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The study aimed to investigate crack initiation and propagation at the micro-scale in heat-treated Al-7Si-Mg cast
alloys with different copper (Cu) contents. In-situ cyclic testing in a scanning electron microscope coupled with
electron back-scattered diffraction and digital image correlation was used to evaluate the complex interaction

g::;i(:t;n:fl:;ns between the crack path and the microstructural features. The three-nearest-neighbour distance of secondary
Fatigui particles was a new tool to describe the crack propagation in the alloys. The amount of Cu retained in the a-Al

matrix after heat treatment increased with the Cu content in the alloy and enhanced the strength with a slight
decrease in elongation. During cyclic testing, the two-dimensional (2D) crack path appeared with a mixed
propagation, both trans- and inter-granular, regardless of the Cu content of the alloy. On fracture surfaces,
multiple crack initiation points were detected along the thickness of the samples. The debonding of silicon (Si)
particles took place during crack propagation in the Cu-free alloy, while cracking of Si particles and intermetallic
phases occurred in the alloy with 3.2 wt% Cu. Three-dimensional tomography using focused ion beam revealed
that the improved strength of the a-Al matrix changes the number of cracked particles ahead of the propagating

crack with Cu concentration above 1.5 wt%.

1. Introduction

Nowadays, the automotive sector strives for lightweight solutions for
reducing gas emissions and fuel consumption [1,2]. Besides, the com-
ponents of electric vehicles must meet additional requirements
regarding reduced weight and optimised mechanical performance. For
these reasons, it is crucial to perfectly match the selection of materials to
the operational life of components [3]. Hypoeutectic Al-Si cast alloys
are a valid candidate for fulfilling these requirements, particularly with
the right combination of alloying elements, such as magnesium (Mg) and
copper (Cu), and post solidification treatments. The addition of Mg and
Cu combined with proper heat treatment provides a good compromise
between the ductility of Al-Si-Mg alloys and the strength of Al-Si-Cu
systems [4-6]. For this reason, over the last two decades, the literature
has addressed the addition of Cu to Al-Si-Mg cast alloys for both as-cast
[4-7] and heat-treated conditions to obtain high strength [8-19].

The T6 heat treatment is typically applied to Al-Si-Mg and
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Al-Si-Cu-Mg alloys and consists of solution treatment, quenching, and
ageing. These steps lead to dispersed precipitates that hinder dislocation
movements and improve the strength of the material. In Al-Si-Mg al-
loys, the precipitation sequence during ageing results in an incoherent
B-Mg,Si phase [17]. The addition of Cu changes the precipitation
sequence of the alloy, inducing Cu-based precipitates, as reported in the
literature [12-14]. For a Cu content greater than 1.5 wt%, the inco-
herent 0-Al,Cu phase ends the precipitation sequence and suppresses the
B-Mg,Si phase [17]. The strength improvement is due to a sufficient
number of precipitates of appropriate size and spacing. Peak ageing
generally occurs within the transition from coherent to semi-coherent
precipitates when the optimal number density combined with optimal
precipitate spacing is reached [18]. Natural ageing before artificial
ageing is beneficial for Al-Si-Mg alloys because it promotes a micro-
structure with a lower number density of coarser particles compared to
the directly artificially aged alloy [18,19].

As a consequence of heat treatment, the addition of Cu improves the
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Yield Strength (YS) and Ultimate Tensile Strength (UTS) of Al-Si-Mg
alloys. Caceres et al. [16] investigated the influence of Si, Cu, and Mg on
the tensile properties of heat-treated Al-Si-Mg-Cu systems. They
concluded that to achieve the optimal mechanical response, Cu content
should be limited to 3 wt% when Mg content is above 1 wt%. Zheng et al.
[15] investigated Al-6Si-Cu-Mg alloys with Cu/Mg ratios from 1 to 4.
They reported that the precipitation sequence depends on the Cu content
and the Cu/Mg ratio: a low-ratio alloy tends to preferentially form the
precursor of B precipitates, whereas a high-ratio alloy will lead to the
formation of Q and 6 precursors. A higher Cu/Mg ratio by increasing Cu
content improves both strength and elongation.

The effect of T6 heat treatment also influences the fatigue response of
the material. In particular, crack propagation is characterised by
significantly more branching and crack deflection compared to the as-
cast condition due to crack-tip shielding and lower crack growth rates
[20]. For this reason, Lados et al. [21-23] have been focusing their
attention on the influence of microstructural features on long and small
fatigue crack growth in heat-treated Al-Si-Mg alloys. About the o-Al
matrix strength, they reported that the crack growth rate is higher for
naturally-aged samples than for T6 ones in upper Region II and lower
Region III of the Paris curve. On the other hand, in upper Region III,
naturally-aged material showed improved fatigue crack growth resis-
tance due to the ductile tearing in the a-Al matrix.

