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1. Introduction

After the Fukushima nuclear power plant accidents in 2011, the
concept of Accident-tolerant fuels (ATFs) was proposed to improve the
safety of nuclear reactors under design basic accident (DBA) and beyond
design basic accident (BDBA) conditions by improving or replacing the
current Zircaloy cladding—UO> fuel system [1-4]. Among different ATF
concepts, Zircaloy substrates with surface protective coatings have
attracted much attention owing to their low R&D costs and short R&D
time [5-13]. Among the numerous candidate materials for surface
coatings on Zircaloy, pure Cr is considered as the most promising coating
material due to its excellent oxidation resistance [14] and adhesion
property with Zircaloy substrate [15], relative low thermal neutron
absorption cross-section [6], favorable thermo-mechanical properties
[15-17], and irradiation resistance [18,19]. Up to date, the oxidation
behavior and oxidation mechanism of the Cr-coated Zircaloy under
high-temperature steam atmospheres have been extensively investi-
gated by different research groups, and almost all the results show that
the Cr coating can effectively protect the Zircaloy substrate from
oxidation during the steam exposure up to 1200-1300 °C for a certain
time [15,20-25].

However, although a large number of oxidation experiments with Cr-
coated Zircaloy were conducted under steam atmospheres at different

The isothermal oxidation behavior of the Cr-coated Zircaloy-4 at 1200 °C in steam is comprehensively investi-
gated. Oxidation kinetics transition is observed when outward diffusion of Zr and precipitation of ZrO5 along the
Cr coating grain boundaries are reaching the Cr,O3/Cr interface. The outward diffused Zr reduces the Cry03 scale
to Cr. Pores form on the Cry03/Cr interface and inside the CryO3 scale after transition. These interfacial pores
affect the oxidation mechanism of the Cr-coated Zry-4. The coating failure and the oxidation of the Zry-4 sub-
strate occur when the thickness of the outer Cr,O3 scale decreases to a certain value.

temperatures, the coating degradation mechanism of the Cr-coated
Zircaloy and the oxidation kinetics transition mechanism during the
high-temperature steam oxidation are still ambiguous. Up to present,
there are mainly two widely accepted mechanisms related to coating
failure and degradation. One is proposed by Brachet et al. [25], the
mechanism focuses on the failure of the unoxidized Cr coating beneath
the outer CryOg3 scale. During steam oxidation, Zr diffuses from the
Zircaloy substrate towards the outer Cr coating and is further oxidized
into ZrO5 on the Cr grain boundaries. The ZrO5 grains inside the Cr
coating connect with each other and finally form networks, which can
act as paths for the inward diffusion of oxygen. Then the coating failure
occurs and a large amount of oxygen reaches the Zircaloy substrate.
Another mechanism is proposed by Han et al. [20,21] concentrating on
the failure of the outer dense CryO3 scale of the Cr coating during
oxidation. The thickness of the CrqOj3 scale first increases by the
oxidation of Cr coating. When the Cr coating is completely oxidized and
the thickness of the Cry03 scale reaches its maximum value, the CroO3
scale will be reduced by the redox reaction between CryOs and the
Zircaloy substrate. The thickness decrease of the CroO3 scale results in
the fast inward diffusion of oxygen into the inner coating and the sub-
strate through the outer CryOj3 scale. In our previous work on the tran-
sient oxidation behavior of the Cr-coated Zircaloy under steam
atmosphere up to 1600 °C [23] and in later studies of Han et al. [20] and
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other researchers [26], both the outward diffusion and oxidation of Zr
along the Cr grain boundaries and the thickness decrease of the outer
dense CryO3 scale were simultaneously observed. Nevertheless, the
connection between these two critical phenomena has never been
investigated and discussed. So, the first question arises if there is any
relationship between the thickness decrease of the outer CrpO3 scale and
the formation of the ZrO5 networks inside the inner unoxidized Cr
coating.

Moreover, the mechanism of the thickness decrease of the outer
Cr,03 scale during steam oxidation needs to be studied further. During
the transient steam oxidation of Cr-coated Zry-4, we observed that the
thickness of the Cro03 scale began to decrease although the Cr coating is
not completely oxidized into Cry03. There was no ZrO layer formed on
the Zircaloy substrate when the CrO3 scale was reduced [23]. These two
phenomena are inconsistent with the mechanism proposed by Han et al.
[21] that the CryO3 scale is reduced by the reaction between Cr,O3 and
the Zircaloy substrate. Hence, the second question is whether there are
other factors that cause the thickness decrease of the CrpO3 scale. Be-
sides, in our previous work about the isothermal steam oxidation of the
Cr-coated Zry-4 at 1000 °C [22], we have observed the formation of
pores on the Cr,03/Cr interface and we have emphasized the impor-
tance of these interfacial pores to the oxidation behavior of the Cr
coating. The Cro03/Cr interface, especially with pores on it, acts as a
physical bond and connects the outer Cry0O3 scale and the inner unoxi-
dized Cr coating (with ZrO; in it). Therefore, the third question is
whether these interfacial pores are related to the reduction of the Cry03
scale, the formation of the ZrO; networks inside the Cr coating, and the
oxidation kinetics transition of the Cr-coated Zircaloy.

In order to answer the three questions raised above, the isothermal
oxidation experiments of the Cr-coated Zircaloy under steam atmo-
sphere at 1200 °C were repeated in this work using a horizontal tube
furnace at KIT. All the samples were pushed from the cold zone (room
temperature) into the hot furnace (1200 °C) before oxidation and
quenched in argon after oxidation to avoid the diffusion of atoms during
the heating and cooling stages. Different to other researchers’ works, in
the current work, more attention was paid to the relationship between
the Cro03 scale reduction, the outward diffusion and selective oxidation
of Zr on the Cr grain boundaries, the microstructural evolution behavior
of the Crp03/Cr interface especially the evolution of pores on the Cr,03/
Cr interface, and the oxidation kinetics transition. Based on these ana-
lyses, a coating degradation and failure mechanism and a mechanism of
the oxidation kinetics transition are proposed.

