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Abstract

The work investigates the effect of anodizing on the high cycle fatigue behaviour of a high-quality
cast Aluminium (AISi8Mg-T6) alloy. Tensile and fatigue tests are carried out on both non-anodized
and anodized specimens in order to highlight the differences in tensile and fatigue responses. In
addition, roughness measurements, fracture surfaces analyses, metallography, instrumented micro-
indentation and scanning electron microscope (SEM) inspections are performed in order to
investigate the interplay between the presence of an anodic layer and the fatigue life of anodized
specimens.

It is demonstrated that, after anodizing, Al1Si8Mg-T6 specimens shows a worsening of the fatigue
performance at medium-low stress amplitudes (130 and 110MPa). In addition, fracture surface
analysis reveals that the presence of the anodic layer modifies the fatigue crack initiation and early
growth mechanisms. The manuscript paves the way for an accurate fatigue design of anodized, cast

AlSix components.

Keywords: Aluminium alloys, Anodizing, High cycle fatigue, Fatigue crack initiation, Surface
roughness.

1. Introduction



Cast Aluminium-Silicon (AlSix) alloys are key materials for automotive and aerospace industries due
to their: a) low density; b) excellent mechanical performances; and c) superior castability [1,2].
Nevertheless, corrosion and wear resistance of AlSix are often lacking and conversion/coating
strategies need to be applied [1,3]. In this context, anodizing is one of the most common conversion
methods which is use to increase both the corrosion and wear resistance of the Al-based materials
[3.4].

At a deeper level, anodizing is an electrochemical process that allows the controlled growth of a thick
amorphous Al>O3 layer on the surface of an Aluminium component. The anodizing process includes
at least the following steps [4]: 1) acidic and/or alkaline pre-treatments; 2) electrochemical anodizing
process while the part is immersed in a suitable electrolyte; and 3) post-treatments.

It is clear that different coating features (e.g., thickness, wettability, colour, porosity, hardness, etc.)
can be obtained by tuning several process parameters (e.g., pre-treatments, chemical nature of the
electrolyte, current/voltage, process temperature, etc.) [4-8].

The typical microstructure of the so-obtained anodic layer is characterized by two regions: 1) a
compact nanometric layer at the interface with the base metal (barrier layer); and 2) a micrometric
nano-porous coating between the barrier layer and the environment [5,6]. In order to further increase
the corrosion resistance of the coating, a typical post-treatment involves the sealing of the nanoporous
anodic layer with different salts by means of a hydrothermal process [4,7].

In the last decades, a large variety of anodizing and sealing processes have been developed on the
basis of different electrolytes (H2SOs4, oxalate, neutral, etc.) and sealing agents (NiF2, KoCrO7,
boiling water, Nickel Acetate, etc.) thus obtaining functional coatings with optimized morphological,
tribological and aesthetic features [3-7].

It appears clear that the anodizing process can induce surface modifications, which could also strongly
impact the fatigue life of the component. As an example, anodizing can: a) increases the surface
roughness of the piece [9,10]; and b) generate internal tensile stresses and micro-voids (especially in

the case of high-alloyed Aluminium alloys, e.g. cast AlSix alloys) [10-17]). These events can be



associated with the growth of an anodic layer which: a) has dissimilar mechanical properties (e.g.
hardness, elastic modulus) with respect to the underneath Al matrix [11,17-19]; and b) has a brittle
nature [13,18,20]. In addition, acidic or alkaline pre-treatments could lead to corrosion events on the
surface of the part to be anodized due to micro-galvanic coupling phenomena between Cu or Fe -
based precipitates, which are cathodic with respect to the Aluminium matrix [16,17,20,21].

Taken altogether, the careful investigation of the interplay between anodizing process and fatigue life
of cast AlSix alloys becomes crucial since several anodized cast AlSix parts [22,23] can undergo
fatigue stresses during their service life (e.g. automotive and aerospace components). Unlike wrought
alloys [11-13,16,18,20,21, 24-29], this aspect is barely investigated in the literature for cast AlSix
materials and results are not always conclusive [30,31]. On one hand, Rateick et al. [30] report that
the effect of a 51um-thick oxide layer obtained by hard anodizing on a cast AISi5CulMg alloys is
negligible. On the other hand, in a recent work, Nakamura et al. [31] demonstrate that the presence
of an anodic layer with a thickness equal to 10pum on a cast AISi10Cu4Mg alloy negatively affect the
fatigue strength as obtained by rotating bending fatigue tests. This discrepancy in the conclusions
could be associated with different levels of casting defects, which are known to play a pivotal role in
modulating the fatigue life of the cast component and are likely to overshadow the effect of the
anodizing process [30,32,33].

At this regard, in this work, particular attention has been devoted to obtaining high quality casting
specimens by carefully tuning several process parameters including for example: a) degassing; b)
molten Aluminium temperature; ¢) mould temperature and design; and d) deslagging; with the aim
of minimizing the effect of casting defects and maximizing that of the surface anodic layer on fatigue
life.

