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Abstract: Surface-modified zirconium (Zr)-based alloys, 
mainly by fabricating protective coatings, are being devel-
oped and evaluated as accident-tolerant fuel (ATF) clad-
dings, aiming to improve fuel reliability and safety during 
normal operations, anticipated operational occurrences, 
and accident scenarios in water-cooled reactors. In this 
overview, the performance of Zr alloy claddings under 
normal and accident conditions is first briefly summa-
rized. In evaluating previous studies, various coating con-
cepts are highlighted based on coating materials, focusing 
on their performance in autoclave hydrothermal corrosion 
tests and high-temperature steam oxidation tests. The 
challenges for the utilization of coatings, including mate-
rials selection, deposition technology, and stability under 
various situations, are discussed to provide some valuable 
guidance to future research activities.

Keywords: ATF; corrosion; oxidation; protective coatings; 
Zr-based alloy claddings.

1  Introduction
The continuous growth in electricity demand worldwide 
with the need of managing atmospheric greenhouse gas 
emissions simultaneously drives a growing demand for 
environmentally sustainable electricity generation (Chu 
& Majumdar, 2012). Nuclear power generation provides a 
reliable and economic supply of electricity, with very low 
carbon emissions and relatively small amounts of waste 
that can be safely stored and eventually disposed (Rogers, 
2009). Nuclear power currently provides ~13% of the 
world’s electricity, with more than 400 reactors in opera-
tion around the world at the end of 2014 (International 
Atomic Energy Agency, 2014). The vast majority of these 

reactors are light water reactors (LWRs) with predomi-
nantly pressurized water reactors (PWRs), accounting for 
two thirds of the currently installed nuclear-generating 
capacity worldwide, followed by boiling water reactors 
(BWRs; Zinkle & Was, 2013; International Atomic Energy 
Agency, 2014). Another type of water-cooled reactors are 
heavy water reactors using heavy water (deuterium oxide, 
D2O) as coolant and neutron moderator, which generate 
~14% of the installed capacity (Zinkle & Was, 2013). In all 
of these water-cooled reactors, uranium oxide (UO2) or 
other fissile actinide oxide powders are sintered into fuel 
pellets and then encased in ~4-m-long metal tubes (fuel 
cladding, ~1 cm outer diameter and 0.6 mm wall thickness) 
made of zirconium (Zr)-based alloys to form a single fuel 
rod. These fuel rods are grouped together into fuel assem-
blies that are used to build up the core of a nuclear power 
reactor. The core of a reactor usually consists of several 
hundred fuel assemblies depending on the type of reactor. 
Figure 1 shows the schematic view of a PWR fuel assembly 
from Mitsubishi Nuclear Fuel as an example (Mitsubishi). 
Zr alloys are also used as other fuel assembly structural 
components like grid spacers in PWRs and channel boxes 
in BWRs. The heat released by the uranium fission reac-
tion is picked up and transported by the coolant water 
flowing in the primary circuit to produce electricity.

Nuclear safety is a prerequisite for the successful use 
of nuclear technology. The materials inside the core of a 
nuclear reactor are exposed to an extremely harsh envi-
ronment due to the combination of high temperature, 
high stress, a chemically aggressive coolant, and strong 
radiation (Zinkle & Was, 2013). The claddings represent 
one of the most important components for maintaining 
fuel integrity and plant safety. The selection and devel-
opment of Zr alloys as fuel claddings is due to their low 
thermal neutron absorption cross-section, reasonable cor-
rosion performance under normal operation, and good 
mechanical properties under neutron irradiation (Allen 
et  al., 2012; Terrani et  al., 2014b; Motta et  al., 2015). In 
the past decades, the emphasis of the research and devel-
opment of LWR fuel was placed on improving nuclear 
fuel performance under normal conditions in terms of 
increased fuel burnup for waste minimization, increased 
power density for power upgrades, and extended opera-
tional service for economic competitiveness (Jeong et al., 
2006; Bragg-Sitton, 2014). A new generation of advanced 
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Zr-based alloy claddings, such as ZIRLO™ from Westing-
house, M5® from AREVA, and E365 for Russian reactors, 
has been developed, which exhibit enhanced corrosion 
resistance under normal conditions compared to the clas-
sical alloys Zircaloy-2 and Zircaloy-4 (Gilbon et al., 2000; 
Motta et al., 2015). Table 1 summarizes the composition of 
typical commercial Zr alloys used as claddings in water-
cooled reactors. These new generation claddings with the 
above-mentioned improvements contribute to optimized 
economic operations while ensuring the safety and reli-
ability under normal operations of nuclear power plants.

The particularly attractive properties of Zr alloy clad-
dings make them highly suitable for normal operations 
(see details in Section 2); however, their satisfactory 
performances are highly challenged once the local envi-
ronment changes from normal operating conditions to 
design-basis (DB) or beyond DB (BDB) accident scenarios. 
One recent example was the severe nuclear accident in 
March 2011 at the Fukushima Daiichi Nuclear Power Plant. 
A great earthquake of magnitude 9.0  with a subsequent 
15-m tsunami seriously damaged the reactors and disa-
bled the emergency power supply, leading to the loss of 

active cooling in the core (Hirano et al., 2012). The decay 
heat resulted in rapid temperature increase in the reactor 
cores and converted the coolant water into steam. Zr alloy 
claddings undergo severe degradation due to the rapid 
reaction with high-temperature steam accompanied by 
the generation of a large amount of heat and hydrogen. 
The heat generated from the steam oxidation accelerates 
the rising of the temperature and the meltdown of the 
core. The by-product hydrogen gas eventually resulted in 
the damage of the containment buildings through detona-
tions with the release of highly radioactive fission prod-
ucts into the environment. The accidents highlighted 
the inherent weakness of Zr-based alloy claddings that 
undergo self-catalytic exothermic oxidation reaction with 
high-temperature steam under the loss of cooling accident 
conditions, which can further exacerbate both the acci-
dents and the consequences.

Mainly after this nuclear accident, the concept of 
accident-tolerant fuels (ATF) has been proposed and 
widely investigated. By definition, ATF materials should 
tolerate the loss of active cooling in the core for a consid-
erably longer period of time and up to higher tempera-
tures than the current UO2/Zr-based cladding fuel system 
that offers improved coping time under accident condi-
tions while maintaining or improving fuel performance 
during normal operations (Bragg-Sitton, 2014). In terms 
of nuclear claddings, one key requirement is reduced oxi-
dation kinetics with high-temperature steam and hence 
significantly reduced heat and hydrogen generation 
(Bragg-Sitton, 2014; Zinkle et al., 2014). Two primary strat-
egies are being developed and evaluated worldwide. One 
approach is developing oxidation-resistant monolithic or 
layered cladding materials, such as iron (Fe)-based alloys, 
SiC composites, MAX phase materials, and multilayer 
molybdenum (Mo) cladding (Azevedo, 2011; Bragg-Sitton, 
2014). These new cladding concepts represent a long-term 
strategy that requires significant engineering redesign to 
the cores. Another obvious and more near-term approach 
could be the modification of the surface of existing and 
available Zr alloy claddings, typically by protective coat-
ings, to improve the oxidation resistance, as it does not 
significantly alter the existing UO2/Zr-based alloy clad-
ding fuel design.

Conventional surface modification techniques, 
such as ion implantation and plasma electrolytic oxida-
tion, have been intensively investigated before to modify 
the surface chemistry and microstructure of Zr alloys 
(Sridharan et al., 2007; Hui et al., 2011). The utilization of 
coatings to protect structural materials, such as superal-
loys, refractory metals, and carbon composites, from fast 
oxidation to improve the service life of components at 

Table 1: Typical commercial Zr-based alloys used as claddings in 
water-cooled reactors.

Alloy Nominal alloy composition (wt.%)

Sn Nb Fe Cr Ni O Zr

Zircaloy-2 1.5 – 0.15 0.1 0.05 0.1 Bal.
Zircaloy-4 1.5 – 0.2 0.1 – – Bal.
ZIRLO™ 1.0 1.0 0.1 – – 0.1 Bal.
M5® – 1.0 – – – 0.14 Bal.
E365 1.2 1.0 0.35 – – – Bal.
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Figure 1: Schematic view of a PWR fuel assembly.
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elevated temperature always remains an important issue 
(Westwood et  al., 1996; Padture et  al., 2002). Protective 
coatings also have been used extensively in the nuclear 
industry to protect the facilities and equipment against 
corrosion and contamination by radioactive nuclide 
(ASTM Standards, 2000). However, the application of 
coatings on Zr alloy claddings as ATFs will obviously 
require much more stringent technical specifications and 
performance requirements. In this review, the behavior of 
Zr alloy claddings under normal and accident conditions 
is first briefly reviewed. The emphasis is placed on the 
most important basic coating concepts being investigated 
for nuclear application and their current status. Some 
information concerning the surface modification of Zr 
alloys intended for nuclear application are also included. 
The requirements and challenges of using coatings on Zr-
based alloy claddings as ATFs are finally discussed. Due 
to the highly dynamic development of the research topic 
presented here and the numerous papers published every 
month, this paper will provide only representative data 
and references published until the end of 2016.

