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KOHTPOJIb U UBMEPEHMUA
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B 2002 ropy MexayHapoAHOW opraHu3auuven no CTaHAapTusauuu 6bi1 NPUHAT CTaH[ApT ISO 14577,
KOTOpbI pernamMeHTUpoBas U3MepeHue TBepAoCTU U pspa ApPYrnux MeXaHUYecKuMX XapaKTepucTuk
METOAO0M WHCTPYMEHTA/IbHOro UHAEHTUPOBaHUS. PacCMOTPUM UCTOPUKO U MEpCrneKTUBbl pasBUTUS
3TOro CTaHAApTa, a TaKXe peanv3auuio ero MeToguK Ha MpakTUKe C NpuUMeHeHMeM POCCUMCKUX

HaHoTBepaoMepoB ceMelrcTBa "HaHOCKaH".

In 2002, the ISO 14577 standard, which regulated the measurement of hardness and other mechanical
characteristics by the instrumental indentation method, was adopted by the International
Organisation for Standardisation. We should consider the history and prospects of development of
this standard as well as the implementation of its techniques with the Russian nanohardness testers

of the NanoScan family.

Vi3MepeHHe MeXaHUYeCKHUX CBOMCTB MaTepPHAIOB
C HAHOMETPOBBIM IIPOCTPAHCTBEHHBIM pa3pelle-
HHeM ITPOYHO BOIIIIO B ITPAKTHKY COBPeMEeHHBIX HCCTIe-
IOBaHUM B obnactu matepuanoBeneHusi. OcobeHHO
aKTyaJbHO HAHOMACIITabHOe H3MepeHHe MeXaHH4e-
CKHX XapaKTePUCTUK HAHOCTPYKTYPUPOBAHHBIX KOH-
CTPYKLIMOHHBIX M QYHKLMOHAIBHBIX MaTepHaJoB, a
TaKkyke TOHKHUX IJIEHOK M IIOKPBITHH. OfHA K3 BasKHEH-
IIHX XapaKTePUCTHUK TAKUX MaTepHaJIOB — TBEPAOCTb.
ITOCKOJIBKY ee OIlpefie/ieHHe 3HAaYHUTeIbHO MeHee Tpy-
N0eMKo, 4eM 6ONBIIMHCTBA APYTHX MeXaHHUUYeCKHX
CBOFICTB, K He COITPOBOXK/IAETCSI pa3pylleHHeM U3/IeNHs,
3TOT BHUJ, UCIIBITAHUI IIHPOKO IIPUMEHSIETCS B IIPO-
MBIIJIEHHOCTH.

CaMBIM PacIpOCTPaHEeHHBIM CIlocobom H3Mepe-
HUS TBEPIOCTH SIBJISIETCS UHAEHTHUPOBAHUE — BAAB-
JIUBaHUe B 06pa3sel] TBEPIOrO Teja U3BECTHON GOPMEI
(MHIeHTOpa) € IOoC/IeyIOM UM HablogeHueM pe3yib-
TATOB BO3ZEMCTBUS Ha MaTepuall (0TIIeYaTKa Ha ero
[IOBEPXHOCTH). B 3aBUCHMOCTH OT GOpPMBI HaKOHEY-
HHKa 1 0COD@HHOCTEHN ITPOTOKOIMPOBAHUS UCITBITA-
HHUU pa3/INyaloT MeTOJbl U3MepPeHHs 110 BUKKepcy,
bpunenio, Kuymy u T.I1. TBepAOCTh B pAMKaX JaHHBIX
METOJIOB OIIpeie/IsIeTCsl KaK OTHOIIEHHe ITPHJIOKEHHOHN
HaTrpy3KH K [JIOMA TN BUAMMOIO OTIIeYaTKa.

B pe3ysnbrare pa3BUTHS MaTepUaIOBeleHH I, AKTHUB-
HOT'0 BHeJpeHU S MUKPO- U HAHOCTPYKTyPUPOBAHHS,
LIMPOKOT0 UCIIONB30BAHUS TOHKHX IIJIEHOK U ITOKPHI-
THUH, MeTOfbl, 6asupylonirecs Ha HaONIOAeHUH OTIIe-
YaTKOB, IIepecTayJikd 0OTBeYaTh 3aJadyaM HCCIefoBa-
Tesell. Ha cMeHY UM IpHILe] METOM, OCHOBAaHHBIN

Ha PeruCTPAaLMU U IIOC/IeYIOMer MaTeMaTHYeCKON
06paboTKe 3aBUCHUMOCTH IIPHUKJ/IAIbIBA€MOM HaIPy3KH
OT I71y6MHBL BHeIPeHHU S HHIEHTOPA, XapaKTepHU3ylo-
IIeH BeCh IIPOLeCC MHAEHTUPOBAHUS. DTOT IPUHIIUI
II03BOJIMJI BBIIIONIHSITh H3MepeHU s IPHU CyOMHUKPOH-
HBIX 1 HAHOMeTPOBBIX IIyOHHAX BHeJpeHUsI, KOraa
HeIIOCpeACTBEHHOe HAbIomeH e OTIIeyaTka KpanHe
3aTPYAHUTEIBHO UIU HEeBO3MOXHO. Ocob0 3HAUYUM
JNAHHBIH II0[X0[, eC/IN Pa3Mepsl OTIIeYaTKa HAX0ASITCS
B CyOMUKPOHHOM 06/1aCTH, TaK KaK OOIIEITPUHSTHIE
IJISI MAKPOUH/IEHTUPOBAHHUS ONTUYECKUE METOMBI
nepecTtaoT paborars, MeTonbl C3M TpebyioT TOUHOTO
MO3UI[MOHUPOBAHUS B 00/1aCTh MHIEHTA U JOIIOTHU-
TeJIbHOTO BPeMeHHU /ISl CKAHHPOBAHHUS, a IPHUMeHe-
HUe 3JIeKTPOHHOM MUKPOCKOIIMH H3-3a CJIOKHOCTH (B
COBOKYITHOCTH C ITPOOOIIOAIOTOBKOF) M JOPOrOBH3HEI
MPaKTUYeCKH UCK/II0YeHO B PyTHHHBIX SKCIIePUMeH-
Tax.

