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Abstract: Plasma electrolytic oxidation (PEO) is considered as a cost effective and environmentally friendly surface treatment
process for improving surface properties of light alloys. The formation of ceramic coatings on Ti6Al4V alloy was reported by
two-step PEO process and its structural, electrochemical and mechanical properties with the coated samples were compared by
one-step PEO process in an alkaline electrolyte. The structural properties were studied using field-emission scanning microscope
(FESEM) and X-ray diffraction (XRD). Electrochemical studies were carried out using linear polarization method and in addition
mechanical behaviors were investigated by means of Knoop microhardness and nanoindentation method. Results showed that the
second step process resulted in an increase of both porosity percentage and average pore diameter on the surface. The two-step
process resulted in a small increase of thickness from about 12.5 to 13.0 um. Electrochemical test results showed that applying the
second step resulted in the decrease of both polarization resistance from 1800.2 to 412.5 kQ/cm® and protection efficiency from
97.8% to 90.5%. Finally, the nanoindentation results indicated that the PEO coatings became softer but more ductile after applying

the second processing step in acidic electrolyte.
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1 Introduction

Titanium and its alloys are widely used in different
industries such as aerospace, marine and biomedicine.
This broad range of application of these alloys is due to
their high specific strength, good corrosion behavior and
biocompatibility [1—5]. On the other hand, low surface
hardness and weak wear behavior limit their usage in
tribological applications [6,7]. Therefore, different
surface treatment processes have been developed for
improving the tribological behavior of this group of
alloys (i.e. anodizing, chemical vapor deposition (CVD),
physical vapor deposition (PVD), ion implantation and
laser nitriding [8,9]).

Plasma electrolytic oxidation (PEO) which is also
called micro-arc oxidation [1,10,11] is a relatively new
surface engineering process to apply ceramic-like
coatings on light alloys such as titanium, magnesium,
aluminium and zirconium [12—16]. Applying the oxide
coatings by this method can enhance the corrosion
behavior [17-20], but there are limited studies on the

mechanical properties of these coatings [21]. The general
mechanism of PEO process (regardless of type of
substrate, chemical composition of electrolyte and
electrical parameters of process) can be summarized as
follows:

1) Formation of a thin natural passive film on the
surface;

2) Production of gas bubbles on the surface which
results in the growth of a porous film with a columnar
structure perpendicular to the surface;

3) Start of micro-discharging when the voltage
exceeds the intrinsic breakdown voltage of the oxide film
on the surface [10];

4) Formation of plasma atmosphere in electrolyte
near to the interface of electrolyte—anode which results
in ionization of some elements of electrolyte and
entrance of these ions into the coating.

Two-step plasma electrolyte oxidation, which
consists of a primary PEO process in alkaline
electrolytes and a final short-time PEO process in acidic
electrolytes, was proposed by some researchers to
achieve better adhesion of coating to substrate [22] and
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higher corrosion resistance of the coatings [23].

Nanoindentation is a mechanical characterization
method for thin film systems and small volumes of
materials [24]. Usually, the principal goal of such testing
is to obtain elastic modulus and hardness of the
specimen. The forces involved in this method are usually
in the millinewton range and were measured with a
resolution of a few nanonewtons. The depth of
penetration is in the order of nanometers [24,25].

In the present study, one-step and two-step PEO
coatings on the surface of Ti—6Al-4V alloy were
prepared and the effect of the second step on the
microstructure, corrosion resistance and mechanical
behavior of the coatings was discussed.

2 Experimental

2.1 Substrate preparation

In this study, Ti6Al4V titanium alloy was used as
substrate. The samples were cut in the shape of disks
with 30 mm in diameter and 4 mm in thickness. The
disks were ground with SiC abrasive paper (60—1500#),
then polished by alumina nanoparticle suspension and at
the end washed with distilled water and acetone.

