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Abstract

:

The wall, made of ferromagnetic steel, of a nuclear reactor pressure vessel is covered by an austenitic (very weakly ferromagnetic) cladding. In this work, we investigated how the base material and the cladding can be inspected separately from each other by nondestructive magnetic measurements. It was found that with the proper choice of the magnetizing yoke, these two different materials could be measured independently of each other. The effect of the yoke’s size was studied by the numerical simulation of magnetic flux, pumped into the material during magnetic measurements. Measurements were performed by two different sizes of yokes on pure base material, on base material under cladding and on cladding itself. Experiments verified the results of the simulation. Our results can help for the future practical application of magnetic methods in the regular inspection of nuclear power plants.






Keywords:


magnetic nondestructive evaluation; nuclear reactor pressure vessel; austenitic cladding; steel degradation












1. Introduction


In almost all major industrial countries worldwide today, nuclear power plants (NPPs) are used to generate electricity. However, the Fukushima Daiichi accident affected the nuclear energy renaissance and, since then, safety aspects have been significantly strengthened. For many existing NPPs, lifetime extensions to 40, 50, 60 or even 80 years have been requested [1]. The long-term operation of existing NPPs has already been accepted in many countries as a strategic objective to ensure adequate supply of electricity over the coming decades. Operating conditions that affect the design lifetime include neutron exposure (fluence), as well as the number and magnitude of temperature and/or pressure cycles in both normal conditions and hypothetical accidental conditions [2,3]. License renewal and periodic safety reviews (PSRs) are the two basic regulatory approaches that are required for an authorization of the long-term operation of NPPs [1]. Evaluation of these parameters during the PSRs allows for an estimation of the operational lifetime of NPPs [2].



As a result of the above arguments, the regular inspection of nuclear power plants is an extremely important task, because the mechanical properties of the reactor pressure vessel (RPV) wall are modified during its operation mainly due to the long-term and high-energy neutron irradiation [4]. In boiling water pressurized reactors, the most critical and most important part is the reactor pressure vessel, because it is not changeable during the whole period of operation. Apart from the standard destructive tests (mechanical Charpy impact testing [5]) several nondestructive electromagnetic methods have been suggested recently for determination of neutron irradiation-generated embrittlement of the pressure vessel steel material. The precise measurement of the Seebeck coefficient makes it possible to derive the neutron irradiation-induced embrittlement of RPV material [6,7]. An ultrasonic technique is also widely used in the inspection of NPPs [8,9,10].



The RPV material is ferromagnetic steel, so magnetic methods are useful for this inspection. An overview of nondestructive magnetic methods are given in References [11,12]. The magnetic Barkhausen noise (MBN) technique was developed for inspection of residual stresses, surface defects and microstructure changes [13,14,15,16]. Another method, magneto-acoustic emission, can also be frequently used for the monitoring of residual stresses [17].



A correlation exists between the modification of the microstructure of the material, generated by different effects, and the observed magnetic behavior if the material is influenced by a magnetic field. This phenomenon can be used to characterize the ferromagnetic materials via magnetic hysteresis measurement. Dislocation movement and domain wall motion are both affected by the microstructure of the material. In ferromagnetic materials, the correlation between mechanical and magnetic hardness is well-known and understood [18,19]. Magnetic methods are advantageous because they are not expensive, are technically simple, and they can be used easily, even on active materials. One of them, the so-called 3MA approach (3MA = micromagnetic, multiparameter, microstructure and stress analysis) applies several methods [20,21,22], and it was found suitable for the characterization of the damage in ferromagnetic materials like RPV steels and for monitoring the progress of materials.



Another method of magnetic nondestructive testing is the measurement of the magnetic hysteresis loops. For instance, the so-called magnetic minor loops power scaling laws (PSL) were developed, whereby different parameters of minor hysteresis loops are used for material characterization [23]. A similar method, magnetic adaptive testing, also measures systematically minor magnetic hysteresis loops. This is also a multi-parametric, powerful and sensitive method of magnetic inspection [24]. As a conclusion of these works, a reasonable correlation could be found between the destructively measured parameters and nondestructively measured magnetic characteristics through application of these methods. This fact makes possible the future potential use of magnetic methods in the inspection of RPVs’ structural integrity.



In several previous works [16,20,25,26,27] irradiated Charpy samples were measured using magnetic methods, and results of magnetic measurements were compared with the destructively measured ductile to brittle transition temperature (DBTT). However, for the full inspection of nuclear reactors, blocks cut from RPV steel should be also measured, not only samples of Charpy geometry. This aspect of the inspection of a nuclear reactor’s integrity has still not been extensively investigated. If the base material itself is directly measured, magnetic measurement is easy. However, in RPV, the base material (ferromagnetic steel) is covered by a cladding. This cladding, which is made of austenitic steel, is the integral component of a WWER 440-type nuclear reactor pressure vessel. Its role is to warrant an anticorrosive protection for the vessel material. Cladding is about a 10 mm thick stainless steel weld-overlay, which is deposited on the pressure vessel’s inner surface. It shields the base metal of the pressure vessel from the corrosive environment produced by primary light water coolant [28]. Cladding in WWER 440 reactors is made by submerged arc welding technology by using strip electrodes. The surface of the cladding is either ground or machined roughly to ensure ultrasonic testing coupling.



