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Chromium coatings were deposited either by magnetron sputtering and electroplating on E110 zirconium alloy.
The as-deposited Cr coatings showed dense microstructure, but different mechanical properties and adhesion
behavior depending on the deposition technology. High-temperature oxidation was performed in air at 1100 °C
for 40 min. The magnetron-deposited coatings had a stable oxidation behavior which was improved by
increasing coating thickness. Surface activation of E110 alloy prior to Cr electroplating resulted in formation of

the interlayer with a thickness of 7-12 pm between the coating and the alloy containing hydride and fluoride
phases. It was shown that cracks and defects in this interlayer of the electroplated Cr coatings affected the coating
adhesion and resulted in lower oxidation resistance compared to the magnetron-deposited coatings.

1. Introduction

The severe event occurred at Fukushima Daiichi Nuclear Power Plant
in 2011 [1] showed an important weakness in zirconium nuclear fuel
claddings. The exposure of Zr claddings to high-temperature water
steam resulted in the exothermic (AH° = —584.5 kJ/mol at 1200 °C)
oxidation reaction:

Zr +2-H,0(g)~ 710, + 2-H, (g) + AH )

A serious problem was additionally related to hydrogen generation
which damaged the reactor buildings with the subsequent release of
highly radioactive fission products [2]. Nowadays, accident-tolerant
fuels (ATF) are of global interest and investigated by many research
institutions and industrial companies, e.g., CEA (France), ROSATOM
(Russia), CTU Prague (Czech Republic), KIT (Germany), Korea Atomic
Energy Research Institute, etc. [3-8].

The short-term strategy of ATF suggests protective coating deposi-
tion on Zr alloy claddings. Currently, numerous film types are studied
such as metallic (Cr, Cr—Al, Ni—Cr, etc.), non-metallic (oxides, carbides
and nitrides) or compound and multilayer coatings (CrN/Cr, ZrO,/Cr,
CrN/TiN, etc.) [9-19]. According to literature, chromium is a one of the
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most promising candidate among other coating materials due to the
protective CryO3 scale formed on surface of Cr-coated Zr claddings under
high-temperature oxidation [3-4,20-24]. Recent studies showed that
thick (~10 pm or more) dense and columnar-free microstructure Cr
coatings can be protective for a long-time in loss of coolant accident
(LOCA) scenarios [4-5,24].

Nowadays, most studies are focused on coating technologies for film
deposition on Zr alloy claddings [3-4,6,25-27]. A wide variety of
methods was applied to deposit protective coatings on Zr alloys such as
magnetron sputtering, cathodic arc deposition, cold spraying, 3D laser
cladding, electroplating [28-32], etc. Among them, PVD technologies
are beneficial and advantageous for ATF cladding production due to
high adhesion, dense microstructure and high purity of the deposited
coatings. For example, Brachet et al. deposited columnar-free and dense
Cr coatings by the energetic magnetron sputtering [3]. The multi-
cathode magnetron sputtering system with “closed” magnetic field
was used to deposit dense Cr coating which was protective for the base
material in LOCA oxidation conditions at 1200 °C for 10 min [24].
Moreover, the multilayer Cr-based coating with high oxidation resis-
tance was obtained by filtered vacuum-arc evaporation [33]. However,
PVD technologies are expensive and have a low productivity since the
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typical deposition rates are in the range of ~1-10 nm/s (taking into
account only deposition time) depending on coating technology and
installation type [34]. Thus, increasing the efficiency of PVD methods or
using other coating technologies with higher productivity to deposit
thick and dense Cr coatings is also relevant [24,35-37].

Opposite to PVD technologies, electroplating has high productivity,
simplicity of equipment and low operating costs. However, the limit of
Cr electroplating for development of ATF Zr-based claddings is given by
the presence of superficial tenacious oxides due to rapid passivation of
zirconium alloys [38]. Proper activation procedures were developed to
dissolve the superficial passivation layer and to limit its further forma-
tion preventing the surface oxidation of Zr alloys. For example in [39], a
three-stage pretreatment of Zr-4 alloy was applied to deposit Cr coatings
on Zr alloy by electroplating. The pretreatment includes an activation
step in an acidic ammonium bifluoride solution, electroplating of Ni and
high-temperature heating (750 °C, 10 min in protective Ar atmosphere.
However, we earlier showed the detrimental effect of Ni content in
protective coatings for Zr alloys at high-temperature oxidation [20].
Moreover, mechanical properties of Zr alloys can be affected by the
high-temperature treatment. At present, there are only few articles
which succeed in electroplating of chromium coatings on Zr alloys with/
without intermediate layers, but thermal treatment was applied in all
studies [38-41]. However, post-heat treatment can affect mechanical
properties and corrosion resistance of Zr alloys [42] as the annealing
temperature of the commercially used Zr claddings is about 500°C [43].
So, it is important to understand high-temperature oxidation behavior of
zirconium alloys with electroplating Cr coatings without any sublayer
and post-heat treatment.

