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npu ucaiegoBaHMn MexaHU4eCcKux CBOWCTB

AVHAMUYECKUMW MEeTOAAMM SIBAISIETCS BO3MOXHOCTb MOJIYYEHUS] AOMOJIHUTE/IbHbIX AAHHbIX Ans
06pasLoB Masibix pasmMepoB, a Takxke paboTa C OTAebHbIMU pa3amMu reTeporeHHbIX U KOMMO3UTHbIX
MaTepuaoB, MOCKOJbKY MPU MHAEHTUPOBAHUM Ty6UHA BHEApPEHUS OCLWIINPYIOLWEro aJiMasHoro
oCTpUA MOXEeT COCTaB/iATb MeHee 100 HM. MNpu 3TOM 32 OAMH LMK/ U3MEpPEeHUin OrnpeaensoTcs
3aBMCUMOCTU TBEPAOCTU, MOAY/IS YNPYroCTU U Be/NYMHDbI BSA3KUX MOTEPb OT FIY6UHbI MOrpy>KeHUs

MHOEeHTOpa,

YTO O0CO6eHHO BaXXHO npu wucaiegoBaHMN TOHKUX ¢yHKLIMOHal'IbeIX nOKprTVII;i.

PeXXm AuHaAMMYecKkoro MexaHW4eckoro aHasmsa peanus3oBaH B CKaHUpylOWeM HaHoTBepaomepe
"HaHoCkaH-4D". B cTaTbe Noka3aHo NpUMeHeHue AAHHOro MeToaa A UCC/Ief,0BaHUSI CBOMCTB TOHKUX
NJEHOK U NpUBeAEHbI SKCNEPUMEHTaJIbHbIE JaHHbIE O BO3MOXHOCTU NOCTPOEHMUS pesibeda NOBEPXHOCTU
B peXMMe pe30HaHCHOr 0 BO36YXXAEHMS CUCTeMbI NMoABeCca UHAEHTOPA.

The main advantage of nano-hardness tester in the study of the mechanical properties using
dynamic methods is the possibility of obtaining additional data for samples of small size,
as well as investigation of the certain phases of heterogeneous and composite materials,
because during indentation, the depth of penetration of the oscillating diamond tip may be
less than 100 nm. Thus, one cycle of measurement is enough to determine the dependencies
of hardness, elastic modulus and viscous losses on the indentation depth, which is especially
important in the study of thin film coatings. Dynamic stiffness measurement is implemented
in the NanoScan-4D scanning nano-hardness tester. The article describes the application
of this method to study the properties of thin films and presents the experimental results
of the surface topography measurement in the mode of resonant excitation of the indenter

suspension system.

eXaHHYeCKHe MCIOBITAHUS MaTepHa-
J10B - 00/1aCTh TEXHUYECKOI'0 MaTepHaoBeie-
HUS, 3a/layell KOTOPOTO SIB/SeTCsI KOHTPO/Ib
CBOMCTB H3/le/IMHN B XOJle UX U3TOTOBJIEHHUS U 3KC-
IIyaTaluy. JJHHAMHYeCKHUI MeXaHHUYeCKUH aHa-
nu3 (@uria. Dynamic mechanical analysis, DMA), kak
BU/I UCIIBITAHUH, IPOYHO 3aHSJI MECTO B PSIAY METO-
OUK U3MepeHUs TBePAOCTH, a TakKe JeHCTBUTE/Ib
HOI M MHUMOM 4acTH MOJY/IeH YIIPYTOCTH, BI3KOCTU

Y [I0/I3y4eCTH MaTepHasa. 3a roJbl pa3BUTHS TaKUX
MeTO/IOB HCIIBITAHUE 6b1JI0 pa3paboTaHO MHOKeCTBO
MogudUuKanuy npubopos, paboTarmux ¢ 06beM-
HBIMU 06pa3naMu CIenHaJbHON GOPMEI, 3aKpe-
IIIeMBIMH B 0COOBIX fepskaTensix. [ITuHaMHUYecKue
MeTOJbl, PeaTM30BaHHbIE B TeXHHUKe HHCTPyMeH-
TaJIbHOTO UHAEHTUPOBAHUS, [103BOJISIOT OTKA3aThCS
0T GOPMHUPOBAHUS CIIEI]HATH3UPOBAHHBIX TECTOBBIX
06pasLos.
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B oCHOBe TaKHX METOJOB JIEKUT KOHTPOJIb C
BBICOKOM TOYHOCTBHIO PAa3JIMYHBIX XapaKTepH-
CTHUK B3aMMOJEHNCTBUS MeX/Yy TBEePABIM OCTPBIM
HaKOHEYHHKOM (I/IHI[EHTOPOM) U IIOBEPXHOCTbHIO
uccienyemoro obpasuma. OCHOBHBIMU IapaMme-
TPpaMH, 10 KOTOPBIM IIPOM3BOAUTCS OIpeJie/ieHue
MeXaHHYeCKHX CBOMCTB, SBISIOTCS HOPMaJbHas
Harpyska, NpHUIOKeHHAas K HHeHTOPY IIPH KOH-
TaKkTe c ob6pasioM, U epeMelleHHe HHIEHTOPA B
mpoliecce BHIIIOHEHH s U3MepeHHUI. Kpome Toro,
CoBpeMeHHBIe NPUOOPLI 03BOAAT KOHTPOIHPO-
BaThb psa OOIIOJTHUTEJIBHBIX XaPaAKTEPUCTUK, TAKHUX
KaK aKyCTHYeCKas SIMHUCCHS, 37TeKTPUUECKHUH TOK U
NaTepasbHas HarpyskKa.

