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ARTICLE INFO ABSTRACT

Keywords: While fatigue crack growth is inherently a three-dimensional challenge, it is often modelled in
Plastic zone two dimensions for simplicity. This study explores the relationship between the two-dimensional
Fracture surface primary plastic zone (PPZ) on the surface of specimens and the three-dimensional twisting of the

Digital image correlation
Microscopy
Fatigue crack growth

crack front leading to a slanted crack front. Fatigue crack growth experiments were conducted
using 2-mm-thick MT-160 AA2024-T3 sheet specimens in both L-T and T-L crack orientations.
High-resolution digital image correlation (HR-DIC) was employed to capture the PPZ within the
surface displacement data and correlate its morphology with the twisting angle of the slanted
crack front.

Further, this study investigates how the twisting of the crack front affects the crack
propagation curve, represented as da/dN — AK, by examining its influence on the mixed-mode
I/11/11I loading state along the crack front. Here, we utilize finite element simulations to derive a
mapping function that adjusts 4K to 4K, accounting for the twisted crack front caused mixed-
mode loading conditions. The modified da/dN — 4K, curves for both L-T and T-L orientations
demonstrated similar behaviour, suggesting that differences in their crack front twisting may
explain the discrepancies observed in their traditional da/dN — AK crack propagation curves.

1. Introduction

Fatigue crack growth is strongly correlated to a number of interrelated aspects, including the loading conditions, the charac-
teristics of the crack tip field, the plastic zone at the crack tip, the microstructure of the material and the shape of the fracture
surface [2,3]. Understanding these mechanisms and their interactions with environmental factors, loading conditions, and the
material’s microstructure [2], is crucial for developing more accurate crack propagation models that are based on a physical
foundation to enhance service life predictions [4].

The plastic zone (PZ) ahead of the crack tip represents the crack tip loading condition during fatigue crack growth in ductile
materials. Two types of PZ can be distinguished under cyclic loading conditions: The primary plastic zone (PPZ) includes all the
deformed material near the crack tip. In contrast, the cyclic plastic zone (CPZ) includes all material with cyclic plastic deformation
within a load cycle. Irwin introduced Eq. (1) as an estimate for the size of the PPZ, r,
intensity factor, K, and the yield strength of the material, o,.
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Crack growth increment [mm]

Plastic zone wing area difference [mm?]

Cyclic stress intensity factor [MPa\/r_n]

Cyclic corrected equivalent stress intensity factor [MPa\/ﬁ]
Cyclic equivalent stress intensity factor [MPa\/E]

Cyclic Mode I stress intensity factor according to [1] [MPa\/E]
Cyclic corrected Mode I stress intensity factor [MPa\/E]
Cyclic corrected Mode II stress intensity factor [MPa\/r_n]
Cyclic corrected Mode III stress intensity factor [MPa\/E]
Crack growth rate [mm/cycle]

Poisson ratio [-]

Crack kinking angle [°]

Experimentally determined crack kinking angle [°]

Crack twisting angle [°]

Segment III twisting angle [°]

Segment II twisting angle [°]

Segment I twisting angle [°]

Central twisting angle [°]

Experimentally determined crack twisting angle [°]
Pressure load [MPa]

Yield strength [MPa]

Elastic strain [-]

Plastic strain [-]

Von Mises strain [-]

Elongation at brake [%]

Crack length [mm]

Parameter for fitting function [-]

Plastic zone area [mm?]

Crack tip x-coordinate [mm]

Crack tip y-coordinate [mm]

Crack tip z-coordinate [mm]

Parameter for fitting function [-]

Plastic zone width [mm]

Parameter for fitting function [-]

Plastic zone circumferential length [mm]

Parameter for fitting function [-]

Young’s modulus [GPa]

Test frequency [Hz]

Maximum test force [N]

Plastic zone height [mm]

Corrected equivalent stress intensity factor [MPa\/ﬁ]
Angle-dependent Equivalent stress intensity factor [MPa+/m]
Equivalent stress intensity factor [MPa\/E]

Mode I stress intensity factor for a straight crack [MPa\/ﬁ]
Corrected Mode I stress intensity factor [MPay/m]
Angle-dependent Mode I stress intensity factor[MPaﬁ]
Corrected Mode II stress intensity factor [MPa\/ﬁ]
Angle-dependent Mode II stress intensity factor [MPay/m]
Corrected Mode III stress intensity factor [MPa\/E]
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Krrry Angle-dependent Mode III stress intensity factor [MPa4/m]
Ky Mode III stress intensity factor [MPa\/E]

Ky, Mode II stress intensity factor [MPa\/E]

K; Mode I stress intensity factor [MPa+y/m]

K ax Maximum stress intensity factor [MPa\/ﬁ]

m; Hardening modulus [MPa]

R Load ratio [-]

Tppz Plastic zone radius [mm]

t Specimen thickness [mm]

tsir1 Segment III width [mm]

tsrr Segment II width [mm]

s Segment I width [mm]

x x-coordinate [mm]

y y-coordinate [mm]

