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ABSTRACT

Zircaloy-4 (Zr-4) is used as a fuel cladding material in Pressurized Water Reactor (PWR). Zr-4 as
a cladding material works in extreme conditions in pressurized water up to 150 atm at 325 °C. In
addition, the refuelling process in the reactor requires surface protection of the clay material to
minimize corrosion and wear. One of the raising methods to enhance the corrosion resistance of the
Zr-4 is by plasma electrolytic oxidation (PEO). Characteristics of the ceramic oxide layer produced
by PEO are influenced by current density, type and composition of the electrolyte, and voltage
mode. One of the challenges in the PEO development on the Zr-4 substrate is a high porosity with
a range of 5%-20% and the low number (below 6%) of t-ZrO, phases in the inner and outer layers.
Optimizing the electrical parameters is necessary to overcome this problem. The results of the
literature study show that the cathodic current at the AC voltage plays an important role in
determining the resulting plasma characteristics. Low duty cycle (cathodic current> 50%) produce
plasma with high density, resulting in a low porosity layer. Oppositely, high duty cycle (cathodic
current <50%) produced high content of t-ZrO; increase the mechanical resistance. Two-step PEO
is beneficial in combining the low and high duty cycle to obtain the benefit of each step.
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INTRODUCTION

In 2022, the International Atomic Energy Agency (IAEA) reported that 68% of nuclear power
plants worldwide utilize pressurized water reactors (PWR)™. A crucial component of PWR is
the nuclear fuel cladding, which is made of a zirconium (Zr) alloy. This cladding serves as a
level | protector, preventing the escape of radioactive substances from fission reactions into the
environment. Figure 1 illustrates the historical development of Zr alloys for fuel cladding in
pressurized power reactorsi>=l. Initially, Zr alloys such as Zr-1Sn-1Nb, Zr-2.5Nb, Zr-1Nb, and
zircaloy-2 (Zr-2) were used for nuclear applications. The addition of Cr and Ni to the Zr alloy,
specifically Zr-2 alloy, is sufficient for nuclear reactors with water vapor at a pressure of 1 atm
due to the performance of Cr which can withstand corrosion at low temperatures. However, as
PWR nuclear reactors developed, their thermal efficiency surpassed 40%, surpassing that of
boiling water reactors (BWR) with a thermal efficiency below 35%. This led to the demand for
cladding materials with higher corrosion resistance under high pressures. To enhance the
corrosion resistance of Zr alloy-based cladding material for PWR, a modification was made by
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eliminating the Ni element and reducing the Sn concentration to a maximum of 1.3%. This
adjustment effectively reduces grain boundary corrosion that occurs at high pressures. As a

result, a commercially produced cladding material called zircaloy-4 (Zr-4) was developed. Zr-
4 consists of alloying elements 1.5 wt.% Sn, 0.2 wt.% Fe, and 0.1 wt.% Cr. This alloy is
specifically chosen for PWR fuel cladding due to its impressive corrosion resistance and
reliable mechanical properties, even under pressures exceeding 150 atm®®l. While Zr-4 exhibits
decent corrosion resistance, it is prone to high-temperature corrosion because of fuel burn-up
in reactors with an efficiency of over 40%. Additionally, researchers are currently grappling
with the issue of fretting wear during the refuelling process, which poses a challenge to
enhancing the performance of PWR nuclear fuel cladding. The ultimate goal is to achieve zero
failures in the cladding material®. The corrosion and wear resistance of a material can be
enhanced through the optimization of its chemical composition and surface treatment
methods!™].
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Figure 1. Developments in the use of zirconium alloys for nuclear fuel cladding