2  �General overview of Zr-based 
alloy claddings under normal 
and accident conditions

Liquid water is used as the coolant in both PWR and BWR. 
Figure 2 shows the phase diagram of water with two points 
representing the normal operating conditions of PWR 
and BWR, respectively (Sanz et al., 2004). The operating 
temperatures and pressures in the core are ~330°C and 
15.5 MPa for PWR and 285°C and 7.5 MPa for BWR (Zinkle 
& Was, 2013). The water chemistry is optimized by minor 
additives to ensure reliable reactor fuel performance as 
well as to minimize corrosion-related issues (Allen et al., 
2012). The water is in subcritical state due to the combina-
tion of high temperature and high pressure and acts as a 
highly corrosive medium. Above the critical point (374°C, 
22 MPa), the water is in supercritical state.

The waterside corrosion of Zr alloys during normal 
operations leads to the growth of a thin oxide scale on 
the surface. The weight gain kinetics usually falls into two 
stages, generally referred to as pretransition and posttran-
sition, respectively. A thin, black, adherent oxide scale 
composed of microcrystalline grains forms initially during 
the pretransition period and the kinetics follows a cubic 
growth law governed by the diffusion of oxidizing species 
through the oxide (Nechaev, 1993; Allen et  al., 2012). 

Compressive stresses are produced and accumulated 
within the oxide scale because of the imperfect accom-
modation of the molar volume expansion of the oxide to 
the metal from which it forms (i.e. Pilling-Bedworth ratio 
ZrO2:Zr = 1.56). Once the oxide scale exceeds a certain 
critical thickness (usually 2–3 μm), the growth kinetics 
increases to a posttransition rather linear rate associated 
with fracture or the cracking of the oxide scale containing 
large amounts of porosity (Allen et  al., 2012). The thick-
ness of the oxide scale finally reaches tens of micrometers 
at the end of fuel cycle (Motta et al., 2015).

An additional concern associated with Zr alloys 
during normal operations is hydrogen pickup. Hydrogen 
can be produced by the cladding corrosion or by the radi-
olysis of water. A fraction of the hydrogen ions (protons) 
penetrates the oxide scale and is dissolved in the metallic 
matrix. It precipitates as brittle hydrides (ZrHx) once the 
content exceeds the solubility limit, leading to the reduc-
tion of ductility and toughness of the cladding tube (Allen 
et al., 2012). This effect can significantly reduce the clad-
ding performance during accident circumstances.

The behavior of Zr alloy claddings under DB or BDB 
accident scenarios, typically initiated by a loss of coolant 
accident (LOCA) and eventually leading to depressuriza-
tion in the core and exposure to a high-temperature steam 
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Figure 2: Phase diagram of water.
Point 1: ~330°C, 15.5 MPa (PWR condition); point 2: ~285°C, 7.5 MPa 
(BWR condition).
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or air environment, has been widely investigated as well 
(Moalem & Olander, 1991; Schanz et  al., 2004; Brachet 
et al., 2009; Steinbrück et al., 2010, 2011). The decay heat 
and the stored energy rapidly drive up the core tempera-
ture. The Zr-based claddings are oxidized by the high-tem-
perature steam and undergo ballooning and burst in the 
temperature range of 700°C–1200°C (Zinkle et al., 2014). In 
the case of DB LOCA, the emergency core cooling systems 
(ECCS) activates and quenches the fuel by injecting coolant 
water into the core. The peak clad temperature should be 
limited to 1204°C and equivalent cladding reacted (ECR) to 
17% of the initial cladding thickness according to the US 
regulatory to avoid severe degradation (NRC). In terms of 
BDB accident scenarios with the failure of the ECCS, the Zr 
alloy claddings will show accelerated oxidation at temper-
atures above 1200°C as explained before. The oxide scale 
formed during normal operations also has been found to 
be not or weakly beneficial for the protection of under-
neath metallic matrix when exposed to high-temperature 
steam (Van Uffelen et  al., 2010). The oxidation kinetics 
of high-temperature steam oxidation of Zircaloy can be 
described, for example, by a parabolic law by the follow-
ing equation developed by Cathcart et al. (1977):

	
0.5601.8 exp 1005( 0/ )W t T= − � (1)

where W is the mass gain per unit surface (mg/cm2), t is 
the time in seconds, and T is the temperature in Kelvin 
(Cathcart et al., 1977; Van Uffelen et al., 2010). The oxida-
tion results in the formation of an outer ZrO2 layer with 
an inner oxygen-stabilized α-Zr(O) layer before being com-
pletely consumed. The overall reaction of Zr with steam 
can be written in a simplified equation:

	 ( )2 2 2Zr 2H O g ZrO 2H g , H 584.5 kJ/mol 1200 C( ) ( ) ∆+ = + = − °

� (2)

3  �Overview of surface modification 
and different types of coatings 
for Zr-based alloy claddings

Surface modifications by specific technologies and 
various types of coatings have been adopted to treat the 
surface of Zr-based alloys. The scientific literature on 
this issue was searched until the end of 2016. The surface 
treatments can be divided into the following categories: 
(A) surface modification by ion implantation, (B) nonme-
tallic or metallic coatings, (C) ceramic coatings includ-
ing oxides, carbides, and nitrides, and (D) composite or 
multilayer coatings. The majority of the researches were 

conducted after the Fukushima accidents; few studies 
before the Fukushima accidents focused on improving the 
performance under normal conditions that aimed to with-
stand higher burnup. Table 2 summarizes the key features 
of the different types of coatings for Zr alloys as ATF clad-
dings. The coating materials, the deposition technology, 
and the coating thickness are included. Furthermore, the 
emphasis is placed on their performances under normal 
operations and under accident high-temperature steam 
and/or air environment.

3.1  �Surface modification by ion implantation

Ion implantation is a surface modification technique by 
which the ions of a material are accelerated to high energy 
and injected into a solid. Ion implantation is a low-temper-
ature process with the advantages of no associated dimen-
sional changes in the workpiece and the precise control of 
implantation profile (Conrad et al., 1987). It has been used 
to improve the surface properties, such as wear, corrosion, 
and oxidation resistance, without changing the desirable 
bulk properties of materials (Conrad et al., 1987). Sridharan 
et al. (2007) modified the surface of Zircaloy-2 alloys using 
the plasma immersion ion implantation of nitrogen, 
oxygen, and carbon and investigated their influence on 
the corrosion resistance in high-temperature water. The 
implantation depths were ~0.12 μm. The oxygen-affected 
layers after exposure to subcritical water (300°C) and 
supercritical water (500°C) at 25 MPa for 168 h for untreated 
and treated samples were quite similar, slightly thinner or 
thicker. Peng et al. (2006) examined the beneficial effect of 
aluminum (Al) ion implantation on the oxidation behav-
ior of ZIRLO™ alloy at 500°C for 2 h in air. The oxidization 
resistance of treated samples was improved and the mass 
gain was reduced gradually with the increasing fluence as 
shown in Figure 3. However, the examined oxidation tem-
perature was too low for ATF application.

3.2  �Nonmetallic coatings

Carbon-based materials have been used as a protective 
layer for various nuclear applications due to excellent 
material properties such as high thermal stability, thermal 
conductivity, and low neutron cross-section (see Table 3). 
Pyrolytic carbon (Abdelrazek et  al., 1997) and polycrys-
talline diamond (PCD; Skarohlíd et al., 2014; Ashcheulov 
et al., 2015) have been deposited using thermal cracking 
and microwave plasma-enhanced chemical vapor deposi-
tion (CVD), respectively, on Zr alloy fuel cladding tubes, 
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8      C. Tang et al.: ATF coatings on zirconium alloys

aiming to mitigate the pellet cladding interaction-stress 
corrosion cracking (PCI-SCC) problem and to improve the 
accident tolerance. Pyrolytic carbon coating was produced 
by the thermal cracking of commercial butane gas to coat 
the inner surface of Zircaloy-4 tubes. Both coatings could 
be grown at relatively low temperature but with quite low 
growth rate (~20  nm/h at 450°C for PCD coatings). For 
pyrolytic carbon coatings, the deposition process was 
investigated to yield high efficiency and no corrosion or 
oxidation tests were conducted. Concerning PCD coatings, 
the oxidation resistance was slightly improved in high-
temperature steam, and the weight gain of PCD-coated 

Zircaloy-2 (0.20 g/dm2) was lower than that of the unpro-
tected Zircaloy-2  sample (0.38 g/dm2) after oxidation at 
950°C steam for 30  min. The PCD films could maintain 
structural integrity after short-time ion beam irradiation 
(10 dpa, 5 h, 3 MeV Fe2+). The performance under normal 
operations needs to be further investigated.

