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Understanding the
high-temperature corrosion
behavior of zirconium alloy as
cladding tubes: a review
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1Science and Technology on Reactor Fuel and Materials Laboratory, Nuclear Power Institute of China,
Chengdu, China, 2School of Nuclear Science and Technology, Xi’an Jiaotong University, Xi’an, China

Operated under extreme conditions, corrosion occurs between zirconium alloy
cladding tubes and the coolant in the primary loop of pressurized water reactors
(PWRs), contributing to a reduction in the effective metallic material thickness.
Therefore, understanding the corrosion behavior of zirconium alloy is vital to
both raising the burnup of PWR and the improvement of safety properties of
these reactors. During the past decades, extensive investigation was conducted
with various conditions, such as changing corrosion temperatures and alloying
elements, but contradiction persists and universal conclusion remain elusive.
In the present work, a variety of research results that focused on corrosion
kinetics, microstructural evolution, and the influence of alloying elements were
integrated and summarized, so that a valuable reference can be provided to
further research.

KEYWORDS

zirconium alloy, high temperaature oxidation, corrosion, kinetic transition, alloying
element

1 Introduction

The aggravation of global climate issues increases the public attention on clean energy,
especially for the nuclear energy, known for its controllability and sustainability. Safety
consideration, particularly in the aftermath of events like the Fukushima nuclear disaster,
is given the priority, even over the financial efficiency. As the first safety barrier of nuclear
reactor, the integrity of cladding tubes is essential to prevent the leakage of radioactive
products under both normal operating or accident conditions. Correspondingly, zirconium
alloy, due to its low neutron absorption cross section (0.18 × 10−28 m2), is the only
commercial materials for cladding tubes. In reactors, zirconium alloys are exposed to
extreme conditions, typically 360°C and 15.5 MPa at coolant-side, and the aggressive
chemistry, usually containing boron and lithium. This exposure leads to electrochemical
interactions between zirconium alloy and coolant in the main loop. Associated studies
indicate that these interactions accelerate under higher burnup conditions or during
accidents (Park et al., 2010; Allen et al., 2012a; Lee et al., 2017).

There are two main degradation processes: corrosion transition and hydrogen pickup.
The corrosion transition (i.e., breakaway phenomenon) refers to an acceleration in corrosion
rate (Cox, 2005; Park et al., 2007; Ni et al., 2012; Baek and Jeong, 2008; Leistikow and
Schanz, 2022), resulting in a reduction of the effective oxide thickness and the failure of
the protective oxide film. In parallel with corrosion, hydrogen, produced during corrosion,
ingresses into the zirconia matrix. The low solubility for hydrogen [about 80 ppm by wt
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at 300°C and 200 ppm by wt at 400°C (Allen et al., 2012a)], can
lead to its precipitation as hydrides, negatively affecting mechanical
properties, such as embrittlement, delayed hydride cracking, and
loss of fracture strength (Allen et al., 2012b). Therefore, no matter
aiming to enhance burnup or safety properties, it is salient to
understand the corrosion mechanism and improve the corrosion
resistance.

The investigation of zirconium alloy corrosion in nuclear
energy application can be traced back to the 1960s. The diverse
range of exposed temperatures [300°C–1,600°C (Garzarolli et al.,
1996; Arima et al., 2004; Park et al., 2007; Leistikow and Schanz,
2022; Sun et al., 2020; Liu et al., 2021)], and alloy elements,
including Cr, Fe, Ni, Nb, Sn, and Cu, complicates predictions
and explanations of corrosion behavior. While a variety of
mechanisms on corrosion transition, such as zirconia (ZrO2)
transformation from tetragonal phase to monoclinic phase (t-
m transformation) (Qin et al., 2006; Wei et al., 2013) or the
porosity of oxide (Ni et al., 2010; Hu et al., 2019; Cui et al., 2022;
Cui et al., 2024), have been proposed, contradictions persist and
a universal conclusion remains elusive. Given the complexity of
zirconium alloy corrosion behavior, integration and summary of
previous research results are imperative. This review provides
a comprehensive understanding of corrosion mechanisms, pave
the way for further research, and offer guidance for the design
of new zirconium alloy compositions with improved corrosion
resistance.

2 Corrosion mechanisms and kinetics

2.1 Corrosion mechanism

At high temperature, zirconium interacts with water as follow:

Zr+ 2H2O→ ZrO2 +H2

The mobility of zirconium ion, Zr4+, is expected to be extremely
low, as evidenced by its immobility during the growth of anodic
oxide film (Cox and Pemsler, 1968). This characteristic makes
oxygen ions, O2−, the only mobile species in the corrosion system.
However, Whitton, (1968) also proposed that, at a relatively high
temperature, such as a loss-of-coolant accident (LOCA) condition,
theremight be somemigration of small zirconium ions. Tomaintain
the charge neutrality of the system, an electron flux moving in
the opposite direction is required. As an ionic oxide without
available free electrons, it is believed that the transformation
of oxygen ions is achieved through vacancies (V″O) (Cox and
Pemsler, 1968; Allen et al., 2012a) in the system, through either bulk
diffusion or grain boundary diffusion (Cox and Pemsler, 1968).
Cox and Pemsler, (1968) used radioactive oxygen measurements
and found that bulk diffusion is over five orders of magnitude
slower than grain boundary diffusion, which means that grain
boundary is the dominant diffusion path. It should be noted that,
as an element belonging to Group IV, zirconium accommodates
a large amount of oxygen (Pieraggi et al., 1995). Therefore, the
weight gain of zirconium corrosion comprises two parallel processes
(Zino et al., 2021), the formation of oxide and the solid solution
of oxygen (Pieraggi et al., 1995; Zino et al., 2021), as illustrated in
Figure 1.

