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B paHHOM paboTe NpuBeAeHbl pe3y/ibTaTbl UCMbITAHUS MHCTPYMEHTA/IbHbIX TBEPAOCTU U MOAY S
ynpyrocTtu, ko3¢ Ppu1LUmMeHTOB JIMHEMHOr0 U3HOCA U TPEHUS UCXOAHbIX U MOJIMPOBAaHHbIX 06pasLLoB
ONg CTOMaToO/IOTUYECKUX KOHCTPYKUWUMA, MOJYYEHHbIX NMPU MOMOLWMU Aa[AUTUBHLIX TEXHOOMUMN.
NMomMuMmMoO wuccnepoBaHUsS JIOKaNbHbIX MeXaHMYeCKMX CBOWCTB, MNPOBOAWUIOCH WU3MepeHue
06beMHbIX XapaKTepuUCTUK — MOAYJb YNpPYyrocTu, Npo4YHoOCTb U gedopmMauus — Npu MomMouu
MeToja TpexTo4yeyHoro usrmba. MoBepxHOCTb 06pasL,0B, NOABEPrHYTbIX UCMbITAHUIO HA U3rub
He npoxoAaunaa npo6onoAroToBKy.

This paper presents the results of testing the instrumental hardness and elastic modulus, linear
wear and friction coefficients of the original and polished samples for dental structures obtained
using additive technologies. In addition to the study of local mechanical properties, volumetric
characteristics — elastic modulus, strength and deformation — were measured using the three-
point bending method. The surface of the samples subjected to the bending test did not undergo
sample preparation.
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BBEJAEHUE

MatepuasnoBeseHHe siBAsieTCsl 06/1aCThIO 3HAHMUS,
HaxofsIllel MHPoKoe IPMMeHeHHe He TOIbKO B TeX-
HHUYeCKHX IIPHIOKeHHUSIX, HO U B MeIMLIMHe. B vact-
HOCTH, COBpPeMeHHas CToMaTosorus b6asupyercs
Ha yCOBepIIeHCTBOBAHUU 6HMOMaTepHaoB, METO-
OB UX IONy4YeHUs U obpaboTku [1]. MaTepuasl
OISl U3TOTOBJI@HHSI CTOMATO/IOTMUYeCKHX KOHCTPYK-
LKUH J0JKHBI 0071a7aTh PSAAOM XapaKTepPUCTUK
B 3aBUCHMOCTH OT MECTOIIOJIOSKEHH I U BBIIIOTH I MBIX
byukuH [2].

B ciydae maTosorui BUCOYHO-HUKHEUETIOCTHOIO
CyCTaBa OAHUM K3 PacIIPOCTPaHEeHHbBIX MeTOIOB Jieue-
HUS SIBJIeTCd MKUHOoTepanus [3, 4]. M3roToBneHue
OKK/IIO3MOHHBIX IIMH MPOU3BOJUTCS Pa3IMUHBIMU
MeTOAMHU: TepMOIIPeCOBAHUEM, XOIOAHOHN U ropsi-
4Yel monuMepusanuen. Ocoboe BHUMaHUe MPH-
BJIeKaeT BO3MOKHOCTb U3TOTOB/IEHU S JaHHBIX 3JIe-
MEHTOB ITPU IIOMOIIU aAAUTHUBHBIX TeXHOJIOT UM [5].
3D-mie4aTh B COYETAHHUH C COBpeME@HHBIM IIPOrpaMM-
HBIM obecledyeHHeM M KOMIIBIOTEDHOM TOMOTIpa-
dumen BUAUTCSA BeCbMa IIepCIIeKTUBHBIM HaIlpaBie-
HHUEeM [JI TOr0, YTOOBI C JIETKOCTBIO [IOJIy4YaTh 3j1e-
MeHTBI C YHUKA/IbHOH, MOAXOASIIeN KOHKPEeTHOMY
IanyeHTy reoMeTpuer [6]. OgqHaKO, BO BHUMaHHe
Jo7KeH OBITh IIPUHST He TOJBKO CII0COO M3roTOBIIe-
HUS, HO M CaM MaTepHaJ, IIOCKOIbKY IIPH 3KCIIIya-
TallMM CTOMATOJOTHYeCKHe KOHCTPYKIMK HUCIIBITHI-
BaIOT 6OMBIIYI0O HATPY3KYy, PallMOHAIBHBIN BBIOOP
MaTepHana U CIocob HU3roTOBIeHUS HAIPIMYIO
BJIMSIIOT Ha KauecTBO jleueHUs [7].

[IpuHSsTHe pelleHHUs 06 HCII0/Ib30BAHUH KOHKPeT-
HOTO MaTepHaJa U crocoba ero M3roToBleHU s BO3-
MOXKHO OCyIIeCTBUTH, IPHUMEeHS KOJIHUYeCTBEH-
Hble KDUTEPHUH OLIeHKH IIPOYHOCTHBIX XapaKTepHu-
CTHK 06pas1oB, HCCIeI0BaHHe KOTOPBIX MOXKET OBITh
IIpOM3Be/leHo Kak B o6beMe, TaK U Ha ITIOBEPXHOCTH.
K MeTomaMm HM3MepeHHS MexXaHHYeCKHX CBOMCTB
[IOBePXHOCTH OTHOCSTCS HCIBITAHUS TBePLOCTH
[I0 MeTOJY BAAB/JIKMBaHUA TBEePJOro HAaKOHeYHHKaA
(MHCTpPyMeHTa/lIbHOe UHAEHTHPOBaHHUe) [8], a TakXkKe
KUCTHPAaHUeE [IyTeM IIOBTOPSIOLIMXCS IIPOX0J0B KOHTP-
Tesia (MCIBITAHHE Ha M3HOC) [9]. Pe3y1bTaTOM HHCTPY-
MEeHTaJIbHOTO UHAEHTHPOBAHHUS SABJISIOTCS 3Have-
HHSI TBePIOCTH U MOJYJISl YIPYTOCTH, UCIBITAHUH
Ha M3HOC ~ IMHeHMHbIH Ko3QOUIIMeHT H3HAIMBaHUS
1 ko3¢ punMeHT TpeHUsa. CpaBHEHHUE II0JTYYeHHBIX
I10 OITMCAHHBIM MeTOLHUKAM JaHHBIX CIIOCOOHO ITpo-
JIUTh CBET Ha IOHMMAaHKe IPUMEeHHUMOCTH MaTepra-
JIOB B KayeCTBe 3asIBJIeHHBIX KOHCTPYKLIMOHHBIX 3J1e-
MEHTOB JIJIS1 CTOMATOJIOTHH.

