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This year on September is 45 years from the day of getting on operation of the 1 unit of 
NVNPP (the first unit of WWER-type)
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Reliability is provided by knowledge of the real mechanical properties at 
all stages of Plant Life – preoperation, operation, shutdown
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It is advisable to use for the inspection of mechanical properties one method, one methodic and united 
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DEFINITION OF MECHANICAL PROPERTIES

σy

σm

n

σ = σy+ a·εn
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New methodology of the control 
(inspection) at all stages of life cycle of the 

equipment should be created on use of 
non-destructive methods of the control 

(inspection)
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At present there are more than 100 different 
specimen-free methods.

However, on this day moment, till now it is not 
selected one priority method of the control 
(inspection), which would be maximum informative 
from the point of view of materials mechanical 
properties inspection. This fact does not allow to use 
efficiently the results of exploitation control 
(inspection), which traditionally is conducted on 
Nuclear Power Plants and Thermoelectric Power 
Stations.
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HARDNESS
с) distribution of 
contact stressesa) impression

The most perspective for 
the control (inspection) of 
the mechanical properties 
are the hardness methods, 
because only these 
methods give the 
information about the 
material condition by it’s 
elastic-plastic 
deformation, such as by 
tensile tests of specimens. b) distribution of 

deformations
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Johan August Brinell
1849-1925

During the last 100 years there were obtained 
only statistical methods of definition of 
hardness by Brinell, Rockwell и Vickers. 
Only these methods are standardized in full 
measure. However, even for these methods 
the test conditions are different and it is not 
possible to compare results of the tests 
directly with each other. In that way, 
imperfection of the methods of hardness 
measurement is absence of unification in 
conducting of tests (investigations)
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HISTORY OF KINETIC INDENTATION TESTING

For the first time in 1898 distinguished German 
scientist Dr. Adolf Martens orderes to record the 
load-displacement curves for a spherical indenter

Adolf Martens 
(1850 - 1914)

Härte unter Paüfkraft Hardness tester of Dr.
Martens

HM=F/As(h)
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OUR DAYS

Taking into account of that fact, 
the absolute progress in the 
direction of perfection of hardness 
measurement procedure is 
publication of new international 
standard (International Standard 
ISO/DIS 14577-1:2000-04 
“Metallic materials – Instrumented 
indentation test for hardness and 
materials parameters”). 

The main advantage of the new 
standard is the fact, that during the 
process of the measurement it is 
recorded continuously diagram of 
elastic-plastic penetration and of 
unloading of indenter, such as by 
tension test. 
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METHOD OF CONTINUOUS PENETRATION OF INDENTER

On the base of tabor ideas and by use the technology of continuous 
registration of the penetration diagram it is possible to set a task of reconstruction 
of uniaxial tension diagram on the base of continuous.
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Stages of convertation of  indentation diagram
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How receive from the hardness diagram the mechanical properties ?
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We verified it by FEM
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теоретическое
значение

Радиус пятна контакта в зависимости от
прилагаемого усилияПоле осевых напряжений. 

Hardness has typically been defined as the resistance of a 
material to permanent penetration by another harder material.

Radius of the contact spot depends on making force.
Axial stresses field.

Background (elastic contact)
As long ago as 1881 H. Hertz found, that 
for elastic contact the Radius of contact 
is related to indenter load.

QUEST FROM HISTORY
(The new is well forgotten the old)

Possible found E, σy

What is hardness?
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Background (plastic contact)

In 1908 Meyer fixed the dependence between P - indentation 
load and d – diameter of indentation for plastic deformation

m- Mayer index = n+2 (n – coefficient of strengthening by tensile)

FIRST RELATIONSHIPS BETWEEN HARDNESS AND 
TENSILE PROPERTIES

P = a·dm
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D
d

⋅= 2.0ε

In 1951 D. Tabor fixed the connection 
between stress-strain diagram (tensile 
diagram) and Meyer diagram similarity of 
coefficient by tensile n and penetration m 
n=m-2.

Also, it was fixed the connection between deformation 
and stress  

yc
Dd

PHM σ
π

⋅=
⋅

= 2)/(
31 ≤≤ c

elastic 
deformation  

fully plastic 
deformation  

FIRST RELATIONSHIPS BETWEEN HARDNESS AND 
TENSILE PROPERTIES
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RUSSIAN WAY

In USSR scientists began to 
attend to kinetic indentation 
method in the seventies of XX 
century. It is necessary to mention 
the schoolof Baykov Institute 
RAS. Dr. Bulychev and Dr. 
Alechin, and of course, scientific 
school of Moscow Power 
Engineering Institute, Chair of 
Process Metallurgy,  my teacher 
Professor Michail Markovetz. 
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EXPERIENCE OF CENTER OF MATERIALS SCIENCE 
AND LIFETIME MANAGEMENT (CMSLM Ltd.)

The works of themes (subjects) of 
continuous registration of the ball indenter penetration 
diagram were conducted by different groups 
(collectives):
-Oak Ridge National Laboratory (USA);
-Karlsruhe Institute of nuclear research in (Germany);
-NRI in Rez (Czech Republic);
-Institute of Nuclear Energy Research in Seul (Korea).