2. Materials and methods

The Zircaloy substrate materials used in this paper are Zry-4 (Zr-
1.5S8n-0.2Fe-0.1Cr) plates with length 15 mm, width 10 mm and thick-
ness 0.65 mm. A 2 mm diameter hole was drilled in each sample for
suspension. The Cr coating was deposited on all the six surfaces of the
samples by magnetron sputtering at Oerlikon Balzers Coating Germany
GmbH using an Oerlikon BAI830C coating machine. Two sputtering Cr
sources with a power of 8 kW were equipped on the coating machine.
The coating deposition process mainly included vacuuming the depo-
sition chamber, heating, ion etching of the sample surfaces, spraying Cr
coating, and cooling. Deposition temperature was below 300 °C. The
deposition time of the Cr coating was 430 min resulting in a coating
thickness of ~17 pm.

A horizontal tube furnace, named BOX rig, was used to conduct the
isothermal steam oxidation tests of the Cr-coated Zry-4 at 1200 °C. The
main three parts of the BOX rig are a gas mixer and evaporator
(Bronkhorst®) which supplies the steam and argon during oxidation, the
horizontal tube furnace with alumina reaction tube, and a quadrupole
mass spectrometer (MS, IPI GAM3000) which is connected with the
outlet of the furnace. More details about the BOX rig are provided in our
previous papers [27,28]. How the samples were suspended in the
furnace during oxidation was described in another paper [23] with a

detailed schematic of the furnace part. During the oxidation tests, the
temperature of the steam atmosphere was measured close to the sample
by a thermocouple, which was installed inside the furnace. Ar, HyO, Hj
as well as other potential impurity gases were in situ analyzed by MS.

Before steam oxidation, the furnace was first heated up to 1200 °C
with a heating rate of 10 K/min and then was kept at 1200 °C. Argon
with flow rate of 20 L/h was injected in the furnace during the whole
oxidation test process. When the furnace temperature reached 1200 °C,
steam with a flow rate of 20 g/h was introduced into the furnace
resulting in a water steam concentration of ~55.4 mol%. When the
steam flow was stable and there was almost no nitrogen or oxygen
remaining in the furnace, the Cr-coated Zry-4 sample was moved into
the furnace using a sample lock system (see in [23]). After oxidation for
the pre-defined time, the sample was pulled out of the hot and into the
cooling region of BOX using the sample lock and then quenched in
flowing argon. After cooling for ~5 min, a new sample was exchanged
via the sample lock and the oxidation process was repeated. The
isothermal oxidation times of each sample in this paper are listed in
Table 1. The current experimental design with very fast heating and
cooling rate before and after oxidation can effectively avoid the Zr—Cr
interdiffusion between the coating and the substrate during the heating
and cooling stages. Hydrogen produced by the oxidation reaction was in
situ analyzed by the MS. The weights of the samples before and after
oxidation were measured with a high-precision analytical balance (ac-
curacy 0.01 mg).

X-ray diffraction (XRD, PANalytical Empyrean) with a Cu Ka radia-
tion source (A 1.54 10\) was used to study the surface phases (only
several microns depth) of the samples with a scanning range of 20-110°
and scanning step 0.01313°. The cross-sectional microstructures of the
Cr-coated Zry-4 samples after oxidation were characterized by optical
microscopy (OM, Reichert-Jung MeF3) and scanning electron micro-
scopy (SEM, PhilipsXL30S) equipped with energy dispersive X-ray
spectroscopy (EDS). Specimens for cross-sectional characterization were
prepared by embedding in epoxy resin, grinding, polishing, ultrasoni-
cally cleaning, and drying. Transmission electron microscopy (TEM,
JEOL JEM-2100) was utilized to further study the microstructures of the
Cr,03 scale and the Cry03/Cr interface. Two TEM specimens were lifted
on both surfaces of the #G sample after oxidation for 90 min by a
focused ion beam (FIB, Helios Nanolab600i) system.

3. Results
3.1. Hydrogen release and weight gain

Fig. 1 shows the hydrogen release rate curves and the weight gain
data of the nine Cr-coated Zry-4 samples during the isothermal steam
oxidation at 1200 °C for different times. The hydrogen mass flow rate
values in Fig. 1(a) indicate the real-time oxidation rates. As can be seen
in Fig. 1(a), all the hydrogen release curves of different samples are in
similar trends with the oxidation rate being large at the initial oxidation
stage and then gradually decreasing with the increase of the oxidation
time. The small value differences of hydrogen mass flow rate between
different samples should be due to the error in the measurement process
by MS because of the very small concentration of hydrogen (only several
hundreds ppm) during the oxidation. The hydrogen release curves reach
a minimum value after ~30 min indicating an oxidation kinetics tran-
sition. There are small differences on the transition time between
different samples. The integrated hydrogen release curve versus oxida-
tion time of the #I sample with the longest oxidation time is shown in

Table 1
The oxidation times of each sample.

Samples #A #B #C #D #E #F #G #H #1
Oxidation time 5 10 20 30 45 60 90 120 180
(min)
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Fig. 1. (a) Hydrogen release behavior of the Cr-coated Zry-4 samples during
the isothermal steam oxidation at 1200 °C; (b) the integrated hydrogen release
of #I sample and weight gain data of each sample.