METOAbI NCCIEAOBAHNA

O6pa3el HameuaTaHsl Ha 3D-npuHTepe Phrozen
Sonic U3 HU3KO-pa3[pa’kawliero ¢oTomnoauMepa.
IllepoxOBaTOCTb 0O6pa31l0B M3MepeHa Ha OIITHYeCKOM
npoduomerpe S Neox. PeskuM M3MepeHU s penbeda
IIOBEPXHOCTH ~ OLTHYeCKasd KOHPOKaTbHASI MUKPO-
CKomM . MCTOUHHMK MOHOXPOMHOIO H3/TyYeHU S — 3eJ1e-
HBIM cBeTonMOz. [Tone ckaHUpoBaHUS 340 x280 MKM.
M3mepeHUd INIePOXOBATOCTHU IPHU HOMOILK KOH)O-
KaJIbHOTO OIITHYeCKOIro MpodprjIoMeTpa IpoBeeHbl

INTRODUCTION

Materials science is the area of
knowledge that is widely used
not only for technical applica-
tions, but also in medicine. In
particular, modern dentistry is
based on improving biomateri-
als, methods of their obtaining
and processing [1]. The materi-
als for manufacture of dental
structures must have a number
of characteristics depending on
the location and the functions
performed [2].

In the case of the temporo-
mandibular joint pathologies, a
splint therapy is one of the com-
mon treatment methods (3, 4].

Occlusal splints are manufac-
tured by various methods: ther-
mal and press, cold and hot
polymerization. Special atten-
tion is drawn to the possibil-
ity of manufacturing such ele-
ments with additive technolo-
gies [5]. 3D printing in combina-
tion with modern software and
computed tomography seems
to be a very promising direc-
tion in order to easily get ele-
ments possessing unique and
specific geometry suitable for
a patient [6]. However, not only
the method of manufacturing
should be taken into account,
but the material itself, because

during an operation, the den-
tal structures are experiencing a
large load and a rational choice
of material and the method of
manufacture directly affect the
quality of treatment [7].

It is possible to decide on the
use of a particular material and
method of its manufacture by
applying the quantitative crite-
ria for estimating the strength
characteristics of samples which
volume and surface can be stud-
ied. The methods of measuring
the mechanical properties of
the surface include the hardness
tests based on indenting a hard
tip (instrumental indenting) [8],
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Puc.1. Obpa3subl 8 dep>kamene damyuka 60K080U Hazpy3Ku nod
30H008bIM U3MEpUMEeAbHbIM MOOYAEM

Fig.1. Samples in the holder of the lateral load cell under the meas-
uring probe module

Ha Tpex obpaslax U3 KaskJOH I'PYIIIBL B Tpex obia-
cTsx (IBa C KPalo U OJMH I10 LIeHTPY).

M3mepeHHe TBepAOCTH M MOAYIS yIPYyro-
cTH 06pa3IoB IpOBefeHO HAa HAaHOTBepAOMepe
"HanoCkan-4D" [10]. 115 IBYX MCC/IeOBAHHBIX IPYIIII
06pa3I[oB: UCXOMHBIX HalleuaTaHHBIX Ha 3D-TIpHHTEpe
Y JOIIOTHUTE/IBHO II0IMPOBAHHBIX ~ H3MEPEeHO I10 TP
obpasua. Ha kaxkgom obpaslie u3MepeHO TpH ob71a-
CTHU: B LleHTpe obpasua u B 1 cM oT Kpasi. B Kaxkaom

0671aCTH ITPOBELIEHO 110 1Be CepPHU U UCIIBITAHNH HHIeH-
THPOBaHHEM C Pa3HOM HATrPy3KOM B COOTBETCTBUU
C peKoMeHAaUAMU cTaHAapTa TOCT P 8.748-2011 [8].
MaxkcuMasbHasi Cujla HarpyskeHus 1 u 10 mH (konu-
YeCTBO MHJEHTOB B KakJON cepuu He MeHee 20).
HHeHTOp - MUPAMUIAIbHBIN TPeXIPaHHBII aIMa3-
HBIM HaKOHEYHHUK THUIIA BepkoBUY. Bpems Harpy-
SKeHUS U pas3rpyskeHus 10 ¢, BpeMs BBIIEPKKH ~ 2 C.
KanubpoBka GopMbl HAKOHEUHHKA U KeCTKOCTH IIPH-
bopa mpoBoAMIIACH HA IIJIABJIEHOM KBaplie. [ITyOuHEI
MHOEeHTHUPOBAHMS IIPH MaJIbIX Harpy3Kax COMOCTa-
BUMBI CO CpeJHe! LIePOXOBATOCThIO IOBEPXHOCTH. [1pu
MaJIbIX Harpy3KaX H3MepsieTcsl TOHKUH IIPUIIOBepX-
HOCTHBIH CJI0M 06pa3na U ero MexaHHYeCKHe CBOU-
CTBa CBSI3aHBI CO CIIOCOOOM ITOJIyUeHH S MaTepuaia
Y MeXaHH4YeCKok 06paboTKOM IT0BEpXHOCTH. Bpicokas
IIepOXOBATOCTH ITOBEPXHOCTH IIPUBOIUT K OOIBIIOMY
pa3bpocy U3MepeHHBIX MeTO[OM HUHAeHTHUPOBAHUS
OaHHBIX. [Ipy 60BIINX HaTPy3Kax BIHSHUE IIePOX0-
BaTOCTHU YMEHBIIAETCS, HO YBeJIMYHUBAETCS BIUSHHUE
CBOKCTB MaTepHaa B obbeMme.