OCHOBBI MHIOEHTUPOBAHUSA, HU3BecTHOro B CCCP
KaK "MeTof KMHETHUYeCKOM TBepHOoCTH", ObIIM pas-
paboranel coBeTcKuMHU yueHBIMHU C.H.BynblueBBIM
u B.I1.AnexunbIM B 1960-70 romax [1]. B TedeHHe ABYX
MOCJIeIYIOMMX JeCSTHIETHUH IIJI0 aKTHBHOE Pa3BUTHe
npubopHO 623kl 151 MeXaHUYeCKHUX HUCIIBITAHUH, A
TaK>Ke I[OSIBJISIUCh HOBBIE MOJIE/IH, OITHCHIBAIOIIKE B3a-
MMOZIeHCTBHE HHIEHTOPA C MaTePUAJIOM IIPH BIABIIH-
BaHUH [2-4]. OgHAKO IIKPOKOe PacIIPOCTPAHeHHe MeTO[
MIOJTY Y ML ITOCTIe ITyOIMKALMH CTaThU AMEePHUKAHCKHUX
ydeHbIX Y.OnuBepa u J>k.Pappa [5], mpenIoKuBIIUX
HaubosIee COINIACOBAHHYIO MOJeJb aHAIN3a IKCIIepHU-
MeHTaJIbHBIX JAHHBIX, a TAKKEe Peaar30BaBLINX 3TOT
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MeTOZI B OZTHOM K3 IIepBBIX KOMMePUeCKHX HAHOTBEPO-
MepOB.

B 2002 rony Me>kAyHapooHOU OpraHU3aljMen Io
cranpaprusanuu (ISO) 6b11 PUHAT cTaHAAPT [SO 14577,
KOTOPBIM COCTOSI/T HA TOT MOMEHT M3 Tpex dacTed U
perylaMeHTHPOBAJI U3MepeHHe TBepAOCTH U psiia Apy-
IHX MeXaHUYeCKHUX XapaKTepPUCTHK Ha OCHOBe aHAJIM3a
3aBUCHMOCTH IIPHJIOKEHHOMN HArPy3KH OT IIYOHHBI
BHeApeHUs UHAeHTopa [6]. [laHHBIN METO[, MOITyYHI
yCTOsIBIIIeeCst Ha3BaHHe — "MHCTPYMeHTAJIbHOe HH/IeH-
TUpoBaHUe". B mepBoi yacTu [SO 14577 M3/I0KeHEI
ob11re MIPUHIIUIIBI METOAA, LAHBI PeKOMEHIALIUH I10
BbI6OpY MHIEHTOPOB, PACCMOTPEHbI BOIIPOCHL HeoIIpe-
Jle/IeHHOCTH M3MepeHHH. Bropas 4acTs [7] mocBsieHa
BOIIPOCaM KaTHOPOBKH aIlIIapaTHBIX CPeJCTB, IIPHMe-
HSIIOIIMXCS /151 BRIIIOJTHEHU ST U3MepeHU . B TpeTben
yactu [8] comepskatcs TpeboBaHUS K MepaM TBepLO-
cTH - 06pasiaM, UCI0Ib3yeMbIM 151 KOCBEHHOM KaJIH-
6poBKY ITPHUOOPOB U IIOATBEPKAEHUS UX METPOJIOrHye-
CKUX XapaKTePHCTHK.

B 2007 rozmy 6bly1a MpUHSITA YeTBEPTasl YaCTh CTAH-
naprta 1SO 14577-4 [9], mocBsImeHHass 0COBeHHOCTSIM
NpPUMeHEeHH I HHCTPYMeHTa/IbHOTO MHAeHTUPOBAHHU S
JUTSI ©3MepeHU st MeXaHUYeCKHX CBOMCTB TOHKUX IlJIe-
HOK U ITIOKPBITHH. B TOM 5Ke rofgy AMepHUKaHCKasl acco-
LHAl{s U3MepeHUN U MaTtepuasioB (American Society
of Testing and Materials - ASTM) mpuHsiia CTaHZAPT
E2546-07 [10], B c>kaToM BHUIE MIOBTOPSIIOIINH BCE OCHOB-
Hble IToj10keH U SO 145771-3. B 2011 ropy B PoccHricKon
denepanuu mosiBuiIcsa cTanaapt FOCT P 8.748-2011 [11],

KOTOPBIK I10 CBOEMY COLeP>KaHHI0 COOTBETCTBYeT Iep-
BoM yacTH ISO 14577 B pemakuinu 2002 roga.

B 2015 rogy mDpUHSIHA HOBYIO pemakiiuio ISO 14577
[12-14], YTOUHSIOMYIO U OOIOMHSAIOIIYI0 MHOTHe
aCIeKThl H3MepeHHUH MeTOLOM HHCTPYMEHTa/TbHOIO
HMHJIeHTHPOBaHUS. TaksKe oIy6IMKOBaH ITPOEKT HOBOK
pemaKkiiiu 4eTBePTOM YacTH, KOTOPBIM I10Ka He NMeeT
OQUIIMaJIBHOIO CTaTyca.

