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Abstract

:

The effect of helium ion irradiation on the microstructure and properties of composites based on Zr/Nb nanoscale multilayer coatings (NMCs) was studied. X-ray diffraction (XRD), transmission electron microscopy (TEM), and variable-energy Doppler broadening spectroscopy (DBS) were used for the in-depth analysis of defects in the irradiated NMCs. After irradiation of the Zr/Nb NMCs with helium ions at a 1017 ion/cm2 dose, the layered structure was generally retained, but the internal stresses in the layers were increased, which caused wave-like distortion in the ion deposition zone. The Zr/Nb NMCs with an individual layer thickness of 25 nm were characterized by the smallest microstress changes, but single blisters were formed in the near-surface region. The microstructure of the Zr/Nb NMCs with a layer thickness of 100 nm exhibited relatively smaller changes upon helium ion irradiation. The prevailing positron-trapping center was the reduced-electron-density area at the interfaces before and after irradiation of the Zr/Nb NMCs regardless of the layer thickness. However, the layer thickness affected the DBS parameter profiles depending on the positron energy, which was probably due to the different localization of implanted ions within the layers or at the interfaces.






Keywords:


nanoscale multilayer coatings; helium ion irradiation; microstructure; positron annihilation; radiation defects; nanohardness












1. Introduction


The development of functional-graded materials (FGMs) is one of the prospective areas in the construction of radiation- and hydrogen-tolerant materials with advanced properties [1,2,3,4]. A high radiation tolerance of FGMs can be achieved by producing different specific dimension defects for sink creation and increasing diffusion mobility. Radiation-induced defects and associated variations in the physical and mechanical properties of FGMs have been actively studied over the past decade [5,6,7]. Multilayer functionally graded coatings with different crystalline structures are considered as potential materials with high radiation resistance, since vacancy-type defects and interstitial atoms can recombine at the interfaces [8,9,10,11,12]. Based on this, alternating metallic multilayers with different crystal structures (BCC, FCC, and HCP) can be used for creating radiation-tolerant nanoscale multilayer coatings (NMCs) [13,14,15]. Therefore, NMCs are also promising structural materials for advanced nuclear reactors and aerospace applications [16,17,18]. The formation of defects in NMCs is significantly lower than in single-layer films under identical ion irradiation conditions [19,20,21,22,23]. NMCs have shown a high resistance to helium ion irradiation [24,25], and helium bubbles are almost never observed in these systems after irradiation [26,27]. Moreover, a higher content of incoherent interfaces decreases the formation of helium bubbles in NMCs [23,28]. Nanoscale multilayer coatings based on Zr/Nb exhibit a high radiation tolerance under proton and helium ion irradiation as well as under the imitation of neutron exposure by heavy ion irradiation [1,5,6,13,14,15,29,30,31], which is crucial for fusion reactor construction materials. However, the essence and mechanism of this phenomenon has not yet been thoroughly studied. The evolution of the microstructure and mechanical properties of Zr/Nb NMCs under irradiation requires further investigation, especially with the application of positron annihilation techniques, which will provide complementary information on the defect structure of NMCs depending to the individual layer thickness and irradiation conditions [32,33,34]. Thus, the aim of the work was an experimental study of the effect of helium ion irradiation on the microstructure, defect state, and mechanical properties of Zr/Nb NMCs with different individual layer thicknesses.




2. Materials and Methods


NMCs with alternating layers of Zr and Nb were fabricated by magnetron sputtering in a special facility at the Weinberg Research Center of the National Research Tomsk University of Technology (TPU, Tomsk, Russia). A (111)-oriented single-crystal silicon substrate was fixed in the experimental chamber using an axial rotation system. The residual pressure in the chamber was 2 × 10−3 Pa. The layers were deposited in an Ar atmosphere with a working pressure of 0.3 Pa. Before deposition, the substrate was cleaned with Ar ions for 30 min at a voltage of 2.5 kV and an ion current of 2.5 mA. A series of Zr/Nb NMC samples with individual layer thicknesses of 25 nm (Zr/Nb NMCs 25/25) and 100 nm (Zr/Nb NMCs 100/100) were prepared. The total coating thickness for all samples was 1.1 ± 0.2 µm.



