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Abstract

:

In this paper, comparison studies of the hydrogen effect on the structural and phase state, deformation behavior, and mechanical properties of the fine- (average grain size 4 µm) and ultrafine-grained (average element size 0.3 and 0.4 µm) Zr–1wt.%Nb (hereinafter Zr–1Nb) alloy under tension at temperatures in the range of 293–873 K were conducted. The formation of an ultrafine-grained structure is established to increase the strength characteristics of the Zr–1Nb alloy by a factor of 1.5–2 with a simultaneous reduction of its resistance to the localization of plastic deformation at the macro level and the value of deformation to failure. The presence of hydrogen in the Zr–1Nb alloy in the form of a solid solution and hydride precipitates increases its resistance to the localization of plastic deformation at the macro level if the alloy has an ultrafine-grained structure and decreases if the structure of the alloy is fine-grained. In the studied temperature range, the Zr–1Nb alloy in the ultrafine-grained state has a higher resistance to hydrogen embrittlement than the alloy in the fine-grained state.
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1. Introduction


Zirconium alloys are structural materials for core elements of nuclear power reactors due to their low neutron capture cross-section, high melting temperature, high and stable corrosion resistance in water, steam and other aggressive media, good plasticity, and high strength characteristics [1,2,3]. However, the strength characteristics of these alloys are insufficient for operation upon exposure to radiation. Studies performed in recent years in Russia and abroad have shown that the characteristics of metallic materials, including zirconium and its alloys, can be significantly improved in different ways, such as surface modification [4,5,6] or the formation of an ultrafine-grained (UFG) state [7,8]. Nowadays, all of the most widespread methods of UFG structure formation in metallic materials are based on severe plastic deformation (SPD) [9,10,11]. The use of SPD methods enables the sizes of structural elements in the material to be decreased to nanodimensional ones and, as a consequence, the strength characteristics to be increased by a factor of 1.5–2 [12,13,14,15,16,17,18].



At the same time, the rate of hydrogen absorption by metallic materials is known to be increased when the grain sizes decrease [19,20,21,22]. This fact is particularly critical for zirconium products of water-cooled nuclear power reactor cores, actively undergoing hydrogenation during operation [23,24].



Hydrogen negatively affects the plasticity of zirconium and its alloys [25]. At room temperature, this is primarily caused by the hydride formation resulting from the low solubility of hydrogen in zirconium alloys [26,27]. At elevated temperatures, hydrides can be partially or completely dissolved in zirconium and its alloys [28,29]. However, hydrogen, possessing a high diffusion mobility in metals, can be redistributed in the metal bulk under the influence of elastic stress fields, forming clusters, pores, and even hydrides in the most stressed regions, thereby increasing the probability of the brittle fracture of metals. Taking into account the foregoing, the purpose of the present work is to investigate the hydrogen effect on the deformation behavior and fracture of the UFG zirconium alloys during tension at elevated temperatures.




2. Materials and Methods


Experiments were conducted with commercial Zr–1Nb alloy (E110 grade) with the following composition (wt.%): 1Nb + Fr < 0.05 + O < 0.09; the balance is Zr.



The UFG structure of the alloy was formed by two different methods.



The first method involved pressing with the change of the deformation axis (abc-pressing method) and a gradual decrease of the temperature in the range of 973–623 K [30]. Five cycles of pressing with a pressing rate of 10−3 s−1 were performed. Each cycle included triple pressing. Deformation after single pressing was 40–50%. The total reduction eΣ of the alloy was calculated as eΣ = ln(li – 1 / li), where l is the shrinkage length and i is the number of pressing passes. After five pressing cycles, the total reduction eΣ was about 5.5.



