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ABSTRACT

Despite extensive theoretical treatment of short- to long-crack transitions, direct experimental quantification of
how elastic and plastic energy contributions evolve at the crack tip during arrest has remained absent. In this
study, we present an in situ investigation of crack propagation in cold-worked AA-5052 using high-resolution
scanning electron microscopy digital image correlation (SEM-DIC) and electron backscatter diffraction (EBSD).
By reconstructing local crack-tip fields from measured displacement data, we extract mode I and II stress in-
tensity factors and both elastic and elastoplastic energy release rates (AJg and AJp). We show that
microstructure-sensitive cracks propagate in a mixed-mode manner at low driving force and transition to a
plasticity-dominated, load-aligned arrested state as the crack-tip process zone develops to span multiple grains.
This transition is identified by the divergence of elastic and elastoplastic energy measures (AJg > AJp), together
with crack-tip blunting, slip-band emission, and the emergence of localised plastic deformation. Under the
present free-surface geometry and constraint conditions, these observations support the interpretation that crack
arrest coincides with a measurable transition in crack-tip energy partitioning and correlates more directly with
estimated surface process-zone expansion relative to the microstructure than with any single crack-length

threshold.

1. Introduction

Crack propagation in structural metals remains a key concern in
high-performance applications such as aerospace, marine, and trans-
portation systems. Ensuring structural integrity over time depends not
only on delaying crack initiation but also on understanding how cracks
grow and, critically, how they might arrest [1,2]. Yet, in high-ductility
alloys, such as cold-worked aluminium, crack behaviour is especially
complex due to the interplay between residual plastic deformation and
heterogeneous microstructures [3,4]. While long cracks are generally
well-described by global fracture mechanics parameters, what is
described in the literature as short cracks are not solely controlled by
far-field applied stresses, but are substantially affected by interactions
with the local microstructure [5-7], such as grain boundaries [8,9],
intragranular misorientations [8,10], and residual stress distributions
[11,12]. These interactions create highly variable crack growth rates
and tortuous crack paths as the crack advances through individual
grains [9,13,14]. These distinctions do not simply scale down from

long-crack behaviour [15,16], and the common classification of cracks
as ‘short’ or ‘long’ does not by itself indicate whether the fracture is
dominated by microstructural interactions or by continuum-level
driving forces.

This distinction becomes particularly important when predicting the
transition from microstructure-sensitive crack growth to arrest in ductile
materials, yet despite decades of fracture research, a continuous
experimental picture of how cracks evolve from microstructure-sensitive
paths to plasticity-dominated behaviour remains incomplete [17]. While
ductile tearing is commonly accepted as the primary crack propagation
mechanism [18-20], the mechanisms of microstructure-sensitive crack
propagation and their transition to ductile tearing require further
investigation. Most available studies either focus on long crack growth
using global parameters such as K¢ or Ji¢c [21-23], or they examine
microstructural crack-microstructure interactions in isolation [4,
24-27], either through post-mortem analysis [4,28,29], modelling
[30-32], or discontinuous observations [33,34], often limited by spatial
resolution or lacking full-field strain data [35-37]. Additionally, recent
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high-resolution DIC studies of microstructurally small fatigue cracks
under cyclic loading have further shown that even local crack-tip de-
scriptors may lose simple proportionality to crack-growth response
when strong strain localisation develops ahead of the crack tip, for
example, when ACTOD deviates from its otherwise near-linear relation
with crack growth rate because of local hardening and shear localisation
[38,39]. Although these cyclic studies do not address monotonic crack
arrest directly, they reinforce the broader point that crack-tip metrics in
microstructure-sensitive regimes must be interpreted together with the
evolving local deformation field rather than as standalone scalar
descriptors.

While prior studies have addressed aspects of microstructure-
sensitive crack growth and ductile tearing separately, and proposed
that crack-tip plastic-zone development governs the transition from
microstructure-sensitive to ductile crack behaviour, direct in situ
quantification of crack-tip driving forces during this transition remains
missing. This transition is crucial to both the scientific understanding of
crack evolution and the engineering prediction of failure, particularly in
FCC alloys where crack blunting and plastic shielding compete with
surface formation. In this study, we directly address this missing link.
Using in situ scanning electron microscopy-based digital image corre-
lation (SEM-DIC) combined with electron backscatter diffraction
(EBSD), we follow crack propagation in a cold-worked 5052 aluminium
alloy (AA-5052) as the crack-tip process zone evolves from being
confined within individual grains to spanning multiple grains, while
EBSD provides the grain, subgrain, and boundary architecture against
which crack deflection, boundary transfer, and early process-zone
confinement are interpreted. This approach enables direct experi-
mental quantification of crack-tip driving-force evolution as the process
zone grows relative to the microstructure, allowing the observed tran-
sition to be interpreted in process-zone terms rather than by crack length
alone.

The remainder of this paper is structured as follows. Section 2 de-
scribes the material, in situ SEM-DIC methodology, and displacement-
driven reconstruction framework. Section 3 presents crack evolution
and reconstructed fracture metrics. Section 4 discusses the transition
from microstructure-sensitive propagation to plasticity-dominated ar-
rest in terms of energy partitioning and process-zone development.
Finally, the key findings and implications are summarised.

2. Methodology

This section describes the material, experimental configuration, and
the displacement-driven reconstruction framework used to extract
crack-tip driving forces. The methodology integrates in situ SEM-DIC
measurements with EBSD characterisation and finite element recon-
struction. The experimental measurements define the initial micro-
structural and evolving displacement fields, while the finite-element
reconstruction uses these data to recover stress and energy measures
consistent with the measured kinematics.

2.1. Material and pre-mechanical testing characterisation

An ASTM E647 compact tension (CT) specimen was fabricated from
an aerospace-grade AA-5052 aluminium alloy plate with a rolling
texture (see Fig. S3) and an average grain diameter of 31.7 + 8.0 um.
The CT specimen's notch was aligned with the rolling direction. AA-
5052 was selected as a model system due to its strain-hardened micro-
structure, high work-hardening rate, and relevance to ductile fracture in
non-heat-treatable aluminium alloys [40-42]. These features make it
ideally suited for studying plasticity-driven crack transition mechanisms
in a controlled, well-characterised environment.

The chemical composition of the AA-5052 plate was confirmed using
a HITACHI X-MET8000 Expert CG X-ray fluorescence (XRF) spectrom-
eter to perform positive material identification. The detailed elemental
composition results are presented in Table 1. In addition, the plate
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Table 1
Measured chemical composition of the AA-5052 plate in weight %.

