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Abstract

:

This paper describes the influence of silicon carbide (SiC) coating on hydrogen sorption kinetics of zirconium alloy E110 (Zr-1Nb). Amorphous SiC coating of 1.5-μm thickness was deposited on Zr-1Nb alloy substrate by direct current magnetron sputtering of composite cathode. Hydrogen absorption by SiC-coated Zr-1Nb alloy significantly decreased due to low hydrogen permeability of the coating. Hydrogenation tests show that SiC coating provides protective properties against hydrogen permeation in the investigated temperature range of 350–450 °C. It was shown that hydrogenation of uncoated Zr-1Nb leads to formation of δ hydrides at 350 °C and δ and γ hydrides at higher temperatures whereas in the SiC-coated Zr-1Nb alloy only δ hydrides formed. Gradient hydrogen distribution through the SiC coating and H trapping in the carbon-rich interface was observed. The adhesion strength of the coating was ~5 N. Hydrogenation up to 450 °C for 5 h does not degrade the adhesion properties during scratch testing.
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1. Introduction


Zirconium alloys are used as materials for fuel cladding in the core of nuclear reactors due to low thermal neutron capture cross-section, high corrosion resistance and mechanical strength [1]. Despite a large number of Zr alloys such as Zirlo (USA) [2], M5 (France) and E-series (Russia) [3], which have been developed to improve their properties, especially corrosion resistance, the problems of high-temperature oxidation and hydrogenation of fuel claddings still remain. A common alloy used in Russia is E110 (Zr-1Nb), which is manufactured for fuel cladding of water-cooled nuclear reactors.



Hydrogen has an important role in the corrosion process of zirconium alloys during reactors operation. Hydrogen is generated as a result of water radiolysis and high temperature oxidation of zirconium alloys. Additionally, hydrogen can accumulate in the nuclear core from contact with other materials such as structural steels. Since the concentration of hydrogen in zirconium exceeds the solubility limit (~150 ppm at 350 °C [4]) in the solid state, hydride precipitation occurs in the material cladding, which could lead to embrittlement [5,6,7,8]. Currently, various protective coatings such as Al2O3 [9], ZrO2 [10], TiN [11,12], Cr3C2-NiCr [13], and SiC [14] have been developed to improve oxidation resistance of Zr alloys and reduce hydrogen uptake.



Silicon carbide is one of the main candidates to protect or replace zirconium fuel claddings due to higher melting temperature, better corrosion resistance at high temperatures and similar thermal neutron capture cross-section compared to zirconium [15]. Extensive research is being conducted on the SiC fabrication process and its material properties as a potential fuel cladding candidate [16,17]. Deposition of SiC coatings is also a promising way to improve corrosion resistance of Zr alloys [13]. It has been shown that SiC coatings demonstrate high hardness, high thermal conductivity and good oxidation resistance at high temperatures [18,19]. The mechanical properties of SiC coating deposited by magnetron sputtering on Zircaloy-4 substrate are investigated in [20], where the authors show that the hardness and elastic modulus of the deposited films decrease with increasing working pressure. Al-Olayyan et al. [21] have demonstrated the effect of SiC coating on oxidation resistance of Zircaloy-4. It was established that strong adhesion of SiC film on rough surfaces of Zircaloy-4 resulted in higher corrosion resistance. Usui et al. [13] have shown that the radio frequency (RF) magnetron sputtered SiC coatings demonstrate higher oxidation resistance when the coating was thicker, however their adhesion strength becomes lower. Thicker coatings could be vulnerable to cracking when temperature and pressure conditions change with time in a nuclear reactor. Moreover, decrease in hydrogen permeability due to SiC coating deposition on steel substrates has also been demonstrated. However, hydrogen permeation into SiC-coated zirconium alloy and its absorption has not been investigated, which makes it impossible to assess its protective properties against H penetration. Moreover, the hydrogen absorption kinetics of Zr-1Nb alloy with SiC protective coating have not been studied. It is important to establish the dependence of temperature on hydrogenation rate of SiC-coated zirconium alloys. Thus, the purpose of this work is to study the kinetics of hydrogen sorption by a Zr-1Nb alloy with SiC coating at various temperatures.