2.2 PEO process

A Dbipolar pulse galvanostatic power supply was
employed for plasma electrolyte oxidation. Two different
electrolytes were used in this study: an alkaline
electrolyte (based on our previous study on the effect of
electrolyte chemical composition [26]) containing
sodium aluminate (15 g/L Na,Al,O4), sodium phosphate
(2 g/L Na;PO,) and sodium fluoride (1.5 g/L NaF) and
an acidic electrolyte used in two-step PEO process
(containing 0.1 mol/L H,SO,4 and 0.1 mol/L H;PO,) [22].
The applied current density, positive duty cycle,
negative duty cycle and frequency were designated to be
0.12 Alem®, 50%, 25% and 1000 Hz, respectively.
Temperature of the electrolyte was kept below 25 °C
using a cooling system as shown in Fig. 1. Table 1
summarizes the processing steps to achieve the coatings.

5 -
Electrolg}te Standard
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Fig. 1 Schematic diagram of PEO processing unit

Table 1 Processing electrolytes and duration time of different

steps
Step 1 Step 2
Sample - -
Electrolyte  Time/s Electrolyte Time/s
1S Alkaline 360 - -
28 Alkaline 360 Acidic 30

* In all tests, current density, positive and negative duty cycles and
frequency of the PEO process were 0.12 A/em?, 50%, 25% and 1000 Hz,
respectively.

2.3 Microstructure

The cross-section samples were mounted and
ground with SiC emery papers up to 4000# and then
were polished using alumina nanoparticle suspension.
Surface morphology and cross-section images of the
coatings were examined using a scanning electron
microscope (SEM, JEOL6300). All the samples were
coated with about 50 nm gold layer to avoid surface
charging. The thickness of the coatings was measured
using cross-section SEM images. The obtained surface
morphology images were processed by means of Image
Processing Lab software to estimate the surface porosity
and the average porosity diameter on the surface of each
coating. Chemical composition on the surface and on
different parts of the cross-sectional samples was
investigated via energy dispersive spectrometer (EDS).
Phase composition of the coatings was also analyzed by
means of X-ray diffractometer (XRD, Philips X’Pert,
with Cu K, radiation by scanning in the range of
260=10°-90°).

2.4 Mechanical properties

Hardness and elastic modulus of the coatings and
the substrate have been obtained by nanoindentation test
from the cross-sectional samples. All nanoindentation
tests were carried out using a Nanoindentor G200
Agilent Technologies. A Berkovich diamond tip was
used, whose area function was calibrated in a pattern of
fuse silica. The nanoindenting process was carried out on
25 different points on the samples and the average value
was reported. Each nanoindentation test was performed
with maximum penetration depth of 400 nm. The
nanohardness and elastic modulus of each coating were
plotted versus penetration depth. The effect of substrate
on nanoindentation data of coatings could be considered
negligibly if each edge of the indentation track was
smaller than 10% of the thickness of the coatings [24].
Equation (1) shows the relationship between the
projected area of nanoindentation (4) and penetration
depth (%) [24].

A=33h"tan? 0 (1)
The value of @ is 65.27° based on the geometry of
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Berkovich indenter. Hence,
A=24 49h* )

On the other hand, based on the fact that the
projected area with Berkovich indenter is equilateral
triangle, the equation between each side of this triangle
(x) and the projected area (4) is as Eq. (3):

V3
A=—x 3

1 3)

After putting the area (4) as a function of x in
Eq. (2), we have

h=0.133x 4

Based on Eq. (4), for a coating with the thickness of
about 12 um, x is smaller than 1.2 pm or 1200 nm.
Hence, the maximum penetration depth must be about
160 nm. Based on these calculations, real nanohardness
and elastic modulus of the coatings were measured as the
average value of them between the penetration depths of
40 and 160 nm.