In this scenario the manuscript investigates the effect of the anodizing process on the fatigue life of a
cast AlSix alloy subjected to a technically sound melt treatment followed by a well-designed and
controlled pouring practice in order to minimise casting defects. Firstly, the microstructure and the

composition of the cast AlSix alloy is examined using metallographic and X-ray fluorescence



techniques in order to assess the quality of the casting process. Secondly, round cross-sectioned AlSix
samples are anodized, using an optimized procedure [34]. Thirdly, non-anodized and anodized
specimens are characterized in terms of: a) roughness of the surfaces; b) tensile and high cycle fatigue
(HCF) tests; and c) fracture surfaces analysis. Finally, the manuscript elucidates the effect of the
anodic layer on the crack nucleation mechanism and discusses the effect of anodizing on the fatigue
behaviour of the alloy.

2. Experimental methods

2.1. Alloy casting and composition

Tensile and fatigue specimens are cast using a permanent-mould gravity casting machine. The alloy
(total weight about 100 kg) is cast in a single batch in order to ensure that all the obtained specimens
(both non-anodized and anodized) undergo an identical casting process. Particular attention is devoted
to the implementation of proper foundry practices including: 1) degassing and deslagging of the alloy;
2) accurate control of molten Aluminium and mould temperatures; and 3) mould design optimisation.
Raw specimens are then homogenized at 5304+5°C for 7h and artificially aged at 155+5°C for 2.5h
(T6 heat treatment) [35]. After T6, raw specimens are machined in shape of round cross-section
specimens with standard dimensions and a mean surface roughness (Ra) less than 0.2um, as per ISO
1099:2017 and ISO 6892-1:2019 [36,37]. After machining, half specimens undergo an anodizing
process, as described in Paragraph 2.2 thus obtaining two sets of specimens namely: anodized and
non-anodized. Non-anodized tensile and HCF specimens are labelled Px with 1<x<5 and Ey with
1<9)<18, respectively. On the other hand, anodized tensile and HCF specimens are identified as Ax
with 1<x<5 and as Fy with 1<y<18, respectively.

The chemical composition of each anodized HCF specimen is assessed by means of micro X-ray
fluorescence (1-XRF) analysis using a Bruker M4 Tornado spectrometer equipped with an Rh source.
Instrumental parameters are: 50kV, 200pA, 4x4mm? surface, 25um spatial resolution, 5 measurement
integrations. For sake of brevity, the alloy is labelled as A1Si8Mg-T6, along the manuscript.

2.2. Anodizing



In order to investigate the effect of the anodizing process on mechanical properties of AISi8Mg-T6,
tensile and HCF specimens are anodized using a three steps procedure as follows [34,38]. Firstly,
samples are: a) cleaned using a commercial detergent; and b) pre-treated in a 0.5M NaOH aqueous
solution at 50£10°C for 3min. Secondly, anodizing is performed using a Biologic VMP-300
potentiostat/galvanostatat in a two-electrode configuration where the Aluminium acts as working
electrode (WE) and graphite rods as counter electrodes (CEs). Optimized anodizing parameters for
AlISi8Mg-T6 alloy are applied during the treatment [34]. In particular, a current density of 1.2A-dm"
2 is used, obtaining coatings with an average thickness equal to 15um. A 200g-L"' H>SO4 aqueous
stirred solution at 17.0+0.1°C is used as the electrolyte. Finally, the anodic layer is sealed through a
standard NiF; cold-sealing procedure as described in the recent literature [38]. It is important to point
out that the proposed anodizing and sealing procedures are commonly used at both an academic and
industrial level and can be considered as a standard in the field.

2.3. Tensile and fatigue tests

Both tensile and HCF tests are performed using a servo-hydraulic testing system (Instron 8801) with
a load cell of 100kN.

Tensile tests are conducted according to ISO 6892-1:2019 specification [37] on both non-anodized
and anodized specimens at a constant strain rate of 0.00025s™! at 22+0.5°C.

High-cycle fatigue (HCF) tests are performed on both non-anodized and anodized specimens
according to ISO 1099:2017 standard [36] with an alternated sinusoidal loading (R=-1) at 22+0.5°C.
The frequency of the applied sinusoidal stress is 20Hz. Three different stress amplitudes are
investigated: 150, 130 and 110MPa. Load levels are chosen in order to obtain a linear Wohler curve
in the range between 150k and 1M cycles. Conditions for the end of HCF tests are break or runout
(i.e. no failure after 5:10° cycles) of the specimens. The maximum number of performed cycles is
chosen in accordance with literature [39-42]. N samples (N=10 in the case of non-anodized AlSi8Mg-
T6 and N=6 in the case of anodized AlISi8Mg-T6) are tested for each stress amplitude. 90%

confidence intervals for the populations of results are computed under the assumption of lognormal



distribution of fatigue lifetimes. Median values for each stress amplitude are used for the calculation
of Basquin’s equation (6, = f - N™% > Log o, = Log f — a Log N, where N is the fatigue lifetime
and o, the stress amplitude) via a regression analysis based on least-square method [43].