Fig. 1(b) and this curve is in good agreement with that of the oxidation
weight gain data in Fig. 1(b) (the weight gain of the sample should be 8
times the mass of hydrogen released). It can be clearly observed in Fig. 1
(b), that the oxidation kinetics transforms from a parabolic law to an
accelerating law at ~30 min

3.2. XRD results of the Cr-coated Zry-4 samples before and after
oxidation

Fig. 2 shows the XRD patterns of the Cr-coated Zry-4 samples before
and after steam oxidation for different times. To better show the XRD
results, only some representative peaks of Cr and Cro03 are presented in
Fig. 2. Only the Cr peaks are visible for the as-deposited Cr coating.
Peaks of Cry03 appear in all samples after steam oxidation. However,
after steam oxidation, the intensity of the Cr peaks first decreases with
the increase of the oxidation time and they almost disappear after
oxidation for 30 min. Then the Cr peaks appear again after oxidation for
~60 min, and the intensity of the Cr (110) peak increases with oxidation
time. After oxidation for 120 min and 180 min, the intensity of the Cr
(110) peak is much higher than the CryO3 (104) and (110) peaks.

3.3. The cross-sectional microstructures after steam oxidation

Fig. 3 shows the cross-sectional and surface microstructures of the as-
deposited Cr coating on the Zry-4 substrate, which were also studied and
reported in our previous work [23]. The average thickness of the
as-deposited Cr coating is ~17.4 um (Fig. 3(a)). The average grain size
of the Cr coating is ~2 um (Fig. 3(b)).

3.3.1. Before transition, oxidation time 5-30 min
Fig. 4 shows the cross-sectional SEM micrographs of four Cr-coated
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Fig. 2. XRD patterns of the Cr-coated Zry-4 samples before and after steam
oxidation for different times.

Zry-4 samples after oxidation for 5 min, 10 min, 20 min, and 30 min
in steam at 1200 °C. These four samples are all in the stage before
transition. As shown in Fig. 4(a)—(d), all these four samples have the
typical three-layer structure with outermost CroO3, middle Cr, and inner
ZrCry, which has been widely reported and discussed by other re-
searchers after oxidation of Cr-coated Zr alloys [20,22,25,29,30]. The
average thickness of the whole coating and every sublayer of different
samples were measured, the results are shown in Fig. 5. The thickness
evolution of the individual sublayers of the #A—#D samples can be
summarized as follows: the thickness of the Cr,O3 scale and the ZrCr,
layer increases while the thickness of the unoxidized Cr coating layer
decreases with longer oxidation time. Fig. 4(e)—(g) display the EDS
maps of Zr and Cr of the #B—#D samples, with the regions of the EDS
maps in Fig. 4(e), (), and (g) marked by the yellow squares in Fig. 4(b),
(c), and (d), respectively. In Fig. 4(e) and (f), Cr-rich precipitates are
distributed inside the Zry-4 substrate, which are due to the inward
diffusion of Cr from the coating to substrate. Moreover, Zr-rich networks
are distributed inside the unoxidized Cr coating in Fig. 4(e)—(g). These
Zr-rich networks were identified as ZrO, by other researchers [22,25]
and also by TEM results in the next section. The formation mechanism
should be attributed to the outward diffusion and selective oxidation of
Zr on the Cr grain boundaries [22]. To be more accurate, the designation
Cr(ZrO3) (Cr layer which contains ZrOs) is used to describe the unoxi-
dized Cr coating. It is worth mentioning that the diffusion distance of Zr
inside the Cr coating increases with oxidation time. The position evo-
lution of these ZrO, precipitates is displayed in Fig. 5 by blue stars.
Before transition, all these ZrO, precipitates in the four samples have not
reached the Cry03/Cr interface. After oxidation for 30 min (#D in Fig. 4
(8)), these ZrO,, precipitates are very close to the Cry03/Cr interface.

3.3.2. After transition, oxidation time 45-90 min

Fig. 6 shows the cross-sectional OM images of the #E, #F, and #G
samples after isothermal steam oxidation for 45 min, 60 min, and
90 min, respectively. According to the hydrogen release curves in Fig. 1
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Fig. 4. The cross-sectional SEM images of the Cr-coated Zry-4 samples before transition: (a)—(d) BSE images of the #A, #B, #C and #D samples; (e)—(g) EDS maps

of Cr and Zr inside the yellow squares in (b), (c) and (d).

(a), during the steam oxidation of these three samples, the oxidation
kinetics transition has occurred. As can be seen in Fig. 6, the thickness of
the Cry03 scales varied on both surfaces of the samples. In addition, the
thickness of Cr,03 scales on each surface is not uniform at different lo-
cations. We have repeated these three tests and the results indicated that
the thickness of the surface oxide is independent of whether this surface
is facing the steam flow during steam oxidation or not. After transition,
there is an a-Zr(O) layer formed beneath the surface coating due to the
inward diffusion of O into the Zircaloy substrate. The absorption of O by
Zircaloy substrate should be the direct cause for the oxidation kinetics
transition. Interestingly, the thinner the CryO3 scale, the thicker the a-Zr
(0). Moreover, the thickness of the a-Zr(O) layer increases with the in-
crease of the oxidation time.

Fig. 7 shows the cross-sectional SEM images of the #E and #F
samples together with the corresponding EDS maps. The most intuitive

difference of the cross-sectional microstructures between the samples
before (Fig. 4) and after transition (Fig. 7) is the transformation of the
Cry03/Cr and the ZrCry/Zr interfaces from flat to wavy. After transition,
the coating keeps the same three-layer structure as the samples before
transition. The thickness evolution of each sublayer of these three
samples is also summarized in Fig. 5. With the oxidation time increasing
from 30 min to 45 min and the occurrence of the transition, the thick-
ness of the outer CroO3 scale significantly decreases while the thickness
of the Cr(ZrO-) layer does not change too much. This indicates that the
transition is directly related to the thinning of the Cr,O3 scale. When the
oxidation time further increases to 60 min and 90 min (Fig. 5), the
thickness of the Cr(ZrO,) layer slightly increases but there is no large
change of the CryO3 scale thickness. After transition, as shown in Fig. 7,
pores are observed on the Cr,O3/Cr interfaces (indicated by the yellow
arrows). Compared with the #E sample in Fig. 7(a), the density of the
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Fig. 5. Thickness evolution of the coating and each sublayer within the coating
together with the position of the ZrO, precipitates on the Cr grain boundaries of
different samples.

