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1. Introduction

In the last decades, there have been many studies to improve the
oxidation resistance of Zr-based claddings for light water reactors (LWR)
[1-4]. After the Fukushima-Daiichi accident occurred in 2011, several
material strategies were suggested to develop effective and reliable
cladding materials for accident tolerant fuel (ATF) under both normal
operation (360 °C, 18.6 MPa) and accident (e.g. 1200 °C, water steam)
scenarios. The short-term strategy of ATF development is the deposition
of protective coatings on the outer surface of Zr-based claddings. Among
a wide variety of coating materials, all promising concepts rely on the
formation of a dense chromia, alumina and/or silica scale at
high-temperature oxidation [5]. Therefore, any ATF coating should
contain at least one of the elements such as chromium, aluminum or
silicon. Nevertheless, coatings with high Al- or Si-content can become
non-protective due to their hydrothermal dissolution in a water envi-
ronment under normal operation conditions [6,7]. Oppositely, Brachet
et al. [8] demonstrated the formation of a thin (~100 nm) CryOg3 pro-
tective scale after 100 days of autoclave testing. Thereby, the Cr-based
coatings can perform excellent oxidation performance under both
normal operation and accident scenarios since the outer CryOs3 layer acts
as an efficient protective barrier. Moreover, the presence of chromium
and/or chromia on the Zr cladding surface prevents not only oxygen but
also hydrogen diffusion into the cladding as long as the coating remains
intact [4,9].
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The Cr coatings (4.5-9.0 um-thick) with porous/columnar and dense/columnar microstructure were deposited
on Zr alloy. Oxidation was performed at 900, 1050, 1200 and 1400 °C in steam to define the role of coating
microstructure and thickness on oxidation behavior of Cr-coated Zr alloy. The activation energy for chromium
oxidation decreases from 249 to 124 kJ/mol when the coating microstructure changes from dense to porous.
Both coatings types are consumed by Cr-Zr interdiffusion resulting in the similar thickness of residual Cr. The Cr-
Zr interdiffusion can prevent forming the Cr oxide film and cause direct oxidation of the alloy at 1400 °C.

Metallic Cr coatings attract much attention due to their high melting
point, high oxidation resistance and thermal expansion coefficient
similar to Zr alloys. A lot of studies demonstrated and approved the
excellent oxidation performance of Cr-coated Zr alloys [3,4,8-20].
However, Cr coatings should not negatively impact the neutronic bal-
ance. Since chromium has higher (3.5 b) thermal neutron absorption
coefficient than that of Zr alloys (0.2 b) [16], the thickness of Cr coatings
should be limited to reduce the neutron flux losses. Moreover, it is
important to enable high cracking resistance of the Cr coatings as any
local cracks could be a short path for oxygen diffusion to the Zr alloy
resulting in the enhanced oxidation of Zr claddings [8,21]. In this
context, a large number of studies have been carried out to investigate
the role of coating parameters and additional pre- or post-treatments on
the oxidation resistance and mechanical behavior of Cr-coated Zr alloys.
The comparative analysis of the Cr-coated Zircaloy-4 (Zry-4) alloy after
steam oxidation at 1100 °C [8] revealed the reduction of the mass gain
from 7 to < 1 mg/cm? with increasing the thickness of the Cr coatings
from 1 to 10 pm. The microstructure of the Cr coatings can be the key
parameter in accidental conditions as long as the coating remains pro-
tective [11,15]. The increase in grain size of Cr coatings by additional
annealing at 700 and 800 °C improves their oxidation resistance in
steam [12]. Nevertheless, the pre-annealing temperature of the coated
Zr alloys should be less than the annealing temperature of the
commercially used Zr alloy cladding tubes, which is at about 500 °C
[22]. The effect of preliminary oxidation of Cr-coated Zr claddings in



supercritical water (345 °C and 16.5 MPa) on their oxidation behavior
was examined in [13]. He et al. found the nonmonotonic relationship
between the gas pressure, the bias potential and the oxidation perfor-
mance [14]. The high oxidation resistance of Cr coatings with (110)
texture was shown in [17]. Oxidation and degradation of the Cr-coated
Zircaloy in steam up to 1600 °C were investigated in transient experi-
ments with plate samples [20] as well as under more prototypical con-
ditions with cladding tube segments [23]. Cracking behavior and
fracture properties of Cr-coated Zr alloys were examined by both scan-
ning electron microscopy [18] and in-situ three-point bending test [19].
So, the published results have described a lot of aspects of Cr coating
deposition influencing their oxidation behavior and microstructural
evolution. However, the deposited Cr coatings mainly have a columnar
structure that is undesirable since it significantly decreases corrosion
resistance of the coatings due to the rapid diffusion of oxygen along the
grain boundaries into the Zr alloy. There are no systematical data
showing a clear comparison between Cr coatings with the same thick-
ness and different microstructure in a wide range of temperatures.
Moreover, it is not fully understood how coating microstructure can
affect the interdiffusion of Cr and Zr depending on their microstructure
type. Thus, a more comprehensive analysis of the role of both coating
thickness and microstructure on their oxidation behavior is still
required.

