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Characterisation of the cyclic plastic zone in the crack-tip of a
fatigued specimen by synchrotron diffraction
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CRESPO!
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29071, Malaga, Spain
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The analysis of crack-tip stresses and Plastic Zones (PZ) under cyclic and variable amplitude
loading is a vital aspect of fracture mechanics. Its significance lies in its ability to advance
engineering designs for lightweight constructions that are susceptible to fatigue. Even though
Linear Elastic Fracture Mechanics (LEFM) has been effective in predicting Fatigue Crack Growth
(FCQG), the primary force behind this phenomenon is the damage mechanism near the crack tip,
which is usually non-linear [1]. In accordance with the commonly acknowledged understanding,
the first phase of loading leads to the genesis of the monotonic PZ which is subsequently followed
by the formation of a relatively smaller secondary PZ when the material is unloaded. As the
material continues to undergo cyclic loading, a distinct plastic zone, known as the Cyclic Plastic
Zone (CPZ), is established [2,3]. To understand FCG better, we need to investigate the damage
parameters that control it and quantify different PZs. Synchrotron X-ray diffraction (S-XRD) is a
useful experimental technique that enables precise measurement of stress fields and elastic strain
distributions at the crack tip while studying the effects of overloads (OLs) on FCG [4]. Despite
the fact that S-XRD studies can indentify the strain or stress fields at the crack tip in the bulk of
materials, only a limited number of studies have expanded their focus beyond the process zone
located in front of the crack tip [5]. The need for new insights into the plasticity near the crack tip
has been highlighted, specifically in regard to the size of the plastic zone. We have developed a
comprehensive approach for evaluating the plastic zone in a thin (~plane stress) specimen under
various stages of fatigue. Our aim is to accurately delineate both the fatigue-crack plastic zone
and the background plastic zone, with unprecedented accuracy.

The study comprises a series of important stages, illustrated in Fig. 1a. The main objective is
to precisely measure the elastic strain fields located in the region preceding a fatigue crack,
particularly under conditions where plastic strains exert a considerable influence. This
necessitated a meticulous selection of materials and specimen geometry, in addition to carrying
out in-situ fatigue testing while recording X-ray diffraction patterns at each stage. Analysing the
data to generate comprehensive strain maps and resultant stresses is also a key stage in
determining the PZ. This process is outlined below. An in-situ cyclic loading test is conducted
following ASTM E647 recommendations on a bainitic steel Compact Tension specimen (W = 50
mm and B = 3.3 mm) having Young’s modulus, E = 220 GPa, a yield stress of 699 MPa and a
Poisson’s ratio of 0.33. The experiment, with a AK for precracking of 29.4 MPaVm, R of 0.03 and
OL of 67%, with a constant load amplitude for further cycles, was undertaken at the European
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Synchrotron Radiation Facility in Grenoble, France. Two solid-state Energy Dispersive detectors
were situated so as to measure the strains in perpendicular in-plane directions; the crack growth
and opening direction following [6]. The resulting diffraction patterns are analysed with GSAS-
I1 [7] after conversion from energy dispersive to artificial angle dispersive scale. The Pawley-type
refinement allows for the obtention of lattice parameters that are converted into elastic strains
when compared to the determined stress-free lattice parameter. Assuming plane stress conditions,
stress in each direction is inferred, and with the external input of shear stress from a Finite Element
Model, equivalent Von Misses stresses are calculated. Lastly, using von Misses yield criterion the
PZ is characterized. The results of this work shed new light on the PZ shape and size in the crack
tip, Fig. 1b (estimated error = 20 MPa). Resulting PZs are having a mixed shape between plane
strain and plane stress analytic boundaries, what might be in line with the state of stress in the mid
plane of a thin sample. Further it can identify the CPZ under Ky.i», which it has not been possible
to explore previously experimentally in the bulk of a CT.

(a) _____®

I N 10 505
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Figure 1. (a) Flow chart of process followed. (b) Von Misses equivalent stress field near the crack
tip for OL event at maximum load. Plane stress, plane strain and experimental PZs indicated.
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The use of the Theory of Critical Distances to Estimate the Static
failure of Double-Lap Shear Bolted Connections

Hasan ALMUHANNA!, Giacomo TORELLI', Luca SUSMEL!

"Department of Civil and Structural Engineering, The University of Sheffield, Mapping Street,
Sheffield S1 3JD, UK

l.susmel@sheffield.ac.uk

This study examines the static behaviour of 316L stainless steel double-lap shear bolted
connections under uniaxial tensile loading, with a primary focus on applying the Theory of
Critical Distances (TCD). The use of TCD, employing linear elastic stress fields, has consistently
proven reliable in estimating static failure around stress raisers, with error percentages typically
falling within a range of £20% [1, 2]. The main aim of this investigation is to explore whether the
Point Method (PM) (i.e., the simplest formalisation of the TCD) can be used to perform the static
assessment of bolted connections, with this approach being applied by directly post-processing
the local linear-elastic stress fields in the vicinity of the holes in the joint inner plates.

The experimental tests involved connections with single and double bolts. Following the
Eurocode 3 (EC3) design procedure, key design parameters such as thickness, breadth, end
distance, edge distance, and horizontal pitch distance were identified as influential variables
affecting the failure mechanism significantly [3]. Therefore, the inner plates being tested were
designed with different combinations of these parameters to exhibit various failure modes. The
test results were then compared to the design estimations obtained by applying the EC3 procedure,
revealing significant discrepancies in failure predictions.

(c) (d)

. — P25

...................................................

(e)

Figure 1. Procedure followed to apply the PM: (a) experimental test, (b) failure induced on the
inner plate, (c) FE modelling, (d) mesh refinement around the holes, (e) definition of the focus
path and associated stress-distance curve, and (f) application of the PM method.
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To overcome the limitations associated with the standard design approach, the TCD was
applied in the form of the PM, treating the holes in the inner plates as conventional stress
concentrators. Fig. 1 summarises the procedure that was followed to use the PM to post-process
the results being generated. The relevant stress fields in the vicinity of the holes were determined
through three-dimensional Finite Element (FE) models solved using ANSYS Workbench. These
linear-elastic models were assembled by using tetrahedral elements (TET10). The bolts and nuts
were created separately and combined with the plates by making the most of the ANSY'S assembly
tool. Finally, the regions at the interface between plates were modelled using frictional contact.

According to Fig. le, the focus path for determining the relevant linear-elastic stress-distance
curves was assumed to originate from the hot-spot and extend perpendicular to the direction of
the applied loading.

The critical distance was estimated using the following well-known formula [1]:

Lzl( Kc )2 (1)

T \OyTs
The fracture tougheness, K., associate with the stainless steel being investigated was

eastimated to be equal to 45.6 MPa-m®> for a thickness of 2 mm [4]. Together with a utlimate
tensile strength, curs, of 608.4 MP, the above value for K¢ returned a critical length, L, equal to
1.8 mm.

The application of the TCD in the form of the PM proved successful, yielding estimates
characterized by a mean error of 17% (with a standard deviation of 11.1%) for joints with one
bolt and of 18.8% (with a standard deviation of 9.5%) for connections with two bolts. These
results are indeed promising, suggesting that the TCD can be reliably utilised for designing bolted
joints. Moreover, this critical length-based design approach demonstrates a higher level of
accuracy compared to the standard approach recommended by EC3.
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Fatigue crack growth (FCG) is usually studied using AK, which is a linear elastic parameter,
however several limitations have been found in the use of da/dN-AK curves. In fact, FCG is
linked to non-linear and irreversible mechanics happening at the crack tip, therefore, non-linear
parameters must be used to study FCG instead of AK. In here, we propose the use of CTOD to
study crack tip phenomena.

Figure 1 presents a typical curve of CTOD versus applied load, measured numerically at the
first node behind crack tip. In this curve it is possible to identify the minimum load (point A),
crack opening (point B) and crack closure (point F), the transition between elastic and plastic
regimes (point C), the elastic and plastic deformations (3. and Jp, respectively) and the energy
dissipated (dashed area).

CTOD [um]

A
{7

Load

Figure 1. A typical curve of CTOD versus load.

Usually only the crack closure level is quantified through the CTOD curve, however much
more information can be obtained from the CTOD analysis. Therefore, the objective of the
present study is to explain how to use CTOD parameters for a better understanding of FCG.
This way, a wider use of CTOD plots is expected in both experimental and numerical studies.

Linear correlations of da/dN with plastic CTOD, §,, were obtained for different materials
using DIC [1] and FEM analysis [2], as can be seen in Figures 2a and 2b. The plastic CTOD
includes the effects of crack closure, crack tip blunting, partial closure and residual stresses.
Figure 2b shows that, using the plastic CTOD as crack driving force, the effect of stress ratio no
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longer exists. The da/dN-plastic CTOD curve, which is supposed to be a material property, was
used to predict the effect of different load parameters on FCG rate, namely, loading parameters
(overloads, load blocks, etc.) and material parameters (Young’s modulus, isotropic and
kinematic hardening parameters) [3-5].

The CTOD was also used to predict fatigue thresold in vaccum [6] and the limits of small-

scale yielding [7]. SSY conditions were shown to dominate when the elastic component of
CTOD is >75% of the total CTOD measured at a distance of 8 um (the finite element mesh size)
behind the crack tip, i.e., de/ ot > 75%. Large-scale yielding, LSY, conditions become dominant
for relatively large values of plastic CTOD, de/dt < 60%.
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Figure 2. da/dN versus plastic CTOD. (a) FEM results for different materials. (b) DIC results
for two stress ratios (CT specimens made of titanium).
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The use of a standard elasticity model for modelling the stress and strain fields around sharp cracks
poses some challenges to the analyst. Namely, the stresses and strains tend to exhibit singularities
at the crack tip, which limits the usefulness of these fields in the interpretation of the structural
integrity of the component. However, other continuum formulations are available that avoid these
problematic features of standard elasticity. Typically, such alternative models belong to the
category of so-called "“generalised continuum models’” and they are equipped with additional
terms including microstructural length parameters.

For instance, the gradient elasticity theory suggested by Aifantis and coworkers in the early
1990s [1, 2, 3] includes higher-order spatial derivatives of the strain in the stress-strain relation
and has been used to predict singularity-free crack-tip fields. An alternative approach is to take
the spatial average of stress or strain over a (limited) volume around the crack tip, such as done
in the theory of critical distances proposed by Taylor and coworkers [4, 5]. What these theories
have in common is the appearance of an intrinsic material length scale, either in the coefficient
that accompanies the higher-order spatial derivatives (as in gradient elasticity) or in the parameter
that sets the averaging volume (as in the theory of critical distances). Indeed, it is possible to
derive gradient elasticity theory from the theory of critical distances [6, 7], thereby establishing a
linear relation between the respective length scale parameters [7].

Generalised continuum models are thus versatile and robust modelling tools in the analysis of
notch and crack-tip fields. This is demonstrated for instance in [8], covering a diverse set of
experimental results from the literature that include fatigue and static fracture as well as a wide
range of relative crack lengths. Interestingly, simply taking the gradient elasticity length scale
equal to the grain size of the material led to the best correspondence between experimental results
and modelling results throughout. Thus, a proper quantification of the intrinsic length scale is of
paramount importance.

Identification of the intrinsic length scale is simplified importantly when materials with a
periodic microstructure are considered. It is often possible to derive the intrinsic length scale of a
generalised continuum as a closed-form expression of the microstructural geometry. However,
care must be taken that such derivation procedures lead to generalised continuum models that are
thermodynamically stable — a requirement that is not straightforward to fulfil if realistic wave
propagation predictions are desired at the same time [9]. In addition, the dynamic versions of
generalised continuum models are typically equipped with multiple length scales, with (at least)
one appearing in the stress-strain relations as explained above and (at least) one appearing in the
equivalent enrichment of the inertia terms [9].

In this contribution, the focus will be on the derivation of a suitable generalised continuum
model for periodic beam lattice structures. A number of interrelated challenges are taken into
account. Firstly, applicability to both statics and dynamics means that the model needs to satisfy
the requirements of singularity-free crack-tip stresses and strains as well as realistic wave
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propagation predictions. Secondly, thermodynamic stability of such models is imperative but not
trivial 10, 11, 12]. Thirdly, in a dynamic context a modelling choice must be made as to whether
the mass is assumed to be concentrated in the beam connections or whether the mass is considered
to be distributed evenly across the length the individual beam elements. The latter would appear
to be more realistic but requires a number of additional operations in achieving thermodynamic
stability, as will be shown.
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The applicability of laboratory-size specimens for predicting the fracture resistance of large
structures has been investigated over the past few decades [1] for brittle and quasi-brittle
materials. While most of these studies are restricted to pure mode I loading, the importance of
mixed-mode loading in engineering structures emphasizes the need for further exploration under
such loading conditions.

To evaluate the size dependency, the theroretical fracture models often involve employing
the stress or strain field at a critical distance (r,) from the crack tip, which is assumed to be

elastically equivalent to the FPZ length. However, in quasi-brittle materials where this distance
is relatively large, accurate results may not be achived by considering only the singular term of
the Williams’ series expansion, and it is necessary to account for the higher-order terms.
Recently, a modified maximum tangential stress (MMTS) criterion was proposed [2] to
investigate the size-dependent fracture toughness in quasi-brittle materials under mixed-mode
I/II loading. This stress-based criterion considers the first and second non-singular terms, along
with the singular term in the Williams’ series expansion. The finite element over deterministic
(FEOD) method was also utilized to determine the second non-singular term. Despite the fact
that the MMTS criterion is capable of estimating both size and geometry effects simultaneously
under various mode mixities (M,), the calculation process for the second non-singular term of

Williams’ series expansion is generally complicated and requires high coding skills. Thus, it is
preferred to adopt an approach that is capable of appropriately estimating size-dependent
fracture toughness with no need to calculate the second or higher order non-singular terms.

The aim of this paper is to present a novel approach that utilizes a modified version of the
conventional strain energy density (SED) criterion [3], named the modified strain energy density
(MSED) criterion. By focusing exclusively on the singular and first non-singular (T-stress)
terms of the Williams’ series expansion, which can be conveniently derived from finite element
codes, the size effect can be estimated using the MSED criterion. According to the SED and the
MSED criterion, the crack growth initiates along 6, where the magnitude of the strain energy

density factor (S) attains its minimum value at the distance r, from the crack tip. Furthermore,
the onset of brittle fracture takes place when the MSED factor along 6, attains its critical value

(Ser), which is dependent on the T-stress too. Taking all these conditions into account, the size-
dependent fracture curves under mixed-mode I/II loading based on the MSED criterion can be
obtained using the following equation:
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in which, K, , K, v, G and R are the apparent fracture toughness, the effective stress

1

intensity factor, the Poission’s ratio, the modulus of rigidity and a charecteristic dimension of
the cracked specimen, respectively. The constant coeficients Ai(i:l:é) are functions of 6,. In
addition, K;, K and T'are defined as dimenssionless geometry factors. Meanwhile,
determining the value of r, and its correlation with the specimen size is a crucial aspect of this

criterion. Indeed, the size-dependent fracture resistance of quasi-brittle materials under mixed-
mode (I/II) loading can be estimated by substituting the size-dependent value of r, into Eq. (1).