One-way ANOVA tests with a significant level of 0.1 are implemented in order to perform a statistical
analysis between the populations of non-anodized and anodized samples. In the case of HCF results,
the tests are performed for each stress level, by assuming a normal distribution of Log(N).

2.4. Roughness and microstructural characterization

The surface roughness before and after anodizing of Fy HCF samples is measured using a Leica
DCMS8 microscope equipped with an interferometric objective (green light, 20X). Images are
acquired over 10 areas of 0.66x0.877mm? along the gauge length of HCF specimens. The obtained
pictures are then analysed using a Leica Map software and statistically treated.

In order to investigate the microstructure of the bulk material, six metallographic samples are obtained
by sectioning of non-anodized and anodized HCF specimens along parallel and transversal directions.
Specimens are then: 1) hot-mounted with phenolic resin; 2) ground with SiC papers with
progressively higher grades (P800, P1200, P2400/4000); 3) polished with diamond pastes of 3um
and 1pm; and 4) chemically polished with a colloidal silica suspension (0.03um). Samples are
analysed with a Leica DM6 metallographic microscope under bright field light. Firstly, secondary
dendrite arm spacing (SDAS) is measured according to the following equation: SDAS=L/(N-1) [44],
where L is the total length between the middle of the first and the middle of the last arms of a single
dendrite and N the number of intercepted arms. For each sample, an average over 10 dendrites is
performed.

Secondly, the percentage of areal porosity (P%) is evaluated as the average over 20 images (optical
magnification 5X). Moreover, the shape factor (SF) of the five largest pores is calculated by dividing
the major axis and the minor axis of the ellipse that circumscribes each porosity. The mean dimension

of the five largest pores (Dsp) is also evaluated by averaging the major and minor axes.



Finally, the mean dimension of eutectic Si particles (Ds;) and intermetallic particles (Dint) is evaluated
as the square root of the corresponding area divided by the number of observed particles on 3 images
taken at a magnification of 50X. The 3 images are selected in order to have at least 5 intermetallic
and 20 Si particles in each image so to obtain statistically significant values from the measurement.
In order to evaluate the grain size (Lgnin) of the AlSi8Mg-T6 alloy, metallographic samples are
electrochemically etched with Barker’s solution (1.2%vo1 HBF4@q)). In details, Barker’s etching is
performed by applying a constant voltage of 25V for 180s. Electrochemically etched samples are then
observed under polarized light as per ASTM E112-13 (Heyn linear intercept procedure) [45].

2.5. Instrumented micro-indentation test

Instrumented micro-indentation is implemented to perform measurements of the Vickers’ micro-
hardness on the cross-sections of bulk AISi8Mg-T6 alloy and the anodic layer. A metallographic
sample of anodized AlSi8Mg-T6 cut along the parallel direction is used for the test (see Paragraph
2.4). The parameters for the micro-indentation analysis are listed hereafter: a) maximum applied load
equal to 200mN, b) load and unload rate equal to 400mN/min; c¢) 2s pause at the maximum load; and
d) 100um Vickers’ indenter. A total of 5 indentations is carried out for both the bulk and the anodic
layer. The analyses are performed with a MCT? (Anton Paar).

2.6. Analysis of fatigue fracture surfaces

Fatigue fracture surfaces are firstly sonicated in ethanol to remove eventual impurities and dust
residual particles. Secondly, samples are: a) analysed under a stereo microscope to identify the
distinct fracture regions; and b) inspected by means of a scanning electron microscope (SEM) with
an operating voltage of 20kV. Morphological analysis is performed by using secondary electrons in
depth and/or resolution modes with a probe current of 200pA. For anodized fatigue fracture surfaces,
back-scattered electrode (BSE) images are also collected (probe current equals to 200pA). Qualitative
compositional EDXS analysis (both on fatigue fracture surfaces and external surface of HCF
specimens) is carried out by applying a probe current of 300pA in resolution mode and using an

optimal working distance of 8.5mm. Cross-section of fatigue fracture surfaces is: a) obtained



following the same metallographic sample preparation described in Paragraph 2.4.; and b) analysed
with a Leica DM6 metallographic microscope under bright field light.

3. Results and discussion

The effect of the anodic layer on the fatigue performance of the investigated AlISi8Mg-T6 alloy is
studied by means of a multi-technique approach on anodized and non-anodized specimens. The
following general approach is adopted: 1) composition (Paragraph 3.1), microstructure (Paragraph
3.2) and roughness (Paragraph 3.3) of samples are primarily investigated in great detail; 2)
subsequently, specimens are characterized using tensile tests (Paragraph 3.4); 3) finally, high cycle
fatigue measurements (Paragraph 3.5) and fracture surface analysis are carried out (Paragraph 3.6).
3.1. Elemental analysis of AISi8Mg-T6

The chemical composition of the investigated AlSi8Mg-T6 alloy is probed using p-XRF
measurements as described in Paragraph 2.1. It is concluded that the material consists of an
Aluminium-Silicon alloy, whose composition is reported in Table 1.