Various coating methods have been employed on Zr-4, including electroplating®®, Physical
Vapor Deposition (PVD)Pl, Chemical Vapor Deposition (CVD) [ and Plasma Electrolytic
Oxidation (PEO) ['*131. However, Electroplating generates heavy metal waste*, PVD and
CVD, on the other hand, involve high operating costs due to the need for a vacuum!®!, and long
processing times[*®l. In contrast, PEO represents an environmentally friendly approach for
growing ceramic oxide coatings. The PEO process utilizes an alkaline salt-based solution and
does not require a vacuum or extensive coating time. Essentially, PEO involves anodizing
metals in alkaline salt electrolytes using a high-power supply to excite plasma on the metal
surface, transforming it into an oxide ceramic. Extensive research has been conducted on
coating formation mechanisms and characteristics in aluminium (Al) 2721 magnesium (Mg)
[22-241 titanium (Ti) 25281 and zirconium (Zr) ©?°1. The results have demonstrated significant
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improvements, including a 100-fold increase in corrosion resistance, a 20-fold increase in wear
resistance, and a 2-3 times enhancement in surface hardness compared to the substrate!®°l.

The appearance of plasma is influenced by both the electrical parameters and electrolyte
composition. An electrolyte with a higher electrical conductivity requires less electric field to
generate plasmal®l. At a low DC current density of 30 — 70 mA/cm?, plasma can be generated
at 150 V in an electrolyte containing 30 g/l NasPOs + 30 g/l Na,SiO3z + 30 g/l KOHR2, The
PEO layer, especially the inner part, is rich in SiO> as a result of deposition of the electrolyte
substance, while the outer layer contains a balanced ratio of SiO2/ZrO; as a result of inward
and outward growth of the oxide layer. At a high current density using AC mode, the PEO
layer had a balance SiO./ZrO; and similar composition between the inner and outer layers3l,
The impact of frequency ranging from 28 Hz to 10457 Hz on the coating properties of the Zr
alloy has been studied. The results of frequency optimization indicate that a frequency of
3137 Hz yields a 6% t-ZrO; phase. However, the impact of frequency on the percentage of
pores, which can affect the corrosion resistance of Zr-4 alloy, has not been analyzed. Hence,
this study focuses on the advancement of PEO research on Zr-4, specifically investigating the
influence of AC electrical parameters on coating morphology and composition. The objective
is to obtain optimal electrical parameters for the Zr-4 AC-PEO process based on this literature
review.

METHOD

This research used literature study method to gather information from the reliable sources
including journals, books, and proceedings. The schematic diagrams prepared in this work were
based on the analysis from several publication resources with the main purpose to give a better
understanding on the discussed topics.

Mechanism of plasma electrolytic oxidation (PEO) in zirconium alloys

Figure 2 illustrates the PEO equipment. The set up consists of power supply as a current/voltage
source, the electrochemical cell, and multimeter for measuring the current/voltage output. The
electrochemical cell consisted of specimen as anode and an inert electrode as cathode. Cooling
system is required to maintain the electrolyte temperature stable because during plasma
generation, the local temperature in the electrolyte raises significantly. The electrolyte for PEO
on Zr uses acid, alkaline, or salt-based electrolyte. The resulting PEO coatings composed of
metal cation and anion from the electrolyte. When employing a salt-based electrolyte, such as
NazSiOs, the resulting PEO coating comprises of SiO, and ZrO,%l.