From this background, an in-depth understanding of crack initiation
and propagation on the microstructural scale is crucial for developing
high-performance alloys, especially for the transportation sector. In
addition, structural components like suspension systems must withstand
dynamic loading [24-26], and it is crucial to assess the role of the
heat-treated microstructure in either promoting or shielding crack
propagation.

The present work aimed to identify the microstructural features that
significantly influence the crack initiation and propagation of a Cu-
added Al-7Si-Mg alloy after T6 heat treatment. The Cu additions were
selected for specific reasons: 0.5 wt% is the Cu content in the EN-AC
45500 alloy, 1.5 wt% is the content for the best strength-ductility
compromise [4-6,27], 3 wt% is the Cu content in the EN-AC 46500
alloy. Directional solidification enabled the control of cooling rate and
grain size with a limited number of defects [5] to focus specifically on
the role of Cu-related features. In-situ cyclic testing using a Scanning
Electron Microscope (SEM) and Digital Image Correlation (DIC) high-
lighted the interaction between crack development and microstructural
features. The distance between Si particles and Cu-rich phases, quanti-
fied with the three-nearest neighbour (3NN) distance, is an important
parameter to consider because it significantly affects the crack propa-
gation of these alloys. Tortuosity is an additional tool to describe the
crack path numerically. The results from our previous work on the same
alloys before heat treatment [28] were the starting point to compre-
hensively understand the influence of heat treatment in the present
study. Besides, previous work [28] shed light on the role of Cu-related
microstructural features, highlighting that Cu is beneficial for material
strengthening up to a threshold limit for ductility. The results lead to
assessing the mechanical response of the heat-treated alloys, typically
employed in service condition of structural cast components. To the best
of the knowledge of the authors, no similar detailed investigations have
been performed to evaluate the crack propagation at the microscale
level on the heat-treated Cu-added Al-Si-Mg alloys during cyclic
loading. This understanding will benefit the design of structural com-
ponents in vehicles with optimised performance.

2. Experimental procedure
2.1. Preparation and characterisation of alloys
Pure Al ingots, pure Si, and an Al-50Mg master alloy were melted in

a boron nitride-coated crucible to prepare four Al-Si-Mg alloys with
different Cu concentrations. Cu contents were obtained with the
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addition of an Al-50Cu master alloy. After the completion of melting,
grain refiner (Al-5Ti-1B) and modifier (Al-10Sr) master alloys were
also added to achieve the intended contents of 650-700 ppm of titanium
(Ti) and 200-250 ppm of strontium (Sr). Table 1 presents the chemical
composition of each alloy, which was evaluated with an optical emission
spectrometer (Spectromaxx CCD LMXM3, Spectro Analytical
Instruments).

Cylindrical rods (length 150 mm, diameter 9 mm) were cast, re-
melted, and drawn from a directional solidification furnace raising at
~6 mm/s. This technique produces a low-defect material because the
solidification front pushes oxides and porosities towards the top of the
samples [5]. It also enabled a targeted average Secondary Dendrite Arm
Spacing (SDAS) of 10 pm and targeted Average Grain Size (AGS) of 90
pm. Solution treatment was performed at 495 °C for 1 h, followed by
quenching in water at 50 °C. After 24 h of natural ageing, artificial
ageing followed at 210 °C for 1.5 h. The parameters for the T6 heat
treatment were selected according to the work of Sjolander and Sei-
feddine [29]. The heat-treatment parameters were selected to reach the
peak strength of the Cu-added alloys and also applied to the Cu-free
alloy, considered as a reference alloy.

Electron Back-Scattered Diffraction (EBSD - Hikari Plus, Eden In-
struments), Wavelength Dispersive X-ray Spectroscopy (WDS - Texs HP,
Edax), and Energy Dispersive X-ray Spectroscopy (EDS - Octane Pro,
Edax) were employed in a SEM (Lyra3, Tescan) to determine the AGS,
quantify the element composition in the primary o-Al matrix, and
identify the secondary phases, respectively. Optical microscope (GX71,
Olympus) and SEM (EVO MAL15, Zeiss) were employed for microstruc-
tural investigations. Quantitative image analysis (ImageJ) on Si and Cu-
containing particles was conducted to measure the 3NN distance, area,
aspect ratio (Feretyin/Feretnyax) and circularity (4*1t*area/perimeter2),
as defined by the ISO 9276-6:2008 standard. The 3NN distance, as
developed in Ref. [30], of secondary particles was measured using the x
and y coordinates of each particle centroid. The field of view (FOV) in
the micrographs constituted the reference system for the coordinates.
Crack tortuosity was applied to describe the crack propagation, which is
a dimensionless ratio between the actual crack length and its equivalent
straight path. It quantifies the crack path deviation from linearity: it is
equal to 1 for perfectly linear paths and higher than 1 for tortuous paths.
SDAS and AGS were evaluated according to Method D from Vandersluis
et al. [31] and the Heyn’s linear intercept method from the ASTM E112
standard, respectively.

