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ABSTRACT 
A REVIEW ON HIGH-TEMPERATURE STEAM OXIDATION RESISTANCE OF ZIRCONIUM 
CLADDING MATERIALS SUBJECTED TO PLASMA ELECTROLYSIS. Zirconium alloys, such as 
Zircaloy-4 and ZIRLO, are the standard cladding materials in pressurized water reactors (PWR) 
due to their low neutron absorption and corrosion resistance. Yet, under loss-of-coolant accident 
conditions, rapid steam oxidation above 900 °C accelerates hydrogen uptake, embrittlement, and 
cladding failure. Plasma electrolysis (PE) has emerged as a promising surface modification 
strategy, directly converting the Zr surface into a ZrO₂-based ceramic layer with strong adhesion, 
phase stability, and enhanced oxidation resistance. This review provides a comprehensive 
overview of PE coating formation, emphasizing anodic oxidation, plasma microdischarge, and 
incorporation of electrolyte-derived elements that tailor microstructure and tetragonal ZrO₂ 
stabilization. Comparative assessments show that PE-coated claddings delay breakaway oxidation, 
suppress oxygen diffusion, and maintain structural integrity better than bare alloys or many physical 
vapor–deposited coatings. The influence of coolant chemistry, irradiation effects, and thermal 
cycling on long-term coating durability is also evaluated. Remaining challenges include controlling 
thickness, mitigating phase transformation, and ensuring irradiation stability. Addressing these 
issues will be critical to realizing PE-coated zirconium as a viable accident-tolerant fuel cladding for 
advanced nuclear reactors. 
 
Keywords: Pressurized Water Reactor, cladding materials, zirconium alloys, plasma electrolysis, 

steam oxidation resistance.
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INTRODUCTION 
Zirconium (Zr) alloys (e.g., Zircaloy-

4, ZIRLO) serve as the primary cladding 
material in water-cooled nuclear reactors due 
to their exceptional combination of low 
thermal neutron absorption cross-section, 
mechanical strength, and corrosion 
resistance in high-temperature aqueous 
environments. As the first barrier to the 
release of radioactive fission products to the 
coolant, the integrity of the cladding is critical 
to ensuring the safe operation of nuclear 
reactors. However, a major concern during 
reactor operation is the corrosion of Zr in 
water, which results in the generation of 
hydrogen gas. A portion of this hydrogen is 
absorbed into the Zr alloy, a phenomenon 
known as hydrogen pickup. When the 
hydrogen concentration exceeds the 
solubility limit in the metal, Zr hydride (ZrHₓ) 
precipitates form within the cladding [1]. 
These hydrides are brittle and significantly 
degrade the mechanical properties of the 
material. Moreover, under accident 
conditions, such as loss-of-coolant accidents 
(LOCA), cladding temperatures can reach 
over 1000°C [2]. This steam oxidation 
generates brittle zirconium oxide (ZrO₂) 
scales and releases hydrogen, which further 
embrittles the material through hydride 
formation (ZrH) [3], [4]. The resulting 
degradation compromises cladding integrity, 
posing significant safety risks. Mitigation 
strategies for cladding include replacing Zr 
with alternative materials or applying surface 
modifications to existing Zr-based claddings 
[5], [6]. Since Zr replacement requires 
significant changes to reactor core design, 
surface modification is considered the more 
practical and preferred option [6], [7]. 

Several surface modification 
techniques, including physical vapor 
deposition (PVD) and spraying (laser 
spraying and cold spraying) have been 
investigated for Zr cladding [8]. However, 
these often suffer from drawbacks like non-
uniform coverage (e.g., line-of-sight PVD), 
low deposition rate (only a few micrometers 
per hour), the need for complex equipment, 
poor adhesion and loose structure, high 
residual stress, and brittle interfacial phases. 
These flaws make such coatings susceptible 
to crack initiation and spallation under 
operational thermal cycling. In contrast, 
plasma electrolytic oxidation or shortly 
plasma electrolysis (PE), an electrochemical 

surface treatment that creates dense 
adherent ceramic coatings offers promising 
solution. PE grows primarily tetragonal ZrO₂ 
in situ on Zr alloys, forming a strong 
metallurgical bond with a gradual interface 
and a compatible thermal expansion 
coefficient. [9], [10] This inherent structure 
grants PE coatings exceptional resistance to 
thermal cycling-induced delamination, a 
critical advantage for reactor performance.  
The PE coatings also exhibit enhanced 

phase stability (retention of tetragonal ZrO₂ at 
high temperatures), tailored porosity and 
chemical composition (e.g., incorporation of 
Si, Al, or Y to suppress crack propagation) 
[11], [12], [13]. These characteristics enable 
PE-coated Zr alloy to resist high-temperature 
steam corrosion, hydrogen uptake, and 
thermal shock-key challenges in LOCA 
scenarios. 

Several studies have demonstrated 
that PE-coated Zr alloys exhibit significantly 
enhanced corrosion resistance compared to 
bare Zr when exposed to high-temperature 
oxidative environments typical of pressurized 
water reactors (PWR). The PE process forms 
a dual-layered ZrO₂-based ceramic coating 
with a dense inner barrier and a porous outer 
layer, which acts as an effective diffusion 
barrier against oxidizing species. Surface 
characterizations after exposure to simulated 
LOCA or steam oxidation tests at 
temperatures above 900 °C reveal that the 
PE coatings maintain phase stability-often 
retaining tetragonal ZrO₂-and structural 
integrity without spallation or crack 
propagation. In contrast, uncoated Zr 
cladding rapidly forms thick, brittle oxide 
scales, undergoes accelerated hydrogen 
pickup, and suffers from severe 
embrittlement and fragmentation. The 
protective nature of the PE coating not only 
delays oxidation kinetics but also preserves 
the mechanical reliability of the cladding 
under extreme conditions. These findings 
support the potential application of PE 
technology as a surface engineering strategy 
to improve accident tolerance in Zr-based 
nuclear fuel cladding. 

