Review on chromium coated zirconium alloy accident tolerant fuel

cladding

Jiangiao Yang®®*, Martin Steinbriick®, Chongchong Tang® Mirco GroRe®, Junkai Liu®P,
Jinming Zhang?, Di Yun?, Shuzhong Wang?

2 Key Laboratory of Thermo-Fluid Science and Engineering of MOE, School of Energy and Power Engineering, Xi'an Jiaotong University, Xi'an 710049, PR China
b Institute for Applied Materials, Karlsruhe Institute of Technology, Karlsruhe 76344, Germany

ARTICLE INFO

Keywords:

Chromium

Coating

Zirconium alloy
Cladding

Accident tolerant fuel

ABSTRACT

The Fukushima-Daiichi accident revealed that the zirconium fuel claddings have the significant safety risk
of hydrogen detonation due to the strong oxidation and hydrogen release during the design basis accidents
(DBA) and beyond design basis accidents (BDBA). Therefore, research and development of accident tolerant
fuel (ATF) concepts that aim to improve nuclear fuel safety during normal operation, operational transients
and possible accident scenarios have been boosted in the last decade. Deposition of protective coatings on
Zircaloy cladding tubes has been considered as a near-term solution of enhanced ATF cladding. Among the
candidate coating materials, there is no doubt that the research progress of Cr coating is the fastest around
the world because of the advantages of such type of coating: excellent good chemical stability (including
oxidation resistance and hydrothermal corrosion resistance), low thermal neutrons absorption cross-sec-
tion, and excellent adherent. In this paper, the oxidation, diffusion, and mechanical properties of Cr-coated
Zr alloys in normal operation conditions and accident conditions of nuclear reactors are reviewed. The
factors that cause the failure of the coating are analyzed, and some questions that need to be clarified and
further studied are proposed.
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1. Introduction

The energy density of a light water reactor (LWR) core is up to
50-75 MW/m?3, and the thermal power of a standard LWR reactor
can reach to 3000 MW [1]. For example, it was calculated that there
is about 0.2% heat remaining as decay heat in the reactor core after
the reactor was stopped for ten days [2]. Once the coolant of the
reactor is lost, the temperature of the reactor core sharply increases.
The Zircaloy cladding tubes undergo extensive oxidation in the
steam-containing atmosphere, resulting in degradation of the clad-
dings and generation of hydrogen and heat.

Owing to the relatively good oxidation resistance, excellent
neutron irradiation resistance, good ductility, and low thermal
neutron absorption cross-section, Zircaloy have been chosen as
cladding materials for UO, fuel since 1950. The Fukushima nuclear
accident revealed that the zirconium fuel cladding materials have
the significant safety risk of hydrogen detonation due to the fast and
strong oxidation during the DBA and BDBA. Since then, the concept
of accident tolerant fuel (ATF) cladding was put forward, aiming to
strengthen the oxidation resistance of the cladding materials, to
reduce the temperature increasing, the hydrogen releasing and to
prolong the coping time during accident [3]. ATF cladding materials
should strongly decrease the risk of temperature escalation during
loss of the coolant accidents (LOCA), and increase the coping time for
plant operators to recover from the accident [4-7]. There are two
development directions of ATF cladding materials. One is to prepare
a coating on the surface of the Zircaloy tubes, and the other is to
develop new cladding materials to replace Zr alloys There is no
doubt that it takes a long period to develop and verify a new type of
cladding materials. The advantages of preparing a protective coating
on fuel cladding tubes is that the coating can significantly improve
the oxidation resistance of the cladding during LOCA and has little
effect on the original fuel component design, reactor structure de-
sign and water chemistry. Deposition of protective coatings on Zir-
caloy cladding tubes has been considered as a near-term solution of
enhanced ATF cladding [8,9].

Up to now, many types of coating materials have been developed,
including MAX phase coatings [10-14], carbide coatings [15,16], ni-
tride coatings [17-20], pure metal coatings [21-26] and alloy coat-
ings [27-32]. Previous studies show that MAX phase coatings such
as Ti-Al-C and Cr-Al-C are susceptible to cracking through the
coating during heat treatment, water corrosion, and high tempera-
ture steam oxidation [33,34]. SiC coatings are unstable at 350 °C /
20 MPa due to dissolution of corrosion products [35]. Moreover, SiC
coating may crack under the thermal shock because of its high
brittleness. Metal nitride coatings such as CrN decompose into Cr,N
and N at temperatures from 500 °C to 975 °C, resulting in the for-
mation of cracks [36,37]. For the FeCrAl coating, the Fe-Zr eutectic

temperature is about 900 °C, which is obviously lower than the ty-
pical LOCA temperature [38-41]. Compared with other coatings,
there are several advantages for the chromium coating.

- The oxidation resistance of the Cr coating is excellent because of
the compact Cr,03 film formed on the coating surface during
LOCA. The parabolic rate constant in mg-cm~2.s-%> Researches of
Cr coating and Zry-4 in steam at 1200 °C is 0.05 [42] and 1.09
[43], respectively.

- The adhesion property of the Cr coating is excellent. No coating
spallation was found on the Cr coated Zr alloys after the deforma-
tions such as thermal expansion, ballooning, or irradiation growth
of the cladding tube under normal operation conditions or accident
condition including quenching of overheated fuel rods [44].

- The thermal neutron absorption cross-section of Cr, 2.9 barn, is
relatively lower than that of other alternative coating materials.

- The elastic modulus of Cr is about twice that of Zr, which helps to
improve the overall stiffness of the cladding [45].

- The Cr-Zr eutectic temperature is about 1332 °C [46], which is
higher than the design basis accident temperatures, but, on the
other hand, determines the upper temperature limit for the
protective effect of the coating during severe accidents.

- The wettability of Cr coating is higher than that of Zircaloy, which
can improve thermal-hydraulic performance of the cladding [47].

In this paper, the oxidation, diffusion, and mechanical properties
of Cr-coated Zr alloys in normal operation conditions and accident
conditions are reviewed. The factors that lead the failure of the
coating is analyzed, and some questions that need to be clarified and
further studied are proposed.

2. Hydrothermal corrosion behavior

Although Cr coated Zr alloys were developed to enhance the oxi-
dation resistance of the cladding materials under accident conditions,
the coated cladding should provide the same or better properties as
conventional cladding during the long-term normal operation in-high
temperature and high-pressure aqueous environment. In this section,
current research results about the performance of Cr coated Zr alloys
under normal operation conditions are summarized.

For normal operation conditions, most of the reported corrosion
tests were done in pressurized water at 360°C and 18.6 MPa
[42,44,48-51], which corresponds to typical operation environment of
pressurized water reactors (PWR). Also, in consideration of the duration
of the experiment, some tests were done in pressurized water or steam
environment at temperatures from 250 °C to 500 °C [52-54].

The PWR aqueous environment is a subcritical water environ-
ment, therefore the mode of occurrence of Cr, including unreacted
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Fig. 1. Pourbaix diagrams for Cr at 350 °C, 25 MPa and 10°® mol/kg. Reproduced with
permission from Ref. [55].

Cr, Cr oxides or soluble ions, can be predicted by the Pourbaix dia-
grams. Fig. 1 shows the Pourbaix diagram for Cr at 350 °C, 25 MPa
and 10°® mol/kg [55]. It is known that the electrochemical potential
and pH value of the water environment in PWR reactor are about
-0.5 Vsye and 7.0, respectively. Obviously, it is indicated that a stable
Cr,03 layer would form under normal operation conditions, which
was confirmed by several researches on the corrosion behavior of
pure Cr metal [56] and Ni-Cr alloys in sub and supercritical water
environment [57-60].

Fig. 2 summarizes the visual appearance of some Cr coated Zr
alloy specimens after steam or high pressure water tests. It can be
seen that most of the sample surfaces show golden colors, which
suggests that the thickness of the Cr,0s; layer on the specimens’
surface is about some hundreds of nanometers [48] (considering the
fact that the wavelength of yellow is about 580-596 nm). Moreover,
there are no cracks or delamination of the Cr coatings after tests. No
exacerbated Zr alloy corrosion was found at the scratch locations
even though the specimen was intentionally scratched on the sur-
face [48]. Brachet et al. [52] also performed a similar experiment to
investigate the effect of pre-existing cracks on the oxidation re-
sistance of a PVD coated sample. After exposure under PWR condi-
tions, a tiny zone of ZrO, formed under the crack and no spallation
or cracks of coating were found. The appearance of the Cr-coated
specimens after corrosion tests in high-temperature aqueous en-
vironment confirms that the Cr coating survived after exposure in
PWR environment, and the coating had a “self-healing” effect for
some tiny pits or cracks on the coating surface. The weight gain data
also support the visual results. Fig. 3 shows the weight gain of
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different kinds of Zr alloys with and without Cr coatings exposed in
simulated PWR environment at 360 °C. All the samples shown in
Fig. 3 are cubic specimens and are coated in both sides. It can be seen
that the weight gain of the coated samples is considerably lower
than that of the uncoated ones. The oxidation rate of the Cr coated
samples was observed to be the highest at the beginning of the
exposure, then levelled off at very low rates afterward. In summary,
the weight gain of Cr coated Zr alloys after exposure in pressurized
water at 360 °C is about 0.05 mg/cm? after 180 days exposure. The
coating fabrication methods had little effect on the weight gain.

The impact of irradiation on the corrosion behavior of the coating
in normal operation conditions should be figured out before licen-
sing. Framatome started the first irradiation of Cr-coating in a
commercial PWR, the Gdsgen reactor, in 2016 [61]. The objective of
this project is to evaluate the microstructure, the corrosion kinetics
and the integrity of Cr coated M5g;amatome Cladding under proto-
typical irradiation. The first feedback from this project had been
announced in the Nuclear Materials Conference 2020 (NuMat 2020).
After 3 cycles’ irradiation, the Cr coating is adherent and exhibits
similar behavior under irradiation as already had been observed out-
of-pile. Except that, an irradiation test of Cr coated claddings began
in 2018 by Idaho National Laboratory. Up to now, six irradiation
cycles have been completed. Some results of this experiment had
been announced in the 10th annual EPRI/DOE/INL Joint Accident
Tolerant Fuel Workshop in 2021.

3. Oxidation behavior under accident conditions

In DBA situations, the core temperature can rapidly increase up
to 1200 °C due to the stored heat in the pellets cannot be carried
away by coolants, then decreases because of the decreasing of decay
heat and later the re-injection of coolants. During the temperature
increasing process, the oxidation resistance of the coating is one of
the key performance indicators to evaluate the quality of the coating.
The oxide films formed outside the coating should be chemically
stable in steam environment to limit the diffusion of O, OH, and also
of hydrogen to the underlying Zr substrate. Moreover, when the
coolant was re-injected into the reactor, the coating should be
physically stable (no thermo-shock induced fracture such as cracks,
shedding or obvious deforming). In this section, the oxidation ki-
netics and the degradation mechanism of Cr coated Zr alloys under
accident conditions are reviewed.