The aim of this work is to electroplate Cr coatings on Zr alloy without
interlayer, to investigate and to compare their high-temperature
oxidation resistance with those of Cr coatings deposited by PVD tech-
nology (magnetron sputtering).

2. Materials and methods
2.1. Cr coating deposition

Electroplating and magnetron sputtering were applied to obtain Cr
coatings on E110 (0.9-1.1 wt% Nb, 0.06-0.1 wt% O, Zr balance) zir-
conium alloy. Before deposition, the samples of the E110 alloy with a
size of 15 x 15 x 2 mm® were grinded and polished by a SiC sandpaper
(Kemet Europe BV, UK) with P400 — P2500 grades and then degreased
with acetone.

For Cr electroplating, a two-step activation process was adopted:
firstly, the substrates were pickled in 1 1 aqueous solution containing
100 ml HNOg3 (65%) and 100 ml HF (40%) at room temperature for 3
min, and then rinsed with distilled water; subsequently, the samples
were immersed in an aqueous solution containing 18 g/1 NaHF; and 2
ml/1 HySO4 (96%) at room temperature for 1 min, and then rinsed with
distilled water. The electroplating was performed in 300 ml bath con-
taining 75.9 g CrO3, 0.6 ml HySO4 (96%), 1.5 ml HF (40%) and distilled
water. The distance between the cathode (E110 alloy) and Pb anode was
~4 cm. The electroplating parameters are reported in Table 1. Several
experiments were performed to identify the most appropriated condi-
tions, when the electroplated Cr coating was more adherent to E110
alloy and had a dense microstructure.

Table 1

- The parameters of Cr electroplating.
# tdep, MIN j, A/cm® n, % h, pm
E5 40 9 5.5
El1 60 0.21 12 11.0
E15 70 13 15.0

Note: tg, — deposition time; j — current density; # — cathodic current efficiency; h
- coating thickness.
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The Cr electroplating was carried out by varying the solution tem-
perature during the process: the solution was maintained at room tem-
perature for 10 min and after, it was gradually heated up to 50 °C
(Fig. 1).

For magnetron deposition of Cr coatings, the ion-plasma installation
[20] with a multi-cathode magnetron sputtering system was used to
deposit Cr coatings onto the E110 alloy. The magnetron system was
equipped with Cr (99.95%) target disks and had a direct current (DC)
power supply of APEL-M series (JSC “Applied electronics”, Tomsk,
Russia).

Before deposition, the samples were etched by Ar ions (voltage 2.5
kV, ion current 45 mA, pressure 0.15 Pa) for 30 min to remove surface
oxides and contaminations. The substrate was biased at —600 V (pulse
frequency 100 kHz). The samples were heated up to 200 °C during the
pretreatment stage. An infrared pyrometer Optris CT laser 3MH1CF4
(Optris GmbH, Germany) was used to measure the temperature of the
substrates. The samples were planetary rotated during both pretreat-
ment and coating deposition. The magnetron sputtering parameters are
shown in Table 2. The deposition conditions of Cr coatings on E110 alloy
were selected in view of the analysis of our previous studies [20,24,35].

2.2. Oxidation test

The oxidation test was carried out in air atmosphere. The furnace
ATS 3210 (Applied Test Systems Inc., USA) with temperature control
system ATS AB-900 was used. The samples were fixed to a ceramic
holder in the furnace using a quartz wire. The oxidation test is composed
by the following steps:

- introduction of the sample in the furnace at 500 °C and heating up to
1100 °C with a heating rate of ~21 °C/min;

- isothermal treatment at 1100 °C for 40 min;

- cooling from 1100 to 500 °C with a rate of ~16 °C/min;

- extraction of the samples and cooling to room temperature.

An uncoated E110 alloy sample was also oxidized in the above
mentioned conditions to perform a comparative analysis.

2.3. Sample characterization

Thicknesses and cross-sections of the as-deposited Cr coatings were
analyzed by scanning electron microscope (SEM) S-3400 N (Hitachi,
Japan) with back-scattered electrons detector and energy dispersive
spectroscopy (EDS) attachment Bruker XFlash 4010/5010. Crystal
structure was studied by using an X-ray diffractometer (XRD) XRD-
7000S (Shimadzu, Japan) in a Bragg-Brentano configuration with

50+
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Fig. 1. The temperature profile in the bath during the electroplating of Cr on
E110 samples.
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Table 2
— The parameters of magnetron sputtering.
# Q W/ Toups P, h, Upias V(100 kHz, 6 —  jsup, A/
cm? °C Pa pm 1.4) cm?
M4.5 215 4.5 0.08
M6 39.3 218 0.2 6.0 —-100 0.09
M8.2 224 8.2 0.09

Note: Q - target power density; T — substrate temperature; P — operation
pressure; Upqs — pulsed substrate bias; o — duty cycle of pulse; jg5 — ion current
density on the substrate.

