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The effects of hydrothermal and cold sealing processes on the scratch and
wear resistance of the anodic layer have been studied. High-pressure diecast
AlSi9Cu3(Fe) alloy plates were anodized in a sulfuric acid electrolyte at 16�C
and further sealed in boiled water or in a NiF2 solution at 25�C. To analyze the
influence of pre-anodizing machining operations, the plates were studied in
the as-diecast condition and after milling. Metallographic investigations and
image analysis techniques were carried out to study the morphology and
thickness of the anodic layer. Hardness, wear, and scratch measurements
were also performed to characterize the surface mechanical properties. The
results showed that the sealing processes enhanced the wear and scratch
resistance of the anodized surfaces because of the precipitation of hydrates
that sealed the surface porosity. The thicker oxide layer formed on the milled
substrate led to a greater wear resistance compared to the as-diecast surface,
owing to reduced wear of the underlying aluminum substrate. Finally, a
cracked mechanically mixed layer, which was enriched with fragmented
intermetallics and anodic layer debris, was formed on the anodized surfaces at
the end of the wear tests.

INTRODUCTION

Aluminum-silicon (Al-Si) foundry alloys are com-
monly used for many applications, especially in the
automotive sector, where excellent castability and a
favorable combination of good mechanical proper-
ties and low density are essential features to
produce high-performance industrial components.1

To electrically insulate the castings and increase
their surface mechanical properties, an anodizing
process can be performed.2–5 In this process, the
aluminum component is the anode of an electrolytic
cell, and the growth of a surface layer of aluminum
oxide is promoted by the action of the electrical
current.2,6 Even though this process is widely
performed in wrought Al alloys, Al-Si foundry alloys
are still challenging to anodize. The high number of

alloying elements present in the foundry alloys
makes the substrate electrochemically heteroge-
neous and limits the growth of the oxide film.7

The further enhancement of the corrosion resis-
tance of an anodized surface can be achieved by
performing a sealing process. During this treat-
ment, the seal chemistry interacts with the anodic
structure forming reaction products that either
precipitate or are adsorbed within the oxide struc-
ture. The microporosity of the anodic layer is thus
sealed, preventing the further penetration of
aggressive agents.8 Even though various types of
seal chemistry can be used to obtain different
surface requirements,9–11 the most diffused pro-
cesses are hydrothermal sealing and cold sealing
based on a nickel fluoride solution.

In hydrothermal sealing (HTS), the anodized
component is immersed in boiling deionized water
for a time of about 2 min/lm thickness.8 During the
early stages of HTS, the sealing solution enters the
pores and initiates the dissolution of the porous
structure. This promotes the precipitation of small,

(Received July 10, 2023; accepted October 17, 2023;
published online November 2, 2023)

JOM, Vol. 76, No. 1, 2024

https://doi.org/10.1007/s11837-023-06241-3
� 2023 The Author(s)

196

http://orcid.org/0000-0001-9765-5318
http://crossmark.crossref.org/dialog/?doi=10.1007/s11837-023-06241-3&amp;domain=pdf


dispersed flakes of hydrated alumina (i.e., boehmite)
within the pores and on the top surface of the anodic
layer.12 Over time, the precipitation of boehmite
flakes increases in both quantity and size, forming a
densely intertwined structure within the porous
structure. Once a saturation condition is achieved
within the pores, large flakes of boehmite begin to
grow vertically on the top surface. Ono et al.12

reported that at the end of the sealing process, a
three-layered structure is formed. This structure
consists of an outer layer of coarse and flaky
boehmite, an intermediate layer where boehmite
precipitates into a densely intertwined structure,
and an inner part where the pores are filled with
boehmite.12 Lopez et al.13 described how the precip-
itation of bayerite, a trihydrate stable at room
temperature, also contributed to the occlusion of the
porous structure. The volumetric expansion associ-
ated with the conversion of anodic alumina to
aluminum hydroxides leads to the formation of a
more compact and denser anodic layer, improving
the corrosion resistance after hydrothermal sealing.
However, due to the softer nature of these hydrox-
ides compared to anodic alumina, a decrease in the
surface hardness and abrasion resistance may
occur.8

