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A B S T R A C T

This study, employing in-situ scanning electron microscopy, electron backscatter diffraction, and digital image 
correlation, investigates the crack-length dependency of the quasi-brittle to ductile transition in 5052 aluminium 
alloy. A compact tension sample with {110} texture was examined, revealing crack propagation on (111) and 
(111) transgranular cleavage planes and non-coherent paths under low-stress intensity factors (SIFs), with a 
maximum of 7.72 ± 0.09 MPa.m0.5 compared to the typical KIC of 25 MPa.m0.5. Crack growth was influenced by 
double-slip mechanisms and significant resistance at Σ33 grain boundaries. After crack arrest, SIFs derived from 
the local displacement field revealed a transition from microstructure-sensitive to nominal load-driven crack 
growth conditions.

1. Introduction

Ensuring the safety and reliability of structural materials remains a 
critical challenge, particularly in understanding crack propagation 
mechanisms that ultimately dictate material failure [1–4]. Cracks spend 
a significant portion of their lifetime at the microstructural scale, where 
far-field applied stresses do not merely govern them but are strongly 
influenced by local features such as grain boundaries, crystallographic 
orientations, and micro-scale residual stresses [5–7]. At this scale, cracks 
exhibit tortuous growth paths and highly variable propagation rates as 
they traverse individual grains [8,9]. These short cracks, with lengths on 
the order of a few grains, behave unpredictably compared to longer 
cracks, due to their strong sensitivity to the underlying microstructure as 
the interplay introduces localised stress concentrations, crack deflec
tion, and plasticity, significantly complicating crack growth predictions 
[10,11].

Although similar sensitivity has been observed in various ductile 
metals, including magnesium [12], nickel [13,14], and titanium [15,
16]; it is generally attributed to geometry, morphology, and sometimes 
dislocation activities [17,18]. Aluminium alloys are well-known for 
their ductility and high fracture toughness [19,20]; however, their crack 

growth at the micro-scale is generally not well studied, and ductile 
tearing is typically accepted as the mechanism for crack propagation. 
Most experimental research on short crack growth in aluminium alloys 
has focused on fatigue crack propagation, with limited attention given to 
quasi-static loading conditions [21,22]. Studies on high-strength 
aluminium alloys such as AA-2024 and AA-7075 have shown that 
short cracks frequently arrest at grain boundaries or secondary phase 
particles before transitioning to a more stable propagation mode. 
However, the crack growth mechanisms in highly ductile aluminium 
alloys remain less well understood, highlighting the need for further 
exploration of plasticity-driven crack propagation.

5xxx series aluminium alloys, recognised for their exceptional 
ductility and fracture toughness, are widely utilised in aerospace, 
automotive, and marine applications. Despite their widespread use, the 
short crack growth behaviour of these alloys at the microscale remains 
inadequately studied. While ductile tearing is commonly accepted as the 
primary crack propagation mechanism [23–26], the transition from 
quasi-brittle behaviour to ductile tearing requires further investigation. 
This transition is especially relevant for structural integrity assessment 
and material processing optimisation. However, limited research has 
been conducted to identify the specific factors that govern this transition 
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in short cracks, particularly in AA-5052. Recent studies examining 
monotonic tensile loading of AA-5052 have revealed intricate crack 
propagation behaviours during the early stages of fracture [27–29], 
underscoring the need to distinguish the influence of microstructural 
features from global stress states. Additionally, residual stresses intro
duced by cold working and strain hardening further complicate the 
analysis of crack growth dynamics.

