Jokimamu Ha Bbarapckara akazeMus Ha HAYKUTE

Comptes rendus de I’Académie bulgare des Sciences

Tome 78, No 10, 2025

PHYSICS

Nuclear reactor physics

METAL EXAMINATION OF WELDED JOINTS OF MAIN
CIRCULATION PIPELINE IN NUCLEAR POWER PLANTS
USING THE METAL MAGNETIC MEMORY METHOD

Galya Dimova

Received on July 8, 2025
Presented by P. Atanasov, Member of BAS, on September 30, 2025

Abstract

This paper presents a study of the metal of welded joints of a main cir-
culation pipeline in a nuclear power plant using the metal magnetic memory
method (MMM method). The study is aimed at the influence of the operating
conditions of the medium for the formation of zones with stress concentration
in the metal. The MMM method was developed in order to conduct diagnosis
of the condition of the metal of the technological equipment — zones with a con-
centration of stresses are detected, in which defects in the metal subsequently
arise and develop. The method is new and has not yet been studied in depth.
The results are given and verified. The aim of the article is to present the
application of the MMM method in practical terms for performing technical
diagnostics of the equipment in NPPs. The combined application of the MMM
method together with traditional methods of non-destructive testing of metal
will increase the reliability of the nuclear power plant.

Key words: metal magnetic memory method, nondestructive testing

Introduction. The policy of each NPP is to ensure safe production of electri-
cal energy as well as security of supply. It is known that stress concentration zones
(SCZs) in which corrosion, fatigue and brittle processes develop most intensively
are the main sources of damage occurrence in NPP equipment. The detection
of SCZs is therefore one of the most important tasks of equipment diagnostics.
The pipelines metal in NPP is subjected to ageing mechanisms. The degradation
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mechanisms of WWER type of reactors are known — corrosion, erosion, fatigue,
and wear [1,2]. In order to ensure the safe operation of the NPP, control (testing)
of the metal of the equipment is carried out. Standardized control methods are
applied — visual testing (VT), penetrant testing (PT), ultrasonic testing (UT), and
radiographic testing (RT) [3-11|. The question of the effectiveness of the methods
of equipment control is raised. The efficiency of the methods is considered from
the point of view of the ageing mechanisms of the pipelines. Studies are being
conducted to see if the methods “cover” all the observed effects of ageing [12,13].
Modern diagnostics of the condition of structural materials has a large array of
different physical methods and tools. Residual and working inner stresses mea-
surement techniques and tools are getting wider application for determining the
mechanical characteristics of materials. In this process, a central role is played
by the methods and tools for measuring residual and working internal stresses.
This article discusses the application of the metal magnetic memory method for
diagnostics of welded joints of main circulation pipelines in nuclear power plants.
Metal magnetic memory method (MMM method) is a passive non-destructive test-
ing technology which has potentials to detect early damage [14-19]. The method
is effective in evaluating of stress-strain conditions, and is used for early diagnosing
of fatigue damages of equipment and pipelines.

Materials and methods. The objects of the study are part of welded joints
of the main circulation pipeline in the NPP. The pipe assembly is made of a pipe
with a plating, nominal outer diameter 990 mm, wall thickness 70 mm. The
pipeline operates in the complex conditions of thermal, hydraulic and vibration
loading, and in an environment of corrosion and erosion effects. The operating
conditions that can form SCZs are: fluid pressure in steady state 16 + 0.3 MPa,
design pressure 18 MPa, operating temperature in steady state 3204+3.5 °C, design
temperature 350 °C, coolant flow rate 21 200 m3 /h. For the purposes of this study,
MMM method is applied. It has been found that the crystal lattice of iron forms
only as a result of interaction of electrostatic and exchange forces without the
participation of external magnetic fields [18,19]. The magnetic moment of atom
is a vector sum of all elementary moments such as of nuclei, electrons, spin, and
orbital ones. As ensues from the electronic structure of atom within the lattice,
the orbits of thermi 3-d electrons become collective and expand to include two
atoms. As a result, each atom within the crystal lattice turns out to be part of 6
elliptic orbits, while its own 3-d electrons are only three in number. These three
orbits create uncompensated magnetic moments that are oriented in space in a
strictly defined way: Of the acceptable angles between the magnetic moments’
vectors (or between the normal to the orbital planes), the 90°-angles appear to
be the most favourable ones in terms of energy. In other words, the magnetic
moment created by an electron whose orbit includes two atoms positioned in the
angles of a cube at one of the crystallographic axes, has to be parallel to another
crystallographic axis, as shown in Fig. 1.
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Fig. 1. The magnetic moment of atom P, is a vector sum of
all elementary moments Pra, Pmb; Pm = Pma + Pmb