2.2 Corrosion kinetics

The Research on corrosion behavior of zirconium alloys has
predominantly focused on temperatures ranging from 300°C to
1,400°C. Due to the dominant application of pressurized water
reactors (PWRs), extensive investigation aims to the corrosion
mechanism at the operating condition of PWRs, where the coolant-
side temperature is 360°C. The occurrence of Fukushima Nuclear
Disaster also attracts public attention to the corrosion behavior
at higher temperature. When loss-of-coolant accident (LOCA)
happens, the rapid depressurization in main loop caused by facture
of pipes leads to evaporation of coolant, which generates steam as
corrosion medium. At the same time, cladding tubes experience a
dramatic temperature increase to over 1,000°C due to the loss of
coolant. Therefore, the corrosion experiments exceeding 1,000°C is
designed to simulate LOCA in PWRs. Moreover, research around
500°C, aimed for the nodular corrosion observed in the boilingwater
reactors (BWRs) (Charquet, 2001; Xie et al., 2017; Samanta et al.,
2023).

Under operating condition, it is commonly observed that there
are three stages of corrosion (Wei et al., 2013; Cui et al., 2022), as
shown in Figure 2A.Thepre-transition stage demonstrates cubic law
kinetics governed by the Wagner rule (Wagner, 1933), followed by
the transitory stage composed by a set of successive cubic curves.
Finally, corrosion enters the post-transition stage where the weight
gain curve increases linearly with time. As temperature increases,
the occurrence of transition is much earlier, and the corrosion
only contains two stages, as shown in Figure 2B. The initial stage
obeying a cubic or parabolic law would transform to a quasi-linear
subsequent stage.

Nagase et al. (2003) performed experiments in the temperature
range of 500–1,300°C, and found a quasi-cubic law with an
exponent n around 2.5–3 when temperature is lower than 900°C,
as shown in Figure 2C. When temperature exceeds 1,000°C
(1273K), the cubic law completely transforms into a parabolic
law. The authors suggested that this transformation results from
the stabilization of tetragonal phase of ZrO2 (t-ZrO2) at higher
temperature. Apart from the oxidation exponent, the increased
temperature can also significantly shorten the time required by
breakaway phenomenon. For example, 180 days is needed at
360°C (Wei et al., 2013), while only 20 min is needed at 1,000°C
(Cui et al., 2022). Meanwhile, as temperature increases, α-Zr with
a close-packed hexagonal structure transform to β-Zr (cubic
structure) (Wilhelm and Garcia, 1987; Lee et al., 2017). The oxygen,
as a stabilizing α phase element, forces β-Zr near the oxide-
metal interface to be converted to α-Zr and, thus, leads to
a layer of α-Zr(O) phase underneath the oxide-metal interface
(Kim et al., 2011).

3 The microstructure of oxide film

As corrosion proceeds, there are significant changes in grain
morphology and lattice structure. Meanwhile, the appearance of
porosity and cracks in the oxide film was also reported as the oxide
grains moves far away from the oxide-metal (O-M) interface.
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FIGURE 1
Schematic of corrosion process in zirconium alloys (Motta et al., 2015).

FIGURE 2
(A) Schematic representation of zirconium alloy corrosion (Allen et al., 2012a), (B) Weight gain curve obtained at 1,000°C using synchrotron
thermogravimetric analyzer (STA) (Cui et al., 2022), (C) Weight gain obtained by NAGASE et al. (2003) at temperatures of 773K through 1,573K.

3.1 Morphology and structure of oxide

The morphology of oxide grains has been comprehensively
investigated using various electron microscopy techniques. In
the early stage of corrosion, small equiaxed oxide grain form
and grow anisotropically into columnar grains (Jeong et al., 1999;
Yilmazbayhan et al., 2006), as depicted in Figure 3. The strong
texture and compact arrangement of these columnar grains
contribute to the protective nature of oxide film. However,
at the coolant-side of oxide film, the dense columnar grains

transform into the loose and porous equiaxed grains, as shown
inFigure 3. This transformation leads to the degradation of the film’s
protective function.

Apart from morphology changes, the structure of oxide also
undergoes transformation over time. At the service temperature,
the monoclinic phase of ZrO2 is the only thermodynamically
stable phase (Setiadinata, 2016), exhibiting over six different
structures dependent on temperature and pressure (Whitney,
1965; BLOCK et al., 1985; Ohtaka et al., 1988; Ohtaka et al.,
1990; Ohtaka et al., 1991; Ohtaka et al., 2001), as illustrated in
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FIGURE 3
Cross-sectional electron micrograph showing columnar and equiaxed oxide grain present in the oxide layer at the time of transition (de Gabory et al.,
2015a).