Al Mg Fe Cr Si Mn Cu Zn

96.047 3.137 0.360 0.223 0.133 0.050 0.043 0.007
+ + + + + + + +
0.255 0.176 0.009 0.037 0.020 0.004 0.004 0.003

residual stresses were subsequently measured using the cos « method via
Pulstec u-X360 diffractometer with Cr-Ka radiation and a 0.3 mm
pinhole collimator, achieving a spot size of approximately 1 mm, from a
depth of around 10 pm at a 25° inclination.

The specimen was prepared using precision wire electrical discharge
machining to ensure dimensional accuracy and to minimise residual
stresses introduced during the cutting process. The final geometry of the
CT specimen featured a thickness (B) of 2.82 + 0.02 mm, an effective
width (W) of 13 + 0.08 mm, notch length of 6.5 mm, and radius of 0.19
mm, with the pin diameter machined to 3.25 mm, as illustrated in
Fig. 1a. The specimen was fatigue pre-cracked at a frequency of 10 Hz,
with a load ratio (R) of 0.1, until a sharp crack of 76.42 + 0.70 um was
achieved, as shown in Fig. lc.

Following fatigue pre-cracking, the specimen was mechanically
mirror-polished to remove any surface deformation, and the micro-
structure around the notch was mapped using EBSD performed with a
Zeiss Auriga 60 SEM equipped with an Oxford Symmetry 2 EBSD de-
tector. The specimen was positioned at a working distance (WD) of 14
mm from both the SEM pole piece and the EBSD detector. An electron
beam with an accelerating voltage of 20 keV and a 120 pm aperture
(yielding a beam current of approximately 10 nA) was employed for
diffraction data collection at a step size of 0.5 um. EBSD scans performed
after polishing and before monotonic loading confirmed that the
microstructure near the fatigue pre-crack tip remained consistent with
the cold-worked state, with no signs of residual plasticity or substructure
development (Fig. 3a).

For HR-EBSD analysis [43] of the sub-microstructure of the
cold-rolled AA-5052, high-resolution 1244 x 1024-pixel Kikuchi pat-
terns were collected with a 100-millisecond exposure per pattern and 50
nm step size. Subsequent EBSD analyses — including slip trace analysis —
were performed using MTEX [44], and HR-EBSD analyses were per-
formed using CrossCourt v4, with the patterns segmented into 40 re-
gions before cross-correlation with a reference pattern, selected using
the method described in [45], to estimate the local distribution of re-
sidual stresses and geometrically necessary dislocation (GND) density
[46]. In addition to the EBSD analysis, the chemical composition of
precipitates present in the microstructure was investigated using energy
dispersive X-ray spectrometry (EDX) via an Oxford X-Max80 detector at
an accelerating voltage of 10 kV and a WD of 5 mm.

Sequential EBSD mapping during crack propagation was not per-
formed because the gold speckle pattern required for SEM-DIC precludes
reliable diffraction acquisition. In addition, following the transition to
plasticity-dominated behaviour, the high level of surface deformation
resulted in substantial degradation of Kikuchi pattern quality, prevent-
ing quantitative extraction of post-deformation GND fields near the
crack tip. Consequently, EBSD-derived metrics reported here charac-
terise the initial microstructural state rather than dynamic crack-tip
evolution, with EBSD defining the initial crystallographic orientation
field, subgrain structure, and boundary character, which are used both
to assign local anisotropic properties in the finite element reconstruction
for the J-integral and stress intensity factors calculations, and to inter-
pret how the crack path and early process zone interact with the
measured microstructural heterogeneity. Additionally, serial sectioning
3D EBSD was attempted in the arrested crack region. However, the se-
vere plastic deformation and lattice distortion within approximately
70-80 um of the crack tip led to substantial degradation of Kikuchi
pattern quality, preventing reliable orientation indexing in the imme-
diate crack-front vicinity (see Fig. S8). As a result, quantitative GND
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Fig. 1. Imaging and mechanical testing of the specimen. (a) Schematic of the ASTM E647 CT specimen geometry, showing key dimensions including specimen
thickness (B), effective width (W), and notch configuration. The loading (P) direction is indicated by green arrows, with the other side fixed. (b) Low-magnification
SEM image of the CT notch and pre-crack region. (c) Higher-magnification ETD-SEM image of the fatigue-induced crack tip area (white box in (b)). (d) ETD-SEM
image of the gold nanoparticle speckle pattern used for DIC, with an average particle size of 225 + 16 nm. (e) Nominal load-displacement curve, from the
monotonic in situ SEM loading of the fatigue pre-cracked specimen, is segmented as observed via the SEM images. Red markers indicate the 61 imaging points where
SEM snapshots were captured to correlate crack evolution with loading conditions. The unloading branch corresponds to post-arrest unloading after severe plastic

deformation, not cyclic crack-growth testing.
evolution at the crack tip could not be extracted post-deformation.

2.2. Mechanical testing

The pre-cracked specimen was subjected to monotonic tensile
loading within an Apreo S2 SEM to facilitate further propagation of the
initial fatigue crack. The tensile test was conducted using a 5 kN Deben
in situ tensile stage at a constant displacement rate of 0.1 mm/min. The
specimen was positioned at a WD of 13.6 mm from the SEM pole piece,
and imaging was performed using an electron beam at 5 kV and 1 nA.

The specimen was continuously monitored during the test, but the
test was periodically paused under displacement control for 2 min to
capture high-resolution images of the crack growth (red dots in Fig. 1e)
using an Everhart-Thornley Detector (ETD) with a pixel size of 25.8 nm.
The contrast between the high-density gold speckles, which appeared as
bright spots (as shown in Fig. 1d), and the AA-5052 matrix was lever-
aged to facilitate subsequent DIC analysis for monitoring crack
propagation.

Following the mechanical testing, the specimen was scanned using
an Alicona InfiniteFocus optical microscope to generate a three-
dimensional dataset of the region surrounding the notch. The scanning
was performed with a 50x objective lens using an Alicona G5 model and
processed using Alicona MeasureSuite software v.5.3.6.

2.3. Digital image correlation analysis

For SEM-DIC, a gold speckle pattern was applied to the specimen
surface for high-resolution crack growth monitoring using SEM-DIC. A
uniform 10 nm thick gold film was initially deposited onto the polished
specimen using a Quorum Q150T coater at an accelerating voltage of 20
kV for 10 s. To achieve an optimal speckle pattern suitable for SEM-DIC
analysis, a water vapour-assisted gold remodelling method [47,48] was
employed for 6 h at 250 °C, facilitating the formation of discrete gold
speckles with an average diameter of 225 + 16 nm. This speckle size
provided the necessary contrast and resolution to accurately monitor
crack propagation during subsequent mechanical testing (Fig. 4).

