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Abstract

:

In this paper the phase formation and mechanical properties of VVER-type reactor pressure vessel (RPV) steels with various Ni (1.57–5.95 wt.%) and Mn (0.03–0.76 wt.%) content after neutron irradiation up to fluences in the range of (53–120) × 1022 n/m2 at 400 °C were studied. The possibility of carbonitride formation under these irradiation conditions is shown. In case of sufficient Ni (>1.5 wt.%) and Mn (>0.3 wt.%) content formation of Ni-Si-Mn precipitates is observed. Their chemical composition is close to G-phase and Γ2-phase and differs from that of radiation-induced precipitates in VVER-1000 RPV steels. This indicates the prerequisites for thermally conditioned mechanism of Ni-Si-Mn precipitates formation and growth at 400 °C enhanced by irradiation. It is also shown that the optimized steel manufacturing technology coupled with an ultralow Mn content (≤0.03 wt.%) in steel with increased up to 5.26 wt.% Ni content facilitates suppressing the Ni-Si-Mn precipitates and carbonitrides formation. This, in turn, reduces the contribution of the hardening embrittlement mechanism and, correspondingly, facilitates high radiation resistance of the steels with ultralow Mn content at the increased irradiation temperature (400 °C).
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1. Introduction


During operation of nuclear reactor, the material of reactor pressure vessel (low-carbon Ni-Cr-Mo-V steels) is exposed to high temperature and neutron irradiation, which leads to degradation of its structure and corresponding embrittlement [1,2,3]. One of the major embrittlement mechanisms during operation of VVER-type RPVs is the hardening mechanism. It results from formation of the structure elements, which act as barriers for dislocation movement in steel [1,4]. This leads to radiation hardening and, correspondingly, to radiation embrittlement of the steel [1,4]. Among the hardening structure elements formed in the RPV steels under irradiation, precipitates play a special role. The formation features of these precipitates relies heavily on the chemical composition of steels and irradiation conditions [5,6,7].



There are two principally distinct points of view on the reasons of Ni-Si-Mn precipitates formation in steels [8]. According to the first one, Ni-Si-Mn precipitates are formed due to radiation-induced segregation to the defect sinks (by the mechanism of the reverse Kirkendall effect), particularly dislocation loops and vacancy clusters, while precipitates themselves are not thermodynamic phases [8,9,10,11]. According to the second one, which is based on the thermodynamic models, Ni-Si-Mn precipitates are equilibrium phases, and their formation under neutron irradiation during RPV operation is accelerated by radiation-enhanced diffusion due to the excess defects concentration [5,8,12,13,14,15].



However, largely the features of precipitate formation are considered under the typical for existing RPVs irradiation conditions with irradiation temperature not exceeding (290–300) °C. Meanwhile, the data on radiation embrittlement mechanisms for RPV steels at higher irradiation temperatures (400 °C) are almost absent, although these data might be in demand for advanced nuclear reactors, including the 4th generation reactors. Moreover, identification of the radiation embrittlement features of RPV steels at higher irradiation temperatures can contribute understanding the mechanisms of precipitate formation and radiation hardening.



Paper [8] presents the results of high dose ion irradiation of RRV steels at 400 °C, which limits their application in relation to real neutron irradiation conditions. One of the few works considering the influence of neutron irradiation at higher temperature on radiation embrittlement mechanisms in RPV steels is paper [1]. This work demonstrates the absence of Ni-Si-Mn precipitates and “black dots”-type radiation defects in the structure of 15Kh2NMFA class 1 steel after accelerated neutron irradiation at 400 °C up to fluence of 44 × 1022 n/m2, which are typical for lower irradiation temperature. However, the identified tendencies can be referred only to the current radiation conditions and the narrow chemical composition range. The chemical composition of RPV materials varies in a relatively wide concentration range, particularly in case of Ni and Mn. That significantly affects the features of phase formation in steel and the corresponding radiation hardening rate [5,6,7]. For example, the chemical composition of precipitates can vary significantly depending on Ni and Mn content in steel [7]. Furthermore, increasing the Ni content facilitates increasing the density of Ni-Si-Mn precipitates [6], and decreasing Mn content to low values (even in the case of increased Ni content) facilitates decreasing the radiation embrittlement rate due to decreasing the density of Ni-Si-Mn precipitates [16,17].