Yoo Angle-dependent equivalent geometry factor [-]
Yiw Angle-dependent Mode I geometry factor [-]
Yiry Angle-dependent Mode II geometry factor [-]
Yiiiy Angle-dependent Mode III geometry factor [-]
z z-coordinate [mm]

APDL Ansys parametric design language

CPZ Cyclic plastic zone

DCPD Direct current potential drop

DIC Digital image correlation

FE Finite element

HR-DIC High resolution digital image correlation

L-T Longitudinal-Transverse

M-T Middle tension

PPZ Primary plastic zone

PZ Plastic zone

T-L Transverse-Longitudinal

The CPZ is of particular importance as it reflects the fatigue damage inherent in the cyclic nature of the fatigue crack propagation
process. Park et al. [5] and Chick et al. [6] demonstrated that the size of the CPZ can be correlated with the growth rates of fatigue
cracks.

In order to study the PZ from a three-dimensional perspective, finite element (FE) simulations has been utilized to analyse the
size and shape of both PPZ and CPZ. In particular, the numeric studies [7,8] revealed that the shape of the PPZ deviates from
the classical dog bone model proposed by Dugdale [9] and depends significantly on the specimen thickness ¢ and K,,, [10]. For
pure mode I loading, PPZ and CPZ are symmetrical to the crack path. However, this symmetry is lost when mixed-mode loading
is present [11,12]. Using 3D finite element simulations, Zeinedini [13] shows that the shape of the PZ becomes asymmetric at a
combination of mode I, II or III conditions. Furthermore, numerical investigations demonstrated that the T-stress, acting parallel to
the crack, significantly influences the shape of the PPZ. Specifically, a positive or increasing T-stress compresses the PPZ, while a
negative or decreasing T-stress elongates the PPZ in the crack propagation direction [14,15].

With the advent of digital image correlation (DIC) in experimental mechanics, there has been an increase in experimental
investigations studying the PZ during fatigue crack growth. Prior to this, knowledge about the size and shape of the PZ was primarily
derived from microhardness measurements, etching to assess dislocation density, optical interference, local strain gauge foils, or the
identification of the recrystallization fraction at the crack tip [16]. The small dimensions of the PZ, which is only a few millimetres
in size, require the use of high-resolution DIC systems [17]. Using an fixed optical light microscope, Besel et al. [10] investigated the
shape of PZ at different specimen thicknesses and crack tip loads. However, due to the high resolution and, consequently, restricted
measuring range, only a limited portion of the fatigue crack can be captured, thereby precluding an in-depth analysis of the entire
fatigue crack at this level of detail. Consequently, Paysan et al. [18] proposed a novel robotic HR-DIC system that guides an optical
light microscope and enables the automatic capture of the evolution of the PZ during the entire fatigue crack propagation process.
Nevertheless, due to its small size, capturing the CPZ with HR-DIC remains a challenging task. For this reason, the majority of studies
make the assumption that the CPZ undergoes changes that are comparable to those observed in the PPZ.

For simplicity, fatigue crack growth is often modelled in 2D, despite the fact that actual crack behaviour strongly depends on
3D effects. Therefore, current research focuses on investigating 3D effects such as different 3D crack shapes [19], stress states [20],



V. Schone et al. Engineering Fracture Mechanics 313 (2025) 110664

crack closure mechanisms [21], as well as thickness effects [22]. The crack front of a mode I fatigue crack can deviate from the flat
geometry in 3D that is commonly assumed in 2D fracture mechanics. Especially, fatigue cracks in thin aluminium sheets tend to
form shear crack front geometries as their crack tip stress increases [23-25]. Yamada et al. observed a transition from an initially flat
fracture towards a double shear (V-fracture) or a single shear (Slant fracture) as well as transitions from double to single shear [26].
Such transitions can be associated with variations in growth rate [27]. Accompanying numerical studies attribute this phenomena
to local decreases in the crack driving force, considering the mode I stress intensity factor as crack driving force [27,28]. This
conclusion is supported by Esnault et al. [29], who performed different 3D FE simulations with crack front geometries extracted
from fractured fatigue crack growth specimens. He also reported that the crack loading state changes from pure mode I loading to
mixed-mode loading along the crack front. Current research suspects that these shape changes of the crack front are due to local
interactions between the stress state and the material’s microstructure [30]. However, the actual local mechanisms are still not fully
understood.

Due to its high damage tolerance behaviour, the aluminium alloy AA2024-T3 is widely used in fuselage structures [31]. The
rolling process of the sheet material production leads to anisotropy, resulting in different mechanical behaviours perpendicular and
parallel to the rolling direction.