Heating the specimen at 250 °C for 6 h, as part of the gold remod-
elling process, lies within the stress-relief annealing range for AA-5052

[49,50], which promotes dislocation recovery without recrystallisa-
tion, further reducing any residual stress introduced by the fatigue
pre-crack.

DIC was employed to analyse the SEM images acquired during the in
situ tensile testing. Before the DIC analysis, the images were aligned to a
common field of view to eliminate rigid body movement, using the
linear stack alignment plugin in Fiji ImageJ, leveraging the Scale-
Invariant Feature Transform (SIFT) algorithm.

DIC data processing was conducted using DaVis v.10.2 software
(LaVision GmbH). The analysis followed the best practices outlined in
the iDICs guidelines [51]. Key parameters for the DIC process included a
subset size of 17 pixels and a step size of 11 pixels, balancing spatial
resolution and precision [52], and resulting in a displacement field with
a 286 nm step size. The subset shape function was set to second order,
enabling the capture of non-linear deformation fields around the crack
tip. For image matching, the Zero-Normalised Sum of Squared Differ-
ences (ZNSSD) criterion was applied, offering robustness against in-
tensity fluctuations and image noise, thereby enhancing correlation
accuracy. A bicubic spline interpolant was used to generate smooth and
continuous displacement fields, critical for precise strain mapping in
regions of high deformation gradients. In addition, to correct for any
residual rigid body movements, the method described in [53] was
implemented. This approach involved identifying the point with the
absolute minimum displacement within the image set and designating it
as the origin.

2.4. J-integral and stress intensity factors calculations

We adopt a domain J-integral (AJ) formulation, computed between
successive crack tip configurations based on full-field experimental
displacement data from SEM-DIC. This avoids the need for stationary
crack tip assumptions and instead directly quantifies the energy release
and stress intensity factors (SIFs) during discrete crack advances. This
approach is consistent with previous studies [54] that have used
domain-integral methods with experimentally measured full-field
displacement, including DIC [55,56], stereo-DIC [57,58], and even
digital volume correlation [59,60].

Using a custom-made MATLAB script [61,62], a finite element (FE)



A. Koko et al.

model was created in Abaqus v.6.14 from the SEM-DIC field of view,
excluding the crack geometry, to calculate the strain energy release rate
and the mixed-mode SIFs at the crack tip, as shown in Fig. 2a and b. The
model consisted of a rectangular grid composed of 4-node plane stress
elements (Abaqus CPS4), designed to match the DIC grid, with no
interpolation, ensuring a direct correlation between experimental and
numerical data. Then, the experimentally measured DIC displacement
field was applied as a boundary condition at each node in the FE model.
Similarly, after registration of the EBSD data in MTEX, each element of
the model’s mesh is assigned an orientation by interpolating the orien-
tations EBSD map at the location of each element centroid through in-
verse distance spatial interpolation.

In essence, the finite element framework is employed inversely:
experimentally measured displacement fields are imposed as nodal
boundary conditions, and the model reconstructs stress and energy fields
consistent with these kinematics. It is not used to predict crack growth.

To calculate the elastic part of the strain energy release rate (AJg), we
used AA-5052 anisotropic stiffness (C1; = 106.75, C44 = 28.34, Cy13 =
60.41 in GPa [63]) after it was transformed from the reference crystal
coordinate system to the crystal orientation (or frame of reference) using
a matrix (g) constructed from the EBSD-determined Bunge-Euler angles
(¢1,®D,¢y) [64], as shown in question (1) to (4).

cos (4,) sin(¢) O
g,(d1) = | —sin () cos(dy) 0|, )
0 0 1
1 0 0
8x(®)= |0 cos(®) sin (D) |, 2)
0 —sin (®) cos (®)
cos (¢,) sin () O
8z (¢y) = | —sin (¢,) cos(gy) O, 3
0 0 1
8(#1, @, b)) = 8z (¢2) 8x (P) 8z(h1)- G

For an active rotation of the crystal axes in the sample reference
frame, the rotation matrix (R) is used, where R = g'. The rotated stiff-
ness matrix (C) is then produced by rotating C as a 4th rank tensor, as

International Journal of Mechanical Sciences 321 (2026) 111668

expressed in Eq. (5). After rotation, C' is converted to a 6 x 6 2nd order
tensor with Abaqus’ ordering of the entries (leading diagonal: Cy;, Cas,
C33, C12; ClSy C23)~

C =R-R-CR"R", )

qj‘u = RiijanpquCmnpq~ ©

To account for nonlinearity and plastic deformation near the crack
tip after the crack stopped growing, the full elastoplastic strain energy
release rate (AJp) was calculated using the crystal-plasticity framework
as implemented in [65], summarised here because it provides the
constitutive basis for the plastic J-integral reconstruction. The me-
chanical part of the deformation gradient (F) is decomposed multipli-
catively into the elastic and plastic deformation gradients (F. and F, in
Eq. (7)).

F=FF, ™)

The plastic velocity gradient (L,) is related to F, and the rate of
change of the plastic deformation gradient (Fp) as shown in (8). FP is
expressed in terms of F, at the start of a time increment, i.e., (F,),.
Rearranging to equation allows F, to be updated, based on L, at the end
of each increment.

F, - (FP)

L, =FF,' = A 'FT (8)

F, = (I-L,At) ' (F,) )

t

where L, is then obtained from the summation of shear rates on slip
systems with slip direction (s) and slip normal (n). The slip rate on the
o slip system, y“ is calculated using the Orowan-based slip law given in
Eq. (11) [66]:

L, = Z;’/"sa ®n?, (10)

st s (A
7 _pmy(b)exp( kT)Smh<kT ("—19) ), an

_‘—K| _._K” _4_ Jintegral 6
Convergent EDI

4 6 8

Domain size (xm)

10 15 20 25
Domian number

Fig. 2. Extraction of DIC-based SIFs. (a) A finite element mesh of the region of interest was created in Abaqus, replicating the experimental DIC field of view, with
the physical crack geometry excluded from the mesh. (b) Zoomed view of the crack path, showing mesh refinement around the crack flanks and the virtual crack
extension (VCE) direction used for J-integral evaluation. (c) Displacement magnitude in the deformed configuration after node-wise experimental DIC data were
applied at 0.32 mm crosshead displacement. (d) Domain integral results for mode I (AK;), mode II (AKj), and the J-integral at 0.9 mm crosshead displacement. The
shaded pink region marks the domain range used for extracting converged fracture parameters.
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where k is the Boltzmann constant, T is the temperature, and 7 is the
resolved shear stress. The remaining constitutive parameters are listed in
Table 2 and were adopted from published data for AA-5052 [67]. The
activation volume is high to eliminate rate-dependent effects [68].
Accordingly, the magnitude of AJ}, depends on the chosen elastoplastic
constitutive description, but this dependence is constrained here
because the displacement field is imposed directly from experiment at
each increment. Thus, the incremental J-integral formulation avoids
assumptions of stationary crack-tip fields and allows direct evaluation of
energy evolution during discrete crack advances.