Even though the HTS is a sustainable process, it
is a very slow treatment with high industrial cost.
Therefore, in the 1980 s, the cold sealing process
based on nickel fluoride solutions (CS-NF) was
developed.14 The fluoride ions present in the sealant
solution have a great affinity to aluminum ions,
allowing for a reduction in the temperature of the
sealing bath.15 In this process, the fluoride ions
penetrate the pores and trigger an exchange mech-
anism that alters the local pH, promoting the
reaction between the nickel ions and the oxide
structure. Nickel hydroxide precipitates within the
pores, occluding them. Aluminum hydroxides also
precipitate, even after the end of the sealing pro-
cess. Kalantary et al.15 referred to this phenomenon
as the second stage of the aging process, which
involves the hydration of the anodic layer due to
exposure to atmospheric humidity.

Due to the key role of the sealing processes, many
patents have been developed. Some of them are
focused on the addition of specific reagents (e.g., a
combination of rare-earth metal and oxidizing
agents,16 a metal salt-free agent,17 and a nickel-
free reagent18), while other patents refer to the
steps and times of the sealing process.18,19 However,
these works and patents are mainly focused on
wrought Al alloys.

Concerning the sealing of Al-Si alloys, a limited
number of studies have been developed.20,21 Mohe-
dano et al.20 investigated the influence of different
sealing processes on AlSi7Mg0.3 alloys. The ana-
lyzed sealants were based on salts of cerium, cobalt,
nickel, potassium permanganate, and orthophos-
phoric acid. Zhu et al.21 studied how the HTS
promotes the cracking of the anodic layer, and this

behavior was attributed to the intrinsic residual
stresses developed when the porous aluminum
oxide is transformed into boehmite.

Due to the importance of producing high-resistant
anodized Al-Si castings, further analyses are
required to comprehend how different sealing pro-
cesses affect the surface mechanical properties of
anodized Al-Si alloys. This research focuses on
examining the impact of HTS and CS-NF sealing
on the surface hardness, wear, and scratch resis-
tance of a diecast AlSi9Cu3(Fe) alloy. The effects of
anodizing and sealing processes on both as-diecast
and milled surfaces have been investigated.

EXPERIMENTAL PROCEDURE

Casting Process and Machining Operations

In the present work, an AlSi9Cu(3)Fe alloy (EN
AB-4600022) was selected to produce high-pressure
diecast plates. Commercial ingots were melted
inside a 300-kg crucible in a gas-fired furnace set
up at 690 ± 5�C. The chemical composition is given
in Table S-I (refer to online supplementary mate-
rial). The casting was carried out using a cold-
chamber diecasting machine with a locking force of
2.9 MN. A more detailed description of the diecast-
ing machine, the casting procedure, and the process
parameters is given elsewhere.23,24

Before analysis, the plates were stored at room
temperature for at least 5 months, similar to a T1
condition. Generally, T1 temper designation is used
for components that are cooled from an elevated
temperature shaping process and then naturally
aged.22

To analyze the impact of milling operations on the
growth of the oxide layer, a set of plates was studied
in as-diecast condition, while another one was
mechanically milled over one side to a final thick-
ness of 4.5 ± 0.1 mm. The machining operation was
carried out using a Dahly CNC machining center
equipped with a movable table. The milling process
was designed to reduce the material thickness by
1.5 mm, which was achieved through three consec-
utive passes removing 0.8 mm, 0.5 mm, and finally
0.2 mm, respectively. The operation was performed
at a tool rotational speed of 2000 rpm. This process
allowed the removal of the positive surface segre-
gation,25 thereby exposing a substrate with a
coarser microstructure and lower amounts of eutec-
tic and intermetallic compounds to anodizing.

Anodizing and Sealing Parameters

The plates were preliminary treated in a water
solution of H2SO4 and H2O2 with a concentration of
80 g/L for 1 min to degrease and clean the surface.
According to industrial practice, the specimens were
anodized under galvanostatic conditions inside a
water solution of 160 g/L H2SO4 at 16 ± 3�C.25 The
DC electric current density was linearly increased
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from 0 A/dm2 to 0.74 A/dm2 in 10 min and then held
constant at 0.74 A/dm2 for 35 min.

Two different types of sealing processes were
performed:

� a hydrothermal sealing in demineralized water
at 95 ± 5�C for 30 min;

� a cold sealing in a 5 g/L NiF2 water solution at
room temperature for 10 min.

