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Abstract. Producing details for different purposes is
guided by the conditions of their work and, therefore,
attention is paid to such characteristics as strength,
viscosity and hardness. Only the method of determining
the hardness of the material allows you to conduct
research without destroying the detail in addition to
physical methods. This takes into account the fact that the
other properties are indirectly related to the hardness
parameter. The main disadvantage of all modern methods
of the material hardness measurement is the inconsistency
of the practical content of the units of measurement of the
studied parameter to the theoretical essence of hardness -
as a physical quantity that characterizes the properties of a
rigid body. The units of all hardness measurement
methods, depending on the scale factor, are usually
compared by converting their values to such generally
accepted methods as Brinell, Rockwell, or Vickers. The
conversion of the hardness values obtained by different
methods should be used very carefully and preferably for
a preliminary assessment of the relative changes in
material properties. When applying these methods, the
units of measurement are the ratio between the load on
the indenter, a given standardized shape and the area or
depth of the imprint. However, based on the physical
content of a property such as hardness, it is necessary to
determine the relationship between the load on the
indenter and the volume of the displaced material. This
work aims to establish a theoretical basis for the digital
characteristics of units of hardness obtained by different
measurement methods. To provide the physical meaning
of the determining of hardness, the dependence of the
volume of the displaced material on the applied load was
determined. The comparison of these values made it
possible to really determine the relationship between the
units of different methods not based on practical
comparisons, but by summing up the theoretical basis.
The obtained results indicate a sufficiently high
correlation between the results obtained with different
hardness measurement methods.

Key words: performance, mechanical properties,
hardness, micro-hardness, volumetric hardness, indentor,
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Introduction

In modern mechanical engineering, the main
parameters that determine the use of materials are their
performance characteristics determined by mechanical
properties. Depending on the type of loads and working
conditions of the details, their material must meet certain
strength, viscosity and hardness parameters.

It is often accepted to control the listed detail
properties after their manufacturing and strengthening by
application of certain technological processes in modern
mechanical engineering through determining of detail
hardness, both volume vise as well as surface wise. Only
the latter method, in addition to physical methods, allows
you to conduct research without making special samples
and destroying the detail. This considers the fact that the
other properties are indirectly related to the hardness
parameter.

Formulation of problem

The main disadvantage of all modern methods of the
material hardness measurement is the lack, or rather
inconsistency, of the practical content of the measurement
units of the studied parameter to the theoretical essence of
the hardness as a physical quantity that characterizes the
properties of a rigid body [1].

Modern portable hardness measurement devices
often determine hardness-related properties that vary
significantly depending on the range of values being
tested.

Analysis of recent researches results

The method of elastic rebound (also known as the
method of determining the hardness through the dynamic
load) is based on the definition of such property as
elasticity which is usually determined by studying the
material strength. This characteristic is closely related to
the hardness. Although the relationship is different
depending on the value ranges. l.e., there are 12
measurement scales for plastics.
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The hardness is also determined by the damping time
of the pendulum oscillations after contact (rebound) with
the test material. In addition, there are devices that work
on the principle of measuring electrical resistance and
ultrasonic methods.

In modern metallurgy, the units of all the hardness
measurement methods are commonly compared by
converting their values to the broadly accepted methods
such as Brinell, Rockwell, or Vickers (depending on the
scale factor) [2].

But even the units of these fundamental methods do
not correspond to the very physical meaning of the
hardness as a physical quantity. This definition should be
considered specifically in a three-dimensional space. To
confirm this, we give the classic definition of hardness for
a solid body - "Hardness is the ability of a body to resist
the penetration of another more rigid body." That is, the
penetration of the indenter through the surface area, as in
the case of the Brinell method, or to a certain depth when
following the Rockwell or Vickers methods.

When applying these methods, we have units of
measurement lacking physical basis. That is, the units of
measurement are the ratio between the load on the
indenter given standardized shape and the area or depth of
the imprint. However, based on the physical content of
such property as hardness, it is necessary to determine the
relationship between the load on the indenter, and the
volume of the displaced material.

