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Abstract: A ceramic coating on 60vol.%SiCp/2009 aluminum matrix composite was prepared by plasma electrolytic
oxidation (PEO) in silicate solution. The microstructure, composition and wettability of the PEO coating and its
corrosion resistance were investigated. The generation mechanism of spark discharge on the SiC particles surface was
also discussed. It is found that the insoluble compound (SiO;) from silicate solution is vital for the ignition of spark
discharge on the SiC particles surface. The defects in the Al-Si—O compounds provide a priority path for the
conduction of discharge current on the SiC particles surface. A uniform coating of 5.5 um was fabricated after 1200 s.
Moreover, with the increase of time, the surface free energy of PEO coating reached the maximum of 37.10 mJ/cm? at
40 s, and then decreased to 25.95 mJ/cm? at 1200 s. Furthermore, the corrosion resistance of the composite was greatly
improved by PEO treatment.

Key words: plasma electrolytic oxidation; aluminum matrix composite; SiC reinforcement particles; spark discharge;

wettability; corrosion resistance

1 Introduction

Plasma electrolytic oxidation (PEO) has been
considered as one of the cost-effective and
eco-friendly surface treatment techniques for valve
metals (Al, Mg, Ti, etc.) and their alloys [1,2]. The
spark discharges occur at the metal/electrolyte
interface when the applied voltage exceeds a critical
value [3,4]. The features of spark discharges
determine the thermal and chemical conditions
on the metal surface, and they play a vital role in
the structures and phase constituents of PEO
coatings [5,6].

In recent years, the PEO technique has
also been applied in the surface treatment of the

metal matrix composites (MMCs) [7—10]. The
reinforcement particles in MMCs include SiC,
AlOs; and B4C, etc. [11]. SiC is one of the most
common reinforced phases due to its low cost and
excellent performance [12]. However, SiC particles
as ceramic phase greatly affect the PEO discharge
process and the growth of PEO coatings on metal
matrix composites. Therefore, the influence of SiC
particles in MMCs on the growth process of PEO
coatings has attracted great attention [13—15].
WANG et al [13] reported that SiC particles
inhibited the occurrence of spark discharges in the
early stage of PEO treatment on (5—15 vol.%)
SiC,/AZ91 Mg matrix composite, and the growth
efficiency of the PEO coating decreased with the
increase of SiC volume fraction. Moreover, in our
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previous work [14,15], it was found that most of
SiC particles in 15vol.%SiC,/2024 Al MMC and
6vol.%SiC,/AZ31 Mg MMC were melted and
transformed to silicon oxide at high temperatures
in the plasma discharge channels, but a few SiC
particles were still remained in the PEO coating.
However, these studies were focused on the PEO
treatment of MMCs with low volume fraction
reinforced phase (<35 vol.%), and the information
about the PEO treatment for high volume fraction
SiC-reinforced MMC:s is very limited [16].

Recently, the MMCs with high volume fraction
SiC reinforcement (>35vol.%) have attracted
considerable attention, because of their potential
application in electronic packaging [17,18]. The
preparation of insulating films on the surface of the
MMCs is conductive to maintain the insulation
between the electronic components. Therefore, it is
interesting to study whether a continuous and
well-bonded insulating coating can be fabricated
on the MMCs with high volume fraction SiC
reinforcement by PEO technique.

On the other hand, the presence of continuous
insulating thin film on the metal surface is a
prerequisite for the occurrence of dielectric
breakdown and the following spark discharge [1],
but it is almost impossible to breakdown the
insulating SiC particles in MMCs under several
hundred voltages. Therefore, it is meaningful to
investigate the generation mechanism of discharge
spark and the growth of PEO coating on the surface
of SiC particles in MMCs.

In this work, the growth process, morphology,
composition, phase constituent, wettability and
surface free energy of the PEO coating on
60vol.%SiCp/2009 aluminum (Al) matrix composite
were investigated, and the spark discharge
mechanism of SiC reinforcement particles was
discussed. = Meanwhile, the electrochemical
corrosion behavior of bare and PEO-coated
composites was evaluated.

2 Experimental

The as-received 60vol.%SiCp/2009 Al matrix
composite prepared by powder metallurgic method
was cut into rectangular coupons (25 mm X
15 mm x 5 mm). The nominal composition of 2009
Al alloy was 3.8 wt.% Cu, 1.4 wt.% Mg, 0.05 wt.%
Fe, 0.14 wt.% Si, and Al balance. These coupons

were polished with SiC abrasive papers, cleaned by
an ultrasonic cleaner with ethanol, and dried
sequentially. The microstructure of 60vol.%SiCp/
2009 Al MMC was observed by optical microscope
(OM, Carl Zeiss Image A2m).

During the PEO treatment, the Al MMC
sample and the stainless steel plate were served as
anode and cathode, respectively. The PEO process
was carried out at different time from 2 to 1200 s
under constant voltage mode with the frequency of
150 Hz and the duty cycle of 45% in silicate
solution, which consisted of 14 g/ Na>SiO3-9H,O
and 1g/L KOH. The voltage of 440V was
simultaneously applied to the Al MMC anode when
the power supply was switched on, meanwhile, the
voltage and current were recorded by a data
acquisition system.