In the current study, six series of Cr coatings with porous/dense
columnar microstructure and thicknesses of ~4.5, 6.0 and 9.0 um were
deposited on the zirconium alloy by magnetron sputtering. The
isothermal oxidation tests in a steam environment were performed at
900, 1050, 1200 and 1400 °C. The cross-section microstructure and
weight gain of the samples are compared after the oxidation tests for the
different coating series. Then, oxidation behavior and microstructural
changes of the Cr coatings deposited on Zr alloy are discussed.

2. Materials and methods
2.1. Sample preparation

Chromium coatings were deposited on E110 (Zr-1%Nb) alloy sheets
(15 x 15 x 2 mm°®) and polished Si (110) substrates using magnetron
sputtering. Two types of magnetron sputtering systems were used in
experiments to obtain different microstructures of the Cr coatings. The
first type is a multi-cathode sputtering system with cooled Cr targets,
and the second is a hot Cr target sputtering system. Cr targets (& 90 x 8
mm?2, JSC “Polema”, Russia) with a purity of 99.95% were used. The
detailed description of the deposition equipment and ion-plasma
installation has been reported in a previous study [9]. The description
about the hot Cr target sputtering system for Cr coating deposition is in
ref. [24]. The samples were polished using SiC sandpapers
(P1200—P2500, Hermes, UK), rinsed with acetone and dried by com-
pressed air. To hold the samples during the oxidation tests, holes with
diameter of @1 mm were drilled near the corner of samples.

The residual pressure in the vacuum chamber was 5 x 107> Pa.
Before deposition, the samples were treated by Ar* ions for 20 min at the
following parameters: Ar pressure — 0.15 Pa, voltage — 2.5 kV, ion cur-
rent — 40 mA. All samples were planetary-rotated during ion treatment
and coating deposition. The deposition conditions of the Cr coatings are
shown in Table 1. Six series of the Cr-coated E110 alloy sheets were
prepared. Coating deposition was performed in Ar (99.999%) atmo-
sphere at a pressure of 0.3 Pa. No preliminary or additional heating of
the samples was carried out, and their temperature was measured by an
infrared pyrometer Optris CTlaser SMH1CF4. The samples were fixed in
stainless steel holders during coating deposition, thus, a small area of the
7r sheets (~8-9 mm?) remained uncoated.

2.2. Steam oxidation tests

Four types of the oxidation tests (Run no. 1-4) were performed in this

Table 1
The deposition conditions of the Cr coatings.

Sample  Target Deposition Magnetron Coating Sample
power time, min type thickness, temperature,
density, pm °C
W/cm?

Cr- 31.4 128 multi- 4.5+0.1 330

4.5d cathode

Cr-6d 170 6.0 + 0.2 335

Cr-9d 256 9.0 £ 0.3 345

Cr-4.5¢c  39.5 15 with hot Cr 4.5+ 0.3 320

Cr-6¢ 20 target 6.0 £ 0.2 380

Cr-9c 30 9.0 + 0.2 440

Note: “d” represents dense columnar microstructure; “c” represents porous
columnar microstructure.

study (Table 2). The uncoated Zry-4 sheets (15 x 10 x 0.65 mm?) were
also oxidized as the reference material for comparative analysis.

The Runs #1-3 were done using a thermogravimetric analyzer (TGA)
STA 449 F3 (NETZSCH) with a steam generator coupled to a mass
spectrometer (NETZSCH Aeolos). This system provides in-situ mea-
surements of the mass gain of the samples and concentration of the
emission gases during the oxidation tests. The heating and cooling of the
samples until the isothermal oxidation stage were done in a protective
Ar environment with a flow rate of 50 mL/min. The temperature of the
isothermal oxidation was stabilized during 1 min before injecting the
100% steam flow (2 g/h). The isothermal oxidation tests were per-
formed at 900, 1050 and 1200 °C for 30, 20 and 10 min, respectively.