Purpose of research

The work aims to establish a theoretical basis for the
digital characteristics of hardness units obtained by
different measurement methods.

Research results

In our work, we compared the units of measurement
of the main methods of determining hardness by giving
them a real physical meaning. For this matter, the
dependence of the volume of displaced material on the
applied load was determined. The comparison of these
values makes it possible to realistically determine the
relationship between units of different methods not based
on practical comparisons but by summarizing the
theoretical basis.

Given the different shape of the indents as well as
the wide range of load changes it is necessary to introduce
certain coefficients that will take into account the scale
factors.

To ensure the accuracy of the obtained results the
research used a fairly wide range of measurements of the
properties of the studied materials. The lower hardness
limit was taken to be 15 units on the HRC scale which
corresponds to the hardness of unhardened steel. And the
upper limit was taken at 60 HRC respectively. This
hardness characterizes the properties of the device
materials. The reference data of hardness units using
different scales is presented in the table 1 [3-6].

Table 1. The relationship of the hardness values
determined by different hardness measurement devices

Hardness Value
HB HRC HRB HV
192 15 92 190
217 20 97 217
248 25 101 240
286 30 107 285
375 40 - 390
601 60 - 746
Load. kg
300 | 150 | 100 | 01

Since our research assumes that the real physical
quantity that corresponds to the theoretical definition of a
rigid body is the ability of the volume of the body to
penetrate the indenter, we derived formulas for the basic
hardness measurement.

Under the Brinell method, the basic values are the
radius of the ball and the depth of its penetration during
indentation. The depth of penetration h is determined
from the equation:

2
h=2-|(5) +(5) =rR-vRZ=1Z, mm )
where: D is the ball diameter, mm; R is the ball radius,
mm; d and r are diameter and radius of the inprint, mm.

Then the volume of the displaced metal is
determined as follows:

V=mh? - (R=h), mm’ @)

R=5mm.

To convert the units obtained using the Rockwell
method indenter diamond cone with an angle at the apex
of 120 h is obtained from the following:

h = (100 — HRC) - 0,002, mm (3)

The formula for determining the volume of displaced
metal by the Rockwell method is derived based on the
volume of the cone:

V =mh3, mm? 4)

Similarly, the formula for research by the method of
Rockwell is derived. When a steel ball with a diameter of
1,588 mm is used as an indenter, the depth of the
penetration is determined by the formula:

h = (130 — HRC) - 0,002, mm (5)

And the volume of the displaced metal is
respectively:
—ah?2(Rr-1
V =h (R 3h),mm3 (6)

In the study of microhardness where a diamond
pyramid with an angle at the apex of 136 ° is used as an
indenter, the following equations hold:

h=2-tan68° =2-2,48, mm @
where: d is the imprint diameter (average value), mm;
V=21S-h=<-d*-hmm ®)

The formula to determine the volumetric hardness of
the material given the value of the volume of the
displaced metal under load takes the form:

P, = %, kH/mm?3 9)
where P is the load acting on the metal, kH; V is the

displaced metal volume, mm?3. The calculation results are
shown in the tables 2-5.
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Table 2. The calculated values of hardness derived under the Brinell method on the HB scale.
Hardeness HRC
(Reference data) 15 20 25 30 40 60
Imprint diameter, mm
(Reference data) 4.3 4.1 3.85 3.6 3.15 2.5
Depth of Fr’]fg]etra“o” h, 0.49 0.44 0.39 0.34 0.25 0.16
_ Volume ofthe 3.65 2.95 2.32 1.77 0.97 0.40
displaced metal, mm
Volumetric hardeness, 8.22 10.17 12.93 16.94 30.93 75
kH/mm
Table 3. The results of calculations for hardness values under the Rockwell method on the HRC scale.
Hardeness HRC
(Reference data) 15 20 25 30 40 60
Depth of penetration b, | = .17 0.16 0.15 0.14 0.12 0.08
_ Volumeofthe 0.154 0.128 0.0106 0.0086 0.0054 | 0.0016
displaced metal, mm
Volumetric hardeness, 97.40 117.19 141.51 174.42 277.78 9375
kH/mm
Table 4. The results of calculations for hardness values under the Rockwell method on the HRB scale.
Hardeness HRC (Reference 15 20 25 30
data)
Depth of penetration h, mm 0.076 0.066 0.052 0.046
Volume of the displaced 0.0139 0.0105 0.0065 0.0051
metal, mm
Volumetric hagdeness, 71.94 9524 1515 196
kH/mm
Table 5. The results of calculations for hardness values under the Vickers method on the HV scale.
Hardeness HRC
(Reference data) 15 20 25 30 40 60
Imprint diameter, mm
(Reference data) 31 29 28 26 22 15
Depth of penetration ol o038 0.036 0.035 0.032 0.027 0.019
_ Volumeofthe 1 1500061 | 0000005 | 0.0000046 | 0.0000036 | 0.0000022 | 0.0000014
displaced metal, mm
Volumetric hardeness, 163.93 200 217 277 455 714
kH/mms
_ 1ooo
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Hardness on the HRC scale, Rockwell method (reference)

