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Abstract

Aluminium alloy 6082 is widely used in the automotive and aerospace industries due to its
high strength-to-weight ratio. However, its structural integrity can sometimes be affected
by an early fatigue failure. This study investigates the fatigue performance of extruded 6082-
T6 samples through a series of fatigue tests conducted at varying stress levels. The material
showed significant variability under identical fatigue conditions, suggesting the presence of
microstructural defects. Scanning electron microscopy with energy-dispersive spectroscopy
(SEM/EDS) and scanning transmission electron microscopy (S/TEM) were used to identify
the nature and location of the defects and evaluate the underlying mechanisms influencing
the fatigue performance. Computer tomography (CT) also confirmed the presence of
oxide inclusions on the fracture surface and near the edges of the samples. These oxide
inclusions are distributed throughout the material heterogeneously and in the form of
broken oxide films, suggesting that they might have originated during the material’s early
processing stages. These oxides acted as stress concentrators, initiating microcracks that
led to catastrophic and unpredictable early failure, ultimately reducing the fatigue life of
micro-oxide-containing samples. These results highlight the need for better casting control
and improved post-processing techniques to minimise the effect of oxide presence in the
final components, thus enhancing their fatigue life.

Keywords: aluminium alloy 6082; extrusion; fatigue life; fracture; oxides; microstructural
characterisation

1. Introduction
Aluminium alloys have been widely used in the construction of load-bearing structures

due to their excellent mechanical properties such as a relatively high strength-to-weight
ratio and their resistance to corrosion [1–4]. These properties make them suitable for
various engineering applications in the automobile and aerospace industries, where weight
reduction is crucial for improving overall performance [2]. Among aluminium alloys, 6xxx
series alloys gained significant attention in the automotive sector, where they are widely
used for the fabrication of automobile components like engines, bodies, chassis, and wheels
to increase efficiency without compromising safety [1,3].

However, aluminium structures have a limited lifetime due to the nature of the
loading they experience. Fatigue failure plays an important role during the failure modes,
significantly affecting the lifespan of the aluminium components [5–7]. Cyclic loading
initiates the cracks microscopically at low stress levels, which can potentially lead to
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catastrophic failures [5,7]. Therefore, monitoring the deformation of these materials at an
early stage is essential to prolonging the lifetime of aluminium structures.

Aluminium 6xxx series alloys are heat-treatable alloys, and these treatments include
solution heat treatment, age hardening, and quenching [8,9]. The alloying elements (mag-
nesium and silicon) and the heat treatment parameters have a significant influence on
the mechanical properties of aluminium 6xxx series alloys [10]. Among the 6xxx series,
6082 alloy has been widely used for the fabrication of automobile components due to its
exceptional combination of material and mechanical properties, with excellent formability
and machinability enabling the production of complex shapes required for automobiles [1].

However, the presence of oxides and non-metallic inclusions, which are entrapped
during material casting and then deformed during the extrusion process, has a significant
impact on the overall performance of the material [11,12]. Ideally, they should be removed
or prevented during the melt stage [13], because once in the solid billet, they are challenging
to deal with. Secondary intermetallic phases can be modified or eliminated by thermo-
mechanical treatments [14], but the oxide films can only be deformed and fragmented,
always remaining in the final microstructure and leading to possible inhomogeneities in
their distribution in the sample. Several studies indicate that the post-processing method
significantly influences the mechanical and material properties. Kumar et al. observed that
the samples produced by cryorolling and annealing showed the highest fatigue life [15].
Nanninga et al. investigated the influence of the surface finish of hollow extruded 6082
alloy and reported that the direction of the extrusion die lines plays a significant role in the
fatigue failure of the material [16].

These inclusions not only affect the fatigue life of the material but also play a crucial
role in reducing its mechanical properties, surface quality, and machinability [15,16]. The
presence of such defects creates a stress concentration that acts as an initiation site for cracks.
The cracks typically nucleate on the larger inclusions near the surface and subsequently
propagate along the paths with a high stress concentration of smaller inclusions, ultimately
leading to premature failure under cyclic loading [15,17].