2. Materials and Methods


2.1. Coating Deposition


The SiC coating was deposited by direct current (DC) magnetron sputtering of SiC composite cathode. Zirconium alloy E110 (Zr-1Nb) having the dimensions 20 mm × 20 mm × 2 mm was used as a substrate. The composition of E110 alloy: 0.9–1.1 Nb, 0.05 O, 0.015 Fe, 0.02 C, Zr balanced. The substrates were previously polished to the average roughness of Ra 0.05 μm to remove surface oxides and organic contaminations. After polishing, the substrates were ultrasonically cleaned in acetone for 15 min. The residual pressure in the vacuum chamber was 10−3 Pa. Prior to deposition, the substrate surface was etched by Ar ions at following parameters: Ar working gas, voltage 1.5 kV, current 0.1 A and treatment time 20 min. Then, SiC coating was deposited at the parameters presented in Table 1.




2.2. Hydrogenation


Hydrogenation of the samples was carried out in gas atmosphere using Gas Reaction Controller (Advanced Materials Corporation, Pittsburgh, PA, USA) apparatus. High purity hydrogen (purity 99.9995%) produced by a hydrogen generator according to the pyrolysis method was used in the experiments. The residual pressure in the vacuum chamber was 10−4 Pa. Hydrogenation temperature was varied from 350 to 450 °C, heating rate was 6 °C·min−1, hydrogen pressure was kept constant (0.2 MPa).




2.3. Characterization


Surface morphology and elemental composition were investigated by scanning electron microscopy (SEM) using Hitachi S-3400N (Tokyo, Japan) equipped with energy-dispersive X-ray spectroscopy (EDX) attachment. For cross-section SEM analysis, the polished samples were chemically etched with a solution of HNO3, HF and H2O (45, 5 and 50 vol.%, respectively).



Phase composition was analyzed by X-ray diffraction in θ–2θ geometry using XRD 7000S diffractometer (Shimadzu, Kyoto, Japan) equipped with high-speed wide-range 1280 channels detector OneSight. The diffraction data was analyzed using Sleve+ program. As a reference for the patterns of α-Zr, γ-ZrH and δ-ZrH there were the ICDD PDF-4+ databases: #04-004-8479, #03-0656223 and #04-002-2839 used, respectively.



Depth distribution of elements was analyzed by glow-discharge optical emission spectroscopy (GDOES) using GD Profiler 2 (Horiba, Kyoto, Japan). Adhesion properties were measured using Micro-Scratch Tester “MST-S-AX-0000” (CSEM, Neuchatel, Switzerland) at the following parameters: 0.01 N initial load, 5 N final load, 5 N·min−1 loading rate, 10 mm length of the scratches.





3. Results and Discussion


3.1. Morphology and Composition of SiC Coating


Figure 1 shows cross-section SEM images of SiC-coated zirconium alloy Zr-1Nb. It can be seen that SiC coating is uniformly deposited on the alloy surface and has dense structure. The coating thickness is approx. 1.5 μm. According to XRD analysis the coating has amorphous structure. Typical grain structure of the Zr-1Nb alloy consists of non-equiaxed α-phase grains having the average size of 2–4 μm.



The energy dispersive X-ray analysis of the deposited coatings shows that Si/C ratio in the coating was 47/53. Distribution profiles of elements in the depth are presented in Figure 2. It is evident that the silicon and carbon are homogeneously distributed over the thickness of the coating. During deposition the C-rich interface between the coating and substrate is formed. The coating thickness is 1.5 μm, which well correlates with SEM data. Increase of the intensities of Zr and Nb lines at the depth higher that 1.4 μm is associated with the beginning of substrate sputtering.




