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AKGegt effective stress intensity factor range

Ag strain range

Ac stress range

€ strain

&y, Ecy yield strain, cyclic yield strain
o stress

Oy, Ocy yield stress, cyclic yield stress

1. Introduction

Despite the numerous studies [1-8] devoted to understanding the phenomenon of fatigue crack growth
(FCG) under different loading conditions, the prediction of fatigue life in real engineering structures with
crack-like defects remains challenging. This results from the difficulty of developing a universal equation
to describe the load sequence effects taking into account all the complex mechanisms involved in the FCG
process. This concerns, for example, plasticity-induced crack closure (PICC), crack roughness, crack
closure induced by corrosion, residual stresses, crack blunting and crack branching, among others.

Although the small-scale cyclic plasticity at the crack tip due to cyclic loading can be successfully
described with the stress intensity factor range, AK, the FCG rates (da/dN) vs AK relation proposed by
Paris and Erdogan [9] does not account for mean stress effects (described by the R-ratio) and load-
interaction or load-history effects. In fact, Paris's law is often used to assess experimental FCG rates vs
AK data from constant amplitude loading fatigue tests whereas real engineering components are
commonly submitted to non-uniform loading. Instead of using the AK, Elber [2] proposed the effective
stress intensity factor range, AKefr, which is affected by crack closure under a certain load level, i.e. AKeft
= Kmax — Kopen Where Kmax is the maximum stress intensity and Kop is the stress intensity at the crack
opening. The crack closure concept became popular in literature since it can justify the effects of stress
ratio and load history on fatigue crack propagation. However, it is still a topic of research and discussion
within the fatigue community [10-14], as studies continue to be conducted to investigate the actual role

of the crack closure mechanism in fatigue crack propagation.

In this context, non-linear parameters such as the CTODy, dissipated energy, J-integral, and plastic strain
range have been suggested to correlate the crack-tip damage since they can effectively quantify the crack-
tip plasticity. According to Antunes et al. [15], there are well-defined relationships between these
parameters, as they all quantify the same phenomenon: the crack tip plastic deformation which is believed
to be the main mechanism of fatigue crack growth. Nowadays, improved experimental techniques and
numerical methods have made it possible to examine the near-tip region more closely, where the non-

linear fatigue damage effectively occurs. Pokluda et al. [16] and Chen et al. [17] proposed the use of the
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cyclic plastic strain range. Heung et al. [18] linked FCG with the cyclic plastic zone size, while Zhang et
al. [19] conducted a numerical analysis, concluding that FCG can be correlated with the size of the
monotonic plastic zone. Bodner et al. [20] and Klingbeil et al. [21] used the total dissipated energy as the
crack driving force parameter to describe fatigue crack growth in ductile solids. In particular, the CTOD
is an important fracture mechanics parameter used to characterize the local crack opening and closing,
proving a physical meaning to the progressive crack extension under cyclic loading that occurs in yielding
materials. The proportional relationship of the cyclic CTOD with the crack propagation rate (i.e. da/dN)
has been proposed and experimentally and numerically investigated in a large number of papers, e.g. [22-
29].

The significance of the plastic component of the CTOD (CTOD,p) was studied by Antunes et al. [30]
through numerical experiments, showing its linear relationship with FCG rates in linear scales. They
concluded that using the da/dN-CTODy, relation, the crack closure phenomenon, crack tip blunting,
residual stresses, and fatigue threshold are included naturally. Furthermore, the independence of the
da/dN-CTOD, relationship to the stress ratio for FCG tests was also verified by Antunes et al. [31] and
Vasco et al. [32, 33] using FCG tests performed on aluminum and titanium specimens. In these studies,
the CTOD measurements were obtained by DIC analysis, showing that only the plastic component on
CTOD (CTODy) exhibits a consistent increase with FCG rates. These findings are equivalent to studies
mentioned before in which the CTOD is measured directly at the crack tip, i.e. at a distance about CTOD
behind the real blunted crack or at the position of the crack tip on the fracture surface of the last fatigue

load cycle.
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Figure 1. Variation of CTOD values throughout a full load cycle and determination of CTOD, [27].
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Figure 1 shows the typical results obtained of total CTOD versus applied load from finite element
simulation. Segment AB corresponds to the closed position of the crack. The crack opening and
subsequent elastic behavior are observed in segment BC. As the loading is applied, plastic deformation is
initiated during the segment CD. The value of the plastic CTOD (CTODy) is obtained after removing the
elastic component from the total CTOD. For that, the extrapolation of the segment BC that corresponds
to the elastic behavior of the material is required which is also parallel to the segment DE related to the
elastic unloading. The evolution of plastic CTOD is also represented in Figure 1. CTOD,, increases non-
linearly from point Cp, which defines the end of the elastic regime, up to the maximum value registered
at the maximum load (point Dp) defined by ACTODs,.

This paper follows the previous studies presented in Refs [31-33], exploring the applicability of the
CTODy parameter for the analysis of fatigue crack propagation after the application of a single overload
(OL) during constant amplitude load. It is well known that one approach used to investigate the behavior
of the mechanisms governing the FCG process consists in analyzing the effects caused by the imposition
of simple load sequences such as single-cycle overload. The loading sequences can produce several load
interaction effects, leading to acceleration or deceleration in fatigue crack growth rate. The significance
of the non-linear parameters is that they can naturally accommodate the effects of load sequences, as well

as stress state and specimen geometry, among others.
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Figure 2. Scheme of Elber’s OL-induced retardation.

It is well known that the imposition of a single peak overload retards the subsequent crack propagation
for some period. Residual stresses ahead of the crack [7] and plasticity-induced crack closure acting on
the crack surfaces [8] are identified as the main mechanisms for the crack retardation observed following
overload application. As shown in the schematic of Figure 2, within the OL-induced plastic zone, larger
residual stresses are generated which decrease from their maximum value to their initial value before the

OL application. According to the PICC model, the effects caused by the OL event must cease after the
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current plastic zone has left the region hypertrophied by the OL. However, studies [34,35] in the literature
report OL-induced delay effects far away from the extension of the overload plastic zone, a phenomenon
called discontinuous crack closure. Furthermore, crack propagation mechanisms may act concurrently or
in competition, depending on a variety of factors like the crack extension, the material's microstructure,

and the stress state, among others.