Wang et al. investigated the effects of different inclusion types on the fatigue properties
of the material and observed that fatigue cracks originated from the interface between the
matrix and the oxide inclusions [17]. Similarly, Liu et al. analysed the effects of different
types of inclusions on the tensile properties of the aluminium cast alloy and reported that
the oxide inclusions have a greater effect on the mechanical properties compared to other
inclusions [12]. Di Sabatino et al. studied the fluidity of the recycled aluminium alloys
and reported that oxide inclusion in the material significantly decreases the fluidity of the
material during casting [11]. Gopalan et al. reported that the presence of oxide bi-films acts
as crack initiation sites in cast alloys [18]. Similarly, Wang et al. stated that oxide films and
pores have a dominant effect on the fatigue life of the material of aluminium cast alloys [19].
From the studies, it can be noted that addressing these processing defects is essential to
enhancing the material and mechanical properties of aluminium alloys [20].

This study investigates the presence of inclusions in aluminium alloy 6082 and analyses
the fatigue behaviour of the alloy. For this purpose, several high-cycle-fatigue tests were
performed to determine the fatigue life of the material. SEM and EDS analyses were used to
understand the microscopic behaviour of the material. Additionally, computer tomography
and 3D image analysis were used to investigate the distribution of the inclusions in the
material and their potential impact on fatigue performance.

2. Materials and Methods
The aluminium 6082 alloy used in this study was commercially obtained from Aalco

Metals Ltd., Aylesbury, UK, in the form of extruded T6-treated (peak-aged) cylindrical bars
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with a diameter of 40 mm. The chemical composition of the alloy was determined through
spark spectroscopy, and verified if it is in the appropriate range from the manufacturer
this is presented in Table 1. The achieved composition confirms the chemical nature of
the material.

Table 1. Chemical composition of extruded aluminium alloy (weight %).

Element Mg Si Mn Fe Cr Al

Measured 0.61 1.02 0.42 0.18 0.01 Balance
From manufacturer

(Aalco) 0.6–1.20 0.7–1.30 0.4–1.00 0.0–0.50 0.0–0.25 Balance

2.1. Microstructural Characterisation

Samples were examined metallographically using the Zeiss optical microscope (OM)
and scanning electron microscopes (SEM) such as Zeiss Crossbeam 340 (Oberkochen,
Germany) and Thermo Fisher Apreo 2 S HiVac SEM (Waltham, MA, USA). The SEM is
equipped with energy-dispersive spectroscopy (EDS) and electron backscatter diffraction
(EBSD) detectors. The scanning transmission electron microscope (S/TEM), the Thermo
Fisher Talos F200i S-FEG TEM equipped with an EDS detector (along with conventional
TEM imaging capabilities with bright field TEM mode (BF-TEM)), was also employed. The
STEM detector used in this investigation is a high-angle annular dark field (HAADF) with
a camera length of 410 mm, with an acceleration voltage of 200 kV.

For SEM and OM analysis, the samples were initially cut both perpendicular and
parallel with respect to the extrusion direction. Cold-mounted samples were ground using
silicon carbide abrasive paper from grades P320 to P4000 and polished with oxide polishing
suspension (OPS) solution using automatic polishing equipment to observe the initial and
fatigued microstructure. Electron backscatter diffraction (EBSD) analysis was performed
with a step size of 1 µm, an acceleration voltage of 20 kV, an aperture size of 120 µm, and a
working distance of 15 mm.

For STEM analysis, samples were cut into 250 µm slices using a precision cutting
machine and were mechanically ground using SiC paper up to a grit size of 4000 until a
thickness of 100 µm was obtained. Then, thin discs of 3 mm in diameter were extracted
using a hole-punching device, followed by electropolishing at 15 V and −30 ◦C using
Struers TenuPol-5 (a jet polishing system, Ballerup, Denmark) with a 25% nitric acid and
75% methanol electrolyte. This step induces a hole formation in these thin discs, ensuring
electron transparency.

2.2. Surface Roughness Measurements

The surface roughness of the machined samples was measured using a Mitutoyo SJ-210
surface roughness unit (Kawasaki, Japan), as surface roughness significantly influences the
crack initiation and, consequently, the fatigue life of the material [5,6,21]. The measurements
were taken within the gauge length of the sample. Six readings were taken for each sample,
and they were categorised based on the average surface roughness values.