Another interesting nonmetallic coating is silicon (Si)-
based material, as an SiO2 scale represents one of the most 
effective barriers against high-temperature oxidation. 
Kim et al. (2014) deposited Si coatings on Zircaloy-4 using 
plasma spray (PS) or laser beam scanning (LBS) treatment 
after the PS (PS + LBS) process. The thickness of the Si 
coating layer depends on the repeated spraying passes. 
The mean thickness of the Si layer was ~15 μm for one pass, 
and the variation of the thickness was ~3 μm. Thus, a uni-
form-layer thickness cannot be obtained by a one-pass PS 
treatment. Pores of irregular shape were observed in the 
Si coating layers as shown in Figure 4A, and the density 
of pores was increased with increasing repeated spraying 
passes. After LBS treatment, the coatings became much 
denser, showing better adherence due to the formation of 
an Si-Zr mixed layer (Figure 4A, right). Figure 4B shows 
the oxidation rate of Si-coated Zircaloy-4 sheets in a steam 
environment at 1200°C for 2000 s. The oxidation resistance 
of the Si coating is somewhat improved relative to that of 
the Zircaloy-4 sheet. The authors claimed that severe oxi-
dation progressed at the interface region between the PS 
Si layer without treatment and Zircaloy-4 substrate, which 
grew along the pore network formed in the PS Si coating 
layer. However, the PS + LBS-treated Si-coated samples 
showed superior oxidation resistance than that of bare 
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Figure 3: Oxidation curve of ZIRLO alloy implanted with Al fluences 
from 0 to 1018 ion/cm2 at 500°C in air.
Reproduced from Peng et al. (2006) with permission from Elsevier.

Table 3: Summary of the various properties for primary elements as coating components.

Element Thermal neutron 
absorption cross-

section (Barns)

Density Melting point 
(°C)

Thermal 
expansion 

(×10−6 K−1, RT)

Thermal 
conductivity 
W/(m K), RT

C 0.003 2.26 3650 
(sublimation)

0.6–4.3 129

N 1.88 – – – –
O 0.0001 – – – –
Al 0.22 2.70 660 23.2 237
Si 0.13 2.33 1410 2.6 148
Ti 5.6 4.51 1670 7.1 22
Cr 2.9 7.14 1850 6.7 94
Fe 2.4 7.87 1539 11.5 80
Ni 4.5 8.91 1455 13.3 91
Y 1.28 4.47 1526 10.6 17
Zr 0.18 6.51 1845 5.8 23
Nb 1.1 8.57 2415 7.2 54
Sn 0.63 7.31 232 22 67
Mo 2.48 10.28 2617 6.0 138
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C. Tang et al.: ATF coatings on zirconium alloys      9

Zircaloy-4 after exposure to 1200°C steam for 2000  s 
(Figure 4B). The Zircaloy microstructure at the coating-
substrate interface was changed by a laser heat source 
and the modified phase thickness significantly depended 
on the process parameters.

Amorphous ZrSi2 thin-film coatings (850  nm) were 
successfully deposited on Zircaloy-4 alloy without any sig-
nificant defects by sputtering (Hwasung et al., 2016). The 
coated samples demonstrated a 33% reduction in weight 
gain after oxidation in air at 750°C for 5 h compared to the 
uncoated Zircaloy-4. The scale after oxidation consisted of 
both SiO2 and ZrO2.

3.3  �Metallic coatings

3.3.1  �Pure element coatings

Tin-coated Zircaloy-4  samples with different coating 
thicknesses up to 0.23 μm were prepared by evaporation 
under vacuum (Hauffe, 1976). The high-pressure water 
corrosion rate at 349°C and 17.6  MPa and oxidation rate 
in argon (Ar)-oxygen mixture with 33 kPa oxygen pressure 
at 500°C were slightly decreased with increasing thick-
ness of the tin layer (up to 0.1 μm). This improvement 

presumably was caused by the tin layer that existed as a 
liquid agent between the alloy and the oxide as discussed 
by the authors.

A thin yttrium layer was deposited on Zircaloy-2 by 
sputtering (Sridharan et  al., 2007). After deposition, the 
coating was ion bombarded using Xe+ ions to improve 
film adhesion. The treated samples showed better corro-
sion resistance, only a thin oxygen diffusion layer on the 
surface, after exposure at 400°C and 25  MPa water for 
168  h compared to that of untreated one. The enhanced 
oxidation resistance possibly was attributed to the forma-
tion of a mixture of ZrO2 and Y2O3 scale.

Metallic chromium (Cr) has attracted much attention 
as a kind of coating material on Zr alloys due to its high 
melting point, good high-temperature oxidation resist-
ance, and similar thermal expansion coefficient compared 
to Zr (see Table 3). Cr coatings on Zr-based alloy substrates 
fabricated by different technologies have been investi-
gated by various institutes like Brachet et  al. (2015) and 
Idarraga-Trujillo et al. (2013) from CEA (France) by physical 
vapor deposition (PVD), Ivanova et al. (2013) from Russia 
using vacuum arc ion-plasma technology, and Kim et al. 
(2013) from Korea using several different methods, such as 
PS with subsequent LBS, arc ion plating (Park et al., 2015), 
3D laser technology (Kim et al., 2016), and cold spraying 
(Park et al., 2016). The primary advantages of selecting Cr 
as coating material are based on the formation of a protec-
tive Cr2O3 scale on the surface during corrosion and oxida-
tion. The Cr2O3 scale has been proven stable under normal 
conditions in autoclave tests as it acts as a diffusion 
barrier. After exposure at 415°C and 10 MPa for 200 days, 
the mass gain was lower than 0.05 mg/cm2 for Cr-coated 
Zircaloy-4 sample deposited by PVD, corresponding to an 
outer Cr oxide thickness lower than 250  nm, which was 
~50 times lower than that on uncoated samples (Brachet 
et al., 2015). In addition, the Cr coatings can provide sig-
nificant additional margins for LOCA (<1200°C) and, to 
some extent, for BDB conditions as shown in Figure 5. The 
Cr coating deposited by PVD displays a columnar mor-
phology with a fully dense microstructure free of defects 
(Figure 5A). A protective Cr2O3 scale formed on the surface 
after oxidation at 1200°C in steam for 300 s for Cr-coated 
sample (Figure 5B). The formation of a thick brittle outer 
ZrO2 layer and an inner α-Zr(O) layer was confirmed for 
uncoated Zircaloy-4 samples after oxidation at the same 
conditions (Figure 5C). The Cr-coated samples also dem-
onstrated negligible reduction of residual strength and 
ductility (Figure 5D) before the complete consumption of 
the metallic Cr layer (Brachet et al., 2015) and improved 
ballooning and rupture resistance (Park et  al., 2016). 
The amount of hydrogen picked up by the cladding was 
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Figure 4: Cross-sectional scanning electron microscopy (SEM) 
observation of Si coatings on Zircaloy-4 prepared by PS and PS + LBS 
(A) and oxidation rate of Si-coated Zircaloy-4 sheets in a steam 
environment at 1200°C for 2000 s (B).
Reproduced from Kim et al. (2014) with permission from ASTM 
International.
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10      C. Tang et al.: ATF coatings on zirconium alloys

significantly reduced simultaneously due to the existence 
of a Cr2O3 barrier.

Figure 6 summarizes the corrosion and oxidation rates 
in PWR simulating pressurized water (360°C, ~18  MPa) 
and in high-temperature steam at 1200°C during LOCA 
conditions, respectively, of uncoated and Cr-coated Zr-
based alloys fabricated by different processes. In general, 
metallic Cr and Cr-coated Zr alloys show superior cor-
rosion resistance with by one magnitude lower weight 

gain than uncoated Zr-based alloys. Excellent corrosion 
resistance for Cr-coated Zr alloys fabricated by various 
deposition techniques during autoclave tests also has 
been proven (Figure 6A). Regarding the high-tempera-
ture steam oxidation tests at 1200°C, improved oxidation 
resistance can be seen for Cr-coated samples as shown 
in Figure 6B; the weight gains were several times lower 
for coated samples. It is necessary to mention that coat-
ings deposited by PVD, although much thinner, seem to 

A B

C

D

Figure 5: Cr coating deposited by PVD (A) and oxide scales of Cr-coated (B) versus uncoated Zircaloy-4 (C) samples after oxidation at 1200°C 
for 300 s in steam; (D) tensile stress-strain curves obtained at RT on uncoated and coated Zircaloy-4 after two-side steam oxidation for 
15,000 s at 1000°C.
Reproduced from Brachet et al. (2015) with permission from the author.

