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Summary. The possibility of using the instrumented indentation method in mechanical engineering on
the example of steel 30KH2SN2MFA is substantiated. The mechanical properties obtained by the instrumented
indentation method are confirmed by the results of uniaxial tension tests. The deviation of the strength properties
determined using the instrumented indentation method from the results of tensile tests does not exceed 5%.
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Introduction. High-strength alloy steels are used in the manufacturing of responsible
parts and elements of complex special purpose structures, operating in complex conditions of
static loading and short-term dynamic loads, including impulse ones, which have high values.
Carrying out the control of mechanical characteristics of such special structures requires the
development and evaluation of methods of their mechanical characteristics control. Taking into
account the specific features of the production and use of special purpose structures, the
application of approved non-destructive testing methods is the priority one, which can be
performed using the instrumented indentation.

The investigations carried out in this paper are aimed at the experimental substantiation
of the application of the instrumented indentation method in mechanical engineering for the
assessment of the current state of materials of special purpose structures for the their efficiency
prediction.

Materials, test methods and equipment. The high-strength stainless steel grade
30Kh2SN2MFA used for the of special purpose structures production was selected as the object
of investigation.

Tests for niaxial tension were performed according to DSTU EN 10002-1: 2006 [1] at
Instron 8802 installation at room temperature. Workpieces for proportional flat samples were
cut according to GOST 7564-97 [2] in two orthogonal directions OX and OY from 6 mm thick
sheet rolled metal. The samples deformation was measured by automatic registration using
strain gauge converter mounted on them. The loading rate was 0.02 mm/min. The mechanical
properties characteristics were determined according to [1]. The scheme of workpieces cutting
for samples is presented in Fig. 1.
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Figure 1. Cutting scheme of workpieces and samples for testing

Samples for testing by instrumented indentation and hardness measurement methods
were carried out in three mutually perpendicular directions OX, OY and OZ. Hardness by
Brinell method was measured according to DSTU I1SO 6506-1: 2007 [3] on the stationary TSH-
2 hardness tester. Instrumented indentation was carried out in accordance with the international
standard ISO 14577-1: 2015 [4] in the cyclic loading mode with 2.5 mm diameter ball on UTM-
20HT laboratory unit [5]. Indentation charts were recorded at constant indenter movement rate
0.05 mm/min. The maximum load was 4000 N. At the same time, all the requirements of the
operating documents for the appropriate test equipment were observed.

The characteristics of the mechanical properties of the investigated steel by the method
of instrumented indentation were determined according to the methods given in the standard of
SOU-56-28-2018 [6], which was developed at GS Pisarenko Institute of Strength Problems of
the NAS of Ukraine. Particularly:

- the tensile strength o,''" was determined by correlation:

Ge”T = kch”T o+ kZO‘B”T1 (1)

where Kios''T and kaos''T are coefficients determined experimentally and equal to 0.029 and
105.55 for steels, respectively; a is the tangent of the inclination angle of the indentation chart
in the coordinates «maximum load Fmax is the residual depth of indentation hy after removal of
the loady;

- conditional yield strength oo.''" was determined by the improved Haggag technique
[7]. For the investigated steel, the correlation between the conditional yield strength determined
from the uniaxial tensile test data and the parameter A characterizing the material plasticity
reserve in the equation, describing the indentation chart in the coordinates «stress in the imprint
F/d? — deformation d/D»:

602" = Kie02™T A + Kogo2"'T, 2)

where Kis02"" Ta koo 2!t — are determined experimentally coefficients for the investigated steel
30X2CH2MFA equal 0.25 and 0, respectively.
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The metal homogeneity was determined by the method of LM-hardness according to
DSTU 7793: 2015 [8], the advantage of which is the ability to carry out current control of the
technical condition of operating equipment without damaging the structure integrity. The
technique is based on the determination of the degree of hardness scattering in its mass
measurements, which significantly depends on the degree of the structure uniformity and, as
the consequence, on the level of its damage: the smaller the homogeneity, the greater the
scattering. The implementation of this method in practice [9, 10] indicates the reasonableness
of its application. Homogeneity control was performed with the portable ERNST Computest
SC hardness tester on the surface of rectangular plate cut from the investigated steel sheet. The
hardness was measured by Brinell HB30 on both sides of the plate in 16 sections that are
uniformly located between themselves and relatively to the edges (see Fig. 1).

The chemical composition of the steel metal was analyzed by means of DFS-36
spectrometer at depth of 0.1 — 0.25 mm from the surface.

