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Plasma Electrolytic Oxidation of Binary Al�Sn Alloys
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Binary Al�Sn (1, 2, 4, 6, 8 at.% Sn) synthetic alloys were prepared under vacuum-atmosphere controlled fur-
nace. The Al�Sn alloys were coated by plasma electrolytic oxidation technique for 120 min in aqueous electrolyte
containing sodium silicate and potassium hydroxide using the same electrical parameters. The microstructure,
surface roughness, phase content and chemical composition of the coatings were characterized by scanning elec-
tron microscopy, pro�lometry and X-ray di�ractometry. The coating became porous while coating thickness and
surface roughness decreased, with increasing amount of Sn content in Al�Sn alloys. The coating was not formed
on the Al�Sn alloy with 8 at.% Sn. Plasma electrolytic oxidation coatings were composed of mainly mullite
(3Al2O3·2SiO2), γ-Al2O3 and α-Al2O3 up to 4 at.% Sn. The α-Al2O3 phase formed as precipitate in the inner
region of the coating and its amount decreased with Sn amount in the Al�Sn alloys. The SnO2 phase was only
detected in the coating of Al�6Sn alloy. Scanning electron microscopy � energy dispersive X-ray spectroscopy
results showed that the traces of Sn were evident in the oxide coating along with Al, O, Si, Na, and K. The increas-
ing addition of Sn in the alloys resulted in reduction of the overall microhardness of the coating with decreasing
manner from dense inner region to the surface of the coatings.
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1. Introduction

Aluminum and its alloys are extensively used as engi-
neering materials because of their important properties
of high strength/density rate and recyclability [1, 2]. Al
alloys containing tin are one of the important Al alloys for
many industrial application such as plain bearings, pis-
tons and cylinder liners in internal combustion engines,
cylinder blocks as tribological and mechanical properties
are enhanced by addition of Sn to Al alloys to some ex-
tent [3�5]. However, due to the soft nature of Sn, the
alloys are lack of ability to support the heavy loads and
having low scratch resistance [6].

Anodic oxidation is one of the most applied coating
methods for aluminum and its alloys to improve their
properties [7, 8]. However, scratch resistance, hardness
and thickness values of coatings obtained by anodic ox-
idation are not su�cient and electrolytes used for this
process are not eco-friendly [8].

PEO is a recently developed plasma enhanced elec-
trochemical surface modi�cation method used to pro-
duce oxide based ceramic coatings with superior wear
and corrosion resistance, electrical and thermal proper-
ties on light metals and their alloys such as Al, Ti, Mg,
Zr [9�12]. The properties of coatings obtained by PEO
method depend on many process parameters such as cur-
rent density, electrolyte composition, process time and
chemical composition of substrate [10, 13�15]. One of
the most important parameters which a�ect the PEO
coating properties is the chemical composition of the sub-
strate. Although, there are extensive studies on the ap-
plication of PEO on di�erent Al alloys including Sn con-
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taining Al alloys to investigate the substrates' chemical
composition e�ect, there are limited systematical stud-
ies to reveal the individual e�ects of Al alloying elements
on the PEO properties [16]. These systematical stud-
ies showed that the PEO coating thickness, microstruc-
ture, surface roughness, microhardness and phase com-
positions of the coating were strongly in�uenced by the
alloying elements' amount in the binary Al�M (M = Mg,
Zn, Cu, Si) [1, 17�19]. To our knowledge apart from the
limited Sn containing Al alloys, there is not any enlight-
ening systematical study to reveal the individual e�ect of
Sn on the properties of PEO coating of Al.
Hence, in this study, synthetic binary Al�Sn alloys with

di�erent Sn contents were prepared as substrate material
and coated by PEO process in order to investigate speci�c
e�ect of Sn on the coatings properties.