On the basis of the alloy composition, it is possible to infer the presence of eutectic Silicon particles

as well as Iron-based precipitates, whose careful assessment is discussed in Paragraph 3.2.

Table 1. Chemical composition of Al1Si8Mg-T6 alloy
Weight %
Alloy Si Mg Fe Ti Sr Al
AlSi8Mg-T6 8.1+0.4 0.15+0.03 0.109+0.005 0.14+0.02 0.004+0.001  balance

It is observed that AISi8Mg-T6 shows a constant composition with only minor fluctuations in the
alloying element concentrations. This point seems fundamental in order to exclude any effect of the
alloy composition on fatigue performance.

3.2. Microstructure

3.2.1 Bulk AISi8Mg-T6 alloy

The careful microstructural characterization of AlSi8Mg-T6 (see Paragraph 2.4) allows to calculate

several figures of merit. Since non-anodized and anodized Al1Si8Mg-T6 specimens are obtained from



the same casting batch (see Paragraph 2.1), no differences in the measured microstructural parameters

are expected between these two groups of samples. Results are summarised in Table 2.

Table 2. Metallographic figures of merit of AISi8Mg-T6.

AISi8Mg-T6

SDAS 25+3 pum
Legrain 397+98 um
P% 0.16 £0.10 %
Dsp 84 +£40 pm

SF 22+0.8
Dsi 34+0.3 pm
Dint 3.5+0.8 pm

SDAS (secondary dendritic arm spacing), Lernin (grain size), P% (areal percentage of porosity), Dsp
(mean dimension of the 5 largest pores), SF (mean shape factor of the 5 largest pores), Ds; (mean
dimension of the eutectic Silicon particles), Din (mean dimension of intermetallics)

It is possible to observe that AISi8Mg-T6 consists of a typical T6-treated hypoeutectic cast AlSix
alloy [46] with spherodized Si particles, fine microstructure and good grain refinement (see Fig. 1)
[46,47]. As a qualitative comment, in agreement with the low Iron content ([Fe]<0.11%w:), the size
(Dint) and concentration of Iron-rich intermetallic precipitates are small if compared with highly
alloyed materials [48]. On the contrary, eutectic Silicon particles are clearly visible and highlight a
well-defined dendritic structure (see Fig. 1a and Fig. 1b).

As reported in Fig. la, few microporosities are present within the AISi8Mg-T6 matrix. These are
predominantly of interdendritic shrinkage type and characterized by elongated and complex shapes
[49].

()

Fig. 1. Metallographic images of the investigated AISi8Mg-T6 alloy at different magnifications ((a) and (b)); (c) Metallographic image
under polarized light as obtained after Barker’s etching for grain size evaluation. In (b), eutectic Si particles appear purple, while Fe-

rich intermetallic particles appear grey.



3.2.2 Anodic layer

Specimens for tensile and fatigue tests are anodized as described in Paragraph 2.2. Cross-section
metallographic analyses are performed on samples obtained from sectioning of HCF specimens, and
confirm the growth of a 15um-thick anodic layer (see Fig. 2). As clearly visible in Fig. 2a, the oxide
layer shows a good thickness homogeneity and compactness with: a) no pitting phenomena at the
interface between oxide and base alloy; and b) minor thickness reduction in correspondence of highly
concentrated Si regions. This superior morphology is attributed to both: 1) the use of an optimized
anodizing process as described in the recent literature [10,31]; and 2) a low (<0.15%) concentration
of noble elements (e.g. Fe and Cu) which could undergo to dissolution phenomena upon anodizing
[17]. Indeed, it is demonstrated that a careful tuning of the anodizing waveform allows to mitigate
the adverse effect of intermetallic and eutectic Si particles on the coating homogeneity [9,10,34].
Specifically, the use of a pulsed square current waveform allows a proper embedding of Silicon
particles (see Fig. 2b, green arrow) within the oxide layer, which otherwise lead to a pronounced local
thickness fluctuation due to the negligible anodizability of Si particles [10,34]. In Fig. 2b it is also
possible to detect the presence of a micro-void adjacent to an embedded Si particle (see light blue
arrow). This kind of defect is related to gas evolution phenomena typically observed during the

anodizing of AlSix alloys [15,17].

25um o 10um
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Fig. 2. (a) Overview and (b) detail at high magnification of the oxide layer with an emerging Si particle (red arrow), several

embedded Si particles (green arrow) and a micropore (light blue arrow) associated with gas evolution in correspondence of Si

particles.