A comprehensive review on high 
performance Zr-alloy cladding materials via 
direct reformation of its surface via plasma 
electrolysis is rarely found in literature, yet it 
is required to provide the integrated 
perspective on the structural integrity and its 
performance respective to current demands 



 
Urania : Jurnal Ilmiah Daur Bahan Bakar Nuklir Vol. 31 No. 2 (2025) 67 – 82 

 
A Review on High-Temperature Steam Oxidation Resistance of  
Zirconium Cladding Materials Subjected to Plasma Electrolysis 
(Nisa Nashrah, Cahya Krisnawati Marbun, Akbar Ridho Saputra, Juan Carlos Sihotang) 

e–ISSN: 2528–0473 

 

 

DOI: https://doi.org/10.55981/urania.2025.12906 69 
 

in nuclear power reactors. Accordingly, the 
present review systematically examines the 
mechanistic study underlying formation 
mechanisms of PE coatings and their unique 
microstructure and discusses how the 
structural integrity of PE-coated Zr alloys 
would exhibit high oxidation resistance 
mechanisms under reactor-relevant 
conditions.  
 
METHODOLOGY 

This review adopts a narrative 
approach to synthesize and critically evaluate 
the existing literature on the high-temperature 
steam oxidation resistance of Zr cladding 
materials subjected to PE. Unlike bibliometric 
analyses, which emphasize quantitative 
mapping of research outputs, the narrative 
method was chosen to enable a detailed, 
mechanism-focused discussion of the 
underlying scientific phenomena. Relevant 
literature was collected from major academic 
databases (Scopus, Web of Science, and 
ScienceDirect) focusing on publications from 
2015 onward that addressed PE modification 
of Zr claddings and their steam oxidation 
resistance. The inclusion criteria were limited 
to peer-reviewed journal articles and review 
papers written in English that specifically 
addressed (i) PE treatment of Zr or its alloys, 
and/or (ii) the steam oxidation behavior of 
such treated materials at elevated 
temperatures. Exclusion criteria included 
publications that focused solely on unrelated 
applications of PE, or reports lacking 
mechanistic discussion of oxidation 
resistance. The selected literature was then 
thematically organized into two main aspects: 
(1) PE coating formation mechanism on Zr, 
and (2) oxidation resistance of PE-coated Zr 
at high temperature. This framework enabled 
a qualitative synthesis of current knowledge 
while highlighting areas of consensus, 
divergence, and remaining research gaps. 

 
FORMATION MECHANISM OF PE-
COATED Zr ALLOYS 

During PE process of Zr alloys, 
various electrolytes such as silicate, 
aluminate, and phosphate can be employed, 
often resulting in the incorporation of Si, Al, 
and P into the ZrO₂-based coating [14]. 
However, for Al and Si, their presence is 
generally not a concern, as these elements 
are commonly used as coating materials or 
as alternative cladding materials themselves 

[8]. The surface morphology often exhibits a 
characteristic volcano-like structure, which is 
attributed to the ejection of molten oxide 
under the influence of high-temperature 
plasma microdischarges, followed by rapid 
quenching of the surrounding electrolyte [15]. 
The resulting oxide layer consists 
predominantly of monoclinic (m-) and 
tetragonal (t-) zirconia (ZrO₂) phases, with 

occasional formation of cubic (c-) ZrO₂. 
Among these three crystallographic phases 
of ZrO₂, the m-ZrO₂ is thermodynamically 
stable at ambient temperature, whereas the  
t- and c-ZrO₂ phases are stable at elevated 
temperatures. However, the extremely high 
plasma temperatures, which can exceed 
5000 °C during the PE process, facilitate the 
formation of the high-temperature t- and  
c-ZrO₂ phases, which are retained due to the 
rapid cooling conditions [8], [16]. The 

retention of t-ZrO₂ at room temperature is 
facilitated by mechanisms such as the grain 
size effect or constraint-induced stabilization 
[17]. 

The PE coating growth on Zr involves 
three main mechanisms [18]. The first is 
anodic oxidation, which consists of 
electrochemical reactions occurring under a 
strong electric field, inducing ion migration at 
the metal–electrolyte interface. Zr⁴⁺ ions were 
generated at the coating/substrate interface. 
Zr4+ then reacts with OH- from electrolyte, 
such as when KOH or NaOH is added to 
electrolyte, leading to formation of a passive 
ZrO2 layer on the Zr surface, as shown in 
reactions (1) and (2) below: 

𝑍𝑟 → 𝑍𝑟4+ + 4𝑒−     (1) 

𝑍𝑟4+ + 2𝑂𝐻− + 2𝐻2𝑂 → 𝑍𝑟𝑂2 + 2𝐻3𝑂+   (2) 

As the anodizing voltage increases, 
dielectric breakdown occurs, which is 
characterized by plasma microdischarges. 
These microdischarges generate extremely 
high local temperatures, representing the 
second mechanism of the process. 
Consequently, both the substrate and the 
oxide layer undergo melting. Liu et al. 
observed an oxide layer enriched with Zr, 
providing evidence of a significant 
contribution from the Zr substrate [18]. Thus, 
Zr originates from the substrate and oxide, 
while the oxygen derives from both the oxide 
and the electrolyte. During this stage, species 
from the electrolyte also participate in the 
oxide formation. For instance, in aluminate-



 
e–ISSN: 2528–0473 Urania : Jurnal Ilmiah Daur Bahan Bakar Nuklir Vol. 31 No. 2 (2025) 67 – 82 

 
A Review on High-Temperature Steam Oxidation Resistance of  
Zirconium Cladding Materials Subjected to Plasma Electrolysis 

(Nisa Nashrah, Cahya Krisnawati Marbun, Akbar Ridho Saputra, Juan Carlos Sihotang) 

 

 
70 DOI: https://doi.org/10.55981/urania.2025.12906 

 

based electrolytes, aluminate ions (AlO2⁻) 
react with water to form hydroxyl complexes 
such as Al(OH)4⁻, as shown in reactions (3). 
These negatively charged anions, along with 
OH⁻ ions, migrate toward the Zr anode under 
the influence of the applied electric field. 
Upon reaching the high-temperature plasma 
discharge zones, these anions react with Zr⁴⁺ 

ions released from the Zr substrate, leading 
to the formation of a composite oxide layer 
consisting of ZrO2 and alumina (Al2O3), as 
represented by reactions (4) and (5) below 
[19], [20]. The amorphous Al oxide was 
formed as a rapid-quenching product from 
the reaction between Al(OH)₄⁻ ions and the 
plasma discharge, as represented by 
reaction (6) below [18]. 