Metallographic investigations were carried out by optical inverted microscope
«AXIOVERT 40 MAT» with microstructure fixation with digital camera SANON A640 in the
program «AXIOVISION LE» at magnifications from 100 to 1000. Polished sections were
produced on «BUEHLER» installation according to the standard method followed by detection
of microstructure by ething in 4% nitric acid in ethyl alcohol. Sample cutting for metallographic
investigation was performed in three mutually perpendicular planes — XOY, YOZ and XOZ
(see Fig. 1).

Measurement of microhardness HVo.1 under 100 g load along the sheet thickness was
carried out by microhardnessmeter PMT-3 according to GOST 9450 — 76 [11].

X-ray structural (diffractometric) investigations of steel in order to determine
guantitative phase analysis were carried out on DRON-UM1 diffractometer in monochromatic
CuKa-radiation by step scanning of the sample surface (U = 35 kV, I =25 mA, exposure time
at the point — 3 seconds, step — 0,05°, output slits — 1x12 mm). Single graphite crystal was used
as monochromator. The survey of the diffraction patterns was performed from the rotating
sample.

Results of the investigations and their discussion. Analysis of the chemical
composition of the investigated steel indicates that less carbon content is observed in the sheet
layers at a distance up to 0.5 mm from the surface (zone 1.3 in Fig. 2) compared to the central
ones (zone 2 in Fig. 2). This can be explained by the decarburization of the material outer layers
caused by technological factors (for example, the rolling peculiarities and servicing), which in
turn led to the change in the microstructure and hardness values from the sheet surface to some
depth (Fig. 3). The chemical composition of the investigated steel is given in table. 1.

It was revealed during the microstructure investigation that in XOZ and YOZ planes,
the macro- and microstructure of steel at some distance from the sheet surface in zone 2 is
characterized by dark and light-etched elongated stripes, which density and width varies with
the sheet thickness (Fig. 2, a, c) . They are traces of the original rolling texture (texture after
rolling up to servicing), but if in YOZ plane the light-etched stripes are continuous, then in the
XOZ sheet plane they are discontinuous (interrupted). In addition, larger number of defects
(etched micropores) are observed in the XOZ sheet plane in comparison with YOZ plane. The
above mentioned structure differences are noticed only at magnifications up to 200 times, but
at 500-1000 times magnifications and above in both planes the marked microstructure
differences identified as martensite, are not revealed (Fig. 2, b, d).
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Table 1

The chemical composition of steel 30Kh2SN2MFA

Weight composition of the elements, %
Data source

C|Mn|Cr|Ni|Mo|Cu|S | P |Si|V/|AlI|Ti|Ca|H2
mlololo | ~I58383| oo
Spectrometer | 2 | € | ©Q | NI X || & || F N
| | ™| | © | W o |~

DFS36 |N|9 | © |2 3|28 |8|N|x|8|8|8]|8

cojlo|ld|lN|loOo |||l |9 ||l as| @S

o o

(©) (d)

Figure 2. Macro — and microstructure of the investigated steel along the sheet thickness in the XOZ (a, b),
YOZ (c, d) planes at various magnifications

As can be seen from Fig. 2, the steel microstructure in the carbonless outer layers of the
metal (in zones 1 and 3) contains bainite and martensite, in this case the fraction of the
martensitic component increases with the distance from the surface. The residual austenite in
the structure is not revealed, and this is confirmed by X-ray structural studies (Fig. 4).

Thus, on the basis of metallographic investigations, the heterogeneity of the
microstructure of high-strength steel sheet in thickness was found, which causes the
heterogeneity of the microhardness HVo 1 (Fig. 3 a), which values vary from 300 kg/mm? close
to the surface (in zones 1 and 3) to 530 kg/mm? in the central area (zone 2). The Brinell hardness
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distribution along the sheet thickness is also similar, and the change in HB3o values reaches
14% (Fig. 3 b).
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Figure 3. The distribution of the sheet thickness of microhardness according to Vickers HV 1

in OY (a) direction and Brinell hardness HB3 in OY (b) directions

The low material heterogeneity degree can be observed on the rolled surface — the
Weibull homogeneity coefficient m characterizing the hardness scattering values on the surface
does not exceed 25% (Fig. 5)
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Figure 4. Diffractogram of the investigated steel
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Figure 5. The distribution of homogeneity coefficient m on the steel 30H2CHNMFA sheet surface

The hardness values according to Brinell HBW (according to [3]) of the investigated
material, obtained by averaging the results of ten measurements on the samples sheet surfaces
in directions OX, OY and OZ (surfaces A and B) are given in Table 2.