To set the crystal orientation in the UMATs, the Euler angles in the
Bunge convention of each material definition is required to be specified
in its properties. As such, a material is defined for each element to model
each orientation. It has been observed that more accurate results have
been achieved by using a 3D mesh with UMATs compared to a 2D mesh.
Accordingly, the model builds a mesh of C3D8 elements when using
UMATs. Validation of this model can be found in the Supplementary
Materials.

The elastic strain energy release rate (AJg) enabled the calculation of
mode I (opening mode) and mode II (in-plane shear mode) SIFs at the
crack tip using the interaction integral method implemented in Abaqus
[69], which deconvolutes the forces acting on the crack. This dual
approach allows us to identify the onset of plasticity-driven crack arrest
by comparing AJg and AJp. For AJg and AJp, the equivalent domain
integral (EDI) method [70] was coupled with the virtual crack extension
(VCE) technique [71] to calculate the strain energy release rate, or the
J-integral, per domain as the domain expanded from the crack tip in the
VCE direction at 286 nm intervals. The VCE was set in the average di-
rection that the crack took in the next interval, up to where the crack
stopped growing, after which the crack was assumed to be parallel to the
Xo-axis.

To further validate our approach, we examine the convergence
behaviour of the domain integral with increasing domain size. As shown
in the pink shaded area in Fig. 2d, the J-integral and stress intensity
factors reach stable values over a well-defined domain region. This
convergence confirms that the process zone is fully captured and that
local unloading or DIC noise artefacts do not unduly affect the energy
release rate. Initial non-convergence was attributed to the presence of
highly localised plasticity [72,73] and insufficient strain data dis-
cretisation near the crack tip [74,75]. Variance within this region served
as an indicator of convergence stability. Also, the sign of the mode II SIF
isirrelevant, as it depends on the specific nodal arrangement at the crack
tip and does not have a physical interpretation [76].

Comparatively, the CT specimen geometry and the crack length (L)
was used to calculate the ASTM E1820 stress intensity factor (Kasra) per
Eq. (12) [77], with its uncertainty calculated via the Monte Carlo
method.

P 24a/W a a\2
Kastw =i sy [0.886 4+ 4.64 (1) ~13.32(10)
BW™ (1 — a/w)* w. w, 12)
a\3 a\4
+1472(3) ~56() |, a=05W+L.
w. w/ |
Table 2
AA-5052 properties used in Eq. (11).
Property Symbol Value Units
Density of mobile dislocations P 10'2 m~2
Frequency of dislocation jumps v 10" st
Magnitude of the Burgers vector b 0.286 nm
Critical resolved shear stress Te 65.74 MPa
Activation energy AF 0.75 eV
Activation volume AV 400b3 m®
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3. Results

This section presents the evolution of crack morphology, strain
fields, and reconstructed fracture metrics during monotonic loading. We
first describe microstructure-sensitive crack propagation, followed by
the transition to crack arrest and plasticity-dominated deformation.

3.1. Crack opening and propagation

As shown in Fig. le, the nominal load-displacement curve from the
monotonic in situ test was divided into key regimes identified from the
SEM images: initial crack opening, stable crack propagation, crack
opening without growth, severe plastic deformation, and, after crack
arrest, unloading. Further, the stable crack propagation regime was
segmented with respect to its crystallographic orientation and grain
boundary characteristics, as summarised in Table 3 and shown in
Fig. 3a, allowing the observed crack deflections and transfer events to be
related directly to the measured microstructural architecture. Overall,
crack propagation was intragranular, starting in Grain A and terminat-
ing within Grain B, spanning 11 segments. Note that the word intra-
granular here is relative to our definition of grain boundaries at a 12°
misorientation threshold.

In segment 1, the fatigue pre-crack opened fully at 149 N, followed
by a minimal growth of 163 + 6 nm and a more substantial extension of
3.00 + 0.09 pm along the (111) 4 3.05° cleavage plane at applied 124 N
and 0.09 mm. In this segment, DIC-based SIFs calculation showed a
dominant mode I, with minimal mode II contribution, and the J-integral
showed a steady linear increase until the crack opened and then pro-
ceeded with a steeper linear increase once the crack started growing into
segments 2 and 3 (Fig. 5b).

In segment 2, the crack extended by 4.61 + 0.30 um under 183 N at
0.15 mm crosshead displacement, with propagation following a path be-
tween high local misorientations. This trend continued in segments 3 to 4,
with extensions of 8.10 + 0.01 pm and 4.59 £ 0.19 um at 258 N and 312
N, respectively. In segments 2 to 4, EBSD indicates that these segments
traverse a cold-worked subgrain structure containing low-angle bound-
aries, ranging between 1.5° and 4.5°, and orientation gradients, suggest-
ing that early crack advance is guided by local compatibility variations
and heterogeneous slip accommodation rather than by a homogeneous
grain interior. High-resolution EBSD mapping of multiple regions across
the specimen (Fig. 3b and c) reveals a cold-worked substructure with
intense type III plastic deformation containing low-angle grain bound-
aries, dislocation walls, and relatively high geometrically necessary
dislocation density. Although these maps were acquired away from the
crack and therefore do not track dynamic evolution, they define the initial
heterogeneity scale that likely underpins the observed crack deflections,

Table 3

Crystallographic tracing of the crack. Characteristics of the crack path in the AA-
5052 as traced from SEM images and the EBSD map (Fig. 3a and Fig. 4a). Sec-
tions are shown in Fig. 3a. Crosshead displacement, in mm, and force, in N,
tabulated below, are taken at the end of the segment.

Grain no. mm, N Length (um) Crack plane
A 1 0.09, 124 0(7.18 £ 0.09) (117) + 3.05°
2 0.15,183 4.61 + 0.30 -
3 0.25, 258 8.10 + 0.01 -
4 0.32, 312 4.59 +0.19 -
5 0.35, 335 5.34 £ 0.02 (ﬁl) + 3.30°

¥13 + 2.76° grain boundary

B 6 0.4, 372 18.83 + 0.28 (112) + 1.44°
7 0.45, 408 2.34 +£0.16 (122) + 0.84°
8 0.53, 462 8.28 + 0.03 (112) + 1.44°
9 0.57, 485 2.44 +0.24 (122) + 2.49°
10 0.675, 536 2.34 +0.01 -
11 0.75, 567 2.10 £ 0.12 (111) + 1.65°
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Loading direction —

mixed-mode fluctuations, and confined early process-zone behaviour.
Additionally, the X-ray measured residual type I elastic stress in the ma-
terial is low, estimated at —20.50 4+ 11.51 MPa, indicating that most of the
deformation captured in the microstructure is plastic in nature. Notably,
the linear increase in DIC-based mode I and the J-integral plateaued in
segment 4, when the crack started to curve up to segment 5.