i
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Figure 2. Schematic diagram of PEO equipment
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Figure 3 illustrates the mechanism behind the formation of PEO layers, which occurs through
four stage . In stage |, there is a rapid and linear increase in voltage over time. This initial
stage represents the general anodization, where metal ions are released from the sample's
surface due to charge polarization. As metal ions accumulate and undergo hydrolysis, they
reach a saturation state and deposit on the surface, forming a thin layer called a barrier layer.
The thickness of the barrier layer, ranging from 40 to 940 nm, depends on the electrolyte and
electrical parameters applied®"-3%. The charges continue to accumulate on the dielectric barrier
layer with time. When the electric field reaches 3 — 30 MV/m, leakage of the dielectric layer
occursil. In Stage I, when the applied voltage surpasses the breakdown value, dielectric
breakdown occurs, resulting in plasma spark discharge. Small white plasma sparks appear to
flash on the metal surface. White plasma has a temperature of 4000 -5000 K with an intensity
of 100-200 sparks/ms[*'42l, The plasma is formed through the tunnelling of electrons from the
dielectric layer. However, another theory suggests that plasma is generated by a cloud layer
surrounding the metal surface when a high electric field is reached, the cloud layer triggers a
plasma spark through the dielectric layer, similar to natural lightning phenomenat®l. In this
stage, current flow becomes concentrated in the damaged area, forming a tunnel. Within the
plasma, a thermo-chemical and metallurgical reaction takes place between the molten metal
from the substrate and ions from the electrolyte, resulting in the formation of molten oxide.
The high pressure within the plasma expels the molten oxide from the bottom, propelling it
onto the surface. This event is analogous to a volcanic eruption expelling hot lava. As the
coating thickens, it becomes more challenging to excite the plasma. Consequently, the voltage
continues to rise until it reaches a critical voltage range of 250-570 V for zirconium-based
metals*+45. At this critical voltage, locally emitted plasma exhibits a higher intensity. The
colour of the plasma changes to orange or reddish. In stage 111, continuous melting, and oxide
layer formation cause fluctuations in cell potential. Stage 1V is characterized by the formation
of an electrical cloud comprising both positive and negative ions, which become trapped as
they are unable to penetrate the thicker oxide layer. The release of gases and vigorous splashing
leads to the creation of large pores and cracks in the oxide layer. Some of these ions can
recombine into gas, triggering the production of additional large pores and cracks. Moreover,
when provided with continuous electrical energy, some of these ion clouds can once again
induce plasma sparks with softer characteristics. These sparks exhibit smaller sizes but occur
simultaneously both inside and outside the oxide layer. Some researchers refer to this plasma
stage as soft plasmal*®,

The plasma emitted during PEO can be observed using various instruments, including an
oscilloscope to record waveform, voltage, current, and frequency data, as well as a high-speed
camera to capture the shape, size, and duration of the plasma. These tools facilitate the
generation of soft plasma profile data during the PEO process.

The discrepancies between PEO stages when using DC and AC voltage sources are only
noticeable on a micro time scale, specifically in the range of milliseconds. PEO with an AC
voltage source involves fluctuating positive and negative voltage and current values. On the
other hand, PEO with a DC voltage source does not exhibit negative voltage or current.
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Figure 3. Illustration stages in PEO as a function of time using constant DC current mode

Effective parameter on PEO in general

Figure 4 demonstrates the influential parameters that affecting the properties of PEO coating.
The electrolyte composition and substrate material are two intrinsic factors crucial for
achieving the desired microstructure and phase composition of the coating®’l. The electrolyte
contains anions and cations that involves in the formation of the oxide layer. The type of
electrolyte affected the properties of the deposited layer, including pore size, morphology,
constituent phases, and corrosion resistance. Electrolytes containing aluminate, silicate and
phosphate are commonly employed to enhance the coating properties of Zr alloyst e, Silicate-
based electrolytes with concentrations of 16, 31, 48, and 56 g/L resulted in growth rates of 2.3,
2.6, 2.9, and 9.7 um/min during the PEO process*,

Low temperatures (below 20 °C) promote the stabilization of the t-ZrO; crystalline phase as
they accelerate solidification. However, temperatures below 10 °C result in weak oxidation,
yielding a thin layer with lower hardness, approaching the substrate hardness value in the range
of approximately 164-200 HV for Zr-4 hardnesst®52, High temperatures (above 20°C)
increase the dissolution of the oxide film, significantly reducing the coating thickness and
hardness to around 10-20 pm®354, Therefore, the processing temperature for zircaloy is
maintained within 10 °C. The PEO duration directly affects the layer thickness, with a critical

limit of 90 min. Longer than the critical time, the coating is dissolved back to the electrolyte[®],
Moreover, the increased resistance to layer formation as the thickness of the layer increases,
ultimately halting the oxidation process because no more metal ions are being released from
the substrate to form plasmal®®l. Furthermore, longer coating times lead to higher porosity in
the outermost layer, exceeding 20%¢51 and a greater number of cracks(®?%. Hence,
optimizing the processing time is crucial to achieve coating characteristics with minimal pores
and cracks.
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Figure 4. PEO parameters

