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The article considers the applica-
tion of the principle of computational
modeling in the construction, improve-
ment and research of the national
measurement standards of Ukraine
in the field of hardness measurement.
The results of modeling research us-
ing the finite element method are pre-
sented. The methodology of research is
proposed in order to improve the char-
acteristics and reduce the uncertainty.
The analysis of the further use of computational modeling for
the study of components of the national measurement standards
is given. The purpose of the article is to improve the research
of the measurement standards, particularly, in preparation for
international comparisons.
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Pozensdaemocsa 3acmMocy8aHHts NpUHYUNY
Komn’tomepHo2o Mo0eatoeants npu no6y0oesi, 600CKOHANCHHI
ma 00caioxiceHHi HAUIOHANbHUX emanonie Ykpainu 6 eanysi
meepdomempii. Hasodsmvcs pezyavmamu  docaidxucennb
MOOeNto8aHHsT 3  GUKOPUCMAHHAM Memody KiHuesux
eaemenmia. I[lpononyemovcs memooonoeis 00caioxicenHs
3 Memorw NONNUWEeHHS XAPAKMEPUCMUK Ma 3HUNCEHHS
HeeusnaueHocmi. Hadaemvcsa ananiz  euxkopucmanHs
KOMN 10mepHo20 M00en8ants 045 00CAIONCeHHA CKAAD0BUX
uacmuH HauioHarbHUux emanonie. Memoro cmammi ¢
800CKOHANEHHS 00CAI0JNCeHb emanoHie, 30Kpema, Npu
nideomogui 00 MiNCHAPOOHUX 3BIpeHb.

Karouogi caosa: xomn’romepue moodento8anus, Kinuesi
eneMeHmu, HAUiOHAAbHI eMANOHU, GUMIPHOBAHHS MEepOOCH,
Memponoeiute 3a6e3neueHus, MIDCHAPOOHI 36ipeHHS.

1. Introduction

According to the Program for the development
of the measurement standard base for 2018—2022 [1]

candidate of technical sciences, director of scientific center, scientific secretary of NSC ‘Institute

and the Law of Ukraine “On Metrology and Met-
rological Activity” [2], the creation, improvement,
maintenance and operation of the national primary
measurement standards are the one of the important
tasks for economic and scientific and technical de-
velopment of the country, its defense capability by
increasing the level of the uniformity of measure-
ments and metrological traceability from the national
measurement standards to measuring instruments
used in all branches of the economy, primarily for
conformity assessment of the products to the require-
ments of technical regulations, as well as protection
of the citizens and economy from the consequences
of inaccurate measurement results.

The National Scientific Centre “Institute of Me-
trology” (NSC “IM”) is the leading metrological orga-
nization in Ukraine for ensuring the uniformity of mea-
surements in various branches of the national economy.
In NSC “IM”, 52 national measurement standards and
16 secondary measurement standards have been created
and are operated, which reproduce SI base and derived
units. Metrological assurance of the uniformity of mea-
surements in the field of hardness measurement includes
the reproduction, maintenance of hardness units by the
Rockwell, Super Rockwell, Brinell and Vickers scales,
as well as its transfer from the national measurement
standards to measuring instruments.

The development of computer technology and
computing methods has opened great prospects for
the use of finite-element analysis when investigating
the hardness measurement problems and the design of
modern structures and apparatus.

The principle of the finite-element analysis is in the
representation of an object with an infinite number of
degrees of freedom, a set of individual finite elements,
interconnected in nodal points with a finite number of
degrees of freedom. With known physical and mechani-
cal characteristics of an object, the relationship between
unknown nodal forces, displacements and influences is
determined. As a result, the calculation reduces to the
solution of a system with a finite number of linear al-
gebraic equations [3, 4].
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Fig. 1. Geometric indentation model

The use of modern Computer-Aided Enginee-
ring (CAE) systems is one of the most effective
ways of assessment of the technological processes
and complex technical systems. The ANSYS soft-
ware module (ANSYS, Inc.) is one of the most
efficient and most advanced CAE systems. ANSYS
is a multi-purpose software package for solving
problems of mechanics of a deformed solid body,
liquid and gas mechanics, thermal transfer, electro-
magnetism, and complex problems. The distinctive
features of ANSYS are the openness of its program-
ming language (APDL) (ANSYS Parametric Design
Language) and the ability to configure it easily for
specific tasks and solutions. Use of the internal lan-
guage of high-level parametric programming allows
integrating different calculating elements and solu-
tion processes into ANSYS, modifying and supple-
menting program menus, connecting message files
and formulating task solutions in graphical and
tabular form or three-dimensional display with a
representative color display. ANSYS is the undis-
puted leader among the “heavy” software packages
for automated engineering analysis based on the fi-
nite element method.

