at 10∆ for both materials. 

 
 

  

Figure 4-6: Normal strain obtained at ∆K=20MPa√m. (a): strain measured using 

Cr2Ni4MoV steel at 1∆, 2∆, 10∆; (b): Comparison of measured strain at 1∆ for both 
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materials; (c): Comparison of measured strain at 2∆ for both materials; (d): Comparison 

of measured strain at 10∆ for both materials. 

 

  

  

Figure 4-7: Normal strain obtained at ∆K=25MPa√m; (a): Strain measured using 

Cr2Ni4MoV steel at 1∆, 2∆, 10∆; (b): Comparison of measured strain at 1∆ for both 

materials; (c): Comparison of measured strain at 2∆ for both materials; (d): Comparison 

of measured strain at 10∆ for both materials. 

 

4.1.5 Influence of subset size 

Since the accuracy of measurements obtained from the DIC is affected by several 

factors including the subset size [18], study of the influence of subset size on the strain 

evolution was conducted. Three subset sizes were examined: 39 x39 pixels (21x21µm), 

59x59 pixels (32x32µm), and 79 x79 pixels (42x42µm), where the step size was chosen 

to be 25% of the subset size. The relationship between normal strain and load for each 

subset is plotted in Figure 4-8 (a-d) at distances of 1∆ to 10∆. At 1∆ position, smaller 

subset size led to higher strains for higher loads above P/Pmax =0.4. For locations away 

from the tip, there seems to be no clear trend due to scatters.    
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Figure 4-8: Normal strains measured ahead of the crack tip at ∆K=20MPa√m for three 

selected subset sizes. (a): At distance 1∆; (b): At distance 2∆; (c): At distance 4∆; (d): 

At distance 10∆. 

 

4.1.6 Influence of step size  

The influence of the step size on the measured normal strains were examined using 

three step sizes: 12.5%, 25% and 50% at a fixed subset size (59x59 pix²). Stress 

intensity factor range was selected to be 20 MPa√m and MW was 15x15 µm at distance 

of one to ten grain size, Figure 4-9 (a-d). For all selected step sizes, strains increase with 

the increase of the applied load near crack tip (1∆-2∆), whilst the strain increment 

reduces far away from the crack tip (4∆-10∆). Similar strain values obtained, at all 

locations measured, for the selected step sizes. From the achieved results, there seems 

no influence of the selected step size on the strain calculation at all measured locations.  

However, the step size for this work was chosen to be as recommended [125], 25% of 

the subset size.       
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Figure 4-9: Normal strain measured ahead of the crack tip at ∆K=20MPa√m for three 

selected step sizes. (a): At distance 1∆; (b): At distance 2∆; (c): At distance 4∆; (d): At 

distance 10∆. 

 

4.1.7 Influence of spatial resolution  

Using SS316L specimen with a/W ≈0.4, two field of views (FOVs) were adopted to 

obtain micro and macro analysis for strains ahead of the crack tip. For the micro‐ DIC 

analysis, a random speckle pattern was applied directly onto the specimen surface. The 

imaging system (LaVision version 8.4) consisted of a CCD camera (2456 × 2058 

pixels) and a Schneider Kreuznach F2.8 50‐ mm lens with 100‐ mm extension tubes. 

The camera was positioned parallel to surface of the specimen in which the distance 

measured is approximately 3.5 cm. A rectangle of 1.2 mm × 1.1 mm (FOV1) with the 

crack tip in the centre was selected for imaging to capture the near-tip strain data ahead 

of the crack tip. A spatial resolution of 0.54 μm/pixel was achieved. For the macro‐

DIC analysis, a CCD camera (2456 × 2058 pixels) was used and images were taken of 

the speckle patterns generated on a painted white specimen surface. The FOV of 7.5 

mm × 6 mm (FOV2) was used, resulting in a spatial resolution of 3.1 μm/pixel. The 

latter was necessary to obtain the data away from the plastic zone (estimated up to 1.3 

mm), permitting regression analysis to obtain K at higher loads from the displacement 
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data. Strain data was extracted from strain maps for three load cases as shown in Figure 

4-10 at distance 1∆ to 10∆ from the crack tip, where ∆≈17 µm using MW of 15x15 µm.  

The measured normal strains ahead of the crack tip from the micro‐ DIC 

(FOV1) are shown in Figure 4-10 (a, c, e) during loading (similar results obtained for 

unloading omitted) under ΔK = 15, 20, and 25 MPa√m. Significant scatters are obtained 

away from the crack tip at low ΔK, although a trend of increasing normal strain with the 

increase of load is evident, particularly close to the crack tip (1‐ 2 grain sizes).  

Macro results (Figure 4-10, (b, d, and f)) show more clearly the effects of 

loading on the near‐ tip normal strains, particularly at distances close to the crack tip. 

There appears to be no discontinuity or a knee during loading or unloading, except at 

the first couple of positions near the crack tip under ΔK = 15 MPa√m, where the strain 

appears to be consistently low till P/Pmax > 0.6. Further work from macro DIC (FOV2) 

shows, however, a trend of continuous increase in normal strain with the increase of 

load at ΔK = 15 MPa√m (Figure 4-10b), suggesting that efficient load transfer to the 

near-tip strain field occurred during loading, and no stress shielding effects during 

loading or unloading are found ahead of the crack tip. 

 

 

 

 

 

 

 

 

 

 

 

 

 



73 
 

  

 
 

  

Figure 4-10: The normal strains measured at the selected locations ahead of the crack tip 

for the 3 load cases (a,c,e) using FOV1=1.2 mm × 1.1 mm; and while (b,d,f) using 

FOV2=7.5 mm × 6 mm [82]. 

 

4.1.8 Influence of strain measurement window (MW) 

Using strain maps recorded at ΔK = 25 MPa√m, three different MWs sharing the centre 

point at four locations ahead of the crack tip were used to evaluate the impact of 

changing the size of the  measurement window (MW) on the normal strain for a 

stationary crack. MWs used were 5x5, 15x15, and 30x30 µm², as shown in Figure 4-11 

(a-d). It seems that no influence from changing the MW can be found, this might be due 

to the averaging effect of considering both sides of MW, and similar strains were 



74 
 

obtained using all MWs although a slight difference was observed near the crack tip 

(1∆) at higher loads above 90% of the maximum load. The latter opened up further 

investigation near the crack tip area to evaluate the strain at the crack tip position while 

changing the size of the measurement window as constructed in Figure 4-12 (a, b). For 

strain at the crack tip, three MWs were used, 15x15, 30x30, and 60x60 µm² to evaluate 

the influence of the measurement window on the crack tip strain. All these MWs were 

placed at zero distance to the crack tip as illustrated in Figure 4-12a. From Figure 4-12b, 

it can be clearly seen that there is an impact on the strain when increasing the MW at 

loading above 50% of the maximum load. The influence of MW size on the crack tip 

strain for the stationary crack is proportional to the applied loading in which the 

standard deviation of the strain increases from 0.0045% to 1.32% as the load applied 

increases. However, influence of the size of MW on the normal strains ahead of the 

crack tip is evident if the MWs share a common edge toward the tip as reported in [91]. 

