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Abstract 

Abrupt increase in the maximum load during fatigue cycling modifies the deformation conditions at 

the crack tip, causing plastic flow that may lead to crack closure, introducing residual stress and 

hardening. The net consequence of these effects is notable crack growth retardation. Despite 

decades of research in the field, controversy persists regarding the role of each specific mechanism 

and their interaction. Resolving these issues with the help of experimental observation is related to 

the difficulty of obtaining local residual stress information at appropriate resolution. The present 

study examines the effect of overload on fatigue crack grown in a Compact Tension (CT) specimen of 

aluminium alloy AA6082 (BS HE30). Fatigue crack was grown in the sample under cyclic tension 

(R=0.1). After the application of a single overload cycle, fatigue loading was recommenced under 

previous cycling conditions. The crack morphology was investigated using Scanning Electron 

Microscopy (SEM). Electron Backscattered Diffraction (EBSD) was used to map grain orientation and 

crystal lattice distortion (pattern quality) in the vicinity of the crack. EBSD analysis of intra-granular 

misorientation allowed the qualitative analysis of the region around the crack tip location at the 

time of the overload application. Observations are discussed with a view to identify the roles of 

crack closure and residual stress effects. Residual stress was evaluated at salient locations around 

the crack retardation site using the FIB-DIC method which combines the use of Focused Ion Beam 

(FIB) and Digital Image Correlation (DIC) for residual stress measurement at the (sub)micron-scale. 

The residual stress field due to overload occurrence was also simulated using Finite Element Method 

(FEM), and the results compared with experimental observations.  

 

 

 

 

 

 

 



  

 

1. Introduction 

Variable amplitude fatigue is a common loading mode for mechanical components in service. To 

optimise the reliability of engineering components under variable amplitude, the crack growth rate 

needs to be quantified and fatigue life estimated. The fatigue crack growth rate (FCGR) is affected by 

the plastic deformation at the crack tip, caused by the remote load application. However, the 

correlation between the loading spectrum and the fatigue life is complex and may sometimes 

appear counter-intuitive. To elucidate the effect of external load variation on crack growth, the 

effects of an elementary occurrence of a single Overload (OL) or Underload (UL) are often examined 

[1-2]. Generally, underload (UL), i.e. the application of compressive load to the crack accelerates it, 

whilst overload (OL) leads to a retardation of the fatigue crack propagation. A quantitative measure 

of FCGR reduction due to the OL is the number of cycles that it takes for the crack to regain the 

original steady state growth rate. The retardation is related to all aspects of material structure and 

state change around the crack tip, and persists until the crack grows out of the region perturbed by 

the OL application. Immediately after the application of an OL, a very short acceleration of the 

propagation rate may be observed before the retardation sets in. This event appears especially 

when the OL ratio is greater than 1.5 (ROL=FOL/Fmax) with respect to the cyclic load maximum is 

relatively high [2] and it is thought to be due the significant the damage induced by OL in the 

material surrounding the crack tip. The size of the plastic zone at the crack tip is one of the most 

important parameters that determines the conditions of its advancement. Further, variation in the 

specimen thickness changes the stress state within the sample and around the crack from being 

closer to plane stress or plane strain. Hence specimen thickness determines the overall apparent 

plastic zone size. Retardation or acceleration may depend not only on the UL or OL being applied, 

but also on the stress ratio. In fact, it has been shown [3] that in some cases a negative stress ratio in 

combination with an OL may cause acceleration of fatigue crack growth instead of the expected 



  

retardation. Furthermore, it has been shown that under negative load ratio the cyclic plastic 

properties of the material play an important role in determining the crack propagation rate.  

The effect of retardation can be attributed to several mechanisms. In most cases an OL leads to 

crack blunting. Hence further crack propagation may require crack re-nucleation, with a consequent 

delay in crack growth.  

 Another mechanism, perhaps the most important to mention in the context of crack retardation, is 

the crack closure effect [5]. An OL causes plastic deformation at the crack tip, and produces excess 

material just ahead of it. Once the crack tip moves beyond this region, the crack flanks maintain 

contact causing the crack tip to be delayed, reducing the effective stress intensity factor range ∆K, 

and with it the crack growth rate.  

Another often used explanation for crack retardation is the presence of residual stress at the crack 

tip [6-7]. The large plastic deformation at the crack tip induced by the OL generates compressive 

residual stress that induces crack retardation associated with either re-nucleation or slower 

propagation. At micro-scale the behaviour of small material volumes may be anisotropic, 

contributing to the variation in response between samples and locations [8]. The residual stress 

effect can be accounted for in terms of the additional Stress Intensity Factor terms acting locally at 

the crack tip [9]. The effect of crack tip shielding induced by plastic deformation can also be taken 

into account during fatigue endurance evaluation by means of the modified SIF or Weight Function 

method, as proposed in [10]. 