RESULTS AND DISCUSSION
Development of PEO on Zr alloy

The application of PEO technology for coating has a long history, dating back to 1970 when
Brown coated an Al substrate with a mixture of NaAlO3z and Na,SiO3 solutions(®® Since then,
PEO techniques have been developed for other metals such as Al, Mg, and Ti[25], with a focus
on enhancing corrosion and wear resistance!®”-"X. However, the application of PEO for coating
Zr alloy, specifically as a nuclear fuel cladding material, started in the early 2000s. Juan et
al.l”l conducted PEO coating on Zr-4 using a DC voltage in NaOH electrolyte, resulting in a
4.7 um thick coating and a corrosion current density of 0.018 pA/cm2. Pauporte et al.[”®l also
used a DC voltage to produce a 3.2 um thick ZrO; layer on Zr metal, achieving a Faraday
efficiency of 25%. Chen investigated the effect of pulsed DC voltage with a frequency of 2000
Hz, which increased the wear resistance by nearly 2 times compared to the substrate["“l, Zhou
et al.["®1, Matykina et al[76]and W. Xue et al.'1 employed an AC power source in NazSiO3
electrolyte to create wear-resistant ZrO; coatings on Zr alloy. Researchers have found that the
characteristics of PEO coatings depend on various process parameters, including electrolyte
composition, current density, and time. Several studies focusing on improving corrosion
properties of PEO coatings on Zr alloys are summarized in Table 1.

Table 1 presents the application of PEO for coating Zr alloys using a mixture of sodium silicate
(NazSiOs3), sodium phosphate, and potassium hydroxide. The addition of NaxSiOs electrolyte
enhances the coating's growth rate®. Sodium phosphate (NasPO4) electrolyte, on the other
hand, plays a crucial role in stabilizing the distribution of plasma. It acts as a buffer solution,
maintaining the solution’s conductivity stable. As a result, the voltage deviation during stages
2 and 3 on the Vt curve is only around £5-10 V, compared to using only sodium silicate
(Na2SiOs) which exhibits a larger deviation of +100-250 /€21,
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Table 1. History of PEO coatings on zirconium alloys and the characteristics of the resulting coatings

PEO Parameters

Layer Characteristics

Substrate
Researcher
type ZrO2
Electrolyte voltage Electrical crystalline Layer )
type parameters phase morphology/porosity/crack/thickness
composition
Juan et al., : i=100 m-ZrO2 =99% 4.7 um thick, Surface pores not clearly
200572 2r-4 NaOH be mA/cm? t-Zr0z2 = 1% visible. Crack at many latitudes
Ying Chenet  Zr-25% 0,8 g/L KOH + pulsating i =250 Tidak dihitun Thickness 5.3 — 5.7 um, very little
al., 2010)[78l Nb 8 g/L NazSiO3 DC mA/cm? g surface porosity (<1%), very dense
cross section, little crack
. . 5 pum thick
Matykina et - 2,8 g/L KOH + . i=100 m-ZrO2 = 98% -
9] zirloTM . Bipolar AC 2 ) — 2 There are no pores on the inner layer
al., 2010 30 g/L Naz2SiO3 mA/cm t-Z2r02 = 2% but many pores are found on the outer
layer
Xue etal., Zr-2.5% . . m-ZrO2 = 98% 25 -240 pm thick, 25 pm thick has
201007 Nb NazSi0s +KOH  Bipolar AC 200V t-Zr02=2%  more pores than 240 pum thick both on
the surface and cross section
_ 4 — 5 pum thick, many pores and
- = 0,
\;:Vl %ig%gt Zr-4 i(%lyLKl\?aTSJirOa Bipolar AC V=550V rr;gg; _ 21)07/0@ pancakes are found on the surface but
" in cross-section the layer appears to be
non-porous
Parthenov, Zr-INb 1 g/L KOH +2 Unipolar V=570V m-ZrO2 = 94% 10 — 15 pum thick, the higher the
2019034 g/L NazSiO3 AC - t-Zr02 = 6% frequency applied the fewer pores on
the surface
- L m-ZrO; = Thickness of 120 pm, the longer the
l\;lla lazyé)zgéﬁgt Zr-702 ig %LN};%T'O * Bipolar AC rln,_Alzc?gz 100% PEO time the more pores on the
. 9 2913 t-Zr02 = 0% surface but the fewer pores on the
Cross section
. . Thickness of 70 -78 pum, increasing
= - = 0, ’
Nzcl)‘zlf[ggl" Zr-2 é g;:: Eg‘;i 83 Bipolar AC rln A/lcsn?z nlggz _ 205/0/0 the concentration of Na2SiOs can