When the MWs share a common edge ahead of the crack tip, the strain increases as the 

size of the measurement window decreases, which may be attributed to the high strain 

gradient near crack tip.    

 

  

  

Figure 4-11: Average strain in the y-direction tracked at four locations for different AOI 

at ΔK = 25 MPa√m. Δ: one grain size 17 μm. 
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(a)                                                                (b) 

Figure 4-12: (a): An illustration of measurement windows used to measure the strain 

where A=60x60µm, B=30x30 µm, and C=15x15 µm. (b): Strains measured at the crack 

tip location for different AOIs. 

 

4.2 Strain evolution for a growing crack 

4.2.1 Influence of measurement location  

For a growing fatigue crack, analysis of critical strain and strain ahead of the crack tip 

were carried out under cyclic loading at ΔK = 25 MPa√m. A crack growth of 2 mm was 

recorded and 20 MWs were selected in which each MW=20x20 µm² ahead of the crack 

tip and translated so that crack tip in the centre, as shown in Figure 3-13a in section 

3.3.4. The distance between each MW was selected to be 100 µm (centre to centre) 

starting from the crack tip.  

A total of 13,000 cycles were achieved for the entire growth and images were 

captured periodically every 200 cycles for minimum and maximum loading. Strain 

evolution seems to increase with the increase in the number of cycles and as the crack 

grows towards the measurement window. Significantly high strains occurred once the 

crack passed the MW due to the material separation along the crack wake (Figure 4-13). 

Furthermore, using the same MW size, critical strain was also measured at the crack tip 

as marked in Figure 4-13 with the x symbol. An average critical strain was calculated 

from the 65 steps as 4.17%; the standard deviation was estimated to be 1.16 %.    
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Figure 4-13: Normal strains during fatigue crack growth measured at 20 measurement 

windows (1-20) ahead of the crack tip, as illustrated in Figure 3-13a. Symbol x 

represents the onset strains when the crack tip just approached the measurement 

window.   

 

4.2.2 Influence of measurement window  

The impact of increasing the size of the measurement window (MW) at the crack tip 

area during crack growth on the critical strain was studied by utilising five different 

sizes of the MW, as illustrated in Figure 3-8b in section 3.3.4. MWs were chosen to be 

10x10, 20x20, 30x30, 50x50, and 100x100 µm². Critical strain versus number of cycles 

was constructed for all MWs as seen in Figure 4-14, in which the measured strains seem 

to increase as the size of the measurement window decreases. Average and standard 

deviation of the strains were calculated for each MW, Figure 4-15 (a,b) shows the 

decrease of the average strain and strain variation when the size of MW increases. 

Maximum average normal strain evaluated reaches approximately 5.24% whereas 

standard deviation is about 1.15% and minimum strain average was recorded as 1.19% 

at MW=100x100 µm², with minimum strain variation of 0.34%. It can be concluded that 

critical and near tip strains are impacted by the size of measurement window for both 

growing and stationary cracks, although it is possible to extract a critical value by 

extrapolation.             
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Figure 4-14: Critical strains measured at the crack tip during crack growth using 

different measurement windows. 

 

 

 
 

(a)                                                                             (b) 

Figure 4-15: (a): average strain using different MWs. (b): standard deviation of the 

critical strains as function of measurement window. 
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4.3 Crack opening displacement (COD) 

4.3.1 Influence of load 

Crack opening displacement (COD) was analysed using SS316L specimen (a/W=0.4), 

as illustrated in section 3.3.3 (Figure 3-7). CODs were calculated from the vertical 

displacements of A1ί and A2ί at a fixed distance to the crack plane y = 30 μm as trials 

show that varying this distance has negligible effects on the measured CODs. Three 

load cases were used to study the influence of load on the measurement of the crack 

opening displacement.  

Figure 4-16 (a-e) shows the loading and unloading loops at the selected 

distances to the crack tip (1∆-29∆) for the three load cases. It can be observed that the 

applied load has a direct impact on the COD measurements in which higher COD 

values are obtained as the load increased for all selected measurement positions. 

Furthermore, a knee can be observed in most cases, which is identified as crack 

opening; this appears to vary with the loading applied. As shown in Figure 4-16, 

increasing the load applied leads to a decrease in the opening level as observed at ΔK = 

15 MPa√m (Pop/Pmax ≈ 0.6) whereas at ΔK = 20 MPa√m (Pop/Pmax ≈ 0.4) and 25 MPa√m 

(Pop/ Pmax ≈ 0.2). Further details will be described in section 4.5.2. 
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Figure 4-16: The development of crack opening displacement during loading and 

unloading measured for the three load cases and at the selected distances to the crack tip 

(a-e)[82]. 

4.3.2 Influence of measurement locations  

To study the influence of the measurement position used for calculating the COD, five 

locations were used at each flank of the crack wake. A measurement window of 28 x28 

µm² was utilised at distance 1∆, 2∆, 4∆, 10∆, and 29∆ to the crack tip. Figure 4-17 (a-c) 

shows the relationship between applied load and COD as a function of distance to the 

crack tip for the three load cases. Since the crack opens gradually from the mouth 

towards the tip, it can be noted that the location of the measurement gauge has an 
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impact on the crack opening displacement, as the distance from the measurement 

window to the crack tip increases, the COD increases as well. A second experiment also 

was carried out using etched pattern under the same loading conditions to measure the 

impact of the location of the MW on COD results at distance 1∆, 2∆, 10∆, and 29∆ 

(Figure 4-18). FE results were included in the former and a good agreement was 

achieved between the DIC and FE results. These results also confirmed the impact of 

the MW`s locations on the COD results as previously observed (Figure 4-17). 

Moreover, crack opening level observed from the COD curves (knee) is also varied with 

measurement locations, which will be discussed in more detail in section 4.5.2.         

 

  

 

Figure 4-17: The crack opening displacements measured at the selected locations along 

the crack flanks during loading for the 3 load cases (a-c)[82]. 
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Figure 4-18: Comparison of the experimentally measured (DIC) (open symbols) and FE 

simulated crack opening displacement (x symbols) at the selected locations ahead of the 

crack tip for the three load cases [83]: (a) ∆K=15MPa√m; (b) ∆K=20MPa√m and (c) 

∆K=25MPa√m. 

 

4.3.3 Influence of resolution  

Both micro and macro DICs analyses were carried out to measure CODs by using 

FOV1= 1.2 mm × 1.1 mm and FOV2= 7.5 mm × 6 mm, as seen in Figure 4-19 (a,b), in 

which spatial resolution of 0.54 and 3.1 μm/pixel were achieved, respectively, at the 

selected distances to the crack tip (1‐ 29Δ) and at the three ΔK levels. The CODs were 

calculated from the vertical displacements of A1ί and A2ί at a fixed distance to the crack 

plane y = 30 μm (Figure 3-7). The micro DIC results are presented in Figures 4-20 (a–

c), while macro DIC results are presented in Figure 4-20 (d-f). To study the influence of 

resolution on the CODs measurements, DIC processing parameters such as the subset 

size, step size, and measurement window were kept constant throughout both micro and 

macro DIC analyses. Although a similar trend of the COD vs load is observed from 
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both fields of views, the crack opening measured and the influence of gauge location on 

it vary.  