SEM/EDXS analysis (Fig. 3) on the external surface of anodized HCF specimens shows the presence

of emerging eutectic Si particles and micro-cracks (see Fig. 3b), which are not present prior to



anodizing (see Fig. 3a). In agreement with the literature [24,50], the presence of cracks on the surface
of the anodic layer can be associated with the anodic layer sealing process. Indeed, the sealing process
consists in the occlusion of the nano-pores of the anodic layer by means of a hydrothermal process
which lead to the precipitation of oxides and hydroxides within the nano-pores. The nucleation and
growth of the sealing phases within the oxide nano-pores, can lead to the generation of internal
stresses with an associated cracking of the oxide layer [4,7,50]. It is interesting to observe that, after
fatigue testing, the length and networking of these micro-cracks increase (see Fig. 3¢) thus supporting
the fact that the oxide micro-cracks can behave as triggers for fatigue crack and local surface stress
raisers. The formation of a network of micro-cracks at the notch root of anodized, cast AISi10Cu4Mg
samples is also reported by Nakamura et al. [31]. Moreover, cracking of the anodic layer due to
cycling loading is also commonly observed in the case of anodized wrought Aluminium alloys
[11,16,18,21,24]. Finally, it is worth mentioning that no clear correlation between the presence of
emerging Si particles (see Fig. 3b) and crack formations seems evident. This further confirms that the
formation of cracks is strongly correlated with the anodic layer sealing process.

To further characterize the anodic layer, micro-indentation tests are carried out as described in
Paragraph 2.5. It is important to highlight that this kind of analysis has a comparative meaning and
absolute values are representative of the specific set of parameters used to perform the instrumented
indentation test. Hence, the results on the anodic layer are reported in Table 3 in comparison to the
one obtained with the same testing condition on bulk AISi8Mg-T6 alloy. It is evident that the anodic
layer is characterized by a hardness more than 3 times higher than the hardness of the bulk AISi8Mg-
T6 alloy. This result is in accordance with the literature [19] and it is a proof of the dissimilarity in
the mechanical responses of the anodic layer with respect to bulk AISi8Mg-T6 alloy. Moreover, it is
interesting to report that during indentation tests the anodic layer shows brittleness, since cracking
(see Fig. S1) occurred in 2 cases, forcing the invalidation and repetition of those indentations. This

phenomenon is not observed for bulk AISi8Mg-T6.



Table 3. Vickers hardness as obtained by instrumented micro-indentation.

Hardness AISi8Mg-T6
Bulk 150+ 4 HV
Anodic Layer 509+3 HV

10pm

Fig. 3. (a) BSE-SEM images of the surface of specimens before anodizing; (b) after anodizing and before HCF measurement; (c) after
anodizing and after HCF test in close proximity of the fracture surface; and (d) EDXS map of region (c). The EDXS map highlights
emerging Silicon particles.

3.3. Roughness

The roughness of HCF specimens prior and after the anodizing process is evaluated as described in
Paragraph 2.4. Results are reported in Fig. 4 in terms of roughness of each specimen and average
values. Comparable values of areal roughness are obtained within the two analysed groups of samples.
Any fluctuations in the acquired values can be ascribed to the local nature of the measurement.
Among all the anodized HCF specimens, F2 sample exhibits a lower value of Sa; yet, this value can

be considered to be within the typical areal roughness of anodized cast AlSix alloys [10].
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Fig. 4. Areal roughness (Sa) of HCF specimens before (a) and after (b) anodizing (the average value is represented by the dashed

line). An increase of the surface roughness upon anodizing is clearly visible.

It is evident that, prior to anodizing, specimens show an average roughness equal to 0.16pum while,
after anodizing, the average roughness increases up to 26 times, approaching 4.12um. This
phenomenon is related to the local microstructure of AlSi8Mg-T6. Indeed, the oxide growth is
inhibited in those regions in which a high concentration of eutectic Si particles is present [14]. Hence,
the oxide growing rate is higher on Al dendrite with respect to eutectic inter-dendritic regions. This
results in a non-homogeneous growth of the oxide, thus leading to an increase in the surface roughness
of specimens [10,17,34]. Moreover, emerging Si particles (see Fig. 3b) are likely to further contribute
to the increase in the surface roughness. It is reasonable to infer that, due to this local notch effect,
the surface of anodized specimens may be more susceptible to crack nucleation when subjected to
cyclic loads [51].

3.4. Tensile characterization



Tensile properties of anodized A1Si8Mg-T6 specimens are investigated as described in Paragraph 2.3.
Results of non-anodized AlISi8Mg-T6 are discussed as well. Data are summarized in Table 3 and
Table 4 in terms of yield strength (Rpo.2), ultimate tensile strength (UTS) and elongation at fracture
(A%).

Table 3. Tensile properties of non-anodized AlSi8Mg-T6 alloy.

Specimen %ﬁ‘ifa/ UTS/MPa n‘?;f;mm

P1 292 341 5.7

P2 283 336 9.1

P3 299 350 10.5

P4 294 345 10.0

P5 293 345 9.0
Mean value 292 343 8.9
St. Dev. 6 5 1.9

Rpo2: Yield strength; UTS: Ultimate tensile strength; A%: elongation at fracture

Table 4. Tensile properties of anodized AlSi8Mg-T6 alloy.