The average surface roughness values (Ra) varied from 0.5 µm to 0.9 µm. Samples with
an average surface roughness of 0.5 µm were selected for this study to ensure consistency
in the results. Rodopoulos et al. considered the aerospace standard with surface roughness
values of less than 0.8 µm for 2024-T351 aluminium alloys [22], whereas [23] considered
surface roughness values of less than 0.7 µm by polishing with a diamond metallography
emulsion in the gauge area to investigate fatigue properties [23]. The considered value of
surface roughness in this study is homogeneous and in line with that in the literature.
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2.3. Mechanical Tests

Samples with an 8 mm gauge diameter and a 32 mm gauge length were machined
from the 40 mm extruded bars for mechanical tests. The dog bone specimens have circular
cross-sections, and they were machined in accordance with ASTM standard E466-15 [24]
for fatigue tests. The dimensions of the samples are presented in Figure 1. Two tensile tests
were performed to determine the yield and ultimate tensile strength of the material. All the
tests were displacement-controlled, with a constant displacement of 1 mm/min, using the
Instron tensile machine in accordance with ASTM standard E8/E8M-09 [25].

Figure 1. Geometry and dimensions of the cylindrical sample.

For fatigue tests, samples from the same surface roughness category were selected to
maintain comparable conditions for fatigue deformation. The samples were tested using
the Instron 8801 machine, with a load capacity of 100 kN at various fatigue conditions
ranging from 315 MPa to 140 MPa, to determine fatigue life and to identify the high-cycle-
fatigue (HCF) and low-cycle-fatigue (LCF) regimes. All the fatigue tests were conducted in
a stress-controlled environment.

2.4. Computer Tomography (CT) and 3D Image Analysis

Selected samples were scanned using Zeiss Xradia 410 Versa X-ray computed micro-
tomography equipment. The scans were performed at a source voltage of 80 kV and a
power of 10 W, with a filter to reduce low-energy X-rays, minimising beam hardening and
enhancing image contrast. Reconstruction was achieved using integrated software (Scout
and Scan V16.0, Zeiss) to obtain 2D image stacks representative of the whole 3D volume of
the region under investigation. A voxel size of 17 µm was obtained, which is sufficient to
easily identify defects larger than 50 µm from the background noise. Image post-processing
and 3D visualisation and analysis were carried out using the VGSTUDIO MAX 3.2 software
suite (Volume Graphics GmbH, Heidelberg, Germany).

3. Results
3.1. Initial Microstructural Characterisation of the As-Received Rod Material

The optical microscope image of the alloy in the longitudinal direction is shown in
Figure 2. The grains of the aluminium matrix possess a fibrous microstructure with long,
elongated grains in the extrusion direction (Figure 2a), as seen in several studies [26,27]. The
microstructural characterisation, along with an EBSD analysis of the as-extruded sample,
was carried out (the viewing plane is parallel to the extrusion axis). The SEM micrographs
reveal elongated grains and the presence of other homogeneously distributed particles
(AlSiFeMn intermetallic particles) in the aluminium matrix (Figure 2b,c). The average Feret
diameter of the intermetallic particles in the extruded condition is 3.7 µm ± 1.9 µm.
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Figure 2. (a) OM image of the grain structure of the as-extruded sample in the longitudinal direction
(the viewing plane is parallel to the extrusion axis); (b,c) SEM micrographs of AA6082 in the as-
extruded T6 condition.

Figure 3a–c show an inverse pole figure (IPF) map indicating the orientation of grains, a
kernel average misorientation (KAM) map, and a grain size distribution graph, respectively.
The KAM map gives detailed information on strain accumulation as a function of crystal
orientation [28]. In this case, it specifically indicates strain induced because of extrusion
processing and precipitation hardening. Figure 3c shows that strain accumulation is
homogeneous. Grain size distribution demonstrates that the average size of the grains is
around 23 µm (±12.5 µm); similar values are also observed in the literature [29].

Figure 3. EBSD-based micrographs of as-extruded 6082 aluminium alloy in T6 condition (viewing
plane is parallel to extrusion axis): (a) inverse pole figure (IPF) map, (b) kernel average misorientation
(KAM) map with corresponding distribution of KAM angle, and (c) grain size distribution graph.

