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HIGHLIGHTS

» Experimentally informed computational model for oxide growth predictions for PEO.

» Linear relationship discovered between the PEO model parameters and applied voltage.
+ Model requires data from only two experiments at different applied voltages.

» Excellent agreement between the model and experimental measurements.

ARTICLE INFO ABSTRACT

Keywords: Plasma electrolytic oxidation (PEO) has been extensively applied in the past to improve tribological properties of
Plasma electrolytic oxidation titanium and its alloys allowing their widespread use in industrial applications. However, the complete PEO
T“m'j“m_ mechanism of action remains unclear. While there are several mathematical models providing useful insights
Curve ﬁﬂms into the PEO process, they do not fully incorporate the effect of applied potential on the outcomes of PEO. In this
l;iﬁ:n;s:;hﬂi work, we develop an experimentally informed computational model by expanding on the dielectric breakdown

model. We incorporate experimental data to extract key parameters, exploring the iterative dependency of the
oxide thickness and ionic current density to predict the oxide growth at various applied external voltages. The
model reproduces the PEO process at different potentiostatic conditions and the simulation results for the oxide
coating thickness over time is in good agreement with the experimental data, validating the application of
Faraday’'s law and Pyun and Hong's model in describing the coating growth kinetics for the PEO process
(Dehnavi et al., 2014/07/25/ 2014; Arrabal et al, 2009/05/30/ 2009; Rakoch et al., 2006/03/01 2006; Ma
et al., 2017/10/10/ 2017; Pyun and Hong, 1992/02/01/ 1992; Caire et al., 2007,/02/07 2007) [1-6].

1. Introduction aforementioned property limitations of titanium by investigating

different approaches such as surface coatings/treatments, heat treat-

Titanium and its alloys have good biocompatibility, high corrosion
resistance, high melting point, low density, and high strength-to-weight
ratio. These properties are highly sought after in a wide range of in-
dustries, such as aerospace, medical devices, and sports equipment
among others [7-9]. Unfortunately, the historically poor wear resis-
tance, low hardness, and high surface contamination sensitivity of ti-
tanium have traditionally hindered its widespread use in industrial
applications. Given the rising demand for titanium and its alloys,
addressing these drawbacks has become a crucial area of research
[10-15].

Researchers have

embarked on a quest to address the
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ments, and alloying [16,17]. Several surface treatment techniques have
been studied such as anodization, Plasma Electrolytic Oxidation (PEO),
ion nitriding, shot peening, Physical Vapor Deposition (PVD), Chemical
Vapor Deposition (CVD), among others [15-23]. Of these, PEO offers
several advantages due to its low cost, excellent adhesion strength, and
low environmental impact [24-27].

PEO involves the application of a high voltage to the metal surface in
an electrolyte solution, creating a plasma discharge [3,25,28-30].
Numerous investigations have been conducted to explore the impact of
electrolyte composition [31-33], temperature [34], electrical modes
[35-38], and additives [39-44] on the characteristics of the produced
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PEO coatings [29,43]. Despite the progress made thus far, the complete
mechanism of PEO remains not fully understood, primarily due to the
challenges in probing the transient plasma discharges occurring on the
material surface during treatment [1,2]. Obtaining a comprehensive
understanding of the PEO mechanism is crucial for producing coatings
with desirable characteristics suitable for a wide range of new
applications.

Several models have been proposed to fundamentally understand the
PEO process, including the barrier model, current model, discharge
model, and dielectric breakdown model [1-5]. While these models have
provided useful insights into various PEO phenomena, they do not fully
incorporate the effect of applied potential on the outcomes of PEO [1,35,
43]. In this work, we develop an experimentally informed computa-
tional model by expanding on the dielectric breakdown model [6]. We
incorporate experimental data to extract key parameters, exploring the
iterative dependency of the oxide thickness and ionic current density to
predict the oxide growth at various applied external voltages.