pores on the Cry03/Cr interface of the #F sample in Fig. 7(c) is higher.
Moreover, a few pores are also observed inside the CryO3 scale (see in
Fig. 7(e)). According to the EDS maps of the Cr(ZrO,) layer in Fig. 7(b)
and (f), a significant difference is observed on the Cr(ZrO,) layer be-
tween the samples before (Fig. 4(e)—(g)) and after transition: the ZrO,
precipitates in the Cr coating have reached the Cry03/Cr interface after
transition. These ZrO, networks distribute throughout the entire Cr

(a) #E 45 min

Thick oxide (C)#F 60 min

coating and connect the outer CryO3 scale and the inner ZrCr; layer.
Some changes have also taken place on the microstructure of the ZrCr;
layer (Fig. 7(b) and (f)). The ZrCr, phase just beneath the outer ZrO,
precipitates has transformed into Zr, also there are Zr particles distrib-
uted inside the ZrCry layer. Therefore, the continuous ZrCry layer
transforms to a discontinuous one. As for the precipitates inside the
substrate, small Cr-rich precipitates have formed in the #F sample after
60 min of oxidation (Fig. 7(d)).

The cross-sectional SEM micrographs after oxidation for 90 min
under steam atmosphere at 1200 °C as well as corresponding EDS maps
are shown in Fig. 8. As can be seen in Fig. 8(a), the nonuniform thickness
of the outer CryO3 scale is very distinct. This type of nonuniformity
should be related to the wavy inner CryO3/Cr interface because the outer
surface of the CryO3 scale is flat. In Fig. 8(b), the Cr-rich precipitates
inside the substrate transformed from small bulbiform particles to large
and clubbed precipitates. Moreover, Fe also segregated inside these Cr-
rich precipitates, which was also observed in our previous work [23]. As
shown in the SEM image with large magnification in Fig. 8(c), a large
number of pores are distributed inside the CroO3 scale and at the
Crp03/Cr interface. Compared with the #E and #F samples in Fig. 7, the
concentration of the pores inside the CryO3 scale is much larger in the
#G sample while the number of pores at the CroO3/Cr interface is
reduced.

The elemental distribution on the junction of the thick and thin oxide
layer is further characterized by EDS maps. As can be seen in Fig. 8(d),
the thickness of the CroOj3 scale is directly associated with the outward
diffusion of Zr. ZrO, networks distributed inside the Cr layer beneath the
thin Cro0O3 scale while beneath the thick CryOs scale there are no
obvious ZrO, precipitates. The wave-like Cro03/Cr interface was also
observed in the #G sample in Fig. 8(e), and there are ZrO, precipitates
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Fig. 6. The cross-sectional OM images on both two sides of the Cr-coated Zry-4 samples after steam oxidation: (a) and (b) #E sample; (c) and (d) #F sample; (e) and

(f) #G sample.
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distributed inside the Cr coating beneath the wave crest as seen in the
EDS maps in Fig. 8(f). In summary, the inhomogeneous outward diffu-
sion of Zr inside the Cr coating leads to the formation of the outer
nonuniform CrpO3 scale and the wavy CryO3/Cr interface. It is worth
mentioning that there are large pores (indicated by yellow arrows) lin-
early distributed inside the Cr,O3 scale (Fig. 8(e)). Almost all the linearly
arranged pores are distributed above the wave crest of the Cr,O3/Cr
interface. To be more specific, these pores in the CryO3 are distributed
mainly above the position of the ZrO, precipitates in the unoxidized Cr
coating according to Fig. 8(e) and Fig. 8(f).

3.3.3. After transition, oxidation time 120-180 min

Fig. 9 shows the cross-sectional OM images of the #H and #I samples
after oxidation for 120 min and 180 min under steam atmosphere at
1200 °C, respectively. When the oxidation time increases to 120 min, as
can be seen in Fig. 9(a), the coating failure has occurred and most re-
gions of the Zircaloy substrate have been attacked by steam. However,
some regions of the substrate remain as metal and are not oxidized into
ZrO,. After oxidation for 180 min, all the substrate beneath the surface
coating has been oxidized (Fig. 9(b)), and the average thickness of the
ZrOy layer is much larger than that of the #H sample. According to the

Fig. 7. The cross-sectional SEM images of the
Cr-coated Zry-4 samples after steam oxidation:
(a) BSE image of the #E sample; (b) EDS maps
of the Cr(ZrO,) layer in the #E sample; (c) BSE
image of the #F sample in small magnification;
(d) EDS maps of the substrate in the #F sample;
(e) BSE image of the #F sample in large
magnification; (f) EDS maps of the Cr(ZrOs)
layer in the #F sample. The regions of EDS
maps are indicated by the yellow squares. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

Zr

OM images, the microstructures of the surface coatings in #H and #I
samples are similar and mainly consist of a bright metal phase. This
result is also consistent with the XRD results (Fig. 2) that showed mainly
Cr phase inside the surface coating of the #H and #I samples.

Fig. 10 shows the SEM images together with EDS results of the #H
sample after oxidation for 120 min Fig. 10(a)—(d) are at the position
where the substrate beneath the surface coating has been oxidized. In
Fig. 10(a), although the surface coating has lost its protective function,
no spallation or cracking of the coating is observed. According to the
EDS maps in Fig. 10(b), there is a thin CryO3 layer remaining at the
outermost side of the coating. A large number of ZrO, networks are
distributed inside the unoxidized Cr layer. Similar to the #G sample, Cr
and Fe-rich large clubbed precipitates distribute inside the substrate. As
can be seen in Fig. 10(c) and (d), the surface coating transformed to a
quadruple-layer structure after coating failure. The four layers from the
outer side to the inner side of the coating are Cry03, Cr(ZrOs), ZrO5, and
Cr(ZrOy). The thickness of the outer Cry0j3 scale significantly decreased
while the thickness of the middle Cr(ZrO2) layer increased. Different
from the former samples before coating failure, in the #H sample, with
the substrate being oxidized, the ZrCr; layer disappears and is partly
oxidized and converted into ZrO, and Cr. This phenomenon was also
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Fig. 9. The cross-sectional OM images of the Cr-coated Zry-4 samples after steam oxidation: (a) #H sample; (b) #I sample.