FIGURE 4
Pressure-temperature phase diagram of ZrO2 (Ohtaka et al., 2001).
Reported boundaries are given by dashed lines: monoclinic-to-orthoI
and orthoI-to-tetragonal are after Block et al. (1985);
monoclinic-to-tetragonal is after Witney (Whitney, 1965);
orthoI-to-orthoII and orthoII-to-? is after Ohtaka et al. (1988);
Ohtaka et al. (1990); Ohtaka et al. (1991).

Figure 4. Despite t-ZrO2 being thermodynamically unstable at
room temperature or even at the reactor core temperature,
it is still observed alongside the monoclinic phase (m-
ZrO2) (Godlewski et al., 1991; Yilmazbayhan et al., 2006).
Generally, it is suggested that t-ZrO2 can be stabilized by the
following factors.

3.1.1 Compressive stress
The compressive stress in the oxide film has been extensively

investigated by synchrotron X-ray diffraction (S-XRD) (Garvie,
1952; QIN et al., 2007; Sawabe et al., 2015). Sawabe et al. (2015)
measured the residual stress using micro-beam XRD and found that
the maximum compressive stress is 3.9 GPa at the O-M interface.
This stress is attributed to the volume expansion caused by oxidation
(Pilling-Bedworth ratio is 1.56) (Polatidis et al., 2013), and gradually
decreases further from the O-M interface. Additionally, Qin et al.
(2006) and Garvie (1978) reported the coexistence of compressive
stress and t-ZrO2. Kurpaska et al. (2013) observed an increase of
t-ZrO2 fraction with increasing compressive stress using in situ
Raman spectroscopy, revealing that compressive stress can stabilize
t-ZrO2.

3.1.2 Grain size
Regarding the grain size, Garvie, (1952) andHolmes et al. (1972)

suggested that the existence of tetragonal zirconia at a temperature
well below the normal transformation temperature can be explained
by crystallite size, where surface free energy of t-ZrO2 is less than
that of m-ZrO2. The thermodynamic model proposed by Qin et al.
(2006), as shown in Figure 5, provides an intuitive understanding. It
indicates that the t-m transition occurs if the grain size exceeds the
critical value, which is sensitive to temperature (Holmes et al., 1972).
It is worth noting that there is a disagreement regarding the critical
size of t-m transformation, varying from 30 nm (Garvie, 1952) to
90 nm (Garvie et al., 1975).

3.1.3 Vacancies
Fabris et al. (2002) used a self-consistent tight-binding model

to calculate energy and structure of zirconia with various vacancy
concentrations. They found large relaxations around an oxygen
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FIGURE 5
A schematic diagram showing two different grain-size distributions of
ZrO2 (I and II), Vt

C is the critical value of the t-m transformation
(Qin et al., 2006).

vacancy and vacancy clusters along the <111> direction. Their
finding indicated that doped vacancies favor the stability of t-ZrO2.
Shukla and Seal, (2005) reviewed the mechanisms of tetragonal
phase stabilization in nanocrystalline, submicrometer-sized, and
bulk zirconia. Their comparison suggested that excess oxygen ion
vacancies within the ZrO2 are primarily responsible for the room
temperature tetragonal phase stabilization when the grain size is
below a critical threshold.

3.1.4 Chemical dopants
At room temperature, Li et al. (1994) and Ghigna et al. (1999)

found that t-ZrO2 can be stabilized by adding cations with a valence
of +3. The chemical bond between the dopant cationic and O2−

differs significantly from the chemical bond between Zr4+ and O2−,
resulting in lattice distortion. The size of cation also determines the
favorable position of O2− and thus identifies the structure of the
lattice (Ghigna et al., 1999).

In summary, according to the discussions above, a conclusion
on t-m transformation can be drawn. Initially, the t-ZrO2 formed
at the O-M interface is stabilized by both compressive stress and
a small grain size. However, as the oxide grain grows (Qin et al.,
2006), and relaxed compressive stress (Polatidis et al., 2013) brought
by the oxide further away from the O-M interface, t-ZrO2 becomes
unstable and transforms to m-ZrO2. The t-m transformation
involves 3%–7% volume expansion and 16%–18% shear strain
(Platt et al., 2014), potentially leading to the microcracks along
grain boundaries (Kelly and Francis Rose, 2002; Chevalier et al.,
2009), whichmay compromise the protective property of oxide film.
Therefore, many researchers consider the t-m transformation as the
cause of corrosion transition (Godlewski, 1994; Polatidis et al., 2013;
Garner et al., 2015; Barberis, 2022; Maroto et al., 2022). However,
there is still controversy about this opinion. Yilmazbayhan et al.
(2004) observed a higher corrosion rate in a sample with higher
fraction of t-ZrO2, while the Petigny et al. (2000) reached a
contrasting conclusion. In addition, Barberis, (2022) reported no
abrupt change in t-ZrO2 fraction before and after the transition.

Hence, further investigation is still required to understand the
mechanism of the breakaway phenomenon. It is also noticeable
that no clear relationship has been established between oxide grain
morphology and the lattice structure of ZrO2.