The knowledge of the local behaviour of the material at the vicinity of the crack tip therefore plays a 

crucial role in the problem of crack propagation and retardation. Hence, the evaluation of the stress-

strain state that arises in the process zone is necessary. However, the small size of the plastic zone 

for materials of interest means that few techniques are available for the task. One such technique is 

micro-indentation [11] which can map mechanical properties at good special resolution, but is 

unable to deliver sufficient accuracy for residual stress evaluation. It has been reported [6,8,9]  that, 

the use of synchrotron X-ray diffraction, allowed high-resolution mapping of the region of interest, 



  

including under in situ loading. An important advantage of the method being that it is truly non-

destructive and non-invasive.  

Electron BackScattered Diffraction (EBSD) technique is steadily gaining popularity as a tool used for 

material characterization at the micro- and nano-scale. The capability of determining grain 

orientation in polycrystalline materials is the reason for EBSD also finding use for the examination of 

crack propagation conditions [12-13]. It may help to reveal the dependence of crack propagation on 

grain misorientation and grain boundary effects. The local distortion of the crystal lattice within a 

single grain can be captured by EBSD through careful analysis of Kikuchi pattern deformation, 

allowing both the misorientation angle(s) and lattice strains to be extracted [14]. The quality of a 

Kikuchi pattern is sensitive to the severity of lattice distortion within the sample’s volume, and can 

thus provide useful information about the amount of plastic deformation experienced by the 

elementary material volume, and hence is related to the origins of residual stress. The numerical 

quantification of the strain present in the material can be performed using the so-called High 

Resolution EBSD (HR-EBSD) [15-16]. This technique is based on the analysis of Kikuchi pattern shifts 

and rotations which can be related to the magnitude and nature of the lattice strain variation. Of 

course, like all the methods using diffraction (e.g. X-ray Diffraction), the reference state of the 

material for a given grain orientation has to be known a priori, i.e. a strain-free location or a 

reference pattern. Alternatively, without the knowledge of such information, it is possible to 

reconstruct a qualitative residual stress map over the scanned area to provide some insights into 

stress variation for the areas where the strains are relatively high. The method has limitations in 

terms of strain precision, and is likely to fail for regions of significant plastic deformation [16]. It is 

also very sensitive to the quality of sample surface preparation, since plastic deformation that arises 

as a consequence of the polishing procedure may remain in the sample. 

Another promising method for the experimental quantification of stresses at micron scale is FIB-DIC 

micro-ring core drilling [17-18]. If new traction-free surfaces are created in the vicinity of a particular 

material volume, quantification of deformation at the sample surface and evaluation of strain relief 



  

furnishes information about the pre-existing residual stress state. The version of the technique 

advanced in the MBLEM lab at Oxford is based on the use of Focused Ion Beam (FIB) as the means of 

minimally invasive [19] creation of a circular traction-free trench around the central micro-pillar. The 

deformation occurring at the pillar top surface is monitored during milling using SEM, and 

interpreted using Digital Image Correlation (DIC). The mean strain relief at the pillar surface can be 

directly correlated to the magnitude and nature of the residual stress state present in the material 

prior to milling using a fitting function calibrated by Finite Element Analysis [20]. One of the 

advantages of this technique is its universal applicability to non-crystalline, heavily deformed, 

inhomogeneous, fine and coarse grained materials alike, for which other techniques based on 

diffraction (XRD, HR-EBSD) fail; together with the obviation of the need for a reference strain-free 

sample.  

 

The aluminium alloy Compact Tension Specimen that was the subject of the present study was first 

cycled at a constant load amplitude and load ratio R=0.1 to induce crack nucleation and propagation. 

An overload (OL) was then applied at a certain crack length.  After this, the original constant 

amplitude cyclic loading was continued until the fatigue crack growth rate (FCGR) prior to the OL was 

recovered. The evolution of the crack at the surface of the specimen was monitored by microscopic 

imaging using in-situ loading in a Scanning Electron Microscope (SEM).  The crack surfaces were also 

examined afterwards using the same SEM. The crack path, morphology, microstructure and residual 

stress around a crack propagated beyond an OL was examined. EBSD was used to map the region of 

interest around the crack to help in understanding the microstructural mechanisms involved in the 

crack retardation induced by the OL. By analysing the intragranular misorientation it was possible to 

obtain an indication of the plastic strain distribution in the vicinity of the crack flanks and near the 

tip. Experimental quantification of residual stress was performed at chosen salient locations using 

the FIB-DIC ring-core method. Experimental residual stress results were assessed and interpreted by 

means of comparison with Finite Element Modelling (FEM) of near crack-tip plastic strain at the OL 



  

location and at the final crack tip. This comparison allowed the understanding of which 

characteristics of crack propagation can be captured using a fundamental model. Especially at this 

small scale where microstructural features may play their relevant role and therefore a more 

complex model would be required.  