CuKoa-tube (40 kV, 30 mA). Texture coefficients T.(hkl) of the Cr coatings
were calculated using the formula [44]:

IRkD 1 i

S (1080 ) )

where I(hkl) - the measured intensity, Ip(hkl) — the relative intensity of
the reflection according to the powder standard (JCPDS), and N - the
number of reflections. Moreover, residual stress in the Cr coatings was
evaluated using by the sin?y method using the X-ray diffractometer
(Shimadzu XRD-7000S) with CuKa-radiation. The Cr (110), Cr (200) and
Cr (211) peaks were selected to evaluate residual stresses in the incident
angle range of 0-40°.

Hardness and elastic modulus of the coatings were investigated by a

T, (hkl) = )
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scanning nanoindenter Nanoscan-3D (FSBI «TISNCM», Russia) with a
Berkovich indenter tip, and to reduce the experimental error, 20 in-
dentations were carried out for each sample. The indentation depth was
equal to ~10% of the coating thickness. Adhesion tests of the as-
deposited Cr coatings were carried out by a Micro Scratch Tester T-S-
AX-0000 (CSEM, Switzerland) with C-029 Rockwell indenter (radius
100 pm). The applied load was increased up to 30 N in 1 min and the
scratch length was 7 mm. Weight of the samples before and after high-
temperature oxidation test was measured using an analytical balance
(Sartorius CP124 S) with an accuracy of 10~* g. Cross-section micro-
structure of the samples after oxidation was studied by SEM and optical
microscopy using AXIOVERT 200MAT (Zeiss, Germany). The elemental
distributions of the samples with electroplated Cr coatings on depth
were investigated before and after the oxidation test by a glow discharge
optical emission spectroscopy (GDOES) using GD-Profiler 2 (HORIBA
Scientific, Kyoto, Japan). The characterization of the samples was car-
ried out using the equipment of the Center for Sharing Use «Nano-
materials and Nanotechnologies» of Tomsk Polytechnic University
supported by the RF Ministry of Education and Science.

3. Results
3.1. As-deposited Cr coatings

Fig. 2 shows the cross-sections of the Cr-coated E110 obtained by
electroplating and magnetron sputtering at different magnifications.

’
o«

20 pm'
F Na Cr Zr
zone 1 0.00 0.00 99.78 0.22

zone 2 4.52 1.27 12.27 81.94
zone 3 3.06 0.58 0.12 96.24

in at.%

Fig. 2. SEM images of the cross-section microstructure of E110 alloy with the as-deposited Cr coatings obtained by (a, ¢) magnetron sputtering and (b, d)

electroplating.
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Both coatings have a dense microstructure across the whole thickness of
the samples. A uniform and well defined interface between the E110
alloy and Cr coating is observed in the case of magnetron sputtering
(Fig. 2,a). The magnetron-deposited coatings show a smooth surface and
a uniform thickness over their cross-sections, while the thickness of the
electroplated coatings are non-uniform (e.g. 13.8-16.2 pm for the #E3
sample). This inhomogeneity of the thickness is due to the uneven cur-
rent density distribution on small size samples during the electroplating
process. Moreover, defects were observed at the “coating-alloy” inter-
face in the case of electroplated Cr. A layer (~8-12 pm) with cracks and
pores was found underneath the electroplated Cr coating over its whole
cross-section (Fig. 2,b). The Fig. 2,c and 2,d show the cross-section
microstructure of the samples after etching treatment at higher magni-
fication to reveal the microstructure features. To investigate the change
of elemental composition of the E110 alloy due to surface activation
during the electroplating process, EDS analysis was performed at
different depths in both Cr coating and E110 alloy. Apart from Zr, the Na
(1.3 at.%) and F (4.5 at.%) signals were found underneath the electro-
plated Cr coating in the E110 alloy. However, the concentrations of Na
and F are near the measurement limit of EDS technique. So, the obtained
results should be considered only in a qualitative way. The content of F
and Na decreased to 3.1 and 0.6 at.%, respectively, at higher depth in
the alloy.

Fig. 3 shows the XRD patterns of the magnetron-deposited and
electroplated Cr coatings with different thickness. The peaks of the
substrate were not observed due to the limited penetration depth of X-
rays. All coatings have body centered cubic (bcc) structure (a-Cr) and
the XRD spectra show the (110), (200) and (211) reflections. The cal-
culations of texture coefficients (Table 3) show that the magnetron-
deposited Cr coatings have preferred (110) and (200) orientations.

b) 26, deg.
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Table 3
— The texture coefficients of the Cr coatings.
M4.5 M6 M8.2 E5 El1l E15
T.(110) 0.5 1.1 1.1 1.0 1.2 1.1
T.(200) 2.0 1.3 1.4 0.5 0.4 0.4
T(211) 0.5 0.6 0.5 1.6 1.4 1.5

These samples had T,(110) and T.(200) coefficients as 0.5-1.1 and
1.3-2.0, while T,(211) was only 0.5-0.6. In addition, the electroplated
coatings have grown along (110) and (211) directions. For these sam-
ples, the values of T,(110) and T,(211) were 1.0-1.1 and 1.4-1.6, while
T.(200) had the lowest values (0.4-0.5).