The Run #4 is a steam oxidation test at 1400 °C, which was done
using a horizontal tube furnace [25]. The samples were heated in pro-
tective Ar atmosphere up to 1400 °C, then the temperature was stabi-
lized during 1 min. After it, the steam was injected in the tube furnace.
The Ar flow rate in this furnace was 20 L/h, the steam flow rate of 20 g/h
resulting in a steam concentration of 35.9 wt% (55.4 mol.%). The
mass-spectrometer was connected to the tube furnace to record the
hydrogen output during the oxidation reaction between steam and
samples. The mass gain of the samples was determined by measuring
their mass before and after the test using an analytical balance (AE 240,
Mettler). The concentration of hydrogen formed during the oxidation
tests was used to determine in-situ mass gain of the samples according to
the procedure described in [26]. It should be noted that hydrogen ab-
sorption can have a minor effect on the overall kinetics during HT
oxidation process.

2.3. Sample characterization

The thickness of the as-deposited Cr coatings, cross-section micro-
structure and elemental composition of the samples after oxidation tests
were examined using a scanning electron microscope (SEM) Vega 3
(Tescan, Czech Republic) equipped with energy-dispersive X-ray spec-
troscopy (EDX) attachment. The microstructure of the oxidized samples
was additionally analyzed by an optical microscopy using AXIOVERT-
200 MAT (Zeiss, Gottingen, Germany). The depth distribution of ele-
ments was studied by glow discharge optical emission spectroscopy
using a GD-Profiler 2 (HORIBA Scientific, Japan).

Table 2
Parameters of steam oxidation tests.

Run  Temperature, Exposure time, = Heating Heating/cooling rate
°C min facility in Ar, °C/min
1 900 30 TGA 20/100
2 1050 20 TGA 20/100
3 1200 10 TGA 20/100
4 1400 5 Tube 10/10
furnace



3. Results and discussion
3.1. Cross-section microstructure of the as-deposited Cr coatings

Fig. 1 shows the cross-section microstructures of the as-deposited Cr
coatings obtained on Si substrates. Six series of the Cr coatings with a
thickness of 4.5 (Fig. 1a, b), 6.0 (Fig. 1c, d) and 9.0 um (Fig. 1e, f) were
prepared.

It was found that the Cr coatings had a different microstructure
depending on the type of the magnetron sputtering system. A porous
columnar microstructure of the Cr coatings is clearly observed for the
samples obtained by hot target magnetron sputtering (Fig. 1a, 1c and e).
This type of the Cr coatings has pronounced V-shape columns through a
coating thickness. Such coating microstructure can be attributed to zone
T according to the structure zone model [27]. The deposition of porous
Cr coatings is due to low energy flux per one deposited atom for hot
target sputtering [10,11]. Oppositely, the Cr coatings deposited by
multi-cathode magnetron sputtering system with cooled Cr targets are
characterized by a dense columnar microstructure (Fig. 1b, d and f). The
growth of dense Cr coatings can be attributed to high values of energy
flux per one deposited atom for multi-cathode sputtering and "knock-on"

effect [28]. The role of magnetron type on the cross-section micro-
structure of the Cr coatings was analyzed and discussed in detail in our
previous study [11]. In this article for simpler comparison of the
porous/columnar and dense/columnar Cr coatings, they will be here-
inafter referred to as “columnar” and “dense”.

3.2. High-temperature oxidation in steam at 900-1200 °C

Fig. 2 shows the mass gain of the Cr-coated Zr alloy during and after
steam oxidation at 900, 1050 and 1200 °C.

Parabolic kinetics is observed for Cr-coated Zr alloy samples during
the stage of continuous oxidation at 900 and 1050 °C with some de-
viations at the end of the oxidation for 4.5 and 6 um-thick Cr coatings
(Fig. 2a and b). The mass gain curves have a transition from protective to
non-protective scale, which is clearly visible at 1200 °C (Fig. 2¢) [11,
12]. This is caused by an acceleration of oxidation kinetics and can be
determined as the time of transition period signed in Fig. 2c for 4.5 and
6.0 um-thick Cr coatings. Generally, the rate constants (K,) of the sam-
ples with the dense Cr coatings are less than that of the samples with
columnar coatings. Two exceptions of this trend belong to 9 pm-thick Cr
coatings in the case of oxidation at 900 and 1050 °C. Most likely that it is

Fig. 1. Cross-section microstructures of the as-deposited Cr coatings: Cr-4.5c (a); Cr-4.5d (b); Cr-6¢ (c); Cr-6d (d); Cr-9c (e) and Cr-9d (f).
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Fig. 2. Mass gain evolution of the samples during isothermal oxidation and measured using the analytical balance after the oxidation tests at 900 (a, d), 1050 (b, €)
and 1200 °C (c, f). *- Rate constant after transition from protective to non-protective scale.

caused by forming thinner CryO3 layer on the samples with dense Cr
coating during the heating stage of the oxidation test due to a presence
of residual oxygen in the chamber. Then, faster oxidation of the dense Cr
coatings can be during the isothermal oxidation stage.