 

𝐴𝑙𝑂2
−  + 2𝐻2O → 𝐴𝑙(𝑂𝐻)4

−                (3) 

𝑍𝑟4+ + 4𝐴𝑙𝑂2
− + 2𝐻2𝑂 → 𝑍𝑟𝑂2 + 2𝐴𝑙2𝑂3               (4) 

𝑍𝑟4+ + 4𝐴𝑙(𝑂𝐻)4
− → 𝑍𝑟𝑂2 + 𝐴𝑙2𝑂3 + 2𝐴𝑙(𝑂𝐻)3 + 5𝐻2𝑂             (5) 

4𝐴𝑙(𝑂𝐻)4
− → 2𝐴𝑙2𝑂3 + 2𝑂𝐻− + 3𝐻2𝑂                 (6)

The molten oxides generated by 
plasma discharges are ejected from the 
discharge channels and rapidly quenched 
upon contact with the electrolyte. These 
materials are deposited onto the coating 
surface, contributing to the formation of a 
unique microstructure. The exposed 
substrate subsequently undergoes repeated 
cycles of electrochemical passivation and 
plasma discharge [18]. Figures 1(a) and (b) 
shows a conventional morphological 
structure of surface and cross-sectional view 
of ZIRLO subjected to PE) [21]. Meanwhile, 
Zhang et al. reported a layered strcuture of 
the nanostructured Al₂O₃–ZrO₂ composite 
coating produced after 30 minutes of PE 
treatment as shown schematically in Figure 1 
(c and d). The outermost surface is 
predominantly covered by nanoplate-like γ-
Al₂O₃ grains. Beneath the surface, smaller 
nanoplate or needle-like γ-Al₂O₃ grains are 
distributed in the subsurface layer, with both 
their amount and crystallinity decreasing with 
depth. 

Throughout the coating, both m-ZrO₂ 
and t-ZrO₂ phases are present; however, the 

amount of nanocrystalline t-ZrO₂ increases 
with distance from the substrate, while the 
content and grain size of m-ZrO₂ exhibit the 

opposite trend. The m- and t-ZrO₂ grains are 
embedded within an Al₂O₃ matrix, and the 

concentration of Al₂O₃ increases 
progressively from the inner layer toward the 
outer surface. The formation of nanoplate-like 
γ-Al₂O₃ is attributed to this annealing-induced 
abnormal grain growth. 

The coating surface formed during 
PE includes regions of micro-arc discharges 
and heat-affected zones. In the later stages 

of the PE process, the inward growth 
mechanism becomes more prominent. This 
suggests that the inner region near the Zr 
substrate is newly formed, while the outer 
region undergoes “annealing” in the 
electrolyte rather than rapid growth. As a 
result, the aluminum oxide adjacent to the Zr 
substrate remains amorphous, whereas 
Al₂O₃ closer to the surface becomes 
crystalline.  

 

Figure 1. Morphological structure of Zr oxide 
on ZIRLO (a,b) [21] and a 
schematic diagram showing the 
nanoplate-like structure of PE-
coated Zr in aluminate electrolyte 
(c,d) [17]. 

Additionally, Al₂O₃ plays a dual role 
by both suppressing the t→m transformation 
through constraint mechanism and inhibiting 
the grain growth of ZrO2, resulting in increase 
of nanograin t-ZrO2 with the distance from 
the Zr substrate .The outer layer consists of 
amorphous, micrograined, and nanograined 
ZrO₂, with Al enrichment at grain boundaries 
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in the form of Al₂O₃. The coating growth 
mechanism during PE of Zr can be divided 
into two stages: outward and inward growth. 
In the initial stage, coating formation is 
predominantly driven by the ejection of 
molten oxides, resulting in outward growth. 
As the coating thickens, the growth 
mechanism transitions to inward growth, 
characterized by the formation of subsurface 
pores due to cyclic passivation and melting 
processes.  
 
OXIDATION RESISTANCE AT HIGH 
TEMPERATURE (KINETIC AND 
MECHANISM) 

The corrosion process of Zr alloys 
involves five stages [4]: water molecule 
dissociation, oxygen ion absorption, Zr metal 
oxidation, ZrO2 formation, and hydrogen 
reduction. The rate of corrosion is largely 
determined by the migration of species such 
as electrons, oxygen ions, hydrogen ions, 
and hydroxide ions [22].  

Corrosion tests for PE-coated Zr as 
nuclear cladding are commonly conducted in 

solutions containing H₃BO₃ (boric acid) and 
LiOH (lithium hydroxide) to simulate PWR 
coolant conditions. In PWR, boric acid is 
added to coolant to control nuclear reactivity, 
while LiOH serves as a pH regulator to 
minimize corrosion of reactor structural 
components and to prevent the deposition of 
corrosion products on the cladding surface. 
These aggressive ions should be prevented 
from penetrating the Zr substrate, and this 
protection largely depends on the structure 
and integrity of the PE coating.  

The effect of the structure of PE 
coatings on corrosion performance has been 
widely studied since morphology plays a 
critical role in determining the coating’s 
resistance to corrosive environments. Wang 
et al. reported that in PE coating formed using 
phosphate electrolytes, the transformation of 
t-ZrO₂ into m-ZrO₂ results in a porous and 

cracked coating [14]. Consequently, the 

corrosive solution can penetrate the Zr-4 
substrate through localized pores and cracks 
in the barrier layer, leading to substrate 
corrosion. In contrast, PE coating in silicate 
electrolyte-characterized by a high content of 
t-ZrO₂ and a compact microstructure-offers 
better protection by effectively hindering the 
penetration of corrosive ions into the 
substrate. Corrosion mainly occurs due to 
degradation of the PE coating over prolonged 

exposure, which eventually leads to substrate 

surface exposure [14].  
Corrosion tests on PE-coated Zr 

have also been conducted under high-
temperature and/or high-pressure conditions. 
The application of PE coatings has been 
shown to reduce the reaction kinetics 
between Zr and steam, as evidenced by the 
lower weight gain observed in PE-coated 
samples compared to bare Zr after the test 
[23]. Steam oxidation of bare and PE-coated 
Zr at 400 °C and 10.3 MPa for up to 105 days 
showed that oxidation of bare Zr primarily 
produced m-ZrO₂, whereas the oxidation of 
PE-coated Zr resulted in the formation of both 
m-ZrO₂ and a small fraction of t-ZrO₂, whose 
proportion gradually decreased with 
increasing exposure time. The oxidation 
mechanism involves the dissociation of water 
at the oxide/water (O/W) interface, 
generating O²⁻ ions and protons (2H₂O → 
4H⁺ + 2O²⁻). The O²⁻ ions migrate from the 
O/W interface to the oxide/metal (O/M) 
interface through the grain boundaries of the 
PE coating, driven by both the concentration 
gradient and the internal electric field. At the 
O/M interface, O²⁻ reacts with Zr⁴⁺ to form 