It should be noted that the diffraction peaks of the electroplated Cr
coatings are significantly broader than those of the magnetron coatings
indicating smaller crystallites and higher microstrains.

Fig. 3,c shows the diffraction pattern of the E110 alloy after the
surface activation during the electroplating process. The treatment of Zr
alloy in fluoride salts and sulfuric acid solution etches the surface dis-
solving the native oxides and it leads to the formation of zirconium
hydride y-ZrH (PDF 00-034-0690), sodium zirconium fluorides
NasZroFy3 (PDF 04-013-9713) and NasZrF; (PDF 04-011-2543) which
prevent a further surface oxidation [38,45,46].

Based on the XRD tests, the residual stress in the M4.5 coating was
compressive. It was equal to —4.4 and — 2.9 GPa for Cr(110) and Cr
(200). While the E5 coating had —0.6 and 0.3 GPa for Cr(110) and Cr
(211). The tensile stresses are usually observed for the electroplated
chromium coatings [47].

Fig. 4 displays hardness (H) and elastic modulus (E) of the Cr coat-
ings deposited by magnetron sputtering and electroplating. Both types of
coatings have significant higher hardness and elastic modulus compared

o oa-Zr
nZrH
Cr(110) oNasZryF s
% | o eNa,ZrF,
S |
= |
(] B S
‘5 44 45
2
3
S
< Cr(200)
| Ccr(211) ZH
30 40 50 60 70 g 00, . boag 1
a , deg. = L
g c a-Zr|
Cr(110 —E2 £
) (110) —E11| 8
2 __E15| =
c —E15] 2 | R ,
5 kS |NagZrF;
©
\
2 Cr(211) | VI TN I
2
Cr(200)
pa— it II“"‘A | MHJ T § [ T

26, deg.

Fig. 3. XRD patterns of the as-deposited Cr coatings obtained by (a) magnetron sputtering and (b) electroplating with different thickness. (¢c) XRD pattern of the E110

alloy after surface activation during the electroplating process.



D.V. Sidelev et al.

124 i
[
10- i }
e
S 61
T ®
44 : = E110 alloy
- magnetron Cr
2] a = electroplated Cr

10
Cr thickness, um

15 20

w

o

o
1

Elastic modulus, GPa

N

[6)]

o
1

4

Surface & Coatings Technology 433 (2022) 128134

4
0 10 15 20
Cr thickness, um

Fig. 4. Hardness (a) and elastic modulus (b) of the E110 alloy and Cr coatings deposited by magnetron sputtering and electroplating.

to E110 alloy which values of H and E are 2 and 100 GPa, respectively.
The magnetron-deposited Cr coatings have a hardness of 4.5-5.1 GPa
and elastic modulus of 253-309 GPa and both parameters decrease with
the coating thickness. The electroplated Cr coatings show higher hard-
ness and lower E modulus, increasing from 9.8 to 12.2 GPa by increasing
the thickness, and from 218 to 243 GPa, respectively.

Fig. 5 shows the results of adhesion tests of the electroplated and
magnetron-deposited Cr coatings (#E5, #M4.5). Similar data are ob-
tained for the other samples with higher coating thickness. The
magnetron-deposited coating is adherent to the substrate up to 30 N
load. The signal of acoustic emission is lower and smoother in com-
parison with the electroplated Cr coatings. The optical images of the
scratch track of the magnetron-deposited coating do not present any
coating spallation or delamination, and the samples with higher coating
thickness (6.0 and 8.2 pm) show a similar behavior.

The electroplated Cr coatings have a poor adhesion to the E110 alloy.
The optical microphotographs showed that coating spallation began at
Fn of 7.5 N and it is visible until the end of the scratch track. The elec-
troplated coatings with higher thickness (#E11 and #E15) have also
lower adhesion compared to magnetron-deposited ones since the spall-
ation was observed at 8.2-11.8 N.

3.2. Weight gain measurements

The weight of the Cr-coated samples was measured before and after
the oxidation test considering the geometry of the samples (coated and
uncoated area). The samples had an uncoated area (~5-10 mm?) due to
its fixation to the substrate holder during the deposition. The weight
gain is calculated according to the procedure described in the previous
study (eq. (1) in ref. [35]).

Fig. 6 shows the weight gains of the uncoated and Cr-coated E110

1
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Fig. 6. The weight gains of the uncoated and Cr-coated E110 alloy after
oxidation in air at 1100 °C for 40 min.

alloy after oxidation in air at 1100 °C for 40 min. Additional data from
[35] on the oxidation for 20 min are showed in Fig. 6. Similar to the
previous study, the Cr-coated E110 alloy has lower weight gains in
comparison with the uncoated sample (~79.9 mg/cm?). Nevertheless,
the weight gain of the Cr-coated E110 alloy has different behavior
depending on the coating thickness and deposition technology. The
weight gain decreases monotonically from 6.7 (4.5 pm) to 3.9 mg/cm?
(8.2 pm) by increasing the thickness of magnetron-deposited coatings.
For Cr electroplating, the weight gain has the same behavior (10.5 -

200+

150 -

100+

50+

25 Fn, N

Fig. 5. Scratch tracks after adhesion tests of the as-deposited Cr coatings obtained by (a) magnetron sputtering and (b) electroplating (Fn — a normal force).
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4.3 mg/cm?), when the thickness of electroplated Cr coatings is
increased (5.5 — 15.0 pm). However, the weight gain and its scatter are
higher for the samples with electroplated Cr coatings than that of
magnetron-deposited coatings.