Optical emission spectroscopy (OES) during
PEO treatment on 60vol.%SiCp/2009 Al matrix
composite was collected using an optical emission
spectrometer (AvaSpec—2048). The dark background
was acquired and subtracted before OES collection
experiment. Then, the acquired OES data were
analyzed by Plasus Specline 2.1 software. The
morphologies and compositions of PEO coatings
were observed by scanning electron microscope
(SEM, Hitachi S—4800) equipped with energy
dispersive  spectroscopy (EDS). The surface
chemical states of PEO coatings were analyzed by
X-ray photoelectron spectroscopy (XPS, VG
ESCALABMKII). The C 1s peak from adventitious
carbon at 284.8 eV was used to correct the charge
shifts. Meanwhile, the phase constituents of the
PEO coatings were determined by X-ray diffraction
(XRD, X’ Pert Pro MPD, Bragg-Brentano geometry,
40 kV and 40 mA) with a CuK, radiation (1=
1.54 A) and a step size of 0.0330° in the range of
10°—80°. The composition depth profiles of the
polished and coated Al MMCs were analyzed by a
glow discharge optical emission spectrometer
(GDOES, SPECTRUMA GDA750).

The surface roughness of the polished Al
MMC and the PEO coatings fabricated at different
oxidation time was evaluated by the MMD-
CERM3600 roughness profiler. The HARKE-
SPCAXI1 contact angle tester was utilized to
measure the contact angles of water and
n-hexadecane on the surface of Al MMC and PEO
coatings, then the surface free energies of Al MMC
and PEO coatings were calculated based on the
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results of contact angles. In addition, the corrosion
resistances of the bare Al MMC and PEO-coated
Al MMC were evaluated using electrochemical
impedance spectroscopy (EIS) and potentiodynamic
polarization tests in 3.5 wt.% NaCl solution by a
PARSTAT 2273 (Princeton Applied Research, USA)
workstation with a tri-electrode system at ambient
temperature. The bare or PEO-coated Al MMC, Pt
coil and saturated calomel electrode (SCE) were
used as the working electrode, counter electrode
and reference electrode, respectively. Potentiodynamic
polarization tests were carried out at a scan rate of
1 mV/s. EIS tests were performed at the open
circuit potential with an AC amplitude of 10 mV
over the frequency ranging from 1 MHz to 0.01 Hz.
EIS plots were fitted using the ZSimpWin software.

3 Results

3.1 Surface morphologies and compositions of
60vol.%SiCp/2009 Al MMC

The optical micrograph of 60vol.%SiC,/2009

Al MMC is shown in Fig. 1. It is observed that

SiC particles with an average size of about 14 um

uniformly distribute in the Al matrix. The EDS
element mappings of 60vol.%SiC,/Al MMC in
Fig. 2 indicate that the localized enrichment of Al
and Si elements is obvious in the Al matrix, while
the distribution of C element is relatively uniform.
Moreover, Fig.2(a) shows that the surface of
polished Al MMC is uneven, the EDS point
analysis demonstrates that the convex region in
Fig. 2(a) contains 56.63 at.% Si, 43.22 at.% C and
0.15 at.% Al, which is considered to be a SiC
particle (see Point 4 in Fig. 2(a)).

Fig. 1 Metallographic microstructure of 60vol.%SiC,/Al
MMC

Fig. 2 Surface morphology and elemental mappings (b—d) of 60vol.%SiC,/Al MMC: (a) SEM image; (b) Si; (c) Al;

(dC
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3.2 Electrical  characteristics and
emission spectroscopy

Figure 3 shows the electrical characteristics of
the PEO process of the 60vol.%SiC,/2009 Al MMC
in silicate solution. It is observed that the positive
voltage rapidly reaches the preset value of 440 V
within 1 s, and the current density also reaches the
maximum value of 1.41 A/cm? in the meantime.
Then, the applied voltage keeps at 440 V, while the
current density quickly decreases and stabilizes at
about 0.22 A/cm? after 40 s.

The typical optical emission spectroscopy
(OES) spectrum during the PEO process of the
60vol.%SiCp/2009 Al MMC in silicate solution is
revealed in Fig. 4. The symbols I and II represent
the neutral atom and singly ionized atom,
respectively. The emission of a continuum between
450 and 750 nm in Fig. 4 is caused by the collision-
radiative recombination and  bremsstrahlung
radiation of electrons [19,20]. In Fig. 4, the Al I
and Cu I spectral lines are ascribed to the Al matrix,

optical
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Fig. 4 Optical emission spectrum during PEO process of
60vol.%SiC,/2009 Al MMC in silicate solution

while Na I, H,, Hy and O I originate from the
silicate solution. The Si spectral lines mainly come
from silicate electrolyte entering into discharge
channels, but the SiC particles in the 60vol.%SiCp/
2009 Al MMC also participate in the spark
discharge process and emit the Si and C spectral
lines. However, the C II spectral line at 589.09 nm
from SiC particles overlaps with Na I spectral
line [21].