2. Modelling and simulation

PEO can be conducted under several conditions, potentiodynamic,
potentiostatic, galvanodynamic, galvanostatic, bipolar, ete. [4,5,32].
The galvanostatic and potentiostatic conditions are illustrated in Fig. 1.
The PEO process can be categorized into several stages, each charac-
terized by distinct phenomena. At the initial stage (stage 1), the cell
voltage experiences a rapid and linear increase. This stage involves
conventional anodization producing a thin insulating film and is
accompanied by vigorous gas evolution. Eventually, the voltage reaches
a critical value, referred to as the breakdown voltage, which leads to
dielectric breakdown at weak points within the oxide film. Simulta-
neously, a multitude of fine, uniform, micro-discharges emerge on the
surface, signifying the presence of sparks. These sparks and the forma-
tion of discharge channels are pivotal in the formation of the coating.
Following the occurrence of the breakdown, the voltage increases
gradually (stage 2), and the growth rate of the oxide film slows down.
This phenomenon is attributed to the simultaneous processes of coating
growth and dissolution. In stage 3, the micro-discharges become more
intense and persist for longer duration, while their spatial density de-
creases. In stage 4, the rate of voltage further decreases, and the sparks
intensify, but their population diminishes. Similar stages to those in the
galvanostatic case are also present in the potentiostatic case that is
characterized by a current decay over time, Fig. 1.

The equivalent circuit of the PEO process as proposed by Rakoch
et al. [3] is shown in Fig. 2. The total current (I;) passing through the
system is split into two processes, (a) the electronic current (I.) passing
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Fig. 1. Illusiration of PEO stages and voltage or current variation with time
under galvanostatic and potentiostatic control, respectively.
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Fig. 2. PEO process simplified equivalent circuit.

through the discharge channels, generating oxygen and plasma and (b)
the ionic current (I;) passing through the coating, generating oxide
growth. R, Ry, and R, are the resistance of the coating, discharge
channel, and electrolyte, respectively. At any instant of time t, the total
current I, at the anode can be described by:

L=L+1 M

For the potentiostatic case, the potential distribution over the elec-
trochemical cell as shown in Fig. 3 is described by:

Vapp{isd = Vm,."c + Vc + Vc,."s (2)

In the given expression, Vggpled denotes the applied potential. Addi-
tionally, Vi, V. and V. correspond to the potential drops at the
interface between the metal and the film, across the oxide coating, and
at the interface between the film and the electrolyte, respectively.

To model the process based on this equivalent circuit, some
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Fig. 3. Schematic illustration of the electric potential profile from anode
to cathode.
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assumptions were made.

@ It is hypothesized that the plasma discharges originate from the
bottom of the pores generated in the coating by the microdischarges,
and the length of the discharge channel is equal to the thickness of
the coating.

@ PEO coating is composed of the crystalline phase of the oxide only.

@ Potential drop is negligible at the metal electrodes. All the potential
drops were at the metal /coating, coating, coating/electrolyte, and
electrolyte/electrode interface, Fig. 3.

@ Heat loss is negligible in the system.

The modeling presented in this paper is based on the more chal-
lenging case of PEO under potentiostatic control. The PEO experiments
were conducted on rectangular 25 mm x 15 mm x 0.5 mm samples of
commercially pure Titanium in an electrolyte of 0.02 M KOH and 0.01
M K4P20;. The particular electrolyte was also used in our previous PEO
study [29] under constant cwrrent density allowing direct comparison
between the two different modes of PEO processing of pure Ti. Tests
were conducted for various time intervals at three different applied
voltages, 450 V, 400 V, and 350 V and the current decay over time was
recorded. The coating thickness was measured from sample cross sec-
tions using scanning electron microscopy and used as input in the model.
A typical scanning electron micrograph of a sample cross section is
shown in Fig. 4.

To provide a good depiction of the growth of the oxide coating on Ti
during PEO, it is essential to understand the reactions taking place on the
substrate and their kinetics. PEO coating formation can be simplified as
a two-step process. In the first step, anions are generated at the interface
between the oxide and the electrolyte. This process occurs due to the
dissociation of adsorbed water, resulting in the formation of anions.
Simultaneously, oxide formation commences through the migration of
Ti** at the interface between the metal and the oxide. The second step is
film formation taking place at the electrode/electrolyte interface when
the concentrations of those ions reach a critical value [392].

