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CoBpeMeHHble TEeXHOJIOFMU MOJIMMEPHOro CUHTe3a obecneyMBaloT MpPaKTUYECKU HeorpaHUYeHHble
BO3MOXHOCTM UCMNOJIb30BAHUS MOJIMMEPHbIX MaTepuasioB A/ CO3L4aHMUS HOBbIX O6bEKTOB M CUCTEM.
BOo/IbLIOV UHTEpeC NpeacTaBsSOT NOMMEPHbIe PYHKLMOHAJIbHbIE NMOKPbITUS, KOMMO3UTHbIE CUCTEMbI
Ha OCHOBE MOJIMMEPHbIX MAaTPULL, a TaKXKe HAHO- U MUKPOKANCy/bl, NPUMEHEHUE KOTOPbIX B Noc/iegHee
BpemMs paclumpsieTcsi. B ctaTbe npepacTtaBfieHbl pesynibTaTbl UCCIEA0BaHUS MeXaHU4eCcKor MpOYHOCTU
NO/IN3NEKTPOINTHbIX MMKPOKArCy C NpUMeHeHMeM HaHoTBepaomepa "HaHoCkaH-4D".

Modern polymer synthesis technologies provide virtually unlimited use of polymeric materials
to create new features and systems. Functional polymeric coatings, composite systems
based on polymer matrix as well as nano- and microcapsules, the use of which has recently
expanded, are of the utmost interest. The article presents the results of a study of mechanical
strength of polyelectrolyte microcapsules with the NanoScan-4D nanohardness tester.

OJIMMepHBle KAIICYyJAbl MHCIOJB3yIOTCS

B MeZHLIMHe U dapMalleBTHKe O/ XpaHe-

HHUI U JOCTaBKH OeJIKOB U MenmTUAoB [1, 2],
OJIMTOHYKJIEOTHU OB [3, 4], ropmoHOB [5], dakTo-
poB pocTa [6, 7] U Apyrux 6KMoI0THYeCKH aKTHB-
HBIX BelleCTB. [Ipu 3ToM oHH paboTarT M Kak
CaMOCTOSITe/NbHbIE IIpeapaTsl, U KaK QyHKIIKO-
Ha/ibHbIe 3JIeMEeHTHl JUATHOCTUYECKUX CHCTEM.
MHUKpOKAICyJIHUpPOBaHHe, TO eCTh 3aK/JIIOUYeHUe
MHUKPOCKOIIMYECKUX 00eMOB TBEPLBIX, SKUAKHUX
WK ra3006pasHbIX NPOAYKTOB B 3alllUTHEIEe 000-
JIOUKH, SIBJISETCS COBPeMEeHHOM IepPCIIeKTHUBHOM
TexHoJiorueu [8, 9, 10].

[IpOYHOCTHBIE CBOMCTBA MHUKPOKAIICYJ A0 CUX
[Op MaJIOu3y4YeHHBI. MI3BeCTHO, YTO MeXaHHYecKas
YCTOMUHBOCTD IIOJINMEPHBIX CTPYKTYp BO3pacTaeT
C yBeJIMUeHHEeM UX MOJIeKY/ISIPHOM MacChl, a TaKXKe
[IpHU [lepexojie OT JIMHENHBIX K Pa3BeTBIEHHBIM U
CeT4YaThIM CTPYKTypaM. IIpu 3TOM CcTepeoperymnasip-
HBIe CTPYKTYPBI UMeEIOT 60/1ee BEICOKYIO IIPOYHOCTSH,
YeM MOJIKMMEPBL C Pa3yIOPSIA0UeHHOM CTPYKTYPOH.

YBenuueHHe MeXaHU4YeCKOH IIPOYHOCTH MUKPO-
KaIICyJ BaKHO AJISI COXPAHEHUS UX COLEePKHUMOLO

IPH afpecHOM JOCTaBKe JIeKAaPCTB U XPaHeHUH
61006beKTOB B MUKPOKAIICYJTUPOBAHHOM BH[eE.
AKTya/lbHOU 3aJa4el sIBASeTCS MOBBIIICHHE Mexa-
HUYECKON YCTOMYHMBOCTH IIOJIHU3NIEKTPOJUTHBIX
CTPYKTYP, UCIIONb3yeMbIX IIPU KOHCTPYHPOBAHUU
6HMOCeHCOPOB Ha OCHOBE IIOJIMMEPHBIX MUKPOKATIICYII.
HUHQOpMALHI 0 MeXaHHUYEeCKHX CBOMCTBAX BaskHA
npu pa3paboTke pa3sTHYHBIX MUKPOOOBEKTOB Ha
OCHOBE ITOTTU3IeKTPOTUTHBIX KATICYII.