The second method combined preliminary hydrogenation and hot plastic deformation by pressing. The hydrogenation of the fine-grained (FG) alloy to a concentration of 0.33% (hereinafter, hydrogen concentration is indicated in weight percentage) was carried out in gas media using a Gas Reaction Controller (Advanced Materials Corporation, Pittsburgh, PA, USA) equipment at a temperature of 773 K and a hydrogen pressure of 2 atm. After the hydrogenation, the billets of the FG Zr–1Nb–0.33 wt.% H alloy were homogenized in air at 853 K for 14 h. Then, the billet was cut into two parts, the first of which was used in further studies as the initial hydrogenated FG material (hereinafter, FG Zr–1Nb–0.33H alloy). The second part of this billet was subjected to single pressing to 80% at a temperature of 923 K. The obtained structure was fixed by quenching in water. The hydrogen concentration in the samples after each stage was measured by a RHEN 602 gas analyzer (LECO, Saint Joseph, MI, USA).



An electron microscopic investigation of thin foils was carried out using a JEM-2100 (JEOL, Akishima, Tokyo, Japan) transmission electron microscope. The specimens for electron microscopy were produced by jet electropolishing in an electrolyte mixture of 80 vol.% glacial acetic acid and 20 vol.% perchloric acid. The sizes of the structural elements were measured from the relevant micrographs by the secant method [31].



The volume fractions and the lattice parameters of the phases were determined with an accuracy of ±1% and 0.0001 nm, respectively, using XRD7000S diffractometer (Shimadzu, Kyoto, Japan) with a CuKα radiation source. The diffraction profiles were obtained by varying 2θ from 30° to 80° with a step scan of 0.02°. The data collection time per step was 2 s. The diffraction profiles were measured at room temperature and gradual heating to 1173 K with a rate of 6 K/min [32]. PowderCell 2.4 program (BAM, Berlin, Germany) was used to identify the diffraction pattern. The value of elastic stresses was found by the standard method of X-ray structural analysis for diffraction maximum broadening at their half-height using the Cauchy approximation [33,34]. Coherent scattering regions and lattice microdeformation may contribute to the total diffraction maximum broadening (β). In this case, the β value for the Cauchy approximation is determined from the relation:


  β =  β D  +  β ε  =  λ  D cos θ   + 4 ε  tg θ   



(1)




where βD and βε are contributions of the coherent scattering regions and lattice microdeformation, respectively, to diffraction maximum broadening, λ is the X-ray wavelength, θ is angle of the diffraction plane (hkl), D is the size of the coherent scattering regions, and ε is the lattice microdeformation.



The value of elastic stresses was judged by the magnitude of the microdistortions of the crystal lattice. In order to split the contributions from coherent-scattering regions and lattice microdistortions into the diffraction peak broadening, we used the maxima from the (101) and (103) planes. The value of elastic stresses was estimated from the value of the crystal lattice microdistortions (ε).



The presence of elastic stresses was estimated from the value of the crystal lattice microdistortion (ε) determined from the equality [33,34]: βε = 4εtgθ.



Tensile tests were performed at temperatures in the range of 293–973 K in the vacuum of 10−2 Pa with an initial strain rate of 6.9 × 10−3 s−1 using a PV-3012M machine (Scientific Research & Design Institute of Machines & Devices, Moscow, Russia) equipped with a tensometric system of load measurement with automatic recording of stress–strain flow curves in the load-time coordinates. For the tests at temperatures above room temperature, a thermocouple was attached to the specimen in the gauge length region. The desired temperature was controlled to ±1 K. Figure 1 shows the geometry of the test specimen.



Specimens were cut from billets by the electrospark method. Before testing, the specimen surfaces were subjected to mechanical grinding and chemical polishing in an electrolyte mixture containing 45 vol.% distilled water, 10 vol.% hydrofluoric acid, and 45 vol.% nitric acid. After the tensile tests, the sample surface was examined in detail with the use of a Quanta 200 3D (FEI Company, Hillsboro, OR, USA) scanning electron microscope.




3. Results


The structure of alloy in the initial FG state and state after hydrogenation is described in detail in [34,35,36]. It was shown that the investigated Zr–1Nb alloy had a polycrystalline structure with a grain size of 3–5 µm. Apart from the main α-Zr phase, this alloy contained a small amount (with total volume fraction not exceeding 3 vol.%) of β-Nb secondary phase (Figure 2). The secondary phase in the form of round-shaped particles was located in the grain volume and on the boundaries. The particle sizes varied from several dozen nanometers to several microns.