MeTo/bl M3MepeHHUsI MeXaHHYeCKHUX CBOMCTB,
OCHOBAHHBIE Ha BAAB/IMBAHWUU UHAEHTOPA, MOXXHO
pasfieMTh Ha CTaTHYeCKHe M JHHaMHYeCKHe.
Hawuboiee IIOITYy/JISIPHBIM METOAOM CTATHYECKOI'O
B/IaBIMBAHUS SIBISETCS MHCTPYMEeHTaIbHOE HH/eH-
THPOBaHHUe, IIPHU KOTOPOM HH/EHTOP BHeAPSETCS B
IIOBEPXHOCTh MaTepHasa C HeKOTOPOM CKOPOCTBIO, C
IOCeAYIOMMM MOHOTOHHBIM CHSITHEM HaTPy3KH.
XapakTepHasl CKOPOCTh BHeJPeHU S HHJeHTOpa
JIESKHUT B IJHaIlla30He OT HeCKOJIbBKHUX OeCATKOB HAHO-
METPOB /IO eCSITKOB MHKPOMETPOB B CeKyH/y. B I1po-
I[ecce HaTrPysKeHHU S U Pa3TPysKeHU s 3aIIHUCHIBAIOTCS
BeJTMYHHBl HOPMaJbHON HAarpy3KH Ha HHJEHTOP
U ero mepemMenieHus (BHeJpeHUS B MOBEPXHOCTh
obpasua). [lasee Nporu3BOAMTCS aHAIU3 TAKOM JHa-
I'paMMBI I10 MeTOOHKE, OIIMCAHHOM B CTaHOapTax
TOCT P 8.748-2011 [1] u ISO 14577 [2-4], u paccuu-
TBIBAIOTCSI 3HAUEHHUS TBEPAOCTH, MOJY/S YIPYTo-
CTH U psifia APYTUX XapaKTePUCTHK A5 3aJaHHON
HaTpy3KH UK ITyOHHEL.

B nMHaMHYeCKHX MeTOHaX Ha MOHOTOHHOe BHe-
IpeHUe UH/eHTOpa HaKJIaAblBaeTCs KojebaTelbHOe
IBU>KeHHe C HeKOTOPOM aMIIJIUTYAO0ON U YacTOTOH.
Ecnu uccimenyeMsl MaTepuan obnamaeT BSI3KO-
YIPYTUMHU CBOMCTBAMH, TO B eIHHOM KoebaTesn-
HOHM CHCTeMe "HHJeHTOp-obpa3el’ BO3HHUKAIOT
3¢ PeKTHl, IPUBOASIIINE K H3MeHEeHHUIO aMIITUTY /bl
OTKJIMKA U Pa3HOCTH a3 MexxAy 3aJaloluM Koje-
OaHMUS CUTHAJOM U pealbHBIM IlepeMelleHHeM
MH/JEeHTOpa. AHA/IU3 aMIJIUTYAbl U $a3bl BEIHYX-
JNeHHBIX KomebaHU I II03BOISeT ONpeeuTh YIPy-
rve W BS3KHe CBOMCTBA HUCCleAyeMoro obpasma B
3aBUCHMOCTH OT HAarpy3KH, 4acTOTHl KojlebaHUM
WUIKU OPYTUX IapaMeTpoB, HallpuMep TeMIlepa-
TYPHI.

IIpu mony4yeHUHU UHPOPMALIUU O 3aBUCUMOCTHU
CBOMCTB MaTepHaJia OT IMyOUHB HHAEHTHPOBA-
HUS A 60NbpIIMHCTBA 06pa31[0oB OGHOKPATHOE
HCIBITAaHHE JUHAMUYEeCKUM METOHOM 3P PeKTUB-
Hee HeCKOJBbKHUX IJMKJIOB UHAEHTUPOBAHUS HUIHU
MHOXeCTBEHHOTO0 yKoJIa C YaCTUYHOK Pa3rpy3KoH.
IIpy JUHAMHYeCKOM HHAEHTHUPOBAHUHU aMIIJIHU-
TyAa KonebaHUM MHIEHTOPAa MOXeT COCTaBIATh
BCEro HeCK0JIbKO HAaHOMEeTPOB, [I03TOMY 3TOT MeTO[,
[03BOJISEeT U3MePSATh CBOMCTBA B OUeHb MAJIOM
NPpUIMIOBEPXHOCTHOM ob6beMe MaTepHaaa, 4ToO
HEeBO3MOXKHO B C/ly4yae JUCKPETHBIX Pa3rPy30uHBIX
LU KJIOB [5].