ZrO₂. Due to the high Pilling–Bedworth ratio 
of Zr, significant compressive stress builds 
up, leading to the formation of metastable t-
ZrO₂. As local stress continues to accumulate 
and reaches a critical level, microcracks are 
initiated, releasing stress. This stress relief 
facilitates the transformation of t-ZrO₂ into a 
more stable m-ZrO₂, particularly near crack 
regions. This phase transformation is 
accompanied by a 3–5% volume expansion, 
which further contributes to the cracking of 
the oxide layer and the progressive reduction 
of the t-ZrO₂ phase [23]. It is worth noting that 
reducing oxygen vacancies may potentially 
restrain the diffusion of oxygen ions, thereby 
lowering the corrosion rate, as observed with 
the addition of Nb or Ge in Zr metals [24], 
[25], [26]. 

 Wang et al. conducted high 
temperature oxidation of bare and PE-coated 
Zr-1Nb alloy from 900 to 1200°C. They 
suggested that the high-temperature steam 
oxidation rate of Zr alloys is influenced not 
only by the phase transformation behavior of 
ZrO₂, the oxide grain size, and the extent of 
hydrogen absorption, but also by the diffusion 
coefficient of oxygen [27] as shown in Figure 
2. As the steam oxidation temperature 
increases, the oxygen diffusion coefficient 
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also rises, resulting in a higher mass gain in 
both samples. Notably, the diffusion 
coefficient of oxygen in metallic Zr is greater 
than that in ZrO₂, as provided by Uetsuka et 
al. as follow [28] based on Arrhenius 
equation: 

𝐾 = 𝐴 𝑒−
𝐵

𝑅𝑇      (7) 

𝐷𝑍𝑟      = 0.0263 exp(−28200/𝑅𝑇)   (8) 

𝐷𝑍𝑟(𝑂) = 3.923 exp(−51000/𝑅𝑇)    (9) 

𝐷𝑍𝑟𝑂2
  = 0.1387 exp(−34680/𝑅𝑇) (10) 

D represents the oxygen diffusion coefficient 

(cm²/s) over the temperature range of 1000–
1500°C, R is the universal gas constant 

(1.987 cal·mol⁻¹·K⁻¹), and T denotes the 
oxidation temperature in Kelvin (K). In bare 
Zr, oxygen can rapidly diffuse into the 
substrate, causing a sharp increase in mass 
gain until a critical threshold is reached. Once 
a thick ZrO₂ layer forms on the surface, the 
rate of mass gain begins to decline with 
continued oxidation time [27]. 

 

Figure 2. Oxygen diffusion coefficient of Zr, 
Zr(O), and ZrO2 [27] 

In the case of PE-coated Zr, the oxide layer 
suppresses oxygen diffusion due to its 
relatively low diffusion coefficient. However, 
at elevated temperatures of 1100 °C and 
1200 °C, the PE coating is degraded by 
significant thermal and growth stresses. The 
formation of a thick oxide layer beneath the 
PE coating further increases internal stress. 
Additionally, the volume expansion 
associated with steam oxidation induces high 
compressive stress in the ZrO₂ layer, 
attributed to the high Pilling–Bedworth ratio of 
ZrO₂/Zr (1.56). This stress leads to 
microcrack formation and surface 
degradation of the PE coating. Consequently, 
the protective function of the PE coating 

against steam oxidation is largely lost at 
temperatures above 1100 °C. After 3600 
seconds of steam exposure at 1200 °C, the 
final mass gains of bare and PE-coated Zr 
alloys become nearly identical [27]. 

In high-temperature corrosion 
studies of Zr alloys, the oxidation kinetics are 
commonly modeled using the equation [21], 
[27], [29]: 

 

(Δ𝑊/𝐴)𝑛 = 𝐾𝑡    (11)  

 
ΔW/A is the mass gain per unit area 
(mg/cm²), calculated from this equation; n is 
the oxidation rate exponent, K is the rate 
constant influenced by temperature and 
material properties, and t is the oxidation time 
in seconds. This equation serves as a 
powerful tool to quantify the oxidation rate 
under varying steam conditions, to identify 
the breakdown of the protective oxide layer 
(evident from a transition from parabolic to 
linear kinetics), to fit experimental data and 
extract kinetic parameters, and to evaluate 
critical thresholds of steam concentration and 
flow rate for ensuring safe cladding 
performance. 

To describe the temperature 
dependence of the oxidation rate constant K 
for PE-coated Zr alloy during high-
temperature steam exposure, the Arrhenius 
equation is employed. By fitting experimental 
data obtained from oxidation tests at various 
temperatures the authors determined the pre-
exponential factors A and B. Incorporating 
these values into the Arrhenius model allows 
for the prediction of oxidation kinetics across 
a range of temperatures without requiring 
extensive experimental testing. 

The corrosion resistance of the PE-
coated Zr has been evaluated under a 
nitrogen atmosphere, revealing linear 
oxidation kinetics (n = 1). Despite exhibiting 
the same kinetic order as the bare Zr, the PE-
coated samples showed a considerably lower 
mass gain rate, indicating improved oxidation 
resistance due to the protective 
characteristics of the coating [21]. Guan et al, 
as shown in Figure 3 (a), demonstrated that 
oxidation of PE-coated Zr alloy at 1000 °C 
under sufficient steam supply (without steam 
starvation), the oxidation follows a parabolic 
law with n = 2, indicating diffusion-controlled 
kinetics and a stable protective oxide layer 
[29]. After 2000 s, breakaway oxidation 
occurred, indicated by rapid increase in mass 
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gain rate. Breakaway oxidation occurs when 
the compressive stress in the oxide layer 
causes the mechanical break of the oxide 
layer. The PE coating significantly prolongs 
the onset of breakaway oxidation, delaying it 
to 1800 s compared to 1200 s for the bare Zr 
substrate at 1000 °C under 50% steam [21]. 
The oxidation kinetics of bare Zr follow a 
parabolic rate law (n = 2), indicating diffusion-
controlled behavior. In contrast, the PE-
coated sample exhibits a lower exponent (n = 
0.5), suggesting a more protective oxide 
layer, as depicted in Figure 3 (b) and (c). 
However, after the onset of breakaway 
oxidation, both bare and PE-coated show a 
linear mass gain (n=1) [21]. The mechanism 
was proposed in Figure 4. 