Table 2

The results of alloyed steel 30X2CH2MFA.hardness determination according to Brinell

Direction of hardness determination Hardness according to Brinell, HBW
(0):¢ 503
004 543
OZ (surfaces A) 418
OZ (surfaces b) 424

It is evident from the data given in table 2, that the hardness values of 30Kh2SN2MFA
steel according to Brinell, defined in the directions of the sheets cross sections OX and OY are
higher than on the surfaces A and B up to 25%.

Diagrams of static tension of proportional flat samples made of the investigated material
in directions OX and OY are shown in Fig. 6.

Mechanical characteristics of steel 30Kh2SN2MFA, determined from uniaxial tension
in directions OX and OY are given below: direction OX —E =1,99x105 MPa,
co2=1323,7 MPa, o0©5=1691,0 MPa, 6=7,2%. direction OY —E =2,03x105 MPa,
co2 =1308,0 MPa, o =1717,7 MPa, 6 =10,5%. Deviation of the values of the steel
mechanical properties characteristics in direction OX from the values determined in direction
OY is 1,6% for oo,2, 2,5% for o and 31,4% for 6.

Cyclic diagrams of the steel instrumented indentation in directions OX, OY and OZ are
shown in Fig. 7.
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Figure 6. Static tension diagrams of
proportional flat samples from steel
30Kh2SN2MFA along the directions OX (1)

and QY (2)

Figure 7. Cyclic diagrams of instrumented
indentation of steel 30Kh2SN2MFA in
directions OY (1), OX (2) and OZ on

surfaces B (3) and A (4)

The values of the conditional yield strength co,2 and the tensile strength boundaries o,
of 30Kh2SN2MFA steel determined by the instrumented indentation method, as well as their
deviations from those obtained by the uniaxial tensile test results, are presented in Table. 3.

Table 3

Mechanical properties of steel 30X2CH2MFA determined by the instrumented indentation method
and their deviations

Direction of mechanical Yielding _ Srength -
. Deviation, Deviation,
characteristic boundary co,2, o boundary o, o
determination MIla ° MIla 0
(0):¢ 1295,4 2,2 1627,6 3,7
oY 1305,2 0,2 1668,0 2,9
OZ (surface A) 1337,0 — 1489,5 —
OZ (surface b) 1322,8 — 14911 —

It is evident from the table. 3 that the deviation of mechanical characteristic values
determined by instrumented indentation method from the same one while tensile does not
exceed 5%. In this case the deviation of mechanical characteristic values determined on the
rolled metal surfaces A and B from that obtained in directions OX and OY is up to 3.2% oo,
and 12% for os. The obtained results indicate the appropriateness of the instrumented
indentation method for determining the mechanical characteristics of this class of steels.
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Conclusions. As the result of experimental investigations the value of mechanical
properties characteristics in three orthogonal directions of thick sheet metal of 30Kh2SN2MFA
alloy steel with thickness 6 mm was determined by the instrumented indentation method. It is
defined that the deviations of mechanical characteristics values determined on the rolling
surfaces A and B from those obtained in directions OX and OY are up to 3.2% oo,2 and 12%
for 6s. The decrease in the values of NV microhardness, NV hardness and the tensile strength
determined by the instrumental indentation method in the surface layers of rolled metal
(surfaces A and B) is caused by their decarburization and, respectively, by different
microstructure compared to the central zone detected on the basis of chemical and
metallographic analysis.

As the result of the carried out investigations, microstructural and micromechanical
heterogeneity in the material layer were determined to the depth up to 0.5 = 1.0 mm from the
sheet surface.

The possibility of using the instrumented indentation method for express estimation of
the investigated steel strength characteristics is shown.

The mechanical properties results obtained by the are confirmed by the uniaxial tensile
test results. The deviation of the strength characteristics values determined using the
instrumented indentation method, from the tensile test results does not exceed 5%. Further
application of the instrumented indentation method for the express evaluation of the strength
characteristics of materials of such class requires additional investigation.
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BU3HAYEHHSI XAPAKTEPUCTUK MEXAHIYHUX
BJACTUBOCTEUN JIET'OBAHOI CTAJII 30X2CH2M®A 3A
PE3YJIbBTATAMMU IHCTPYMEHTOBAHOI'O IHAIEHTYBAHHA

Poman Kpasuyk!; Ouer Karok'; Anuapiii Koraspenko?;
Bosogumup IlIsensn'; Cepriii Bicuk?; Oaexciii Cauinchkmii
Anzpiii Boponrok?; Muxaiinio BacbkiBcbKmii?