Bergner et al. [32] studied the fatigue crack growth behaviour in multiple different rolled aluminium alloys. He showed that
within the Paris regime, T-L fatigue cracks tend to propagate faster than L-T cracks. Antunes et al. [33] agreed with these observations
regarding the different growth rates in the L-T and T-L directions, attributing the differences to different crack closure behaviour.
Jian et al. [34] hypothesize a relationship with the spacing of grain boundaries. They examined CT specimens with different grain
sizes and observe that smaller grain sizes result in slower crack growth rates. They concluded that both the grain boundaries and
the precipitates at the grain boundaries of aluminium alloys act as barriers to fatigue crack growth, and thereby delaying it. Wei
et al. [35] and Esin et al. [36] support these observations regarding the different crack propagation behaviours in the L-T and T-L
directions. They correlate this with the increased occurrence of crack deflections and bifurcations as a result of frequent local changes
in crystallographic orientation in the L-T direction. Zheng et al. [37] also reaches this conclusion in their studies of AA2524-T34.

This paper investigates the relationship between the twist of the crack front, its impact on the PZ at the crack tip as well as the
crack tip loadings, and the evolution of the crack propagation curve da/dN — AK. To achieve this, crack propagation experiments
are performed on MT160 specimens of AA2024-T3 in both L-T and T-L crack orientations. These experiments are conducted in
parallel with a HR-DIC robotic system, which provides detailed displacement field data near the crack tip during entire fatigue
crack growth. The implemented algorithms identify the PPZ within the HR-DIC data and characterize its shape and size, aiming
to correlate these parameters with the local geometry of the fatigue crack front. Therefore, the fracture surfaces were digitalised
with a 3D scanner after the tests in order to supplement the data set. Finite element simulations are utilized to derive a mapping
function that adjusts 4K to 4K, accounting for the mixed-mode loading conditions induced by the twisted crack front. Finally,
we investigated whether the twisted crack front geometries observed in L-T and T-L fatigue cracks contribute to the variations in
propagation rates and consequently to the da/dN — AK curves.

2. Methods
2.1. Material characterization

The study investigates fatigue crack growth in a rolled aluminium AA2024-T3 (AlCu4Mgl) sheet material with a thickness of
2 mm. The mechanical properties along the rolling direction are provided by the commercial supplier: Yield strength oy;.q = 345 MPa,
ultimate tensile strength R, = 466 MPa, elongation at brake A = 18%. As stated in [38], the material displays a rolling
direction-dependent anisotropy.

2.2. Experimental setup

The investigated specimens are standardized middle tension (MT 160) specimen (Width = 160 mm) in T-L and L-T orientation.
The crack propagation tests were performed in accordance to the ASTM E674-13 standard [1] at a load ratio of R = 0.1 and a
maximum load of F,,, = 15 kN. Fatigue crack growth starts from an artificial notch with a length of 2¢ = 16 mm located in the
centre of the specimen. The fatigue crack propagation tests were then carried out with a sinusoidal load and a constant amplitude
at a test frequency of f = 20 Hz. The crack length was measured with the direct current potential drop (DCPD) method at two pins
10 mm above and below the initial saw notch [39]. DIC was employed for full-field displacement measurements on both sample
surfaces. A commercial GOM ARAMIS 12 m 3D DIC system captures the surface deformations at the backside of the specimen. With
a facet size of 25 x 25 pixels and a facet spacing of 16 pixels, the system allows for a spatial resolution of 0.72 mm per facet. At the
front side, a KUKA LBR iiwa cobot moves a Zeiss STEMI 206C stereo microscope with a Basler a2A5320-23umPRO global shutter
CMOS camera (Fig. 1(a)). This HR-DIC system captures 2D displacement fields (Fig. 1(c)) with a field of view is 10.2 mm x 5.7 mm
near the crack tip position. For DIC evaluation, a refined iron oxide speckled airbrush pattern is applied at the specimen front side.
Using a facet size of 40 x 40 pixels and a facet distance of 30 pixels, a spatial resolution of 0.047 mm per facet was achieved.
Further details of the test stand can be found in [18]. This multi-scale DIC setup allows sufficient resolution to analyse the PPZ of
the propagating crack, but also to determine the deformation of the entire sample. During the test, images were taken after crack
propagation increments of 4e = 0.5 mm for minimum, intermediate and maximum load. The displacement and strain fields were
calculated by the GOM ARAMIS V2020 software. In order to retrieve the total strain or displacement fields, the images taken at
each load step were correlated to a reference image taken at zero load before fatigue crack growth experiment started. After the
test, the crack propagation curve da/dN — AK was determined in accordance to ASTM E674-13 [1].



V. Schone et al. Engineering Fracture Mechanics 313 (2025) 110664

100 — 2
E)
50 — E o0
—_ -8
g
E 0 -
E > 2
= -50 E
kil £ o
s o)
-100 >
-50 0 50 -2
X [mm] 40.0 425 45.0
r T T X [mm]
0.00 0.34 0.68 [—
o [%] 0.00 0.34 0.68
q Evm [%]

Fig. 1. Overview of experimental setup and numerical model: MT-160 specimen with 2D HR-DIC and 3D DIC system, (a) strain field captured by 3D DIC, (b)
High resolution microscope image of crack growth, with detected crack tip, (c) strain field captured by 2D HR-DIC.