2. Experimental

Pure aluminum (99.96%) and pure tin (99.9%) were
used to prepare binary Al�Sn alloys containing 1, 2, 4,
6, 8 at.% Sn and these alloys were designated as Al�1Sn,
Al�2Sn, Al�4Sn, Al�6Sn and Al�8Sn, respectively. Al�Sn
ingots with dimensions of 25 mm × 50 mm × 100 mm
were prepared by melting in vacuum-atmosphere con-
trolled furnace and casting into copper mold. The Al�Sn
ingots were sliced to obtain substrates for PEO process
with the dimensions of 25 mm × 50 mm × 5 mm. The
surfaces of the substrates were ground by using 80�1200
grit SiC papers and polished by using 3�1 µm alumina
containing solution. The polished substrates were then
cleaned in ultrasonic bath containing ethanol for 5 min.
The surface roughness of the uncoated substrates was
measured using Veeco Dektak 8 Pro�lometer. The elec-
trolyte for PEO process was prepared by dissolving 12 g/l
Na2SiO3 and 2 g/l KOH in distilled water. The process
was carried out by means of a PEO equipment with AC
power supply in a water cooled stainless steel container.
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The temperature of the electrolyte (20 ◦C) and electrical
parameters was kept constant during 120 min coating
process for all samples. The coated samples were cleaned
using deionized water and dried under warm air. Phase
analysis of the coated Al�Sn alloys was carried out using
Bruker D8 Advanced X-ray di�ractometer with a Cu Kα

radiation, over a 2θ range from 10◦ to 90◦. A further
XRD study was carried out by grinding and removing
half of the oxide coating from the surface of Al�1Sn al-
loy. The pro�lometer was employed to determine surface
roughness of each coated sample. The surface and cross-
-section of the PEO coated samples were examined by
scanning electron microscope Philips XL 30 (SEM). After
surface examination, the samples were cut into two pieces
for cross-sectional microstructure examination, chemi-
cal analysis, and microhardness measurements. The cut
pieces were mounted in epoxy resin, ground and polished
to expose their cross-sections. Vickers hardness measure-
ments were carried out using Mitutoyo MicroWizhard by
application of 30 g on the cross-section of the coating
through the coating thickness.

3. Results

The XRD patterns obtained from the surface of PEO
coatings of Al�Sn alloys and from the ground surface
of Al�1Sn alloy (Al�1Sn�G) were given in Fig. 1. The
surface XRD results show that all coatings consist of
mullite (Al6Si2O13) and γ-Al2O3 phases. The formation
of α-Al2O3 phase was seen only in Al�1Sn�G pattern.
Intensity of mullite phase increases with the increasing
amount of Sn in the substrate. The XRD pattern of all
coatings except Al�1Sn clearly shows amorphous struc-
ture formation with increasing manner with Sn amount
in the alloys. The SnO2 phase was only detected in the
pattern of Al�6Sn alloy. In addition to these phases, the
presence of Al originated from the substrate was also ev-
ident in XRD pattern for all alloys.

Fig. 1. XRD patterns obtained from the surface of all
PEO coatings and ground surface coating of Al�1Sn.

The surface SEM micrographs of PEO coated Al�Sn
(1�6 at.%) alloys are shown in Fig. 2. The surface of
the coated surfaces is composed of various sized spherical

shaped porous and hollow hemisphere features and the
smaller sized spherical features with partly sponge-like
rough appearance. There are materials deposited in the
center, which are de�ned as the plasma channel, of hemi-
sphere features [20]. Some regions of the coating surface
have a relatively glassy appearance with some cracks and
porosities. The glassy appearance of the surface is much
dominant on the surface of Al�6Sn alloys with decreasing
sponge-like nature (Fig. 2d).

Fig. 2. The surface SEM micrographs of the PEO
coated Al�Sn alloys: (a) Al�1Sn, (b) Al�2Sn,
(c) Al�4Sn, (d) Al�6Sn.

Fig. 3. The cross-sectional micrographs of the PEO
coated Al�Sn alloys: (a) Al�1Sn, (b) Al�2Sn,
(c) Al�4Sn, (d) Al�6Sn, (e) Al�8Sn.

Figure 3 shows the cross-sectional SEM images of PEO
coated Al�Sn (1�8 at.%) alloys. The oxide coatings were
synthesized on Al�Sn alloys with 1�6 at.% Sn (Fig. 3a�d)
but coating was not evident on the surface of Al�8Sn al-
loy (Fig. 3e). The coatings adhered to the substrates very
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well. Two main coating regions are seen on these micro-
graphs. The outer region is porous for Al�1Sn, Al�2Sn,
Al�4Sn alloys (Fig. 3a�c) while it is glassy and dense in
nature for Al�6Al alloy (Fig. 3d). The inner region of the
coating with some precipitates, which were reported as
α-Al2O3 phase for other Al alloys in literature [1, 17], is
relatively denser for Al�1Sn, Al�2Sn, Al�4Sn alloys while
the porosity increases with increase of Sn content in the
substrates. The amount of precipitates tends to decrease
with increasing Sn content in the alloys. The precipi-
tates had not formed but instead, porous inner region
was evident for the coating of Al�6Sn alloy.