The arrangement of atoms in space leads to the following: in materials with
unfilled elliptical shells, a forced alignment of the orbital orientation of the shared
3-d electrons occurs and therefore a forced orientation of their magnetic fields
also occurs. The resulting magnetic alignment is termed spontaneous magnetism.
The essence of magnetic alignment is in that the vectors of elementary magnetic
moments (P,,;) existing in each iron-3 atom and equal as per module, are oriented
parallel to the cube edges (elementary cell). The resulting magnetic moment of
the atom integrated in the crystal lattice is F,,. The direction of the resultant
magnetic moment appears to coincide with the spatial diagonal of the cube, and
the point of its application — with the centre of the atomic nucleus. The iron
crystal lattice contains a large number of elementary cells, and the magnetic mo-
ment vectors of the individual atoms provisionally merge in a single vector. When
within the material there are areas with concentration of stress, this causes dissipa-
tion of their own magnetic fields. The MMM method is a non-destructive testing
method, based on the registering and analysis of own magnetic fields. Moreover,
the dissipated own magnetic fields have the property of: 1) reflecting the irre-
versible change of magnetisation along the direction of action of the operational
loading maximum stress; 2) retaining the structural and technological heredity
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of elements and welded joints following their manufacturing and cooling in the
Earth’s magnetic field. The MMM method utilises the natural magnetisation and
the after-effect that occurs in terms of magnetic memory of the metal in the ac-
tual deformations and structural alterations within the metal of components and
equipment. The technical evaluation tools are apparatuses of the type of multi-
channel flux-gate magnetometer (Fig. 2). The magnetic field force displayed on
the face of the device has a graduation scale in A/m (ampere/meter). The length
of the registered movement of the sensor is graduated in mm. The uniqueness of
these devices lies in that they identify the SCZs which are the basic sources for
development of damages of equipment.

Fig. 2. Technical devices used by the metal magnetic memory method

The apparatus is lightweight, compact and portable. It is designed for on-
site control of the pipe line. The scanning schemes for a pipeline that has been
tested using the MMM method are presented in Fig. 3. The pipeline is filled with
fluid. The uniqueness of the device is that the SCZs are identified as the main
sources for the development of equipment damages. The implementation of the
MMM method in practice consists of several stages. The first stage is to study the
capabilities of the method. The second stage is technical — the operating modes of
the apparatus are studied, laboratory samples are tested. The third stage is the
preparation of a methodology for testing using the MMM method on a specific site.
The methodology is verified, and reproducibility and repeatability of the results
should be achieved over 80%. The final stage is to conduct a test on a real object.
Preparation of the pipeline surfaces is carried out (removal of insulation from the
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Fig. 3. The scanning schemes for a pipeline tested using the MMM method

facility, mechanical cleaning of the scanning areas), preparation of the apparatus
(calibration and adjustment in laboratory conditions) and finally — conducting a
real test (scanning of the site, collection of MMM data and data analysis).

Results. Testing was carried out on seven welded joints of the main circu-
lation pipeline, straight section. Each welded joint is divided into four sectors,
each sector is 70mm long. Figure 4 shows some characteristic test results that
represent the capabilities of the MMM method.

Since the MMM method is new, the results must be verified. Ultrasound
testing was carried out at the same sites. A comparison of the data from the MMM
method with those from ultrasound is made. It is observed that the indications
from the ultrasound coincide with the indications from the MMM.