H3mepeHnusa xKoddpoduIiHeHTa TPeHUSI U Ko3OPu-
LIMeHTa JIMHEMHOr0 M3HOCA TaK>Ke IIPOBe/IeHbI Ha Tpex
obpasiax M3 Ka>KIOM IPYIIIBL B Tpex 061acTax (oBa
C Kpalo MU OJHH IO LIeHTPy). Kolnu4ecTBO LIUKJIOB
M3HOCA B Ka’KIOM HMCIBITAHHH - 100, HOpMaJibHas
Harpyska 250 MH. HMcOobITaHHS OPOBOAHIMCH IIPHU
riomoiu "HaHoCkaH-4D", Ho HAKOHeYHUK OblI 3aMeHeH
Ha aJIMasHyIo nonycdepy nuameTrpom 130 mxm (puc.l).
Harpyska u AuaMeTp HaKOHeYHHKa II0J00paHbl TAKUM
06pa3zoM, 4TO6E!I ITy6HHA BHEIPEHHSI BO BpeMsI KCITbITa-
HUs Obl1a HEOOIBIION, HO KMEeJI0 MeCTO IIaCTHYeCcKoe

as well as abrasion by repeating
passage passes (wear test) [9].
The instrumental indenting
allows of getting the values of
the values of hardness and elas-
tic moduli, wear tests - the lin-
ear wear coefficient and the
friction coefficient. A compari-
son of the data obtained accord-
ing to the described methods
can be useful to understand
the applicability of materials as
declared structural elements for
dentistry.

RESEARCH METHODS
Images were printed on the
Phrozen Sonic 3D printer from

low-irritating photopolymer.
Roughness of the samples is
measured on the S Neox opti-
cal profilometer. The surface
relief measurement mode with
the aid of the optical confocal
microscopy was used. The mono-
chrome radiation was provided
by a green LED. The scan field
is 340 x280 microns. Roughness
measurements using a confocal
optical profilometer were carried
out on three samples from each
group in three regions (two near
the edge and one in the center).
Measurement of hardness and
elastic module of samples were
carried out using a NanoScan-4D
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nano-hardness tester [10]. There
were two groups of samples to
be studied: three initial ones
printed on a 3D printer and three
additionally polished samples.
On each sample three areas
were measured: in the cen-
tre of the sample and at a dis-
tance of 1 cm from the sample
edge. In each area two series of
tests were conducted with vari-
ous loads according to the rec-
ommendations of COST R 8.748-
2011 standard [8]. The maxi-
mum loading force equaled
1 and 10 mN (the number of
indenters in each series was
at least 20). The indenter was a
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WJIK XPYIIKOe pa3pylieHHe obpaslia, TO eCTh UMeJl MeCTO
abpa3uBHBIN MeXaHH3M H3HOCA MaTepraa.

HcnbplTaHHe IPOBOAUTCS ClefyoIHUM obpa-
30M: HaKOHEYHHUK CPepruiecKor GOpMBI U3 TBEPAOIO
MaTepHaJia NPHKKMAETCs K [IOBEPXHOCTH obpasma
C IIOCTOSIHHOK HOPMaJIbHOM CHJIOK U COBEpPIIAeT II0BTO-
pA0IIMecs BO3BPAaTHO TIOCTYIIaTe/IbHbIE JBUIKEHU S
BIIO/Ib IIPSIMOM JIMHHUHU. Bo BpeMs UCIIBITAHUS H3Me-
psieTcs 60KOBasi CHla Harpys>keHHs (BJ,0/b IIOBEPXHO-
cTu obpasua) u rnybruHa BHeJpeHHUsI HaKOHeYHHKA
B IIOBepPXHOCTh 0bpa3sia. Ilocse mpoBeeHH s UCIIBITA-
HUS W3MepseTCs reoOMeTPHs KaHaBKU MCTUPAHHUA.
TpexMepHoe H306paskeHHe penbeda IMOBEPXHOCTHU
I10/Iy4YaeTCs Ha ONITUYECKOM IIPOPHIOMETpe S Neox.

B pe3ynbTaTe MCIOBITAHMS Ha HCTHPAHHE PACCYM-
TBIBAIOTCS C/IeAyIOIlHe IMapaMeTphl: JTHHEHNHBIHU
H3HOC, IIMPHUHA U ITyOKMHA KaHABKH I10CJIe HCIIBITA-
HUW Ha U3HOC, KO3QPUIIMEHT TpeHUs. JINHEeHHbIN
K3HOC - CpeJIHee U3MeHeHHe INTyOKHbI KaHABKU 3a ONUH
LIMKJI KCIIBITAHM S [I0Ka3bIBaeT CKOPOCTh M3HOCA MaTe-
puana, k03¢ HUIIKeHT TPeHHUs — OTHOIIeHHe 60KOBOM
Y HOPMaJIFHOM CHJIBI BO BPeMsI CKOJIbKeHH S 10 MaTe-
puany. JIMHeMHBIN U3HOC U KO3QPUIIMEHT TPeHHUS
H3MepseTcsa Ha y4yacTke mexkay 50 u 100 nukIaMu
KM3HOCa. B Havyajie UCIBITAHUSA UMeeT MeCTO IIPUTH-
paHue obpaslia CBSI3aHHOLK C HEPOBHOCTBIO IIOBEPX-
HOCTH. [lapameTpsl H3HOCA U3MEPSIOTCS Ha y4YacTKe
II0CJIe BEIXOJA MCIBITAHMS Ha IIOCTOSSHHBIM PEeKHUM
HUCTHUPaHUS.