The NMCs were irradiated in a DC-60 heavy ion accelerator (Institute of Nuclear Physics, Kazakhstan, Almaty) with a quasi-perpendicular helium ion beam with an energy of 40 keV and a fluence of 2 × 1017 cm−2. An analysis of the impact of the implanted ions on the defect structures in the functionally graded nano-sized Zr/Nb metal multilayer systems was performed using the software package SRIM-2013 [35]. Simulations were carried out for the Zr/Nb multilayer systems with different individual layer thicknesses for the radiation conditions specified above. The total number of particles was 1.5⋅105. The threshold displacement energies were 40 eV for the Zr and 78 eV for the Nb layers [36]. According to SRIM simulations, using these parameters of helium ion irradiation, Bragg peaks in the range of 150 ± 60 nm could be obtained.



The layer-by-layer analysis of structural defects was performed by Doppler broadening spectroscopy (DBS) using a variable-energy positron beam at the JINR, DLNP in Dubna, Russia. The beam was 5 mm in diameter and had an intensity of 106 e+/sec. An energy range from 0.1 to 25 keV was used for the implanted positrons. From the monoenergetic positron implantation profile in a quasi-infinite solid, as described by the Makhovian profile [37], the average positron implantation depth was determined. The annihilation of γ radiation was detected by a GEM25P4-70 (AMETEK ORTEC, Oak Ridge, TN, USA) high-purity germanium detector with an energy resolution of 1.20 keV for the 511 keV line. The obtained DBS spectra were analyzed using the SP-11 software, which calculated the S and W parameters. The S parameter describes the annihilation of low-momentum electron–positron pairs that occurs mainly in vacancy-type defects and is determined as the ratio of the central area of the annihilation line to the total peak area. The W parameter allows the identification of the chemical environment of the annihilation site and is defined by the ratio of the area under the wings of the annihilation peak to its total area.



An Ion Slicer EM-09100IS (JEOL, Akishima, Japan) was used for thin foil preparation at an 8 kV acceleration voltage and a 1.5–4 etching angle. The microstructural investigation of the thin foils was performed with a JEM-2100F electron microscope (JEOL, Akishima, Japan). The phase composition was determined by XRD using an XRD-7000S (Shimadzu, Japan) in Bragg–Brentano geometry from 20 to 75° with a scanning rate of 5.0 deg/min [38]. A Table Top Nanoindentation System (CSM Instruments, Peseux, Switzerland) was applied to determine the nanohardness and Young’s modulus at a load of 5 mN and an exposure time of 30 s. The average of at least 20 indentations was calculated and presented.




3. Results


The concentration of helium ions and the displacement per atom (dpa) distribution calculated according to SRIM are shown in Figure 1. The ion distribution plot for the Zr/Nb NMCs 25/25 (Figure 1a) showed that the maximum concentration of implanted helium ions (~20 at.%) was at 190 ± 80 nm. Due to the different threshold displacement energies, the damage distribution plot has a sawtooth shape with a peak damage value of 6 dpa in the second and third zirconium layers at a depth of 95 and 140 nm. The maximum damage for the niobium layers was 3 dpa. For the Zr/Nb NMCs 100/100 (Figure 1b), the implantation depth was 160 ± 60 nm (~20 at.%) (first Zr layer). The damage distribution plot for the Zr/Nb NMCs 100/100 demonstrated a maximum value of ~6 dpa in the first Zr layer at a 115 nm depth.



A layer-by-layer DBS analysis of the Zr/Nb NMCs with layer thicknesses of 25 and 100 nm before and after irradiation was performed by evaluating the S and W parameters as a function of the positron energy (Figure 2).



Significant differences in the S(E) and W(E) curves were observed for the different individual layer thicknesses of the NMCs Zr/Nb. The Zr/Nb NMCs 25/25 were characterized by a sharp transition between positron annihilation in the first niobium layer (0.1 to 1 keV) and positron annihilation in the vicinity of zirconium [13]. Due to the higher positron affinity of zirconium, as well as the presence of a reduced electron density at the Zr/Nb interface, the positrons were predominantly annihilated in the zirconium vicinity near the interface [14]. At positron energies less than 3 keV, the positrons were annihilated in the vicinity of niobium for the Zr/Nb NMCs 100/100. A further increase in the positron energy led to a slight rise in the S parameter, while the W parameter decreased. In this case, the S parameter changed insignificantly in the range from 7 to 26 keV, while the W parameter showed a decreasing tendency from 12 to 26 keV.



Since both the S and W parameters depend on type and amount of the positron-trapping center, an S = f(W) plot was used to determine the cause of these changes [39]. The prevailing positron-trapping center will be similar if the experimental values of the S and W parameters for the dataset are in a straight line. In the S = f(W) plot, a change in the slope of the straight line indicates a change in the prevailing positron-trapping center.