To this end, a new strain-based formulation is used for estimating the value of r,:
2
) z[(1+v)(1—2v)] Ky : )
¢ 2n f,
where f,is the tensile strength of material. For the sake of verification, the theoretical

estimates of the MSED criterion are compared with a number of experimental results available
in the literature [2] for semi-circular bend (SCB) specimens made of Guiting limestone with
various sizes (Figure. 1a). Very good agreement is shown to exist between the results of the
proposed size-dependent fracture criteron and the test results (Figure 1b)

1.0

—=— R =75mm/MSED Crit¢rion
—— R=T75mm/MMTS Criterion [2]

bs ® R 75mm/ Test Results [2]

= 0.6

——
—— 3

04

0.0 - .
0.0 0.2 0.4 0.6 0.8 1.0

Figure 1. (a) Mixed mode fracture in the tested SCB specimens of various sizes [2] and (b) a
comparison between the estimated fracture curves of MMTS and MSED criteria and the
experimental results for the specimen radius R of 75 mm. M¢=0 for pure mode II and Me=1 for
pure mode L.
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New experimental techniques have historically led to new scientific knowledge. In this context,
we present our robot-based high-resolution Digital Image Correlation (DIC) setup designed to
capture time-series data of the crack tip field during fatigue crack propagation [1]. Using this
data, we determine the plastic zone, stress intensity factors and investigate fatigue crack closure.
This technological advancement extends traditional fracture mechanics by seamlessly
integrating robotics, multi-scale DIC, data storage, evaluation algorithms, and explainable
artificial intelligence (XAI) [2,3].

Figure 1a depicts our servo-hydraulic testing rig, where a robot manipulates a light optical
microscope to precisely follow the crack tip on the MT(160) sample. With a 1.6x magnification
and a field of view of 10.2 x 6.4 mm?, we achieve a spatial resolution of approximately 0.05 mm
for DIC. The machine controller orchestrates the test sequence, and TCP data streams enable
seamless communication between different systems. Employing our open-source Python
framework, "CrackPy" (https://github.com/dlr-wf/crackpy, [4]), we standardize DIC data, detect
the crack tip, and evaluate crack tip loadings using various methods, including the over-
deterministic approach, J- and interaction integral, Buckner-Chen integral [5], and the CIJP
model.

Our investigation focused on fatigue crack propagation in 2-mm-thick AA2024-T3 aluminum
specimens under constant amplitude loading parallel (T-L) and perpendicular (L-T) to the
rolling direction [6]. The robot systematically scans the surface in a checkerboard pattern for
every 0.2 mm crack extension, enabling crack tip loading and plastic zone measurements [6]. At
10 mm intervals, the robot captures 30 images during loading and unloading, allowing for a
detailed analysis of crack closure with high spatial and temporal resolution. The crack opening
kinetics, based on local crack opening displacement measurements from high-resolution DIC
(Fig. 1b), illustrate distinct variations along the crack path, confirming location-dependent
Kopening values [8]

Introducing a new method, we identify plasticity-induced crack closure (PICC) as a
predominant shielding mechanism and determine Kopeing at the crack front in our fatigue crack
experiments. Our findings contribute to the ongoing discussion regarding the shielding effect of
PICC, demonstrating its negligible influence on fatigue damage in the plastic zone when the
crack closure contact is directed towards the surface.

In conclusion, our study reveals a clear location dependence of the Kopening value along the
crack path. The presented methodology enables the direct determination of both Kopening,cmod and
Kopening,ctod. Remarkably, at approximately 50 % of Kimax, Kopeningctod 1S found to be twice as high
as the expected Kopeningemod value obtained using the crack-mouth-opening-displacement
(CMOD) extensometer. This research advances our understanding of fatigue crack behavior and
opens up opportunities for further research in this area.
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Figure 1. Experimental fatigue crack growth setup with multi-scale digital image correlation (a)
and crack tip equivalent strain field to investigate fatigue crack closure (b).
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Crack initiation life of a fatigue tested component often needs to be defined at a certain (short)
crack length. The size of an initiated crack can be estimated by employing different
experimental methods, one of which is the direct current potential drop (DCPD) technique,
which exploits the change in electrical resistance of the cracked component resulting from an
increase in the crack size to measure the crack size itself.

In the case of cylindrical specimens subjected to fatigue loadings, the crack geometry in
terms of configuration (circumferential or semi-elliptical, Fig. 1) and the shape (aspect ratio c/a,
Fig. 1), location (0, Fig. 1) and size (a, Fig. 1) can be singled out by means of the potential drop
method (PDM) operating with more than one potential probe, while the single-probe DCPD
would be useless to this aim.

In the present contribution, three potential probes are adopted to overcome this issue, as
sketched in Fig. 1. First, experimental fatigue tests under pure axial loading have been
performed using plain, blunt and sharp notched bars made of steel and titanium alloy; in all
experimental tests the multi-probe potential drop technique has been used, consisting of three
potential probes. Afterwards, for comparison purposes the three experimental potential drops
have been post-processed by adopting three different methods based on: (i) the average potential
drop ratio [1]; (ii)) a vectorial representation of the potential drop ratios [2] and (iii)) a
Probability-Based Diagnostic Imaging (PDI) algorithm.

More in detail, the procedure proposed in [1] takes advantage of the average potential drop
ratio to estimate the cracked area, while a comparison of the potential drop ratios allows an
approximate estimation of the crack configuration and location.

According to the method proposed in [2], the three potential drop ratios represent the length
of three vectors originating at the potential measurement point and directed along the axis of the
specimen. On the tips of such three vectors, a plane as well as its normal vector are defined.
Finally, the orientation and the length of the normal vector allow to estimate the crack location
and size, respectively.

The procedure based on a Probability-Based Diagnostic Imaging (PDI) algorithm takes
advantage of a database generated from finite element analyses and experimental measurements
and allows to estimate the crack geometry, i.e. the configuration (circumferential or semi-
elliptical) and the shape (aspect ratio c/a), location and size.

The comparison of the three different techniques shows that the method based on a PDI
algorithm seems to be the most promising since it is more efficient for defining the crack
geometry, location and size, which are necessary for structural durability calculations.
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Figure 1. Experimental setup of the direct current potential drop method with three 120°-spaced
potential probes. Examples of a circumferential and a semi-elliptical surface crack initiated at
the notch tip. Example of experimental crack fronts generated by fatigue testing a blunt notched
steel specimen under axial loading.
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Additive manufacturing (AM) technologies have garnered increasing attention due to their
potential advantages compared to conventional subtractive manufacturing methods. The method
employed in the creation of diverse components is exceptionally versatile and boasts a low
material consumption rate, rendering it a compelling alternative for the manufacturing of superior
components [1], [2]. Nevertheless, it is imperative to carry out a fatigue analysis of said
components to guarantee their resilience against various loads.

Digital Image Correlation (DIC) is a straightforward and easily implemented method, which is
particularly useful in fracture mechanics due to its direct application and lack of need for
sophisticated sample preparation. One of its key advantages is its scale-free nature, allowing for
measurements to be taken across a wide range of scales, from micro- [3] to macro- [4] levels.

The Stress Intensity Factor (SIF) is a crucial metric utilized to anticipate the fatigue life of
engineering components that are susceptible to linear elastic failure. The assessment of SIF via
crack tip fields presents a significant advantage since it eliminates the need for prior information
on crack length, applied force, or specimen geometry. As a result, it is an ideal method for
evaluating engineering components in-service. DIC has proven to be a valuable tool in analysing
the effects of crack closure and crack tip plasticity on SIF assessment. Previously, assessing the
SIF was a complicated process that involved an over-deterministic approach. An analysis of
experimental data was conducted to create a model of the displacement field in the vicinity of the
crack tip. This method facilitated the tracking of the SIF progression throughout the loading
sequences. More recently, the use of DIC on C-specimens and 3-point-bend specimens has
demonstrated encouraging results in the estimation of SIF. Advancements in digital photography
have improved SIF estimation precision for both pure mode I and mixed-mode conditions.
Additionally, DIC has facilitated the evaluation of other crack parameters, such as T-Stress and
Crack Tip Opening Angle, on double cantilever specimens [5]. Various methodologies were
employed to assess the elastic-plastic properties of the crack. To assess the mechanisms behind
crack growth and closure in varying thicknesses of aluminium alloy, high magnification DIC was
employed to measure COD [6]. To facilitate the monitoring of crack growth rate, the plastic zone
preceding the crack was evaluated utilizing the technique of DIC on specimens exhibiting both
artificial and real fatigue cracks.

The study aims to evaluate the effectiveness of SIF against cyclic loading in a steel plate
fabricated by additive manufacturing. The analysis of SIF is performed using the DIC
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methodology for different values of AK (10, 15, 20, 25, and 30 MPa - V m) as shown in Fig. 1B.
The samples have various printing orientations (0°, 45°, and 90°) also shown in Fig. 1.

Through experimental analysis utilizing Williams' model, the SIF was assessed during cyclic
loading. As the loading amplitude increased, a discrepancy between the experimental and nominal
estimations of SIF became evident. This discrepancy was due to the crack tip plasticity effect, a
factor not accounted for in the nominal evaluation. Further investigation using Irwin's approach
revealed that monitoring the evolution of SIF in a sample under cyclic loading could continue
until the sample experienced a sudden fracture.
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Figure 1. A) Geometry of the CT Specimen Manufacturing for 0°, 45° and 90° orientations (the
top lines indicate the orientation of the weld beads, while the striped lines indicate the crack plane)
and B) schema of the loading sequences.
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Strain localization or accumulation correlates well with fatigue cracking while near crack-tip
strain characterization is rather significant. In this work, a high-resolution method to decorate
nano-gold particles as speckles was proposed, and its effectiveness was verified by comparing
strain measurement errors with microstructures and Al,Os particles under in-situ tensile test.
Near-tip strain was characterized and statistically analyzed to develop a strain-based yielding
criterion for crack-tip plasticity evaluation which was found applicable to both tensile and
fatigue loadings. The near-tip strain of face centered cubic 304 stainless steel satisfied
lognormal distribution whereas body centered cubic 25Cr steel obeyed gauss distribution, and
was found evolving logistic-gauss-lognormal with fatigue crack growing and plasticity
increasing. The role of strain ratchetting in fatigue cracking was modelled, and found the
relative strain increasing rate could well represent branch or stable growth mode, and thus drive
fatigue cracking. The strain ratchetting associated cracking speed parameter was able to
quantitatively interpret cross-scale fracture down to atomic level.

The microstructural damage analysis near crack-tip illustrated that fatigue crack growth of
25Cr steel was governed by breakdown of lathy martensites and formation of fine grains while
the cracking of 304ss underwent austenite-to-martensite transformation process occurred at a
near-tip strain of approximately 13%. In the case of fatigue cracking of 25Cr, the microstructure
is a mixture of lath martensite and bainites, as shown in Figs. 1(b-c). The numerous fine grains
can be observed near crack-tip while the matrix far away are almost intact. Similarly, the fatigue
cracking mechanism of 25Cr is described by step 2-3 in Fig. 1(e). Note that the 25Cr is
dominated by transgranular growth, however, the mode of crack growth can be intergranular
based on the fatigue crack and grain boundary interaction behavior [1].

In the case of 304ss, the martensitic transformation in front of crack-tip seems to be a pre-
requisite for crack extension and is thus believed to be an added stage for the whole cracking
process, when compared with 25Cr steel. The bcc martensite was transformed from fcc
austenite by the displacive atom collective movements [2]. The physics of macro fatigue
fracture is closely related to atomic movement and microstructural damage, which at atomic
scale could be interpreted in terms of strain ratchetting for cracking of atoms. It appears the
phase transformation followed by microstructural damage in 304ss results in a growing fatigue
crack in a locally hardened martensites with surrounding austenites. A further correlation of
FCG rate at macro-scale with local cyclic strain accumulation and associated modelling are
needed to illustrate the contribution of phase transformation to the overall fatigue crack growth
resistance and fatigue lifetime.

The main conclusions are listed as follows.

(1) A method for preparation of micro-nano-scale speckles with little agglomeration was
proposed which could be applied for characterization of near crack-tip strain at high precision
under both tensile and cyclic loadings.

17



7" IJFatigue and FFEMS Joint Workshop “Characterisation of Crack/Notch Tip Fields”
5-7 June 2024, Padova, Italy

(a) (b) (c) (d)

(e) R step 1

Martensite lath

-~ ™., A Il
./. __;: \. ‘1‘;_ ~ \ L Dislocation
/ : e | martensite ©  Finegrain
3 Ji/*/ / transformation — Dislocation cell walls
. S -
;|

Figure 1. The IPF-Z and KAM maps obtained by EBSD for the three types of fatigue test

(2) A strain-based yielding criterion was proposed to evaluate plasticity at crack-tip under
tensile and cyclic loadings, which informed a sound correlation among cyclic plasticity, strain
ratchetting and damage mechanisms for fatigue cracking. With plasticity increasing and crack
growing, the strain distribution around crack-tip evolved under the statistical pattern of logistic-
gauss-lognormal.

(3) The relative strain increasing rate was found indicative of static or growing fatigue crack,
crack path branch or stable growth, and the associated cracking speed parameter in terms of
strain ratchetting was able to quantitatively interpret cross-scale fracture down to atomic level.

(4) A mechanistic understanding of near-tip fatigue cracking was proposed by
microstructural damage analysis, where fatigue crack growth of 25Cr steel was by breakdown
of lathy martensites and formation of fine grains while the cracking of 304ss underwent

austenite-to-martensite transformation process occurred at a near-tip strain of approximately
13%.
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The assessment of fatigue life of magnesium alloys is a hot topic due to light weight design and
manufacturing of engineering components. The investigation on the fatigue behavior of
magnesium alloy notched components is important to improve its fatigue performance as the
geometric discontinuity cannot be avoided in engineering practice. Notches can affect fatigue
performance by generating 1) stress concentration, and ii) multi-axial fatigue. The commonly used
methods for notch fatigue life assessment are: local strain method, energy method, damage
mechanics method, strain gradient method and critical distance method. Although the short crack
initiation and growth stages occupy more than 70% of the total fatigue life, the research on fatigue
short cracking of rare earth magnesium alloys is still lacking, especially in the case of notched
specimen.

In this paper, the single edge notch specimen (SENT) with Mg-RE alloy was studied to explore
the cracking mechanism of short crack. The specimens were mounted on an in-situ loading
module with a 2kN load capacity (Deben Co. Ltd, UK). A suitable loading rate of 0.5 mm/min
was selected by taking into account the strength and plasticity of the material. The loading module
was then assembled into the SEM (EVO MAL1S, Zeiss, Germany) to conduct the in-situ tensile
and fatigue tests. The crack growth rate undergoes a process of decreasing and the increasing,
similar to the overload retardation effect. It can be observed that the crack growth path is zigzag
in the stage of decreasing crack growth rate, which is closely related to the microstructure of
magnesium alloy. However, deflection also occurs at the rapid growth stage, considering crack-
tip shielding effects by deflection and branching of the crack may also be responsible for the
decrease in growth rate.

