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Post-irradiation annealing of neutron-irradiated reactor pressure vessel steels is a matter of both technical and scientific interest. Small-angle neutron scattering (SANS), while being sensitive to nm-sized irradiation-induced solute-atom clusters, provides macroscopically representative and statistically reliable measures of cluster volume fraction, number density and size. In the present study, SANS was applied to uncover the size distribution of clusters in as-irradiated samples of a VVER-1000 weld and their gradual dissolution as function of the post-irradiation annealing temperature. The same samples were used to measure Vickers hardness. The results are consistent with Mn-Ni-Si-rich clusters of less than 2 nm radius to be the dominant source of both scattering and hardening. Annealing gave rise to small but significant partial recovery at 350°C and almost complete recovery at 475°C. The dispersed-barrier hardening model was applied to bridge the gap between the characteristics of nano-features and macro-hardness.
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1 INTRODUCTION
Neutron irradiation of the belt line region of the reactor pressure vessel (RPV) gives rise to a progressing shift of the brittle—ductile transition temperature (so-called neutron embrittlement) of the RPV material (Brumovsky, 2015; Soneda, 2015; Tomimatsu et al., 2015). For safety reasons, this effect limits the lifetime of the RPV and, as the RPV is practically irreplaceable, the operation of the whole reactor unit. Post-irradiation recovery annealing of the RPV material is a way to reverse or mitigate embrittlement. There is considerable interest in the post-irradiation annealing behavior of RPV steels and welds for several reasons. First, insight into the annealing behavior contributes to a better understanding of the irradiation-induced nanostructure, in particular with respect to the thermal stability of different populations of irradiation-induced nanofeatures. Such kind of studies may advantageously be accompanied by computer simulations (Chiapetto et al., 2015; Ke et al., 2017; Konstantinović et al., 2019). Second, large-scale annealing treatments of the RPV belt line region (Pelli and Törrönen, 1998; Brumovsky, 2015; Server and Nanstad, 2015) of operating nuclear power plants have been carried out to date or are envisaged in order to mitigate embrittlement and extend the duration of safe reactor operation. This kind of benefit is based on a partial or complete recovery of both the as-irradiated nanostructure and the mechanical properties of the RPV material. In this context, studies of the annealing behavior formed the basis to identify optimum post-irradiation annealing regimes in terms of temperature and time (Popp et al., 1989) (e.g., 475°C/152 h for VVER-440 reactors) or to demonstrate the success of realized high-temperature dry annealings (Pelli and Törrönen, 1998; Viehrig et al., 2009). Alternatively, less demanding and more cost-efficient procedures such as low-temperature (e.g., 343°C) wet annealing within the RPV design limits (Pelli and Törrönen, 1998; Krasikov, 2012) might give rise to partial recovery possibly allowing for some limited but worthwhile lifetime extension. The actual benefit of wet annealing in particular cases is under discussion.
Along with the characterization of the mechanical properties (Pachur, 1982; Kryukov et al., 1998; Laot et al., 2022), several methods with nm-scale sensitivity have been applied to uncover the post-irradiation annealing behavior of RPV steels and welds in terms of nanostructure. These include positron annihilation spectroscopy (PAS) (Brauer et al., 1991), transmission electron microscopy (TEM) (Gurovich et al., 2013), small-angle neutron scattering (SANS) (Ulbricht et al., 2006) including in situ SANS (Boothby et al., 2015), atom probe tomography (APT) (Pareige et al., 1997; Miller et al., 2009; Styman et al., 2015), Auger electron spectroscopy (AES) (Gurovich et al., 2013), Mössbauer spectroscopy (Slugeǹ et al., 1999) and electrical resistivity (Ilola et al., 2002). APT is distinguished by the capability to provide the local composition of both nm-scale solute atom clusters and the surrounding matrix as well as size and number density of clusters. Segregations on dislocations and grain boundaries can also be characterized. SANS allows the macroscopically representative (probed volume of the order of 50 mm3) and statistically reliable (number of recorded scattering events of the order of 106) determination of the size distribution of nm-scale clusters. For ferromagnetic materials, the separation of magnetic (interaction of neutrons with the magnetic moments of the atoms) and nuclear (interaction of the neutrons with the nuclei) scattering yields additional information on the dominant type of clusters. TEM provides information on irradiation-induced dislocation loops, which cannot be routinely detected by APT and SANS.