3.2 Porosity and cracks in the oxidation
film

The stress relaxation in oxide film caused by t-m transformation
is the common reason for porosity (Qin et al., 2006; Park et al.,
2010). The first compelling evidence of the porosity along the
oxidation direction in oxide film corroded at 360°C was provided
by Hudson et al. (2009), Hudson and Smith (2009), Ni et al. (2010),
Ni et al. (2011a), Ni et al. (2011b), Ni et al. (2012) using Fresnel
contrast of transmission electron microscopy (TEM), as shown
in Figure 6A. Based on the observed porosity, they proposed a
corrosion transition mechanism that these nanopores serve as
a short path for oxygen diffusion, contributing to breakaway
phenomenon. This mechanism was confirmed by their experiments
using 18O to trace the diffusion of oxygen and characterization
with Nano secondary ion mass spectrometry (NanoSIMS) (Ni et al.,
2012). At higher temperature, Cui et al. (2024) observed nanovoids
in an oxide film formed at 1,000°C, as depicted in Figure 6B, and
attributed their formation of Zr5Sn3, secondary phase particles. At
the same temperature, Park et al. (2010) observed micro-pores and
micro-cracks at oxide grain boundaries as the grain size increases,
as shown in Figure 6C. They indicated that these micro-pores and
micro-cracks not only enhance oxygen diffusion but also increase
the magnitude of local stress, leading to the propagation of cracks.

Cracks serve as another indicator for the degradation of
oxide film. Regarding the direction of cracks relative to the O-
M interface, they can be classified into two types: lateral cracks
along the interface and the vertical cracks perpendicular to the
interface. Isolated lateral cracks with relatively small size are
frequently observed above the convex part of the O-M interface
(Bossis et al., 2000; Ni et al., 2011a; Tejland and Andren, 2012),
as shown in Figure 7A. For continuous lateral cracks, they are
periodic separated in the oxide film (Yilmazbayhan et al., 2004),
as shown in Figure 7B. Based on the oxide film thickness beneath
the continuous lateral cracks, it is considered as the symbol of the
onset of transition (Yilmazbayhan et al., 2006; Polatidis et al., 2013;
Lee et al., 2017). The connection of small lateral cracks is believed to
create the continuous ones (Wallwork et al., 1965; Ni et al., 2011a).
The compressive stress in the oxide film, which may block the
propagation of cracks, can be overcome as the toughened ceramic
(Ni et al., 2011a). In contrast, Kim et al. (2011) suggested that the
accumulation of hydrogen, caused by the reduction of α-Zr(O)
grain boundaries, is responsible for the formation of lateral cracks,
based on their experimental observation at 1,000°C. Even though
the cracks severely degrade the protective function of oxide film,
the exact impact of lateral cracks on the corrosion is disputed.
For example, Lee et al. (2017) suggested that the continuous lateral
cracks disturb the oxygen diffusion towards the matrix before
transition, while no longer having influence on corrosion after
transition.

Particular attention is paid to the vertical cracks, as they act as
a direct diffusion path for corrosion medium to reach the matrix.
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FIGURE 6
The porosity formed in oxide film (A) Bright-field Fresnel image of porosity in columnar monoclinic oxide grains formed on Zr-2 alloy at 360°C
(Ni et al., 2010); (B) Nanovoids formed in oxide of ZIRLO at 1,000°C (Cui et al., 2024); (C) Cross-sectional bright-field TEM micrograph obtained from
the oxide layer formed on Zr-4 alloy at 1,000°C, the upper one shows the oxide microstructure oxidized for 300 s, the bottom one is obtained after
4,000 s (Park et al., 2010).

FIGURE 7
(A) The isolated cracks above the O-M interface observed in ZIRLO corroded at 360°C (Ni et al., 2011a); (B) The periodic lateral cracks formed in Zr-4
alloy at 360°C (Yilmazbayhan et al., 2004) (C) The microchannels above the convex part of O-M interface formed in the oxide film at 1,000°C (Cui et al.,
2022); (D) SEM BSE imagine of Zr-1Nb0.1Sn0.1Fe pre-oxided at 1,000°C for 1,630 s and subsequently oxidized at 1,000°C for 5,130 s (Lee et al., 2019).

Finite element simulation byPlatt et al. (2014) demonstrated that the
stress induced by t-m transformation can lead to the formation of
cracks along grain boundaries. Clear evidence for continuous nano-
pipes along the corrosion direction in the oxide film was provided
by Hu et al. (2019) in the corrosion experiment of Zr-0.5Nb, Zr-
1Nb and Zr-4 alloy at 360°C. They suggested that these nano-pipes,
derived from the connection of nano-pores near the interface, can
accelerate the diffusion of hydrogen. Similarly, Figure 7C shows
the microchannels perpendicular to the O-M interface (Cui et al.,
2022) in an oxide formed at 1,000°C. Cui et al. (2022) believed
that these microchannels, located above the concave part of the
interface, also result from the connection of nano-pores. At the
outer side of oxide film, the tensile stress generated from the convex
geometry of the tube leads to vertical cracks starting from the
surface of oxide film and propagating toward metal (Lee et al.,
2019; Cui et al., 2022). In the matrix adjacent to the O-M interface,
Huang et al. (2015) found the vertical cracks next to the aligned β-
Nb particles in the corrosion of Zr-0.93Sn-0.82Nb-0.17Fe-0.019S
alloy at 360°C. They suggested that the stress concentration caused
by delayed oxidation of β-Nb particles is the dominant reason for
their formation. At 1,000°C, Lee et al. (2019) also observed vertical
cracks in themetalmatrix, as shown in Figure 7D, and attribute their

formation to the brittle matrix with the concentration of oxygen.
During sample preparation, external stress brought from cutting or
thermal mounting can easily lead to brittle failure.