2.3. Plastic zone evaluation

Feature extraction and dimension reduction is performed to quantify the contour of the PZ using descriptors. In this way, the
contour can be described using variables and can be related to other variables obtained from the fracture surface analysis and
the crack propagation tests. To facilitate direct comparison, features of the contour of the PZ were quantified using both HR-DIC
displacement and nodal data of the free surface of the 3D finite element model. The contour identification of the PZ always refer
to the strain field at maximum load. Within the frame of this paper, we consider as PZ all plastic deformations in front of the crack
tip. That means, that the PZ identified includes both the PPZ and CPZ.

Fig. 2(a) illustrates features that characterize the PZ based on the surface nodal data of the 3D FE model. The procedure is applied
in Fig. 2(b) to the experimental 2D HR-DIC fatigue crack growth data and is described in more detail below. While in the FE data the
crack tip location is known, we need to detect it within the HR-DIC data. This is achieved automatically by employing a machine
learning model proposed by Melching et al. [40] and Strohmann et al. [41]. In order to distinguish between elastic—plastic and
linear-elastic deformations, we used HR-DIC data at maximum load as the strain field is less affected by inherent scatter. Within the
captured DIC strain field, one cannot separate directly between elastic and plastic deformation, therefore we need a simplification.
To identify the PZ region, we defined a threshold of 0.68% related to the von Mises equivalent strain ¢,,,. The value of ¢,,, = 0.68%
represents a uni-axial estimation of the yield criterion, as defined by a simplified approach:

RpO,Z

Etotal = Eel T EpI = “E +ép (2)

with e, = 0.2 according to the definition of R, ,. Furthermore, all elastic-plastic deformations behind the detected crack tip are
neglected. Due to sensitivity of the optical sensors, air movement, varying lighting conditions, reflections, the speckle pattern quality
or out-of-plane motion, DIC images are subjected to inherent noise that affect the DIC evaluation [42-44]. This causes that several
contours despite to the actual PZ might be identified. In such instances, these are regarded as artefacts and are excluded from
subsequent analysis. As the FE results are not affected by scattering, the plastic zone is consistently delineated by a smooth contour.
The area of PZ contour Ap, encloses the masked area (see black contours in Fig. 2(a) and (b)). The ratio between upper wing A, and
lower wing A,, being separated by a line between crack tip and minimum contour extension, describes the area difference 44,,.
The height A, is defined as horizontal distance between minimum and maximum horizontal extension point. In comparison, the
length b,, denotes vertical distance between minimum and maximum vertical extension point (Fig. 2).

2.4. Fracture surface characterization

After fatigue crack propagation testing, the fractured specimens were scanned with a GOM ATOS Q 12M 3D scanner in order
to obtain their topography of the fracture surfaces in a digital format. The coordinate origin of the z-axis is set to the centre of the
specimen and aligned with the coordinate system of the DIC system. In the next step, we aim to assign the local fracture surface
shape to a certain fracture type. In total, four different fracture types are distinguished: flat, transition, S-fracture, and V-fracture.
Fig. 5 shows an overview of the fracture types classified in this paper, while Fig. 3 clarifies the understanding of the crack kink angle
¢, (a) and the crack tilt angle y, (b). To determine y, cutting planes in depth direction (y—z plane) are set along the x-axis with a
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Fig. 2. (a) Numerically determined plastic zone at the surface strain field with dimension points and definitions of height h,,, length b,, and division line
between upper area A; and lower area A,, (b) experimentally determined plastic zone in HR-DIC data with same; Example here: T-L, a, = 55.1 mm, a, = 0.37 mm,
AK; psty = 25.1 MPay/m, AK ., = 21.8 MPay/m, 4K, = —0.009 MPay/m, AKy o, = —13.2 MPay/m, y, = —31.10°, ¢y = —0.9°.
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Fig. 3. Definition of (a) kink angle ¢, and (b) tilt angle y,.
Source: Adapted from [45].
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Fig. 4. Angle and segment definition for shear lip and fracture mode evaluation.

spacing of 0.1 mm. Thus, the local fracture surface contour is given by single data points in 2D. To include only the fractured surface
and disregard data points from scanning singularities, the left and the right 10% of the projected surface contour of the y-z plane are
neglected (Fig. 6, grey marked area). The remaining contour is approximated piece by piece linearly with in three segments [47].
The length and slope of the single three segments are variable and set by the algorithm. To assess the quality of the fitted lines, we
determine a correlation coefficient comparing the linear curve segment approximation and the original contour points. Furthermore,
the tilt angle difference of the central segment v/, towards the outer segments ;1 ;;;, the lengths of the outer segments tg ; 7/
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Fig. 5. Visualization of classified fracture types with transition from flat to shear fracture according to [46].
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Fig. 6. Example of evaluation of slant fracture types of L-T specimen at crack length a, = 52 mm.