For future inspection of nuclear reactors, a tool should be developed that is suitable for non-destructive evaluation of the embrittlement of the vessel wall. The final system should be capable of inspecting the degradation of the microstructure through the cladding. The first step has been made in this direction: cladded blocks were successfully measured even through the cladding [29] via the magnetic adaptive testing method [24]. In this work, cladded RPV blocks were investigated, which had been treated thermally by a step cooling procedure, which caused embrittlement of the material. It was demonstrated that the base material degradation could be followed by magnetic measurements even through the cladding. It was shown that a reliable, nearly linear correlation existed between magnetic parameters and DBTT, as expected.



In this type of investigation, when base material is measured through the cladding, the main problem for the magnetic measurement is that cladding means a thick, almost nonmagnetic layer between the magnetizing yoke and base material, which resulted in an extremely low and noisy probe response, as presented in Reference [29]. In other words, cladding causes serious difficulty for base material investigation. Nevertheless, through the proper choice of measuring parameters and suitable software, the measured signal could be successfully evaluated.



On the other hand, the impact of cladding on the reactor pressure vessel wall integrity has been investigated in a very limited way in spite of the fact that it can potentially be of great significance to RPV integrity. The reason is that plasticity and the elevated fracture toughness of cladding can provide additional strength to the pressure wall and this process can justify an extended reactor lifetime [30]. In addition, in thermal expansion coefficients, significant differences can be found with respect to pressure vessel base metals, which can cause a stress peak [31]. This is the so-called pressurized thermal shock and it is a potential risk of interfacial crack initiation and propagation. Safety analysis of this phenomenon has lately become a subject of interest for operators of nuclear power plants [32]. In a very recent work, the results of an experimental investigation were presented, aimed at the evaluation of microstructure and failure mechanisms of WWER 440 reactor pressure vessel austenitic cladding (made of stainless steel Sv 08Kh19N10G2B) [33].



The question is arising, as to whether the base material and cladding could be investigated independently of each other by magnetic measurements. The purpose of this paper was to study this problem and to give an answer to this question. Material of cladding is basically austenitic, but it also contains several percentages (2–8%) of ferrite (magnetic) phase. The existence of this ferrite phase gives a chance for successfully applying magnetic measurements to study the properties of cladding. However, the huge volume of highly ferromagnetic base metal, close to the weakly ferromagnetic cladding material, causes difficulty for cladding material investigation. In this work, we will show that the characterization of base and cladding material can be separated from each other by a suitable technique of measurement.



The idea is to choose the proper size of magnetizing yoke—different sizes of yokes can be used for the characterization of base metal and for the characterization of cladding. To make a qualitative interpretation of the experimental results, the effect of the yoke dimension is calculated by numerical simulation of the magnetic flux distribution in the sample.




2. Materials and Methods


2.1. Materials


As a first sample, a cladded block was investigated. Chemical composition of the 15H2NMFA base material can be seen in Table 1. The block was cut from the forged ring according to Figure 1. This block is shown in Figure 2. The size of the block was 110 mm × 77 mm × 278 mm. The 10 mm thick cladding is clearly seen on the top of the block.



Another sample was also prepared. This was only a piece of cladding, which was cut from the top of a cladded block. The photograph of this sample is shown in Figure 3. The size of the sample was 114 mm × 50 mm × 12 mm.




2.2. Magnetic Measurement


Permeability of the material was measured by attaching a magnetizing yoke on the surface of the sample. The yoke itself was made of Fe-Si laminated sheets. An exciting coil, a wound on the leg of magnetizing yoke, was used for producing magnetizing field F in the sample.



Before starting the measurement, the sample was magnetized close to saturation by applying a magnetizing current in the exciting coil. Then, the value of magnetizing current was decreased, linearly by time t, to zero and then increased again in the opposite direction up to saturation with the same slope. The slope of the magnetizing current was 0.125 A/sec. Due to the time variation of the effective field in the magnetizing circuit, a signal is generated in the pick-up coil, which is wounded also on the magnetizing yoke. As long as the magnetic field (or magnetizing current) is sweeping linearly with time, t, the U signal voltage in the pick-up coil is proportional to the differential permeability, μ of the magnetic circuit.