The ANSYS software product is certified in ac-
cordance with a number of international standards and
requirements for the nuclear industry.

International standards and requirements: The
ISO-9000 series, especially ISO-9001 and ISO 90003,
Lloyd’s Register’s software certification, NAFEMS QA
certification, British standard BS5750, The TickIT ini-
tiative.

American nuclear industry standards: 10CFR50
Appendix B, ASME NQA-1, The ANSI N45.2 series,
The ANS/IEEE series of QA and Software Standards,
ASME NQA-2, Part 2.7, NUREG/CR-4640 — Hard-
book of Software Quality Assurance Techniques Ap-
plicable to the nuclear Industry.

2. The study of the specific features of
measurements on the Rockwell and Super Rockwell
scales

The specific feature of the hardness measure-
ment using Rockwell scale is the availability of two
types of indenters — spheroconical one (HRA, HRC)
and spherical one (HRB scale). Determination of
hardness depends on the result of measurement of
different parameters, such as load value (for prelimi-
nary and total load), the diameter of the spherical
indenter, the radius and angle of spheroconical in-
denter, the penetration depth of the indenter, load
application time (for preliminary and total load).
The spherical indenter is made of steel or tungsten
carbide. The study and comparison of the results
of measurements using steel and tungsten carbide
indenters are presented in the works [5—7]. These
researches were performed taking into account the
importance of observing the same conditions in the
international comparisons as well as many years of
experience in operating the National standard of
Rockwell hardness in NSC “IM”.

It should be noted that for modelling of a con-
tact problem, the geometry of a spherical indenter
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Fig. 3. The finite element model of the contact pair

that is in contact with a specimen can be represented
as a two-dimensional axisymmetric model on a plane.
This plane passes through the symmetry axis of a
spherical indenter and is parallel to one of the faces
of the investigated specimen. Thus, in order to reduce
the amount of computing resources and increase the
rate of solving the contact problem, the geometry of
spherical indenter and specimen is performed on the
X-Y plane (fig. 1). Thereby, Y axis is both the sym-
metry axis and the axis of applying the load when
indenting.

To create a finite element model, 4-node type
of 2-D finite element PLANE182 was used (fig. 2a).
To create a contact interaction between the surfaces
of two bodies, the contact 2-D elements such as
Surface-to-Surface CONTA TARGEI171 and 169
were used (fig. 2b). Requirements for the measure-
ment of hardness by HRB scale are described in
[8—10]. In the physical model ANSYS, the force
F(t) acts on the indenter, and the specimen is
fixed on the bottom surface in all directions. The
coefficient of friction between the specimen and
a spherical indenter is @ = 0,1. Considering the
geometric nonlinearities and in order to avoid the
weak convergence of the simulation result, the full
Newton-Raphson method (tangent lines method)
taken into account when writing a software mo-
delling algorithm, was used for the solution of the
contact problem [11, 12].

In the given form, the solution of the proposed
problem is a classical solution of Henry Hertz prob-
lem for a plane surface and a sphere. The classical
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problem of Henry Hertz found a practical solution
for determining the differences in hardness measure-
ments. Using the above-described finite elements,
we create a mesh of finite elements for describing
research objects. The layout of the contact pair is
shown in fig. 3a. Given the axisymmetric model,
the contact pair can be represented as shown in
fig. 3b.

Generation of finite element mesh is the most im-
portant stage of finite modeling. Using the capabilities
of the programming language APDL, we set the size
of the finite element to 0,05 mm (esize, 0,00005,0).
Given the axiosymmetry of the investigated objects,
the automatic generation of a free-type mesh can be
used. Automatic layout of objects is given in fig. 4a, b.

Taking into account the small size of the indenter
in comparison with the hardness measurement stan-
dard (specimen sizes), we assign the condensation
of the finite element mesh in the contact location
(APDL — amesh, 1,2,1) (fig. 4b).

In this paper, the main purpose of the finite ele-
ment modeling is the determination of the differences
between the three hardness values obtained by steel,
tungsten carbide and rigid ball indenters rather than
the determination of the hardness of the investigated
specimens.

