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AHHoTanus. CoBpeMeHHOe 060pyIoBaHKe [/151 MHCTPYMEHTA/IbHOTO HAHOMH/IeHTHPOBaHUS [Tpe/ICTaBIIsieT cOb0M
C/IOKHBIE aIllIapaTHO-IIPOrPaMMHbBIe KOMILIEKCHI, IIPOBOASIIIE ITPel3HOHHbIe U3MePeHH s MajIblX CUTHAJIOB
Ha Ipefie/ie YyBCTBUTE/IBHOCTH IIePBHUUHBIX I1Ipeobpa3oBaTesiel, BXOASLIKUX B UX KOHCTPYKLMIO. [ KOPPeKT-
HOM paboThl TAKUX M3MEPUTEbHBIX IIPUOOPOB, I0yUYeHHsI JOCTOBEPHBIX Pe3yJIbTaToB 06 HuccienyeMbIX 06bek-
Tax, a Tak>Ke /171 obecriedeHHU s MEeTPOIOTM4eCKOK 060CHOBAaHHOCTHU TaKUX U3MEPeHU N BCe TPAKTHI, 110 KOTOPBIM
IIPOXOAUT IIEPBUYHBII M3MepsieMbIi CUTHAJI, JOIKHBI ObITh OIITHMHU3HUPOBAHBI U COIJIACOBAHBI 10 UX pas3pelie-
HUIO, INHENHOCTHU U IIyMaM. B JaHHOM cTaThe 06Cy>KAal0TCsl 0COO@HHOCTH TPOeKTHPOBAHM I TAKUX BBICOKOTOU-
HBIX IPU60OPOB Ha IIPUMepe CePUIHOr0 0TeYeCTBeHHOI0 HaHOTBepAoMepa Mozenu NanoScan-4D. PacCMOTpeHBI
TUIIMYHBIE 3/IeMeHTHI, BXOZSIIE B COCTaB KOHCTPYKLIMHU ITprubopa, 06CysKAal0TCs MOAXOAbI K UX OIITHMHU3ALIUU
Y yIIPaB/IeHUIO, a TAKKe BIIMSHILE HeCOBEPIIEHCTBA 3THX y3/I0B Ha paboTy mpubopa B 11eJI0M.
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EQUIPMENT FOR NANOINDUSTRY

Abstract. Modern equipment for instrumented nanoindentation is a complicated hardware and software com-
plexes that perform precision measurements of small signals at the sensitivity limit of primary transducers
included in their design. For correct operation of such measuring devices, for obtaining reliable results about
investigated objects, as well as for providing metrological validity for such measurements, all paths through
which the primary measured signal passes, should be optimized and coordinated according to their resolution,
linearity and noise. This article discusses the peculiarities of designing such high-precision devices by the exam-
ple of a serial domestic nanoindenter NanoScan-4D. The typical elements included in the design of the device are
considered, approaches to their optimization and control are discussed, as well as the influence of imperfections
of these units on the performance of the device as a whole.

Keywords: instrumented indentation, nanoindenter, hardness, modulus of elasticity, loading system, actuator,
capacitive sensor
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BBE/JLEHUE

MeToa HHCTPYMEeHTAJIbBHOIO HUHAEHTHPOBAHHUS Pa3-
BUBAeTCS C CepeJUHBI ABAIIaTOr0 BeKa KakK ecTe-
CTBeHHOe pa3BUTHe MeTO[a MUKPOHUHAEHTHPOBaA-
Hus. [Ipy 3TOM K/JII0UeBBIM MOMEHTOM HOBOTO IOJ-
X0Jla CTaJl 0TKa3 OT BU3yaJIbHOIO KOHTPOJISI pa3Mepa
OCTaBJIeHHOI0 OTIIeYaTKa U U3BJleueHHe BCell Heob-
XOAKMMOK MHPOPMALIMU O TBEPAOCTH I10 U3MepPeH-
HOI 3aBUCHMOCTH I/TyOUHBI IOIPY>KeHUSI UH/eH-
TOpa OT YCHU/IHS NpUXUMa. IIpu 3ToM 61aromaps
BO3MOXXHOCTH KOHTPOJIMPOBAHHUS KaK CHJIBI, TaK
Y I1yOMHBI NOTPYKeHHS MHIEHTOpa Ha 3Talax
Harpy>keHHS U Pa3TPy3KH MOSIBU/IACh BO3MOXKHOCTh
HM3MepeHHMSs He TOJbKO TBePAOCTH, HO U MOZYNS
ynpyroctu FOHra TecTupyemoro MaTtepuana [1, 2J.
CerofHs JaHHBIKM METOJ CTajl obUeNpHU3HAHHBIM
Y JIeT B OCHOBY psifia Me>XX/AYHapPOAHBIX CTAH/1apTOB
(3, 4].

B IaHHOM MeTo/ie OTCYTCTBYeT CBOKCTBEHHOE OITH-
YeCKOM MHKPOCKOIIMU OTpaHHUUYeHHEe Ha MUHHMaJb
HBII pa3Mep oTIleyaTkKa, UCII0/Ib3yeMOro 1/ u3Mepe-
HM S TBepAOCTH MaTepHaa. [IoCKONbKY [ OIIpejie-
JIeHHsI MeXaHUYeCKHX CBOMCTB MCII0JIb3yIOTCS TOIBKO
TaHHBIe 0 I1y6HHe U CHIe, TO GaKTOPOM OTpaHHUe-
HUS Ha INy6UHY MHAEHTHPOBAHMUS U CHUJTY IPHKHUMaA
CTa/JX IIyMbl U3MEPUTENbHON CUCTeMBl HAHOUH-
JeHTOPA U CTeleHb OCTPOTHI MCII0b3yeMOro ajMa3s-
HOTO0 OCTpHSi. MHAEHTOPEI A1 HHCTPYMEHTa/IbHOTO
MHIEHTHPOBAHHUS 0OBIUHO M3rOTABIUBAIOT B popMe
TPexXTPaHHOM IIHPaMHU/bI THUIIA BepkoBUYa, 4TO 0be-
CIleYrBaeT CaMOIofobHe HHIEHTOPa B MAKCHMAaIbHO
BO3MOYKHOM /IMalla30He Pa3MepoB OTIIeYaTKOB.

MPUHLIUMDbI KOHCTPYUPOBAHNA HAHOUHAEHTOPOB
JlocTURKUMBIe IyOUHBI MHIEHTUPOBAHUS CETOLH S
OIYCTHJIUCh HUXe 10 HM, a pa3Mepsl OTIIEYaTKOB

INTRODUCTION

The instrumented indentation method has evolved
since the middle of the twentieth century as a fur-
ther evident development of the microindentation
method. The key point of this new approach was
the abandonment of visual control of the size of
the imprint and the extraction of all the necessary
information about hardness from the measured
dependence of the indenter depth on the press-
ing force. At the same time, due to the possibility
to control both the force and the depth of indenta-
tion during the loading and unloading stages, it
became possible to measure not only hardness, but
also the Young’s modulus of the material under test
(1, 2]. Today, this method has become universally
accepted and forms the basis of a number of inter-
national standards [3, 4].

In this method, there is no limitation inherent
to optical microscopy on the minimum indentation
size used to measure the hardness of the material.
Since only depth and force data are used to deter-
mine mechanical properties, the factor limiting
the indentation depth and contact force were the
noise of the nanoindenter measuring system and
the degree of sharpness of the diamond point used.
Indenters for instrumented indentation are usually
made in the form of a Berkovich type triangular pyr-
amid which ensures self-similarity of the indenter
in the maximum possible range of indentation sizes.