A schematic representation of the manufacturing
procedure, as well as the evolution of the surface
appearance during the different steps of the process,
are shown in Figs. S-1 and S-2, respectively (refer to
online supplementary material).

Microstructural Characterization

Samples for microstructural analysis were drawn
from the cross-section of plates and mechanically
prepared to a 3-lm finish with diamond paste and
polished with a commercial silica colloidal suspen-
sion. The microstructural observations were carried
out using an optical microscope (OM, LeicaTM DM6
M) and a field emission gun scanning electron
microscope (FEG-SEM, FEI QuantaTM 250) operat-
ing at 10 kV and equipped with an energy disper-
sive spectrometer (EDS, EDAXTM).

A detailed characterization of the untreated sub-
strates was carried out. At least 30 contiguous
micrographs, each with an area of 240 9 170 lm2,
were collected along the casting surface. Secondary
dendrite arms spacing (SDAS) was measured by
applying the line intercept method,26 and the area
fraction occupied by Fe- and Cu-rich compounds
was quantified by using an image analyzer. To
easily detect the Fe-rich compounds, the polished
samples were etched in a 20% H2SO4 water solution
at 70�C. A chemical etching in a 25% HNO3 aqueous
solution at 70�C was instead carried out on the
polished samples to highlight the Cu-rich com-
pounds. The quantification of the eutectic fraction
was performed after chemical etching in a modified
Murakami solution (60 mL H2O, 5 g K3Fe(CN)6,
and 10 g NaOH).

The thickness of the anodic oxide layer was
measured in the anodized plates according to the
EN ISO 1463:2004 standard. About 10 micrographs
of 240 9 170 lm2 were collected along the casting
surface, and at least five measurements were per-
formed for each frame.

X-ray diffraction (XRD) measurements were also
performed on the top surface of the sealed samples
to identify the phases formed during the sealing
process. To focus the analysis on the oxide layer, the
diffraction patterns were obtained in the 2h degree
range of 5�–55� with a step size of 0.01�, using an
Xpert MPD diffractometer (PANalyticalTM) with Mo
Ka radiation at 40 kV and 30 mA.

The surface roughness parameters Ra and Rz
were evaluated by using a Taylor Hobson Surtronic
3 + stylus profilometer. The instrument had a

resolution of 0.01 lm, and at least eight measure-
ments were performed for each condition with a
sampling length of 8 mm.

Wear, Microhardness, and Scratch Tests

For wear testing, 40-mm-diameter discs were
drawn from the central zone of the plates. A TRB
tribometer (CSM InstrumentsTM) was used to per-
form wear tests with a ball-on-disc configuration.
An Al2O3 ball of 6 mm diameter was used as counter
body, and a load of 2 N was applied. Dry sliding
tests were conducted in an air atmosphere at room
temperature (25 ± 5�C) and humidity of 10–15%.

The sliding speed was set constant at 0.06 m/s for
a distance of 163 m; the test time was about 45 min.
At least three tests were performed for each
condition.

The wear rate (x) was calculated as

x ¼ V

L�N
ð1Þ

where V is the wear volume, L is the sliding
distance, and N is the applied load.

After each test, the profile and the area of the
wear track were measured by using the profilome-
ter. The wear volume (V) was calculated as the
average wear area integrated over the perimeter (p)
of the circular track (p = 2pr, with r = 5.2 mm).

During the tests, both the anodic layer and the
substrate wore out. Thus, the wear resistance of the
entire ‘‘anodic film + aluminum substrate’’ system
was investigated.

Vickers microhardness measurements were car-
ried out with an FM-810 microhardness tester
(Future-TechTM). The indentations were performed
in the cross-section of the anodic layer according to
the ASTM E384-17 standard. Due to the reduced
thickness of the oxide layer in the as-diecast
substrates, the microhardness measurements were
only performed in the anodized milled substrates.
At least ten measurements were carried out for each
plate by applying a load of 0.05 kgf and a dwell time
of 10 s.

Scratch tests were performed at room tempera-
ture with a Hardness Test Pen according to EN ISO
22557:2020. This standard specifies a method for
determining the resistance of a coating to scratches
introduced by a usually hand-held loaded stylus.27

The applied load ranged from 0 N to 30 N and was
applied gradually until the critical load was
reached, i.e., the load required to scratch the oxide
layer and expose the substrate.