ME)XXAYHAPOLHbI CTAHAAPT ISO 14577

CyTh IIpoLle Ay pbl UHAEHTUPOBAHU A B COOTBETCTBUH
co ctaHgapTom ISO 14577 3aKk/I04aeTCsI B TOM, 4TO
MHIEHTOP BOABIMBAETCS B IOBEPXHOCTh B COOT-
BeTCTBUHU C 3aJJaHHBIM 3aKOHOM YBeJIMYEHU S CHUJIbI
unu ra1ybuHB BHeApeHHUs. [lociie JOCTHUKeHUS
3a/laHHOTO KPUTepPHUs - MaKCHMaJIbHOM HAarpy3KH
MU T1y6HHEl BHEIPeHU I, UH/IEHTOP BbIJIeP>KHBa-
eTCs B TeUeHHe HeKOTOPOTO BpeMeHH, a 3aTeM OTBO-
OUTCS [0 MOJTHOM IIOTePH KOHTAaKTa ¢ o6pasiom.
B xone Bceln mpoLeAypbl HHAEHTHUPOBAHUSA QUK-
CHUPYIOTCS 3HAYEHMS HATCPYy3KHU U IepeMelleHUus
HHEHTOpA.

HopmanbHEIe YyCIOBUS IPOBeJeHUS H3MePeHUU
COTJIACHO CTAHAAPTY: TeMIiepatypa 23+5°C, OTHOCH-
TeJbHasl BJIIAXKHOCTH He 6onee 50%. Ecu ecTh npej-
MOCBIIKH [I/IS CyIIeCTBeHHOTO TepMozperda mpu-
bopa, To peKOMeH/yeTcs B KOHIIe y4acTKa pasrpy-
SKeHH S, Ha YPOBHe, COOTBeTCTBYIoImeM 10% oT Mak-
CHMaJIbHOM Harpy3KH, BbIIEPKAaTh HHIEHTOP B Tede-
Hue 60 c. BriocjieAICTBU MU 10 JAHHOMY Y4acCTKY CJie-

easurement of the mechanical

properties of materials with

the nanometre spatial reso-
lution became firmly established in
the practice of modern research in
the field of materials science. The
nanoscale measurement of mechani-
cal properties of the nanostructured
structural and functional materi-
als and thin films and coatings is
particularly relevant. Hardness is
one of the most important charac-
teristics of those materials. Since
its definition is much less labour-
intensive than most other mechani-
cal properties, nor it is not accompa-
nied by the destruction of items, this
kind of testing is widely used in the
industry.

Indentation in the sample of a solid
of the known shape (indenter) fol-
lowed by the observation of the effects
on the material (print on its surface)
is the most common way of measur-
ing the hardness. Depending on the
shape of the tip and test reporting fea-
tures distinguished are the measur-
ing methods, e.g. Vickers, Brinell,
Knoop etc. Hardness under these
methods is determined as the ratio
of the applied load to the area of the
print visible.

As a result of the material science
development, the active introduction
of micro- and nano-structuring, wide
use of thin films and coatings, the
methods based on the observation of
prints no longer meet the researchers’

challenges. They are being replaced
by a method based on the registration
and subsequent mathematical pro-
cessing of the applied load depending
on the depth of indenter introduction
which characterises the indentation
process as a whole. Due to the prin-
ciple, it was possible to perform mea-
surements at the nanometer and sub-
micron depth of penetration when
the direct observation of the print is
extremely difficult or impossible. This
approach is especially important if
the size of the print is in the submi-
cron area as the conventional opti-
cal methods for macroindentation do
not work, the SPM methods require
precise positioning to the indent area
and additional time for scanning; and
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the use of electron microscopy due to
the complexity (in combination with
sample preparation) and high cost
should be absolutely excluded in rou-
tine experiments.

The indentation basics known in
the USSR as a "method of kinetic hard-
ness" was developed by the Soviet sci-
entists S.I.Bulychev and V.P.Alekhin
in 1960-1970. [1]. In the following two
decades the instruments for mechan-
ical testing as well as new models
describing the interaction between
the indenter and material for inden-
tation were keenly developed [2-4].
However, the method became wide-
spread after publishing an article by
the American scientists U. Oliver and
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J. Farr [5] who had offered the most
coherent model for the analysis of
experimental data and implemented
that method in one of the first com-
mercial nanohardness testers.

In 2002, the International
Organisation for Standardisation
(ISO) adopted the ISO 14577 standard
which at that time consisted of three
parts and regulated the measurement
of hardness and other mechanical
properties based on the analysis of the
dependence of the applied load on the
depth of indentation. [6] The method
had the established name, instru-
mental indentation. The first part of
ISO 14577 sets out the general princi-
ples of the method, provides advice

JlanbHeMII e BEIYHC/IeHU A [TPOH 3BOIATCA 110 GOpMY-

on selecting indenters and addresses
measurement uncertainty ques-
tions. The second part [7] focuses on
the calibration of the tools and devices
used to perform the measurements.
The third part [8] contains hardness
measure requirements, the samples
used for indirect calibration of tools
and validation of their metrological
characteristics.