3.3. The structure and phase composition of the oxidized samples

The outer views of the uncoated and Cr-coated E110 alloy after
oxidation are shown in Fig. 7. The uncoated alloy has a white color on
the whole surface due to oxidation of zirconium to ZrOs. This sample is
strongly cracked and a lot of pieces are spalled during the test. Oppo-
sitely, the Cr-coated E110 alloy preserves its integrity. All Cr-coated
samples have dark-green/blue-grey color indicating the formation of
chromia on the surface (Fig. 7,b and 7,c).

Fig. 8 shows the XRD patterns of the E110 alloy with the magnetron-
deposited and electroplated Cr coatings after the oxidation test. All Cr
coatings are partly oxidized to CroO3 since both reflections of residual
bee Cr and Cry03 phases are clearly visible. Moreover, a-Zr and ZrOy
phases are observed in the #M4.5 sample indicating oxidation of E110
alloy, while the CryZr phase was formed due to Cr—Zr interdiffusion
(Fig. 8,a). Only bec Cr and Cry03 phases are observed with the thickest
magnetron coating due to the limited X-ray penetration depth (Fig. 8,b).
Similar to the magnetron-deposited coatings, Cr—Zr interdiffusion oc-
curs in the electroplated samples since the CryZr phase is observed also
for thicker coatings (Fig. 8,c and 8,d). Zirconium oxide/nitride phases
are observed in all the electroplated coatings indicating that they are not
fully protective. According to the XRD patterns, ZrO, and ZrN intensities
are strongly decreased with the coating thickness and this is associated
to higher absorption of X-rays.

An additional experiment was performed to understand the behavior
of zirconium hydride and fluoride phases under high-temperature
oxidation. For this, the #E15 sample was mechanically polished to
delete CryO3 and Cr layers, then the sample was analyzed by XRD
(Fig. 9) using the same conditions as above. According to the XRD
pattern, the #E15 sample with electroplated Cr coating did not show any
presence of y-ZrH or sodium zirconium fluorides (NasZroFi3 and
NasZrF;) phases as before the oxidation test. The sample was only
composed of ZrN, ZrO,, CroZr and a-Zr(O)/a-Zr(N) phases.

The optical images of cross-sections of the uncoated and Cr-coated
E110 alloy after the oxidation test are shown in Fig. 10. Several opti-
cal resolutions are used to display the general view of the samples and
their microstructure at the surface. The uncoated E110 alloy is strongly
oxidized at both sides (Fig. 10,a and 10,b). Its microstructure consists of
(1) outer uneven ZrOs/ZrN layer with a thickness up to 850 pm, (2) 40
pm-thick a-Zr(0)/o—Zr(N) layer and (3) internal prior f—Zr phase with
a-Zr(0)/a-Zr(N) grains. Moreover, gold-colored ZrN phase is repre-
sented at the interface between the ZrO, and the o—Zr layers, as it is
shown in Fig. 10,b.

The #M8.2 sample is fully protective at 1100 °C for 40 min since any

hole to fix the sample
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presence of oxides or nitrides zirconium phases were found in the E110
alloy. The alloy remains in a prior p-Zr state, while the outer Cr coating
is oxidized to CryOs. Underneath, the same sample has shown the
presence of uniform residual Cr and Cr—Zr interlayers at the “coating-
alloy” interface indicating the uncomplete oxidation of the Cr coating.
The samples with lower Cr thickness are not fully protective against
oxidation at 1100 °C for 40 min, this is also confirmed by the XRD
studies. The #M6 sample has a a-Zr(O)/a-Zr(N) layer (5-20 pm),
whereas the #M4.5 sample has ZrO, (5-10 pm) and thin o-Zr(O0)/o~Zr
(N) layers. The mentioned results show better protection properties of
thicker magnetron-deposited coatings, in agreement with the result
found in 20 min oxidation test [35].

The optical images of the #E15 sample present the typical micro-
structure of all electroplated E110 samples. This analysis revealed an
inhomogeneous oxidized layer with local areas of zirconium oxides and
nitrides (Fig. 10,e-10,g). Therefore, two types of microstructures are
observed. The first type is consisted of ZrOy + ZrN/a-Zr(0O) + a-Zr(N)
layers. It is most likely that spallation of CroO3 and residual Cr layers
occurred during preparation (grinding and polishing) procedure of
cross-section of the oxidized samples. For the second type, the Cr coating
is still adherent and protective, so microstructure in this region is similar
to the magnetron-deposited ones. Moreover, it is important to note that
accelerated oxidation in local regions can be caused by poor coating
adhesion of the electroplated coatings.