In order to study the effect of the gauge location on the COD results, the 

standard deviation between the maximum COD measured at 1∆ and 29∆ for FOV1 and 

FOV2 was estimated to be ≈ 1.90 µm and 0.042 µm, respectively, as shown in Figure 4-

21a for a low K. The latter value is indicative of the lower impact of the gauge location 

on the COD results at a low stress intensity factor and low resolution.  

The trend seems to be consistent for medium and high K values also, as shown 

in Figure 4-20 e and f. For medium K at both FOV1 and FOV2, the standard deviation of 

the maximum COD between 1∆ and 29∆ was calculated to be 3.3 µm and 0.5µm, 

respectively, as seen in Figure 4-21b. In the case of high K, Figure 4-21c, the values 

were found to be 6.2 µm and 0.6 µm for FOV1 and FOV2, respectively. Further analysis 

of the influence of resolution on COD measurement indicates that reducing the 

resolution led to a decrease in the measured crack opening level. More details of the 

impact of measurement resolution on crack closure will be discussed later in section 

4.5.2.3.  

 

 

(a)                                                                                  (b) 

Figure 4-19: Displacement maps at ∆K=15 MPa√m. (a): FOV1, (b): FOV2. 
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Figure 4-20: The crack opening displacements measured at the selected locations along 

the crack flanks for the 3 load cases (a‐ c, FOV1) and (d-f, FOV2) [82]. 
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Figure 4-21:  Standard deviations of the maximum CODs measured at 1∆ and 29∆ for 

FOV1 and FOV2 for the three load cases (a-c). 

 

4.3.4 Influence of material 

A CT specimen of welded 30Cr2Ni4MoV steel with geometry described previously in 

section 4.1.4 was utilised to study the influence of material used on the crack opening 

displacement (COD). Figure 4-22 (a-c) shows COD measurements for weld steel 

specimen obtained at 9 locations behind the crack tip (7-500 µm) and recorded at three 

loading cases. It can be seen that COD increases as the load and distance to the crack tip 

increase. 
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Figure 4-22: The crack opening displacements measured at the selected locations along 

the crack flanks for the 3 load cases (a-c). 

 

Displacement maps were introduced into the FE model as described in section 3.6 to 

obtain COD results and to compare them to those obtained from the DIC. Three 

locations behind the crack tip were chosen to be near, middle, and far from the crack tip. 

From Figure 4-23 (a-c) it can be seen that similar results were obtained from both DIC 

and FE. 
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Figure 4-23: The crack opening displacements (CODs) obtained from the experimental 

measurements (DIC) and numerical simulations (FE) of 30Cr2Ni4MoV steel specimen 

at the selected locations along the crack flanks for the three load cases (a-c). 

 

Figure 4-24 (a-c) shows a comparison of COD results obtained from both materials, 

SS316L as large scale yielding, and weld steel as small scale yielding (SSY), at three 

positions behind the crack tip and for three loading cases. Crack opening displacement 

(COD) seems to increase in both materials with the increase of applied load and the 

range of stress intensity factor. Moreover, for both materials, increasing the distance 

from the MW to the crack tip increases the COD. By tracking the change of slope in 

P/Pmax vs COD curves for both materials, more significant crack closure seems to be 

observed in SS316L than that in the weld metal due to large plastic deformation of the 

former.        
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Figure 4-24: comparison of CODs obtained from SS316L (open symbols) and 

30Cr2Ni4MoV steel (closed symbols) for the three load cases (a-c). 

 

4.3.5 Crack opening displacement during fatigue crack growth 

Crack opening displacement (COD) was analysed using SS316L specimen during a 

crack growth of 310 μm as described in section 3.3.4 (Figure 3-7). COD was calculated 

at 1000, 2000, and 3000 cycles at ΔK = 25 MPa√m (R=0.1). A field of view, a rectangle 

of 1.2mm x1.1mm with the crack tip in the centre was selected for imaging. A subset 

size of 59x59 pixels2 ≈ 32 x 32 μm, a step size of 14 pixels ≈ 7.5 μm and measurement 

windows of 28 x 28 μm2. Figure 4-25 shows the compliance curves measured by DIC 

and simulated by FE at the selected distances to crack tip (2∆, 20∆ and 29∆, ∆=17µm). 

The deformation fields were injected into the FE model and integrated FE analyses were 

carried out as described in section 3.6. It seems that the results from DIC and FE are 

consistent in trend as well as quantitatively. In a similar way to the stationary crack, 

COD increases with the increase of the distance behind the crack tip and applied load. 

Opening load measured from COD curves decreases with the increase of the distance 

behind the tip. Further analysis of fatigue crack closure during crack growth is presented 

in section 4.5.4.  
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Figure 4-25: Compliance curves measured by DIC and simulated by FE at N=1000, 

2000, 3000 for selected distance to crack tip at a) 1; b) 2; c) 29). 

4.4 Stress intensity factor 

4.4.1 K obtained from Williams series expansion  

Stress intensity factor K for Mode I was obtained using DIC displacement data from 

SS316L as described in section 3.5 to be fitted to Williams` series expansion [28] using 

an algorithm DICITAC [14]. Six terms were considered adequate for this study, as more 

terms in the Williams expansion did not appear to further improve the accuracy of the 

estimated K [18]. Figure 4-26 shows the relationship between the stress intensity factor 

K and the applied load in which the solid line represents the analytical solution of K 

values for a standard compact tension specimen calculated using Equation 3-1 whereas 

the symbol represents the fitted K values extracted from the DIC experiment as detailed 

in section 3.5.  
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Overestimated stress intensity factors appear to occur in all load cases studied at 

higher loads, which might be attributed to the high total strain caused by plastic 

deformation developed ahead of the crack tip [5]. Overestimated values for ΔK = 15 

MPa√m only occur when the loading reaches 70% of the peak load while 60% and 50% 

recorded at ΔK = 20 MPa√m and ΔK = 25 MPa√m respectively. According to Irwin's 

estimate, the maximum monotonic plastic zone ahead of the crack tip under plane stress 

conditions is about 0.57 mm, 1.0 mm, and 1.3 mm at ΔK = 15, 20, 25 MPa√m 

respectively. These results clearly show that K is inadequate for characterising the crack 

tip field in the cases studied, where plastic deformation is considerable compared with 

the field of view (FOV) of an area of 1.2 x 1.1 mm. Although a larger FOV may 

increase the proportion of elastic deformation within the FOV, it cannot change the fact 

that SSY is invalid, hence K should not be used. 

 

 

Figure 4-26: The stress intensity factors estimated from the full-field displacement data 

as a function of applied load (symbols). The analytical solutions for a standard compact 

tension specimen are also included (lines) [83]. 

 

4.4.2 Influence of material  

The method of estimating stress intensity factors using full-field DIC data was used in a 

welded Cr2Ni4MoV steel, with geometry and crack length described previously in 

section 4.1.4. Three load cases were used ∆K=15, 20, and 25 MPa√m. Figure 4-27 

shows the estimated full field stress intensity factors using Williams` series expansion. 