2. Fatigue test 

2.1 Experimental Procedure 

The sample used to carry out this experiment was made from aluminium alloy AA6082 (BS 

specification HE30). A 35mm miniature Compact Tension (CT) sample was machined from a 3mm 

thick rolled plate. Figure 1a depicts the geometric shape, the characteristic dimensions and the 

direction of the applied load. In this experiment, a relatively sharp fillet radius was created at the 

notch tip (R<0.1mm) to facilitate pre-cracking. Fatigue testing was conducted using a servo-hydraulic 

machine, for the crack nucleation and first propagation segment, and in a compact in situ tensile 

testing stage was used in an SEM for the overload application and further propagation. The loading 

history is schematically described in Figure 1b. 

<Figure 1 here> 

 

For the first step, from the point A to B’ (Fig. 1b) the applied force range was ΔF=1.125kN, the 

maximum cyclic load Fmax=1.25kN and the minimum Fmin=0.125kN. After 17000 cycles the crack had 

propagated to a total length, a, of 7mm. Cyclic loading was then interrupted and several SEM images 

were taken along the entire crack extension. At this stage (Point OL in Fig. 1b), the specimen was 

subjected to a single 50% overload of magnitude FOL=1.875kN (1.5·Fmax). The same constant 

amplitude test used previously was then conducted for a further 1000 cycles. At the end of the 

fatigue test the crack had grown a further 0.4mm in length (point D’ in Fig. 2b). The crack was 

imaged at various locations, with particular attention to the extent of crack associated with its 



  

growth past the point of overload application. This procedure allowed comparison to be made with 

the previous crack morphology prior to overload application. 

The Stress Intensity Factor (SIF) can be evaluated for any crack length using the formula [21]: 
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Here a is the crack length from the point of load application, W is the total ligament width, and b 

denotes the specimen thickness. These dimensions are illustrated in Figure 1.At the first application 

of cyclic loading before crack propagation, the SIF range applied to the sample was ΔKA=11.87 MPa 

√m. As the crack extended, the SIF increased and reached the value of ΔKB=19.45 MPa √m at point B. 

The overload applied at that crack depth corresponded to the magnitude of SIF equal to KOL=32.42 

MPa √m. According to Irwin’s formulation [22] for the plastic zone determination, such plastic zone 

turned out to be of 0.94mm.  The test was continued and ultimately arrested at point D where the 

final SIF range was ΔKD=20.23 MPa √m.  

2.2 Crack growth behaviour 

The fatigue crack growth rate (FCGR) is summarised in the Paris diagram shown in Fig. 2.  

 

<Figure 2 here> 

 

As expected, right after the overload application the crack propagation was retarded; da/dn 

drops immediately by an order of magnitude, and only gradually returns to the steady state 

behaviour. Assuming that at the last point of measurement of crack length, the crack had reached 

the unaltered material zone, the FCGR curve can be described analytically according to Paris’ Law 

with the coefficients C and m reported in Fig 2: 
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3. SEM and EBSD analysis 

3.1. SEM imaging analysis 

The application of an overload causes retardation of crack propagation that constitutes a 

considerable improvement in fatigue resistance of the mechanical component examined. In the 

present study we are focusing exclusively on the study of the mechanisms that operate during and 

following the OL, without considering the effective retardation of the crack propagation in terms of 

the number of cycles.  

SEM imaging of the crack flanks prior (B in Fig.1b) and after the application of the overload (D’ in 

Fig.1b) has allowed the visualization of the crack shape and its evolution due to and past the 

overload. The crack propagated through the material in the direction perpendicular to the 

predominant cyclic tensile stress. The crack image taken at point B in the propagation history is 

shown in Figure 3a. To collect this image, the sample was loaded to Fmax=1.25kN and the surface 

imaged in the unpolished state. At this stage the crack flanks appear rough. Significant out-of-plane 

plastic deformation at crack flanks is not apparent. In contrast, the image of the crack taken at point 

D’ in its propagation history (Fig.3b) shows the crack flanks being in contact over the entire length of 

crack between points B and D’. In the region of contact, some evidence of local out-of-plane plastic 

deformation can be found. Such deformation is the consequence of intense local compression that 

induced material flow and extrusion in the direction of least constraint (out-of-plane). These 

considerations suggest that crack propagation beyond the OL was accompanied by crack closure.  

 

<Figure 3 here> 



  

Focusing now on the crack tip at the time of overload application, the following observations and 

comments can be made. In Figure 4 the crack tip is shown at several points during the overload cycle 

(before OL at maximum force, and after OL at minimum force). The crack tip at B’ is illustrated in 

Figure 4a. The OL ultimately led to additional crack extension of around 10µm, as seen from the 

comparison with Figure 4b. Following the OL, the crack propagation in this direction was halted, and 

fracture continued to grow in a direction different from the previous growth direction at the tip. 

Moreover, crack growth in Mode I appears to have been arrested.. There is also evidence of 

significant crack tip blunting. The crack remained stationary until a new nucleation direction was 

established (Figure 4d). It is worth noting that this new propagation direction lies at approximately 

90˚ to the original crack growth direction, and possesses significant Mode II character. The same 

crack deviation right after OL was experienced by several authors [23-25]. The crack therefore 

prefers to propagate around the plastic zone instead of advancing along its original path direction.  