SEM�EDS analysis results obtained from the marked
areas of X,Y, Z on the cross-section of coating of Al�6Sn
shown in Fig. 3d were given in Fig. 4. These spectra
show that the coatings contain Al, Sn, O, Si, Na, and K.
Amount of aluminum approximately is the same both in
glassy outer (X in Fig. 3d) and in porous inner regions
(Y in Fig. 3d) of the coating while amount of oxygen
decreased in the inner region of the coating. The amount
of Si was similar in outer and inner regions of the coating.
The amount of Sn was evident in the inner region while
it was not detected in the outer region of the coating.
The spectrum shows that the region with light gray color
(Z in Fig. 3d) has more Sn content with lesser O content
compared to region Y in Fig. 3d.

Fig. 4. Area SEM�EDS spectra of marked regions:
(a) X, (b) Y and (c) Z in Fig. 3d.

The microhardness pro�les from the substrate/coating
interface of PEO coatings for Al�Sn alloys are shown in
Fig. 5. The microhardness values of the coatings of alloys
with 1�4 at.% Sn measured at the region close to sub-
strates �rstly increase (28�35 µm to the interface), then
decrease with distance towards the surface of the coat-
ings. The highest microhardness value was measured as
1957 HV for the coating of Al�1Sn alloy. The addition
of Sn to the substrate results in lower microhardness val-
ues in coatings. It is also noted that the microhardness

values decrease from the interface towards the coating
surface without any increase for Al�6Sn alloy.

Fig. 5. The microhardness pro�les from the sub-
strate/coating interface of PEO coatings for Al�Sn al-
loys.

Fig. 6. The change in PEO coating thickness and sur-
face roughness (Ra) with Sn content in Al�Sn alloys.

Figure 6 reveals the average thickness values deter-
mined from the cross-sectional views of the SEM mi-
crographs. It can be seen that coating thickness val-
ues slightly increased for the alloys containing Sn up to
4 at.% from 91 µm to 95 µm. The coating thickness de-
creased to 73 µm for Al�6Sn alloy while the coating was
not formed on Al�8Sn alloy. Figure 6 also illustrates sur-
face roughness (Ra) of the coating vs. the amount of Sn
in Al�Sn substrates samples. The surface roughness of
the uncoated samples was about 0.4 µm. Surface rough-
ness value of the coating decreased with increasing Sn
content in Al�Sn alloys. The average surface roughness
value of the coating is 8.2 µm for Al�1Sn and it decreases
to 6.7 µm for Al�6Sn.

4. Discussion

The experimental results showed that oxide based ce-
ramic coating was successfully synthesized on Al�Sn al-
loys containing Sn up to 6 at.% while coating did not
formed on Al�8Sn alloy. The detailed evaluation of the
experimental results shows that the presence of Sn in
the alloys a�ects the formation and their amounts of the
phases formed in the coating. The oxide based ceramic
coating contained mainly mullite phase on the outer loose



662 Y. Gencer et al.

region of the coating while the inner denser region con-
tained γ-Al2O3 and α-Al2O3 phases for the alloys con-
taining Sn up to 4 at.%. The mullite phase was formed
due to the existence of sodium silicate in the electrolyte
and the complex reactions during the PEO process.

The amorphous phase formation is attributed to the
existence of Sn in the substrates and consequently Sn�O
in the coating. Probably the existence of Sn�O in the
oxide coating changes the melting and the crystallization
temperature of mixture of mullite�Sn�O. This is more
clearly evident for the coating surface on Al�6Sn that it
has coating with dense glassy layer containing gas porosi-
ties from the cross-section image of the coating (Fig. 3d)
and spread melted-solidi�ed glassy appearance from the
surface SEM image (Fig. 2d).

The similar crystalline-amorphous mullite formation
mechanism was also reported for PEO coated Al�Mg bi-
nary alloys [1]. The existence of Sn was also evident in
the inner region of the coating in the form of SnO2 ac-
cording to the evaluation of XRD and SEM�EDS results
of Al�6Sn alloys. This SnO2 was also seen clearly as light
gray region in the oxide coating cross-sectional SEM im-
ages of Al�1Sn, Al�2Sn, and Al�4Sn. But, this phase was
not detected by XRD analysis of these alloys' coatings.
This may be because of the low amount Sn in Al�1Sn and
thicker coating on Al�4Sn alloys. The presence of SnO2

phase in the coating produced by PEO on Al�20 wt% Sn
substrate was also reported in the literature [16].