Figure 6: Comparison of corrosion rate in PWR simulating pressurized water (A) and high-temperature steam oxidation rate during LOCA 
conditions (B) of uncoated and Cr-coated Zr-based alloys fabricated by different processes.
■, Cr coatings deposited by PVD (Brachet et al., 2015); ▲, Cr coatings deposited by spraying (Kim et al., 2016; Park et al., 2016); ●, Cr coat-
ings deposited by cathodic arc evaporation (Idarraga-Trujillo et al., 2013).
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C. Tang et al.: ATF coatings on zirconium alloys      11

perform better than those deposited by spraying due to 
the denser structure.

Brachet et  al. (2015) also investigated the impact of 
preexisting defects (i.e. cracks in as-deposited samples) 
on the performance of the coatings under normal and acci-
dent conditions. Figure 7 shows the optical micrographs 
of Cr-coated Zircaloy-4 sheet samples after autoclave test 
at 360°C for 60 days and then oxidation at 1100°C in steam 
for 850 s (Brachet et al., 2015). The results illustrated that 
the coatings showed certain self-healing features, and 
the cracks have only a limited and localized impact on 
the overall oxidation of the coated sample under the test 
conditions. No spallation of the coatings and accelerated 
oxidation of the underneath Zircaloy was observed.

Kim et  al. (2016) performed ring compression and 
ring tensile tests to evaluate the adhesion properties 

between the Cr-coated layer by 3D laser technology and 
the Zr-based alloy tube at room temperature (RT). Figure 8 
shows the ring tensile test results and sample appear-
ance of the Cr-coated Zircaloy-4 cladding tube after the 
test. The thickness of the Cr-coated layer ranged from 80 
to 200 μm. The Cr-coated layer was free of defects up to 
4% strain with somewhat increased strength, whereas the 
lateral cracks were formed in the Cr-coated layer after 6% 
strain. Nevertheless, the interface between the Cr-coated 
layer and Zircaloy-4  substrate was maintained without 
peeling (Kim et al., 2016).

For Cr coating deposited by cold spraying, posttreat-
ment by cold rolling was adopted to reduce the undesira-
ble high surface roughness and defects in the coated layer. 
The coated Zr plate samples showed no significant crack-
ing or spallation of the coated layer despite a reduction 

Figure 7: Optical micrographs of Cr-coated Zircaloy-4 samples with a preexisting crack throughout the coating thickness after autoclave test 
at 360°C for 60 days (A) and then oxidation at 1100°C in steam for 850 s (B).
Reproduced from Brachet et al. (2015) with permission from the author.
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Reproduced from Kim et al. (2016) with permission from Elsevier.
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12      C. Tang et al.: ATF coatings on zirconium alloys

to ~55% of the original thickness after cold rolling with 
significantly reduced roughness and defects. However, it 
is well known that pure Cr is extremely brittle at RT (Gu 
et al., 2004). The cold rolling treatment probably induces 
the stress concentration within the coatings and makes 
the coatings susceptible to degrade during service. In 
addition, the plate samples after being cold rolled showed 
uneven interface between the coated layers and Zr matrix 
and thickness variation in the coated layers. Further 
studies should be conducted to determine the feasibil-
ity of this process for fabricating coated claddings (Park 
et al., 2016).

3.3.2  �Intermetallic coatings

Carr et al. (2016) prepared Al-modified Zircaloy surfaces 
by magnetron sputtering of Al and subsequent thermal 
annealing in vacuum at 823  K for 2  h. The formation of 
Al-Zr intermetallic phases within the coatings and Al-rich 
clusters on the surface was observed after annealing. 
The Al-doped specimens demonstrated better oxidation 
behavior at 800°C in steam for 120 min with average oxide 
layer thicknesses of ~0.7 μm (~8 μm for undoped speci-
mens). However, the oxide layer was even slightly thicker 
for treated specimens after oxidation at 1000°C.

The surfaces of Zircaloy-4  substrates were modified 
with nickel (Ni)-Zr (NiZr) intermetallics by electroplating 
with Ni followed by thermal treatment at ~760°C (Luscher 
et al., 2013). A series of brittle intermetallic phases formed 
at surfaces rich of Ni; the 10-μm-thick coatings cracked 
after annealing. The coated samples were oxidized at 
290°C to 370°C in steam under a constant partial pressure 
of oxidant (1 kPa D2O in dry Ar at 101 kPa) for 64 days. The 
coated samples demonstrated initially enhanced oxida-
tion rate until the coatings became oxygen saturated com-
pared to that of bare Zircaloy-4  substrate. However, the 
testing temperatures were quite low even for DB accident 
conditions.

3.3.3  �Alloy coatings

Other interesting metallic coating materials for Zr-based 
claddings are Fe-based alloys, especially FeCrAl alloys, 
which have shown quite good corrosion resistance under 
normal conditions and excellent high-temperature steam 
oxidation resistance due to the formation of a protective 
alumina scale. Terrani et al. (2013) produced outer layers of 
FeCrAl ferritic alloy and type 310 austenitic stainless steel 
on the surface of Zr metal slugs by hot isostatic pressing 

(HIP) of Zr powder inside cans (2 mm thick). The FeCrAl 
layer experienced less degradation and could protect the 
Zr up to 1300°C for 8 h. The primary degradation mecha-
nism for the protective layer at 1300°C was interdiffusion 
with the Zr (several hundred microns thick intermetallic 
diffusion layer).

Zhong et al. (2016) deposited FeCrAl films of varying 
composition on Zircaloy-2 by magnetron sputtering. 
These films containing Al concentration of 18 at.% or 
higher, which promoted alumina formation, significantly 
reduced the oxidation rate during 700°C steam exposure. 
Fe-Zr eutectic reaction, which was observed at ~900°C 
(Zr3Fe), resulted in the fast degradation of the film when 
the oxidation temperatures exceeded 900°C as observed 
before. Therefore, a proper stable diffusion barrier needs 
to be developed. Autoclave tests under normal BWR 
operating conditions at 288°C and 9.5  MPa with normal 
water chemistry (2 ppm dissolved oxygen) up to 20 days 
were also conducted to examine the performance of the 
FeCrAl coatings. The formation of an NiFe2O4 spinel on the 
surface after exposure was observed due to testing in an 
Ni-based alloy autoclave; however, the coated specimens 
indicated greater corrosion product with higher mass gain 
by a factor of ~2 at 20  days compared to the uncoated 
specimens. Overall, the FeCrAl films demonstrated suffi-
cient performance without loss of integrity after 20 days 
of exposure.

3.4  �Ceramic coatings

Different types of ceramic coatings, including oxides 
serving as a diffusion barrier as well as carbides and 
nitrides that form protective oxide layers during corrosion 
and oxidation, have also been examined to improve the 
performances of Zr-based claddings.

3.4.1  �Oxide coatings

Alumina coatings (1 μm thick) were prepared on 
Zircaloy-4 substrates using radiofrequency sputtering or 
electron beam evaporation followed by tailored oxidation 
at low temperature (Baney & Tulenko, 2003). However, 
the alumina films have been proven to be unstable 
during autoclave exposure (350°C, 20  MPa) and trans-
formed to unprotective boehmite (AlOOH). A significant 
solubility of the alumina in subcritical water also has 
been observed by other studies, whereas the alumina is 
proven to be insoluble and stable in supercritical water 
(Hui et al., 2011).
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ZrO2 coatings with 50 μm thickness and free of open 
pores and cracks were successfully formed on Zr-2.5Nb 
substrates using a plasma electrolytic oxidation method. 
The coated samples showed somewhat better corrosion 
resistance than the bare substrates when tested in static 
autoclaves but showed similar weight changes when 
tested in a flowing system in supercritical water at 500°C 
and 25 MPa (Hui et al., 2011).

3.4.2  �Carbide coatings

Two different types of carbides, SiC as well as Ti2AlC and 
Cr2AlC MAX phases, have been investigated as protec-
tive coatings on Zr-based alloys due to their excellent 
high-temperature oxidation resistance as bulk materi-
als. Olayyan and colleagues (Baney & Tulenko, 2003; Al-
Olayyan et al., 2005) deposited l-μm-thick SiC coatings by 
plasma-assisted CVD (PACVD) on Zircaloy-4 substrate at 
~370°C. They found that higher adhesion strengths of the 
coatings were obtained for a moderate level of substrate 
roughness. However, the SiC coating failed to survive and 
disappeared after autoclave tests at 350°C and 200 MPa for 
24 h. The mechanisms of SiC film failure during autoclave 
exposure was probably attributed to the formation and 
dissolution of SiO2 by hydrothermal corrosion, film crack-
ing, and spallation due to various stresses.