Discussion. The method provides the link between the magnetic and me-
chanical indicators of the work hardened material. The welding technology of the
specific welding seam of the pipeline has been reviewed in detail. All the exam-
ined objects are made of the same material, they are made with the same welding
technology and they work under the same working conditions. The results of the
MMM metal test show that the most SCZ is observed at the site of the welded
joint No y-3. What could be the reason? Welded joints No x-2-x-8 are located on
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At the beginning of the scanned sector No x-2-2 there are amplitude peaks of signals
from the 8 channels of the apparatus — the presence of SCZ
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Welded joint No x-5-4, SCZs are not observed
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Welded joint No x-8-3, at a distance of 300-800 mm from the beginning of the sector,
peaks of signals are observed

C. R. Acad. Bulg. Sci., 78, No 10, 2025 1443



= o
s S
15 :ﬁ
- :
L]

123
"
g &
8 :
e j S .
¥ A A
: :
= H
"
=
-5
L 0 18 150 20 50 plo) k- @00 a3 00 5 0 50
- D

Welded joint No y-3-1. In the entire first sector of the welded joint, multiple peaks of
signals from the 8 channels are observed, there are a lot of stress concentrators
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Welded compound No y-3-2. An unstable signal is observed throughout the sector, but
particularly strong stress concentrators are observed at 600 mm from the beginning
of the sector

Fig. 4. Test results of the MMM method applied for metal control of welded joints of the Main
Circulation Pipeline

the straight section of the pipeline and their geometric configuration is the same.
The welded joint No y-3 is located on a main circulation pipeline, but close to a
curved section (elbow). Here there is a transition from laminar fluid flow to mixed
fluid flow (laminar + turbulent). The turbulence of the fluid forms a change in
the direction of the hydraulic load vector. Thus it is possible to form zones of
tension concentration.

Conclusions. The MMM method is a new one and still little used for iden-
tifying the metal limit condition. The joint application of the MMM method
together with other standardized test methods leads to the best technical and
economic results. The metal test of the main circulation pipeline by the MMM
method demonstrates that the method is sensitive to areas in the metal for which
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increased fluid loads can be expected. The MMM method is effective because
large areas of objects are quickly and easily tested and information about the
“danger zones” in the metal that have the potential for destruction is obtained.
These specific areas can subsequently (at the next shutdown of the unit) be tested
using another well-known method of visual and ultrasonic methods to track the
presence and development of defects in the metal — but only specific hazardous
areas will be controlled, not the entire welded joint. In this way, the facilities
are protected from subsequent destruction under the influence of operating con-
ditions. The application of the MMM method saves dose load, unit downtime,
saves money.

REFERENCES

[1] TAEA International Atomic Energy Agency, Safety Reports Series No. 82 (2019)
Ageing Management for Nuclear Power Plants: International Generic Ageing Lessons
Learned (IGALL) (2020).

[2] TAEA International Atomic Energy Agency (2011) Unified Procedures for Lifetime
Assessment of Components and Piping in WWER, NPP, Verlife, https://inis.
iaea.org/search/search.aspx?orig_q=RN:43130377.

[3] BDS EN 13018:2016 Non-destructive testing — Visual testing — General principles
(2021), https://bds-bg.org/en/project/show/bds:proj:97926.

[4] BDS EN 10228-2:2016 Non-destructive testing of steel forgings — Part 2: Penetrant
testing (2016), https://bds-bg.org/en/project/show/bds:proj:88456.

[5] BDS EN 10228-3:2016 Non-destructive testing of steel forgings — Part 3: Ultrasonic
testing of ferritic or martensitic steel forgings (2016), https://bds-bg.org/en/
project/show/bds:proj:88457.

[6] BDS EN 10228-4:2016 Non-destructive testing of steel forgings — Part 4: Ultrasonic
testing of austenitic and austenitic-ferritic stainless steel forgings (2016), https:
//bds-bg.org/en/project/show/bds:proj:88458.

[7] BDS EN ISO 10675-1:2022 Non-destructive testing of welds — Acceptance levels for
radiographic testing - Part 1: Steel, nickel, titanium and their alloys (ISO 10675-
1:2021) (2022), https://bds-bg.org/en/project/show/bds:proj:111932.

[8] FNP-105-18 Rules for Inspection of Metal, Equipment and Pipelines of Nuclear
Power Plants during Manufacturing and Installation (2018), https://docs.secnrs.
ru/documents/nps/HP§-105-18/HP§-105-18.pdf.

[9] GOST R 50.05.09-2018 (2018) Conformity Assessment System in the Field of Nuclear
Energy Use. Conformity assessment in the form of control. Unified methodologies.
Capillary testing, (in Russian), https://files.stroyinf.ru/Data2/1/4293732/
4293732617 .pdf.

[10] GOST R 50.05.02-2019 (2019) Conformity Assessment System in the Field of Nu-
clear Energy Use. Conformity assessment in the form of control. Ultrasonic Testing
of Welded Joints and Weld Coatings, (in Russian), https://files.stroyinf.ru/
Index2/1/4293739/4293739010.htm.