4 The oxide-metal interface
roughness

As the oxidation progresses through the diffusion of oxygen
towards the metal, the O-M interface becomes a focal point
where oxidation interactions occur, leading to the growth of
oxide film.

4.1 The configuration of O-M interface

Numerous experimental results indicate that the O-M interface
formed on zirconium alloy is undulated rather than a flat
plane. Barberis et al. (1997) and Blank et al. (1992) described it
as cauliflower-like structure, where the larger unit of undulation
is composed by a range of second undulations with relatively
small sizes. Platt et al. (2015a) and Parise et al. (1998) utilized an
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egg-box type structure to illustrate the geometry of the O-M
interface, simplifying its shape by employing a sinusoidal function
in their calculation. This undulated shape is believed to be caused
by different local corrosion rate. Ni et al. (2012) used various
techniques, including electron energy loss spectroscopy (EELS),
atom probe tomography (APT) and NanoSIMS, to characterize
the chemistry of O-M interface formed on ZIRLO and Zr-4 alloy
corroded at 360°C using primary water chemistry (pure H2O
with addition of 2 ppm by wt. Li and 1,000 ppm by wt. B). They
found that ZrO2 at the advanced corrosion front (the convex
part of O-M interface) and ZrO at the concave part, preserved
by slower corrosion rate. Scanning electron microscopy (SEM)
and TEM observations from Cui et al. (2022) also supported the
conclusion that the convex part of the O-M interface formed
on zirconium alloy corroded at 1,000°C is derived from the
faster corrosion rate due to microchannels perpendicular to the
interface.

As a reflection of local corrosion rate, the roughness of the O-M
interface is expected to change with corrosion time, as demonstrated
by many published works. Ni et al. (2011a), using focused ion beam
sectioning, reconstructed the area around the O-M interface formed
on stress-relieved ZIRLO alloy corroded at 360°C, showing the
interface roughness as a function of corrosion time, consistent with
the tendency observed at 1,000°C (Cui et al., 2022). The roughness
reaches a maximum around the transition and gradually decrease
afterward. A statistics analysis of the O-M interface amplitude
formed in A-0%Sn, ZIRLO, and Zr-4 alloy corrosion experiments
at 360°C obtained an identical trend (Platt et al., 2015b). They also
observed a recovery after the first reduction, probably caused by a
second transition. Cui et al. (2022) provided a detailed explanation
of interface roughness evolution, suggesting that the relatively
smooth O-M interface after transition represents the completed
development of microchannels dominating the corrosion rate in the
oxide film.

4.2 The influence of O-M interface

Theundulatedmorphology of theO-M interface, caused by local
differences in corrosion rate, has a significant influence on the oxide
film, particularly on the stress state of oxide film. Both Parise et al.
(1998) and Platt et al. (2015a), using finite element analysis,
indicated that the direction of the vertical stress component above
the convex part of the undulated interface is opposite to the concave
part, as shown in Figure 8A. Parise et al. (1998) also reported
that the stress value is positively proportional to the amplitude
of undulation, as shown in Figure 8B. When the amplitude of
the O-M interface reaches a certain level, the tensile stress in
oxide above the convex part of interface is large enough to the
form isolated cracks, as observed by numerous works (Bossis et al.,
2000; Ni et al., 2011a; Tejland and Andren, 2012; Cui et al., 2022).
Furthermore, compressive stress can efficiently stabilize t-ZrO2, as
confirmed by Raman spectroscopy (Cui et al., 2022), aligning with
the simulation results of Platt et al. (2014). Building on the vacancy
field, Cui et al. (2022) also established a crack formationmechanism
for the cases with smooth O-M interface, suggesting that the
morphology of cracks strongly depends on the configuration ofO-M
interface.

5 Alloy elements

5.1 Development of zirconium alloys

So far, the development of zirconium alloys has predominately
focused on three systems: Zr-Sn alloy, Zr-Nb alloy, and Zr-Sn-Nb
alloy. Initially, the Sn element was induced to eliminate the negative
effects of nitrogen introduced by the Kroll process, an industrial
method for preparing Zrmetal. Consequently, the Zr-1 alloy, known
as Zr-2.5Sn, has a similar corrosion behavior to Zr forming a
spongy structure. The accidental introduction of transition metal
elements, such as Cr, Fe andNi, significantly improved the corrosion
resistance, leading to the development of the Zr-2 alloy.However, Ni,
which contributed to increased hydride formation, was eventually
replaced by Fe to create the Zr-3 alloy. The early developed Zr-3
alloy, with unsatisfying mechanical properties, underwent further
modifications and evolve into theZr-4 alloy.The currently optimized
Zr-4 alloy has been developed with precise control of N content and
decreased Sn content, forming the original Zr-System.

Russia originally established the Zr-Nb system (Shebaldov et al.,
2000), and was further developed by different countries. For
example, France produced the M5 alloy (Zhao, 2001), Canada the
Zr-2.5Nb alloy (Warr et al., 1996), and Korea the HANA series alloy
(Chakravartty et al., 1995). Combining the advantages of Zr-Sn and
Zr-Nb alloy systems, the third generation of zirconiumalloy, namely,
Zr-Sn-Nb, was developed.This includes the ZIRLO alloy in America
(Sabol et al., 1989), the E365 alloy in Russia (Nikulina et al., 1996),
and the N18 and N36 alloys in China (Aldeen et al., 2022). Table 1
summarizes the zirconium alloys developed by various countries.