This investigation aims to study the fatigue crack behavior of Grade 2 titanium samples under overload
conditions, and the feasible use of the CTOD, as a parameter for fatigue crack growth characterization.
The CTOD measurements from the vertical displacement of the crack flanks, according to Mode-I
(opening mode) were extracted using the 2D Digital Image Correlation (DIC) technique. Previous works
[36, 37] reported its successful application to obtain CTOD measurements from multiscale experiments.

2. Experimental details

The FCG tests were conducted on a servo-hydraulic MTS testing machine (MTS machine with a load cell
of 25 kN). The test samples were compact tension (CT) specimens machined from a 1mm thick sheet of
Grade 2 titanium (E = 105 GPa and oy = 390 MPa). The specimen dimensions are provided in Figure 3a.
The specimens were cycled at a cyclic frequency of 2 Hz under constant amplitude loading with a
maximum level of 750 N and a stress ratio (R) of 0.1. Two samples were tested using the same loading
conditions. In one of them, a single 50% tensile overload (i.e. a single cycle with a maximum loading of
1125 N) was applied manually after the crack reached a length of 6 mm (measured from the point of load
application), and then constant amplitude loading was resumed (see Figure 3b).
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Figure 3. (a) Geometry of the sample (dimensions in mm), and (b) 2D-DIC setup used for investigation.

As mentioned earlier, the 2D-DIC analysis was adopted for investigation. For that, a high-resolution
camera (Redwood 65MP sensor) coupled to high-magnification lenses (Laowa 60mm F2.8 2X) was

located perpendicular to one face of the specimen. Besides, an additional camera (Stingray F-504B 5MP
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sensor) was located in front of the other face to monitor the crack advance during the fatigue test, as shown
in the experimental setup of Figure 4. During the FCG test, the cameras were configured to take about
100 images from each loading cycle analyzed. All images captured from FCG tests were processed with
the commercial VIC-2D software from Correlated Solutions. The optical configuration achieves a spatial
resolution of 2 um/pixel. The displacement resolution estimated from an uncertainty assessment, also

known as the noise floor [38], was 24 nm.

Figure 4. 2D-DIC setup used for investigation

2.1. Measurement of the plastic CTOD

Images of loading cycles captured at different crack lengths were processed by the DIC analysis software.
In this analysis, the image registered at the minimum loading of each cycle was selected as the reference
image. The DIC displacement maps, parallel to the load direction, were used to obtain the CTOD

measurements according to Mode-I (opening mode).

The vertical displacement map provided by the DIC analysis at maximum loading for a crack length of 6
mm is depicted in Figure 5a. In this figure, the relative displacements are in agreement with the mode | of
crack propagation or opening mode, in which the crack opens due to the application of stresses
perpendicular to the plane in which it propagates. After the accurate localization of the crack tip,
measurements of the crack opening—closing behavior are obtained by placing symmetrical points behind
the crack tip at 0.1 mm from the flanks of the crack, as shown in Figure 5b. The relative displacement
between the upper and lower crack flank is evaluated according to the following formula: CTOD = vypper

— Viower, Where v is the local measurement of the vertical displacement map.



OCoO~NOUITAWNE

59

v frm)
0.018

0.0157

0.0134

8 [ 0.0111

0.0088
0.0065
0.0042
= 0.0019
o -0.0004

-0.0027

-0.005

-0.0073

-0.0096

-0.0119

-0.0142

-0.0165

3 -0.0188

Figure 5 (a) Vertical displacement map from DIC analysis corresponding to Kmax = 29.8 MPavm. (b)

pairs of symmetrical points along the crack flanks to obtain CTOD measurements.

The plastic component of the CTOD is then extracted from CTOD curves of each pair of symmetrical
points through mathematical processing of the data following the procedure described in Figure 1. The
methodology was implemented in a Matlab program that allows computing the total ACTOD, values. The
results of this analysis for two different crack extensions as shown in Figure 6. It can be observed that the
amount of plastic deformation measured by CTOD; increases with increasing crack length from 6 to 8
mm. Moreover, the ACTOD,, values are lower close to the crack tip and increase to their maximum value
in the range location of approximately 100 — 150 pm behind the crack tip. This result is in agreement with
the sensitivity analysis process performed by Vasco et al. [32-33] to identify the suitable location to obtain
CTODp measurements. Therefore, the maximum value for the corresponding crack length was stored.
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Figure 6. ACTODy, values along the crack surface for crack lengths of 6 mm and 8 mm.

3. Experimental results
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The experimental values of da/dN calculated versus the crack lengths from FCG tests for samples without
and with overload application are shown in Figures 7a and 7b, respectively. From the experimental data,
it can be seen that, before the OL application, the sample with OL shows similar behavior to the sample
without OL. The da/dN values increase with the AK associated with the actual crack size and, the
imposition of a 50% overload cycle leads to a period of retardation in crack propagation, decreasing the
FCG rate. It is worth emphasizing that in ductile materials, a single-cycle overload may lead to crack
blunting by the plastic deformation that takes place at the crack tip. Crack blunting keeps the tip opened,
eliminating crack closure effects [39]. As a result, before the crack retardation begins, a very short
acceleration in FCG rates may be observed right after its application. The acceleration event is usually
observed when the overload ratio (RoL=FoL/Fmax) is greater than 1.5 [40]. In this experiment, crack growth
acceleration was observed immediately after OL within a crack length increment of 0.05 mm from its

application.
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Figure 7. Crack growth rates vs crack length for samples without (a) and with (b) overload event.