In the current work the influence of neutron irradiation at increased temperature (~400 °C) on the phase formation processes (Ni-Si-Mn precipitates particularly) in steels with various Ni and Mn content in a wide range of neutron fluences is studied. The phase formation features in the RPV steels at both typical operation temperatures of VVER-type reactors (~290–300) °C and increased irradiation temperature (~400 °C) are compared.




2. Materials and Methods


The RPV steels with various Ni and Mn content after accelerated irradiation at the temperature of 400 °C in the test reactor IR-8 [18] (NRC “Kurchatov institute”) up to fast neutron fluences (53–120) × 1022 n/m2 (E > 0.5 MeV) with flux ~(1016–1017) n/(m2·s) were studied. Irradiation was carried out using special capsules equipped with a heater, calibrated control thermocouples, and neutron fluence activation monitors. The reliability of temperature control is confirmed by the relevant experimental and computational studies [19]. The studied materials were divided into three groups according to their Ni and Mn contents as major elements affecting the Ni-Si-Mn precipitate formation. The chemical composition (the major elements in terms of radiation embrittlement) is given in Table 1. The MM steel, that contains medium Ni and medium Mn content in terms of chemical composition is close to the conventional VVER-1000 and VVER-1200 RPVs base metal (BM) and weld metal (WM). The HL steel differs from conventional VVER-type RPV materials by high Ni and ultralow Mn content. The MM and HL materials are characterized by the enhanced strength and toughness properties and are considered as candidate materials for BM of the advanced RPVs. The HH steel has both high Ni and Mn content and represents the WM corresponding to the HL steel as BM. The copper content in all the studied steels is low enough (<0.01–0.03 wt.%), and thus Cu is not considered in the precipitate formation processes [5].



Irradiation hardening was measured based on the tensile tests using cylindrical specimens with 3.0 and 1.2 mm diameter. The result processing was performed according to ISO 6892-1:2019.



Micro- and nanostructure was studied by the following methods:




	
transmission electron microscopy (TEM) using the Titan 80–300 high resolution microscope (FEI, USA), equipped with energy-dispersive X-ray analysis (EDX);



	
scanning electron microscopy (SEM) using the Merlin high resolution field emission scanning electron microscope (Zeiss, Germany) in radioactive shielded design, equipped with energy- and wave-dispersive analysis and Oxford Instruments electron back-scattered diffraction (EBSD) system.



	
The samples were prepared by the two-side electrochemical polishing using the Struers Tenupol 5 equipment with 10% HClO4 solution in methanol at the temperature below −50 °C and voltage about 20 V.



	
The quantitative analysis of carbide size and number density was performed using the energy dispersive X-ray spectroscopy (EDXS) [20,21]. Selected Area Electron Diffraction (SAED) together with High Resolution TEM (HRTEM) was performed for the crystal type analysis of carbides [21]. The diffraction patterns were decoded with the use of PDF-4 X-ray database for powder diffraction and DiffraCalc software [22]. The thickness of each analyzed area was determined by the ratio of integral intensity to the zero-loss peak intensity at EELS-spectra [21] in order to calculate the number density of structural elements during TEM-observations. The size of small carbide/carbonitride phases was evaluated by TEM-images, number density—by SEM-images through recalculation from the surface density.



	
The density, size and chemical composition of thermally- or radiation-induced precipitates were estimated using the CAMECA LEAP-4000 HR local electrode atom probe in the voltage mode. Atom Probe Tomography (APT) samples were prepared by the standard electropolishing method using the Simplex Electro Pointer [23]. The following ion registration parameters were used: sample temperature of 50 K, detection rate 0.15%, pulse rate 200 kHz, voltage pulse fraction 15% [23,24]. The reconstruction and data processing were performed using CAMECA IVAS 3.6.12 software. All isobar overlaps were deconvoluted by standard method in IVAS software.