Under the partial local thermal equilibrium
(PLTE) condition, the electron temperature (7t)
is approximately equal to the temperature of
plasma discharge region [20]. Plasma electron
concentration (N.) is used to determine whether
the plasma discharge region meets the PLTE
condition [19,20]. The minimum N. to meet PLTE
condition is 4.13x10*'m= [19,20]. The Stark
broadening of the Hp line is usually utilized to
calculate M. in the plasma discharge region [20]. It
is found that the N, obtained in this experiment is in
the range of 1.04x10%2-2.22x102m>, which is
higher than the 4.13x10*' m>. Hence, the PLTE in
the plasma discharge region during the PEO
treatment on Al MMC has been reached in the
present condition, and then the 7. can be calculated
on the basis of OES.

According to the theory of atomic emission
spectrum, the energy will be released in the form
of light radiation to generate atomic emission
spectroscopy when the excited atoms transition
from a high level to a low level [19]. Under the
PLTE condition, when the relative spectral line
intensities of the same atomic or ionic species
are known, the electron temperature (7:) can be
calculated from Eq. (1) [19,20]:

i 484 exp(— E, _Ezj

I, 4,4 kT

where 11, 41, g1, 41, E1 and b, Ay, g, A, E» are
relative intensity, transition probability, statistical
weight of upper level, wavelength and excitation
energy of the two emission spectra line, respectively,
moreover, and k7 is the thermal energy.

In this work, the plasma electron temperature
(T) is calculated by the line intensity ratio of H, at
656.2 nm and Hp at 486.1 nm. As exhibited in Fig. 5,
the 7. is 5000—12000 K, which is in accordance
with that in PEO process of Al alloy [19,22]. The
curve of 7. vs time is similar to the 7. evolution
during the PEO process on SiCp/AZ31 and Al,O3—

(1)
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Fig. 5 Dependence of plasma electron temperature on
oxidation time in silicate solution

SiO2sn/AZ91 Mg metal matrix composites [15]. As
shown in Fig. 5, the T: in the initial stage of PEO
process is about 7000 K, then it fluctuates around
5500 K after 150s. Several obvious spike peaks
appear after 700 s, which are attributed to the
calculation error of 7. rather than the occurrence of
big sparks, because the OES signals are weak in the
later stage of PEO process [22].

3.3 Surface morphologies and compositions of
PEO coatings

Figure 6 displays the surface morphologies of
the PEO-treated Al MMC at different oxidation
time in the silicate solution. The PEO coating is
discontinuous at 2 s and some SiC particles are still
visible on the surface of Al MMC as displayed in
Fig. 6(a) and its enlarged image (see Fig. 6(b)).
Moreover, EDS element mapping in Fig. 7 reveals
a non-uniform composition distribution on the
surface of Al MMC at 2 s. As shown in Fig. 7(a),
the Si element map demonstrates that the area at
Point 1 in Fig. 6(b) is a SiC particle. Furthermore,
from the center of SiC particle to SiC/Al interface
denoted by an arrow in Fig. 6(b), the concentrations
of Si and C elements gradually decrease, while the
concentrations of Al, O, Na and K elements
gradually increase (see Table 1). It implies that
spark discharge preferentially occurs on the Al
matrix.

Figure 6(b) also shows that the residual
discharge micro-pores mainly focus on the Al-rich
region and some discharge micro-pores can be also
observed near the edge of the SiC particle. It
implies that spark discharge also appears at the

SiC/Al interface in the initial 2 s. However, the
discharge micro-pores are hardly observed in the
central region on the surface of the SiC particle,
only some micro-cracks can be found on the center
of the SiC particle. These micro-cracks might be
related to the difference of the thermal expansion
coefficients between SiO, (0.55x107¢ K™!) and SiC
(4x107° K1) [23].

When the oxidation time reaches 5s, the
number of residual discharge micro-pores near
the edge of SiC particles significantly increases.
Meanwhile, some fine discharge micro-pores also
appear on the center of SiC particles (see Fig. 6(c)),
which implies that the spark discharge gradually
extends from the SiC/Al interface to the center of
SiC particles. Furthermore, the boundary between
SiC and Al matrix is indistinguishable, because
some compounds accumulate at the SiC/Al
interface. EDS analysis confirms that these
compounds contain 26.85 at.% Si, 9.26 at.% Al,
57.61 at.% O, 527at% C, 0.58 at.% Na and
0.43 at.% K, which are considered to be SiO, and a
little AI-Si—O compounds (see Point 6). Moreover,
due to the thermal stress generated from the rapid
solidification of molten oxides in the spark
discharge channels, more micro-cracks appear on
the surface of SiC particles, which accelerates the
oxidation of SiC particles.

Table 1 EDS element analysis data of selected points in
Fig. 6 (at.%)
Point Si Al O C Na K

1 5453 052 3312 11.64 0.10 0.09
2 57.37 052 3721 459 0.14 0.17
3 4999 145 4388 435 0.16 0.17
4 38.29 17.21 41.06 3.03 026 0.15
5 24.58 2482 4693 351 0.07 0.09
6 2685 926 5761 527 0.58 043
7 1743 11.06 6585 394 1.17 0.55
8 2978 2.09 5788 879 0.83 0.63
9 26.03 1254 56.09 434 057 043
10 28.08 253 6191 477 204 0.67
11 299 343 6159 228 206 0.74
12 27.01 0.08 69.71 229 0.61 0.30
13 33.25 1396 4621 529 048 0.81
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At the oxidation time of 20s, many large
protrusions cover on the surface of Al MMC, and
SiC particles are hardly observed, as shown in
Fig. 6(d). EDS analysis of Point 11 confirms that
the large protrusions contain 29.9 at.% Si, 3.43 at.%
Al, 61.59at.% O, 2.28 at.% C, 2.06 at.% Na and

p 0Gs [
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Fig. 6 Surface morphologies of PEO coatings on 60vol.%SiC,/2009 Al MMC in silicate solution at different oxidation
time: (a) 2 s; (b) Enlarged image of (a); (c) 5 s; (d) 20 s; (e) 40 s; (f) 120 s; (g) 1200 s

