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Abstract: Aluminum Silicon (Al-Si) alloys are the most important among cast alloys and have
widespread application. The 3-Si phase is detrimental to the growth of micro arc oxidation (MAO)
layers on Al-Si alloys. In this paper, the 3-Si in the skin layer of different Al-Si alloys was removed
by an acid etching pretreatment. Then, the impacts of different etching condition on their MAO
process were investigated. Results show that, as etching time was prolonged, the Si content on the
surface of Al-12 Si was decreased greatly (less than 0.5 wt.%), and the average size of pores left on
the sample surface was increased gradually. This then led to the occurrence of some bigger and more
drastic discharge sparks at the earlier oxidation stage. The corresponding layers had a higher ratio of
AlyO3 and better corrosion resistance after 30 min of oxidation. Moreover, a 60 s etching pretreatment
benefitted and boosted the growth rate and energy efficiency of layers on the Al-9 Si, Al-12 Si and
Al-15 Si alloys. Such pretreatment was believed to be applicable to restrain the negative effects of Si

check for on the MAO of different Al-Si alloys.
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Al-Si alloys have wide application in the manufacturing of various machinery parts
and components, due to their prominent properties, such as high specific strength, low
thermal expansion, good castability, low costs, etc. [1,2]. Recently, some Al-Si alloys with
near-eutectic compositions, e.g., AlSi10Mg and AlSil12, were considered as prospective
materials in the additive manufacturing of aluminum alloy products [3]. However, poor
wear resistance and corrosion resistance are obstacles for the application of Al-Si alloys
in some harsh working conditions. Therefore, surface modification is usually necessary
for many Al-Si alloy products. Laser cladding, thermal spraying, anodic oxidation, and
micro-arc oxidation (i.e., plasma electrolytic oxidation) are effective technologies to enhance
published maps and institutional affil-  the surface performance of Al-Si alloys [4-7]. Among them, anodic oxidation and micro-
{ations. arc oxidation (MAO) are powerful approaches to deposit strong joint-strength layers on

workpieces with complex shapes. However, the presence of the Si phase makes it difficult

to form a uniform anodic film on the surface of Al-Si alloys. This is because it is difficult
to oxidize 3-Si under a low temperature, which eventually exists in the alumina film
as an inclusion and degrades the film property [8,9]. Fortunately, in the MAO process,
the local temperature will rocket to more than 3000 K under the promotion of discharge
sparks. The ultrahigh temperature on the local surface of the workpiece promotes violent
oxidation of both the 3-Si and x-Al phase, and leads to a ceramic layer in-situ growing
conditions of the Creative Commons  OD1 the surface of Al-Si alloys. Besides, as a simple and eco-friendly technique, the MAO
Attribution (CC BY) license (https:// ~ can fabricate coatings with high performance, e.g., high hardness, good anticorrosion
creativecommons.org/ licenses /by / and wear resistance [10,11]. In this regard, the MAO technique is more suitable for the
40/). surface strengthening of Al-Si alloys [12-14]. However, big eutectic or primary Si phase
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in Al-Si alloys would act as barriers for the growth of the MAQO layer and induce some
porous mullite into the layer as well. The formation of the porous mullite deteriorates the
performance of the coatings severely [15-17]. To this end, some special methods, such as
(3-Si refinement, pre-anodization, and sealing post-treatment, were developed to improve
the performance of MAO layers on Al-Si alloys [18-20]. However, the efficiency of the
above methods is not desirable, as they cannot solve the problems of 3-Si radically. In view
of the fact that pretreatment, such as shot-peening, high temperature oxidation prefab film,
etc., can change the surface structure, stress or composition of aluminum alloys, their MAO
process and layer performance would be affected [21,22]. Removing the large Si phase
before MAO treatment of Al-Si alloy is supposed to achieve a fine layer.

In this paper, an acid etching pretreatment was applied to remove the 3-5i in the skin
layer of Al-Si alloys, and the impacts of acid composition and etching time on the MAO
process of Al-Si alloys were studied systematically. Moreover, the relationship between
surface condition variation and discharge spark morphology was discussed.