The mechanical properties of the coatings were
measured using continuous stiffness technique [24,25].
The energy loss through plastic deformation (W) was
calculated from the area enclosed by the loading and
unloading curves of the load—displacement graphs. This
W, is considered to be a measure of fracture toughness of
the coatings

(ignoring other energy dissipative

phenomena), as illustrated in Fig. 2 [24,25].
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Fig. 2 Energy lost through plastic (#,) and elastic (W)
deformation [24,25]

The pyramidal geometry of Knoop indenter makes
it an appropriate indenter to measure microhardness of
brittle materials and thin films [25]. Microhardness
measurements of the coatings were carried out using
a Knoop indenter under different loads of 10, 25 and
50 g.

2.5 Corrosion behavior

Potentiodynamic polarization tests were carried out
using a BioLogic SP—150 potentiostat/galvanostat on all
coated samples and on the uncoated Ti—6Al-4V
substrate. A Ag/AgCl (3 mol/L KClI) electrode was used
as a reference electrode (whose difference is 205 mV
with respect to SHE) and a platinum foil (1 cm?) was
used as a counter electrode. Prior to the potentiodynamic
tests, open circuit potential (OCP) of the samples was
measured for 60 min. Potentiodynamic polarization tests
were carried out between —300 and 700 mV with respect
to the OCP, at a scan rate of 1 mV/s. All tests were
repeated at least twice to check for reproducibility.

3 Results and discussion

3.1 Structural properties

Figure 3 shows the XRD patterns of one-step (1S)
and two-step (2S) PEO coatings. Due to the low
thickness of the coatings, strong peaks related to the
titanium based substrate are observable.

a—Ti
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¢ — Alumina
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Fig. 3 XRD patterns of one-step (a) and two-step (b) coatings

Alumina, two different titanium oxide phases
(anatase and rutile) and a titanium—aluminium complex
oxide phase (Al,TiOs) are the main phases in 1S. On the
other hand, peaks of anatase are not detectable in the
XRD pattern of 2S. This can be attributed to the fact that
at higher temperatures the phase transformation of
anatase to rutile takes place and the higher temperature
of the second step of processing can supply the required
energy for this phase transformation [1,14]. Moreover,
the high temperature of micro-sparks during the second
step can facilitate the formation of Al,TiOs in accordance
to the Reaction 5 [14]:

Ti02+A1203 - A12T105 (5)

Based on the mentioned facts, the presence of
higher amounts of rutile and AL, TiOs in 2S sample (as
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the sharper peaks of these phases in XRD pattern of 2S
are observable) can be explained.

Figure 4 shows the surface morphology and image-
processed files of surface SEM images of the coatings.
The coatings contain different porosity percentages with
different average pore sizes on their surfaces. The total
porosity and total quantity of pores of each sample were
determined from the image processed SEM micrographs
for a surface area of 41 um x 41 pm. Based on the
obtained data the average pore area (S,) on the surface of
each sample can be calculated by dividing the total
porosity area to total number of pores (7). Moreover, the
average pore diameter (d) can be calculated by

4S8
d=,|—" (6)
nn

The surface chemical composition of the coatings
was characterized by EDS from five 10 um x 10 pm
random areas on the surface of each sample. The
chemical composition (Al/Ti value), porosity and the
average pore diameter on the surface of the coatings are
shown in Table 2.

The w(Al)/w(Ti) represents the mass ratio of Al and
Al-Ti complex oxides (Al,0; and Al,TiOs) to pure TiO,
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on the surface of the coatings. Table 2 shows that the
w(Al)/w(Ti) value of 2S is higher than 1S. Some
researchers showed that the increase in absorption of
metallic ions from electrolyte (i.e. aluminum ions in
aluminate-base electrolyte), is due to formation of larger
sparks during the macro-sparking process [27,28]. Larger
arcs lead to higher amount of molten metal and large
amount of molten metals can absorb more metallic ions
from the electrolyte. In aluminate-base -electrolytes,
severe arcs during the second step of PEO processing can
result in absorption of more aluminum ions from the
electrolyte and higher Al/Ti mass ratios on the surface of
the coating.