Ti— Ti* + 4~ metal / oxide interface 3
40H™ — Oy 1 + 2H;0 + 4e~ discharge channel (4)
Ti** + 40H™ — TiO, + 2H»0 oxide/electrolyte interface (5)
Ti* 4 2(P0O4)* —Ti(POs), oxide/electrolyte interface 6)

The ionic current I; represents the current of titanium dissolution,
which corresponds to the electrode kinetics of the dissolution of tita-
nium Eq. (3), and I, is the current responsible for oxygen evolution and
driving discharges, which describes the electrode kinetics of the oxygen
release under the effect of electric field Eq. (4). The migration of Ti** and
the presence of anions at the respective interfaces contributes to the

growth of the oxide film. Eqs. (5) and (6) are considered chemical

Ti substrate

Fig. 4. Scanning electron micrograph of a cross section of a sample that was
processed at 450 V for 100 s.
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reactions that contribute to the growth of PEO coating on Ti surfaces.
The calculation of the reaction rate of the electrode surface (Rx,) for
each species in Egs. (3) and (4) is determined in accordance with Far-

aday’s law Eq. (7)

(@

x,)'ZF_qy

where g, is the number of electrons exchanged during the formation
reaction, ny is the stoichiometric coefficient, F is Faraday’s constant and
J; is the ionic current density.

In our analysis of the surface reaction, we have simplified the growth
of the plasma electrolytic oxidation coating by considering it one-
dimensional in the direction perpendicular to the metal sample sur-
face. We assume that all titanium ions actively participate in the for-
mation of the PEO coating. Additionally, we consider that there is an
excess of anions available in the electrolyte, leading us to identify the
availability of Ti** as the limiting factor for oxide growth. The limitation
caused by the availability of Ti** and its influence on the growth rate of
the oxide layer is depicted in Egs. (3) and (9).

R; = Ryig, = Ryp+ limiting reaction species 8)
The growth rate for the oxide layer is computed as:

Rrio, M
G, —22 02 (9)
Prio,

where Mpyp, is the molar mass and prq, is the density of the TiO,
coating.
The total coating thickness L is given in Eq. (10):

t
L=1L, +me (10)
1]

where Lo is the thickness of the passive layer on the metal surface.

The following equation as derived by Pyun and Hong [5] establishes
a theoretical relationship between the ionic current density J; contrib-
uting to oxide growth and the coating thickness (L):

_ Plexp (nZL) — Qexp (—nZL) |

% exp (nZL) — 1

(an

where Z = Fe/RT.
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Fig. 5. Experimental data and corresponding fitting curve for total current
density versus time at 450 V.
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Fig. 6. A comparison of the total, ionic and electronic current densities over
100 s time interval at 450 V.

Here P, Q, and & are constants for a certain experiment and are
determined by the polynomial least-squares procedure. Also, n, F, R, and
T are the charge number of Ti cations, Faraday’s constant, gas constant
and electrolyte’s absolute temperature, respectively. The fitting pro-
cedure to solve Eq. (11) uses 40 % of the total current density and this
was determined by iteratively solving for different ionic current den-
sities as a percentage of total current density. The best solution obtained
was for ionic current density as 40 % of total current density. A typical
total current density decay with time measured experimentally at an
applied potential of 450 V, and a generic fitting curve is shown in Fig. 5.
A depiction of the ionic current density as 40 % of the total current
density at 450 V is shown in Fig. 6.

3. Simulation results and discussion

To model the PEO process, we experimentally examined the time-
dependent evolution of the thickness of the PEO coatings on the sur-
face of Titanium under different potentiostatic conditions. Fig. 5 hence
shows the evolution of the total current density upon the treatment time
during the potentiostatic PEO processing. During the process, the
voltage is raised fast above the breakdown voltage (285 V) of the oxide
coating on the Titanium in the first 2 s and maintained at the desired
potentiostatic conditions, i.e., 450 V, 400 V, and 350 V in our study. The
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Fig. 7. Experimental oxide thickness data and the corresponding fitting curve.
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Table 1
A summary of important parameters used for the computation.
Physical parameters Value Unit Description
T 293 K Temperature
Qa L5 S/m Electrolyte conductivity
M(TiOz) 79.87 g/mol Oxide molar mass
p(TiO) 423 g/em®  Oxide density
Ly 10 nm Passive oxide thickness
n(Ti*") 1 Stoichiometric coefficient (Ti*")
n(OH) 4 Stoichiometric coefficient (OH7)
q(Ti*") 4 Number of electrons exchanged (Ti*")
q(OH) 1 Number of electrons exchanged (OH)

current density variation in these first 2 s is almost linear and assumed to
result in conventional anodization. The PEO is assumed to commence
after this linear part of the current density evolution. To determine a
relationship between the total current density and processing time, a
mathematical decay curve is fitted to this experimental data. The
equation of this fitted curve becomes an input in our study.