(@) #H 120 min ——

Substrate

10 um

Cr(ZrO,)

2 8 =8

e
o
L

3
=
@
e
]
a
L
£
2
<

#H 120 min
Cr 10um

Fig. 10. The cross-sectional SEM images of the Cr-coated Zry-4 samples after steam oxidation: (a) BSE image of the #H sample in small magnification; (b) EDS maps
of (a); (c) BSE image of the #H sample in large magnification at the position that the substrate has been oxidized; (d) EDS line scans at the position of red line in (c);
(e) BSE image of the #H sample at the position that the substrate has not been totally oxidized; (f) EDS maps of (e).

observed in our previous work [23]. As shown in Fig. 10(e) and (f), at
local regions of the #H sample, the oxidation of the substrate is directly
related to the outward diffusion of Zr inside the Cr layer. There are ZrO,
networks distributed above the position where the substrate has been
oxidized, and these networks connect the outer CroO3 scale and the inner
substrate. Although there are ZrOs precipitates distributed inside the Cr
coating above the position of the unoxidized substrate, these ZrO, pre-
cipitates do not connect the outer CrpO3 scale and the inner substrate.
This indicates that the formation of inner ZrO, diffusion paths is a
necessary condition for the coating degradation and failure. Moreover,
in Fig. 10(e), there are pores distributed at the ZrCry/Zry-4 interface.
The formation of this type of pores is also observed and discussed in our
previous work [22]. These small interfacial pores inhibit the outward
diffusion of Zr to some extent. White particles are observed inside the
oxidized substrate, which are mainly Sn-rich precipitates according to
the EDS maps in Fig. 10(f). Such precipitates were widely reported by
other researchers during the oxidation or corrosion of the Sn-containing
Zircaloy [31-33].

3.4. The TEM characterization of the #G sample after oxidation for
90 min

To further investigate the microstructures of the CryO3/Cr interface
and the CroO3 scale, TEM characterization was conducted. Two TEM
specimens were prepared by FIB on both surfaces of the #G sample due
to their different microstructures after oxidation (see in Fig. 6(e) and
(). Fig. 11 shows the TEM micrographs of the specimen prepared at the
surface with thin oxide scale together with the SEM images during the
thinning of the TEM specimen by FIB. As can be seen in Fig. 11(a)—(c),
pores are observed inside the Cro0j3 scale and at the Cr,03/Cr interface.
It must be emphasized here that Cr is also present above the interfacial
pores. This result is different from our previous work according to which
pores are distributed only at the CroO3/Cr interface [22]. It should be
related to the oxidation time and oxidation process. Interestingly, there
are ZrO, precipitates distributed beneath the interfacial pores, and when
no interfacial pores appear, no ZrOy precipitates exist inside the Cr
coating. Moreover, pores inside the CroO3 scale are only distributed
above the position of the interfacial pores and ZrO, precipitates. As can
be seen in Fig. 11(d)—(f), the ZrO, precipitates on the grain boundary of
the Cr coating are in monoclinic phase and there is a typical twins
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Fig. 11. TEM micrographs of the specimen prepared on the surface with thin oxide scale: (a)—(c) the SEM images of the TEM specimen during the thinning process
by FIB; (d) the bright field image of the ZrO, precipitate on the Cr grain boundaries; (e) the SAED pattern of the ZrO, precipitate in (d); (f) and (g) the dark field image

of the ZrO, precipitate in (d).

structure inside the ZrO, precipitate according to the selected area
electron diffraction (SAED) pattern (Fig. 11(e)) and the dark filed im-
ages (Fig. 11(f) and (g)). The formation of twins indicates large stress
existing inside the ZrO, precipitates during oxidation [34-36].

Fig. 12 shows the TEM micrographs of the specimen prepared at the
surface with thick oxide scale. Because of the thick oxide layer and the
limited depth of FIB (~4 um), this TEM specimen only contains the outer
Cry03 scale. As can be seen in the scanning transmission electron mi-
croscopy (STEM) micrograph in Fig. 12(a), the CryO3 grains are in
equiaxed shape and are densely arranged. However, pores are distrib-
uted inside the grains and at the grain boundaries of Cry0Os3. Locally, the
pores are very large and extend along the growth direction of the oxide

scale. These large pores should be the linear pores observed by SEM in
Fig. 8(e). Fig. 12(b) shows the bright field image with large magnifica-
tion at the region of these pores. The grain close to the pores is identified
as Cry03 phase by SAED pattern. Moreover, according to the high res-
olution transmission electron microscopy (HRTEM) image in Fig. 12(c),
the edge region of the Cr,O3 grain close to the pores transformed into an
amorphous structure. This type of amorphous structure could be further
verified by the fast Fourier transform (FFT) pattern at the region close to
pores in Fig. 12(c). The FFT pattern shows the typical diffraction ring of
an amorphous phase. The amorphization of the CryO3 grains was also
observed and discussed in our previous work [22] during the steam
oxidation of Cr-coated Zircaloy, and all the amorphous Cry03 phases in

Fig. 12. TEM micrographs of the specimen prepared on the surface with thick oxide scale: (a) STEM image of the whole TEM specimen; (b) bright field image of the
Cr,03 scale together with the SAED pattern of the Cr,O3 grain; (¢) HRTEM image of the region close to the pores and the corresponding FFT pattern.



these two cases are adjacent to the pores.
4. Discussion

According to the experimental results, the oxidation and degradation
behavior of the Cr-coated Zry-4 during the isothermal oxidation at
1200 °C can be divided into four stages, depending on the oxidation
time:

Stage I: before transition, oxidation time 5-30 min. The coating is
protective.