Understanding short crack propagation in AA-5052 is essential for 
improving the performance and reliability of components exposed to 
high-stress conditions, such as those in aerospace and automotive ap
plications [27]. Short cracks, defined as those with lengths comparable 
to or smaller than the grain size, pose a significant challenge because 
their growth cannot be accurately described using traditional linear 
elastic fracture mechanics [13]. Unlike long cracks, which propagate in 
accordance with stress intensity factors, short cracks are heavily influ
enced by microstructural heterogeneities, including grain boundaries 
and phase interfaces [18]. Prior studies have shown that AA-5052’s 
microstructural characteristics, including grain size, phase distribution, 
and strain-hardening behaviour, significantly affect its fracture response 
[30]. Research on fatigue crack growth in aluminium alloys, including 
AA-5052, has demonstrated that local microstructural variations can 
lead to unpredictable crack propagation, blunting, or even arrest [31]. 
Consequently, a comprehensive understanding of short crack behaviour 
is necessary to improve fatigue life predictions and prevent unexpected 
failures in critical structural components.

This study on 5052 aluminium alloys (AA-5052) under monotonic 
tensile loading has revealed complex crack behaviours, especially in the 
early stages of fracture, which underlines the need to decouple the in
fluence of microstructural features from global stress states. Here, we 
attempt to achieve this by mapping the microstructure using electron 
backscatter diffraction (EBSD), in-situ micro-scale imaging of the crack 
propagation, and employing digital image correlation (DIC) techniques 
to measure local stress intensity factors (SIFs) at the crack tip. These 
findings shed light on the transition of cracks from microstructurally 
driven growth to a nominal load-driven regime.

2. Methodology

An ASTM E1820 compact tension (CT) sample was fabricated from 
aerospace-grade AA-5052 aluminium alloy, which has the chemical 
composition detailed in Table 1. The sample exhibits a {110} crystal
lographic texture, and the compact tension notch was oriented in 
alignment with the rolling direction of the material. The CT sample has a 
thickness (B) of 2.82 ± 0.02 mm, effective width (W) of 13 ± 0.08 mm, 
notch size of 0.5 W, and a pin diameter of 7.8 mm to promote plane 
stress conditions (see the supplementary information for more CT 
sample schematic). The sample was fatigue cycled at 10 Hz and R = 0.1 
to create a 3.28 ± 0.02 mm sharp crack, then mirror polished.

Gold nanoparticles were synthesised to create a speckle pattern 
suitable for DIC. This was done by mixing 1 wt% (1 g) of Na₃C₆H₅O₇ in 
100 ml of deionised (DI) water. Concurrently, 1 g of HAuCl₄⋅3H₂O was 
dissolved in 250 ml of DI water to make a 10 mM solution. A solution 
was prepared by mixing 12 ml of the 10 mM HAuCl₄ solution with 400 
ml of DI water and brought to a boil. To this, 3.2 ml of Na₃C₆H₅O₇ was 
added to achieve a particle size of 40–60 nm. The mixture was boiled 
until it turned maroon, indicating the formation of gold nanoparticles, 
and then allowed to cool. For salinization, 50 ml of DI water was added 
to 47.5 ml of anhydrous ethanol and mixed. Then, 2.5 ml of (3-Ami
nopropyl)trimethoxysilane was added and mixed. The sample was 

placed in the mixer for 15 min, then cleaned in ethanol and DI water, 
and dried with an air blower. Finally, the sample was soaked for 32 h in 
the gold nanoparticle solution to deposit 40–60 nm nanoparticles, 
creating the speckle pattern necessary for DIC (Au in Fig. 1) [32,33].

Tensile testing of the speckled CT sample was conducted in a MIRA 
TESCAN SEM using a 5kN Deben stage at 0.2 mm/min, WD of 14 mm, 
and 15 keV beam energy. The sample was loaded in x2 direction 
(Fig. 1b). The test was periodically paused, holding the sample in 
displacement control, to monitor crack growth using a backscattered 
electron (BSE) detector at 15 keV (Fig. 1a and b). The crack was imaged 
at various magnifications to ensure precise crack length measurement, 
and facilitate subsequent digital image correlation (Fig. 1c) by exploit
ing the contrast difference between the aluminium and high-density 
gold speckles (bright spots in Fig. 1) and AA-5052.