The protective properties of the Cr coatings are clearly seen since the
higher mass gain of the uncoated Zr alloy was found in comparison with
the Cr-coated ones. According to Fig. 2, the samples with dense Cr
coatings have lower mass gains than that of Zr alloy coated by columnar
coatings in the considered range of temperatures (900-1200 °C). How-
ever, as the oxidation temperature was increased, the difference of mass
gains between columnar and dense Cr coatings became less. For
example, the difference of the mass gains between 4.5 um-thick Cr
coatings decreased from 97% to 2% for 900—1200 °C, respectively. On
the contrary, the effect of coating thickness appeared at the high tem-
perature (1200 °C). After the oxidation test at 900 °C, the mass gain of
the samples had the minor range of the values: for the dense Cr coatings -
0.33-0.37 mg/cm? and for columnar ones - 0.45-0.65 mg/cm>. How-
ever, when the oxidation temperature increased, the effect of coating
thickness became more pronounced. The mass gains of the samples with
the dense coatings were equal to 3.3, 11.9 and 21.7 mg/cm? for 4.5, 6.0

and 9.0 pm-thick Cr coatings after the oxidation test at 1200 °C, in the
case of the columnar coatings - 4.0, 12.6 and 22 mg/cm?, respectively.
Therefore, among the experimental samples, the Cr-9d sample demon-
strated the best oxidation resistance as this sample had the lowest mass
gain after steam oxidation at 900-1200 °C. The Cr-4c sample with the
lowest coating thickness and columnar microstructure showed the
largest mass gain in all TGA tests.

Fig. 3 shows the cross-section SEM microstructure and corresponding
EDS-lines of 9 um-thick Cr coatings on Zr alloy after oxidation at
1200 °C for 10 min Table 3 presents the content of Cr, Zr and O in cross-

Table 3
The content of Cr, Zr and O in Zr alloy with 9 um-thick Cr coatings after steam
oxidation test at 1200 °C for 10 min.

Points 1 2 3 4 5 6 7 8 9 10
Cr, at% 97 75 28 14 16 94 78 2 1 18
Zr, at% 2 24 70 86 83 1 19 89 89 81
O, at% 1 1 2 0 1 5 3 9 10 1

Fig. 3. SEM images and corresponding EDS-lines of 9 pm-thick Cr coatings with the dense (a) and columnar (b) microstructure on Zr alloy after oxidation at 1200 °C

for 10 min.



section microstructure of these samples.

It is well seen that both samples have the typical layered structure
that is composed of the outer Cr203, residual Cr and Cr-Zr interdiffusion
layers. The thicknesses of these layers are dependent on the coating type.
Moreover, the dense and columnar Cr coatings have a different depth
distributions of Cr, Zr and O underneath the Cr-Zr interdiffusion layer.
No oxygen signal is found in this region for the sample with the dense Cr
coating, while the weak peaks of Cr are observed in the Zr alloy starting
from the Cr-Zr interface and continued into the depth of Zr alloy. In
contrast, the sample with the columnar Cr coating exhibits a continuous
signal of O within ~20 pym underneath the Cr-Zr interface attributed to
the formation of a-Zr(O). Below the weak signal of Cr appears and
continues into the depth of Zr alloy. To define the role of coating type on
chromium oxidation and Cr-Zr interdiffusion, the cross-section micro-
structure of all Cr-coated Zr alloy samples after oxidation tests was
examined by SEM. For calculations of the oxidized Cr layer (hoyide), the
Pilling-Bedworth index was used (~2 for Cr—Cr,03 transition [12,29]).
The thickness of residual Cr layer (h;,s) was determined by SEM after the
oxidation tests. The Cr layer consumed by the Cr-Zr interdiffusion was
calculated by the following equation:

hdif hin - hoxia’e - hres, (1)

where h;, — the initial thickness of the as-deposited Cr coatings. The
consumption of Cr by the Cr-Zr interdiffusion results in the formation of
intermetallic phase ZrCr; at the interface and the Cr diffusion into the
bulk alloy leading to ZrCr; precipitates (during cooling). The diagrams
of Cr coating consumption on oxidation and Cr-Zr interdiffusion (in %)
depending on their initial thickness (4.5, 6.0 and 9.0 pm) and oxidation
conditions are shown in Fig. 4.