Ti2AlC and Cr2AlC belong to a family of nanolaminated 
ternary compounds with the general formula of Mn+1AXn 
(short as MAX, n typically is 1–3). The unique structure 
contributes to their attractive properties combination of 
both ceramics and metals (Barsoum, 2000). Al-containing 
MAX phases, especially Ti2AlC and Cr2AlC, possess excel-
lent high-temperature oxidation resistance both in air and 
in steam due to the formation of a dense and adherent 

alumina scale (Tallman et  al., 2013). Various deposition 
processes, including high-velocity oxygen fuel (HVOF) 
process (Pantano et  al., 2014), cold spray (Maier et  al., 
2015), and magnetron sputtering followed by thermal 
(Tang et al., 2016) or laser annealing (Yeom et al., 2016) 
in Ar or vacuum, have been adopted to produce Ti2AlC 
coatings on Zr-based alloys. In general, HVOF and cold-
spray processes can produce relatively thick coatings up 
to more than 100 μm. The microstructure of such films is 
relatively loose with pores and the coatings also contain a 
significant amount of secondary phases, such as TiC and 
TiAl intermetallics. Deposition by magnetron sputtering 
can result in dense coatings with minor or no second-
ary phases. The coating thickness is usually limited to a 
few or few tens of microns. Figure 9 shows typical cross-
sectional views of Ti2AlC coatings deposited by spray-
ing and magnetron sputtering with obviously different 
microstructures described above. Composition changes 
during deposition of Ti2AlC coatings using the HVOF 
process were observed and the coatings showed poor 
performance during high-temperature oxidation. It was 
suggested that a minimum coating thickness of ~90 μm 
was needed for the protection of ZIRLO against oxidation 
at 1200°C in steam (Pantano et al., 2014). The cold spray 
of Ti2AlC coatings on Zircaloy-4  with 90 μm thickness 
showed significantly superior steam oxidation resistance 
compared to the Zircaloy-4 substrate at 1005°C for short 
time (20  min; Maier et  al., 2015). The coatings showed 
higher hardness and better wear resistance than uncoated 
Zircaloy-4. After pin-on-disk wear tests, a pronounced 
wear track formed on the Zircaloy-4, whereas the wear 
track on the MAX phase coating was minimal, indicating a 
higher abrasive wear resistance of the MAX phase coating. 
Dense and phase-pure Ti2AlC coatings (5 μm thick) with 
500 nm thickness TiC barrier were produced on Zircaloy-4 

A B

Figure 9: Typical SEM cross-sectional microstructure of Ti2AlC coatings deposited by different processes: (A) cold spraying (Maier et al., 
2015) and (B) magnetron sputtering followed by thermal annealing (Tang et al., 2016).
Reproduced with permission from Elsevier.
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14      C. Tang et al.: ATF coatings on zirconium alloys

by magnetron sputtering followed by thermal annealing 
at 800°C in Ar. The coated samples have demonstrated 
excellent oxidation resistance at 800°C in steam. The per-
formance was limited by the coating thickness and only 
slight improvement was observed once the oxidation tem-
perature exceeded 1000°C due to the fast consumption 
of the coatings (Tang et al., 2016). Yeom et al. (2016) pro-
duced Ti2AlC coatings by magnetron sputtering followed 
by laser surface annealing to not affect the microstructure 
of the Zircaloy-4  substrate. However, the formation of 
microcracks after laser treatment was observed.

Roberts (2016) has deposited Cr2AlC coatings with 
1  μm thickness on ZIRLO by magnetron sputtering at 
550°C. After autoclave tests at 360°C and 18.6  MPa for 
10  days, the coated samples showed significantly less 
mass gain compared to the noncoated ones. However, the 
partial spallation of the coatings after tests was observed. 
The coated area displayed better corrosion resistance 
than the spalled-off area and the corrosion of the coatings 
resulted in formation of AlOOH and Cr2O3.

3.4.3  �Nitride coatings

Refractory metal nitrides are well known for their high 
hardness and melting temperatures as well as reasonable 
corrosion and oxidation resistance. Therefore, they are 
used as protective coatings in various industries (Pierson, 
1996). Two main types of nitrides, titanium nitride (TiN) 
and CrN with sometimes additional Al incorporation, 
have been studied as protective coatings to improve the 

fretting damage or corrosion and oxidation resistance of 
Zr-based claddings. The fretting damage of TiN-coated 
Zircaloy-4 tubes showed that the wear volume of TiN-
coated Zircaloy-4 tube decreased by 1.2 to three times 
compared to the uncoated tube and the wear mechanisms 
were brittle fracture of TiN before destroying the coating 
(Sung et al., 2001). TiN and CrN coatings exhibited excel-
lent corrosion resistance during autoclave tests due to the 
formation of stable oxide scales, TiO2 and Cr2O3, respec-
tively (Khatkhatay et al., 2014; Alat et al., 2015; Nieuwen-
hove et  al., 2015). For Al-containing coatings (i.e. TiAlN 
and CrAlN), the formation of AlOOH was observed during 
autoclave exposure, which was detrimental to corrosion 
performance due to its high growth rate and poor adhe-
sion. Significant cracking and spallation of the Al-contain-
ing coatings were frequently observed during autoclave 
test, which led to the subsequent oxidation and recession 
of the coating (Alat et al., 2015; Nieuwenhove et al., 2015). 
Figure 10 shows an example of the formation of AlOOH on 
the surface of TiAlN coatings and uniform corrosion of TiN 
coatings after autoclave test (Alat et al., 2015). However, 
the performance of the coatings in high-temperature 
steam atmosphere was not sufficiently investigated; some 
limited tests showed slightly reduced oxidation rates for 
coated samples up to 1100°C for short exposure time.

3.5  �Composite/multilayer coatings

Composite or multilayer coatings often show enhanced 
properties, such as hardness, adhesion, wear, and 

A B

Figure 10: SEM surface view of TiAlN (A) and TiN (B) coatings after autoclave tests at 360°C and 18.7 MPa for 3 days.
Reproduced from Alat et al. (2015) with permission from Elsevier.
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corrosion resistance, compared to single-layer coatings 
(Stueber et  al., 2009). Several composite or multilayer 
coating concepts have been investigated as ATF coatings, 
aiming to improve the bonding strength, to alleviate the 
interdiffusion or reaction between the coating and the 
substrate, and to suppress the propagation and expansion 
of various defects, such as pores and cracks, in the coat-
ings. Another attempt is to improve the performance of the 
coatings by the utilization of corrosion-resistant coating 
as the outer layer and oxidation-resistant coating as the 
inner layer that can enable the coatings function during 
both normal and accident conditions.

Jin et al. (2016) deposited Cr3C2-NiCr composite coat-
ings on Zr-2.5Nb substrates using the HVOF process. The 
coating thickness reached 250 μm, but the structure of the 
coatings was loose with many micropores. The coatings 
had shown good corrosion resistance during autoclave 
exposure; however, the Zircaloy substrate was seriously 
attacked due to the loose structure of the coatings. Higher 
mass gain was observed even for the coated samples due 
to the bimetallic effect. The coated samples gained slightly 
less weight gain during exposure to steam from 700°C to 
1000°C.

Park et al. (2016) deposited an Mo layer with ~15 μm 
thickness between FeCrAl coating and the Zr matrix by 
cold spraying to prevent interdiffusion at high tempera-
tures. The thickness of FeCrAl coatings was ~200 μm. 
The sample modified with this diffusion barrier showed 
little oxidation on the surface and negligible interdiffu-
sion between the coating and the substrate after exposure 
at 1200°C for 3000 s in steam (Park et al., 2016). For the 
FeCrAl coatings without Mo barrier, although similar little 
oxidation occurred on the surface, the diffusion depth of 
the alloying elements from the FeCrAl coatings into the Zr 
matrix was more than 1.17  mm after oxidation, and as a 

result, intermetallic compounds were generated deep in 
the Zr matrix (Park et al., 2016).

Similar to the previous studies, Al-based multilayer 
coatings with an inner Al layer and an outer amorphous 
alumina layer have been further proven to be not suitable 
due to the instability of alumina under normal conditions 
in subcritical water (Park, 2004). The amorphous alumina 
layer was hydrothermally corroded to AlOOH with poor 
adherence and fast growth rate.

