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Inspection of neutron-irradiation-generated degradation is a very important task. In ferromagnetic materials,  such as nuclear reactor 

pressure vessel steel, the structural degradation is connected with a change of their magnetic properties. In this work the applicabil-

ity of a novel magnetic nondestructive method (Magnetic Adaptive Testing, MAT), which is based on  systematic measurement and 

evaluation of minor magnetic hysteresis loops, is shown for inspection of neutron irradiation embrittlement in nuclear reactor pres-

sure vessel steel. Three series of samples, made of JRQ, 15H2MFA and 10ChMFT type steels were measured by MAT. The sam-

ples were irradiated by E>1 MeV energy neutrons with neutron fluence of 1.58x1019 – 1.19x1020 n/cm2. Regular, monotonously in-

creasing correlation was found between the optimally chosen MAT degradation functions and the neutron fluence,  in all three types 

of the materials. Shift of the ductile-brittle transition temperature, Δ DBTT, independently determined as a function of neutron 

fluence for the 15H2MFA material, was also employed. A sensitive, linear correlation was found between the Δ DBTT and values 

of the MAT degradation functions. Based on these results, MAT is considered to be a promising complimentary tool. It can serv e 

in future, perhaps, even for replacement of the destructive tests within the surveillance programs, which are presently used for in-

spection of neutron irradiation generated embrittlement of nuclear reactor pressure vessel steel.  
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1  INTRODUCTION 

 
 

High energy and long term fast neutron irradiation 

(over 0.1 MeV), and high energy gamma radiation cause 

embrittlement of the metallic structural materials, which 

can lead to serious problems in the safe operation of nu-

clear power plants. The mechanism of irradiation 

embrittlement of nuclear reactor pressure vessel (NRPV) 

steels has been the subject of extensive investigations 

[1,2.3. Irradiation by high energy neutrons generates an 

increase in the ductile-brittle transition temperature 

(DBTT), hardness, yield strength, as well as decrease in 

the Charpy tests upper shelf energy and in ductility. 

Testing and evaluation of radiation embrittlement is a 

very important but not an easy task. The radiation 

embrittlement is not caused by a single degradation mech-

anism but it is realized by a combination of several pro-

cesses: direct matrix damage due to neutron bombardment 

(increase of the dislocation density), precipitation harden-

ing of the matrix (Cu is the leading element but nickel, 

manganese, silicon etc. also has influence), segregation (P 

is a recognized main segregating element), which can lead 

even to a non-hardening embrittlement. At the measure-

ment of the irradiation degradation thermal ageing and 

thermal annealing (recovery) also affect the results, and in 

many cases no measuring method exists to separate effects 

of the different factors. The traditional evaluation of the 

embrittlement proceeds by the destructive mechanical 

testing, namely the tensile tests, the Charpy impact tests, 

the fracture toughness and the hardness tests. However, 

the diminishing stock of Charpy specimens preinstalled in 

each of the reactors since the beginning of its industrial 

service becomes an urgent problem if a long-term opera-

tion of nuclear reactors, beyond their originally designed 

lifetime, should be realized. Beacuse of this, development 

of a reliable nondestructive inspection of reactor vessels is 

an urgent and important task. 

Most of the presently operating nuclear reactors are 

Pressurized Water Reactors and they are made of low al-

loyed ferromagnetic steels. This means that magnetic 

methods can be applied on them. Previous studies showed 

that magnetic properties of pressure vessel steels change 

after neutron irradiation. This fact makes magnetic meas-

urements a promising candidate for nondestructive testing 

of aged reactor steel materials. 

The magnetic method using major hysteresis loops 

may be a useful non-destructive testing method for integ-

rity assessment of these steels 4. The increase of the 

coercive force was attributed to the domain wall motion 

hindered by the increased defects. Measurement of mag-

netic minor hysteresis loops were successfuly performed 

in several works. A whole set of minor magnetization 

loops from low to high magnetic induction levels was 

measured in 5. The main two investigated parameters 

were the maximum relative differential permeability, and 

the peak intensity of the Preisach-based local interaction 

field distribution. Both parameters decrease with the in-

creasing neutron fluence and with the increasing yield 

stress for all the investigated materials. Magnetic minor 

hysteresis loops were also measured on the A533B-type 

NRPV steels with various combinations of Cu and Ni con-

tents, after a neutron irradiation up to the fluence of 

3.32*1019 n/cm2
 6,7.  A strong compositional depend-

ence of the minor-loop properties, which are indicators of 

internal stress, was found. 