For RPV steels with a high level of impurity Cu, coherent body-centered cubic (bcc) Cu-rich clusters were found to be the dominant irradiation-induced nanofeatures (Odette, 1983). These clusters were demonstrated to partly dissolve and partly transform into thermodynamically stable precipitates upon post-irradiation annealing (Pareige et al., 2005; Ulbricht et al., 2007). The latter remove Cu from the matrix and, therefore, may give rise to slower hardening and embrittlement upon reirradiation as compared to the original irradiation. For low-Cu (<0.1 wt%) RPV steels, model alloys and welds, Mn-Ni-Si-rich clusters have been identified to be the irradiation-induced nanofeatures that dominate hardening (Auger et al., 1994; Miller et al., 2006; Styman et al., 2015). Controversial views about the Fe fraction (ranging from 6% to 80%) and the dominant mechanism of formation (radiation-induced segregation versus radiation-enhanced diffusion) of this kind of clusters have been reported (Meslin et al., 2010; Edmondson et al., 2017; Ke et al., 2017; Castin et al., 2020; Belkacemi et al., 2021). Mn-Ni-Si-rich clusters were also reported to either dissolve upon annealing (Miller et al., 2009) or, at least after irradiation to high fluences, to evolve into stable intermetallic phases (Sprouster et al., 2016; Edmondson et al., 2017). For both Cu-rich clusters in high-Cu RPV steels and Mn-Ni-Si-rich clusters in low-Cu RPV steels, the factors deciding over cluster dissolution or transformation into stable phases upon irradiation and post-irradiation annealing have not yet been clarified.
Irradiation-induced dislocation loops (Kočík et al., 2002; Gurovich et al., 2013), sub-nm vacancy clusters (Kočík et al., 2002), nanovoids (at least after irradiation to high fluences) (Bergner et al., 2015) and segregations of P, Ni, and Si to pre-existing line dislocations and grain boundaries (Miller et al., 2009) were reported to contribute to hardening and embrittlement independently of the impurity Cu level. Some of these nanofeatures are unspecifically classified as unstable matrix defects (UMD), that means, they dissolve at annealing temperatures corresponding to or slightly higher than the respective irradiation temperature (Odette and Lucas, 1998). Others may be stable at least up to essentially higher annealing temperatures. It is important to note that segregation of Mn, Ni and Si to dislocation loops plays a role in the mechanism of formation of Mn-Ni-Si-rich clusters (Messina et al., 2020; Belkacemi et al., 2021). Therefore, the distinction of loops and clusters may be subject to some ambiguity. Moreover, P was also reported to be enriched in Mn-Ni-Si-rich clusters (Miller et al., 2009). However, the effect is limited by the available amount of P and will be neglected below.
While numerous nanostructure studies of neutron-irradiated RPV steels and welds, occasionally including a single post-irradiation annealing treatment, were reported (see references above and references cited therein), nanostructure studies covering systematic variations of the post-irradiation annealing temperature over a wide range are relatively scarce and already represent an added value per se (Brauer and Popp, 1987; Brauer et al., 1991; Slugeǹ et al., 1999; Ilola et al., 2002; Ulbricht et al., 2006; Boothby et al., 2015; Toyama et al., 2020). In these studies, post-irradiation annealings of equal duration (isochronal annealing) are typically conducted at stepwise increasing temperatures from irradiation temperature or slightly above up to the highest temperature of interest (Pachur, 1982). Other temperature—time regimes are also possible, e.g., isothermal annealings with the annealing time varied (Pachur, 1982). Depending on both the availability of as-irradiated material and the type of experiment, either the same sample is exposed to all temperatures with experiments inserted after each individual annealing or a set of samples is exposed to different temperatures, one sample per temperature, with the set of experiments done afterwards in one block. These procedures make a difference with respect to both the temperature—time regime experienced by the samples and the sample volumes probed in the experiments, which has to be taken into account for the interpretation of the results.