HcneiTaHUs 06pa3loB HAa TPeXTOUeUHBIM H3rub
NIpoBeleHbl Ha YHHBEPCA/JIbHOU HUCIBITATEelbHOHN
MmampHe Instron 5982 B COOTBETCTBUHU CO CTAHLAPTOM

T'OCT 31572-2012 [11]. i3 uccnenyeMoro MaTeprara 6b11u
[IPHUTOTOBJICHBI IISITh [10JIOCOK, IIPOBEPEHHBIX Ha OTCYT-
CTBHE IIOPHUCTOCTH. Pa3mepsrl IM0JIOCOK: OjIHMHA 64 MM,
mupuHa (10£0,2) MM u BeicoTa (3,3+0,2) MM. BeicoTa
U IIKPHHA FOTOBBIX ITOJIOCOK M3MEPSIOTCS TPUSKIBL
BJIOJIb ITPOJOJIBHOM OCH C IIOMOLIBIO IITAHT€HLIHPKYJISL.

YCTPOMCTBO AJ/1s1 UCIBITAHUS HA TPeXTOUeUHBIH
M3TrUb COCTOUT M3 LIeHTPA/IBHOIO HATI PY>KAIOLIero ITyH-
>Kepa U IBYX OIIOp B BUE LIMIMHIPOB C OTIIOTHPOBAH-
HBIMU IIOBEPXHOCTIMHU JUAMETPOM 3,2 MM U MUHHU-
MaJIbHOM AJAHHOM 10,5 MM. OIOPHI PaCIIONIOKEeHBI
[apaJiyieIbHO C OTKJIOHeHUeM He bonee 0,1 MM U Iiep-
MeHAUKYISIPHBL K IPOJO/IBHOM LIeHTPa/IbHOM JTHMHUH.
PaccTossHHe MeXAY LieHTPaMH OIOp - (50+0,1) MmM;
Harpy304YHBIH IIJTYHKEp HaXOAUTCA B LIEHTpe MeXAY
OIIOPaMHU C JOIIyCKaeMBIM OTKJIOHEHHEeM OT ILeH-
Tpa 0,1 Mmm.

[lepen ucObITaHHEM Ha U3TU6 06pasLibl BeIAED-
SKUBAIOT B BOZle IIPU TeMIlepatype (37+1)°C B TeyeHHUe
(50+1) 4. Ilepen HCIIBITAHHEM IIOJIOCKY M3BJIEKAIOT
K3 BOABL U CPa3y ke IIOMEIIAIOT ee Ha OIOPBL YCTPOU-
CTBA [JI51 UCIIBITAHUS (pUC.2). PABHOMEPHO yYBeIHYH-
BaIOT Harpy3Ky IJIYH>Kepa C ITOCTOSSHHOM CKOPOCTBIO
(5+1) MM/MUH 10 pa3pyuieHus obpasia.

[TpOYHOCTB ITpX U3TH6e 0 BBIUHUCISIOT 110 GopMYyIIe:

3
%" bk (1)

rge F - Harpyska Opu paspylieHHH obpasia,
| - pacctosHue mexnay omopaMu, b - mupuHa
obpasna, h - BeicoTa obpasna.

pyramidal triangular diamond
tip of Berkovich type. Loading
and unloading times were
equal to 10 seconds and expo-
sure time - 2 sec. Calibration
of the tip shape and rigidity of
the device was carried out on
the melted quartz. Indentation
depths at light loads are com-
parable to the average surface
roughness. With light loads, a
thin near-surface layer of the
sample and its mechanical prop-
erties were measured, their
mechanical properties were
dependent on the method of
obtaining material and mechan-
ical surface treatment. The data

obtained by the indentation
method in case of a high surface
roughness leads to a large scatter
of the values. For high loads, the
effect of roughness decreases,
but the effect of material proper-
ties in a volume increases.
Measurements of the fric-
tion coefficient and the linear
wear coefficient are also carried
out on three samples from each
group in three areas (two near
the edge and one in the center).
The number of wear cycles in
each test is 100, the normal load
is 250 mN. The tests were car-
ried out using a NanoScan-4D,
but the tip was replaced with a

diamond hemisphere of 130 pm
diameter (Fig.1). The load and
the diameter of the tip are
selected in such a way that the
penetration depth during the
test was small, but there was a
plastic or fragile destruction of
the sample, that is, there was an
abrasive mechanism of material
deterioration.

The test is carried out as fol-
lows: The spherical shape tip of a
hard material is pressed against
the surface of the sample with a
constant normal force and per-
forms a reciprocal movements
along a straight line. During
the test the lateral loading force

VoL. 14 No. 3-4 2021  NANO INDUSTRY



HAHOTEXHONOrMu

Puc.2. O6paseuy Ha onopax ycmpolcmea neped ucnbimaHuem
Fig. 2. The sample installed on the device supports before testing

Tabauuya 1. LLiepoxosamocmb peabepa nogepxHocmu 06pasy,os
Table 1. Relief roughness of the sample surface

Ra, MKkM/pm Rz, MKM/ pm

O6pasLbl 6e3 06paboTkm

Samples w/o treatment 0,47+ 0,10 3,3+0,8
ObpasLbl Noc/1e NoANPOBKU
Samples after polishing 0,19+0,09 1,7+0,7

Mogynp ynpyroctu npu usrube E, MIla, BbIUMC-
JIA0T 110 GopmyIie:

E- E 2)
4bhd ’

rae F, - Harpyska B obsnacTu ynpyrou nehopMarnuu
obpasma, BeIOpaHHAS Ha NIPSIMOJHHENHOM y4acTKe
AyarpaMMBl 'Harpyska - gepopmanus’, d - repopma-
LU Ipu Harpyske F.