It was shown that by combining 3MA quantities 

(Micromagnetic, Multiparameter, Microstructure and 

stress Analysis) with quantities derived from dynamic 

magnetostriction measurements using an EMAT (Electro-

Magnetic Acoustic Transducers) the shift of DBTT on 
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irradiated Charpy samples of the base material and of the 

weldments of NRPV of western and eastern design can be 

determined nondestructively 8. 

Magnetic Barkhausen Emission (MBE) can also be 

used to monitor variations in microstructural and subsur-

face stress states. Measurements of these emissions can 

reveal neutron irradiation degradation in nuclear power 

plant components 9. The results of different neutron 

fluences and annealing procedures showed noticeable 

fractional changes in the magnetic Barkhausen effect sig-

nal parameter, ΔMBE/MBE, and in the mechanical prop-

erties of these specimens. In other works, samples cut 

from three types of nuclear reactor materials were irradi-

ated with different neutron fluences 10,11. The results 

on the specimens cut in the same direction show correla-

tion with the irradiation-induced material hardening and 

its dependence on the fluence. Different materials show 

different hardening levels. Barkhausen emission results 

were correlated to the neutron fluence taking into account 

the cutting direction. In spite of some good results, corre-

lations between the MBE and the change of the fracture 

toughness due to the irradiation-hardness modifications, 

are not satisfying yet. 

The purpose of the present work is to examine a novel 

method, called the Magnetic Adaptive Testing (MAT), for 

inspection of neutron irradition of reactor steel. This tech-

nique has been found previously as a promising, sensitive 

and reliable tool for nondestructive investigation of mate-

rial degradation. 
 
 

 

2  EXPERIMENTAL 
 

 

Magnetic Adaptive Testing was applied for investiga-

tion of the influence of neutron irradiation in nuclear reac-

tor pressure vessel steel material. MAT is a recently de-

veloped method for nondestructive characterization of 

ferromagnetic materials 12,13. It is based on systematic 

measurement and evaluation of minor magnetic hysteresis 

loops. For this purpose a specially designed Permeameter 

with a magnetizing/sensing yoke is applied for measure-

ment of families of minor loops of the magnetic circuit 

differential permeability. The raw data, which is regis-

tered for each sample characterized by a degradation pa-

rameter, k, is a family of permeability loops, which is 

then processed by a special data-evaluation program. The 

consecutive series of (k)-matrices, each taken for one 

sample with a value of the independent variable, k, de-

scribes the magnetic reflection of the material degrada-

tion, . The matrices are processed by a matrix-evaluation 

program, which normalizes them by the matrix of a refer-

ence sample (=0) chosen as the reference matrix, and 

arranges all the mutually corresponding elements ij(k) of 

all the evaluated (k)-matrices into a table. The matrix-

evaluation program calculates sensitivity of each degrada-

tion function and draws their “sensitivity map” in the 

plane of the field coordinates (Fi,Aj)(i,j). This map shows 

the relative sensitivity of each ij(k)-degradation function 

with respect to the independently measured, k, of the in-

vestigated material. Sensitivity of each degradation func-

tion is computed as the slope of its linear regression and it 

is expressed by a color and/or shade in the sensitivity map 

figure. A 3D-plot of sensitivity of the degradation func-

tions can substantially help to choose the optimum one(s). 

Beside the -matrices and the corresponding -

degradation functions, also matrices of the integrated, 

B=dF, or the differentiated, ’=d/dF, values can be 

computed and used for definition of the B-degradation 

functions, B(Fi,Aj,), and/or of the ’-degradation func-

tions, ’(Fi,Aj,). In fact the B-, and ’-degradation func-

tions do not contain more or other information than the -

degradation functions, but their use is sometimes more 

helpful and they are occasionally able to show certain ma-

terial features with higher sensitivity or in different rela-

tions. In some cases it turns out, that degradation func-

tions of reciprocal values, such as 1/-degradation func-

tions and the similar others, are more convenient than the 

direct ones. 