The study reported here was focused on the post-irradiation annealing behavior of a low-Cu VVER-1000 weld material with the Russian designation SV10KhGNMAA (Kuleshova et al., 2002; Brumovsky, 2015). Samples of as-irradiated material were exposed to isochronal annealings of 10 h duration at temperatures between 350°C and 475°C, one sample per temperature. SANS experiments supplemented by Vickers hardness testing were carried out for each of these samples as well as the as-irradiated and unirradiated reference samples. The key objective was a deeper understanding of the thermal stability of the reported Mn-Ni-Si-rich clusters. SANS is distinguished from other methods with nanostructure sensitivity for revealing statistically reliable and macroscopically representative (probed volume of approximately 50 mm3) characteristics of the irradiation-induced solute atom clusters. The discussion will start from the as-irradiated nanostructure taking into account results reported for the same type of as-irradiated weld materials studied by complementary techniques such as TEM (Gurovich et al., 2013) and APT (Miller et al., 2009). A consistent discussion of the annealing kinetics revealed by SANS will then be given and compared with Vickers hardness measurements. Finally, the studied VVER-1000 weld material will be compared with other RPV materials with respect to their post-irradiation annealing behavior.
2 EXPERIMENTS
2.1 Material
The material is a SV10KhGNMAA-type weld as utilized in VVER-1000 reactors. Unirradiated samples representative of unit 1 of the South-Ukrainian Nuclear Power Plant were provided in the 1980s by VNIIAES. The composition of the weld is specified in Table 1. The submerged-arc weld was post-weld heat treated at 610°C—620°C for 5 h, furnace cooled to 400°C and then air cooled (Kuleshova et al., 2002). Yield stress Rp0.2 and Vickers hardness HV10 are 595 MPa and 206 ± 7, respectively.
TABLE 1 | Composition of the investigated weld in wt% (rest Fe).
[image: Table 1]An inverse pole figure map (IPF-Z) obtained by electron backscatter diffraction (EBSD) is shown in Figure 1 to represent the microstructure of the weld. The color key is given as inset. The mean grain size (equivalent circle diameter from averaged grain area) was measured to be 2.5 µm. The grains are elongated with an average grain aspect ratio of 2.4.
[image: Figure 1]FIGURE 1 | Microstructure of the as-received weld in terms of an inverse pole figure map (IPF-Z) obtained by EBSD.
2.2 Irradiation and annealing
Specimens of size 10 × 10 × 55 mm3 were irradiated in the near-core high-flux channels of the VVER-2 prototype reactor at Rheinsberg. The irradiation temperature was (255 ± 5)°C. The neutron flux was in the range 2.8–5.4 × 1012 cm−2·s−1 (E > 0.5 MeV). The mean neutron fluence received by the studied samples was estimated to be 65.1 × 1018 cm−2 (E > 0.5 MeV), which corresponds to a neutron exposure of 0.065 dpa (displacements per atom). A number of small samples of size 10 × 10 × 1 mm3 were cut from unirradiated and as-irradiated bars, more exactly from broken halves of the Charpy-type samples tested before. Part of the small as-irradiated samples was exposed to annealing treatments in Argon atmosphere followed by furnace cooling. The annealing temperatures of the individual samples later characterized by means of SANS were chosen to be 350, 400, 425, 450°C, and 475°C, one sample per temperature. The annealing time was 10 h.
2.3 Methods
The SANS experiment was conducted at the beamline D11 of ILL Grenoble using a neutron wavelength of 0.5 nm (wavelength spread of 10%), a beam diameter of 7 mm and two sample—detector distances of 1.1 m and 5 m. During the measurements a saturation magnetic field of 1.4 T oriented perpendicular to the neutron beam was applied to the samples. Absolute calibration was done using a water standard. The ILL software routines were applied to separate magnetic and nuclear scattering cross sections [image: image]; [image: image] from the total cross sections as functions of the momentum transfer vector (also referred to as scattering vector) Q (Lindner et al., 1992). The size distribution of scatterers was calculated by solving the inverse problem for the measured magnetic difference scattering curves (the scattering curve of the unirradiated condition taken as reference) using the indirect Fourier transform method (Glatter, 1980). Non-magnetic scatterers randomly dispersed in the ferromagnetic matrix were assumed as an approximation. Mean size, number density and volume fraction of scatterers were estimated supposing spherical shape. Finally, the ratio of magnetic and nuclear scattering was calculated in terms of the so-called A-ratio (Frisius and Buenemann, 1979), A = 1 + M/N, where M and N are the measured magnetic and nuclear difference scattering cross sections, respectively, both integrated over the relevant range of Q.
After completion of the SANS experiment, the Vickers hardness (load 98.1 N) was measured using the same samples. Average values and standard deviations were calculated from 10 hardness tests for each sample. It is important to note that the volumes probed by means of SANS and Vickers hardness testing are both macroscopic and roughly coincide.