Hcronp3ys HAarpy304Hble IIUKIBl CHHYCOUAATbHON
bopMBI Ha BBICOKOI YacCTOTe, MOXKHO TaK>Ke HCCleflo-
BaTh 0Opa3oBaHMe TPeUIUH B HaHOMacITabe yepes
OTC/IeSKMBAaHUE BeTUUNHBI KOHTAKTHOM JKeCTKOCTH,
M3MeHeHM I KOTOPOH CBH/IeTeIbCTBYIOT 06 o6pa3oBa-
HUH MHKPOIIOBPeXXIeHUI MaTepHuania [6].

echanical testing of mate-

rials is an area of engi-

neering materials sci-
ence, whose task is to control the
properties of the products dur-
ing their manufacture and use.
Dynamic mechanical analysis
(DMA) as a kind of testing has
firmly taken place among meth-
ods of measuring of hardness
and real and imaginary parts
of the elastic moduli, viscosity
and creep of the material. Over
the years many modifications
of the devices for such methods,

which operate with three-dimen-
sional samples of special shape,
mounted in special holders, have
been developed. Dynamic meth-
ods of instrumental indentation,
do not require the specialized test
samples.

The basis of these methods is
highly precise control of vari-
ous characteristics of the inter-
action between the solid sharp
tip (indenter) and the sample
surface. The main parameters,
which are used for determin-
ing the mechanical properties,

are normal load applied to the
indenter in contact with sam-
ple and the displacement of the
indenter in the process of mea-
surement. In addition, modern
devices allow to control a num-
ber of additional characteris-
tics, such as acoustic emission,
electric current and lateral load.

Methods of measure-
ment of mechanical proper-
ties based on the indentation,
can be divided into static and
dynamic. The most popular
method of the static loading
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a) b)

Puc.1. JuHamuyeckue mexaHu4eckue mooeau 853Koynpy2020
06pasua, skaruarouue 2py3 maccoli (m) Ha npy>KUHe XXEecmKo-
cmbio (S) U nopuieHsb ¢ koappuuueHmom 8s3Ko020 mperus (D):
a) modeab ®olizma; b) modeab Makcsenna

Fig.1. Dynamic mechanical models of a viscoelastic sample, which
include the load of mass (m) on a spring of stiffness (S) and the
piston of viscous friction coefficient (D): a) Kelvin-Voigt model,
b) Maxwell model

M3 gaHHBIX 06 M3MeHeHUHU INyOUHBI BHeape-
HHUS UHJEHTOPA B X0/l BOCCTAHOBJIEHU S NIPOQUIIS
[IOBEPXHOCTH MaTepHaja MOKHO IIONTYy4YUTh HHPOP-
MalHI0 O I0/JI3y4YecTH, TOYHOCTh KOTOPOM IpHU
JUHaAMH4YeCKOM MeTojle BblIlle, IOCKO/IIBKY OH MeHee
4YyBCTBHUTeNIeH K TepMoApendy, ueM CTaHLAPTHOe
HHCTPyMeHTa/IbHOe HH/IeHTHPOBaHHUe.

is the instrumental indenta-

ANHAMMWYECKWUA MEXAHUYECKWIA AHANU3

CyTp MeToLa OUHAMHUYECKOIrO0 H3MepeHHS
3aK/II0YAeTCsI B IIPHJIOSKeHUH CUHYCOUJAIBHOM CHIIBL
K UHJIEHTOPY IIPH ero BAABINBAHUU B [IOBEPXHOCTh
obpasia u nocyeAyoeM H3MepeHUH fedOpMaLHOH-
HOTI'O OTKJIHKA, II03BOJISIONIETO OIPefeIUuTh KOM-
IIJIEKCHBIF MOAY/Ib YIIPYTOCTH MaTepHaa.

Pa3suYHble MAaTePHAJIbl MOTYT COIIPOTUBIISTHCS
INPUKJIAJbIBA€MOHN HArpy3ke Kak yIIpyryue HUIH Bs3-
Kue cybcTaHI MU, [lepBble 3aI1acaOT S3HEPTUIO IIPHU
OebopManuu U BO3BPALIAIOTCS B UCXOLHOE COCTOSI-
HUe IIPU CHATUU HAaIPy3KH. BTopsle, ocTarolKecs
CKaTBIMU II0C/Ie CHATHS HAaTPy3KH, BCIO paboTy mo
X fepopMal MK pacCeMBAIOT B BH/Ie TeIlla.