The modeling of the indentation process was per-
formed using the finite element method in the aca-
demic version of the ANSYS software product, which
is available for free use on the website [13]. Calcula-
tions were performed with the material specimens, the
characteristics of which are shown in table 1 [14].
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Fig. 4. Finite element mesh with different condensation
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Table 1
Materials for modeling
Specimens measurlg;rélrﬂe:fandard Copper M1 Aluglligum Aluglgiglum fron 20
European analogue AISTIO00 Series NS c11000| giminun | AW ALST 1020 Steel
gﬁﬁ‘ﬁeia‘ig the 86,0500 - 130 135 143
Rockwell soalo. HRB 49,0-100 35 80 82 8

In order to determine the hardness of the mate-
rial on the Rockwell scale (HRB), a spherical indenter
with a diameter of 1,588 mm is used as an indenter. To
determine the influence of the material of the indenter
on the measurement uncertainty of the hardness of the
specimen, the modelling was carried out with three dif-
ferent indenters, the mechanical properties of which are
presented in table 2 [5].

For better representation and analysis, calculated
hardness values for different modeling options are given
in table 3.

From table 3 it is seen that the maximum and
minimum values of hardness were calculated for the
steel ball indenter and for the rigid ball indenter,
respectively. This effect is due to the greater penetra-
tion depth of the steel ball indenter into the speci-
men due to greater deformation of both the indenter

Table 2 itself and the specimen, which was confirmed experi-

Mechanical properties of indenters mentally. The calculated hardness values differ by less

Young'‘s Poisson‘s value than the expanded uncertainty on the Rock-

Indenter module - well HRBW scale for the national Rockwell hard-

E, GPa ratio, v ness measurement standard [15]. This fact makes it

Steel ball indenter 203,4 0,3 possible to use both steel and carbide-tungsten ball
Tungsten carbide ball indenter 633 0,22 indenters in measurements (comparisons) when using
Rigid ball indenter o0 - one type of indenter over the entire experiment or

According to the classical definition, the hard-
ness measurement is performed under the preload
and total load. Indentation depth of preload and in-
dentation depth after removal of total load are mea-
sured. The difference between the indentation depths
Ah = h(unloading) — h(loading) is substituted in the
formula

Ah(mm)

HRB=130-——21
0.002(mm)

ey

The relative value AHRB between steel, tungsten
carbide and rigid ball indenters can be calculated by

comparison.

According to the indentation process, the same
differences in the use of steel and carbide tungsten
ball indenters exist for the Super Rockwell hardness
scale. Steel or carbide tungsten ball indents are used
for measurements on HRT, HRW, HRX, HRY scales
with different values of the preload and total load on
the indenter.

Based on the above methodology, but taking into
account formula (3), the modeling and calculations
for different thicknesses and types of metal specimens
(instrumental steel, copper and aluminum) were per-
formed:

the formula HRT = 100_M. 3)
- 0.002(mm)
Ah (mm)
AHRB = ()_()()2(mm) ) ) The results are presented in tables 4 and 5.
Table 3
Results of modeling by the finite element method
Hardness for Hardness for Hardness for | Differences in hardness| Expanded
Specimens Steel ball Tungsten carbide Rigid ball for steel and Rigid ball | uncertainty,
indenter, HRB |ball indenter, HRB | indenter, HRB indenters, HRB HRBW
AISI 1000 Series Steel 51,965 51,908 51,778 0,187
UNS C11000 35,804 35,652 35,551 0,253
Aluminum 2024-T 361 81,013 80,955 80,834 0,179 0,323
Aluminum 7075-T73 82,851 82,793 82,682 0,169
AISI 1020 Steel 78,371 78,342 78,215 0,156
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Table 4
Results of modeling by finite element method of specimens of the same thickness
Specimens Measured hardness, | FEM simulation. hardness, Difference (%)
HR30TW HR30TW, see in table 5
Superficial-Rockwell hardness reference block 76,0 77,121 1,45
UNS C11000, 10 mm 67,4 65,763 —2,42
Aluminum 2024-T 361, 10 mm 82,3 80,483 —2,20
AISI 1020 Series Steel, 10 mm 72,6 76,671 5,30
Table 5
Results of modeling by finite element method of specimens of the different thickness
Hardness for Hardness fo_r Hardness for Differences in Expanded
Specimens Steel ball Tungst.en carbide Rigid ball hardness f'or. uncertainty
indenter, ball indenter, . steel and Rigid ’
HR30T HR30TW indenter %111 indenters legﬁgw
AIST 1000 Series Steel, only 6 mm
Superficial-Rockwell 77,338 77,121 77,032 0,306
hardness reference block
Thickness, mm UNS C11000
1,5 73,362 72,859 72,747 0,615
2,0 70,432 70,102 70,020 0,412
10,0 65,996 65,763 65,649 0,347
Thickness, mm Aluminum 2024-T 361
1,5 85,779 85,328 85,097 0,682 0,715
2,0 83,832 83,520 83,346 0,486
10,0 80,794 80,483 80,338 0,456
Thickness, mm AISI 1020 Series Steel
1,5 81,328 80,908 80,724 0,604
2,0 79,751 79,268 79,112 0,639
10,0 77,019 76,671 76,496 0,523