It is evident that the thickness of the Cr oxide layer increased when
the oxidation temperature changed from 900 to 1200 °C. The samples
with columnar Cr coatings had higher thickness of Cr layer consumed by
oxidation than that of the samples with the dense Cr coatings. This is
caused by accelerated oxygen diffusion along the columns of the Cr
coatings [30]. As expected, the thickness of the residual Cr layer is
higher for thicker coatings. The Cr-Zr interdiffusion also affects the
thickness of the residual Cr layer. Higher diffusion of Cr and Zr at higher
temperature results in thicker Cr-Zr interdiffusion layer at the interface
and more Cr atoms diffused into the bulk alloy. The significant role of
temperature on Cr-Zr interdiffusion kinetics for the relatively short time
was described in [31]. In this paper, the experimental data show that the
dense Cr coatings had the higher proportion of Cr transformed to Cr-Zr

layer in comparison with the columnar ones. The phase composition of
Zr alloy underneath the Cr coatings can strongly influence Cr-Zr inter-
diffusion kinetics as solubility and diffusion rate of Cr in p-Zr is higher
than that of a-Zr [32]. Due to this, the samples with the columnar Cr
coatings had less thickness of Cr-Zr layer as oxygen penetrates to the
alloy and can stabilize the a-Zr phase that slows down Cr-Zr interdif-
fusion. The deceleration of Cr-Zr interdiffusion was also found in
high-temperature oxidation tests (1330-1400 °C) of the CrN/Cr-coated
E110 alloy when the o-Zr(N) phase was grown underneath the coat-
ings due to CrN decomposition [33]. Moreover, the different kinetics of
Cr-Zr interdiffusion was also observed for the Cr coatings obtained by
cold spraying in comparison with the magnetron-deposited ones [31]. In
the above paper, the difference in Cr-Zr interdiffusion kinetics was
explained by the presence of thin oxide layer (ZrOy) at the coating-alloy
interface, which can be formed during coating deposition. The effect of
Cr coating microstructure on Cr-Zr interdiffusion is well seen from the
comparative SEM images and EDS maps of the 9 um-thick Cr coatings
with the dense and columnar microstructure after steam oxidation at
1050 °C for 20 min (Fig. 5). The overlapping of the O (K-a) and Cr (L-o)
EDS peaks resulting in overestimated oxygen signals in Cr and O area
maps should be taken into account for the analysis. The lower thickness
of the Cr-Zr interlayer was determined in the case of the columnar Cr
coating in comparison with the dense one.

According to Fig. 4, the thicknesses of the residual Cr layers after
oxidation tests are equal to 8.0 + 0.5 and 7.3 + 0.4 (after 900 °C), 7.0
+ 0.3 and 6.6 & 0.6 (after 1050 °C), 4.4 + 0.6 and 4.0 + 0.4 um (after
1200 °C) for the dense and columnar Cr coatings, respectively. Inter-
estingly, the thicknesses of the remaining Cr layers after oxidation tests
at the respective temperature (900, 1050 or 1200 °C) are the similar for
both coating types. The difference in the thicknesses of the residual Cr
layers is less than 9%. The consumption of the columnar Cr is larger by
oxidation of the outer surface of the Cr coatings, while the dense Cr
coatings are significantly consumed on Cr-Zr interdiffusion. Moreover,
at long oxidation times, Cr solubility in $-Zr alloy can have a high impact
on the duration of the protective state of Cr-coated Zr alloys [31]. It will
shorten the protective period even in the case of the dense Cr coating, as
the thickness of the residual Cr layer will decrease due to the Cr-Zr
interdiffusion. Therefore, some attention should be paid to developing
special approaches to stabilize the a-Zr phase under Cr coatings of at
least a small thickness. This approach can help to slow down the kinetics
of Cr-Zr interdiffusion and increase the duration of the protective state
for Cr-coated Zr alloys. However, oxygen inward diffusion will brittle
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Fig. 4. Proportions of coating consumption on oxidation and interdiffusion for the dense (D) and columnar (C) Cr coatings depending on initial coating thickness and

oxidation temperature.
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Fig. 5. SEM images and corresponding EDS maps of 9 um-thick Cr coatings with the dense (a) and columnar (b) microstructure after oxidation at 1050 °C for 20 min.

the Zr alloy decreasing the residual structural integrity of the Zr clad-
dings [34].