Figure 4 shows the HAADF-STEM micrographs of the as-extruded 6082 specimen.
Figure 4a shows the overview with the grain oriented in the [110] zone axis. This indicates
the presence of AlFeMnSi intermetallic particles and dispersoids, which have been charac-
terised in detail in several studies [4,14]. Dislocations can be observed in Figure 4b, and
their formation is associated with the extrusion process [14]. Figure 4c is a conventional
BF-TEM image confirming the presence of AlFeMnSi phases and process-induced disloca-
tion tangles. This is confirmed by the STEM-EDS analysis shown in Figure 4h–i. Figure 4d
shows another type of secondary particles, which are present in the 6082-T6 material system
and are β′′ precipitates (Mg2Si-based phase) [14,15,30]. Several authors have published
research on the role of β′′ precipitates after peak aging via T6 heat treatment to enhance the
mechanical performance of 6082 samples by optimising their size for optimum interaction
with the dislocations [1,31,32]. This imaging was conducted in a condition just away from
the [110] zone axis, as shown in Figure 4e.
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Figure 4. (a,b) HAADF-STEM micrographs of 6082 (perpendicular to the extrusion axis) in the
[110] zone axis showing dispersoids and extrusion-induced dislocations; (c) conventional BF-TEM
micrograph indicating dispersoids and dislocations; (d) HAADF-STEM micrograph showing β′′

precipitates; (e) selected area diffraction pattern (SADP) in conditions just away from the [110] zone
axis, indicating weak spots confirming the presence of β′′ precipitates; and (f–i) HAADF images of
dispersoids with the EDS maps.
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3.2. Tensile Behaviour of Machined Bars

The results of two tensile tests of the alloy are presented in Figure 5, and the tensile
properties are shown in Table 2.

Figure 5. Engineering stress–strain curve of the as-extruded 6082 samples in the T6 condition.

Table 2. Tensile properties of the as-extruded samples in the T6 condition.

Properties Values

Yield strength (MPa) 334 ± 2
Ultimate tensile strength (MPa) 360 ± 3
Young’s modulus (GPa) 72
Elongation (%) 18.1 ± 0.6

The achieved values for the tensile properties are within the range found in the
literature [4,33]. Based on the tensile values, fatigue stress parameters were selected for
this study.

3.3. Fatigue Behaviour

Multiple fatigue tests were performed under varying fatigue conditions, including
different stress levels, loading frequencies, and stress ratios, to investigate the fatigue
behaviour of the alloys. Figure 6 shows the stress amplitude against the fatigue life of the
samples, and Table 3 presents the average fatigue life of the samples under different fatigue
conditions. The detailed fatigue data are given in the Supplementary Materials.
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Figure 6. Fatigue life of the alloy at various fatigue conditions.

Table 3. Average fatigue life of the samples under different fatigue conditions.

Tests Stress
(MPa)

Frequency
(Hz)

Stress
Ratio (R)

No. of
Tests

Average
Life

(Cycles)

Standard
Deviation

1 315 5 −0.5 3 3446 1257
2 180 15 −1 3 196,217 4595
3 150 15 −1 6 468,404 184,647
4 150 15 −1 4 4,541,861 608,998
5 140 15 −1 2 5,701,053 2,051,723

The fatigue test results presented in Table 3 show a significant difference in the fa-
tigue life of the samples subjected to the 150 MPa stress level. Specifically, the samples
failed after 0.4 million and 4.4 million cycles in tests 3 and 4, respectively, under similar
fatigue conditions.

3.4. Fractography of Fatigue Samples

The fractography of the fractured samples (representative from each stress condition)
was investigated using benchtop SEM, and the corresponding images are presented in
Figure 7. The number of cycles to failure is indicated in each micrograph. The fractography
analysis revealed that the fatigue cracks were mainly perpendicular to the loading direction
and followed the typical behaviour [4]. The cracks initiated on the specimen surface and
then propagated inward in a stable manner, forming ridges that were visible on the fracture
surface. Once the crack propagated to a certain critical size, the remaining cross-sectional
area of the material could no longer sustain the applied load, and the sample fractured in
an unstable way.



J. Manuf. Mater. Process. 2025, 9, 247 9 of 21

Figure 7. SEM micrographs of the fracture surfaces under different fatigue conditions.

Despite the significant difference in fatigue life, there is no considerable difference in
the area of the stable propagation region of the failed samples under a 150 MPa stress level.
This highlights that the sample failing at a lower number of cycles must have had a much
faster crack growth rate. Table 4 shows the area of this region and its percentage relative to
the total surface area for the different stress levels applied. The average stable propagation
area of all the samples subjected to a 150 MPa stress amplitude was calculated. The average
stable propagation areas of the samples with 0.4 million cycles and 4 million cycles were
27.8 ± 1.9 mm2 and 24.4 ± 3.0 mm2, respectively.



J. Manuf. Mater. Process. 2025, 9, 247 10 of 21

Table 4. Area of the stable propagation region from the samples shown in Figure 7.