The analysis of the S = f(W) dependence showed that the probability of positron annihilation in the silicon substrate increased when the positron energy exceeded 20 keV (Figure 3). It was also observed that in the 7–26 keV region, the W parameter was similar for both the Zr/Nb NMCs 25/25 and Zr/Nb NMCs 100/100. Meanwhile, the S parameters significantly differed. The S parameter for the Zr/Nb NMCs 25/25 in the range from 6 to 20 keV was essentially higher than that of the Zr/Nb NMCs 100/100, which was probably due to the growth of the volume fraction of the reduced electron density caused by increasing the number of interfaces. This was confirmed by the S = f(W) analysis, since the experimental values in the 7–26 keV region for both systems were in the same area.



The helium ion irradiation of Zr/Nb NMCs 25/25 did not lead to a significant rise in the S parameter in the whole range of positron energies with respect to the unirradiated material (Figure 2 and Figure 3). For the minimum positron energies up to 0.2 keV, the values of the S and W parameters before and after irradiation were practically unchanged. A maximum decrease in the S parameter for more than 5.5 % was observed at a positron energy of 1 keV. In the range from 1 to 5 keV, the S parameter value fluently increased up to the unirradiated level, and it further changed insignificantly. Variations in the W parameter in relation to the S parameter had opposite trends, which caused the experimental S = f(W) values for the Zr/Nb NMCs 25/25 before and after helium ion irradiation to not essentially differ.



The Zr/Nb NMCs 100/100 after irradiation were characterized by more significant changes in the S(E) and W(E) dependences. Major differences were observed in the region of (0.6–4) keV (S↓W↑), which was slightly less than the expected zone of ion deposition (5–7 keV e+). In the range from 5 to 25 keV, the W parameter values before and after irradiation of the Zr/Nb NMCs 100/100 were almost the same, but the S parameter was almost 2% lower than the values before irradiation, and this was similar to the Zr/Nb NMCs 25/25.



The DBS parameter profiles’ dependencies on the positron energy were substantially different, which was probably due to the particularities of the ion localization in the layer bulk and in the interface vicinity. The analysis of the S = f(W) dependence showed the preservation of one prevailing type of positron-trapping center after irradiation with helium ions in the Zr/Nb NMCs regardless of the thickness. For the Zr/Nb NMCs with individual layer thicknesses of 100 nm, the probability of positron annihilation in the bulk of the layers and at the interfaces varied significantly after irradiation.



The microstructure of the initial as-deposited samples of both studied series was described in detail in [13,14]. It was shown that structures with alternating layers of zirconium and niobium were obtained. The formed layers were characterized by clear distinguishable boundaries between the individual layers of Zr and Nb and the absence of visible defects. The thicknesses of the alternating layers were (25 ± 5) and (100 ± 20) nm for the Zr/Nb 25/25 and Zr/Nb 100/100, respectively. A more detailed study of the transverse sections of the as-deposited Zr/Nb NMCs demonstrated that in the bulk of each Zr and Nb layer, nanoscale columnar grains with a size of (10–50) nm comparable with the layer thickness were observed. The average grain sizes varied from 20 to 50 nm for the Zr/Nb NMC 100/100 samples and from 10 to 25 nm for the samples of the Zr/Nb NMCs 25/25. Incoherent interfaces between Zr and Nb layers were revealed by high-resolution TEM studies.



The microstructures of the Zr/Nb 25/25 and Zr/Nb 100/100 NMCs after irradiation with helium ions with a dose of 2 × 1017 ions/cm2 are shown in Figure 4. It can be seen that after irradiation with helium ions, all the NMCs studied were characterized by the presence of reflections from different planes of the α-Zr phase and the β-Nb phase. In addition, as a result of irradiation, there was a significant increase in the internal stresses for all the studied Zr/Nb NMCs, which was confirmed by the selected area electron diffraction (SAED) pattern (Figure 4a,b). At the same time, for a smaller thickness of individual layers (Zr/Nb 25/25 samples), the value of the internal stresses in the near-surface regions was higher. This led to wave-like distortions of the near-surface layers. In this case, for the Zr/Nb 25/25 samples, the formation of single blisters was observed. At the same time, irradiation of the Zr/Nb NMCs 100/100 with helium ions led to less-pronounced changes.