To determine the oxidation kinetics of the Cr coatings depending on
their microstructure, the two series of the 9 ym-thick Cr coating were
considered as they were protective under the current oxidation condi-
tions. It is known [35] that the growth of Cry03 scale can be described by
a parabolic law:

h(Cr05) (K, e 1], 2
where h(Cr203) — the thickness of the chromia (m); K}, - the rate constant
(mz/s); t—the oxidation time (s). The linear curves of In(Kp) vs. (1/T) for
the Cr coatings are fitted according to the Arrhenius equation:

Eo) 3)

K, Aeexp (R
L]

where A - the pre-exponential constant (mz/s); E, — the activation en-
ergy for oxidation process (J/mol); R — the gas constant (8.31 J/mol K);
T — the temperature (K). The calculated rate constants for the experi-
mental samples are shown in Fig. 6.

The obtained K, values calculated for the experimental samples are
in good agreement with the published data for oxidation of Cr-coated
zirconium alloy in a steam environment [12]. It can be observed that
the behavior of K}, values for the Cr coatings demonstrates the role of
coating microstructure on chromium oxidation kinetics. The calculated
activation energy is 124 and 249 kJ/mol, the pre-exponential constant is
equal to 1.2:107° and 2.7-10> m?/s for the columnar and dense Cr
coatings, respectively. Such a large difference in E, results in better
oxidation resistance of dense Cr coatings.

3.3. High-temperature oxidation in steam at 1400 °C

Fig. 7a shows the hydrogen output curves during steam oxidation of
Cr-coated E110 alloy samples at 1400 °C for 5 min. These data were
converted into mass gain of the samples (Fig. 7b). The uncoated Zr-4
alloy was also oxidized in a steam environment as the reference
material.

According to Fig. 7, all Cr coatings did not affect the oxidation ki-
netics of the Cr-coated Zr alloy at 1400 °C. A sharp increase of the
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Fig. 6. Arrhenius plots of the rate constant of the parabolic law describing the
growth of Cry0O3 scale in a steam environment for the columnar and dense Cr
coatings in the present study and derived from [12].

hydrogen generation is observed up to ~0.03 mg/(secm?) when the
steam was injected into the tube furnace. Then the Hy generation
decreased gradually to 0.005 mg/(secm?) during the isothermal oxida-
tion. The uncoated and Cr-coated Zr alloy samples had similar kinetics of
mass gain changing under isothermal oxidation. The mass gain of the
samples after the oxidation test at 1400 °C measured by analytical bal-
ance is shown in Table 4. These data correlate well with the calculated
ones shown in Fig. 7b.

The appearance of the samples after their oxidation at 1400 °C for
5 min is shown in Fig. 8.

Blisters are found on the outer surface of the Cr-6d and Cr-9d sam-
ples. For the Cr-6d sample, only one huge blister was located on the right
top corner, while the multiple blisters on the Cr-9d continuously
distributed over the sample surface. The formation of the “crocodile
skin”-like morphology is caused by the Zr-Cr eutectic reaction that
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Table 4
Mass gain of the samples after steam oxidation test at 1400 °C for 5 min.
Sample Cr- Cr- Cr- Cr- Cr- Cr- Zr-4
4.5d 6d 9d 4.5¢ 6¢c 9c
Mass gain (mg/ 27.3 25.0 27.5 27.6 26.1 26.6 28.4

cm?)

Cr-4.5¢ Cr-6¢c Cr-9c

Cr-4.5d Cr-6d Cr-9d

Fig. 8. The appearance of the samples after steam oxidation test at 1400 °C
for 5 min.

occurs at temperatures around 1332 °C [36]. No blisters were found on
the Cr-4.5d sample and E110 alloy samples with the columnar Cr coat-
ings. To get more insights into morphology changes of the Cr-coated
E110 alloy samples, three samples were selected for more detailed ex-
aminations. Fig. 9 demonstrates SEM images and corresponding EDS
maps of the Cr-9d sample after the steam oxidation at 1400 °C.