3.1. Reactions and oxidation kinetics

The oxidation behavior of chromium in steam environment at
high temperatures is different with that in pure oxygen or dry air
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Fig. 2. Visual aspects of Cr coated Zr alloy specimens after steam or high pressure water tests. Reproduced with permission from Ref [42,44,48,51-53].
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Fig. 3. Weight gain of Zr alloys and Cr-coated Zr alloys samples exposed in simulated PWR environment at 360 °C.

environment. Especially, the existence of nitrogen can affect the
oxidation kinetics of Cr coating [62]. The possible reactions between
Cr and oxidizing agents for the formation of Cr oxide and Cr oxy-
hydroxide under wet oxygen or steam environment are shown as
follows [63-65]:

Cr(s) + %Oz(g) - %Crzoa(s)

2CB05(5) + 205(g) — CrOs(g)
2Cr(s) + 3H,0(g) » CpOs(s) + 3H,(g)
2Ca05(5) + H,0(8) + 20s(g) — CrO(OH)(g)

L en0s(s) + 1H,0(g) + L0,(g) — Cro,(OH)(g)

2 2 2 (5)

Some volatile Cr oxides (CrOs) or volatile Cr oxyhydroxides
(CrO,(OH), or CrO,0H)) can form at high temperature. The forma-
tion of volatile products depends on both the steam and oxygen
partial pressure. The reaction (4) is expected to dominate up to
900 °C, and the reaction (5) is the main reaction at temperatures
higher than 1300 °C [64]. The formation of volatile Cr oxyhydroxides
usually occurs at the grain boundaries at first. For instance, a porous
sintered-like Cr,05 layer was formed on a Cr coated Zr alloy sample
after a thermal shock test (the samples were annealed in vacuum
environment for 10min at 1200 °C with quenching into boiled
water). The authors deduced that the formation of pores on the
coating surface is owing to the formation of volatile CrO2(OH), in
water during the quenching process [66]. The volatilization of Cr
oxides or oxyhydroxide may lead to the irregular consumption of the
Cr coatings under LOCA scenario. Royer et al. [62] found that the
weight loss caused by volatilization of Cr oxides or oxyhydroxides in
air at 1300 °C was about 0.04 mg/cm?h!, which is two orders of
magnitude lower than the weight gain by formation of Cr,03 at the
same environment. in other words, compared with the growth of
Cr,03 layer, the volatilization of Cr oxides or oxyhydroxides is not
the main process during the LOCA transient. Similar phenomenon
was also discussed and confirmed by Brachet et al. [67] in a series of
steam oxidation tests of Cr coated Zr alloys at temperatures up to
1300°C. Yeom et al. [68] found that the growth kinetics of a Cr
coated Zr alloy specimen in steam environment at 1230 °C did not
perfectly obey a parabolic law, and they speculated that the irregular
growth kinetics of the Cr,03 layer was due to the volatilization of the
oxidation products. Nevertheless, the in-situ detection of volatile Cr
oxides or oxyhydroxide during a high temperature oxidation ex-
periment in simulated LOCA conditions is challenging. Groge et al.

[69] investigated the corrosion behavior of Cr,05; under operational
and LOCA conditions. They measured a corrosion rate of compact
Cr,03 of 45.2 + 13.7 um/year in static autoclave tests performed at
IIT. For high porosity Cr,03 a much higher corrosion rate was found.
A mass loss of 0.57 mg/cm®h! was determined after an isothermal
steam oxidation test at 1200 °C for compact Cr;0s.

It is known that the oxidation kinetics of pure Cr in oxygen-
containing steam environment show parabolic behavior [70]. The
growth of the Cr,03 layer is governed by diffusion of chromium ions
through the Cr,03 lattice, and additionally by the diffusion of oxygen
along grain boundaries to the oxide/metal interface. Fig. 4(a) shows
the mass gain of three types of Cr coated Zr alloy samples in steam
environment at 1200 °C, performed by a thermogravimetry at KIT
[71]. As a representative, the work shows that the oxidation kinetics
of both Cr-coated Zr alloys obeys parabolic laws until the transition
process finished. The transition and the degradation mechanism of
the Cr coating will be discussed in the nest section. Besides, a
500-1200 °C transition test on both the coated and uncoated Zr al-
loys shows that the oxidation rates of the Cr coated Zr alloys are
significantly reduced compared to that of the uncoated ones
(Fig. 4(b)).

The high-temperature oxidation kinetics of Cr-coated Zr alloys in
steam or wet air environment at the temperature range of
600-1400 °C, relevant for LOCA scenarios, have been extensively
investigated by several labs. Usually, a parabolic equation was used
to describe the mathematic relation between the oxide thickness
and the oxidation duration:

Vhp x (6)
Where is the thickness of the oxides with the unit of m, k; is the
kinetics constant in m?/s, and t is the exposure time in seconds. The
kinetics constant is a temperature-controlled value, which can be
described by Arrhenius equations. The value of kj, is affected by the
coating characteristics (compactness, crystal texture and defects)
and oxidation environments (steam, simulated steam, dry air or wet
air). Tube samples with coating on only one side were used by
several researchers to test the oxidation behavior. It is hard to
compare the oxidation rate between the two sides coated samples
and the one side coated sample because of the significant oxidation
of the un-coated Zr alloy side. Table 1 summarizes the thicknesses of
Cr,03 layer on different Cr coated Zr alloy samples after oxidation in
simulated LOCA conditions. It can be seen that the thicknesses of the
Cr coating prepared by cold spraying, plasma spraying or 3D printing
could be higher than 50 pm, while the thickness of the PVD coating
is usually lower than 15um. However, the oxidation rate of the
magnetron sputtered samples is lower than that of the Cr coated
samples prepared by other methods.
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Fig. 4. (a) Weight gain of three types of Cr-coated Zr alloys samples exposed in steam environment at 1200 °C. Parabolic laws were found on the growth kinetics of the coating at
the beginning. Then, the coating gradually lost its protectiveness (corresponding to the transition zone in the figure). (b) Weight gain of three types of Cr-coated Zr alloys samples
during the transient test of Cr-coated and uncoated Zr alloys in steam environment at 500-1200 °C. Reproduced with permission from Ref [71].

Table 1

Summarization of the thickness of oxide film of Cr coated Zr alloys after exposure in simulated LOCA conditions.

Coating method Coating thickness (pm) Temperature (°C)

Magnetron sputtering 12-15 1000
Magnetron sputtering 12-15 1100
Magnetron sputtering 5-10 1200
Magnetron sputtering 8 1000
Magnetron sputtering 8 1100
Magnetron sputtering 8 1200
Magnetron sputtering 8 1200
Magnetron sputtering 8 1200
3D laser 80 1200
Magnetron sputtering 10.6 = 0.6 1200
Cold spraying 27 1200
Laser scanning ~100 1200
Arc ion coating 10 1200
Cold spraying 50-60 1310
Vacuum arc plasma deposition ~30 800

Vacuum arc plasma deposition ~30 1000
Vacuum arc plasma deposition ~30 1200
Air plasma spray 70 1200
Multi arc ion coating 2 1060

3.2. Degradation mechanism of the Cr coating by oxidation reaction
(below the Cr-Zr eutectic temperature)

The aim of developing Cr-coated Zr alloy ATF cladding materials
is to improve the oxidation resistance of the cladding materials, and
make it possible to tolerate the LOCA environment for a considerably
longer period than the existing fuel designs. The time during which
the coatings survive in beyond design basis severe accident condi-
tions is a key parameter to evaluate the coating quality. Although
parabolic laws were obtained for the growth of Cr,03 film on the Cr
coated Zr alloys in accident conditions, the survival time of the
coating cannot be simply calculated according to a parabolic equa-
tion and a coating thickness because that breakaway oxidation may
occur before the coating was totally consumed. In this section, two
degradation mechanisms of the Cr coating by oxidation reaction in
LOCA conditions are introduced. The degradation mechanisms of the
Cr coating to be introduced in this section are limited into design-
based accidents, and the degradation due to the Cr-Zr eutectic re-
action will be discussed in the subsequent section.

A degradation mechanism of Cr coated Zr alloys in LOCA condi-
tions based on the inward diffusion of oxygen along the ZrO, par-
ticles which distributed on Cr grain boundaries was proposed by
Brachet et al. [67], as shown in Fig. 5.

Exposure time (min) Environment Oxide thickness (pm) Refs
300 Steam ~3 [21]
300 Steam 6-7 [21]
5 Steam 2.8 [42]
60 Steam 2.9 [22]
60 Steam 4.9 [22]
60 Steam 5 [22]
15 Steam 3 [22]
30 Steam 2.5 [22]
333 Steam <4 [44]
30 Steam 4-4.5 [72]
90 Steam 9.2 [53]
333 Steam Several micrometers [23]
333 Steam <10 [73]
90 Steam 9 [68]
60 Air 1-2 [25]
60 Air 2-3 [25]
60 Air 12 [25]
60 Steam 7 [24]
60 Air 0.8 [74]

Step 1: At the initial stage, a Cr,03 layer and a Zr-Cr interlayer are
formed. The Zr atoms from the Zr substrate went through the Zr-Cr
interlayer and diffused along the Cr grain boundaries.

Step 2: At the middle stage, the inward diffused oxygen contacts
with the Zr atoms in the Cr grain boundaries, resulting in the for-
mation of ZrO, stringers, which are detrimental because they can
form a continuous network of ZrO2 at Cr grain boundaries and
promote the diffusion of oxygen anions. It should be mentioned that
the ZrO, particles on the Cr grain boundaries has been observed by
TEM, as shown in Fig. 6(b). The formation of the ZrO, on the Cr grain
boundaries led to the loss of protectiveness of the residual Cr
coating: oxygen would diffuse via the newly formed ZrO, paths and
no longer reacted with the residual Cr coating.

Step 3: At the end stage, the inward diffused oxygen reaches the
Zr-Cr interlayer and the Zr substrate. Then, the Zr substrate is oxi-
dized, and the protectiveness of the Cr coating is totally lost. The
structure of the heavily oxidized Cr coated Zr alloy, shown in
Fig. 6(a), includes a cracked Cr,05 layer, a residual Cr coating layer
with ZrO, embedded in the Cr grain boundaries, a Cr-Zr interlayer, a
Zr0, layer and an o-Zr(0) layer and a prior p-Zr substrate.

The degradation mechanism proposed by Brachet et al. [67] is
based on TEM and EBSD analyses of the oxidized Cr coated samples.
The formation of the embedded ZrO, in Cr grain boundaries and the
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Fig. 5. Schematic of the degradation mechanism of Cr coated Zr alloys in high temperature steam environment proposed by Brachet et al. Reproduced with permission from

Ref. [67].

Cr + intergranular
monoclinic Zr0,
thin network

n Quality+Phase Map
b size: 600 x 450

Fig. 6. Typical microstructure of a Cr-coated Zircaloy-4 sample after steam oxidation
for 1400s at 1200°C. (a) SEM-EBSD phase map. (b) and (c) is TEM micrograph.
Reproduced with permission from Ref [67].

Fig. 7. Schematic of the degradation mechanism of Cr coated Zr alloys in high tem-
perature steam environment proposed by Han et al. The mechanism is based on the
premise that the Cr,05 layer is completely formed. Reproduced with permission from
Ref. [22].

twin crystal Zr(Cr, Fe), can be considered as the evidences for this
mechanism. Generally, the Cr,05 layer is compact and protective,
which is able to inhibit further oxidation and hydrogen embrittle-
ment of the inner side of coatings.

Another possible degradation mechanism of Cr coated Zr alloys
in LOCA conditions based on the reduction of Cr,03 and re-formation
of Cr was proposed by Han et al. [22], as shown in Fig. 7.

Step 1: The Cr coating was totally oxidized, and a Cr,053 layer
formed. 0% gradually diffused through the Cr,05 layer. Meanwhile,
e diffused outward, resulting in the formation of Zr**.

Step 2: The inward diffused 0% contacted with Zr** in the Zr
substrate to form ZrO,. The outward diffusion of e~ led to the re-
duction of Cr,03, forming a Cr layer again.

Step 3: The newly formed Cr diffused inward, and Zr atoms dif-
fused through the ZrO, layer to form ZrCr, with the inward diffused
Cr atoms. Meanwhile, e~ was kept transferring from the Zr substrate
to the Cr,05 layer, resulting in the continuous growth of the Cr layer
and the ZrO, layer.