The influence of Cu on the a-Al matrix strength was also assessed
using Vickers microhardness (HV0.01) measurements (FM-110, Future
Tech Corp). Tensile test specimens with a gauge length of 50 mm and a
diameter of 6 mm were machined from the heat-treated rods. Tensile
testing (Z100, Zwick Roell) was carried out at room temperature,
following the ASTM E8 standard, with a constant cross-head speed of
0.5 mm/min. A minimum of four samples was tested for each condition
with a clip-on extensometer to measure the strain.

2.2. In-situ cyclic testing and related techniques

Miniature Compact-Tension (CT) samples were cut using electric
discharge machining with a 0.25 mm wire. The miniaturised CT sample
dimensions, shown in Fig. la, were designed based on the ASTM
E647-00 standard guidelines.

The FOV size was 300 pm x 300 pm, and it comprehended the notch

Table 1

Nominal chemical composition [wt.%] of the investigated alloys.
Alloy Si Mg Cu Fe Ti Sr Al
Cu0 6.80 0.38 0.00 0.10 0.07 0.03 Balance
Cu 0.5 7.01 0.37 0.51 0.09 0.07 0.02 Balance
Cul5 7.14 0.38 1.61 0.09 0.07 0.02 Balance

Cu3.0 6.98 0.36 3.23 0.17 0.08 0.02 Balance
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Fig. 1. a) Dimensions of the Compact-Tension (CT) sample in mm; b) miniature
stage for in-situ cyclic tests; c¢) Field Of View (FOV) of the sample, showing the
Silicon (Si) particles that formed the random pattern for subsequent Digital
Image Correlation (DIC). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

tip to investigate local strain development (Fig. 1c). CT samples were
electropolished (15 V for 5 s) to produce a mirror finish for SEM ob-
servations, EBSD, and DIC. EBSD maps were acquired before and after
the in-situ fatigue tests to analyse the interaction between the crack and
grain boundaries. In-situ cyclic tests were performed on a tensile/
compression module (Kammrath & Weiss) (Fig. 1b) inside a SEM (Lyra3,
Tescan) at room temperature. Before cyclic loading, the monotonic
tension load to failure of the CT samples showed that the critical stress
intensity factor (Kc) increased with Cu content, as is shown in Table 2.
The selected AK = (1 — R)*Kpax is reported in Table 2 for each alloy, with
a constant load ratio (R) of 0.2. The selected Ky,ax Value is 70% of the Kc
for each alloy. The speed of loading was 8 pm/s (~0.1 Hz). Two samples
of each alloy were tested, and one extra sample of Alloys Cu 0 and Cu 3.0
was investigated for Focused Ion Beam (FIB) slicing.

DIC was performed with the MatchID commercial software (MatchID
Nv) to obtain the strain distribution on the deformed micrographs at
different cycles. Eutectic Si particles (Fig. 1c) constituted the natural
random pattern for DIC, representing a time- and cost-saving alternative
to artificial patterns. Table 3 presents the correlation parameters used
for the DIC analysis, following the work of Kasvayee et al. [32]. The
resolution of the strain distribution enabled the evaluation of the role of
grain boundaries in strain development.

Three-Dimensional (3D) tomography using FIB (Cobra, Orsay
Physics)-SEM (Lyra3, Tescan) was used to observe the crack path in
detail, providing more information than was obtained using Two-
Dimensional (2D) investigations. A location ahead of the propagating
crack was selected in an unloaded state, and a rough milling of ~1.7 pA
at 30 kV made a trench around the Area Of Interest (AOI). Fine polishing
and slicing of the AOI were conducted using a FIB current of ~30 nA at
30 keV. The thickness of each slice was 120 nm and captured around 300
SEM images at 5 keV using a high-sensitivity in-beam back-scattered
electrons detector.