reduce the porosity on the surface and
Cross section

i = current density; V=voltage

Effect of Stress Mode on the Characteristics of the PEO Zr-4 layer

Pulsed AC and DC mains modes offer greater control over the chemical processes of plasma
compared to normal DC modes, resulting in more uniform coatings with reduced porosity and
strong adhesion to the substratel®]. Researchers have also explored the influence of the hybrid
mode (AC+DC) to investigate the microstructure and properties of PEO coatings[®+&d],
Yonghao!®®! compared the differences in the characteristics of the PEO layer with the AC and
DC voltage modes where the PEO layer with the AC voltage mode has fewer pores but is

thinner. Additionally, PEO coatings formed with AC voltage can effectively cover pores that
may have been caused by hydrogen gas trapped during the cooling process. In the AC voltage
mode, the pores in the plasma discharge channel can be effectively closed due to the interaction
between the negative current and positive ions from the substrate. This reaction occurs with the
negative electrolyte ions that originate from the trapped gas evolution within the discharge
channel®1. AC voltage, particularly with bipolar pulses, has a negative voltage component that
helps reduce the trapped hydrogen gas'®!. This is opposite with the DC voltage mode, which
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applies a continuous positive voltage during layer formation, leading to the accumulation of
hydrogen gas and the formation of pores within the PEO layer.

During the PEO process, hydrogen gas is generated due to the electrolysis of water. This gas
becomes trapped within the plasma formation channel, also known as the discharge channel.
In the DC voltage mode, continuous plasma formation prevents a significant amount of
hydrogen gas from cooling down and returning to the electrolyte solution. As a result, the
trapped hydrogen gas contributes to the formation of pores, as depicted in Figure 5.

Electrolyte

Gas Bubble

Substrat Zr-4

[ Discharge Channel |

Figure 5. lllustration of gas bubbles formation during PEO

Oxide films can be generated through AC current or continuously pulsed bipolar regimes,
utilizing both positive and negative waveform values. These conditions result in slower layer
formation but significantly increased hardness. Arrabal et al.[® observed that pore closure can
form during the PEO process using the AC regime when the voltage is on the negative cycle.
Basically, the change in voltage after stage 3 is associated with a decrease in intensity and the
appearance of micro-charges, which is referred to as soft sparking. Interestingly, according to
research by Matykina et al.["® the phenomenon of soft sparking, which utilizes AC voltage and
a silicate electrolyte, occurs in stage 3 and after a prolonged processing time.