2. Experiments
2.1. Layer Fabrication

The experiment material was commercial pure Al (Al > 99.7 wt.%) and Al-Si casting
alloys with Si content of 9, 12, and 15 wt.%. These Al-Si alloys were assigned as Al-9 Si,
Al-12 Si and Al-15 Si, respectively. The samples (20 mm x 20 mm X 4 mm) were polished
with 1000 grit sandpaper. The etching acid was composed of HF (40 wt.%) and HNOj3
(65 wt.%) with a volume ratio of 1: 4. Some samples was immersed entirely into the acid
to remove the 3-5i phase in the skin layer. Before the MAO treatment, all samples were
cleaned by distilled water, ultrasonic cleaned in acetone, and then blew dry. The electrolyte
was composed of 10 g/L Na,SiO3, 2 g/L NaOH and 2 g/L C¢HjpNy. A bipolar pulse
power (WHD60, Harbin, China) was applied for MAO processing. The morphology of
discharge sparks on the sample surface was recorded by a high-speed digital camera.

2.2. Layer Characterization

The microstructure of the MAO coating was characterized by a field emission scanning
electron microscope (Nano 430, Hillsboro, OR, USA), and the composition was detected by
an energy dispersive spectrometer (INCA, Morgantown, VA, USA). The layer thickness
was the average value of 10 points measured by measured by a Surfix N eddy current
thickness meter. The phase structures of the coated samples were determined by an X-ray
diffractometer (Rigaku Miniflex 600, Tokyo, Japan), using Cu-Ko radiation as the excitation
source. The scanning range was 20° to 70° (in 20), with a step size of 0.02°. The electro-
chemical behavior of the samples was tested by an electrochemical workstation (CHI660D,
Shanghai, China) with 3.5 wt. % NaCl solution. Before the polarization measurements, all
samples were immersed in the NaCl solution for about 20 min until the OCP was stable.
The abrasion performance of the MAO layer was measured by a ball-on-disk wear tester
(MS-T3000, Lanzhou, China), with a WC-6Cg alloy ball (¢3 mm) as friction pair and a load
of 3 N. The dry friction time was 20 min with a rotation speed of 120 r/min. The weight of
each sample before and after wear was measured by a high precision electronic balance
(0.01 mg).

3. Results and Discussions
3.1. Effects of Etching Time on the MAO of Al-12 Si Alloy

The Si content in the surface layer of eutectic Al-Si alloy treated by different etching
time is shown in Figure 1. For the pristine sample, the Si content on its surface was a bit
higher than in the bulk; in that, the Si was harder than Al, and more difficult to eliminate
by grinding. When the substrates were subjected to a 15 s etching treatment, the Si content
on its surface declined greatly to about 2 wt.%; this is because the Si was mostly removed
while the Al was preserved by a thin passivation layer [23]. As the etching time extending
to 30 s, more Si phase in the deeper layer was removed and the Si content on the surface
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approached 0.7 wt.%. Henceforth, the Si content in the surface layer of the matrix almost
kept stable, even when the etching time was further extended. Eventually, the content of Si
was about 0.5 wt.% when the sample was etched for 60 s.

Si content / wi.%

1 \O i .
1 Il 1 1 Il
0 15 30 45 60
Time /s

Figure 1. Si content on the surface of Al-12 Si treated by different etching times.

Figure 2 shows the surface morphology of the Al-12 Si matrix after different etching
times. The substrate surface was flat after the polishing process. However, abundant small
worm-like holes and a few large pits were observed on the surface after the immersion
of the alloys in the mixed acid. This is because the eutectic and primary Si phase can be
dissolved by HF, whereas the «-Al was reserved due to the formation of the passivation
layer in the presence of HNOj3. Though the Si content on the sample surface just decreased
from 2.1 to 0.5 wt.%, as the etching time extending from 15 to 60 s, the volume of pores
left by the original 3-Si was increased gradually, and the corresponding surface roughness
increased from 0.7 to 1.35 pm (Figure 3). When the matrix was etched for more than 30s,
some holes on their surface were extremely large, with a width of several microns and a
length of dozens of microns. The reason may be that the INCA just detected the elements
within a small depth on the sample surface, though the Si at a much deeper range was
further dissolved as the acid etching time extended.
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Figure 2. Surface topography of Al-12 Si after (a—d) 0, 15, 30, and 60 s etching treatment.
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Figure 3. Surface roughness of Al-12 Si by different etching treatment time.