Specimen I;ﬁfa/ UTS/MPa Iﬁ;/l"/mm

Al 292 343 8.2

A2 284 336 7.4

A3 295 347 9.8

A4 296 344 5.9

A5 302 345 3.2
Mean value 294 343 6.9
St. Dev. 7 4 2.5

Rpo2: Yield strength; UTS: Ultimate tensile strength; A%: elongation at fracture
Yield strength is equal to 292MPa for non-anodized specimens and 294MPa for anodized samples
and, similarly, no differences in the UTS are observed, with values for both anodized and non-
anodized alloys in the order of 343MPa. On the contrary, differences in the mean values of elongation
at fracture are detected (8.9% vs. 6.9% for non-anodized and anodized specimens, respectively). The
data dispersion in the case of A% is remarkably higher than that of Ry0.2 and and UTS and can be
attributed to the presence of inhomogeneities in the A1Si8Mg-T6 microstructure, i.e. microporosities

and intermetallic particles [52].



As expected, the presence of an anodic layer on sample surfaces has a negligible effect on strengths.
Indeed, it is generally agreed that these properties are mostly dictated by the bulk microstructure of
samples [2,48,53]. Specifically in the case of AlSix alloys, both Ry2 and UTS are significantly
affected by: a) modification of eutectic Si particles; and b) performed thermal treatment which is
responsible for the formation of Mg>Si nano-precipitates with an associated hindrance of the
dislocation motion [2,35,47]. Consistently, since both non-anodized and anodized samples undergo
the same casting process and thermal treatment, no differences in Rp02 and UTS are to be expected.
On the other hand, the difference in the elongation at fracture (A%) between anodized and non-
anodized samples might be ascribed to the presence of the brittle and hard oxide layer [13,25,54].
Nonetheless, it is important to mention that from a statistical point-of-view the tensile properties (both
A% and strengths) of non-anodized and anodized AISi8Mg-T6 are equal, as verified by one-way
ANOVA tests.

3.5. High cycle fatigue (HCF) measurements

High cycle fatigue (HCF) measurements on non-anodized and anodized specimens are performed as
described in Paragraph 2.3. Results are reported in terms of fatigue life as a function of the stress
amplitude (Fig. 5) and Basquin’s fit (Fig. 6). No evidence of a fatigue limit (absence of runout
specimens) is found for both non-anodized and anodized specimens. This is in contrast with what
reported for anodized Aluminium alloys in other articles [16,18,24,27,28,30,31]. Yet, this
dissimilarity might be related to: a) the different HCF testing procedures; b) the studied Aluminium
alloys; and c) the applied anodizing parameters.

One-way ANOVA tests confirm that the populations of non-anodized and anodized HCF specimens
are statistically different for both 130 and 110MPa stress amplitudes. Conversely, at 150MPa the two
sets of samples are statistically equal. This behaviour can be understood in light of fatigue principles.
Indeed, from a theoretical point of view, as the applied stress amplitude decreases (e.g. from 150MPa
to 130 and 110MPa), the time required for the nucleation of the fatigue crack becomes progressively

more relevant than the propagation time [43]. Hence, the presence of superficial features, which can



accelerate the fatigue crack nucleation, is expected to mostly impact the HCF behaviour at lower
stress amplitudes.

In this specific case: a) the presence of the anodic layer increases the roughness of the specimens (see
Paragraph 3.3) with an associated stress intensification effect [9,10,51]; b) local stresses might build
up as a result of the difference in mechanical behaviours of the anodic layer and bulk AISi8Mg-T6
matrix (see Paragraph 3.2.2) [16,18,24]; ¢) the brittle oxide layer can easily crack as a result of the
applied cyclic stress (see Fig. 3c) [11,13,16,17]; and d) the anodic layer is characterized by
microcracks induced by the oxide sealing process (see Fig. 3b) [10-16,18,24,31,50]. All of these
aspects can facilitate the fatigue crack nucleation at the surface of anodized AISi8Mg-T6 specimens,
i.e. reduce the nucleation time. In terms of HCF tests, this becomes particularly evident at stress
amplitudes of 130 and 110MPa.

As a consequence, as shown in Fig. 6, the linear Basquin’s fits of the median values of non-anodized
and anodized HCF specimens highlight a significant difference in the slopes. Specifically, the
Basquin’s equation of anodized samples has a more negative slope coefficient with respect to non-

anodized specimens.
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Careful investigations of: a) the nucleation mechanisms of fatigue cracks at different stress levels;
and b) the differences in the crack nucleation mechanisms between non-anodized and anodized
samples are completed by studying the fracture surfaces of specimens after HCF measurements. The
results are presented in the following section.

3.6. Fracture surfaces analyses

3.6.1. Non-anodized specimens

HCF fracture surfaces are investigated by means of a scanning electron microscope (SEM) as
described in Paragraph 2.6. As an example, Fig. 7 shows three representative fracture surfaces of non-

anodized AlSi8Mg-T6, one for each stress amplitude level (110, 130 and 150 MPa).
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Fig. 7. Examples of fracture surfaces of non-anodized AlSi8Mg-T6 at different stress levels: (al) and (a2) 110MPa; (bl) and (b2)
130MPa; (c1) and (c2) 150MPa. Red arrows indicate the nucleation sites.