90 
 

It can be seen that stress intensity factors from the experiment are similar to the 

analytical values. Although field of view and stress intensity factors used here are 

similar to those used for the SS316L, the maximum plastic zone size for the welded 

steel at ∆K= 25 MPa√m is approximately 0.185 mm, hence limited plasticity ensured a 

good correlation of the elastic field as described by Williams. 

 

 

 

Figure 4-27: The stress intensity factors estimated from the full field displacement data 

using Williams` series for three load cases.  

 

4.4.3 Influence of measurement resolution 

The influence of DIC parameters on the fitted K was examined in Mokhtarishirazabad 

et al [18]. Significant effects of FOV, AOI, and subset size on the fitted K were 

illustrated, and recommendations were made with regard to the selection of these 

parameters. The influence of DIC processing parameters on the results was considered 

in this work, where the subset size, step size, and measurement window were kept 

constant throughout both micro and macro DIC analyses. A sufficiently large FOV2 (7.5 

mm × 6 mm) was chosen to ensure predominant elastic deformation, resulting in a 

spatial resolution of 3.1 μm/pixel. The estimation of the stress intensity factors was 

carried out by fitting DIC displacement data to Williams` series expansion [153] using 

an algorithm[14]. The fitting procedure was applied to all three loading cases.  
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Figure 4-28: The stress intensity factors estimated from the full‐ field displacement data 

obtained from macro‐ Digital Image Correlation (FOV2) as a function of applied load 

(symbols). The analytical solutions for a standard compact tension specimen are also 

included (lines)[82]. 

 

Figure 4-28 shows analytical (solid lines) and experimental (symbols) stress 

intensity factors versus normalised load. Experimental stress intensity factors are clearly 

lower than those of analytical results for all loading cases. Variation between analytical 

and experimental stress intensity factors seems to decrease when the load increases. At a 

lower resolution, lower stress intensity factors were obtained compared to the 

theoretical results, unlike the high resolution case (Figure 4-26, section 4.4.1) in which 

K values were overestimated when utilising the small field of view and when using 

elastic material (Figure 4-27, section 4.4.2). Similar to the present lower resolution 

results, O`Connor et al [95] observed also the reduction of K from the experimental 

fitting compared to the theoretical values using a CT specimen of 6082-T6 aluminium 

alloy, and they attributed the offset K to crack closure due to plasticity effect which 

causes negative residual K. The following section will present the effects of crack 

closure on several factors including the image resolution.    
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4.5 Crack closure 

4.5.1 The measurement methods for crack opening  

Determination of crack opening load can be approached via a number of 

procedures since Elber’s paper. The most popular techniques are based on the specimen 

compliance as it is a recommended method by ASTM E647 [78]. In this work, the 

intersection method developed by Phillips [76] was used as main technique for this 

research. He found that this method has a low standard deviation of the opening loads 

among other four methods that he compared with. Moreover, it was interesting to the 

author that this method has even lower scatter than the non-subjective method 

(nonvisual 1%). Beside the main method used, three other techniques based on DIC 

measurements were also employed to assess the impact of the method used for 

determination of the crack opening. These methods are the compliance method 

proposed by Chen and Nisitani [154], offset method by Pommier & Bompard [155], and 

visual observation technique.  

Chen and Nisitani [154] developed the compliance method based on an s-shaped 

unloading curve and this method was found by Patriarca et al [81] to be a reliable 

method for obtaining the P-opening in low cyclic fatigue whilst the offset method was 

found to vary by 20% compared to the compliance technique. The visual observation 

method is based on visualising the physical material behaviour during loading and 

unloading at high resolution. Although this method is considered to be direct and 

straightforward as no data analysis is needed, it might be complicated compared to the 

other methods as it is time consuming and requires skilful individual work. A further 

drawback of this method is the sensitivity to some experimental factors such as the 

contrast applied, optical resolution, and polished surface. Descriptions of each method 

used are given below:  

 

Intersection method (Phillips [76])  

Intersection method is based on the load versus displacement curve and is considered 

the simplest method compared to the other methods cited in this study. It only requires 

the loading data to be analysed unlike other approaches such as the compliance method 

in which the unloading data has to be analysed to identify the opening load from the 

loading data. According to Phillips [76], opening load can be estimated from the 

intersection of two tangent lines. The first tangent line is drawn through the maximum 
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loading and tangential to the upper portion of the load/displacement curve. The second 

tangent line should be drawn through the minimum loading and tangential to the lower 

portion of the load/displacement curve. From the intersection point (knee) of the two 

tangent lines, opening load can be identified as shown in Figure 4-29. At ΔK = 15 

MPa√m, Pop/Pmax identified from the intersection point appears to be ≈ 0.62 measured at 

a distance close to the crack tip (1∆). 

 

 

Figure 4-29: A typical intersection method used to obtain Pop 

 

Compliance method (Chen & Nisitani, 1988) 

Chen and Nisitani [154] obtained DIC displacement data from a high cyclic fatigue 

experiment during loading and unloading and produced the COD vs stress graph. They 

considered that the slope of the first portion of unloading curves is the elastic 

compliance corresponding to the opening load. Therefore, applying the slope to the 

loading curve (upper portion) will be tangential to the point of the upper curve, which is 

indicative of opening load level [154]. In our case, COD vs P/Pmax was used instead and 

similar procedures were followed as in Figure 4-30a. This Figure illustrates P/Pmax 

versus crack opening displacement for a completed cycle. 25% of max load of the 

unloading curve was fitted using a linear regression line and the slope of the line was 

then obtained.  

The slope of the fitted line from the unloading curve must be the same slope of 

the opening load from the upper portion of the loading curve. Equation [4-1][81] was 
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used here to calculate the offset crack opening displacement (CODoffset) then plotting 

results against the normalised loading as shown in Figure 4-30b where C is a constant of 

the equation of the fitted line which is in our case ≈0.455 and slope ≈0.387. The 

inflection point on the unloading and loadings are correspondent to closing and opening 

loads respectively [81].  It can be seen that the opening load was identified to be 70% of 

the maximum loading at ΔK = 15 MPa√m close to the crack tip (1∆). 

 

𝐶𝑂𝐷𝑜𝑓𝑓𝑠𝑒𝑡 = 𝐶𝑂𝐷𝐷𝐼𝐶 −
𝑃

𝑃𝑚𝑎𝑥
 − 𝐶

𝑆𝑙𝑜𝑝𝑒
                         [4-1] 

 

 

 

 
 

Figure 4-30: The compliance method: (a) COD curve; (b) COD offset. 

  

Offset method (Pommier & Bompard, 2000) 

The method was used by Pommier and Bompard [155] to calculate the Pop using the 

plastic COD versus P/Pmax, where the plastic COD can be calculated using Equation [4-

2][81] by subtracting the elastic displacement from the total displacement. Figure 4-31a 

shows the crack opening displacement obtained from the DIC (total) and elastic COD. 