No. Stress
(MPa)

Frequency
(Hz)

Stress
Ratio (R)

Fatigue
Life

(Cycles)

Area of the
Stable

Propagation
(mm2)

Percentage
of the Total

Area

1 315 5 −0.5 2297 9.9 19.7
2 180 15 −1 198,038 17.4 34.6
3 150 15 −1 415,181 24.2 48.1
4 150 15 −1 4,515,554 26.7 53.3
5 140 15 −1 7,752,777 30.1 59.9

3.5. Variability in the High-Cycle-Fatigue Behaviour

The high-cycle-fatigue behaviour of the samples under 150 MPa was of particular
interest in this study due to the considerable variation in fatigue life (Table 3).

Figure 8a–d show the IPF maps and KAM maps of fatigue samples failed at 0.4 and
4.4 million cycles at the stress amplitude of 150 MPa. Comparable strain can be observed in
the KAM maps of both fatigued samples that failed at 0.4 and 4.4 million cycles (as seen
in Figure 8c,d). This can be attributed to the uniform plastic deformation that both the
fatigued samples underwent before catastrophic failure.

Figure 8. (a,b) IPF map- and (c,d) KAM map-based micrographs of samples failed at 0.4 and
4.4 million cycles, respectively.

Figure 9a,b show the EBSD-based analysis of grain size distribution and misorientation
angle distribution for the fatigued samples that failed at 4.4 and 0.4 million cycles, as well
as a comparison with the as-extruded T6 6082 sample. This indicates that the area fraction
of the grain size is comparable to the pre-fatigue and post-fatigue conditions. In terms of
grain size determination, lower-magnification EBSD analyses were performed to achieve
greater statistical significance, and this was confirmed by the average grain size suggested
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by higher-magnification IPF maps, which are presented in the manuscript because they are
representative of the overall grain size. Misorientation angle analysis shows the number
fraction of high angle grain boundaries (HAGBs) for values of 45–60◦. The difference
seems more significant at around 60◦. On the contrary, the number fraction of low angle
grain boundaries (LAGBs < 15◦) is observed to increase for both of the fatigued samples
compared to their pre-fatigued counterpart. This phenomenon is expected, as an increase
in plastic deformation promotes the formation of low-angle grain boundaries (LAGBs)
through the accumulation and rearrangement of dislocations [34]. However, there is no
significant difference between the two fatigued samples.

Figure 9. (a) Grain size distribution against area fraction and (b) misorientation distribution against
number fraction for fatigued samples failed at 4.4 and 0.4 million cycles and as-extruded T6 samples.

Aforementioned analyses imply that microstructural features like strain evolu-
tion, grain size evolution, grain boundary misorientation, etc., are comparable for the
two fatigued samples that failed at very different points. Hence, other microstructural
features must be investigated to understand such a huge difference in the fatigue lives.

The fracture surfaces of the failed samples under 150 MPa were further investigated
using the SEM to analyse the cause of the significant difference in fatigue life between the
samples. The SEM images comparing the fracture surfaces of the samples that failed at
0.4 million and 4 million cycles are presented in Figure 10.

The analysis of SEM images revealed the presence of inclusions in both the fractured
samples near the crack initiation point. In the first sample, which failed at 0.4 million
cycles (Figure 10a), the inclusions are dense and large, with lengths ranging from 39 µm to
120 µm and an average value of 65 ± 32 mm. In the second sample, which failed at
4.4 million cycles (Figure 10b), the inclusions are scattered and smaller, with sizes ranging
from 17 µm to 50 µm and an average value of 27 ± 11 mm. It is evident that the presence of
larger and denser inclusions caused the early failure in the first sample (Figure 10a), leading
to a significant reduction in fatigue life compared to other samples tested under similar
fatigue conditions. It is important to note that, regardless of the size and distribution of
inclusions, the cracks initiate where the inclusions are more concentrated, indicating their
critical role in fatigue failure.

Energy-dispersive spectroscopy (EDS) analysis was conducted to examine the chemical
nature of the inclusions observed on the fracture surface (Figure 11). EDS point analyses
confirmed that the inclusions consist of oxides (adjoining tables in Figure 11). The oxides
seem to be Al-Mg-rich with comparable compositions.
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Figure 10. SEM micrographs of samples failed at (a,b) 0.4 million cycles and (c,d) 4.4 million cycles.