Subsequently, DIC was performed on 500 µm × 500 µm BSE images 
with a pixel size of 200 nm using DaVis v.10.2 software (LaVision 
GmbH) following iDICs guidelines [34]. Parameters included a 49-pixel 
subset size, 32-pixel step size, second-order subset shape function, 
Zero-Normalised Sum of Squared Differences (ZNSSD) matching, and 
bicubic spline interpolation. Rigid body movement correction was 
applied by setting the point of minimum displacement as the origin to 
isolate material deformation [35].

After testing, the sample was mirror-polished, and the microstruc
ture near the crack was mapped via EBSD using a Zeiss Auriga 60 SEM 
with an Oxford Symmetry 2 detector. EBSD was conducted at a 14 mm 
working distance, with a 20 keV electron beam and a 60 µm aperture, 
collecting data at a 0.5 µm step size.

3. Results and discussion

3.1. Fatigue pre-crack path

The crack path was segmented and analysed with respect to its 
crystallographic orientation and grain boundary character, as summar
ised in Table 2 and Fig. 2. Each segment corresponds to a unique grain 
and is defined by its crack plane, misorientation angle, and the type of 
coincidence site lattice (CSL) boundary encountered.

Fig. 2 shows that the initial fatigue generated a crack in Grain A via 
localised splitting (labelled 1-1 and 1-2 in Fig. 2b) and propagated 
transgranularly along the (111) ± 4.27◦ and (111) ± 5.52◦ planes, until 
reaching Segment 4 (Fig. 2a), where it encountered a Σ11 ± 4.15◦ grain 
boundary. The crack then crosses into Grain B, where it grew over its 
most extended continuous segment, particularly in Segment 7, before 
traversing a Σ(29a, 35b) ± 1.69◦ boundary to enter Grain C. In Grain C, 
the crack alternated between the (111) ± 2.19◦ and (111) ± 1.97◦

planes, inducing significant plastic deformation that fragmented the 
grain into three sub-regions (Grains C-1, C-2, and C-3). This grain 
refinement resulted from localised plasticity near the crack tip as it 
adapts to crystallographic misorientation and slip constraints. A similar 
fragmentation occurred in Grain D, splitting it into Grains D-1 and D-2 
during crack arrest and continued loading. These deformation-induced 
misorientations and grain refinements remain visible post-polishing 
for EBSD, despite some alleviation of residual plastic strain.

Although we did not directly measure dislocation density, the 
observed grain fragmentation and local misorientation gradients in 
Grains C and D suggest high local plastic deformation, likely linked to 
elevated dislocation activity at the crack tip. This high dislocation 
density may have facilitated transgranular propagation along the (111)
and (111) cleavage planes by enabling shear-dominated fracture. The 
absence of intergranular crack paths further implies that the GBs in these 
regions were not significantly weakened, potentially due to lower 
dislocation pile-up at the boundaries. Quantifying dislocation density, 
for instance, through HR-EBSD or TEM, would offer valuable insight in 
future studies.

The crack crosses to Grain D with significant resistance encountered 

Table 1 
Measured chemical composition of the AA-5052 plate in weight %.

Al Mg Fe Cr Si Mn Cu Zn

Bal. 3.14 ±
0.18

0.36 ±
0.01

0.22 ±
0.08

0.13 ±
0.02

0.05 ±
0.01

0.04 ±
0.01

0.01 ±
0.00
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at the Σ33c ± 2.77◦ grain boundary where the crack deflects. The crack 
enters Grain D in Segment 11 along (111) ± 8.08◦ and is eventually 
arrested after taking (111) ± 4.24◦ to in Segment 12. The crack pre
dominantly followed the (111) and (111) crystallographic cleavage 
planes for 53 % of its growth, with the remainder propagating along 
non-coherent cleavage planes, such as in Segment 7.