3 RESULTS
The scattering cross sections measured for the unirradiated reference sample and the as-irradiated sample are plotted in Figure 2 as functions of the scattering vector Q. The total scattering cross sections (upper plot) as well as the separated nuclear (center plot) and magnetic (lower plot) cross sections are covered. The cross sections measured for the post-irradiation annealed sample (475°C) are also included. It is worth noting that 475°C corresponds to the temperature of large-scale dry annealings performed for VVER-440 type reactors. Figure 2 shows that there is a pronounced irradiation-induced increase of the scattering cross sections in the Q-range 0.8—3 nm−1. At Q-values below 0.8 nm−1, the cross sections of the unirradiated and as-irradiated conditions coincide for both nuclear and magnetic scattering. The observed behavior indicates the formation of irradiation-induced nanofeatures giving rise to additional small angle scattering. We will come back to the characteristics of these nanofeatures later below. Figure 2 also shows that the post-irradiation annealing treatment at 475°C results in an almost complete recovery of the scattering cross sections of the unirradiated reference. This indicates that the nanofeatures responsible for the irradiation-induced increase of the measured scattering cross sections essentially disappeared as a result of the annealing.
[image: Figure 2]FIGURE 2 | Measured total (upper plot), nuclear (center plot) and magnetic (lower plot) scattering cross sections for the unirradiated reference, the as-irradiated condition and the post-irradiation annealed condition (475°C) of the weld material.
The scattering curves measured for the isochronal (10 h) post-irradiation annealed samples, one sample for each temperature, are shown in Figure 3 in the same format as used for Figure 2 above. The unirradiated reference and the as-irradiated condition from Figure 2 are included as lines for comparison. Our major finding is a gradual recovery of the irradiation-induced increase of the scattering cross sections at increasing annealing temperature. Minor deviations of the scattering cross sections observed in the Q-range below 0.8 nm−1 are interpreted as the consequence of the typical heterogeneity of multi-layer welds and the resulting sample-to-sample scatter. This kind of scatter is neglected in the further analysis, but may contribute to the experimental error of the calculated percentage of recovery.
[image: Figure 3]FIGURE 3 | Measured total (upper plot), nuclear (center plot) and magnetic (lower plot) scattering cross sections for the post-irradiation annealed conditions (350°C–450°C) of the weld material. For comparison, the unirradiated and as-irradiated conditions are reproduced from Figure 2 as lines.
In order to derive the characteristics of irradiation-induced scatterers or scatterers remaining after the post-irradiation annealings, we have taken the difference between the respective magnetic scattering curves and the unirradiated reference. These magnetic difference scattering curves are summarized in Figure 4. Error bars obtained from the application of the standard software (Lindner et al., 1992) are given. The lines in Figure 4 represent the Fourier counterparts of the size distributions of scatterers approximated as cubic splines, the coefficients of which were determined by way of fitting according to (Glatter, 1980) as described in Section 2.3. The good fit between lines and symbols indicates the correctness of the calculated size distributions of irradiation-induced scatterers or those remaining after annealing.
[image: Figure 4]FIGURE 4 | Measured magnetic difference scattering cross sections for the as-irradiated and post-irradiation annealed conditions of the weld material with the unirradiated condition subtracted. The lines are the fitted Fourier counterparts of the size distributions.
The size distributions of scatterers are summarized in Figure 5 in terms of volume fraction per size increment. It is important to repeat that these size distributions were calculated under the assumption of non-magnetic scatterers in a ferromagnetic matrix. In the case that the scatterers bear a non-zero magnetic moment, the magnetic scattering contrast between scatterer and matrix is correspondingly reduced and the reconstructed volume fractions would be higher than those given in Figure 5.
[image: Figure 5]FIGURE 5 | Size distribution of the irradiation-induced scatterers in terms of volume fraction per size increment for the as-irradiated condition of the weld and size distributions of the remaining scatterers after post-irradiation annealing. For the three highest annealing temperatures see inset.