PE3Y/IbTATbI U UX OBCYXXAEHUE

Ha pric.3 mpuBeieHBI TPeXMepHbIe TOIIorpapriecKre
n306paskeHUs pesbeda IIOBEPXHOCTH [/I51 H3MepeH-
HBIX 00pa3soB. McxomHble 06pa3sLbl KMeIOT CHIBHO
Pa3BUTHIN penbed IMOBePXHOCTU. BUaHA mepuosu-
YyecKkasi CTPYKTypa, CBSI3aHHAS C PeSKMMOM IIe4aTH
MarepHana.

B Tabn.l mpuBeneHHl JBa MapaMeTpa IIepoxo-
BaTOCTH: Ra - cpegHeapudMeTHUecKas IIepo-
X0BaTOCTh, Rz - mepoxoBaTocTh mo 10 Toukam
(cpefiHee pacCcTOssHHE MeXJYy 5 CAMBIMH BBHICO-
KHUMH U 5 CAMBIMHU HHU3KHUMHU 06J1aCTSIMU Ha K30~
6paskeHUU penbeda MOBEPXHOCTH). Ra IOKa3bI-
BaeT CpefHee OTK/JIOHeHHe II0BePXHOCTH OT CPeJ-
Hero ypoBHs, Rz moKa3bpBaeT MaKCHMaIbHBIHA
Ieperasj OBePXHOCTH Ha U3MepeHHOM 061acTH.
[IpuBeseHHbIe JaHHBIE — pe3y/lIbTaT YCpeJAHEeHHUS
I0eBSITU U3MEepeHHH.

Ha puc.4 mokasaHBl AHArpaMMBl 3aBHCHMO-
CTU TBEPAOCTH M MOJAYyJeH yIpyrocTu ob6pasios

is measured (along the surface
of the sample) simultaneously
with the depth of the tip pene-
tration into the sample surface.
After testing, the geometry of
the abrasion groove is measured.
Three-dimensional image of
the surface relief is obtained at
S Neox optical profilometer.

As a result of the abrasion
test, the following parame-
ters are calculated: linear wear,
width and depth of groove after
wear testing, and friction coef-
ficient. The linear wear reflects
the average change in the groove
depth for one test cycle and indi-
cates the material wear rate, and

the friction coefficient shows
the ratio of the lateral and nor-
mal force during the slip on
the material. The linear wear
and the friction coefficient are
measured on the area between
50 and 100 wear cycles. At the
beginning of the test, the sam-
ple is rubbed in as the surface
is irregular. Wear parameters
are measured in situ after the
abrasion mode testing become
stable.

Test samples on a three-
point bend were conducted
on the Instron 5982 universal
testing machine according to
GOST 31572-2012 [11]. There were
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prepared 5 strips made of the
studied material and the absence
of porosity was checked. The
strip dimensions were: length
64 mm, width (10 + 0.2) mm and
height (3.3 + 0.2) mm. The height
and width of the finished strips
are measured three times along
the longitudinal axis using the
caliper.

A device for a three-point
bending test consists of a central
loading plunger and two cylin-
drical supports with polished
surfaces dia. 3.2 mm and a min-
imum length of 10.5 mm. The
supports are located in parallel
with a deviation not exceeding
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Puc.3. V306paskeHue peabeda nosepxHOCMU: d = UCX0OH020,
b -noauposanHozo

Fig.3. Image of the surface relief: a - original and b - polished
samples

0.1 mm and perpendicular to
the longitudinal center line. The
distance between the centres
of supports - (50 + 0.1) mm; the
loader plunger is located in the
center between the supports,
and permissible deviation from
the center is 0.1 mm.

is destructed.

(5+1) mm/min until the sample

The bending strength o is cal-
culated by the formula:

g=—
2bh?’

Puc.4. 3HayeHuss meepdocmu u MoOyAS ynpy20cmu, U3MepeH-=
Hble npu Hazpy3kax 1 u 10 mH Ha ucxodHom (original) u noau-
posaHHom (polished) o6pazuax

Fig.4. Hardness and elastic modulus values measured at loads of 1
and 10 mN on original and polished samples

OT I7TyOHHBI C yKa3aHHUEeM II0TPeIHOCTH U3MepeHHH
(pasbpoc moka3aH MeX/Ay U3MepPeHHUsIMHU Ha Pa3HbIX
06acTIx).

TBepoOCTh U MOAYIb YIPYTLOCTU MaTepHaaa
Ha MOBEPXHOCTH MCXOJHBIX 06pa3loB CHUJIBHO
HUKe MaTepuasa c 06paboTaHHOM IOBEPXHOCTHIO.
Pa3HHUIIA MeXJy CBOMCTBAMHU 06pa3I0B yMeHbIIa-
eTCsl C yBelIMYeHHUeM IyOUHBI. MOXKHO CHenaTh

where F, - the load in the field of
elastic deformation of the sam-
ple, selected on the diagram
"Load - deformation" straight
line, d - deformation at load F;.

o)) RESULTS AND DISCUSSION
Figure 3 shows the three-dimen-

Before proceeding to bend-
ing, the samples are kept in
water of temperature (37 £ 1) °C
for (50 + 1) hour. Before test-
ing, the strip is removed from
the water and immediately
put on the supports of the test-
ing device (Fig.2). The load
applied to the plunger is evenly
increased at a constant speed

where F - load at sample destruc-
tion, 1 - distance between the
supports, b - sample width,
h - sample height.

The elastic modulus at bend-
ing E, MPa, is calculated by the
formula:

Fl

E = ’ (2)
4bhd

sional topographic images of the
surface relief of the measured
samples. The initial samples
have a strongly developed sur-
face relief. A periodic structure
associated with the print mode
of the material is visible.