As in measurements on the Rockwell scale, and
according to tables 4 and 5, the maximum and mini-
mum hardness values were calculated for the steel ball
indenter and for the rigid ball indenter, respectively
[16]. This fact allows to use in measurements (com-
parisons) on the Super Rockwell hardness scale both
steel and carbide tungsten ball indenters when using
one type of indenter over the entire experiment or
comparison.

3. Modeling of the mounting frame for the
measurement standard on Vickers scale

To eliminate the impact of the “frame effect” when
loading the indenter, the national measurement stan-
dards of many COOMET and EURAMET countries
use a direct load on the indenter.

We will consider the use of a mathematical appa-
ratus in improving the installation of hardness measure-
ment on the Vickers scale, which is described in [17].

The machine consists of a direct load mechanism
for creating test forces and a control unit, which allows
setting all the most important parameters involved in
the measurement cycle. The structure of the measuring
installation is shown in fig. 5 [18].

Load support system E is used to reproduce the
required load values for obtaining the required test

loads HV (10H, 20N, 30N, 50H, 100H and 120N).
This system includes the frame of the indenter and
the weighting device. The loading and unloading
system G provides selection of loads. To allow the
strictly vertical load by the direct load mechanism, a
fixing frame M is used. The fixing frame should be
sufficiently rigid to withstand bending or deflection
due to the applied compression load. Load analysis
was done by the finite element method. Fig. 6 shows
the modeling of the load of the indenter frame (a)
and the fixing frame (b).

The analysis of the modeling results allows to
conclude that the influence of the stress of the direct
load system on the measurement process is absent.
Moreover, mismatch factor E_obtained from the key
comparison of the Vickers Hardness measurement
standard, which belongs to the National Institute of
Standards of Egypt, with the national measurement
standard of PTB, confirms the correctness of the
performed calculations and the construction of the
direct load system [18].

4. Modeling of measurements on the Brinell scale

According to the conventional definition, the hard-
ness on the Brinell scale is calculated by the formula

4 [19]
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Fig. 5. The system of direct load
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Fig. 6. Modeling of direct load system
F D — diameter of the steel ball indenter and d — indenta-
H B = , 4) tion diameter on the surface of the examined specimen
2 2y T -
D-(D— D? —d ).f (see fig. 7).
2 One of the most common building materials is con-

crete. One of the methods for determining the hardness of
where F — load force from 5 kN to 30 kN, according concrete is the Brinell method. For modeling the hardness
to the type of material, which acts within 30 seconds; of concrete, a discrete element method is used, which re-
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Fig. 7. Scheme of measurements on the Brinell scale

flects the behavior of porous solid materials when inden-
ting using spherical body. The discrete element method is
a tool for the modeling of porous solid materials such as
concrete, which allows visualizing the internal movements
in material that are generated during the test. The method
helps to observe and understand behavior of the material
and to determine its hardness.

During the numerical modeling, a steel sphere with
a diameter of 10 mm was penetrated into the surface of
a cubic concrete specimen. The steel sphere was mo-
deled as a separate body (fig. 8) [20].

Fig. 8. Model of a concrete specimen with a steel indenter

The rigidity of the steel body (indenter) is much
higher than the rigidity of the concrete specimen. In
this case, the discrete elements are considered spheri-
cal and completely rigid, therefore deformations of the
material can be obtained from the contact forces. The
contacts between the particles are modeled with parallel
connections, which provide the behavior of the particle
displacement in the material. These connections estab-
lish an elastic interaction between the particles, which
acts simultaneously with the sliding forces or with the
contact forces.