 

<Figure 4 here> 

 

3.2 EBSD analysis 

EBSD technique was adopted for the purpose of mapping the grain morphology and orientation 

around the crack. Crystal lattice orientation varies both between and within grains (intragranular 

misorientation). The latter in particular is closely associated with plastic deformation and strain 

gradients induced by dislocation glide. Note that whilst statistically stored dislocations (SSD) 

accommodate uniform plastic strain causing significant lattice distortion by little rotation, 

geometrically necessary dislocations (GND) that accommodate steep changes in plastic strain (such 

as observed at crack tips) lead to large lattice rotation and hence misorientation [26-27]. Therefore, 

capturing misorientation variation is of interest for the purpose of characterising intragranular 



  

deformation gradients, e.g. from features such as slip bands or dislocation pile-ups in the vicinity of 

grain boundaries. EBSD analysis requires a well-polished sample surface. To obtain extremely 

smooth, good quality surface the sample was reduced in size to contain only the region of interest 

and ground with abrasive cloths up to 1200 grade. Then, smooth cloth polishing with 3µm and 1µm 

diamond suspension was adopted. The final polishing step used 0.1 µm colloidal silica, with 

subsequent addition of hydrogen peroxide to reduce potential deposits.  

The sample was mapped using an electron beam at 25kV energy and 18.5nA current. Two main 

acquisition steps were performed. The first was an overview of the crack that comprises the location 

that the crack passed before the application of the overload; the pixel size in this last case was 

3.2µm. The second mapping stage focused on imaging the region of overload application and 

subsequent propagation with the pixel size of 0.76µm.The grain shape and boundaries can be 

visualized in detail by means of EBSD analysis. Since considerable amount of material was removed 

during surface preparation, the crack morphology appears slightly different in Fig.5 and Fig.7 from 

that previously seen in Fig.3 and Fig.4. 

The EBSD map in Figure 5 shows that morphologically the grains have a somewhat elongated 

shape in the rolling direction, and the grain size varies between 20-250µm. In Figure 6 the pole 

figure is reported for the three main phases used for Kikuchi pattern indexing, accounting for over 

95% of the indexed points. These three phases were: Al (51.4%), Al0.3 Cu7.01 Fe1.7 Mg0.2 (15.9%) and Al 

Mn3 (27.7%). The pole figures reveal the preferred orientation of the crystals that is close to the 

<001> direction being aligned with the rolling direction defined in Fig.1. This orientation preference 

was confirmed for all three phases. The analysis of the crack propagation manner within the 

microstructure has highlighted a predominant transgranular mode (i.e. cutting grains). 

Quantitatively, transgranular propagation occurs for    60% of the grain involved in the crack 

propagation and, in the remaining    40%, the propagation is intergranular mode.    



  

 Except for few grains on left side of the Figure (Fig.5) where the propagation manner is unclear, 

the crack propagated mainly in a transgranular mode.  

The coarse mapping of the cracked surface, overlaid on the band contrast map, (Fig.5) shows the 

crystal orientation of the grains surrounding the crack. As expected, orientation indexation 

presented a challenge at the crack line and in other regions where large plastic deformation 

occurred. The position of the large deformation caused by the overload is represented by the yellow 

circle shown in the Figure 5. At this position it was not possible to obtain grain orientation form 

Kikuchi pattern analysis, due to the large plastic strain causing severe distortion of the crystal lattice 

leading to the degradation in the pattern quality.    

<Figure 5 here> 

 

<Figure 6 here> 

A more detailed analysis of the grain orientation is shown in Figure 7a. The purpose of this map is 

the collection of the EBSD information focusing more closely on the region of crack propagation 

after the overload. The high-resolution mapping mode (pixel size 0.76 µm) allowed the visualization 

not only of the grain orientation, but also the relative changes in orientation within a single grain, i.e. 

intragranular lattice misorientation [28]. Regarding the crack closure effect after the overload, the 

EBSD map provides the following insight. At the crack flanks the local orientation is highly affected 

by their contact. These changes in the local orientation are due to the plastic deformation in the 

direction perpendicular to the crack surface. This provides additional supporting evidence of the 

crack closure effect present during the propagation phase derived from EBSD analysis. 

The misorientation observed within grains provides indirect information about the strain 

distribution within the material. The interpretation of misorientation using the grain-based approach 

[14] allowed the graphic representation of the regions affected by high strain. The result is shown in 



  

Figure 7b that shows the map acquired at zero load and is related to residual plastic strain. The map 

is qualitative, so that no colour bar is provided, but the conventional “reduced rainbow” colour 

scheme is used, with blue corresponding to low and red to high values. The regions of high residual 

plastic strain are located in the vicinity of the crack line, as expected. The residual strain that arises 

along the crack flank is associated with the process zone at the crack tip during propagation. Another 

potential cause may be the plastic deformation due to crack surface contact as described previously. 