	
Precipitates were identified by Maximum Separation Method (MSM). All the clusters on the edge of the analyzed volume were included into overall density with the coefficient of ½ and their size and chemical composition were not considered. Chemical composition of precipitates was determined for cluster core by the IVAS average cluster concentration profile assuming that there were no Fe ions in the precipitates (only Ni, Mn, Si and trace amounts of P and Cu) [25].








The average size (diameter) D was estimated by the equivalent radius [26]:


  D = 2         3    V  a t      N  i o n s     4   π   Q       1 / 3   ,  



(1)




where Nions is the number of atoms in cluster, Vat = 0.0118 nm3 is the atomic volume, Q is the detector efficiency (36% for LEAP 4000 HR).



Based on the results of mechanical tests and structural studies for various material states (fast neutron fluence), the average values of their structure and properties characteristics were obtained. Two-sample t-Test with equal variance was used to investigate the significance of differences in these average values in various states.




3. Results and Discussion


3.1. Mechanical Test Results


The yield strength shifts for the studied steels after neutron irradiation at 400 °C up to fluences in the range of (53–120) × 1022 n/m2 were determined based on the tensile tests. Table 2 shows the corresponding yield strength shifts (Δσ0.2) for the studied steels.



Table 2 shows the trend towards increasing the yield strength after irradiation for all the studied steels. Meanwhile, the lowest yield strength shift at maximum fluence of 120 × 1022 n/m2 was obtained for HL steel with the lowest Mn content and the highest one—for HH steel with the highest Mn content. For MM steel with medium Ni and Mn content an intermediate yield strength shift among the studied steels was obtained at maximum fluence of 120 × 1022 n/m2. The revealed radiation hardening can be associated with the changes in initial hardening carbide phases [1] and with formation of some additional barriers for dislocation movement in structure: point defect complexes (“black dots”-type dislocation loops) and Ni-Si-Mn precipitates [6]. Complex structural studies were performed to clarify the radiation hardening mechanisms.




3.2. Structural Studies


3.2.1. Initial Hardening Phases


Carbide phases of various types are the major initial hardening phases in the studied steels [27].



In MM and HL steels initial carbide phases are presented by [27]:




	
fine (4–10) nm V- and Mo- based MC type carbides of high density;



	
coarse (60–80) nm Fe- and Cr- based M3C, M7C3, M23C6 type carbides;



	
coarse (60–80) nm Nb-based MC type carbides of low density.








In HH steel initial carbide phases are presented by:




	
fine (5–6) nm Nb-based MC type carbides of high density;



	
coarse (60–80) nm Mo- and Cr- based M2C type carbides;



	
coarse ~100 nm Fe- and Cr-based M23C6 type carbides.








Changes of these carbide phases under neutron irradiation at 400 °C can change their contribution into dispersed barrier hardening, particularly due to their density increase. Figure 1 shows the parameters of initial carbide phases in the studied steels in the initial state and after irradiation at 400 °C up to (53–120) × 1022 n/m2.



Figure 1 shows that there are slight differences in carbide phase parameters after irradiation in comparison with the initial state. Thus, for example, for MM and HH steels with the highest radiation hardening (see Table 2), a tendency towards increasing the density (up to 2–3 times) of fine MC type carbides and decreasing their size can be observed.



However, the revealed changes in carbide phase parameters cannot determine the observed yield strength shift. Thus, for example, changes in initial carbide phase parameters (2–3 times density increase) detected in Ref. [1] after irradiation at 400 °C in 15Kh2NMFA class 1 steel led only to 10 MPa yield strength shift, which is within the scatter. Therefore, radiation hardening of the studied steels cannot be caused by changes of initial hardening phases, but is associated with formation of some additional barriers for dislocation movement in their structure. These barriers can be: radiation defects (“black dots”-type dislocation loops) and Ni-Si-Mn precipitates, which are typical for the type and chemical composition of the considered steels [6]. Complex studies of fine structure changes were performed in order to clarify the radiation hardening mechanisms of the studied steels.