Stage II: transition, oxidation time ~30 min. The coating begins to
lose its protection.

Stage III: after transition but before coating failure, oxidation time
30-90 min. The coating has partially lost its protective effect and o-Zr
(O) phase formed in the substrate.

Stage IV: coating failure, oxidation time 90-120 min. The coating
has completely lost protection resulting in oxidation of the substrate and
ZrO, formation.

4.1. The oxidation mechanism before transition

Fig. 13(a) shows a schematic of the typical microstructure of the Cr-
coated Zircaloy before transition during the isothermal steam oxidation.
In the stage before transition, the oxidation and degradation behavior of
the Cr-coated Zry-4 consists of the formation and thickening of the Cr,03
scale (Fig. 4 and Fig. 5), the inward diffusion of Cr from the coating into
the substrate (Fig. 4(e)), the outward diffusion of Zr along the grain
boundaries of Cr (Fig. 4(e)—(g)), as well as the formation and thickening
of the ZrCrs (or Zr(Cr, Fe), laves phase [37,38]) layer (Fig. 4 and Fig. 5).
This has been discussed in detail in our previous work [23] and in the
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work of other researchers [20,25,39]. The oxidation of the Cr coating is
mainly dominated by the outward diffusion of Cr>* and new oxide
grains formed at the gas/Cry03 interface. Minimal O can also diffuse into
the coating from the atmosphere via grain boundaries [22,23].

Before transition, the outward diffusion of Zr and the position of
ZrO, inside the Cr coating has not reached the Cry03/Cr interface (Fig. 4
(e)—(g)). In this stage, see also Fig. 13(a), Zr diffuses from the substrate
towards the Crp03/Cr interface along the grain boundaries of the Cr
coating, and should be further oxidized mainly by O which diffuses from
the outer atmosphere through the Cry03 scale or O which was dissolved
in the Cr coating [25,28].

4.2. The oxidation kinetics transition mechanism

Fig. 13(b) shows a schematic of the typical microstructure of the Cr-
coated Zircaloy during transition. On the basis of the results in Section
3.3.2, the absorption of O by the Zircaloy substrate and the formation of
a-Zr(O) phase in the substrate lead to the transition of the oxidation
kinetics. The same conclusion was also obtained by other researchers
[25]. Furthermore, in the current experiments, the inward diffusion of O
through the coating to the substrate should be directly attributed to two
phenomena: the thickness decrease of the outer CroO3 scale and the
formation of ZrO, precipitates inside the Cr coating, which connect the
outer Cry03 scale and inner substrate and act as O diffusion paths. The
first phenomenon accelerates the inward diffusion of O from the outer
atmosphere to the inner coating while the second phenomenon facili-
tates the inward diffusion of oxygen from the inner coating to the Zir-
caloy substrate. Eventually, a lot of O diffuses into the substrate and
leads to the occurrence of the transition. The thickness of the a-Zr(O)
layer in the substrate depends on the thickness of the outer CryO3 scale

Cr,0,4
r+2Cr;0,—3Zr0,+4Cr

After transition

Fig. 13. Schematic of the microstructural evolution of the Cr-coated Zircaloy during isothermal steam oxidation: (a) before transition; (b) transition; (c) after

transition; (d) coating failure.



(Fig. 6) which determines the amount of O diffusing into the inner
coating from the atmosphere through the CrpO3 scale. When the tran-
sition occurs, although significant amount of O diffuses into the Zircaloy
substrate, the O flow is still limited and the concentration of O in the
Zry-4 substrate has not reached its solubility limit. Therefore, only the
a-Zr(O) phase forms and the ZrO, phase cannot nucleate in the sub-
strate, which indicates the surface coating has not entirely lost its
protection.

All evidence in the results show that the thickness decrease of the
Cry03 scale is a consequence of the outward diffusion of Zr. Before
transition, Zr has not diffused to the Cr,O3/Cr interface and there is no
reduction of the Cry03 (Fig. 5). Nevertheless, when Zr/ZrO, reaches the
Cry03/Cr interface, the thickness of the CroO3 scale rapidly decreases
(Fig. 5) and the Cry03/Cr interface transforms from flat to wavy (Fig. 7).
Moreover, after transition, only ZrO, precipitates/networks are
observed beneath the thinner CryOs3 scale (Fig. 8(d)) and beneath the
wave crest of the wavy Cr03/Cr interface (Fig. 8(f)). This indicates that
the reaction between the outward diffused Zr and the CryO3 scale is
likely to be the most important factor for the thickness decrease of the
Cr,03 scale, see Fig. 13(b). This reaction consumes CrpO3 but produces
ZrO, and Cr. Therefore, when Zr reaches the Cr,O3/Cr interface, O from
Cry03 is another source for the oxidation of Zr besides the O diffusing
from the atmosphere through the CryOs scale. The above-mentioned
explanation about the reduction mechanism of CryO3 scale is different
from the interpretation in the paper of Han et al. [20,21] that the Cr,03
scale is reduced by the Zircaloy substrate. This difference should be
attributed to the different phenomena observed in the current experi-
ments with sudden heating-up of the samples before oxidation: 1) the
Cr03 scale begins to reduce even if a certain thick unoxidized Cr layer
remains beneath the CryOg scale in the current experiments, while in the
work of Han et al. the thickness of the CryO3 scale begins to decrease
after the Cr coating is completely oxidized. 2) In this paper, there is no
ZrOy layer formed in the substrate when the thickness of the CroO3 scale
begins to decrease, while a ZrO, layer was observed in the work of Han
et al. The formation of ZrO, and Cr by the reaction between Zr and Cr,03
should lead to the thickness increase of the Cr(ZrO,) layer. However, the
thickness of the Cr(ZrO,) layer does not change too much when transi-
tion occurs (Fig. 5), and this should be due to the gradual inward
diffusion of Cr from the Cr(ZrO,) layer to the substrate.