Figure 4 shows the discharge sparks’ morphology at the oxide/electrolyte interface by
different MAO time. Actually, feeble sparks were observed by the naked eye on the etched
Al-12 Si just 1 min after the beginning of oxidation, when the positive voltage reached
about 170 V. However, tiny sparks started to appear on the non-etched sample after about
3 min of oxidation, when the voltage was about 190 V. As the positive voltage increased,
the luminance and size of discharge sparks both increased. However, the shape of the
sparks on all samples was much different. At the same moment, the luminance and size
of most sparks on different samples all increased with their etching time. For the matrix
etched for 60 s, the morphology spark on its surface was a bit special from the 5th min
of oxidation, as some discharge sparks on its surface were particularly dazzling. As the
oxidation carried on, the average size and brightness of discharge sparks increased, while
their number diminished gradually. The sparks on the etched sample were always fiercer
than that on the non-etched one. Table 1 shows the positive voltage and layer thickness
of different samples by the 20th and 30th min of oxidation. The etching pretreatment led
to a higher voltage and a thicker layer on the Al-12 Si. With the extension of etching time
from 15 to 60 s, the positive voltage of the substrates decreased, while the layer thickness
increased gradually. These phenomena indicated that the surface structure of the matrix
may play a great role in the discharge mechanism over its MAO process.

Table 1. The positive voltage and layer thickness for Al-12 Si by different pretreatment and MAO time.

Etching Time/s 0 15 30 60

MAO time/min 20 30 20 30 20 30 20 30
Positive voltage/V 434 456 466 475 462 470 457 467
Layer thickness/pm 12.7 14.9 14.7 22.8 15.9 25.2 17.1 25.6

Figure 5 shows the thickness of layers that grew on different Al-12 Si during different
MAQ periods. The thickness of the MAO layer for all samples increased with the pro-
longing of etching time. During the first 10 min, the layers’ growth rate was obviously
increased when the matrix etching time extending from 0 to 60 s; but, during the 5th to
10th min, each layer had a much faster growth rate compared with the case at the first
5 min. From the 10th to 20th min, the layers” growth rate for the Al-12 Si with etching
pretreatment was obviously decreased. From the 20th to 30th min, the growth rate for the
layers on all samples was further decreased. For the Al-12 Si without etching pretreatment,
its layer grew especially slowly. After 30 min of oxidation, the thickness of MAO layers on
the Al-12 Si became thicker and thicker with the matrix etching pretreatment time. The
layer on the sample with 60 s of etching was 25.6 um, which was about 10 um thicker than
the non-etched substrates.
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Figure 4. Discharge sparks on the surface of Al-12 Si with (a;—d1) 0, 15, 30, and 60 s etching treatment
at the 5th min of MAO treatment; (az—d3) 0, 15, 30, and 60 s etching treatment at the 10th min of
MAO; (az—d3) 0, 15, 30 and 60 s etching treatment at the 20th min of MAO treatment; (ag—d4) 0, 15, 30
and 60 s etching treatment at the 30th min of MAO treatment.
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Figure 5. The thickness increasing of layers on different Al-12 Si during different MAO periods.

The surface morphology of the layers on different samples by 30 min MAO treatment
is shown in Figure 6. The etching pits on the surface of Al-12 Si with the acid pretreatment
disappeared. All layers demonstrated an even surface structure accompanied by some
shallow holes. The surface roughness of the coated samples also increased with the
extending of their etching time. This is because the volume of some sediments depositing
on the surface would evidently increase when the size and intensity of the discharge
sparks increased.
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Figure 6. Surface morphology of the coatings on the Al-12 Si by (a-d) 0, 15, 30 and, 60 s etching, and
then 30 min of MAO treatment.