As it can be seen in Table 2, the second step of PEO
process resulted in higher porosity (about 6 times higher)
and larger average pore diameter (about twice larger) of
2S compared with 1S. This can be due to the larger and
more severe arcs during the second step of processing in
the acidic electrolyte.

Figure 5 shows the cross-section SEM images of the
samples. Table 3 represents the thickness of the coatings
and the chemical composition in different depths of the
coatings (different points of EDS measurements are
specified in Fig. 5).

Fig. 4 Surface morphologies (a, ¢) and image-processed micrographs (b, d) of 1S (a,b) and 28 (c,d)

Table 2 Porosity and chemical composition of coatings

Sample w(Al)/% w(Ti)/% w(Al)/w(Ti) Porosity/% Average pore
1S 29.8+1.7 26.2+1.5 1.14+0.09 2.7+0.6 0.66+0.07
28 34.542.9 20.9+2.2 1.65+0.10 16.2+3.5 1.21£0.16
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Fig. 5 Cross-section SEM images of 1S (a) and 2S (b)
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Table 3 Chemical composition of different points on cross-section of coatings

Sample Position 1 Position 2 Position 3 Thickness/
wAD/%  w(Ti)/% wAD/W(TI)  w(AD/%  w(Ti)% wADWT)  wAD%  w(T)% wADWT)  um
1S 39.5+4.1 15.241.2 2.6+0.1 31.242.9 19.1+£2.0 1.6%0.1 20.0£1.1 35.6+2.1 0.6+0.0 12.5+2.1
28 41.9+39 12.0+£1.0 3.5+0.2 34.6+£3.0 20.0+1.8 1.7+0.1 11.1£0.8 45.2+4.1  0.3+0.0 129+1.0
As can be seen in Fig. 5 and Table 3, there is no 20 300
large difference between the thicknesses of 1S and 2S. 18 | (a) Hardness (1S)
Therefore, it can be deduced that the second step PEO in 16 o 1250
acidic electrolyte did not affect the thickness efficiently. é; 14 Modulus (1S) ] 5 g
Above mentioned phenomenon can be due to the weak 2 127, ©)
discharges during the second step of PEO processing and g 10, 1150 é
this is in agreement with previous studies [22,29]. The § 2 1100 g
chemical composition data reveal that Al/Ti mass ratio O Sy
on the surface of 2S (point 1 in Fig. 5(b)) is higher than g Hardness (Substrate) 150
that on the surface of 1S (point 1 in Fig. 5(a)). As T R S 0
0 50 100 150 200 250 300 350 400 450

mentioned before, it can be due to the higher absorption
of aluminum ions from the electrolyte by larger
macro-discharges during the second step. On the other
hand, Table 3 shows that Al/Ti mass ratio in regions near
to the interface of the coating and substrate of 1S (point 3
in Fig. 5(a)) is higher than that in 2S (point 3 in
Fig. 5(b)). Some other studies [22,29,30] showed that
during the second step of PEO process in acidic
electrolyte, discharges are focused on the columnar
structure of the pores and the main process (during the
second step) occurs near the interface of substrate—
coating and can fill in some of the pores and voids close
to this interface. According to the findings of these
reports, phases that are formed close to the substrate—
coating contain mostly oxides of the elements of the
substrate. Hence, the second PEO step in acidic
electrolyte leads to titanium enrichment in the inner
regions of the coatings.

3.2 Mechanical properties

Figure 6 shows the hardness and elastic modulus of
PEO-coated samples and the Ti—6Al—4V substrate versus
the penetration depth.