[11] GOST R 50.05.04-2018 (2018) Conformity Assessment System in the Field of Nuclear
Energy Use. Conformity assessment in the form of control. Ultrasonic Testing of

2 C.R. Acad. Bulg. Sci., 78, No 10, 2025 1445


https://inis.iaea.org/search/search.aspx?orig_q=RN:43130377
https://inis.iaea.org/search/search.aspx?orig_q=RN:43130377
https://bds-bg.org/en/project/show/bds:proj:97926
https://bds-bg.org/en/project/show/bds:proj:88456
https://bds-bg.org/en/project/show/bds:proj:88457
https://bds-bg.org/en/project/show/bds:proj:88457
https://bds-bg.org/en/project/show/bds:proj:88458
https://bds-bg.org/en/project/show/bds:proj:88458
https://bds-bg.org/en/project/show/bds:proj:111932
https://docs.secnrs.ru/documents/nps/HП-105-18/HП-105-18.pdf
https://docs.secnrs.ru/documents/nps/HП-105-18/HП-105-18.pdf
https://files.stroyinf.ru/Data2/1/4293732/4293732617.pdf
https://files.stroyinf.ru/Data2/1/4293732/4293732617.pdf
https://files.stroyinf.ru/Index2/1/4293739/4293739010.htm
https://files.stroyinf.ru/Index2/1/4293739/4293739010.htm

[12]

[13]

[14]

[15]
[16]
[17]
[18]

[19]

Welded Joints Made of Austenitic Steel, (in Russian), https://files.stroyinf.
ru/Data/663/66373.pdf.

Dmvmova G. (2019) Ageing management in NPP Kozloduy — norms, practices and
non-destructive control, Bulatom Conference, Bulgaria, (in Bulgarian), https://
www.bulatom-bg.org/wp-content/uploads/Section-1-12-50-Dimova.pdf.
DiMova G. (2017) Ageing management in NPP. Effectiveness of the methods for
control, examination and monitoring toward mechanisms of degradation of mechan-
ical properties, NDT.net, Issue: 2017-11, International Conference NDT Days 2017,
Vol. 22(11).

Bao S., P. JiN, Z. Zuao, M. Fu (2020) A review of the metal magnetic memory
method, J. Nondestruct. Eval., 39, 11, https://doi.org/10.1007/s10921-020-
0652-z.
https://www.energodiagnostika.com/mmm-method/articles/about-mmm-
method.html

ISO 24497-1:2020 (E) Non-destructive testing. Metal magnetic memory, Part 1: Vo-
cabulary and general requirements, https://www.iso.org/standard/72146.html.
ISO 24497-2:2020(E) Non-destructive testing — Metal magnetic memory — Part 2:
Inspection of welded joints, https://www.iso.org/standard/72147 .html.
Vwiasov V. T., A. A. DuBov (2004) Physical bases of the metal magnetic memory
method, Moscow, ZAO Tisso Publishing House.

DuBov A. A.; A. MARCHENKOV, S. KOLOKOLNIKOV (2019) Determination of me-
chanical properties of metal in stress concentration zones using the MMM method,
Materials Testing, 61(1), 19-22, https://doi.org/10.3139/120.111288.

Department of Energy and Mechanical Engineering, Technical University of Sofia,
Technical College — Sofia, 8 Kliment Ohridski Blvd, Student’s Complex,

1756 Sofia, Bulgaria

e-mails: dimova@tu-sofia.bg, gtdimova@abv.bg

1446

G. Dimova


https://files.stroyinf.ru/Data/663/66373.pdf
https://files.stroyinf.ru/Data/663/66373.pdf
https://www.bulatom-bg.org/wp-content/uploads/Section-1-12-50-Dimova.pdf
https://www.bulatom-bg.org/wp-content/uploads/Section-1-12-50-Dimova.pdf
https://doi.org/10.1007/s10921-020-0652-z
https://doi.org/10.1007/s10921-020-0652-z
https://www.energodiagnostika.com/mmm-method/articles/about-mmm-method.html
https://www.energodiagnostika.com/mmm-method/articles/about-mmm-method.html
https://www.iso.org/standard/72146.html
https://www.iso.org/standard/72147.html
https://doi.org/10.3139/120.111288
mailto:dimova@tu-sofia.bg
mailto:gtdimova@abv.bg