NANOINDENTER MACHINE DESIGN PRINCIPLES

Achievable indentation depths have now fallen
below 10 nm and print sizes have become less than
100 nm, with a stable radius of curvature of the
tip of the indenter pyramid less than 30 nm. The
resolution of the measuring systems in terms of
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CTaau MeHblle 100 HM, IIpHU CTabHUIBHOM paguyce
KPUBHU3HBI OCTPUS BEePIIMHB NHUPAMUIL UHJEH-
Topa MeHee 30 HM. PaspelreHre HU3MepUTEIbHBIX
CHUCTeM 10 [IepeMellleHHU IO U CHJIe COCTABJISIeT NOJIHU
HM 4 MKH, MaKCHUMaJbHBle TIYyOHUHEI IIOTpYysKe-
HHS WU CHJIBI IPHUKHUMa HHOEHTOpPAa COTHH MKM
U efuHULE H. IIpy 3TOM, KaK IpaBHJIO, AJIS pea-
JIU3aLUH YKAa3aHHOTO JUHAMUYECKOTO JHalla-
30Ha I10 r1ybrMHAM U CHJIaM HCIIOIb3yeTcsl Habop
HHOEHTHUPYOIKUX MOAY/IeH.

IIpu paboTe B HaHOLHMAMA30HE C YCUIHUSIMHU
IIpHKUMa MeHee 50 MH v rnybuHAMU UHIEHTH-
poBaHHUSA A0 10 MKM Yallle BCero MCIIOJNb3YIOTCS
37IeKTPOCTaTHYeCKHe aKTIATOPhl, COBMelleHHbIe
KOHCTPYKTHBHO C eMKOCTHBIM JATYUKOM IIepeMe-
meHus [5]. Haubosnee monyasipHON B MUKPOLHA-
I1a30He SBJISIeTCS CXeMa C 3JIEKTPOMATHUTHBIM
AKTIATOPOM U JHUbdepeHIMA/IbHEIM KOHJIEeH-
CaToOpoM B KauecCTBe AaT4yHKa IlepeMmeleHus [6].
EcTb BapHaHTHl HCIIOJIHEHU S HHAHTUPYIOIero
MOZYJ/ISI C UCIIO/Ib30BaHHEM I1be30KepaMHYeCKOro
aKTIATOpPa U eMKOCTHOM CXeMBl U3MepeHHU s Iepe-
MeeHu [7].

OCHOBHBIM apryMeHTOM B II0Jb3y TOH HJIH
MHOH KOHCTPYKLUHH HHAEHTHUPYOIIEro MOLYIs
SIBISIOTCS MMHHMMAaJbHAs BeJIHYHHA TeMIlepa-
TYpHOTO Aperida CHUCTeMBbl H3MepeHHUS T1YOHuHEI
HHOEeHTUPOBAaHMUS M MaKCHMaJbHBIMN AHalla-
30H MCIIOJIb3YyeMBbIX HATrPy30K. YHCTO eMKOCT-
Hble U IIbe30KepaMHYeCKHhe CUCTeMBI IIPH 3TOM
MMEIOT IIPeHMMYIeCTBO B IIJIaHe BeJIMYKUHE Tep-
Moaperda, BI3BaHHOro paboTol akToaTopa.
DJIeKTPOMAarHUTHBIM aKTIATOpP, B CHUJIY IIPHUH-
LIMIIa JeHMCTBUS, He MOXeT He IPeThCsl IIPH CO3-
JAaHHHU YCUIHS NIPUKKMMa UHAeHTOopa. IIpu sTom
TeIJIoBasg MOIIHOCTD, BbIJe/sieMas B IOJBHUKHOMU
KaTyIlIKe aKToaTopa, NPOIOpPLIMOHA/IbHA KBa-
IPpaTy BeJIMYUHBI 3JIEKTPUYECKOI0 TOKA, a yCH-
e, pa3BHUBaeMoe aKTI0ATOPOM ~ [IepPBOM CTeIIeHH
Toka. C/ie10BaTe/IbHO, HArPeB, a 3HAYUT U TeM-
ImepaTypHOe pacmupeHHue, Hauboyee CHUIBHO
MpPOSBSIOTCS IPU paboTe ¢ MAKCHMAaIbHBIMU
YyCUIUAMU UHAEHTUPOBaHUSA. Hcmonb30BaHUe
€MKOCTHBIX JAaTYUKOB B BULe nNHUPPepeHIIUAIIb-
HOI'0 KOHJeHCAaTopa C MOABH XHOM CpeJHeH IJjIa-
CTHHOM e $aKTO CTaIo CTAHAAPTOM I UHCTPY-
MEHTaJIbHOTO MHJIEHTUPOBaHUA. Takue JaTYUKU
He ABJSIOTCSI HCTOYHHKAMHM TeIljla IPHU CBOeU
paboTe, cO34AI0T MUHHUMAIbHOE CHIOBOE BO3/IeH-
CTBHe Ha IOABHKHYIO CUCTeMYy, 00eClIeYnBaIOT
HH3KHU IOPOTOBBIK YPOBEeHb PeTUCTPUPYEMOIO
CHUTHaJla U AOCTAaTOYHO BBICOKYIO JIHUHEHHOCTH
o rinybuHe BHepeHHUS.

[Tpubopsl AJisE HUHCTPYMEHTAIbHOIO HHEHTH-
POBaHMS YaCTO HA3blBAIOT HAHOMHAEHTOPAMHU
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displacement and force is fractions of nm and pN,
the maximum depths of immersion and indenting
force are hundreds of pm and units of N. As a rule,
a set of indenting modules is used to implement
the specified dynamic range in terms of depths and
forces.

When working in the nanoscale with normal
forces of less than 50 mN and indentation depths
up to 10 microns, electrostatic actuators combined
structurally with a capacitive displacement sen-
sor are most often used [5]. The most popular in the
micron range is a scheme with an electromagnetic
actuator and a differential capacitor as a displace-
ment sensor [6]. There are variants of the indenta-
tion module using a piezoceramic actuator and a
capacitive displacement measurement circuit [7].

The main arguments in favor of a particular
indentation module design are the minimum tem-
perature drift of the indentation depth measure-
ment system and the maximum range of loads
used. Purely capacitive and piezoceramic systems
have the advantage in terms of temperature drift
caused by the actuator. The electromagnetic actua-
tor, by virtue of its operating principle, cannot fail
to be warmed up by the contact force of the inden-
tor. The thermal power released in the moving coil
of the actuator is proportional to the square of the
electric current, and the force developed by the actu-
ator is proportional to the first degree of the current.
Consequently, heating, and hence thermal expan-
sion, is most pronounced when working with maxi-
mum indentation forces. The use of capacitive sen-
sors in the form of a differential capacitor with a
moving middle plate has de facto become the stan-
dard for tool indentation. Such sensors are not heat
sources during their operation, create minimal force
impact on the moving system, provide a low thresh-
old level of the registered signal and sufficiently
high linearity in the penetration depth.

Devices implementing the instrumented inden-
tation test are often referred to as nanoindenters
and are used with approximately the same precau-
tions as atomic force and scanning tunneling micro-
scopes. Nanoindenters are placed on vibration-iso-
lating platforms and put inside thermally insu-
lated boxes. As a rule, it is the level of seismic noise
and temperature fluctuations in the room that are
the main factors limiting the accuracy of measure-
ments made and the minimum level of force during
indentation.

To reduce the influence of vibration noise, the
mass of the moving elements of the device related
to the diamond indentor is to be minimized.
Increasing the rigidity of the suspension of the mov-
ing elements, increasing the resonance frequency of
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U IIPU UX HUCIIONIb30BAHUU COOIIONAIOT IIPUMEPHO
Te XKe MepBhl IIPeJOCTOPOSKHOCTH, KaK IIpH pabore
C aTOMHO-CHUJIOBBIMH M TYHHEJIbHBIMU CKaHHU-
PYOIMMH MHUKPOCKONAaMH. HaHOMHIEHTOPHI
YyCTAaHABAMBAIT Ha BUOPOM30MUPYIOIIHe IIJIAT-
GOpMBI M IIOMEIA0T BHYTPb TEPMOH 30U PYIOLIUX
6okcoB. Kak mpaBu/IOo, HMEHHO yPOBEHb CEHCMHU-
YeCKOTro IyMa U TeMIlepaTypHBble QAYKTyal[UuHU
B [IOMeIlleHU U SIB/ISIOTCS [TITAaBHBIMH GaKTOpaMH,
OTPAHHUYHBAKIUMHU TOYHOCTh IIPOU3BOSHUMBIX
M3MepeHHUH U MUHHUMAaJbHBIHN yPOBEHDb YCUIHUU
IIPU UHOEHTHPOBAHHHU.