Crack-tip opening displacement (CTOD) measurements at different crack lengths were taken to assess the
effect of the overload application in the crack opening-closing mechanism. The analyzed points are shown
in Figure 7b: points M1 and M2, before the OL application, represent crack lengths of 5.5 and 6 mm,
respectively, the maximum retardation in growth rates occurs at point M3, which corresponds to a crack
length of 6.5 mm, and lastly, the crack at point M4 has a length of 7.5 mm and is outside the OL-induced
retardation zone. The results of this analysis are shown in Figure 8 corresponding to CTOD measurements
obtained at 1 mm behind the crack tip. It can be seen that these curves exhibit similar behavior to the total
CTOD curve presented in Figure 1 based on numerical predictions extracted from the first node at 8 um

behind the crack tip. Therefore, there is a portion of the CTOD curve corresponding to the unzipping of
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crack flanks from the measurement point to the crack tip. This region is identified in Figure 8b from the
minimum loading to a load of approximately 166 N, marked with a square. The slope that describes the
elastic behavior of the material must be identified in the unloading portion of the curve, as indicated in
Figure 8b. The translation of the curve to the loading part of the curve can be used to define the point
marked with the square at which the crack is considered completely open. The same procedure was made
in all CTOD measurements. It can be observed that the range of CTOD increases from M1 (see Figure
8a) to M2 (see Figure 8b) according to the increasing length of the crack. A small increase in elastic and
plastic CTOD ranges is therefore expected. The crack opening levels are similar, i.e. U* = 17% where U*

is the portion of the load cycle in which the crack surface is closed:

* Fo en I:min
U™ =—en_Tmn 100 &)

max min

where Fopen IS the crack opening load, and Fmin and Fmax are the minimum and maximum loads,

respectively.

It can be observed that the crack opening level from the CTOD curve at the minimum FCG rate (point
M3 in Figure 8c) is significantly higher U* = 43%, reducing the elastic and plastic CTOD ranges.
According to the PICC model, as the crack propagated into the material following the overload, the greater
response of the residual elastic ligaments over the plastic zones perturbed by the overload tends to
compress it. This behavior reduces the crack opening-closing mechanism since a portion of the applied
load is devoted to relieving the compressive loads transmitted through its faces as shown in CTOD curves
of Figure 8c. Lastly, the CTOD curve at M4 (Figure 8d) exhibits similar behavior to the curves at M1 and
M2, with low crack closure levels (U* = 19%). Relatively to M2, there is a significant increase in total
CTOD, and consequently in plastic and elastic CTOD ranges. This increase in CTOD is explained by the
effect of crack length on displacement fields. These experimental results indicated that the change in FCG
rate produced by the imposition of the 50% overload is linked to the crack opening-closing mechanism.
According to the literature, the effects of a single peak overload cycle are predominately due to residual
stresses emerging in front of the crack tip [40], plasticity-induced crack closure acting on the crack
surfaces behind the crack tip, or a combination of both. This phenomenon was recently studied by Borges
et al. [12] through numerical simulations, verifying that the effect of overloads in FCG is mainly explained

by plasticity-induced crack closure.
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Figure 8. CTOD measurements by DIC analysis at different crack lengths for the sample with OL event:

In the next analysis step, the methodology described in the previous section was applied to obtain the
CTOD, from the experimental data recorded from samples without and with overload events. Then, the
plastic CTOD ranges were plotted versus the crack growth rates (da/dN) plotted in linear scales as shown
in Figure 9. It can be seen that the relation ACTODp-da/dN obtained from the FCG with OL application
follows a linear trend (see Figure 9b), similar to the non-OL case (see Figure 9a), taking into account the
load sequence effects due to the imposed OL. As shown in Figure 9b, after the OL application at P1, the
da/dN values begin to decrease following the linear trend depicted before the OL, and after reaching its

minimum value at P2, da/dN values begin to increase following the same trend. The linear relationships
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for the crack growth rates of these fatigue tests are given by the following equations:
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—=0.317xACTOD
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800
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da

N 0.338xACTOD,  (withoverload) 3)

As expected, the constant o from equations 2 and 3 are very similar, showing that the equation da/dN = o
x ACTODy, takes into account the load sequence effects due to the imposed OL. Moreover, it is worth
mentioning that both values of o are also in agreement with those obtained in previous work [32]
conducted on the same material. Therefore, the constant a can be treated as an intrinsic property of the
material. The small differences observed between them can be associated with the inherent scattering from
experimental data and the methodology used to obtain the CTOD.

From these experimental results, despite the load sequence effects regarding the overload application, the
CTOD, parameter has demonstrated a consistent correlation with crack growth rates. Moreover, its
application is interesting because it allows for establishing a linear relationship with FCG rates in linear

scales, independent of loading conditions.
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Figure 9. Plots of da/dN-CTOD, relationships for the two FCG tests (a) without and (b) with overload

application.

Finally, the experimental data shown in Figure 10 is clear evidence of the good agreement between the
CTODy and the variations in FCG rates. It can be seen that the application of the 50% overload resulted
in a transient effect that persisted for some extent until the crack grows beyond the region of influence
caused by the overload. In fact, the minimum crack growth rate was registered after the crack grows for a
period after the OL application, a phenomenon called delayed retardation that was correctly modeled by
the CTOD,. After reaching the maximum retardation, FCG rates begin to increase gradually and
nonlinearly following typical retardation response for the plane stress case. The good correspondence

between the FCG rates and ACTOD, during the post-overload behavior is quite interesting because it
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demonstrates that the CTOD, takes into account the mechanisms and related phenomena acting on the

crack growth after the overload application.
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Figure 10. Plots of the da/dN and ACTODy, versus crack length.