μ = const × U(dF/dt) = const × ∂B(dF/dt)/∂t = const × μ(dF/dt) × dF/dt



(1)







In future parts of the text, magnetizing current, I, will be used instead of magnetizing field to describe the magnetization of the sample, because in an open magnetic circle the real value of magnetizing field inside the sample is never known due to the dissipation of the magnetic field into the air. It means that in non-uniform magnetic circuits, it is not possible to speak about the signal U as proportional to the differential permeability of the material, but we use an effective differential permeability values of the existing circuit. The current values also characterize the magnetic state of the investigated samples well.



The magnetizing yokes with different dimensions, Yoke A and Yoke B, used in our measurements, can be seen in Figure 4. The two (driving and pick-up) coils, wound on the legs of yokes, are seen well in the photos, especially on the right side photo (Yoke B).



The signal of the pick-up coil can be seen well in figures below in Research and Discussion section. The magnetizing current value at the maximal value of permeability was used as the characteristic parameter for the magnetic behavior of the investigated samples. During measurements, the steel side of the block (down in Figure 2), the cladded side of the block (up in Figure 2) and the cladding (Figure 3) were measured by applying two different size magnetizing yokes.



The schematic drawing of the sole of magnetizing yoke is given in Figure 5, and Table 2 presents the dimensions of the two yokes numerically. In this table, the heights of the yokes are also given.




2.3. Numerical Simulation


The idea behind applying two different sizes of magnetizing yokes for measurement of cladded blocks was that by doing this, we can separate the magnetic signal from the base material and from the cladding. Numerical simulation of the distribution of the magnetic flux was performed for both Yoke A and Yoke B. The ferromagnetic base material was characterized by a nonlinear B(H) curve with saturation around 2 T and initial relative permeability of μrel,0 = 1200. Calculations were performed for three different values of relative permeability of the cladding, μrel = 1, 5 and 10, respectively.



The calculations have been performed by 3D Finite Element Method (FEM), using the COMSOL Multiphysics software. The partial differential equations of the stationary magnetic field have been formulated for the magnetic vector potential [34]. The model domain was closed by an artificial boundary on which the normal component of the magnetic flux density was set to zero. The exciting coil has been modelled as an equivalent surface current density on the yoke’s surface. The coil on Yoke A has 150 turns, whereas Yoke B has 40 turns. The exciting current was set as 0.45 A and 0.3 A, respectively, which approximated the exciting current at maximum differential permeability in the experiments. The nonlinear system of equations resulting from the FEM-discretization has been solved iteratively by the software.



In the post-processing step, two magnetic fluxes were calculated: Ψ1 is the flux together in the cladding and in the base material, while Ψ2 is the flux only in the base material, both evaluated at the symmetry plane of the model. The quotient Ψ2/Ψ1 characterizes the relative magnetization of the base material. The numerical results for the two yokes and three different values of the relative permeability of the cladding, are given in Table 3.



It can be seen that in the case of Yoke A, this was a large value (>93%), while in the case of Yoke B, it was only around 50%. In this latter case, Ψ2/Ψ1 depended more on the relative permeability of the cladding.



The distribution of the magnetic flux is shown for the three values of the relative permeability of cladding (μrel = 1, 5 and 10) for both yokes in Figure 6 and Figure 7.



The result of numerical simulation revealed that by using the large magnetizing yoke, the base material could be magnetized enough even through the cladding. On the other hand, if a small-sized magnetizing yoke is applied, it is sensitive only to the region of cladding, while the magnetic influence of the base material below cladding is very limited, almost negligible. In the next section, it will be shown how the real measurements verified the result of simulation.





3. Results and Discussion


3.1. Yoke A


The first measurement was performed on the base material (bottom of block, shown in Figure 2), by applying the larger yoke (Yoke A). The signal of the pick-up coil (proportional to the permeability of the material according to Equation (1)) as a function of the magnetizing current is presented in Figure 8. The error of the magnetizing current at the top permeability is also given in the figure. The sample magnetically was saturated before measurement by a negative current, then the value of the magnetizing current was linearly decreased to zero, then increased with the same slope of current to positive saturation.



The value of the magnetizing current at the maximal value of permeability was chosen to characterize the magnetic behavior of the measured material. This value, which was 0.45 A in the case shown above, does not depend on the actual parameters of the measurement. Evidently, only results of those measurements can be compared with each other, which were performed by the same magnetizing yoke.



The next measurement was performed on the top of the block (shown in in Figure 2), again by applying Yoke A. In this case, cladding and base material were measured together. In principle, the magnetic behavior of both somehow influence the measured signal. However, as concluded from the result of simulation, a relatively high amount of flux was pumped into the ferromagnetic base material, so it is expected that mainly the high permeability base material determines the measured signal. The result of this measurement is shown in Figure 9. The values of the magnetizing currents at maximal permeability were very close to each other (0.45 A and 0.47 A), within the error of measurement. This means that base material was also detected when measurement is performed through the cladding. The influence of cladding was almost negligible in this case. This result verifies our previous measurements on thermally treated cladded blocks [31].