RESULTS AND DISCUSSION

Characterization of the Substrate

The microstructure of the diecast AlSi9Cu3(Fe)
alloy mainly consisted of primary a-Al less-branched
dendrites and an Al-Si eutectic structure (Fig. 1).
The high cooling rate and the great amount of Cu
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prevented the coarsening of the Si particles, which
appeared with a fibrous, fine morphology and an
average size of about 1 lm. Fe- and Cu-rich inter-
metallics were also observed in the interdendritic
channels and at the grain boundaries. The Fe-rich
compounds were identified as blocky-like a-Alx(-
Fe,Mn,Cr)ySiz particles, while the Cu-bearing par-
ticles were present as h-Al2Cu phase in the form of
pockets of fine eutectic (Al + Al2Cu) or blocky-like
Al2Cu particles. Even though these phases were
present in both as-diecast and milled substrates, the
fraction and distribution strictly depended on the
finishing condition. The chemical composition, mea-
sured on the investigated substrates by optical
emission spectrometry, is given in Table S-II of the
supplementary material.

The as-diecast substrate showed greater concen-
trations of many alloying elements, especially Si,
Fe, and Cu. This resulted in a greater fraction of
eutectic structure and Fe- and Cu-rich inter-
metallics. As shown in Fig. 2, the eutectic fraction
varied from 41 ± 3% to 39 ± 2% in the as-diecast
and milled substrates, respectively. A similar trend
was observed about the Fe- and Cu-rich compounds.

The microstructural variations between the
investigated substrates were attributed to the
milling operation. The Al-Si die castings present
generally a positive surface macrosegregation, i.e.,
higher solute content than the surrounding, which
results from a combination of inverse segregation
and exudation during the casting process.28 This
segregated surface zone has a limited thickness
(250 ± 60 lm24); thus, it was removed by the sur-
face milling operations. Contrarily, the as-diecast
substrate showed higher concentrations of eutectic
Si-, Fe-, and Cu-rich intermetallics due to the
presence of surface macrosegregation. Similar
results were obtained by Caliari et al.29

Characterization of the Anodic Layer

Figure 3 shows the anodic layer formed on the as-
diecast and milled substrates. A thin, continuous,
and well-bounded oxide film was grown in the as-

diecast AlSi9Cu3(Fe) alloy plates, while a thicker
layer with a scalloped oxide/metal interface was
formed on the milled substrate. The differences in
the thickness and morphology of the oxide layer can
be attributed to two main factors that alter the
electrochemical potential of the surface, i.e., the
different surface topography and the microstruc-
tural variation of the substrate. Concerning the
surface topography, surface irregularities such as
burrs, machining marks, or asperities formed dur-
ing blasting are sites for the charge concentration
and inhibit the formation of the anodic layer. This
phenomenon is known as the concentration polar-
ization effect.2 The diecast surface exhibited a
rougher surface with numerous burrs generated
during the diecasting process because of the use of a
partially worn die (refer to Figs. S-2 and S-4 in the
supplementary material). Conversely, the milled
surface was smoother, facilitating a more uniform
distribution of electrical charge during anodizing

Fig. 1. Typical microstructures of diecast AlSi9Cu3(Fe) alloy. The micrographs refer to the (a) as-diecast and (b) milled substrates.

Fig. 2. Mean eutectic fraction and area fraction of the Fe- and Cu-
rich intermetallics in the as-diecast and milled substrates.
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and thereby promoting the thickening of the anodic
layer. Similarly, the greater eutectic fraction pre-
sent on the as-diecast surface hindered the thick-
ening of the anodic layer, while the larger quantity
of coarser a-Al phase on the milled surface facili-
tated the propagation of the oxidation front during
anodizing. Further details concerning the impact of
Al-Si microstructure on the growth and morphology
of the anodic layer can be found elsewhere.7

The presence of Si particles, a-Alx(Fe,Mn,Cr)ySiz
compounds, and the Al2Cu phase contributed to
making the investigated surfaces electrochemically

heterogeneous during anodizing. The EDS mapping
illustrated in Fig. 4 shows the impact of these
phases on the growth of the anodic layer.