Table 2
Parameters of cyclic testing.
Alloy K¢ Preload Pmax Kmax AK
[MPa*+/m] [N] [N] [MPa*+/m] [MPa*+/m]
Cuo0 39.3 364 312 27.4 21.9
Cu 44.4 410 354 31.1 24.9
0.5
Cu 47.6 441 379 33.3 26.7
1.5
Cu 50.2 463 400 35.2 28.1

3.0
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Table 3
Correlation parameters used for digital image correlation (DIC).
Parameter Value
Pixel size [pm] 0.24
SS = Subset size [pixel] 111
ST = Step size [pixel] 11
Correlation criterion Zero-normalised sum of squared
differences
Shape function Quadratic

Interpolation function Bi-cubic polynomial

Displacement standard deviation 0.1
[pixel]
SW = Strain window size [pixels] 15

SSR = Strain spatial resolution [pixels] 173
SSR =SS + [(SW- 1)*ST]

3. Results and discussion
3.1. Microstructural characterisation

The microstructural investigations of the alloys confirmed that the
SDAS and AGS were in the 8.8-11 pm and 82-107 pm ranges, respec-
tively. These parameters validate that all alloys were in the same con-
ditions of grain refinement and solidification. The morphology of Si
particles plays a crucial role in the mechanical properties of the alloys,
and the solution treatment spheroidised and coarsened them. Fig. 2a
compares the values of the area, aspect ratio and circularity of Si par-
ticles in all the considered alloys.

The average area of the Si particles was significantly larger than in
previous work [28], up to seven times due to coarsening during heat
treatment. This evolution is evident from comparing the microstructure
of Alloy Cu 3.0 before (Fig. 2b) and after heat treatment (Fig. 2c). On the
other hand, aspect ratio and circularity were not altered much by heat
treatment, as the modified Si particles already had a round morphology
in the as-cast condition [28].

The Si and Mg content in the centre of the primary dendrites
measured by WDS showed a slight decrease with the addition of Cu: Si
changed from 0.94 + 0.03 to 0.84 + 0.01 wt%, Mg went from 0.32 +
0.01 to 0.27 £ 0.01 wt%. The latter WDS measurements confirmed the
dissolution of the Mg,Si phase in the Alloys Cu 0 and Cu 0.5. Fig. 3b
presents the Cu content in the a-Al dendrites measured by WDS. The
result for Alloy Cu 0.5 is 0.52 wt%, and the comparison with Table 1
shows that Cu-based phases were completely dissolved. However, traces
of the Q-AlsMggCusSig phase were still present after heat treatment in
alloys with Cu contents of 1.5 wt% and 3.2 wt% (the latter depicted in
Fig. 3a), while 6-phase was dissolved. The calculated Cu content in the
remaining Q-phase (identified by EDS) summed with the Cu content in
the primary o-Al matrix (measured using WDS) agree with the overall Cu
content in each alloy (Fig. 3b). This phenomenon occurred because the
solution treatment at 495 °C for 1 h did not entirely dissolve the Q-
phase. The complete dissolution of the Q phases requires either a two-
step solution treatment, as presented by Wang et al. [33] and Toschi
[34], or a treatment period longer than 1 h [35,36].

The heat treatment also influenced the relative distance between the
secondary phases, i.e. eutectic Si particles and Cu-based phases. Fig. 4
summarise the 3NN distance measurements.

Si particles (Fig. 4a) presented an average 3NN distance of 0.63 pm
before heat treatment, independent of Cu content. After heat treatment,
the distance was in the 1.40-2.32 pm range due to the coarsening effect.
On the other hand, the 3NN distance of Q phases (Fig. 4b) decreased
from 3.55 pm in Alloy Cu 0.5-0.78 pm in Alloy Cu 3.0 before heat
treatment. This decreasing trend mirrored the more significant number
of intermetallic particles, resulting in a closer distance to each other.
After heat treatment, the decreasing trend shifted to higher values, from
9.10 pm in Alloy Cu 0.5-4.10 pm in Alloy Cu 3.0 due to the partial
dissolution of Q phases.
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Fig. 2. Evolution of the eutectic Si particles after heat treatment: a) values of the area (um?, left y-axis) and geometrical parameters (dimensionless, right y-axis) of Si
particles in the alloys; examples of microstructure for Alloy Cu 3.0 b) before and c) after heat treatment. As-cast data are reported from previous work [28].
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Fig. 3. a) Microstructure of heat-treated Alloy Cu 3.0; b) Cu content in solid solution and undissolved Q-phase. The latter is calculated according to the theoretical Cu
content in the Q-AlsMggCu,Sig phase (~20 wt%). Dashed lines represent the overall Cu content in each alloy.
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Fig. 4. Three-Nearest-Neighbour (3NN) distance of particles: a) eutectic Si; b) Q phase. The error bars represent the standard deviation.