In order to visualize the effects of cycle interaction by the imposition of the single 50% OL, the variation
of the crack-tip plastic zone during the post-overload propagation was characterized following the
methods outlined in previous studies [41, 42]. From the experimental results presented in Figure 11a the
following observations are made: (a) As expected, the OL induced an increase in the monotonic plastic
zone size. (b) As the crack propagates inside the overload plastic zone, the interaction of the current plastic
zone with the region perturbed by the overload can be observed, decreasing its size after OL application
to maximum retardation reported at position OL+0.5 mm and increasing its size when getting away from
this area. (c) It is clear that after reaching the maximum retardation, the size of the successive plastic zones
increases as the crack leaves the region perturbed by the OL. (d) The extent of the overload plastic zone
right of the crack tip is about 0.89 mm while positions OL+1 mm and OL+1.25 mm in the da/dN curve
still indicate OL-induced effects acting in this region, as shown in Figure 11b. This could be expected
because the crack closure phenomenon results from the residual plastic wake, so the crack tip must move
some distance ahead of the region hypertrophied by the OL to disappear all its effects. It can be noted that
all these cycle interaction effects were properly taken into account by the CTOD, following the linear

relationship described by equation 3.
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Figure 11. (a) Evolution of the plastic zone during the post-overload crack propagation. (b) FCG rates in

logarithmic scale versus crack growth increment.
4. Discussion

The analysis of CTOD proved to be very useful because it can be used as a sensor of crack tip phenomena,
namely, crack opening and closing, elastic deformation, and plastic deformation. The plastic deformation
is quantified by subtracting the elastic component from the total CTOD, with its maximum value,
ACTODy, quantified at the maximum load. It is essential to emphasize that this parameter includes the
effects of crack closure induced by plasticity, crack tip blunting, and residual stresses which are relevant
in FCG under variable amplitude loading. In addition, the plastic CTOD has demonstrated a linear
correlation with da/dN. This suggests that the primary damage mechanism responsible for FCG in Grade
2 titanium is crack-tip plastic deformation. The same conclusion was obtained in numerical and
experimental studies. Neto et al. [43] found a good agreement between numerical predictions and
experimental results obtained for MT specimens made of 6082-T6 aluminum alloy submitted to load
blocks. Leitner et al. [44] examined nickel samples with grain sizes in the microcrystalline to the
nanocrystalline range. In the near-threshold region up to the Paris regime, dislocation motion is the
predominant damage mechanism, regardless of grain size, according to FCG measurements for various

load ratios and extensive fracture surface analyses.

The linearity of da/dN versus ACTODy relation has been also observed in experimental results reported
in previous studies for other materials, as shown in Figure 12. Therefore, the association between crack
tip plastic deformation and FCG also occurs for other metallic materials. The variation of the o parameter
of da/dN = a x ACTOD, equation indicates that the same crack tip plastic deformation produces different
crack extensions, depending on the material microstructure. Therefore, these results also suggest that the

o parameter can be considered as an intrinsic material property.



©CO~NOOOTA~AWNPE

IS

’

3.5 Al 7050-T6 [30] ’ ,
(R=0.1& 0.3 & 0.5)-
3r ,'/ 7 ’
0 25) K
) _+"AL 2024-T3 [30]
EL 2l y *" (R=0.180.3&0.5)
- , 1” -
E 1.5+ , -’ -7
S .
u ,/ . s _ -
1 ¢ e
7 _.-77 Tigrade 2 [29]
051 7 .7 (R=0.1&0.6)
0 %~ \ L I 1 I I L
0 1 3 3 4 5 8 7 8
ACTODp (um)

Figure 12. ACTOD, vs da/dN curves for different materials from previous studies.

Finally, the mean stress effects in the ACTODy vs da/dN curves were also examined in this study by
testing a sample with a different R-value. Figure 13 shows the results for an FCG conducted at R = 0.3. It
can be observed that plotted data follows the same trend that the linear relationship previously defined for
the material at R = 0.1. The fact that the crack closure is naturally included by the ACTOD, parameter
explains these experimental observations. Note that other phenomena, like partial closure, crack tip
blunting, or damage below crack closure are also included in ACTODy. The ability to accommodate the

effect of stress ratio has been widely used to validate crack driving parameters [45].

A recent paper [46] studied the variation of AKeff and ACTODy along 3D curved crack fronts. The authors
found equalized crack driving forces in terms of plastic CTOD along the crack front, which reinforces the
ability of CTODy, in the analysis of FCG.
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Figure 13. Plots of da/dN-ACTOD, for tests conducted at different stress ratio values
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5. Conclusions

An experimental study was conducted to examine the reliability of the viable use of plastic crack-tip
opening displacement (CTODy) as a crack driving parameter for fatigue crack growth in a Grade 2

titanium sample following a single tensile overload. The main conclusions are:

- From the experimental results, the direct proportionality of the ACTODy vs da/dN curve was verified. It
can be concluded that, for the test condition investigated, the OL-induced FCG retardation and related
phenomena were naturally included in ACTOD, measurements, prevailing the linear correspondence with
fatigue crack growth rates.

It is worth emphasizing that CTODy is a parameter, directly measured from the test, which establishes a
link with the plastic deformation developed in front of the crack tip where the crack propagation occurs.
Furthermore, it can be concluded that the primary damage mechanism responsible for FCG tests in Grade

2 titanium was the crack tip plastic deformation.

- The a parameter of da/dN = a x ACTODy, relation changes with material, therefore it can be considered
an intrinsic material property. In fact, the increase of the a parameter indicates that the same crack tip

plastic deformation produces larger crack extensions, and this depends on the material microstructure.
- The da/dN = o x ACTODy, relation is also independent of stress ratio in constant amplitude tests.