Statistics of strain at different stages of the specimen are crucial in understanding the extent of
damage accumulation in the material. As the plastic deformation of the specimen increases, the
strain field distribution law obeys a Logsitic-Gauss-Lognormal distribution, where plastic strain
dominates the evolution of the strain field distribution law. Imagine that the crack growth rate
may be associated with the strain gradient near the crack, which is related to the transfer of
compressive stresses. Therefore, the strain field near the crack-tip was further analyzed. At the
stage of decreasing crack growth rate, the strain at the crack-tip continues to decrease when the
crack tip gets closer to the compressive strain region. It should be clear that the residual
compressive stresses are transferred from the crack-tip to the crack-wake during crack
propagation, accompanied by the strain redistribution.

In addition, the grain and active slip orientation were analyzed based on EBSD technique. It
was observed that crack was dominated by non-basal slip with transgranular at the stage of
decreasing growth rate. However, the small crack effect is related to the microstructure but is
limited, the weakening of the crack growth drive force by compressive strain may be the
determining factor.
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Figure 1. Fatigue crack growth rate and associated crack morphology
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This work provides a description, and the subsequent validation, of a structural integrity
assessment methodology of structural materials containing notch-type defects. The approach is
based on the combination of Failure Assessment Diagrams (FAD) and the Theory of Critical
Distances (TCD). The former provides the general assessment tool, which is exactly the same
one as that used for crack-like defects, whereas the latter provides the notch effect correction
required for the analysis of this type of defects. The proposed methodology is validated on a
number of metallic and non-metallic structural materials, with 1106 experimental results on
different types of testing specimens, covering four structural steels, aluminium alloys 7075-
T651 and 6060-T66, PVC, PMMA, PAG6, fibre-reinforced PA6, 3D printed (Fused Filament
Fabrication) ABS, PLA and graphene reinforced PLA, granite and limestone (Table 1).

Table 1. Summary of the experimental conditions analysed in this research. n: number of
specimens; p: notch radius; L: critical distance; Kmat,0.95: fracture toughness (5% failure prob.).

Material Geometry n p E Yield or proof Gu Kimat,0.95 L

(mm) (GPa)  stress (MPa)  (MPa) (MPam'’?) (mm)

S275JR (=120 °C) CT 23 0-20 213 398 613 40.4 0.0137
S275JR (=90 °C) CT 24 0-20 211 380 597 61.5 0.0062
S275JR (=50 °C) CT 24 0-2.0 209 349 564 48.4 0.0049
S275JR (=30 °C) CT 24 0-2.0 208 344 548 59.1 0.0061
S275JR (—10 °C) CT 34  0-20 207 337 536 74.8 0.0083
S275JR (+40 °C) CT 24 0-2.0 205 331 504 387 0.1697
S275JR (+70 °C) CT 23 0-2.0 203 331 492 599 0.3421
S355J2 (-196°C) CT 24 0-2.0 218 853 922 29.3 0.0291
S355J2 (-150°C) CT 21 020 215 527 759 51.7 0.0084
S355J2 (-120°C) CT 22 0-20 212 459 671 72.0 0.0168
S355J2 (-100°C) CT 35 020 212 426 646 93.7 0.0140
S355J2 (-50°C) CT 24 0-2.0 209 395 602 262 0.0778
S355J2 (-20°C) CT 24 0-2.0 208 385 587 561 0.3156
S460M (-140°C) SENB 24 0-2.0 214 702 795 39.8 0.0028
S460M (-120°C) SENB 24 0-2.0 213 647 758 46.6 0.0075
S460M (-100°C) SENB 33 0-2.0 212 605 726 56.5 0.0053
S690Q (-140°C) SENB 24 0-2.0 214 1004 1111 46.2 0.0069
S690Q (-120°C) SENB 24 0-2.0 213 949 1060 55.9 0.0131
S690Q (-100°C) SENB 34 0-2.0 212 907 1015 70.1 0.0170
Al7075 T651 (LT) CT 23 0-2.0 716 554 612 25.8 0.0150
Al7075 T651 (TL) CT 24 0-2.0 744 539 602 25.6 0.0215

Al6060 T66 Tube 3 08-15 70.7 215 264 51.1 0.12
PVC Tube 3 08-15 347 38.6 51.1 6.40 0.08
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PMMA SENB 32 0-25 342 48.5 71.9 1.75 0.105
PA6 SENB 25 0-2.0 2385 54.2 54.2 1.86 0.190
ABSo/90 SENB 11 020 224 47.7 51.7 1.89 2.68
ABS;30/.60 SENB 11 020 232 59.0 59.3 1.65 2.84
ABSss.45 SENB 11 020 238 55.6 60.8 1.87 3.22

PL A0 SENB 19 0-2.0 3.76 51.2 52.0 3.20 0.57
PLAG0-60 SENB 19 0-20 331 38.0 42.0 291 0.38
PLA4s/.45 SENB 20 0-2.0 275 353 41.1 2.62 0.24
PLA, Plate 39 09-1.3 275 353 41.1 2.62 0.24
SGRFs-PA6 SENB 25 0-2.0 3.30 66.9 72.0 1.63 0.157
SGRFo-PA6 SENB 25 0-2.0 3.55 70.1 78.1 1.88 0.168
SGRF30-PA6 SENB 24 0-2.0 645 105 128 4.34 0.261
SGRFs-PA6 SENB 25 0-2.0 126 161 192 8.38 0.599
SGRF10-PA6(2) SENB 25 0-2.0 2.00 31.0 63.4 3.59 1.290
SGRF10-PA6(5) SENB 23 0-2.0 095 22.5 47.6 3.46 0.450
SGRFs0-PA6(2) SENB 25 0-2.0 6.92 63.4 112 7.32 1.438
SGRFso-PA6(4) SENB 24 0-2.0 6.20 46.5 92.2 5.23 8.838
PLA-Gropo SENB 20 0-2.0 4.3 50.5 51.0 2.88 0.85
PLA-Gr30r-60 SENB 20 0-2.0 4.06 41.0 443 3.57 2.28
PLA-Grys/.45 SENB 20 0-2.0 3.97 47.5 49.0 4.77 1.11
PLA-Gry Plate 39 09-1.3 397 47.5 49.0 4.77 1.11
Granite SENB 41 0-10 456 9.0 9.0 1.18 6.04
Limestone SENB 41 0-10 64.1 7.8 7.8 0.71 2.71

The approach, referred to as FAD-TCD approach, is theoretically justified, and consists in
maintaining the FAL (f(L)) and limit load (Pr) solutions used in the analysis of cracks (defined
in structural integrity assessment procedures) and applying the notch effect correction on K, by
considering the apparent fracture toughness estimation derived from the Theory of Critical
Distances, instead of the fracture toughness value obtained from cracked specimens.

As seen in Figure 1, the application of the FAD-TCD approach to 1106 specimens, 895 of
which have notch radii larger than 0 mm), significantly reduces the conservatism associated to
the evaluation of notches as crack-like defects, with the assessment points much closer to the
limiting condition defined by the FAL, yet maintaining the safety of the analysis. There are 32
notched specimens out of 895 (less than 3.5%) unsafely evaluated through the FAD-TCD
approach. These results are in very good concordance with the 5% probability of failure
assumed for the material fracture toughness Kmat.

6.0

All B

Lr
e AL 0 No correction FAD-TDC
Figure 1. FAD assessments of all the specimens and materials, without (crack-like assessment)
and with FAD-TDC notch correction.
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In the Very High Cycle Fatigue regime (low-stress amplitudes and Niire ~ 108 — 10'° cycles),
metallic engineering materials like high strength steels, Ti or Ni alloys, tend to fail from fatigue
cracks initiated in the bulk where they propagate in "vacuum" condition. In this type of
environment, the crack growth rates are expected to be much slower than in air but direct
measurements of da/dN = f(AK) curves remain scarce in the literature [1]. For designing against
fatigue, therefore, engineers have to resort to propagation curves established for surface cracks
growing in (ultra) high vacuum. The relevance of ultra high vacuum for simulating the
environment seen by internal fatigue cracks has been debated in the literature [2]; another issue
is the stress state at the tip of a fully internal crack which might be different from that of a
through crack in, for example, a CT sample.

To address this last issue we have used an in situ ultrasonic fatigue machine [3] to study in
situ the propagation of internal fatigue cracks growing from an artificial defect in a Ti-6Al4V
alloy cycled at 20 kHz [4]. A laser vibrometer and a real-time FFT analysis are used to detect
crack initiation and synchrotron X-ray micro-tomography allows to image the internal crack
propagation in the sample under load. Two sets of samples have been produced. The first one
contains a central canal along the specimen axis which brings air from the laboratory to the
internal notch; in the second series the notches are not connected to the surface.

The specimens failure occurs systematically from an internal crack initiated at the artificial
defect regardless of its environment. The number of cycles to failure and the crack growth rates
are compared for both types of defects. In the case of samples containing a defect isolated from
air, internal cracks propagate at a much slower rate than when the defect is connected with
ambient air. For isolated defects, microstructural features observed by SEM on the fracture
surfaces are in good agreement with the findings of the literature for natural internal cracks in
Ti-6Al1-4V. For defects connected to air a supplementary region surrounding the defects appears
on the fracture surface with a pronounced faceted / crystallographic aspect.
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Figure 1. Fig. 9. Scheme of the fracture surface for a crack which propagated in vacuum (a) and
air (b). (c) Crack growth rate data (larger symbols: tomography data, smaller symbols: CT data).
The SIF range corresponding to the different regions of the fracture surfaces in vacuum and in
air are shown by the colored bars respectively at the bottom and at the top of the curve as
explained in Section 4.4. For a colour version of this figure see [4]
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In very-high-cycle fatigue (VHCF) of high-strength alloys, crack initiation mainly from internal
defects and a distinct feature at crack initiation region prevails, which is fine granular area
(FGA) in high-strength steels or rough area (RA) in titanium alloys. FGA or RA is regarded as
the characteristic region of crack initiation for VHCF because it is derived as a function of shear
modulus and Burgers vector of material, and its formation process consumes more than 95% of
total fatigue life [1]. Experiments show that substantial microstructure refinement down to
nanograins underneath the surfaces of FGA or RA region, which mainly happened under the
cases of negative stress ratios [2-4]. We considered that the microstructure refinement in the
crack initiation region is due to the contacting between crack surfaces in crack initiation region,
and proposed the model of “numerous cyclic pressing (NCP)” to explain the mechanism of
microstructure refinement and nanograin formation in the crack initiation region of VHCEF,
which is atributed to the sufficient cycles of repeated compressive stress at the localized field
of initiated crack surfaces [2]. Figure 1 shows a recent example of RA feature for an additively
manufactured Ti-6Al-4V [5]. Intrestingly, substantial grain refinement occurred not only at the
main crack surface layer but also along the banks of the sub-crack in crack initiation region.

Figure 1. (a) SEM image showing crack initiation region with RA feature of an additively
manufactured Ti-6Al-4V, short rectangular bar being the location of profile sample, and (b)
TEM image of the profile sample showing microstructure refinement in RA surface layer [5].

A numerical analysis was performed to further address the process of microstructure
refinement and nanograin formation in relation with the contact actions at crack surfaces in
FGA or RA region. The material for this analysis is a high-strength steel. 4-node bilinear
axisymmetric quadrilateral elements from Abaqus CAE element library with a minimum

25



7" IJFatigue and FFEMS Joint Workshop “Characterisation of Crack/Notch Tip Fields”
5-7 June 2024, Padova, Italy

element size of 0.5 um were used in the analysis. A spherical defect as crack origin was inserted
in the model. Figure 2 illustrates the calculation results of the maximum contact stresses as a
function of crack length for the stress ratio (R) values of —1, —0.5, 0.1 and 0.3. It is seen that the
status of contact stress is dependent on the applied stress ratio (or mean stress) and the
maximum contact stress decreases with increasing value of stress ratio. For negative stress
ratios, a contact stress peak appears at crack tip. Then, the value decreases gradually to a
constant for R = —1 but again increases to a constant for R = —0.5. In general, the value for R =
—1 is much larger than that for R = —0.5. On the contrast, the results show contact stress
vanishing for the positive stress ratio cases of R = 0.1 and 0.3. This implies that the repeated
contact stress caused by the remote cyclic tensile and compressive loading will result in the
microstructure refinement even nanograin formation in the surface layer of crack initiation
region. It should be emphasized that the contact stress between the crack surfaces will cause
the localized shear deformation thus to induce the microstructure refinement, and the
distribution of contact stress at crack surfaces is in relation to crack closure behavior. In short,
this result is in support of the NCP model [2] to further understand the formation mechanism
of FGA or RA in high-strength alloys.
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Figure 2. Calculation results showing contact stress versus crack length at crack initiation
region for different R values of a high-strength steel.
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The absence of relevant standards or normative methods compels engineers to treat orthotropic
materials as isotropic for structural integrity analysis and design. However, this practice can
introduce significant errors [1], resulting in considerable safety risks. Furthermore, in practical
conditions, cracks often exhibit mixed-mode fracture behaviours, and the combination of
orthotropy gives rise to an even more complex stress field in the vicinity.

In this context, conducting Compact-Tension-Shear (CTS) tests proves to be a promising
research methodology for determining the fracture toughness of orthotropic materials in mixed-
mode I & II [2]. It requires only one specimen to generate all in-plane mixed-mode loading
conditions. Moreover, taking composite materials as an example, CTS tests are not only
applicable for determining interlaminar fracture toughness but can also be employed for
translaminar or intralaminar fracture assessments [3]. Despite having significant advantages, the
lack of characterization of crack-tip fields or fracture parameters in orthotropic CTS specimens
has impeded the further application of CTS tests.

Therefore, it is crucial to incorporate orthotropy into the characterization of crack-tip fields,
develop solutions of fracture parameters, addressing the gap in the existing researches. This
study conducted a comprehensive two-dimensional finite element analysis (2D FEA) on
orthotropic CTS specimens to assess critical parameters in fracture toughness including stress
intensity factor (SIF), T-stress and crack mouth opening displacement (CMOD) compliance.
The SIF reflects the strength of the singular stress term at the crack-tip. Meanwhile, the T-stress,
which is the first constant term in the Williams’ series expansion, is commonly employed as an
in-plane constraint correction parameter. Additionally, CMOD-compliance serves as a metric
for crack propagation but also facilitates the assessment of structural toughness.