3.2. Static mechanical properties

The mechanical properties showed an improvement in YS (Fig. 5a)
and UTS (Fig. 5b) and a decrease in elongation (Fig. 5¢) with increasing
Cu concentration. The YS improved from 3 to 35% as Cu increased from
0.5 to 3.2 wt%, while UTS increased from 10 to 47%. However, the

reduction in elongation was negligible compared to the reduction in
previous work [28], indicating the detrimental role of the Cu-rich pha-
ses. Nevertheless, the heat treatment was beneficial, particularly for
alloys with Cu contents of greater than 1.5 wt%, and in general, it
homogenised the elongation response of the alloys.

The enhancement in YS and UTS was related to the precipitation
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Fig. 5. Mechanical properties of the heat-treated alloys: a) Yield Strength (YS); b) Ultimate Tensile Strength (UTS); c) percentage elongation; d) Vickers micro-
hardness (HV0.01) of the primary o-Al matrix. The as-cast values from previous work [28] are depicted for direct comparison.

hardening, also reported by Zheng et al. [15]. Comparing the increasing
trend of YS and UTS after heat treatment with the WDS measurements
(Fig. 3b), it is clear that the strengthening role of the Cu retained in the
primary a-Al matrix was coupled with the partial dissolution of the Q
phases and the total dissolution of the 6 phases during heat treatment.
The percentage increment in YS (Fig. 5a) mirrored the percentage
improvement in HV0.01 of the primary a-Al matrix (Fig. 5d), from 1 to
36%, as Cu increased from 0.5 to 3.2 wt%. Fig. 5d shows that the
hardness of the a-Al matrix varied in the range of 98 <+ 130 HVO0.01 for
the heat-treated alloys, and the strengthening after heat treatment was
related to the Cu retained in the a-Al matrix (Fig. 3b).

The limited variation of Si morphology (aspect ratio and circularity
in Fig. 2a) and 3NN distance (Fig. 4a) after heat treatment was common
to all of the alloys, and it underlines that the mechanical response was
primarily affected by the Cu-based phases in this study. The decreasing
3NN distance between Q phases (Fig. 4b) reflected the elongation trends
in both conditions. Elongation decreased with Cu content steeply before
heat treatment [28] and slightly after heat treatment, from 11 to 8%.
Similarly, the average 3NN distance of the Q phases lies in the 9 - 4 pm
range in the heat-treated condition, while in the as-cast condition, the
range was 3.5-1 pm (Fig. 4b). This correlates well with the significant
drop in elongation in previous work [28].

3.3. In-situ cyclic tests — 2D observations

Table 4 shows the results of the in-situ cyclic tests belong to the low-
cycle fatigue regime, as the samples survived 340-1500 cycles. The
addition of Cu content did not determine the fatigue life of the samples,
as the results are randomly distributed within this range.

Table 4
Summary of the in-situ cyclic tests on heat-treated CT samples.

Alloy Sample Cycles survived
Cu0 A 800
B 1500
C 1253 (stopped for FIB milling)
Cu0.5 A 690
B 340
Culs5 A 740
B 1065
Cu 3.0 A 730
B 925
C 640 (stopped for FIB milling)

3.3.1. Crack initiation

The fatigue crack initiation in heat-treated conditions of a hypo-
eutectic Al-Si cast alloy results from micro-scale defects or discontinu-
ities at the surface and subsurface levels. A 2D perspective indicated that
the crack initiation appeared in the primary dendrite in the Cu-free alloy
(Fig. 6a-b and highlighted in Fig. 7a); Cu additions moved it to the
interdendritic regions (Fig. 6¢-h). Fig. 6g-h shows that the nucleation
sites were observed at the grain boundaries (dashed yellow lines, over-
imposed from the EBSD maps) in Alloy Cu 3.0. Fig. 6h shows two cracks
that originated from the same point and follow the grain boundaries. On
the other hand, Fig. 6a-f shows cracks in the grain centre in all of the
investigated specimens with lower Cu concentrations. From observing
the polished surfaces, it can be concluded that crack nucleation occurred
in the grain for Cu contents up to 1.5 wt% and aligned with the grain
boundary for Alloy Cu 3.0. Moreover, defects or discontinuities at the
sub-micron scale, such as precipitates, that can act as initiation sites
were not observed in this work and need different investigative
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Fig. 6. Crack propagation in all heat-treated alloys combining EBSD and Digital Image Correlation (DIC): a-b) Alloy Cu 0; c-d) Alloy Cu 0.5; e-f) Alloy Cu 1.5; g-h)
Alloy Cu 3.0. The dashed yellow lines represent grain boundaries, super-imposed from EBSD, and red arrows point to the initiation sites. The colour bar represents the
von Mises equivalent strain and is valid for all the frames. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)
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Fig. 7. Examples of crack path: a) trans-dendritic in Alloy Cu 0, pointed by
yellow arrows; b) inter-dendritic in Alloy Cu 3.0, pointed by red arrows. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

approaches.