0.74 at.% K, which are considered to be Al-Si—O
compounds. The melting points of SiC, SiO, and
Al,O3 are 3003, 1999 and 2327 K, respectively
[19,24,25], and the ratio of Si.0,/Al.O, in the PEO
coating is high due to the high Si content in the Al
MMC, thus the melting temperature of the oxides in
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Si

Fig. 7 Elemental mappings of Fig. 6(b): (a) Si; (b) Al
()0

the PEO coating declines. As the fluidity of the
oxides increases, the surface morphology of the
PEO coating is more uniform. Moreover, the oxide
coating in the Si-rich region (see Point 10) is looser
than that in the Al-rich region (see Point 9). This is
similar to the morphology of PEO coatings on
Al-Si alloys [26,27].

Many nodules appear on the surface of the Al
MMC as displayed in Fig. 6(f) at 120s, which
reveals a typical morphology of PEO coating [1]. At
this time, a relative uniform and complete PEO
coating is formed on the 60vol.%SiCp/2009 Al
MMC. When the oxidation time reaches 1200 s, as
shown in Fig. 6(g), a continuous PEO coating is
covered on the surface of the Al MMC. However,
the PEO coating in Fig. 6(g) is relatively rough and
many grains are aggregated into cauliflower-like

oxide areas.

As described in some papers [1,4], the
localized oxides will be molten in plasma discharge
channels with the high temperature up to 5000 K.
When the plasma discharge is quenched, the molten
oxides in the channels are solidified rapidly and
deposited on the channels, resulting in the coating
growth. After 1200 s PEO treatment on Al MMC,
many molten oxides are accumulated to form
cauliflower-like morphology on the surface of
coating due to the repeated spark discharge in these
regions. It is in accordance with the surface
morphology of PEO coatings as reported by
KASEEM et al [1].

3.4 Cross-sectional microstructures and
compositions of PEO coatings

Figure 8 shows composition profiles of
60vol.%SiCy/Al MMC and PEO-coated Al MMC at
5, 120, and 1200 s. As exhibited in Fig. 8(a), an
adsorbed layer of 0.08 um in thickness and a
passive layer of 0.07 um in thickness are formed on
the surface of the polished Al MMC sample. The
relative intensities of H and O elements in the
adsorbed layer are rather high, which implies that
some water molecules in the atmosphere are
absorbed on the surface of the Al MMC [28,29]. It
is also observed that the intensities of H and O
elements rapidly decrease in the passive layer due
to the formation of passive film in the region of Al
matrix as shown in Fig. 8(a). The strong Si and C
peaks at 0.11 ym in depth of the passive layer
indicate that the bulk SiC particles on the surface of
the Al MMC might not be covered by passive film.
Moreover, because the hardness of SiC particles is
much higher than that of Al matrix, the surface of
Al MMC is uneven and SiC particles protrude after
polishing, resulting in the Al peak behind C and Si
peaks as revealed in Fig. 8(a).

The composition profiles of coated Al
MMC at different oxidation time are displayed in
Figs. 8(b—d). On the surface of PEO coating, the
enrichment of Si element is related to the deposited
silicate electrolyte, and the enrichment of O
and H elements is ascribed to the absorbed water
molecules in the atmosphere. Moreover, the C
element comes from the absorbed carbon particles
or CO; in the atmosphere [21,28,29]. In Fig. 8(b),
the Si and C peaks are strong at 0.26 pm in depth of
the PEO coating, which implies that a uniform PEO
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Fig. 8 GDOES composition depth profiles of PEO-treated Al MMC at different oxidation time in silicate solution:
(a) Polished 60vol.%SiC,/2009 Al MMC; (b) 5's; (¢) 120 s; (d) 1200 s

coating has not been formed on the surface of Al
MMC at 5s. It is consistent with the surface
morphology in Fig. 6(c). The relative intensities of
Al and Cu elements in the PEO coating increase
with the increase of oxidation time, meanwhile, an
Al peak appears at 0.95 um in depth (see Fig. 8(c)).
It suggests that more Al matrix participates in the
PEO process. On the other hand, Fig. 9(a) indicates
that the thickness of PEO coating is up to 5.5 pm at
1200 s, which leads to the further reduction
of the intensities of Si and C peaks in Fig. 8(d).
Furthermore, Fig. 9(a) shows that no visible cracks
are observed at the interface between the Al MMC
and PEO coating. EDS mappings of Si, Al, C and O
elements of cross-sectional sample are displayed in
Figs. 9(b—e), respectively. It is found that the
distribution of Si element is not uniform, and the Si
content in some regions of the PEO coating is high,
which indicates that there are some residual SiC
particles in the coating. It is consistent with the
result of the appearance of Si and C peaks in the
PEO coating in Fig. 8(d).