We have found that the size distributions are essentially monomodal except for the three highest annealing temperatures, for which the size distribution extends to slightly larger sizes and a bimodality seems to emerge, though at very low volume fractions. A more quantitative description of the characteristics of the irradiation-induced scatterers is based on the total volume fraction of scatterers, the total number density, the mean size and the averaged A-ratio. These quantities are listed in Table 2 for the as-irradiated and post-irradiation annealed conditions. The error ranges represent the uncertainty of the fit procedure and the effect of the lower detection limit (0.5 nm in terms of radius) of SANS. The measured changes of Vickers hardness numbers (or equivalently Vickers hardness in units of kgf/mm2) as compared to the unirradiated condition are also included in Table 2. The results indicate that both the total volume fraction and the total number density of irradiation-induced scatterers remaining after annealing as well as the changes of Vickers hardness monotonically decrease as function of the annealing temperature. There is a weak tendency of the mean size of scatterers to increase. The A-ratio tends to decrease up to 425°C.
TABLE 2 | Total volume fraction, total number density, mean radius and A-Ratio of the irradiation-induced scatterers as well as increase of the Vickers hardness ΔHV10 obtained for as-irradiated and post-irradiation annealed samples of VVER-1000 weld.
[image: Table 2]4 DISCUSSION
The A-ratio is a one-parameter indicator of the dominant type of scatterers. However, it is not possible to identify the composition of scatterers in complex alloys, such as RPV steels, from the A-ratio alone. Therefore, we refer to published results obtained by complementary methods for the same kind of VVER-1000 type weld. An APT study (Miller et al., 2009) indicated irradiation-induced Mn-Ni-Si-rich clusters of radii below 1 nm for a weld irradiated at 290°C up to a similar neutron fluence (65 × 1018 cm-2). A TEM study (Gurovich et al., 2013), same temperature and fluence as above, revealed two types of nanofeatures, namely, dislocation loops of diameter 5—6 nm and spherical nanofeatures of diameter 3—4 nm. Taking into account method-related uncertainties of measures of size, there is no doubt that the spherical nanofeatures of the reported TEM study and the scatterers detected here by means of SANS can be identified as the Mn-Ni-Si-rich clusters observed in the reported APT study. Dislocation loops can also be assumed to be present but do not give rise to measurable SANS intensities (Bergner et al., 2008).
It is straightforward to cross-check the measured A-ratios against the reported composition of the Mn-Ni-Si-rich clusters. Assuming solute-atom clusters containing Mn, Ni, and Si (rest Fe) fully coherent with the bcc Fe matrix and using magnetic moments of Fe and Ni in the clusters consistent with the bulk magnetic moments of Fe and Ni, respectively, a theoretical A-ratio can be calculated according to (Mathon et al., 1997)
[image: image]
where nX is the concentration of element X in the clusters and the coefficients in the numerator and denominator are the nuclear and magnetic scattering lengths, respectively, both in units of fm. It is important to note that the A-ratio according to Eq. 1 is invariant against changes of the Fe fraction in the clusters at constant ratios of the contributing alloying elements. Moreover, Mn is the one and only element in the considered system that exhibits a negative nuclear scattering length. Therefore, Mn is capable of reducing the A-ratio to below the value for nanovoids, that is below A = 1 + (6.0/9.45)2 = 1.4. In order to further illustrate the effect of the cluster composition on the A-ratio, Eq. 1 is plotted in Figure 6 starting from the cluster composition reported for as-irradiated VVER-1000 weld, Mn:Ni:Si = 15:50:24 (Miller et al., 2009). In these plots, the fractions of either Mn or Ni or Si are varied, while the fractions of the other two elements are adjusted such that their reported ratios are kept constant. Figure 6 indicates that a high Mn fraction reduces the A-ratio and a high Ni fraction raises the A-ratio up to values > 10, while Si gives rise to minor variations. The indication line “A = 3.6” in Figure 6 corresponds to the reported cluster composition.
[image: Figure 6]FIGURE 6 | A-ratio as function of the composition of Mn-Ni-Si-rich clusters. Reference is the cluster composition reported for as-irradiated VVER-1000 weld obeying a ratio Mn:Ni:Si = 0.15:0.50:0.24 (Miller et al., 2009). The curves correspond to the individual variation of Mn, Ni, and Si as indicated. The reported Fe-fraction of 0.11 and the ratio of the remaining two elements were kept constant.