and the linear fit correlation coefficient are taken into account for determining the fracture type. Fig. 4 outlines the angle and
segment definition. Significant slope differences between the outer segments and the centre one are associated with shear lips [48].
The following conditions have to be met to classify shear lips:

» Segment correlation coefficient > 0.75
+ Segment position index j = I,111
* Segment angle difference towards central angle |y ; — g, /| > 15°
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The criteria for fracture more characterization are given by:

* S-fracture type: |y, /| > 5° and t,/t < 0.5

* Flat fracture type: |y, | <5° and ,/t < 0.5
* V-fracture type: |y, | <5° and 7,/t > 0.3

* Transition: |y, | > 5° and t,/t > 0.5

2.5. Numerical analysis

In order to analyse the relation between PZ and crack front twisting, we perform multiple elastic-plastic 3D FE simulations with
different crack front twisting angles y, and crack lengths a/W . Furthermore, linear elastic simulations were performed to outline
the dependence of tilt angle y, on the stress intensity factors K, Kj;, Ky;; along the crack front. The simulations were performed with
ANSYS Mechanical APDL Version 2022 R1 on a RedHat Linux Workstation with two Intel Xeon Gold 6240 18C CPUs and a total
DDR4-2933 RAM of 256 GB . Material properties of the AA2024-T3 aluminium alloy are taken according to the literature [49].
Young’s modulus and Poisson ratio were set to E = 73.1 GPa and u = 0.33. Hardening modulus and yield stress were set to
m, = 984 MPa and R, = 345 MPa, using a bilinear isotropic hardening model (APDL: BISO) for elastic-plastic simulations.

The MT160 model was meshed using free mesh and tetrahedral SOLID187 elements with quadratic displacement behaviour.
To reduce the complexity of the model, we use its symmetrical property to half the model W /2 = 80 mm (APDL: D, ALL, UX, 0).
According to the experimental setup, the lower surface was clamped in all directions (APDL: D, ALL, ALL, 0) and a constant load
was applied at the top surface (APDL: SFA, ALL, PRES, ¢) with a set of coupled nodal displacements (see Fig. 7). This represents the
clamped upper side of the test setup (Fig. 1, green area). The overall mesh is subdivided in a global mesh with an element size of
1 mm and a refined area around the crack tip (APDL: NREFINE) with an element size of 0.042 mm for the linear-elastic simulation.
For the elastic—plastic simulation, the domain of mesh refinement was set by estimating the PZ size according to Irwin’s formula
(Eq. (1), under plane stress conditions) for a,/W = 0.8 and a K; = 50 MPaﬁ, leading to a refinement area of r, = 3.2 mm starting
from the crack tip. This leads to a refined element size of 0.037 mm and a model with a total of 1.079.885 nodes.

Table 1 enumerates the parameters for evaluating the dependency of the crack front tilt angle y on PZ surface geometry and the
crack tip stress along the crack front. The stress intensity factors Kjjy; are calculated for each node of the crack front by using the
volume interaction integral provided in ANSYS (APDL: CINT). This method returns a mean value of six integration paths for each
node along the crack front. The node-individual stress intensity factors are then averaged over the crack front. In order to facilitate a
comparison between the experimentally determined PZ and the numerical model, the parameters presented in Fig. 8 were utilized in
an additional study which acts as a digital twin for the experiment. Therefore, the experimentally determined crack path coordinates
a, and a, and the tilt angle y of the fracture surfaces are applied to the FE model. A total number of 36 simulations were carried
out for the L-T specimen and 29 simulations for the T-L specimen.

3. Results
3.1. Crack propagation curve da/dN — AK;

Fig. 9 compares the crack propagation curves da/dN vs. AK; for both tested crack orientations L-T and T-L evaluated according
to ASTM E674-13. Three distinct sections can be identified:
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Table 1

Parameter for elastic—plastic parameter study of the influence of tilt angle towards shape of
plastic zone.

Parameter Variations
Length to width ratio a/W a/W = [0.3, 0.4, 0.5, 0.6, 0.7, 0.8]
Crack tip a, a, = [16, 24, 32, 40, 48, 56, 64] mm
Tilt angle y y = [0, 5, 10, 15, 20, 25, 30, 35, 40, 45]°
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Fig. 8. Experimentally determined input parameter crack path a,, a, and tilt angle y, for elastic-plastic simulation of the plastic zone of L-T and T-L specimen.
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Fig. 9. Comparison of crack propagation curve da/dN — AK; of L-T and T-L oriented specimen with categorization in three sub-areas.

+ In section (a), the crack propagation behaviour of L-T and T-L orientations is approximately comparable in terms of propagation
rate and stress intensity factor. However, the L-T crack propagates slightly faster than the T-L crack.