Figure 4-31b represents the plastic COD calculated from Equation [4-2] where an offset 

line was used to be 1.5% of the maximum plastic COD, as illustrated by Patriarca et al 

[81]. The intersection of the offset line with the COD plastic curve identified as the Pop, 

which is in this case obtained to be 60% of the maximum load at the same loading 

condition and measurement position of the previous methods.  

 

𝐶𝑂𝐷𝑝𝑙 = 𝐶𝑂𝐷𝑡𝑜𝑡𝑎𝑙 − 𝐶𝑂𝐷𝑒𝑙                   [4-2] 
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Figure 4-31: The offset method: (a) Total COD curve; (b) plastic COD curve. 

 

Crack profiles 

Visual observation was carried out to track the crack flanks contact during loading and 

unloading. Specimen surface was polished using SiC papers to obtain a mirror finish in 

an area close to the crack tip (≈ 1.5 mm x 1.5 mm). Lighting was adjusted to obtain a 

good contrast of specimen surface with the crack flanks within the full field of view. 

Images of the crack profile were taken at the loading/unloading steps at the three load 

cases ∆K=15, 20, and 25 MPa√m. 

Physical closure of the crack flanks was monitored using the optical method 

(resolution =0.54µm/pix) during loading and un-loading. Figure 4-32 shows the visual 

observation recorded for the three load cases during loading (unloading results are 

similar, omitted here). The crack tip position was marked as a black circle while the 

instantaneous crack tip position during loading was marked as red circle. Four 

measurement locations were utilised here, 1∆ to 29∆, where ∆=17µm.     

These records show clearly that the opening of a crack starts from behind the 

crack tip and progresses towards the crack tip as the load increases. However, the full 

opening of the crack appears to be much later, particularly at the low ∆K (15 MPa√m) 

when the full opening of the crack does not appear to occur until the peak load is 

approached. At low stress intensity factor range (Figure 4-32a), the first crack opening 

is recorded when the load reaches 70% of the maximum loading in which the closure 

level appears to be approximately 73% of the crack profile inside the field of view. As 

the load increases to 80% and 90% of the Pmax, closure level decreases to 33% and 30% 

of the crack profile inside the field of view respectively.  
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 In the case of medium stress intensity factor (∆K =20 MPa√m, Figure 4-32b), 

the full opening seems to occur at 90% of the peak load, lower than the full opening 

observed at the previous stage (∆K=15 MPa√m). The first crack opening inside the 

FOV is recorded at 60% of the Pmax in which 70% of the crack profile seems to be 

closed. Further load increments led to a reduction of the level of the crack closure, such 

as 30% and 24% closure level recorded when increasing the load from 70% to 80% of 

Pmax respectively. 

For ∆K =25 MPa√m Figure 4-32c, the full opening of the crack profile occurs at 

70% of Pmax which is much earlier than that recorded at low and medium K. First 

opening level observed inside the FOV is at 50% of the peak load and closure level 

obtained to be 33% and 27% of the crack profile at 50% and 60% of Pmax.  
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Figure 4-32: The visual observation of the crack profiles with the percentage of the 

crack flank contact during loading recorded for the three load cases: (a) ∆𝐾 =

15𝑀𝑃𝑎√𝑚; (b) ∆𝐾 = 20𝑀𝑃𝑎√𝑚 and (c) ∆𝐾 = 25𝑀𝑃𝑎√𝑚 (R=0.1) [47]. 
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Summary of Pop obtained from all methods used 

Four techniques were employed to compare the crack opening load measurement. 

Figure 4-33 (a-c) presents the relationship between the positions of measurement 

window (MW) behind the crack tip against Pop/Pmax for all these techniques. It can be 

seen that, no matter which method is used, the measured opening load is reduced when 

the measurement distance to the crack tip is increased, which is consistent with previous 

reports [5,11,12,91].   

Although the visual observation method differs significantly from the others, the 

reduction of the measured opening load with the increase of distance behind the crack 

tip is more evident with the visual observation method. For instance, the maximum 

difference of the opening load along the crack wake reaches 0.14 for the visual 

observation method at low K value; whilst only about 0.04 among other methods are at 

the same stress intensity factor.  

Intersection, compliance, and offset methods have produced similar opening 

results where the intersection method seems to give the average opening among the 

other two methods. Figure 4-33 (d) shows the standard deviation of the opening load 

using the methods mentioned for the three load cases. It can be seen that the Pop from 

the different measurement methods vary along the crack wake in which the lowest 

standard deviation is recorded at position ≈500 µm behind the crack tip. In other words, 

the method used for obtaining the opening load has less influence when measured 

towards the crack mouth than that close to the crack tip. This scenario might be 

explained by the visual observation method, as the measurement of the opening load 

near to the crack tip is more subject to errors and sensitive to the methods of 

measurement, particularly at a low stress intensity factor where the crack closure is 

known to be significant. Stress intensity factor level does not seem to correlate with the 

measurement methods in which the maximum standard deviation reached 0.2 close to 

the crack tip recorded at ∆K =20 MPa√m while the minimum value was recorded at 500 

µm to be 0.04 for ∆K =15 MPa√m. When excluding visual observation, the maximum 

standard deviation of the opening load measured by the different method is reduced 

from 0.2 to 0.08.    

 

 

 



99 
 

 

 

 

  

  

Figure 4-33: Crack opening loads obtained from different methods for three load cases 

(a-c); (d) standard deviation of opening loads using all methods for the three load cases. 

 

4.5.2 Crack closure measurement 

A general feature of crack closure  is a change of stiffness in the load against 

displacement curves [22], marked by a knee in the measured compliance during loading 

and unloading, which is considered to be indicative of crack opening [82]. Figure 4-34 

is a sample of the method used to extract the opening load from the crack opening 

displacement (COD). It shows the relationship between the crack opening 

displacements against normalised loading recorded at ΔK = 15 MPa√m for the position 

of 29∆ (≈ 500 µm) behind the crack tip. 

It can be seen that COD data remains almost constant at the lower and upper 

portions of the curve. Linear regression was carried out to the upper portion of the curve 

with the highest correlation coefficient. R2 was calculated to be 99.3% of correlations 

for the upper portion data.  The intersection point of two tangent lines applied to both 

portions is deemed as Pop [76]. Opening load was estimated to be 60% of the maximum 

loading in this case. 
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Figure 4-34 : A sample of opening level measurement using intersection technique. 

 

4.5.2.1 Influence of measurement location  

The position of measurement points appears to affect the measured value of opening 

load.  Here five pairs of position (1∆-29∆) were examined on the wake of the crack, as 

shown in Figure 3-7 under the three loading conditions. Figure 4-35 (a-e) shows COD 

as a function of applied load measured at ΔK = 15 MPa√m. It can be observed that the 

opening loads, identified by the intersection method [76], decreased with the increase of 

the distance behind the crack tip. The opening load measured near the crack tip is 

approximately 67, 66 % of the maximum load at the measurement locations 1∆ and 2∆, 

respectively. Thereafter, opening loads begin to decrease gradually further away from 

the crack tip, as seen in Figure 4-35(e), and Pop recorded about 60% of the maximum 

load at a distance of 500 µm behind the crack tip.   
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Figure 4-35: Crack opening load obtained using intersection method for ΔK = 15 

MPa√m at different locations behind the crack tip (a-e). 