3.2.2. Radiation Defects—Dislocation Loops


TEM studies were performed to estimate the role of radiation defects in the revealed radiation hardening (see Table 2). Figure 2 shows the typical dark-field images of dislocation structure in dislocation loops observation conditions. Figure 2 shows that there is no evidence of radiation defects in the structure of all the studied steels after neutron irradiation at 400 °C up to the fluences (53–120) × 1022 n/m2.



The absence of radiation defects—dislocation loops—in all the studied steels after irradiation at 400 °C is consistent with the previous studies [1]. It is associated with radiation temperature (400 °C), which is relatively high for stabilizing the point defect complexes. The absence of dislocation loops in the structure is typical for all the studied steels, since for the considered low-alloyed steels with the α-Fe matrix the differences in chemical composition are insignificant in terms of formation mechanisms of radiation defect complexes.




3.2.3. Secondary Phase Precipitation


Numerous studies [1,4,6,9,11] showed that radiation embrittlement of the RPV steels under irradiation at operation temperature of (290–300) °C is largely caused by radiation-induced formation of Ni-Si-Mn precipitates, that nucleate on the defect cluster complexes resulting from cascade damage. It should be noted that irradiation of RPV steels at an elevated temperature (400 °C) didn’t reveal formation of Ni-Si-Mn precipitates, which was attributed to the absence of stable point defect complexes due to their intense recombination. Thus, in this study formation of Ni-Si-Mn precipitates in the studied RPV steels with different contents of Ni and Mn irradiated at 400 °C was also not expected.



Complex TEM and APT studies of steels under neutron irradiation at 400 °C revealed (see Table 3):




	
the absence of Ni-Si-Mn precipitates in the structure of HL steel with high Ni and ultralow Mn content;



	
Ni-Si-Mn precipitates of extremely low density in the structure of MM (medium Ni, medium Mn) and HH (high Ni, high Mn) steels. A newly formed nanoscale carbonitrides that differ in size (several times less) and density (an order of magnitude higher) from the initial carbide and carbonitride phases are also observed.








The presence of Ni-Si-Mn precipitates in MM and HH steels irradiated at 400 °C in the absence of stable radiation defects was new and unexpected.



Ni-Si-Mn Precipitates


Figure 3 shows the typical dark-field TEM images of precipitates as well as APT maps of precipitate-forming element distribution for the studied steels. Table 3 shows the parameters (size and density) of detected precipitates in MM and HH steels. Table 4 shows the chemical composition of Ni-Si-Mn precipitates defined by APT method.



Table 3 shows that Ni-Mn-Si precipitates detected in the structure of MM and HH steels after irradiation at 400 °C are characterized by the 1.5–2 times larger size, 10–20 lower density, higher Ni and lower Si content in comparison with precipitates, previously detected in VVER-1000 RPV steels after irradiation at lower temperatures of (290–300) °C at comparable neutron fluences [6].



Table 4 shows that in HH steel with higher Mn content precipitates with higher Mn enrichment are formed, which agrees well with [7], whereas such correlation is not observed for Ni content in steels.



The differences in parameters of Ni-Si-Mn precipitates after irradiation at 400 °C in this study and at (290–300) °C in [6] can indicate the different processes of precipitates formation at 400 °C.



The larger size and lower density of precipitates detected in MM and HH steels in comparison with Ni-Si-Mn precipitates in VVER-1000 surveillance specimens (SS) may be associated with the increased diffusive mobility of precipitate-forming elements due to the higher irradiation temperature and higher fast neutrons fluence. This intensifies the process of precipitates growth relatively to their nucleation processes. The lower precipitates density can also be caused by lower number of their nucleation sites, which is typical for irradiation temperature of 400 °C [1].