[Ipy KMCIIONB30BAHHUH JHUHAMHYECKOTO MeTOoAa
medopmalivs Tesa € 3aBUCHUT OT YaCTOTHI @ IIPUKJIA-
I bIBaeMOM CHIIBL C/IeAYIOUUM 06pa3om:

e=¢g, sin(tw). (1)

s 4UCTO YIPYroro Teaa clpaBedlUB 3aKOH
I'yKa, ¥ HanpsisKeHHe 0 IIPOIIOPIHOHANIBHO (C Ko3d-
¢unmrenToM E - moxmynem IOura) JebopMallUu:

o=Ee, 2)
clefoBaTe/lbHO, Harpys3ka U gAedopMalius CHUH-
da3HBI. B BI3KOM MaTepHae, Ife HeT YIPyrom
nebopMallMM, HAIIPSIKeHHe 3a4aeTCsl 3aKOHOM
HpI0OTOHA: 0=T1€ U HAaOpsI>)KeHHe, BO3HUKAIOIIee
B OTBeT Ha Harpy3Ky, OTIMYaeTcs OT Hee 110 dase Ha
8=90° [5]:

g=0, sin(tw+9). (3)

OnHaKo B IIPUpOJe He CYLecTByeT abCcoNIOTHO
YIIPyTUX U aOCOMIOTHO HeyNpyTux Te. M3 Brlpaske-
HUU (2) 1 (3) mony4aem, 4YTO MHHUMAS U JLeHNCTBHU-

tion, where indenter penetrates
into the surface of the material
with some speed, with followed
monotonic unloading. The rate
of penetration of the indenter is
in the range from several tens of
nanometers to tens of microm-
eters per second. During load-
ing and unloading the values
of normal load on the indenter
and its displacement (intro-
duction to the sample surface)
are recorded. Next is the anal-
ysis of this diagrams using the
methodology described in the
standards GOST R 8.748-2011 [1]
and ISO 14577 [2-4], and values
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of hardness, elastic modulus
and other characteristics for
the specified load or depth are
calculated.

In dynamic method an oscil-
latory motion with a certain
amplitude and frequency is
superimposed on monotone
implementation of the indenter.
If the material has viscoelastic
properties, then in the oscilla-
tory system of "indenter-sam-
ple" effects arise that leading to
change of the response ampli-
tude and the phase difference
between signal, which sets the
oscillations, and the actual
displacement of the indenter.

Analysis of the amplitude and
phase of forced oscillations
allows to determine the elas-
tic and viscous properties of the
investigated sample depending
on load, oscillation frequency
and other parameters, such as
temperature.

To determine the dependence
of material properties on inden-
tation depth, for most samples
a single test using the dynamic
method is more effective than
multiple indentation cycles
or multiple shots with partial
unloading. During dynamic
indentation the amplitude of
oscillations of the indenter may
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MoZynb aTOMHO-CUIOBOTrO MMKPOCKOMa
AFM modul

[ononHUTeNbHbIE Y3/1bl M AATYMKN
Additional nodes and sensors

Hecywas pama
Frame

Mogay/ib ONTUHeCKoro M1kpockona
Optical microscope modul

Mogaynb HaHOTBEpAOMepa
Nanohardness tester modul

MOTOpPM30BaHHbIV NPeAMETHbIN CTONNK
Motorized sample stage

Puc.2. HaHomeepdomep "HaHoCkaH-4D"

Fig.2. Scanning nano-hardness tester "NanoScan-4D "

Te/lbHAas KOMIIOHEHTH Moxayns IOHra E*=E'+iE" .

HMEIOT BU/I:

E=%c0s8, E = O—Osin& @)
80 80

J1si OnMCaHHUS MOBeJeHUS BIA3KOYIIPYyTroro
o6pa3ua C )KeCTKOCThIO S U KO3QOHULIMEHTOM [eMII-
dupoBaHUS (3aTyxXaHUA) D 06BIUHO IPUMEHSIOTCS

nBe 6a30Bble MO/, IIPeCTABIeHHbIe Ha pUcC.1:
* Mofenb QoUrTa ¢ PacHoNIOKeHHBIMH I1apa/ljle/IbHO
IPY>KUHKOM (C KO3GOUIIMEeHTOM KeCTKOCTH S)
1 opurHeM (C Ko3QHULIeHTOM BSI3KOT0 TpeHus D);