After hydrogenation according to the aforementioned regime, the grain size and precipitations of secondary phases in the obtained FG Zr–1Nb–0.33H alloy remain outwardly the same. However, the X-ray structure analysis revealed the presence of δ-ZrH hydride precipitates at room temperature in addition to the above-mentioned phases (Figure 2). The results of the in-situ X-ray observations of changes in the phase composition of the hydrogenated FG zirconium alloy during heating at a rate of 6 K/min showed (Figure 2) that the hydride precipitates are stable up to a temperature of 773 K. With the further rise in temperature, the δ-ZrH hydride transforms to γ-ZrH hydride. Simultaneously with the hydride transformation in the alloy, an increase in the volume fraction of the β-Nb phase was observed.



Figure 3 and Figure 4 show the typical electron micrographs and the corresponding electron diffraction patterns of the UFG structure of the Zr–1Nb and Zr–1Nb–0.33H alloys. Entangled deformational contrast is clearly seen in the bright-field images of the UFG structure; thus, some structure elements are poorly distinguished. The electron diffraction patterns of the structure obtained for an area of 1.4 μm2 show an appreciable number of reflections uniformly distributed over a circle (Figure 3a, Figure 4a). This is indicative of the presence of a large number of grain–subgrain structure elements in the unit volume and of their substantial misorientation. Some of the reflections exhibit azimuthal smearing, which is a consequence of high internal stresses. On the dark-field images of the structure, individual elements of the UFG grain–subgrain structure are visible (Figure 3b, Figure 4b). The average size of the grain–subgrain structure elements of the UFG Zr–1Nb alloy determined from the dark-field image was (0.3 ± 0.12) µm. The average size of elements of the UFG Zr–1Nb–0.33H alloy was slightly larger than the corresponding value for the Zr–1Nb alloy and was equal to (0.42 ± 0.18) µm.



The X-ray diffraction analysis indicated that at room temperature the UFG Zr–1Nb alloy contained only the main α-Zr (HCP) phase after pressing (Figure 3c). The UFG Zr–1Nb–0.33H alloy, conversely, had not only the main α-Zr phase after pressing but also hydride δ-ZrH precipitates (Figure 5). However, electron microscopic studies revealed that the bulk and grain boundaries of both alloys contained, in addition to the above-indicated phases, nanodimensional precipitates of the β-Nb phase (indicated by the arrows in Figure 3a, Figure 4a). In-situ observations of changes in phase composition of the studied UFG Zr–1Nb–0.33H alloy have shown that upon heating with a rate of 6 K/min the phase composition of the UFG alloy, like the FG Zr–1Nb–0.33H alloy, is qualitatively stable up to temperatures in the range of 723–773 K. With a rise in temperature above these values, we observed a δ-ZrH → γ-ZrH transformation accompanied by the simultaneous appearance of the βNb phase and gradual increase in its volume fraction (Figure 5).



Hour annealing at a temperature in the range of 573–873 K was carried out to determine the temperature interval of structural element stability for both UFG alloys. Figure 6 shows the dependence of the average size of grain–subgrain structure elements of the α-Zr phase on the annealing temperature for the UFG Zr–1Nb alloy (curve 1) and for the UFG Zr–1Nb–0.33H alloy (curve 2). It can be seen that the initial UFG structure of both alloys is stable in the temperature range of 293–723 K. However, it was found by X-ray diffraction analysis that during hour annealing in this temperature range a decrease in the internal stresses is observed. This is evidenced by a decrease in the value of internal stresses from (2–4)·10−3 to (4–2)·10−4. It should be noted that the microdeformation of the crystal lattice of the α-Zr phase in the initial Zr–1Nb alloy did not exceed 10−4. An active increase in the sizes of the elements of the grain–subgrain structure of both indicated UFG alloys is observed after annealing for an hour at a temperature of 773 K. In this case, the UFG state is preserved in both alloys. With an increase of the annealing temperature to 823 K, the average size of the grain–subgrain structure elements of both UFG alloys becomes more than 1 μm.