[lns yMeHbUIeHUS BIUSHHUSI BUOpPALlMOH-
HBIX IOMeX CTapalTCsi MUHUMHU3UPOBATH MACCY
MOJABHUKHBIX 3JIeMeHTOB npubopa, CBI3aHHBIX
C aIMa3HBIM HH/EHTOPOM. YBe/lHUYeHHe KeCTKO-
CTH II0/iBeCa IOABHKHBIX 3/IeMeHTOB, ITOBBIIIAS
Pe30HAHCHYIO YacTOTy npubopa u Kak 66l yMeHb-
Ias BAUSHHE CeCMOIIyMa, He IPUBOAUT K YIyd-
IIeHHI0 MeTPOJOTHUEeCKHX XapaKTePUCTHUK HAHO-
HHJIeHTOPa, II0CKOIBKY Ha pOHe BO3POCIIEH KeCT-
KOCTH CHCTeMBI IT0fiBeCa HHAEHTOPa, KeCTKOCTh
061aCcTH KOHTAaKTa, XapaKTepU3yoIlasi TBEPAOCTh
U MoAynp FOHra TecTHpyeMoro mMaTepuana, CTa-
HOBUTCS MeHee 3aMeTHOI, 0C06eHHO ITPH MaJbIX
riybMHax MHAEHTHPOBAHHUSI. B pesynbpTate
rajaeT TOYHOCTh U3MePeHH s CHJIBI KOHTAaKTHOIO
B3aHMMOJENCTBHUS HUHAEHTOPA C TeCTUPYeMbIM
MaTepHaJoM M Ka4eCTBO KPUBOM "Harpyska - I1y-
O Ha IOrpyskeHHUSs".

[IpyuBOAMMEIe B OIHMCAHUM npubopos pabo-
YHe XapaKTePHUCTUKH 10 YaCTH MUHHMAaIbHBIX
Harpy3o0K U INy6UH MHOEHTHUPOBAHUS, KaK IIpa-
BHUJIO, COOTBETCTBYIOT YCJIOBUSIM MHUHHUMAJIbHOIO
IIPUPOJHOTO CEMCMOIIYyMa, OTCYTCTBH S IIPOMBIII-
JIEHHBIX CeICMHYECKHUX ITIOMeX M MCII0Ib30BAHMU I
XOpoIIel CHCTeMBl BUOPOU30MSALUU. PealbHBIN
yPOBEeHbD IIyMa I10 KaHaJaM CHJIB U IlepeMeIle-
HUS 3aBHCHUT OT KOHKPETHBIX YCIOBHH 3KCIIIya-
Tanuu npubopa, U NPOU3BOAUTEIb €T0 MAapPKHU-
pyet, kak lab dependent. IludpoBoe paspemreHue
10 KaHaJIy CUJIBl MU CMeIeHH I IIPH 3TOM, KaK IIpa-
BHJIO, HAa MOPSIOK MeHbIle AeKj1apupyemoro lab
dependent ypoBHS myma.

KOHCTPYKTUBHBIE U CXEMOTEXHUYECKUE
OCOBEHHOCTHN "HAHOCKAH-4D"

CuctemMa MeXaHW4ecKoro HarpyxxeHus

JeTa/JbHBIN aHA/THW3 KOHCTPYKLUHH KU IIPUH-
LUHUII0B paboThl HMHAEHTHUPYIOIero MOAYIS
U CHCTeMBbl pPaZHo031eKTpPOHHOro obecmeue-
HUS IIpOoBeAeM Ha IpHuMepe HaHOTBepaoMepa
Monenu NanoScan-4D. [JaHHBIN Npubop BHeceH
B [ocymapcTBeHHBIN peecTp CPeACTB H3Mepe-
HHS B KaueCTBe HaHOTBepaomepa mom Ne 65496-16

the device and, as if reducing the influence of seis-
mic noise, does not lead to improvement of metrologi-
cal characteristics of the nanoindenter, since, against
the background of increased rigidity of the indenter
suspension system, the contact area stiffness, which
characterizes the hardness and Young’s module of the
tested material, becomes less noticeable, especially at
small indentation depths. As a result, the measure-
ment accuracy of the contact interaction force between
the indenter and the material under test and the qual-
ity of the load-depth plunge curve decrease.

The performance specifications given in the instru-
ment descriptions in terms of minimum loads and
indentation depths generally correspond to the con-
ditions of minimal natural seismic noise, absence of
industrial seismic interference and the use of a good
vibration isolation system. The actual noise level on
the force and displacement channels depends on the
specific operating conditions of the instrument, and
the manufacturer labels it as "lab dependent”. The dig-
ital resolution of the force and displacement channel is
usually an order of magnitude less than the declared
“lab dependent" noise level.

DESIGN AND COMPOSITION FEATURES OF
NANOSCAN-4D

Mechanical loading system

The detailed analysis of design and principles of
work of the indenting module and electronics con-
trol will be carried out on an example of nanoindenter
NanoScan-4D. This device is registered in the State
Register of measuring instruments as a nanohardness
tester under Ne 65496-16 and allows to perform the full
range of techniques provided by the standards [8-10].

At development NanoScan-4D experience of work
with foreign and domestic devices for instrumented
indentation was taken into account and their advan-
tages and disadvantages were studied. As a result of
the analysis of the obtained results, a scheme with a
paired electromagnetic actuator and a capacitive dis-
placement sensor was chosen, Fig.1.

The use of an electromagnetic actuator in the form
of a coil located in a cylindrical gap with an axial mag-
netic field made it possible to indent with loads over
2N. This kind of actuators are actively used in acoustic
systems and the technology of their production is well
proven. They effectively convert current into force, are
operable over a wide temperature range, are stable and
have a linear response over the entire range of operat-
ing motions and forces.

A mechanical scheme was chosen that included two
actuators that apply a joint force to the rod, on which
a capacitive sensor and a diamond indenter are fixed.
Using two actuators not only doubled the maximum
force of indentation (with twice less thermal power),
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U I103BOJISIeT OCYIIeCTBJSTh MOJTHBIH CIEKTP
MeTONHUK, NMPefyCMOTPeHHBIX CTaHZAapTaMu
[8-10].

IIpu paspaborke NanoScan-4D 6blJI yUTEeH OIBIT
paboTel c 3apybesKHBIMU U OTeueCTBEHHBIMU ITPH-
6opaMH /151 HHCTPYMeHTa/IbHOTO UHAEHTHUPOBa-
HHUS U IPOBeIeHO HCCIelOBaHHe UX JOCTOMHCTB
Y HeJlOCTATKOB. B pe3y/ibTaTe aHa/IK3a IIONTy4YeH-
HBIX pe3y/1bTaToB 6bl/1a BeIOpaHa cXeMa C IapHBIM
3JIeKTPOMAarHUTHBIM aKTIOATOPOM U e MKOCTHBIM
JaTYHKOM IepeMenieHUs (puc.l).