The investigated block-samples were prepared in the 

Atomic Energy Research Institute (Budapest, Hungary). 

These block-samples with dimensions 10x10x30 mm were 

made of three different NRPV steels. JRQ stands for the 

“Japanese Reference Quality” steel, 15H2MFA and 

10ChMFT are the NRPV steel and the welding material, 

respectively, for the WWER 440 nuclear reactors. 

All the blocks were cut from unspoiled forgings and 

welds, and most of them were then irradiated. Unlike in 

several other published experiments (see e.g. 14), no 

irradiated broken Charpy specimens were used, as we 

wished to avoid deformations and residual stresses im-

plied by the Charpy impact tests. The surface was grinded, 

no plastic deformation took place before the testing. The 

blocks were coded only at their ends, using electric spark 

pencils (causing neither plastic deformation nor residual 

stresses). 

The samples were irradiated in the Budapest Research 

Reactor by E>1MeV energy neutrons, with the resulting 

fluences in the 1.58x1019 – 1.19x1020 n/cm2 range. Always 

two samples were irradiated with the same fluence. Two 

unirradiated samples of each material were left available 

as reference samples. 

The measurements were performed in the hot laborato-

ry of the Atomic Energy Research Institute, where the 

samples were easily handled by a manipulator. A specially 

designed sample holder was built for investigation of the 

irradiated samples by the MAT technique. The samples 

were placed into a short solenoid for its magnetization, 

and the magnetic circuit was closed from one side of the 

sample by a C-shaped laminated Fe-Si transformer yoke. 

(There was a dummy yoke made of a plastic material on 

the opposite side of the sample, just to keep the system 

fixed mechanically.) A pick-up coil was also wound on 

the solenoid. The sample holder made it possible to meas-

ure the radioactive samples without touching them by na-

ked hands. 
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Every sample of all the three series of materials 

(15H2MFA, JRQ, 10ChMFT) was measured four times, 

the magnetic yoke being applied to each side of each sam-

ple once. Evaluation of the measurements clearly revealed 

a correct tendency of the expected correlation between the 

MAT degradation functions and the neutron fluence, but 

scatter of the points was too large, actually comparable 

with the measured values. The reason of this big scatter 

was attributed to a fluctuating quality of the magnetic 

contact between the touching faces of the yoke and of the 

samples, caused by slightly corroded and scratched sur-

faces. In order to improve the conditions, a non-magnetic 

spacer was introduced between the touching faces. The 

influence of such spacer has been discussed recently 15. 

It has been found that the spacers modify shapes of the 

measured signals, they reduce fluctuation of the yoke-

sample magnetic contacts and therefore also scatter of the 

experimental points, and sometimes they are able to bring 

about substantial increase of the MAT sensitivity, in the 

degradation functions computed from the signal deriva-

tives, in particular. 

Based on these previous positive experiences, meas-

urement of the samples was repeated with an applied 

spacer between the surface of the sample and magnetizing 

yoke. Thickness of the spacer was optimized to 0.08 mm, 

which gave the best results. 
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Fig. 1. Measured signals of the four sides of the two reference samples. 

Top1 and Top2 indicate the curves chosen for the evaluation. 
 

 

 

 

 

For illustration, the signals measured on all four sides 

(A,B,C,D) of two nominally identical reference samples 

(G610 and G612) of the material 15H2MFA are shown in 

Fig. 1. Application of the spacer made majority of the sig-

nals close to one another, but for the sides with the worse 

sample surface (here side B of the G612 sample). As low 

quality of the magnetic contact could only decrease size 

of the signal, out of all the eight measurements always the 

two signals with the largest amplitudes (here G610C and 

G610B) were considered to be the best quality ones, and 

just they were chosen for the next processing. This proce-

dure, namely the next use of only two top signals out of 

the total eight measurements of the four sides of the two 

nominally identical samples (made of the same material 

and having the same fluence), was applied to all samples 

under inspection. 
 
 

 

3 RESULTS AND DISCUSSION 
 

 
 
 

 

The evaluated MAT degradation functions are shown 

in Figs 2, 3 and 4 for the three different materials. In these 

measurement series the 1/’-degradation functions were 

found to characterize the material modifications the best. 