Huke mpefCTaBlIeHBl Pe3y/IbTaThl UCCIeJOBAHUS
MeXaHHYeCKOHN MPOYHOCTH IOJHITEKTPOTUTHEIX
MHKPOKAIICYJI, ITony4yeHHBIX B UTI5 PAH.

®OPMUPOBAHME KANCY METOAOM NOC/IOWHOM
AACOPBLUN NONUINEKTPOJIUTOB

Pa3paboTaHO MHOXecCTBO crmocoboB monyue-
HUSI MHKPOKAICyl XUMHYECKHUMH, PU3HUYe-
CKUMH M QU3MKO-XHMHUYECKHUMH METOJaMHU.
HccneoBaHHBIE KAIICYJIbI OBITH ITOTYYeHBI I10 TEXHO-
JIOTHUH MOCTONHOM afcopbuuu (LbL), ocHOBaHHOM Ha
IoovepesHON aCOPOIIUU TOIUKATUOHOB U ITOJTUAHU-
OHOB Ha 3apsI’KeHHOM II0JJIOKKe. Pemaomum ¢akro-
poM zs1st OPMHUPOBAHUSI MHOTOCTIOMHOM CTPYKTY PbI
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SABJIsSIeTCA 3/1eKTPOCTaTH4YeCKoe B3aHMMOMLEHCTBHeE
Y M3MeHeHHe 3HaKa 3aps/a IIOBePXHOCTH IIOC/Ie KasK-
J0ro sTama agcopbuuu I13.

HMcronb3yeMBlH MeTOJ, [TOJIyYeHU I MUKPOYACTHI]
CaCO; mo3Bo/sieT BEHIpAllMBaTh IIOPUCThHIE cheprye-
CKMe YaCTUIIbl AUAMETPOM OT 3 10 12 MKM (c pa3bpo-
coM OT 4 10 20%), UMeIOLUUX CXOXYI0 BHYTPEeHHIOIO
CTPYKTypy [11]. HacTHIIBl NPaKTHYeCKH He arperu-
PYIOT MeXAy cob0¥1, U PU KOMHATHOM TeMIIepaType
B CYXOM BH/Ie MOTYT XPaHHTbCS HeOTPaHHUYEHHOE
BpeMs. CxeMa GOPMHPOBAHUSA TAKUX YaCTHIL IIpef-
CTaBJIeHa Ha puc.l.

B HacTosIee BpeMs aKTHUBHO H3y4alOTCs OCHOB-
Hble CBOMCTBA MOJIM3/1eKTPOJIUTHBIX MUKPOKAIICYII.
[Tonu3neKTPONUTHAs 060/10uKa KAIICY/Ibl OKa3aaach
HeIIPOHMIIAeMa [JI1 BBICOKOMOJIEKY/IIPHBIX COeIHUHe-
HHUMU, 3 HU3KOMOJIeKY/ISPHEIE BeIeCTBA U HeOPTaHU-
YyeCcKHe MOHBI MOTYT IPOHUKHYTH Yepe3 UX CTeHKH
(12-13]. O600YKa MONMINeKTPOIUTHEIX KAIICYl 9yB-
CTBUTe/IbHA K YCJIIOBUSIM OKpYy>Kalollel cpeas: pH
Y MOHHOMU CHJIe pacTBOPa, PAaCTBOPUTE/ISIM, TeMIIe-
patype u Apyrum ¢pakropam. TH GAKTOPEI CUIBHO
BJIMAIOT Ha CTPYKTYPY KOMIIJIEKCOB ITOJTH3/IEKTPO-
JINTa U, COOTBETCTBEHHO, Ha IIPOHUIIA€MOCTh KaIICyJI
(14-17].