Hcronb30BaHHe 37TeKTPOMAarHUTHOIO aKTi0a-
Topa B BU/e KaTyIIKH, PACIIOJOKEHHON B LIM/IMH-
ApHYeCcKOM 3a30pe C aKCHaJIbHBIM MaTHUTHBIM
nojnem, obecrnedynao BO3MOXHOCTb MHJEHTH-
poBaHUS C Harpyskamu 6onee 2 H. Takoro pozma
aAKTI0ATOPHl aKTHUBHO UCIIOAb3YIOTCS B aKyCTHUe-
CKHX CHUCTeMaX, a TeXHOJIOTHS UX POHU3BOACTBA
xopomo orpaborana. OHH 3pPeKTHBHO IIpeob-
PasyioT TOK B CHJIY, Pa60TOCIIOCOOHBI B LI POKOM
HHTepBaje TeMIlepaTyp, CTabUIbHBL U 06/1aJa0T
TUHEeNHBIM OTKJIMKOM BO BCeM AHama3oHe pabo-
YHX [IepeMelleHUH U yCHUIIUH.

Beina Bei6paHa MeXaHHYECKasl CXxeMa, BKJIO-
yapllas ABa aKToaTopa, NPHUKJIA/AbIBAIOIIHX
COBMeCTHOe yCHJ/IMe K HITOKY, Ha KOTOPOM 3aKpe-
IJIeH eMKOCTHOM JAaTUYMUK U aJIMa3HBIH HUHJIeH-
Top. Hcronb30BaHHe IBYX aKTIOATOPOB He TOJIbKO
[I03BOJIMJIO BABOe YBeJHUYHUTb MaKCHMaJbHOE
yCHU/IHe UHAEHTUPOBaHUS (IPU BIBOE MEHB-
el TeIlJIOBOM MOINHOCTH), HO M CYIleCTBEHHO
YIPOCTHUJIO aITOPUTMBI YIIPaB/IeHHUS BCeM IIPO-
11eCCOM HHCTPYMEHTAJ/JIbHOTO MH/EHTHPOBaA-
HHS. JIBa He3aBHCHMBIX KaHajla MNPHUJIOKEHHUS
CHUJIBl YyOPOIIAKT MpoLeAypy IOJBOAA UHIEH-
Topa K IIOBePXHOCTH, CHATHe CTabMU/IBHOM KpHU-
BOM "Harpyska - rnybuHa", obneryaiot peanu-
3aI[MI0 CJIOKHBIX aJITOPUTMOB M3MepeHHs THIa
MHO>KeCTBEHHOI0 yKOJa U JTUHAMHYEeCKHX HU3Me-
PeHH, KOI/la Harpy>KeHHe OCYLeCTBSeTCs Kojle-
6aromuMcs ¢ He60IbIION AaMIIJIUTY/I0HN UHAEHTO-
pom. IIpubop MoskeT 6BITh OCHAIIEH ChepHUUIeCKUM
HAaKOHEUYHHKOM, IIO3BOJISIOIIUM BOCCTAHABIIU-
BaTh AHUATpPaMMy "HamOpsikeHue - gebopmanus”
B pe>KMMe Harpy>kKeHH S C YaCTUYHOU Harpy3KOU
(11]. M3y4eHHe CBOMCTB reTepPOTeHHBIX MaTepHa-
J0B, TAaKHUX KaK 06pasIfbl CTajied, MpoIes X
obnyueHHe TSKeTbBIMH HOHAMHU, MOXKET OBITh OCY-
IIeCcTBJI€HO IOCPeACTBOM IIPUMeHeHHU I AUHAMHU-
YeCKOro MHCTPYMEHTAJ/IbHOTO HHAHTUPOBAHUS
(12]. IIprMepBl TAKOIrO pPofa U3MepeHU NpeacTaB-
JIEHBI Ha PUC.2.

IIpu kapTorpadupoBaHHU MeXaHHYECKUX
CBOMCTB o6pasla OJUH HU3 aTI0ATOPOB HCIIO/b-
3yeTcsl A5l KOMIIeHCAllMKU KPYyIIHOMAacCcITabHBIX
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Puc.1. 3D-mo0denb cxembl cUCMeMbl Hazpy>KeHUsi HAHomeep-
domepa: 1 - mazHUmMHas cucmemd, 2 - eMKOCMHoU 0amuyuk,
3 - akmwamopebl, 4 = WMOoK, 5 = UHOeHmop

Fig.1. Scheme of the loading system of the nanohardness tester:
1 - magnetic system, 2 - capacitive sensor, 3 - actuators, 4 - rod,
5 - indenter

but also significantly simplified the control algo-
rithms of the whole process of tool indentation. Two
independent channels of force application simplify
the procedure of indenting the surface, taking a stable
load-depth curve, facilitate implementation of com-
plicated measurement algorithms such as multiple
indentation and dynamic measurements when load-
ing is performed by an indentor oscillating with small
amplitude. The device can be equipped with a spheri-
cal tip that allows reconstructing the stress-strain dia-
gram in the partial-load loading mode [11]. Studying
the properties of heterogeneous materials, such as
steel samples that have been irradiated with heavy
ions, can be carried out by applying dynamic instru-
mented indentation [12]. Examples of such measure-
ments are presented in Fig.2.
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Puc.2. Mpumep Kpusbix "Hazpy>KeHust — paszpy3Kka" 8 mpex pexkumMax: Keasucmamuyveckoe UHOeHmMUpos8aHue NAaéAeH020 Keap-
ua (a), HazpyxkeHue c yacmuyHoll paszpy3skoli chepudeckum uHdeHmopom e obpasel; noaukapboHama (b), duHamuueckoe UHAeH-

muposaHue ynpo4HeHHol 06AyyeHuem cmaau (c)

Fig.2. An example of loading-unloading curves in three modes: quasi-static indentation of fused quartz (a), loading with partial unloading
by a spherical indenter into a polycarbonate sample (b), dynamic indentation of irradiation-hardened steel (c)

HepOBHOCTeIl II0BePXHOCTH, a BTOPOH OCYIIecT-
B/IsleT UHAEHTHPOBAHKE C MUHUMAJIbHBIM H CTa-
OMIBHBIM yHPaBASIOIMIUM TOKOM, 4eM obecIe-
YHMBAeTCI MUHMMM3AL KU TeIJIOBOro 3¢pdeKra,
CBSI3aHHOTO C paboTOM 371eKTPOMATHHUTHOTO
aKTOATOpaA.

YMeHbIIeHHIO BHYyTPEHHHUX TeIlJIOBBIX AperdoB
TaKyKe CIIoco6CTByeT UCII0NIb30BaHHUE KapbOHOBOTO
mToKka. Takoe pelleHHe He TOJIBKO YMeHbIIaeT
TepMoJAperdbl U MacCy MOABHUKHOM CUCTEMBI, HO
Y yBeJIM4YMBaeT MU3rubHYI0 5KeCTKOCTh IITOKA, YTO
Ba>KHO IIPH OCYLIeCTBJIeHUU CKIIePOMeTPHUYeCKHUX
HCIBITAaHUK 00pa31oB. YBeIMYeHHUIO II0IIepeuHOoM
Y M3rubHOM >KeCTKOCTH TaKKe CIlocobCcTByeT pas-
MellleHHe yep>KMBaBIIMX IITOK MeM6paH Ha yza-
JIeHHU OT eMKOCTHOIO JaTYHMKa M aJIMa3HOIO
HHIEeHTOpA.