+ Section (b) begins at 4K; > 13 MPay/m and a crack propagation rate of da/dN > 2 -10~* mm/cycle. From this point, the
propagation rate of the T-L fatigue crack increases faster than the T-L one leading to significant distances between both
crack propagation curves. Additionally, the crack propagation curve of the L-T specimen exhibits fluctuations in the crack
propagation rate, while the T-L curve is relative smooth.

+ For AK; > 30 MPay/m and da/dN > 2-10~* mm/cycle, section (c) begins. Here, both curve progress similar towards a common
crack propagation rate.
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Fig. 10. Comparison of the experimentally determined parameters from HR-DIC evaluation and fracture surface characterization, (a,b) microscopical crack path,
(c,d) tilt angle v, (e,f) kink angle ¢,, (g,h) classified fracture types.
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Fig. 11. Top view and comparison of the fracture surface captured via 3D Scan with height difference Ay towards initial crack plane, (a) T-L specimen, (b) L-T
specimen.

3.2. Characterization of the three-dimensional crack propagation behaviour based on fracture surface analysis

Fig. 11 visualizes the topography of the fracture surfaces of T-L and L-T specimen captured via 3D scan. Using the line
segmentation method described in 2.4, to assign the four different fracture types locally along the crack path. Fig. 10 compares
the crack path from HR-DIC evaluation (a,b), tilt angle y; (c,d), kink angle ¢, (e,f) as well as the classified fracture types (g,h).
The stress intensity factor AK; was calculated according to [1] with regards to the specimen geometry for the experimentally given
parameters load ratio R = 0.1, maximum load F,,, = 15 kN and the crack length a evaluated via DCPD. As the size of the PZ
exceeds the microscopic field of view or measurement rage, data points in Fig. 10(a) and (b) are missing for AK; > 25MPay/m and
a,/W > 0.7, respectively. Regarding the crack path, the L-T orientated specimen shows an irregular crack path with several turning
points in a stress intensity factor range between 11 and 25 MPa\/E. This behaviour is also evident in the fracture pattern, where
periodic crack kink and tilt can be observed. This turn results in multiple tilting of the crack front leading to multiple changes in
the fracture types up to a range of 25 MPa\/El. Regarding the T-L orientated specimen, the crack path remains fairly stable and
straight. The crack path changes its direction only twice at 16 MPay/m and 19 MPay/m which is accompanied with crack kinking
and a change in the tilt direction. This leads to crack fronts with less changes in fracture types compared to L-T. The direction of a
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Fig. 13. Numerical results of the plastic zone: (a) area A, and estimation according to (1), (b) absolute wing area difference 44,,, (c) width b,,, (d) height A,,.

crack path may undergo a change when the tilt angle, v, undergoes a reversal. This can result in a change in fracture type, as the
tilt angle is a criterion for identifying a slant fracture.

3.3. Parameter study: Influence of tilt angle and load on the shape and size of the plastic zone

Fig. 12 compares the contour of simulated PZ at the specimen surface for a nominal K; = 30 MPay/m and a variation y. It
illustrates that with increasing tilt angle y, the contour evolves more and more asymmetric. The shape also differs from the classical
and symmetric dog-bone model [9]. It is also evident that the area of the lower wing increases as the tilt angle increases, while
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Fig. 14. Characterization of the experimentally determined plastic zone: (a) area A,, and estimation according to (1), (b) absolute wing area difference 44,,,
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the area of the upper wing decreases. As introduced in Section 2.3, Fig. 13 illustrates the dependency of the geometry parameters,
namely (a) area A, (b) wing area difference |44,,|, (c) width b,, and (d) height &, at different crack lengths or stress intensity
factors, respectively. The area A,, shows a quadratic relationship along the stress intensity factor K; that reflects the power law
proposed by Irwin and given in formula (1) [50]:

The comparison of the elastic—plastic simulation to the estimation based on formula (1) emphasis that Irwins size estimation
underestimates the area of the PZ, which is also stated by Jia [51]. It is interesting that the area A, seems to be independent from
the tilt angle y,,. This is explained that the energy input each cycle is constant and does not depend on the tilted crack front. Also
Li et al. reported angle-independent plastic energy dissipation within the PZ [52]. Width b, and height &, also show a quadratic
relationship to Kj, but also a dependency from tilt angle y;. When the tilt angle increases, the shape of the PZ tilts along the x-axis.
This leads to a reduction in height around 10% for each increasing angle increment. The lower wing expands, leading to an increased
width b,,. Both characteristics depend on K; and the tilt angle y;. This is also evident from the absolute area difference between
the upper and lower wing |44, |, which emphasis the significant asymmetry of the shape. An increasing tilt angle v, leads to an
increased width b,, which results in an asymmetric area ratio |44, | of the upper and lower wing.