Figure 11. EDS point analyses of fracture surface indicating oxide particles. Spectra curve and
quantified elemental analysis is shown for the point close to the right surface indicated by the arrow.

We considered ten different oxide particles for point analysis on multiple fracture
surfaces, and the average composition was found to be Al = 48.8 ± 9.2%, Mg = 10.2 ± 2.5%,
and O = 37.6 ± 8.2%. This implies the presence of Al-Mg oxides, which are distributed
across the fracture surfaces, and they seem to be nucleating cracks for catastrophic fatigue
failure. Niu et al. reported the presence of MgAl2O4 as oxide films, which is a common
defect formed during casting of the Al-Mg-Si alloys during melt treatment [35].

3.6. Distribution of Inclusions on the Fractured Samples

Figure 12a,b present the 3D views from Computed Tomography around the fracture
zones for the two samples tested at 150 MPa, but which failed at different numbers of
cycles. The crack initiation, stable propagation region, and final unstable failure region
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are highlighted in the image. Figure 12c,d show a representation of the 3D view of the
internal oxides identified in the samples in the volumes shown (up to 2 mm below the
fracture surface). A colour scale is included to represent the Feret diameter (max length) of
each defect.

 

Figure 12. 3D views via X-ray CT of two fractured samples tested under 150MPa: (a) and (c) sample
with low fatigue life (0.4 million cycles); (b) and (d) sample with high fatigue life (4.4 million cycles).

The sample with lower fatigue life (Figure 12a–c) exhibits an oxide volume fraction
of 0.35% with a particle density of 10/mm3, while the sample with higher fatigue life
(Figure 12b–d) presents an oxide fraction of 0.22% and particle density of only 6/mm3.

Feret size histograms for particles in Figure 12c,d are included in Figure 13a. Both
samples exhibit similar distributions, with peaks around 120 µm, differing only in the
presence of larger oxides. The high-fatigue-life sample has a maximum Feret diameter of
700 µm, while the low-fatigue-life sample shows some larger oxides, up to 1300 µm.

In both cases, the larger oxides are located near or inside the region where the unstable
propagation starts, which could also explain the lower resistance of the unstable region
to hold the stress during the fatigue test as the stable zone increases [36]. This could be
associated with the differences and variability observed in the %stable area on the fracture
surfaces as presented in Figure 7 and Table 4.

Figure 13b represents the radial distribution, from the edge to the centre of the samples,
of the oxide defects near the fracture surface. Both samples present most of the oxides near
the edge, explaining the origin of the crack initiation (as shown in Figure 10). However, the
sample exhibiting low fatigue life presents more defects closer to the surface, which would
explain a faster crack propagation rate at early stages. Moreover, particle density is also
higher in the mid-radius zone, helping to propagate the cracks faster.
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On the other hand, the sample with high fatigue life presents a lower fraction of oxides
near the edge, a relatively low fraction in the intermediate zone, and a greater fraction
towards the centre of the sample.

Figure 13. 3D analysis of the oxide particles identified up to 2 mm under the fractured surface
for the 2 samples tested at 150 MPa, showing different fatigue lives. (a) Feret size histograms.
(b) Distribution from the edge to the centre.

The results based on the fractography of the two representative samples of different
fatigue life regimes (Figure 10), combined with the EDS analysis of particles observed on
the fracture surface (Figure 11), and finally with the CT results (Figure 12), indicate the
presence of micro-oxides. Such micro-oxides seem to be responsible for hampering fatigue
life by a magnitude of ten. The following sections deal with the origin of such oxides to
understand the fatigue behaviour of the AA6082 alloy.

4. Discussion
As observed in the previous section, oxides contribute to early fatigue failure, which

has been extensively investigated for the high-cycle-fatigue regime in this study. Hence, it
becomes integral to understand the entrance step of such oxides to design the components
to achieve the desired mechanical properties, especially fatigue performance.

4.1. Origin of Oxides: Influence of Machining

The machining process can influence the surface of components due to friction, leading
to high-temperature conditions [37,38]. Owing to the affinity of aluminium to oxidation,
the surface of the samples can be easily oxidised, and furthermore, this reaction can be
accelerated in the presence of high temperatures [39]. For a further investigation of the
presence of oxide particles, samples were prepared from unfatigued machined specimens.
This investigation was conducted on three different random sets of machined samples to
ensure consistent behaviour. The samples were cut from the gauge section of the specimen
along the line A–B, as shown in Figure 14. The observation was made on multiple samples,
indicating that this is representative of all the samples.