All the inspected fracture surfaces (see Fig. 7 and supplementary Fig. S2) exhibit three well
distinguishable zones: nucleation site (see red boxes and red arrows), stable propagation zone
(characterized by the presence of tear ridges, blue arrows) and final fast propagation zone (overload

failure). In addition, a careful investigation of the fracture surfaces, combined with EDXS analysis,



allows to identify the following characteristics in correspondence of crack nucleation sites: a) sub-
surface shrinkage porosity (Fig. 7b2); b) decohesion of eutectic regions associated with entrapped
oxide layers (Fig. 7a2) and Fig. S3); and c) slip bands of Al matrix (Fig. 7c2 and Fig. S4), which
suggest a ductile mechanism of fatigue crack nucleation, induced by the dislocation motion along
preferential crystalline planes of the Al matrix [55,56].

Among these features, microporosity is detected in correspondence of the nucleation site of the
majority of the investigated specimens, thus indicating that the failure mechanism of the non-
anodized AlSi8Mg-T6 alloy is mostly driven by superficial micro-shrinkage pores (casting defects)
which trigger the crack nucleation [26,57,58].

3.6.2. Anodized specimens

The fracture surfaces of anodized specimens are investigated in order to identify the effect of the
presence of a surface anodic layer (see Paragraph 3.2.2) on the fatigue life of AISi8Mg-T6. Three
fracture surfaces per stress level are investigated by using SEM-based methods (see Paragraph 2.6).

Results are summarized in Fig. 8 and Fig. S5.
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Fig. 8. Examples of fracture surface of anodized AlSi8Mg-T6 at different stress levels: (al) and (a2) 110MPa; (bl) and (b2) 130MPa;

(c1) and (c2) 150MPa. Red arrows indicate the nucleation sites.

Three relevant examples of fracture surfaces are reported in Fig.8. It is possible to observe that
nucleation (see red box and red arrows), propagation (characterized by the presence of tear ridges,
see blue arrows) and final failure regions are clearly visible. Similarly to non-anodized specimens,
the fatigue nucleation occurs in correspondence of: a) micro-porosity (see Fig. 8a2); b) slip bands
(see Fig. 8b2); and c) entrapped oxide (see Fig. 8¢2). However, the morphology of nucleation sites
associated with slip bands of the matrix in anodized samples is strongly different with respect to non-
anodized ones. By looking at Fig. 8b2 and Fig. 7¢2, respectively, it is clear that, in its early lifetime,
the fatigue crack in anodized AlSi8Mg-T6 sample propagates in a less tortuous way with respect to
its non-anodized counterpart. In order to further elucidate this aspect, one of the two fracture surfaces
of F8 anodized fatigue specimen (see Fig. S5e) is cut, polished and analysed under the optical
microscope (see Paragraph 2.6). An overview of the cross-section is reported in Fig. 9. It is clear that
at the nucleation site and in the early propagation region, the fatigue crack path is extremely flat.
Moreover, it is also possible to observe that: 1) as the fatigue crack proceeds, secondary fatigue cracks
are detected, and 2) final failure due to overload is associated with severe plastic deformation of the
Al matrix. These last two points are in agreement with what reported in literature for cast AlSix alloys

[59,60].
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Fig. 9. Cross-section of the fatigue fracture surface of F8 HCF specimen with details of: the nucleation site (red box), a secondary
fatigue crack in the propagation region (yellow box) and severe plastic deformation of the Al matrix during the final failure region
(light blue box).

A close-up on fracture surfaces highlights that fatigue crack originates from regions in which the
oxide appears damaged (see red box in Fig. 10). Once the defected, brittle anodic layer fails due to
the applied cyclic stress, the fatigue crack propagates into the Al matrix. However, due to the
constrain imposed by the anodic layer at the surface, in the early-life stage of the fatigue crack growth,
the motion of dislocations toward the fatigue crack tip is hindered [11,13]. As a consequence, the
fatigue crack propagation requires less energy and proceeds faster, thus shortening the fatigue life of
the alloy.

This behaviour is compatible with the hardness and brittle nature of the anodic layer [11,13,20,25],
whose micro-cracks (see Paragraph 3.2.2) and intrinsic roughness (see Paragraph 3.3) can intensify

the applied fatigue stress at the surface of anodized AlSi8Mg-T6 specimens [11,16,24,51].

Fig. 10. BSE-SEM image and detail of multiple initiation sites from an eutectic Si-rich zone (specimen F6, cycled at 130MPa) of

anodized AlSi8Mg-T6 samples. White round precipitates are eutectic Si particles.



Fig. 11. BSE-SEM image and detail of fatigue initiation site from a small pore (specimen F9, cycled at 110MPa). The EDXS map of

the detail of the initiation site is reported to highlight the presence of eutectic Si particles.