The non-coherent cleavage plane propagation is consistent with the 
double-slip mechanism [36], where short cracks propagate via the 
combined action of two slip systems, resulting in crack extension along 
non-crystallographic directions. Additionally, GBs act as barriers to 
dislocation motion, causing dislocation pile-ups at the crack tip and 
creating localised stress concentrations. This accumulation can promote 
crack initiation and influence the subsequent propagation path by 
altering the stress field geometry and enhancing the driving force for 
transgranular cleavage [37,38]. The increased dislocation density near 
GBs contributes to higher local resistance, thereby affecting the effective 

fracture toughness and the observed tortuosity in short crack propaga
tion [39–41]. In our study, the crack’s tortuous path highlights the 
critical role of grain boundaries, particularly Σ33c, as strong barriers to 
propagation, consistent with energy dissipation mechanisms.

3.2. In-situ crack growth

The SEM monotonic tensile test began in the region marked in Fig. 2, 
capturing crack propagation within Grain D (Segments 11 and 12). 
Fig. 3a shows the corresponding load-displacement curve during this in- 
situ phase. As load increases, the crack advances from Segment 11 into 
Segment 12 along the (111) plane, until it is arrested. The total crack 
growth from the notch measured 172.16 ± 3.93 µm from the notch with 
6.93 ± 0.31 µm tracked directly inside the SEM.

Crack lengths (Fig. 3b) are determined from the in situ SEM images 
taken at various magnifications, with segmentation and summation 
performed at low magnification. At higher magnifications, reference 
points are used to correlate incremental growth by measuring the dis
tance from these points to the crack tip. The crack length (L) is used to 
calculate the stress intensity factor (SIF, K) using ASTM E1820 (Eq. (1)) 
[42], where P is the applied load, and a is the crack length. The 
ASTM-based SIF uncertainty is calculated via the Monte Carlo method 
(Fig. 3b), and more details about the uncertainty calculation can be 

Fig. 1. BSE images of the crack tip: (a-b) crack propagation, and (c) global DIC for local mechanical conditions at the stationary crack.

Table 2 
Characteristics of the crack path in the AA-5052 as traced from SEM images and 
the EBSD map (Fig. 2b) detailing the grain IDs, crack segment lengths as shown 
in Fig. 2a, crack planes, grain boundary misorientation angles, and probable 
coincidence site lattice (CSL) boundary types encountered during propagation. 
For detailed trace analysis, see the supplementary information A.

Segment Grain 
ID

Length 
(µm)

Crack plane GB (◦) Σ

1 A 11.54 ±
0.69

(111)±4.27◦ ​ ​

2 7.4 ± 0.44 (111) ±
5.52◦

​ ​

3 10.32 ±
0.52

- ​ ​

4 6.13 ± 0.60 (111) ±
6.14◦

​ ​

​ ​ ​ 52.20 ±
4.15

Σ11

5 B 22.72 ±
1.36

- ​ ​

6 9.7 ± 0.68 (111) ±
8.58◦

​ ​

7 33.99 ±
2.72

- ​ ​

​ ​ ​ 42.11 ±
1.69

Σ(29a, 
35b)

8 C 8.27 ± 0.74 (111) ±
2.19◦

​ ​

9 28.19 ±
1.44

(111) ±
1.97◦

​ ​

10 14.96 ±
0.90

- ​ ​

​ ​ ​ 57.42 ±
2.77

Σ33c

11 D 13.36 ±
0.94

(111) ±
8.08◦

​ ​

12 5.58 ± 0.33 (111) ±
4.24◦

​ ​

Fig. 2. (a) In-situ BSE image of the crack path at 0.18 mm, showing crack 
deflection (red) and grain boundary crossings (yellow). (b) Ex-situ EBSD map of 
the microstructure. Electron shadowing affected EBSD at the edge of Grain C.
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found in the supplementary information C. 