5.2 Influence of alloy element

Considering the development of zirconium alloys, several
critical alloy elements, including Nb, Sn and Fe, are reviewed,
with a specific focus on the second phase particles (SPPs) that
they formed. The main reason is that both the formation and
the dissolution of SPPs changes the electrochemistry properties of
oxide film, which inevitably influences the oxygen ion diffusion
in the oxide. Meanwhile, the delayed oxidation and different
thermal behavior of SPPs can lead to concentrated stress and
generate cracks.

5.2.1 Nb
Compared with Zr-Sn alloy system, Zr-Nb alloys exhibit a

superior corrosion resistance (Kiran Kumar and Szpunar, 2011;
Jiang et al., 2022), prompting extensive interest in the impact of Nb.
The solid solution of Nb in α-Zr, which is around 0.2–0.5 at%,
is much larger than Fe and Cr with an extremely solubility (in
the range of 100 s of ppm) (Belle and Mallett, 1954; Douglass and
Wagner, 1966). Therefore, a series of investigations were conducted
aiming for the influence of Nb dissolved in matrix and oxide. X-
ray Absorption Near-Edge Structure (XANES) experiments have
indicated that the Nb exist as Nb2+ and Nb3+ close to O-M interface
and fully oxidized to Nb5+ around the oxide surface (Froideval et al.,
2008; Couet et al., 2015; Moorehead et al., 2019), which consist
with the simulation results (Otgonbaatar et al., 2014; Couet et al.,
2015). To quantitatively evaluate the effect of Nb on zirconium
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FIGURE 8
The finite element analysis of Parise et al. (1998): (A) Schematic distribution of stress around the undulated interface; (B) Variation of radial stress
(vertical to O-M interface) of an undulated O-M interface with various undulation amplitude and a constant oxide film thickness.

TABLE 1 The alloy component developed by different countries.

Name Country Component/wt.%

Zr-1 America Zr-2.5Sn

Zr-2 America Zr-1.5Sn-0.15Fe-0.05Ni-0.1Cr

Zr-3 America Zr-1.5Sn-0.15Fe-0.1Cr

Zr-4 America Zr-1.5Sn-0.2Fe-0.1Cr

E110 The Soviet Union Zr-1Nb

M5 France Zr-1.0Nb-0.16O

Zr-2.5Nb Canada Zr-2.5Nb

E635 Russia Zr-1Nb-1%Sn-0.4Fe

ZIRLO America Zr-1.0Sn-1.0Nb-0.1Fe

NDA Japan Zr-1.0Sn-1.0Nb-0.4Fe

HANA6 Korea Zr-1.1Nb-0.05Cu

HANA3 Korea Zr-1.5Nb-0.4Sn-0.1Fe-0.1Cu

HANA4 Korea Zr-1.5Nb-0.4Sn-0.2Fe-0.1Cr

N18 China Zr-1.0Sn-0.1Nb-0.28Fe-0.16Cr-0.01Ni

N36 China Zr-2.0Sn-1.0Nb-0.3Fe

alloy oxidation, The Coupled Current Charge Compensation (C4)
model was established and provided by a good predictions of pre-
transition behavior (Couet et al., 2015). The difference in valent
between Zr4+ and Nb3+ creates an effective negative charge of −1
within the oxide film. The negative effective charge can compensate
the positive space charge from intrinsic oxygen vacancies and,
thus, reduce the positive potential which drives the migration of
oxygen vacancy.

In addition, the large number of discrete Nb SPPs also attract
the attention of researchers. The presence of SPPs containing Nb
is attributed to the low terminal solid solution of Nb in α-Zr.
Both Jeong et al. (2024) and Kim et al. (2008) suggested that Nb
can completely dissolve in Zr when its concentration is less than
0.29 wt.%. When it exceeds 0.49 wt.%, Nb forms spherical β-Nb
particles discretely distributed in the oxide film with a diameter
around 50–80 nm (Mardon et al., 2000; Kim et al., 2009a; Jung et al.,
2009), shown in Figure 9A. From the electrochemical perspective,
the nobler SPPs serve as the cathodic site ofmicro galvanic corrosion
(Weidinger et al., 1991), resulting in the preferential oxidation of
the larger area Zr matrix (de Gabory et al., 2015b; Setiadinata,
2016). The calculation of Gibbson free energy (Liu et al., 2023)
supported this conclusion, and this phenomenon is referred to as
delayed oxidation. After included by oxide film, an amorphization
process takes place for the oxidation of β-Nb (Yilmazbayhan et al.,
2006; Kim et al., 2009b). Park et al. (2009) suggested that β-
Nb particles have a positive effect on corrosion resistance. The
discrete β-Nb particles can release the stress caused by the t-
m transformation, thus stabilizing the columnar oxide grains.
Even though the oxidation of Nb induces stress from volume
expansion and local amorphous regions (Kim et al., 2009b), their
uniformed distribution benefits the stabilization of stress state
in oxide film. Conversely, the negative effect of β-Nb particles
on corrosion behavior also stems from their oxidation. The
oxidation of β-Nb leads to the formation of Nb2O5 (Lin and
Woo, 2000), accompanying a large volume expansion with a P-B
ratio of 2.67 (Proff et al., 2013). Huang et al. (2015) found cracks
along the aligned direction of β-Nb in oxide film, as shown
in Figure 9B. They believed that the delayed oxidation of β-Nb
leads to the stress concentration with a symbol of Moiré fringes
(pronounced mwa-ray pattern in TEM image), and thus produce
the cracks.