[l1g MexaHHU4YeCKOM XapaKTepu3alluu MoJ06HEIX
06’beKTOB YaCTO UCII0Ab3yI0T HAHOTBEPAOMEPHI HIIH
ATOMHO-CHJIOBBIe MUKPOCKOIIHI [18-22], HO BMecTO

KonnovpaHas vactmua
Colloidal particle

PacTBOpeHve KonnonaHom YacTuLbl
Dissolution of colloidal particle

Mwukpokancyna
Microcapsule

Puc.1. Cxema popmuposarus MN3-nAeHKU Ha N08ePXHOCMU No-
A0XKUMEeAbHO 3apsiXkeHHOU KoAAOUOHOU Yacmulbl Memodom no-
cnedosamenbHoli adcopbuuu M3 (a-e). YdaneHue koanoudHol
Mampuuybl NpueodUM K GopMupoBaHUI0 NOAUINEKMPOAUMHOL
mukpokancyael (e-f). 13 () u M3 (+) - ompuuameAabHo u noAo-
SKUMEAbHO 3apsKeHHbIe NOAU3NEKMPOAUMbI

Fig.1. Diagram of the formation of the PE film on the surface of
positively charged colloidal particle by consecutive adsorption of
PE (a-e). Removal of the colloidal matrix leads to the formation of
polyelectrolyte microcapsule (e-f). PE (-) and PE (+) - negatively
and positively charged polyelectrolytes

olymeric capsules are used in
edicine and pharmacy for the
storage and delivery of proteins
and peptides [1, 2], oligonucleotides
(3, 4], hormones [5], growth factors
[6, 7] and other biologically active
substances. At the same time, they
act as the independent agents and
functional elements of the diagnos-
tic systems. Microencapsulation,
that is the conclusion of micro-
scopic amounts of solid, liquid or
gaseous products in the protective
shell, is a modern perspective tech-
nology [8, 9, 10].

The mechanical properties of
microcapsules have by now been
poorly studied. It is known that
the mechanical stability of poly-
mer structures increases with
their increased molecular weight
and during the transition from

the linear structures to the net-
work and branched ones. Thus ste-
reoregular structures have greater
strength than polymers with a dis-
ordered structure.

It is important to increase the
mechanical strength of microcap-
sules in order to preserve their con-
tents during the targeted drug deliv-
ery and storage of biological objects
in a microencapsulated form.
There is a vital task to increase the
mechanical stability of polyelectro-
lyte structures used in the construc-
tion of biosensors based on poly-
meric microcapsules. Information
about mechanical properties is
important in the development of
various microscopic objects based on
polyelectrolyte capsules.

Below are the outcomes of a
study of the mechanical strength

of polyelectrolyte microcap-
sules obtained in the Institute
of Theoretical and Experimental
Biophysics of the Russian Academy
of Sciences.

FORMATION OF CAPSULES

BY THE LBL ADSORPTION

OF POLYELECTROLYTES

There is a variety of techniques
for preparing microcapsules with
chemical, physical and physi-
cal-chemical methods. The stud-
ied capsules were prepared by the
layer-by-layer adsorption technol-
ogy (LbL) based on the sequential
adsorption of polyanions and poly-
cations on a charged substrate. The
decisive factor for the creation of a
multilayer structure is the electro-
static interaction and the change
in sign of the surface charge