For orthotropic CTS specimen as shown in Figure 1, the analysis matrix encompassed a wide
range of material orthotropy (41=0.02-40 and p=0-10), crack length ratios (a/W=0.2-0.8), and
loading angles (=0°-90°). Results (some of the results are shown in Figure 2) show the coupled
effects of orthotropy, geometry, and loading angle on the fracture parameters. Compared to long
cracks under pure mode I loading, the effect of A and p on fracture parameters of CTS specimen
is equally significant. The impact of orthotropy varies under different geometries and loading
angles, while different fracture parameters exhibit varying degrees of sensitivity to orthotropy.

In summary, this study conducted an investigation into the crack-tip fields of orthotropic CTS
specimens under mixed-mode loading, successfully establishing a multi-parameter
characterization of Ki, Ku, and 7. Furthermore, the obtained fracture prameters including
CMOD-compliance would contribute to the development of fracture toughness testing methods
for orthotropic materials under mixed-mode loading and provide a reference for standardization
in the process.
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Figure 1. Structure diagram of CTS loading device and finite element model mesh for CTS
specimen.
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Figure 2. The effects of orthotropy on the fracture parameters at a/W=0.5 and p=30°: (a)
Normalized mode I SIF; (b) Normalized mode II SIF; (¢) Normalized 7-stress; (d) Normalized
CMOD-compliance.
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In the last fifteen years, the phase-field method has developed into a powerful approach for
simulating various fracture phenomena. The method uses a diffuse, implicit representation of
cracks in terms of an additional field variable d. The regularisation allows for a numerically
favourable representation of the crack compared to explicitly changing a finite element mesh. On
the other hand, it results in a coupled field problem. The method is able to account for various
crack phenomena such as crack initiation, crack branching and coalescence without additional
conditions. In this contribution, current developments of the method for the simulation of crack
propagation in materials with rate-dependent ductile behavior, in heterogeneous materials and
under cyclic loading are presented. For this purpose, a general, modular energy functional is
introduced

I, =f g(DYe()+Bigu(dpY(e) dV + f OI(D)GC(JC)i(d2 +¢2|vd|?)dV ey
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The first term is the elastic energy density, which is reduced with crack propagation by the
degradation function g(d). The second is a contribution of accumulated inelastic dissipation.
Heterogenieties are modeled by a spatial variation of the critical energy release rate Gc. To account
for fatigue, the crack resistance can be reduced by a fatigue degradation function a (D).

Ductile fracture: When using the phase-field method to model and simulate crack propagation
in inelastic materials, it is crucial to consider the dissipative mechanisms in the base material and
crack as well as their coupling. As an example, a generalized phase field model for the fracture of
viscoelastic materials is presented here [1]. The formulation assumes a bidirectional coupling
between crack phase field and relaxation mechanisms, i.e. viscous internal variables are explicitly
included in the evolution of the phase-field and vice versa. More recently, the role of a rate-
dependent fracture toughness G has been investigated [2]. The model has been applied to simulate
the temperature- and rate dependent fracture behavior of natural materials [3].

Heterogeneities and interface fracture: In, e.g., fiber-reinforced polymers or grain-like
metallic structures, crack propagation is guided by the local heterogeneous material structure. To
model the fracture processes, which are essentially determined by the material boundaries, a
phase-field model for brittle fracture is combined with a diffuse representation of the
microstructure. The critical energy release rate Gc(x) is reduced at interfaces to represent the
generally weaker material. We have observed that the regularizations of the crack with the
characteristic length / and the interface /i interact. To enable quantitative predictions, a numerical
compensation was developed in [4].

The approach was implemented and the simulation is compared with an analytical reference
solution of linear-elastic fracture mechanics in [5]. The results are shown in Figure 1. A very good
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agreement was found with regard to the prediction of the fracture behavior depending on the ratio
of the fracture toughnesses in bulk and interface. The findings from the simulations can be used
specifically for the development of damage-resistant materials in terms of materials design.
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Figure 1. Left — Simulation of a crack approaching an interface. Depending on the ratio of the
fracture toughness of bulk (b) and interface (i) three different phenomena are observed. Right —
simulation of a cracked heterogeneous microstructure.

Fatigue: The modeling of fatigue phenomena is still a challenging task. Our phase-field model
was developed in particular with regard to an efficient simulation of high numbers of load cycles
of N> 10%[6]. The standard phase field formulation is extended by introducing a scalar reduction
function a(D)€[0;1], which models the progressive material weakening due to fatigue by a local
reduction of the fracture toughness G. depending on the fatigue damage D€[0;1], which is
determined classic fatigue concepts. The parameterization and application for the quantitative
prediction of fatigue crack propagation are explained in [7] where it is also shown that the model
can be used to simulate accelerated and retarded crack growth due to residual stresses. Recently,
the model was applied to predict tooth flank fracture where it is essential to account for the
heterogeneous material properties resulting from case hardening [8].
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The J-integral is a path-independent integral introduced by Rice [1] and Cherepanov [2], that
established a simple relationship between the path integral and the stress intensity factors (SIF) of
a crack subjected to mode I, mode II and mode III loadings. Successively, Chiarelli and Frediani
[3] and Huber et al. [4] considered the extension from a 2D to 3D model by considering an integral
in a plane perpendicular to the crack front starting from Eshelby’s energy momentum tensor.

The J-integral applied to a V-notch in a plate (namely Jy) is not constant if the initial and final
integration points are moved along the side but the path independence of the integral is always
verified. If we consider a path with fixed points at each end at the same distance p from the origin
(see Figure 1), the Jy assume a simplified formulation [5,6]:
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where Kn are the notch stress intensity factors, J, are parameters that only depend on the
opening angle 2a, E’ is equal to the elastic modulus E for plane stress and E’=E/(1-v?) for plane
strain, and G is the shear modulus. Furthermore, each Jy mode is proportional to the corresponding
mode (I, IT or IIT) of the classic J; integral of a virtual embedded crack lying along the bisector of
the V-notch and with a length equal to p (see Figure 2):
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l
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The parameters v; are reported in Table 1 for and opening angle of 135 degrees. So that, the
stress intensity factors of a crack behind a sharp V-notch can be calculated by means of the Jy
evaluated for the V-notch without modelling the crack with the same external load and boundary
conditions. Table 3 reports the values of v; for a selected opening angle.

The aim of this paper is to verify the use of the Jy integral in welded structures for the
evaluations of the stress intensity factors of a crack at the weld toe by means of the three-
dimensional FE model without modelling the crack. Figure (2) shows a hollow section subjected
to tensile loading (F) and torque (M;). The opening angle is of 135 degrees. When the size of the
weld toe tends to zero, accurate FE analysis show that the v; parameters tend to that reported in
table 1. Figure 2 shows the trend of v;.

Table 1. v; parameters for an opening angle of 135 degrees
20 Vi %) V3

135° 1.74 2.12 1.23
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Figure 2. Value of the parameter v; at the weld toe obtained with a three-dimensional FE analysis.
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During last two decades, the studies on fatigue strength of welded joint progressively moved from
the nominal and structural stress approaches to the local stress methods, by acknowledging the
dominating position of the notch effects at toes, roots or other stress raisers related to defects or
geometrical irregularities.

The peculiarity of the weld geometry is the significant presence of sharp stress concentrations,
compared to other structural details, and the related problems in estimating the actual notch
sensitivity. The local stress investigations proposed several methods to address and overcome
such criticality. The most largely used local method is the “1 mm fictitious radius”; however, even
different methods have been used in the literature as well as the Strain Energy Density SED, the
Peak Stress Method, the Critical Distance or the Implicit Gradient approaches. Similarly, even the
Fracture Mechanics based approaches, by investigating the crack thresholds or propagating
condition in the weldments, deal with the stress field affected by the overall local weld geometry.

The proposed methodology, somehow, determine an effective stress value by averaging the
local stress field at the tip of the stress raisers. Each method has its advantages and overcomes. At
this stage, several investigations have been carried out and it is not convenient to focus on which
method could be more effective, but it is more practical to take advantage of the evidence coming
out from the investigations and to develop updated design guidelines more accurately considering
the effects of weld geometry parameters and properties. Also the actual decrease caused by defects
and irregularities can be conveniently be included in a comprehensive approach. The “FAT
Categories” suggested in design standards, consider a reduced number of influencing parameters
and the proposed corrections can now probably been improved according with the scientific
literature.

h;

Figure 1. definition of the weld geometrical parameters and of main defect dimensions: inner lack
of penetration, crack like defect at toe, rounded undercuts.
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This paper focuses on butt weldment made of steel under cyclic tensile loading. It aims to take
advantage of the local stress methods and to summarise main outcomes in a reformulation of
influencing factors as a contribution for upcoming design guidelines.

In this direction, a representing contribution has been recently given in [1] where parametrical
formulas for design curve assessment are proposed. Other contributions, for butt welds are, for
instance in [2]. In this paper, starting from the outcomes [3], a larger comparison with the literature
is given, by suggesting new criteria and formulation of the geometrical parameters influence. Even
the acceptability of common defects is addressed. Used reference geometry and parameter
definitions are shown in fig. 1.

The main effort is to order the principal influencing parameter staring from the most affecting
ones. According to the literature they are the size effect and the h/b value. In this paper,
considering the size effect, the fundamental role of the weld angle “a” is highlighted, so that, the
influence of the h and h/t values, are mainly associated to their relationship with “a”.

In figure 2, the new formulated size effect, based on main plate thickness, is given. In the same
figure also the usual Fat categories definition of the size effect is shown together with some
confirming data taken from the literature, obtained with the fictitious radius approach.

In the second part of the figure 2, an example of the effect of a lack of fusion is proposed. Other
crack like or notch like defects, are considered in the paper.

5. [Mpa

a) ' - ’ ' b)
Figure 2. a) new formulation of the size effect compared to FAT categories and data from
literature; b) the influence of the inner lack of penetration.
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The Additive Manufacturing (AM) technologies have completely renewed the production
processes in the last decades, allowing to obtain parts of complex geometry with precisions not
achievable with traditional manufacturing technologies such as machining, cast, and molding [1].
One of these technologies uses the photopolymerisation of an initial liquid monomer resin with a
light-induced polymerization reaction. The Digital Light Processing (DLP) technology, which
operates by directly projecting the UV-light image of the entire cross-section of the object being
printed, belong to this AM categories.

The mechanical and fracture properties of components obtained through DLP are strongly
influenced by process parameters (exposure time, specimen orientation, curing treatment, and so
on), [1-2]. On the other hand, the 3D printed component with DLP technology show a brittle
behavior, [2].

In this work, we investigated the size and the notch effect on DLP components obtained using
Anycubic Photon printer. Considering our previous studies for manufacturing the specimens, we
consider the parameters that provided higher mechanical and fracture properties (exposure time
20 s, layer thickness 0.05 mm, spatial orientation 45°, cleaning in Isopropyl Alcohol for 5 minutes
and UV curing for 5 minutes). For the size effect, we considered a Semi-Circular Bend (SCB)
specimen having different radius (R=10, 20, 30 and 40 mm), a sharp notch a=R/2 and a constant
thickness t=6 mm). While for the notch effect SCB specimens with radius R=40 mm were
manufactured with round notches of radius 0.8 and 2.2 mm.

Tests were performed at room temperature with 2 mm/min loading speed on a Zwick Proline
7005 testing machine.

The data for the size effect were interpreted according with Bazant [3,4] representing the
nominal strength on versus the specimen radius R:

GN = o (1)

R
1+E

where ono and Ry are fitting parameters, which were obtained from a plot of 1/(on)? versus R,
Fig. 1:
1

Ono = VC and Ry = ()

A O'NOZ

A and C are the parameters of a linear fitting.
The fitting parameters allow determining the energy release rate Gy, respectively the fracture
toughness Kic, where E represents the Young modulus:

1
Gf = E and KIC = 1/GfE (3)
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Figure 1. The size effect for DLP printed SCB specimens.

The resulted fracture toughness has a value of 0.877 MPa m®, which is in accordance with the
fracture toughness obtained using Single Edge Notched Bend (SENB) specimens.
The notch effect is plotted in Fig. 2 as load versus notch radius.
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Figure 2. The notch effect for DLP printed SCB specimens.
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Over the past decade, Additive Manufacturing (AM) has made the transition from being used
primarily for rapid prototyping to the production of service parts in structural applications. The
rapid adaptation of this manufacturing process is likely due to the advantanges it offers over
conventional manufacturing methods, including: fabrication of complex geometries in near net
shape, on-site manufacturing of replacement parts, and reduced cost for small production runs.

Despite these advantages, the defect content is much more variable in AM components than
conventionally manufactured parts. In fact, the defect content within a single part may vary
significantly due to the unique thermal history of different areas of the component. As a result,
test coupons may not be representative of AM parts, even when fabricated alongside the part
during the same build.

Traditional crack initiation approaches for fatigue life predictions determine the life of micro-
crack nucleation plus small crack growth up to typically about 2 mm in length. Defects in AM
parts can exist at sizes similar to micro-cracks (~50-100 um) and in various orientations with
respect to critical locations, depending on the orientation of the part on the build plate. These
defects can act as small cracks, making crack nucleation life negligible, and the majority of crack
initiation life in these parts can be thought to consist of small crack growth.

Multiaxial stress states in most service parts are unavoidable due to the applied loading
conditions, and even cases where uniaxial stress states exist, part geometry can result in multiaxial
stress states at critical locaions. With these consideration in mind in addition to the variable size
and orientation of manufacturing defects, there is a clear need for mixed-mode characterization
of crack growth in AM metals due to these multiaxial stress states. The main purpose of this study
is to document and characterize mixed-mode small crack growth behaviors in two AM metals, L-
PBF Ti-6Al-4V and L-PBF 17-4 PH stainless steel.

Three different geometries (solid square cross-section specimens, standard thin-walled tubular
specimens, and compact thin-walled tubular specimens) were tested as a part of this study. All
three geometries were used to characterize small crack growth in L-PBF Ti-6Al-4V, and only
standard thin-walled tubular specimens were used in 17-4 PH stainless steel. Some specimens of
all three geometries were induced with artificial Femtosecond Laser Ablation (FLA) defects.
Small crack growth behaviors under constant amplitude uniaxial, pure torsion, torsion with static
compression, and in-phase axial-torsion loadings from both artificial and natural defects were
characterized as a part of this study.

Small crack paths in both L-PBF materials were found to be torturous for all loading cases.
There were multiple events of secondary crack growth, crack coalescence, and crack branching
behaviors. It was found that even in cases where macroscopic crack growth indicated Mode I
growth, local crack extension tended to occur in either Mode II/III or mixed-mode. One example
displaying many of these characteristics is shown in Figure 1. Torsion with static compression
loading was applied to this L-PBF Ti-6Al-4V compact tubular specimen, and small crack growth
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was monitored until the crack growing from a vertically oriented FLA artificial defect reached a
length of about 1300 um. At this point loading was changed to in-phase axial-torsion, causing the
small crack to slowly change direction before continuing growth along this new path.
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Figure 1. Crack paths in L-PBF Ti-6Al1-4V specimen from FLA artificial defect. Initial loading

was torsion with static compression. After crack reached a total length of about 1300 um, testing
continued with in-phase axial-torsion loading.