Figure 4 shows a triple Ni-Si-Mn diagram with the marked chemical compositions of precipitates in MM and HH steels after irradiation at 400 °C together with the typical compositions of Ni-Mn-Si precipitates in VVER-1000 RPV steels after neutron irradiation at temperatures (290–300) °C, and the chemical composition of precipitates in thermally-aged model RPV steel from [13].



Figure 4 shows that for VVER-1000 RPV steels in a wide range of Ni contents and medium Mn content, chemical composition of precipitates is close to (Ni,Mn)2Si) type silicides based on Ni and Mn [6], which agrees with the results of [7]. The chemical composition of Ni-Si-Mn precipitates in MM and HH steels after irradiation at 400 °C differs from the typical composition of radiation-induced Ni-Si-Mn precipitates in VVER-1000 RPV steels [6] by the higher Ni and lower Si content. It is close to the chemical composition of G-phase (Ni16Mn6Si7, T3 [12]) in MM steel and to Γ2-phase ((NixSi1-x)2Mn, T6 [12]) in HH steel.



It should be mentioned that paper [13] shows that Ni-Si-Mn precipitates with chemical composition close to that of G- and Γ2-phase can be formed in RPV steels with high Mn content of 1.4 wt.% as a result of long-term thermal exposure of (20–100) × 103 h in the temperature range of (330–405) °C without neutron irradiation. Moreover, paper [14] shows that precipitates formed under irradiation at temperatures (290–300) °C, which are close to G- and Γ2-phases in terms of composition, are coarsened under the following annealing at 425 °C through the dissolution of precipitates with the size smaller than the critical one. This precipitate behavior under annealing is noted by the authors of [14] as an evidence of the thermally conditioned nature of precipitates, which composition is close to G- and Γ2-phases. Neutron irradiation in that case is an additional factor that accelerates precipitate formation due to the enhanced diffusion and formation of additional nucleation sites.



Apparently, precipitates in HH and MM steels, which composition is close to thermodynamically stable G- and Γ2-phases, correspondingly, also can have thermally conditioned nature in contrast to radiation-induced Ni-Si-Mn precipitates in VVER-1000 RPV steels after irradiation at (290–300) °C [6]. Neutron irradiation at 400 °C enhances nucleation and growth of precipitates.



Thus, despite the relatively high irradiation temperature of 400 °C, precipitate formation in the structure of steels with the typical for VVER-1000 RPVs Mn content and relatively high Ni content (>1.5 wt.%) is still possible at neutron fluences comparable to the design fluences of VVER-type RPVs. Furthermore, higher Mn and Ni content in steel leads to the increase of precipitate density, that is the higher, the higher is the accumulated fluence.



Thus, in the RPV steels under neutron irradiation at 400 °C the of Ni-Si-Mn precipitates was observed for the first time. Their chemical composition differs from that of typical Ni-Si-Mn precipitates in VVER-1000 RPV steels under irradiation at (290–300) °C and is close to G- and Γ2-phases. The formation mechanism is most likely to be thermally conditioned and enhanced by irradiation. In contrast to VVER-1000 PRV steel irradiation at ~ 300 °C, where precipitates are nucleated predominantly homogeneously in the matrix, in this study interphase boundaries (the boundaries of carbide and carbonitride phases) and initial dislocations are the major nucleation sites for Ni-Si-Mn precipitates.




Radiation-Stimulated Carbonitrides


In addition to Ni-Si-Mn precipitates, the newly formed nanoscale carbonitride phases were detected in the studied steels under irradiation. These nanoscale carbonitrides were absent in the initial state.



Figure 5 shows typical dark-field images and typical element distribution maps of carbide and carbonitride-forming elements for the studied MM and HH steels. Table 5 shows parameters (size and density) of the detected carbonitrides in MM and HH steels.



APT analysis revealed formation of two types of carbonitride phases under irradiation:



Larger phases with disk-shaped morphology and atomic ratio of elements 60Nb-20Mo-15Cr-5V-CN;



Smaller phases with spherical morphology and atomic ratio of elements 40Cr-30Mo-25Nb-5V-CN.