CHMMMeTpPHUYHOE PaCIIOJIO’KeHHe OCHOBHBIX
3JIEeME@HTOB KOHCTPYKLUMH HHIEHTHPYOLILIO
MOJYJIsS II03BOJISIeT 3KCIJIyaTUPOBaTh JaHHEBEIHU
MOJIY/Ab KaK B TOPU30HTA/JIbHOM, TaK U BepTH-
KaJbHOM IIOJIOKeHHH. Hanuuue NBYyX He3aBU-
CHUMO yIPaBIgeMbIX aKTI0ATOPOB OTKPhIBaeT BO3-
MO>KHOCTb IIPOrPaMMHO OCYIeCTB/ISATh KOPPeK-
LIMIO Ha4ya/IbHOTO II0JIOKeHU S UHAHTOpA C yue-
TOM HallpaBJIeHHs U BeJIMYUHBI CHUJIBL TAXKECTH,
NeHCTBYOIer Ha MOABHUKHYIO CUCTeMy MH/eH-
TUPYIOILIEero MoAayasi. sl HOJABUKHOM MacChl
IITOKA CO BCeMHM 3aKpeIlJIeHHBIMH Ha HeM 3Jjie-
MeHTaMH, PaBHOU 40 Ip, U CyMMapHOM >XeCT-
KOCTH nyX MeMbpaH 10 000 H/M mepemeIeHue
cpemHeM 06KJIAaAKKM €eMKOCTHOIO JAAaTUYHUKA IPH
InepeBopaYyrMBaHUM UHIEHTALMOHHOTO MOAYIA
BBePX HOTaMU COCTaBHUT 80 MKM. [IJi1 KOMII€HCa~
LMK TaKOTO IIepeMelleHK I OJMH U3 aKTI0aTOPOB

When mapping the mechanical properties of the
sample, one of the attenuators is used to compensate
for large-scale surface topography roughness, while
the second attenuator performs indentation with a
minimum and stable control current, thus minimiz-
ing the thermal effect associated with the operation of
the electromagnetic actuator.

The use of a carbon shaft also helps to reduce inter-
nal thermal drifts. This solution not only reduces ther-
mal drift and the mass of the moving system, but also
increases the bending stiffness of the shaft, which is
important during sclerometry testing of samples. The
transverse and bending stiffness is also increased by
placing the membranes holding the shaft at a distance
from the capacitive probe and the diamond indenter.

The symmetrical arrangement of the main elements
of the indenting module design allows the module to
be operated both horizontally and vertically. The pres-
ence of two independently controlled actuators makes
it possible to programmatically correct the initial posi-
tion of the indenter taking into account the direction
and magnitude of gravity acting on the movable sys-
tem of the indenting module. For the movable mass
of the shaft with all the elements fixed to it equal to
40 g and the total stiffness of the two diaphragms of
10,000 N/m, the displacement of the middle pad of
the capacitive sensor when the indentation module
is turned upside down will be 80 pm. To compensate
such displacement, one of the actuators must generate
a force of 0.8 N, which is quite a lot and excludes the
use of the same actuator to perform indentation in the
load range of hundreds of uN. At a digit capacity of the
used DAC of 18 bits and the maximum load of 2 N one
bit will correspond to 4 pN, which is a little bit rough
for work in the nanoscale range. The presence of the
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IOJIKeH CreHepupoBaTh ycunaue 0,8 H, 4To gocTa-
TOYHO MHOTO ¥ MCKJ/II0YaeT MCII0Jb30BaHHE 3TOT0
JKe aKTHaTopa AJIsd OCYyUeCTBIeHUS HHIHTHUPO-
BaHMSA B JHalla3oHe HATrpy3oK coTHU MKH. Ilpu
Pa3psSOHOCTH HCIIONb3yeMoro LIATI 18 6uT 1 Maxk-
CUMaJbHOM Harpyske 2 H ogHomy 6uty 6yner
COOTBeTCTBOBATh 4 MKH, uT0o HeMHoOro rpyboBaTo
n1st paboTel B HaHOLMAIIa30He. Haniuuue BTO-
poro akToaTopa I03BOJIsIeT HMCII0Ab30BaTh €ro
B peXMMe MaJIblX Harpys3ok, Hanpumep no 10 mH,
U B 3TOM ciy4ae ofuH 6UT LIAII 6yzmeT cooTBet-
ctBoBaTh 0,04 MKH, 4To mo3Bo/isieT MIPOBOOUTH
IIOJIHOIIeHHBIe H3MepeHHUs I10 JIF060M 13 MeTOLUK
MHCTPYMEHTA/IbHOTO UHAEHTUPOBAHUSA B JHATla~
30He Harpy3ox g0 10 mH.

BricOoKasi momepedyHas >XeCTKOCTh pabodero
IITOKA II03BOJIseT Peaju30BaTh paCUIMpeHHe
AHala30Ha MHAEHTAHOHHBIX YCUIHUH BIJIOTH
no 50 H. CxemaTu4eckoe u3obpaskeHHe MOZ YIS
yBeJlH4YeHHs] HOPMa/IbHOM HAarpy3KH Ha HHJEH-
TOp HIpenCTaBjeHO Ha puc.3. Mcmoab3oBaHHe
TaKOI'0 MOJYJIS IO3BOJISIET OIIEPATHUBHO C MCIIOJ/Ib-
30BaHHEM OJHOIO M TOIO0 Ke MHIeHTOpa IIPOH3BO-
OUTh COIIOCTaBIeHHE JAHHBIX O TBEPAOCTH II0JIY-
YaeMbIX METOLOM HMHCTPYMEHTAJIbHOIO HHOEeH-
THUPOBAHUSA U METOAOM MUKPOMHAEHTUPOBAHUA,
KOra TBEPAOCTH OIlpeleseTCs IyTeM JeleHHus
CHMIJIBI IIPM>KMMa UHAEHTOPA Ha IUIOIAaAb BOCCTa~
HOBJIEHHOTO OTIIeYaTKa, U3MePeHHYIO C IIOMOIIbIO
OIITUYECKOTO MUKPOCKOIIA.

B maHHOM MoOAyJ/ie pojib CHJIOBOTO aKTIOATOpa
BBIIIOJIHSIET JIMHEeHMHBIM IIPHUBOJ, C IIATOBBIM JIBH-
raTejgem, JATYMKOM CHJIBI IBJISETCS TEH30Pe3H-
CTUBHBIM IIpeobpa3oBaTens, a U3MepUTEIeM Iy~
OMHBI IOTPY>KeHHUS — MTATHBIN AU depeHIIHaATb-
HBIM KOHJeHCAaTOP HAHOUH/AEHTOPA C IOJBHUKHOU
cpemHer 06KIagKOM.

CxeMOTeXHUKA eMKOCTHDbIX NpeobpasoBaTenen

EMKOCTHBIE OATYHUKH IIepeMellleHHNs aKTHBHO
HCIIONIB3YIOTCS B CAMBIX pa3Hoo6pa3HmX HU3Mepu-
TeJIPHBIX CHCTeMaX — KOHAEHCATOPHBIX MI/IKPO(l)O‘
HaX, CeCMHUUYLCKUX HaT9HKaX, CEHCOPHBIX 3Kpa-
HaX 1M OXPaHHBIX CUTHa/JIM3allHUAIX. Tpa,ZLI/IL[I/IOHHO,
B IIpeH3HMOHHBIX U3MEPUTEJIPHBIX CHCTEMAX OHH
paborarT B nudPepeHIIMATIBPHOM PeKHUMe C [IUTA-
HHeM HeIIOOABH>KHBbBIX O6KJI3.,ELOK HpOTI/IBOCI)aB‘
HBIM BBICOKOYACTOTHBIM HAIIPDSASKEHHEM H CHH-
XPOHHBIM OeTeKTHUPpOBaHHEM CHI'Ha/ld, CHUMae-
MOTIO CO CpelHeH MOJABHXHOM 0OKiIanku. Takas
cXeMa II03BOJISAeT U3MePATH IlepeMellleHK g II04-
BH>KHOM O0OKJIALKH C pa3pelleHHeM Ha YpOBHe
COTBIX ,E[OJ'[eI;I HaHOMeETDpPa B I10JIOCe PerucTpaliuu
COTEH TrepI. OL[HaKO eCJIM BeJIMYHHa IIepeMelnie-
HHS CTAHOBUTCA COU3MepHUMa C pa6OLII/IM 3430poOM

oM e 77—
HAHO MHAVCTPUA Tom 15 Ne7-8 2022

Puc.3. 3D-mo0enb MmodyAst yeeauyeHus HopManbHoU Hazpy3Ku
UHOeHmMupogaHus: 1 — AuHeliHbIl akmoamop, 2 = Npy>KUHHbIe
3nemMeHmbl, 3 — MeH30pe3UCcmMUu8HbIl 0amyuuK cuAbl

Fig.3. 3D model the module for increasing the normal load of
indentation: 1 - linear actuator, 2 - spring elements, 3 - strain
gauge force sensor

second actuator allows to use it in the mode of small
loads, for example, up to 10 mN, and in this case one
bit of DAC will correspond to 0,04 pN, which allows
to conduct full measurements on any of the methods
of instrumented indentation of the load range up to
10 mN.