Mojenb MaKkcBeslJia C Ioc/jaed0BaTeIbHO COeJUHEeH-
HBIMH 3jIeMeHTaMu S U D.
B ,ELEI;ICTBI/ITEIIBHOCTI/I, TOJIBKO I/ICHOHBBYH MHO>XeCTBO
COeMHEHHBIX B CJIOKHYIO CXeMY 3/IeMeHTOB, MO/ K-
PYIOLIKX 5KeCTKOCTb U feMIIGUpPOBaHKe, MOSKHO IIPH-
6IM3UTHCS K OIIMCAHUIO [I0BeIeHH S PealbHOr0 BSI3KO-
YIIPyroro MaTepHaJsa I1of, Harpy3KoH.
MaTtepranaMHu C SPKO BBIPa>KeHHBIMH BSI3KO-
YIOPYTHMH CBOMCTBAaMHM SIBISIOTCS IOTKMEPHI.
MexaHHYeCKHe XapaKTepPUCTHUKHU IIOJIMMepOB
3aBUCAT OT MUKPOCTPYKTYPHL U Mopdonoruu. Ilo
CPaBHEHHIO C MeTa/UIaMHU M KePaMUKOM IIPU H3Me-

be only a few nanometers, so
this method allows to measure
the properties of a very small
near-surface volume of the
material, which is impossible
in the case of discrete unloading
cycles [5].

Using load cycles of a sine
wave at a high frequency, it
is also possible to investigate
the formation of cracks at the
nanoscale by measuring of the
contact stiffness, which changes
indicate the micro-damages of
the material [6].

Information about changing
of the indentation depth dur-
ing the recovery of the surface

profile of the material allows to
estimate the creep, the accuracy
of which is higher when using
the dynamic method because it
is less sensitive to thermal drift
than a standard instrumental
indentation.

DYNAMIC MECHANICAL
ANALYSIS

A method of dynamic measure-
ment presupposes the appli-
cation of a sinusoidal force to
the indenter during the inden-
tation in the sample surface
with subsequent measurement
of the deformation response,
which allows to determine the

complex modulus of elasticity
of the material.

Various materials can resist the
applied load, as elastic or ductile
substances. The former one store
energy during the deformation and
return to its original state when the
load is removed. The latter remain-
ing compressed after removal of the
load and dissipate all the work of
deformation as heat.

When using the dynamic
method, the deformation ¢
depends on the frequency w of
the applied forces as follows:

£=¢g, sin(tw). oY)

For a purely elastic body the
Hooke's law is fair, and stress

#1/63/2016 NANO INDUSTRY
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Puc.3. 3asucumocmb meepdocmu (a) u modyaeli ynpyzocmu u
nomepb (b) om KoHmMakmHoli 2ay6UHbI dAS YUCMOL CMeKASH-
Holi nogepxHocmu (NyHKMUPHble AUHUU) U MOHKO020 CAOS cepe-
6pa Ha Hell (cnAoLWHble AUHUL)

Fig.3. Dependence of hardness (a), elastic and loss modulus (b) on
the contact depth for a clean glass surface (dotted lines) and thin
silver film on it (solid line)

HeHUHU TeMIlepaTyphl U BpeMeHHU IPUJIOKeHUS
HarpyskH IJlacTUYecKkHe, BI3KHe U yIpyrue CBOK-
CTBa II0JIMMEPOB MEHSAIOTCS B IIMPOKOM JiMalia3oHe.
Takue CBOMCTBA MIOJIMMEPOB B TBePAOM (pa3e MOIyT
OBITH YCIIENIHO HCC/IeA0BAHBI C TOMOIIbIO JHHAMHU-
YeCKOIo MeXaHH4YeCKoro aHanusa [7].

3KCNEPUMEHTAJIbHAS NPOBEPKA
Pe>kMM IHHAMHUYeCKOI0 MeXaHH4YeCKOro aHaaMn3a
peanun30BaH U 3KCIIePHMeHTaJIbHO allpobHpoBaH
B CKAaHHUPYIoIeM HaHoTBepaomepe "HanoCkaH-4D"
(®TBHY "THUCHYM", Poccus). HaHoTBepmzomep
"HaHoCkaH-4D" aBiseTCcsS efUHCTBEHHBIM OTeye-
CTBEHHBIM CEPUHHBIM H3MEePHUTEeTbHBIM IIPUOOPOM,
ITO3BOJISION UM ITPOBOAUTH KOMIIJIEKCHBIE HCCTIeMI0-
BaHUS QU3UKO-MeXaHHYECKHX CBOMCTB MaTepH-
aJIoB IpHU CYy6MUKPOMETPOBOM M HAHOMETPOBOM
MacmTabe JTMHEHNHBIX pa3mepoB [8-11]. B HaHOTBep-
ooMmepe peaynn3oBaHo 6omee 30 Pa3IHYHBIX H3Me-
PUTEJIBHBIX METOJHK, OXBATBIBAIOIIHX BCe U3BECT-
Hble BUJbl UCIIBITAHUN MeXaHHYeCKHUX CBOHCTB.
ObnacTu npuMeHeHHUs NPpUOOPOB ceMeHCTBA
"HaHoCKaH" BKJIIOYAIOT UCC/IeJOBAHHE TOHKHUX II/Ie-
HOK, ITIOKPBITHH X HAHOCTPYKTYPHUPOBAHHBIX MaTe-
PHAJIOB B IIMPOKOM AHAla30He OT MITKUX IIOIH-
MepOB /10 CBePXTBEPABIX KPUCTA/IJIOB U CIIJIABOB.
O6mur Bug npubopa NpuBeeH Ha pUC.2.
YacTOTHl, Ha KOTOPBIX OCYIIEeCTBJISETCS KOJe-
baHMe MHIEeHTOpa B peskume DMA, Kak IIpaBHUIIO,
HM3MEeHSIOTCS OT LeCsIThIX LOJIeH A0 COTeH repl. IIpu
5TOM THIIMYHAS aMIUIUTYHA KolebaHUH JeXUT
B UAala30He OT eJUHHUII O COTeH HaHOMETPOB.