The region associated with the OL is indicated by the letter “A” in Figure 7. No evident alteration was 

experienced in this area. Especially at the very vicinity of the crack flank, where the lattice distortion 

is particularly high and, as a consequence, indexation of the backscattered pattern was not possible, 

and the orientation map could not be acquired for the totality of the scanned pixels. However, the 

lack of indexing is itself an indication of the plastic deformation occurred. For this reason, we can 

consider the region near the OL location one of the most stressed regions.  

 In any case, according to the plastic region extension evaluated through Irwin’s formulation 

(0.94mm), the entire region mapped by EBSD lies in the plastic zone. This may justify the graphical 

absence of the expected high plastic deformation surrounding the OL site. Furthermore, since such 

technique is mainly able to capture plastic deformation change within grains [29], we cannot rely on 

the comparison between the plastically deformed regions at different grains.  

The presence of the region of high residual plastic strain expected at the crack tip is confirmed 

(indicated by the letter “B” in Fig.7). 

<Figure 7 here> 

 

4. Residual Stress measurement and numerical interpretation 

 

4.1 FIB-DIC ring-core measurements  



  

Analysis conducted using EBSD mapping highlights the regions where significant plastic deformation 

occurred. For instance, at the OL site, the lack of indexation of the Kikuchi patterns indicated that 

localised large plastic deformation occurred. Nevertheless, since the entire map lies on the OL plastic 

zone, no evident differences in plastic deformation can be observed along the crack path except 

some very localised areas. In order to provide quantitative information about residual stresses, FIB-

DIC ring-core measurements were conducted at carefully selected locations. It is worth noting that 

all measurements conducted corresponded to the last stage of crack propagation, i.e. point D’’ 

indicated in Fig.1b. The locations of interest (sites) where we focused our effort are reported below 

and graphically represented in Fig.8 

 

I) Several locations along the crack path  at 15-30 μm from either the crack flank (dotted in 

Fig.9) 

II) A line of measurements aligned perpendicular to the crack line 20 μm behind the OL site 

III) A line of measurements aligned perpendicular to the crack line at the OL site 

IV) A line of measurements perpendicular to the crack at the final crack tip 

V) A line of measurement along the crack continuation ahead of the crack tip 

 

Since the FIB-DIC method relies on the DIC analysis for the quantification of strain relief, the pillar 

top surface needs to show reasonable contrast so that the displacements can be evaluated 

accurately. Since the polished surface does not possess such inherent contrast, the sample surface 

was coated with an extremely thin (  5nm) soft layer of sputtered Au-Pd. Such coating layer provided 

a randomly distributed texture onto the surface ideal for DIC analysis, and at the same time does not 

introduce any additional stress to modify the pre-existing conditions. 

At each measuring point, the incremental procedure of material removal was followed [17] that 

produced a sequence of n=50 images. An illustration of the milling process as the material is being 

removed and the images acquired is depicted in the figure below:  



  

 

<Figure 8 here> 

 

 These images were analysed using DIC software [30] and a data refinement procedure was adopted 

for the detection and rejection of outliers. As a result, strain relief curves were obtained for two 

orthogonal directions associated with the crack growth direction that were labelled x and y as 

defined in Fig.9 

 

<Figure 9 here> 

 

The experimentally determined strain evolution can be described by a parametric function [31] 

developed on the basis of Finite Element Analysis (FEA). At the end of the fitting procedure, the 

residual strain and its standard deviation were evaluated at 95% confidence. 

 

 As the last step, the residual stress was evaluated using Hooke’s law under the assumption of plane 

stress state: 

    
 

      
             

 

(2) 

    
 

      
             (3) 

 

The evaluation of residual stress at this small scale introduces a further source of error due the 

material elastic anisotropy within the single grain. Since the examined material shows large 

structured grains, there is a high probability that the milling point lies within a single grain and 

therefore, the elastic anisotropy may affect the evaluated value of stress. Recent work [32] reported 

a statistical approach to quantifying this if the local grain orientation is unknown. According to this 



  

paper, the error at 95% of confidence for aluminium alloy amounts to 8%. This was taken into 

account alongside other sources of error (i.e. DIC peak tracking and relief strain fitting procedure), 

and the overall uncertainty reported as error bands in the resulting plots. 