 

Figure 4-36 (a-e) shows similar results recorded at ΔK = 20 MPa√m. Variation 

of the opening loads is also noted where higher opening occurs close to the crack tip 

(1∆-2∆) 45% and 43% of the maximum loading, respectively; whilst at a distance 4∆, 

the opening level was reduced to 40 %, further to 37% and 36% of the maximum load 

further away from the crack tip (Figure 4-36 (c-e)). 
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Figure 4-36: Opening load obtained using knee method for ΔK = 20 MPa√m at different 

locations behind the crack tip (a-e). 

 

Figure 4-37 (a-e) shows the results recorded at ΔK = 25 MPa√m. Higher 

opening occurs near to the crack tip, 1∆, 40% of the maximum load; at 4∆, the opening 

level is reduced to 34 % , further to 30 % and 27 % of the maximum load further away 

still. Under all loading conditions used in this study, it can be concluded that the 

influence on the measurement position is evident on the estimation of the opening load.   
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Figure 4-37: Opening load obtained using the intersection method for ΔK = 25MPa√m 

at different locations behind the crack tip (a-e). 

 

4.5.2.2 Influence of load 

Three load cases were conducted to study the impact of load levels on fatigue crack 

closure measurements. Figure 4-38 (a-e) shows the crack opening displacement as a 

function of normalised load for the three stress intensity factor ranges. Loading applied 

were 4, 5.3 and 6.5 kN corresponding to ∆K=15, 20, 25 MPa√m where a/w≈0.4. Crack 

opening measurement technique was performed as described previously in section 3.3.3 

and the opening level represented by dashed lines.  

A knee can be observed in all cases, where the two tangent lines intersect, 

although not at a constant value of Pop/Pmax. Considerably more crack closure can be 

observed at ΔK = 15 MPa√m where the maximum closure level reached is (Pop/Pmax ≈ 
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0.67) than that at ΔK = 20 MPa√m (Pop/Pmax ≈ 0.44) and 25 MPa√m (Pop/ Pmax ≈ 0.29) 

recorded at 1∆ behind the crack tip. For the far distance behind the crack tip (29∆) 

Pop/Pmax ≈ 0.60, 0.36, and 0.18 for low, medium, and high load respectively. Figure 4-39 

shows a summary of Pop/Pmax as a function of the distance to the crack tip for all load 

cases measured at five locations behind the tip (1∆-29∆). Overall, it can be seen that 

increasing the load will result in decreasing the opening level consistent with Carrol et 

al [11]. 

 

 

  

  

 

Figure 4-38: The development of crack opening displacement during loading measured 

for the 3 load cases and at the selected distances to the crack tip (a-e). 
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Figure 4-39: Crack opening loads as a function of distance to the crack tip, the effects of 

load level. 

 

4.5.2.3 Influence of measurement resolution 

Two field of views (FOVs) were employed in this experiment to study the impact of 

measurement resolution on the crack opening measurement. FOV1= 1.2 mm × 1.1 mm 

and FOV2= 7.5 mm × 6 mm in which spatial resolution was achieved of 0.54 and 3.1 

μm/pixel respectively. Figures 4-40, 4-41, and 4-42 represent COD versus P/Pmax for the 

three stress intensity factor levels measured at low resolution (FOV2) while Figures 4-

35, 4-36 and 4-37 in section 4.5.2.1 illustrate measurement using high resolution 

(FOV1).  

DIC processing parameters such as subset size, step size and measurement 

windows were kept constant throughout both micro and macro DIC analyses. 

Significant crack closure, as identified by the change of slope in the P/Pmax versus COD 

curves, is evident at ΔK = 15 MPa√m, although the opening level appears to vary with 

the measurement resolution (Figures 4-35a and 4-40a). Nevertheless, the level of 

closure is reduced progressively as ΔK is increased from 15 to 20 MPa√m (Figure 4-40a 

and 4-41a); a very low Pop reduction seems to occur from 20 to 25 MPa√m at low 

resolution, unlike the micro results, where the opening load reduction is evident 

between each increment of K values.  
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Figure 4-40: Opening loads obtained at low resolution (FOV2) for ΔK = 15 MPa√m at 

selected locations behind the crack tip (a-e). 
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Figure 4-41: Opening loads obtained at low resolution (FOV2) for ΔK = 20 MPa√m at 

selected locations behind the crack tip (a-e). 
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Figure 4-42: Opening loads obtained at low resolution (FOV2) for ΔK = 25 MPa√m at 

selected locations behind the crack tip (a-e). 

 

Figure 4-43 shows a summary of Pop/Pmax as a function of the distance to the 

crack tip from both micro and macro DIC analyses using FOV1 and FOV2. The 

variations of Pop with the distance to the crack tip and load level are evident. Generally, 

higher Pop is observed closer to the crack tip than that further from the crack tip, and 

relatively constant values of Pop are obtained away from the crack tip, although these 

stabilised values depend strongly on the applied ΔK. Interestingly, the influence of the 

size of FOV on the measured opening load seems to be significant.  
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At ΔK = 15 MPa√m, Pop/Pmax ≈ 0.46 to 0.55 is obtained at low resolution 

(FOV2), as opposed to Pop/Pmax ≈ 0.60 to 0.67 at high resolution (FOV1); at ΔK = 20 

MPa√m, Pop/Pmax ≈ 0.16 to 0.18 is obtained at low resolution (FOV2), as opposed to 

Pop/Pmax ≈ 0.36 to 0.45 at high resolution (FOV1); and at ΔK = 25 MPa√m, Pop/Pmax ≈ 

0.15 to 0.18 is obtained at low resolution (FOV2), as opposed to Pop/Pmax ≈ 0.27 to 0.40 

at high resolution (FOV1). Hence, lower resolution led to reduced opening load for all 

loading conditions studied.  

 

 

Figure 4-43: Crack opening loads as a function of distance to the crack tip, the effects of 

load level, and the size of the field of view (FOV): (closed, FOV1; open, FOV2) [82]. 

 

4.5.3 Comparison of visual observation and intersection methods using FE 

and DIC 

In Figure 4-44 (a-c), a summary of the opening loads as identified from the CODs and 

from visual observation and FE results are presented for the three load cases. It can be 

seen that similar results were obtained from both DIC and FE.  

The observation using both optical microscopy and FE simulation appears to 

suggest a progressive process that starts from behind the crack tip and ends at the crack 

tip towards the peak load during loading, there appears to be no correlation between the 

load level identified as opening by the intersection method and the behaviour of the 

crack flanks (Figure 4-44 (a-c)). Admittedly, allowance should be made for the 
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limitations in the resolution of the optical microscopy and of the FE simulation, but the 

evidence so far appears to confirm the lack of correlation between the intersection 

method identified from the compliance traces and the physical crack closure. 