o is proportional to the defor-
mation (factor E is a Young's
modulus):
og=Ee, 2)
therefore, the load and defor-
mation are cophased. In the vis-
cous material, where there is no
elastic deformation, the stress is
given by Newton's law: c=ne and
the stress arising in response to
the load, differs from it in phase
by & =90° [5]:
=0, sin(tw +9§). (3)
However, there are no abso-
lutely elastic and absolutely
inelastic bodies in nature.
From the expressions (2) and
(3), we obtain that the real and

HAHO MHOVCTPHA #1/63/2016

imaginary components of the
Young's modulus E*=E'+iE" are of
the form:

E =%c0s8, E =%5sins . )
€ €
To describe the behavior of
viscoelastic sample with stiff-
ness S and damping ratio D two
basic models presented in Fig.1
are usually applied:

+ Kelvin-Voigt model with spring
(with stiffness coefficient S) and
piston (with coefficient of vis-
cous friction D) that are arranged
in parallel;

« Maxwell model with series-con-
nected S- and D-elements.

In fact, only using a complex
circuit with many connected
components, which simulate the
stiffness and damping, it is pos-
sible to describe the behavior of
real viscoelastic material under
load.

The polymers are materi-
als with pronounced viscoelas-
tic properties. The mechanical
characteristics of the polymers
depend on the microstructure
and morphology. Compared with
metals and ceramics, plastic,
viscous and elastic properties
of polymers vary within a wide
range while changing the tem-
perature and time of load. Such
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[IpuknagbiBaeMasi K 06pas3iy Harpyska 3aBUCHUT OT
HCCIe[lyeMOro MaTepHaJsia U COCTaBIIsieT OT HeCKOJIb-
KHX COTeH MUKPOHBIOTOH [0 eCSITKOB MUJIIMHBIO-
TOH U [Ia’Ke OJJHOI'0 HBIOTOHA.

Be160p 4acTOTHI BO36Y K AAIONEH CHU/IBL B JUHAMHU-
YeCKOM pesKHMMe UHIeHTHPOBAHHUS ONlpefesieTcs
BO3MOXKHOCTSIMU Ipubopa U pefKo CyLleCTBEHHO
IpeBblIIaeT Pe30HAHCHYIO YaCTOTY IIOBeCca UHeH-
TOpa.

B xo/e mpoBemeHU s UCIIBITAHUN Ha CTAHAAPTHOM
obpasiie mJIaBIeHOTO KBapLa ObII0 IOKA3aHO, YTO
IJ1s1 OMHOPOJHOTO MaTepHaa, fedopMaliys KOTO-
pOro He 3aBUCHUT OT CKOPOCTH HaTPy>XKeHUs, JUHA~
MHYeCKHH MeTOJ aeT IOCTOSHHOe 3HaUeHHe TBep-
IOOCTH BHe 3aBUCHMOCTH OT ITyOHMHBI BHEJPeHHUS
HHJEHTOPA. B mpesenax MOrpemHOCTH 3HAYeHUE
TBEPAOCTH COBIIAZlaeT C TeM, UTO IOIydaeTCs IpU
CTAaTU4YeCKOM HHIEeHTHPOBAHUU.

[/t IeMOHCTPALlMU BO3MOXKHOCTEHN MeTofa 6bI1
BeIOpaH obpa3ser ¢ NIeHKOHN cepebpa TONMHUHOHN
180 HM Ha IIOJIJIOKKe M3 CTeKk/a. F3MeHeHHUe TBep-
mocTtH (a), a TaK>Ke JeHCTBUTEIbHOM U MHHMOH
YacTH MOAYIS ynpyroctu (b) st CTeKISHHOM IIOA-
NMOXKH (IYHKTUP) U CepeOPsSHON IJIeHKH Ha IO~
JIO’KKe B 3aBUCHMOCTH OT KOHTAaKTHOM I'TyOHUHBI
HUITIOCTPUPYeT puc.3. Ha moaydyeHHBIX 3aBUCH-
MOCTSIX XOPOIIO BHJHO IaJeHHe MoAyns IOHra
M POCT TBePAOCTH C YBeTHYeHHUeM ITTyOHHBI BHe-
npeHus. Takoe IoBefeHHe TUIIUYHO JJISI MSATKUX
MeTa/UIM4YeCKHX IIJIEHOK Ha ITOBePXHOCTH CTEKIIa,
IIOCKOJIBKY Y MeTaJ/IJIOB MOJY/Ib YIIPYTOCTH BHIIIeE,
YeM y CTeKJIa, a TBepPJOCTb HUKe. BrlosiHe TUIIHYHA