In segment 5, the crack followed the (121) + 3.30° plane for 5.34 +
0.02 um, reaching an applied 335 N at 0.35 mm. At this point, the crack
crossed into Grain B through a 13 + 2.76° grain boundary. Analysis of
the strain field and SEM imaging (Fig. 4b and c), interpreted together
with the EBSD-identified £13 boundary in Fig. 3a, revealed that, while
the crack tip continued to open steadily, it encountered localised resis-
tance at the boundary, causing a visible deflection in its path. The 7
strain field shows a marked concentration just before boundary crossing
(0.28 - 0.31 mm crosshead displacement), which is redistributed upon
entry into Grain B (0.34 — 0.37 mm crosshead displacement), consistent
with local plastic accommodation during intergranular crack transfer.
This transfer is also reflected in the DIC-based SIFs (Fig. 5b): mode II
exhibited an increase approaching the boundary, while mode I remained
dominant. The fluctuation in mode II suggests shear-driven deformation
transfer, while the overall increase in the J-integral indicates an elevated
energy requirement for intergranular propagation. Despite this, the
crack advanced into Grain B after local strain redistribution at the
boundary, indicating that in the present case, the identified 13
boundary did not prevent crack transfer.

In segment 6, the crack showed a marked increase in crack length to
18.83 + 0.28 um along the (112) + 1.44° plane at applied 372 N and
0.40 mm. In segment 7, the crack path transitioned to the (122) + 0.84°
plane, extending 2.34 + 0.16 pym at applied 408 N and 0.45 mm. In both
segments, there was a gradual linear increase in DIC-based mode I and J-
integral, while mode II plateaued, indicating forward propagation, pri-
marily under mode I conditions.
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Fig. 3. AA-5052 microstructure. (a) EBSD orientation map acquired before testing using a 0.5 pm step size, with the stationary portion of the crack, recorded at
0.75 mm crosshead displacement, superimposed. The final crack path (taken from Fig. 4a) is superimposed here to illustrate how the crack interacted with the initial
microstructure prior to deformation. Grains A and B are determined based on a 12° grain boundary misorientation threshold; using a lower threshold reveals subgrain
structures indicative of cold work. (b) Geometrically necessary dislocation (GND) density map derived from high-resolution EBSD data acquired at a 50 nm step size.
(c) Kernel average misorientation (KAM) map calculated using a 3-pixel window for the same field of view as B, highlighting local plastic strain gradients. The maps
in B/C were collected away from the crack, as a general representative of the initial microstructure.

As the crack approached a Fe-rich intermetallic precipitate (see
Fig. S4 for chemical analysis), associated with common Al-Fe-Mn-Si
compounds in AA-5xxx series alloys, it began to deviate from its prior
trajectory. The SEM and strain field sequence (Fig. 4d and e) clearly
illustrates how the crack tip manoeuvred around the precipitate be-
tween 0.5 mm and 0.56 mm crosshead displacement, accompanied by a
redistribution of €17 strain along the periphery of the particle and the
strain localises along the new crack path, suggesting a surface-sensitive
deviation driven by particle interaction and local plastic accommoda-
tion. During this segment, both DIC-based mode I and II SIFs (Fig. 5b)
sharply decreased at 0.5 mm crosshead displacement, indicating a
momentary reduction in crack driving force due to obstacle interaction.

In segment 8, the crack realigned with the (112) + 1.44° plane and
extended 8.28 + 0.03 ym at nominal 462 N and 0.53 mm. The strain
fields show a surface-driven crack path, influenced by stress intensifi-
cation from the precipitate. The J-integral increased steadily throughout
this segment, while DIC-based mode I and II, and the J-integral rose
again. This behaviour suggests a recovery of crack propagation capacity
after bypassing the precipitate, indicating resumed forward propagation
under mixed-mode conditions.

In segment 9, the crack continued along (122) 4 2.49° for 2.44 + 0.24
um at nominal 485 N and 0.57 mm, and in segment 10, the crack exhibited
non-crystallographic propagation over 2.43 + 0.01 um at nominal 536 N
and 0.675 mm. Finally, in segment 11, the crack followed the (111) +
1.65° plane for 2.1 + 0.12 um at nominal 567 N and 0.75 mm, where the
crack terminated within Grain B after 63.65 + 1.23 ym growth under
displacement control (Fig. 4a). During segments 9 to 11, mode I and II,
and the J-integral continue to increase, with mode I being dominant.

Overall, given the notch size, the ASTM-based SIF estimate (Fig. 5a
and c) remained proportional to the applied load and insensitive to
crack-microstructure interactions. In contrast, analysis of the in-plane
displacement fields obtained from DIC enabled calculation of the local
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0mm 0.11 mm 0.15 mm 0.3 mm 0.38 mm 0.475 mm 0.75 mm

0.425 mm 0.45 mm 0.5 mm 0.53 mm 0.56 mm

0.4 m
Fig. 4. SEM and DIC characterisation of the crack growth. (a) SEM image sequence showing the full progression of the crack from the initial fatigue pre-crack (0
mm) to its final length at 0.75 mm crosshead displacement. The red arrowheads track the advancing crack tip. (b) SEM image and (c) in-plane axial strain (g11)
sequence showing crack propagation from Grain A into Grain B across a £13 grain boundary. The red arrow indicates the advancing crack tip, while the dashed circle
highlights the Fe-rich precipitate. (d) SEM image and (e) in-plane axial strain (¢;1) sequence showing the crack tip interaction with a Fe-rich precipitate (see Fig. S4
for chemical analysis) during the transition from segment 7 to segment 8. For the strain field during crack propagation, see Movie S1.
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Fig. 5. Crack stress intensity factors and strain energy release rate. (a)
ASTM-based mode I SIF (Kasty, black) plotted against displacement, alongside
measured crack growth (red, right axis) up to when the crack stopped growing,
as defined from Fig. 4a. (b) DIC-based fracture metrics, including mode I
(black), mode II (blue), and strain energy release rate (AJ, red, right axis)
plotted against crosshead displacement for initial crack opening and stable
crack propagation regimes. (c) Kasrm and (d) DIC-derived fracture metrics,
including both elastic (AJg) and elastoplastic (AJp) components of the strain
energy release rate (red, right axis), for crack opening without growth and
severe plastic deformation regimes, as defined in Fig. 1a. Shaded bands around
plotted curves represent domain-wise variability in fracture metrics (AJ, AKj,
and AKjp) calculated using the EDI method. These are derived from the
converged integration region (see pink shaded area in Fig. 2d) and reflect
standard visualisation of convergence spread in DIC-based analysis. The grey
shaded region in D marks the regime beyond 0.984 + 0.011 mm crosshead
displacement, where the elastic assumptions of linear fracture mechanics break
éown. See Fig. S5 for the combined figures of A and C, as well as B and D.

strain energy release rate (J-integral) and mode-separated SIFs along the
crack path, with the J-integral and the decoupled mode I and II exhib-
iting strong sensitivity to local microstructural conditions and corre-
sponding well with the observed crack growth.