Our simulation is based on the assumption that the overall current
density comprises two distinct elements: the ionic current density and
the electronic current density [29]. The ionic current governs the growth
of oxide, while the electronic current density is responsible for plasma
discharges [4]. Fig. 6 illustrates trends of the total current density
(depicting both the ionic and the electronic current density) at 450 V, as
computed in the modeling process over a 150-s interval. Under poten-
tiostatic conditions, the current density at the anode declines quickly
within the initial few seconds after voltage application. At 10 s, it di-
minishes by 80 % of its initial magnitude, and by 50 s, most of the decay
(95 %) has taken place primarily due to the formation of the PEO coating
and its relatively high ohmie film resistance. A similar decay transient of
the cwrrent density is depicted in Pyun and Hong’s model [5]. Our
average ionic current density constituted 40 % of the total current
density which is similar to what was reported in Ma et al.’s work that,
the average ionic current density constitutes 35 % of the total current
density for the PEO of AM50 Mg alloy in KOH and NasPO4 electrolyte
[4] (see Table 1).

To explore the iterative dependency of the oxide thickness and ionic
current density to predict the oxide growth at various applied external
voltages, we first employ the model (Eq. (11)) proposed by Pyun and
Hong [5] to establish the relationships between ionic current density
and the oxide coating thickness. Oxide coating thickness, often
expressed as L = a+ fIn(t), where a, g, and t denote the initial oxide
thickness, oxide growth rate, and time respectively, has been discussed
in various works [4,5]. This is the generic mathematical expression of
Eq. (10). In our study, we fitted the expression for L to our experimental
oxide thickness, as illustrated in Fig. 7. Here, @ was 10 nm thick and the
final coating thickness (L) was measured when the treatment time was
100 s. An expression for § was then derived which satisfies the equation
L = a+ fln(t). To solve model Eq. (11), parameters P, Q, and & were
determined through polynomial least square curve fitting of the ionic
current density under three potentiostatic conditions: 450 V, 400 V, and
350 V. The outcomes as presented in Table 2 indicate that under given
bias, the values for P, Q, and & remain almost constant at different time
intervals, underscoring the robustness of our solution. Using the optimal
solutions for P, Q, and & corresponding to the different potentiostatic
conditions, we then described these parameters as functions of voltage
(Fig. 8). Below are the expressions:

P=[0.0081V +0.5437] (mA [ cm?) (12)
Q=2.098x10" exp(—0.01652V) (13)
e=[1421 — 2.81V] (V / cm) a4

Substituting these expressions for the constants into model Eq. (11),
our model equation produces the following results:
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Table 2
The computational results of P, (, and & at three potentiostatic conditions: 450 V, 400 V, and 350 V, at distinct time intervals of 150 s, 100 s, 50 s, and 20 s.
Time (s) P (mA/cm®) Q £ (V/em)
450 V 400 V 350V 450 V 400 V 350V 450 V 400V 350V
150 4.18 3.75 3.37 1.57 x 10° 2.27 x 10° 7.46 x 10° 167.24 274.58 448.24
100 4.18 3.75 3.37 1.58 x 10° 2.28 x 10° 7.48 x 10° 167.43 274.84 448.37
50 4.18 3.75 3.37 1.59 x 10° 2.30 x 10° 7.50 x 10° 167.50 274.97 448.50
20 4.18 3.75 3.37 1.50 x 10° 2.20 x 10° 7.37 % 10° 166.34 273.62 447.66
J (0.0081V + 0.5437) [exp (vZLi;) — ( — 2.098 x 107 exp (—0.01652V) x exp (—vZLi_,) | 1s)

! exp(vZLi 1) — 1

where Z = F(1421 — 2.81V)/RT.

This equation expresses the ionic current density as a function of
oxide coating thickness and voltage. We established solutions for the
parameters P, Q, and & across various potentiostatic regimes, advancing
similar published work by Ma et al. [4] who expressed the ionic current
density as a function of oxide growth in a different metal under a specific
potentiostatic condition. This improvement in the equation eliminates
the need to run experiments to determine P, Q, and & for every poten-
tiostatic condition.