Finally, a stable structure with a Cr,03 layer, a newly formed Cr
layer, a Cr-Zr diffusion layer, a ZrO, inner oxidation layer and a Zr
substrate layer were formed, as shown in Fig. 7(d). This structure is
consistent with the observed Cr coated Zr alloy sample after oxida-
tion in steam environment at 1200 °C for 30 min, as shown in
Fig. 7(e).

The reaction that Cr,05 can be reduced by the outward diffused
Zr is a key process of the degradation mechanism of the Cr coating.
Once the Cr,05 is reduced, the newly formed Cr will be oxidized to
Cr,053 again. The thickness of the Cr,03 remain unchanged when the
oxidation reaction rate of Cr and the reduction reaction rate of Cr,03
reaches a balance [75]. During that stage, whether the Cr,053 layer is
protective is doubtable. Moreover, even though the balance is
reached, the diffusion and dissolution of Cr atoms in the Zr substrate
cannot be stopped. As a result, the thickness of the Cr,05 layer keeps
decreasing and the breakaway oxidation reaction of the Zr substrate
finally occurs [76]. Nevertheless, none of the researchers focused on
how the Cr,05 layer loses its protectiveness. Both mechanisms are
based on the precondition that H,O/oxygen from the atmosphere
can easily diffuse through the Cr,05 layer. The degradation behavior
and the integrity of the Cr,05 layer after a long period oxidation in
steam environment need to be clarified.

3.3. Methods to improve the oxidation resistance of the Cr coating
The oxidation resistance of the Cr coating in LOCA and beyond
LOCA conditions and normal operation conditions is determined by

the coating quality, which can be affected by several aspects:

- The compactness, thickness, porosity and integrity of the
coatings.



- The chromium grain structures and grain sizes.

- The adhesion strength between the coating and the substrate.

- The heterogeneous particles, oxide inclusions and phase segre-
gation in the coatings.

The oxidation resistance of the Cr coatings is strongly affected by
the microstructures and the mechanical properties of the coatings.
Several methods can be used to optimize the microstructure and
strengthen the mechanical properties of the coatings, including
optimization of the fabrication parameters, and optimization of the
raw materials and coating pretreatment. In this section, the efforts
that the researchers made to improve the oxidation resistance of the
Cr coating Zr alloy are reviewed.

3.3.1. Optimization of fabrication methods and parameters

In this part, the researches regarding to the optimization of
fabrication parameters of the Cr coating depositing procedure on Zr
alloys are introduced. The aim of these works is to achieve better
oxidation resistance, stronger adhesion strength, and higher de-
position efficiency of Cr coatings.

Although the Cr coatings have been widely used as decorative
and functional materials in energy, automotive and aerospace in-
dustries, the development of thin Cr coatings for Zr alloy fuel clad-
ding materials in the nuclear industry were started less than ten
years ago. Magnetron sputtering [22,37,67,77,78], laser cladding [23],
arc ion plating [25,74,79], cold spraying [53,68,80,81] and plasma
spraying [24] were reported has been applied for processing Cr
coatings on the outside surface of Zr alloy tubes. Moreover, direct
liquid injection - metalorganic chemical vapor deposition (DLI-
MOCVD), a chemical vapor deposition technology, was successfully
used to produce Cr coatings [82] and CrcC, coating [83] on inner
surfaces of Zr alloy cladding tubes. PVD and spray methods seem to
be the most frequently used methods for Cr coating deposition be-
cause of their relatively low processing temperature and minimal
oxidation of raw materials. The magnitude of residual stress, grain
microstructure and orientation of the coating can be apparently af-
fected by the fabrication methods. Fig. 8 summarizes the EBSD or
TEM views of Cr coatings prepared by different methods. All the
coatings by PVD methods are constituted of columnar grains elon-
gated along the Normal Direction, and the size of the grains near the
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Cr-Zr interface is obviously thinner than that near the coating sur-
face. Similar trends concerning about the distribution of grain size
were found for cold sprayed Cr coating. Owing to the high velocity
impact, the Cr grains appear deformed and elongated, and no ver-
tical columnar grains were observed.

Magnetron sputtering has several advantages: no droplet
forming in deposition particle flow, little impurities, high coating
uniformity, etc. Although the researchers in Framatome had suc-
cessfully fabricated full length Cr coated Zr alloy cladding tubes [87],
the productivity (namely the deposition rate of coatings) and the
formation of columnar crystals are the issues to be solved.

The low deposition rate is one of the drawbacks of magnetron
sputtering when using as the coating method for the full-scale
cladding tubes. For example, a Cr coating in columnar structure can
prepared in a deposition rate of 43.3 nm/min [88], which indicates
that nearly 6 h are needed for preparing a 15 pm coating. A very large
quantity of the ATF cladding tubes will be demanded due to the wide
use of light water reactors around the world. Some efforts should be
made to improve the deposition rate of the Cr coating by magnetron
sputtering. Up to now, the effective methods include multi-cathodes
[89,90], hot target sputtering [77] and melt target sputtering [91,92].
A typical and effective hot target sputtering work was done by the
Grudinin et al. [77] They used a hot target high power impulse
magnetron sputtering (HiPIMS) system to improve the deposition
rate of Cr coatings. By heating the target up to 1200 K, the Cr ions are
evaporated during the whole sputtering process, including the DC
stage and sputtering stage, which is not good for the compactness of
the coating but increases the deposition rate. Besides, the distance
between the target and the substrate is less than 100 mm [78]. The
temperature of the substrate increased during the sputtering due to
the radiation heating from the hot target, resulting in the enhance-
ment of Cr atomic diffusion in the coating layer. The additional heat
flux is beneficial for the formation of a denser coating layer, which
can improve the oxidation resistance of the coating [93].

The other drawback of magnetron sputtering is the formation of
columnar crystals with the same orientation (as shown in Fig. 9),
which form a diffusion path for oxygen and weaken the tensile
strength of the coating. Chen et al. [94] and Meng et al. [95] studied
the effect of bias voltage of the Cr coating structure by using radio
frequency magnetron sputtering (RFMS) and direct current
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Fig. 8. EBSD or TEM morphologies of the Cr coatings prepared by (a) DC-HiPIMS [84], (b) cold spraying [85], (c) multi-arc ion plating [86], and (d) magnetron sputtering [67].

Reproduced with permission from Ref. [67,84-86].
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Fig. 9. (a) Cross-section morphology of a typical Cr coating in column crystal struc-
ture deposited by hot target high power pulsed magnetron sputtering. (b) EBSD map
of a column crystal structure Cr coating - perpendicular Y-direction. Reproduced with
permission from Ref. [77] and Ref. [37], respectively.

magnetron sputtering (DCMS), respectively. In the study by Meng
et al. [95], the bias voltage, Ar pressure and temperature were
changed in turn, and the surface morphologies, the crystal structures
and the cross-section morphologies of the as-deposited coatings
were observed. The results show that the surfaces present high (110)
texture when the parameters presented moderate bias voltage, low
Ar pressure and approximately 400 °C. In other words, the coating
structure can be controlled by the process parameters. The structure
of the coating can apparently affect the oxidation resistance of the
coating. A dense 4.5 pum Cr coating and a columnar 9 pm Cr coating
were prepared by multi-cathode magnetron sputtering system and
hot target magnetron sputtering system, respectively [71]. Then,
steam oxidation tests were done in KIT by a thermogravimetry (STA
449, Netzsch). The results show that the activation energy for steam
oxidation process of the dense coating and the columnar coating is
202 kJ/mol and 183 kJ/mol, respectively, indicating that the dense
one provides a better oxidation resistance. Besides, another feasible
method to reduce the proportion of column crystals is HiPIMS. The
peak power of HiPIMS can reach 2500 W, which can form a stronger
electric field during the sputtering stage and form a denser grain
distribution in the Cr coating.

Cold spraying is another frequently applied method for the pre-
paration of Cr coatings. Compared with thermal spray methods
(such as plasma spray), the advantages of cold spray are that it can
effectively avoid the pre-oxidation of Cr powders, solidification of
deposited materials and formation of inclusions in the coatings. The
quality of the cold sprayed coating strongly depends on the intrinsic
characteristics of the feedstock powder, i.e., the particle size, the
shape, and the hardness of the powders. The gas atomization
method can produce spherical Cr particles, which has a relatively
low hardness and is easy for deformation during the spraying pro-
cess. Maier et al. [96,97] found that the Cr coating sprayed by gas
atomized Cr powders had excellent oxidation resistance in air en-
vironment up to 1300 °C. However, the production cost for gas ato-
mized Cr powder is very high because of the high melting point and
reactivity of Cr. Moreover, the potential formation of toxic Cr(VI)
compounds is not environmental friendly [81]. The method that can
obtain Cr powders in a relatively low production cost is mechanical
milling of the Cr powders produced by electrolytic reactions, which
produced Cr flakes or plates in large sizes. Nevertheless, the inherent

residual stresses and limited deformability of the mechanically
grinded Cr powder made it hard for the formation of refined grains
in the coating [98,99]. In other words, the Cr powders are difficult to
compactly bond together, and some cracks may form in the coating,
resulting in a poor oxidation resistance of the Cr coatings. Yeom et al.
|81] tried to pretreat the mechanically grinded Cr powders by an-
nealing the Cr powders in argon environment at 800 °C for 5 h. It was
found that the grain size of the powder increased and the hardness
of the powder decreased after annealing, which effectively improved
the deformability of the powders and reduced the density of dis-
location. Well defined and equiaxed grains were found in the Cr
coating produced by the annealed powders, resulting in a relatively
strong oxidation resistance of the coating. In summary, the optimi-
zation of fabrication parameters for the cold sprayed coating should
focus on the quality of the raw materials, namely the grain size, the
hardness, the shape and the residual stress of the Cr powders. Ad-
ditionally, the Cr nano-powder can be tried as raw materials to
produce Cr coating by cold spraying in the future.

In addition to magnetron sputtering and cold spraying, some
researchers also tried to optimize the fabrication parameters of other
coating methods. Kim et al. [23] used the laser beam scanning (LBS)
method for the Cr coatings preparation. They found that the surface
appearance (including the thickness of the heat affected zone and
the homogeneity of the coating) and the ensuing oxidation re-
sistance of the coating was affected by the laser power. Multi-arc
plating was performed by He et al. [74] for the Cr coating prepara-
tion. The weight gains data of the coated samples after annealing at
high temperature showed that the oxidation resistance of the
coating was affected by the gas pressures and bias potentials during
the coating process. Vacuum arc evaporation method was used by
Gautier et al. [100] to fabricate Cr coating, and the effects of Ar
pressure, bias voltage and arc current on the texture of the coating
were studied. Moreover, a detailed study on the effect of arc current
on the microstructure of Cr coatings prepared by multi-arc ion
plating was done by Huang et al. [101]. The distribution of grain
boundaries, the mean grain size, the crystallographic orientation
distribution and the dislocation density of the as deposit Cr coating
can be significantly affected by the arc current.