Penetration depth/nm

20
i [(b) 300
16 [ 7 250
QCS 14 B 4 200 [
g 12f S
2 10 [ e 1150 2
EREL e N 2
= 6l Modulus (Substrate) 1100 §
; BN Hardness (Substrate) 150
1 1 1 1 1 1 1 1 O
050 100 150 200 250 300 350 400 450

Penetration depth/nm

Fig. 6 Nanohardness and modulus versus penetration depth of
1S and substrate (a) and 2S and substrate (b)

The hardness and elastic modulus of the substrate
are more or less constant after the first 30 nm that can be
due to the homogeneity of the alloy in different
penetration depths but the hardness and modulus of the
coatings are not constant because of the effect of
substrate in larger penetration depths. The elastic
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modulus reveals that the elastic behavior of the coatings
in depth deeper than about 300 nm is the same as that of
the substrate. On the other hand, the plastic behavior
(hardness) of the coatings is completely different with
that of the substrate along 400 nm penetration. Based on
the contact mechanics, the elastically affected volume
beneath the contact point is larger than the plastically
affected volume [31]. In other words, the effect of
mechanical properties of the substrate on elastic modulus
is detectable in lower depths compared with that of the
substrate on the hardness.

Table 4 shows the average hardness and elastic
modulus of the coatings and the substrate and the energy
of plastic deformation derived from load—displacement
curves of 1S and 28S.

Table 4 Hardness, modulus and plastic energy derived from
nanoindentation tests

Sample Nanohardness/GPa Modulus/GPa W,/(mN-nm)
Substrate 5.1£0.1 148.0+1.2 -
I 16.1£0.4 197.4+4.3 263+7
28 14.7+£0.5 189.245.3 317+10

It can be concluded that the second step of PEO
processing in acidic electrolyte has led to a decrease in
hardness and an increase in plastic energy. As it
mentioned before, by ignoring some probable energy
dissipative phenomena, the energy loss during plastic
deformation can be a measure of toughness.
TSUNEKAWA et al [22] showed that the light emission
during the second step is lower and the arcs are
integrated in limited points on the surface. These limited
but powerful arcs during the second step can act as a heat
treatment source for other parts of the coating. In other
words, the second PEO step can cause tempering of the
oxide layer that leads to decrease in hardness which can
in turn increase the toughness. It should be mentioned
that these severe arcs during the second step act along
the pore channels [22,29,30] and hence can cause some
phase transformations in substrate as well.

Figure 7 shows the Knoop microhardness data of
the coatings at different normal loads on the indenter. It
can be seen that at higher loads (25 and 50 g) the
microhardnesses of the coatings are the same and very
near to that of the substrate. Hence, at normal loads
(higher than 10 g), the plastic deformation affected
volume contains the substrate. On the other hand, the
measurements under the load of 10 g are in accordance
with the nanoindentation data and show about 10%
decrease in hardness after applying the second PEO step.

3.3 Corrosion behavior
An oxide film by limiting adsorption of corrosive
ions causes a shift in surface electrochemical potential

and a reduction in the charge-carrier mobility at the
surface—electrolyte interface, which in turn, protects the
substrate from corrosion. Corrosion behavior of the
oxide-based coatings is affected by a combination of
characteristics of the oxide film (e.g. chemical
composition, phase composition, porosity and structural
imperfections and thickness) and corrosion environment
(such as concentration of aggressive ions and
temperature) [2,26].

1200

1000 F
e—18

800 - m=28

600 -

400

Microhardness (Knoop)
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1 L L 1 1
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Normal load/g

Fig. 7 Knoop microhardness of coatings at different normal
loads

Large micropores on the surface of PEO coatings
increase the real area that exposed to the corrosive
solution. On the other hand, an increase in coating
thickness increases the barrier property of the coating
and improves the corrosion behavior [26].

Tafel curves of the untreated Ti—6Al—4V substrate
and the coatings are shown in Fig. 8. The Stern—Geary
equation was used to obtain polarization resistance

(Ry) [1].

BB
P~ 2303(8, ) e

where f, and f. are anodic and cathodic Tafel constants
and J,, is the corrosion current density.
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Fig. 8 Tafel curves of substrate and coatings
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The protection efficiency () of the coatings was
calculated using the following formula:

Rcoat __ psub
__P p 0
7= e x100% (8)

The corrosion potential (@), the corrosion current
density (Jeor), the polarization resistance (R,) and the
protection efficiency of the coatings obtained from the
polarization curves are shown in Table 5.