#4 /58 /2015 NANO INDUSTRY



KOHTPOJIb U UBMEPEHMUA

Mogaynb aToMHO-
CMI0BOIO MMKPOCKONA
AFM modul

JlononHUTeNbHbIE y3/bl
N AATYMKM

Additional nodes

and sensors

10cMm

Moaynb
ONTNYECKOro MMKpPOCKONa
Optical microscope modul

Mogaynb HaHoTBepaomepa
Nanohardness tester modul

MOTOpK30BaHHbIN
NpeaMETHbIV CTOINK
Motorized sample stage

Hecywas pama
Frame

500 MKM | pm

Puc.3. Onmuueckoe uzobpa)eHue aamas-
HO020 UHOeHmMopa 6 sude NA0CK020 WMmam-

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

06BIYHOr0 KAaHTHJIEBePA C UIJION Ha KOHIle IIPHUMe-
HSIOT KaHTHJIeBephl 6e3 oCTpUS, U MeXaHHUYeCKoe
BO3/IeICTBHe HA YAaCTHIy OKa3bIBAIOT KOHUHUKOM
KaHTHUJIeBepa UJIH 3aKpeIIeHHbIM Ha HeM CIelU-
AJIBHBIM MHUKPOCKOIIHYECKUM IapuKoM [22]. TakKe
KCIIOJIB3YIOTCS HAHOMHJEHTOPH B BHUJe LIMJIHH-
JPHYECKOro mTaMilia C IJIOCKUM KOHYHKOM [18-21].
CrenyeT OTMETHUTB, YTO I10J06HAS METOAMKA IIHPOKO
NpUMeHseTCs AJisg OHONIOruvYecKUX 06BEKTOB,
YaCTHUI] KpacsLlero BelecTBa B TOHePax IPUHTEPOB
Y [JIsI UCIIBITAHU I MeJIKOAKUCIIePCHOr0 abpa3uBHOro
Marepuaina [18, 19].

na (sud céoky)
Fig.3. The optical image of the diamond
indenter, in the form of a flat stamp (side view)

NCNoJib30BAHHOE O6OPYJOBAHUE

HccnemoBaHue MeXaHUYeCKOM IPOYHOCTH MUKPO-
KaIICyJI OCYI[eCTBIISIIOCh C IPUMeHeHHeM HaHOT-
Bepaomepa "HanoCkaH-4D". O6mun BUA HOpHU-
bopa mpexacTaBiIeH Ha puc.2. JlaHHBIN npubop
IaeT BO3MOKHOCTb IIPOBOAUTH UCIIBITAHUS METO-
OOM CKJIepOMeTpHH, H3MepeHHe TBepAOCTH
M MOAY/IS YIPYTOCTH METOJOM HHCTPYMEHTaJb-
HOTO MH/JEHTHPOBAHUS, & TaKKe PeaTM30BbIBATh
PSAO MeTOLOB aTOMHO-CHJIOBOM MHKPOCKOIIHH.
UHOeHTUpYIOLUAas roJ0BKa npubopa mo3Bonser
IIPUK/IAbIBATh HAIPY3KHU B JHAIla30He OT eJUHHUI]

after each stage of polyelectrolyte
adsorption.

The used method for obtaining
CaCO; microparticles allows grow-
ing porous spherical particles with
a diameter of 3 to 12 pm (with a
spread in values from 4% to 20%)
with a similar inner structure [11].
Particles virtually do not aggregate
between themselves, and they can
be stored for an indefinite period at
room temperature in dry form. The
pattern of creation of these particles
is shown in fig.1.

Currently, the basic properties of
polyelectrolyte microcapsules are
actively studied. The polyelectrolyte
shell of a capsule is impervious to

HAHO WHOVCTPHA #4/5s8/2015

high-molecular compounds while
low-molecular substances and inor-
ganic ions can penetrate into their
walls [12-13]. The shells of polyelec-
trolyte capsules are sensitive to
environmental conditions, i.e. pH
and the ionic strength of solutions,
solvents, temperatures and other
factors. These factors have a great
impact on the structure of the poly-
electrolyte complexes and there-
fore on the permeability of capsules
(14-171].

For the mechanical character-
isation of these items often use
nanohardness testers or atomic
force microscopes [18-22], in which
for the mechanical impact on

a particle the tip of the cantile-
ver or a special microscopic bead
attached to it [22] are used. Also
used are nanoindenters in the
form of a cylindrical die with a flat
tip [18-21]. It should be noted that
this method is widely used for bio-
logical objects, colorant particles
in the toner of printers and test-
ing of the abrasive finely-divided
material [18,19].

EQUIPMENT

The study of mechanical strength
of the microcapsules was carried
out using the NanoScan-4D nano-
hardness tester. A general view
of the device is presented in fig.2.
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Puc.4. Caega — uacmuua do uHOeHMuUpo8aHus (pacnoaoXKeHd Ha nepekpecmuu), CNpaga — 0CMamxu 4acmuubl, comozpagupo-

8aHHble NoCAe ee paspyuieHus

Fig.4. Left - particle before indenting (located in the cross); right - the rests of particle, photographed dafter its destruction

MHUKPOHBIOTOH [0 HeCKOJIBKMX HBIOTOH, a TaKKe
H3MepsTh CMellleHUS B JHalla30He OT eJUHHUIL
HaHOMETPOB 0 MHJIIKMeTpa.