The cross-section of the mirror-polished sample was analysed using SEM, and the
SEM image shows a bright layer along the edge of the sample (Figure 14a). EDS map
analysis was conducted on such edges of the sample (Figure 14b). The results confirm the
presence of oxide particles in the as-machined unfatigued samples. The deformed surface
layer formed on aluminium alloys after machining ranges from 0.2 µm to 2 µm in thickness,
depending on the machining parameters, and the layers can contain oxide inclusions, voids,
and entrapped lubricants [39,40]. According to Figure 14, the thickness of the oxide layer
has an average value of 0.7 µm ± 0.2 µm, which aligns with the findings reported in the
literature review. Polishing the machined samples before the fatigue test can help reduce
the experimental errors [41,42]; however, the oxide layers induced by machining are not
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the cause of fatigue failure and remain well within the allowable limit. It is worth noting
that the machined samples had similar surface roughness and showed no surface cracks.

 

Figure 14. (a) SEM image of a cross-sectional slice of the machined sample; (b) EDS map of the
sample in the gauge area.

4.2. Origin of Oxides: Influence of Processing

To trace the origin of oxides in the pre-machined condition, we investigated the
procured extruded rod of a 40 mm diameter in the T6 condition. Several slices were cut
from different regions of the rod and investigated under SEM to better characterise such
oxides. Figure 15a shows a schematic diagram of the extruded rod, and a few zones were
identified in the cross-section, indicating oxide films. Figure 15b,c show a magnified image
of the oxide particles.

To assess the chemical composition of these particles, we conducted an EDS analysis
as shown in Figure 15d, which clearly indicates the oxygen-rich nature of such particles.
EDS point analysis inside an oxide particle showed the presence of Mg, which was similar
to the observation on the fracture surfaces of the fatigued samples.

Multiple 3 mm discs were prepared from the extruded rod to characterise these
oxide particles via STEM-EDS. Figure 16 shows one such sample presenting the FeMnSi
dispersoid, β′′ precipitates, and Mg-Si-rich oxides. However, the size of these oxides
is approximately 60–70 nm. Niu et al. reported the presence of such nanoscale oxide
particles [35]. These oxide particles, despite having a similar chemical nature to the one
characterised previously by SEM, do not seem to have similar oxide film morphologies and
might not be contributing significantly to stress concentration leading to fatigue failure.

Despite extensive STEM characterisation on multiple thin discs, such oxide films were
not observed, as it is clearly shown in Figure 15 that they are heterogeneously distributed,
and it was simply not coincidental that the thin discs consisted of these particles; hence,
sample preparation for STEM characterisation needs to be achieved via focused ion beam
milling to extract a chunk consisting of an oxide particle from a specific site, but this is out
of scope for this study, meaning that this is a perspective analysis. Atom probe analysis
using a needle could be interesting too, but the large size of these oxide particles could be
an obstacle; however, an interface between the matrix and the particle could be studied
to investigate the site for stress concentration and debonding leading to crack initiation
and unstable growth for final catastrophic fatigue failure. However, this too constitutes a
perspective investigation and is out of scope for this analysis.
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Figure 15. (a) Schematic image of an extruded rod 40 mm in diameter in the T6 condition (perpen-
dicular to the extrusion axis) with multiple zones indicating broken oxide films; (b) magnified SEM
image of an oxide particle; (c) magnified SEM image of an oxide from another region; and (d) EDS
analysis confirms the presence of oxygen as shown in the elemental map.

 

Figure 16. STEM-EDS map of extruded rod (in [110] zone axis) with elemental maps indicating
nano-oxides.

Given the limitations of STEM characterisation in elucidating the properties of these
oxides, CT analysis was employed as an alternative approach. Figure 17a shows a 3D
visualisation of the oxides in the as-received extruded rod of 40 mm in the T6 condition,
where each colour represents the length of the particles (scale bar included). The oxides are
distributed inside the rod, not only near the surface but also more towards the mid and
central regions. A volume fraction of 0.9% ± 0.2% was identified by CT, with sizes ranging
from 50 µm up to 1200 µm in length.
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Figure 17. Visualisation and analysis via CT of the oxides in the extruded rod before machining:
(a) 3D view; (b) vertical section, along extrusion direction; (c,d) horizontal sections at different
positions, highlighting the heterogeneous distribution of the oxides.