The calculated A-ratios are listed in Table 3 for selected cluster compositions. We have found that the reported mean composition (see lowest line in Table 3) for the as-irradiated VVER-1000 weld yields a higher A-ratio of 3.6 as compared to the measured value of 2.6. On the one hand, an assumed increase of the Mn content with a corresponding reduction of the Ni content (second line in Table 3), both within the reported experimental error bars (Miller et al., 2009), reproduces the measured A-ratio. On the other hand, the reported Mn content of the weld according to (Miller et al., 2009) (0.77 wt% as compared to 1.14 wt% in the present study) may be responsible for a lower Mn content in the clusters and a correspondingly higher A-ratio without the need to refer to error bars. It can be concluded that the A-ratio measured for the irradiation-induced scatterers is consistent with the reported cluster composition of Mn-Ni-Si-rich clusters. If not otherwise stated, we replace the unspecific term “scatterers” by the more specific term Mn-Ni-Si-rich clusters below.
TABLE 3 | A-ratios calculated for selected compositions of Mn-Ni-Si-rich clusters (rest Fe).
[image: Table 3]Considering the evolution of the measured A-ratio resulting from the annealings, we have observed a decrease at increasing annealing temperature (Table 2). This may be due to the stepwise removal of Ni (and Si) atoms from the clusters while keeping the Mn atoms inside. The value A = 1.7 measured for the sample annealed at 350°C would be consistent with clusters composed of Mn, Ni and Si at the ratio 35:30:24 (third line in Table 3) or 35:35:0 (fourth line), for example. It is worth noting that there is a field of different Ni:Si-ratios yielding the same A-ratio, hence the Ni:Si-ratio cannot be derived from the A-ratio alone. Finally, the value A = 1.2 measured for annealing temperatures of 425°C and 450°C would be consistent with almost pure Mn clusters (fifth line). Indeed, there is no other option to reach such a small value. Taking into account that the coefficient of diffusion of Mn in Fe at 450°C is higher than the coefficients of Ni and Si (Messina et al., 2020), our observation indicates a deeper binding of Mn atoms in the clusters.
Post-irradiation annealed (450°C/2 h and 450°C/10 h) samples of VVER-1000 weld were also studied by means of APT (Miller et al., 2009). The reported APT maps indicate few Mn-Ni-Si-rich clusters after 2 h annealing (compositions were not reported), but almost no clusters after 10 h annealing. In one instance, there seems to be a Mn enrichment at a position without Ni- and Si-enrichments. Another reported piece of information of relevance here is related to the average radial concentration profiles of Mn, Ni, and Si in the clusters for the as-irradiated weld (Miller et al., 2009). These profiles indicate that Mn is most concentrated in the cluster cores, while Ni and Si concentrations are highest in the outer shell of the clusters. It is thus reasonable to assume that, upon annealing, Ni and Si leave the clusters first, while Mn remains bound in the clusters longest. This scenario would be consistent with the evolution of the A-ratio observed in the present study. It is interesting to note that APT results reported for a western-type weld (Ringhals unit 3) indicated that annealing at 450°C/30 min did not significantly alter the population of Mn-Ni-Si-rich clusters, while additional annealing at 500°C/10 min reduced the volume fraction of clusters by 50% (Styman et al., 2015). These authors also concluded that the dissolution was led by diffusion of Mn atoms away from the clusters. The reported observations partly differ from the present findings. Obviously, the annealing response depends on the material, irradiation conditions and annealing procedure.
One of the impactful properties of the observed nanoscale Mn-Ni-Si-rich clusters is their capability to act as obstacles for dislocation slip and, consequently, to efficiently harden the material. The dispersed-barrier hardening model (Seeger, 1958) is applied below to estimate the obstacle strength α of the clusters according to
[image: image]
where Δσy is the increase of the yield stress with respect to the unirradiated reference. M, G and b are the Taylor factor (here 3.06), shear modulus (here 82.2 GPa) and the magnitude of the Burgers vector (here 0.248 nm). N and d = 2R are the number density and the diameter of the clusters according to Table 2. It is important to note that a possible contribution of loops is ignored in Eq. 2, which exclusively takes into account Mn-Ni-Si-rich clusters. We will justify this assumption later in the discussion. As an approximation, a conversion from the change of the Vickers hardness number (which corresponds to the Vickers hardness in units of kgf/mm2) to the change of yield stress in units of MPa was applied in order to link Eq. 2 with the measured changes of Vickers hardness ΔHV10. The conversion factor β was reported to be 3.27 (Tabor, 1956). More recently Busby et al. (Busby et al., 2005) reported a theoretical value of 3.55 and an empirical estimate of 3.06 ± 0.15 for ferritic steels including RPV steels. In the present study, we have used an own, perhaps more representative estimate, namely, β = 3.29 ± 0.11, based on the own HZDR database covering measured values of Vickers hardness HV10 and yield stress for neutron-irradiated RPV steels (including the VVER-1000 weld of the present study), see inset in Figure 7.