[Ipubop MoskeT OBITh OCHAllleH Pa3JMYHBIMU
TUIIAMH HaKOHEYHHKOB, B UHCJIO KOTOPBIX BXO-
OST NHpaMU/albHEle HHIEHTOPH BepkoBHua U
BuKKepca, a TAK>Ke HAKOHEeUHH KU B popMe IITIOCKOro
mTaMIa. s onpefeneHus Ipefe/lbHON Harpy3KH,
BBIZIeP>KMBaeMOM MUKPOKAIICY/IOM, 6bIT HCIIONb30-
BaH aJIMa3HBIM IJIOCKUM ITaMII (puC.3), ITHAMeTP
pabouert 06;1aCTH KOTOPOTO COCTABIISAT 100 MKM.

[ins ompeneneHHUs IOJIOXKeHHUS HCCIeny-
eMBIX YaCTHI[ HUCIO0Jb30BaJICsA ONTHYECKUH
MHKPOCKOIl, BXOASIIUN B cocTaB npubopa
"HanoCxkaH-4D" [23]. laHHBIH MHKPOCKOII MOXKET
OBITH MCIIONB30BAH U J/IS1 H3MePeHHUs pa3Me-
poB dacTull. [lepeMeleHHe Me>K/y ONITHYECKOM
U UHIEHTUPYIONeH TOJOBKAMH OCyIIeCTBIs-
eTCsl IPU MOMOINM JIMHEHHBIX TPAHCISTOPOB,
OCHaIleHHBIX 9HKOJepaMHU, KOTOphle obecmeuun-
BAIOT TOYHOCTH B3aHMHOTO IIO3UIJHOHHUPOBAHU S
IITAMIIA ¥ YaCTHIBI TydlIe 1 MKM.

This device makes it possible to
carry out tests by the sclerometry
measurement method, to mea-
sure hardness and elastic modu-
lus by instrumental indentation
as well as to implement a number
of atomic force microscopy meth-
ods. The indentation head of the
device allows to apply the load in
the range from a few microNewton
to several Newton, and to measure
displacements in the range from a
few nanometers to a millimeter.
The device can be equipped
with different types of tips, which
include pyramidal Berkovich and
Vickers indenters as well as tips in
the form of a flat die. To determine

the limit load withstood by micro-
capsules a diamond flat die was
used (fig.3), the diameter of the
working area of which was 100
microns.

To determine the position of the
studied particles, an optical micro-
scope was used, which is part of
the NanoScan-4D device [23]. This
microscope can be used to mea-
sure the particle size. Movements
between the optical head and
the indentation head are imple-
mented using the linear transla-
tors equipped with encoders that
provide accurate relative position-
ing of the stamp and particles bet-
ter than 1 micron.

MEASURING PARTICLE STRENGTH
The strength of particles was mea-
sured by compressing it with an
indenter having the shape of a flat
die. During compression the load-
displacement diagram was recorded,
which was then used to determine
the nature of the destruction as well
as the bearable particle load limit.
The device allows measurements
in both the liquid medium and
the air. In this study, a few drops
of a solution containing microcap-
sules were placed on a glass sub-
strate. Measurements were carried
out for several hours after the evap-
oration of the liquid while the cap-
sules remained on the substrate. To
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KOHTPOJZIb U

U3IMEPEHMA

F, mH

507  Pa3pbiB Kancynbl
Rupture of the capsule
40+

l BTOpWYHbIN KOHTaKT
307 C MOBEPXHOCTbIO
Secondary contact
with the surface

-107

a)

F, mH
mN
507
40+
30 S
20
10
T Z, MKM 0 T T T T T T T f 1 Z, MKM
um 2 4 6 8 10 um
-107
b)

Puc.5. 3asucumocms cuabl 0m nepemelleHus Npu paspylieHuu eduHUYHol Kancyasl (a) U npumep "HeKoppeKmHozo" u3mMepeHusl,
npu KOMopoMm 3a8UcUMOCMb LUMeem HeckoAbko cka4kos (b)
Fig.5. The dependence of the force on displacement at the destruction of a single capsule (a) and an example of "incorrect” measurement,

in which the dependence has a few jumps (b)

W3MEPEHUE NPOYHOCTU YACTULL

[TpOYHOCTH YACTHUILIBI U3MepsIach IIyTeM ee CAABIHBA-
HUSI UHIEHTOPOM, KMeOIHM GOPMY IVIOCKOrO IITAMIIA.
B mporiecce cAaBIMBAaHHUS IIPOBOAUIACH 3AMIMCh AHA-
I'PaMMBI HarpysKka-cMellleHHe, [10 KOTOPOL 3aTeM OIIpe-
Je/Is/ICS XapaKTep pa3pylleHus, a TAKKe BblAepKHBae-
Masi YaCTULeH [Tpeie/IbHas Harpy3Ka.