3.3.2. Pretreatment

Pre-annealing thermal treatment is a common method of coating
pre-treatment. The purpose of annealing is to facilitate the growth of
the initial Cr grains in the coating and thus decrease the density of
grain boundaries, which may act as short diffusion paths of oxygen
during high temperature steam environment exposure. Researchers
from CEA [67] successfully improved the oxidation resistance of
magnetron sputtered Cr coating Zr alloys by pre-annealing. In their
work, the Cr coated samples with the thickness of about 7 um was
annealed at 700 °C and 800 °C in inert gas environment for 2 h. Then
the samples were exposed in steam environment at 1200 °C for
15005, and the weight gain rate was compared. Results show that
the Cr grain size of the samples increased with increasing tem-
perature after annealing, as shown in Fig. 10. The thermal treatment
of coatings may modify the Cr grain boundary atomic arrangement
and the atomic transport properties via grain boundaries, thus affect
the nucleation of zirconia and the grain boundary diffusion of
oxygen and zirconium atoms. Nevertheless, the thermal treatment
temperature of the Cr coated Zr alloy should be strictly controlled
based on the following three considerations: firstly, the final an-
nealing temperature of the commercially used Zr alloy cladding
tubes is about 500 °C [102]. A higher pretreatment temperature of
the Cr coated Zr alloy leads the phase transition of the Zr substrate
(850 °C), which may affect the mechanical properties and corrosion
resistance of the Zr substrate [103]. Secondly, the inter-diffusion
between the Cr coating and the Zr substrate would be facilitated by
the high temperature, which is one of the main consumption ways of



Fig. 10. SEM-BSE morphology of (a) the Cr coating, (b) the Cr coating annealed at 700 °C for two hours, and (c) the Cr coating annealed at 800 °C for two hours. Reproduced with

permission from Ref. [67].

Cr coatings [104]. Thirdly, a relatively smaller grain size enhances the
tensile strength of the Cr coating [42,105]. Except for directly im-
proving the oxidation resistance, pre-annealing of the coating is
benefit for the crack arresting of the coating because of the release of
internal stress of the coating and the transformation from columnar
grains to equiaxial grains. Vertical cracks are much easier to initiate
and penetrate through the parallel grain boundaries of columnar
grains under tensile stresses. As for the equiaxial grains, the criss-
crossed grain boundaries help to hinder the slips in grains and block
vertical crack propagation [86].

The intense pulsed electron beam (Gepulste ElektronStrahl
Anlage, GESA) technique is an efficient method for surface mod-
ification of materials [106]. Compared to traditional laser surface
modification, GESA technique allows the processing of larger sur-
faces and/or of surfaces with more complex configuration in only
one pulse. This method is suitable for the targeted ATF application
relies on the chemistry of the applied coating and the hydrothermal
stability of the oxide scale that will form in service [107]. Maybe
such method can be used to modify the surface of Cr coating in the
future.

Laser melting is also a potential method for coating pretreat-
ment, which aims to strengthen the adhesion property and improve
the surface density of coatings. For instance, laser melting method is
used by Hu et al. [108] on multi-arc ion plated Cr coating Zr alloy
samples. The authors found that an interface metallurgical bonding
is formed when the laser energy density is high enough to heat the
sample surface higher than the Cr-Zr eutectic point. A Cr-Zr fusion
zone with a thickness of 60 pm formed after the laser melting pro-
cess, and the bonding performance of the coating is improved.
Nevertheless, the strong diffusion of Cr atoms from the coating into
the Zr substrate may affect the oxidation resistance of the coating,
which should be further investigated.

For coatings with a relatively high thickness and roughness, cold
rolling is an effective method to reduce the coating thickness and
enhance the compactness of the coating. Fig. 11 shows the surface and
cross-section morphologies of a Cr coated Zr alloy sample before and
after cold rolling at room temperature. It can be seen that the thick-
ness of the coating was reduced by 36%, and the uneven outer edges of
the as-received sample became uniform after the rolling treatment.
However, the cold rolling may cause mechanical damage in the phy-
sical structure of the coating. As shown in Fig. 11(a), a crack through
the coating and the substrate with a length of nearly 200 ym formed.
Moreover, the cold rolling treatment may introduce defects such as
dislocations and lead to inhomogeneous local strain distribution. In-
deed, the cold rolling is a useful method to compact the coatings
produced by spraying or 3D printing. Further works should be done to
figure out how to avoid secondary damages on the coatings during the
cold rolling process. Besides, how to pre-treat the Cr coated Zr alloy
cladding tubes, rather than bulk specimens, by cold rolling should be
figured out. Another effective method to reduce the coating thickness
is polishing. Polished Cr-cold sprayed coated cladding tubes were
prepared and exposed at 1300 °C for 20 min in air by Maier et al. [97]
They found the Cr coating was fully intact after the annealing and the
thickness of the oxide film was only 5-8 pm.

Fig. 11. Surface morphology and cross section morphology of a cold spraying Cr
coated Zr alloy sample before and after cold rolling. (a) and (c) are the morphologies
before cold rolling. (b) and (d) are the morphologies after cold rolling. Reproduced
with permission from Ref. [109].

4. Interdiffusion behavior

The chemical interaction between chromium and zirconium at
high temperatures leads to the formation of a Cr-Zr interlayer. In
order to improve the neutron economy, the thickness of the coating
outside the cladding tubes should be limited as thin as possible.
Except for being oxidized, the Cr coating can be considerably con-
sumed by the formation of the Cr-Zr diffusion layer and the inward
diffusion into the Zr substrate [104]. Brachet et al. [42] evaluated
that the consumption kinetics of the Cr coating by the formation of
an oxide film and by diffusion into the substrate in steam environ-
ment at 1200 °C are nearly the same. Moreover, the dissolution of
chromium atoms into the Zr substrate weakens the strength of the
substrate [110]. In this section, the research progress on the Cr-Zr
interdiffusion behavior is introduced.

4.1. Structure and chemistry of the Cr-Zr interlayer

4.1.1. As-deposited samples

An interlayer between the Cr coating and the Zr substrate can be
formed after the coating preparation procedure. The nano-size
structure and chemistry of the interlayer formed on a Cr coated
ZIRLO™ cladding material produced by cold spray were studied by
Fazi et al. [85] by high resolution transmission electron microscopy
(HR-TEM) and atom probe tomography (APT). They found that the
intermixed bonding region between the Cr coating and the Zr sub-
strate was a distorted hexagonal close-packed structure (Fig. 12)
with a thickness of several nanometers to several tens of nan-
ometers. The layer was formed by an adiabatic shear instability
mechanism, which is responsible for the formation of the strong
metallurgical bonding due to a highly localized shearing of the
substrate and the Cr particles. The 3D reconstruction of APT data
showed that the intermixed bonding region contained about



Fig.12. (a) is the TEM morphology of the Cr-Zr intermixed bonding region (IBR). (b) is the 3D reconstruction of APT data of the interlayer of the Cr coated Zr alloy. The figure shows
the distribution of Cr atoms (pink) and Zr atoms (blue) in the IBR. (c) is a 15 nm slice containing the IBR (rotated 90°). The light blue particles in the figure are the carbon
impurities. (d) is the EDS result of a scanning line crossing the IBR. Reproduced with permission from Ref. [85].
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Fig. 13. (a) EDS mapping analysis of the Cr-Zr interface. (b) EDS line scanning of the Cr-Zr interface. The result shows the presence of Fe at the interlayer. (c) TEM analysis of the
Cr-Zr interface. C14 and C15 Laves phase is founded. Reproduced with permission from Ref. [113].

60-70at% Zr, 30-40at% Cr, 8-10at%»0 and 0.80at%C. The high
content of Cr in Zr substrate is due to the significant bulk diffusion of
Cr promoted by the localized heat spike that caused by the strong
metallurgical bonding during the cold spraying process [111]. Traces
of Fe, Sn and Nb were also detected, which are also the alloying
elements in the ZIRLO™. The existence of oxygen is due to the re-
sidual oxide thin film left on the Zr substrate at the beginning of the
coating process, and the detection of carbon in the form of zirconium
carbide was owing the residue of grease before the deposition of the
coating.

4.1.2. Annealed samples

ZrCr, is the only intermetallic compound that can be formed in
the Zr-Cr system [112]. The ZrCr;, intermetallic compound can be
clearly found between the Cr coating and the Zr substrate for the
samples after annealing in high temperature environment
[25,68,104]. Moreover, a Fe rich zone was observed in the interlayer
of a Cr-coated Zircaloy-4 material [113] by TEM-EDS, as shown in
Fig. 13.

The enrichment of Fe in the Cr-Zr interlayer is caused by the
formation of the Zr(Cr, Fe), hexagonal Laves phase (C14) [113,114].
The Laves phases are intermetallic compound phases with AB, type
structures. They can be classified according to the spatial structure
into cubic MgCu, phase (C15), hexagonal MgZn, phase (C14) and
hexagonal MgZn, phase (C36) [115]. The content of Fe in the Zry-4
alloy is about 0.2 wt%. At the beginning of the formation of the in-
terlayer, ZrCr, is formed as a cubic C15 phase. Driven by high tem-
perature, Fe atoms from the Zr matrix diffuse into the ZrCr, phase,
replacing the Cr atoms and resulting in the formation of a Zr(Cr, Fe),
with a C14 structure. It has been proved that the Fe segregation is
able to reduce the interfacial energy of the Cr-Zr system [114]. The Zr

(Cr, Fe), phase has been found even in Zry-4 alloys without coatings.
The formation of Zr(Cr, Fe), hexagonal phase (C14) is thermo-
dynamically feasible. The reason why the C14 structural stability is
favored by the Fe addition was explained in the perspective of the
average electron concentration ratio [113]: the stability of the AB,
Laves phase is determined by the average electron concentration
ratio, namely the ratio of the number of electrons carried by all
atoms in the phase to the number of atoms [116]. The C15 structure
can exist at a relatively lower average electron concentration, while
the C14 structure is stable at a higher average electron concentra-
tion. The average electron concentration (e/a) of Fe, Cr and Zr is 8, 6
and 4, respectively. Therefore, after the Fe atom replaces parts of Cr
atoms in the ZrCr, structure, the average electron concentration of
the entire Laves phase increases, and thus the transition from the
C15 structure to the C14 structure occurs [117].

The formation of Zr(Cr,Fe), in the Cr-Zr interlayer can reduce the
growth rate of the interlayer. Both Xiang et al. [118] and Nicolai et at.
[119] found that the diffusion rate of Cr atoms in Zr(Cr,Fe), is five
orders of magnitude lower than that in the Zr substrate, which
means the existence of the trace Zr(Cr,Fe), can effectively restrain
the diffusion of Cr from the Cr coating to the Zr substrate. Never-
theless, the content of Fe in Zry-4, M5 and ZIRLO™ (three types of Zr
alloys as nuclear reactor cladding tubes) is only about 0.2 wt%,
0.05wt% and 0.11 wt%, respectively, which is insufficient for the
formation of a thick Zr(Cr,Fe), layer.

4.2. Growth kinetics of the Cr-Zr interlayer
As already introduced, the consumption rate of the Cr coating by

formation of oxide films and by diffusion into the Zr substrate in
high temperature environment are of the same order of magnitude
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Fig. 14. Growth of the intermediate layer in the Cr coated Zr alloy sample as a
function of exposure time and exposure temperature by Yeom et al. The dotted line is
the estimated thickness of the interlayer at the same temperature based on the Cr-Zr
diffusion couple experiments by Xiang et al. Reproduced with permission from
Ref. [68].

at 1200 °C [42]. The growth kinetics of the Cr,05 layer has been
studied by many researchers, and some researches also focus on the
growth kinetics of the Cr-Zr interlayer.