The typical tension curves for the UFG Zr–1Nb and Zr–1Nb–0.33H alloys (referred to as stress–strain curves below) at 293 and 873 K are shown in Figure 7 in the stress–strain coordinates. Generally, three deformation stages can be observed on the indicated curves: strain hardening (uniform deformation), steady-state deformation, and declining stress. The duration of these deformation stages depended on the alloy structural state, presence of hydrogen in the alloy, and test temperature.



At room temperature, more extended deformation stages are characteristic for the stress–strain curve of the FG Zr–1Nb alloy (Figure 7, curve 1). The value of the uniform deformation of the FG Zr–1Nb alloy is ~17% with a total deformation to failure of ~34%. Hydrogenation of the FG Zr–1Nb alloy to a concentration of 0.33 wt.% leads to a significant decrease in the duration of all deformation stages (Figure 7, curve 2). For example, the value of the uniform deformation of the FG Zr–1Nb alloy decreases from ~17% to ~5%. At the same time, the hydrogenation of the FG alloy leads to a significant increase in its strength characteristics.



The duration of all deformation stages of the Zr–1Nb alloy at room temperature also decreases with the formation of the UFG structure (Figure 7, curve 3). On the stress–strain curve of the UFG Zr–1Nb alloy, at room temperature, the short strain hardening stage is replaced by a sustained stage of declining stress, in which two regions with different rates of strain reduction can be distinguished. The value of the uniform deformation of the UFG Zr–1Nb alloy does not exceed 2%, which is eight times less compared to the FG alloy. The presence of hydrogen does not change the appearance of the stress–strain curve of the UFG alloy at room temperature, but slightly increases the duration of the strain hardening stage. In this case, the value of the uniform deformation increases almost twice (up to 3.8%) (Figure 7a, curve 4). An increase in the duration of all deformation stages of the Zr–1Nb and Zr–1Nb–0.33H alloys both in the FG and UFG states is observed with a rising test temperature (Figure 7b). In this case, the duration of the strain hardening stage for the Zr–1Nb–0.33H alloy in the UFG state at temperatures of 773 and 873 K becomes 1.5–2 times longer compared with the corresponding values for the FG state (Figure 7b).



The short stage of strain hardening at room temperature indicates the tendency of the UFG Zr–1Nb and Zr–1Nb–0.33H alloys toward strain localization at the macro level under tension. Strain localization on the macro level in the UFG Zr–1Nb alloy develops in two stages. Initially, there is a clearly pronounced neck, the formation of which coincides with the beginning of the stage of the declining strain on the strain–stress curve. Then, along with the strain development, bands of localized plastic deformation 0.2–0.3 mm wide appear one after another in the neck region at an angle of ~120° to one another (the development of such localized deformation bands is considered in detail in [37]). On the stress-strain curve, the appearance of macrobands of localized plastic deformation corresponds to an increase in the rate of the strain drop at the stage of declining stress (Figure 7a, curves 3 and 4). It should be noted that the tendency of the UFG zirconium alloy toward localized plastic deformation on the macro level at room temperature decreases in the presence of hydrogen (Figure 7a), but remains higher compared to the FG state.



An increased tendency toward localized plastic deformation of Zr–1Nb and Zr–1Nb–0.33H alloys in the UFG state (Figure 8c,d) in comparison with the FG state (Figure 8a,b) is demonstrated by the appearance of a sample fractured surface after testing at room temperature. Figure 8 shows that during tension at room temperature in the UFG samples of the Zr–1Nb and Zr–1Nb–0.33H alloys, a more pronounced neck is formed compared to the FG state.



With an increase in the test temperature, the tendency toward localized plastic deformation of Zr–1Nb and Zr–1Nb–0.33H alloys in the UFG state decreases. At a temperature of 873 K, the localization of plastic deformation of alloys in the UFG and FG states develops almost identically. This confirms the similar appearance of the destroyed samples of Zr–1Nb and Zr–1Nb–0.33H alloys in the FG and UFG states at the indicated temperature (Figure 9). At the same time, in hydrogenated samples at elevated temperatures, the mobility of hydrogen increases. As a result, hydrogen begins to accumulate in the most stressed sections of the samples, leading to the appearance of pores and cracks, and to a decrease in the strength characteristics of the hydrogenated samples in comparison with the unhydrogenated analogues.