Based on the SEM and EDS results, several layers can be distin-
guished in the cross-section microstructure of the Cr-coated Zr alloy. The
outer ZrO; layer was non-uniform and its thickness varied from 70 to
120 ym. Underneath, a 250 um-thick a-Zr(O) layer with smooth in-
terfaces was formed. The layer below consists of chromium-depleted
prior B-Zr dendrites and chromium-enriched inter-dendritic zones that
was also found for high-temperature steam oxidation beyond 1300 °C
[12] and in the transient tests (up to 1600 °C) [20]. The inner part of the
alloy is the prior p-Zr phase. Moreover, cracks are observed inside the
oxide layer. Most likely that the cracking was caused by high internal
stresses in the surface region generated by oxidation of the Zr alloy as
well as due to the difference between the lattice parameters of newly
formed phases (ZrO; and ZrCrs). Despite the absence of the blisters on
the surface of the Cr-4.5d and Cr-9c samples, the same layered structure
is observed in Fig. 10 as it was shown in Fig. 9. Both samples have the
similar thickness of ZrO (70 um) and oxygen-stabilized a-Zr (205 pum)
layers, and the ZrCry +Zr zone with the dendrite-like structure is also
placed underneath.

All samples did not have outer CryO3 layer which is usually observed
for Cr-coated Zr alloys after high-temperature oxidation in water vapor

Fig. 9. Cross-section microstructure (a) and corresponding EDS maps (b) of the Cr-9d sample after steam oxidation at 1400 °C for 5 min.



Fig. 10. Cross-section SEM images of the Cr-4.5d (a) and Cr-9c (b) samples after the steam oxidation at 1400 °C for 5 min.

[8,11,12]. In previous studies [37,38], X. Han et al. showed the reduc-
tion stage for oxidation of Cr-coated Zry-4, when the redox process of
Cr,03 layer by Zr alloy can occur. This mechanism leads to forming ZrO,
layer underneath Cr coating. The growth of mixed oxide (CryOs3 and
Zr03) zone due to the reduction reaction was found in high-temperature
transient experiments [20]. XRD study and EDS surface analysis of the
Cr-9d sample indicate no presence of Cr in a surface region after steam
oxidation at 1400 °C (Fig. 11). So, most likely that the formation of
layered structure (observed in Fig. 10) is caused by full consuming of Cr
coating by Zr alloy due to rapid Cr-Zr interdiffusion until the isothermal
oxidation stage was started.

Due to the low heating rate (10 °C/min) of the samples in Ar atmo-
sphere, rapid interdiffusion of Cr-Zr occurred until the isothermal
oxidation stage was started. Two stages of Cr-Zr interdiffusion can be
highlighted in the range from room temperature to 1400 °C. The first
stage is upon heating up to 1330 °C, when the initial Cr layer can be
consumed by diffusion and dissolution in the p-Zr alloy. The thickness of
the residual Cr layer can be calculated by the modified parabolic law
suggested by Yang et al. [31]. Using the rate constants for the Cr coatings
from [31], the thickness of the residual Cr layer can be estimated as
~2.1, 3.6 and 6.6 um for the coatings with initial thicknesses of 4.5, 6.0
and 9.0 pm, respectively. The second stage is started at the Cr-Zr eutectic
temperature (1330 °C), when the Zr-Cr liquid phase is formed by the
reaction between ZrCr; and p-Zr phases. For this stage, the increase in
diffusion rates of Cr and Zr will be caused by higher temperature as well
as due to forming the liquid Cr-Zr phase. To confirm this, one additional
test was performed which consisted of annealing of the Zr alloy with the
dense 9 pm-thick Cr coating in pure Ar at 1400 °C with heating/cooling
rates of 10 °C/min. The cross-section SEM microstructure and depth
distribution of Cr, Zr and Nb obtained by a glow discharge optical
emission spectroscopy are shown in Fig. 12.

According to Fig. 12, the Cr coating was fully consumed by Cr-Zr
interdiffusion as the signal of Cr is firstly observed only in the Zr alloy
at a depth of ~18 um and then continues into the depth of the Zr alloy.
The EDS analysis of the cross-section microstructure showed that Cr is
mainly concentrated in small regions represented by the chromium-
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enriched precipitates (Table 5) as it was discussed earlier.