In 2007 the fourth part of the stan-
dard ISO 14577-4 [9] dedicated to the
characteristics of the application of
the instrumental indentation to mea-
sure the mechanical properties of thin
films and coatings was adopted. That
same year, the American Society of
Testing and Materials (ASTM) adopted
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HHIeKc tip o3HA4YaeT, 4TO BeTMUUHBI MO/ YIIPY-
roCTU U Ko3dduiireHTa IlyaccoHa COOTBETCTBYIOT
MaTepHanly uHAeHTopa. PyHKIKS GOpMBI HHIEHTOPA
A(h,) mpezncraBisieT 3aBUCUMOCTD IUIOI[AIH CEUEHU I
OT KOHTAKTHOM ITyOKMHBI 1 JO/KHA OBITh M3BeCTHA Ha
MOMEHT BBIIIOJIHEHU Sl U3MePeHH .

EcTecTBeHHO, YTO IIPHUBeJeHHBIe COOTHOIIEHU
KMeIOT CBOM OTpaHU4YeHMs. Tak, BC/IeICTBHE HEOCU-
CUMMeTPHUYHOCTU UHJIEHTOPA, B IIPABYI0 YacTh MOAYJIS
YIIPyTOCTH BBOJST ITOITPABOYHBIN KO3PUITHEHT [3, 3Ha-
YeHHUsI KOTOPOro OBIIK BBIUMC/IEHB! B Psifie YHC/IeHHBIX
SKCIIePUMeHTOB [15] ¥ COCTaBIISIOT BeIMYUHY B [Halla-
30He 0T 1,0226 mo 1,085. KpoMe TOro, Impenrionaraercs,
YTO OTIIEYATOK MHAEHTA He MMeeT IIJIaCTUYeCKHX
HaBasIoB (pile-up) u ympyroro nporuba ypoBHS IIOBepX-
HocTH (sink-in), MmaTepuasn siBsleTCS TOMOT@HHBIM U
YIpyro-IUIaCTUYHBIM, IIpUYeM yIIpyrHe U IJIacTUYe-
CKMe CBOMCTBA He3aBHUCHMEI APYT OT Apyra. [IonbITKU
ydecTb faHHBIe 3 deKTHl [16, 17] ToKa He IIpUBEIU K
BBIPAbOTKe CTAHJAPTHU30BAHHOIO [TOAX0AA.

1SO 14577 UTOCT P 8.748-2011

B 2011 rony B Poccry HaKOHEL-TO OBLI IIPUHST OTe-
JeCTBeHHBIN cTaHAAPT ['OCT P 8.748-2011 Ha BHIIION-
HeHHe HU3MepeHHUH MeTOAOM HHCTPYMEHTaIbHOIO
UHAEHTHPOBAHHUS, a B KOHIIe 2014 roga co3maH COOT-
BeTCTBYIOIIHI FOCY1apCTBEeHHBIH 3Ta/IOH TBEPAOCTH.
9TO CyIIeCTBeHHO 06JIerY1IIO JKU3Hb YUeHBIM U TeX-
HOJIOraM, 'JIerajn30BaB’ MCC/IeOBaHU S, CBI3aHHBIe

C U3MepeHHUSIMHU MeXaHHUYeCKUX CBOMCTB Ha I1ybu-
Hax MeHee 1 MKM.

ITo cBOEMY COIeP’)KaHUIO HAIll CTAHJAPT IIPAKTHYeCKH
JIOCJIOBHO ITOBTOPsIeT IepBYIo YacTh ISO 14577-1:2002, HO
€CThb U OT/IMYHSI, OCHOBHOE K13 KOTOPBIX COCTOUT B TOM,
4TO B CTaHAapTe ISO TBepAoCTh UMeeT Pa3MEepPHOCTh
H/mm? (MIIa), a B poccurickoM [OCT ompepensieTcs B
eMHHUIIaX COOTBETCTBYIOMIEH IIKaIbl. [JaHHOe OTIU-
4He, I0-BUAHMOMY, CBSI3aHO C TPAAULIHEI OTeueCTBeH-
HOM MeTPOJIOTMYeCKOM IIKOJIBI KCII0Ib30BaTh AJIS1 TBEp-
JOCTH LIKAJIBI [IOPSAIKA. B 3TOM CMBIC/IEe yXO B HOBOM
CTaHJapTe oT efuHUL CH mpomonkaeT JaBHUH CIIOP
OTe4YeCTBeHHBIX YUeHbIX U MeTPOJIOroB 0 PU3UYeCKON
CYTH TBEPAOCTH KaK CpefJHero KOHTAKTHOIO JaBJIeHH I
rof, MHAeHTOpoM [18]. IIpH 5TOM, B [TOBCeIHEBHOM ITPaK-
THKe U Te, U [ PyTHe UCII0Nb3YI0T JOCTATOYHO IIPOCThIe
COOTHOIIEHH S U TabIMHULIBL /IS [TepecyeTa 3HaUeHHU
TBEPAOCTH U3 OFHOL LIKAJIBL B APYIYIO.

B 11€/10M, MOSKHO CKa3aTh, 4YTO paboTHI I10 CTAaHIAP-
TH3alLIMH1 HaHOMeXaHHYeCKHX UCIIBITAaHUH OUYeHb BOC-
TpebOBaHBI KaK MaTepHUaIOBeJaMH, TaK U pa3paboruu-
KaMH 000pyAoBaHU . X0UeTCsI HaJIesIThCSI, YTO OCTaIb-
Hble yacTu [OCT mosiBATCS B 6iuskariinee BpeMsi, U B
HUX 6y/lyT y4TeHBI IONO/IHeH I B CTaHAapT ISO ot 2015
roga.

YTO AAJIbLLIE?