In bare Zirlo alloy, the diffusion of 
oxygen into the substrate occurred in the 
beginning to form an oxygen- stabilized  
a-Zr(O) which is then oxidized to form ZrO₂. 
As the ZrO2 thickens, it further slows oxygen 
diffusion, leading to parabolic mass gain 
behavior in the pre-transition stage. While 
during the pre-transition stage nitrogen plays 
a minimal role, In the post-transition stage, 
limited oxygen availability near the metal-
oxide interface creates Nitrogen rich 
conditions, facilitating formation of ZrN. This 
ZrN is further oxidized into ZrO₂. The 
repeated formation and oxidation of ZrN 
leads to corrosion, resulting in a linear mass 
gain. In the case of PE-coated Zirlo, a 
compact structure of PE layer initially 
suppresses oxygen ingress, delaying the 
formation of a-Zr(O) and ZrO2 which cause 
earlier oxygen lacking at the interface. This 
promotes earlier ZrN formation compared to 
bare Zirlo alloy. The re-oxidation of ZrN to 

ZrO₂ also occurs, but both O and N diffusion 
remain limited by the protective PE layer, 
leading to a slower initial mass gain with 
parabolic kinetics. In the post- transition 
stage, although a porous ZrO₂/ZrN ZrN layer 
develops, the PE layer continues to act like a 
barrier, maintaining a lower and more stable 
corrosion rate than that in bare Zirlo alloys. 
Thus, the oxidation follows a linear trend but 
with delayed transition and improved 
resistance. 

In addition to water, the addition of 
LiOH and H₃BO₃ also affects the corrosion of 
Zr. Wei et al. reported that LiOH significantly 
accelerates the corrosion rate of Zr alloy 
during autoclave corrosion test in 300 °C and 
14 MPa [30]. In bare Zr, the thickness of the 

passive oxide layer increases with rising 
LiOH concentration. However, PE-coated 
samples exhibit lower weight gain under the 
same conditions. They further investigated 
the mechanism by which, in alkaline solutions 
containing OH⁻, both the PE surface and the 
passive oxide layer acquire a negative 
charge, promoting the diffusion and 
incorporation of Li⁺ ions into the oxide. These 

Li⁺ ions can substitute for Zr⁴⁺ in the lattice, 
increasing the concentration of oxygen 
vacancies and thereby enhancing O²⁻ 
diffusion.  

 

Figure 3. Kinetic oxidation of bare Zr and PE-
coated Zr alloys under steam 
oxidative environment at (a) 
1000°C [21], (b) 1100°C, and (c) 
1200°C [27]. 
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Figure 4. Schematic diagrams of the 
corrosion mechanisms for bare 
ZIRLO alloy (a) and PE-coated 
ZIRLO alloy in the N₂ + steam 
environment at temperatures above 
900 °C [21]. 

The PE coating typically exhibits a 
higher (more negative) zeta potential, which 

may reduce the adsorption of Li⁺ ions [31]. 
However, the presence of pores and 
microcracks on the PE surface facilitates Li⁺ 
penetration into the porous outer layer. 
Despite this, Li⁺ ions are largely retained 
within the PE coating and are prevented from 
reaching the substrate due to the presence of 

the dense inner barrier layer [30].  
A similar observation was reported 

by Jiang et al. who conducted an autoclave 
corrosion test of ZrO2-coated Zr4 in water at 
360°C and 18.5 MPa under varied LiOH 
concentrations [22]. In pure water and in 
solutions with low LiOH concentrations, 
pitting corrosion was the predominant form of 
localized attack, and the ZrO₂ coating offered 
effective protection for the underlying 
substrate. The corrosion resistance of the 
coating under low LiOH conditions is 
influenced by several factors, including the 

progression of pitting corrosion, increased Li⁺ 

ion penetration, short-circuit diffusion of O²⁻ 
ions, and phase transformation of ZrO₂. 
However, in solutions containing highly 
concentrated LiOH, coating degradation is 
primarily attributed to intergranular corrosion, 
internal oxidation, and through-thickness 
perforation caused by the ingress of LiOH 
[22]. Jiang reported that a higher 
concentration of oxygen vacancies 
contributes to increased tetragonality of ZrO₂ 
caused by ingress of LiOH [22]. This 
phenomenon arises because Li⁺ 
incorporation into the ZrO₂ lattice acts as a 
dopant, promoting oxygen vacancy formation 
that stabilizes the metastable tetragonal 
phase. However, excess oxygen vacancies, 
especially near grain boundaries, facilitate 
microcrack formation and localized stress 
accumulation, ultimately weakening the 
structural integrity of the coating. Additionally, 
the chemical adsorption of water generates 
OH⁻ species that attack Zr–O–Zr bonds, 
promoting Zr–OH formation and inducing 
lattice strain, which accelerates the t- to  
m-ZrO2 phase transformation and 
compromises coating protectiveness. The top 

image in Figure 5(a) illustrated that OH⁻ 
accumulation enhances Li⁺ permeation into 

the ZrO₂, where it enables rapid O²⁻ diffusion 
via oxygen vacancies. This creates a micro-
battery between the negatively charged, 
activated pit interior and the positively 
charged, passivated exterior, accelerating 
corrosion and coating dissolution. Unlike on 
bare Zry-4, the t-ZrO₂ phase stability here is 
governed by compressive stress from coating 
thickness, not oxygen vacancy concentration. 
As illustrated schematically in the bottom 
image of Figure 5(a), the OH⁻ also interacts 

with oxygen vacancies in t-ZrO₂, annihilating 
them and generating tensile stress, which 
further encourages t → m transformation. As 
the grain size of t-ZrO₂ increases beyond 
~30 nm, especially under prolonged 
exposure, the stability of the tetragonal phase 
declines due to surface energy 
considerations, leading to phase 
degradation. These mechanisms promote 
potential differences across regions with 
different crystallinity, initiating pitting 
corrosion that evolves into deep microcracks 
and pore networks. At higher LiOH 
concentrations (e.g., 500 ppm), Li⁺ and OH⁻ 
penetrate deeper into the coating, inducing 
oxidation stress and mismatch-related 
thermal expansion stress, which results in 
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interfacial debonding and severe through-
thickness corrosion. Under combined effect 
of electrochemical and chemical reactions, 
when the outward diffusion of metal ions 
exceeds the inward diffusion of O2–, some net 
metal fluxes are generated, releasing Zr to 
the coating surface to form flocculent ZrO2 
shown in the surface morphologies at the 
bottom image of Figure 5. Ultimately, the 
formation of micro-galvanic cells between 
active pit regions and passive surrounding 
areas, aided by the hydrophilic nature of 
ZrO₂, accelerates localized corrosion and 
leads to a loss of the protective function of the 
coating. 