Z, HM
nm
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-200 - ST

-400 rﬂ-{

Puc.4. Mpogunb yapanuHsl, cOeAGHHOU € HOPMAAbHBIM YCU=-
auem 100 mH no moHKomy cAoto cepebpa Ha cmekae

Fig.4. Profile of the scratches made with a normal force of 100 mN
in a thin silver film on glass

61M3Kast K HYJII0 BeJIMYHMHA KOMIIJIEKCHOM COCTaB-
JsI0Ied MOAY/IS YIPYIrOCTH, IIOCKOIBbKY U3BEeCTHO,
YTO JaHHBIM MaTepHajlaM He CBOMCTBEHHO BsI3Koe
IIoBeJleHUe IIpU AepopMalLlHUH.

EcTecTBeHHBIM IIPUMeHeHHEeM JUHAMHUYECKOTO
peskuma paboTsl mpubopa SBISETCS MOTyUYeHUeE
n3obpakeHUs penbeda MOBEepXHOCTHU obpasma.
[l71s TIOBBIIIEHU S YYBCTBUTEJIBHOCTH U OBICTPO-
IeHCTBUS IpHOOpa B TAKOM CIydae LenecoobpasHo
B030ysKzaaTh KoneOaHUS HA Pe30HAHCHOM YacToTe
CHUCTeMBl monBeca. Ha puc.4 mpuBegeH IIpU-
Mep npoduIorpaMMBbl LlapallMHbl, HAHECEHHOU
Ha [OBEPXHOCTb IJIEHKHU cepebpa IpU HArpyske
100 mH. CnegyeT oTMeTUTH, YTO HaHECEHHE IIapa-
NHMHB U HocjeAyolnee NpopUIKMpoOBaHHe CHe-

properties of polymers in the
solid phase can be successfully
investigated using dynamic
mechanical analysis [7].

EXPERIMENTAL TESTING

The mode of dynamic mechan-
ical analysis (DMA) is imple-
mented and experimentally
tested in the scanning nano-
hardness tester "NanoScan-4D"
(TISNCM, Russia). Nano-
hardness tester "NanoScan-4D"
is the only Russian measur-
ing instrument, which allows
to carry out complex studies of
physical-mechanical proper-
ties of materials at submicron

and nanometer scale of lin-
ear dimensions [8-11]. In the
nano-hardness tester more than
30 various measuring tech-
niques covering all known types
of tests of mechanical properties
are implemented. The field of
application of NanoScan devices
includes the studies of thin
films, coatings and nanostruc-
tured materials ranging from
soft polymers to superhard crys-
tals and alloys. General view of
the device is shown in Fig.2.

The oscillation frequency of
the indenter in DMA mode typ-
ically vary from tenths to hun-
dreds of hertz, while a typical

amplitude is in the range from
units to hundreds of nanome-
ters. The applied load depends
on the studied material and
varies from several hundred of
micronewton to tens of mil-
linewton and even one of
newton.

The frequency of the exciting
force in a dynamic indentation
mode is determined by the capa-
bilities of the device and rarely
is significantly higher than the
resonance frequency of the sus-
pension of indenter.

During the tests, using
a standard sample of fused
quartz, it was shown that for a
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KOHTPOJIb U UBMEPEHMUA
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Puc.5. TpexmepHoe uzobpaxkeHue peabeda uapanuHsl (a) u
npoguab ezo cedeHus (b), nosyyeHHble ¢ UCNOAb30BAHUEM
amoMmMHO-CUA0B020 MUKPOCKONd

Fig.5. Three-dimensional topography image of the scratch (a)
and the profile of cross section (b), obtained using atomic force
microscope

JIAaHBl ONHUM U TeM 3Xe aJIMa3HBIM HHIEHTOPOM
C IOMOIBI0O CKAHHUPYIONEr0o HaHOTBepAomepa
"HanoCkaH-4D".

[Jis cpaBHEHHS Ha pHUC.5 MpHUBegeHO u3obpa-
SKeHHe TOH >Ke LlapallUHBI, II0JyUYeHHOe METOMOM
ATOMHO-CHJIOBOM MUKPOCKOITHUY C UCIIOIb30BAaHHEM
30HZO0BOM HaHolaboparopuu "HHTerpa IIpuma’
(HT-MAT, Poccus). Ha oboux m3obpaskeHHSIX
OTJIMYHO BUHBI XapaKTepHble HaBa/Ibl, BOSHHUKAIO-
IIMe IIPH IapallaHHUH MeTaJlJIOB.