3.5 Phase constituents of PEO coatings

Figure 10 exhibits the phase constituents of
PEO-coated Al MMC at different oxidation time
in silicate solution. The PEO coatings at 120 and
1200 s are composed of y-AlbO; and mullite
(3A1,05-2Si0;) phases. The Al and SiC peaks come
from the Al matrix. The intensities of Al and SiC
peaks of the coated-Al MMC at 1200 s are much
lower than that at 120s, while the intensity of
y-Al;,03 in the PEO coating at 1200 s is higher than
that at 120 s. This implies that more Al matrix
involves in the plasma discharge process and the
thickness of the PEO coating increases with increasing
the oxidation time. Moreover, a wide amorphous
diffraction peak at 15°-30° for coated Al MMC
at 1200 s is detected, which is attributed to the
amorphous SiO, phase in the PEO coating [30].
During the PEO treatment, the molten aluminum is
quickly oxidized to form y-Al,Os phase under a
high cooling rate up to 108K/s [31,32]. However,
a-Al,O3 phase is not detected in the PEO coating
(see Fig. 10), because its nucleation rate is lower
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Fig. 9 Cross-sectional microstructure of coating PEO-treated for 1200 s (a) and its elemental mappings (b—e): (a) SEM

image; (b) Si; (c) Al; (d) C; (e) O
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Fig. 10 XRD patterns of PEO-treated Al MMC samples
at different oxidation time in silicate solution

than that of y-Al,O3; phase and the high cooling rate
of molten oxides in plasma discharge channels for
thin PEO coating favors the formation of the
y-Al,O3 phase [32]. Furthermore, mullite phase also
appears in the PEO coating due to the reaction of
ALO; and SiO, phases in plasma discharge
channels with the temperature up to 5500 K (see
Fig. 5).

The XPS spectra of PEO coating at 120 and
1200 s are shown in Figs. 11 and 12, respectively.
As shown in Fig. 11(a), the Al 2p spectrum for the
PEO-coated Al MMC at 120 s is deconvoluted into
a Gaussian peak with binding energy of 74.42 eV,
implying the presence of AI** corresponding to
y-Al,Oj3 phase [33,34]. The binding energy of Si 2p
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Fig. 11 XPS spectra of PEO coating on 60vol.%SiC,/Al MMC after 120 s PEO treatment: (a) Al 2p; (b) Si 2p; (c) O 1s
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Fig. 12 XPS spectra of PEO coating on 60vol.%SiCp/Al MMC after 1200 s PEO treatment: (a) Al 2p; (b) Si2p;

(c)Mg 1s;(d) O Is

spectrum at 103.02 eV in Fig. 11(b) is close to that
of Si0, [33,35]. Comparing to the XRD pattern
of 120 s treatment in Fig. 10, this peak at 103.02 eV
should be attributed to the amorphous SiO, phase.
Moreover, a weak characteristic peak of SiC
(100.03 eV) is observed in the spectrum of
Si 2p [36], which reveals that a few SiC particles
might be remained on the surface of coating after
120 s PEO treatment. In addition, the binding
energies of O 1s at 532.00 and 532.74eV in
Fig. 11(c) are attributed to the y-Al,O3 and SiO,,
respectively [37—39].

On the other hand, by comparing Figs. 11 and
12, it is observed that the relatively intensities
of Si2p and O 1s for PEO coating increase by
about two orders of magnitude when the oxidation
time increases to 1200s. In the spectrum of
Si2p for the PEO coating at 1200 s, a strong
characteristic peak of mullite at 102.70 eV is
observed [33], while the characteristic peak of SiC
is hardly detected. For SiO; in the O 1s spectrum,
its relative intensity for coating at 1200 s obviously
increases compared with that at 120 s. The Al 2p
intensity for coating at 1200 s is also higher than
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that at 120 s. These results indicate that more MMC
substrate and electrolyte involve in the plasma
discharge to form the crystalline phases in the
discharge channels with instantaneously high
temperature. The Mg 1s spectrum at binding energy
of 1304.32 eV is ascribed to the MgO phase, which
results from the oxidation of Mg alloying element
in the 2009 Al matrix. Hence, the XPS spectra
demonstrate that the surface of PEO coating on the
Al MMC at 1200 s contains y-Al>O3, SiO,, mullite
and trace MgO. The results are in accordance with
XRD patterns in Fig. 10.

3.6 Surface roughness, contact angle and surface
free energy of PEO coatings
As displayed in Fig. 13, the surface roughness
of PEO coating on 60vol.%SiC,/Al MMC increases
with increasing the oxidation time, and it increases
from 0.048 ym of polished Al MMC substrate
to 3.404 um of PEO coating at 1200s. It is in
agreement with the evolution of surface
morphologies of PEO coatings in Fig. 6. The
roughness of PEO coating at 1200 s is much higher
than that of polished Al MMC. This suggests that
the plasma discharges form the rough surface on the
Al MMC during the PEO process.