 
DISCUSSION 

PE and PVD provide distinct 
advantages as surface modification 
techniques for zirconium alloys. PVD 
generally produces a dense and uniform 
layer that effectively serves as a barrier 
against oxidation, yet its limited wear 
resistance can restrict long-term mechanical 
durability. In contrast, PE coatings exhibit 
inherently high wear resistance due to their 
thick, hard ceramic oxide layer, with the 
added advantage that their porous structure 
can be further modified through pore filling to 
tailor functional properties. Despite these 
structural and mechanical differences, the 
overall weight gain observed during  
high-temperature oxidation tests is generally 
comparable between PVD- and PE-coated 
samples, indicating similar performance in 
terms of oxidation kinetics. Table 1 
summarizes the results of high-temperature 
oxidation tests of Cr and PE coatings on  
Zr-based alloys. 

Since neutronic economy is also a 
vital consideration for fuel cladding, the 
influence of such a coating on neutron 
absorption must be carefully evaluated. The 
ZrO2 layer imposes a negligible neutronic 
penalty because oxygen possesses an 
exceptionally low thermal neutron absorption 
cross section (0.00019 barn), which is orders 
of magnitude lower than that of Zr itself  
(0.18 barn) and markedly lower than key 
alloying elements in Zr alloys, such as Cr 
(3.05 barn), Fe (2.56 barn), Sn (0.63 barn), 
and Nb (1.1 barn) as well as other common 
coating elements like Si (0.16 barn) [8]. This 
ensures that a pre-formed oxide layer does 
not significantly absorb neutrons or impair 
reactor efficiency. 

 

 

 

Figure 5. Schematic on corrosion process of 
ZrO₂ coating on Zry-4 in lithiated 
water (a), and representative 
morphologies of ZrO₂ with 500 ppm 
LiOH at 360 °C/18.5 MPa for 100 h 
(b) [22]. 

 
In addition to its neutronic 

transparency, the irradiation response of 
ZrO2 coatings must be assessed to ensure 
their long-term protective performance under 
reactor-relevant conditions. Hu et al., who 
conducted a detailed microscopy study on Zr-
1.0Nb alloys exposed to both autoclave 
oxidation and in-reactor neutron irradiation 
conditions (fast neutron fluence of 
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4.35 × 1025n/m2, E > 1 MeV), reported that 
under neutron irradiation the Zr oxide 
remains protective and does not show 
evidence of radiation-enhanced corrosion 
after ~5 dPa exposure [45]. Liu et al. 
investigated the effect of 500 keV He⁺ ion 

irradiation on Al2O3–ZrO2 ceramic 
composites at fluences up to 4.0 × 1017 
ions/cm2 and found that ZrO2 exhibits higher 

irradiation resistance than Al2O3 [46]. At room 
temperature, irradiation induces lattice strain, 
volume swelling, and defect accumulation, 
with He bubbles evolving into ribbon-like 
structures and eventually microcracks at 

higher fluence, leading to reductions in 
hardness and elastic modulus. While Al2O3 

suffers pronounced degradation, ZrO2 limits 
amorphization and maintains structural 
stability even under high fluence. At elevated 
temperature (500 °C), partial recovery of 
irradiation-induced defects and an irradiation-
assisted m- to t- transformation in ZrO2 
improve radiation tolerance. Thus, the 
primary degradation mechanism is linked to 
the bubble growth and crack propagation, but 
ZrO2’s resistance and high-temperature 
recovery effects enhance the overall radiation 
tolerance of the composite. 

 
Table 1. Summary of high temperature oxidation test of Cr and PE coating for Zr-based alloys. 

Coating 
material 

Coating 
method 

As-
deposited 
coating 

thickness 

High 
temperature 
oxidation test 

Weight 
gain 

Oxidation performance remarks Ref 

Cr 
Magnetron 
sputtering 

18 µm 

Steam,  
1200 °C (up 
to 240 min) 
and 1300 °C 

(up to 60 
min) 

- 

Cr-coated samples showed much lower oxidation rates 
compared to uncoated zirconium, primarily due to the 
formation of a dense and adherent Cr₂O₃ layer that 

effectively suppressed oxygen diffusion. Cr–Zr diffusion 
layer formed at Cr and Zr interface. 

[32] 

Cr 
Magnetron 
sputtering 

13 µm 
 

Steam,  
1200 °C,  

30–180 min   

28.158 
mg/cm2 

The Cr layer was initially able to protect the Zr substrate 
by forming Cr₂O₃, which functions as a barrier to oxygen 

diffusion. However, after an oxidation time of about 1.5 
hours at 1200°C, the coating began to fail due to the 
redox reaction between Cr₂O₃ and Zr forming ZrO₂ 
within the layer, allowing oxygen to penetrate to the 
substrate. This is indicated by a change in oxidation 
kinetics from parabolic (slow) to linear (fast), although 
the overall oxidation weight remains much lower than 
the sample without coating. 

[33] 

Cr 

Multi 
cathode 
and hot 
target 

magnetron 
sputtering 

Dense 
4.5 μm – 

and 
columnar 

9 μm 

Steam,  
900 °C  

(30 min); 
1050 °C  
(20 min);  
(1200 °C  
(10 min) 

4.13 – 
22.90 

mg/cm2 

A thick columnar Cr coating fully protects Zr from 
oxidation at 1200 °C for 10 min, with thicker coatings 
offering a longer O diffusion paths during Cr 
consumption by Cr-Zr interdiffusion, while at lower 
temperatures protection depends on the dense 
microstructure of intact Cr layers. 

[6] 

Cr 

Multi 
cathode 
and hot 
target 

magnetron 
sputtering 

Dense 
and 

columnar 
4.5 μm; 6 
μm; and 

9 μm 

Steam,  
1400 °C,  

5 min 

25.0 – 
28.4 

mg/cm2 

O and Cr-Zr interdiffusion consume the coatings, with 
columnar structures showing lower oxidation activation 
energi. Columnar coatings stabilize α-Zr by oxygen, 
slowing interdiffusion and maintaining residual Cr. At 
≥1330 °C, rapid Cr-Zr interdiffusion fully consumes the 
coating, leading to direct Zr oxidation with α-Zr(O), ZrO₂ 

growth, and Cr diffusion into β-Zr. 

