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Abstract: A dense and uniform Cr coating was fabricated on the zirconium alloys fuel claddings
by radio frequency (RF) magnetron sputtering to improve the mechanical and anti-oxidation
properties under 1200 °C steam environment. The phase composition and the micro and macro
morphologies of the specimens were investigated by X-ray diffraction (XRD), energy dispersive
spectroscopy (EDS), scanning electron microscope (SEM) and optical-microtopography (OM) analyses,
and the high-temperature oxidation behavior was evaluated at 1200 °C steam environment for 3000 s.
In this paper, there exists a positive correlation between thickness and Vickers hardness (HV), and a
negative correlation between surface roughness and bonding force. Radial tensile was introduced to
investigate the deformation-resistant performance, and the displacement of the Cr-coated specimen
was as low as 2.32 mm, which was much lower than the uncoated zircaloy cladding (3.05 mm).
Different thicknesses of Cr coatings were deposited to investigate the oxidation degrees of zircaloy
cladding under a high-temperature steam environment. The optimal 6 um Cr-coated zirconium
alloys cladding exhibited an excellent anti-oxidation property, and the weight gain was as low as
~4.12 mg/cm?, which was almost one-third of the uncoated specimen.

Keywords: chromium coating; roughness; bonding force; HV hardness; radial tensile; high
temperature oxidation

1. Introduction

The international community has achieved a broad consensus that the influence of the nuclear
accident has been borderless since the Fukushima event. Research on fuel cladding materials has
been one of the key techniques for the safety of the nuclear reactor. Zirconium-based alloys (so-called
zircaloys) are widely used as the fuel cladding structure material due to their low thermal neutron
capture cross-section, good oxidation resistance, good mechanical properties and high corrosion
resistance [1-3]. However, the acceleration of corrosion reactions and the generation of a large amount
of hydrogen under loss-of-coolant accident (LOCA) conditions leads to mechanical property reduction
of the zircaloy fuel cladding; further, the deterioration under critical boiling heat flux conditions may
result in explosions in the nuclear reactor. This issue has motivated research into accident-tolerant
fuels (ATFs) cladding, and a protective coating was recognized as an effective approach to increase the
accident emergency rescue time [4,5].
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The fabrication of the protective coating can increase the oxidation resistance and corrosion
resistance without reducing the physicochemical properties of matrix cladding [6]. Regarding
ATFs cladding coating, pulsed laser deposited TiN coating can drastically prevent massive hydride
generation and reduce the oxidation rate under high-temperature steam conditions, and other
metal-nitride coatings such as CrN, TiAIN, and AICrN were also researched [7-10]. Pure Cr coating
exhibited excellent oxidation resistance by forming a thick and uniform outermost oxide film [11,12].
The thermodynamic stability of Cr,O3; has been employed extensively as the outermost oxide film to
enhance the high-temperature oxidation resistant [13,14]. Kim et al. [15] reported that the Cr layer
(thickness of 80~200 um) was deposited on Zircaloy-4 matrix by 3D laser technique, and the Cr-coated
specimen showed good oxidation resistance with the high-temperature oxidation test at 1200 °C
for 2000 s. Kuprin et al. [16] reported that a 0.7 pum Cr layer deposited by unfiltered cathodic arc
evaporation (CAE) in a “Bulat System” exhibited excellent radiation resistance (around 0.16% under
the dose of 5 dpa). While the coatings fell off easily under a 1200 °C steam environment due to
the difference of the thermal expansivity between the zircaloy substrate and the protective coatings.
Therefore, the roughness of the substrate and the thickness of the Cr coating was optimized to enhance
the compactness and adhesion of the Cr coating on the substrate, hence improving the oxidation
resistance of the zircaloy cladding under LOCA conditions.

The common preparation processes of Cr coating for accident-tolerant fuel cladding are chemical
vapor deposition (CVD) [17], cold spraying (CS) [18], flame or plasma spraying (FS/PS) and magnetron
sputtering (MS) [19,20]. To avoid the oxidation of Zircalloy at temperatures above 550 °C, the growth
rate of Cr coating with the CVD method is strongly limited at a low temperature. The operation of the
CS method for coating deposition requires chamber pressure above 5 atm and causes noise exceeding
100 dB, resulting in the low safety factor and high cost. For deposition with FS/PS method, the spray
powder is easy to be oxidized, and the thermal stress caused by the instant temperature drops lower
inevitably the coating quality. Our previous works revealed that uniform and dense Cr coatings with
proper growth rate were deposited on Zircalloy by RF magnetron sputtering technique under 450 °C.
Hence, the RF magnetron sputtering technique was chosen to deposit the Cr coatings with different
thickness on the Zircalloy with different roughness by comprehensive consideration of the safety, cost
and operability.