On both as-diecast and milled substrates, the
eutectic Si particles exhibited a compact shape with
reduced size (see Fig. 1), enabling their embedding
within the anodic layer. This is consistent with
other findings reported in the literature,21,30 which
indicate that Si particles < 5 lm do not adversely
impact the continuity of the anodic layer. Other-
wise, the Al2Cu phase was oxidized and dissolved
during the anodizing process, as evidenced by the

Fig. 3. FEG-SEM micrographs of the anodic oxide layer formed on the (a) as-diecast and (b) milled substrates.

Fig. 4. FEG-SEM micrograph and EDS mapping showing the interaction of a-Alx(Fe,Mn,Cr)ySiz, and Al-Al2Cu phases with the growth of the
anodic layer.
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absence of Cu in concomitance with the anodized
Al2Cu compound in the EDS mapping of Fig. 4.
Similar findings were reported by Fratila-Apachitei
et al. in Ref. 31. No large voids or pores were
detected because of the dissolution of this phase.

Contrarily, the anodizing of a-Alx(Fe,Mn,Cr)ySiz
intermetallics led to the formation of numerous
voids in the oxide layer because of the dissolution of
this phase.31,32 Figure 5 shows the top views of the
as-diecast and milled plates before and after the
anodizing process.

Due to the presence of surface macrosegregation
(see in ‘‘Characterization of the Substrate’’ section),
the as-diecast substrate showed a large amount of a-
Alx(Fe,Mn,Cr)ySiz phase, while the milled substrate
exhibited fewer Fe-rich particles with a fragmented
morphology because of milling operations. This
resulted in a higher surface porosity on the as-
diecast surface after the anodizing process. In fact,
the porosity’s area fraction was approximately 12%
and 2% in the as-diecast and milled substrate,

respectively. During the sealing process, this sur-
face porosity was partially plugged because of the
precipitation of hydrates.

To investigate the precipitated phases, XRD
measurements were carried out on the top surface
of the sealed plates, and the software X’Pert HighS-
core Plus (PANalyticalTM) was used to identify the
peaks. The diffraction pattern reported in Fig. 6
shows that Al, Al2O3, Al(OH)3, and AlO(OH) phases
were present in all the sealed samples. The alu-
minum substrate had a cubic structure, as con-
firmed by the correspondence of the peaks with the
standard ones (JCPDS card no. 00-004-0787). The
anodizing process led to the formation of a tetrag-
onal Al2O3 phase (JCPDS card no. 00-046-1131), in
agreement with the findings of Ilango et al.33 Dif-
ferently from the face-centered cubic (FCC) Al
phase, which is renowned for its exceptional combi-
nation of high strength and significant ductility, the
tetragonal Al2O3 phase is primarily recognized for
its high hardness, electrical insulation properties,

Fig. 5. FEG-SEM micrographs of the top view of the (a, b) as-diecast and (c, d) milled plates (a, c) before and (b, d) after the anodizing process.
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and elevated melting point. The increased hardness
of the Al2O3 structure contributes to enhancing the
surface mechanical properties of the casting after
anodizing, especially the wear resistance (a more
detailed description will be presented in the follow-
ing sections).

Orthorhombic boehmite, AlO(OH), peaks and
monoclinic bayerite, Al(OH)3, peaks were also
observed in both hydrothermal-sealed and cold-
sealed samples (JCPDS cards no. 00-021-1307 and
00-020-0011) in agreement with other results
reported in the literature.13,34 The sealing process
was governed by the dissolution/hydration reaction
that occurred within the pores and on the outer
surface of the anodic layer. When the sealing
solution came into contact with the anodic struc-
ture, the pore walls and the surface of the anodic
layer dissolved, allowing the subsequent precipita-
tion of aluminum hydroxides in the form of
boehmite and bayerite.12,13

Hao et al.8 reported that these aluminum hydrox-
ides can be softer than the unsealed anodic struc-
ture. Therefore, in the following sections, a decrease
in the hardness of the sealed anodic layer will be
attributed to the formation of these compounds.