Table 1 shows two param-
eters of roughness: Ra is an
arithmetic-mean roughness,
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Tabauua 2. Pe3yabmambl UCNbIMAHUS! HA U3HOC
Table 2. Wear test results

LLivpuHa, MKM

Width, pm

rny6uHa, MKM
Depth, pm

JIVUH. U3HOC, HM
Linear wear, nm

Koa¢ppuumeHT TpeHus
Friction coefficient

McxoaHbI obpasel,

Initial sample 96.9+3.4

18.1£0.9

87+28 0.598 + 0.009

MonnpoBaHHbIN 0bpasel,
Polished sample

0.585+0.033

IIpeAIIONOKeHHe, YTO Ha IIOBEPXHOCTH Halleda-
TaHHBIX 00pa3ioB UMeeTcs 061acTh, B KOTOPOH
He IIPOIIJIa II0JIHAS [IOJIMMepH3al ksl MaTepuasia
U IIOJIMPOBKA I03BOJISIET yOAJIUTh JAaHHBIK CI0H
C IIOBEPXHOCTH.

HcroeiTaHHEe HAa HCTUPAaHHe, IpoBeJeHHOe
Ha CKaHUpyoleM TBepaomepe "HanoCkaH-4D",
[I0Ka3ajio pe3yJbTaThl, IPHUBeJeHHBble B Tabi.2,
TaK>Ke yCpeJHeHHBIe I10 IeBSITH U3MePeHHUIM.

Pe3yabTaThl UCIIBITAHUN MaTepHanoB Ha abpa-
3UBHBIM M3HOC ITIOKA3bIBAIOT KOPPEISIHUI0O MeXIY
M3HOCOCTOHMKOCTBIO M TBEPLOCTHIO MATEePHAJIOB.
YeM BBIIIE TBEPLOCTh, TEM BBIIIe H3HOCOCTOMU-
KOCTh M MeHblIIle 06/1aCTh pPa3pyLIeHU s IPK U3HOCeE.
TBepAOCTh MaTepHala UCXOLHBIX 06Pa3I0B MeHbIIIe
Ha [OBEPXHOCTH U yBeJIHUYHUBAeTCS C IIyOHHOM,
npubIMKasACh K TBePAOCTH 0bpa3siia mocie moiu-
POBKHU. BelUYMHBI TMHENHOTO0 U3HOCA U K03 du-
LIMeHTa TPeHHs 06pa3noB UMeT 6IH3KHe 3Ha-
YeHH S, TaK KaK OHHU H3MepeHBl Ha BPeMeHHOM

Rz - roughness in 10 points (aver-
age distance between 5 the high-
est and 5 the lowest areas on the

The hardness and elastic mod-
ulus of the material on the sur-

y4acTKe, KOTJa HAKOHEUHHUK pa3pyIIHJ [10OBepX-
HOCTHBIH CJI0H U I'1y60KO BHePUJICS B MaTepHall.
M3MmepeHHe pa3MepoB KaHAaBKH M3HOCA MOKAa3bI-
BaeT MEHBIIYI0 H3HOCOCTOMKOCTh UCXOLHOTO MaTe-
pHana, 4To CBSI3aHO C MATKHUM CJI0eM MaTepHuana
Ha [IOBEPXHOCTH.

Pe3ynbTaThl UCIOBITAHUMN HA TPeXTOYeUHBIH
n3rub mokasanu, 4To gedopmanus obpasmon
Lo pa3pylleHHs cocTaBiusieT (2,7 + 0,6)%, mpe-
Jlesl IpouHOCTH - (45 + 10) MIIa, Momyib yIpyro-
ctu - (1,59 + 0,14) I'Tla. MaTepuanasl UMeIOT MeHb-
MY XKeCTKOCTh U IPOYHOCTb IPU HCIOBITAHUU
Ha U3rub, 4eM IIPU UCIBITAHUHU MeTOLOM HUH[EH-
TUPOBAHMUS, UTO OIH>Ke BCEI0 COOTBETCTBYET UCIIBI-
TaHUSIM Ha OJJHOOCHOe CXKaTHe.

BbIBOADI

B maHHOM paboTe mpoBegeHBl UCIBITAHUS TBEP-
OOCTH, MOZYJISl yIPYyrocTH, abpasuBHOTO H3HOCA,
a Tak>Xe MPOYHOCTH MaTepHasa, MOJYyYeHHOIO

Table 2, also averaged for nine
dimensions.
The results of the abrasive

surface relief image). Ra shows
the average surface deviation
from the middle level, Rz shows
the maximum surface differ-
ential drop on the measured
area. The data provided reflects
the result of nine averaged
measurements.

Figure 4 shows the depen-
dences of the hardness and elas-
tic modules of the samples on
depth and indicates the mea-
surement error (the scatter is
shown between measurements
on different areas).

face of the initial samples is
very lower than the material
with the treated surface. The
difference between the prop-
erties of the samples is reduc-
ing with the depth increase. It
can be assumed that there is an
area on the printed samples sur-
face, where the full polymeriza-
tion of the material and polish-
ing has not taken place, polish-
ing allows of removing this layer
from the surface.

The abrasion test conducted
on the NanoScan-4D, indi-
cated the results given in

HAHO MHOVCTPHA Tom 14 Ne3-4 2021

wear test show a correlation
between the wear resistance
and the hardness of the mate-
rials. The higher the hardness,
the higher the wear resistance
and less the area of destruction
during wear tests. The hardness
of the material of the original
samples is smaller on the sur-
face and increases with depth,
approaching the hardness of the
sample after polishing. The val-
ues of the linear wear and the
friction coefficient of the sam-
ples have close values, as they
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Puc.5. M306pasxeHue nosepxHocmu 06pasua nocae NpogedeHust UCNbIMAHUS HA U3HOC: d = UCX00H020; b — noAupo8aHHo20
Fig.5. Image of the sample surface after the wear test: a - initial; b - polished

IIpU [IOMOILH aAJUTHBHBIX TeXHOJIOTUH C LIeJIbI0
aHaJK3a IPUMEHUMOCTH UX JJISI U3TOTOBIEHHU S

OKKJ/IIO3HMOHHBIX IIIHNH.