Xiang et al. [118] used a Cr-Zr diffusion couple to study the
growth kinetics of the Cr-Zr interlayer in vacuum environment at
750 °C, 800 °C and 850 °C. Fick’s law was used for the mathematical
description of the diffusion process in their report:

[C(x, £) — Col = [Cs—Col*(1 — erf(x/2VDt)) 7)

where C(x,t) is the concentration of Cr in the Zr matrix; Cq is the
initial concentration of Cr in the Zr matrix (about 0.1 wt%); C; is the
concentration of Cr at the Cr-Zr interlayer when the thermodynamic
equilibrium is reached; D is the bulk diffusion coefficient of Cr in p-
Zr, which equals to 6.29 pm?/s at 1200 °C [120]. Yeom et al. [68]
conducted an experiment on the growth kinetics of the Cr-Zr in-
terlayer of a chromium coated zirconium alloy produced by cold
spraying. The experiments were conducted at 1130 °C, 1230 °C, and
1310°C in steam environment for 10 min, 30 min, 60 min, and
90 min, respectively. The growth of the intermediate layer is shown
in Fig. 14. In Fig. 14, the measured thickness of the interlayer at
1310 °C was generally higher than the fitted value, especially for the
situation of 90 min: the thickness of the interlayer exceeded 5pm,
which was nearly twice as high as the estimated value. Considering
that the standard heat of formation of ZrCr, and Cr,03 is =256 kJ/mol
and -1128 kJ/mol, respectively, the researchers speculated that the

(a) 20 min

Cr coating

Cr-Zr interlayer

Zr substrate

(b) 60 min

mismatch is due to the heat release of the oxidation process.
Therefore, the actual temperature of the specimen was higher than
the target temperature, accelerating the diffusion rate of both Cr
atoms and Zr atoms.

In order to avoid the interference of heat release from oxidation
reaction on the diffusion kinetics evaluation, Yang et al. [104] con-
ducted a series of Cr-Zr interaction experiments in inert gas en-
vironment. Magnetron sputtered and cold sprayed Cr coating on Zr
alloy specimens were used as samples for annealing tests at a
temperature range from 1100 °C to 1300 °C. They concluded that the
diffusion process can be divided into two stages. At the early stage,
the Zr-Cr inter-diffusion is a reaction-diffusion process. ZrCr, was
formed by the chemical reactions between Cr and Zr atoms, and the
growth of interlayer was controlled by the reaction rate. The for-
mation rate of the ZrCr, layer at the beginning is relatively high
because of the absence of a diffusion barrier. Then, after the initial
ZrCr, layer formed, the growth of the interlayer became diffusion
controlled. The global inter-diffusion coefficient gradually decreases
with the growth of the Cr-Zr interlayer. Fig. 15 shows the evolution of
the Cr-Zr interlayer thickness as a function of exposure time at
1300°C in inert gas environment. It is worth to note that the
thickness of the interlayer began to decrease after 2 h annealing,
which is due to the dissolution of Cr atoms into the Zr substrate. The
solubility of Cr in p-Zr is up to 8 at% at 1300 °C [121]. In consequence,
a considerable amount of Cr atoms from both the Cr coating and the
Cr-Zr interlayer diffused into the Zr solid solution, resulting in the
disappearance of the residual Cr coating and the interlayer after
long-term exposure in high temperature environment.

Table 2 summarizes the thickness of Cr-Zr interlayer in Cr coated
Zr alloy samples in steam environment at different temperature. The
thickness data was measured based on the figures given in the re-
ference paper. The preparation method of the Cr coating can affect
the growth rate of the Cr-Zr interlayer. For instance, the growth rate
of the interlayer in the cold sprayed samples is slightly higher than
that in the magnetron sputtered samples in the study [104]. They
inferred that the difference in the atoms diffusion rate was caused by
the residual oxide film between the Cr coating and Zr substrate: the
ballistic cleaning effect of the cold spray process can effectively re-
move the residual ZrO, thin layer on Zr substrate. After the spraying
process, Cr powder particles at the interface are embedded in the
original surface of the Zr substrate [122]. As for the magnetron
sputtering, although an etching process is usually performed before
sputtering, the relatively lower deposition speed can hardly clean
the substrate surface. For example, carbon in the form of zirconium
carbide was detected in the intermetallic layer of a Cr coating Zr
alloy, which is owing the residue of grease before the deposition of
the coating [85].

The objective of the ATF cladding materials is to offer additional
coping time under severe accident conditions. As for the Cr coated

(c) 120 min
Epoxy layer

Fig. 15. Evolution of the Cr-Zr interlayer thickness as a function of exposing time at 1300 °C in inert gas environment. Reproduced with permission from Ref. [104].



Table 2
Summary of the thickness of Cr-Zr interlayer from literatures.

Date source Coating method

Fig. 12(b) from Ref. [42] Magnetron sputtering 1200
Fig. 6(b) from Ref. [67] Magnetron sputtering 1200
Fig. 7(a) from Ref. [72] Magnetron sputtering 1100
Fig. 3(h) from Ref. [74] Multi arc ion coating 1060
Fig. 5(a) from Ref. [68] Cold spray 1310
Fig. 8(c) from Ref. [25] Vacuum arc plasma spray 1200
Fig. 5(a) from Ref. [24] Air plasma spray 1200

Cr

Prior-B,,

Fig. 16. Cavities between the Cr-Zr interlayer and the Zr substrate. Reproduced with
permission from Ref. [67,68,96,104].

Zr alloy, increasing the “survival time” of a coating is beneficial for
prolonging the coping time under severe accident conditions. The
oxidation kinetics is widely used for the evaluation of the lifespan
of a coating in high temperature steam environment, but this
method is inaccurate because the coating can lose its protective-
ness even the residual coating remains (the degradation me-
chanism has been introduced in the Section 1.2.2). Moreover, the
diffusion kinetics is also used to estimate the lifespan of the Cr
coated Zr alloys. Yang et al. [104] used a modified parabolic law to
estimate the consumption of the Cr coating as a combined result of
the formation of the Cr-Zr interlayer and the dissolution of Cr
atoms in the Zr substrate. A preliminary model of the overall Cr
coating consumption by Cr,05 formation and Cr dissolution under
LOCA conditions was derived by Brachet et al. [42] This model is
useful for the evaluation of the lifespan of the Cr coating. Further
studies should focus on how the combined degradation me-
chanism by oxidation and diffusion affect the evaluation model.
Indeed, the coping time is hard to estimate by modeling. Experi-
ments under prototypical conditions (temperatures, heating rates,
inner pressure) are needed for the estimation.

Exposure temperature (°C)

Exposure time (min) Measured value (pm)

5 0.62
5 0.55
30 0.76
60 0.51
90 4.62
60 4.09
60 295

4.3. Diffusion related phenomena

In this section, the special structures formed in the Cr coated Zr
alloys due to the diffusion of Cr, Zr and other metallic atoms are
introduced.

First, cavities are formed between the Cr-Zr interlayer and the Zr
substrate in the Cr coated Zr alloys after annealing at high temperature.
This kind of cavities have been observed by many researches, as shown
in Fig. 16. The widely accepted explanation for the formation me-
chanism of the cavities is based on the Kirkendall-type effect, which
refers to the movement of diffusion interface due to the difference of
relative diffusion coefficients of the atoms [123]. The activation energy
of the diffusion of Cr atoms in zirconium is about 134-160 kJ/mol,
while the activation energy of the Zr atoms in chromium is about
366 kJ/mol [124]. Moreover, the solubility of Cr in p-Zr is much higher
than that of Zr in chromium. These two differences contribute to the
larger inward diffusion flux of Cr atoms within the Zr substrate than the
outward diffusion flux of Zr atoms within the Cr coating. Therefore, a
back diffusion flux of vacancies from the Zr substrate is induced by the
dissymmetric atomic diffusion at the interface between the Cr-Zr in-
terlayer and the Zr substrate. Finally, clustering and coalescence of
Kirkendall vacancies lead to the nucleation and growth of the cavities.
Liu et al. [125] suggested that it is the larger elemental outward dif-
fusion flux (including Zr, Fe, and Sn) lead to the formation of these
cavities based on the fact that cavities distributed inside the Zircaloy
substrate and close to the ZrCry/Zircaloy interface and the theory of
Kirkendall effect that Kirkendall cavities invariably formed at the side
of the metal whose diffusion coefficient is larger. However, the larger
elemental outward diffusion flux is contrary to the diffusion and so-
lubility data between Zr and Cr mentioned above. Therefore, the au-
thors suggested that it is the formation of a-Zr(O) and ZrCr, phases
inhibit the inward diffusion of Cr at the later oxidation stage and finally
resulted in the peculiar distribution of cavities. The sizes of the cavities
are related to the exposure time and temperature. For instance, the
diameter of the cavities formed on a Cr-coated Zr alloy sample after
exposure in steam environment at 1200 °C for 300s is about tens of
nanometers [67] (Fig. 16(b)), and the size of the cavities on a sample
after 30 min exposure at 1300 °C significantly increased to about 10 um
[104] (Fig. 16(d)). Up to now, the effect of the cavities on the mechanical
properties and the oxidation/diffusion resistance of the coating is still
unknown. The existence of the cavities under the Cr-Zr interlayer
should be considered in further studies, especially for simulation stu-
dies of the mechanical behavior of the Cr coated Zr alloys.

Fig. 17. The morphology of the black dots formed in the Zr substrate under the Zr-Cr interlayer. Reproduced with permission from Ref. [68,104].



Fig. 18. Proofs for the grain boundaries diffusion of Zr in the Cr coating observed by (a) TEM and (b) SEM. Reproduced with permission from Ref. [104,125].

Second, alloy precipitates in the bulk alloys are observed. After
the exposure in high temperature steam environment, some dots
formed in the Zr substrate beneath the Cr-Zr interlayer. The color of
the dots is black when observed by SEM, while white by optical
microscopy (OM). Fig. 17 shows the morphologies of some dots ob-
served by SEM from different literatures. It has been confirmed that
the black dots are ZrCr, precipitates according to EDS scanning re-
sults [24,37]. The formation of the ZrCr, precipitates is due to the
different solubilities of chromium in o-Zr and p-Zr. The solubility of
Cr in p-Zr at 1200 °C is about 2.5%-3% (atom percent) [7,126], and it
can reach to about 8% at 1300 °C [68]. The phase transition of a-Zr to
B-Zr is completed at 910 °C, which means that the Zr substrate is in
the g phase under LOCA conditions. Therefore, large amounts of Cr
from the coating diffused and dissolved into the Zr substrate under
LOCA conditions. During cooling, the lower solubility of Cr in o-Zr
results in the formation of ZrCr, precipitates in the Zr substrate. As
shown in Fig. 17(d), the ZrCr, precipitates are mainly inside the laths
of Widmanstdtten structures. Zr atoms can also spread into the Cr
coating layer. As already introduced in the Section 1.2.2, Zr atoms
from the Zr substrate diffused outward along the Cr grain boundaries
and reacted with the inward diffusing oxygen. Fig. 18 is some proofs
for the grain boundaries diffusion of Zr in the Cr coating observed by
SEM [104] and TEM [125]. It can be seen that Zr atoms gathered at
the Cr grain boundaries. A distinct accumulation of Zr atoms at the
beginning of the diffusion path was found, which is due to the
limited diffusivity and solubility of Zr in chromium [67].

Third, Sn-containing precipitates inside the Cr,03 scale are ob-
served. During the steam oxidation of Cr-coated Zr alloy at high
temperature, not only Fe and Zr in substrate can diffuse outward to
the Cr coating, but the outward diffusion of Sn was also observed by
Liu et al. [125] This outward diffused Sn precipitated on the grain
boundaries of Cr,03 and inside the Cr,03 grains during the oxidation
of Cr coating. Fig. 19 shows the morphologies of the Sn-containing
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precipitates inside the coating. The further Kirkendall effect of these
Sn-containing precipitates leads to the formation of microcavities
inside the Cr,053 scale and affects the microstructural integrity of the
Cr,03 scale. The effect of the outward of Sn and the following be-
havior of Sn inside the coating on the oxidation behavior of the Cr-
coated Zircaloy need to be further investigated.