B pemakmuu ISO 14577 ot 2015 roma y4TeHbl MHOI'HE 0CO-
OeHHOCTH, BBHISIBJIEHHBIE COBMECTHBIMHU YCHIHSIMU
HH>KeHepOB, KOHCTPYUPYIOIIUX HAaHOTBEpPLOMepHI,
Y YY€HbIX UX HCIIOIb3YIOIIKX. B YaCTHOCTH, YTOYHEHBI
IIPOLIey PbI 110 U3MEPEHHIO U YUeTy TeMIIepaTy PHBIX

the standard E2546-07 [10] that repeats
all of the key provisions of ISO 145771-3
in a compressed form. In 2011, the
Russian Federation introduced GOST
R 8.748-2011 [11] that corresponds to the
first part of ISO 14577 as amended in
2002 by its content.

In 2015, the new version of ISO 14577
[12-14] to update and supplement many
measurement aspects of the instru-
mental indentation method was
adopted. The draft of the new fourth
part, which does not yet have any offi-
cial status, was also published.

INTERNATIONAL STANDARD IS0 14577
The idea behind the indentation pro-
cedure in accordance with ISO 14577 is

that the indenter is pressed into the
surface in accordance with a given
law of force increase or penetration
depth. After reaching a predeter-
mined criterion, the maximum load
or penetration depth, the indenter is
held for some time and then taken
away until a complete loss of con-
tact with the sample. The load and
indenter displacement values are
recorded during the entire indenta-
tion procedure.

The normal conditions of mea-
surement according to the standard
are as follows, the temperature of
23 + 5°C and relative humidity less
than 50%. If there are substantial
prerequisites for the thermal drift of

a device, it is recommended to hold
the indenter for 60 seconds in the end
of the unloading section at a level
corresponding to 10% of the maxi-
mum load. Later in this section the
amount of thermal drift should be
determined and taken it into account
during processing of the experimen-
tal data.

Description of the method and key
ratios are available for measurement
by nanoindentation are presented
in the first part of the standard. The
hardness HIT and elastic modulus
measurements are regulated:
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IperidoB aIlIlapaTHOM YacTH, Oosee TIATEIBHO ITPOIIH-
CaHBI POy PHI IIOATOTOBKH U 3aKpeIlieHHs 0bpas-
110B, 6osee ogpO6HO OMKCAHBI HCTOYHHUKH IIOTPell-
HOCTeH M UX BKJIaJ, B 00IIyI0 HeoIpeie/IeHHOCTh H3Me-
PeHHI, a TaKKe ZOPabOTaHBI IIPOLIeY Pl KaTHOPOBKU
U [IOBepKHY IIPUOOPOB.

B 1eom, MOKHO KOHCTAaTHPOBaTh, 4TO 3a 13 jeT
HaKOIIEH OTPOMHBII OIIBIT IIPHMeHEeHHsI HAaHOTBep-
JIIOMEPOB [JIJIsI CAMBIX Pa3HBIX MaTepPHaJjIOB B IIIHPOKOM
JHala3oHe YCJI0BUH IpoBefleHU S H3MepeHHU. CTalo
MIOHSTHO, YTO 3TH IIPUOOPHI MOT'YT UCIIOTb30BATHCS AJIS
OLIEHKH He TOIBKO 6a30BBIX MEXaHHUYECKHX XapaKTepH-
CTHUK, TAKKX KaK TBEPAOCTb U MOJY/Ib yIIPYTOCTH, HO U
L1eJI0T0 psifia APYTHX cliel]uQUUeCKHX CBOMCTB: BA3KUX,
BpeMs-3aBUCUMBIX U T.II. [T03TOMY B IPOPUIIBHEIX TeX-
HUYEeCKUX KOMUTETAaX UJeT AKTUBHAs paboTa Haj pas-
BHUTHEM CTaHAapTa ISO 14577: vacTs 5 byzmeT mocBsieHa
BOIIPOCAM H3MepeHHU S I10/I3y4YecTH, 4YacTh 6 - JUHa-
MHUUYeCKHM MeTOJAaM HHAEHTHUPOBAHMUS (TaK Ha3bl-
BaeMbIM MeTO[aM HeIllpepbIBHOI'O U3MePeHM s JKeCTKO-
cTH - continuous stiffness measurements, CSM), 4acTb
7 - U3MePeHUSIM MeXaHHYeCKHX CBOMCTB B pacIlHpeH-
HOM TeMIIepaTypHOM JHaria3oHe,

HAHOTBEPJLOMEPbI CEMEACTBA "HAHOCKAH"

ENMHCTBEHHBIM POCCUHCKUM CEpPUMHBIM IIPH60OPOM,
peaNn3yIoI KM MeTO, MHCTPYMEeHTAIBHOIO MH/IEHTH-
poBaHUs, IBNIseTCs HAHOTBepaoMep "HaHoCkaH-4D"
(19-22] (puc.2). JaHHBIE IpuboOp JaeT BO3MOKHOCTD
IIPOBOAUTH HUCIIBITAHUS METOLOM CKJIEPOMETPHUH,
HM3MepeHUe TBePAOCTH U MOAYIS YIIPYTOCTH MeTo-
JOM MHCTPYMEHTAJIBHOIO MHAEHTHPOBAHUS, & TAKKE

where o, - Poisson’s ratio, Ej; -
Young's modulus. IT Index indicates
that these two values are measured S=2E
by the instrumental indentation
methods and may be different from

the hardness H and elastic modulus Hy =
E of real materials, if the properties

do not match the assumptions used ~ where

in the model. It should be noted that

the calculation of H;; and E;; requires % = é

knowing only three values from the
"load-introduction” diagram F (h):
the amount of the maximum load