HcxonHBbIM obpasel] 10 CPAaBHEHHUIO C IIOJIUPO-
BaHHBIM IIOKa3aj pa3BUTHIM penbed c mepuogu- 1.
4eCcKOM CTPYKTypou. CJIOM MaTepHaja Ha OBepX-
HOCTH HCXOAHOTO ob6pa3lla MMeeT MeHBIIYIO
TBePAOCTh U M3HOCOCTOMKOCTD, YeM MaTepHall
B o6beMe. I[TonupoBKa obpasiia mo3BoseT yaa-
JAUTh MSITKHUM CJIOHM Ha NMOBEPXHOCTH U yMeHBb- 2.
IIKTh MI€POXOBATOCTh [IOBEPXHOCTH.

are measured in the temporary
area, when the tip destroyed
the surface layer and deeply
penetrated into the material.
The measurements of the wear
groove size show a smaller wear
resistance of the initial mate-
rial, which is associated with
a soft layer of material on the
surface.

Three-point test results
showed that the deformation
of the samples until destruc-
tion is (2.7 + 0.6) %, the strength
is (45 + 10) MPa, the elastic
modulus - (1.59 + 0.14) of the
GPa. Materials have less rigid-
ity and bending strength than

when testing by the indenta-
tion method, which is the clos-
est to the tests for monoaxial
compression.

CONCLUSIONS

In this paper, tests of hardness,
elastic modulus, abrasive wear
as well as the strength of the
material obtained by additive
technologies in order to analyze
their applicability for the manu-
facture of occlusal splints were
conducted.

The initial sample compared
to the polished one showed a
developed relief of a periodic
structure. The surface layer
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PA3PABOTAHATEXHOJIOTUA CO3AAHUA TOHKUX NIEHOK TPUOKCHU/IA BOJIb®PAMA,
NAJNAANA U NNATUHDI ANA CBEPXYYBCTBUTE/IbHbIX TA30BbIX CEHCOPOB

200 HM | nm
—

200 HM | nm
—

200 HM | nm
|

COM-cHUMKU naeHok naanaous (a, b) u naamunei (¢, d), HaHeceH-
HbIX HENOCpPedCcMeeHHO Ha KBapL.esyro NodAoXKKY (a, ¢) U Ha nAeH-
Ky WO5 moawutoli 81 Hm (b, d)

Tpynna yueHbix HOLL ®MH Ha 6aze MITY um. H.3.5aymana u O "BHUMA
um. H.J1.[yxosa", MI'Y um. M.B./lomoHocosa, MP3 PAH u UTI3 PAH pa3pabomana
MexHoA02UI0 3AeKMPOHHO-AY4e6020 UCNAPEHUS MOHKONACHOMHbIX NOKpbIMUL U ne-
MeHMO08 2308bIX CEHCOPO8 C KOHMPOAUPYeMbIMU NPU NOMOLLU 3AAUNCOMEMPUYECKUX
CneKmpos U Cnekmpos Nponyckaxus onmuyeckumu napamempamu naeqok nanaaaus,
NnAGMUHKbI U mpuoKcuda soAbdpama.

WHTerpanbHas BOMHOBOAHASA OMTMKA — OAHO M3 CTPeMMTENbHO pas-
BMBAIOWMXCS HANpaBneHUin COBPEMEHHON (GU3MKM, OTKPbIBAOLIEe HOBble
BO3MOXXHOCTW Mepefayn v ynpasfeHns CUrHanamm Ha MUKpOCXeMax, M3ro-
TOBJIEHWSI CBEPXYYBCTBUTE/IbHLIX XMMUYECKUX U 6MONOTMYECKUX CeHCOPOB,
ONTUYECKUX TFMPOCKONOB W CNeKTpOMeTpoB. Haubonee nepcnekTMBHLIM
TUNOM OMTUYECKMX BOHOBOAOB SIBASIOTCS NAA3MOHHbIE BONHOBOADI 13 6na-
TOPOAHLIX METanN0B, KOHCTPYKLMS KOTOPbLIX MO3BOASET MUHUMM3NPOBATH
noTepy Ha paccesiHue u, COOTBETCTBEHHO, YBEANYUTL ASIMHY PacrpoCcTpaHe-
HWS MOBEPXHOCTHOTO NAA3MOHA, YTO KPUTUYHO ANS CYL|eCTBEHHOrO NOBbILLIe-
HNS 3G GEKTUBHOCTI NNA3MOHHLIX YCTPONCTB.

B nocnegHue rofbl aKTUBHO Pa3BUBAIOTCS TEXHONOTMM W3FOTOBJEHUS
OMTUYECKMX ra30BbIX CEHCOPOB. B kayecTBe MaTepuasnos A/isl CEHCOPOB BOAO-
poJa Hambonee 4acto NPUMEHSIOTCS TOHKME MAGHKM NAnNAAUs U NAATUHDI,
a TaKXe MAeHKM TPMOKCMAA BoAbpama C nannagmeBbIMin AN MAATUHOBLIMA
KkaTanu3atopamu. Mony4eHne TOHKMX NNEHOK C KOHTPONMPYeMbIMU ONTUYe-
CKMMM NapameTpami ABASETCS BAXHOW 3afayeil AN CO3[AHMS CBEPXUYB-
CTBUTE/bHLIX Fa30BbIX CEHCOPOB.