Multilayer Cr-Zr/Cr/CrN coatings for the protection 
of Zr alloys from fast steam oxidation deposited by the 
vacuum-arc evaporation technique were investigated by 
Kuprin et al. (2014, 2015). Figure 11 shows the cross-sec-
tional microstructure of the as-deposited coatings and the 
coating after oxidation at 1100°C for 60 min in steam. The 
overall coating thickness was ~7 μm, with the Cr2Zr layer 
being 4 μm, the Cr layer 0.5 μm, and the outer CrN layer 
2 μm thick. The steam oxidation resulted in the growth of 
an oxide scale with a thickness of <5 μm for the coated 
samples, and some coatings remained unconsumed. The 
oxidation resistance was greatly improved compared to 
bare claddings.

In addition, the concepts of multilayer coatings with 
numerous alternative thin sublayers were proposed and 
studied. Wiklund et al. (1996) have investigated TiN/tita-
nium (Ti) multilayers as diffusion barriers to enhance 
the corrosion and hydriding resistance of Zircaloy clad-
dings under normal conditions. The coatings, including 
five different arrangements, were ordered stacks of TiN 
and Ti layers with different numbers of sublayers and 
individual sublayer thickness. All the coatings have dem-
onstrated great improvement of corrosion and hydriding 
properties of Zircaloy after an autoclave test at 360°C and 
22  MPa for 200  days. A thick multilayer coating with a 
large number of sublayers has been proven favorable for 

A B

Figure 11: Cross-sectional view of multilayer Cr-Zr/Cr/CrN coatings on E110 cladding: (A) as-deposited and (B) after oxidation at 1100°C for 
60 min.
Reproduced from Kuprin et al. (2015) with permission from Elsevier.
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optimal performance. Recently, similar coating architec-
tures but with Cr/CrAl (Ivanova et  al., 2013) and TiAlN/
TiN (Alat et al., 2016) multilayers were evaluated. The Cr/
CrAl coatings deposited by vacuum arc ion-plasma evapo-
ration with ~5 μm thickness showed ~10 times decreased 
corrosion rate during autoclave tests and several times 
decreased oxidation rate up to 1100°C in steam compared 
to the bare substrate (Ivanova et  al., 2013). The adop-
tion of the TiAlN/TiN multilayer architecture was aimed 
to avoid AlOOH phase formation with minimal weight 
gain under normal operating conditions as well as to 
form a stable Al2O3 scale during accident scenarios with 
high-temperature steam. Alat et  al. (2016) evaluated the 
performance of TiAlN/TiN multilayer coatings with differ-
ent sublayers. Two multilayered coating designs with the 
largest number of sublayers (8- and 16-layered) showed 
the optimum protection against corrosion (i.e. minimum 
mass gain without spallation/delamination) at 360°C and 
18.7 MPa up to 90 days. Figure 12 shows the corrosion rate 
and cross-sectional view as well as the corresponding EDS 
line scanning of TiAlN/TiN coatings after autoclave tests 
as an example. A thin layer of TiN (~1 μm) as a barrier on 
the surface was found to be sufficient to stop Al migration 
and prevent AlOOH phase formation during autoclave 
tests.

The coatings exhibited excellent corrosion resist-
ance compared to uncoated Zircaloy; oxygen penetrated 
only to the outermost TiN layer with a depth of ~1.5 μm 

for the coatings with eight sublayers after 33 days of test 
(Figure  12B). Multilayer coatings with alternating sub-
layer architectures appear to be a promising solution for 
Zircaloy claddings to resist the extremely harsh environ-
ment in the nuclear core as well as to improve the accident 
tolerance. The performances of the coatings with respect 
to the in-core and accident conditions need to be proven 
for the sake of practical application.

3.6  �Summarizing remarks

To evaluate Table 2 in a more straightforward approach, the 
performances of different types of coatings were assessed 
with regard to subcritical water corrosion and high-tem-
perature steam oxidation. The performances have been 
categorized into five levels as shown in Figure 13 by inter-
preting their protective effect using bare Zircaloy cladding 
as benchmark. Additionally, it is assumed that coatings 
forming MxOy oxide scales during corrosion or oxidation 
are denoted as corresponding M-based coatings. In terms 
of coatings consisting of multiple elements or multilayers, 
such as FeCrAl, Ti2AlC MAX phase, and TiAlN/TiN coat-
ings, they are supposed to be of different base metals if 
distinctive oxide scales form during hot-water corrosion or 
steam oxidation.

The results suggest that Cr-based coatings perform 
excellent under both conditions due to the growth of a 
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Figure 12: (A) Weight gain as a function of exposure time for TiN/TiAlN-coated samples with different sublayers tested in autoclave at 360°C 
and 18.7 MPa and (B) cross-sectional view and corresponding EDS line scanning of the coatings with eight sublayers after autoclave test for 
33 days.
A thin surface oxide layer was observed. Reproduced from Alat et al. (2016) with permission from Elsevier.
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protective Cr2O3 scale. The Cr2O3 scale acts as an efficient 
oxidant diffusion barrier during corrosion tests with one 
magnitude lower weight gain rate; hence, it is marked as 
highest grade 5 during hot-water corrosion. However, one 
limitation is that a Cr2O3 scale can only withstand tem-
peratures up to ~1200°C when exposed to steam (marked 
as grade 4 during steam oxidation). The Al2O3 and SiO2 
scales, which provide excellent oxidation resistance for 
bulk materials at higher temperature in steam (grade 5, 
tolerance temperature higher than 1200°C), are found to 
be unstable during subcritical water corrosion (grades 1 
and 2, no or little protective effect). However, it is neces-
sary to mention that, in contrast to the bulk materials, all 
the Si- and Al-based coatings reported thus far failed to 
form dense SiO2 or Al2O3 scales during high-temperature 
steam oxidation. Ti- and Ni-based coatings, followed by 
Fe-based coatings, show good performance under normal 
conditions, but their improvement under accident condi-
tions (i.e. high-temperature steam) is limited as shown 
in Figure 13. Due to the formation of carbon oxide gases 
during corrosion and oxidation, carbon-based coatings 
are expected to improve somehow the performance only 
at low temperatures (grade 2).

4  �Challenges of using coatings on 
Zr-based alloy claddings as ATF

The vast majority of approaches to improve the accident 
tolerance of current Zr alloy claddings reported in the past 

decades are based on the utilization of coatings and, to 
less extent, on using surface modification techniques. 
In terms of surface modifications, it seems that they are 
less suitable for ATF application, as the treated samples 
generally show better corrosion resistance but no or little 
improvement of high-temperature oxidation resistance in 
steam.

Generally, protective coatings that are developed to 
prevent underneath base materials from severe oxida-
tion and corrosion at high temperature rely on the for-
mation of a protective oxide scale on the surface. In an 
ideal situation, the oxide layer should be dense, slowly 
growing, highly stable, as well as adherent and coherent 
(Young, 2008). The most common and effective protec-
tive coatings are based on Cr2O3, Al2O3, and SiO2 forming 
scales (Saunders et al., 2008). To at least maintain (if not 
improve) the fuel performance under normal operations 
while enhance the accident resistance and risk compat-
ibility, some reasonably foreseeable requirements for 
surface modification (mainly utilization of coatings) of 
current Zr-based alloy claddings are urgently desired. The 
major requirements and challenges for protective coating-
Zr-based alloy systems include the following:

–– Capability to coat or treat full-length cladding tube 
with desired microstructure and acceptable cost;

–– Relatively low fabrication temperature to avoid chang-
ing the microstructure of underlying Zr-based alloy;

–– No or little negative effect on neutron economics;
–– Good thermal properties (such as thermal conductiv-

ity and stability, comparable thermal expansion coef-
ficients, and melting temperature);

–– Good corrosion and irradiation resistance under nor-
mal operations that can survive for several fuel cycles;

–– Good mechanical properties involving wear, fracture, 
spallation, and fretting-corrosion resistance under 
normal and accident conditions;

–– Good adherence and ductility to sustain high visco-
plastic deformation of Zr-based cladding in case of 
clad ballooning during accidental conditions; and

–– Improved resistance to high-temperature steam or air 
under accident conditions.

4.1  �Coating materials

Regarding the coatings reviewed, the coating materials 
can be divided into two major types: metallic coatings 
and ceramic coatings. Tables 3 and 4 conclude some note-
worthy properties of various elements acting as coating 
components and their corresponding oxides reported pre-
viously (Matweb), respectively.