3.

Y uemumym npo6aem miynocmi imeni I'. C. ITucapenxa HAH Yxpainu,
Kuis, Ykpaina
2[ [enmpanvuuti HAyKo6o-00CTIOHULE IHCIMUMYmM 036pOEHHS MA 6iliCbKOBOT
mexuixu 3opotnux Cun Yxpainu, Kuis, Yxpaina
SHayionanvuuii mexuiunuii ynieepcumem Ypainu « Kuiscoxuti nonimexuiunui
incmumym imeni leops Cikopcvkoeoy, Kuis, Ykpaina

Pe3tome. [IposederHo KOMNIEKCHI OOCHIONCEHH MeXAHIYHUX GIACUBOCHell 1e208aHOI BUCOKOMIYHOL
cmani 30X2CH2M®A 3 gukopucmanHam MemoouKu iHCmpyMeHmo8aH020 IHOeHmMY8aHHs. 3 TUCMOB80T 3a20MOo8KU
0y10 6U2O0MOBNEHO Napmii 3pA3KI6 Yy DIZHUX HANPAMKAX OISl NPOBEOEHHS MemAnocpagiyHux 0ocaiodiceHy,
sunpobysans Ha O0OHOGICHUL po3mse, IHCMPYMeHmosane iHOenmyeanHs ma meepoicmv. Bunpobysanms
npoeedeHo HAa CYYACHOMY eKCNepUMEHMANbHOMY OONAOHAHHI 3 BUKOPUCMAHHAM CYYACHUX Memooux md
HOpMAMUGHUX OOKYMeHmig. /[ 00cnioxHcy8anozo mamepianry OmpuMano 3nadeHus meepoocmi 3a bpinennem
WAXOM OCepeOHenHs pe3yIbmamis 0ecamu 8UMIPIO8aHb HA NOBEPXHAX 3pA3Ki8 Y Mpbox Hanpamkax. IIposedero
cnigcmasnents 3Havuenb YMOGHOI epanuyi mexkywocmi ooz ma epanuyi miynocmi o, cmani 30X2CH2M®A,
OMPUMAHUX MEMOOOM THCMPYMEHMOBAHO20 THOCHMYBAKHA MA 3d Pe3yIbMamamu unpobyeanb Ha 0OHOBICHULL
posmsie. Bioxunenns ¢ ompumanux pesynomamax e nepesuwyye 5%. Ilpu ybomy 6i0XuneHHs 3HA4eHb MeXAHIYHUX
Xapaxmepucmux, GU3HAYEHUX Y 080X 83AEMHO NEPREHOUKYIAPHUX HANPAMKAX cKAadae 00 3,2% o2 i 12% ons o,.
3menwenns 3navens mixpomeepoocmi HV, meepoocmi HB ma epanuyi miynocmi, eusHayenoi memooom
IHCIMPYMEHMANbHO20 THOEHMYBAHHS, 8 NOGEPXHEGUX WApAx NPOKaAmy 3YMO6JeHe iX 3He8yeleyl08AHHIM Mmda
BIONOBIOHO [HULOK MIKPOCIMPYKMYPOIO 6 NOPIGHSHHI 3 YEHMPAIbHOIO 30HOI, WO 0YI0 BUSEIEHO HA OCHOBL
Ximiunoco ma memanoepaghiunoco auanizy. Ompumani pezyibmamu ciouamv Npo NPUOAMHICHb Memooy
IHCIMPYMEHMO8AH020 THOEHMYBAHHA 00 BUSHAUEHHA MEXAHIYHUX XaApaKmepucmuk nooibHo2o kiacy cmanei ma
MOodICymb Oymu 8UKOPUCIAHT NPU YUCETbHOMY MOOENI08AHHI 8I0N0BIOANbHUX Oemaiell ma eleMeHmi6 CKIAOHUX
KOHCMPYKYIl chneyianbHo20 npusHadeHHs 0Jisl NPOSHO3Y8AHHS iX Npaye30amHoCmi.

Knrwouogi cnosa: memoo incmpymenmosanozo iHOeHmMy8aHHsA, 8UNPOOYBAHHA HA po3mA2, meepoicmo,
MiIKpomeepoicmyv, XaKmepucmuku MeXauiuHux 61acmugocmell, Spanuys MiyHoCmi, paHuys MexKy4ocmi.
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