Table 5 Electrochemical data of samples derived from linear

polarization curves

Ry/ Protection

(kQ-cm?) efficiency/%

wCOIT(VS JCOIT/

Sample L
Ag/AgCl)/V  (A-cm ©)

Ti—6A1-4V —0.50+0.02 0.877+0.013 39.3+£0.6 -

1S +0.1940.02 0.016+0.001 1800.2+1.3 97.8

28 +0.17+0.01 0.173+0.004 412.5+1.0 90.5

Comparing the polarization curves of the substrate
and the coatings in Fig. 8 shows four obvious outcomes.

1) The corrosion potentials of the coatings (0.19 V
for 1S and 0.17 V for 2S) are more positive compared
with that of the Ti—6Al-4V substrate (—0.50 V). This
shows the lower thermodynamic driving force for the
corrosion of the coatings.

2) The corrosion potential of 2S is more negative
than that of 1S. This is due to an increase in surface
porosity during the second step and higher amount of
diffusion free paths for corroding ions on the structure of
28S.

3) The corrosion current densities of the PEO-
coated samples are lower than that of the substrate. This
implies that the anodic reactions were prevented by PEO
process and a higher chemical stability is obtained on the
surface of the coated samples.

4) The second step of PEO process makes the
corrosion current density increase by one order of
magnitude (from 0.016 to 0.173 pA). Moreover, the
protection efficiency of 2S is 7.3% lower than that of 1S.
This decrease in corrosion behavior can be related to the
increase in both the porosity and the average pore
diameter of 2S compared with 1S (Table 2).

Based on the assumption that the ceramic coating is
electrochemically inert at low anodic overpotentials, the
porosity of the coating can be calculated as [32]

R
P =P 510 A¥on!bis) «100% 9)
pc
where P is the total porosity, R, is the polarization
resistance of the substrate, R,. is the polarization
resistance of the coating, Ag.. is the difference between

the corrosion potentials of the coating and the substrate
and f, is the anodic slop of the Tafel curve of the
substrate. Based on the formula (9), the ratio of the
porosity of 2S to that of 1S can be calculated as
1S 28
1S Peorr ~Peorr
Rp ( )

Bs D g A (10)

[

By applying the data derived from the Tafel
extrapolations and 0.4 for the anodic slope of the
substrate, the P,g/P;g ratio will be 3.89:1. On the other
hand, the P,s/Ps ratio calculated from the processed
SEM images (Table 2) is about 6:1. The difference
between the two ratios can be due to the fact that the
porosity derived from the SEM images is the surface
porosity (that may be open or closed) and the data
derived from the electrochemical measurements are
about the open porosities that corrosive ions can
penetrate through them to the substrate.

4 Conclusions

1) Applying the second step of PEO process in acid
electrolyte significantly affects the microstructure,
chemical and phase composition of the coating. Two-step
PEO processing leads to higher porosity and larger pore
diameter on the surface. Moreover, the aluminium
content of the two-step coating is higher than that of the
one-step sample as a result of severe macro-sparks
during the second step and absorbing more aluminium
ions from the aluminate-base electrolyte. On the other
hand, high temperature during the second step (as a
result of severe macro-arcs) results in activation of
high-temperature phase transformation and thus, higher
amount of AL, TiOs complex oxide phase.

2) Two-step PEO processing results in about 9%
decrease in nanohardness (from 16.1 to 14.7 GPa) but
about 20% increase in energy loss through plastic
deformation that can be concluded as an increase in
fracture toughness.

3) The corrosion resistance increases drastically by
applying ceramic-like coatings via PEO process.
Applying the second step of PEO process results in a
decrease in corrosion resistance, an increase in corrosion
current density and a shift of the corrosion potential to
more negative values. This can be attributed to the higher
porosity and larger average pore diameter on the surface
of the two-step sample compared with the single-step
sample.
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