PeasH30BBIBATh Psi, METOZIOB aTOMHO-CHJIOBOM MHKPO-
CKOITHUHU. Mony/b HHAEHTHPOBAHUSI HAHOTBepIoMepa
II03BOJIsSIeT MPUKIAbIBATh HAaTPY3KH B JHUAIla30He
OT eJMHUI] MUKPOHBIOTOH JJ0 HECKOJIBKHUX HBIOTOH, a
TaKsKe U3MEePSITh CMEIeHH B IHAIla30He OT eUHHI]
HaHOMETPOB [0 MHJUIMMeTpa. [Ipubop MoxeT 6BITh
OCHAIlleH Pa3JIMYHBIMU TUIIAMU HaKOHEUHHKOB,
B YMC/IO0 KOTOPBIX BXOAST IIMPAaMHUAIbHBIE HHIEH-
Tophl BeproBHUa 1 BUKKepca, chepruyuecKre UHEH-
TOPBI, a TaK>Ke HAKOHEYHUKU B GOpMe IIJIOCKOTO
IITaMIIa.

HaHoTBephoMepsl cemericTBa "HaHOCKaH" IIOTHO-
CTBIO YIOBJIETBOPSIIOT BCeM TpebOBaHUSIM M peKOMeH/1a-
uusM ISO 14577.

CnemyeT OTMeTHUTbh, YTO B paMKaX CTaHJAapTa
BBIJIe/ISIeTCS TPH YPOBHSI BBIIIOJHEHUSI U3MepeHUH,
B 3aBHUCHMOCTH OT 3HA4YeHHH NPHUKJIALbIBA€MOU
Harpysku F win r1y6rHbI HHAEHTHPOBAHMUS h:

« Makpo (F <30 xkH);
+ MuKkpo (F<2H; h> 0,2 Mmxm);
« Hano (h <200 HM).

Ha mpakTHKe JHamna3oH "Makpo' B COBpPeMeHHBIX
HAaHOTBepOMepax He HCII0JIb3yeTCsl, IIOCKOIBKY IIPH
MakpoMacuitabe M3MepHUTeIbHbIE 3aJaYH YCIIELIHO
PeLIaoTCsl C IIOMOIIbI0 6ojlee IIPOCTRIX U JOCTYIIHBIX
ITpU60OPOB I10 JABHO YCTOSBIIMMCS METOLHKAM.

Ocoboe BHUMaHHUe CIefyeT 0OpaTUTh Ha TOT PaKT,
4yTo B "HaHoCkaH-4D" guama3oHsl 'MUKpO" U "HaHO"
peanu3oBaHbEl B paMKaX eJIHHOr0 H3MepHUTeIbHOIO
MOJyJIsL, U [I/ISI Ilepexofia K 60JIBIIMM Harpy3KaM JoCTa-
TOYHO BCEro JIUIIb BEIGPATh COOTBETCTBYIOIIMH PESKHUM
B IIpOrpaMMHOM obecriedeHHH Iprbopa. B npubopax

A (h,) shows the dependency of the
cross-sectional area on the contact

A(hc), depth and should be known by the
m time of measurement.

Naturally, these ratios have their

Ai“ﬁ") ) limitations. For example, due to the

¢ neosymmetry of the indenter, a cor-

rection factor B is introduced into the

l-62 right part of the elastic modulus, the

—_w values of which were calculated in a

Eip number of numerical experiments

(15] and were in the range from 1.0226
to 1.085. Furthermore, it is assumed

F. .., the slope of the unloading
curve at the point of maximum load S
and the maximum depth h,, (fig.1).

Further calculations are based on
formulas:
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3
h.=h_, -0,75 ‘max
C max S

The index tip means that the value
of the elastic modulus and Poisson’s
ratio correspond to the material of the
indenter. The indenter shape function

that the indent print has not plastic
pile-up or elastic surface level sink-
in, the material is homogeneous and
elastic-plastic, the elastic and plastic
properties being independent from
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MoZaynb aTOMHO-CMI0BOTr0 MMKpOCKoNa
AFM modul

[oNONHNTENbHbIE Y3/1bl U AATHUKN
Additional nodes and sensors

Hecywas pama
Frame

Mogaynb ONTUYeCKOro MMKpocKkona
Optical microscope modul

Mopynb HaHoTBEpLOMepa
Nanohardness tester modul

MOTOPV30BaHHbIN NPeAMETHbIN CTONK
Motorized sample stage

HaHoCkan-4D
e,

Puc.2. HaHomeepdomep "HaHoCkaH-4D"
Fig.2. NanoScan-4D scanning nanohardness tester

IOpPYTUX IIPOM3BOJUTENIEH 3Ta 33/ilaua pelaeTcs, Kak
IIPAaBHIIO, ITyTeM YCTAHOBKH JOIIOTTHUTETBHBIX JOPOT0-
CTOSIIIIIX MOAYJIEH.

OTMEeTHM TaKKe, UTO CTAHAAPTHl PerTaMeHTH-
PYIOT BBIIIOJTHEHHE eJUHHUYHOTO U3MEpPeHHUs, HO
IpHU peanbHON paboTe ¢ o6pa3LiaMu HU3MepeHHUS
NPOBOASITCS OGONBIIUMU CepUSIMH. [lo3TOMY s
pacUIMpeHUs MCCIe0BaTelbCKUX BO3MOKHOCTEH
"HanoCkaH" B mporpaMMHOM obecIIe4YeHUH IIPU-
6opa peann30BaH MKUPOKUN Habop PYHKIIUI, B TOM
qHCIIe:
 BBICOKOIIPOM3BOAUTENbHAS IaKeTHas o6paboTka

3KCIIePUMeHTAIbHBIX NAHHBIX C IPUMEHeHHEeM

HOBEHIITHMX METO/IOB I1apaJ/ie/IbHbIX BBIUYUCIeHUH,

* S3bIK MAaKPOKOMAaH[I, II03BOJISIIOIHUH pealrn30Bbl-
BaTh He0OXOJMMYIO II0C/IeOBATEIBHOCTD H3Mepe-
HUU B aBTOMaTHYeCKOM PeXHMe;

* IIOCTPOEHHe JBYMEPHBIX (Tollorpaduueckux) U Tpex-
MepHBIX (06beMHBIX) KapT pacIIpe/ie/IeHHs TBEPLOCTH
Y MOAYJIS YIIPYTOCTU B 3aBUCUMOCTH OT IIPOCTPaH-
CTBEHHBIX KOOPAHHAT.