The XRD analysis did not detect any Ni- or F-rich
precipitates, which were expected in the cold-sealed
sample (see Fig. 6). This result could reasonably be
produced by the insufficient amount of these pre-
cipitates, which prevented their detection by XRD.
To overcome this limitation, EDS analyses were
performed on the fractured cross-sections of the
sealed anodic layers, and the results are shown in
Fig. 7. Unlike the hydrothermal-sealed sample, the
EDS spectrum after cold sealing revealed the pres-
ence of F and Ni on the anodic layer, which can be
reasonably attributed to the precipitation of
Ni(OH)2, and AlF3 within the porous structure.13

Thickness of the Anodic Layer and Surface
Roughness

The average thickness of the anodic layer was
about 3 ± 1 lm and 9 ± 2 lm in the as-diecast and
milled surface, respectively (see Fig. S-3 in the
online supplementary material). In the as-diecast
substrate, the growth of the anodic layer was
mainly limited by the high eutectic fraction and
the rough surface covered by numerous burrs (see
Fig. S-2). Contrarily, the higher amount of a-Al
phase and the smoother surface of the milled
surface allowed the formation of a thicker oxide
film (see in ‘‘Characterization of the Anodic Layer’’
section). No significant variation in the thickness of
the anodic layer was observed after the sealing
processes. This result agrees with previous studies,
which reported how the anodic layer thickness is
primarily a function of the anodizing parameters.2,7

However, a variation in the surface roughness
parameters Ra and Rz was detected (see Fig. S-4
in the online supplementary material). Before
anodizing, the as-diecast and milled substrates
had mean Ra values of 0.76 ± 0.28 lm and
0.18 ± 0.11 lm, respectively, in agreement with
the typical values of surface finish for those pro-
cesses.35 After anodizing, the surface roughness
increased, especially in the milled surface where the
Ra and Rz values were more than quadrupled. A
further increase in the surface roughness occurred
after sealing, when, regardless of the type of sealing
process, the as-diecast and milled surfaces showed
Ra values of about 0.95 ± 0.20 lm and
1.19 ± 0.20 lm, respectively. The increase of the
surface roughness after the anodizing process can
be explained by analyzing the growth of the oxide
layer. It is important to remember that the conver-
sion of Al into Al2O3 during anodizing involves a
volumetric expansion. Moreover, the greater the
variation in the local chemical potential from one
area of the surface to another, the more pronounced
is the concentration polarization effect, leading to a
more inhomogeneous growth of the anodic layer.2 In
this study, both substrates exhibited a heteroge-
neous microstructure and surface irregularities
(refer to Fig. S-2 and in ‘‘Characterization of the
Anodic Layer’’ section). This resulted in significant
variations in the local chemical potential of the
surface, leading to a highly inhomogeneous distri-
bution of the electrical charge during anodizing. The
growth of the anodic layer was preferentially local-
ized in certain areas of the substrate, where a
greater volumetric expansion took place. The post-
anodizing increase in the surface roughness was
thus linked to the differential volumetric expansion
between regions with varying anodic thicknesses.
This effect was particularly evident in the milled

Fig. 6. XRD spectra of the cold-sealed and hydrothermal-sealed
samples.
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surface, where alternating large a-Al cells and
eutectic-enriched areas led to significant variations
in the oxide thickness and a great increase in the
surface roughness after anodizing (see Fig. 3b).

Microhardness and Scratch Results

The milled AlSi9Cu3(Fe) alloy substrate revealed
a hardness of about 98 HV, which increased to
about 430 HV after anodizing (see Fig. S-5 in the
online supplementary material). This result agrees
with the data reported in the literature.2,6 After cold
or hydrothermal sealings, the surface microhard-
ness slightly decreased to 409 ± 21 HV and
417 ± 17 HV, respectively, because the aluminum
oxide was partially converted to softer products, i.e.,
bayerite and boehmite (see the discussion of Fig. 6
in ‘‘Characterization of the Anodic Layer’’ section).

The evolution of the scratch resistance after the
different experimental conditions is shown in Fig. 8.
The as-diecast substrate showed always higher
scratch resistance compared to the milled one.
Smooth surfaces exhibit enhanced scratch resis-
tance compared to rougher surfaces, as demon-
strated by Feng in Ref. 36. This is attributed to the
absence or less frequent presence of peaks on the
material surface that act as stress concentration
points and can lead to the failure of the coating. In
the present work, after anodizing, the as-diecast

Fig. 7. FEG-SEM micrographs of the fractured cross-sections of the sealed samples. The arrows indicate the differences between the EDS
spectra of the anodic layer after (a) hydrothermal sealing and (b) cold sealing.