Fig. 1. The nature of the change in volumetric hardness of materials in the 15-60 HRC interval.
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The relationship between the values of the hardness
units of different measurement methods and the actual
values of volumetric har dness is illustrated in the Figure
1.

Conclusions

1. An attempt is made to theoretically substantiate
the reduction of empirical (numerical) values of units of
different methods of hardness measurement to real values
of volumetric hardness which has a real physical
meaning.

2. The obtained results indicate a sufficiently high
correlation between the results obtained under different
hardness measurement methods.

3. The obtained conclusions are illustrated and
confirmed graphically.

4. The data obtained in research under the Brinell
method are somewhat different which is explained by the
scale factor.
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TBEPIICTb — OB’ €EMHA XAPAKTEPUCTHUKA
MATEPIATY
0. €. Cemenoscoxuit, JI. JI. Timosa, O. B. Muxusan
Anotanis. [lpu BUTOTOBNIEHI JgeTanell pi3HOTO
MPU3HAYCHHS KEPYIOThCS yMOBaMH IX pOOOTH 1,
BiJINIOBiJTHO, 3BEPTAIOTh YBary Ha TaKi XapaKTCPUCTHKH,
SIK MIIHICTB, B’S3KICTh Ta TBEPHIiCTh. TLTPKM METOIMKA

BU3HAYCHHS TBEPJOCTI Marepiamy, OKpiM (i3sugHUX
METOMIB, JO3BOJISIE  TPOBOAWTH  JOCIHI/DKCHHS  HE
pyiiHyroun geranb. llpu 1BbOMy BpaxoBYETbCS TOH

(axTop, 1O pelTa BIACTMBOCTEH MOOIYHO MOB’s3aHa 3

mapameTpoM  TBepmocTi. OCHOBHHIA HEHONIK  BCIiX
Cy4acHMX METOJiB BUMIPIOBAaHHS TBEPAOCTI MaTepiaiiB
nojsrae B  HEBIANOBIIHOCTI  NPAKTHYHOTO  3MICTY

OJIMHHUIF BUMIPIOBAHHS JOCIIKYBAaHOTO IIapaMeTpy
TEOPETHYHIH CYTi TBEPAOCTI - SIK (pi3UIHOT BEIUIHHH, IO
XapaKTepu3ye BIACTUBOCTI TBepJoro Tia. OnMuHMII BCix
METOJiB BUMIPIOBaHHS TBEPJIOCTI JUIl iX NPaKTUYHOTO
CHIBCTaBIJICHHS, 3aJIeKHO Bij MacmrabHOro (Qakropy,
NIPUIHATO TIOPIBHIOBATH, Y€pe3 MepeBeCHHS iX BEINYHNH
JI0 TaKWX 3araJbHOBH3HAHMX METOMIB, SK bpiHems,
Poxsemnna, abo Bikkepca. KopuctyBaTucs mnepeBeIeHHIM
BEITUYHMH TBEPJIOCTI, OTPUMAHUX PI3HAMH METOJAMH, CITiJ]
y’)ke 00epekHO 1 MepeBaKHO ISl MOMEPEAHbOT OI[IHKU
BITHOCHOI 3MiHM BIACTHBOCTeW Mmatepiamy. Ilpu
3aCTOCYBaHHI IMX METOJIB MH MAaeMO OJWHUII
BHMIPIOBAaHHS, SBJISAIOTH COOOK CITIBBITHOIICHHS MiX
HaBaHTAKEHHSIM Ha iHJIEHTOD, 3a/1aHO1 CTaHAapPTHU30BaHOT
¢dopmMu Ta IwIOmEI, a00 TIHOMHOI BimOWTKa. Xoda
BUXOIMUN 3 (DI3UYHOTO 3MICTY TaKoi BJIACTUBOCTI, SK
TBEPHICTh HEOOXiTHO BU3HAYATH CIIBBIJHOIICHHS MiX