Ha puc.3 npuBejieH npumMep 06beMHOMN KapThl
(ToMOorpaMMBbl) TBePAOCTH, MOCTPOEHHOH IO
pe3ynbpraTtaM 06paboTKHU 225 MHOTOLMKJIOBBIX YKO-
70B. B KauecTBe 06pa31ia 6110 HCII0TB30BAHO IOy~
YeHHOEe MeTOLOM MAarHeTPOHHOTO HallblJIeHUS
MOKPBITHeE cepebpa Ha CTeKJe, CpedHSs TONIHUHA
KOTOPOI'0 COCTaBMJ/Ia 0K0JI0 175 HM. MHAeHTHI OblIH

each other. Attempts to consider
these effects [16,17] have not yet led
to the development of a standardised
approach.

ISO 14577 AND GOST R 8.748-2011

In 2011, Russia finally adopted the
national standards GOST R 8.748-2011
to perform measurements by the
instrumental indentation method;
and in late 2014 the corresponding
state standard of hardness was set
up. This will greatly facilitated the
life of scientists and process people
by formalising the studies related
to the measurement of mechani-
cal properties at depths of less than
1pm.

By its nature, our standard is
almost a verbatim repetition of the
first part of ISO 14577-1:2002 but there
are differences, the main of which is
that in ISO hardness has the dimen-
sion N/mm? (MPa), and in the Russian
GOST is determined in units of the
appropriate scale. This difference
appears to be associated with the
national metrological school tradition
to use ordinal scales for hardness. In
this sense, evading in the new stan-
dard from the SI values continues
the long-standing dispute of domes-
tic scientists and metrology experts
about the physical nature of hardness
as the average contact pressure under
the indenter. [18] At the same time,

in daily practice, both use quite sim-
ple ratios or tables for the conversion
of hardness values from one scale to
another.

In general, we can say that the
standardisation of nanomechani-
cal testing is high in demand by
the materials scientists and equip-
ment developers. It is hoped that the
remaining parts of GOST will come
up in the near future, and they will
include 2015 additions to the ISO
standard.

WHAT NEXT?

The 2015 edition of ISO 14577
accounted for many of the features
identified by the joint efforts of
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PacIIoNIokeHBl KaK B 00/1aCTH HaHeCeHHUs IIJIEHKH,
TaK U BHe Hee.

B mpubopax "HanoCkaH-4D" peann3oBaH MeTOZ,
JHUHAMHUYeCKOro U3MepeHM ST KOHTAKTHOM JKeCTKOCTH
(CSM), B 0CHOBe KOTOPOTr'O JIeSKUT H3MepeHMe KBaipa-
TYPHBIX KOMIIOHEHT CMelleHHUs [IpU IPUIOKeHHUHU
TapMOHHUYeCKOM CHJIBL, B [OIIOJTHEHHE K MOHOTOH-
HOMY yriybieHHIo 30HAa B obpaser. Ha ocHOBe faH-
HBIX KOMIIOHEHT PacCUMUTBHIBAIOTCA 3HAUYEHHUS [JeH-
CTBUTE/IBHOM U MHHUMOM KOMIIOHEHTBI JKeCTKOCTH, a
3aTeM OIIpeJle/IsII0TCS BeIMYHHBI MOZYJIS YIIPYTOoCTH E
Y MOJy/1s IOTepb E», COOTBETCTBYIOIUX CUHPA3HOM U
CABHUHYTOM Ha 90° KOMIIOHEHTaM cMellleHus. B kaue-
CTBe IIPUMepa Ha PUC.4 IpHUBeleHbl H3MepeHHbIe 3Ha-
YeHHsI [I/Is IJIABJIEHOT0 KBapLa ¥ 6uTyMa. TUIIUYHBIN
IUarna3oH pabounx 4actoT moxonuT o 50 11, ogmHaKO
B CJIy4ae H3MePeHHUH B IIpefHATPy>KeHHOM COCTOSIHUH
BO3MOKHA paboTa Ha yacrorax 1o 300 I'w.

Kaxk 6b1/10 OTMeUeHO BhIlIe, TMHaAaMHUYeCKHe H3Me-
PeHHUs NIaHUPYeTCS CTAaHAAPTU3UPOBATH B Celb-
MoHM yacTu ISO 14577 B TedyeHHUe HECKOJABKHUX CJie-
OYIOIMX JIeT, OJHaKo, pa3paborunku "HaHnoCkaH"
y>Ke CerofHs peanus3yloT 3TOT U APyTHe HOBeHIIHe
MeTOABbl B CBOUX IIpHUbopax. DTO KacaeTcs, B TOM
4YuClle, TeMIIepaTyPHBIX U3MepeHHUH.

Kak Bugure, ¢ "HaHoCKaH" H3MepeHHUs B COOTBET-
cTBUU € ISO u TOCT P - 3TO IeCTBUTEBHO IIPOCTO!