The cross-section of the above layers on Al-12 Si with different etching times and the
EDS line scans for O, Al and Si, across the layers on the sample without and with 60 s, is
exhibited in Figure 7. The layers’ thickness (Figure 7a,c—e) was in correspondence with the
tested values as shown in Table 1. Though some big pores still existed at the inner part
of the layer on the samples with etching pretreatment, the density of their outer part was
significantly improved compared with the layer on sample without etching. Besides, a
thin and less porous sub-layer existed near the layer/substrate interface, which implied
a strong adhesion of the MAO layer to the sample surface. The composition profiles of
layers on the Al-12 Si without (Figure 7b) and with 60 s (Figure 7f) etching pretreatment
also imply the substrate/coating interface; Al content decreased while O content increased
rapidly (Figure 7b,f). From the inner to the outer part of the coatings, the O, Al and Si
contents had some big fluctuations. For the layer on the sample without etching, the Si
content at most areas across the layer was high (Figure 7b). However, for the layer on the
sample with 60 s etching pretreatment, the Si distribution at its middle and outer part was
much more even and lower than that at its inner part (Figure 7f).
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Figure 7. Cross-sectional images and EDS composition depth profiles of the coatings on the Al-12 Si
by (a,b) 0, (c) 15, (d) 30 and (e,f) 60 s etching, respectively, and then 30 min MAO treatment.
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(a)

Figure 8 exhibits the phase compositions of MAO layers on Al-12 Si alloys by different
oxidation time. The Al and Si peaks are from the matrix. Hence, the layers were mainly
composed of y-Al,O3, x-Al,O3, mullite, and some amorphous. With 10 min of oxidation,
the intensity of the Al,O3 peak enhanced, while the mullite and amorphous peaks declined
as the extension of matrix etching time. It implied that the decrease of Si mass on the
surface of Al-Si alloy would contribute to the content increase of alumina in its MAO layer.
With 20 or 30 min oxidation, the intensity of Al,O3; and mullite peaks both increased, while
the amorphous peak receded a bit with the extension of etching time.
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Figure 8. XRD spectra of layers on Al-12 Si by different etching times after (a) 10, (b) 20, and (c) 30 min. of MAO treatment,

respectively.

Figure 9 shows the potentiodynamic polarization curves and corresponding corrosion
parameters of different samples. The raw Al-12 Si and different Al-12 Si samples with
30 min MAO treatment demonstrated a similar corrosion voltage, which all lay in the range
of 0.68 to 0.75 V. However, the corrosion current density of the MAO treated samples was
much lower than the matrix. As the value of the raw matrix was 1.21 pA/cm? when it
underwent a 30 min oxidation, the corrosion current density decreased to 0.78 pA/ cm?.
Besides, the value of the layers further decreased from 0.32 to 0.16 pA/ cm? with the sample
etching time extending from 15 to 60 s, indicating that the decay resistance of the MAO
layer was boosted more than two-times when the matrix suffered an etching pretreatment.
The anticorrosion performance of MAO layers improved gradually with the prolonging of
etching time.
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Figure 9. Polarization curves and anticorrosion properties of (a) Al-12 Si matrix, (b—e) Al-12 Si with
etching for 0, 15, 30, 60 s, respectively, and then 30 min of MAO treatment.

Figure 10 exhibits the weight loss of samples over the 20 min dry friction. The wear
loss of the raw Al-12 Si matrix reached about 11.3 mg. However, after 30 min MAO
treatment and a ceramic coating generation, its surface wear loss was significantly reduced
to 3.7 mg. As for the MAO layers on the etched matrix, the wear loss further decreased.
However, the corresponding value increased a bit from 1.6 to 2.3 mg as the etching time
extended from 15 to 60 s.
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Figure 10. Weight loss of (a) Al-12 Si matrix, (b—e) Al-12 Si with etching for 0, 15, 30, 60 s, respectively,
and then 30 min of MAO treatment.

3.2. Effects of Etching on the MAO of Hypo- and Hyper-Eutectic Al-Si Alloys

The etching time had a significant impact on the MAO process of Al-12 Si alloy,
especially for the sample with 60 s etching pretreatment. Therefore, the effects of acid
etching on other Al-Si alloys deserve further verification. Figure 11 presents the surface
morphology of Al-9 Si and Al-15 Si by 60 s etching treatment. Plenty of strip-like pits
appeared on the surface of Al-9 Si, and merely 0.5 wt.% of Si were left in the skin layer, as
most eutectic Si was dissolved by the acid. Lots of blocky and some strip-like holes were
generated on the surface of Al-15 Si because the majority of eutectic and primary Si were
eliminated. Thus, just 1.6 wt.% of Si was left. Its residual Si content was slightly higher
than that on the Al-9 Si with the same pretreatment. The reason may be that the volume of
primary Si was tremendous and cannot be entirely dissolved by the acid within 60 s.
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Figure 11. Surface morphology of (a) Al-9 Si and (b) Al-15 Si with 60 s etching treatment.