Figure 17b shows a vertical cross-section parallel to the extrusion direction (red plane
highlighted in Figure 17a). The oxides are mainly located towards the centre of the rod,
from which the fatigue specimens were machined out. Two vertical dotted lines were
included in the image to highlight this region.

The distribution of oxides is not homogeneous along the rod, either vertically or hori-
zontally, with some regions presenting more oxides (Figure 17c) than others (Figure 17d).

When machining test bars from these heterogeneous rods, it is possible that some of
them obtain more oxides than others, as shown in Figure 10, explaining the variability in
properties like fatigue life.

4.3. Mechanism of Oxide Formation

An oxide layer forms on the metal surface when molten aluminium is exposed to the
atmosphere. This surface oxide film can become entrained within the billet if the metal flow
is not properly controlled [18,43–47]. Niu et al. reported the presence of three kinds of oxide
films in Al-Mg alloys: young films, old films, and bi-films [35]. Young films are associated
with oxidation on the freshly exposed melt surface for a short period of time during the
melt’s preparation and handling, resulting in nanoscale oxides, whereas old films consist of
larger MgAl2O4 particles (size in hundreds of microns) [35]. The entrainment of this surface
film leads to the formation of bi-films, which are double-layered oxide defects trapped
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within the metals [18]. They mainly consist of individual MgAl2O4 particles within the
aluminium matrix [35]. Bi-films are a major source of casting defects, and they significantly
reduce the mechanical properties of the aluminium alloys [18,48–50]. These oxide films are
subjected to high deformation and shear forces during extrusion. As the billet is plastically
deformed, the brittle oxide films tend to break due to their poor ductility compared to
the surrounding aluminium matrix [43]. These broken oxides realign along the extrusion
direction and fold into the matrix, potentially acting as crack initiation sites [43,48].

Several techniques have been reported to control the formation of oxides and deac-
tivate bi-films. Li et al. investigated the top-gated and bottom-gated filling during metal
casting and reported that bottom-gated filling reduces surface turbulence, eventually con-
trolling the entrainment of oxide films into the molten metal [51,52]. Another approach
is to hold the liquid metal at high temperatures for a longer time, which could lead to
oxide films floating to the surface, where they can be removed easily [12]. Nyahumwa
et al. investigated the effect of hot isostatic pressing (HIP) on aluminium alloy castings and
noted that the treatment deactivates the entrained double oxide film defects, eventually
improving the fatigue life of the alloy [53].

High shear melt conditioning (HSMC) is a novel technology that has been studied
extensively. It effectively breaks up entrapped inclusions, making them discontinuous and
well-dispersed in the melt [35]. This allows for a faster and more efficient removal of large
and small inclusions from the melt during the degassing process [54,55], thus leading to
cleaner melts, oxide-free billets, and finally, extrusions of higher quality.

5. Conclusions
This study investigated the fatigue behaviour of extruded AA6082 aluminium alloy

and identified the significant impact of oxide inclusions on its fatigue life.

• Fatigue tests at similar fatigue conditions (150 MPa, 15 Hz, and R = −1) showed a wide
variation in fatigue life, ranging from 0.4 to 4 million cycles, indicating the presence of
microstructural defects.

• SEM and EDS analysis confirmed the existence of oxide inclusions on the fracture
surface and edges of the material.

• Larger oxide particles ranging from 39 µm to 120 µm in thickness, and up to 1300 µm
in length, were present in the samples with a shorter fatigue life.

• The sample with lower fatigue life exhibited an oxide volume fraction of 0.35% with a
particle of 10/mm3, whereas the sample with higher fatigue life presented an oxide
fraction of 0.22% and a particle density of only 6/mm3.

• The presence of oxides acted as stress concentrators and contributed to faster crack
growth and premature fatigue failure.

• A sample exhibiting low fatigue life presented more defects closer to the surface,
leading to a higher crack propagation rate at early stages.

• CT scanning revealed that the internal distribution and size of the oxides play an
important role in the crack propagation and final unstable failure. It also confirms
that these defects are heterogeneously distributed in the as-received extruded rod,
suggesting that they originated during the material processing stage.

Hence, it is essential to optimise manufacturing casting processes to minimise the
formation of oxides to enhance the fatigue performance of aluminium alloys.

Supplementary Materials: The supporting information mentioned in the Section 3.3 can be down-
loaded at: https://www.mdpi.com/article/10.3390/jmmp9070247/s1, Table S1: Fatigue Test Results.
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