[image: Figure 7]FIGURE 7 | Increase of the Vickers hardness measured for the as-irradiated (full circle) and post-irradiation annealed (empty circles) conditions of VVER-1000 weld compared with the predictions based on Eq. 2. The inset indicates the conversion factor between changes of HV10 and yield stress.
A plot of the measured Vickers hardness increase versus the term [image: image] is shown in Figure 7 for the as-irradiated weld and the three post-irradiation annealed conditions, for which reasonable measures of N are available (see Table 2). According to Eq. 2, the slope of the fitted straight line is an estimate of the obstacle strength, for which we have found α = 0.066 ± 0.006.
The statistical error of α does not include any bias due to possible non-zero average magnetic moments of the clusters and underestimations of the number densities resulting therefrom. It is worth noting that the changing composition of the clusters upon post-irradiation annealing, as indicated by the changing A-ratio of SANS, does not seem to substantially alter the obstacle strength. As indicated by the ranking of obstacle strengths obtained in the same framework of Eq. 2 for different families of irradiation-induced defects according to Table 4, this value corresponds to relatively weak shearable obstacles. It is interesting to note that the ranking of obstacle strengths is reasonable with respect to the type of obstacles. Indeed, Cr-rich α′-phase particles in Fe-Cr alloys are fully coherent with the matrix and exhibit a small α–α′ lattice mismatch (Korzavyi et al., 2009). They can be easily cut by dislocations. Cu-rich precipitates in RPV steels are known to be still coherent with the bcc matrix at small sizes but exhibit significant lattice distortion (Osetsky and Serra, 1996), which interacts with dislocations and gives rise to a higher obstacle strength. Mn-Ni-Si-rich clusters are obviously between these cases.
TABLE 4 | Ranking of different families of irradiation-induced obstacles with respect to their obstacle strength empirically estimated in the framework of Eq. 2. Values refer to RPV steels and welds if not otherwise stated. The errors were derived from linear regressions.
[image: Table 4]Coming back to a possible hardening contribution of irradiation-induced dislocation loops, there are two substantial counter-arguments:
• First, the number densities of loops are reported to be much smaller than the number densities of clusters in RPV steels. For a VVER-1000 weld irradiated up to a similar neutron fluence, number density and diameter of loops were reported to be approximately 1.5 × 1016 cm−3 and 5.5 nm, respectively (Gurovich et al., 2013), that means, two to three orders of magnitude less in terms of number density as compared to the clusters in the as-irradiated weld of the present study. Taking into account the slightly larger size and larger obstacle strength of loops, the hardening contribution of loops is still only a small fraction of the contribution of clusters. This is even more pronounced for Pythagorean superposition of two contributions, the result of which is close to the larger one of the two contributions.
• Second, it is well accepted that loops in RPV steels are associated with clusters (Chiapetto et al., 2015; Castin et al., 2020). Undecorated loops can glide until getting bound to solute atoms or clusters (Castin et al., 2020). This process impedes further glide and loop growth. APT-based experimental evidence of a cluster linked with a loop (Wagner, 2017) is indicated in Figure 8. It is, therefore, unreasonable to consider loops as independent obstacles, as long as the clusters are already fully taken into account.
[image: Figure 8]FIGURE 8 | Loop decorated with solute atoms as revealed by an APT study of a neutron-irradiated RPV steel, reproduced with permission from (Wagner, 2017).