3.2. Ductile tearing

Beyond 0.75 mm crosshead displacement, further displacement
resulted in a crack opening but with no further propagation. From SEM
images (Fig. 6a), two distinct regimes were identified: one where the
crack opened with no apparent plasticity, and another where pro-
nounced plastic deformation became apparent, evidenced by the for-
mation of slip bands emitted from the crack tip. While initial visual
inspection suggested this transition occurred at a crosshead displace-
ment of 1 mm; quantitative analysis identified the transition as the first
loading increment at which (i) crack length remained constant under
increasing displacement and (ii) the divergence between the J-integrals
— calculated using elastic properties to extract mode I and II (i.e., AJg)
and the J-integral calculated using elastoplastic properties (i.e., AJp) —
revealed a more accurate transition point at 0.984 + 0.011 mm cross-
head displacement and 23.28 + 2.81 kJ/m? (Fig. 5d).

Note that the small differences visible between AJg and AJp at ~0.75
mm displacement reflect methodological and numerical factors rather
than actual plasticity, because inverse crystal plasticity solutions are
inherently more sensitive to measurement noise and convergence
behaviour than purely elastic reconstructions, which affects J-integral
convergence (see the larger variability in Fig. 5d compared to the elastic
case) and leads to minor deviations in calculated stress and energy fields
even for elastically responding cracks (Supplementary Information, Sec-
tion 1). Thus, the divergence between AJg and AJp becomes physically
meaningful only after crack arrest, when plastic deformation develops, as
shown in Fig. 5d Beyond ~0.7 mm and up to the convergence region, AJg
and AJp exhibit similar trends, although AJp aligns more closely with
Kastm (based on applied load). This reinforces that AJp only gains physical
significance after crack arrest, coinciding with the onset of plasticity.

The observed divergence in the energy measures is consistent with
the visual onset of severe plastic deformation at the crack tip and in-
dicates the stage at which purely elastic mode I and II interpretations
become progressively less reliable. However, beyond 0.984 mm cross-
head displacement, using elastic properties beyond this point has shown
— qualitatively — that mode I remains dominant and is increasing, while
mode II plateaued, signalling a regime shift from mixed-mode micro-
structure-sensitive crack to mode I (load)-dominated crack. In contrast,
the elastoplastic J-integral (AJp) began to plateau with applied
displacement, reflecting the onset of severe plastic deformation, and
matching the nominal force behaviour, including the force drop around
1.2 mm (Fig. 1e). Because the test was conducted under displacement
control, this load drop reflects a reduction in structural stiffness
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Crack opening without growth
Severe plastic deformation

Fig. 6. Plasticity development at the crack tip. (a) SEM sequence showing crack behaviour from final propagation (0.75 mm) through to severe plastic defor-
mation (1.3 mm). The yellow and blue dashed lines are (111)[011] and (111)[011] slip trace, respectively (b) Wider field SEM views show continued deformation
from 1.3 mm to 1.8 mm crosshead displacement. Red arrows indicate ductile tearing and localised surface shear.
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Fig. 7. Localised plasticity at the crack tip. (a) The nominal load-displacement curve was recorded during reloading after crack arrest. (b) 3D topography map of
the post-arrest crack region. (c) High-resolution SEM image of the same region. Red arrows denote sites of ductile tearing where secondary cracks nucleated, while
the yellow arrow highlights a region where intersecting slip bands and localised contrast features suggest the possible formation of a sessile Lomer dislocation lock.
Arrows are spatially correlated with the features identified in Fig. 6b.
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associated with the onset of plastic deformation near the arrested crack
tip. At this stage, the crack ceases to grow, and the surrounding material
begins to yield, leading to a localised structure softening.

As displacement increases, initially (111)[011] (yellow dashed line)
and (111)[011] (blue dashed line in Fig. 6a) slip bands radiated from the
crack tip and blunting initiates, forming a plastic stretch zone. After 1.3
mm of crosshead displacement, the crack was unloaded as shown in
Fig. le, with the crack remaining open at 0.766 mm crosshead
displacement. The crack was then loaded again (Fig. 7a), and despite
continued crosshead displacement from 1.3 mm to 1.76 mm, the load
plateaued around 640 N, indicating crack arrest under severe plastic
strain conditions, absorbing the applied energy rather than contributing
to further elastic stress buildup. In addition, as crosshead displacement
increased, slip band formation and ductile tearing emerged, particularly
beyond 1.5 mm (highlighted by red arrows in Fig. 6b). The crack tip
blunted into a rounded geometry, and the surrounding surface devel-
oped an elliptical singularity, suggesting the development of a stretch
zone and plasticity-dominated blunting. These features align with
macro-scale crack opening, indicating irreversible energy dissipation via
plastic flow, and confirm the shift to opening-mode-controlled defor-
mation in a macroscale plastic regime. The crack remained open upon
unloading, confirming substantial residual strain and irreversible
deformation in the surrounding matrix.

Thus, the divergence between AJg and AJp is interpreted here as an
experimental signature of a shift from microstructure-sensitive crack
propagation toward a plasticity-dominated regime, in which increasing
displacement is accommodated progressively more by local yielding and
crack-tip blunting than by further crack propagation. This is a hallmark
of ductile fracture, and its onset aligns with the plateau in mode II
contribution as the crack aligns with the principal stress direction, with
crack arrest corresponding to full ligament yielding before crack
advance as a long crack, where global loading and plastic dissipation —
not microstructural barriers — govern the fracture response.