Therefore, taking into account the above-mentioned result (Fig. 12)
and the same thicknesses of ZrO,, a-Zr(O), and Cr-Zr layers in the
samples with the 4.5 and 9.0 pm-thick Cr coatings after steam oxidation
at 1400 °C (Figs. 9 and 10), the samples should have a similar state,
when the final oxidation temperature of 1400 °C was reached. Due to
different initial thicknesses of the Cr coatings, this could occur only if the
Cr coatings had been fully consumed by Cr-Zr interdiffusion to form the
liquid phase and being diffused in the Zr alloy, when the isothermal
oxidation was started. This resulted in no protective Cr oxide film under
oxidation, and oxygen could directly react with the Zr alloy to form the
ZrOg and a-Zr(O) layers. Such mechanism is confirmed by the equal
behavior of hydrogen output curves for uncoated and Cr-coated samples
during the isothermal tests at 1400 °C (Fig. 7). The injecting of water
vapor in the tube furnace at 1400 °C leaded to the fast oxidation of Zr
alloy as chromium had diffused in the alloy. It caused the sharp increase
of Hy generation in the start period of the oxidation test and next
decrease of Hy output as newly-formed outer ZrO5 layer can limit alloy
oxidation.

In view of higher solubility and diffusion rate of Cr in p-Zr than that
of a-Zr [32], Cr would diffuse deeper in the Zr alloy when oxide layers in
the Zr alloy are grown. When the samples began to cool down, the Zr-Cr
liquid phase solidified and some blisters formed leading to the “croco-
dile skin” like morphology on the surface of the samples due to the
volume changes associated with solid — liquid — solid reactions.

The presence of blisters only in the samples with the dense Cr coat-
ings can be caused by higher chromium concentration and different
diffusion rate in the alloy compared with the columnar ones as the latter
had less density and another coating microstructure in the as-deposited
state (Fig. 1). This statement is also confirmed by the fact that the Cr-9d
coating (9.0 um) had more blisters than the coating with lower thickness
(6.0 pm). Lower density of columnar Cr coatings causes less diffusion of
Cr atoms into Zr alloy in comparison with dense ones. Other important
point is a coating microstructure. The significant role of microstructure
on interdiffusion coefficients was shown in [39]. Most likely that the
microstructure of Cr coatings obtained by hot target and classical

&
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Fig. 11. XRD and EDS spectra of Cr-9d the sample after steam oxidation at 1400 °C for 5 min.
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Fig. 12. Cross-section SEM microstructure (a) and GDOES-depth profile (b) of Cr, Zr and Nb in the Cr-coated Zr alloy after annealing in Ar at 1400 °C.

Table 5
The content of Cr and Zr in Cr-coated Zr alloy after annealing in Ar (1400 °C).
Point 1 Zone 2 Zone 3 Zone 4
Cr, at% 38 6 3 3
Zr, at% 62 94 97 97

sputtering is also influence on interdiffusion kinetics for Cr-Zr system in
the present study. As the columnar Cr coatings have a V-shape columns
through a coating thickness, it can lead to higher diffusion rate
compared to the coatings having coarse-grained columns. Nevertheless,
this effect will be investigated in future to detailed discussion.

4. Conclusions

High-temperature oxidation of Cr-coated Zr alloy samples was per-
formed in a steam environment at 900, 1050, 1200 and 1400 °C. The
role of microstructure and thickness of the Cr coatings deposited by hot
Cr target and multi-cathode magnetron sputtering was discussed. The
following conclusions were done.

1. The Cr coatings prepared by hot target magnetron sputtering have a
porous microstructure with pronounced columns perpendicular to
the surface. The multi-cathode magnetron sputtering provides the
formation of Cr coatings with dense microstructure.

2. Cr coatings were consumed by both oxidation of the outer surface in
steam and Cr-Zr interdiffusion at the coating-alloy interface. The
porous/columnar microstructure of the Cr coatings results in lower
activation energy (124 kJ/mol) for Cr oxidation compared to dense
coatings (249 kJ/mol). The type of coating microstructure has sig-
nificant effect on oxidation at temperatures lower 1050 °C.

3. The stabilization of a-Zr phase by oxygen underneath the columnar
Cr coating can slow down the Cr-Zr interdiffusion. Less Cr con-
sumption rate by interdiffusion provides the same thickness of the
residual Cr layer of the columnar Cr coatings despite the higher
chromia scale compared to dense coatings.

4. The fast Cr-Zr interdiffusion kinetics can cause the full Cr coating
consumption in the Zr alloy at the Cr-Zr eutectic temperature
(1330 °C) and above. This leads to the result that no protective Cr
oxide film is formed on the sample surface and direct oxidation of the
Zr alloy at 1400 °C. The growth of o-Zr (O) and ZrO, layers leads to
the diffusion of Cr atoms deeper in the alloy consisting of §-Zr phase.
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