Roughness-induced crack closure was found to play a significant role in governing mixed-
mode small crack growth behaviors, both in the form of asperity interlocking and friction-induced
closure. This effect was most evident in specimens tested under pure torsion loadings, wherein
crack face interactions resulted in either the arrest of small shear cracks, or the formation of Mode
I branches. In both materials, rough crack faces were observed to abrade as the cracks grew out
of the small crack growth regime, suggesting a reduction in roughness-induced closure by the
time the crack grew to the size of a large crack. Evidence of crack face destruction as a result of
roughness-induced closure in 17-4 PH and Ti-6Al-4V in specimens both with and without
artificial defects under fully-reversed pure torsion loading is shown in Figure 2.

17-4 PH Specimen FLA316, crack 4 17-4 PH Specimen Ti-6Al-4V Specimen
B1-V-35 Tube 2, crack 4

Ti-6A1-4V Specimen Tube 4

Figure 2. Evidence of crack face destruction as a result of roughness-induced closure in 17-4 PH
and Ti-6Al-4V in specimens both with and without artificial defects under cyclic torsion loading.
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Quantitative description of low-cycle fatigue damage accumulation is of great interest [1, 2].
Employing experimental, especially non-destructive techniques, can significantly contribute to
solving this problem. That is why novel non-destructive method for quantitative analysis of
damage accumulation in stress concentration area under low-cycle fatigue conditions is
developed and verified. Created approach is based on optical interferometric measurements of
plastic dimple diameter in two orthogonal directions. Required dimple is caused by spherical
ball indentation under prescribed external load. This procedure is performed near through-
thickness hole in plane rectangular specimens with different levels of damage accumulation.
Main scientific novelty of the approach resides in involving current damage indicators, which
can be reliably derived on a base of simplest measurements of two in-plane displacement
components by speckle-pattern interferometry. Evolution of each damage indicator over lifetime
provides the damage accumulation function in an explicit form [3, 4].

Figure 1. Interference fringe patterns obtained after ball indentation (a) and narrow notch
inserting in the specimen subjected to N = 1550 cycles (42% of lifetime).
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Objects of present research consist of eight 2024 aluminium plates of dimensions
180x24.2x5 mm with a centred through-thickness hole of diameter 27, = 3.0 mm. All

specimens are manufactured from a single material bar by the same technology. Mechanical
properties are the following, namely, Young’s modulus £ = 74,000 MPa, yield stress o, =330

MPa and Poisson’s ratio g = 0.33. The specimens are tested under uniaxial push-pull loading

with the stress range 350 MPa and stress ratio —0.40. The experimental procedure includes the
following steps. The first specimen is tested in initial state before low-cycle fatigue. The second

specimen serves for failure lifetime (V= 3687). Other six specimens are subjected to low-

cycle fatigue loading with different number of cycles to reach different fatigue damage levels.
Dimples, which are performed along horizontal symmetry axis by pressing the steel ball of 7.2
mm diameter with 175 kN force, are located closely to the hole edge as it is shown in Figure 1a.

Comparison of the results following from proposed method with analogous data obtained by
known destructive approach provides a mean to estimate the reliability of non-destructive
technique. There is unique way for comparing two approaches by using the same specimens
because plastic dimples belong to the single external face of each specimen. Opposite face can
be successively used for registration of fringe patterns, which are attributed by inserting narrow
notch. Fracture mechanics parameters, which are related to artificial notch and obtained on
different stages of low-cycle fatigue, provide the damage accumulation function in an explicit
form. The details of developed procedure are given in Ref. [3-5]. Typical interferogram
describing displacement field near the notch is shown in Figure 1b. Experimental dependencies
of the notch mouth opening displacement and the stress intensity factor from cycle number are
constructed by the data of fringe patterns interpretation for all eight specimens. Constructed
damage accumulation functions proceeding from ball indentation technique and inserting
artificial notch method are in good agreement. Thus, high efficiency of non-destructive ball
indentation approach with respect to quantitative analysis of damage accumulation is clearly
substantiated.
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Residual stresses are self-equilibrated that are formed because of strain-incompatibility. They can
be induced by mechanical and thermal processes such as: phase transformation, local plastic
deformation, or manufacturing. Of particular interest to safety critical industries are residual
stresses induced by welding. It is therefore desirable to simulate their effects on various damage
mechanisms. To this aim, the key is correct reconstruction of residual stress in finite element
models. The issue is that rarely are full residual stress tensors measured within the full volume of
a component. Thus, upon the insertion of the limited residual stress into a finite element model it
redistributes to maintain compatibility resulting in a different field from that is measured.

Residual stress reconstructions using measured data have been successfully created in previous
works. Residual stress distributions were found by Korsunsky et al. [1] used high energy x-ray
diffraction as input into an FE model using an inverse eigenstrain method. However this method
required knowledge of the Green’s function for the given geometry, which can be difficult to
determine for industrial components. Uzun et al. proposed a method which does not rely on
Green’s functions to determine the distribution of eigenstrains in weld bead- on-plate components
[3], and instead uses a least to predict residual stress that best match the contour measured
displacements, allowing for residual stress predictions throughout the whole body.

Do et al. [4] used combined neutron diffraction and deep hole drilling residual stress
measurements as input data for an iterative FE method. This method takes known stress values
and applies them to the model before allowing them to reach equilibrium. It then takes the new
equilibrated stresses and combines them with the known measured values and allows the model
to reach equilibrium again. This step is then repeated until the measured values maintain their
initial value. This method works well when multiple components of stress within the incompatible
region are known. Coules et al. [5] compared the two different methods of reconstructing full field
residual stresses in FE using limited experimental residual stress measurements. They showed that
using the iterative method and only two components of the stress tensor it is possible to achieve
errors of as little as approximately 15%.

This work proposes a simple method for reconstructing residual stresses in a welded pipe. It
relies on a single line scan measurement of residual stress along the axial direction at mid-
thickness of a pipe. A single line scan was chosen as this is a common dataset which is collected
during residual stress measurements, and typically only the hoop and axial components of strain
are measured. These measured residual strain components are then used to calculate the residual
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stresses present in the pipe. These calculated residual stresses are amplified and applied to the FE
model uniformly both radially and in the hoop. The amplification of the stress state is performed
so that during a step to establish equilibrium, the stress at the mid-thickness relaxes to the
measured value. The method applied by the Abaqus software to establish equilibrium applies both
to the stress field defined by the user and to a set of stresses created by Abaqus of opposite sign
but of equal magnitude to the user defined stresses. Abaqus then linearly reduces the magnitude
of the artificial stresses over an initial equilibrium step. The stresses that remain are the
equilibrium stresses. An iterative approach is taken to find the optimal amplification value. As the
problem is essentially a line-search for a minimum with no expected local minimum, a golden
section optimisation algorithm was implemented. The optimisation algorithm is used to find the
amplification factor which provides the lowest root mean squared error to the measured strain
values. The RMS error is calculated as the average RMS error of each equilibrium state elastic
strain component in the model and the corresponding measured strain component; taken from
Gauss points along a line in the model at a location representative of the experimentally measured
elastic strain location. The proposed method was validated using synchrotron X-ray diffraction
and neutron Bragg edge imaging.
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Figure 1. Residual stress in a welded pipe (a) measured and simulated by X-ray diffraction (b)
estimated and validated by neutron Bragg edge imaging.

REFERENCES

1.  Korsunsky, A.M.; Regino, G.M.; Nowell, D. Reconstruction of Residual Stress in a Welded
Plate Using the Variational Eigenstrain Approach. Engineering, Materials Science, Physics,
10 (2005)

2. Uzun, F.; Korsunsky, A.M. On the identification of eigenstrain sources of welding residual
stress in bead-on-plate inconel 740H specimens. Int. J. Mech. Sciences, 9, S. 231- 245, 145
(2018)

3. Do, S; Serasli, K.; Smith, D. Combined Measurement and Finite Element Analysis to Map
Residual Stresses in Welded Components. American Society of Mechanical Engineers,
Pressure Vessels and Piping Division 6 B (2014)

4.  Coules, H.E.; Smith, D.J.; Abburi Venkata, K.; Truman, C.E. A method for reconstruction
of residual stress fields from measurements made in an incompatible region. Int. J. Solids
and Structures, 5(10), 51-63 (2014)

42



7" 1JFatigue and FFEMS Joint Workshop “Characterisation of Crack/Notch Tip Fields”
5-7 June 2024, Padova, Italy

Implementation of the Peak Stress Method for the automated FEA-
assisted design of welded structures subjected to variable amplitude
multiaxial fatigue loads

Giovanni MENEGHETTTI!, Alberto VISENTIN!, Alberto CAMPAGNOLO!

! Department of Industrial Engineering, University of Padova, Via Venezia, 1 — 35131 Padova,
Italy

giovanni.meneghetti@unipd.it

The Peak Stress Method (PSM) is a FE-oriented method to rapidly estimate the Notch Stress
Intensity Factors (NSIFs) K, K> and K3 from the opening, in-plane shear and out-of-plane shear
peak stresses calculated at the notch tip by means of a linear-elastic FE analysis adopting
relatively coarse FE meshes [1]. The PSM adopts the averaged Strain Energy Density (SED)
criterion to perform fatigue lifetime estimations of welded structures, where the weld toe and
weld root geometries are idealized and are assumed as sharp V-shaped notches with null tip
radius. In this perspective, the PSM allows to re-formulate the averaged SED as a function of
the relevant singular peak stresses, which are combined into an equivalent peak stress [1]. The
equivalent peak stress can be adopted to estimate the fatigue lifetime of welded structures, in
conjunction with known PSM fatigue design curves [1]. To date, the proposed PSM design
scatter bands for steel welded joints and aluminium welded joints have been validated against
approximately 1300 and 330 experimental fatigue results, respectively. Moreover, the PSM has
been recently extended to variable amplitude (VA) fatigue loadings by combining the equivalent
peak stress with Miner’s Linear Damage Rule (LDR) and it has been successfully validated
against 320 VA fatigue data taken from the literature [2]. In order to support the FE analyst in
automating the fatigue design of complex welded structures, an interactive analysis tool has
been developed in Ansys® Mechanical [3]. A single linear elastic FE analysis is first required,
wherein each unit load must be applied to the model using separate load steps, and then the
time-history of each applied load must be imported. The developed PSM analysis tool
accomplishes the following tasks in a fully automated way (Fig. 1).

a. Analyzes the CAD geometry of the model to identify all sharp V-notches of the structure.

b. Generates a FE mesh by adopting 10-node tetrahedral elements and a proper element size
in compliance with PSM requirements.

c. Calculates the PSM-related coefficients [1] as a function of the notch opening angle 2a
and material elastic properties, by using specifically developed polynomial expressions.

d. After solving the FE analysis, calculates the relevant peak stress time-histories tied to
mode I, mode II and mode III relevant to each applied VA load. Sum the peak stress time-
histories relevant to each analysed node to define mode I, mode II and mode III peak
stress time-histories.

e. Applies the Rainflow cycle counting to obtain peak stress spectra tied to mode I, 11, III.

f. Applies Palmgren-Miner LDR equivalency [2], in order to obtain constant amplitude
equivalent peak stress ranges AGeq,peak,i (I = I, 11, 1IT) [2].

g. Combines the calculated constant amplitude equivalent peak stress ranges into the damage
equivalent peak stress range accounting for multiaxial VA local stresses, according to [2].

h. Calculates the local biaxiality ratio A, according to [1].
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1. Depending on the material and the local biaxiality ratio A, performs fatigue life estimation
addressing the proper PSM-based fatigue design curve [1].

The analysis tool allows to visualize the results in terms of nodal equivalent peak stresses or
expected fatigue life at the V-notch lines (i.e. the weld toes and weld roots) of the 3D FE model
by means of contour plots over a wireframe view of the examined model (Fig. 1).

In this work, a case study coming from an industrial application is presented, where the PSM
tool has been employed to analyze a complex welded joint subjected to variable amplitude
multiaxial loads.
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Figure 1. The automated PSM tool implemented in Ansys® Mechanical. General overview of
the automated analysis workflow for analysing welded structures subjected to VA loadings.
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High Cycle Fatigue (HCF) behaviour of metallic material with defects (cast alloys, Additively
Manufactured (AM) alloys, ...) is still a critical issue for industrial applications. Such defects are
in many cases identified as the root cause of crack initiation leading to failure and can significantly
decrease the fatigue strength. The origin of defects is nevertheless diverse and often unique to
each industrial application. They may be induced by the manufacturing process (Lack of Fusion
(LoF) pores, gas pores, microshrinkage pores,...) or by external environmental factors (scratches,
corrosion pits, ...). Different types of defects usually lead to distinct defect populations in terms
of spatial distribution, shape and size.

The scientific literature contains a lot of studies using Linear Elastic Fracture Mechanics
(LEFM) to interpret fatigue limit and considering defect as pre-existing cracks whose size is not
large enough to exceed the stress intensity factor threshold [1]. Other works, based on a continuum
mechanics approach, make use of the Finite Element Method (FEM) to get a proper description
of the mechanical fields around defects [2-3]. In order to infer fatigue strength based on the FEM
resolution, multiaxial Fatigue Indicators Parameters (FIPs) are computed.

The objective of this work is to present a comprehensive FE simulation study of the effect of
defect shape and size on the fatigue strength using a multiaxial fatigue criterion [4] and a non-
local approach [5]. A large range of defect shape and size is investigated under fully alternate
uniaxial and pure shear loading modes. As this paper aims at tackling the defect effect from a
general point of view (i.e. relevant for many alloys and processes), simplified geometries are used.
The influence of the characteristic length introduced in the non local approach is largely discussed
together with the effect of the loading mode.

A relative defect size based on a ratio between the defect size and a characteristic length
introduced by the non-local approach is defined. A normalized Kitagawa-Takahashi diagram is
then obtained (figure 1). A competition between the highly stressed volume size and the local
maxima due to the defect is observed and seem dependent on the relative defect size. The effects
of the loading mode (uniaxial and pure shear) and of the plasticity are discussed. It is found that,
under uniaxial loading, a defect seems more critical than under pure shear (figure 1). The role of
plasticity is more significant for large than for small defects. A normalized Frost type diagram is
also built from the simulation results and the tendencies observed are in very good agreement with
the experimental results available in the literature. Finally, a comparison of the simulation results
with experimental data on a 316L L-PBF [6] demonstrates the robustness of the proposed
approach and explains the negligeable effect of the defect morphology compared to its size for
the smallest defects.
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Figure 1. Effect of the defect morphology on the normalized fatigue strength assessment under
uniaxial (left curve) and pure shear loading (right curve). The abscissa axes are the normalized
size of the defect by the R* value (sphere radius over which the stress field is averaged around
the defect). The color and shape of the points correspond to three extreme cases described in the
legend.
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This work demonstrates that the so-called stress gradient factor K, can explain in a sound
mechanical way why the critical distance theory works for estimating fatigue strengths and lives
of notched components. Kg,s are used to correctly calculate stress intensity factors (SIFs) of cracks
that depart from notch tips considering notch stress gradients effects on their behavior. This is
done by assuming SIFs can be written in the form K; = K, oV()-g(a/w), where Kg considers
stress concentration effects on K; when the crack a is short, and g(a/w) quantifies effects of the
cracked piece geometry when it is long. This way, K¢ — K, the stress concentration factor of the
notch, when @ — 0, and Ky — 1 when a >> b, where b is the notch depth. On the other hand
g(a/w) — 1.12, the free surface effect when a — 0, and tends to grow as a grows, at least when
the loads are not applied at the crack faces.