In CMSLM there was elaborated 
the methodic of conducting of the 
investigations by use kinetic hall 
indentation, which is expounded in 
numerous publications. (Bakirov
M.B./Kontrolle. 1994. v. 10. p. 1)

This methodic was included into 
the branch instructions RD EO 0027-94 
and into it’s republications RD EO 027-
2005 “Instructions by definitions of the 
mechanical properties of the metal of 
NPS equipment by use specimen-free 
methods on the base of hardness 
characteristic.”
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INITIAL ANALYSIS OF INDENTATION DIAGRAM FOR 
DIFFERENT SHAPES OF INDENTERS (ISO 14577)

1 Cylindrical indenter

3 Sharp indenters
(Vickers, Ludvick, Knupp, Berkovich)

2 Ball indenter
(Brinell)
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METHODIC OF CALCULATION

Aical=Aexp

Si= f (E)) )

Aical=Aexp

YES

YES

NO

NO

Nuclear calculation by use 
final element method (FEA)

Direct solutionInverse solution by use 
consistent 

approximations method

Accumulation of data base 
of finished solution

Training of neural network
Inverse solution by use method 

of selection from data base 
of indentation diagram with 
the least quadratic deviation

Neural NetworkNeural Network

Inverse solution by use 
neural network method
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TYPES OF HEAT TREATMENTS OF SAMPLES FROM 
CARBON STEEL FOR THE CHANGE OF MECHANICAL  

PROPERTIES IN A WIDE RANGE
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Quenching

Annealing

Normalization
Quenching +

tempering

Initial
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RECEIVING OF INDENTATION DIAGRAM COMPARISON 
WITH EXPERIMENT

Initial condition Normalization

Comparison of calculations 
and experimental indentation 
diagrams for five conditions 

of carbon steel 
(indenter 2,5 mm)

Annealing Quenching + tempering Quenching
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APPROACH OF NEURAL NETWORK

iTσ
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neural network for 
direct solution

neural network for
inverse solution

Data base of numerical FEM 
(Finite Element Model) 

of direct solution

Training of 
neural network
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NEURAL NETWORK’S METHODIC FOR 
CALCULATION TENSILE PROPERTIES WITH 

VISCOPLASTIC PARAMETER

Neural network

Spherical
multi-creep
indentation

Tensile properties
with viscoplastic

parameter

Training by a large
set of forward
analysis using FEM
simulation

Time dependence

Viscoplastic material
parameters

Zero point
Young’s modulus
Overstresses and viscosity exponent
True stress at plastic strain of
0; 0,01; 0,02; 0,04; 0,08; 0,16; 0,32

ISO/DTR 29381:
Metallic materials — Measurement of mechanical properties by instrumented indentation test —
Indentation tensile properties



25

OUR EXAMPLE OF NEURAL NETWORK INVERSE 
SOLUTION ESTIMATION OF PARAMETERS σy

• On the upper diagram there are presented the results of training of neural 
network, on the bottom – results of testing

• By the small circles there are indicated desired parameter points by the small 
stars – generated by neural network

Tσ
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STAGES OF THE WORK: DEVELOPMENT OF UNIVERSAL METHODOLOGY 
OF SPECIMEN FREE NONDESTRUCTIVE INSPECTION (CONTROL) OF 

MECHANICAL PROPERTIES OF NPP EQUIPMENT METAL IN ALL STAGES OF LIFETIME
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OUR PROPOSALS TO COLLABORATION
I. Creation of an expert working group under the aegis of IAEA from experts and the 
organizations having experience in the research and use of hardness testing of nuclear 
power plant materials/ageing thereof with the goal of preparing terms of reference and a 
proposal to submit to the IAEA.

II. Development of the program of carrying out the research.

III. Development of strategy of processing of the received data with the purpose of selection 
of the most effective methodic for specimen-free measurements of mechanical properties of 
metal of the equipment and pipelines of NPP for various classes of materials.

IV. Development of the methodology of specimen-free measurements of mechanical 
properties of metal and recommendations by its use on NPP.

V. The analysis of operational ageing of materials of the equipment and pipelines of various 
types of NPP in the world. Development of an algorithm of drawing up of programs of 
specimen-free non destructive inspection of mechanical properties for various types of the 
equipment and pipelines of NPP. Development of procedures of inspection.

VI. Development of IAEA normative document «Development of universal methodology of 
specimen free nondestructive inspection (control) of   mechanical properties of NPP 
equipment metal in all stages of lifetime». Recommendations by introduction on NPP and on 
manufacturers of the equipment.

VII. Development of strategy on the base of this methodic of predict the remaining life time of 
system, benchmarking technologies through Round Robin Test from different countries.



28

THE PORTABLE UNIVERSAL MEASURING DEVICE 
FOR INSTRUMENTED INDENTATION TEST

The patent of Germany with the purpose of the
beginning of produce of such devices in Europe has
received. Now in view of international standard 
ISO/DIS 14577-1:2000-04 «Metallic materials –
Instrumented Indentation test for hardness and 
materials parameters» together with corporation 
MESS+TEST is planning to organize serial 
manufacturing of the device.

TEST-MINI-M
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OUR PATENTS
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THANK YOU FOR
ATTENTION!