3.40420.394

1.405+0.293
1.130£0.140

Surface roughness/pm
[\S)

1r 0.7880.079

0.236:0.054
0 [0.045:0032 0.12620.065

Polished 2s 5s 20s 40s 120s 1200s
Al MMC

PEO coating

Fig. 13 Surface roughness (R,) of polished 60vol.%SiC,/
Al MMC and PEO coatings at different oxidation time

It is well known that the water and
n-hexadecane are common polar liquid and
non-polar liquid, respectively [40,41]. The contact
angles of water and n-hexadecane on the polished
60vol.%SiC,/Al MMC and the PEO coatings at
different oxidation time are shown in Figs. 14(a)
and (b), respectively. The contact angle of water on

the polished Al MMC surface is 87.47°, which
reveals its hydrophilicity. However, the contact
angle of water on the PEO coating decreases from
83.93° at 2 s to 72.93° at 40 s, and then increases
to 95.86° at 120 s, finally reaches 119.01° at 1200 s.
This indicates that the PEO coating is hydrophilic
before 40 s and hydrophobic after 120 s.

(2)

120 119.01£3.37

95.86+2.23
87.47£1.55
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90 81.15+2.17
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Al MMC
PEO coating
Fig. 14 Contact angles and surface free energy of
polished 60vol%SiCp/Al MMC and PEO coatings at
different oxidation time: (a) Water; (b) n-hexadecane;
(c) Surface free energy
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On the other hand, the contact angle of
n-hexadecane on the polished Al MMC surface is
only 13.78° as displayed in Fig. 14(b). Moreover,
the evolution of the contact angle of n-hexadecane
on the PEO coating with oxidation time is similar to
that of water on the coating surface. It decreases
from 16.01° at 2 s to 13.78° at 40 s, then begins to
rise after 120 s, and finally reaches 22.82° at 1200 s.
The result suggests that the Al MMC and PEO
coatings at different time are oleophilic, whereas
the lipophilicity of PEO coating decreases after
120 s.

Furthermore, based on the contact angles of
water and n-hexadecane in Figs. 14(a) and (b) and
their surface tension values in Table 2, the surface
free energies of the polished Al MMC and the
PEO coatings at different oxidation time are also
calculated by Egs. (2)—(4) [42]:

Y=V, e =08 48 )
y(L+cos0) = 24yiys + 27078 3)

d_ 32 p_ 2
)’s—b,)’s—a,

x = ALy =y 1+ cos0)/(2450) (4)

where y. and ys denote the surface free energies of
liquid and solid, respectively. Both of them can be
divided into dispersion component (yﬁ1 and yS) and
polar component (yf andyf ). The 6 is the contact
angle of the liquid on the solid surface. By
transforming Eqgs. (2) and (3) into the linear
regression (y=ax+b), the surface free energy of the
Al MMC and PEO coatings is obtained.

Table 2 Surface tensions of water and n-hexadecane and
their components

Surface tension/(mN-m™")

Liquid
7L J’f "
Water 72.8 21.8 51.0
n-hexadecane 27.6 27.6 0

As displayed in Fig. 14(c), the surface free
energy of polished Al MMC is 30.15 mJ/cm?, and
the surface free energy of the PEO coating increases
from 31.68 mJ/cm? at 2's to 37.10 mJ/cm? at 40 s,
then decreases to 25.95mlJ/cm? at 1200s. The
microstructure and chemical constituent of solid
surface are two key factors in affecting its
wettability [43,44]. In the initial 40s of PEO

process, the SiC particles on the surface of
60vol.%SiCy/Al MMC is not completely covered
by the PEO coating as shown in Figs. 6(a—¢). In this
stage, the surface feature of SiC particles greatly
affects the wettability of the coating surface.
Moreover, the hydrophilic groups of SiO3  and
OH' in the solution are deposited on the Al MMC
surface under the spark discharge, which increases
the hydrophilicity of the PEO coating surface.
Hence, the PEO coating has relatively low contact
angle and high surface free energy before 40 s.
After 120 s plasma discharge, the surface of Al
MMC is completely covered with a continuous
PEO coating (see Figs. 6(f) and (g)). Meanwhile,
the mullite (3A1,03-2Si0;) and y-Al,Os phases in
the PEO coating affect the electrostatic attraction at
the solid/liquid interface, which reduces the surface
free energy of the PEO coating and decreases
its wettability. Therefore, the PEO coatings have
higher contact angle and lower surface free energy
after 120 s PEO treatment.

3.7 Electrochemical corrosion

The potentiodynamic polarization curves and
EIS plots of bare Al MMC and PEO-coated Al
MMC in the 3.5 wt.% NaCl solution are shown in
Fig. 15. By fitting the polarization curves in
Fig. 15(a), the corrosion potentials (¢corr), corrosion
current density (Jeor) and polarization resistance
(Rp) are determined and listed in Table 3. The @corr
increases from —1.038 V for bare Al MMC to
—0.678 V for the PEO-coated Al MMC. The Jeor
significantly decreases by three orders of magnitude
after 1200 s PEO treatment. Meanwhile, the R, also
increases from 3.70x10% to 3.69x10° Q-cm?. These
results show that the PEO surface treatment can
greatly improve the corrosion resistance of
60vol.%SiC,/2009 Al MMC.