 

4.2 Residual stress modelling  

Since the purpose of the simulation was to make comparison with experimental measurements 

using FIB-DIC ring-core milling at sample surface, a two-dimensional plane stress modelling was 

employed. The software used for FEM simulation was Abaqus©. In the simulation described below 

the material was assumed to follow the isotropic hardening rule having hardening exponent n=0.05 

and strength coefficient K=540MPa. Taking advantage of the specimen symmetry, half model was 

generated and meshed as shown in Fig.10. Mesh refinement was introduced at the locations 

corresponding to the locations of FIB-DIC line measurements. In order to achieve accurate 

simulation results, a convergence analysis was performed; the optimal mesh element size at the 

region of interest turned out to be of 2μm. The displacement boundary condition due to symmetry 

was applied at the nodes where no material separation was present. Crack advance was simulated 

by progressive removal of boundary conditions requiring the nodes to remain bonded. Crack flank 

interpenetration at locations where plasticity crack closure took place during the unloading phase 

was avoided using a fictitious contact surface opposing the crack flank. The inequality describing the 

contact condition was unilateral so that the crack was free to open. As described in a previous 

publication [33], this technique has been shown to be successful at simulating residual stress 

evolution at the crack tip. The model was progressively run at three different stages of crack 

propagation in order to attempt capturing the stress field evolution. The first stage considered a 

crack length of 35 μm shorter than the one at the OL, the second at the OL and the third at the last 

at the stage indicated as D’’ in Fig.1b.  

 

<Figure 10 here> 



  

 

4.3. Results and discussion 

In this section, residual stress predictions provided by FE modelling are compared with the 

evaluation by means of FIB-DIC ring-core milling. Within the model, residual stress quantification 

was performed for the situation when the crack has propagated past the locations on the crack 

flanks depicted by the dots in Fig.9. We begin the discussion with the analysis of experimental 

results for stresses along the crack that are shown in Fig.11. It shows the variation of the measured 

residual stress values along the crack line (markers and error bars). Continuous curves through the 

markers are given as a guide to the eye. The overload location corresponds to x = 0. It is apparent 

from the plot that behind the overload (x < 0), a slight compressive residual stress layer is present. 

Both stress components manifest a similar magnitude that lies in the range between -150MPa and -

50MPa.  

Leaving aside the overload location that will be examined in detail later, we note another region of 

moderate compressive residual stress found along the crack flanks at locations corresponding to 

crack growth past the overload. Particularly, at 0.48mm forward from the overload site, a more 

compressive value of residual stress was measured in the crack opening direction (yy component). It 

is worth noting that this location corresponds to the region of high plastic deformation highlighted 

by EBSD mapping and indicated by the square in Fig.7b. 

 

<Figure 11 here> 

 

The sites II, III, IV and V were numerically modelled; some contour images are reported below in 

Fig.12. 

 

<Figure 12 here> 

 



  

Below we report direct comparison between numerical and experimental results for selected lines 

indicated in Fig. 10. Line plots of stress components xx and yy are given in Fig. 13. 

 

<Figure 13 here> 

 

Focusing our attention on the region close to the overload location (Fig. 13a,b,c,d), the compressive 

residual stress field induced by this single anomalous load application is evident. Compressive stress 

values that reach -450MPa were measured. At Site II (Fig.13a-b) the xx stress component is well 

matched in magnitude. The trend of the yy stress component shows good agreement. However, the 

same quality of agreement was not found for the model predictions and measurements near the 

overload location (Site III). Although the trend is correct, not all measurement points are matched 

well.  

Further measurements were performed at the final crack tip Sites IV and V. In Fig.13e-f, correct 

trend is seen between model values and FIB-DIC ring-core measurement points, but the magnitude 

varies. Finally, for the line extended beyond the crack tip reported in Fig.13g-h, good match was 

observed for both xx and yy components of stress, in that similar trends and satisfactory magnitude 

agreement were achieved. Particularly, the residual stress shown in Fig.13h can be compared to the 

outcomes of [11]. In fact, in this work the authors attempted the measurement of residual stress at 

the crack tip, by means of indentation technique. At the near crack tip, the residual stress trend 

turned out to be very close to that reported in the present paper. Likewise the FIB-DIC method, 

indentation provides information about the residual stress state at the free surface. Since also the 

gauge volume is in the same order of magnitude, qualitatively, the two results can be compared. 

Other techniques have been successfully adopted for stress measurement at the crack tip [6,7,9,34], 

but in those cases, an average value was evaluated along the entire sample thickness using 

Synchrotron-based Powder Diffraction (SPD). Even though the gauge volume was considerably 



  

different from the one used in the present paper, the compressive residual stress region that we 

experienced was also found by measurement using SPD.    

At this point it is worth noting that a range of various simplifications were adopted in the numerical 

model. For example, the discretisation of crack propagation steps may need refining in order to 

accurately reproduce the amount of residual stress left at the crack wake as the crack itself 

propagates. Also, although elastic anisotropy of single crystal aluminium is relatively low and can be 

considered negligible, plastic anisotropy induced by crystal slip may cause large variation in the 

effective yield stress according to the Schmid factor for slip. Furthermore, whilst in the overload 

region deformation is dominated by the single load application and unloading, elsewhere along the 

crack flanks the material experiences cyclic deformation that corresponds to a different hardening 

behaviour. Accurate description of the Bauschinger effect is likely to improve the accuracy of 

modelling. These considerations provide a means of understanding the discrepancy, and also give 

justification for further, more detailed analysis using crystal plasticity modelling. 