Calculations based on classic Linear Elastic Fracture Mechanics concepts, and on the ETS
short crack theory, allow the derivation of fatigue stress concentration factors Ky < K; for notched
components, when the notch tip remains elastic. The elastic fatigue SCF Kris then obtained by:

/
K;=K, (amax/W)'[]+(aR/amax)y/2]1 y/\/aR/amax (1)

where where ar = (1/7)-(AKur/ nASLr)? is the characteristic short crack size, w is characteristic
width of geometry, ama is the maximum size that a non-propagating short crack can reach under
these loading and resistance conditions, and yis Bazant’s parameter [1].

Rewritten K- using the weight function method [2]:

o, (x)-m x,a) - dx

Kgr(a/w) = b o) i) 2)
J, on-m(x,a) - dx

it is possible to write a K considering only the stress components and make m(x,a) = 1,
similar to definition of TCD line method.

Jy oy (x) - dx

Kgr(a/w) = faO' dx

)
0

Moreover, the proposed Krequation allows as well the derivation of the point and line method
equations in the critical distance theory within 5% to10%. Fox example, Figure 1 shows the
comparison betwen the equations (2) and (3) for tension strip geometry K,= 3.26. Figure 2 shows
the diference of equation (3) in relation to equation (2).

47



7" 1JFatigue and FFEMS Joint Workshop “Characterisation of Crack/Notch Tip Fields”
5-7 June 2024, Padova, Italy

3.5
- Ky (a/w) = 7'{; e
L2 R fnu a, dx '

j: oy (x) -m(x,a) - dx

Kgr(a/w) =
) Jy O m(x,0) - dx
0.5
¢
0.00001 0.00010 0.00100 0.01000 0.10000 1.00000

Figure 1. comparison betwen the equations (2) and (3) for tension strip geometry K;= 3.26.
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Figure 2. Diference of equation (3) in relation to equation (2) for tension strip geometry K;=

3.26.

Additionally, this work studies plasticity effects around notch tips on the fatigue strength of

notched components, and verifies experimentally the estimations proposed here through the
tolerance to fatigue growth of short crack that depart from LE and EP notch tips.
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Finite Fracture Mechanics (FFM) is a failure criterion that assumes a discrete crack extension of

amount L by coupling stress and energy conditions. The distance L is not just a material property,
but depends on the geometry as well. In the static framework, the FFM approach writes as follows:

1 ¢l

7 Oadxzau

oL, . (1
Zj Klda=K?

The first equation consists of a stress criterion, which states that failure occurs when the
(average) stress ahead of the notch tip over L achieves the critical value of the strength, namely
the ultimate tensile stress oy. The second condition represents the discrete energy balance: failure
happens when the available energy for a finite crack extension L reaches the a critical threshold.
In Eq. 1, the latter condition is rewritten in terms of the stress intensity factor (SIF) and fracture
toughness K. by means of Irwin’s relationship.

The FFM was generalized to the fatigue limit regime as follows:

1 ¢L
Z-[o Aocdx=Ac,

()
L
%L AK}da=AK;

where Aoy represents the fatigue limit or the high-cycle fatigue strength of the material, and
AKy s the threshold value of the SIF range.

Since finite fatigue life lies in between static and fatigue limits, the basic idea behind the FFM
extension to fatigue life estimation consists in varying the critical stress and SIF amplitude on the
number of cycles to failure [1]. For this purpose, Basquin equation can be used to describe their
dependency on the number of cycles, using both plain and cracked (or notched) geometries,
respectively:

o, =0, (N)=a, N" 3)
Ky =K,(N)=a, N B 4)

All in all, to estimate the lifetime of notched structures, FFM can be recast as follows:
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% jol o,(x)dx =, (N)
1 )
. jo K}(a)da=KL(N)

The set of experiments we use to validate the model is related to notched laminated composites
with two different lay-ups, [0/90]2s and [90/0]2s, as presented in [2]. The specimens were made of
carbon fiber (T300-12K, 200 g/m?) and a low viscosity epoxy resin (Araldite LY 5052) cured with
Aradur 5052 Hardener in a weight fraction of 100:38, employing the vacuum-assisted resin
injection method. Except the plain sample, the specimens were weakened by a crack with total
length of @ = 15.4 mm, and two holes with two different radii of p=2.1, 3.25 mm. The tests were
performed under tension-tension loading (R=0.1). We used the plain and cracked sample data to
get the functions in Egs. (3) and (4), using the holed sample data as blind predictions. Fig. 1(a)
presents a depiction of a holed sample, and Fig. 1(b) illustrates the predictions by FFM for [90/0]zs.
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Figure 1. (a) Holed specimen (b) Estimated fatigue lives for [90/0]2s vs experimental results [2].

Considering Fig. 1(b), it can be stated that the FFM model provides accurate (and conservative)
predictions regarding the fatigue life across different notch geometries, given the complexity of
the problem, with all results falling within the scatter band of 1/5 to 5.
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Fatigue crack growth (FCG) is usually studied using the stress intensity factor range (AK), which
is a linear elastic parameter from the fracture mechanics. However, the application of this
approach based on AK has limitations, such as: (i) constant amplitude loading assumption; (ii)
geometric effects; (iii) propagation direction effects. Since FCG is linked to irreversible
mechanisms happening at the crack tip, non-linear parameters must be used to study FCG.
Therefore, the cumulative plastic strain at the crack tip has been used to predict FCG, which is
evaluated by numerical simulation. The accurate prediction of the stress and strain distribution
around the crack tip requires the use of elastic-plastic models in the finite element method.

Understanding and accurately predicting FCG rates are essential for ensuring the reliability and
safety of engineering components subjected to cyclic loading. The objective of the present study
is predicting FCG rates using the plastic strain damage accumulated at the crack tip during cyclic
loading. Therefore, the numerical approach assumes that cyclic plastic deformation is the main
damage mechanism responsible for FCG. This model includes the effects of plasticity induced
crack closure, residual stresses, partial closure, crack tip blunting and material hardening. The
node release technique is used to model the crack propagation. The crack tip node is released
when the cumulative strain reaches a critical value, which is calibrated using a single experimental
value of da/dN. This model, based on crack tip cumulative plastic strain, was able to predict
qualitatively the effects of AK, stress ratio, stress state, overloads, and overload ratio. Besides, the
direct comparisons made with experimental results validated the assumption that cyclic plastic
deformation is the main crack driving force. Borges et al. [1] successfully predicted the effect of
AK observed experimentally in AA2024-T251 and 18Ni300 steel, while Neto et al. [2] predicted
the effect of stress ratio, and Neto et al. [3] predicted the effect of Superblock2020 load pattern.

Figure 1 (a) presents the effect of a single overload of OLR = 1.5 on the predicted FCG rate,
comparing different values of baseline-level loading. The model assumes plane stress conditions
in the simulation of CT specimens of Ti-6Al-4V alloy. The overload was applied only after
stabilization of cyclic plastic deformation and formation of residual plastic wake. The increase of
the baseline cyclic stress intensity factor (AKgr) leads to an increase of the initial acceleration of
the FCG rate occurring immediately after an overload. Besides, the magnitude and extent of
retardation increases when the baseline-level loading increases. Figure 1 (b) compares FCG rates
obtained with and without contact of crack flanks for AKg =18 MPa-m®>. Without contact, there
is no significant effect of overload on FCG, presenting only a small peak of da/dN when the
overload is applied. On the other and, the inclusion of crack closure produces a dramatic effect on
FCG rate, and the typical variation of da/dN associated with an overload is now seen.
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Figure 1. Predicted FCG rate for a single overload (OLR=1.5) considering plane stress conditions
in CT specimens of Ti-6Al-4V alloy: (a) effect of baseline-level loading; (b) effect of neglecting
the contact between crack flanks.

Considering constant amplitude loading conditions, the numerical predictions are in good
agreement with the experimental measurements, which indicates that cyclic plastic deformation
is the main damage mechanism. In case of single overloads, the numerical results show that crack
closure is responsible for the effect of overloads on FCG rate behaviour. Identical behaviour is
observed in the low-high and high-low load blocks [4]. The transient behaviour observed between
loading blocks of different amplitude is strongly reduced or vanishes when the contact of crack
flanks is neglected in the numerical models. Therefore, the crack closure is able to explain the
retardation in both single overloads and load block patterns.
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Many engineering components are subject to a number of different loads which may not always
vary in proportion. Since fatigue cracks generally initiate on the surface of a component, the
principal case of interest is that of non-proportional biaxial loading. Prediction of component life
under these circumstances can be challenging. Both crack nucleation and propogation phases will
be affected by the biaxial and non-proportional nature of the loading. A more basic question is to
predict the crack propagation direction. Under proportional loading, several different criteria have
been proposed, but the most popular are Maximum Tensile Stress (MTS) [1] and Maximum Strain
Energy Release Rate (MSE) [2]. However these criteria were originally proposed for quasi static
fracture and may not necessarily be effective under non-proportional fatigue loading.

A particular case of interest is one which arises in gas turbine engines. Here, pressures to
reduce weight have resulted in the replacement of traditional bladed disks with a single integral
component, or blisk, where the blades and disks are combined. The lack of an interface between
blade and disk saves weight, but it removes frictional damping, so that vibration amplitudes may
be larger. Further, there is no longer a barrier to fatigue crack propagation from the blade to the
disk. The blades can suffer foreign object damage which results in a high stress concentration
and a fatigue crack may nucleate. A key question is then to predict crack trajectory, since release
of a single blade can be tolerated in a multi-engine aircraft. In contrast a crack which leads to
bursting of the disk will produce an uncontained failure which can hazard the aircraft. Figure la
shows an example of a blisk and Figure 1b illustrates the potential crack trajectories.

Blade

Blade Failure

(b) Disk Failure

Figure 1. (a) Typical geometry of a blisk; (b) Possible fatigue crack trajectories

The example described above has two main sources of loading: (i) centrifugal body force as
the disk rotates. This causes tension in the blade, but also a hoop stress in the blade; (ii) bending
of the blade under both pressure loading and vibration. This leads to tension and compression on
opposite sides of the blade. The centrifugal loading will vary with the square of engine speed,
whereas the pressure and vibration loading will not. Hence, the overall load experienced is both
multiaxial and non-proportional.
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Fatigue tests on full-size blisks are expensive, so a novel test configuration has been designed,
which employs a cruciform specimen loaded in the two perpendicular directions, together with an
out of plane load which produces bending. To fully simulate the blisk situation at least three
fatigue actuators would be required in mutually perpendicular directions. At Imperial College we
have access to a two-actuator machine. Hence, a fixture was designed to apply the third load in a
simple, quasi-static manner using a hydraulic cylinder. Tests were run in two configurations: (i)
with the hoop load constant and (ii) with the blade centrifugal load constant. In each case the
other in-plane load and the bending load were varied. Figure 2a shows an overview of the
apparatus and Figure 2b shows the trajectory of a fatigue crack. In this case it has grown largely
under the influence of the hoop stress.

Figure 2. (a) Overview of the apparatus; (b) Experimental fatigue crack trajectory

Modelling was carried out with finite elements using the Franc3D [3] software to re-mesh for
crack growth. The predicted trajectories using MTS and MSE criteria were compared to those
found experimentally. Under some loading combinations reasonable agreement was found
between model and experiment, but other configurations showed some discrepancies. The paper
will report some of the experimental and model results and will discuss the improvements required
to the criteria for predicting crack growth direction under non-proportional biaxial loading.
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Fractures nucleated from defects and subjected to cyclic loading can experience propagation
for a range of stress intensity factor AK well below the so-called long crack threshold. This
phenomenon is attributed to the development of crack closure mechanisms which may differ
from those observed in laboratory tests conducted in accordance with current standards. Cracks
originating from material defects require a specific degree of extension to develop the plastic
wake, thus achieving a stabilized condition called the long crack threshold AKw. However, in
certain materials, this stabilization length can extend up to several millimetres, effectively
encompassing a significant portion of the component’s fatigue life. Therefore, understanding
and quantifying the development of AKw with crack extension is important for implementing a
reliable assessment procedure based on the fracture mechanics theory.

The concept of fatigue crack threshold has garnered significant interest over the last years
due to the strong effect induced by several factors, including microstructure, load ratio, sources
of crack closure, load history, etc. The complexity arising from these diverse factors makes the
formulation of a comprehensive crack threshold model challenging. One practical approach to
include most of these factors into a tool suitable for industrial applications is the use of the
cyclic R-curve [1, 2]. The cyclic R-curve describes the increase of the crack threshold AKm with
the crack extension Aa, and it was initially observed in the 1980s [3-5]. The R-curve allows to
model the behaviour of physically short-cracks that is mainly governed by the build-up of the
closure mechanisms.
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Figure 1. Crack extensions overview of the analysed alloys: a) Normalized R-curves
considering the unique fitting approach; b) Detailed values of the stabilization length Aacit.
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In this study, R-curve measurements are presented for five distinct structural metallic alloys
widely used in various industrial applications. Figure 1 gives an overview of the normalised R-
curves obtained. Despite the load ratio influences the development of AKi, the normalised plot
enables to compare the general cyclic R-curve behaviour among the presented alloys. As a
matter of comparison, we defined two values of critical crack advancements Aacit that
correspond, respectively, to the crack extension required to reach 80% and 90% of the
asymptotic AKi(Aa—o0). Such comparison shows that the different microstructures and crack
closure mechanisms of the selected alloys have a remarkable influence on the initial AKm(Aa=0)
and the asymptotic AKin(Aa—) thresholds. Indeed, the stabilisation lengths are also strongly
influenced. The results are extremely important when the R-curves are included in a fracture
mechanics-based assessment of defected components.