On the other hand, Fig. 15(b) shows that an
inductive loop appears in the Nyquist plot of bare
Al MMC. It implies that the pitting corrosion
is easy to occur for the bare 60vol.%SiC,/
2009 Al MMC [1,45]. Furthermore, the diameter of
capacitive loop for the PEO-coated Al MMC is
much larger than that of the bare Al MMC,
implying a higher corrosion resistance for the PEO
coating. Meanwhile, the disappearance of inductive
loop in Nyquist plot of PEO coating indicates
that the PEO treatment can suppress the occurrence



Yi-zhao LIAO, et al/Trans. Nonferrous Met. Soc. China 34(2024) 435—452 447

0.5
(@
2 or
o
3
» PEO-coated
< -05r  AIMMC
;g Bare
569 Al MMC
a -1.0f
-1.5 L L L 1 1 1 1 1 1
10°10%107 10 1075 101073 102 107" 10°
Current density/(A+cm™2)
(b)
120 - ¢ Bare AlMMC
~"2I & Bare AIMMC * PEO-coated
5 8| — Fitting Al MMC
9ot £° —~ —— Fitting
s )

0 3 6 9 12
Z'[(kQ+cm?)

=Z"/(kQ+cm?)
(o))
S

30
0 [ L 1 1
0 30 60 90 120
Z'l(kQ-cm?)
©) + Bare AlMMC
102+ *  PEO-coated Al MMC
—— Fitting

lol L

100

1Z/(kQ-cm?)

10—1 -

102+

102 107 10° 10' 10> 10° 10 105 106
Frequency/Hz
Fig. 15 FElectrochemical corrosion tests of bare Al
MMC and PEO coating in 3.5 wt.% NaCl solution:
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Table 3 Results of potentiodynamic polarization tests of
bare Al MMC and PEO-coated Al MMC for 1200 s

Jcorr/ R /

Sampl corr (Vs SCE)/V P
ampie feorr (VS ) (A-cm™@)  (Q-cm?)
Bare Al MMC -1.038 1.53x107%  3.70x102
PEO coating —0.678 1.98x107 3.69x10°

of pitting corrosion on the surface of 60vol.%SiC,/
2009 Al MMC. In addition, the Bode plots in
Fig. 15(c) displays that the impedance modulus of
the PEO-coated Al MMC is one order of magnitude
higher than the bare Al MMC in the whole
frequency range.

Figure 16 exhibits the equivalent circuits of the
EIS plots. Rs is the resistance of the aqueous
solution, R; is the charge transfer resistance, R, is
the resistance of the passive film or the PEO
coating on the Al MMC, and Ry and L are the
inductive resistance and inductance associated with
pitting corrosion. Constant phase element (CPE) is
defined as Z=1/[Yo(jw)"], where Y, is modulus of
admittance, j is the imaginary number, w is angular
frequency, and » is an exponent to characterize the
deviation degree of real capacitance from its ideal
value (0<n<1) [1,16].

CPE,
ANN
(a) 77 CPE,
ANY
V4
R, R, R,
| 1 1
LT - I
s B (O
R, L
CPE,
ANN
(b) /7
R, R, R,
| 1 1
- - Lt
NN
V4
CPE,

Fig. 16 Equivalent circuits of EIS plots: (a) Bare Al
MMC; (b) PEO-coated Al MMC

CPE; is a constant phase element related to the
electric double layer, CPE, is a constant phase
element corresponding to the passive film on bare
MMC or the PEO coating on the Al MMC. The
corresponding fitting results of EIS plots for bare
and PEO-coated Al MMC are listed in Table 4. As
shown in Figs. 15(b) and (c), the fitting curves are
in good agreement with the experimental data.
Moreover, the impedance of the PEO coating is one
order of magnitude higher than that of passive film
on the Al MMC. It suggests that the PEO treatment
can significantly improve the corrosion resistance
of the 60vol.%SiCp/2009 Al MMC, which is
consistent with the results of polarization tests.
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4 Discussion

Based on the above results about the PEO
coating growth during the PEO process of
60vol.%SiCp/2009 Al MMC, a schematic diagram
of the PEO coating growth on the Al MMC in
silicate solution is displayed in Fig. 17.

When the voltage on the Al MMC anode
instantaneously rises to the preset value of 440 V
within 1 s (see Fig. 3), a thin alumina barrier layer
is simultaneously formed in the Al-rich region on
the surface of the Al MMC in terms of Reactions (5)
and (6) [46]. However, a SiO, barrier layer cannot
be formed on the surface of SiC particles owing to
their high resistivity. Therefore, the barrier layer
only covers the Al matrix rather than the SiC
particles as displayed in Fig. 17(a).

Al—AP*+3e (5)
2AP+60H — ALOs+3H,0 (6)

Alkaline substances such as SiO3 , PO}

and VO are easily adsorbed on the electrode

surface to form gels or insoluble compounds during
the PEO process [47,48]. SiOi‘ in the silicate
solution will generate OH™ and insoluble compound
(Si0,) by Reactions (7) and (8), respectively [46,49].
As displayed in Fig. 17(a), the insoluble compound
(S102) produced by SiO%‘ accumulates on the Al
matrix to form a deposition layer under the effect of
electric field, and a small amount of the compound
is deposited on the surface of SiC particles.
Moreover, given the tip or marginal effect of the
electrical concentration in the localized region at
the SiC/Al interface [27], the compound SiO; from
silicate solution will be also deposited at the SiC/Al
interface.