Effect of electrical parameters on AC voltage on the characteristics of the PEO layer

The PEO coating process using AC voltage mode is affected by various electrical parameters,
including the phase between voltage and current density, duty cycle, frequency, and waveform.
This study aims to explore the impact of these electrical parameters on the morphology,
thickness, mechanical properties, and corrosion resistance of the PEO coating. The surface
morphology and cross-section of the PEO coating are crucial characteristics as they determine
the thickness, uniformity, and porosity, which directly influence its mechanical properties and
corrosion resistance. Previous studies have demonstrated that porosity exhibits an inverse
linear relationship with wear and a logarithmic inverse relationship with corrosion

resistancel®!. This is due to a high percentage of pores, which increases surface friction and
susceptibility to abrasion, resulting in lower wear rates®t. Additionally, the presence of a
significant number of pores in the coating facilitates corrosion reactions between the substrate
and the electrolyte in the surrounding environment through these pores. The following
discussion will delve into the influence of electrical parameters in the PEO process using AC
voltage mode on the characteristics of the resulting PEO layer.
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a. Duty cycle

The duty cycle represents the duration of the high voltage period in a signal period and is
expressed as a percentage ranging from 0% to 100%. A low duty cycle corresponds to higher
maximum voltage and plasma voltage. When a duty cycle below 50% is applied, it leads to
micro-discharges with higher spatial density but lower intensity. These milder micro-
discharges result in smaller craters. On the other hand, applying a duty cycle above 50% during
the PEO process causes the plasma to increase in size but decrease in quantity, particularly with
longer durations. Dehnavil® conducted research on the impact of low (<50%) and high (>50%)
duty cycles on the distribution of silicon elements derived from Na,SiOs3 electrolytes. The
findings of these studies revealed that the behaviour of the plasma, influenced by different
electrical parameters, affects the distribution of silicon. A duty cycle below 50% leads to a
lower concentration of Si on the surface and a more uniform distribution of Si throughout the
coating. This phenomenon can be attributed to the higher plasma density associated with a duty
cycle below 50%12°1,

b. Frequency

Higher applied frequencies in the PEO process result in fewer surface pores and a more uniform
phase distribution on the surface. This is because the alternating voltage and high frequency
help to cover partially closed channels formed during the PEO process®3l. However, the
difference becomes less significant with a very wide frequency range. Parfenov®4 conducted
research on the phase composition of ZrO produced in the PEO process of zirconium alloy
using different frequency parameters. According to Table 2, increasing the applied frequency
leads to an increase in the corrosion potential of the zirconium alloy, indicating higher
corrosion resistance. At higher frequencies, the t/m- ZrO, phase ratio is greater compared to
lower frequencies. This is because the high-frequency AC voltage restricts the formation of the
t- ZrO, phase, which typically occurs at high temperatures. Sabouri®®! added that the t- ZrO;
crystal structure has a higher atomic density, making it more resistant to corrosion reactions.

Table 2. the effect of the applied frequency on the corrosion properties and the phases
formed in the zirconium alloy®*!

Frequency Corrosion characteristics XRD Analysis Results (%)
(Hz) Ecorr (V) leorr (10-4 AIM2)  a-Zr  m-ZrO; t- ZrO,
0 -0.15 29.0 100 - -
62 -0.11 13.0 - 97 3
713 -0.11 4,5 - 95
3137 -0.08 4.0 - 94 6
CONCLUSION

Based on the literature review, the following conclusions are made: Combination of alkaline
salts Na>SiOs, NasPO4, and KOH is preferable to obtain the benefit of each ions in producing
better PEO coatings performance on Zr-4. Silicate ions produce SiO2, improving wear
resistance. Phosphate ions triggers strong plasma generation, creating higher crystalline oxide
product. KOH electrolyte has a higher solution conductivity, enabling immediate plasma
formation at a low voltage. The electrolyte temperature should be maintained between 5-10°C
to facilitate solidification and promote the formation of a crystalline phase on the oxide layer.
The recommended AC voltage mode for PEO on zircaloy is bipolar voltage with a range of 50-
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570 Vms. This allows for better observation of the fine plasma, which plays a crucial role in
determining layer quality. Duty cycle in the range of 25-75% is suitable for the PEO process
on zircaloy. Lower duty cycles result in microdischarges with higher spatial density but lower
intensity, while higher duty cycles produce stronger micro plasma discharges with reduced
quantity, particularly over longer durations. And frequencies ranging from 50-500 Hz are found
to be most effective for the PEO process.
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