Further evidence of plasticity-driven fracture behaviour after crack
arrest is revealed by the topography and high-magnification SEM imaging
in Fig. 7c showing the blunted crack tip and extensive plastic surface
features, including slip steps and shear bands. The 3D surface height map
(Fig. 7b) shows an elliptical depression centred at the crack tip and
approximately 180 pm deep at its centre, extending ahead of the arrested
crack tip, and indicates continued localised plastic deformation and
stretch-zone formation at the free surface under near-plane-stress condi-
tions. This residual deformation confirms that, after crack arrest, applied
energy is dissipated through local plastic flow rather than further crack
advance, consistent with the SEM-DIC strain-field evolution.

4. Discussion

The central physical result of this study is not the observation that
ductile cracks eventually arrest due to plasticity, which is well estab-
lished, but the direct experimental quantification of how the crack-tip
driving force evolves during this transition. By reconstructing both
elastic and elastoplastic energy measures from the same measured
displacement fields, we show that crack arrest is accompanied by a
measurable change in the balance between recoverable elastic response
and plastic dissipation associated with crack blunting. This transition is
identified through changes in energy partitioning and correlates with
observed slip-band emission and process-zone expansion; within the
present experiment, it is not explained by a unique crack length alone.
The contribution of the present work is therefore the experimental
linkage between crack-tip field evolution and the onset of plasticity-
dominated arrest under controlled microstructural conditions.

4.1. Microstructure-sensitive crack propagation

AA-5052 is a non-heat-treatable alloy that relies on solid solution
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strengthening and strain hardening rather than precipitation hardening
[41,42]. In this alloy with pronounced microstructural plasticity, the
crack initially propagated through a pre-existing subgrain-dislocation
structure, which is likely to generate heterogeneous local compatibility
stresses and uneven slip transfer. However, at this length scale and with
286 nm spatial resolution, the crack exhibited a quasi-brittle surface
response, propagating along non-cleavage planes with limited observable
plasticity and minimal crack-tip blunting. Here, ‘quasi-brittle’ refers only
to the early surface-observed crack response, namely crack advance with
highly localised deformation, limited observable surface plasticity, and
minimal crack-tip blunting, despite the alloy’s overall ductile behaviour
under monotonic loading. Strain fields remained highly localised at the
crack tip but confined to a small process zone ahead of the crack.

Together, the EBSD crack tracing and SEM-DIC fields indicate that
early crack propagation is governed by the interaction between micro-
structural heterogeneity, local plastic accommodation, and the evolving
stress state, rather than by crystallographic orientation alone. Although
dynamic GND evolution at the crack tip could not be measured, the
initial EBSD and HR-EBSD maps define a subgrain heterogeneity scale
comparable to the early process-zone size inferred from SEM-DIC.
Mixed-mode fluctuations observed in Fig. 5b are therefore interpreted
as arising from local compatibility stresses and uneven slip accommo-
dation imposed by that pre-existing subgrain structure.

While mode I - the principal loading mode — remains the dominant
fracture mechanism throughout the microstructure-sensitive crack
growth, mode II contributions become non-negligible in segments where
the crack interacts with grain boundaries and precipitates, with possible
mode III contributions that cannot be resolved experimentally.
Comparatively, ASTM-based SIF estimates scaled with load and ignored
microstructural effects, while DIC-derived J-integrals and mode-
separated SIFs were highly sensitive to local microstructure and
aligned with crack growth behaviour. Nonetheless, during the
microstructure-sensitive crack growth, the ASTM and DIC-based SIFs
analysis reveals that the crack propagated at a stress intensity factor
substantially lower than the typical fracture toughness range reported
for AA-5052 (25-30 MPa-m®® [78]).

4.2. Microstructure-sensitive to load-dominated crack transition

As the crack stopped growing, the transition from quasi-brittle to
plasticity-dominated crack behaviour was governed primarily by
surface-local phenomena, as evidenced by SEM-DIC strain fields and the
development of a crack-tip plastic zone from initial blunting and surface
slip-band formation (Fig. 6a) to the evolving surface topography
(Fig. 7b), such that additional applied energy is dissipated through
plastic flow rather than crack advance, prior to the onset of plasticity-
dominated blunting and ductile tearing (Fig. 7c). These observations
are typical characteristics of crack arrest in ductile alloys under mono-
tonic loading [19,22,79].

Traditionally, microstructure-sensitive crack propagation in ductile
alloys at low energy has often been discussed in terms of crack length effects
[65,80,81] (i.e., short crack), whereas a substantial theoretical body of
work also emphasises the controlling role of crack-tip process-zone devel-
opment and plastic shielding [82,83]. In the present experiments, when the
process zone was small, the crack interacts with subgrain microstructure,
promoting quasi-brittle, crystallographic facet growth even in otherwise
ductile materials (e.g., cleavage-like facets in AA-5052 [79]). As the J-in-
tegral increases, the process zone expands to engage multiple grains and
activates mechanisms such as slip-band interaction, crack deflection, and
microvoid coalescence. Consistent with process-zone-based interpretations
of microstructure-sensitive crack behaviour, the transition observed here
coincides with the process zone reaching a critical extent, rather than being
captured by a unique crack length alone.

In this view, the transition toward plasticity-dominated arrest is
identified by the divergence between the elastic and elastoplastic energy
measures extracted from the same displacement fields, occurring over
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the same loading range as crack arrest and the first clear signs of crack-
tip blunting and slip-band activity (Fig. 4a). This divergence is a
consequence of the present analysis framework: the same measured
SEM-DIC displacement field is imposed in both reconstructions, but only
the elastoplastic formulation can relax stress through plastic flow.
(demonstrated further in Fig. S6b). Because the present analysis is based
on incremental J-integral values, this divergence reflects the transition
from energy being available for crack advance to energy being dissi-
pated through plastic deformation. Accordingly, the observed diver-
gence between AJg and AJp, i.e. AJyir when AJg > AJp, can be
interpreted as a physically consistent indicator of the transition toward
plasticity-dominated crack arrest. Furthermore, the mechanistic basis of
AJit is supported by direct physical observations: visible slip bands
initiate ahead of the tip (Fig. 6a), the crack blunts (Fig. 6b), and a
growing plastic zone develops (Fig. 7b and c). However, its numerical
value is conditional on the present material state, microstructure, ge-
ometry, and constraint conditions, and should therefore be interpreted
as an experimentally observed transition indicator for crack arrest under
the present conditions rather than as a universal material parameter.

The present observations can be interpreted in light of process-zone-
based perspectives, such as the Kysar framework [83], which empha-
sises the competition between energy dissipation by new surface forma-
tion and by dislocation-mediated blunting at the crack tip. Here, the
spatiotemporal evolution of the process zone (Movie S1) shows strain
fields progressively radiating from the crack tip under increasing
displacement, highlighting gradual enlargement of the plastically
deforming region, particularly as the crack arrests. The SEM-DIC-based
AK;, AKy, and AJ therefore provide physically grounded,
surface-resolved measures of the crack-tip field that act as practical scalars
for process-zone development at the free surface.