Concrete was modeled by a large number of dis-
crete elements (particles). The size of the discrete element
distribution in the concrete model was the same as the
particle size distribution in real material. In the model,
the particle size distribution of real material was accom-
panied by the determination of the particle size. For the
analysis of the modeling results, the obtained values of
the deformation diameters of the concrete specimen were
compared with the results of the conducted laboratory
research. The results of comparisons of indentation areas
are shown in fig. 9 [20].

@ Brinell Model M Brinell-test
60,00 —
E
50,00 =
2=0,978 4 g
40,00 =
o
5
30,00 g
2-0,981 E
20,00 =
10,00 ;g
0,00 g
0 5000 10000 15000 20000

Load force, H

Fig. 9. The results of modeling and laboratory research

The ratio between the indentation diameter (mm?)
and the load force (H) is linear. The correlation coef-
ficient of results exceeds 0,97 (97 %). If the correla-
tion coefficient is above 95 % then the results can be
considered statistically significant.

According to the results of the research, it is obvi-
ous that the hardness of the concrete can be modeled
using the developed model, especially at medium loads.
The developed model provides the adequate modeling of
the laboratory results and allows to analyze numerically
the hardness of the investigated specimen [20].

5. Modeling of the relation between the stress state of
the body and hardness

Plastic strain of metal significantly changes its
internal structure and affects many of its mechanical,
physical and chemical properties. In the process of
plastic strain, electrical resistance increases, magnetic
properties change and thermal conductivity and metal
strength decreases. This effect is noticeable when mea-
suring the hardness of a strained body, which is asso-
ciated directly with the increase in the strength of the
material, its hardness.

Using the possibilities of the finite element method
and ANSYS Academic, an input file was created in the
APDL programming language, the content of which re-
flects: the construction of geometry, taking into account
the type of finite elements and material properties, a
clear partitioning into the finite elements, boundary
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Fig. 10. The geometric model of a specimen with finite element mesh
Table 6
Relation of stress zones with hardness
Check point 1 2 3 4 5 6 7 8
Distance from rupture zone, mm 3 5 7 10 15 20 25 30
Diameter after rupturing, mm 4,5 4.6 4,8 5,2 5,3 5,5 5,7 6
Hardness in check point, HRB 61 59 57 55 52 51 50 49
von Mises stress, MPa 194,6 143,5 141,6 141,6 141,6 141,6 141,6 141,6
von Mises plastic strain, MPa 0,069 | 0,066 | 0,063 | 0,062 | 0,061 0,061 0,061 0,061

conditions and options for establishing the solution.
To reduce the amount of computational resources and
increase the speed of the solution, the geometry of the
specimen is presented as a two-dimensional axisymmet-
ric model.

To generate a finite element model of objects, the
4-node type of 2-D finite element PLANEI82 was
used. Using the above-mentioned finite elements, an
automatic coupling of the body with a given 0,5 mm

ANSYS|
w2
Kcndomic

finite element was performed (fig. 10). As a result,
1612 finite elements and 1827 nodes were created in
the mesh [21].

Table 6 shows the dependence of the von Mises
stress zone and the von Mises plastic strain due to
hardness at eight check points located along the whole
length of the specimen after the rupture.

The results of modeling the von Mises stress and
the von Mises plastic strain are shown in fig. 1la, b.

ANSYS|

w72
Acasemic

ANSYS
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ey o2 25 26

ANSYS)
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26632

Fig. 11. The modeling of the von Mises stress (a) and the von Mises plastic strain (b)
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The results of experimental studies and finite ele-
ment modeling allowed to establish a connection be-
tween the stress-strain state of the material and the
hardness of the surface. It was found that when the
stress intensity was changed by 61,2 %, the hardness was
changed by 17,4 %. As a result of the modeling, it was
found that the maximum hardness value in the plastic
strain zone did not exceed 69 HRB, which corresponds
to the von Mises stress intensity of 366 MPa. The phe-
nomenological connection between the calculated and
experimental values of hardness and the stress state of
the specimen was determined. The results obtained are
important for assessing the results of international com-
parisons of the national hardness standards. Taking into
account the results of the assessment and prediction of
the hardness of the first class standard hardness speci-
mens in their production are the prospects of practical
application.

6. Finite element analysis in prediction of mechanical
properties

At the present stage of development of engineering
thought and additive technologies, materials science has
entered into the period of new possibilities for design
and manufacture of elements, introducing of the new
methods of melting, molding, forming and heat treat-
ment. Modern materials shall have high mechanical,
physical, chemical, as well as technological properties
to ensure its long and reliable use.