3.3.2. Crack propagation

Crack propagation is generally expected to follow the least resistance
path, offered by weak or damaged microstructural features ahead of the
crack tip. The EBSD maps generated were super-imposed on the SEM
micrograph, and the dashed yellow lines in Fig. 6 represent the grain
boundaries.

In Alloy Cu O (Fig. 6b), the crack propagated along trans-granular
paths for the first 150 ym in the FOV, then continued following the
grain boundaries. The propagation followed a mixed path that crossed
the dendrite arms and followed the eutectic Si particles.

Crack propagation shifted slightly to the interdendritic regions with
the Cu addition of 0.5 wt% (Fig. 6¢-d). This shift occurred due to the
enhanced strength in o-Al matrix strength due to the retained Cu,

evidenced by WDS measurements in Fig. 3b and hardness values in
Fig. 5d. The DIC results for Alloy Cu 0.5 highlighted that increment of
strain concentration occurred at the grain boundaries. However, the
main propagation path was trans-granular.

In Alloy Cu 1.5 (Fig. 6e-f), the propagation is mainly trans-granular
with some intergranular segments, despite the increased strain con-
centration at the grain boundaries.

Concerning Alloy Cu 3.0 (Fig. 6g-h), the 2D perspective showed that
crack growth tended to follow the grain boundaries. Fig. 6g shows that
the propagation later continued across the grains. In Fig. 6h, two cracks
are propagated under the dashed yellow lines along the grain boundaries
and determined the higher strain highlighted by the DIC.

The crack propagation appears to be mixed on the surface, most as
trans-granular and some inter-granular paths were present in all alloys.
DIC in Fig. 6 highlighted that grain boundaries could determine local-
ised strain, and it can ease crack propagation by determining the
occurrence of intergranular segments (Fig. 6h). More often, the highest
strain path is not determined by the grain boundaries (Fig. 6d). Other
works [37,38] concluded that grain boundaries serve to distribute
deformation in the microstructure, aligning with what is observed about
crack propagation in Fig. 6. Han et al. [38] investigated short fatigue
crack growth in Al-7Si-0.4 Mg alloy and reported that the grain
boundaries deaccelerate crack propagation by a shielding effect.
Nevertheless, the role of grain boundaries is based only on limited 2D
data in the present study, and more investigation is required for a
comprehensive assessment.

The increased Cu content in the a-Al matrix, as precipitates, provide
significant obstacles for the dislocation movement, as shown by Roy
et al. [17] and Saito et al. [14]. This phenomenon transfers the propa-
gation from the a-Al matrix in Alloy Cu O (yellow arrows in Fig. 7a) to
the eutectic regions in Alloy Cu 3.0 (red arrows in Fig. 7b), with an
increased number of damaged Si particles and Q phases. This phenom-
enon is related to the primary matrix strengthening observed previously
(Fig. 5d) in the present work. Similar behaviour was observed in Alloy
Cu 1.5, whereas the propagation changed from trans-dendritic to
inter-dendritic.
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Another significant change was the presence of multiple secondary
cracks appearing in the FOV during cyclic loading, indicated by arrows
in Fig. 8. These secondary cracks followed the Si particles and Q phases
(Fig. 8a) and opened up as cyclic loading continued (Fig. 8b). The cracks
followed the interdendritic regions and connected the secondary phases
due to the reduced 3NN distance between the Q phases, as shown in
Fig. 8c and d.

Secondary cracks were not evident in the FOV of Alloy Cu 0 and Cu
0.5. Moreover, some cracks were detected in Cu 1.5, and many sec-
ondary cracks developed in Alloy Cu 3.0 (Fig. 8). The a-Al matrix
strength governed the stress concentrations in the alloy and, conse-
quently, the propagation behaviour. Inter-dendritic secondary cracks
developed along the lateral dendrite tips with increasing o-Al matrix
strength. The material within the FOV was involved in dissipating the
deformation that resulted from the cyclic loading, not only the primary
crack but also the secondary cracks in the interdendritic regions
(Fig. 8c—d). This increasing trend of secondary crack development aligns
well with the decreasing 3NN distance between Cu-based phases
(Fig. 4b), which enabled the connection between small cracks.