Mathematically, for material under plane stress and light to moder-
ate strain hardening, the process zone size (r,, visualised in Fig. 8) can be
estimated from the J-integral using [84]:
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Fig. 8. Visualisation of the process zone and effective crack length at the grain-
scale level for a microstructure-sensitive crack.
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In our study, uniaxial tensile testing of a similarly cold-worked and
textured AA-5052 specimen yielded a 0.2 % offset yield stress (o) of
193 MPa (see Supplementary Fig. S6a). Using this value in Eq. (13), the
experimentally identified transition value, AJqj = 23.28 + 2.81 kJ/rnz,
corresponds to a process-zone size on the order of 76.8 + 9.3 pm at the
observed transition. Notably, this process zone spans more than twice
the average grain size of the material, which was measured at 31.7 + 8.0
pm. This dimensional comparison supports the interpretation that, once
the plastic zone spans multiple microstructural heterogeneities, the in-
fluence of individual GND-rich regions diminishes, and crack behaviour
becomes increasingly load-dominated. Notably, this dimension closely
matches the radial extent of the unindexed region observed in serial
sectioning 3D EBSD of the arrested crack (Fig. S8e), where severe lattice
distortion prevented reliable orientation reconstruction. The spatial
agreement between the energetically estimated process-zone size and
the diffraction-degraded volume provides independent structural sup-
port for the interpretation that crack arrest coincides with intense plastic
strain localisation spanning multiple grains. While evolving GND accu-
mulation at the crack tip was not directly measured, the observed slip-
band emission and large strain gradients (Fig. 6) confirm that plastic
strain localisation surpasses the initial stored deformation state at this
stage.

Moreover, although the initial pre-crack was relatively large, 76.42
+ 0.70 pm, it still exhibited microstructure-sensitive crack behaviour
following stress-relief annealing. Under the present free-surface geom-
etry and near-plane-stress constraint conditions, the observed transition
therefore correlates more directly with the estimated surface process-
zone development than with any single crack-length threshold. Once
the process zone expanded to engage multiple grains, fracture behaviour
became less sensitive to grain-scale heterogeneity and more nearly load-
dominated. This supports the use of plasticity-sensitive descriptors
derived from measured crack-tip fields, alongside length-based metrics
such as Aa, when interpreting crack resistance in ductile alloys. Similar
process-zone-related transitions have been reported in aluminium [22,
79,85], titanium [34], Ni-based superalloys [86], and steels [87,88],
although further studies across FCC systems with varying hardening
responses and microstructures are needed to assess the broader gener-
ality of the present AJj-based transition framework.

Nonetheless, it is worth noting that the present process-zone esti-
mates are derived from surface-resolved displacement fields and there-
fore reflect the free-surface response under plane stress conditions.
Subsurface plasticity and through-thickness constraint may evolve
differently and could contribute to the overall crack-front driving force.
While the surface transition identified here coincides with crack arrest
under the tested geometry and thickness, full three-dimensional char-
acterisation would be required to determine how this transition scales
with thickness and constraint. The present conclusions, therefore,
pertain to the experimentally accessible surface process zone rather than
to a fully three-dimensional crack-front field.

4.3. Cautionary note on J-integral applicability

It is important to distinguish between AJ values extracted during
active crack growth and those obtained after crack arrest. During crack
propagation, crack-tip deformation remains localised and surface
dominated, justifying the use of surface-resolved fracture metrics to
characterise the transition. After crack arrest, extensive plastic defor-
mation develops and through-thickness constraint effects become sig-
nificant. AJ values extracted in this post-arrest regime are therefore
surface specific and are used here only to indicate the breakdown of
elastic assumptions, the transition from mixed-mode microstructure-
sensitive crack to mode I (load) governed crack, and the onset of
plasticity-dominated blunting (Fig. 5d), rather than to represent crack-
front driving forces. Additionally, although the J-integral is an appro-
priate metric for studying microstructure-sensitive cracks, its validity in
elastoplastic materials requires that the integration domain fully
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encloses the plastic zone [72,89,90]. Its successful application in this
study relies on the near-homogeneous elastic anisotropy of the grains,
with stiffness differences below 3 %, which minimised the influence of
grain misorientation.

More generally, the physical meaning of the J-integral at the micro-
scale remains weakly demonstrated [15]. The present results show that
it can provide a meaningful measure of the crack-tip field when plas-
ticity anisotropy is effectively homogeneous, consistent with prior work
in anisotropic single-phase materials [91-93]. Caution is required when
extending this approach to polycrystalline systems with strong elastic or
plastic anisotropy or sharp interfaces, where path independence may
break down and interaction- or interface-integral formulations will be
required [94-98].

While such approaches are well developed numerically, in situ
experimental validation at the micro-scale remains constrained, espe-
cially for three-dimensional measurements. Existing synchrotron-based
techniques, such as Laue micro-diffraction [99], differential aperture
X-ray microscopy [100], and dark-field X-ray microscopy [101], are
limited to elastic strains and post-mortem analysis, and volumetric
correlation methods lack the necessary spatial resolution. As a result,
surface-based SEM-DIC remains one of the few practical experimental
approaches for resolving free-surface crack-tip mechanics during
microstructurally sensitive short-crack propagation in aluminium alloys.

5. Conclusion

This work provides direct, high-resolution experimental evidence of
how fracture in cold-worked AA-5052 transitions from microstructure-
sensitive crack growth to plasticity-dominated arrest. By integrating
SEM-DIC and EBSD with crystal plasticity finite element modelling, we
quantified local crack-tip fields and extracted elastic and elastoplastic
energy release rates (AJg, including mode I and II, and AJp) from
measured displacement data.

Our findings show that, in the present material and geometry, the
observed transition is more clearly associated with the evolution of the
crack-tip process zone relative to the microstructure than with crack length
alone. When the process zone remains confined within a single grain, crack
growth is mixed-mode and highly sensitive to local heterogeneities. As
loading increases and the process zone expands to span multiple grains, the
response becomes increasingly plasticity-dominated, microstructural con-
straints diminish, and the crack aligns more closely with the macroscopic
stress direction. The transition is identified by divergence between elastic
and elastoplastic energy measures (AJg > AJp), coincident with crack-tip
blunting, slip-band formation, and ductile tearing.

The numerical value of the transition energy is specific to the present
material state and to the surface-resolved response measured by SEM-
DIC under the present specimen geometry and free-surface constraint
conditions. Nevertheless, the methodology enables direct quantification
of this transition and provides a framework for investigating its depen-
dence on microstructure and loading.
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