2. Materials and Experimental Procedure

2.1. Materials and Coating Deposition

RF magnetron sputtering equipment in this study was supplied by Shenyang Scientific Instruments
Co., Ltd. (Shenyang, China). The distance between target and substrate is 6 cm during the coating
deposition, and specimens were installed in planetary fixture with a rotation speed of 1 rpm. The inner
and outer diameters of zircaloy tubes were 8.4 mm and 9.5 mm, respectively. Length of the pre-sputtering
zircaloy tube was 200 mm (3 mm for anti-oxidation test). Prior to coating, zircaloy tubes were polished
with 1000, 2000, 3000 and 5000 mesh silicon carbide sandpapers and velvet polishing cloth in order to
obtain substrate surfaces with different roughness. Alumina with particle size of 0.1 um and velvet
polishing cloth were employed to get the specimens without obvious scratch on the surface under
optical microscope. To reduce the impact of any impurities, the sputter chamber was vacuumed under
107* Pa and purged by Ar ions for 30 min at least. The main RF magnetron sputtering technical
parameters were chosen as sputtering pressure ranging from 1.5 to 1.8 Pa, bias voltage of —100 V and
target power of 400 W under 200 °C [21]. The growth rate of Cr coating was estimated to be around
0.185 nm/s, and a 6 um thick Cr coating was obtained after sputtering for 9 h. For the sputtering
pressure, our preliminary experiments revealed that the grain size of Cr coating decreased with the
increase of sputtering pressure, and the Cr coatings with the smallest average grain sizes were obtained
under pressure between 1.5 and 1.8 Pa. In addition, excess high sputtering pressure (above 2 Pa) led to
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the abnormal growth of the Cr grain, reducing the compactness and adhesion of the Cr coating on the
zircaloy. Thus, the sputtering pressure ranging from 1.5 to 1.8 Pa was chosen in this study.

2.2. Tensile Tests

The radial tensile test of uncoated and Cr-coated specimens was carried out at 500 °C vacuum
environment (1073 Pa) by using a universal material testing machine which was supplied by Japanese
Shimadzu technology Co. Ltd., Tokyo, Japan (AGS-X-100K). Based on our preliminary experiments,
the radial tensile test parameters were chosen as the loading rate of 0.005 mm/min, loading force
resolution of 1 um, and displacement range from 0.2% to 100% FS. The dimensions of the specimens
and the test procedure were according to the national standard of GBT228-2002. The illustration
diagram of radial tensile test is represented in Figure 1. For the tensile experiment, the uncoated
zircaloy and Cr-coated specimens were tested at 500 °C in a vacuum chamber with a temperature
control and refrigeration system to simulate the operating environment. Besides, 500 °C is the ultimate
operating temperature of zircaloy fuel cladding, since the strenuous oxidation reaction and reduced
mechanical properties occurred when the temperature was above 500 °C.

Resistance wire

Temperature
control system

G llﬁlm pumps

Figure 1. The illustration diagram of zircaloy cladding radial tensile test.

2.3. 1200 °C Steam Oxidation Tests

To simulate the LOCA conditions, the Cr-coated and uncoated zircaloy claddings were exposed to
flowing water steam environment at 1200 °C for 3000 s by using a thermo-gravimetric analyzer (TGA)
with a water steam generator (supplied by Beijing Boyuan precision machinery technology Co., Ltd.,
Beijing, China). Oxidation tests were conducted with a heating rate of 10 °C/min and purged under Ar
atmosphere. Water steam was introduced into the chamber as soon as temperature reached 1200 °C
under the flow rate of 33.3 pL/min. The TGA chamber was cooled down to room temperature after
3000 s oxidization operation, and weight change of the zircaloy specimens were recorded in real time.
The weight gain of the Cr-coated and uncoated zircaloy mainly refers to the mass changes per surface
area vs time. In this study, the balance with accuracy of 10 ng was used to weigh the samples before
and after oxidation, and the vernier caliper was used to measure the size of the samples. The Equations
for calculating the weight gain of the samples after oxidation are as follows:

Ssample = Sinner+Souter +2Ssection 1

W= Am - W, (S Sample_souter)

@

Souter
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Amg,
Wy = —2 3)
Ssample
Ssample Tepresents the sum of all areas, Siyner is the inner surface area, Soyter is the outer surface area,
Seection 15 the sum of surfaces perpendicular to the sample axis, Wy, is the mass change per surface area
of uncoated zircaloy, Am,, and Wy, are the mass change and mass change per cm? of the uncoated

zircaloy, and Am and W represent the mass gain and mass change per cm? of the Cr-coated samples.

2.4. Characterization

The surface morphology of the specimens was observed with a SEM (JEOL Ltd., Tokyo, Japan,
JSM-7800F). The surface roughness of the zircaloy cladding substrates was measured with a TIME-3220
surface roughness tester (supplied by Beijing times instrument Co. Ltd., Beijing, China), and the phase
compositions of the specimen were identified with an XRD (PANalytical B.V., Almelo, Netherlands).
EDS (JSM-7800F, JEOL Ltd., Tokyo, Japan) was used to analyze the elements’ distribution and content
of the surface and cross-sectional with resolution ratio above 127 eV (at Mn K«, the counting rate is
20,000 CPS), the peak width of 1000~50,000 cps below 1 eV, and the average element quantitative error
of 1000~50,000 cps below 0.5%. The hardness and the bonding force were measured with a micro
Vickers (HV-150A, Nanguang Electronic Technology Co. Ltd., Suzhou, China) and micro scratch tester
(MST-100, Kaihua Technology Development Co. Ltd., Lanzhou, China), respectively. When testing
the hardness, the coatings and the substrates were taken as a whole system, the load is 10 N and the
holding time is 30 s. In this study, 2 um Cr coating was deposited on zircaloy substrates with different
roughness. Prior to deposition, the substrates were polished with respective roughness of 0.153, 0.126,
0.118, 0.102 and 0.027 pm measured by a Semi-automatic polishing machine (OMP-2211, Surmount
Technology Co. Ltd., Shenzhen, China). The OM of the specimens was observed under the optical
microscope (MCK-6RC, Caikang Optical Instrument Co., Ltd., Shanghai, China).

3. Results and Discussion

3.1. Morphology Structure and Phase Composition

The XRD patterns of the RF magnetron sputtered Cr coating and the alpha-Zr (PDF card index:
05-0665) substrate were shown in Figure 2a. The peak assignments showed that Cr film was successfully
deposited without any alloy phase or compound, and it was conformed to the characteristics of
body-centered cubic phase of Cr (PDF card index: 06-0694). As shown in Figure 2(al,a2), the average
grain size of uncoated and Cr-coated specimens were 68.7 nm and 61.8 nm, respectively, suggesting
that the dense surface of Cr coating with smaller grain size can improve the anti-oxidation.

(a) a8 _ v Zirconium Average grain size of uncoated (al)
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Figure 2. XRD patterns of (a) the Cr-coated zircaloy cladding. (al) The average grain size of the
uncoated zircaloy cladding. (a2) The average grain size of the Cr-coated zircaloy cladding.

Figure 3a shows the macro-morphology of the uncoated zircaloy tube with metallic luster, and its
micro-morphology is shown in Figure 3(al). The Zr element of the uncoated zircaloy was observed
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clearly (see Figure 3(a2)), and the impurity elements such as Si, O and C were unavoidably mixed
by a polishing procedure. The roughness of the zircaloy surface is one of the key influences of the
bonding forces between the coatings and the substrates. Roughness was obtained by polishing with
the silicon carbide sandpapers with different particle sizes. The optical microscope (OM) images of the
zircaloy substrates with the roughness of Ra 0.153 pm (1000 mesh sandpaper), 0.126 pm (2000 mesh
sandpaper), 0.118 um (3000 mesh sandpaper), 0.102 um (5000 mesh sandpaper) and 0.027 um (velvet
polishing cloth) are shown in Figure 3(b1-b5)).