3.2. Hydrogen Sorption of SiC-Coated Zr-1Nb Alloy


Figure 3 shows the hydrogen sorption curves of the samples with SiC coating. The comparison was carried out with the zirconium alloy Zr-1Nb samples without coating, contained native ZrO2 oxide layer on the surface. The ZrO2 layer thickness is typically 15–30 nm. The analysis of the curves showed that hydrogenation proceeds faster in the case of uncoated alloy. The sorption rate at 350 °C is relatively low compared to the other temperatures investigated; the SiC-coated sample is almost impermeable to hydrogen. It is also seen that increase in temperature leads to increase in the intensity of hydrogen absorption both by uncoated and SiC-coated samples.



To quantify the hydrogenation of the alloy, the average hydrogen sorption rates were calculated from Figure 3 based on the following Equation:


qH=CHΔt (wt.%/s)



(1)




where CH—concentration of absorbed hydrogen, Δt—hydrogenation time.



To analyze the kinetics of hydrogen sorption, the Arrhenius plots for hydrogen sorption rate were plotted in Figure 4. The linear dependencies in Figure 4 indicate that the hydrogen sorption kinetics of uncoated and SiC-coated alloys meets the Arrhenius law. Hydrogen sorption rate of as-received Zr-1Nb alloy in the indicated temperature range is several times lower than the values obtained in [22]. The lower hydrogen sorption rate by the uncoated alloy is attributed to the formation of ZrO2 barrier layer, which prevents hydrogen penetration [23]. At the temperatures used in the present work, the reaction of oxide layer reduction by hydrogen practically does not proceed; only oxygen depletion processes are possible in the ZrO2 oxide layer [24]. At higher temperatures (above 800 °C), the influence of oxide layer on hydrogen permeation decreases, its protective properties are lost due to reducing H environment [25]. It could be seen that SiC coating reduces hydrogen sorption rate in the investigated temperature range and time span of the experiments. The sorption rate decreases by 8.1 times in comparison with the uncoated alloy at the temperature of 450 °C mainly due to the low hydrogen permeability of SiC coatings. The activation energy (Ea) for hydrogen sorption of SiC-coated Zr-1Nb alloy (44.9 kJ·mol−1) is lower than that for uncoated alloy (74 kJ·mol−1). This indicates that in order to activate the sorption process of SiC-coated alloy, it is necessary to expend less energy probably due to the lower activation energy of hydrogen adsorption on the SiC surface than ZrO2. Although the activation energy is lower for the coated alloy, it has positive effect at the indicated temperature range since the protective properties against hydrogen permeation increase with temperature. In our experiments and in the operating conditions of nuclear reactors, hydrogen has enough energy to penetrate into the SiC coating or ZrO2; however, due to lower hydrogen diffusion through the SiC coating hydrogenation of the coated alloy proceeds much slower. Furthermore, extrapolation of the Arrhenius plot to higher temperatures suggests that at higher temperatures the SiC coating will protect the alloy even better (Figure 4).




3.3. Crystalline Structure of Hydrogenated Samples


X-ray diffraction analysis was performed to evaluate the structural parameters of hydrogenated samples (Figure 5). Detailed phase composition analysis, lattice parameters and microstrains are demonstrated in Table 2. The as-received zirconium alloy is entirely comprised of the hexagonal close-packed (HCP) α-phase with lattice parameters: a = 3.2324, c = 5.1472. Hydrogenation is accompanied by the formation of hydride compounds: cubic δ zirconium hydride at the temperature of 350 °C; tetragonal γ and cubic δ zirconium hydrides at higher temperatures. There are different opinions about the formation of the metastable γ phase of zirconium hydride. On the one hand, it is assumed that γ is formed at low concentrations of hydrogen and transforms into δ hydride [26]. On the other hand, γ phase is formed from δ hydride due to martensitic transformation [27]. Moreover, it was shown that γ hydride transforms to δ hydride in zirconium alloy Zr-2.5Nb at temperatures above 180–200 °C [28], while for pure zirconium the transition temperature is about 255 °C [29]. However, there are other works indicating that the formation of γ phase occurs at higher temperatures (above 400 °C), which is confirmed by in situ X-ray diffraction during gas-phase hydrogenation [30]. In the present work, the γ phase is formed after hydrogenation at 400 °C and higher, and the content of metastable γ phase increases with temperature (Table 2). It should be noted that hydrogen concentration in the sample hydrogenated at the temperature of 450 °C is 0.23 wt.% which is about two times higher than at 400 °C. Thus, increase in the hydrogenation temperature leads to the metastable γ phase formation, either directly in the hydrogenation process, or as a result of the δ→γ transformation during slow cooling to room temperature. The formation of γ-ZrH was also observed during the slow cooling of zirconium hydrides in [31]. In SiC coated samples, the hydrides formation was observed only during hydrogenation at 450 °C due to a larger amount of absorbed hydrogen than at lower temperatures. It should also be noted that no metastable phase was detected in these samples. Probably, it should be associated with lower concentration of absorbed hydrogen in comparison with uncoated samples, or to the specificity of hydrogen sorption mechanisms. The latter may be manifested in the difference between the rates of H permeation and accumulation in cases of uncoated and SiC-coated alloy.