TBepoocTb, [Ma
Hardness, GPa

N . o

Puc.3. M3amepeHue meepdocmu nokpbimus cepebpa Ha cmekne:  JINTEPATYPA

a - cnedbl UHOEHMUpPOBAHUS, b — momozpamma meepdocmu 1. bBynsryeB C.H., AnexuH B.Il. HcnbiTaHue mare-
Fig.3. Measurement of hardness of silver coating on the glass: a - pHUaoB HeIIpepeIBHBIM BABIHMBaHHEM HHIEH-
indentation traces; b — hardness tomogram Topa. - M.: MamuHocTpoeHHe, 1990.

engineers designing nanohardness
testers and scientists using them.
In particular, the procedure for mea-
suring and recording temperature
drifts in the hardware component is
clarified; the procedure for prepar-
ing and fixing the samples is spelled
out more carefully; the sources of
errors and their contribution to the
overall uncertainty of the measure-
ments are described in more detail
as well as the procedures for instru-
ment standardisation and calibration
are finalised.

In general, we can say that a vast
experience in the application nano-
hardness testers for a variety of mate-
rials in a wide range of measurement
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conditions was gained for 13 years. It
became clear that the devices could
be used to assess not only the basic
mechanical properties such as hard-
ness and elastic modulus but also
a number of other specific proper-
ties, e.g. viscous, time-dependent
etc. Therefore, the dedicated techni-
cal committees are actively working
on the development of the ISO 14577
standard; Part 5 will focus on creep
measurements, Part 6 concerns the
dynamic indentation methods (the
so-called method of continuous stiff-
ness measurements, CSM), Part 7 is
about measurement of the mechani-
cal properties in the extended temper-
ature range.

NANOSCAN SCANNING
NANOHARDNESS TESTERS

The only Russian serial device that
implements the instrumental
indentation method is the nano-
hardness tester NanoScan-4D [19-
22] (fig.2). The device makes it pos-
sible to carry out tests by the scle-
rometry method, measurement of
hardness and elastic modulus by the
instrumental indentation method
as well as to implement a number
of atomic force microscopy meth-
ods. The nanohardness indentation
module allows you to apply loads
ranging from several micronewtons
to a few newtons and measure dis-
placements in the range of several
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Puc.3. M3mepeHue meepdocmu nokpeimus cepebpa Ha cmekAe: a — cAedbl UHOeHMUpo8aHusl; b — momozpamma meepdocmu
Fig.3. Measurement of hardness of silver coating on the glass: a — indentation traces; b - hardness tomogram
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testing machines.
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nanometers to a millimetre. The
device can be equipped with various
types of tips which include the pyra-
midal Berkovich and Vickers indent-
ers, spherical indenters as well as
tips in the form of a flat die.

Nanohardness testers of the
NanoScan family fully meet all the
requirements and recommendations
of ISO 14577.

It should be noted that the stan-
dard has three levels of measure-
ment depending on the values of
the applied load F or indentation
depth h:

e macro (F< 30 kN);
 micro (F<2H; h> 0.2 pm);
 nano (h <200 nm).

In practice, the "macro” range
is not used in contemporary nano-
hardness testers because in the mac-
roscale measurement tasks are suc-
cessfully solved with the help of
more simple and accessible instru-
ments following the long-estab-
lished methods.

Particular attention should
be paid to the fact that in
NanoScan-4D the "micro" and
"nano” ranges are implemented
in a single measurement module;
in order to change to higher loads
it is enough to select the appro-
priate mode in the software of the
device. In the devices of other man-
ufacturers this problem is usually

solved by adding additional costly

modules.

It should also be noted that the
standards govern the single mea-
surement performance but in the
real work the measurements with
samples of large series are car-
ried out. Therefore, to expand the
NanoScan research capabilities
a wide range of functions imple-
mented in the software of the device
including as follows:

+ high-performance batch pro-
cessing of the experimental data
using the latest parallel comput-
ing methods;

« the macrocommand language
that allows you to implement the
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necessary sequence of measure-

ments in the automatic mode;

« construction of two-dimensional
(topographic) and three dimen-
sional (volumetric) maps of the
hardness and elastic modulus dis-
tribution depending on spatial
coordinates.

Fig.3 shows the example of a
three-dimensional (tomography)
hardness map based on the results of
processing 225 multicycle injections.
Silver coating on the glass, the aver-
age thickness of which was about 175
nm, obtained by magnetron sputter-
ing was used as the sample. Indents
were both in the film coating area
and outside it.
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The NanoScan-4D devices were
implemented by the method of
dynamic contact stiffness measure-
ment (CSM) based on the measure-
ment of the quadrature components
of displacement in the application
of harmonic forces in addition to the
monotonous deepening of a probe into
the sample. Based on the components
calculated are the values of real and
imaginary stiffness components, and
then the values of the elastic modulus
E’ and loss modulus E” corresponding
to the in-phase displacement compo-
nent and the displacement compo-
nent shifted by 90° are determined.
As an example, fig.4 shows the val-
ues measured for the fused quartz

and bitumen. The typical operating
frequency range is up to 50 Hz but in
the case of measurements in the pre-
loaded condition it can operate at fre-
quencies up to 300 Hz.

As noted above, it is planned to
standardise the dynamic measure-
ment in the seventh part of ISO
14577 over the next few years; how-
ever, the developers of NanoScan are
already implementing this method
and others in their devices. This
applies in particular to temperature
measurements.

As you can see, it is really easy
to make measurements with the
NanoScan in accordance with ISO
and GOSTR! ]