HaBaHTaXXCHHsM Ha iHAGHTOp Ta 00’€MOM BHTiICHEHOTO
marepiany. Jlama poGora Mae Ha MeTi BCTaHOBUTH
TEOpPETHYHE MIOIPYHTA 10 IM(PPOBHX XapaKTEPUCTHK
OJIMHHIIb TBEPAOCTI, OTPMMAHUMH TIPH PI3HUX METOIHUKAX
BUMiproBaHHA. [ HamaHHA  (QI3UYHOTO  3MiCTy
BU3HAUYCHHS  TBEPAOCTI B  poOOTI  IPOBOIMIOCH
BU3HAYCHHS 3aJIEKHOCTI 00’€My BHUTICHEHOTO Marepiaiy
BiJl NMPHKJIaJeHOr0 HaBaHTaXeHHS. CIIBCTABIEHHS came
LIUX BEJIMYUH Jaj0 MOXJIMBICTh PEalbHO BHU3HAYaTH
CHIBBIJIHOIICHHS MK OJUHHIIMU PI3HUX METOJIB HE
0a3yrounch Ha MPAKTUYHUX MOPIBHSHHAX, a IUIIXOM
MiBEAGHHS TeopeTuuHoi 0a3u. OTpuMmaHi pe3ysbTaTu
BKa3ylOTh Ha JOCTaTHBO BHCOKY KOPEJAMII0 MiX
pesyiabTaTaMd OTPMMaHUX HPH PI3HUX METOAUKAX
BHUMIipIOBaHHS TBEPAOCTI.

KirouoBi ciioBa: excruryarariiiHi XapaKTepHCTHKH,
MEXaHI9HI BJIACTHBOCTi, TBEPHiCTb, MiKPOTBEPIICTb,
00’eMHa TBEpIICTh, IHACHTOP, TTNOWHA

TBEPJIOCTb — OFbEMHA XAPAKTEPUCTUKA

MATEPUAITIA
A. E. Cemenosckuii, JI. JI. Tumosa, E. B. Muxusn
AHHOTaALUA. [Ipn HU3TOTOBJICHUU neTanen