Another important property of the Mn-Ni-Si-rich clusters is their thermal stability. We have found that, depending on the temperature of annealing, the clusters progressively disappear, which may be the case by way of dilution or shrinkage. Table 2 indicates no decrease of the cluster size at increasing annealing temperature, meaning that a substantial contribution of shrinkage can be ruled out. The process of dissolution is certainly a complex multi-step process covering elementary steps such as vacancy migration, interstitial migration and solute—defect interactions. Some of these processes may be thermally activated. Figure 9 shows an Arrhenius plot of the fraction of dissolved clusters as function of the inverse absolute temperature of annealing. The results for the VVER-1000 weld of the present study (empty red circles) are compared with results reported for a western-type RPV steel (0.15 wt% Cu, 1.42 wt% Mn, 0.73 wt% Ni) irradiated and annealed under the same conditions (full black circles) (Ulbricht et al., 2006). A unique elementary process characterized by an activation energy of EA = (1.22 ± 0.05) eV can be attributed to the latter. This is consistent with the assumption of vacancy migration with a migration energy Em = 1.3 eV (Hardouin Duparc et al., 2002) controlling the rate of dissolution. The present data are not consistent with vacancy migration being the rate controlling step of cluster dissolution in the whole range of annealing temperatures. Either the activation energy is significantly smaller than 1.3 eV or there is a change of the rate-controlling step inside the considered temperature range. This view is consistent with vacancy-assisted migration being the dominant mechanism of Cu diffusion in Cu-rich RPV steels, while for Mn, Ni, and Si, interstitial-assisted migration is dominant (Mn) or at least contributes (Ni and Si) (Messina et al., 2020). The migration energy of interstitials was reported to be Em = 0.3 eV (Hardouin Duparc et al., 2002).
[image: Figure 9]FIGURE 9 | Arrhenius-plot of the normalized dissolved volume fraction of clusters (cirr-c)/cirr as function of the inverse absolute temperature for the present weld (empty red circles) and a western-type RPV steel (Ulbricht et al., 2006) (black dots).
It is also interesting to note that the clusters in the present weld exhibit the highest rate of dissolution at temperatures slightly slower than for the considered western-type weld, meaning that they are less stable or, in other words, recovery at a given temperature, say 450°C, is more efficient.
Finally, we shall briefly address the efficiency of annealing recovery from the technical point of view, see Figure 10. Annealing of the irradiated weld material at 350°C/10 h, which may be considered as representative for envisaged large-scale wet annealings at 343°C, gives rise to (22 ± 9)% recovery in terms of cluster volume fraction and (17 ± 12)% recovery in terms of Vickers hardness. These partial recoveries are small but significant. Corresponding data in terms of recovery of the transition temperature shift are currently not available for this material.
[image: Figure 10]FIGURE 10 | Percentage of recovery achieved by annealing as function of annealing temperature. Temperatures of interest for technical purposes related to wet and dry annealing are indicated.
Annealing at 475°C/10 h, which may be considered as approximately representative for realized large-scale dry annealings at 475°C/152 h performed for VVER-440 type reactors, gives rise to (97 ± 1)% recovery in terms of cluster volume fraction and (100 ± 7)% recovery in terms of Vickers hardness (Figure 10), that is complete or almost complete recovery toward the unirradiated condition. On the one hand, this can be compared with reported transition temperatures T48 obtained using a reference Charpy impact energy of 48 J (Viehrig et al., 2001). These authors reported T48 values of −16°C, +175°C, and −1°C for the unirradiated, as-irradiated, and post-irradiation annealed (475°C/10 h) condition of the same VVER-1000 weld (same irradiation conditions as in the present study). This corresponds to 92% recovery, that means, only slightly less than the 97% recovery in terms of cluster volume fraction. On the other hand, (Gurovich et al., 2013), suggested a higher post-irradiation annealing temperature of 565°C to avoid temper embrittlement that may occur at 475°C. Unfortunately, SANS is not adequate (or at least not the best choice) to study temper embrittlement and segregation of solute atoms at grain boundaries.
5 CONCLUSION
The post-irradiation annealing behavior of a VVER-1000 weld was investigated by means of SANS and Vickers hardness. Taking into account related reported studies, the following conclusions can be drawn from the results:
(1) The SANS results are consistent with irradiation-induced Mn-Ni-Si-rich clusters to be the dominant type of scatterers in the as-irradiated weld. The number density of these clusters decreases with increasing annealing temperature without any reduction of the mean size, while the A-ratio indicates increasing Mn:Ni and Mn:Si ratios in the clusters.
(2) An Arrhenius plot of the dissolved cluster volume fraction shows, contrary to a western-type RPV steel, a change of slope implying processes of different activation energies to compete in the overall process of cluster dissolution.
(3) The dispersed barrier hardening model allows microstructure-informed predictions of the hardness changes. Quantitative agreement between prediction and measurement is achieved for a comparably small obstacle strength of 0.066, which indicates shearable clusters. The obstacle strength does not noticeably change upon annealing up to 425°C.
(4) Annealing at 475°C/10 h gives rise to almost complete recovery in terms of cluster volume fraction and hardening. Annealing at 350°C/10 h, which is close to the maximum temperature accessible for wet annealing, results in a small but significant partial recovery.
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