Fig. 8. Evolution of the scratch resistance after anodizing and
sealing processes in the as-diecast and milled substrates. According
to ISO 22557:2020 standard, the critical load corresponds to that
required to scratch the oxide layer thus exposing the substrate.
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substrate showed lower values of surface roughness
compared to the milled surface (see Fig. 8), resulting
in greater scratch resistance.

Especially in the milled surface, the hydrother-
mal process evidenced better scratch resistance
than cold sealing. This behavior cannot be related
to the surface roughness that was comparable after
the different sealing processes (see Fig. S-4). During
hydrothermal sealing, boehmite (AlO(OH)) and
bayerite (Al(OH)3) crystallized inside the porous
structure (see Fig. 9), while a mixture of AlO(OH),
Al(OH)3 Ni(OH)2, and AlF3 precipitated inside the
porous during cold sealing.13 Therefore, the forma-
tion of AlO(OH) and Al(OH)3 phases within the
porous structure appeared to be more effective for
scratch resistance than the combined precipitation
of AlO(OH), Al(OH)3, Ni(OH)2, and AlF3.

Wear Behavior

The wear rate of the different experimental
conditions is illustrated in Fig. 9. The as-diecast
substrate showed a lower wear rate compared to the
milled one because of the higher fraction of eutectic
structure and intermetallic compounds (see Fig. 2).
Eutectic Si particles and Fe-rich intermetallics were
harder than the a-Al matrix, and they positively
affected the surface wear resistance. On the other
hand, the milled substrate showed larger areas of a-
Al matrix, which led to a greater wear rate (see in
‘‘Characterization of the Substrate’’ section). It is

well known that the wear resistance is strongly
related to the hardness of the material because
softer surfaces show greater delamination phenom-
ena during rolling-sliding, which significantly
increase the wear rate.37

After anodizing, the wear resistance of both as-
diecast and milled surfaces increased because of the
formation of the anodic layer, which showed higher
surface hardness compared to the un-anodized
substrates (Fig. 9). This effect was particularly
evident in the milled substrate, where the formation
of a thicker oxide layer (see Fig. 3) resulted in a
greater reduction of the wear rate.

The sealing process positively affected the wear
resistance of the anodic layer, especially on the as-
diecast surface (Fig. 9). In particular, the cold
sealing based on nickel fluoride solutions seemed
to maximize the wear resistance of the anodized
AlSi9Cu3(Fe) alloy. Indeed, during sealing, the
voids created by the dissolution of the a-Alx(Fe,Mn,-
Cr)ySiz phase (see Fig. 5) were partially, if not
completely, sealed, forming a more compact oxide
layer and increasing the wear resistance.38

Figure 10 shows the representative wear tracks
over the anodized and sealed surfaces. Regardless of
the type of substrate, the predominant wear mech-
anism was adhesive wear. Evident marks of plastic
deformation were observed on all the worn surfaces.
Moreover, the counter body was not significantly
abraded, and only adhesion phenomena of debris of
aluminum or alumina on its surface were observed.

During the wear tests, the counter body initially
slid on the brittle anodic layer and induced the
formation of a surface tensile stress, which created
wear fragments by brittle contact.37 Dry air was
continuously blown during the test; therefore, the
fragments were easily removed from the tribological
system, and the wear of the surface occurred mainly
because of adhesive phenomena. However, the
plowing marks detected in the wear tracks
(Fig. 10b, c, and f) indicated that abrasive wear
took also place as a secondary wear mechanism.
When the wear fragments remained entrapped
between the counter body and the sample surface,
three-body abrasion phenomena occurred, and
wider and deeper abrasion marks were formed
inside the wear track. The tiny fragments of
abraded material and the delamination marks in
correspondence with the ridges formed during the
milling operation are shown in Fig. 10d, e, and f.

The size of the wear tracks can be directly related
to the wear rates shown in Fig. 9. The wear track
formed over the as-diecast surface in the hydrother-
mal-sealed sample (Figs. 10b and 11a) was wider
compared to the track formed on the cold-sealed
sample (Figs. 10c and 11b). Similarly, the wear rate
measured on the as-diecast surface in the

Fig. 9. Variation of the wear rate after the anodizing and sealing
processes in the as-diecast and milled AlSi9Cu3(Fe) alloy
substrates. The wear rates of the substrate are reported for
reference.
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hydrothermal-sealed sample was greater than the
one measured in the cold-sealed one. Therefore, the
analysis of the wear track confirmed the positive
effect of cold sealing on the wear resistance.