It should be mentioned, however, that the registered curve is rather noisy if measurement is performed through cladding. For better presentation, the curve of Figure 9 was smoothed. Smoothing, made by adjacent averaging of measured points, decreases the scatter of points, but it has no influence on the value of magnetizing current at the maximal permeability. Measurements were repeated five times after each other, removing and placing the magnetizing yoke back. Practically no difference was found in the registered curves by this repetition of measurement.



In order to study the situation better, measurement by Yoke A was done also on pure cladding (see sample in Figure 3). This result is shown in Figure 10. In accordance with our expectation, a weak maximum can be seen in permeability, but at different values of magnetizing current, compared to measurements made either on base material or on cladding above base material. The maximum of the curve appeared at I = 0.47 A if the base material was under the cladding and appeared at I = 0.78 A in the case of pure cladding. This difference cannot be explained by any experimental error, only by the difference in the magnetic behavior of the cladding and base material. The magnetic behavior of cladding is due to the small ferrite content of cladding, as mentioned already in the Introduction. The signal was very low and noisy, but a maximum definitely existed. The two signals, measured on pure cladding and on the cladding above the base material, can be compared if the two curves are presented on the same scale, as done in Figure 11.




3.2. Yoke B


The same series of measurements as described above was performed on the samples by applying the small-sized yoke. Results are shown in Figure 12, Figure 13 and Figure 14. Note that the values of magnetizing current at maximal permeability are not comparable with similar current values in the previous section because different yokes were used in the two measurements.



As defined above, the characteristic parameter of the base material was 0.30 A (see Figure 12). When the same measurement was performed, but on the cladding, the magnetizing current at maximal permeability was 0.90 A (see Figure 13). This parameter was very far from the base metal, so it can be considered as characteristic for the cladding. This statement is confirmed by the result of the measurement, performed on pure cladding (see Figure 14), where the maximum was observed at 0.87 A magnetizing current.



When the small size yoke was applied, the influence of the base material could not be detected, but the magnetic behavior of cladding could be excellently measured, even in the presence of highly ferromagnetic base metal.



Application of magnetic nondestructive methods can be important for the future inspection of austenitic steel degradation. As is known, originally paramagnetic steel became more and more ferromagnetic under stress, due to the appearance of bcc α’-martensite. In our previous work, titanium stabilized austenitic stainless steel, 18/8 type, was studied [35]. Stainless steel specimens were cold-rolled at room temperature. The compressive plastic deformation of the material increased its hardness. It was found that this change could be followed by a nondestructive magnetic method with substantially higher sensitivity and reliability than the traditionally used destructive hardness measurements.



In another work, austenitic stainless steel SUS316L was also plastically deformed by a tensile stress [36]. In contrast to the compressed samples, the tensile deformation did not introduce such a large percentage of the ferromagnetic phase into the deformed samples. Nevertheless, magnetic indication of the strain values was possible, and the method was also able to reflect anisotropy induced into the material by the stress.





4. Conclusions


A magnetic method was developed by which the cladded blocks of a nuclear pressure vessel can be characterized by a nondestructive technique.



It was demonstrated, by applying two magnetizing yokes with different dimensions, that the two types of very magnetically different components (ferromagnetic base metal and almost austenitic cladding) can be investigated separately from each other. To our best knowledge, this way of measurement is new.



If a large-sized yoke is applied, the ferromagnetic base metal can be measured. This yoke is not suitable for investigation of cladding on the top of base material, because the signal from the ferromagnetic part suppresses the signal of weakly magnetic cladding.



With the application of a small-sized yoke, the cladding itself can be measured, even in the presence of highly ferromagnetic steel. The magnetic flux is closed in the cladding and cannot penetrate into the base material.



The effect of the different yoke dimension was determined based on simulation of the magnetic flux distribution in the given geometry. The results of measurement correlate very well with the suggestions of simulation.



By using our results, the possible material degradation of austenitic cladding on the pressure vessel—due to different effects, like neutron irradiation, thermal treatment, etc.—can be inspected by a simple and nondestructive magnetic method. This way of investigation implies the ability to monitor the integrity of the various layers of the reactor walls. Furthermore, this approach of using two different yoke sizes to test a bilayer material can be applied in general in other areas, where a highly ferromagnetic material is covered by another weakly ferromagnetic layer. This would make the work more meaningful than in connection with the testing of one particular wall. This seems to be possible, since the depth of magnetic permeability testing should increase with the size of the yoke.