Figure 11 reveals the average growth rate and specific energy consumption of the
pure Al and different Al-Si alloys with 10 min of MAO treatment. The layer deposition
rate of the non-etched Al-Si alloy significantly decreased from 0.6 to 0.35 um min~" as the
matrix Si content increased from 9 to 15 wt.% (Figure 12a). However, the value for the
layers on the Al-Si alloy with 60 s etching pretreatment became much closer to each other.
The average layer growth rate merely decreases from 0.76 to 0.7 um min~!, with the Si
content in the matrix increasing from 9 to 15 wt.% (Figure 12b). As to the specific energy
consumption, the values of the layers on the non-etched samples increased from 4.0 to
5.3 kW h m~2 um~! when the Si alloys increased from 9 to 15 wt.% However, after 60 s
etching pretreatment, their values all decreased. The specific energy consumption slightly
increased from 3.8 to 4.0 kW h m~2 um~!, with the increase of Si in the original matrix.
Specifically for the layer on the Al-9 Si alloy with 60 s of etching, its average growth rate
and specific energy consumption turned approximate to the layer on pure Al by the same
MAO processing condition.
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Figure 12. Average growth rate (a) and specific energy consumption (b) of different Al-Si alloys by 10
min. of MAO treatment.

3.3. MAO Process and Discharge Mechanism Analysis

Acid etching time played a great role in the surface state of Al-Si alloys, and thus
led to a peculiar discharge behavior and layer growth characteristics over the MAO pro-
cess. Hence, the effects of the matrix surface structure and composition on the discharge
mechanism over the whole MAO process deserve further discussion. As the layer depo-
sition involves a series of physical and plasma chemical reactions, the analysis of spark
characteristics is helpful for understanding the discharge mechanism. According to the
evolution process of etching pits over the MAO process (Figure 13) and the discharge
sparks morphology, we may speculate that the layer growth process of etched Al-Si alloys
can be divided into four stages, as schematically shown in Figure 14.
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Figure 14. Layer growth model for the Al-Si alloy with etching pretreatment, at the (a) I, (b) II, (c) III,
and (d) IV oxidation stages.

The layer on the Al-Si alloys with etching pores on their surface started to grow by
a conventional anodic oxidation (labelled as stage I, Figure 14a). Because the (3-Si on the
sample with etching pretreatment was almost disappeared, the «-Al was directly exposed
to the electrolyte. Thus, an alumina film could successfully grow on almost the whole
sample surface, specifically, in the sample with a long etching time (60 s), the big sunk
pores significantly expanded the surface area of Al. Consequently, the electrical resistance
of these coated samples rapidly increased. Besides, the leakage current passed through the
surface of semiconductor Si or thin SiO, was also reduced with the decrease of 3-Si on the
sample surface. That is, more electric energy could be utilized for film deposition [24]. The
energy efficiency over the MAO of Al-Si alloys improved gradually with the prolonging of
matrix etching time.

The sparks began to emerge on the sample surface and the layer growth came into
stage II (Figure 14b) when the etching pits were gradually filled by the oxidative products,
which can be seen in Figure 13a,b. The size and brightness of sparks increased as the
oxidation went on. At the fifth minute of oxidation, some sparks on the surface of etched
samples became noticeably larger, with a size of about 0.2~1 mm; these were in line with
the scale of the primal etching pits. However, the size of the etching pits was just about
one-tenth of the sparks. The reason may relate to micro discharge formation manner.
As lots of tiny gas bubbles generated inside the etching pits, they gathered gradually
during the floating process and turned into some big bubbles at the pitheads of the pores.
According to the viewpoint of Yerokhin, the glow discharge ignition in the gaseous media
at the oxide/electrolyte interface was the main discharge mode over the MAO process [25].
The sample with a longer etching time had many larger pits; therefore, the gaseous media
generated at these pitheads was bigger, which would result in the formation of some larger
and brighter sparks, correspondingly. Thus, regarding the substrate that was subjected
to 60 s etching treatment and oxidized for 5~10 min, some sparks on its surface were
10 times larger than the size of primal etching pits (about 10~50 um). Moreover, the
layer grew mainly outwards from the sample surface at this period, and the low thermal
dynamics caused by the weaker sparks were still unable to convert the 3-Si below the «-Al
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and the SiO3%~ in the electrolyte into SiO; [7,26]. That is, the Al from the surface of the
etched sample was the main substance that participated in oxidation reaction and layer
deposition. Hence, the sample with a longer etching time presented a layer with a higher
alumina ration at the 10th min of oxidation. For the Al-15 Si, Al-12 Si and Al-9 Si with 60 s
etching pretreatment, the average Si content in their surface layers decreased progressively,
and their composition was more and more close to the pure Al. The electric energy
exhausted by the leakage current was reduced progressively, and the energy efficiency of
the corresponding layers became more and more approximate to the case of layer on the
pure Al (Figure 12).