The high transverse stiffness of the working
shaft allows to realize an extension of the indenta-
tion force range up to 50 N. Schematic representa-
tion of the module for increasing the normal load
on the indenter is shown in Fig.3. The use of such a
module makes it possible to compare hardness data
obtained by instrumented indentation and by micro-
indentation, where hardness is determined by divid-
ing the indentor pressing force by the area of the
recovered indentation imprint measured with an
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nuddepeHIIMATbHOIO KOHAHCATOPa, HeJIMHeH-
HOCTb JJAHHOM CXeMBI pe3Ko Bo3pacTaeT. Kak cien-
CTBHe, IIPU €e MCII0Ab30BAHUHU B JaTUYHKe Iepe-
MellleHH s HAHOMHOEHTOpa IIPUXOOUTCA JeaTh
paboune 3a30pel AUPdepeHIIMATBHOIO e MKOCT-
HOTO JlaTyHKa Ha NOopsaAoK 6onblie pabouux Iiay-
OUH UHAEHTUPOBAHUS, A/ obecreueHUs HeIU-
HeNHOCTH Ha ypoBHe 0,01%.

B npubopax NanoScan-4D Hapsiay C TAKOH cxe-
MOH BKIIYeHUS AUPdepeHIIMATBHOIO e MKOCT-
HOI'0 KOHJeHCATOoPa MCII0/Ib3yeTCsS MOLEPHU3UPO-
BaHHas CxeMa, [03Bo/soIas obecredyuTs Tpe-
OyeMBIl ypOBeHb TMHENHOCTH MPHU CylleCTBEHHO
MeHbIIeM paboueM 3a3ope nudPPepeHIIHATIBHOTO
KOHJleHCaTopa, TO eCTh IIPH JIyulllel IOPOrOBOU
YyBCTBUTENBHOCTH IJI TPAAULIMOHHOTO BKJIIOYe-
HHUS. JIMHeMHOCTh 3aBUCHMOCTH BBIXOJHOTO CHUT-
HaJla OT CMelleHUs MOABUKHOMN 0OKIAAKK AUP-
depeHIIMANBHOrO KOHAeHCaTopa obecrnedrBaeTCs
MOOHPHUKALIHeH CXeMBl NHTAaHHUS HeIOHBHK-
HBIX 00K/Ia/IOK, B KOTOPOM IIOCTYIAOIIHe Ha HUX
HaIps>KeHUS OKa3bIBAIOTCSA IIPAMO IIPOIOPIIKO-
HaJIbHBI pabouuM 3a30pam (puc.4).

Heobxomumoe A1 TAKOHM KOMITeHCAIIMH HaIpsi-
JKeHHe QOPMHUPYETCS aHAJIOTOBLIM IIePeMHOKHUTE-
7eM Ha OJJMH M3 BXOJI0B, Ha KOTOPBIH IIOCTyIaeT
OIIOpHOe IlepeMeHHOe Hallpsi>kKeHHe, a Ha BTOPOU
NPOMHTEIr PHUPOBAHHBIM BBIXOJHOU CUTHAJ CHH-
XPOHHOIO AeTeKkTopa. [IpyMeHeHHOe CXeMOTeX~
HHUYeCKOe pelleHHe IMO3BOJIM/I0 MAaKCHMAaJIbHO
3P PeKXTHUBHO UCII0Jb30BATh BO3MOXXHOCTH OUP-
depeHIIMATPHOIO0 e MKOCTHOTO JaT4YHKa, obecre-
YMB HU3KHUU yPOBeHb HIyMa IPHU TPAJULHOHHOM
BK/IIOYEeHHUHU U BBICOKYIO TMHENHOCTD IIPU UCIIO/b-
30BAHUU €ro B Pe>KHMe OTPUILIATeIbHOM 06paTHOM
CBSI3M 110 BO36y>KaroleMy HallpsIKeHHUIO.

Cnoco6bl paclMpeHns JUHAMUYECKOro AnanasoHa

CucTteMa ympaBJeHHS 31eKTPOMAarHUTHBIMU
aAKTI0ATOPAMH, UCIIOIb3yeMbIMH B HAHOUH/IEHTO-
pax, TaKk>Ke UMeeT psifi 0cobeHHOCTeH. [I0CKOIBKY
06MOTKa aKTIATOpa CHelaHa U3 MeJHOTO IIPO-
BOZIa, TO ee COIIPOTHUBIJIEHHe BO3PacTaeT C YBeIU-
YeHHUEM TeMIlepaTyphl U, KaK CIeACTBHe, IIPHU
H3MeHeHHHU OKPYKaIIleld TeMIepaTyphbl HIH
npu pabouem HarpeBe KaTYIIKH OymeT HM3Me-
HSTbCS KO3OUILIMEHT, CBSI3BIBAIOIIUN HAIIPSIKe-
HUe, IOJAHHOEe Ha KAaTYUIKy, U FeHepPUPYeMYIO
ero cuny. IIo3ToMy cxema ympaBaeHHS TaKUM
aAKTIOATOPOM CTPOUTCSI B BHJle FeHepaTopa ToKa
(puc.4). B aToM ciydae KaaubpoBKa KaHaja CHJIBI
3aBHCHUT TOJIBKO OT BeJIMYHHBI MATHUTHOTO IIOJISI
B paboueM 3a3o0pe, a 3Ta BeJIMUYMHA IIpaKTHYe-
CKHU He 3aBHUCHUT OT BHeIIHEeHN OKPY>KAU[eH TeM-
nepaTypbl. TakuM ob6pa3oM rapaHTUpYyeTCH

uAn >
DAC YM

AN
DAC

OHY
LPF

ALMN
ADC

Puc.4. Paduo3nekmpoHHoe obecneveHue HaHomaepdomepa: a — cxe-
Ma ynpasneHus 3AekmpomazHUMHbIM dKmamopom; 6 — NpuH-
UUNUAAbHAS CXemMda KAACCUYEcKo20 pexxuma pabomsl emMKoCmHo20
damuuka; 8 - pexxum pabombl c ompulamenbHol 06pamHoll ces3bko
no numatowiemy HanpsKeHUIo eMKOCMHO20 dam4uKa

Fig.4. Capacitive Sensor Power Circuit: a - control circuit of the
electromagnetic actuator; b - schematic diagram of the classi-
cal mode of operation of the capacitive sensor; c — mode of opera-
tion with negative feedback on the supply voltage of the capaci-
tive sensor
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CTabUJIPHOCTD KAJIMOPOBKH KaHaIa CHJIBL BO BCEM
pabouem nuamnasoHe TeMIlepaTyp UHAEHTAILHOH-
Horo moAy/st oT —20 1o +60 °C ¢ TOUHOCTHIO He XyKe
+5% B mHTepBaje +15...+30 °C He XyKe *1%. [Ipu
paboTe B peskuMe reHepaTopa HAIPSsKeHHUS H3-3a
M3MeHEeHHUS CONPOTUBIEHHUS 0OMOTKH aKTHa-
Topa (TeMIlepaTypHBIH KO3POUIIHEHT COIIPOTHUB-
JleHUs MeLHOM IPOBOJIOKH ~ 0,003 °C-1 ) MHOKH-
Teslb AJis mepecdera Koma LJAII B yCHIMHU yIall
651 Ha 30% IIpU M3MeHEeHHH TeMIIepaTypsl oT -20
oo +60 °C.