4.4. Diffusion barrier

As discussed above, the interdiffusion between the Cr coating
and the Zr substrate is a critical issue for the applying of Cr coated Zr
alloys as ATF cladding material. Firstly, the dissolution of Cr atoms in
the Zr substrate consumed parts of the Cr coating, resulting in the
reduction of the survival time of the coating. Secondly, the
Kirkendall cavities formed between the Cr-Zr interlayer and the Zr
substrate may affect the mechanical properties of the coating, re-
sulting in cracks or blisters in the coating. Thirdly, the dissolution of
Cr into the Zr substrate may increase the brittle thermo-shock be-
havior during the re-injection of coolant process. Fourthly, the Cr-Zr
eutectic temperature is about 1332 °C. if a beyond design basis ac-
cident happens, the Cr-Zr eutectic reaction would occur and the
protectiveness of the coating would totally disappear. Fifthly, the
outward diffusion of Zr along the Cr grain boundaries enlarges the
diffusion paths of oxygen, resulting in the loss of protectiveness of
the Cr coating and the ensuing breakaway oxidation of the Zr sub-
strate. The simplest way to restrain the interdiffusion between the Cr
coating and the Zr substrate is to add a diffusion barrier between the
Cr coating and the Zr substrate.

Michau et al. from CEA [127] made an additional thin Mo layer
between the Cr layer and the Zr substrate. The oxidation test result
of the new Cr-Mo coated Zr alloy in air at 1100 °C showed that the
consumption rate of the residual Cr coating of the Cr-Mo coated
sample was lower than that of the pure Cr coated sample. The
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Fig.19. TEM characterization of the Cr,05 layer on a Cr coated Sn containing Zircaloy after annealing in steam environment for 1 h: (a) Scanning TEM micrograph of Cr,03 layer in
low magnification; (b) Scanning TEM micrograph of Cr,05 layer in high magnification; (c) EDS mapping results of (b). Reproduced with permission from Ref. [125].
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Fig. 20. Cross section morphology of the Cr-Mo coated Zr alloy sample after annealing
in air at 1100 °C for 60 min. The Mo-Zr interdiffusion area is obviously larger than the
Cr-Zr interdiffusion area.

amounts and growth rate of the Kirkendall holes also decreased in
the Cr-Mo coated sample. The Mo layer obviously delayed the Cr-Zr
eutectic reaction under B-DBA conditions. However, a Mo-Zr inter-
layer with a thickness higher than the Cr-Zr interlayer formed after
60 min exposure (Fig. 20). The fast inter-diffusion behavior between
Zr and Mo [128] should be considered for the design of diffusion
barrier.

A CrN/Cr multilayer coating was prepared by Sidelev et al. [129]
to enhance the oxidation resistance and restrain the interdiffusion
behavior. The results show that the weight gain of the multilayer
coated specimen decreased by almost half compared with the pure
Cr coated specimen after being annealing in air at 1100 °C. CrN de-
composed into Cr,N and Ny, and the inward diffusion of N, resulted
in the formation of ZrN, which can prevent Cr diffusion into the Zr
substrate.

Moreover, Wang et al. [130] prepared a ZrO,/Cr bilayer coating on
Zr alloy. The ZrO, layer and the Cr layer was deposited by plasma
electrolytic oxidation and filtered cathodic vacuum arc deposition,
respectively. The researchers found that the addition of ZrO, can
reduce the weight gain rate of the Zr alloy specimen, compared with
pure Cr coated Zr alloy specimen, which is due to the ZrO, layer
suppresses the inward diffusion of oxygen and the outward diffusion
of Zr. In high temperature condition, the ZrO, layer decomposes into
Zr50 and «-Zr(0), forming an a-Zr(0) layer and a Zr30 layer. How-
ever, the dissolution of the ZrO, layer may embrittle the Zr substrate,
which is an issue of this type of coating that to be solved.

5. Mechanical behavior

Compared with ceramics coatings, the metallic Cr coatings ex-
hibit higher tensile strength because of the relatively higher ductility
and fracture toughness [131]. In the real reactor environment, the
cladding tube is subjected to two orientation of mechanical loadings,
i.e. along its axial and circumferential directions [132]. The

mechanical behavior of the Cr coated Zr alloy cladding tubes under
LOCA conditions is apparently affected by the stress state of the
cladding tubes, which is determined by the formation of fission
gases in the cladding tubes, the interaction between the fuel pellets
and the cladding tubes, and the pressure of the coolant water out-
side the tubes[45]. Cracks may appear in the coating due to the
tensile stress, resulting in acceleration of oxygen diffusion along the
cracks and the ensuing accelerated oxidation of the coating under
LOCA conditions. In this section, the studies regarding the me-
chanical behavior of the Cr coated Zr alloys cladding materials in
normal operation conditions and accident conditions are reviewed.
Some researches on strength assessment, cracks evolution and
fracture mechanisms were done at room temperature because the
microcosmic observation and stress analysis is hard to perform at
the extreme high temperature under LOCA conditions.

5.1. Crack formation and crack growth

The formation of cracks in the Cr coating can lead to the loss of
protectiveness of the coating in a very short time because of the fast
diffusion of oxygen along the cracks. Once the oxygen ions reach the
Zr substrate, the volume expansion of the Zr substrate due to the
newly formed ZrO, results in growth stress in the coatings. The
fracture mechanism of the coating under high temperature steam
environment is a coupled mechanism involving oxidation reactions
and tensile stress. Up to now, only few tensile tests and in-situ ob-
servation of the coated cladding tubes were done in high tempera-
ture steam environment. However, the surface crack evolution is
crucial for understanding the fracture mechanism of the Cr coated Zr
alloys under LOCA conditions.

Tensile tests and three-point bending tests on Cr coated Zr alloy
specimens were done by Jiang et al. [133,134] to investigate the in-
itial location and the propagation behavior of the cracks in the Cr
coating. Most of the cracks initially formed at the interface of the
coating and the substrate (Fig. 21(a)), followed by vertical propa-
gation of the cracks to the coating surface (Fig. 21(b)) with the in-
creasing of tensile strains. In other words, the local tensile stress in
the interface zone is the largest during the tensile test, which has
been proved by finite element (FE) analysis [133]. These vertical
cracks can easily penetrate along the grain boundaries of the Cr
coating to form surface cracks because of the columnar crystal
structure of the magnetron sputtered coating [37]. Also, some cracks
initiated from the micro-defects zone at the surface of the coating. A
model of Cr coated Zr alloy with an initial oblique crack in the
coating was created by Xu et al. [135] to investigate the crack length,
coating thickness, initial crack inclination angle on the crack pro-
pagation behavior. They found that the crack propagation in the

£=15.6%

Fig. 21. Crack initiation and propagation in a Cr coating at different tensile strains. Reproduced with permission from Ref. [133].



Fig. 22. Surface crack evolution of a Cr coated Zr alloy sample under different tensile strains at room temperature. Reproduced with permission from Ref. [131].
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Fig. 23. Cross section morphology of the Cr coated Zr alloy specimen after pre-oxi-
dizing in steam environment at 1000 °C for 1h and tensile testing. Cracks can be
found at the Cr-Zr interlayer zone. Reproduced with permission from Ref. [86].

plane vertical to the axial direction is controlled by the opening
mode crack. The type of coating failure owing to the crack propa-
gation varies with the change of initial crack inclination angle and
initial crack length. Based on the in-situ observation of the
morphologies of the coating surface during the tensile test, Jiang
et al. [131] found that the Cr coating exhibited brittle and ductile
cracking behavior at room temperature and 400 °C, respectively. The
duration to failure of the coating and the deformation compatibility
between the coating and the substrate is better at 400 °C compared
with those at room temperature [105,136]. Further studies should be
done at typical accident temperatures to figure out the tensile per-
formance of the Cr coated Zr alloy cladding tubes.

Expanding plug tests were performed in room temperature on Cr
coated Zr alloys by Roache et al.[137] During the tests, spatial strain
maps and acoustic energy evolution were correlated by in situ 3D-
DIC and AE monitoring. For the expanding plug tests, cracks initially
formed at 0.40% epoop, and the direction of the cracks is axially
around the circumference of the tube sample.

The impact of steam should be considered for discussion of the
fracture mechanism of the cladding tubes during tensile tests. Fig. 22
shows the surface crack evolution of a Cr coated Zr alloy sample
under different tensile strains at room temperature. It can be seen
that the cracks parallelly formed one by one before the completely
fracture. Indeed, the real fracture process of Cr coated tubes under
LOCA conditions should be different with the process in Fig. 22 be-
cause that the high temperature conditions and oxidation behavior
can affect the mechanical behavior of the coating. Up to now, only
the effect of high temperature on the cracks initiation and propa-
gation is studied. A series of tensile tests and three-point bending
tests were done on pre-oxidized Cr coated Zr alloy samples by Jiang
et al. [86,138] They found that cracks are easily initiated at the newly
formed brittle Cr-Zr interlayer (ZrCr, phase). As can be seen in
Fig. 23, many transgranular cracks are formed in the Cr-Zr interlayer.

The cracks are all blocked in the interlayer other than penetrating to
the Cr coating or the Zr substrate, indicating that the fracture
toughness of the Cr-Zr interlayer is lower than that of the other parts
of the Cr coated Zr alloys. Further studies should consider the impact
of coating/substrate oxidation on the mechanical behavior of the
coating. In LOCA conditions, oxygen can easily penetrate into the
coating along the crevice in the coating once the surface cracks
formed. Then, the formation of ZrO, leads to the increase of growth
stress on the coatings because of the friability of ZrO,. In this case,
just one crack is enough for the total fracture of the whole cladding
tube. Moreover, whether the stress can affect the diffusion of oxygen
ions along the grain boundaries in the Cr coating is unknown, which
should be figured out in the future.

5.2. Effect of the coating on the mechanical property of the cladding
tubes

The existence of Cr coating on the Zr alloy surface can affect the
mechanical properties of the cladding tube, which can be judged by
the adhesion properties, the burst resistance and the hardness trend
of the Cr coated Zr alloy cladding tube. Several studies have been
done on this topic.

The adhesion property is a key issue for surface coatings. Due to
the harsh environment in accident condition, i.e., thermal expansion,
drastic oxidation, irradiation growth and ballooning, the severe de-
formation of the cladding tube may cause the coating peeling off
from the Zr substrate. Ring tensile and compression tests were done
by several research groups [44,47,139] to evaluate the adhesion
properties and the strength of the Cr coating. As shown in Fig. 24, the
tensile strength and the compressive strength of the Cr coated Zr
alloy ring sample (prepared by 3D laser coating) is slightly higher
than that of the uncoated sample, and the variation trend of stress-
strain curves basically remain the same. No peeling or spalling
phenomena were found on both the tensile sample and the com-
pression sample. The tensile test of dog-bone shape Cr coated Zr
alloy samples performed by Jiang et al. [86] also indicates that the
strength and elongation of the samples are significantly improved by
the coating. Cervenka et al. [139] found that the Cr coated specimens
feature a significantly longer time to underdo the ductile-brittle
transition. The improvement of the strength of the coated samples is
due to the relatively higher hardness of the Cr coating: micro-
hardness measurement results of the as-deposited [44] and the
oxidized [53] (normal operation conditions) Cr coated Zr alloy shows
that the hardness of Cr coating is higher than that of the Zr substrate.
However, it is notable that the relation of the hardness between the
coating and the substrate can be different during accident scenario
because of the change of the crystal structures and grain sizes [68].
Indeed, the stress relaxation and grain coarsening after a high
temperature annealing process leads to the change of strength of the
Cr coating. As for the Zr substrate: the uncoated Zr alloy nearly
completely loses it strength at temperatures when the a to § phase
transformation occurs, which results in strong ballooning and burst
of the tubes. The existence of the Cr coating reduces this effect due
to hardening of the Zr by Cr diffused into the bulk.
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Fig. 24. (a) Ring tensile test results and the picture of the Cr-coated Zr alloy ring after the tensile test. (b) Ring compression test results and the photographs of the Cr-coated Zr

alloy ring after the compression test. Reproduced with permission from Ref. [44].