Meanwhile, no changes in chemical composition of carbonitrides were observed after increasing the irradiation fluence.



Table 5 shows that in HH steel the average size of carbonitrides increases and their number density decreases with the neutron fluence increase. This is typical for phase formation process and can indicate the influence of radiation-enhanced diffusion on carbonitrides formation and growth processes. The APT obtained values of carbonitride average size are in good agreement with the data set obtained by TEM (see Figure 6).



Carbonitride formation in MM and HH steels after irradiation at 400 °C is caused by the partial dissolution of initial carbide and carbonitride phases (see Figure 1) and the following formation of new phases. This is manifested in the density increase of initial phases and their size decrease, which was observed earlier in [1]. The process of carbonitride formation may be driven by the features of chemical composition (the ratio of carbide- and nitride-forming elements content to C and N content) and the standard heat-treatment mode. Thus, for example, in HL steel, which has undergone a set of optimization steps to increase its structural stability (chemical composition and heat-treatment mode optimization), no evidence of carbonitride formation was detected after irradiation at 400 °C despite the similar content of carbide-forming elements.





3.2.4. Evaluation of the Contribution from the Structure Changes into Radiation Hardening


As it was shown earlier (see Table 2), a yield strength increase after irradiation was revealed for all the studied steels. This indicates the formation of new barriers for dislocation motion in the steel structure. The structural studies showed the presence of Ni-Si-Mn precipitates and nanoscale carbonitrides based on Cr, Mo and Nb in the structure of MM and HH steels, which were absent in the initial steel structure. They might lead to radiation hardening of the studied steels. However, no structure changes were detected for HL steel, while the minor observed changes of the yield strength are apparently associated with the property’s value scatter.



For HH and MM steels the detected increase of the yield strength is referred to the formation of Ni-Si-Mn precipitates and nanoscale carbonitrides in the steel structure. The contribution of the observed structural components into radiation hardening was assessed in accordance with the dispersed barrier hardening model by the equation [6,28]:


     σ  0.2   =   ∑  σ i 2    ,  



(2)




where    σ i    is contribution from the structural components (barriers) of similar type. It is determined by the following equation [6,28,29,30]:


   σ i  = α M G b    N i   d i      ,  



(3)




where  α  is a coefficient that characterizes the barrier strength for the current structural component, M = 2.75 is Taylor factor, G = 81 GPa is the shear modulus, b = 0.248 nm is a Burgers vector, Ni is the number density of the structural components of the current type, di is an average size of the structural components of the current type.



The contribution into the additional dispersed hardening from Ni-Si-Mn precipitates and carbonitrides was estimated with the use of the coefficient   α = 0.08  , which was previously used for estimation of Ni-Si-Mn precipitates hardening contribution [6,29,30].



Figure 7 shows the dose dependencies of radiation hardening for the studied steels with the marked experimental and calculated by Equations (2) and (3) values. Figure 7 also shows the dose dependence of yield strength change after irradiation at T = (290–300) °C for WM VVER-1000 RPVs with medium Ni and high Mn content [6].



Figure 7 shows a good agreement between the experimental and calculated data of radiation hardening. Thus, for example, for HH steel the calculated yield strength shifts show the similar to experimental data tendency of lower radiation hardening at higher neutron fluence. This is associated with the formation and coarsening of V, Mo, Cr and Nb- based carbonitrides with their density decrease, which was detected by the structural studies (see Table 5).