Based on our results, in the future, it will be possible that material degradation of cladding generated by any effects (neutron irradiation, thermal shock, plastic or elastic deformation) could be inspected by magnetic hysteresis measurements, mainly by magnetic adaptive testing. The measurement can even be done directly on the reactor pressure vessel wall.







Author Contributions


Conceptualization and original draft preparation, G.V.; investigation and methodology, G.V. and A.G.; numerical simulation, S.B.; project administration, A.G. and I.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was carried out in frame of the “NOMAD” project. This project (Non-destructive Evaluation System for the Inspection of Operation-Induced Material Degradation in Nuclear Power Plants) has received funding from the Euratom research and training program 2014–2018 under grant agreement No 755330.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



The Economics of Long-Term Operation of Nuclear Power Plants; Nuclear Energy Agency and Organisation for Economic Co-Operation and Development: Paris, France, 2012.

	



Ballesteros, A.; Ahlstrand, R.; Bruynooghe, C.; von Estorff, U.; Debarberis, L. The role of pressure vessel embrittlement in the long term operation of nuclear power plants. Nucl. Eng. Des. 2012, 243, 63–68. [Google Scholar] [CrossRef]

	



Al Mazouzi, A.; Alamo, A.; Lidbury, D.; Moinereau, D.; Van Dyck, S. PERFORM 60: Prediction of the effects of radiation for reactor pressure vessel and in-core materials using multi-scale modelling—60 years foreseen plant lifetime. Nucl. Eng. Des. 2011, 241, 3403–3415. [Google Scholar] [CrossRef]

	



Koutsky, J.; Kocık, J. Radiation Damage of Structural Materials; Elsevier: Amsterdam, The Netherlands, 1994. [Google Scholar]

	



Ferreño, D.; Gorrochategui, I.; Gutiérrez-Solana, F. Degradation due to neutron embrittlement of nuclear vessel steels: A critical review about the current experimental and analytical techniques to characterise the material, with particular emphasis on alternative methodologies. In Nuclear Power—Control, Reliability and Human Factors; Tsvetkov, P., Ed.; IntechOpen Limited: London, UK, 2011; ISBN 9789533075990. Available online: http://www.intechopen.com/articles/show/title/non-destructive-testing-for-ageing-management-of-nuclear-power-component (accessed on 20 October 2019).

	



Niffenegger, M.; Leber, H.J. Monitoring the embrittlement of reactor pressure vessel steels by using the Seebeck coefficient. J. Nucl. Mater. 2009, 389, 62. [Google Scholar] [CrossRef]

	



Niffenegger, M.; Reichlin, K.; Kalkhof, D. Application of the Seebeck effect for monitoring of neutron embrittlement and low-cycle fatigue in nuclear reactor steel. Nucl. Eng. Des. 2005, 235, 1777–1788. [Google Scholar] [CrossRef]

	



Seiler, G. Early detection of fatigue at elevated temperature in austenitic steel using electromagnetic ultrasound transducers. In Proceedings of the Seventh International Conference on Low Cycle Fatigue: LCF7, Deutscher Verband für Materialforschung und-prüfung e.V. (DVM), Aachen, Germany, 9–11 September 2013; pp. S359–S364. [Google Scholar]

	



Smith, R.L.; Rusbridge, K.L.; Reynolds, W.N.; Hudson, B. Ultrasonic attenuation, microstructure and ductile to brittle transition temperature in Fe-C alloys. Mater. Eval. 1993, 41, 219–222. [Google Scholar]

	



Dobmann, G.; Kröning, M.; Theiner, W.; Willems, H.; Fiedler, U. Nondestructive characterization of materials (ultrasonic and magnetic techniques) for strength and toughness prediction and the detection early creep damage. Nucl. Eng. Des. 1995, 157, 137–158. [Google Scholar] [CrossRef]

	



Jiles, D.C. Magnetic methods in nondestructive testing. In Encyclopedia of Materials Science and Technology; Buschow, K.H.J., Ed.; Elsevier: Oxford, UK, 2001; p. 6021. [Google Scholar]

	



Blitz, J. Electrical and Magnetic Methods of Nondestructive Testing; Adam Hilger IOP Publishing, Ltd.: Bristol, UK, 1991. [Google Scholar]

	



Lo, C.C.H.; Jakubovics, J.P.; Scrub, C.B. Non-destructive evaluation of spheroidized steel using magnetoacoustic and Barkhausen emission. IEEE Trans. Magn. 1997, 33, 4035–4037. [Google Scholar] [CrossRef]

	



Kikuchi, H.; Ara, K.; Kamada, Y.; Kobayashi, S. Effect of microstructure changes on Barkhausen noise properties and hysteresis loop in cold rolled low carbon steel. IEEE Trans. Magn. 2009, 45, 2744–2747. [Google Scholar] [CrossRef]

	