Fig. 11 shows the cross-section microstructure and depth distribu-
tions of Zr, O and N in the uncoated E110 alloy after the oxidation in air.

The concentration of O had a near-constant behavior in the ranges of
0-700 and 1600-2000 pm in the cross-section of the uncoated alloy. In
these regions, the oxygen concentration was higher60 at.%. This con-
firms the growth of thick ZrO, layers at both sides of the sample. At
higher depths, between 850 and 1400 pm, the oxygen concentration
decreased to ~2-5 at.%. The presence of O concentration of ~20 at.%
(750-800 and 1450-1500 pm) indicates the stabilization of a-Zr(O)
phase underneath the ZrO, layers. The N concentration was lower than
that of O in the uncoated alloy after the oxidation. The N concentration
was ~2-4 at.% along the depth profile of the cross-section. However,
several maxima of the N concentration (6-8 at.%) were found in the
ZrO, layers (at ~200, 380 and 1800 pm). Moreover, the significant in-
crease of the N concentration to 11-16 at.% was observed in the ranges
of 550-650 and 1550-1600 pm. It points at that the ZrN phase is pre-
dominantly disposed at the interface of ZrO, layer and Zr alloy.

The cross-section microstructure and EDS maps of the magnetron-
deposited samples demonstrate that the #M8.2 sample was protective
even after high-temperature oxidation for 40 min (Fig. 12). A Cry03
layer with a thickness of ~5 pm was observed at the surface region of the
sample. Below this chromia layer, the residual Cr with a thickness of
2.5-3.2 pm was still present. Underneath the Cr layer, weak signals of Cr
and Zr indicated the formation of intermetallic compounds layer with a
thickness of 1.5-2.5 pm due to Cr—Zr interdiffusion.

uncoated region

Fig. 7. The outer view of the E110 alloy after the oxidation test: a — uncoated; b — with magnetron-deposited Cr coating; ¢ — with electroplated Cr coating.
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Fig. 9. The XRD pattern of the #E15 sample after the oxidation test.

The cross-section microstructure of the #E15 sample is shown in
Fig. 13,a. As it was discussed above, the electroplated Cr coatings had
poor adhesion to the E110 alloy, so they were partially spalled and
cracked during polishing procedure. The multilayered structure formed
at the surface is similar to that of the magnetron-deposited coatings. It
indicates that the electroplated Cr coatings can have be protective under
the high-temperature oxidation at 1100 °C in air, when their adhesion
behavior will be significant enhanced. For further analysis of sodium
zirconium fluorides and zirconium hydride behavior after high-
temperature oxidation, EDS line-scanning in two zones of the #E15
sample (the protective zone in Fig. 13,b and oxidized zone in 13,c) and
GDOES measurements of the #E15 sample (Fig. 14) were performed.

In the first case (Fig. 13,b), the formation of the outer Cr203, residual
Cr and interdiffusion CryZr layers was observed, which is similar to the
samples with the protective magnetron-deposited coatings. However,
the Cr—Zr interlayer had more porous and cracked microstructure
compared with the magnetron-deposited coatings. In the oxidized zone,

the signals of O, N and Zr indicated the growth of ZrO, and ZrN layers at
surface of the samples and a-Zr(O)/a-Zr(N) layer at higher depths.

According to the EDS line-scans in both protective and oxidized
zones, the signals of Cr are found at depths higher than the coating
thickness. Such signals are clearly pronounced at ~20 and 60 pm. In
these areas, the content of Cr does not exceed 4-8 at.%. The content of
Na and F is not more than ~2.5 and 1.5 at.% in the E110 alloy up to 100
pm in depth. Their concentration became lower than in the as-received
samples (Fig. 2,d). Moreover, both Na and F signals have a low values up
to a depth of ~8 pm in the protective zone of the #E15 sample (Fig. 13,
b). This well correlates to the thickness of CryO3 and Cr layers.

Fig. 14 presents the GDOES-depth distributions of elements in the
#E15 sample before and after the oxidation test.

As the content of Na and F was low, these elements were not detected
in the #E15 sample by GDOES technique. However, the change of H
depth distribution in the Zr alloy before and after the oxidation is found.
Initially hydrogen was underneath the electroplated Cr coating in a thin
layer (~5-7 pm) of the Zr alloy, while the penetration depth of H was up
to ~120 pum after the oxidation test. Moreover, the slow increase of the
Zr signal was detected up to the same depth and then the signal had a
plateau. The depth distributions of O and N indicate their diffusion into
the Zr alloy that can also influence the shape of the Zr signal. The
maximums of O and N signals points to the forming the outer Cry03 layer
and ZrOy/ZrN layer at the “coating-alloy” interface, while the falling
parts of the curves indicate the O- and N-stabilized a-Zr layer from 30 to
70 pm. The observed depth distributions of elements are well correlated
with the previous data of the analysis of cross-section microstructure
and crystal structure.

4. Discussion

Magnetron sputtering and electroplating were used to deposit Cr
coatings on the E110 alloy. Both types of as-deposited coatings have a
dense microstructure, but different mechanical properties and adhesion
behavior.