200 mm

Ra=0.027 pm

Figure 3. Morphology and Energy dispersive spectroscopy (EDS) of the uncoated zircaloy tube, and the
OM images of the zircaloy substrates with different roughness: (a) The macro-morphology of zircaloy
tube with dimensions of 200 mm in length. (al) The micro-morphology of the uncoated zircaloy tube.
(a2) EDS element analysis of the zircaloy. (b1-b5) OM images of the uncoated zircaloy claddings with
different roughness.

Figure 4a shows the macro-morphology of the Cr-coated cladding tube, and the surface exhibited
a silver-white metallic gloss. As shown in Figure 4(al,a2), a continuous and dense Cr coating was
successfully fabricated on the zircaloy cladding. The elements of the Cr layer were characterized
by EDS (see Figure 4(a3)), and the undetectable zirconium element indicated that RF magnetron
sputtered Cr coating completely covered the zircaloy cladding without microcracks and voids.
The illustration diagram and the SEM image of the cross-section of the Cr-coated tube were shown in
Figure 4b,c, respectively.

(a) (b)

Cr layer

Zircaloy tube

200 mm

\ 3 Atom%

6 keV

Figure 4. Morphology and EDS of 6 um Cr-coated specimens: (a) The macro-morphology of Cr-coated
zircaloy tube. (al,a2) The micro-morphology of the Cr coating with different magnification. (a3) EDS
elements characterization of the Cr-coated specimen. (b) The illustration diagram of the cross-section
of Cr-coated zircaloy tube. (c) SEM image of the cross-section of 6 um Cr-deposited specimen.
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3.2. Mechanical Properties

After the deposition, HV hardness of the specimens was measured by the micro Vickers analysis.
Cr coatings with thickness of 1, 2, 4, 6 and 8 pm were deposited for HV hardness performance
evaluation. As shown in Figure 5, five sampling points were selected to avoid the errors which
were caused by location signal differences, and the hardness of each specimen was the average value.
In general, the HV hardness of the specimen increased obviously with increasing the thickness of
Cr coatings from 1 to 8 um. The HV hardness of 8 um thick sputtered Cr coating reached up to
357.4 N/mm?, which was much higher than the uncoated zircaloy cladding.

400 8 pm Cr layer

[

6 pm Cr layer T

poot

300 - A + 4 pm Cr layer

@ 2 pm Cr layer
250

HYV Hardness/N'-mm

1 pm Cr layer

2004 @ Uncoated zircaloy substrate

Thickness/pm

Figure 5. HV-hardness of Cr-coated zircaloy claddings with different thickness.

As shown in Figure 6, bonding force between the substrates and the coatings raised along with the
decline of the surface roughness. However, excessive smooth surface was not conducive to the coating
adhesion, and the optimal roughness of the substrates was around Ra 0.102 um with the bonding
force up to 26.3 N/mm?. Yang hui et al. [22] reported that the proper roughness not only made the
surface activation and exposed the fresh metal surface, but also led to the surface in a compressive
stress state, which was beneficial to the combination of the coating and the substrate. The proper
surface roughness can disrupt the direction of the shrinkage force of the coating and reduce the stress
along the substrate surface. The relationship between coating thickness and the bonding force is also
shown in Figure 6. The specimens deposited with Cr coatings with different thickness were prepared
on the surface of zircaloy substrates with roughness of Ra 0.1 pm, and the bonding force of the 6 um
thick Cr coating was up to 42.5 N/mm?. Huang et al. [23] reported that thickness of the coatings has
no significant effect on the friction coefficients, but there was an optimization thickness for adhesion
between the coatings and the substrate.

The load—-displacement curves of the radial tensile specimens at 500 °C were shown in Figure 7.
A clear deviation of the displacement curves indicated anti-tensile property of the Cr coating during
loading. The displacement of the Cr-coated tensile specimen was 2.32 mm, which was far below the
uncoated zircaloy cladding of 3.05 mm. The obvious improvement of tensile property is mainly due to
the intrinsic performance of high Young’s modulus of the protective chromium coating [21].
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Figure 6. The bonding force between the coatings with different thickness and the substrates with
different roughness.
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Figure 7. Load-displacement curves of uncoated and Cr-coated zircaloy tubes at 500 °C.