Therefore, these experimental results suggest the feasible use of the CTODy, as a driving force parameter
for fatigue crack growth. In the future, it will be important to establish links between the o parameter and
material microstructure. In fact, the a parameter quantifies the efficiency of crack tip plastic deformation
in the production of crack growth, which is expected to be greatly dependent on microstructure.
Additionally, it will be interesting to compare DIC measurements of plastic CTOD with numerical
predictions obtained for plane stress and plane strain states, which is important for a better understanding
of the effect of thickness on surface measurements.
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Abstract

In this paper, the plastic component of the crack-tip opening displacement (CTODy) is experimentally
evaluated to characterize the fatigue crack growth behavior in a Grade 2 titanium sample under single
overload with constant amplitude loading conditions. The CTOD measurements were performed with the
2D-Digital Image Correlation (DIC) technique. The experimental results show a linear correlation
between CTOD, and fatigue crack growth rates, suggesting the independence of this relationship to load-
interaction effects. Therefore, this study demonstrates that the CTOD, can be a suitable crack-driving
parameter to study crack propagation behavior under variable amplitude loading. Furthermore, it suggests
that the fatigue crack growth process is primarily caused by cyclic plastic deformation.

Keywords: Fatigue crack growth, grade 2 titanium, overload, DIC, CTOD

Nomenclature

2D bidimensional dimension
CT compact tension

CTOD crack tip opening displacement
CTODy plastic CTOD

E Young’s modulus

F applied force

FCG fatigue crack growth

K stress intensity factor

oL overload

PICC plastic-induced crack closure
R load ratio

uU* crack closure level

Vv vertical displacement

o numeric constant

ACTODy range of plastic CTOD
AK stress intensity factor range



AKGegt effective stress intensity factor range

Ag strain range

Ac stress range

€ strain

&y, Ecy yield strain, cyclic yield strain
o stress

Oy, Ocy yield stress, cyclic yield stress

1. Introduction

Despite the numerous studies [1-8] devoted to understanding the phenomenon of fatigue crack growth
(FCG) under different loading conditions, the prediction of fatigue life in real engineering structures with
crack-like defects remains challenging. This results from the difficulty of developing a universal equation
to describe the load sequence effects taking into account all the complex mechanisms involved in the FCG
process. This concerns, for example, plasticity-induced crack closure (PICC), crack roughness, crack
closure induced by corrosion, residual stresses, crack blunting and crack branching, among others.

Although the small-scale cyclic plasticity at the crack tip due to cyclic loading can be successfully
described with the stress intensity factor range, AK, the FCG rates (da/dN) vs AK relation proposed by
Paris and Erdogan [9] does not account for mean stress effects (described by the R-ratio) and load-
interaction or load-history effects. In fact, Paris's law is often used to assess experimental FCG rates vs
AK data from constant amplitude loading fatigue tests whereas real engineering components are
commonly submitted to non-uniform loading. Instead of using the AK, Elber [2] proposed the effective
stress intensity factor range, AKefr, which is affected by crack closure under a certain load level, i.e. AKeft
= Kmax — Kopen Where Kmax is the maximum stress intensity and Kop is the stress intensity at the crack
opening. The crack closure concept became popular in literature since it can justify the effects of stress
ratio and load history on fatigue crack propagation. However, it is still a topic of research and discussion
within the fatigue community [10-14], as studies continue to be conducted to investigate the actual role

of the crack closure mechanism in fatigue crack propagation.

In this context, non-linear parameters such as the CTODy, dissipated energy, J-integral, and plastic strain
range have been suggested to correlate the crack-tip damage since they can effectively quantify the crack-
tip plasticity. According to Antunes et al. [15], there are well-defined relationships between these
parameters, as they all quantify the same phenomenon: the crack tip plastic deformation which is believed
to be the main mechanism of fatigue crack growth. Nowadays, improved experimental techniques and
numerical methods have made it possible to examine the near-tip region more closely, where the non-

linear fatigue damage effectively occurs. Pokluda et al. [16] and Chen et al. [17] proposed the use of the



cyclic plastic strain range. Heung et al. [18] linked FCG with the cyclic plastic zone size, while Zhang et
al. [19] conducted a numerical analysis, concluding that FCG can be correlated with the size of the
monotonic plastic zone. Bodner et al. [20] and Klingbeil et al. [21] used the total dissipated energy as the
crack driving force parameter to describe fatigue crack growth in ductile solids. In particular, the CTOD
is an important fracture mechanics parameter used to characterize the local crack opening and closing,
proving a physical meaning to the progressive crack extension under cyclic loading that occurs in yielding
materials. The proportional relationship of the cyclic CTOD with the crack propagation rate (i.e. da/dN)
has been proposed and experimentally and numerically investigated in a large number of papers, e.g. [22-
29].

The significance of the plastic component of the CTOD (CTOD,) was studied by Antunes et al. [30]
through numerical experiments, showing its linear relationship with FCG rates in linear scales. They
concluded that using the da/dN-CTODy, relation, the crack closure phenomenon, crack tip blunting,
residual stresses, and fatigue threshold are included naturally. Furthermore, the independence of the
da/dN-CTODy relationship to the stress ratio for FCG tests was also verified by Antunes et al. [31] and
Vasco et al. [32, 33] using FCG tests performed on aluminum and titanium specimens. In these studies,
the CTOD measurements were obtained by DIC analysis, showing that only the plastic component on
CTOD (CTODy) exhibits a consistent increase with FCG rates. These findings are equivalent to studies
mentioned before in which the CTOD is measured directly at the crack tip, i.e. at a distance about CTOD
behind the real blunted crack or at the position of the crack tip on the fracture surface of the last fatigue

load cycle.
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Figure 1. Variation of CTOD values throughout a full load cycle and determination of CTOD, [27].



Figure 1 shows the typical results obtained of total CTOD versus applied load from finite element
simulation. Segment AB corresponds to the closed position of the crack. The crack opening and
subsequent elastic behavior are observed in segment BC. As the loading is applied, plastic deformation is
initiated during the segment CD. The value of the plastic CTOD (CTODy) is obtained after removing the
elastic component from the total CTOD. For that, the extrapolation of the segment BC that corresponds
to the elastic behavior of the material is required which is also parallel to the segment DE related to the
elastic unloading. The evolution of plastic CTOD is also represented in Figure 1. CTOD,, increases non-
linearly from point Cp, which defines the end of the elastic regime, up to the maximum value registered
at the maximum load (point Dp) defined by ACTODs,.