I[Tpubop 103BOJIsIET IPOBOAUTH U3MEPEHH I KaK B K-
KOM Cpe[le, TAK U Ha BO3ZyXe. B paMKax JaHHOIO KUCCIle-
JOBAaHMS HeCKOJbKO KalleJb PacTBOpa, COAepsKallero
MUKPOKAIICY/IbI, ObIIK HaHeCeHBI Ha CTEK/ISIHHYIO 101
TIOKKY. M3MepeHMU 1 ITPOBOAIIKCH Yepe3 HeCKOJIbKO YacoB
TI0CJIe UCIIAPeHU s SKULKOCTH, B TO BpeMsI KaK KaIlCy/Ibl
OCTaBaJIMCh Ha IOAJIOXKKe. [I/Isl onlpefie/leHHs] IIPOYHO-

CTH C TIOMOIIBIO OIITHYECKOr0 MUKPOCKOIIA BBIOM PAIHCh
YaCTHILBI, HAXOAAIIHeCs Ha JOCTATOYHOM y[aleHHH OT
Ipyrux 06beKToB (pHC.4), ITOOHI B ITpOLIecce CAABTHBAHHUS
TI07], IITAMII IIOIIa/a/Ia OfHA KaIICy/Ia.

XapaKTepHBIH pa3sMep NpHBefeHHOU Ha puc.4
YaCTHLBI COCTaBAgET IopsAAKa 10 MxM. HarpyskeHue
U pasrpysKa NpOH3BOJUIIMCH C ToJep>KaHHeM I10CTO-
SHHOM CKOPOCTH pa3BepTKHU Io cuie. Ha puc.5a
npeAcTaBleHa TUINHMYHAS JUarpaMMa s caydas
HarpykeHUS eJUHUYHOM Karcyael. Ha puc.56 s
CpaBHeHUS IIPUBeeHA 'HEeKOPPeKTHas" guarpamma
C HEeCKOJIBKMMHU CKauKaMHU I10 CUJIe, YTO CBUJETeNb"
CTBYeT O IIPOCKaJIb3bIBAHUU U/ KOHTAKTe C HECKO/Ib-
KMMH YaCTHLAMHU. [JHarpaMMmbl, nomobHble mpen-

determine the strength, the parti-
cles, which are at a sufficient distance
from other objects, were selected with
an optical microscope (fig.4), so that
only one capsule was under the stamp
during compression.

The typical size of the particle
shown in fig.4 is about 10 microns.
Both loading and unloading are per-
formed while maintaining a con-
stant scanning speed by force. Fig.5
shows a typical diagram for the case
of loading a single capsule. For com-
parison, fig.5b shows an "incor-
rect" diagram with several surges
in strength that indicating slip-
page or contact with a few parti-
cles. Diagrams like those shown in
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fig.5b weren't used to measure the
mechanical properties.

On the presented diagram (fig.5),
the load limit, at which there was a
destruction of the capsule unit, was
25mN, the capsule was thereby com-
pressed by the value of 1.1 microns.
The obtained data on the maxi-
mum strength and size of particles
allow measuring the mechanical
strength. For this purpose it is possi-
ble to use the methods of numerical
simulation using a priori informa-
tion about the object properties.

It is possible to measure the par-
ticle material strength by using the
formula obtained for the case of com-
pression of a spherical body with two

dotty forces. After a number of sim-
plifying assumptions, a formula
[24] was obtained, which allows to
link the strength during destruc-
tion F,, the distance between the
points of application of force dp dur-
ing destruction and tensile strength
of the particle material o:

_2.8E,

0' =
2
1'[dP

Based on the data obtained by
indentation, the dp value can be
taken as the difference between
the value of displacement of the
indenter, at which the force starts
to increase after the destruction
of the capsule (z,~7,5 microns, see
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CTaBJIEHHOM Ha pPHUC.56, /s OIleHKU MeXaHHUYeCKHUX
CBOYICTB He MCII0Ib30BaJIKCh.