3.3. Oxidation Resistance Properties

The oxidation test was operated at 1200 °C water steam environment for 3000 s for the tube-shape
sample with Cr coating only on the outside surface of zircaloy tube, and the weight gain was calculated
by the ratio of total weight gain to total exposed area. The weight of the specimens gained obviously
with oxidation time, and the degrees of oxidation of all the specimens were approximately followed
by an order of uncoated >1 pm Cr-coated >2 pm Cr-coated >4 um Cr-coated >6 um Cr-coated and
8 pm Cr-coated specimens. The weight gain of 6 and 8 pm Cr-coated specimen (around 4 mg/cm?)
was much lower than that of the uncoated zircaloy (15.53 mg/cm?). Weight gain curves of the uncoated
and different thickness of Cr-coated specimens were shown in Figure 8.
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Figure 8. Weight gain curves of the uncoated and different thickness of Cr-coated specimens at 1200 °C
for 3000 s.

After the oxidation, the cross-section images of the specimens were shown in Figure 9.
The uncoated zircaloy was severely oxidized and the structure of zircaloy tube was damaged seriously
(Figure 9a). The outside and inside walls of the 6 pm Cr-coated zircaloy tube (Figure 9b) were shown
in Figure 9(c1,c2), respectively. The inside surface of the cladding sample without Cr coating was also
significantly oxidized mainly due to the O element diffusing into the substrate. The larger thickness of
the Cr coatings exhibited better oxidation resistance; however, flaws such as holes and cracks often
occurred in over-thick coating specimens (see Figure 9d). By the comprehensive consideration of
the fabrication process and complex service environment, 6 pm was selected as the ideal thickness
for the RF magnetron sputtered Cr coating. With the outer Cr coatings namely 1, 2, 4, 6 and 8 um,
Cr-coated specimens kept the tube structure, and 6 pm Cr-coated specimen showed best oxidation
resistance (Figure 9c).

(b) Cr&Oxides layer

710,

Zircaloy tube

Figure 9. The morphology and structure of cross-section of the specimens before and after oxidation:
(a) uncoated, (b) illustration diagram of Cr-coated zircaloy cladding tube, (¢) 6 pm Cr-coated zircaloy
cladding, (c1) outside wall of the Cr-coated specimen, (c2) inside wall of the Cr-coated specimen,
(d) 8 pm Cr-coated zircaloy cladding tube.

After the oxidation, the distribution and contents of elements of the cross-section significantly
changed via analyzing the EDS curves of Zr, O, Cr and C elements (Figure 10a). Mappings of the Cr
oxides exhibited uneven surface (see Figure 10b) due to the aggregation particles and the formation of
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volatile CrO3 and CrO,(OH). The thermodynamic stable Cr,O3 layer played main role of oxidation
resistant at high temperature steam environment [24-26]. The interface between the Cr coating
and zircaloy substrate was disappeared after oxidation, and a chrome-rich zone was formed on the
side adjacent to the zircaloy (see Figure 10c,d), which was coincident with the SEM observation
(Figure 9(c1)).

400 - (@) Diffusion) —— Zr o o — ¢ | ;0] S
' zome i

(Chromium and its oxides (~6 pm), |
e

Oxygen element

300 <

200

Counts

100 H

Distance /um

Figure 10. Distribution of cross-section elements analysis by (a) EDS and (b—d) Mappings.
4. Conclusions

RF magnetron sputtered Cr coatings can increase the mechanical properties of the zircaloy
cladding due to the Young’s modulus of chromium which was higher that of zircaloy, and there
exists a positive correlation between the thickness of Cr coatings and HV hardness. The surface
with a proper roughness can effectively enhance the bonding force between the coatings and zircaloy
substrate, and the roughness of Ra 0.1 um was optimal for Cr coating. The Cr coating can enhance the
anti-deformation performance of the zircaloy cladding, and the displacement of Cr-coated specimens
was as low as 2.32 mm at 500 °C, which was much lower than uncoated zircaloy cladding. The RF
magnetron sputtered Cr coating significantly promoted the oxidation resistance of the zircaloy cladding
under a 1200 °C steam environment. After oxidization for 3000 s, the weight gain of 6 um Cr-coated
specimen (4.12 mg/cm?) was almost one-third of the uncoated zircaloy cladding (15.53 mg/cm?) due
to the formation Cr oxides layer. The crystal structure of the outermost oxides and the best coating
structure design should be identified in further research.
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