When transition occurs, a lot of Zr diffuses into the ZrCrs layer from
the substrate and further accumulates inside the ZrCr; layer and even-
tually leads to the transformation of the continuous ZrCr, layer to a
discontinuous one (Fig. 13(b)). The Zr particles inside the ZrCr; layer as
well as the gaps inside the ZrCr; layer always appear beneath the outer
ZrOy precipitates (Fig. 7(b) and (f)) can provide evidence for this
hypothesis.

4.3. The oxidation mechanism after transition but before total coating
failure

After transition, when oxidation time increased from 45 min to
90 min in our experiments, the average thickness of the outer CrpO3
scale does not change too much (Fig. 5). In this stage, as shown in Fig. 13
(c), pores formed at the Cro03/Cr interface. This type of interfacial pores
was also observed in our previous work [22] and the formation mech-
anism was interpreted as the vacancy condensation [40,41] at the
Crp03/Cr interface. Fig. 14 shows the schematic of the oxidation
mechanism of the Cr-coated Zircaloy and the formation mechanism of
the interfacial pores. During oxidation, the Cr®* vacancies diffuse from
the Cry03/gas interface to the CryO3/Cr interface, meanwhile, 0% va-
cancies diffuse from the ZrO, precipitates inside the Cr coating layer to
the CryO3/Cr interface. The condensation of Cr’* vacancies and 0%
vacancies at the Cry03/Cr interface can result in the nucleation and
formation of pores. Besides the vacancy condensation, the reaction be-
tween Zr and Cr,O3 scale below should be another reason for the for-
mation of pores in this work:

r Cr
Interfacial 57 e -
pore O
JO{ \le.m-
Zr02 Cr

Fig. 14. Schematic of the oxidation mechanism of the Cr-coated Zircaloy when
pores form on the Cr,O3/Cr interface.

2Cr, 03 + 3Zr—37r0, + 4Cr (€8]

The Pilling-Bedworth ratios (PBR) during the formation of Cr,O3 and
ZrO4 are 2.07 [42] and 1.56 [43], respectively. Theoretically, the con-
sumption of 1 mol Cry03 can produce 1.5 mol ZrO, (Fig. 13(b)), and as a
result, there will be a small volume expansion when the transformation
of Cry03 to ZrO5 occurs. However, in the actual oxidation process, as can
be seen in Fig. 11(d), the ZrO, precipitates always form on the grain
boundaries of the Cr coating, which indicates the volume expansion of
ZrO3 during the oxidation can be effectively constrained by the Cr grain
boundaries. The appearance of the twins in these ZrO, precipitates
(Fig. 11(e)—(g)) provides evidence that a large compression stress exists
inside the ZrO; precipitates. Therefore, the volume expansion during the
formation of ZrO, precipitates on the Cr grain boundaries cannot
compensate the volume loss during the decomposition of the Cry03, and
pores form at the Cr,O3/Cr interface. However, when Zr diffuses out of
the grain boundaries of the Cr coating to the inner surface of the pores,
the volume of ZrO, can expand freely and the formation of ZrO, can heal
the pores.

When pores form at the CryOs/Cr interface, the original oxidation
mechanism of the Cr-coated Zry-4 should be affected. Firstly, the reac-
tion rate between Zr and CryOs in Eq. 1 decreases because there is no
direct interaction between Zr and Cry03. Secondly, the outward diffu-
sion of Cr from the unoxidized Cr coating to the outer CryOg3 scale is
restrained. Thirdly, as discussed in our previous work [22], the
decomposition of Cry0O3 close to the pores occurs and follows the reac-
tion below:

Cr,03—30 +2Cr 2)

As shown in Fig. 14, the complete decomposition of Cry03 close to
the pores produces Cr and O. Partially Cr loses electrons to generate Cr>*
which further diffuses outward to the outer surface and generates new
Cry03 grains at the CryO3/gas interface. If the formation rate of Cr (J¢r)
produced by Eq. 2 is larger than the flow rate of the Cr®* (Jo°+), which
diffuses towards to the outer surface of the coating, a small amount of Cr
accumulates above the pores (Fig. 11 (a)—(c)). In this stage, CroO3 de-
composes at the CroO3/Cr interface with a relatively lower decomposi-
tion rate compared with the reduction rate of the CroO3 by direct
reaction between Zr and Cry0O3_ At the same time, new oxide layer forms
at the CroO3/gas interface. Consequently, the thickness of the CrpO3
scale does not significantly decrease during the oxidation from 45 min to



90 min. Oxygen produced by the decomposition of CryO3 in Eq. 1 further
diffuses to the substrate through the interfacial pores as molecular gas
and reacts with Zr inside the Cr coating beneath the pores. This oxygen
diffusion mechanism through pores was proposed and discussed in our
previous paper in detail [22]. The further oxidation of Zr and the for-
mation of ZrO; inside the Cr coating can lead to a slight thickness in-
crease of the unoxidized Cr coating when oxidation time increases from
45 min to 90 min in Fig. 5. In our previous work [23], we have
confirmed that the oxidation of Zr in Cr coating can significantly cause a
thickness growth of the Cr layer (~32%).