This paper follows the previous studies presented in Refs [31-33], exploring the applicability of the
CTODy parameter for the analysis of fatigue crack propagation after the application of a single overload
(OL) during constant amplitude load. It is well known that one approach used to investigate the behavior
of the mechanisms governing the FCG process consists in analyzing the effects caused by the imposition
of simple load sequences such as single-cycle overload. The loading sequences can produce several load
interaction effects, leading to acceleration or deceleration in fatigue crack growth rate. The significance
of the non-linear parameters is that they can naturally accommodate the effects of load sequences, as well

as stress state and specimen geometry, among others.
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Figure 2. Scheme of Elber’s OL-induced retardation.

It is well known that the imposition of a single peak overload retards the subsequent crack propagation
for some period. Residual stresses ahead of the crack [7] and plasticity-induced crack closure acting on
the crack surfaces [8] are identified as the main mechanisms for the crack retardation observed following
overload application. As shown in the schematic of Figure 2, within the OL-induced plastic zone, larger
residual stresses are generated which decrease from their maximum value to their initial value before the

OL application. According to the PICC model, the effects caused by the OL event must cease after the



current plastic zone has left the region hypertrophied by the OL. However, studies [34,35] in the literature
report OL-induced delay effects far away from the extension of the overload plastic zone, a phenomenon
called discontinuous crack closure. Furthermore, crack propagation mechanisms may act concurrently or
in competition, depending on a variety of factors like the crack extension, the material's microstructure,

and the stress state, among others.

This investigation aims to study the fatigue crack behavior of Grade 2 titanium samples under overload
conditions, and the feasible use of the CTOD, as a parameter for fatigue crack growth characterization.
The CTOD measurements from the vertical displacement of the crack flanks, according to Mode-I
(opening mode) were extracted using the 2D Digital Image Correlation (DIC) technique. Previous works
[36, 37] reported its successful application to obtain CTOD measurements from multiscale experiments.

2. Experimental details

The FCG tests were conducted on a servo-hydraulic MTS testing machine (MTS machine with a load cell
of 25 kN). The test samples were compact tension (CT) specimens machined from a 1mm thick sheet of
Grade 2 titanium (E = 105 GPa and oy = 390 MPa). The specimen dimensions are provided in Figure 3a.
The specimens were cycled at a cyclic frequency of 2 Hz under constant amplitude loading with a
maximum level of 750 N and a stress ratio (R) of 0.1. Two samples were tested using the same loading
conditions. In one of them, a single 50% tensile overload (i.e. a single cycle with a maximum loading of
1125 N) was applied manually after the crack reached a length of 6 mm (measured from the point of load
application), and then constant amplitude loading was resumed (see Figure 3b).
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Figure 3. (a) Geometry of the sample (dimensions in mm), and (b) 2D-DIC setup used for investigation.

As mentioned earlier, the 2D-DIC analysis was adopted for investigation. For that, a high-resolution
camera (Redwood 65MP sensor) coupled to high-magnification lenses (Laowa 60mm F2.8 2X) was

located perpendicular to one face of the specimen. Besides, an additional camera (Stingray F-504B 5MP



sensor) was located in front of the other face to monitor the crack advance during the fatigue test, as shown
in the experimental setup of Figure 4. During the FCG test, the cameras were configured to take about
100 images from each loading cycle analyzed. All images captured from FCG tests were processed with
the commercial VIC-2D software from Correlated Solutions. The optical configuration achieves a spatial
resolution of 2 um/pixel. The displacement resolution estimated from an uncertainty assessment, also

known as the noise floor [38], was 24 nm.

Figure 4. 2D-DIC setup used for investigation

2.1. Measurement of the plastic CTOD

Images of loading cycles captured at different crack lengths were processed by the DIC analysis software.
In this analysis, the image registered at the minimum loading of each cycle was selected as the reference
image. The DIC displacement maps, parallel to the load direction, were used to obtain the CTOD

measurements according to Mode-I (opening mode).

The vertical displacement map provided by the DIC analysis at maximum loading for a crack length of 6
mm is depicted in Figure 5a. In this figure, the relative displacements are in agreement with the mode | of
crack propagation or opening mode, in which the crack opens due to the application of stresses
perpendicular to the plane in which it propagates. After the accurate localization of the crack tip,
measurements of the crack opening—closing behavior are obtained by placing symmetrical points behind
the crack tip at 0.1 mm from the flanks of the crack, as shown in Figure 5b. The relative displacement
between the upper and lower crack flank is evaluated according to the following formula: CTOD = vypper

— Viower, Where v is the local measurement of the vertical displacement map.
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Figure 5 (a) Vertical displacement map from DIC analysis corresponding to Kmax = 29.8 MPavm. (b)

pairs of symmetrical points along the crack flanks to obtain CTOD measurements.

The plastic component of the CTOD is then extracted from CTOD curves of each pair of symmetrical
points through mathematical processing of the data following the procedure described in Figure 1. The
methodology was implemented in a Matlab program that allows computing the total ACTOD, values. The
results of this analysis for two different crack extensions as shown in Figure 6. It can be observed that the
amount of plastic deformation measured by CTOD; increases with increasing crack length from 6 to 8
mm. Moreover, the ACTOD,, values are lower close to the crack tip and increase to their maximum value
in the range location of approximately 100 — 150 pm behind the crack tip. This result is in agreement with
the sensitivity analysis process performed by Vasco et al. [32-33] to identify the suitable location to obtain
CTODp measurements. Therefore, the maximum value for the corresponding crack length was stored.
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Figure 6. ACTODy, values along the crack surface for crack lengths of 6 mm and 8 mm.