The influence of the strengthened a-Al matrix on the evolution of the
crack path can also be assessed with crack tortuosity. Fig. 9 shows that
tortuosity varied within 1.1-1.2 for the heat-treated alloys, a more
limited range than what found in previous work [28]. Given the constant
values of AGS and SDAS for the alloys in all conditions, the evolution of
tortuosity with the Cu content accords well with the elongation results in
Fig. 5c.

In the heat-treated alloys, the constant crack tortuosity trend was
related to a constant ductility trend. The values for tortuosity for Alloy
Cu 1.5 were the same before [28] and after heat treatment, with a
limited difference in elongation (Fig. 9).

In previous work [28], Alloy Cu 3.0 had a rapid failure without any
previously detectable deformation. However, after heat treatment, the
crack propagation was not sudden and could be followed in the FOV
during in-situ cyclic loadings at all levels of Cu concentration. Further-
more, the improved elongation (Fig. 5¢) coupled with the enhanced
hardness of the primary a-Al matrix (Fig. 5d) compared to previous work
[28] highlights that Cu-containing alloys benefit from an excellent
balance between strength and ductility with heat treatment. With this
condition, the damage is progressive during cyclic loading rather than
sudden, as was previously reported [28].
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Fig. 9. Comparison of crack tortuosity and elongation trends in the as-cast and
heat-treated conditions. The trend lines are meant to guide the eye. The as-cast
values from previous work [28] are depicted for direct comparison.

3.4. In-situ cyclic tests — 3D evaluations

3.4.1. FIB slicing

The 3D evaluation using FIB slicing of the extreme conditions, Alloys
Cu 0 and Cu 3.0, was performed to investigate the development of
secondary cracks in Fig. 8. Fig. 10a and d shows the AOI (white rect-
angles) for the FIB sections investigated of Alloy Cu 0 (Fig. 6a) and Cu
3.0 (Fig. 6h). A 2D perspective showed that crack propagation stopped
at the grain boundary during the cyclic testing of Alloy Cu 0. At the
beginning of the FIB sections (Fig. 10b), no crack was visible in the
thickness but was evident on the surface (white arrow). The bright
phases in Section 1 (black arrows in Fig. 10b) are Fe-containing phases,
as confirmed by EDS measurements. Moreover, investigating the sec-
tions moving toward the crack showed a limited amount of cracked or
debonding phases. In Section 170 (Fig. 10c), a crack opened from the
underlying volume (red arrows), indicating crack initiation below the
surface.

As the Cu concentration increased to 3.2 wt% (Fig. 10d), multiple
cracks were visible on the surface of the sample. The white arrow in
Fig. 10e points to the surface crack, which extended to the material

925 cycles

Fig. 8. Development of secondary cracks (indicated by yellow arrows) in heat-treated Alloy Cu 3.0: a) 825 cycles; b) 925 cycles; c-d) magnified micrographs of
secondary cracks in (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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underneath. In the FIB sections, a significant amount of cracked and
debonded phases was present ahead of the crack tip compared to Alloy
Cu 0. Moreover, the sections toward the crack (Section 250 in Fig. 10f)
clearly shows that the crack propagated from below (red arrows) in the
Cu phases, which were close to each other 4 pm on average (Fig. 4b).

These insights on crack propagation from subsurface material also
support the appearance of the secondary cracks visible in Fig. 8b. These
might be the final parts of cracks that developed underneath, from
coalescence between cracked particles, and ultimately reached the
polished surface appearing as secondary cracks.

Fig. 11b and d shows the 3D reconstruction of the volume removed
by FIB slicing, showing cracks as red and intermetallic phases as blue in
the alloys. Moreover, the arrows in the 2D view Fig. 11a and c follow the
same colour legend. Alloy Cu 0 (Fig. 11a) has few cracks in the inves-
tigated AOI, while Alloy Cu 3.0 (Fig. 11c) contains significantly more
cracks. In Alloy Cu 0 (Fig. 11b), the crack appears from below, as
visualised in Fig. 10c. In alloy Cu 3.0 (Fig. 11d), more connected

b) =0 d)

section 170
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Fig. 10. FIB sections used to investigate the
material around the crack in heat-treated
alloys. a) Alloy Cu 0, test stopped at 1253
cycles; b) and c) show related sections; d)
Alloy Cu 3.0, test stopped at 640 cycles; e)
and f) show related sections. The black ar-
rows point to Fe compounds, the white ar-
rows point to superficial cracks, and the red
arrows point to the crack coming from un-
derneath. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the Web version of this
article.)

microcracks are observed in the AOI. Furthermore, the 3D reconstruc-
tion confirms that cracks are frequently visible in connection with
intermetallic phases, as previously observed in 2D slicing (Fig. 10f).