In addition, pores are also observed inside the CryO3 scale at this
stage (Fig. 13(c)), and the concentration of pores increases with longer
oxidation time (Fig. 7 and Fig. 8). It should be noted that these pores
inside the CryO3 scale distribute just above the pores at the Cr,Os3/Cr
interface and above the ZrO, precipitates/networks inside the unoxi-
dized Cr coating. This indicates that the formation of pores inside the
Cr,y03 scale is also related to the outward diffusion of Zr along the Cr
grain boundaries. According to the TEM results in Fig. 12, amorphous
phase is distributed along the edge of the CroO3 grains close to the pores.
This type of amorphization of Cry0O3 close to the pores was also observed
in our previous paper and the amorphization mechanism should be
attributed to the incomplete decomposition of CrpO3 grains [22]. The
evaporation of O inside the Cr,O3 grains lead to the formation of oxygen
vacancies as followed in the equation below:

0 —0% +%02+2e 3)
where OZET is an oxygen vacancy. The formation of oxygen vacancies in
Cry03 can lead to the order-disorder transformation of the CryO3 grains.
In this paper it is shown that the complete decomposition of CryO3 in Eq.
2 produces pores inside the CroOj3 scale, while the incomplete decom-
position of CryO3 in Eq. 3 causes the formation of amorphous CroO3
phase (Fig. 12(c)).

There is no significant microstructural evolution about the ZrCry
layer at this stage. The morphology of the Cr-rich precipitates inside the
Zircaloy substrate transforms from small particles to large club shaped
ones, which indicates the gradual inward diffusion of Cr in the Zircaloy
substrate. After oxidation for 90 min, Fe in the substrate also segregates
in these Cr-rich precipitates, which was also reported in our previous
work [23].

4.4. The coating failure mechanism

When exposed to steam for 120 min, wide coating failure occurs
resulting in fast oxidation of the substrate. Here the coating failure does
not indicate the cracking or the spallation of the coating, because in the
actual experiments, even when the substrate is oxidized no obvious
cracking or spallation of the coating was observed. Therefore, the
coating failure is just attributed to the loss of the structural integrity and
the loss of the protective function of the coating. After oxidation for
120 min, the thickness of the CrpOs3 scale significantly decreased
(Fig. 10) and only a very thin CryOg3 scale (< ~2 um) remained on the
outer surface of the coating. Besides, many ZrO, precipitates/networks
are distributed inside the unoxidized Cr coating. As a result, more O
diffuses into the substrate and the concentration of O reaches the solu-
bility limit of O in Zry-4. As a result, ZrO, nucleates in the substrate and
the oxidation of the substrate occurs.

As shown in Fig. 10(c), when the oxidation of the substrate occurs,
pores at the Cry0O3/Cr interface can hardly be seen. This indicates that
these interfacial pores should be filled by the oxidation of the inner Zr in
the Cr coating. In the later stages of oxidation, when Zr diffuses to the
inner surface of the pores and the oxidation of Zr no longer occurs on the
Cr grain boundaries, the volume expansion during the oxidation of Zr
can gradually heal the interfacial pores. The tendency of the filling of the
interfacial pores by ZrO, was observed in our previous work [22]

showing an individual small jutting ZrO, grain distributed on the inner
surface of the interfacial pores. Moreover, the healing of the interfacial
pores was also reported by other researchers [44] during the oxidation
of NiAl alloys. When the concentration of the pores at the Cr,Os/Cr
interface decreases, the reaction rate between Zr and Cr,Os and the
inward diffusion rate of O is increased, which should be an important
reason for the rapid thickness decrease of the Cr,O3 scale and the coating
failure in this stage.

After coating failure, as can be seen in Fig. 13(d), the ZrCr; layer was
partially oxidized and converted into ZrO, and Cr. The oxidation of
Zircaloy substrate precedes the oxidation of the remaining Cr in the
coating due to the larger oxygen affinity of Zr compared with Cr (the
standard Gibbs formation energies per mole of O of ZrO, and CrOg are

821 and 505 kJ/mol at 1200 °C [45,46], respectively). According to
our previous work [23], the remaining Cr in the coating will be further
oxidized into Cry0s and the Cr coating eventually transforms into a
mixed oxide layer of Cr,O3 and ZrO, when the inner ZrOs layer in the
substrate has grown to a certain thickness.

5. Conclusions

The isothermal oxidation behavior of the Cr-coated Zry-4 sheet
samples at 1200 °C under steam atmosphere was extensively investi-
gated. The relationships between the thickness decrease of the CryO3
scale, the outward diffusion and selective oxidation of Zr along the Cr
grain boundaries, and the microstructural evolution of the pores on the
Cry03/Cr interface are discussed. Based on the results obtained with
various examination methods, coating degradation and oxidation ki-
netics transition mechanisms are proposed. Several crucial conclusions
are drawn from the obtained results:

(1) The oxidation kinetics transition of the Cr-coated Zircaloy should
be attributed to the combined effects of the thickness decrease of
the Cry03 scale and the formation of ZrO, networks inside the
unoxidized Cr coating.

(2) The outward diffused Zr on the Cr grain boundaries reacts with
the CroO3 scale as Zr reaches the Cr,Os3/Cr interface, and this
reaction further leads to the thickness decrease of the Cry03 scale.

(3) When the thickness of the outer Cry03 scale decreases to a very
small value (< ~2 pm), the coating failure occurs and the sub-
strate beneath the coating is oxidized.

(4) The formation of the pores at the Cr,O3/Cr interface is caused by
vacancy condensation and the reaction between Zr and CryOs.
These pores alter the reaction mechanism of the Cr-coated Zry-4.

(5) Pores are also observed inside the CroO3 scale after transition.
These pores are just distributed above the interfacial pores. The
amorphization of CryO3 grains occurs close to the pores. The
formation of these pores could be attributed to the decomposition
of Cry0O3 grains.

(6) The thickness of the ZrCr; layer gradually increases before tran-
sition. Then after transition, the continuous ZrCry layer trans-
forms to a discontinuous one. After coating failure, the ZrCr;
layer is finally converted into ZrO3 and Cr.

Finally, it should be mentioned that the results presented here are of
general validity, but the times for the individual degradation phases
should depend on the thickness and morphology of the Cr coating used.
Hence, the effect of coating deposition methods and coating micro-
structures on the coating degradation behavior need to be further
investigated.
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