The ballooning and rupture behavior of a cladding tube is crucial
to the fuel stability in LOCA and beyond LOCA conditions. Owing to
the temperature increase and core pressure decline in LOCA condi-
tions [140-142], ballooning and rupture of the cladding tubes
usually occur. The burst resistance of the cladding tubes can be
improved by the existence of the Cr coating. Park et al. [109] per-
formed burst tests of the Cr coated Zr alloy tube samples in simu-
lated LOCA conditions to investigate the ballooning behavior. As
shown in Fig. 25, the burst temperature of the coated sample is
higher than that of the uncoated sample, and the burst opening of
the coated sample is much smaller than that of the uncoated one.
Moreover, no significant peeling or spalling phenomena was found
after the integral LOCA test. Similar tests were done by Kim et al.
[44]: partially Cr-coated Zr alloy tubes were used to perform the
LOCA simulated ballooning test. It can be clearly seen that the
cladding rapture is located at the uncoated region of the tube. The
improvement of the burst resistance of the coated cladding tubes is
owing to the increasing thickness of the whole cladding tubes and
the improved strength of the Cr coating. A recently published study
by Hazan et al. [143] reported comparison results of semi-integral
LOCA test of cold sprayed Cr coated Zr alloys and bare Zr alloys. The
Cr coated Zr alloy tube underwent burst after 30 min with maximal
hoop deformation of 14.5%, while the uncoated Zr alloy tube un-
derwent burst after 350 s with maximal hoop deformation of 178%.
The authors speculated that the relatively lower creep rate of Cr
compared with Zry-4 at 800-900 °C is the reason for the lower
ballooning behavior of the coated tube. Additionally, creep tests of
the coated and uncoated Zr alloys at 750 °C and 850 °C were per-
formed by the researchers from CEA [144]. Similar results regarding
to the size of the burst opening, the coating adherent, and the
duration time were obtained.
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The fatigue behavior of alloys is used for the evaluation of the
strength of alloys. Fatigue tests of Cr coated Zr alloys were done by
Ma et al. [145] Remarkable plastic deformation was found in the Cr
coating with the Zr substrate, indicating high fracture toughness and
good ductility of Cr coated Zr alloy is high. Moreover, in-situ ob-
servation of the coating during the fatigue test shows that no crack
initiation is found until the late stage of fatigue life. In a word, the
fatigue life of the Zr alloy is improved by the Cr coating.

The hardness of claddings can be improved by the Cr coating. For
instance, the hardness of a cold sprayed Cr coating ZIRLO™ cladding
and a bare ZIRLO™ cladding is 392 + 52 and 261 + 26 HV, respec-
tively [146]. As a result, the wear resistance of the Cr coated cladding
is improved by 80-90% compared with the uncoated cladding, which
is obtained by fretting wear tests in simulative Grid-to-Rod-Fretting
(GTRF) environment by Reed et al. [146].

6. Failure mechanism

Although the Cr coating can prolong the survival time of the Zr
alloy in DBA and beyond BDBA conditions, some external or internal
parameters of the coating may result in the breakaway oxidation of
the cladding in a short time. In this section, the failure mechanisms
of the Cr coating induced by different parameters are discussed.

6.1. Cr-Zr eutectic

According to a safety guide by IAEA, the frequency of occurrence
of design basis accidents and beyond design basis accidents is 10
4-102 and 107®-10* per reactor year, respectively [147]. The melting
point of chromium and zirconium is 1907 °C and 1855 °C, respec-
tively [148,149], but the Cr-Zr eutectic temperature is 1332 °C, which

Zr sample
(b) 1400 T T T T T T T 10

12004
1000 4
800

600+

2INSSAI

Temperature

400+

2004

0

0 l(‘J() 2(’)0 3(‘)() 4(l)0 5(’)0 660 760
Time (sec.)

Fig. 25. Comparation of the explosion pressure and temperature between the (a) Cr coated Zr alloy cladding tube and Zr alloy cladding tube under simulated LOCA conditions. The
photographs of the burst openings are shown in the embedded figures. Reproduced with permission from Ref. [109].
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Fig. 26. Temperature profile and hydrogen flow rates of a series of transient test of a
Cr coated Zr alloy sample in steam environment from 1000 °C to 1600 °C. Three sharp
increases of hydrogen release were observed. Reproduced with permission from
Ref. [151].
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Fig. 27. The macro morphology of Cr coated Zr alloy after the steam oxidation test at
1400 °C for 5 min. Some blisters formed on the samples surface.

is higher than the typical core temperature during a design basis
accident (maximal 1200 °C). If a beyond design basis accident hap-
pens, the core temperature may rise beyond the Cr-Zr eutectic
temperature. The Cr coating that connects with the Zr substrate
would melt in a short time, resulting in the formation of a eutectic
liquid interlayer.

The metallurgical evolutions of the Cr coating Zr alloy beyond
1300 °C were analyzed, e.g. by the researchers from KIT [150], CEA
[67] and CTU Prague [37,110]:

Stage 1: During temperature rise to 1332 °C, the phase transfer of
zirconium from o-Zr to p-Zr and the formation of ZrCr, inter-
metallic phase occur.

Stage 2: At temperatures higher than 1332 °C, the Cr-Zr eutectic
reaction occurred at two places: one is the interlayer between the
ZrCr; and the B-Zr, and the other is inside the Zr-substrate owing
to the inward diffusion and dissolution of Cr from the coating.
Due to the capillary effect of potential liquid, the newly formed
eutectic products gathered at some active sites in the Zr sub-
strate. Finally, the Cr coating was totally consumed and lost its
protectiveness. At the same time, the fast-diffusing Zr in liquid
phase reacts with the Cr,03 layer to form ZrO, and Cr, and the
newly formed Cr rapidly melts with Zr, resulting in a certain
oxygen flow through the Cr,0s layer. In summary, the dense
structure of Cr,03 layer can be destroyed by the Cr-Zr eutectic
reaction, the reduction reaction of Cr,03 by Zr atoms that diffuse
from the Zr substrate, and the volatilization of Cr,0s. As a result,
0, and H,0 molecule rapidly diffused into the Zr substrate,
leading to in the accelerated oxidation of the Cr coated Zr alloys.
The Cr-Zr eutectic reaction takes place rapidly at the temperature

above the Cr-Zr eutectic point [21,53]. An interesting phenom-
enon concerning the hydrogen release of Cr coated Zr alloys
should be mentioned at this stage: a series of transient test from
1000 °C to 1600 °C were performed in KIT [150,151]. Three sharp
increases of hydrogen release were observed during the transient
test, as shown in Fig. 26. The first sharp increase at ~1350 °C is
owing to the failure of the outer protective Cr,03 scale owing to
the Zr-Cr eutectic reaction. The second fast increase at ~1500 °C is
due to the transformation of t-ZrO, to c-ZrO,, which leads to the
dense columnar grains transfer into bulk equiaxed grains. The
third sharp increase at ~1570 is caused by the sudden oxidation
of the newly exposed metals by the fracture of the specimens.
Stage 3: During cooldown to room temperature, the
Widmanstdtten structure is formed by the g-Zr to a-Zr phase
transition and residual ZrCr, intermetallic phase precipitated. As
introduced above, the eutectic liquid was absorbed to some ac-
tive sites in the Zr substrate due to the capillary effect. The vo-
lume expansion from liquid phase to solid phase led to the
formation of some blisters at the outer surface of the cladding.
Fig. 27 shows the macro morphology of Cr coated Zr alloy after
the steam oxidation test at 1400 °C for 5 min. It can be seen that
some blisters formed on the samples surface. As for the Zr sub-
strate, it has been proved that the structure at the liquid eutectic
zone and the Cr-depleted zone is the same: a ZrO, layer, an a-Zr
(O) layer and a p-Zr layer from outside to inside. The high tem-
perature oxidation mechanism and kinetics is not apparently
affected by the formation of the liquid Cr-Zr phase.

The Cr-Zr eutectic reaction makes the Cr coated Zr alloy quite
threatened when the accident temperature exceeds 1330 °C. A pro-
mising method is to add a barrier between the Cr coating and the Zr
substrate, with a eutectic temperature higher than that between
chromium and zirconium. Owing to the high melting point of mo-
lybdenum (2623 °C), the Cr-Mo and Zr-Mo eutectic temperature is
about 1900 °C and 1500 °C, respectively. As already introduced in the
Section 2.4, a molybdenum layer has been tried to use by Michau
et al. [127] as the interlayer to improve the melting point of Cr
coated Zr alloys. Results show that the Cr-Mo coated Zr alloy is still
stable after annealing in steam environment at 1400 °C for 300s. No
ZrO, layer was found in the Zr substrate after the annealing, in-
dicating that the Cr coating is still protective. As a contrast, a 90 um
ZrO, layer formed on the Cr coated Zr alloy specimen after annealing
at the same environment for only 100 s. However, the barrier should
be chemical stable, with no reaction between Cr or Zr. The applying
of Mo as the diffusion barrier seems challenging because of the
formation of a thick Zr-Mo interlayer after annealing. Other studies
concerning the barrier between the Cr coating and the Zr substrate,
such as CrN layer [129], ZrO2 layer [130], does not discuss the
coating behavior at the temperature beyond 1400 °C.

6.2. Pre-existing cracks

An ideal coating should be homogeneous, dense and defect-free.
Nevertheless, local defects (cracking, checking or tin-holes) can be
induced by some external factors such as coating methods, proces-
sing parameters and operation environment. Local cracks could be a
short path for the diffusion of oxygen, resulting in the accelerated
oxidation of the coated cladding. For instance, Fig. 28 shows the
cross-section morphology of Cr coated Zr alloy specimens with pre-
existence cracks after exposing in steam environment [42,152]. Lo-
calized oxidation of both the Cr coating and the Zr substrate was
induced by a pre-existing crack within the Cr coating. As a result, a
nodular ZrO, spot with the thickness of about 10 pm and an a-Zr(O)
ring with the thickness of about 20 um was formed in the Zr sub-
strate. It can be seen that the pre-existing crack was closed by the
newly formed chromia, and the residual Cr coating layers were still
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Fig. 28. SEM morphology of Cr-coated Zr alloy specimens with pre-existence cracks after exposure in steam environment for (a) 30 min at 1100 °C and (b) 300s at 1200 °C

.Reproduced with permission from Ref. [152] and Ref. [42].

remarkably fully adherent to the Zr substrate. However, the localized
oxidation of the Zr substrate led to the increase of brittleness and the
decrease of strength. Due to the temperature increase and core
pressure decline in LOCA conditions [140], ballooning and rupture of
the cladding tubes may firstly occur at the localized oxidation zone.
Xu et al. [153] established a model of coated Zr alloy cladding to
study the effect of pre-existing cracks on the mechanical perfor-
mance of the cladding materials. Results show that the stress field at
crack tip in the coating directly lead to the failure of the cladding if
the length of the crack reaches a critical value, which is determined
by the coating thickness and coating materials.