Furthermore, the revealed radiation hardening for the studied steels are significantly lower than the typical values for WM VVER-1000 RPVs at comparable fluences but lower irradiation temperature. This should facilitate lower radiation embrittlement, ceteris paribus. It should be noted that the hardening contribution of carbonitride phases in HH and MM steels is somewhat higher in comparison with Ni-Si-Mn precipitates due to the lower density of the latter. Meanwhile, it is worth considering that radiation defects—dislocation loops with the significantly higher barrier strength coefficient α = 0.33 [6] are absent. This also facilitates the lower radiation embrittlement rate. Thus, on the example of HL steel it can be seen that suppression of the carbonitride formation due to optimization of the chemical composition and heat-treatment mode can enable a significant reduction of radiation hardening effects and, correspondingly, radiation embrittlement effects at radiation temperature of 400 °C. Decreasing the Mn content in steel, in its turn, facilitates almost total suppression of the steel radiation hardening at 400 °C through the absence of Ni-Si-Mn precipitates even at increased Ni content in steel. This can be also seen on the example of HL steel.






4. Conclusions


Studies of the RPV steels with various Ni and Mn content (in the Ni range (1.57–5.95 wt.%) and Mn range (0.02–0.76 wt.%)) after neutron irradiation at 400 °C in the fast fluence range (53–120) × 1022 n/m2 revealed that:




	
Ni-Si-Mn precipitates formation at 400 °C is possible under neutron irradiation in RPV steels with Ni content 1.57 and 5.95 wt.% and sufficient Mn content > 0.3 wt.%;



	
Ni-Si-Mn precipitates formation is possible in RPV steels at 400 °C even in the absence of radiation defects—dislocation loops (as their preferable nucleation sites), apparently at sufficient Mn content in steel;



	
Ni-Si-Mn precipitates formed in the studied steels under irradiation at 400 °C differ in terms of chemical composition from radiation-induced precipitates formed at 290 °C in VVER-1000 RPV materials;



	
Ni-Si-Mn precipitates formed in the studied steels irradiated at 400 °C in terms of chemical composition are close to thermodynamically stable G-phase and Γ2-phase and have the features of thermally conditioned nucleation and growth mechanism, which is enhanced by neutron irradiation;



	
at the increased irradiation temperature of 400 °C formation of carbonitride phases with high density is detected in the studied steels with Ni content 1.57 and 5.95 wt.% and Mn content > 0.3 wt.%, particularly due to re-dissolution of the initial hardening phases. This is not observed in the steel with high Ni (5.26 wt.%) and ultralow Mn (≤0.03 wt.%) content due to the optimized chemical composition and heat-treatment mode;



	
the ultralow Mn content (≤0.03 wt.%) in the steel with high Ni (5.26 wt.%) content facilitates suppression of Ni-Si-Mn precipitates formation under irradiation at 400 °C. This ensures high radiation resistance of the RPV steels with ultralow Mn content due to the absence of the hardening embrittlement mechanism at the increased irradiation temperature (400 °C).
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Figure 1. Parameters of initial carbide phases in the studied steels in the initial state and after irradiation at 400 °C up to (53–120) × 1022 n/m2. 
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Figure 2. Dark-field TEM images of MM (a), HL (b) and HH (c) steels in the typical dislocation loops observation conditions after neutron irradiation at 400 °C up to 120 × 1022 n/m2 (no loops are present). 
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Figure 3. Typical dark-field TEM images in precipitates observation conditions (a,c,e,g) and typical APT maps of chemical element distribution (b,d,f,h) in the studied steels: HL (a,b), MM (c,d) and HH (g,h) irradiated up to fluence 120 × 1022 n/m2, and HH steel (e,f) irradiated up to fluence 53 × 1022 n/m2 (arrows in TEM images indicate Ni-Si-Mn precipitates). 
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Figure 4. Ni-Si-Mn triple diagram with marked areas of precipitates composition in various steels (precipitates compositions in SS VVER-1000 [6] and in thermally-aged model steel [13] are also marked). 
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Figure 5. Typical dark-field TEM images of detected carbonitrides based on V, Mo and Nb after irradiation at 400 °C up to neutron fluences 53 × 1022 n/m2 (b) and 120 × 1022 n/m2 (a,c) in MM (a) and HH (b,c) steels, and typical APT maps of major carbide-forming elements distribution in HH steel (d) (arrows in TEM images indicate carbonitrides). 
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[image: Metals 13 00654 g005]







[image: Metals 13 00654 g006 550] 