The high-resolution TEM studies showed that for all the Zr/Nb NMCs after irradiation with helium ions, the interfaces remained incoherent, there were significant internal stresses in the layers, and the presence of amorphous regions was also characteristic for the samples (Figure 4e,f). A specific feature of the regions where the maximum effect of the helium ions occurred was the presence of helium bubbles. Previously, such bubbles were observed in [40].



The X-ray diffraction analysis showed that the Zr/Nb NMCs with individual layer thicknesses of 25 and 100 nm demonstrated a strong Zr(002) and Nb(110) texture (Figure 5). It was found that there were residual stresses of a different nature in the initial coating samples, which affected the interplanar spacing (d-spacing) of the observed Zr(002) and Nb(110) diffraction peaks. Figure 5 shows the positions (blue dash-dotted lines) of the reference Zr(002) and Nb(110) diffraction peaks related to the unstressed material (data taken from the PDF4+ 2021 database; PDF cards: Zr #8-1477, Nb #34-0370) with corresponding d-spacings of 2.585 and 2.336 Å. The initial Zr/Nb coatings were characterized by a shift in the Zr (002) diffraction peak towards higher angles, corresponding to the presence of tensile lateral stresses, whereas the Nb (110) peak was characterized by a shift towards lower angles, corresponding to the presence of compressive lateral stresses. The appearance of residual stresses was associated with the different crystal structures (hcp and bcc) of Zr and Nb and a mismatch between the lattice parameters. In general, the residual stresses increased with decreasing the thickness of the individual layers due to the higher density of interfaces [31]. Obviously, the response of the Zr/Nb NMCs to helium ion irradiation depended on the interaction between the observed residual stresses and the radiation-induced distortions (defect formation) that were also observed by TEM.



Irradiation with helium ions at a dose of 2 × 1017 ions/cm2 led to a change in the residual stresses for the Zr layers depending on the individual layer thickness. For the Zr(002) 25 nm sample, a decrease in the d-spacing from 2.554 Å to 2.549 Å was observed (Figure 5a), corresponding to the increase in the tensile lateral stresses, whereas for the Zr(002) 100 nm sample, the same dose led to an increase in the d-spacing from 2.548 Å to 2.553 Å (Figure 5b), which was caused by the relaxation of the residual lateral stresses. The irradiated Nb layers showed a decrease in the d-spacing regardless of the thickness of the individual layers, which was attributed to the relaxation of the residual lateral stresses. Additionally, a change in the diffraction patterns associated with the broadening of the diffraction peaks was observed. The full width at half maxima (FWHM) value can be affected by the microstrain and the size of coherently diffracting domains attributed to the formation of radiation-induced defects as vacancy and interstitial clusters, dislocation loops, amorphization zones, etc. [41]. An increase in the FWHM was observed for the diffraction reflections of the Zr(002) 25 nm, Nb(110) 25 nm, and Zr(002) 100 nm samples. However, a decrease in the FWHM was observed for the Nb(110) 100 nm reflection (Figure 5b), indicating a decrease in the microstresses and/or an increase in the size of the coherently diffracting domains in the Nb layers. From the X-ray diffraction analysis, it can be seen that the Zr layers showed a more pronounced response to irradiation with helium ions, which was associated with a redistribution of the residual stresses and an increase in the FWHM value, both for the thickness of an individual layer of 25 nm and 100 nm.



The nanohardness was found to decrease after irradiation with helium ions in the Zr/Nb NMCs 25/25. For the Zr/Nb NMCs 100/100, there was practically no change in the nanohardness, and the results were within the acceptable error. Thus, for the Zr/Nb NMCs 100/100, the nanohardness before irradiation was 600 ± 40 HV; after irradiation, it became equal to 530 ± 30 HV. For the Zr/Nb NMCs 25/25, the nanohardness value changed as a result of irradiation from 980 ± 45 HV to 730 ± 30 HV. Irradiation with helium ions led to an increase in the elastic modulus (E) of the Zr/Nb NMCs 100/100 by 40% compared to the corresponding non-irradiated specimens. At the same time, for the Zr/Nb NMC 25/25 samples, the change in the elastic modulus was insignificant: before irradiation E = 160 ± 20 GPa, and after irradiation E = 173 ± 20 GPa.



The change in the nanohardness of the Zr/Nb system after irradiation with helium ions could have been caused by a number of reasons, including the formation of voids, the presence of amorphous regions (which can act as dislocation sinks), the formation of helium bubbles, helium interstitial insertions, and the evolution of the microstructure of the interface between the layers. In the case of the Zr/Nb NMCs 25/25, the decrease in the nanohardness was due to the partial degradation of the multilayer system caused by blister formation as a result of irradiation. The nanohardness results were well in agreement with the current understanding that the evolution of the hardness and microstructure of multilayer materials after irradiation strongly depends on the layer thickness and interface structure [40,42].