Ha KoppeKkTHOM JHarpaMMe (puc.5a) mpejenpHast
HarpysKa, IIpH KOTOPOM IIPOM30LUIO pa3pylLleHHe elu-
HHYHOM KAIICY/Ibl, COCTaBHJIA 25 MH, KaIcyna IIpu 3ToM
6blyIa CKaTa Ha BeIM4YMHY 1,1 MKM. IloyuyeHHbIe JAH-
HBble 0 MaKCHMaJIbHOM CHJIe M pa3Mepe YacTHI I103BO-
JISIFOT PACCUMTATh UX MeXaHHU4YeCKYI0 [IPOYHOCTh. [JIst
3TOr0 MOKHO MCII0/Ib30BaTh METOIbl YHCIEHHOI'0 MOIe-
JTUPOBAHHUS U AIIPHOPHYI0 HHPOPMALIHIO O CBOMCTBAX
obbeKTa.

OLIeHUTD IIPOYHOCTb MaTepHaJsia, U3 KOTOPOIO COCTOUT
YacTHLA, MOXKHO C IIOMOIIBIO POPMYIIbI, IOy YeHHOH 115
cJlydas CIABIMBAHUS CPepUYecKoro Teja AByMs Todey-
HBIMU CH/IaMU. [Toc/ie psifa yIpOoLWAIINX JONYIeHU N
6sl1a monydeHa popmyina [24], mo3BosOIAs CBSI3aTh
CUJIy IIPY pa3spylleHUH F. ¢ pacCTOSHHUEM MeXIY TOY-
KaMU IIPUJIO’KEHHUS CUJIBL dP B MOMEHT pa3pylleHHus 1
IIpefie/IoM IIPOYHOCTH MaTepHUaa YacTHULIBI O:

o= 2.8E.
nd;

HMcxons W3 MONYyYeHHBIX IPU UHAeHTHUPOBAHUU
JaHHBIX, BeTUUYUHY dP MOYKHO OLI@HHTb KaK pasHHUILy
MeXXY BeIMYHHOM CMeIlleHHMs UHAEHTOPa, IIPHU KOTO-
poM cHJia Havyaja PacTH MOC/Ie pa3pylleHHs KaIlCyJIbl
(z,~7,5 MKM, CM. PHC.5a), U BeTUUNHOM yrnybneHus,
IIPY KOTOPOM IIPOM30LIeN Pa3phIB (=1 MKM, CM. PHC.5a).
CoOTBeTCTBEHHO, BeJIMYKMHA PACCTOSHUS OIIpeesIsieTCs
KaK pa3sHOCTb dp=z2 - z;. TakuM 06pa3oM, UCIIONB3Ys 3HA-
yeHusd F=25 MH u dpz6,5 MKM, II0/Iy4YaeM BeJIHYKHY
0~0,5ITla. ECTeCTBEHHO, 3TO BEPXHSIs OLIeHKA, IIOCKOJIBKY

fig.5), and size of the deepeningin ~ CONCLUSION

HcCleflyeMble KalICy/Ibl He SB/SIIOTCS CIUIOIIHBIMHU.
PaccMaTprBaeMast YacTHIIA — TeTePOreHHbIN 00beKT, U
B3aHMOJEHCTBHeE CO INTAMIIOM M ITOJJIO’KKOM ITPOKCXO0-
JUT Ha 3HAYHTEIbHOM Y4aCTKe ee [IOBePXHOCTH, [I03TOMY
boree TOUHYI0 HHGOPMALIHIO O MEXaHHUYECKHX CBOMCTBAX
MaTepHaJia KaIICyJIbl MOJKHO I10JIyYKTh, JOIIOTHHUB KCIIe-
PUMeHTa/IbHbIe JaHHbIe MeTOIaMH YK C/IeHHOTO MOAEIH-
poBaHHSA.