[TonHBIN JUalla30H U3MeHeHUS CUJIBL IPUKHUMA
pa3buBaeTcs Ha NOLAHAIIA30HB C MAKCHUMAJb-
HbeIM ycunauem 3 H, 0,3 H 1 30 MH nyTtem usMme-
HeHHs IIapaMeTpPOB IeHepaTopa TOKa, IIUTAIO-
Iero KaTyIIKH 3/IeKTPOMarHUTHOTO aKToaTopa.
[lepeMeleHUSI U3MePSIIOTCS C pa3bUBKOM Ha IOJ-
nuamnaso”sl 300, 100, 30 1 10 MmxM. IIpu 3TOM IBa
BepXHHUX NHAIla30HA Pealn3yI0TCSI B pesKUMe OTPHU-
LaTeabHOHU 06pPAaTHOM CBSI3H I10 BO3OYKAaooNmeMy
HaNpsKeHHIO, a IBAa Hanbosee YyBCTBUTEIBHBIX
B peskxuMe 0bbluHOr0 1UddepeHINATBPHOTIO KOH-
JeHcaTopa C PUKCHUPOBAHHBIM HaIlpPsAsKeHHUEM
Ha HeIOOBMXHBIX oOKl1agkax. COOTBETCTBEHHO,
MHUHHMAJIbHAS BeIMYMHA HUPPOBOro paspele-
HUS II0 IepeMelleHHI0 cocTaBageT 0,05 HM, 4TO
CyIIeCTBeHHO MeHbllle TUIIUYHOI0 CEICMHUYECKOI0
OTK/IMKa IIOABUKHOM CUCTeMBl HAHOUHAEHTOpA.
[Tosnoca gyacToT obpabaTeiBaeTcss NIPOrpaMMHBIM
obecrmeyeHueM B auamnasoHe or 0 I'm mo 10 xI1o.
OundpoBKa JaHHBIX M TeHepalks CUIHAJIOB
MHUKPOKOHTPOJIJIEPHBIM PaJHO3JeKTPOHHBIM 0b6e-
CIleYeHHMeM IIPOUCXOOUT C YacToTaMu 10 300 KkI'1x
Y Pa3psAAHOCTBIO 18 6UT.

HccnemoBaHusA, IIpOBeNeHHBIe B X0e paspa-
60Tk NanoScan-4D, mokasajau, 4TO Tpe6OBa-
HHS, IIpedbsIBIsieMble K TUHEMHOCTHU CHCTEeMBI
nogBeca pabodero mToKa, MpenIoaaraloT pas-
paboTky mMeMO6paH co CIeIIHAJBHBIM PHUCYHKOM
YIPYTHX 3JIeMeHTOB, 06eCIednBAIOIIUM OTKJIOHE-
HHe OT IMHEHNHOCTH IIPU 3aBUCUMOCTH CMelleHHU s
oT cubl He 6oee 0,01% Bo BceM AHana3oHe pabo-
YHX [IepeMelleHHUH B COTHU MUKPOH.

Cucrema mojBeca U ee BpeMeHHAas U TeMIle-
paTypHas CTabUIBHOCTH SIBIASIOTCS KIIOYEBBIMU
mapaMeTpaMu, BIHSIOMKUMU Ha Ka4yeCcTBO H3Me-
psSeMO¥ 3aBHCHMOCTH "Harpyska - rinybuna'.
B 3ToM mJaHe 0Ka3ajoch KpParHe BaskHbIM obecrie-
YeHMe OJMHAKOBOI0 KO3 PUIIMeHTa TeMIlepaTyp-
HOI'0 pacIIMpeHUs MaTepuaaa MeMOpaH U Hecy-
meHd KOHCTPYKLHUH UHOEHTHUPYIOOero Moayad.
9To 0co6eHHO CHJIPHO IIpOsIBIsieTCs IIpu pabote
C TEPMOCTOJIMKOM U IIPU NPOBeAeHHUHU U3MepPeHU U
[IPU IIOBBIIIEHHBIX U IIOHUKeHHBbIX TeMIIepaTypax,
Korga nmpubop pacmonaraeTcs B KJIMMATHYeCKOH
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optical microscope, in a timely manner using the
same indenter.

In this load extension module, the role of the force
actuator is performed by a linear actuator with a step-
per motor, the force sensor is a strain gauge transducer,
and the indentation depth sensor is a standard differ-
ential capacitor of nanoindenter with a movable mid-
dle pad.

Capacitive transducer schematics

Capacitive displacement sensors are actively used in
a wide variety of measurement systems - capacitor
microphones, seismic sensors, touch screens and secu-
rity alarms. Traditionally, in precision measuring sys-
tems, they operate in differential mode, with the sta-
tionary terminals supplied by an anti-phase high-fre-
quency voltage and synchronous detection of the sig-
nal taken from the middle moving terminal. Such a
scheme allows measuring displacement of the moving
shutter with a resolution of a hundredth of a nm in the
registration bandwidth of hundreds of Hz. However, if
the magnitude of displacement becomes commensu-
rate with the working gap of the differential capacitor,
the nonlinearity of the circuit increases dramatically.
As a consequence, when using it in a nanoindenter dis-
placement sensor, one has to make the working gaps
of the differential capacitive sensor an order of magni-
tude greater than the working depths of indentation,
in order to ensure nonlinearity at the level of 0.01%.

In NanoScan-4D devices along with such electronics
scheme of a differential capacitor a modernized scheme
isused, which allows providing the required level of lin-
earity at a significantly smaller working gap of a differ-
ential capacitor, i.e. at a better threshold sensitivity for
traditional inclusion. The linearity of the dependence
of the output signal on the displacement of the moving
pad of the differential capacitor is ensured by a modi-
fication of the supply circuit of the stationary pads, in
which the incoming voltages on them are directly pro-
portional to the working gap, Fig.4.

The voltage required for such compensation is formed
by an analog multiplier, one of whose inputs receives
the reference AC voltage, and the second one receives
the integrated output signal of the synchronous detec-
tor. The applied circuit solution made it possible to use
the capabilities of the differential capacitive sensor as
effectively as possible, providing a low noise level when
it is switched on traditionally and a high linearity
when it is used in the negative excitation voltage feed-
back mode.

Methods of the dynamic range expansion

The control system of electromagnetic actuators
used in nanoindentors also has a number of fea-
tures. Since the coil of the actuator is made of
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kamepe [13]. Paznuyue B kKoaddUllMeHTe TeMIIepa-
TYPHOTO pacIIpeHHUss MeMOpaHBbI U HeCyLlel KOH-
CTPYKLMU IPUBOAUT K AOIOJHUTEIBHOMY HATSs-
SKEHHIO UJIU CRATHIO MeMOpaHBI U, KaK CJIeICTBHE,
YXOZly He TOJIbKO Pe30HAHCHOM YacTOThI, HO U HYJIe-
BOT'O ITOJIOKEHU S JAaTUHKA [TepeMelleHUs Ha IOPs-
IOK O0JIBIIIEMY, YeM MOXKHO 6BI710 6Bl OKHUAATH IPU
[IPOCTOM TePMOPACIIHPEHUH YaCTH MITOKA, HAXO-
Asimericst B6IM3K ropsiueil 0671acTH TePMOCTONIHKA
[91.