The existence of α-Al2O3 phase in the form of precipi-
tates was seen for Al�Sn with 1�4 at.% Sn but not seen for
Al�6Sn. It was similarly reported that the inner dense re-
gion of the PEO coating on aluminum alloys is composed
of α-Al2O3 [1, 17]. However, the presence of this phase
was not detected by surface XRD examination but fur-
ther XRD examination from the ground surface revealed
this phase's existence in the coating. Absence of this
phase in the direct surface XRD analysis is either because
of the high thickness of the coating or very low amount
of the phase in the oxide coating. In the literature, it
was reported that �rstly γ-Al2O3 formation take place
and this phase transforms to α-Al2O3 at high tempera-
tures. This is because the increase in thickness of PEO
coating result in decrease in heat transfer rate and conse-
quently it promotes the transformation from γ-Al2O3 to
α-Al2O3 [21]. However, although the thickness of coat-
ing is nearly the same for the alloys containing up to
4 at.% Sn, the amount of α-Al2O3 precipitates dimin-
ishes with increasing Sn amount in the substrates. The
presence of higher content of Sn either increases the cool-
ing rate by increasing the porosity and hence increasing
the in�ltrated amount of cold electrolyte through plasma
channels or Sn mixes with Al�O in the oxide coating and
changes phase transformation kinetics from γ-Al2O3 to
α-Al2O3.

The microhardness measurements illustrate that the
dense region containing α-Al2O3 precipitates has micro-
hardness values of approximately 1300�1950 HV (Fig. 5).
The microhardness values of the coatings of alloys with

1�4 at.% Sn were measured at the region close to sub-
strates with �rstly increasing, then decreasing manner
with distance towards the surface of the coatings. The
addition of Sn to the substrate results in lower overall mi-
crohardness values in all coatings. It is noted that the mi-
crohardness values decreases from the interface towards
the coating surface without any increase for Al�6Sn. The
lower microhardness values in the area close to the sub-
strate/coating interface are because of the presence of
Sn�O and the absence of α-Al2O3.
This may be attributed to the de�cit of oxygen which

resulted in non-stoichiometric AlxOy phase's formation
(Fig. 4). It should also be noted that the increase of
Sn in the coating not only prevents α-Al2O3 formation,
it also reduces the overall microhardness values since the
hardness of Sn�O is very low. The slight increase in thick-
ness of the coatings of Al�Sn (1�4 at.% S) alloys may be
attributed to the slight increase in porosity increase in
the coating due to the increase in Sn content.
However, the decrease of the coating thickness for

Al�6Sn may be attributed to the inhibiting of the oxi-
dation of aluminum by increase of the content of Sn in
the alloy (Fig. 3d). Hence, the oxide coating was not
formed due to the high content of Sn in the alloys for
Al�8Sn (Fig. 3e). As it should also be noted that exis-
tence of Sn in the matrix as a continuous network along
grain boundaries prevents the oxide based dielectric �lm
which is essential criteria for plasma formation.

5. Conclusion

1. The thickness is almost the same for the coatings up
to 4 at.% Sn containing alloys and then it decreases
for further Sn addition while no coating was evident
for Al�8Sn.

2. The coatings consist of mullite and γ-Al2O3 phases.
The presence of α-Al2O3 was evident for alloys with
Sn content less than 6 at.%. The formation of
α-Al2O3 phase was hindered by the increase of Sn
content in the alloys. The SnO2 phase was only
detected in the pattern of Al�6Sn alloy.

3. The microhardness values of the coatings of alloys
with 1�4 at.% Sn measured at the region close to
substrates �rstly increase, then decrease with dis-
tance from substrate/coating interface towards the
surface of the coatings. The addition of Sn reduces
the average microhardness values of the coatings on
Al�Sn alloys.

4. The traces of Sn were evident in the oxide coating
along with Al, O, Si, Na, and K.

5. The Sn content increases the porosity in the coating
and it increases the amorphous phase formation on
the surface of the coating. The surface roughness
decreases with increasing Sn content in the alloys.
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