The corresponding sensitivity maps, which are also given 

for all the materials, show relative sensitivity of the deg-

radation functions (red color indicates the highest sensi-

tivity area). It can be seen that the most sensitive 1/’-

degradation functions come for all the materials from the 

area around approximately (Fi = -700 mA, Aj = 1700 mA). 

The appreciable size of those areas suggests also satisfac-

tory reliability (and repeatability) of the degradation func-

tions taken from this surrouding. 
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Fig. 2. The optimally chosen MAT degradation functions and the corre-

sponding sensitivity map for the 15H2MFA samples. 
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Fig. 3. The optimally chosen MAT degradation functions and the corre-

sponding sensitivity map for the JRQ samples. 
 

 

Qualitatively identical correlations were found be-

tween the optimum MAT degradation functions and the 

neutron fluence in all the investigated materials: a monot-

onous increase of the 1/μ'-degradation functions, which is 

very steep for the neutron fluence below 2*1019 n/cm2, 

and then a milder, closely linear correlation up to the end 

of the investigated range. The presented degradation func-

tions were all taken from the same (Fi,Aj) area, regardless 

on the actual sample (the weld material suggests even one 

more interesting area around (Fi = 500 mA, 

Aj = 1500 mA), however), and they increased up to about 

250% for the 15H2MFA and JRQ samples, and up to 

about 140% for the weld material 10ChMFT. 

Our MAT results measured on the 15H2MFA steel can 

be compared with the empirical relation, 

 DBTT = A*Fluence1/3, for shift of the ductile-brittle 

transition temperature,  DBTT, as it was meas-

ured/predicted at a WWER 440 reactor, which used the 

same material 16. With the experimentally determined 

coefficient A=20.94 and the fluence given in units of 

1019n/cm2, the  DBTT values are obtained in 0C up to the 

fluence values 1.2*1020n/cm2 (which corresponds approx-

imately to 20 years working period of a WWER 440 reac-

tor). We got a linear dependence of the  DBTT on the 

optimal MAT degradation function, as it is plotted in 

Fig. 5. 
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Fig. 4. The optimally chosen MAT degradation functions and the corre-

sponding sensitivity map for the 10ChMFT samples. 
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Fig. 5. Shift of the ductile-brittle transition temperature,  DBTT, due to 

neutron irradiation of the 15H2MFA reactor steel. 
 

 

In spite of the successful measurement of the tested 

materials it should be noted, that geometry of the investi-

gated samples (short stout blocks) was rather unfavoura-
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ble for the magnetic hysteresis experiments. For next ex-

perimentation and in particular for an industrial applica-

tion of such tests, another geometry of the samples is rec-

ommended. For instance surveillance samples shaped as 

long thin rods with the length/diameter ratio about 40 or 

larger (e.g. length 100 mm, diameter 2 mm) could be easi-

ly MAT-measured in a solenoid. As it was shown before 

13  very good MAT-measurements can be performed in 

a solenoid, if geometry of the samples is favourable. 

Measurement of long thin irradiated samples in a solenoid 

would completely avoid the problem of irregular sample 

surfaces, which had to be circumvented by application of 

the spacers in the presented experiments. It would sub-

stantially decrease scatter of the measured values, and it 

would also eased up handling of the radioactive samples 

before the measurement. 
 

 

 

4 CONCLUSIONS 
 

 

A recently developed nondestructive magnetic meas-

urement method, the Magnetic Adaptive Testing, was 

used for revealing correlation between magnetic charac-

teristics of samples irradiated by high energy neutrons and 

the applied neutron fluence. Monotonous correlation was 

found between these quantities in all cases of the investi-

gated nuclear reactor pressure vessel steels. For the 

15H2MFA type steel, the magnetic parameters were com-

pared with the destructively measured shift of the ductile-

brittle transition temperature and a linear correlation was 

found between them. 

Applicability of MAT was demonstrated for inspection 

of neutron irradiation embrittlement of nuclear reactor 

pressure vessel steels and optimal shape of the samples 

was suggested for even better results and easier measure-

ments. Evidently, MAT is a promising (at least) compli-

mentary tool for next surveillance programs of nuclear 

reactor pressure vessels. 
 