Hartmann, K.; Moses, A.J.; Meydan, T. A system for measurement of AC Barkhausen noise in electrical steels. J. Magn. Magn. Mater. 2003, 254–255, 318–320. [Google Scholar] [CrossRef]

	



Barroso, S.P.; Horváth, M.; Horváth, Á. Magnetic measurements for evaluation of radiation damage on nuclear reactor materials. Nucl. Eng. Des. 2010, 240, 722–725. [Google Scholar] [CrossRef]

	



Augustyniak, B.; Chmielewski, M.; Piotrowski, L.; Kowalewski, Z. Comparison of properties of magnetoacoustic emission and mechanical barkhausen effects for P91 steel after plastic flow and creep. IEEE Trans. Magn. 2008, 44, 3273–3276. [Google Scholar] [CrossRef]

	



Devine, M.K. Magnetic detection of material properties. J. Min. Met. Mater. JOM 1992, 44, 24–30. [Google Scholar] [CrossRef]

	



Kronmüller, H.; Fähnle, M. Micromagnetism and the Microstructure of Ferromagnetic Solids; Cambridge University Press: Cambridge, UK, 2003. [Google Scholar]

	



Dobmann, G.; Altpeter, I.; Kopp, M.; Rabung, M.; Hubschen, G. ND-materials characterization of neutron induced embrittlement in German nuclear reactor pressure vessel material by micromagnetic NDT techniques. In Electromagnetic Nondestructive Evaluation (XI); IOS Press: Amsterdam, The Netherlands, 2008; p. 54. ISBN 978-1-58603-896-0. [Google Scholar]

	



Altpeter, I.; Becker, R.; G Dobmann, R.; Kern, W.A.; Theiner, A. Yashan: Robust Solutions of Inverse Problems in Eletromagnetic Non-Destructive Evaluation. Inverse Probl. 2002, 18, 1907–1921. [Google Scholar] [CrossRef]

	



Szielasko, K.; Wolter, B.; Tschuncky, R.; Youssef, S. Micromagnetic materials characterization using maschin learning—Progress in Nondestructive Prediction of Mechanical Properties of Steel and Iron. Tech. Mess. 2020, 87, 428–437. [Google Scholar] [CrossRef]

	



Takahashi, S.; Kobayashi, S.; Kikuchi, H.; Kamada, Y. Relationship between mechanical and magnetic properties in cold rolled low carbon steel. J. Appl. Phys. 2006, 100, 113908. [Google Scholar] [CrossRef]

	



Tomáš, I. Non-destructive Magnetic Adaptive Testing of ferromagnetic materials. J. Mag. Mag. Mat. 2004, 268, 178–185. [Google Scholar] [CrossRef]

	



Vértesy, G.; Gasparics, A.; Uytdenhouwen, I.; Szenthe, I.; Gillemot, F.; Chaouadi, R. Nondestructive investigation of neutron irradiation generated structural changes of reactor steel material by magnetic hysteresis method. Metals 2020, 10, 642. [Google Scholar] [CrossRef]

	



Tomáš, I.; Vértesy, G.; Gillemot, F.; Székely, R. Nondestructive Magnetic Adaptive Testing of Nuclear Reactor Pressure Vessel Steel Degradation. J. Nucl. Mater. 2013, 432, 371–377. [Google Scholar] [CrossRef]

	



Rabung, M.; Kopp, M.; Gasparics, A.; Vértesy, G.; Szenthe, I.; Uytdenhouwen, I. Micromagnetic characterization of operation induced damage in Charpy specimens of RPV steels. Appl. Sci. 2021, 11, 2917. [Google Scholar] [CrossRef]

	



Gillemot, F. Overview of Reactor Pressure Vessel Cladding. Int. J. Nucl. Knowl. Manag. 2010, 4, 265–278. [Google Scholar] [CrossRef]

	



Vértesy, G.; Gasparics, A.; Szenthe, I.; Gillemot, F. Magnetic nondestructive inspection of reactor steel cladded blocks. Glob. J. Adv. Eng. Technol. Sci. 2019, 6, 1. [Google Scholar]

	



Gillemot, F.; Horváth, M.; Úri, G.; Fekete, T.; Houndeffo, E.; Acosta, B.; Debarberis, L.; Viehrig, H.W. Radiation Stability of WWER RPV Cladding Materials. Int. J. Press. Vessel. Pip. 2007, 84, 469–474. [Google Scholar] [CrossRef]

	



Trampus, P. Pressurized Thermal Shock Analysis of the Reactor Pressure Vessel. Procedia Struct. Integr. 2018, 13, 2083–2088. [Google Scholar] [CrossRef]

	



Chen, M.; Yu, W.; Qian, G.; Shi, J.; Cao, Y.; Yu, Y. Crack Initiation, Arrest and Tearing Assessments of a RPV Subjected to PTS Events. Ann. Nucl. Energy 2018, 116, 143–151. [Google Scholar] [CrossRef]

	



Štefan, J.; Siegl, J.; Adámek, J.; Kopřiva, R.; Falcník, M. Microstructure and Failure Processes of Reactor Pressure Vessel Austenitic Cladding. Metals 2021, 11, 1676. [Google Scholar] [CrossRef]

	



Comsol Multiphysics. AC/DC Module User’s Guide. Available online: https://doc.comsol.com/5.4/doc/com.comsol.help.acdc/ACDCModuleUsersGuide.pdf (accessed on 10 January 2022).