Pa3IMYHOTO HA3HAUCHHS PYKOBOACTBYIOTCS YCIOBHSIMHU
X paboThl U COOTBETCTBEHHO OOpamiaroT BHUMaHUE Ha
TaKWe XapaKTEPUCTUKH, KaK IPOYHOCTb, BS3KOCTH H
TBEPAOCTh. TOJBKO METOIMKA OINpPEICICHUS TBEPIOCTH
MaTtepruana, KpoMme (QH3MYECKMX METOAOB, IIO3BOJISIET
IPOBOJUTE MCCIEIOBAaHUS He paspymias naetans. llpu
9TOM YYHUTHIBAETCS TOT (DAKTOP, YTO OCTaJbHBIE CBOWCTBA
KOCBEHHO CBS3aHBI ¢ IapameTpoM TBepAoCcTH. OCHOBHOM
HEJI0OCTaTOK BCEX COBPEMEHHBIX METOJOB H3MEPEHUs
TBEPJOCTH MAaTEpUaNOB 3aKJII0YAeTCd B HECOOTBETCTBHHU
NPaKTUYECKOTO  COJEp)KAaHUS  eOWHUI]  HU3MEPEHUs
N3y4aeMoro Iapamerpa TEOpPEeTHYECKOH  CYIIHOCTH
TBEPAOCTH - KaK ¢bu3nyecKoi BEJIMYHHBI,
XapaKTepu3yIolleld CcBoicTBa TBepAOro Tena. EnuHMIBI
BCEX METO/MOB M3MEPEHUS TBEPAOCTH A MX
MIPAaKTHYECKOTO  COTOCTABJICHHUS, B 3aBUCHUMOCTH OT
MacmrabHoro (akropa, MpPUHATO CpaBHMBATh UYepe3
NepeBoJl MX BEIMYMH K TaKUM OOIIENpHU3HAHHBIM
Meronam, kak bpunemns, Poksemna, wnu Bukkepca.
[lonmp30BaThcs  MEPEBOJOM  BEIHMYMH  TBEPAOCTH,
MOJY4YEeHHBIX pa3HBIMH METOJaMH, CJIEAyeT O4YeHb
OCTOPOKHO W NPEATOYTUTEIBHO U MpeIBapUTEIBHOMN
OLICHKH OTHOCHUTEIILHOM

W3MEHEHHs] CBOWCTB Marepuaina. Ilpm mpuMeHeHnn
S9THUX METOJOB MBI HMEEM EIAWHUIBI HU3MEpPEeHHUs,
NIpEACTaBISIIONME  CcOOOM  COOTHOIICHHE  MEXAY
Harpy3kou Ha HHJECHTOD, 3aJaHHOU
CTaH/IApTH3MPOBAHHOW (GOpMBI M  IUIOMAJBIO WU
rIyOMHON oTmedyaTrka. XOTs HCXoas u3 (u3mueckoro
CONEepXaHUS  TaKOro  CBOWCTBA, Kak  TBEPAOCTb,
HEOOXOAWMO  ONpENeNsATh  COOTHONIEHHE  MEXIY
Harpy3kol Ha WHICHTOP W OOBEMOM BBITECHEHHOI'O
Matepuana. JlaHHas paboTa MMeEET MENBI0 YCTaHOBHTH
TEOPETUYECKYI0 OCHOBY K IHM(POBBIM XapaKTepHUCTHKAM
€IMHUI] TBEPJOCTH, TOIY4YEHHBIM TMPH PA3IUUHBIX
MeTonuKax u3MepeHus. Jnsg mnpupaHus  Quznyeckoro
COJZIEp)KaHUSI ~ ONpe/eJIeHHe JKEeCTKOCTH B paborte
MIPOBOAMIIOCH ~ ONpEAENEHHE  3aBHCUMOCTH  oObeMa
BBITECHEHHOTO MaTepHana OT HPUIOKEHHOW HarpysKH.
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ComocTaBneHne JTHX BEIMYUH JaJ0 BO3MOXKHOCTB
peanbHO OMNPENeNATh COOTHOLIEHHE MEXIy CIMHAIAMU
Pa3INYHBIX METOJOB, HE OCHOBBIBASICh HA MPAKTUIECKUX
CPaBHEHUSX, a MyTEM MOABEICHUS TEOPETUUECKOHN Oa3bl.
IMomydeHHble pe3ynabTaThl yKa3bIBAIOT HA JIOCTATOYHO
BBICOKYIO KOPPEALHIO MEXKIY pe3ynbTaTaMH,
MOJYYEHHBIMU TPU Pa3IMYHBIX METOJIUKAaX W3MEPEHUs
TBEPJOCTH.

Kirouesnle caoBa: JKCIUTyaTallHOHHbIE
XapaKTepUCTUKH, MEXaHHYECKHEe CBOMCTBa, TBEpPAOCTb,
MHUKpPOTBEPAOCTh, O00BEMHas TBEPIOCTb, HMHAEHTOD,
rmyOMHa ~ TPOHUKHOBEHHS, O0BEM  BBITECHECHHOTO
MeTana.
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