 

Acknowledgements 

The work was supported by Hungarian Scientific Research 

Fund (project A08 CK 80173), by project No.101/09/1323 of 

the Grant Agency of the Czech Republic. 
 

REFERENCES 

 

 
 

1 KOUTSKY, J.  KOCIK J.: Radiation damage of structural materi-

als, Elsevier Science Publishers, Amsterdam, 1994 
 

2 ODETTE, G.R.  LUCAS, G.E.: JOM 53 (2001), 18. 
 

3 FERREÑO, D.  GORROCHATEGUI, I.  GUTIÉRREZ-SOLANA, 

F.: “Nuclear Power - Control, Reliability and Human Factors”, ISBN 978-

953-307-599-0, Ed.: P.Tsvetkov, Publisher: InTech, September 2011 
 

4 PARK, D.G.  KIM, C.G.  KIM, H.C.  HONG, J.H.  KIM, I.S.: 

J. Appl. Phys. 81 (1997), 4125 
 

5 VANDENBOSSCHE, L.: Magnetic hysteretic characterization of ferro-

magnetic materials with objectives towards non-destructive evaluation of 

material degradation, Ph.D. Thesis, Universiteit Gent, 2009 
 

6 KOBAYASHI, S.  KIKUCHI, H.  TAKAHASHI, S.  KAMADA, 

Y.  ARA, K.  YAMAMOTO, T.  KLINGENSMITH, D.  G.R. 

ODETTE, G.R.: Phil. Mag. 88 (2008), 1791-1800. 
 

7 KOBAYASHI, S.  KIKUCHI, H.  TAKAHASHI, S.  KAMADA, 

Y, J. Electrical Eng. 61 (2010), 119-122. 
 

8 DOBMANN, G.: Non-Destructive Testing for Ageing Management of 

Nuclear Power Components,  Nuclear Power - Control, Reliability and Hu-

man Factors, ISBN 978-953-307-599-0, Ed: P. Tsvetkov,  Publisher: 

InTech, September 2011 
 

9 SIPAHI, L.B.  GOVINDARAJU, M.R.  JILES, D.C.: J. Appl. Phys. 

75 (1994), 6981. 
 

10 BARROSO, S.P.  HORVÁTH, M.  HORVÁTH, A.: Nuclear En-

gineering and Design, 240 (2010), 722-725. 
 

11 GILLEMOT, F.  BARROSSO, S.P.: 8th Int. Conf. on Barkhausen 

Noise and Micromagnetic Testing,  Kalpakkam, India, February 11-12, 2010 
 

12 TOMÁŠ, I.: J. Magn. Magn. Mat. 268 (2004), 178-185. 
 

13 TOMÁŠ, I.  VÉRTESY, G.: Magnetic Adaptive Testing, chapter in 

book „Nondestructive Testing“ (Editor M.Omar), InTech-d.o.o. - Open 

Access publisher: www.intechopen.com, (ISBN 979-953-307-487-9), 2012 
 

14 ftp.cordis.europa.eu/pub/fp5-euratom/docs/fisa2003_2-3_grete_en.pdf 
 

15 TOMÁŠ, I.  KADLECOVÁ, J. TOMÁŠ, I.  VÉRTESY, G.: IEEE 

Trans. Magn., 48 (2012), 1441-1444. 
 

16 DVOŘÁKOVÁ,  KADLECOVÁ, J.  KONOP, R.   TOMÁŠ, I.  

 VÉRTESY, G.: Proc. 6th Czech conference "Zvyšování životnosti kom-

ponent energetických zařízení v elektrárnách - Lifetime Improvement of 

Components of Energetic Facilities in Power Plants ", Srní, Czech Republic, 

(2011), 127-130. 
 

 

Received 24 August 2012 

 
 

 

 

Gábor Vértesy, Ivan Tomáš, Ferenc Gillemot, Richárd 

Székely, biographies nnot supplied. 
 

 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 

 
 

http://www.intechopen.com/books/show/title/nuclear-power-control-reliability-and-human-factors
http://www.intechweb.org/
http://www.intechopen.com/books/show/title/nuclear-power-control-reliability-and-human-factors
http://www.intechopen.com/books/show/title/nuclear-power-control-reliability-and-human-factors
http://www.intechweb.org/
http://www.intechopen.com/