One of the most widespread materials with high
technological characteristics are materials based on
magnesium alloys and coatings — MCMgAll2Zn]l,
MCMgAl6Znl, MCMgAI3Znl and MCMgAl9Znl.
Magnesium alloys and their derivatives are character-
ized by low density (1,5—1,8 g/cm®) and high strength
in relation to their weight [22, 23].

To evaluate the hardness of specimens with mag-
nesium coating, modeling using the ANSYS software
package and comparison of the results with the results
of experimental studies were performed. As in the case
of modeling the hardness measurement on the Rock-
well scale, it was taken into account that the model
is symmetric, so in order to reduce the calculation
time, 1/4 part of the real model of the indenter and
the specimen with sputter was calculated. The initial
load was 98.1 N and the total load was 588 N. The
modeling was carried out with finite elements of type
SOLID95 and CONTA 174. SOLID95 finite element is
used for three-dimensional modeling of solid structures.
It is determined by twenty nods, each of which has
three translational degrees of freedom (UX, UY, UZ)
and properties of materials (elastic modulus, Poisson’s
ratio, thickness, thermal state coefficient). The ele-
ment automatically takes the global coordinate system.
CONTA 174 final element was used to determine the
contact between the specimen and the indenter. This
element is located on the surface of the rigid body and

is determined by eight nodes. In addition, to provide
the connection of SOLID95 finite element mesh with
CONTA 174, MESH 200 finite element was used that
has the properties of a solid material and simulates a
non-deformed solid substance. This element is only a
connecting mesh and is not included in the calculations.
A variable number of finite elements was used to avoid
errors in calculations. In locations where high deforma-
tion gradients were expected, the grid was thicker than
in locations where deformation was absent. That is, the
condensation of the finite element mesh was made in
the location of contact. Based on the obtained model-
ing results it was possible to calculate the theoretical
hardness, which corresponds to the experimental results
(table 7) [24].

Table 7
Comparison of modeling results
and experimental tests
Alloys MCMgAl12Znl
As-cast after aging
Rockwell
hardness tests 75.380 94.600
_CompL_lter 74.2 102.3
simulations
Alloys MCMgAI19Znl
Rockwell
hardness tests 65.680 75.140
Computer 62.5 76.8
simulations
Alloys MCMgAl6Znl
Rockwell
hardness tests 51.940 53.200
: Compqter 54.3 58.4
iymulations
Alloys MCMgAI3Znl
Rockwell
hardness tests 30.640 31.500
Compt}ter 32.6 268
simulations

Thus, the finite element method is an ideal tool
for solving the scientific and applied problem of pre-
dicting and calculating the hardness of structural mate-
rials with pre-known technical and operational proper-
ties without complex and expensive experiment. As a
practical application, presented methodology can be
used in calculating the hardness models of materials
with known mechanical characteristics and evaluating
the results of comparisons for COOMET and EMPIR
projects.

7. Conclusions

The finite element method and software packages
of engineering analysis are now widely used in such
fields of science as mechanics, biomechanics, mecha-
tronics, mechanical engineering and thermodynamics.
Software engineering packages reduce the design pro-
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cess and provide an opportunity to explore individual
factors that affect the whole model. The finite element
method makes it possible to understand the relations
between the various parameters of the measurement
process, allows choosing the optimal solution by the
criterion of the minimum value of the measurement
uncertainty.

Based the performed research, an explanation of
the difference of the indentation depths for the steel
spherical indenter and the tungsten carbide spheri-
cal indenter was found when performing the research
on the Rockwell and Super Rockwell hardness scales.
The hardness quantities differ by values that are within
the expanded uncertainty for the Rockwell and Super
Rockwell national measurement standard. The obtained
values are confirmed by the results of experimental
measurements carried out on the national measure-
ment standard of hardness DETU02—04—99. The re-
sults obtained have significant importance for assessing
the results of international comparisons of the national
measurement standards.

Investigation of the constructive characteristics
of the loading system of the national measurement
standard on the Vickers hardness scale allows redu-
cing the effect on the expanded uncertainty of such
a component of the uncertainty budget as the impact
of the frame effect when applying load to the indenter
(deformation of frame). It also allows carrying out re-
search in the field of micro-hardness measurements,
which is important in the determination and investi-
gation of hardness of different technological coatings
and sputters.

As prospective directions for further research and
practical application, it is intended to use the finite
element method and software packages of enginee-
ring analysis in the investigation, improvement and
creation of the national measurement standards of
Ukraine.
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