3.4. Characterization of the experimentally determined plastic zone

Fig. 14 compares the (a) area A,,, (b) the wing area difference 44,,, (c) width b,, and (d) the height A, for the experimentally
determined plastic zones of the L-T and T-L oriented specimens. As also stated in Section 3.3 for the numerical analysis, the
experimentally determined area A,, width b,, and height 4, also show a quadratic relationship to K;. While the width b,, does
not show a dependency of the orientation, the plastic zone area A, and height h,, differs for L-T and T-L orientation. At the same
stress intensity factor K, the area of the PZ of the L-T oriented specimen is up to 30% greater and the height differs up to 35%. As
seen in Fig. 14(a), the area increase up to a K; =20 MPa\/E for L-T and K| =25 MPa\/E for T-L is comparable with the estimation
according to Irwin. The qualitative progression of the curve corresponds more closely to the simulation results given in Fig. 13. The
analysis of the wing area difference 44,, in Fig. 14(b) outlines an exponential increase for increasing K; for both orientations. The
curve for L-T shows more fluctuations around the zero line, where both wings are the same size. The increase in 44, indicates
increasing asymmetry, while the change in sign indicates a change in the size ratios of the wings.

3.5. Parameter study: Influence of tilt angle on stress intensity factors K;, Ky, Ky, K,

eqv
Fig. 15 outlines the dependency of the tilt angle y and normalized crack length a, /W on the geometry factors Yy, Yii,,» Yiny» Yequy -
In order to calculate the equivalent stress intensity factor K., Richard’s formula [45] is used.

K. 1 [~ 2 2
w= o+ 3K 4K +5336- K3, ©)

Ke
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The geometry factors corresponding to the nominal load are normalized using the equation

F
KW:W' Ta-Y, 4

where i = [, I, I11, eqv].
As the tilt angle y increases, Y;,, decreases up to 40%. Crack tilting also leads to a mixed-mode-loading condition as evidenced
in the increase of Yy, and Yy, where Yy, is pre-dominant compared to Yy;,,. Fig. 15 shows that crack tilting also impacts the
mixed-mode equivalent stress intensity factor Y, , which decreases by 20% compared to the decrease in Yj,,.
Fig. 16 shows the stress intensity factors K, normalized towards the stress intensity factor of a straight crack K, as a function
of w. Using this relationship, we derive a mapping function to describe the mixed-mode loading distribution of K;

w.corr When the
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Table 2

Parameters for fitting function to calculate K;, based on a given tilt angle y and stress intensity factor for a

straight crack K.

SIF a;-10™ b, - 1074 ¢ 1074
Ky corr -1.77 -9.14 10000
Kity corr —-0.015 0.445 4.42
Kty core -1.08 147 _47.7
Keqvy core -0.928 2.51 9966
K; [MPavm]
——18.5 ——24 .4 +—29.9
——21.6 ——27.1 ——32.8
1.2 —

Area difference
|AAp,| [mm?]
_CD o
s o
|

o
wl°]
Fig. 17. Relationship between crack front tilt angle y and area difference of the plastic zone wings |44,,| at different K; based on the numerical studies.

Table 3
Experimentally determined tilt angle v, kink angle ¢, Area difference |44,,| and stress intensity factors AK;, . for plastic

zone contours pictured in Fig.

18.

No. Orientation v [°] ¢ [°] |44, [mm?] AKy, core [MPa y/m] AK 1,y core [MPa y/m]
() L-T RO.1 -9.78 4.4 - 14.1 -1.0

) L-T RO.1 1.9 -11.5 0.08 20.2 0.6

© T-L RO.1 -24 0 - 15.3 -6.5

@ T-L RO.1 -27.0 4.2 0.33 19.3 -11.6

crack tilt angle y and the stress intensity factor for a straight crack K, are known. By utilizing a quadratic fitting approach, K, .,
can be calculated as follows:

K =(a; -y +b;w+c) Ky 5)

i,y ,corr

This equations allows the estimation of K., although only K, is known and the local tilt angle y,. The parameters needed for

the equation above are given in Table 2.

qv?

4. Discussion
4.1. Relationship between experimentally crack tilt angle y;, and plastic zone shape difference AA,,

Fig. 17 outlines the relationship between the wing area difference |44,,| and tilt angle y. |4A,,| increases linearly both with
increasing tilt angle y and with increasing K;. This implies that the crack front angle behaves approximately proportionally to the
area difference. Therefore, by comparing the wing areas of the PZ on the surface of a mode I fatigue crack, it is possible to perform
an in-situ assessment of the 3D crack front tilt angle. Consequently, the 2D characteristics observed at the surface allow for an 3D
evaluation within the volume.

In order to validate the numerical derived proportional relationship between 44, and y, Fig. 18 compares an example of the
experimentally and numerically determined PZ at K; for both L-T (a,b) and T-L (c,d) orientation according to Table 3. For a better
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Fig. 18. Comparison of experimentally and numerically determined plastic zones according to parameters given in Fig. 8.

comparison, the coordinates x,,, y,, are normalized towards the crack tip position. In terms of overall size and shape, there is good
agreement between experimental and numerical results proving that the PZ shapes of the experimental fatigue cracks results from
the tilted crack front. At higher K| the asymmetry and thus the wing area difference |4A,,| within the shape increases, as analysed
in Fig. 17.