Pa3paboTka TEXHOMOTWM 3NEKTPOHHO-YYeBOrO WUCMApeHUs TOHKOMAe-
HOYHbIX MOKPLITUA W 31eMEeHTOB ONTUYECKNUX NapamMeTpoB ra3oBbIX CEHCOPOB
C KOHTPOAMPYEMbIMU MNP MOMOLLYM 3ANNMNCOMETPUYECKMX CMEKTPOB U Cek-
TPOB NpOMYyCKaHWUs NapamMeTpamu NAEHOK Nanfagns, NAaTuHLI M TpUOKCUAA
BOMbPAMA MOTYT HANTK WMPOKOE NPUMEHEHNE B COBPEMEHHOM HAHOMHLY-
CTPUU 1 MUKPO3NIEKTPOHMKE.

WccnepyeMble mAeHku Tpuokcupa Bonbdpama umenn TonwuHy 81,
162 1 515 HM, TONLLMHA METANNMYECKNX NNEHOK COCTaBMUAA 57 HM. [T0Ka3aHo,
YTO YNbLTPATOHKME MAEHKM Mannafus v NAATMHbLI YCMELWHO OMUCHLIBAKOTCA
NIOKANbHOW U U30TPOMHOW CPefod C AN3NEKTPUYECKOW MPOHMLAEMOCTbIO,
KOTOpas CUILHO OTUYAETCS OT U3BECTHBIX 06LEMHBIX MaTepuanos. OfHaKo
AU3NEKTPUYECKas MPOHULIAEMOCTb CUALHO 3aBUCUT OT CMEXHbIX MaTepua-
JI0B, YTO CBUAETENLCTBYET O TOM, YTO YILTPATOHKME METaNAUYECKIe MAEHKM
MOXHO paccMaTpuBaTh Kak KOMMO3NTbI, XapakTepusyiowmecs 3GhekTuHOM
LU3NEKTPUYECKON MPOHNLIAEMOCTbIO.

MonyyeHHble MOKaaTenu NpenoMAeHUs U AUINEKTPUYECKON MPOHM-
LIAeMOCTN OMTUYECKMX CMIEKTPOB M3TOTOBAEHHbIX HaHOCTpYKTyp WO, / Pd
WO / Pt, BKIIOYAIOWMX OAHOMEPHYIO pewleTky 13 Al,O5, NpefenbHo TOYHO
COTNACYIOTCA C PaCcYETHLIMM AAHHLIMI 63 LONONHUTENLHON "MOATOHKN" MK
BK/NIOYEHWS B MAaTEMATUYeCKyio MOAeb YUCTEHHBIX 3HAYEHWI LepoXoBaTo-
CTW MOBEPXHOCTI TOHKMX MJIEHOK.

MpOAEMOHCTPUPOBAHHbIE AAHHbIE MOTYT 6biTb UCMONb30BAHDLI ANS NPO-
THO3VPOBAHNS ONTUYECKMX CBOWCTB HAHOCTPYKTYPUPOBAHHDLIX YyBCTBUTENb-
HbIX 371EMEHTOB CEHCOPOB Pa3NNYHbLIX KOHCTPYKLMIA HA OCHOBE ra30XPOMHbIX
MAeHOK Nannagms ua1 TpPUOKCMA BonbGpama / katann3atopa.

Pe3ynbTaThl MCCNEfOBaHWA MpeAcTaBneHbl B Matepuanax Optical
properties of tungsten trioxide, palladium, and platinum thin films for
functional nanostructures engineering (Optics Express 28 (21), 32049-
32060, 2020).

HOLL ®MH - coBMeCTHbI TexHONOrMYeckuii LeHTp MITY um. H.3.baymaHa u ®rYM "BHUUA um. H.J1.Jyxosa" TK "Pocatom”, obecneunBaiowwui peanm-
330 nepesoBbIX NPAKTUYeCKNX NCCAeS0BAHNNA B 061ACTY 3neMeHTHOM 6a3bl Ha HOBLIX GM3MYECKUX MPUHLLMNAX, KBAHTOBBIX TEXHONOTUIA, HAHODOTOHMKM
W ONTUKKM, BruoaHanuTMyeckux nnatdopm Tuna "naboparopus Ha uune", MIMC/MOIMC 1 TOHKONAEHOYHbIX TEXHONOMUNA. VICCNe0BaHNS B LIEHTpe Bbino-
HSI0TCA C MCMONb30BAHNEM KOMMNEKCOB 060PYA0BaHIS BEAYLLX MUPOBLIX NPOU3BOANTENEN, 06beIMHEHHDIX B €L NHBIN TEXHONOTMYECKIA KnacTep.

MITY um. H.3.baymaHa — OAMH M3 KPYMHeMwWuX rocyAapCTBEHHbIX TEXHUYECKUX YHUBEPCUTETOB M Hay4HbIX LeHTpoB Poccum v Eponbl. ObyyeHne
B MITY um. H.3.baymaHa Besetcs Ha 19 dakynbTeTax fHeBHOro oTaeneHns. OTKpbITHl ABa Guanana MITY B Kanyre n MbiTuiwax, a Takxe TeXHUKYM.
OCHOBHBIMM CTPYKTYPHbIMW NOAPA3AENEHNAMU YHUBEPCUTETA SBASIOTCA Hay4HO-y4ebHble KOMMAEKCHI, MMetoLLMe B CBOEM COCTaBe GakynbTeT U Hay4HO-

NCCNefoBaTENLCKIIA MHCTUTYT.

OrYN "BHUWA um. H.1.[lyxoBa" - co3paHHoe B 1954 rody, 0fiHa U3 BedyliuX Hay4HO-MCCaeN0BaTeNbCKIX OpraHu3aLni focyAapcTBEHHOM KopropaLuu

10 aTOMHOW 3Heprin "Pocatom".
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