[34] 

Cr 

High 
power 

impulse 
magnetron 
Sputtering 

14.8 – 
22.5 μm 

Steam;  
1200 °C; 60, 
120, 240 min 

- 

The compact columnar Cr coatings form a thicker, 
dense Cr₂O₃ layer with fewer pores and cracks, which 

over time is reduced as Zr diffuses outward, consuming 
Cr₂O₃ and forming sub-surface Cr and ZrO₂. 

[35] 

Cr 

Radio 
frequency 
magnetron 
sputtering 

27 µm 
Steam;  

1200 °C; 60 
and 120 min. 

- 

A dense Cr₂O₃ layer serves as an effective O diffusion 

barrier, protecting Zr-4 substrates during air oxidation at 
1000 °C and steam oxidation at 1200 °C. 

[36] 

Cr 
Arc ion 
plating 

10 μm 
Steam;  

1200 °C; 
33.3 min 

12 
mg/cm2 

Cr coating remained adherent without spallation, 
forming a protective Cr₂O₃ surface and Cr-Zr 

interdiffusion layer that suppressed α-Zr(O) and ZrO₂ 
growth, thereby retaining ductility under LOCA 
conditions. 

[37] 
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Coating 
material 

Coating 
method 

As-
deposited 
coating 

thickness 

High 
temperature 
oxidation test 

Weight 
gain 

Oxidation performance remarks Ref 

Cr 
Arc ion 
plating 

15.8 µm 
1200 ◦C for 
30 –180 min 

6 – 29 
mg/cm2 

The bias voltage during deposition governs the initial 
microstructure of Cr coatings, which in turn controls 
oxidation resistance at 1200 °C steam. Optimal bias 
(50–100 V) produces defect-free columnar grains and a 
stable ZrCr2 layer, enabling rapid grain growth and 
reduced weight gain during high-temperature oxidation. 

[38] 

Cr 
Multi-arc 

ion plating 
14.5 – 

15.6 µm 

Steam, 800, 
1000 and 

1200 ◦C for 
120 min 

- 

Cr coatings produced by multi-arc ion plating exhibited 
superior oxidation resistance compared to Zr-4, but 
columnar grains with strong (001) texture accelerated 
oxygen diffusion and degraded stability at 1200 °C. In 
contrast, equiaxed grain coatings formed compact and 
uniform oxide films, providing the best oxidation 
resistance. 

[39] 

Cr Cold spray 
12.6 – 51 

µm 

Air; 1200 & 
1300 °C; 

3,10,20 min 
 

- 

Excellent adhesion, remaining intact after thermal 
cycling. Oxidation produced a thin and dense Cr₂O₃ 
scale that served as an effective oxygen barrier. Cr-Zr 
inter-diffusion layer between the Cr coating and the Zr 
substrate. 

[40] 

Bilayer 
Cr/Mo 

Multi 
chatode 

magnetron 
sputtering 

11 µm 

Steam;  
1200 °C 

(16.7–33.3 
min),  

1330 °C  
(2–6 min),  
1400 °C  
(2 min) 

1.51–
10.09 

mg/cm2 

At 1200–1330 °C, Cr-Mo bilayer coating shows better 
oxidation resistance than Cr single layer due to the Mo 
sublayer acting as a diffusion barrier. At 1400 °C for 120 
s, Cr-Mo-coated samples has comparable weight gain 
with Cr, with eutectic Cr–Zr(Mo) interdiffusion and Mo 
diffusion indicating loss of barrier properties. 

[41] 

CrSi 
Magnetron 
sputtering 

15.4 μm 
Steam,  

1200 °C,  
60–240 min 

- 

The Cr0.92Si0.08 coating exhibits superior oxidation 
resistance compared to pure Cr due to the formation of 
a protective SiO₂ sublayer that suppresses O inward 
and Cr outward diffusion. In-situ formation of a Zr₂Si 
diffusion barrier prevents Cr–Zr interdiffusion. 

[42] 

ZrO2 PE 9 - 10 µm 

Pure N2 & 
50% 

N2+50%;  
900 &  

1000 °C;  
60 min 

- 

PE coatings improve the oxidation and nitridation 
resistance of ZIRLO, particularly at 900 °C in N₂+steam, 

where the mass gain was reduced to about 55% of the 
bare alloy. While PE coating delayed degradation and 
altered corrosion kinetics, its protective effect decreased 
at 1000 °C due to the formation of thicker ZrO2–ZrN 
layers and phase separation 

[21] 

ZrO2 PE 8 µm 
Steam; 900-

1200 °C,  
60 min 

1.25-
30.56 

mg/cm2 

PE coating effectively improves steam oxidation 
resistance up to 1000 °C, but loses its protective 
function above 1100 °C due to coating degradation, 
making it useful mainly at intermediate rather than 
extreme high temperature 

[27] 

ZrO2 PE 7 µm 

Steam+Ar; 
1000 and 
1200 °C,  
60 min 

4.3-
31.0 

mg/cm2 

The PE coating remained intact after 3600 s testing in 
steam at 1200°C. Oxidation at high temperatures 
caused the growth of a very thick oxide layer, and the 
thickness of the oxide layer could reach approximately 
175 μm depending on the test conditions. 

[29] 

ZrO2 + 
Cr 

PE + 
Vacuum 

Arc 
Deposition 

16.3 µm 
Steam, 1200 

°C, for 60 
min 

14.87 
mg/cm2 

PE interlayer beneath the Cr coating effectively 
suppresses Cr–Zr interdiffusion and reduces the 
formation of brittle ZrCr₂ phases, significantly enhancing 

the oxidation resistance of Zr–1Nb alloys. The PE/Cr 
composite coating demonstrates superior protective 
performance compared to either PEO or Cr coatings 
alone. 

[43] 

ZrO2 + 
CrAlSi 

PE + 
Vacuum 

Arc 
Deposition 

 

9.5 µm 
 

Steam,  1000 
◦C, 1100 ◦C 

and 1200 ◦C, 
60 min 

2.54 - 
17.69 

mg/cm2  

The PE/CrAlSi composite coating significantly enhances 
the oxidation resistance of Zr–2 alloy at 1000–1100 °C 
by forming protective oxide layers and diffusion barriers 
but at 1200 °C the coating is fully consumed, leading to 
Cr diffusion and precipitate formation in the substrate. 