The comparison between experimental and numerical analyses in Fig. 19 also highlights the proportional dependence of the
asymmetry of the PZ 44, to the crack front tilt angle y, as also outlined in Fig. 17 from a numerical perspective. Here, y follows
4A,, nearly perfectly and confirms the relationship between both descriptors that have been outlined in Fig. 17. Previously, the
symmetry loss of the PZ in the presence of a mixed mode loading state has been primarily studied numerically [12,13]. Our numerical
and experimental results demonstrate that the tilted crack front creates a local mixed-mode loading state that leads to a significant
asymmetry of the PZ. Furthermore, the authors of this paper add that using |44,,| behaves approximately linear to the tilted crack
front angle y, and, thus, allows for an in-situ estimation of the 3D tilted crack front. We conclude, that surface-based, 2D information
based on the crack tip strain field can represent 3D crack front geometries. In standardized fatigue crack growth experiments,
the fracture modes and three-dimensional features are usually neglected, and the understanding of their effects towards crack
propagation behaviour is limited [53]. By numerically identifying and experimentally confirming the relationship between three-
and two-dimensional crack-describing quantities, a better understanding of three-dimensional effects regarding crack propagation
behaviour can be obtained.

4.2. Effect of tilting on stress intensity factors

In this section, the authors want to clarify if the different tilted crack fronts in L-T and T-L can explain their different crack
propagation curves da/dN — AK|, shown in Fig. 9. By using the stress intensity factor AK; and the experimentally determined crack
tilt angle yy as inputs, we apply the derived mapping function in Eq. (5) to adjust 4K to 4K,,. Fig. 20 illustrates shows the adjusted
da/dN — AK.q,. 4K, considers the mixed-mode loading state caused by the tilted crack front, while the crack propagation curve
based on ASTM E647-15 in Fig. 9 only assumes a pure mode I loading. Fig. 20 illustrates that, particularly between 10 MPa\/E and
28 MPa\/rE (section (b) in Fig. 9), both curves, L-T and T-L, exhibit a high degree of superposition. It indicates that the different
tilted crack front geometries in L-T and T-L might be a reason for their crack propagation discrepancies. Next to the barrier impact of
grain boundaries and participates, that we support the statement of Weil et al. [35] and Esin et al. [36] that geometrical differences
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Fig. 19. Comparison of tilt angle y, and plastic zone area difference 44,, for L-T (a) and T-L specimen (b).

of the crack play a crucial role for explaining the da/dN — AK; differences. Nevertheless, in addition to their remarks regarding
the influence of crack deflection and bifurcation, as also previously highlighted by Zheng et al. [37], the authors of this paper also
propose that the variations in tilted crack front geometries should be incorporated into the discourse.

The normalized stress intensity factor K;;,, in Fig. 16 demonstrates that the crack front exhibits a mean value of K, that is
nearly zero, indicating that K;; is independent of the tilting angle y. This finding aligns with the experimental observations, as
evident in the kink angle curve in Fig. 19(e) and (f). The crack growth was observed to be macroscopically straight in both tests. A
higher K;; component would have resulted in a notable deflection of the crack, according to [45].

5. Conclusions

Although fatigue crack growth is often modelled in 2D, considering 3D effects becomes significantly more important in current
fracture mechanics research. This paper shares this statement by pointing out the strong influence of tilted crack fronts on mode-
1 fatigue crack growth behaviour in thin AA2024-T3 sheets. By employing sophisticated digital techniques, including HR-DIC
measurements and 3D scanning of fractured surfaces, we demonstrated, both numerically and experimentally, that the three key
elements of this paper — the tilted crack front, the plastic zone, and their respective crack propagation curves — are inherently
interrelated. In particular, we draw the following conclusions:

« For the first time, the plastic zone during an entire fatigue crack propagation experiment was analysed and correlated with
the local crack front geometry. It was demonstrated that the area ratio of the plastic zone on the surface provides valuable
insights into the tilting of the crack front. By observing the shape of the plastic zone, it is possible to assess the tilted 3D
crack front geometry, despite the fact that only 2D surface information is available. In good agreement between numerical
and experimental analyses, a pronounced asymmetry of the plastic zone was observed, which is attributed to the resulting
mixed-mode state.

A comparison of the fracture surfaces of the L-T and T-L fatigue cracks revealed the presence of local differences in the geometry
of the crack fronts. By deriving a mapping function that adjust 4K; to 4K, that takes into account the tilted crack front
geometry, we demonstrated that the differences in tilted crack front geometries in L-T and T-L may explain the discrepancies
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Fig. 20. Comparison of the crack propagation curve da/dN — 4K, of L-T and T-L oriented specimens, taking into account the local tilt angle in the SIF
calculations.

observed in their traditional da/dN — AK crack propagation curves. Both the tilting angle modified crack propagation curves
da/dN — AK,, in L-T and T-L crack orientation exhibit a high degree of superposition.
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