The Ar' etching, substrate heating and biasing resulted in high-
quality pretreatment procedure for a subsequent magnetron
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Fig. 10. Optical images of the cross-section of the oxidized samples: uncoated (a, b) and Cr-coated E110 alloy by magnetron sputtering (#M8.2 sample - ¢, d) and

electroplating (#E15 sample - e, f and g).
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Fig. 11. (a) Cross-section microstructure and (b) depth distributions of Zr, O and N in the uncoated E110 alloy after the oxidation test.

deposition of Cr coatings on zirconium alloy. The magnetron-deposited
coatings are fully adherent in the considered range of the applied load
(up to 30 N), no any spallation and delamination were observed. By
taking into account the mechanical properties (H and E), these coatings
deposited on the E110 alloy have a typical adhesion behavior of “soft
coating - soft substrate” system [48]. Oppositely, the electroplated Cr
coatings have low adhesion even at the initial range of applied loads.
Coating spallation began at 7.5-11.8 N and continued during the
adhesion test that can be caused by several aspects. The first is the use of
surface activation procedure that aims to avoid the formation of surface
tenacious oxides on the E110 alloy prior to Cr electroplating process. In
this case, a non-uniform (7-12 pm) interlayer containing hydride and
fluoride phases with cracks and defects is formed between the Cr coating
and E110 alloy. The second aspect is associated with the high hardness
(9.8-12.2 GPa) and low elastic modulus (218-248 GPa) of the Cr coat-
ings. Thus, the electroplated Cr coatings on the E110 alloy have a typical
behavior of “hard coating - soft substrate” [48]. It results in low adhe-
sion and spallation of the electroplated Cr coatings due to their lower
plastic deformation in comparison to that of soft Zr alloy.

The uncoated E110 alloy was crucial oxidized in air at 1100 °C. The
analysis of cross-section microstructure showed the growth of thick ZrO,

layers at both sides of the alloy with embedded ZrN grains. The non-
uniformity of the alloy oxidation was caused by “nitrogen effect”
described in detail in [49,50]. The distributions of ZrO,, ZrN and a-Zr
over the cross-section confirmed the oxidation mechanism of Zr alloys in
a nitrogen-containing atmosphere [51]. Since oxygen has high diffusion
coefficient in zirconium, a-Zr(O) solid solution is initial formed under
high-temperature oxidation. According to P(O5)/P(N>) stability diagram
for Zr, ZrN and ZrO, [52], zirconium nitride phase can be stable at very
low oxygen partial pressures. Thus, ZrN can grow only in a-Zr(O) layer
after full consumption of O by alloy. Moreover, o-Zr(O) has high
nitriding kinetics [53]. The conditions for ZrN growth are fulfilled at the
“oxide-alloy” interface. As oxygen continues to penetrate in the alloy,
ZrN phase re-oxidized to ZrO; resulting in significant increase of molar
volume (~48%) causing the cracking of oxide layer. The “nitrogen ef-
fect” causes both highly inhomogeneous oxidation of Zr alloys and the
change from sub-parabolic to near-linear oxidation kinetics [54].

The Cr coating deposition can significantly improve oxidation
resistance of zirconium alloys. However, the microstructure and adhe-
sion of the Cr-coatings strongly influence its oxidation behavior in
relation to the deposition technology. The thick magnetron-deposited Cr
coatings were able to protect the E110 alloy from oxidation at 1100 °C
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Fig. 12. Cross-section microstructure and EDS maps of the #M8.2 sample after the oxidation.

for 40 min, whereas the electroplated coatings resulted in less protective
properties. Moreover, the resistance to oxidation of the magnetron-
deposited Cr films was improved as their thickness increased from 4.5
to 8.2 pm, which is clearly visible from Fig. 6 and previous studies
[3,4,24,35]. Both good adhesion and dense coating microstructure
provides a stable and predictable behavior of the Cr coatings during
oxidation that is well confirmed by cross-section microstructure (Fig. 10,
¢ and 10,d). According to Fig. 12, the formation of CryOs3 layer at the
outer surface of the samples and interdiffusion of Cr—Zr at the “coating-
alloy” interface leaded to the growth of CroZr phase. Cr coatings are
protective until oxygen does not reach the Zr alloy. The consumption of
Cr coating by Cr—Zr interdiffusion leads to decrease of the diffusion
path of O toward the alloy, so thicker coatings should be used to increase
the duration of protective period. The obtained conclusions are corre-
lated with the oxidation mechanism of PVD Cr-coated zirconium alloys
in air and steam that have been discussed in detail in recent studies
[4,24,35,48].