Furthermore, the model used in the present analysis does not take into account the real crack path 

meandering that is significant at the fine scale. Small crack path deviation from the idealised straight 

line changes local stress conditions and in turn changes the resultant residual stress field. For 

instance, the map depicted in Fig.6b shows a localised area (indicated by the square in red) where 

intense plastic deformation is present. This corresponds to a steep change in the crack propagation 

direction. 

It is important to note that experimental residual stress measurements were performed at the 

micron scale. As a consequence, intragranular stress values were obtained in most cases. In contrast, 

FEM simulation did not take into account the microstructure and stress variation within and 

between grains. Also, ad additional simplification is made assuming that the problem is two-

dimensional while in reality the three-dimensionality effect might have its contribution. Finally, it is 



  

also well known that the difference in deformation response between phases and their interaction 

has profound effect on the local residual stress evolution [35-37]. 

It is important to consider that all present outcomes are based on experiments performed using a 

single sample. Therefore, a variability of the results may be observed if exactly the same 

experiments are reproduced using a similar sample. This is due the quasi-random distribution of the 

material grain size, shape and orientation which may have a remarkable impact on local crack path 

shape and crack propagation rate.  

 

5. Conclusion 

The mechanisms involved in crack growth retardation after overload have been the subject of 

intense study for many decades. The principal aspects of the problem usually brought into 

consideration are plastic deformation, residual stress, and material property modification (hardening 

and damage). Identifying and separating the influence of each effect on the overall propagation rate 

is important for constructing reliable predictive models for the resulting deviation from steady state 

crack growth rate prescribed by the Paris law. In this study we focused our attention on two aspects 

of the problem, namely, plastic deformation (and in particular its consequence in terms of lattice 

distortion, that can be assessed using Electron BackScatter Diffraction), and residual stress that can 

be evaluated at the appropriate length scale using Focused Ion Beam and Digital Image Correlation 

(FIB-DIC) analysis. Plastic strain evaluation by EBSD revealed that areas of high deformation (lattice 

distortion) were found both along the crack flanks and at the overload site. Residual stress state 

around the crack is complex and arises due to the combination of the steady state plastically 

deformed layer developed along at the crack flank during fatigue crack propagation over many 

cycles, and also due to the much larger single overload plastic zone and the associated change in the 



  

crack flank profile that leads to crack closure. High misorientation and plastic deformation (and 

hence residual stress) were in evidence in the area of overload (OL).  

Of particular interest is the clear evidence that the overload caused complete arrest of the major 

crack and led to the nucleation of a new, deflected crack. By all appearances, this important 

phenomenon occurred immediately during and following the overload. If this scenario is to be 

accepted, then the apparent crack retardation occurs due to the combined influence of the crack 

driving force reduction due to deflection, and the effect of residual compressive stress caused by the 

formation of the large plastic zone ahead of the crack tip. 

In order to substantiate further the arguments given above, FIB-DIC micro-ring-core method was 

employed to quantify the magnitude of micron-scale residual stresses found at locations of interest 

around the crack. The results were critically compared with the predictions of FE simulations for a 

homogenous, isotropic, simple hardening material model. The purpose of this comparison was to 

identify which aspects of the complex crack growth process could be captured correctly based on 

this fundamental model, and which require more refined simulation. The results open the avenues 

towards better understanding of the stress field generated by the overload and crack propagation. It 

can be noted that in general the expected trends were seen in almost the entire set of 

measurements, although for some locations the agreement was not found in terms of stress 

magnitudes. This mismatch may be imputed to several aspects not captured correctly in the 

numerical model, such as the influence of local cyclic hardening on the stress-strain curve, crack 

profile change due to local crack kinking, and local material anisotropy and inhomogeneity that were 

not included in the simulation. A more detailed model ought to be constructed that would take into 

account these aspects to describe faithfully the residual stress field.  
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Captions 

Figure 1: a) Sample geometry (all dimensions are given in mm). b) The loading history. 

Figure 2. Fatigue Crack Growth curve 



  

Figure 3: SEM images of the crack obtained from an unpolished surface a) before the overload 

application, at Fmax=1.25kN (B), and b) after the application of the overload, at Fmin=0.125kN (D’). 

Figure 4: SEM images of the crack tip obtained from the unpolished surface at various instants in the 

crack growth history: a) before OL at Fmin=0.125kN  (B’), b) at OL, at FOL=1.875kN (OL), c) after OL, 

at Fmin=0.125kN  (C’), and d) after OL at Fmin=0.125kN (D’). 

Figure 5:  A superposition map of grain orientation (colour derived from the inverse pole figure for 

the Rolling Direction shown in the inset) on the grey scale Kikuchi band contrast map for the crack 

over the length of 1.75mm on the polished surface of sample cross-section. The location of OL 

application is indicated by the yellow circle. 