[44] 
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In addition to irradiation resistance, the 
ability of PE-derived ZrO2 coatings to withstand 
repeated thermal cycling is crucial for ensuring 
their reliability under reactor transients and 
accident conditions. Apelfeld et al. investigated 
thick PE coatings (>100 μm) formed on Zr and 
Zr-1%Nb alloys and evaluated their behavior 
under high-temperature cyclic loading using a 
nitrogen plasmatron at surface temperatures 
approaching 2000 K [47]. After 63 heating–
cooling cycles, the coatings retained their 
microstructural integrity, showing only minor 
surface roughening and microcrack formation. 
Remarkably, the thermal conductivity of the PE 
coatings was found to be as low as ~0.2 W/m·K 
at 1600 K, which is several times lower than that 
of reference yttria-stabilized zirconia, making 
them highly effective as thermal barrier layers. 
These findings highlight that PE coatings can 
sustain harsh thermal gradients while 
maintaining structural stability, an essential 
attribute for advanced fuel cladding 
applications. 

Another critical challenge for fuel 
cladding in pressurized water reactors is fretting 
wear, which arises from the relative motion 
between fuel rods and structural components 
under coolant flow–induced vibration [48]. 
Excessive fretting can lead to cladding wall 
thinning, breach formation, and subsequent fuel 
failure. The hard and dense ceramic surface 
generated by the PE process provides superior 
resistance to fretting wear compared to bare Zr 
alloys, owing to its significantly higher hardness, 
lower coefficient of friction, and improved 
surface stability under cyclic mechanical 
loading. Previous tribological studies of PE 
coatings on Zr and other valve metals have 
demonstrated a substantial reduction in wear 
rate and material loss under simulated contact 
conditions. The friction coefficient can be further 
reduced when the pores are impregnated with 
nanoparticles that acts as lubricant [13], [48], 
[49]. These attributes suggest that PE-derived 
ZrO₂ coatings could serve as an effective barrier 
against fretting-induced degradation, thereby 
extending cladding lifetime and enhancing fuel 
reliability in reactor environments. 

 
CHALLENGES AND FUTURE RESEARCH 
DIRECTION  

Despite significant progress in PE 
coatings for Zr alloys, critical research gaps 
remain in understanding their long-term phase 
stability under cyclic thermal-mechanical 
stresses and performance in PWR 

environments. A first challenge lies in 
controlling the maximum coating thickness to 
ensure sufficient oxidation resistance without 
impairing the overall thermal conductivity of 
the cladding. Furthermore, the coating must 
retain good ductility and strong adhesion to 
the substrate, sustaining mechanical integrity 
during pellet–cladding mechanical interaction 
(PCMI) and high-temperature ballooning 
events. Future work should establish the 
maximum PE coating thickness that does not 
compromise the cladding’s ductility and 
resistance to PCMI. 

Although several studies have 
investigated the irradiation response of Zr 
oxides and related ceramic systems under 
neutron and He ion irradiation, they primarily 
focus on naturally formed corrosion oxides or 
bulk ceramic composites [45], [46], [50]. 
These works provide valuable insight into 
irradiation-induced microstructural evolution, 
such as defect accumulation, phase stability, 
swelling, and mechanical degradation of 
ZrO₂-based systems. However, they cannot 
directly represent the response of PE-formed 
oxide coatings under neutron irradiation. PE 
coatings differ fundamentally from thermally 
grown oxides or bulk ceramics in terms of 
microstructure, porosity, phase composition, 
and residual stress state. The PE process 
typically produces a heterogeneous oxide 

layer comprising crystalline m-, t-, or c-ZrO₂ 
phases intermixed with amorphous regions, 
pores, and cracks. These features are absent 
in dense bulk ceramics or corrosion-grown 
oxides and may serve as sinks or 
accelerators for irradiation-induced defect 
migration, He bubble formation, and stress 
localization. Furthermore, the layered 
architecture of PE coatings—with dense 
inner barriers and porous outer regions—
could lead to distinct irradiation pathways 
compared with uniform oxide films. Because 
of these intrinsic differences, extrapolating 
the irradiation behavior of corrosion oxides or 

bulk ZrO2 ceramics to PE coatings is 
insufficient. A systematic understanding of 
how neutron irradiation modifies the 
microstructure, defect chemistry, and 
protective properties of PE coatings is 
therefore essential. This knowledge is 
particularly critical for evaluating their 
performance in advanced nuclear reactor 
environments, where prolonged neutron 
exposure and high-temperature conditions 
prevail. Without such dedicated studies, the 
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reliability of PE-coated claddings as accident-
tolerant fuel candidates cannot be fully 
assessed. 

Additional key challenges include 
preventing detrimental to m-ZrO2 phase 
transformations under irradiation and ensuring 
uniform protection across the cladding surface. 
Future research may develop advanced 
electrolyte formulations and hybrid systems to 
enhance the stability of PE-coated Zr alloy in 
aggressive environments, particularly in high-
LiOH conditions. In addition, in-situ monitoring 
studies and computational modelling of stress 
evolution also can be elaborated to predict 
material degradation mechanisms, with 
particular emphasis on simulating crack 
initiation and propagation under both 
operational and accident conditions. Addressing 
these challenges through multidisciplinary 
approaches will be essential for advancing PE-
coated Zr claddings in next-generation nuclear 
reactors, improving safety and performance 
under extreme operating conditions. 

 
CONCLUDING REMARKS 

Plasma electrolytic coatings 
significantly enhance Zr alloy corrosion 
resistance through unique microstructural 
characteristics, including gradient Al₂O₃ 
distribution and metastable t-ZrO₂ stabilization, 
which is strongly influenced by electrolyte 
composition, with silicate-based coatings 
outperforming phosphate ones in PWR 
conditions. 

High-temperature steam oxidation 
studies confirm that PE coatings delay 
breakaway oxidation and reduce reaction 
kinetics compared to bare Zr, though the 
underlying mechanisms remain governed by 
oxygen diffusion and stress accumulation. 

Environmental factors critically 
determine coating durability, with boric acid 
providing synergistic protection by pore-
blocking while LiOH accelerates degradation via 
intergranular corrosion, internal oxidation, and 

through-thickness perforation due to Li⁺ and 
OH⁻ penetration, oxygen vacancy formation, 
and phase transformation.  
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