When the component of Nb is in the range of 0.29–0.49 wt.%,
Nb exists as Zr(Nb,Fe)2 with a size on the order of 100 nm
(Mardon et al., 2000). Its formation is due to Nb replacing
Fe in ZrFe3, which will be discussed in the section of Fe.
Generally, the component of Nb in commercial zirconium
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FIGURE 9
(A) Precipitate analysis of the Zr-1.1Nb-0.05Cu alloy after 4h-annealing at 570°C and a final annealing for 8 h at 470°C obtained by Kim et al. (2009a);
(B) The crack morphology in oxide formed on Zr-0.93Sn-0.82Nb-0.17Fe-0.019S alloy at 360°C (Huang et al., 2015).

FIGURE 10
(A) Zr (Fe, Cr)2 formed in the matrix after corrosion (Iltis et al., 1995); (B) Intergranular Zr (Fe, Nb)2 in Zr-0.99Sn-0.51Fe-1.03Nb observed by Doriot et al.
(2005); (C)` The cracks related to the Zr (Fe, Nb, Cr)2 observed at the O-M interface of ZIRLO at 360°C (Ni et al., 2011a); (D) Segregation of Fe at grain
boundary in Zr bar after the corrosion experiments at 360°C (Dong et al., 2013).

alloys is controlled around 1wt.%, representing the optimized
proportionwhen taking creep and corrosion resistance in to account
simultaneously.

5.2.2 Fe
Fe was induced into zirconium alloys accidently as impurities

during smelting process. However, it improved the corrosion
resistance surprisingly. In the early stage of investigation, the
influence of Fe on corrosion resistance is primarily analyzed through
the SPPs. The Zr-Fe phase diagram (Stein et al., 2002) encompasses
three structural forms: ZrFe2 (cubic or hexagonal), Zr2Fe (tetragonal
or face-centred cubic structure), and Zr3Fe (orthorhombic). The
addition of other alloying elements, such as Cr and Nb, introduces
ternary intermetallic phases. In Figure 10A, the Zr (Fe, Cr)2 is
shown, resulting from the replacement of Fe due to the similarity
in atomic radii between Fe and Cr (Garzarolli et al., 1996). When
a zirconium alloy contains both Fe and Nb simultaneously, the

situation is much more complex. Given the similarity in atomic
mass (Fe = 56amu, Nb = 93amu, Zr = 91amu) and radii (Fe
= 1.3Å, Nb = 1.5Å, Zr = 1.6Å), it is anticipated that Nb can
substitute the Zr atoms in Zr-Fe intermetallic phase, as identified
in early research of Kanematsu (Kanematsu, 1969). Surprisingly,
most reports on ternary ZrNbFe phases state that Nb replaces
the Fe rather than Zr, forming Zr (Fe,Nb)2, which is termed
as Laves phase, as shown in Figure 10B. However, in reality,
ternary ZrNbFe phases are quiet complicated, including at least
Zr (Fe, Nb)2, (Zr, Nb)2Fe, and (Zr, Nb)3Fe. According the review
of Harte et al. (2018), the clear definition of hexagonal Zr(Fe,
Nb)2 and cubic (Zr, Nb)2Fe arises from their separate constituent
compositions. As for other phase, there is still an ambiguity in
the identification. However, Nb is expected to act as substitutional
solutes compared with Fe, since Nb is more similar to Zr. Kim et al.
(2005) conducted a series of corrosion experiments using alloys
with varying Nb/Fe ratios, indicating that a lower Nb/Fe ratio leads
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FIGURE 11
The segregation of Sn observed at different temperature (A) ATP results of Zr-4 oxidized at 360°C the observed by Dong et al. (2013); (B) The atomic
arrangement of Zr5Sn3 in oxide of ZIRLO formed at 1,000°C from the TEM results of Cui et al. (2024); (C) SEM and WDS elemental mapping results of
Zr-1Nb-1Sn-0.1Fe oxidized at 1,200°C for 400 s obtained by Lee and Sohn (Lee and Sohn, 2017); (D) The tin line formed at 1,400°C observed at the
Zry-4 surface by Grosse and Simon (Grosse and Simon, 2009).

to the dominant formation of fcc-(Zr, Nb)2Fe, while the higher
Nb/Fe ratio results in mainly formed hcp-Zr(Fe, Nb)2. Due to
the complexity and ambiguity of these intermetallic phases, the
term Zr-Fe ternary intermetallic phase is used to describe these
precipitations.