K =
P

BW1/2
2 + a/W

(1 − a/w)
3/2

[

0.886+4.64
( a

W

)
− 13.32

( a
W

)2
+14.72

( a
W

)3

− 5.6
( a

W

)4
]

∵a = 0.5W + L

(1) 

The crack propagation within a single grain initially follows a linear 
regime of the SIF and apparent crack opening, with the surface crack tip 
advancing as the load increases (Fig. 3b). Up to 0.06 mm straining, the 
crack continues to open gradually, with a sudden displacement incre
ment of 2.08 ± 0.16 µm. After that, the crack growth increases errati
cally, corresponding to stable crack growth dominated by the local stress 
field at the crack tip. During this stage, the crack growth remains nearly 
proportional to the ASTM-based SIF up to 0.18 mm, within linear elastic 
fracture mechanics assumptions. Despite jumps in crack length between 
0.06 mm and 0.18 mm displacement, these minimally affect the calcu
lated ASTM-based SIF due to its proportion to the notch size; thus, ASM- 
based SIF remains primarily linear reflecting the elastic relationship 
between stress and strain and the quasi-brittle crack propagation.

3.3. DIC-based stress intensity factor

Once the crack stopped growing after 0.18 mm displacement, a wide 
field of view was captured as the load increased for DIC analysis against 
the image of the loading interval at 0.18 mm (Fig. 1c). A model was 
created in ABAQUS® v.6.14 using a rectangular grid with 4-node plane 
stress elements (ABAQUS® CPS4) matched with the DIC grid using a 
custom-made MATLAB code detailed in [43]. The experimental DIC 
displacement field was then applied as boundary conditions, and the 
mode I and II SIFs at the crack tip were calculated using the interaction 
integral method in ABAQUS® while assuming linear elastic conditions 
under plane-stress conditions, with Young’s modulus of 69.99 ± 0.33 
GPa and Poisson’s ratio: 0.321 ± 0.005 measured using impact 
excitation.

The crack direction (q1) was assumed parallel to the sample x1-axis 
in Fig. 1, and the equivalent domain integral (EDI) was defined by an 
inner contour around the crack tip and outer contours expanding out
ward in ~2 µm intervals (Fig. 4a). The EDI method allows the deter
mination of the local driving force at the blocked short crack without 
prior knowledge of theoretical solutions or far-field boundary condi
tions, and it can be applied to the tip of a tortuous crack by defining an 
appropriate local frame of reference [44]. Thus, the changes in both 

Fig. 3. (a) Load-displacement curve for the in-situ SEM test with red markers indicating imaging points. (b) Measured crack length increments and calculated K up to 
0.18 mm.

Fig. 4. (a) DIC displacement field at 0.493 mm around the crack (white) with integration domains along q1. (b) Calculated SIFs from the displacement field.
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mode I and II SIFs (ΔKI,II) can be extracted from the DIC field using the 
EDI interaction, which is important as once the crack stopped growing, 
the linear relationship between the ASTM-based SIF (K) and displace
ment became parabolic (Fig. 5a), and the crack started to exhibit more 
elastoplastic behaviour.

The integration domain converges once the singularity ahead of the 
crack is engulfed (Fig. 4b). Initial non-convergence is due to the 
breakdown of the elasticity assumption and elevated localised plasticity 
or poor discretisation of the strain data near the crack tip [45], but stable 
convergence was achieved as the domain expanded. The characteristic 
crack opening mode I (ΔKI) and crack in-plane shear mode II (ΔKII) 
values are taken from the stable converged region (shaded area in 
Fig. 4b), with the variance indicating convergence stability.

The normalised DIC-based ΔKI,II (Fig. 5b) – obtained once the crack 
was arrested – shows a decreasing ΔKII and increasing ΔKI, providing 
insight into the evolving conditions at the crack tip as it transitions from 
mixed mode microstructurally driven crack to nominal load-driven 
crack. Initially, when the crack is short and constrained within a 
grain, its growth is heavily influenced by the local crystallographic 
orientation and the grain’s specific slip system, as described earlier. In 
addition, the crack was arrested on a coherent cleavage plane similar to 
an inclined slip plane, as in face-centred cubic materials, such as the 
aluminium alloy in question, where the slips share the same planes as 
cleavage planes. This facilitates a shear-dominated crack growth.