  

 

Figure 4-44: A summary of the crack opening loads as a function of distance to the 

crack tip using visual observation (Figure 4-31) and compliance curves (Figure 4-28) 

for the three load cases: (a), (b) and (c) [47]. 

 

4.5.4 Crack closure during fatigue crack growth. 

The phenomenon of crack closure was examined during the fatigue crack growth for 

SS316L. The cyclic experiment was interrupted at three selected cycles, N=1000, 2000 

and 3000, and CODs were measured at the selected locations behind the crack tip. The 

average crack growth during 1000 cycles is about 100µm, hence an average crack 

growth rate of 10-7m/cycle and a/W=0.32. The deformation fields were injected into the 

FE model and integrated FE analyses were carried out. The CODs were then obtained 

from the FE analysis. Figure 4-25 (section 4.3.5) shows the compliance curves 
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measured by DIC and simulated by FE at the selected distances to crack tip (2∆, 20∆ 

and 29∆, ∆=17µm) at N=1000; 2000 and 3000 cycles. It seems that the results from 

DIC and FE are consistent in trend and quantitatively, and the measured opening varies 

with the distance to the crack tip, but also with time. Figure 4-45 shows the crack 

opening loads measured from the DIC and simulated from the FE as a function of 

distance to the crack tip. Clearly the crack opening level registered is higher close to the 

crack tip (0.51-0.63) than those away from the crack tip (0.40-0.46). Close examination 

also shows greater sensitivity to time near the crack tip (0.51-0.63 at 1∆), whilst away 

from the crack tip (29∆) the difference appears to diminish. This is due to the greater 

cumulative effect of plastic deformation near the crack tip than that away from the crack 

tip. 

 

 

Figure 4-45: The crack opening loads measured from DIC and simulated from FE as a 

function of distance to the crack tip at the selected number of cycles. 

 

4.5.5 Crack closure on normal strains 

Stationary crack  

Normal strains measured ahead of the crack tip were carried out as described previously 

in section 4.1.1. Strains in y-direction as functions of applied loading obtained at 

different locations ahead of the crack tip were constructed. Using two different 

resolutions (micro and macro), different crack lengths (a/w ≈ 0.4 and 0.32), two 
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different methods (DIC and FE analysis) and two different materials, a trend of 

increasing normal strains with increasing load is observed in all cases studied.  

There appears to be no discontinuity or knee during loading or unloading 

(omitted), except at the first couple of positions near the crack tip under ΔK = 15 

MPa√m, where the strain appears to be consistently low till P/Pmax > 0.6 as shown in 

Figure 4-10a in section 4.1.7. Further work from macro DIC (FOV2) shows, however, a 

trend of continuous increase in normal strain with the increase of load at ΔK = 15 

MPa√m (Figure 4-10b), suggesting that efficient load transfer to the near‐ tip strain 

field occurred during loading, and no stress shielding effects during loading or 

unloading are found ahead of the crack tip. The most significant discovery of the 

present study is the lack of correlations between the crack closure measured in the crack 

wake and the normal strains ahead of the crack tip.     

Growing crack  

The near-tip normal strains were examined using the standard and the integrated FE 

analysis (Figure 3-18 in section 3.6), and the results are presented in Figure 4-46 for a 

position close to the crack tip (2∆) and one position away from the crack tip (10∆) at the 

three instances: N=1000, 2000 and 3000 cycles. It is immediately clear that the results 

from the two sets of analysis are essentially the same, suggesting the lack of influence 

of crack closure on the near-tip strains in the case of a growing fatigue crack, consistent 

with previous results from stationary cracks. 

 

 

Figure 4-46: The average strains obtained from the standard and the integrated FE 

analysis at N=1000, 2000, 3000 cycles. 
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4.5.6 Crack closure on the stress intensity factor (K) and J-integral 

Stationary crack  

As SSY is invalid for the cases studied in SS316L where the stress intensity factor (K) 

is no longer valid, the effective J-integrals were calculated using the integrated FE 

method (as described in section 3.6) as a function of load for the three load cases 

studied. The nominal J-integrals were also calculated using the conventional FE 

analysis under load control for the three load cases.  

Figure 4-47 (a-c) shows both the effective and nominal J-integral versus 

normalised load for the three load cases. It is evident that for the vast majority of cases 

the effective J-integrals are very close to the nominal J-integrals, and there is no 

evidence of any attenuation due to the observed progressive contacts between the crack 

flanks (Figure 4-32 (a-c), section 4.5.1) or the change in the stiffness (Figure 4-18, 

section 4.3.2). The predominance of plastic deformation is evident in most of the cases, 

indicating that, even with large plastic deformation, the premature contact between the 

crack flanks does not appear to have any impact on J-integral. Another parameter, crack 

tip opening displacement (CTOD) was also examined and found to be correlated with 

the J-integral and the trend with the applied load is also similar (omitted here for 

clarity). 

The results clearly indicate that, in the presence of large plasticity, the crack 

closure registered in the compliance curves has no impact on the J-integral for the cases 

studied.   
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Figure 4-47: The J-integrals obtained from the effective (Jeff) and the nominal (J) FE 

analyses for the three load cases: (a) ∆𝐾 = 15𝑀𝑃𝑎√𝑚; (b) ∆𝐾 = 20𝑀𝑃𝑎√𝑚 and (c) 

∆𝐾 = 25𝑀𝑃𝑎√𝑚 (R=0.1) [47].   

 

Growing crack  

The impact of crack closure on the J-integral during fatigue crack growth was examined 

in this work. Both standard and integrated FE analyses were carried out, from which the 

nominal and effective J-integrals were obtained; details of the procedure are given in 

section 3.6. The rationale is to assess if the J-integral is affected by crack closure, as 

identified in Figures 4-25 (section 4.3.5) and 4-45 (section 4.5.4), during fatigue crack 

growth. If so the J-integral from the integrated FE analysis should differ from that 

obtained by the standard FE analysis. Figure 4-48 shows the comparison of J-integrals 

from the standard FE (FESTD) and the integrated FE (FEINT) analysis at N=1000, 

2000, 3000 cycles. It is clear that the results are essentially the same between the 

nominal and the effective, and there seems no impact of crack closure on the J-integral. 
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Figure 4-48: The J-integrals from the standard FE (FESTD) and the integrated FE 

(FEINT) analysis at N=1000, 2000, 3000 cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



116 
 

5 Conclusions and future work 

Conclusions 

Full-field mapping of surface deformation near a fatigue crack tip has been 

characterised using the digital image correlation technique. Under mode I cyclic loading 

conditions, the evolution of displacements, strains, and crack driving force were 

evaluated. Events ahead and behind of a fatigue crack tip were examined in which the 

results present a more complete picture of the crack tip field. The main findings of this 

research are described below. 

DIC error measurements 

 Baseline errors of the measured displacements and strains obtained by DIC were 

assessed. Inclusion of part of the crack wake seems to increase the measurement 

errors for the displacements from 0.020 µm to 0.022 µm and strains from 0.12% to 

0.14%, which might be attributed to the discontinuity of the material due to the 

presence of a crack. 