3. Experimental results



The experimental values of da/dN calculated versus the crack lengths from FCG tests for samples without
and with overload application are shown in Figures 7a and 7b, respectively. From the experimental data,
it can be seen that, before the OL application, the sample with OL shows similar behavior to the sample
without OL. The da/dN values increase with the AK associated with the actual crack size and, the
imposition of a 50% overload cycle leads to a period of retardation in crack propagation, decreasing the
FCG rate. It is worth emphasizing that in ductile materials, a single-cycle overload may lead to crack
blunting by the plastic deformation that takes place at the crack tip. Crack blunting keeps the tip opened,
eliminating crack closure effects [39]. As a result, before the crack retardation begins, a very short
acceleration in FCG rates may be observed right after its application. The acceleration event is usually
observed when the overload ratio (RoL=FoL/Fmax) is greater than 1.5 [40]. In this experiment, crack growth
acceleration was observed immediately after OL within a crack length increment of 0.05 mm from its

application.
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Figure 7. Crack growth rates vs crack length for samples without (a) and with (b) overload event.

Crack-tip opening displacement (CTOD) measurements at different crack lengths were taken to assess the
effect of the overload application in the crack opening-closing mechanism. The analyzed points are shown
in Figure 7b: points M1 and M2, before the OL application, represent crack lengths of 5.5 and 6 mm,
respectively, the maximum retardation in growth rates occurs at point M3, which corresponds to a crack
length of 6.5 mm, and lastly, the crack at point M4 has a length of 7.5 mm and is outside the OL-induced
retardation zone. The results of this analysis are shown in Figure 8 corresponding to CTOD measurements
obtained at 1 mm behind the crack tip. It can be seen that these curves exhibit similar behavior to the total
CTOD curve presented in Figure 1 based on numerical predictions extracted from the first node at 8 um

behind the crack tip. Therefore, there is a portion of the CTOD curve corresponding to the unzipping of



crack flanks from the measurement point to the crack tip. This region is identified in Figure 8b from the
minimum loading to a load of approximately 166 N, marked with a square. The slope that describes the
elastic behavior of the material must be identified in the unloading portion of the curve, as indicated in
Figure 8b. The translation of the curve to the loading part of the curve can be used to define the point
marked with the square at which the crack is considered completely open. The same procedure was made
in all CTOD measurements. It can be observed that the range of CTOD increases from M1 (see Figure
8a) to M2 (see Figure 8b) according to the increasing length of the crack. A small increase in elastic and
plastic CTOD ranges is therefore expected. The crack opening levels are similar, i.e. U* = 17% where U*

is the portion of the load cycle in which the crack surface is closed:

* Fo en I:min
U™ =—en_Tmn 100 &)

max min

where Fopen IS the crack opening load, and Fmin and Fmax are the minimum and maximum loads,

respectively.

It can be observed that the crack opening level from the CTOD curve at the minimum FCG rate (point
M3 in Figure 8c) is significantly higher U* = 43%, reducing the elastic and plastic CTOD ranges.
According to the PICC model, as the crack propagated into the material following the overload, the greater
response of the residual elastic ligaments over the plastic zones perturbed by the overload tends to
compress it. This behavior reduces the crack opening-closing mechanism since a portion of the applied
load is devoted to relieving the compressive loads transmitted through its faces as shown in CTOD curves
of Figure 8c. Lastly, the CTOD curve at M4 (Figure 8d) exhibits similar behavior to the curves at M1 and
M2, with low crack closure levels (U* = 19%). Relatively to M2, there is a significant increase in total
CTOD, and consequently in plastic and elastic CTOD ranges. This increase in CTOD is explained by the
effect of crack length on displacement fields. These experimental results indicated that the change in FCG
rate produced by the imposition of the 50% overload is linked to the crack opening-closing mechanism.
According to the literature, the effects of a single peak overload cycle are predominately due to residual
stresses emerging in front of the crack tip [40], plasticity-induced crack closure acting on the crack
surfaces behind the crack tip, or a combination of both. This phenomenon was recently studied by Borges
et al. [12] through numerical simulations, verifying that the effect of overloads in FCG is mainly explained

by plasticity-induced crack closure.
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In the next analysis step, the methodology described in the previous section was applied to obtain the
CTOD, from the experimental data recorded from samples without and with overload events. Then, the
plastic CTOD ranges were plotted versus the crack growth rates (da/dN) plotted in linear scales as shown
in Figure 9. It can be seen that the relation ACTODp-da/dN obtained from the FCG with OL application
follows a linear trend (see Figure 9b), similar to the non-OL case (see Figure 9a), taking into account the
load sequence effects due to the imposed OL. As shown in Figure 9b, after the OL application at P1, the
da/dN values begin to decrease following the linear trend depicted before the OL, and after reaching its

minimum value at P2, da/dN values begin to increase following the same trend. The linear relationships
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for the crack growth rates of these fatigue tests are given by the following equations:

da

—=0.317xACTOD
dN P

(without overload)

)

800



da

— =0.338xACTOD, ©)
dN

(withoverload)

As expected, the constant o from equations 2 and 3 are very similar, showing that the equation da/dN = o
x ACTODy, takes into account the load sequence effects due to the imposed OL. Moreover, it is worth
mentioning that both values of o are also in agreement with those obtained in previous work [32]
conducted on the same material. Therefore, the constant a can be treated as an intrinsic property of the
material. The small differences observed between them can be associated with the inherent scattering from
experimental data and the methodology used to obtain the CTOD.

From these experimental results, despite the load sequence effects regarding the overload application, the
CTOD, parameter has demonstrated a consistent correlation with crack growth rates. Moreover, its
application is interesting because it allows for establishing a linear relationship with FCG rates in linear

scales, independent of loading conditions.
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Figure 9. Plots of da/dN-CTOD, relationships for the two FCG tests (a) without and (b) with overload

application.

Finally, the experimental data shown in Figure 10 is clear evidence of the good agreement between the
CTODy and the variations in FCG rates. It can be seen that the application of the 50% overload resulted
in a transient effect that persisted for some extent until the crack grows beyond the region of influence
caused by the overload. In fact, the minimum crack growth rate was registered after the crack grows for a
period after the OL application, a phenomenon called delayed retardation that was correctly modeled by
the CTOD,. After reaching the maximum retardation, FCG rates begin to increase gradually and
nonlinearly following typical retardation response for the plane stress case. The good correspondence

between the FCG rates and ACTOD, during the post-overload behavior is quite interesting because it



demonstrates that the CTOD, takes into account the mechanisms and related phenomena acting on the

crack growth after the overload application.
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Figure 10. Plots of the da/dN and ACTODy, versus crack length.