This study underscores the necessity of ruling new experimental techniques to measure and
implement the long crack threshold, thereby ensuring the development of a reliable and robust
framework for fatigue assessment.
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Fracture mechanics considerations starts usually on plane and sharp cracks with a well-defined
crack front, in addition, in plane specimens a straight crack front, free of contact stresses
between the crack surfaces and free of residual stresses are assumed. In fracture mechanics
testing these ideal starting conditions is hardly to fulfill. The standard procedure to generate a
pre-crack was developed for ductile materials, where the pre-crack is generated by fatigue
loading in a notched specimen usually at a stress ration of about 0.1 with an initial stress
intensity of 3 to 5 times the threshold of stress intensity factor range, depending on the material
strength and notch quality. For the determination of the fracture toughness of ductile materials
the residual stresses are usually negligible, because the strains necessary for crack propagation
are typically an order of magnitude or more, larger than the strains introduced during the pre-
cracking. The geometric requirements are more often problematic. For fatigue crack propagation
experiments, especially for the crack propagation behavior of the near threshold regime these
residual stress and strain fields are very important, hence a well-defined load reduction schema
has to be fulfilled in order to obtain reproducible material data. However, whether these data are
really useful for a save lifetime determination is still questionable. For materials with a low
fracture toughness, this procedure of pre-cracking is often difficult or impossible, because the
fracture toughness is smaller than the necessary maximum stress intensity factor to generate a
pre-crack. The fracture toughness of many of these brittle materials exhibits a material intrinsic
R-curve behavior, i.e. a fracture toughness depends on crack extension. Such R curve behavior
usually is not measurable on such standard tension pre-cracked specimens. Even the threshold of
stress intensity range and the fatigue crack propagation behavior exhibits an R curve behavior,
which is also not measurable standard pre-cracked specimens, due to the introduced strains,
stresses and crack closure phenomena introduced by the pre-cracking load.

A technique to overcome this problem is the compression-compression pre-cracking
procedure [1]. Such pre-cracks are open in the unloaded state, however even in front of these
pre-cracks residual stresses remains.

The goal of these paper is now to discuss:

e What is the difference in the residual stress field of a compression-compression fatigue
and a tension-tension fatigue pre-crack?

e Requirement for the determination of a R-curve for fracture toughness and R-curve for
the threshold of stress intensity factor range.
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e How does residual stresses affect shape of the R-curve?
e How can we reduce the effect of the residual stresses on the R-curve?
The addressed questions will be discussed for very different materials, ductile low and high
strength metals [2], brittle metals (tungsten) and intermetallics (TiAl) [3] and fracture
mechanisms and crack tip shielding mechanisms, for both static and fatigue R curves.
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Fatigue failure and in-service loss of stiffness of composite parts are due to a multi- mechanisms
damage evolution which mainly includes cracks, delamination and fibre failures. This paper
presents an innovative, comprehensive framework for the fatigue design of composite parts, based
on the actual physics of damage evolution. The initiation and growth of each mechanism are
described by suitable analytical models, validated on a large volume of internal and literature
experimental data (Figure 1)

The interaction among the mechanisms and their effects on the strength and stiffness of the
composite parts are also considered and described by analytical models (Figures 1,2).
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Figure 1: Experimental trends of crack density, delamination ratio and axial stiffness in glass
epoxy laminates, compared with the predictions obtained by the analytical models.
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Figure 2: Schematic of the procedure for the description of the global damage evolution in a
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The combination of all these new models into a single design framework represents a

significant step forward with respect to the design tools available in the literature, resulting in an
enormous increase in the safeness and reliability of the structural applications made with these
materials. The theoretical basis behind the approach will be briefly outlined leaving space to the
discussion of the application procedure, with an example of implementation on parts of industrial

interest.
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This paper presents the effect of stress concentration due to notch or cracks on impact
toughness of duplex steel S32750. This analysis is based on the results obtained by Charpy
instrumented pendulum, enabling separation of total energy into crack initiation, E;, and crack
propagation energy, Ep.

The main goal of this paper was to evaluate the Crack Sensitivity (CS), defined here as the
ratio of total impact energy (KV value), obtained by testing standard ISO-V specimens, Fig.
1, and KV1 value, obtained on a same type of specimen but with 1 mm long fatigue cracks:
CS=KV/KVI.
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Figure 1. Standard Charpy ISO-V specimen

Notched specimens were tested in order to determine total impact energy, as well as
energies for crack initiation and propagation. Testing was conducted in accordance with
standard EN ISO 148-1:2017 at different temperatures: 20°C, -40°C, -60°C and -80°C.

Fatigue crack lengths ranged from 1 to 5.5 mm, as measured from the notch root on ISO-V
specimen. After failure, fatigue crack length a was measured in 5 locations, and its mean
value was used to make a diagram KV-a with an origin at 2 mm (the notch depth). Typical
KV-a diagrams for Super Duplex steel S32750 tested at different temperatures are shown in
Fig. 2. Based on these diagrams, KV1 values are obtained by interpolation of all results, as
shown in Fig. 2. Results for CS are given in Tab. 1, indicating relatively low values at all
tested temperatures, which can be explained by the fact that E; was much higher than E;, as
shown in [1].

Table 1. Crack sensitivity factors for steel S32750

Testing Notched  Cracked Crack
temperature  specimen specimen sensitivity
KV,J KV1,J  KV/KVI

+20°C 297/245 225 1.32
-40°C 201/156 147 1.37
-60°C 125/99 98 1.28
-80°C 82/65 72 1.14
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Figure 2. Impact energy, KV, vs. crack length, a, at different testing temperatures

Another interesting aspect of this analysis is to compare Ep, obtained on notched speci-
mens, with the total energy KV1, obtained on cracked specimens. According to the results
presented in [1], E, was 245 J, 156 J, 100 J and 65 J at +20°C, -40°C, -60°C and -80°C,
respectively, being in good agreement with corresponding values KV1 (225 J, 147 J, 98 J and
72 J). Therefore, one can conclude that the separation of energies on instrumented pendulum
represent sound base for an analysis of notch and crack effects on impact toughness both at
room and low temperature. Similar analysis was performed on a welded joint, made of duplex
steel S32750, for another two zones, weld metal and heat-affected zone, as shown in [2].
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Despite many years of research, the fundamental quantities, such as the critical resolved shear
stress (CRSS) that affects the dislocation glide in metallic materials, still remain not well
understood [1-6]. The theoretical results for critical stress far exceed the experimental results
because of fundamental assumptions made in the development of the early theory in neglecting
the elastic strain energies, the lattice types, the dislocation character, and so on. Such formulations
can not predict the correct stress magnitudes for dislocation emission at crack tips. The variability
of the critical stress is also essential because the slip planes exhibit compositional variations, and
such variability may arise from spatial variation of short-range order in alloys. Because there are
a myriad of arrangements of atoms at lattice scales, artificial neural network methodologies have
been developed to capture the variability in CRSS. The determination of critical stress is also
relevant to crystal plasticity models, which are widely used in fatigue. In this presentation, I will
show examples of the determination of critical stress for a wide range of metallic materials,
highlighting tension-compression asymmetry effects and the role of different slip systems
observed in titanium.

The work is supported by the National Science Foundation (high entropy alloys) and
Department of Energy-BES (titanium).
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Fatigue crack growth (FCG) in metallic materials has been studied assuming that cyclic plastic
deformation is the main damage mechanism. However, considering that this the only damage
mechanism behind FCG, the effect of the mean stress is null in the absence of crack closure. The
present study considers an additional damage mechanism, based on the growth, nucleation and
coalescence of micro-voids [1]. The introduction of this damage mechanism, in FCG studies, is
justified by several works in literature. In fact, Rhodes et a/ [2] stated that for a wide range of
crack growth rates, the crack extends both by the formation of ductile striations and by the
coalescence of micro-voids. According to Sunder et al/ [3], the initiation, growth and
coalescence of microvoids is possible in the presence of cyclic loads. Finally, Li et al [4] refer
that the growth/coalescence of micro-scale voids become the dominant FCG mechanism at high
AK zone.

A non-local GTN damage model was used to include the effect of micro-voids on the
predicted FCG rate for a AA2024-T351 alloy in a CT50 specimen . A node release strategy was
employed to simulate the propagation stage of a fatigue crack. Cyclic plastic deformation shown
to be the predominant mechanism, assuming that crack grows due to striation formation.
However, the GTN model shown to be relevant because it affects the plastic strain accumulation
at the crack tip and the crack-closure phenomenon due to the increase in the volume of the crack
flanks, which the increases the crack closure phenomenon.
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Figure 1. Numerical predictions considering both cyclic plastic deformation and GTN (Porous)
compared with results based solely on cyclic plastic deformation (Elastic-Plastic).

The numerical predictions agree with the da/dN-AK experimental results, for distinct stress

ratios, especially considering the GTN model, as shown in Figure 1 (a) and (b). The numerical
da/dN-AK curve rotated in the anti-clockwise sense having the correct slope when considering

65



7" 1JFatigue and FFEMS Joint Workshop “Characterisation of Crack/Notch Tip Fields”
5-7 June 2024, Padova, Italy

micro-voids damage. The effect of Kmax was also observed considering micro-voids damage,
even when crack closure was numerically disabled, as shown in Figures 2 (a) and (b). This was
expected because Kmax and stress ratio effects are linked with the mean stress, which is a very
relevant parameter in porosity evolution. Accordingly, the GTN allows to capture the effect of
this parameter. Nevertheless, the Kmax dominant zones, widely discussed in the Unified
Approach works, are only observed in the presence of crack closure. This indicates that a three-
parameter approach (AKesr -AK-Kmax) 1s necessary to fully understand fatigue crack growth, as
observed previously by [5]. In fact, it shows that all the mechanisms acting at the crack tip are
intrinsically related.
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Figure 2. Effect of the stress ratio in the absence of crack closure obtained from: (a) numerical
results, where whitout GTN there is no effect o R. (b) Experimental data.

In the authors opinion, the only way to solve the fatigue problem is to identify and
understand the fundamental mechanisms acting at the crack tip zone. Porous damage shows to
be one of the main mechanisms, especially in very ductile materials like the studied aluminium

alloy.
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The modelling of intergranular cracking requires explicit consideration of materials’
microstructure at the polycrystalline level. The now standard approach is to approximate the
microstructure by a collection of polyhedrons representing grains (GRs) with polygonal faces
representing grain boundaries (GBs), and to represent the mechanical behaviour of GRs by crystal
plasticity models, and of GBs with cohesive zone models [1]. Microstructure approximations are
typically generated using Voronoi tessellations of spatial domains with prescribed size
distribution of polyhedrons and assigning crystallographic orientations to GRs, randomly or
subject to prescribed texture [2]. The result is an assembly of simple polyhedrons where each
internal polygonal face represents a GB, and each internal edge is the meet of exactly three GBs
and three GRs. The edges represent triple lines (TLs) in the material microstructure. The
crystallographic orientations assigned to GRs determine their crystal plasticity response [1,3]. The
GBs can either have identical cohesive behaviour [1] or be assigned individual cohesive properties
depending on the GB character [3].

TLs can be interpreted as disclinations with strengths depending on the crystallographic
orientations of the three adjacent grains [4]. Disclinations break the rotational symmetry of a
crystalline lattice creating strength-dependent stresses that decay with the logarithm of the
distance, rather differently from dislocations, which break the translational symmetry creating
stresses that decay with the inverse of the distance [5]. This suggests potentially significant effect
of TLs on the deformation and intergranular cracking. Despite the experimental confirmation of
TLs disclination character [6] and of their strong effect on local properties [7], they have not found
their way into the existing models for intergranular fracture. Applying the rigorous mathematical
approach for calculating the strength of TL-disclinations [4] on EBSD images of Cu-alloys, a
recent work has shown that 30-40% of TL-disclinations have non-zero strength, i.e., they create
local stress fields with different intensities that need to be considered as local residual stresses in
determining the mechanical behaviour upon external loading [8].

The aim of this work is to explore the effect of TLs on intergranular cracking. Polycrystalline
assemblies, including crystallographic orientations of GRs, are constructed using 3D EBSD
images of Ni-based Alloy 600. The GRs are meshed with tetrahedral finite elements. Cohesive
elements of zero original thickness are inserted on GBs replacing the triangles that are faces of
pairs of tetrahedrons in the corresponding neighbouring GRs. Assembly construction, meshing,
and cohesive element insertion are performed by Neper [2] providing the geometry information
for subsequent analysis by Abaqus [9]. A well-established crystal plasticity law [10], implemented
by a user material subroutine, is used for the tetrahedral elements within GRs considering their
crystallographic orientations. The crystal plasticity parameters are calibrated with own
experimental stress-strain behaviour of Alloy 600. A traction-separation (T-S) law with linear T-
S behaviour prior to damage initiation and linear damage evolution (softening) is used for the
cohesive elements with GBs [11].
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Three cases for representing the cohesion of the GBs network are considered. The first uses
the same T-S law for all GBs as in [1]. The second assigns different T-S laws to different GBs
considering their misorientations as in [3], where the misorientations and their effect on the
cohesive behaviour are calculated with an in-house procedure. The third uses the assignment of
misorientation-dependent T-S laws as in [3], but further degrades the cohesion of grain boundaries
adjacent to TL-disclinations depending on their strength, where the strengths and their effect on
the cohesive behaviour are also calculated with an in-house procedure as in [8]. Examples
intergranular cracks are shown in Fig. 1. The results to be presented will show significant
differences in the crack initiation locations and propagation patterns predicted by the three studies
cases. Validating the effect of TL-disclinations on the cracking patterns requires tailored
experiments to record the evolution of crystallographic orientations with loading at least up to the
moment of the emergence of the first crack. The work on acquiring this data is ongoing.

Figure 1. Cracks in an assembly of 700 grains (meshed by 1,000,000 elements) at 20% strain.
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The mechanics of soft membranes undergoing indentation action of a rigid object is of interest
in different applications, including soft devices, soft robotics, flexible electronics, and
biomechanics [1-3]. Of particular interest is the failure condition related to the puncturing of
membranes [4-6] and of balloons [7].

The problem of axisymmetric deformations of a compliant membrane indented by a rigid tool
has been largely investigated in the literature, considering e.g. different shapes of the tip, the
effect of friction, initial stretches, penetration rate [8-11].

In this paper, the seminal work of [12,13] is considered to obtain the quasi-static non-linear
solution of a thin circular membrane indented by a sphere-tipped rigid object; the material is
described by different hyperelastic incompressible models. The analytical solutions are
compared with the results of FE simulations along with those obtained from experiments on
elastomeric membranes (Fig. 1). The failure condition of puncturing of the membrane is
discussed from the viewpoint of fracture mechanics in terms of energetic considerations and of
the complex nearfield features [14]. Finally, particular attention is devoted to the critical
conditions of fracture in the presence of initial flaws (cracks, cavities) in the membrane.

)

b Rigid

. Hyperelastic
indenter 33

membrane

Figure 1. (a) Experimental set-up for indentation tests on circular elastomeric membranes. (b)
Principal strain contour of the deformed profile of the membrane; the undeformed configuration
and its mesh is also shown.
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Phase field theories have been introduced in fracture mechanics, to capture the surface energy of
cracks. The basic idea of such theories is to introduce an additional variable and its gradient in the
constitutive model. The present work deals specifically with applications related to the failure of
ductile materials. The basic model of phase field theories for fracture originates from a
generalization of the Griffith theory for brittle materials, where the relevant crack propagation
mechanism is based on the debonding of atomic planes. Consequently, plastic deformations do
not influence the fracture process and established results from classic elastoplasticity are not
described adequately under cyclic loading conditions [1]. In continuum damage mechanics on the
other hand, the phase field corresponds to the isotropic damage variable and reflects in a natural
way the physical mechanisms of crack initiation and crack propagation for ductile materials.