 The effects of patterning technique on the measurement errors were assessed, in 

which the new technique (speckles directly on surface) shows lower errors 

(0.011µm for displacement and 0.05% for strain) compared with other techniques; 

also crack tip position can be identified more accurately without paint. Although 

etched pattern shows a higher standard deviation, the effect of the positioning of an 

MW on the measurements seems small compared to the other methods, which 

indicates that the speckle distribution disruption due to a crack may be a source of 

errors. The use of direct patterning by speckles on the surface with a mirror finish 

can produce more accurate measurement results.    

Stationary crack tip analysis 

 The evolution of normal strains near a stationary crack tip was evaluated for three 

stress intensity factor ranges (∆K). Strains increase with the increase of ∆K and the 

decrease of the distance to the crack tip. 

 Influence of fatigue cycles on normal strains near a stationary crack tip was 

assessed. Selected fatigue cycles (1st, 10th, and 20th) were evaluated and strain 

ratchetting is observed close to the crack tip (1∆-4∆, ∆ is the average grain size).  

 Crack tip characteristics were compared using an elastic-plastic material (SS316L) 

and an essentially elastic material (Cr2Ni4MoV steel). The trends in the 
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development of normal strains near a stationary crack tip with the applied load are 

similar although the plasticity level differs significantly. 

 Influence of selected subset size on the normal strains near the crack tip was 

evaluated by using three selected subset sizes. Effects of the subset size on the 

normal strains ahead of the crack tip are evident only at higher P/Pmax near the crack 

tip (1∆) in which high strain gradients prevail. 

 No influence of the selected step size was found on the near tip strains. 

 Effects of measurement window (MW) on normal strains near a stationary crack 

was investigated, with all MWs sharing the centre point at four locations ahead of 

the crack tip (1∆-10∆). No influence was found of MW size on the normal strains. 

This might be due to the averaging effect of considering both sides of the MW. 

 Normal strains near a crack tip were evaluated for a stationary crack using different 

MW sizes in which the wake area was excluded. It was found that, above P/Pmax = 

0.5, there is an influence of MW size on the strains, where a larger MW led to the 

reduction of the strains and smaller MW resulted in increase in the strains. The 

standard deviation increases from 0.0045% to 1.32% from Pmin to Pmax, respectively.    

Growing crack tip analysis 

 Strain evolution of a growing fatigue crack ahead of the crack tip was analysed 

under cyclic loading. Strains increase with the increase of the loading cycle and as 

the crack tip approaches the observation point. Significantly high strains occurred 

once the crack passed the observation point due to the material separation along the 

crack wake. 

 Critical strains were measured during the fatigue growth in which the average value 

reaches 4.17% over a crack growth of 2 mm.  

 Effect of MW on the onset strain for fatigue crack growth was also investigated. It 

seems that the measured critical strain depends heavily on the size of MW, and high 

strain values are obtained using small MWs, as opposed to low strain values using 

large MWs.  A true critical strain may be obtained from the extrapolation of normal 

strain vs size of MW curve, which was estimated to be 5.24% for SS316L at ∆K=25 

MPa√m.  
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Fatigue crack closure measurement  

 The phenomenon of crack closure under plane stress loading conditions was 

investigated for stationary and growing fatigue cracks. Opening loads were obtained 

using compliance curves and visual observation from both DIC and FE analysis.  

 COD were evaluated for stationary fatigue cracks at selected locations behind the 

crack tip, and the effects of loading, measurement gauge location, and resolution on 

the measured COD were examined.  

  Opening load was found to be dependent on the measurement location, load level, 

and measurement resolution, not a unique value. Increasing load level and distance 

behind the tip resulted in the reduction of the opening load due to the gradual crack 

opening from the crack mouth towards the crack tip. 

 Low measurement resolution resulted in the reduction of the measured opening 

load.  

 During fatigue crack growth, the cyclic experiment was interrupted at three selected 

cycles, N=1000, 2000 and 3000, and CODs were measured at the selected locations 

behind the crack tip. Crack closure seems to be present during stable fatigue crack 

growth from the COD measurements.  

 COD was obtained for a growing fatigue crack, where closure was found to depend 

on the gauge locations and the number of cycles where the COD was taken. Closure 

increases with the decrease of distance behind the crack tip and with the increase of 

the cycle number. 

 It seems that COD results from DIC and FE are consistent in trend and 

quantitatively. 

 During fatigue crack growth, close examination shows the variation of the opening 

load is reduced as the increase of the distance to the crack (29 vs 1). This is due 

to the greater accumulative effect of plastic deformation near the crack tip than that 

away from the crack tip. 

 Although physical contact of crack flanks was captured during loading/unloading, a 

lack of correlation was found between the opening loads from the compliance trace 

and visual observation of the behaviour of the crack flanks.   

 Attempts to map the deformation field to extract the stress intensity factor using a 

Williams’ series expansion proved to be unsuccessful due to the presence of 

significant plasticity beyond the SSY regime in SS316L.  
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 The extent of crack tip plasticity was assessed using an elastic-plastic material 

model that considered both isotropic and kinematic hardenings. The results indicate 

that, crack closure, although clearly identifiable in the compliance curves in the 

presence of significant plasticity, does not appear to impact the J-integral.  

 The normal strains near a crack tip increase with the increase of applied load, which 

seems to indicate sufficient load transfer to the near‐ tip strain field, and no stress 

shielding effects during loading or unloading are found ahead of the crack tip. No 

impact of crack closure is found on the near‐ tip normal strains ahead of the crack 

tip.  

 The trend of normal strain accumulation with the fatigue cycles does not appear to 

correlate with the crack closure measured in the presence of significant plasticity. 
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Future work 

On the basis of the results obtained from experiments conducted in this study the 

following recommendations are presented for future study: 

 DIC error assessment may be expanded by exploring more patterning 

techniques, such as scratching, to study the baseline errors of the 

displacements and strains for a range of materials. For metallic materials 

processed with mirror surface finish, the present patterning technique 

(speckles on the surface) may produce a more accurate result with low noise 

level than other alternatives studied. This method works well for micro-scale 

studies, but could also be developed for macro-scale analysis. The approach 

has the advantage of locating the crack tip positions accurately and allowing 

the capture of the crack profiles in situ with a good contrast.      

 Characterisation of the normal strain ahead of the crack tip should be 

investigated in the presence of fatigue crack closure using other ductile 

materials, on 3D geometries and under different loading modes. Therefore, 

more insights on the effects of fatigue crack closure on fatigue crack growth 

in a range of materials may be obtained.  

 Further work on the effects of crack closure on the stress intensity factor (K) 

or J-integral under variable amplitude fatigue loading using ductile materials 

may complete the picture of the role of crack closure on fatigue crack 

driving forces. 

 Combination of DIC, DVC, and FE modelling on fatigue cracks in 3D 

geometries may further the understanding of fatigue crack growth for more 

accurate damage tolerance life prediction of critical engineering components 

and structures.  

 Characterisation of fatigue cracks using full‐field tools may be conducted to 

explore the influence of fatigue crack closure on other parameters near a 

crack tip such as strain ratchetting using other ductile materials and loading 

conditions.   
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