It is evident that hydrogenation leads to lattice distortion of the zirconium α-phase, accompanied by increase in the c/a ratio and increase of microstrains. Increase in the c/a ratio in the uncoated samples is observed with the hydrogenation temperature rising, which is caused by increase in the absorbed hydrogen concentration in the samples. In the SiC-coated samples, slight lattice distortion of the α phase and the δ zirconium hydride formation occur only at the hydrogenation temperature of 450 °C. At lower temperatures, hydrides were not found, which is associated with low hydrogen permeation through the SiC coating.




3.4. Depth Distribution of Elements


Figure 6 shows depth distribution profiles of elements in hydrogenated at 450 °C uncoated and SiC-coated Zr-1Nb alloys. Hydrogen homogeneously distributed in the surface hydride layer in the as-received sample (see Figure 6a). Probably, this is associated with high hydrogen diffusion rate into zirconium alloy at 450 °C and low cooling rate (2 °C·min−1), which leads to hydrogen redistribution. It should be noted that hydrogen has non-homogeneous distribution due to the oxide layer formation on the zirconium surface. Hydrogen has gradient distribution in the SiC-coated sample. Furthermore, hydrogen trapping is observed at the carbon-rich interface between the SiC coating and the alloy matrix. A small amount of hydrogen penetrates into the alloy depth, which leads to the precipitation of δ zirconium hydrides.




3.5. Adhesion of SiC Coating on Zr-1Nb Alloy


Adhesion properties of SiC coatings were measured on the samples hydrogenated at highest temperature (450 °C). Figure 7 shows the dependence between friction coefficient and load applied to the indenter. The scratch adhesive tracks are also presented as the inset in Figure 7. The adhesive strength of the deposited coatings before hydrogenation is 5.0 ± 0.5 N. The adhesion strength after hydrogenation does not change significantly. The friction coefficient of SiC coating is about 0.25. Local abrasion of the coating and appearance of cracks occur under the load of 4.1 N (Lc1). The critical load of coating destruction (Lc2) was 4.6 N. These results indicate good adhesion of the SiC coating and their stability during hydrogenation of the zirconium alloy. However, negative effects (peeling, cracking) during high-temperature oxidation of zirconium alloys with SiC coating were demonstrated in [14]. On the one hand, this is due to zirconium phase transformations of α→α + β→β, accompanied by lattice expansion. On the other hand, this can be caused by the difference in the thermal expansion coefficients of the β-zirconium phase and the SiC coating. In addition, hydrogenation of the alloy can also have a negative effect on the adhesive properties of the coating, in view of swelling of the zirconium matrix due to precipitation of hydride compounds, which have lower density than metal. The results of this work show that adhesive properties deterioration of SiC coating during hydrogenation up to 300 ppm (0.03 wt.%) does not occur. However, to protect zirconium alloys under high-temperature oxidation, the use of adhesive layers is desirable. Therefore, in the future, it is necessary to perform complex studies of hydrogenation and durability of SiC coatings with adhesive interlayers under high-temperature oxidation conditions.