Cracks may appear in the Cr coating due to its inability to tolerate
higher plastic strain in the process of ballooning in LOCA accident.
Usually, this type of cracks occurs in the first stage of LOCA, which is
ahead of the high temperature steam oxidation process. In order to
investigate the effect of the cracks in the coating induced by bal-
looning, scratches were created by Cervenkaa et al. [139] in the
coating. Oxidation tests of the scratched Cr coating samples did not
show obvious oxidation phenomenon through the coating. But the
protecting effect of the coating is also determined by the coating
thickness. Similar results were reported by Roache et al. [137]. They
even proposed that the pre-existing cracks in the coating may be a
useful means to dissipate stress during oxide formation and the
ensuing volume expansion, which can further prevent the de-
gradation of the coating. Moreover, the effect of temperature on the
self-healing ability of the coating with pre-existence cracks were
studied by Ma et al. [152] They found the critical temperature for the
large proportion of cracks owing the self-healing ability is 1000 °C.

6.3. Ballooning

Ballooning of the coated cladding tubes in LOCA and beyond
LOCA conditions is caused by the inner pressure from the fission
gases. The Zr alloy nearly completely loses it strength at tempera-
tures when the « to f phase transformation occurs at about 850 °C.
Therefore, the tube is hard to withstand the inner pressure in severe
accident conditions, resulting in ballooning or even cladding tubes
rapture, which causes a redistribution of fuel to the bottom of the
pressure vessel that reduces the cooling ability of the reactor core.
The ballooning of the coated cladding tube caused by inner pressure
is an issue because of the different extent of deformation of the
coating and the substrate. Cracks may form in the coating due to the
local stress concentration, and then the accelerated oxidation of the
coating occurred due to the fast diffusion of oxygen through the
crack. Moreover, the inner surface of the cladding tubes, which is
uncoated, will be exposed in high temperature steam environment if
burst of the cladding tube occurs, resulting in the oxidation of the
inner surface of the cladding tubes and additional hydrogen pro-
duction. Therefore, it is also important to restrain the fast oxidation
and hydrogen release of the inner surface of the cladding tube.

DLCVD method has been used by Michau et al. [15,82] to prepare
coatings on the inner surface of the cladding tubes.

6.4. Formation of bubbles/blisters/voids

The formation of bubbles/blisters/voids between the Cr coating
and the Zr substrate may cause the failure of the coating during high
temperature oxidation process, which has been discussed by various
researchers. The mismatch of volume expansions of the coating, the
substrate and the newly formed oxide layer is the main reason for
the formation of bubbles.

Firstly, some blisters are found between the coating and the
Cr,03 layer, of which the diameters are relatively smaller. A typical
blister morphology is shown in Fig. 29(a). Considering the fact that
the Pilling-Bedworth ratio of Cr,05 is 2.07 [154], the strong volume
expansion during oxidation causes the increasing of compressive
stress of the coating during high temperature exposure process.
Then, the large difference in the thermal expansion coefficients for
Cr,05 (9.6x10°%/K), Cr (6.5%x10°/K) and Zr (5.77-7.62 % 10°%/K)
during cool-down process results in the formation of the bubbles/
blisters/voids. Such phenomenon has been reported by many re-
searches [25,42,51,68,79].

Another type of bubbles is observed at the interface between the
Cr-Zr interlayer and the Zr substrate [25,74]. Fig. 29(b) shows the
cross-section morphology of a Cr coated Zr alloy sample after an-
nealing in air environment at 1200 °C for 3 h, which was reported by
Wei et al. [25]. The size of this type of bubbles is obviously larger
than that of the first one, and the location of the bubbles is different.
The explanation by the authors is based on the volume expansion of
the Zr substrate due to the phase transformation of Zr, namely the
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Fig. 29. Surface and the cross-section morphology of a Cr coated Zr alloy sample after
annealing at 1200 °C for 3 h. Bubbles were observed on the Cr coating surface after
oxidation tests. Reproduced with permission from Ref. [42] and Ref. [25].



formation of a-Zr(O) layer with a relatively higher volume. It is
widely accepted that the structure of bare Zr alloys after exposure in
LOCA conditions includes an a-Zr(O) layer, a ZrO- layer and a prior p-
Zr layer [43]. As for the Cr coated Zr alloys, although the existence of
the Cr coating hindered the diffusing of oxygen from the atmosphere
to the Zr substrate, an a-Zr(0) layer was still observed beneath the
Cr-Zr interlayer after exposing in steam environment [155,156] or
even after annealing in inert gas environment [104] at 1200 °C. The
volume expansion due to the phase transformation from p-Zr to a-Zr
(0O) was restrained by the Cr coating, and the differences of me-
chanical properties (hardness and ductility) between the p-Zr and
the a-Zr(O) make the phase interface the weak site. As a result, micro
cracks formed at the interface between the p-Zr and the «-Zr(0O). And
bubbles formed when the micro cracks gathered together. In the
end, the broken of the bubbles caused the failure of the Cr coating. It
should be emphasized that the works by Wei et al. [25] and Hu et al.
[79] were done in air condition. Seldom researches in steam en-
vironment show similar bubble phenomenon, which could be due to
the existence of nitrogen gas. The nitrogen gas in air can apparently
affect the oxidation process of Cr coatings because the nitrogen af-
finity of Zr and Cr is both very high [157].

Moreover, according to the EDS mapping results of the cross
section of Cr coated Zr alloy sample after annealing [79], the Sn/Cr
segregation was found on both the first and the second type of the
voids, indicating that the formation of the voids is caused by Ele-
mental segregation and separation.

6.5. Local oxidation of welding zone

A nuclear fuel rod consists two end plugs, which are joined with
cladding tubes by welding. The end plugs should also be deposited to
form a protective coating. The special geometry of the connecting
part between the cladding tube and the end plug makes it hard to
get a uniform coating on it, making it the weak point of the whole
fuel rod in accident conditions. An air oxidation experiment on fully
Cr-coated Zr alloy cladding tubes was conducted by Sidelev et al.
[158] to evaluate the effect of resistance upset welding. Partially
oxidation enhancement is found at the weld burr region: the Cr
coating at the weld burr region totally disappears, oxygen and ni-
trogen have diffused into the Zr substrate, forming solutions of a-Zr
(O) and a-Zr(N). The weak part could result in failure of the whole
cladding tube. Additional treatment method such as mechanical
processing should be used to get a relatively smooth surface of the
nuclear fuel rod after welding.

7. Outlook

With the increased number of researches on Cr coated Zr alloys
ATF cladding materials, the understanding of oxidation, diffusion
and mechanical behavior of the coated cladding in LOCA and beyond
LOCA conditions becomes deeper and deeper. Unfortunately, there
are still some questions to be figured out before the commercial use
of the Cr coating. Until extensive long-time and comprehensive
studies have not been done, a too optimistic attitude rather hinders
the commercial use of Cr coated Zr alloys ATF cladding materials
inside reactor core. Some critical questions are listed:

(1). How to estimate the “survival time” of the coated cladding in DBA
or BDBA conditions?

The aim of depositing a protective coating on the Zr alloy surface
is to increase the coping time for accident management measures, so
the duration that the coating remain its protective is an important
parameter to evaluate the coating quality. However, it is hard to
accurately estimate the “survival time” of the coated cladding in
LOCA or beyond LOCA conditions. Up to now, the common method

for the coating survival time estimation is to obtain the oxidation
kinetics of the Cr coating, and then calculate the time that the Cr
coating is totally oxidized Cr,05. Moreover, a considerable part of the
coating is consumed by diffusing and dissolving in the Zr substrate
in high temperature environment, and a universal consumption ki-
netics of the coating including the oxidation part and the diffusion
part was used for the coating survival time estimation [42,68,104].
The accelerated oxidation of the coated cladding may occur although
the residual coating remained (e.g., the formation of cracks or the
formation of intergranular ZrO,), making it hard to estimate the
survival time of the coating in LOCA conditions. In short, no con-
vincible model can be used for now to estimate the survival time of
the Cr coating in LOCA or beyond LOCA conditions. A model that can
precisely evaluate the survival time of the coating based on the ex-
posure temperature, coating thickness and alloying elements should
be given in the future.

(2). What is the coupling effect of stress generation and oxidation
reaction on the failure of the coating in LOCA environment?

As introduced in the Section 3.1, the cladding tube is under
tensile stress when a loss of coolant accident occurs. Indeed, the
diffusion rate, diffusion path of oxidizing species in the coating may
be affected by the stress state of the materials [159,160]. Moreover,
the formation mechanism of cracks in the coating is significantly
affected by the stress state of the coating. However, most of the
oxidation tests done in the past have been performed with coupon
samples and thus do not take into account of the effect of stress
conditions, which is due to the difficulty of the stress loading in
extreme high temperature environment. Indeed, the stress condition
should be considered when evaluating the quality of a Cr coating in
the future. The coupling effect of tensile stress and oxidation reac-
tion on the crack evolution in the coating should be clarified.

(3). Which material can be used as a diffusion barrier between the Cr
coating and the Zr substrate?

As introduced in Section 2.2, a considerable part of the Cr coating
is consumed by diffusing and dissolving in the Zr substrate in high
temperature environment. In addition, the Cr-Zr eutectic reaction at
1332 °C can lead to the fast failure of the coating in BDBA environ-
ment. In order to avoid this destruction of Cr coating by the direct
contact of the Cr coating and the Zr substrate, a diffusion barrier is
favored between the Cr coating and the Zr substrate. The solubility of
the element as the diffusion barrier in the zirconium substrate
should be lower than that of chromium, and the eutectic tempera-
ture between the new element and zirconium should be as high as
possible. Further studies should be done to find out what materials
can be used as the diffusion barrier.

(4). Is the adhesion property of the Cr coating affected by the Kirkendall
type cavities between the Cr-Zr interlayer and the Zr substrate?

After exposing in high temperature steam environment for a
while, some cavities formed between the Cr-Zr interlayer and the Zr
substrate in the Cr coated Zr alloys. The formation mechanism of the
cavities is based on a Kirkendall-type mechanism, which refers to
the movement of diffusion interface due to the difference on relative
diffusion velocity of the atoms. Although most of the researches
show that no spallation phenomenon of the Cr coating was found
after oxidation tests of the coated alloys, however, most of the stu-
dies were done in stress-free condition. Whether the cavities can
affect adhesion property of the Cr coating in real LOCA conditions
(high temperature steam, tensile stress, irradiation) is still unknown.

(5). A standard test method for the oxidation behavior in LOCA
conditions is needed.

Although tremendous amounts of oxidation tests have been done
to evaluate the oxidation resistance of the Cr coating Zr alloy



cladding materials, the test methods and test conditions are dif-
ferent. The typical test facilities are thermogravimetries and tube
furnaces, which own different heating up time. The Typical test
environment is steam environment, but the H,O percentage and the
steam flux of the tests by different studies are different. Moreover,
the adherent properties of tube samples and cubic samples are dif-
ferent, which may also affect the oxidation behavior of the coating.
In a word, a standard test method for the oxidation behavior in LOCA
conditions is needed, which means the annealing temperature,
duration, steam flux, test facility, heating up time, shape of the
specimen for the coating evaluation test should be unified. Only in
this way, the quality of the coating prepared by different research
group around the world can be distinctively compared.

Recently, the OECD-NEA Joint Undertaking project “QUENCH-
ATF” was started in KIT, which is aimed to investigate the chemical,
mechanical and thermal-hydraulics behavior of ATF claddings in
DBA and BDBA scenarios. This will be achieved through a series of
three bundle tests at the QUENCH facility at KIT. The QUENCH facility
is dedicated to DBA-LOCA experiments with pressurized fuel rod
simulators and early in-vessel severe accident scenarios with reflood
occurring from high temperatures. Within the framework of this
project, two or three large-scale bundle tests with Cr coated cladding
tubes will be conducted. Behaviors of the Cr coating Zr alloy cladding
tubes in realistic thermal-hydraulic boundary conditions, which
considering the feedback of chemical heat release on temperature
progression, the heat transfer and interactions between rods, the
influence of grid spacers, and the real 2-phase flow cooling water,
will be investigated and discussed.
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