In addition, the crack path is tortuous, with the tip being at 14.04 ±
2.14◦ from the x1 axes and q1 direction, which further supports shear- 
dominated crack conditions at the crack tip. Nonetheless, as the crack 
grows, it becomes less constrained by the microstructure, and the in
fluence of the globally applied stresses becomes more significant; this 
shift is marked by an increasing ΔKI, which signifies that the nominal 
tensile mode (mode I) is now the dominant driving force as the crack 
aligns with the principal stress direction, e.g., tensile stress. This tran
sition is consistent with a long crack regime, where the crack responds 
more predictably to the far-field loading than the localised microstruc
tural features.

4. General discussion

Microstructurally, the crack was arrested inside a grain, and with 
increasing applied load, further plastic deformation around the crack tip 
became constrained, resulting in limited slip activity. With increasing 
straining, the crack tip geometry transitioned from sharp to blunt, 
forming a stretch zone – a characteristic feature where local plasticity 
causes material elongation and crack tip blunting under tensile stresses 
(Fig. 5c, with detailed analysis available in the supplementary infor
mation B). In addition, this local plasticity induced a topography to take 
the shape of an elliptical topographic singularity that starts from the tip, 
which was also reported recently in [28]. This blunting is associated 
with reduced stress concentration at the crack tip, temporarily impeding 
further growth. The crack remains open after removing the load, sug
gesting significant residual stress and plastic deformation in the sur
rounding material. This open-crack condition highlights the irreversible 
plasticity and energy dissipation that occurred during crack propagation 
and the material’s inability to recover elastically due to localised 
damage.

The crack propagated under a significantly lower SIF compared to 
the typical fracture toughness of AA-5052, which ranges from 25 to 30 
MPa⋅m0.5 [46], suggesting it may have originated below the surface, 
with only a thin surface layer cracking under the lower SIF. However, 
once the crack ceased to grow, the SIF increased to 18.30 ± 0.22 
MPa⋅m0.5 by the end of the test. This observation aligns with previous 
studies suggesting that short cracks typically propagate at much lower 
stress intensity factors than long cracks [10,18], as a substantial portion 
of the energy is derived from internal stresses and dislocation structures 
rather than the energy directly applied within a single cycle [5,47]. On 
the other hand, fracture toughness is considered a global material 
property and is typically associated with the behaviour of long cracks. In 
our experiment, as the applied nominal load increased sufficiently, the 
arrested crack transitioned into a long crack, demonstrating the mate
rial’s fracture toughness characteristics.

While tensile residual stresses were not explicitly introduced or 
measured in this study, we acknowledge that localised residual stress 
fields may arise from microstructural inhomogeneity and prior plastic 
deformation near the crack tip, potentially influencing the observed 

Fig. 5. (a) Analytical K changes and crack increments beyond 0.18 mm strain. (b) Normalised ΔKI,II from DIC with power law fit for ΔKI and linear fit for ΔKII . (c) 
In-situ image of stationary crack at 0.7 mm.
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crack path and local fracture resistance [48–50].

5. Conclusions

This study investigated short crack propagation in AA-5052 under 
monotonic loading using in-situ SEM, EBSD, and DIC. The results show 
that crack growth initiates along favoured slip planes, mixed with 
double slip in non-coherent planes, and is strongly influenced by grain 
boundaries, particularly Σ33c, which acts as a barrier. Although dislo
cation density was not directly measured, grain fragmentation suggests 
significant local plasticity.

The linearity of the analytically calculated stress intensity factor 
(SIF) during the in-situ crack growth reflects the nominal applied force 
and the elastic response of the material. However, while the analytical 
SIF provides a broader approximation of the fracture process based on 
the nominal load, it is not sensitive to micro-crack propagation or the 
local driving forces near the crack tip, which was captured via the DIC- 
derived SIFs. As the crack transitioned from microstructure-sensitive to 
load-driven growth, we observed a shift in fracture behaviour consistent 
with quasi-brittle to ductile transition. These findings underline the 
importance of multiscale approaches in capturing early-stage fracture 
mechanisms in ductile alloys.
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