4. Conclusions


Amorphous SiC coatings with the thickness of 1.5 μm were deposited on zirconium alloy Zr-1Nb substrate by DC magnetron sputtering of composite cathode. Hydrogen sorption behavior of SiC-coated Zr-1Nb alloy was investigated during gas-phase hydrogenation in the temperature range of 350–450 °C. It was found that hydrogen sorption by Zr-1Nb alloy significantly decreased due to low hydrogen permeability of the SiC coating. The hydrogen sorption rate at 450 °C decreases by approximately 8 times as compared to uncoated alloy with surface oxide layer. At operating temperature of nuclear reactors (~350 °C), the coating is almost impermeable to hydrogen. It was observed that hydrogenation of uncoated alloy leads to hydrides precipitation: cubic δ hydrides at 350 °C and δ + γ hydrides at 400 and 450 °C. Only δ hydrides were detected in the SiC-coated alloy hydrogenated at 450 °C. Hydrogen trapping in the C-rich interface between the SiC coating and alloy substrate was observed. No deterioration of adhesive properties of SiC coating was observed under hydrogenation up to 450 °C. It could be concluded that deposition of SiC coating could be efficient way to protect zirconium alloys from hydrogen permeation both at operational and elevated temperatures.
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Figure 1. Typical cross-section SEM images of SiC-coated Zr-1Nb alloy. 
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Figure 2. GDOES profiles of elements in SiC-coated Zr–1Nb alloy. 
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Figure 3. Hydrogen sorption kinetic curves. 
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Figure 4. Arrhenius plot for hydrogen sorption tests of Zr-1Nb and SiC/Zr-1Nb systems. 
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Figure 5. XRD patterns of hydrogenated Zr-1Nb (a) and SiC-coated Zr-1Nb alloy (b). 
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Figure 6. Depth distribution of elements in hydrogenated Zr-1Nb (a) and SiC-coated Zr-1Nb alloy (b). 
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Figure 7. Evolution of coefficient of friction and penetration depth during scratch testing. Insets: scratch tracks at critical loads Lc1 and Lc2. 
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Table 1. Deposition parameters.
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	Parameter
	Value





	Discharge power
	1000 W



	Current
	1.47–1.48 A



	Voltage
	527–532 V



	Working pressure (Ar)
	0.12 Pa



	Deposition time
	50 min



	Distance to substrate
	100 mm
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Table 2. X-ray diffraction results.
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Sample

	
Phases

	
Content, vol.%

	
Lattice Parameters, Å

	
c/a

	
Microstrain Δd/d, ×10−3






	
SiC/Zr-1Nb

	
Zr_hcp

	
100

	
a = 3.2324

c = 5.1472

	
1.592

	
0.8




	
Zr-1Nb_H 350

	
Zr_hcp

	
79.7

	
a = 3.2304

c = 5.1452

	
1.593

	
1.2




	
ZrH_fcc

	
20.3

	
a = 4.7786

	
–

	
2.9




	
Zr-1Nb_H 400

	
Zr_hcp

	
28.3

	
a = 3.2268

c = 5.1438

	
1.594

	
5.7




	
ZrH_fcc

	
66.9

	
a = 4.7784

	
–

	
3.3




	
ZrH_fct

	
4.8

	
a = 4.5873

c = 4.9592

	
1.081

	
3.0




	
Zr-1Nb_H450

	
Zr_hcp

	
12.1

	
a = 3.2298

c = 5.1666

	
1.599

	
–




	
ZrH_fcc

	
69.4

	
a = 4.7783

	
–

	
3.9




	
ZrH_fct

	
18.5

	
a = 4.5832

c = 4.9632

	
1.083

	
3.8




	
SiC/Zr-1Nb_H 350

	
Zr_hcp

	
100

	
a = 3.2329

c = 5.1496

	
1.593

	
0.5




	
SiC/Zr-1Nb_H 400

	
Zr_hcp

	
100

	
a = 3.2325

c = 5.1497

	
1.593

	
0.7




	
SiC/Zr-1Nb_H 450

	
Zr_hcp

	
85.5

	
a = 3.2304

c = 5.1482

	
1.594

	
0.8




	
ZrH_fcc

	
14.5

	
a = 3.2304

c = 5.1482

	
–

	
6.4
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