Depicting the growth of the oxide coating on Ti during PEO, Eq. (7)
describes the reaction rate of the electrode surface (R, ) according to
Faraday’s law. With the assumption that all Titanium ions participate in
the PEO coating and Ti*" serves as the limiting factor for oxide growth
(Egs. (3) and (9)), we provided Eq. (10) that describes the total coating
thickness L, and which further indicates that the oxide growth is a
function of reaction rate equations 3-10. With the model (Eq. (11)) as
proposed by Pyun et al. [5], the ionic current density is established as a
function of the oxide thickness equation. Hence, Eqs. 7-11 establish an
iterative relationship where the ionic current density is determined from
the oxide thickness, and it becomes an input to determine the next oxide

thickness Eq. (16).

t
M
Li=Lo+ [2dilmo: (16)
J Fayprio,
Plugging in Eq. (15) which is an improvement from Eq. (11) into Eq.

(16) provides a means of predicting oxide growth for our system across a
range of potentiostatic conditions. In other words, Eq. (16) makes
voltage the only input to determine oxide thickness for the PEO of Ti-
tanium in our electrolyte.

In Fig. 9, the experimental and simulated oxide growth at different
potentiostatic conditions is shown assuming that all Titanium ions
participate in the PEO coating. The simulated oxide growth is based on
Eq. (16), and it is found that the speed of the oxide thickness growth
decreases over the entire treatment time due to the exponential decay of
current density under potentiostatic conditions. Also, the oxide coating
thickness increases rapidly within the first 10 s because of high current
density and then increases slowly due to lower current density at longer
treatment times as seen in Fig. 5. Finally, the values of the overall oxide
coating thickness calculated by simulation are slightly lower than the
values obtained from the experiment under different potentiostatic
conditions. This is due to the non-adjustment of porosity in the model,
unlike the experimental data that incorporates some porosity. Generally,
oxide coating thickness is governed by the currents passing through the
coating, the phase formation, and the porosity of the coating. Further
research should adjust for porosity when providing simulations for oxide
coating thickness.

To confirm that the model can simulate oxide growth at other

potentiostatic conditions different from the previously used conditions,

we obtained the values for parameters P, Q, and & at 300 V by solving
Egs. (12)-(14). These values were used as input in Egs. (11) and (16) to
predict the oxide growth. We also experimentally produced PEO coat-
ings of Titanium with similar treatment times under 300 V conditions to
verify our prediction. In Fig. 10, the simulated and experimental oxide
growth at 300 V is shown displaying similar trends as seen in Fig. 9. The
model prediction shows excellent agreement with the experimental
observations providing further validation to our model. The present
study demonstrates our model’s usefulness in predicting oxide growth
across a range of potentiostatic conditions. The results show that due to
the linear correlation observed in Egs. (12)-(14), a minimum of two
current density decay measurements (from two different voltages) and
oxide thickness from experimental data are necessary within a given
PEO system to predict oxide thickness for any other specified voltage
and time condition for that system.

As noted earlier, modeling of the PEO treatment under potentiostatic
conditions is more challenging compared to the galvanostatic case since
in the former the current density decays sharply within the first few
seconds of processing. Thus, a fast coating growth rate is expected
initially that drops substantially with time. On the contrary, in the gal-
vanostatic case, the current density remains constant and as a result, the
coating growth rate does not change as much with time. This is
demonstrated in Fig. 11 that presents the average coating growth rate as
a function of the cwrent density under potentiostatic (current study)
versus galvanostatic control using data from PEO of Ti in the same
electrolyte from our previous studies [29]. It is clear that a very high
growth rate prevails initially in the potentiostatic case that lasts for very
short time due to the sharp current decay resulting in relatively thin
coatings. Comparatively, in the galvanostatic case, the current density is
constant relative to time producing a growth rate that can be maintained
for longer time resulting in thicker coatings.

4. Conclusion

We developed an experimentally informed computational model,
building upon existing theoretical frameworks, enabling us to predict
oxide growth as a function of applied voltage and treatment times
during PEO of Titanium in an electrolyte of 0.02 M KOH and 0.01 M
K4P207. By incorporating experimental data into the model, we have
successfully captured the interdependency between oxide thickness and
ionic current density, providing a versatile tool for predicting coating
growth under different potentiostatic conditions.

Data were collected from current density decay and oxide thickness
for 450, 400, and 350 V. A linear relationship was discovered between
the model parameters and the applied voltage. Based on this model, the
oxide growth for an applied potential of 300 V was predicted being in
excellent agreement with the experimental measurement.
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