As the etching pits were mostly filled by the reaction products, the surface of the
etched sample became flatter (Figure 14c). The layer growth came into stage III and the
morphology of sparks became more inhomogenous. The gas bubbles’ aggregation, which
triggered big sparks, became much weaker at this period. However, some sparks on the
samples with 30 or 60 s etching pretreating were still exceptionally large. As shown in
Table 1, the layer thickness at the 20th even 30th min was increased with the extension of
matrix etching time, while the corresponding positive voltage decreased. It signifies that
the discharge manner became different at this stage. According to the basis of the dielectric
breakdown model, the more of defects in the layer, the easier it is for the layer to be broken
down by the external electric field. For the coatings on the substrate which once had bigger
etching pores, some structural defects such as fissures or voids (Figures 7 and 13c) may
remain at the deep areas of a layer that were generated at places where big etching pits once
existed. The local dielectric breakdown strength of these areas would become relatively
low, thus making it easier to form big discharge sparks. Then, the high temperature caused
by the fierce sparks would cause the melting and oxidizing of the x-Al and (3-Si in the
deeper matrix below the original layer. Along with the SiO3%~ in the electrolyte and the
original oxides in the layer, all materials would participate in the new layer formation.

Finally, the layer growth came into stage IV when the size of discharges became even
larger with a slower motion (Figure 14d). As a result, the layer thickness increases at
a much slower rate. The pre-existing substance, together with new oxidate, undergoes
numerous refusion and chilling, which results in a more compact layer structure since
the surface pits and inner interstices mostly vanished (Figure 13d). All layers became
thicker and denser, which were then difficult to break down. The impacts of gas bubbles,
inner pores or defects to the discharge, as discussed previously, all became much weaker.
Therefore, the arc morphology for samples treated by different etching time became similar.
The final thickness of compact layer (Figure 7) and Al,Os content (Figure 8) both increased
for the layer on Al-12 Si with etching pretreatment. The corrosion and abrasion resistance
of the corresponding layers by 30 min oxidation all improved obviously (Figure 9). The
surface structure and composition alteration deriving from the etching pretreatment had a
much weaker effect on the layer deposition at stage IV, when the relatively coarser outer
layer tended to grow under the motivation of fierce discharge sparks. Such a skin layer
was easy wear off. Thus, the wear loss of the MAO layer increased slightly, with the matrix
etching time extending from 15 to 60 s (Figure 10), while the corrosion resistance of the
layers was improved gradually with the extending of etching time, as the corresponding
layers became thicker and thicker.

4. Conclusions

In this study, the structure and composition at the skin layer of Al-Si alloys was
modified by an acid etching pretreatment, and the effect on the MAQO characteristic of Al-Si
alloys was investigated. The removal of the 3-5i in the skin layer of Al-9 Si, Al-12 Si, Al-15
Si alloys was benefitted, and it boosted the layer growth rate and energy efficiency at the
earlier stage of the MAO process. With the extending of etching time from 15 to 60 s, the
MAO layer on the Al-12 Si achieved a faster growth rate, lower specific energy consumption,
and better anticorrosion property. The Al-Si alloys with 60 s etching pretreatment had a
low Si content and big pores on their surfaces; their layer growth rate and specific energy



Coatings 2021, 11, 453 12 of 13

consumption was close to the case of pure Al within 10 min of oxidation. The big pores on
the surface of matrices caused a peculiar discharge morphology variation, but they were
filled by the oxides after 30 min of MAO treatment. The gas bubble breakdown followed by
dielectric breakdown induced the generation of discharge sparks over the MAO process.
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