The aim of the present work is therefore to model the constitutive response of ductile materials
within the phase field theory of fracture with contributions from classical continuum damage
mechanics, cf. [2]. Accordingly, the evolution equation of the damage variables in the proposed
model depends on the rate of the plastic arc length, cf. [3]. Furthermore, influences of triaxiality
and Lode angle can be considered in this evolution equation. Special emphasis is also placed on
the thermodynamic consistency of the model. Since the non-local influence due to the phase field
part of the model cannot be captured within the framework of classical thermodynamic theories,
the non-conventional thermodynamics according to Dunn and Serrin [4] is used here. The
proposed material model has been developed both for general loads in three dimensions and for
two-dimensional plane strain and plane stress states. For the plasticity part, a von Mises flow
function with non-linear isotropic and non-linear kinematic hardening with one backstress tensor
is assumed.

The numerical integration of the material model is carried out in a so-called staggered
algorithm. In the first step of an increment of a finite element calculation, a pure deformation
problem with constant damage is solved based on the radial return for plasticity. For the second
step, the displacement is kept constant, and a pure damage problem is solved. To be more specific,
the evolution equation for the phase field variable is discretised over time using an implicit Euler
method and a corresponding weak form of the governing equation is established.

The capabilities of the proposed model are analysed based on numerical and experimental
results with respect to cracked and notched specimens. In a first step, experimentally determined
strain fields in the vicinity of a crack tip are compared with corresponding numerical predictions
of the model. To that end, a thin-walled tube containing a notch under cyclic tension/compression
loading is considered. Figure 1(a) shows an emanating fatigue crack after 9000 load cycles with
a length of 2.4mm. The strain fields are determined experimentally in terms of the digital image
correlation technique (depicted in the coloured contours) and compared to the finite element
predictions (grey-scaled isolines). It can be concluded that the model is very well capable to
reproduce the strain distribution. Next, a connection between possible crack path trajectories and
the distribution of relevant state variables is established for the case of monotonic tension loading
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Figure 1. (a) Distribution of the strain component &5, in the vicinity of a crack tip (experimental
results in coloured contours and numerical results in grey-scaled isolines). (b) Predicted crack
path for a notched specimen under monotonic tension.
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Figure 2. Experimental (white) and predicted crack paths in a notched, thin-walled tube for two
different combinations of non-proportional cyclic tensions/compression and torsional loading.

on a notched specimen, see Figure 1(b). The kinking of the crack path is a result of high plastic
strains under approximately 45° angle to the symmetry axis. Very similar experimental results are
reported in the literature, cf. [6]. Finally, predicted crack paths are compared with experimentally
determined crack paths in thin-walled tubes under combined tension/compression and torsional
loading. Both proportional and non-proportional cyclic loads are analysed. To reduce the
numerical effort for the time being, plane stress conditions and linear kinematic hardening are
assumed for the finite element calculations. Figure 2 shows exemplarily the results for two
different cases of non-proportional loading conditions. In light of the assumptions mentioned
above, the experimentally determined and numerically predicted crack paths coincide very well.
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A wake of plasticity forms during fatigue crack propagation due to the large stress concentration
at the crack tip, and its shape is mainly determined by the loading history and plastic behaviour
of the material. It has long been recognised that the plasticity induced crack closure phenomenon,
which leads to the reduction of the fatigue driving force, is primarily associated with the wake of
plasticity [1]. However, analytical and numerical modelling of this phenomenon is very
challenging due to the highly complex nature of the underlying physical mechanisms. Therefore,
many important effects of the wake of plasticity on fatigue crack behaviour remain unexamined
or are simply disregarded. For example, the wake of plasticity makes fatigue cracks to be partially
closed in the absence of the applied stress; and the shape of the wake of plasticity (history of
loading) can affect the value of the offset compliance threshold, which is often used to determine
crack tip opening loads. Accounting for these effects is important, particularly for an accurate
evaluation of fatigue cracks using non-destructive techniques or experimental measurements of
the crack tip opening loads with compliance-based methods.

a) Minimum Stress, 0 = Omin b) Opening stress, 0 = o C) Maximum Stress, 0 = Omax
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Figure 1. Crack opening process at (a) the minimum stress, (b) the opening stress, (c) the
maximum stress. Deformations are exaggerated for clarity.

In this work we utilise the yield-strip (Dugdale) model and distributed dislocation technique to
simulate a straight edge fatigue crack propagating in semi-infinite plate under constant amplitude
loading conditions. Under these conditions, the crack growth is self-similar, and the wake of
plasticity increases linearly with the propagation [2]. Diagrams of the crack opening process
during a loading cycle are shown in Figure 1. Using the distributed dislocation technique, the
angle of the plastic wake, the sizes of the direct and reverse plasticity zones and the opening stress
can be calculated. The present solution is in a general agreement with previous numerical results,
which were also based on the yield-strip methodology. The developed analytical model is then
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applied to obtain the residual fatigue crack closure length for a broad range of R and o,,,,4/0y —
ratios. It is demonstrated that in the absence of the applied stress up to half of the fatigue crack
can be closed, though the presence of residual stress or surface roughness may affect the closure.

Analytical results have also been obtained for the crack tip opening loads. The effect of the
wake of plasticity on the compliance offset threshold for an edge fatigue crack was investigated
in detail. Current experimental measurements of the crack tip opening loads [3] are based on
ASTM standard E647-08 [4], which provides general recommendations for compliance-based
measurement of the crack tip opening load. The critical parameter, the compliance offset
threshold, is typically set at 1%, 2% or 4% for CT specimens, irrespective of the cyclic loading
parameters. The results obtained using the present approach (Table 1) show that R and o0,,,4/0y
have a significant impact on the offset values corresponding to the crack tip opening, which are
generally below the values recommended in the standard for fatigue test specimens. It was also
observed that small changes in the definition of the fully-open crack compliance can lead to large
variations in the threshold, particularly for large values of 6.4/ 0y.

Table 1. Compliance offset thresholds (%) calculated using the present approach for an edge crack
in infinite plate and several different values of R and o,,x/0y. Fully open crack compliance
calculated from the unloading curve at the bottom range according to ASTM E647-08 standard.

R Omax/ 0y = 0.1 Omax/ 0y = 0.3 Omax/ 0y = 0.5 Omax/ 0y = 0.7
0.1 0.0471 0.383 1.131 2.294
0.1 0.0333 0.262 0.807 1.369
0.3 0.0228 0.157 0.479 0.937
0.5 0.0126 0.0899 0.241 0.365

In general, the past research indicates that the yield-strip (Dugdale) model is a useful
idealisation, which captures various plasticity phenomena associated with fatigue cracks, however
it is still an approximation, first of all because crack opening/closure is a 3D process, and plastic
deformations occupy a volume rather than a narrow strip. Therefore, all analytical (as well as
numerical) results, which utilise this popular model must be treated with caution and mostly in
terms of dependencies rather than absolute values. It is believed that the obtained theoretical
dependencies apply to fatigue test specimens with finite geometry. It is also hoped that the current
modelling study can help to develop more adequate experimental and numerical procedures for
the evaluation of crack tip opening loads and fatigue life in the presence of crack-like defects [5].
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Geometrical variations, such as holes and notches, cannot, by nature, be avoided in mechanical
components and represent preferable sites for the nucleation of cracks, leading to the overall
failure of the part either under static or fatigue loadings.

Different from the isotropic case, where, for a certain loading mode, the notch stress fields
strictly depend on the notch geometry only, in the case of anisotropic or orthotropic solids, the
stress distribution is strongly influenced by the elastic properties of the material.

Indeed, for an orthotropic material, the differential equation governing the elastic problem is
no longer biharmonic; it becomes quasi-biharmonic and gives to the following characteristic
equation (under plane stress conditions):

Syt +(28, +Sge )’ +8,, =0 (1)
Whenever (Z’S12 + S )2 >4S,,S,,(condition usually verified in conventional composite
materials), Eq. (1) presents conjugate roots in the formp, , =+ip, and p,, ==+if, [1], and

parameters S significantly affect the stress distribution due to notches.

In the case of pure mode I loadings, the combined effects of notch root radius, notch opening
angle and material elastic properties on the stress distributions due to lateral radiused V-notches
(see figure 1) can be assessed taking advantage of the following analytical solution [1]:

1-A 1-
G, = G‘“’{ [r()] [k, cos(1-2)8, +k,,sin(1—1)8, ]+x[ f J [k, cos(1 - 2)0, +k,, sin(1 - 1)6, ] }
T

L
A i 5

2)

L

1-A -2
G =8 { (%J [m,, cos(1= )6, +m,, sin(1— 18, ]ﬂ{ﬂ [m,, cos(1 = 1)8, +m,, sin(1-1)0, ] }
2

1-1 1=k
T, = %{ (%J [n,, cos(1-2)0, +n,,sin(1-1)6, ]+;{r°] [, cos(1=2)0, +n,, sin(1 - 1)6, ] }
A L 5}

For the explicit meaning and values of all the involved parameters, the reader is referred to the
original works. However, it is important to mention that in Eq. (2) the effect of the material
properties is accounted for thanks to the eigenvalue A and parameters r; and 0; defined as:

aj:X""roBE n; =B;y' rj:\léjg"‘n? 0, = Arg(§; +1in;) (3)
where x” and y’ are the distance from the notch tip in the x and y direction, whereas t depends
on f3; and A.

The effect of the material properties on the notch stress distribution is evident from the relevant
example shown in Figure 2, where it can be noted that the stiffer the material in the loading
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direction, the steeper the stress distribution is.

tt4rs

2h

(b)

(a)
Figure 1. (a) Mode I loaded orthotropic plate weakened by symmetric lateral blunt V-shaped
notches. (b) Local geometry of a rounded V-shaped notch and reference system to be used for Eq.
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Figure 2. Plot of the normal stress coo along the notch bisector line and comparison with Eq. (2).

Blunt V-shaped notch with an opening angle 20=90°, a/p=10. Different material systems.

The main aim of the present contribution is to provide a comprehensive discussion on this
topic, presenting the relevant results obtained by the authors in the recent ten years.
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About 80~90% of fatigue life is consumed in the crack initiation and small crack growth (SCG)
stage in high-cycle fatigue (HCF) and very-high-cycle fatigue (VHCF) [1-2]. It is thus utmost
significant to accurately predict the life of both in the safety evaluation of industrial field. A
crack initiation life prediction model was proposed based on the modification of the Tanaka
and Mura’s [3] model, which included the consideration of defect interaction and location. At
the same time, the initial size corresponding to crack initiation is obtained, which is used as the
relevant parameter for predicting the SCG life. The fatigue life obtained is the sum of the above
two model predictions. The availability of the model was verified by the ultrasonic fatigue test
of AlSi10Mg material manufactured by laser powder bed fusion (LPBF). Figure 1 shows the
predicted probability distribution and experimental results under three stress ratios of 0.5, 0 and
-1. The predicted probability distribution follows lognormal distribution and becomes more
dispersed as the load decreases. The competition of crack initiation between surface and interior
and the rough area (RA) near the location of internal crack initiation observed on the fracture
surface can be well explained by the model.
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Figure 1. The probability distribution of the predicted fatigue life under three stress ratios
and the comparison with experimental results represented by the dash-dotted lines.

The consideration of pore location and morphology in the proposed crack initiation life
prediction model is included in the stress concentration factor (SCF) term. Figure 2(a) shows
the maximum SCF considering the real defect and specimen size under different pore
morphology and inclination. It is observed on the fracture surface that the surface crack
initiation will transfer to the interior when the fatigue failure are about 107 cycles. Combined
with the prediction model of crack initiation, the local stress of pore is the dominant factor for
crack initiation under high fatigue loading, and the higher degree of freedom of surface pore
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which will lead to the preferential initiation of crack on the surface. However, as the load
decreases, the influence of local stress decreases, which together with the matrix determine the
location of crack initiation. Nevertheless, the effect of surface crack oxidation to the
competition phenomenon is not considered in this paper and needs further study.
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Figure 2. (a) The maximum SCF considering the real defect and specimen size under
different pore morphology and inclination, and(b) the comparison between predicted and
experimental results and the results of considering grain refinement (in green area).

Figure 2(b) shows the comparison between predicted and experimental results, which shows
a good prediction effect when the failure life is lower than 10® cycles. But the results in the gray
area are conservative when the failure life is higher than 10® cycles under the stress ratios of -1
and 0. The RA containing fine grains was observed at the crack initiation position of the
corresponding fracture surface. According to the study of researchers [4-5], grain refinement
will lead to the reduction of the threshold value of the stress intensity factor (SIF), so that the
crack in this region can firstly propagate. Considering the Hall-Petch effect, the crack
propagation in the RA needs more cycles. The predicted results after considering this effect in
the short crack growth life prediction model are shown in the green area in Figure. 2(b). Overall,
the predicted results are in good agreement with the experimental ones.
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Hydrogen embrittlement of metallic materials is widely observed, but remains a challenge for
predictive computational modeling. Multiscale modeling initiates with atomistic modeling of H-
mediated dislocation plasticity for the Fe-Ni-Cr-H alloy system. A cyclic crystal plasticity
model is formulated with input from the atomistic reaction pathway modeling of dislocation
mobility that also considers strong pinning effects of high concentration of hydrogen-stabilized
vacancy complexes [1] in addition to effects of deformable dislocation cell walls on cyclic
plastic response [2] and solute drag effects of hydrogen [3]. Crystal plasticity finite element
simulations reveal the effects of coupling hydrogen diffusion and plastic deformation at the
crack tip, including pipe diffusion [4].
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Figure 1. Schematic explaining the progression of hydrogen effects on crack tip damage
evolution. Recurrent mechanisms in episodic crack advance are designated via clockwise arrows
denoting the sequential activation and development of various hydrogen-related defect
mechanisms (redistribution with crack advance, transport, inelastic deformation, nanovoid
formation/coalescence into vacancy sheets, and crack advance) [5].

A fully two-way coupled chemomechanical model is introduced [5] to model dislocation-
enhanced hydrogen transport and effects on dislocation activity and damage that is pertinent to
high strain and strain gradient fields near crack tips under cyclic loading. The logic and
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elements of the model are shown schematically in Figure 1. Evolution equations are based on
multiscale modeling strategies drawing from atomistic simulations and unit process models for
dislocation-obstacle interactions, consistent with experimental information. Vacancies generated
via dislocation interactions are stabilized by hydrogen, affecting transport and serving as
obstacles to dislocation glide that promote increased slip planarity. Mechanisms of vacancy
coalescence into nanovoid sheets and intermittent dislocation avalanching are introduced near
the crack tip as pertinent additional failure processes that accelerate crack growth in the
presence of hydrogen. It is shown that the enhancement of the fatigue crack growth rate can be
predicted using this methodology, as highlighted in Figure 2.
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mechanical model with a nanovoid sheet-based crack extension increment 6//JdN per cycle [5].
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