Busyanusanus HCCIeLyeMON IIOBEPXHOCTH C
HAaHOMETPOBBIM IPOCTPAHCTBEHHBIM pa3pelre-
HHUEeM I103BOJISIeT OLIeHUTD YyPOBEeHb IIePOXOBATOCTH
C Ie/bi0 BEIOOpA OIITHMAJIBPHBIX IIAPAMETPOB MeXa-
HUYeCKUX UCIIBITAHU, a TAKKe, IIPU He0OX0JUMO-
CTHU, /IS TOUHOTO MTO3UIIMOHUPOBAHU S UHIEHTOPA.

3AK/IIOYEHUE

JMHaMHYeCKUH MeXaHUYeCKUN aHaTU3 SIBJISIeTCS
MOIIIHBIM HCC/Ie0BaTebCKUM HHCTPYMEHTOM /15
MHOTHX 3aJia4. OH 0c06eHHO UHTepeCceH IIpH HU3Y-
YeHUU MeXaHHUYeCKUX CBOMCTB CIOHUCTBIX MaTe-
PHaJIOB U MHOTIOCJONHBIX CTPYKTYP, IIOCKOJIBKY
[I03BOJISIeT OIpefensiTh U3MeHeHU s KOHTaKTHOM
>KeCTKOCTH, MOJZYJISl yIIPYTOCTH, TBEPAOCTH U BSI3-
KHUX IIOTepb KaK QyHKI UM I1yOUHB BHeAPeHUS
HHJIeHTopa. Kpome Toro, MeToiMiKa HeIIpephIBHOTO
OUHAMHUYeCKOTr0 UHAEHTHUPOBAHUS MOXeT OBITH
HCII0/Ib30BaHa JJIsl U3MepeHUs BSI3KUX CBOMCTB, a
TaK>ke olpejle/leHUSs YCIOBUU Ilepexoja OT YIIPy-
rou fedopMaluu K IIJIaCTUUYeCKOH. He BbI3BIBaeT
COMHEHHN MepCHeKTHBHOCTh AUHAMHYECKOIO

homogeneous material, defor-
mation of which does not depend
on the loading rate, the dynamic
method gives a constant value
of hardness regardless of the
embedding depth of the indenter.
Within the error the hardness
value coincides with the results
of the static indentation.

To demonstrate the capabili-
ties of the method a sample with
a film of silver of a thickness of
180 nm on a glass substrate has
been chosen. Fig.3 illustrates
the change of hardness (a) and of
real and imaginary part of elas-
tic modulus (b) for the glass sub-
strate (dotted line) and for silver
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film on the substrate depend-
ing on the contact depth. The
obtained dependences show the
decrease of Young's modulus and
the increase of the hardness with
increase of depth of embedding.
Such behavior is typical for soft
metal films on the glass surface,
because the modulus of elasticity
of metals is higher than that of
glass, and the hardness is lower.
Typical is the closeness to zero of
the integrated component of the
modulus of elasticity, since it is
known that these materials are
not viscous under deformation.
Natural application of a
dynamic mode is obtaining

images of the surface topogra-
phy of the sample. To increase
the sensitivity and performance
of the device in this case, it is
reasonable to excite oscillations
at the resonant frequency of the
suspension system. Fig.4 shows
an example of profilograms of
scratches on the surface of sil-
ver film at a load of 100 mn. It
should be noted that the scratch-
ing and subsequent profiling are
done with the same diamond
indenter using scanning nano-
hardness tester "NanoScan-4D".
For comparison Fig.5 shows
an image of the same scratches,
obtained by the atomic force
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microscopy using multifunc-
tional device NTECRA Prima
(NT-MDT, Russia). In both
images the characteristic piles
arising during the scratching of
metals are perfectly visible.

The possibility of imaging of
the sample surface with nano-
meter spatial resolution enables
to assess the level of roughness
for choosing optimal parameters
of mechanical test and, if neces-
sary, for precise positioning of
the indenter.

CONCLUSION
Dynamic mechanical analysis
is a powerful research tool for

many tasks. It is of particular
interest in the study of mechan-
ical properties of layered mate-
rials and multilayer structures
because it allows to determine
changes in the contact stiffness,
elastic modulus, hardness and
viscous losses as functions of
the indentation depth. In addi-
tion, the continuous dynamic
indentation can be used to mea-
sure the viscous properties and
to determine conditions of the
transition from elastic to plastic
deformation. There is no doubt
that the dynamic method is
promising for obtaining three-
dimensional images of the

studied materials, and is more
informative compared to the
multi-cyclic indentation and
to applying of series of pricks.
Further development of the
DMA will be associated with its
use for spatial volumetric map-
ping (tomograms) of mechani-
cal, elastic and viscous proper-
ties of near-surface volumes of
materials. [ |

The project was implemented with the
financial support of the Ministry of
education and science of the Russian
Federation under the agreement
No0.14.577.21.0088 (unique identifier of
project REMEFIS57714X0088).

#1 /63 /2016 NANO INDUSTRY