Figure 6. Size distribution histograms for the Nb, Mo and V-based carbonitrides detected in HH steel after irradiation at 400 °C up to fast neutron fluences 53 × 1022 n/m2 (a) and 120 × 1022 n/m2 (b). 
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Figure 7. Experimental (filled symbols) and calculated (open symbols) yield strength shifts for the studied steels and for SS VVER-1000 [6] (dashed lines show power law approximations with the degree index n = 0.4). 
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Table 1. Chemical composition of the studied steels.
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Material Type

	
Chemical Composition, wt.%




	
Ni

	
Mn

	
Si

	
Cu

	
P

	
Fe-Cr-Mo-V-Nb-C






	
MM

(Medium Ni, Medium Mn)

	
1.57

	
0.31

	
0.29

	
0.01

	
<0.005

	
Bal.




	
HL

(High Ni, Low Mn)

	
5.26

	
0.03

	
0.11

	
0.02

	
<0.005




	
HH

(High Ni, High Mn)

	
5.95

	
0.76

	
0.15

	
0.04

	
<0.012
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Table 2. Yield strength shifts for the studied steels after irradiation at 400 °C.
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Material Type

	
Chemical Elements Content, wt.%

	
Fast Neutron Fluence,

1022 n/m2

	
Yield Strength Shift

(Δσ0.2) at 22 °C, MPa




	
Ni

	
Mn






	
MM

	
1.57

	
0.31

	
53

	
40 ± 12




	
HL

	
5.26

	
0.03

	
53

	
16 ± 18




	
120

	
7 ± 11




	
HH

	
5.95

	
0.76

	
53

	
64 ± 46




	
120

	
55 ± 37
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Table 3. Parameters of detected Ni-Si-Mn precipitates in MM and HH steels after neutron irradiation up to various fluences.
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Steel

	
Fast Neutron Fluence,

1022 n/m2

	
Tirr, °C

	
Ni-Si-Mn Precipitates




	
d, nm

(TEM/APT)

	
ρ, 1022 m−3

(TEM/APT)






	
SS VVER-1000 [6]

	
50–100

	
290–300

	
2–3

	
20–40




	
HH steel

	
53

	
400

	
3.2 ± 0.2/3.7 ± 0.9

	
1.2 ± 0.5/2.0 ± 1.4




	
120

	
3.4 ± 0.2/3.8 ± 0.8

	
1.6 ± 0.7/2.5 ± 1.3




	
MM steel

	
120

	
4.8 ± 0.3/6.4 ± 0.7

	
0.7 ± 0.6/<1.0
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Table 4. Chemical composition of Ni-Si-Mn precipitates (major elements) in MM and HH steels after irradiation at 400 °C to various neutron fluences.
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Steel

	
Fast Neutron Fluence,

1022 n/m2

	
Tirr, °C

	
Relative Atomic Content *, %




	
Ni

	
Mn

	
Si






	
SS VVER-1000 [6]

	
50–100

	
290–300

	
44 ± 5

	
21 ± 7

	
34 ± 8




	
MM steel

	
120

	
400

	
62 ± 4

	
17 ± 2

	
21 ± 2




	
HH steel

	
53

	
57 ± 19

	
32 ± 19

	
11 ± 10




	
120

	
61 ± 11

	
25 ± 6

	
14 ± 9








* normalized on the total Ni, Mn and Si content in precipitates.
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Table 5. Parameters of newly formed nanoscale carbonitrides detected in MM and HH steels after irradiation at 400 °C to various neutron fluences.
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Steel

	
Fast Neutron Fluence,

1022 n/m2

	
Newly Formed Carbonitrides




	
d, nm

(TEM)

	
ρ, 1022 m−3

(TEM/APT)






	
HH

	
53

	
1.60 ± 0.06

	
12 ± 7/18 ± 6




	
120

	
1.97 ± 0.08

	
4 ± 2/13 ± 7




	
MM

	
120

	
2.04 ± 0.13

	
6 ± 4
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