Figure 10 shows the dependences of the values of the yield strength (σ0.2) and the deformation to failure (δ) on the test temperature of Zr–1Nb and Zr–1Nb–0.33H alloys in the FG and UFG states. In Figure 10a, it can be seen that the formation of the UFG structure in the Zr–1Nb alloy leads to an increase in strength and a decrease in plastic characteristics in the temperature range of 293–773 K, at which the UFG structure is preserved. At a temperature of 873 K, the strength and plastic properties of the Zr–1Nb alloy in the FG and UFG states are close.



However, the most interesting results were obtained during the formation of the UFG structure in the Zr–1Nb–0.33H alloy. Figure 10b shows that the UFG structure formation in the Zr–1Nb–0.33H alloy leads to an increase in the value of the deformation to failure compared to the FG hydrogenated alloy in the entire temperature range studied. At the same time, the σ0.2 values of the UFG Zr–1Nb–0.33H alloy differ slightly from the corresponding values for the FG Zr–1Nb–0.33H alloy. These results indicate a higher resistance to hydrogen embrittlement of the Zr–1Nb alloy in the UFG state in comparison with the FG state.



The higher resistance to hydrogen embrittlement of the UFG Zr–1Nb–0.33H alloy in comparison with the FG state is also evidenced by the sample fracture surface after tension at room temperature (Figure 11). Cracks are observed on the fracture surface of the Zr–1Nb–0.33H alloy in the FG state (Figure 11a). At the same time, there are no cracks on the fracture surface of the UFG Zr–1Nb–0.33H alloy, and the fracture surface has the form of a viscous dimple fracture (Figure 11b).




4. Discussion


It is known [38] that an increase in the strength characteristics of metallic materials in the UFG state obtained by SPD methods is associated not only with a decrease in grain size but also with an increase in the density of defects and the presence of nonequilibrium grain boundaries that create long-range stress fields. The presence of high internal stresses impedes the movement of dislocations, which leads to the development of cooperative deformation modes: meso- and macrobands of localized deformation [39]. On the other hand, there is an opinion [40] according to which the presence of hydrogen in the solid solutions of some metals (Nb, V, Ti, and Fe) and alloys on their base not only strengthens the solid solution but also relieves the nucleation of dislocations and increases their mobility. We can suppose that the weaker tendency to plastic deformation localization of the UFG Zr–1Nb–0.33H alloy at room temperature in comparison with the UFG Zr–1Nb alloy is connected with the easier nucleation of dislocations and the increase of their mobility in the presence of hydrogen.



It was noted above that in the process of hourly annealing at elevated temperatures a decrease in internal stresses occurs in UFG Zr–1Nb and UFG Zr–1Nb–0.33H alloys. Therefore, it can be assumed that during heating and subsequent tension at elevated temperatures a decrease in internal stresses also occurs in UFG Zr–1Nb and Zr–1Nb–0.33H alloys. This will contribute to a more active movement of dislocations, with an increase in the test temperature and, as a result, an observed decrease in the tendency of these UFG alloys toward localized plastic deformation and rise in the value of uniform deformation.



The substantially smaller effect of hydrogen on the strength and plastic characteristics of the Zr–1Nb–0.33H alloy in the UFG state as compared to the FG state is apparently associated with the small sizes of the UFG structure elements. This assumption is based on the Petch–Straw law, according to which the dependence of the breaking point (σbr) on the grain size for alloys containing hydride precipitates in the form of plates is described by the following equation [38]:


σbr = σ0 + kbr·d−1/2,



(2)




where kbr = [6γG/(1−μ)]−1/2; G–shear modulus; γ–surface energy; μ–Poisson’s ratio; and d–grain size.