The electroplated Cr samples showed less uniform and stable
oxidation behavior under high-temperature oxidation in air (Fig. 10,e-
10,g) that also confirms by the weight gain of the samples after the
oxidation tests (Fig. 6). The local oxidation of the electroplated Cr
samples and the presence of defects at the “coating-alloy” interface in
the as-deposited samples indicated the critical role of the interlayer
during the oxidation (Fig. 13,b). In the regions where the coating was
still adherent to the alloy, the samples had the protective scale similar to
the magnetron-deposited ones. The electroplated Cr coatings had low
compressive (—0.6 GPa) and tensile (0.3 GPa) stresses for Cr(110) and Cr
(221) peaks, respectively. It results in low adhesion of the electroplated
Cr coatings (Fig. 5,b). The low adhesion of electroplated Cr coatings
caused a local oxidation of the zirconium alloy that is clearly observed in
Fig. 13,c. Thus, PVD Cr coatings exhibit better oxidation resistance than
the electroplated ones. The development of new methods of surface
pretreatment of Zr alloys prior to Cr electroplating or improvements of
the electrolyte composition are necessary to improve the adhesion and

to reduce defects at the “coating-alloy” interface.

According to XRD analysis of the electroplated samples after oxida-
tion (Fig. 9), SEM observations (Fig. 13) and GDOES-depth distributions
(Fig. 14), it is speculated that decomposition of zirconium hydride and
fluoride phases followed by dissolution of H, Na and F in the Zr alloy.
The additional attention should be devoted to zirconium hydride
behavior during the oxidation test. As the temperature of the oxidation
was higher than that of ZrH decomposition (at ~825 °C [55]), zirconium
hydride can decompose during the heating and isothermal stages of the
oxidation test and then H dissolves in the Zr alloy. As the Cr coatings
have low hydrogen permeability and can work as the barrier layer for H
[20], hydrogen penetrates at higher depth than that of before the
oxidation. Then, zirconium hydrides can be formed in the a-Zr alloy
matrix [56] at the cooling stage of the oxidation test. However, the
hydrides are non-uniform distributed over a depth that is well seen from
the H and Zr depth distributions in the #E15 sample after the oxidation
(Fig. 14).

In summary, deposition technologies of Cr coating on Zr alloys have
been compared and discussed. Both technologies have been used for a
long time, technical solutions are already been existing for coating
deposition on components such as tubes and pipes. However, sputtering
and electroplating are significantly different by technical requirements,
productivity and cost. Magnetron sputtering requires vacuum system,
periodic cleaning of vacuum chamber and technological devices as well
as 3D scanning for uniform deposition of coatings on tube-shape com-
ponents. Considering the above requirements, the cost of magnetron-
deposited coatings is rather higher than electroplated ones. On the
other hand, the obtained results as well as the data of other authors
[3-8,20,21] show that magnetron deposition technology is very prom-
ising for production of Cr-coated Zr claddings. At the same time, elec-
troplating has high productivity since no vacuum system is needed that
also provides a low deposition cost. Among the disadvantages of Cr
electroplating, several factors should be mentioned. Firstly, it is the use
of chemical reagents, which application and disposal is not
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Fig. 14. Depth distributions of elements in the #E15 sample (a) before and (b) after the oxidation.

environmentally friendly. Secondly, the activation procedure to remove
of tenacious surface oxides on Zr alloys should be improved. The Cr—Zr
interdiffusion phenomena is crucial for the selection of coating deposi-
tion technology. Nowadays, different barrier layers are studied to pre-
vent the formation of eutectic phase [57-59]. It is most likely that
bilayer or multilayer coatings mitigating interdiffusion can be beneficial
under beyond-design basis accident conditions. For their deposition,
magnetron sputtering is more appropriate.

Despite the above advantages and disadvantages, the authors assume
that both deposition technologies can be applied for production of ATF
fuel claddings. Magnetron sputtering seems to be better for deposition of
Cr-based coatings on Zr claddings. In turn, Cr electroplating can be
effective for deposition of Cr coatings on spacer grits, which are used as a
construction element of fuel assembly and have a complex geometry.

5. Conclusions

Magnetron sputtering and electroplating were used to deposit the Cr
coatings on E110 alloy. The properties of the as-deposited coatings and
resistance of the Cr-coated alloy to high-temperature oxidation
(1100 °C) in air were studied.

1. Magnetron-deposited Cr coatings have uniform and dense micro-
structure as well as good adhesion to E110 alloy. The oxidation
resistance of the alloy with magnetron-deposited coating increased
with their thickness.

2. The magnetron Cr coatings have stable and predictable oxidation
behavior. Despite lower thickness, this coating type has better
oxidation resistance in comparison with the electroplated coatings.

3. The electroplating of Cr on E110 zirconium alloy requires the use of
special activation procedure to avoid the formation of surface oxide.
This results in formation of the non-uniform interlayer (~7-12 pm)
containing hydride and fluoride phases at the coating/alloy inter-
face. The presence of cracks and non-regularities in the interlayer
and the brittleness of the electroplated chromium cause a lower
adhesion and oxidation resistance regardless the dense microstruc-
ture of the coating.

4. New pretreatment procedures of Zr alloys before Cr electroplating or
changes in the bath composition or post-treatment procedures of Cr-
coated Zr alloys could be considered to improve the coating adhesion
and its oxidation behavior.
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