Figure 6: Inverse Pole Figures (with respect to the rolling direction) obtained for the three principal 

phases within the material. The colour bar is given in terms of the multiple of uniform density 

(m.u.d.) a) Al. b) Al Mn3 C. c) Al0.3 Cu7.01 Fe1.7 Mg0.2 

Figure 7: a) Orientation map obtained from the polished surface of sample cross-section around the 

crack grown beyond the overload application. The overload site is indicated by the letter “A”, and 

the final crack tip by the letter “B”. b) Contour map of deformation intensity, as derived from EBSD 

misorientation evaluation. 

Fig.8. FIB-DIC milling positions across the crack path. The dashed white lines indicate the spatially 

resolved line measurements while the white dots denote the single point measurements. 

Fig.9. a) Illustration of the progress of the milling procedure (measurements in μm) b) Strain relief 

curve fitting example. D is the pillar diameter and h is the trench depth. 

Fig.10. Discretised 2D model, mesh refinement details at regions of interest 

Fig.11. Residual stress obtained by FIB-DIC along the crack flanks extension (Site I). 



  

Fig.12. Stress yy component contour plots. a) At the overload (OL). b) At B’’ and c) At D’’. The solid 

line indicates the formed crack. d) Magnified region of interest from Fig. 8. 

Fig.13. Residual stress comparison. FIB-DIC vs. FE simulation. a) σ_yy Site II, b)  σ_xx Site II, c)  σ_yy 

Site III, d)  σ_xx Site III, e)  σ_yy Site IV, f)  σ_xx Site IV, g)  σ_yy Site V, h)  σ_xx Site V 
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Figure 1: a) Sample geometry (all dimensions are given in mm). b) The loading history. 

 

 

Figure 2. Fatigue Crack Growth curve 
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Figure 3: SEM images of the crack obtained from an unpolished surface a) before the overload application, at 

Fmax=1.25kN (B), and b) after the application of the overload, at Fmin=0.125kN (D’). 

  

  

Figure 4: SEM images of the crack tip obtained from the unpolished surface at various instants in the 

crack growth history: a) before OL at Fmin=0.125kN  (B’), b) at OL, at FOL=1.875kN (OL), c) after OL, at 

Fmin=0.125kN  (C’), and d) after OL at Fmin=0.125kN (D’). 

a) b) 

c) d) 

a) 
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Figure 5:  A superposition map of grain orientation (colour derived from the inverse pole figure for 

the Rolling Direction shown in the inset) on the grey scale Kikuchi band contrast map for the crack 

over the length of 1.75mm on the polished surface of sample cross-section. The location of OL 

application is indicated by the yellow circle. 

 

 

Figure 6: Inverse Pole Figures (with respect to the rolling direction) obtained for the three principal phases 

within the material. The colour bar is given in terms of the multiple of uniform density (m.u.d.) a) Al. b) Al Mn3 

C. c) Al0.3 Cu7.01 Fe1.7 Mg0.2 

 

 



  
  

Figure 7: a) Orientation map obtained from the polished surface of sample cross-section around the crack 

grown beyond the overload application. The overload site is indicated by the letters OL, and the final crack tip 

by the letter D’’. b) Contour map of deformation intensity, as derived from EBSD misorientation evaluation. 

 

Fig.8. FIB-DIC milling positions across the crack path. The dashed white lines indicate the spatially resolved line 

measurements while the white dots denote the single point measurements. 
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Fig.9. a) Illustration of the progress of the milling procedure (measurements in m) b) Strain relief 

curve fitting example. D is the pillar diameter and h is the trench depth. 

 

Fig.10. Discretised 2D model, mesh refinement details at regions of interest 

 

 

Fig.11. Residual stress obtained by FIB-DIC along the crack flanks extension (Site I). 

 



  

 

 

Fig.12. Stress yy component contour plots. a) At the overload (OL). b) At B’’ and c) At D’’. The solid line 

indicates the formed crack. d) Magnified region of interest from Fig. 8. 

 

 

  



  
  

  

  

Fig.13. Residual stress comparison. FIB-DIC vs. FE simulation at the propagation stage D’’. a)     Site 

II, b)      Site II, c)      Site III, d)      Site III, e)      Site IV, f)      Site IV, g)      Site V, h)      Site 
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Nomenclautre 

   mode I stress intensity factor 

ΔK stress intensity factor range 

  applied force to the specimen 

ΔF  cyclic force range 

Fmin minimum force applied to the specimen 

Fmax maximum force applied to the specimen 

FOL Overload force applied to the specimen 

  specimen thickness 

W Specimen width 

a   crack length 

da/dn fatigue crack growth rate 

  Paris’ law intercept coefficient 

m Paris law slope coefficient 

  Young’s modulus 

  Poisson’s ratio 

    Stress (xx component) 

    Stress (yy component) 

    Strain (xx component) 

    Strain (yy component) 

n Hardening exponent 

K Strength coefficient 

 

 

 

 

 

 

 

 