From Equation (2), it follows that with a decreasing grain size, the value of σbr increases with the indicated form of hydride precipitates. If hydride particles are located along grain boundaries, then, as shown in [41], for the same grain the size and hydride amount, σbr initially increases with a growth in the relative fraction (approximately 0.2−0.3) of the length of the boundaries containing hydrides, and then decreases. Hence, with a decrease in the grain size and the same size of hydride precipitates, the maximum value of σbr is achieved with a larger length of boundaries containing hydrides, i.e., with more hydrides. Consequently, the transition of UFG alloys to brittle fracture can occur with large values of σbr compared to FG alloys, both in the case of plate hydride precipitates in the grain bulk and in the case of their precipitation in the form of particles at grain boundaries.




5. Conclusions


This work is devoted to the investigation of the hydrogen effect on the deformation behavior and fracture of UFG zirconium alloys during tension at elevated temperatures. The main conclusions are the following:



(1) The formation of an ultrafine-grained structure in the Zr–1Nb alloy by methods of severe plastic deformation leads to a significant (by 1.5–2 times) increase in its values of tensile strength and yield strength, while raising the tendency to localize plastic deformation and reducing the deformation to failure.



(2) The hydrogenation of the fine-grained Zr–1Nb alloy to a concentration of 0.33 wt.% increases its tensile and yield strengths by a factor of 1.5–2.5, while the deformation to failure decreases by a factor of 2–3.5. The presence of hydrogen in the ultrafine-gained Zr–1Nb alloy up to a concentration of 0.33 wt.% practically does not affect its strength and plastic characteristics.



(3) The formation of an ultrafine-grained state in the Zr–1Nb alloy using methods of severe plastic deformation increases its resistance to hydrogen embrittlement.



(4) In the studied temperature range, the resistance to hydrogen embrittlement of the Zr–1Nb alloy in the UFG state is higher than in the FG state.
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Figure 1. The geometry of the tensile-tested specimens. 
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Figure 2. Parts of the diffraction pattern of the FG Zr–1Nb–0.33H alloy upon heating to 1173 K. 
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Figure 3. Microstructures [(a) is the bright-field image and (b) is the dark-field image in (002)α-Zr reflection] and (c) parts of the diffraction pattern of the UFG Zr–1Nb alloy after pressing, with the change of the deformation axis and a gradual temperature decrease. 
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Figure 4. Microstructures of the UFG Zr–1Nb–0.33H alloy after pressing: (a) is the bright-field image and (b) is the dark-field image in (002)α-Zr reflection. 
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Figure 5. Parts of the diffraction pattern of the UFG Zr–1Nb–0.33H alloy upon heating to 1173 K. 
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Figure 6. Temperature dependence of the change in the average grain size of the UFG structure of the zirconium alloys. 
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Figure 7. Stress–strain curves at (a) 293 K and (b) 873 K for the FG and UFG Zr–1Nb and Zr–1Nb–0.33H alloys. 
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Figure 8. Fracture area of samples of the (a) FG Zr–1Nb, (b) FG Zr–1Nb–0.33H, (c) UFG Zr–1Nb, and (d) UFG Zr–1Nb–0.33H alloys after tension at temperatures of 293 K. 






Figure 8. Fracture area of samples of the (a) FG Zr–1Nb, (b) FG Zr–1Nb–0.33H, (c) UFG Zr–1Nb, and (d) UFG Zr–1Nb–0.33H alloys after tension at temperatures of 293 K.
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Figure 9. Fracture area of samples of the (a) FG Zr–1Nb, (b) FG Zr–1Nb–0.33H, (c) UFG Zr–1Nb, and (d) UFG Zr–1Nb–0.33H alloys after tension at 873 K. 
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Figure 10. Dependences of the yield strength (σ0.2) and the deformation to failure (δ) on the test temperature for the (a) Zr–1Nb and (b) Zr–1Nb–0.33H alloys in the FG and UFG states. 
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Figure 11. Fracture surface of the Zr–1Nb–0.33H alloy samples after tension at room temperature: (a) FG state and (b) UFG states. 
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