3.4.2. Fracture surface analyses of CT samples

Investigations of fracture surfaces showed that initiation sites were
distributed along with the thickness of the CT samples. This outcome
aligns with the FIB sections in Figs. 10 and 11, which showed cracks
originating in the subsurface area. The supposed initiation points
observed in the 2D view in Fig. 6a and h are a later stage of the crack
propagation because of the triaxial stress state. The crack propagation
zone (highlighted with the dashed yellow line in Fig. 12a and d) was
distinct from the final fracture zone in the investigated alloys. Moreover,
all of the samples show shear lips (solid yellow lines in Fig. 12a and d,
showing Alloys Cu 0 and Cu 3.0) with significant height differences.
Magnified views are depicted in Figs. 12¢ and f for Alloys Cu 0 and Cu
3.0, respectively. The fracture morphology of shear lips indicated a

MLGUCUPEY  Color legend
: e Crack
e Intermetallic

3D

Fig. 11. 3D reconstruction of the FIB sections of the crack in heat-treated alloys. a) FIB section of Alloy Cu 0, test stopped at 1253 cycles, and b) related 3D
reconstruction; ¢) FIB section in Alloy 3.0 Cu, test stopped at 640 cycles, and d) related 3D reconstruction. The red arrows show the cracks, and the blue arrows show
the intermetallic phases. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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7\ shearlips < initiation points  #“"‘.. stable propagation area

Fig. 12. Fracture surfaces of heat-treated Compact-Tension (CT) samples: a) Alloy Cu 0, b) and c) are magnified views of initiation points and shear lips, respectively,
in a); d) Alloy Cu 3.0, e) and f) are magnified views of initiation points and shear lips, respectively, in d).

ductile behaviour, and similar dimples characterised the entire final
failure zone in all of the alloys.

In Alloy Cu 0, the fracture surface at the notch showed that initiation
started at two locations, each with a different crack propagation orien-
tation. The magnified view of the propagation zone (Fig. 12b) shows Si
particles rising from the surface. This feature suggests that the Si par-
ticles were debonded and pulled out from the a-Al matrix during crack
propagation.

In Alloy Cu 3.0, the initiation started at multiple points, and several
cracks appeared in the propagation zone. In the enlarged view
(Fig. 12e), a mixture of debonded Si particles and cracking around
particles are visible; these occurred due to the enhanced strength of the
a-Al matrix. The difference from previous work [28] was significant for
the alloy with 3.2 wt% Cu, in which a rapid failure occurred due to the
presence of a significantly greater quantity of Q and 6 phases. However,
the reduction in the number of Cu-rich particles in Alloy Cu 3.0 after
heat treatment changed the propagation behaviour of the alloy, and the
crack path was visible in Fig. 6g-h.

In summary, the presented results show the critical role of Cu in
Al-Si-Mg cast alloys to determine both crack initiation and propagation.
The addition of Cu above 1.5 wt% transfers the propagation from the
primary o-Al matrix to the eutectic regions because of the complex
interaction between the strengthened a-Al matrix and intermetallic
phases.

4. Concluding remarks

This study investigated the influence of microstructural features on
tensile properties and crack development during cyclic loading in heat-
treated Al-7Si-Mg alloys with different Cu additions. The following
conclusions can be drawn:

- The limited variation of Si particles after heat treatment, in terms of
morphology and three-nearest-neighbour distance, shown that me-
chanical properties are affected by Cu-based phases and primary
matrix to a great extent.

- The addition of Cu resulted in a continuous improvement in YS and
UTS up to 327 and 418 MPa, respectively. The parallel decrease in
elongation was limited, from 11% to 8%, while crack tortuosity in CT
samples followed the opposite trend with Cu additions.

- Crack initiation occurred at multiple sites in the thicknesses of the
samples, as clarified by FIB sections and fracture surfaces. From the
2D perspective, crack propagation appeared mostly trans-granular in
all the materials. However, the crack moved from trans-dendritic to
inter-dendritic as the Cu content increased.

- The primary a-Al matrix was the most significant feature to influence
crack propagation, as the strengthening effect of Cu influenced the
development of inter-dendritic secondary cracks. These formed from
the coalescence of small cracks that originated in the Si particles and
intermetallic phases.

The 2D observations were interpreted differently after the three-
dimensional insights provided by FIB sections and fracture surfaces.
This study provided a deeper understanding of the relationship between
crack development and microstructural features, useful for optimised
structural components. Future studies will investigate the variation of
other microstructural features that influence the mechanical response.
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