Figure 13: Authors’ assessment of the performance of different 
types of coatings on Zr-based alloy claddings as ATF under normal 
and accident conditions; assuming M-based coatings form cor-
responding MxOy oxide scale during corrosion or oxidation (1, worst; 
…; 5, best).
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Metallic materials are the most common and impor-
tant coating materials to protect a metallic system at 
elevated temperature with benefits of high ductility, 
good adherence due to the formation of a metallurgi-
cal bond with the substrate, high thermal conductivity 
(Table 3), and easy fabrication. However, some chal-
lenges often exist during practical service for metallic 
coatings. One disadvantage is the potential formation of 
brittle intermetallic compounds between the coating and 
the substrate during fabrication processes that can cause 
premature mechanical failure of the coating-substrate 
system. In addition, the high mutual diffusion rates, the 
mismatch of the thermal expansion coefficient (Table 3), 
and the formation of eutectic compounds at relatively 
low temperature between the coating and the substrate 
can promote in-service failure of the coatings or even 
aggravate the performance of the underneath substrate. 
These issues can potentially be avoided or mitigated 
through the adoption of an appropriate diffusion barrier 
(Park et al., 2016).

The ceramic coatings investigated are mainly carbides 
and nitrides with a small number of studies applying 
oxide coatings. One undesirable characteristic for oxide 
coatings is their low thermal conductivity (Table 4). This 
can influence the thermal flux in the core, increasing the 
temperature inside the cladding and making the core more 
susceptible to degradation. The low thermal conductivity 
of oxide coatings makes them less suitable for practical 
usage. Carbides and nitrides are more promising coating 
materials due to their excellent thermal and mechanical 
properties at elevated temperature as well as their high 
resistance to radiation damage. Besides, these coatings 
usually exhibit high hardness and good wear resistance, 
which supposes to improve the fretting-wear and fretting-
corrosion resistance of the claddings against the coolant 
flow. One of the main challenges that need to be assessed 
for the adoption of ceramic materials as coatings is their 

brittle characteristic and weak toughness, making them 
prone to crack after experiencing high stresses (Liu et al., 
2016). Previous fretting tests of TiN coatings on Zircaloy-4 
revealed that the main wear mechanism was brittle rupture 
within the coating before destroying it (Sung et al., 2001). 
The mechanical integrity of coatings, especially ceramic 
coatings, during in-core service as well as high-tempera-
ture clad ballooning in LOCA scenarios requires specific 
attention in future studies.

For application in the nuclear core, neutron-trans-
parent (i.e. with low thermal neutron absorption cross-
section) materials are obviously appreciable (Wu et  al., 
2015). As shown in Table 3, thermal neutron absorption 
cross-sections for all the elements that have been used as 
coating components are <3, except for Ti (5.6) and Ni (4.5). 
Previous studies have suggested that it is necessary to 
minimize the coating thickness below 30 μm to limit neu-
tronic penalties (Younker & Fratoni, 2016). Hence, in terms 
of thick coatings, for example, deposited by spraying pro-
cesses, the Ti and Ni elements seem to be not applicable 
due to a pronounced effect on neutron economy.

4.2  �Deposition technologies

Various technologies have been adopted to deposit coat-
ings on Zr alloys, and they can be categorized into three 
main approaches: PVD, CVD, and spraying. Posttreatment 
was used in some cases to achieve the desired microstruc-
ture and properties of the coatings. Some other processes, 
such as electroplating or plasma electrolytic oxidation, 
were also used by some research groups. However, there is 
no follow-on investigation concerning coatings deposited 
by these methods until now. Furthermore, the published 
data suggest that these two processes are less suitable 
for practical applications due to the undesirable loose 
coating structure (Hui et  al., 2011). The development of 

Table 4: Summary of the various properties for oxides.

Oxides Density 
(g/cm3)

Melting 
point (°C)

Thermal expansion 
(×10−6 K−1, RT)

Thermal conductivity 
W/(m K), RT

ZrO2 5.68 2715 12.0 1.67
SiO2 (amorphous) 2.20 1715 0.54 1.46
Al2O3 3.96 2044 8.1 18.0–30.0
TiO2 (rutile) 4.23 1855 7.14 7.40
Cr2O3 5.22 2435 7.1 10.0–32.9
Fe2O3 5.24 1565 ~9.2 ~15.0
NiO 6.67 1955 8.57 ~20.2
Nb2O5 4.60 1512 ~5.9 –
Y2O3 5.01 2425 ~8.1 8–12
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novel surface treatment techniques, such as laser flashing 
or electron beam remelting, to densify the coating offers 
the potential to use these processes.

The majority of the work on the manufacturing pro-
tective coatings for Zr-based alloy claddings has been 
conducted using PVD processes primarily by sputtering 
techniques and arc ion evaporation. The PVD processes 
represent widely used techniques to deposit different 
kinds of thin-film coatings that use physical reaction, 
such as sputtering or evaporation, to produce a vapor of 
the target, which is then deposited on the substrate that 
requires coatings. Dense films with extremely smooth 
surface, good mechanical properties, and high adher-
ence can be produced. Because PVD is a nonequilibrium 
process, the deposition of novel metastable materials with 
desired properties that are not restricted by classical ther-
modynamic properties and diffusion kinetics is feasible. 
The major obstacles for the selection of this technique 
are their relatively high cost due to the complex facility 
required and relatively low coating rates. The deposition 
rates are usually located in the range of below one to few 
microns per hour. The microstructure, composition, and 
performance of such coatings can be significantly influ-
enced by the substrate surface conditions and process 
parameters. Several research groups have developed 
various generations of coatings by adjusting the process 
parameters to optimize the coatings (Alat et  al., 2015; 
Brachet et  al., 2015). In addition, the syntheses of some 
coatings require quite high substrate temperature or post-
thermal treatment at relatively high temperature to obtain 
the desired microstructure, for example, Ti2AlC MAX phase 
coatings at ~800°C (Tang et al., 2017) and Al coatings at 
760°C (Carr et  al., 2016). It is suggested that the process 
temperature is preferably below the final stress-relieved 
annealing (SRA) temperature (~450°C) of as-received 
Zr-based alloy claddings to avoid the modification of its 
mechanical and chemical properties. For coatings using 
PVD processes, the emphases are recommended to place 
on minimizing the processing times and temperatures as 
well as improving the reproducibility and reliability of the 
coatings.

Contrary to PVD, CVD processes are based on chemi-
cal reactions. In terms of depositing protective coatings 
on Zr alloys, it has only seen limited application for 
growing carbon-based coatings, such as PCD and SiC. 
The CVD processes usually run at much higher tempera-
tures than PVD. Some researchers have shown that the 
substrate temperature can be reduced to quite a low level; 
however, the deposition rates simultaneously decrease. 
For instance, the growth rate for PCD film obtained at 
450°C is below 20 nm/h (Ashcheulov et al., 2015), which 

will severely restrict the practical application of this 
process.

Another promising coating technique is spraying, 
such as cold spraying, laser spraying, and the HVOF 
process. The main advantages regarding such processes 
are their high deposition rates, low cost, and easy quality 
control. The major issues confronting the coatings depos-
ited by this technique are that the coatings usually show 
a rough surface with relatively loose structure (Park 
et  al., 2016). Besides, composition changes between the 
raw materials and the coatings are sometimes observed. 
Further investigations, such as by adjusting the process 
parameters or using posttreatment processes, are required 
to overcome these problems.

Each deposition process reviewed herein possesses 
its own benefits and limitations. The development of reli-
able and reproducible deposition processes, particularly 
PVD and spraying processes, with optimized coating per-
formance and cost reduction is the primary recommenda-
tion for future R&D activities on coating manufacturing 
technology.

4.3  �Stability under normal and accident 
conditions

The primary reason for the utilization of coatings on 
current Zr-based alloy claddings is to eventually improve 
the tolerance under transient accident conditions. There-
fore, one prerequisite to achieve this goal is that the coat-
ings must withstand the simultaneous occurrence of 
aqueous corrosion by hot water, irradiation damage, and 
various stresses during normal operations for a certain 
period of time, typically two to three fuel cycles. The 
high-temperature, high-pressure subcritical water used 
as coolant in the core is a highly reactive agent. Previous 
studies have demonstrated that typical structural metal-
lic or nonoxide ceramic materials are converted into their 
oxides or dissolved rapidly by hydrothermal corrosion in 
hot water (Kritzer et al., 1999). Some materials hold good 
hydrothermal corrosion resistances that are attributed to 
the formation of a dense, adherent surface oxide layer that 
grows very slowly during long time exposure.