3AK/IIOYEHUE

IIpoBe/ieHHOE HCC/IeIOBAHME IeMOHCTPUPYET YHUBEP-
Ca/IbHBIM XapaKTep MeTOA HHCTPYMEHTAIBHOIO HH IEH-
THUPOBAHUS U IIMPOKHE U3MepPUTEIbHbIE BO3MOKHO-
ctu nprubopoB "HaHOoCKaH", CIIOCOOHBIX OCYIECTBISAThH
COBMeCTHOe ITPeLIU3HOHHOe H3MepeHHUe CUIIbL U [lepeMe-
meHHs. [IpeficTaBIeHHOe HUCCIel0BAaHHE MUKPOKAIICYIT
HaIJITHO IT0Ka3aJI0 BO3MOKHOCTh OIIePaTHUBHOIO KOH-
TPOJISL UX MeXaHUYeCKHUX CBOMCTB U MOKET ObITh HCIIONb-
30BaHO /IJIs OITUMHU3ALIUHU UX GOPMBI, TONIIKHBI CTEHOK
U pa3Mepa.

CeqyeT OTMETUTD BaXKHYI0 0cOOeHHOCTH Ipubopa
"HanoCKaH-4D", I103BOJISIIOIETr0 He TOJIBKO OCYINeCT-
BJISITh U3MEPeHUs TBePAOCTH U MOAY/S YIPYroCTH
TOMOTeHHBIX MaTepHaJIoB, HO U IIPOBOAUTD IIPeL-
3MOHHOE HH/JEHTHpPOBaHHUe B 067aCTh, YKa3aHHYIO
Ha ONTHYeCKOM MUKPOCKOIIe, HHTETPHPOBAHHOM B
coctaB mpubopa. M3MepeHHs 3aBUCHMOCTH CHUJIBL U
CMeIlleHUsI OT BpeMeHHU I03BOJISIIOT MONYy4aTh YHC-
JIeHHBIe OLIeHKH MeXaHHUYeCKHUX CBOMCTB Pa3IMYHBIX
06BbeKTOB, B TOM YHC/JIe MHKPOKAICYJI, UMEIOIHX
eCcTeCTBEHHOE H/IM UCKYCCTBEHHOE IIPOUCXOKIEHHUeE.
HaHOMH/IeHTHPOBAaHHE MOKeT OBITh HCII0Ib30BAHO /IS

but also to conduct precision inden-

which a break occurs (z, = 1 micron,
see fig.5a). Accordingly, the distance
value is determined as the differ-
ence d,=z, - ;. Thus, using the val-
ues F =25 mN and d ~6.5, we obtain
the value 0~0.5 GPa. Naturally, this
is the upper estimate because the
capsules under study are not solid.
The particles in question are a het-
erogeneous objects, and any inter-
action with the stamp and substrate
takes place at a significant part of its
surface, so more accurate informa-
tion on the mechanical properties
of the material of the capsule can be
obtained by adding numerical simu-
lation to the experimental data.

The study demonstrates the generic
nature of the instrumental inden-
tation method and the wide mea-
surement scope of the NanoScan
devices capable of jointly precise
measurements of force and dis-
placement. The present study has
clearly shown the possibility of
rapid control of their mechanical
properties, and it can be used for
optimising their shape, size and
wall thickness.

Special emphasis should be
put on important feature of the
NanoScan-4D allowing not only to
measure the hardness and elastic
modulus of homogeneous materials

tation in the area specified in an
integrated optical microscope.
Measurements of the dependence
of force and displacement on time
allow to obtain the numerical eval-
uation of the mechanical properties
of various objects including micro-
capsules that are of a natural or
artificial origin. Nanoindentation
can be used for the characterisation
of different mechanical properties
of particles including for study of
their strength, toughness and elas-
ticity. |

In studies the equipment of the Centre for
Common Use of FSBI TISNCM was used.
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KOHTPOJIb U USMEPEHUSA

XapaKTepH3allMU Pa3TUYHbIX MeXaHHUUeCKHX CBOUCTB
MUKPOYACTHL], B TOM YHCJIe IJIsI UCCIeJOBAaHUS UX
IIPOYHOCTH, BI3KOCTH U YIIPYyTOCTH.

ITpu nposederuu 3kcnepuMeHmaAbHblX UccAedosaHuil 8 pamKkax da-
Holl pabombt ucnoAv3osanock obopydosaue LIKITTBHY TUCHYM.
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