In order to visualize the effects of cycle interaction by the imposition of the single 50% OL, the variation
of the crack-tip plastic zone during the post-overload propagation was characterized following the
methods outlined in previous studies [41, 42]. From the experimental results presented in Figure 11a the
following observations are made: (a) As expected, the OL induced an increase in the monotonic plastic
zone size. (b) As the crack propagates inside the overload plastic zone, the interaction of the current plastic
zone with the region perturbed by the overload can be observed, decreasing its size after OL application
to maximum retardation reported at position OL+0.5 mm and increasing its size when getting away from
this area. (c) It is clear that after reaching the maximum retardation, the size of the successive plastic zones
increases as the crack leaves the region perturbed by the OL. (d) The extent of the overload plastic zone
right of the crack tip is about 0.89 mm while positions OL+1 mm and OL+1.25 mm in the da/dN curve
still indicate OL-induced effects acting in this region, as shown in Figure 11b. This could be expected
because the crack closure phenomenon results from the residual plastic wake, so the crack tip must move
some distance ahead of the region hypertrophied by the OL to disappear all its effects. It can be noted that
all these cycle interaction effects were properly taken into account by the CTOD, following the linear

relationship described by equation 3.
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Figure 11. (a) Evolution of the plastic zone during the post-overload crack propagation. (b) FCG rates in

logarithmic scale versus crack growth increment.
4. Discussion

The analysis of CTOD proved to be very useful because it can be used as a sensor of crack tip phenomena,
namely, crack opening and closing, elastic deformation, and plastic deformation. The plastic deformation
is quantified by subtracting the elastic component from the total CTOD, with its maximum value,
ACTODy, quantified at the maximum load. It is essential to emphasize that this parameter includes the
effects of crack closure induced by plasticity, crack tip blunting, and residual stresses which are relevant
in FCG under variable amplitude loading. In addition, the plastic CTOD has demonstrated a linear
correlation with da/dN. This suggests that the primary damage mechanism responsible for FCG in Grade
2 titanium is crack-tip plastic deformation. The same conclusion was obtained in numerical and
experimental studies. Neto et al. [43] found a good agreement between numerical predictions and
experimental results obtained for MT specimens made of 6082-T6 aluminum alloy submitted to load
blocks. Leitner et al. [44] examined nickel samples with grain sizes in the microcrystalline to the
nanocrystalline range. In the near-threshold region up to the Paris regime, dislocation motion is the
predominant damage mechanism, regardless of grain size, according to FCG measurements for various

load ratios and extensive fracture surface analyses.

The linearity of da/dN versus ACTODy relation has been also observed in experimental results reported
in previous studies for other materials, as shown in Figure 12. Therefore, the association between crack
tip plastic deformation and FCG also occurs for other metallic materials. The variation of the o parameter
of da/dN = a x ACTOD, equation indicates that the same crack tip plastic deformation produces different
crack extensions, depending on the material microstructure. Therefore, these results also suggest that the

o parameter can be considered as an intrinsic material property.
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Figure 12. ACTOD, vs da/dN curves for different materials from previous studies.

Finally, the mean stress effects in the ACTODy vs da/dN curves were also examined in this study by
testing a sample with a different R-value. Figure 13 shows the results for an FCG conducted at R = 0.3. It
can be observed that plotted data follows the same trend that the linear relationship previously defined for
the material at R = 0.1. The fact that the crack closure is naturally included by the ACTOD, parameter
explains these experimental observations. Note that other phenomena, like partial closure, crack tip
blunting, or damage below crack closure are also included in ACTODy. The ability to accommodate the

effect of stress ratio has been widely used to validate crack driving parameters [45].

A recent paper [46] studied the variation of AKeff and ACTODy along 3D curved crack fronts. The authors
found equalized crack driving forces in terms of plastic CTOD along the crack front, which reinforces the

ability of CTODy, in the analysis of FCG.
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5. Conclusions

An experimental study was conducted to examine the reliability of the viable use of plastic crack-tip
opening displacement (CTODy) as a crack driving parameter for fatigue crack growth in a Grade 2

titanium sample following a single tensile overload. The main conclusions are:

- From the experimental results, the direct proportionality of the ACTODy vs da/dN curve was verified. It
can be concluded that, for the test condition investigated, the OL-induced FCG retardation and related
phenomena were naturally included in ACTOD, measurements, prevailing the linear correspondence with

fatigue crack growth rates.

It is worth emphasizing that CTODy is a parameter, directly measured from the test, which establishes a
link with the plastic deformation developed in front of the crack tip where the crack propagation occurs.
Furthermore, it can be concluded that the primary damage mechanism responsible for FCG tests in Grade

2 titanium was the crack tip plastic deformation.

- The a parameter of da/dN = a x ACTODy, relation changes with material, therefore it can be considered
an intrinsic material property. In fact, the increase of the a parameter indicates that the same crack tip

plastic deformation produces larger crack extensions, and this depends on the material microstructure.
- The da/dN = o x ACTODy, relation is also independent of stress ratio in constant amplitude tests.

Therefore, these experimental results suggest the feasible use of the CTODy, as a driving force parameter
for fatigue crack growth. In the future, it will be important to establish links between the o parameter and
material microstructure. In fact, the a parameter quantifies the efficiency of crack tip plastic deformation
in the production of crack growth, which is expected to be greatly dependent on microstructure.
Additionally, it will be interesting to compare DIC measurements of plastic CTOD with numerical
predictions obtained for plane stress and plane strain states, which is important for a better understanding
of the effect of thickness on surface measurements.
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