	



Vértesy, G.; Tomáš, I.; Mészáros, I. Nondestructive indication of plastic deformation of cold-rolled stainless steel by magnetic adaptive testing. J. Magn. Magn. Mater. 2007, 310, 76–82. [Google Scholar] [CrossRef]

	



Vértesy, G.; Ueda, S.; Uchimoto, T.; Takagi, T.; Tomáš, I.; Vértesy, Z. Evaluation of Plastic Deformation in Steels by Magnetic Hysteresis Measurements. In Elecstromagnetic Nondestructive Evaluation (XIV); Takagi, T., Udpa, S.S., Chady, T., Gratkowski, S., Eds.; IOS Press: Amsterdam, The Netherlands, 2011; pp. 371–378. [Google Scholar]








[image: Materials 15 01425 g001 550] 





Figure 1. Cutting of the cladded block from a forged ring. 
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Figure 2. Photograph of the cladded block. 
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Figure 3. Photograph of the cladding itself (cut from the top of another cladded block). 
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Figure 4. Photographs of two different size magnetizing yokes (Yoke A and Yoke B) on the top of the same block. 
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Figure 5. Schematic drawing of the sole of magnetizing yoke. a: total length of the yoke, b: width of the yoke, c: width of the leg. 
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Figure 6. Distribution of the calculated flux density in the cladded block for three values of relative permeability of the cladding if the large magnetizing yoke (Yoke A) is applied. 
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Figure 7. Distribution of the calculated flux density in the cladded block for three values of relative permeability of the cladding if the small magnetizing yoke (Yoke B) is applied. 
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Figure 8. Signal of the pick-up coil as a function of the magnetizing current, measured on base material by applying Yoke A. 
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Figure 9. Signal of the pick-up coil as a function of the magnetizing current, measured on the top of cladded block by applying Yoke A. 
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Figure 10. Signal of the pick-up coil as a function of the magnetizing current, measured on the pure cladding by applying Yoke A. 
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Figure 11. Signal of the pick-up coil as a function of the magnetizing current, measured on the pure cladding and on the cladding above the base material by applying Yoke A. 
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Figure 12. Signal of the pick-up coil as a function of the magnetizing current, measured on the base material by applying Yoke B. 
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Figure 13. Signal of the pick-up coil as a function of the magnetizing current, measured on the top of the cladded block by applying Yoke B. 
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Figure 14. Signal of the pick-up coil as a function of the magnetizing current, measured on the pure cladding by applying Yoke B. 
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Table 1. Chemical composition of 15H2NMFA base metal (wt%).
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	C%
	Mn%
	Si%
	S%
	P%
	Cr%
	Ni%
	Mo%
	V%
	Cu%
	Co%
	Sb%
	Sn
	As%





	0.16
	0.42
	0.29
	0.08
	0.012
	1.97
	1.29
	0.52
	0.12
	0.12
	0.06
	0.001
	0.003
	0.003
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Table 2. Dimensions of the magnetizing yokes.
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	a (mm)
	b (mm)
	c (mm)
	Height (mm)





	Yoke A
	62.0
	19.0
	16.0
	55.0



	Yoke B
	11.5
	12.5
	4.5
	13.0
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Table 3. Numerical result of simulation of the magnetic flux for the two different yokes and for three different values of relative permeability of the cladding.
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	μrel
	Ψ1 (Wb)
	Ψ2 (Wb)
	Ψ2/Ψ1





	Yoke A
	1
	4.55 × 10–6
	4.24 × 10–6
	0.931



	Yoke A
	5
	1.49 × 10–5
	1.43 × 10–5
	0.956



	Yoke A
	10
	2.54 × 10–5
	2.43 × 10–5
	0.955



	Yoke B
	1
	3.35 × 10–7
	1.96 × 10–7
	0.586



	Yoke B
	5
	1.12 × 10–6
	5.88 × 10–7
	0.526



	Yoke B
	10
	1.95 × 10–6
	9.86 × 10–7
	0.505
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Yoke B (small)

Mrel

et

10





media/file4.png





media/file18.png
Signal of pick up coil (V)