As a further failure mode, it is important to mention that micro-porosities covered by a highly defected
oxide layer are also present in correspondence of crack nucleation sites. In particular, the anodic layer
covering the pore comprises a high concentration of eutectic Si particles (see Fig. 11) which: a)
creates a discontinuity on the oxide coating with a local stress build-up effect; and b) contributes to
increase the local roughness of specimens (see Paragraph 3.3), thus generating a micro-notching
effect at the specimen surface [51].

3.6.3. Propagation and final failure

Fig. 12 shows a comparison between two of the examined non-anodized and anodized surface
fractures. The propagation zones of both non-anodized and anodized fracture surfaces are
characterized by: tear ridges (purple arrows), secondary fatigue cracks (green arrow) and striations
(see Fig. S6). It is also important to highlight that during propagation, casting defects (e.g. shrinkage
pores, white arrows) are intercepted by the growing fatigue crack. On the other hand, the final failure
zones of both non-anodized and anodized fracture surfaces show the presence of dimples (see yellow
boxes and arrows), which are distinctive of a ductile failure mechanism. These features agree with
what observed in the examined cross-section of anodized F8 sample (see Fig. 9, paragraph 3.6.2) and

with cast AlSix alloys with similar chemical composition reported in the literature [59-64]. Thus, it



can be concluded that, in terms of propagation and final fracture behaviour, no significant differences
are detected between non-anodized and anodized fracture surfaces. This further confirms that the
effect of anodizing on fatigue performance is strictly related to changes in the fracture behaviour
during the early life of the fatigue crack (i.e. initiation).

3.7. Effect of the anodic layer on fatigue life

By comparing HCF measurements and fracture surface analyses of non-anodized and anodized
specimens, it is possible to conclude that the presence of an anodic layer strongly affects the fatigue
response of cast AISi8Mg-T6 specimens. In the case of non-anodized specimens, the mechanism of
crack initiation is mostly related to the presence of surface microporosities. Indeed, casting defects
(shrinkage, gas pores and entrapped oxides) are reported to be the main source for fatigue crack
nucleation in cast AlSix alloys [30]. On the other hand, in the case of anodized specimens, the growth
of a brittle, hard oxide layer on the surface of specimens is typically accompanied with: a) the
presence of micro-cracks within the oxide causing a stress intensification effect (see Paragraph 3.2.2);
b) a discontinuity in the mechanical behaviour of the surface with respect to the bulk alloy (see
Paragraph 3.2.2); and ¢) the increase in the roughness of specimens due to the local thickness variation
of the anodic layer (effect of Si-rich eutectic region) and the presence of emerging Silicon particles
at the surface of the layer (see Paragraph 3.3). Taken altogether, these effects: a) strongly modulate
the nucleation and early propagation of fatigue cracks; and b) reduce the fatigue lifetime of the
AlISi8Mg-T6 alloy.

To sum up, although casting defects govern the nucleation of fatigue cracks in non-anodized
specimens, the presence of an anodic layer alters this behaviour, worsening the overall fatigue
performance of AlSi8Mg-T6 alloy. As a consequence, anodizing cannot be neglected and must be

taken into consideration for a proper design of fatigue-resistant cast components.
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Fig. 12. Low magnification SEM images and details of propagation (blue boxes) and final failure zones (yellow boxes) of: (a) non-

anodized P10 fracture surface and (b) anodized F12 fracture surface.



4. Conclusions

The manuscript investigates the effect of anodizing on the fatigue life of a cast AISi8Mg-T6 alloy. A

group of anodized specimens is prepared by using an ad-hoc anodizing process and tested with a

multi-technique approach. The following conclusions are demonstrated:

Anodizing increases the surface roughness of AISi8Mg-T6 specimens. In particular, the
surface roughness of anodized specimens is up to 26-times higher than non-anodized
specimens (Sa<0.2um).

At 130 and 110MPa fatigue stress levels, anodizing significantly reduces the fatigue lifetime
of AISi8Mg-T6. Indeed, the slope of the linear Basquin’s fit of anodized A1Si8Mg-T6 results
significantly more negative than non-anodized AISi8Mg-T6 (-0.22 vs. -0.13, respectively).
In the case of non-anodized alloy, the fatigue nucleation mechanism is mainly associated with
the presence of surface microporosities. On the other hand, in the case of anodized specimens,
crack nucleation is associated with the brittle and hard nature of the oxide layer, which shows
distinctive features such as micro-cracks, emerging and embedded Si particles and thickness
reduction in correspondence of Silicon -rich eutectic regions. These features concur in
modulating the nucleation and early propagation of cracks, with an overall reduction of fatigue

life of the investigated AISi8Mg-T6 alloy.

In conclusion, this work proves that, despite the presence of microstructural defects, (e.g.

microporosities, entrapped oxides), anodizing has a negative effect on the fatigue resistance of cast

AlISi8Mg-T6 alloy.

Moreover, on a broader perspective, the manuscript demonstrates that a careful physico-mechanical

characterization can provide useful fatigue data to be used in the design of future anodized, cast AlSix

components.
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