Figure 11 shows the cross-section of the wear
tracks formed on the as-diecast and milled surfaces
after anodizing. In both cases, the aluminum sub-
strate wore out, and extensive evidence of plastic
deformation was detected in the regions close to the
contact zone (Fig. 11c and d). The sliding tangential
stresses developed during the tribological testing
led to the fragmentation of the intermetallic com-
pounds and to their incorporation in the mechani-
cally mixed layer (MML), as shown in Fig. 11e. The
intense stresses also caused the cracking of the
MML, as evidenced by the formation of numerous
cracks parallel to the surface (Fig. 11c and d).
Sulfur-rich zones were also detected in the EDS
mapping of the mechanically mixed layer, indicat-
ing that debris of the anodic layer was also incor-
porated in the MML (Fig. 11g). Due to the most
severe wear of the aluminum substrate, the MML
formed on the as-diecast surface showed lower
sulfur content compared to the MML on the milled
surface.

Figure 12 shows the evolutions of the friction
coefficient in the as-diecast surface at the different
experimental conditions as a function of the sliding
distance during the wear test. The friction coeffi-
cients measured on the milled substrates showed
similar variations. Two main regions can be iden-
tified in the trend of the friction coefficient, i.e., an
initial run-in and a following steady-state condition.
In the first phase, the Al2O3 ball entered into
contact with the sample surface. As the sliding
distance increased, a greater amount of abraded
aluminum or alumina debris was transferred from
the sample surface to the counter body, and the
value of the friction coefficient gradually increased.
In the un-anodized surfaces, this period was quite
short because the debris of the alloy substrate was
easily transferred from the surface to the counter
body because of the high plasticity of the a-Al
matrix. Contrarily, longer times were necessary for
the anodized sample to reach the steady-state
condition because the anodic layer was harder than
the Al alloy substrate and was usually worn by
creating wear fragments by brittle contact. The
second phase, corresponding to the steady-state
condition, started when the surface of the counter
body was covered by a layer of transferring debris.

Fig. 10. Typical wear tracks of the AlSi9Cu3(Fe) alloy surfaces after (a, d) anodizing, (b, e) hydrothermal, and (c, f) cold sealings; the
macrographs refer to (a–c) as-diecast and (d–f) milled substrates. The sliding direction (SD) is indicated by arrows.
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In this phase, the values of the friction coefficient
were stabilized around a mean value of 0.5 in all the
experimental conditions. During this period, no
differences were detected between the un-anodized
and the anodized samples.

CONCLUSION

The effects of the sealing processes on the wear
and scratch resistance of a diecast AlSı9Cu3(Fe)
alloy were investigated. As-diecast and milled sur-
faces were studied after hydrothermal sealing and
cold sealing based on a nickel fluoride solution. The
following conclusions can be drawn:

� The sealing process had no significant effect on
the thickness and surface roughness of the
anodic layer. However, it positively affected its
scratch and wear resistance by sealing the
surface porosity, which was formed during
anodizing due to the dissolution of the a-
Alx(Fe,Mn,Cr)ySiz phase.

� The hydrothermal sealing maximized the
scratch resistance of the anodic layer both in
as-diecast and milled surfaces.

� After anodizing, milled surfaces showed greater
wear resistance compared to as-diecast ones
because of the presence of a thick anodic layer
that limited the severe wear of the underlying

Fig. 11. Cross-section micrographs at increasing magnifications of the wear tracks formed on the (a, c) as-diecast and (b, d, e) milled substrates.
The dotted yellow lines show the profile of the wear track. (e) FEG-SEM micrograph and (f, g) EDS mapping showing the distribution of oxygen
and sulfur in the mechanically mixed layer (Color figure online).

Scampone and Timelli206



aluminum substrate.
� The mechanically mixed layer formed on ano-

dized surfaces was distinguished by the presence
of numerous cracks parallel to the surface,
fragmented intermetallic compounds, and anodic
layer debris.

� Concerning the as-diecast surface, the friction
coefficient showed the lowest values in the initial
run-in after cold sealing, resulting in increased
wear resistance.
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