Si03 +2H,0—H,Si0s+20H" (7)
28i05 —4e—>2Si0,+0, (8)

As shown in Fig. 17(b), spark discharges
appear on the Al matrix, while it is difficult for the
discharge current on the Al matrix to pass through
the SiC particles due to their high resistivity. However,
the SiO; absorbed on the electrode surface is

Table 4 Fitting results of EIS plots for bare Al MMC and PEO-coated Al MMC for 1200 s

Sample Ry CPE,, Yo/ Ry/ CPE,, Yo/ Ry/ R/ L/
P (Q-cm?) (Qlem?s™) (Q-cm?) (Qlem?s™) (Q-cm?) (Q-cm?) (H-cm?)
Bare Al MMC 11.2 5.45x107 091 3110 3.55x107* 0.88 8.95x10° 2011  9.25x10*
PEO coating 18.3 1.64x1078 0.86 817 4.05x10°° 0.61 1.41x10° - -
T Spark
Al-Si-O
compounds

SiC

Al matrix Al matrix

#&*  Micro-pores

% Micro-cracks

SiC

Fig. 17 Schematic diagrams of PEO coating growth on surface of 60vol.%SiC,/2009 Al MMC
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casily to generate the spark discharges [46,48].
Therefore, the absorbed SiOi’ from silicate
solution provides the possibility of spark discharges
at the AlSIC interface, thus the discharge
sparks will also appear at the SiC/Al interface.
Furthermore, Fig. 8(b) demonstrates that the surface
of the PEO coating at 5 s is mainly composed of Si
and O elements, and the Al content is rather low. It
confirms that more insoluble compounds (SiOy)
from silicate solution gradually deposit on the
Al MMC surface under the influence of spark
discharge (see Fig. 17(b)). In addition, Figs. 13 and
14 show that in the initial 40 s of plasma discharge,
the contact angle of coated Al MMC gradually
decreases while its surface roughness and surface
free energy gradually increase. It may be ascribed
to the deposition of SiOZ and OH  on the
coating.

During the PEO treatment on the 60vol.%SiCp/
2009 Al MMC, the average plasma electron
temperature is about 5500 K, the Al, SiC, SiO; and
Al,O3 are melted and they react with each other in
plasma discharge channels to form AIl-Si—O
compounds, which mainly consist of mullite phase
as shown in Fig. 10. Then, these compounds
accumulate at the SiC/Al interface and gradually
extend toward the center region of SiC particle
surface (see Figs. 6(b) and (c)). Moreover, the
micro-pores and micro-cracks in  Al-Si—O
compounds provide a rapid conduction path for the
discharge current through the surface of SiC
particles, because these defects create a low
electrical resistance region for the conduction of
discharge current (see Fig. 17(c)) [4]. Thus, it is
possible that the spark discharge extends from the
edge of SiC particle to its central region. In addition,
as the thickness of PEO coatings on both the Al
matrix and SiC/Al interface increases, Fig. 17(d)
shows that the discharge positions will extend from
the edge of SiC particle to its central area. When
the oxidation time reaches 1200s, a continuous
PEO coating of 5.5 um in thickness is formed on
60vol.%SiCp/2009 Al MMC as exhibited in
Fig. 9(a). At this time, the PEO coating has the
largest surface roughness, the highest contact angle
and lowest surface free energy (see Figs. 13 and 14).
It is believed that the high volume fraction and
large size of SiC reinforcement are the main reason
for the low growth efficiency of PEO coating. The
high fraction SiC particles suppress the ignition of

spark discharge and then greatly hinder the rapid
growth of PEO coating, which leads to the low
efficiency of coating growth. Moreover, the
potentiodynamic polarization curves and EIS plots
in Fig. 15 reveal that the PEO treatment can
significantly enhance the corrosion resistance of the
Al MMC. In addition, the SiO; results from both
the thermal oxidation of SiC particles in plasma
discharge channels as described in Ref. [15] and the
deposited insoluble compound (Reaction (8)).

5 Conclusions

(1) The spark discharge preferentially occurs
in the Al-rich region, then gradually extends from
the edge of the SiC particles to their central regions.
The deposited SiO; on the SiC particle surface
plays a key role in the ignition of spark discharge
on the surface of SiC particles.

(2) In the regions of Al-rich and SiC/Al
interface, the Al, SiC, SiO, and Al>O; phases are
melted and mixed in high temperature plasma
discharge channels up to 5500 K, then Al-Si—O
compounds are formed and accumulated in these
regions. The micro-pores and micro-cracks in the
Al-Si—O compounds provide a rapid path for the
discharge current conduction on the surface of SiC
particles.

(3) The AI-Si—O compound is
composed of mullite (3A1,03-2S10,) phase.

(4) With the increase of oxidation time, the
wettability of PEO coating changes from the
hydrophilicity to the hydrophobicity, because the
SiC particles and Al matrix are gradually covered
by the PEO coating. Meanwhile, the surface

mainly

free energy of PEO coating reaches a maximum
value of 37.10 mJ/cm? at 40 s, then decreases to
25.95 mJ/cm? at 1200 s.
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W O ERERRIEE RS PR R E L ARTE 60%SiCo(MRFR 2 %0)/2009 45355 A MR) & T 1l 25 M) B At
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