The helium ion irradiation with a dose of 1017 ion/cm2 had a specific effect on the microstructure and mechanical characteristics of the composites based on nanoscale multilayer Zr/Nb systems. Although after irradiation there was no mixing of the multilayers, and the interfaces remained incoherent, there was a significant increase in the internal stresses and the presence of amorphous regions. It was shown that the presence of high internal stresses led to wave distortions in the layers in the near-surface region. In addition, this area contained helium bubbles. The shifts of the main XRD reflections after helium ion irradiation revealed a change in the interplanar distance in the Zr and Nb layers with the appearance of mechanical stresses with different signs. These changes were more pronounced for the Zr/Nb NMCs with a thickness of individual layers of 25 nm. This system was characterized by single-blister formation in the near-surface regions and the smallest changes in the XRD diffraction pattern after irradiation. The thickness of the individual layers affected the change in the mechanical properties of the Zr/Nb NMCs. Irradiation increased the elastic modulus while having almost no impact on the nanohardness for the systems with a layer thickness of 100 nm, whereas the opposite happened for the systems with a layer thickness of 25 nm. The irradiation of the Zr/Nb NMCs with helium ions did not lead to significant increase in the S parameter nor a decrease in the W parameter regardless of the individual layer thickness above unirradiated levels. In this case, the depth distribution profiles of these parameters were significantly different, which was probably due to the peculiarities of the localization of implanted ions in the layer bulk and in the vicinity of interfaces. The prevailing positron-trapping center was maintained after helium ion irradiation in the Zr/Nb NMCs, regardless of the thickness. Additional first-principle calculations (DFT) and positron annihilation lifetime spectrometry (PALS) with positron beams are required for the detailed identification of positron-trapping centers. The data obtained confirmed the enhanced radiation tolerance of the multilayer nanoscale systems, since the interfaces acted as effective sinks for radiation-induced defects.




4. Conclusions


The microstructure and mechanical characteristics of helium-ion-irradiated composites based on nanoscale multilayer Zr/Nb coatings were studied. The following conclusions were obtained:



1. The Zr/Nb NMCs demonstrated a high radiation tolerance under helium ion irradiation up to 1017 ion/cm2. After irradiation, the interfaces remained incoherent, and amorphization took place in some regions. No significant difference in the irradiation resistance was found for the Zr/Nb coatings with individual layer thicknesses of 25 and 100 nm.



2. The irradiation with helium ions resulted in lattice distortions of the hcp Zr and bcc Nb phases, leading to the generation of internal stresses. The latter caused a wave-like morphology of the near-surface layer and corresponding helium bubble formation.



3. Generally, the nanohardness decreased while the elastic modulus increased after irradiation of the Zr/Nb NMCs.



Thin layers had a greater sink efficiency due to them having the highest number of interfaces, but the microstructure of the thick layers was more stable under irradiation up to 1017 ion/cm2. The studied nanoscale multilayer Zr/Nb systems had an enhanced radiation tolerance, making them promising as structural materials for the aerospace, hydrogen, and nuclear industries.
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Figure 1. Helium ion and damage distribution in Zr/Nb NMCs 25/25 (a) and Zr/Nb NMCs 100/100 (b) as calculated by SRIM-2013 code. 
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Figure 2. Dependence of the S (a) and W (b) parameters on the positron energy for Zr/Nb NMCs before and after helium ion irradiation. 
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Figure 3. The S = f(W) plot for Zr/Nb NMCs at different positron energies before and after helium ion irradiation. 
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Figure 4. Cross-sectional microstructure of the Zr/Nb 25/25 (a,c,e) and Zr/Nb 100/100 (b,d,f) NMCs after irradiation with helium ions with a dose of 2 × 1017 ions/cm2: bright-field images and corresponding SAED (a,b), dark-field image in (220) Nbβ reflection (indicated by arrow in (a)) (c), dark-field image in (110) Zrα reflection (indicated by arrow in (b)) (d), dark-field image in (110) Zrα reflection (indicated by arrow) (d), HR TEM images (e,f). 
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Figure 5. Dependence of the S (a) and W (b) parameter on the positron energy for Zr/Nb NMCs before and after helium ion irradiation. 
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