There is ongoing disagreement regarding the dependence of
corrosion resistance on the ternary intermetallic phase containing
Zr and Fe. Early investigations using Zr-2 alloy focused on the
Zr (Fe, Cr)2. Bojinov et al. (2005) oberved that specimens with
a higher number density of Zr (Fe, Cr)2 exhibited a better
resistance, contradicting the conclusion of Garzarolli et al. (1996).
Meanwhile, Barberis et al. (2002) observed a compact oxide film on
the samples with larger Zr (Fe, Cr)2, which is contrast to the findings
of Bojinov et al. (2005). A consensus emerges that when Zr-Fe
intermetallic phases are larger enough, their delayed oxidation can
lead to isolated cracks at the O-M interface, as observed by Ni et al.
(2011a) in Figure 10C. It is noteworthy that the redistribution of Fe
during the oxidation of Zr-Fe ternary intermetallic phases in the
matrix should also be considered. As a heterovalent substitution,
iron ions could alter the conductivity of the oxide film, eventually
affecting the corrosion resistance, as suggested by Bojinov et al.
(2005). Besides conductivity, the Fe ions could also influence the
oxygen vacancies, thereby controlling the proportion of t-ZrO2 as
reported by Iltis et al. (1995). With advancement of characterization
techniques, Fe is observed to segregate at the grain boundaries
in the matrix after corrosion, as shown in Figure 10D. The

effect of this Fe segregation on corrosion resistance need further
investigation.

5.2.3 Sn
At the beginning, the addition of Sn was introduced to

counteract the influence of N, whose ion will replace O2− and
accelerated corrosion by creating additional vacancies.The solubility
of Sn in α-Zr is about 1.2 at% at 853K (Arias and Roberti, 1983),
which means a complete Zr-Sn solid solution is formed in low Sn
alloy. It is widely believed that an increasing Sn component could
increase the corrosion rate of zirconium alloy (Garde et al., 1994;
Steinbrueck and Boettcher, 2011; Wei et al., 2013; Vandegrift et al.,
2019). Both Wei et al. (2013) and Garner et al. (2015) observed an
increased fraction of t-ZrO2 with a rising Sn component. It is
postulated that Sn2+ substitutes for Zr4+, causing the production of
vacancies to balance overall charge (Hulme et al., 2016). Therefore,
the addition of Sn allows the grain size of t-ZrO2 to exceed the
critical size, as observed by Wei et al. (2013). The further oxidation
of Sn2+ to Sn4+ would contribute to destabilization of tetragonal
phase. Meanwhile, the increasing fraction of t-ZrO2 also implies
an increase in t-m transformation, which may result in increased
porosity, leading to degradation of the protective oxide film.

In contrast to Nb and Fe, the segregation of Sn was observed in
the oxide film rather than metal matrix at both operation condition
and higher temperatures. The only experimental evidence for Sn
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segregation at service condition (360°C), as shown in Figure 11A,
is from ATP by Dong et al. (2013) in oxide formed at 360°C.
The density functional theory (DFT) simulation by Yuan et al.
(2021) also confirmed Sn segregation at service conditions. At
1,000°C, TEM by Cui et al. (2024) found the Zr-Sn intermetallic
phase, Zr5Sn3, formed in the oxide film and considered it as the
source of nanovoids (Figure 11B). DFT and ab initio molecular
dynamics (AIMD) simulations showed that Sn atoms in Zr5Sn3
tend to diffuse towards ZrO2, accompanied by a flux of oxygen
atoms in the opposite direction. The diffusion is common in the
delayed oxidation process of SPPs, where Sn transforms from
binding defects, {SnZr: VO}, to isolated Sn4+ (Bell et al., 2018). As
a result, the remaining vacancies segregate at the interface between
Zr5Sn3 and ZrO2, and form nanovoids aligned along oxide grain
boundaries. Lee and Sohn (Lee and Sohn, 2017) found Zr5Sn3 and
ZrSn2 at grain boundaries of zirconia formed at 1,200°C using
SEM and wavelength dispersive spectroscopy (WDS), shown in
Figure 11C, and argued that they impede the diffusion of oxygen,
thus improving the corrosion resistance.When temperature exceeds
1,300°C, Pawel et al. (1977), Dobson et al. (1977) and Grosse and
Simon (Grosse and Simon, 2009) observed Sn segregation parallel
to the O-M interface, as depicted in Figure 11D. Pawel et al. (1977)
suggested that the oxide film tends to spall along the Sn line.
Therefore, it is suggested that Sn segregation on grain boundaries
at higher temperature can increase the corrosion rate.

6 Summary and prospect

The present work reviewed the corrosion kinetics,
microstructural evolution of oxide film, the O-M interface, and
the influence of alloy elements. The key findings and prospects are
outlined as follows:

(1) Sudden accelerations in corrosion, commonly called the
“breakaway” phenomenon, is observed at either high
temperature or low temperature. Two widely accepted
mechanisms are proposed: t-m transformation and porosity
permit short paths for oxygen diffusion. Although the latter
is observed under both normal operation conditions and
accident conditions, further investigations are required to
determine if a unified mechanism operates at different
temperatures.

(2) The stress of oxide plays an important role in oxidation
behavior. Since for zirconium alloy, it not only affects the
diffusion coefficient directly, but also determine the t-m
transformation. Apart from volume expansion caused by

oxidation, the geometry of tube and undulated O-M interface
also act as internal stress source. A quantitative investigation
should is needed to identify the accurate influence of
these factors.

(3) Extensive research on the influence of alloying elements has
been conducted based on SPPs, or lack thereof. However,
accurate identification is challenging due to their small size and
complex composition. Contradictions in the impact of alloying
components exist, highlighting the need for a more universal
mechanism to explain the effects of various alloying elements.
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