Pourbaix diagrams (i.e. electrochemical potential 
versus pH diagram for a given pressure, temperature, and 
dissolved ion concentration) are effective tools to evaluate 
the performance of a particular material, mostly metals, 
under the electrochemical corrosion in aqueous solutions. 
The diagrams can be classified into three regions of immu-
nity, passivity, and corrosion related to the identities of 
the dominating species with respect to unreacted metal, 
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stable surface oxide, and aqueous ions, respectively (Cook 
& Olive, 2012a). Figure 14 shows the Pourbaix diagrams 
of six promising and widely used elements (Si, Al, Ti, Cr, 
Fe, and Ni) as coating components at 350°C, 25 MPa and 
ion concentration of 10−6 mol/kg (Allendorf et  al., 1995; 
Cook & Olive, 2012a–c). Although the pressure here is a 
little higher than the typical PWR conditions, they can 
also provide some useful guidelines for the selection and 
development of the coating materials. The electrochemical 

potential and pH for the aqueous solution in PWR core are 
−500 mVSHE and 7.0, respectively (Allen et al., 2012). Con-
sistent with the previous autoclave corrosion results of 
various types of coatings, SiO2- and Al2O3-forming materi-
als are supposed to undergo severe attack with no protec-
tive effect due to the formation of soluble aqueous ions 
(Figure 14A and B). Metallic Ti, Cr, and Ni or correspond-
ing-based materials are expected to exhibit passivity over a 
wide range of electrochemical potential and pH due to the 
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Figure 14: Pourbaix diagrams for (A) Si (calculated using HSC Chemistry software; Allendorf et al., 1995), (B) Al, (C) Ti, (D) Cr (Cook & Olive, 
2012a), (E) Fe (Cook & Olive, 2012c), and (F) Ni (Cook & Olive, 2012b) at 350°C, 25 MPa and 10−6 mol/kg. SHE means standard hydrogen 
electrode.
Reproduced with permission from Elsevier.
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formation of stable oxides (Figure 14C, D, and F). The sta-
bility or dissolution behavior of Fe-based materials is more 
complex and demonstrates susceptible to the water chem-
istry. According to Figure 14E, Fe oxides should be stable 
during normal operations. However, the dissolution of the 
Fe-rich spinel crystals resulted in net mass loss of some Fe-
based alloys during autoclave test in simulated LWR water 
conditions (Terrani et al., 2016). Several passivity and cor-
rosion regions are surrounded by each other near the PWR 
water conditions with decreasing pressure and ion con-
centration (Cook & Olive, 2012c). In summary, Cr, Ti, and 
Ni-based materials represent the optimum choices of coat-
ings to resist the hydrothermal corrosion under normal 
conditions. It is necessary to mention that the majority 
of previous autoclave corrosion tests were performed in 
a static environment in which the dissolved aqueous ions 
can rapidly reach saturation. However, in a real situation, 
the coolant water flows at a rate of ~3600 kg/m2 s (Cheng 
et al., 1996). Reducing the concentration of corrosion prod-
ucts typically results in increasing the size of corrosion 
areas while decreasing the passivity regions, for instance, 
Cr oxides are predicted to be unstable when the ion con-
centration reach 10−8 mol/kg at the same conditions (Cook 
& Olive, 2012a). Hence, the dissolution of the protective 
oxide layer in the core followed by precipitation at lower 
temperature regions leads to the potential causes of fast 
coating dissolution and breakdown. The stability of the 
protective oxide layers and the dissolution rates of corro-
sion products inside a core need to be fully investigated 
and fundamentally understood.

The initial evaluation of coating concepts on Zr-based 
alloys has focused on testing and verifying their feasibility 
under an out-of-pile situation. Another significant poten-
tial degradation phenomenon during in-pile service for 
the coatings is radiation damage and irradiation-assisted 
phenomena, such as phase transformation, irradiation 
hardening and growth, and interaction at the interface 
between the coated layer and the Zr-based alloy substrate. 
The irradiation performance of the coatings needs to be 
evaluated and the coatings must provide adequate resist-
ance to irradiation that can maintain the protective effect 
during long time service. In addition, high magnitude 
stress can be accumulated within the coating-substrate 
system due to various factors, such as corrosion and irradi-
ation-induced stress as well as mechanical stress like pel-
lect-cladding-mechanical interactions (PCMI) upon power 
ramps. In an ideal situation, the coatings should be highly 
adherent during operation without spallation or crack-
ing or can self-heal after the appearance of some defects. 
Additionally, it is important to demonstrate that various 
defects or partial spallation do not have a significantly 

negative impact on the benefits of the coating or the per-
formance of the underlying fuel rod claddings. Above all, 
the comprehensive validation of the performance of the 
coated-Zr alloy cladding inside an in-pile operating envi-
ronment for long time service remains an initial key step 
to provide practical acceptance.

Similar to hydrothermal corrosion, materials that 
provide good high-temperature steam and/or air oxida-
tion resistance also depend on the formation of a dense 
and slow-growing oxide scale on the surface. The prin-
cipal oxides that constitute the scale are mainly Cr2O3, 
α-Al2O3, and SiO2. Generally, Cr2O3 scales have been proven 
to provide sufficient protection up to a maximum of 
~1100°C–1200°C, α-Al2O3 to ~1400°C, and SiO2 to ~1700°C in 
a long-term isothermal oxidation situation (Young, 2008). 
One notable feature of Cr2O3- and SiO2-forming materials is 
that they may undergo active oxidation by forming volatile 
oxidation products rather than protective oxide scale espe-
cially in high-temperature steam depending on the local 
environment (Saunders et al., 2008; Terrani et al., 2014a). 
Nevertheless, α-Al2O3 and SiO2 are the only two oxides 
that are capable of forming a very effective barrier against 
oxidation by steam up to extremely high temperature. 
However, these two oxides have been proven to be unsta-
ble under normal operations (Figure 14). A composite or 
multilayer coating concept with the capability of generat-
ing the corresponding stable and protective barrier under 
normal (hydrothermal corrosion) conditions and accident 
(steam oxidation) scenarios, respectively, which provides 
additional performance benefits, may be the appropri-
ate coating choice. Generally speaking, the coating life is 
remarkably restricted by various issues at elevated temper-
ature. A thorough survey is needed to be fulfilled to funda-
mentally understand the degradation mechanisms of the 
coated-Zr alloy claddings in simulated accident scenarios. 
Furthermore, it is necessary to prove that various defects 
within the coatings, rapture, or ballooning of the cladding 
that cause exposure of the inner fresh surface as well as 
loss of the protective effect of the coatings (for instance, 
due to oxidation, volatilization, interdiffusion, and chemi-
cal interactions with underneath substrate) will not cause 
faster oxidation or more rapid degradation of the then 
unprotected Zr alloy cladding substrate compared to the 
uncoated one during accident scenarios.

5  �Conclusions
Various types of coatings have been proposed and exam-
ined to improve the performance of current Zr-based 
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alloy claddings, mainly regarding water side corro-
sion and high-temperature steam oxidation resistance, 
during normal and accident conditions. Cr-based coat-
ings perform well under both conditions because of the 
successful growth of a protective Cr2O3 scale. The major 
obstacle is that Cr2O3 scale can only withstand the service 
temperature up to ~1200°C when exposed to steam. Al2O3 
and SiO2 scales, which can withstand higher temperatures 
in steam, are found to be unstable during subcritical water 
corrosion. Moreover, contrary to the behavior of bulk 
materials, all the Si- and Al-based coatings reported so far 
failed forming dense SiO2 or Al2O3 scales during high-tem-
perature oxidation. Ti- and Ni-based coatings, followed by 
Fe-based coatings, show good performance under normal 
conditions, but their improvement under accident condi-
tions (i.e. high-temperature steam) are limited.

The performances of coatings are highly influenced 
by the composition and structure of the coating-substrate 
system, which rely on the deposition process and para-
meters. A detailed study for the selection of suitable fab-
rication process and deposition parameters should be 
conducted. The thickness for the application of coatings 
on the surface of Zr alloy claddings is restricted to not 
significantly change the behavior of the currently well-
established Zr alloy clad/UO2 fuel design. Therefore, thin, 
dense, and adherent coatings are favorable. As reviewed, 
most coating concepts simply concentrate on one special 
issue or scenario, and the comprehensive performance of 
the coating-substrate system under in-core situations is 
not yet developed. Considering the extremely harsh envi-
ronment in nuclear core and high demands for improving 
safety and efficiency of current water-cooled reactors, 
single-layer coatings seem to be difficult to satisfy all 
these requirements. The major challenges for single-layer 
metallic or ceramic coatings are interactions between 
the coating and the substrate, such as fast interdiffusion 
rates and eutectic melt formation, at high temperature 
and their brittle characteristic, respectively. A composite 
coating system, such as composition gradient coating and 
functional gradient coating, providing extra performance 
benefits, may be the appropriate coating system for Zr-
based claddings, which is fully qualified under various 
conditions. However, a complicated coating system cer-
tainly requires strict process control and quality control, 
which will also retard the licensing process under current 
regulatory criteria.
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