BbiBO/bl

PaccMOTpeHHBIe B JJaHHON paboTe MPUHIIUIIEL
paboThl COBpeMeHHBIX HAHOTBEPLOMEPOB e MOH-
CTPUPYIOT BBICOKYIO T€XHOJIOTUYHOCTbh METOAA
MHCTPYMEHTAJIBHOTO HH/AEHTUPOBAHHUSI, a TAaKKe
ero MHGOPMATHBHOCTD IIPHU IPOBELEHHUH JIOKA-
JIU30BAHHBIX UCCIeNOBAHUN. [JaHHbIE IIPUOOPHI,
IIPeAOoCTaBIIsIsI BO3MOKHOCTD UCC/IeIOBAHU S Mexa-
HUYECKHUX CBOMCTB C IPOCTPAHCTBEHHBIM pa3-
pellleHHEM B IIOCKOCTH obpa3sua ayunie 100 HM
U nopsinka 30 HM 1o ri1ybuHe, mo3Bons0T pabo-
TaTh C FeTEePOreHHBIMH MaTepHalaMU U TOHKUMU
GYHKIIMOHAJIPHBIMU ITOKPBITUSIMH, KapTorpadu-
Pys BEIUYHHY TBEPIOCTH.

JlaHHBIY Kj1acc NpubopoB ge PaKkTO CTAHOBUTCS
O6IIeIPHUHSATEIM CTAHAAPTOM [JII MEXaHHUYEeCKUX
HUCIIBITAHUH, [IOCTEIIEHHO BBITECHSISI MUKPOTBEp-
JOoMepbl He TOJIBKO M3 06JIaCTH HAay4YHBIX HCCIIe-
NOBAHMH, HO U aKTUBHO BHeJPSISICh B chepy IIpo-
MBIIJICHHOM OUATHOCTUKHU. TeM He MeHee, 060-
PyZoOBaHMe /I HHCTPYMEHTAIbHOTO HAHOUH/IEH-
THUPOBAHMUS IIPeCTaBIsIeT COOOM CIOKHBIE alla-
PaTHO-IPOrpaMMHBIe KOMIIJIEKCHI, IIPOBOSIIHE
IpelM3UOHHble H3MePeHHUS MaJblX CUIHAJIOB
Ha IIpejiesie YyBCTBUTENBHOCTH IIEPBUYHBIX IIpe-
obpa3oBartesneil, BXOASIIUX B UX KOHCTPYKIJHIO.
J7151 KOppPeKTHOM PaboThl TAKUX U3MePHUTEIbHBIX
npubopoB, MONTyUYeHHUS JOCTOBEPHBIX Pe3yIbTAaTOB
06 nccrenyeMsIx o6peKTax, a TakKe AJs obecrie-
YeHHSI MeTPOJIOTUYeCKOH OCHOBBI TAKUX H3Mepe-
HHUU BCe TPAKTHI, [10 KOTOPBIM IIPOXOJHUT IIePBUY-
HBIN U3MepseMBbIH CUTHAJI, AOJIKHBI OBITh OIITH-
MH3HUPOBAHBI M COTJIACOBAHBI I10 UX Pa3pelleHHUIo,
JTMHENHOCTH U IIyMaM.

WHOOPMALMUA O PELLEH3UPOBAHUU

Pemaruus 6arogapuT aHOHHMHOTO pelleH3eHTa
(peLeH3eHTOB) 32 UX BKJIAJ B pelileH3UPOBAaHUE
3TOoN paboThl, a Tak>ke 3a pa3MelleHHe CTaTeHn
Ha CaMTe XXypHaja U lepefavyy UX B 37IeKTPOHHOM
Buge B HO6 eLIBRARY.RU.

Hekaapauus o KOHPAUKMe UHMepecos. Asmopbl 308~
Asilom 06 omcymemauu KOHPAUKMO8 UHMepecos UAU AUMHbLX

copper wire, its resistance increases with increas-
ing temperature, and as a consequence, when the
ambient temperature changes or the coil is heated
during operation, the coefficient linking the volt-
age applied to the coil and the force it generates
will change. Therefore, the control circuit of such
an actuator is built in the form of a current gen-
erator, Fig.4. In this case, the force channel cali-
bration depends only on the magnetic field value
in the working gap, and this value is practically
independent of the external ambient tempera-
ture. Thus, it is guaranteed that the calibration of
the force channel in the entire operating tempera-
ture range of the indentation module from -20 °C to
+60 °C with an accuracy no worse than +5%, and in
the range from +15 °C to +30 °C no worse than +1%.
When working in a voltage generator mode, due
to the change of resistance of the actuator wind-
ing (temperature coefficient of resistance of cop-
per wire ~ 0,003 °C-1 ), the multiplier for DAC code
conversion to force would fall by 30% at temperature
change from -20 °C to +60 °C.

The full range of variation of normal force is
divided into subranges with a maximum force of
3N, 0.3N and 30mN, by changing the parameters of
the current generator that supplies the coils of the
electromagnetic actuator. Displacements are mea-
sured in the same way with a breakdown into sub-
ranges of 300 microns, 100 microns, 30 microns and
10 microns. The two upper two ranges are imple-
mented in the negative excitation voltage feedback
mode, and the two most sensitive ones in the mode
of an ordinary differential capacitor with a constant
voltage on the fixed pads. Accordingly, the mini-
mum value of digital displacement resolution is
0.05nm, which is significantly less than the typical
seismic response of a moving nanoindenter suspen-
sion system. The bandwidth processed by the soft-
ware is from 0 Hz to 10 kHz. Digitization of data and
generation of signals by the embedded micropro-
cessor software is performed with frequencies up to
300 kHz and 18-bit digital resolution.

Research conducted during the development of
the NanoScan-4D showed that the requirements to
the linearity of the suspension system of the work-
ing shaft imply the development of flat springs of a
membrane type with a special pattern of elastic ele-
ments, providing deviation from linearity in depen-
dence on the force displacement not more than 0.01%
over the whole range of working movements, which
is hundreds of microns.

The suspension system and its time and tempera-
ture stability are key parameters affecting the qual-
ity of the load-depth relationship measured. In this
regard, it turned out to be extremely important to
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0MHOWeHUil, Komopble Mo2Au bblL n08AUAMb Ha pabomy, nped-
cmasAexHyto 8 daHHo(l cmambe.
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ensure the same coefficient of thermal expansion of
the flat spring material and the indentation mod-
ule support structure. This is especially strong when
working with a thermal stage and making measure-
ments at increased and decreased temperatures,
when the device is located in a climatic chamber [13].
The difference in the thermal expansion coefficient
of the flat spring and the supporting structure leads
to an additional tension or compression of the flat
spring and as a consequence not only the resonance
frequency, but also the zero position of the displace-
ment sensor is an order of magnitude greater than
would be expected with a simple thermal expansion
of the portion of the stem near the hot region of the
thermal stage [9].

CONCLUSIONS
The principles of modern nanoindenter design con-
sidered in this work demonstrate the high perfor-
mance of the instrumented indentation method as
well as its informativeness for localized studies.
These devices, providing the possibility to study
mechanical properties with a spatial resolution bet-
ter than 100 nm and about 10 nm in depth, allow to
work with heterogeneous materials and thin func-
tional coatings, mapping the value of hardness.
This class of instruments is de facto becoming the
accepted standard for mechanical testing, gradu-
ally replacing micro-hardness testers not only from
the field of scientific research, but also actively
penetrating into the field of industrial diagnos-
tics. Nevertheless, the equipment for instrumented
nanoindentation is a complicated hardware-soft-
ware complexes, carrying out precision measure-
ments of small signals on the sensitivity limit of
primary transducers, included in their design. For
correct operation of such measuring devices, for
obtaining reliable results about investigated objects,
as well as for providing metrological basis for such
measurements, all paths through which the pri-
mary measured signal passes, should be optimized
and coordinated by their resolution, linearity and
noise.

PEER REVIEW INFO

Editorial board thanks the anonymous reviewer(s)
for their contribution to the peer review of this
work. It is also grateful for their consent to publish
papers on the journal’s website and SEL eLibrary eLI-
BRARY.RU.

Declaration of Competing Interest. The authors declare that
they have no known competing financial interests or personal
relationships that could have appeared to influence the work
reported in this paper.