0.00285

0.00280 -

0.00275 -

0.00270 -

0.00265 -

0.00260 -

0.00255 -

cladding on base 047 +0.07 A
yoke A ‘

— —
15 10 -05 00 0.5 1.0
Magnetizing current (A)






media/file21.jpg
Signal of pick up coil (V)

0.0030

0.0025 -

00020

0.0015 4

000104

0.0005

cladding on base

yoke A
cladding only

yoke A
_’___,__,_,_M

20 5 -0 05 00 05 10 15 20

Magnetizing current (A)

25





media/file26.png
Signal of pick up coil (V)

0.00235

0.00230

0.00225

0.00220

0.00215

0.00210 +

090+0.1A
cladding on base ‘
- yoke B
| ! I ! I ! | ! I
4 -3 -2 -1 0 1

Magnetizing current (A)






media/file27.jpg
Signal of pick up coil (V)

0.0024

0.87+0.1A
cladding only |
0.0023 yoke B
0.0022
0.0021 4
0.0020
0.0019
3 2 oA 0 1 2 5

Magnetizing current (A)






media/file3.jpg





media/file22.png
Signal of pick up coil (V)

0.0030

0.0025

0.0020

0.0015

0.0010

0.0005

- cladding on base
yoke A
cladding only
] yoke A
! | ' | ! | ' | ! | ' | ' | ! | |
25 20 -15 -10 -05 00 05 10 15 20

Magnetizing current (A)

2.5





media/file19.jpg
0.0010

cladding only
s yoke A 07801 A
3 00009 |
o
s
3
°
5
s
g
5 0.0008 o
»
0.0007 ——————————

25 20 -15 -10 05 00 05 10 15 20 25

Magnetizing current (A)





media/file7.jpg





media/file28.png
Signal of pick up coil (V)

0.0024

0.0023

0.0022

0.0021

0.0020

0.0019 4

cladding only
yoke B

0.87+0.1A

L

1 ' 1 ' 1
-1 0 1
Magnetizing current (A)






media/file10.png





media/file14.png
Multislice: Magnetic flux derst

rel = 1

norm (mT)

0.0%

n
D.0% 4 2

-

Yoke B (small)

Multislice: Magnetic Bux density norm [mT)

0.05

rel = 5

0.05

{ 15
-0.03
{10
.04
-1

o

Multislice: Magnetic flux density norm {mT)

Urel = 10

0.0%






media/file11.jpg
'Yoke A (large)






media/file6.png





media/file15.jpg
045+0.03A
0.104
base only '
yoke A
s 0%
8
S ooe
)
2
k)
& 004
5
®
g
5
®» 0024
0,00

20 45 40 05 00 05 10 15 20 25

Magnetizing current (A)





nav.xhtml


  materials-15-01425


  
    		
      materials-15-01425
    


  




  





media/file16.png
Signal of pick up coil (V)

0.45+0.03 A

0.10 4
base only ‘
yoke A
0.08 H
0.06 4
0.04 4
0.02 H
0.00 H
1 1 1 1 1 1 1 1 1
20 15 10 05 00 05 10 15 20

Magnetizing current (A)






media/file2.png
Austenitic cladding Forged ring

(base material)






media/file20.png
Signal of pick up coil (V)

0.0010

cladding only

yoke A 078 +0.1A

0.0009 '

0.0008 -

0.0007 — 71t r r r r - r r r - 1 1 1 ° 1

-25 -20 -15 -10 -05 0.0 0.5 1.0 1.5 2.0

Magnetizing current (A)





media/file23.jpg
V)

Signal of pick up coil

0.08

0074

0.06 4

0.054

0.044

0.034

0.024

0014

0.004

base only
yoke B

0.30+0.05A

|

Magnetizing current (A)






media/file5.jpg





media/file24.png
Signal of pick up coil (V)

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01 -

0.00

base only 0.30  0.05 A
] yoke B L
-4 -3 -2 -1 0 1

Magnetizing current (A)






media/file1.jpg
Austenitic cladding Forged ring

(base material)






media/file25.jpg
B

0.00235

090£0.1A
cladding on base \
000230 yoke B
0.00225
0.00220 o
0.00215
0.00210
-4 -3 2 -1 0 4

Magnetizing current (A)






media/file12.png
Multzhice: Magnetc flux density norm (mT)
o 0.05

Krel = 1

| 0.05

Yoke A (large)

Multishco: Magnetic flux density norm (mT)
0

Krel = 5

0.05

0.05

Multislice: Magneti flux density norm (mT)
0

Urel = 10

20





media/file9.jpg
1)






media/file0.png





media/file8.png





media/file17.jpg
Signal of pick up coil (V)

0.00285

0.00280 4

0.00275 4

000270 4

0.00265

0.00260 4

000255 4

cladding on base DATHO.07A
yoke A |

45 -0 05 00 05 10

Magnetizing current (A)

15

20






