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Abstract: This article discusses the digital orthogonal system of precise measurement of the phase delay of the ultrasonic signal radiopulse.
Its main feature is the use of a single ADC to build a digital phase meter, the use of digital signal multipliers, as well as the use phase meter
with a digital frequency synthesizer (as a input source) synchronized ADC sampling signals. Use of a measuring channel is actually a single
ADC can not only reduce the cost of phase shift measurement system of signals, but also to improve the measurement accuracy in the

measurements of
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1. Beeoenue

CoBpeMEHHOE pa3BUTHE IIOPOLIKOBOM  METaTypruuecKoi
MPOMBIIIIEHHOCTH  HAaNpsIMyIO CBSI3aHO C  pa3paboTKOH W
M3TOTOBJICHHEM YHHUKATBHBIX MOPONIKOBBIX  KOHCTPYKIIHOHHBIX
MaTepuaJoB C Halepex 3aJaHHBIMH (DU3HKO-MEXaHUUECKUMHU
xapakrepuctukamu (OMX) [1,2,3], B dacTHOCTH MaTepHalIOB
00J1aIaIONMX TTOBBILICHHBIMU MPOYHOCTHBIMH XapaKTEPUCTHKAMH.
BaxHoi#t 3amaueii Npu WX HW3rOTOBJICHHH SIBISECTCS pa3paboTka
CHCTEM KOHTPOJIS, KOTOPbIE MO3BOJSAIM Obl MPOU3BOJUTH OLEHKY
n3meHeHust ®MX B obwveMe wu3lenus ~— Ha J00OM  cTaguu
H3TOTOBIICHUS C BBICOKOM TOYHOCTBIO, a TaKXkKe OLECHUTH
3¢ PEKTHBHOCTh BHIOPAHHBIX TEXHOJIOTHYECKUX PEXUMOB [4,5] 6e3
pa3pylleHHusi  KOHTponupyeMbIx  oObekToB. Ha  ceromms,
HCTIONb30BaHUE YJIBTPa3BYKOBBIX METOJOB KOHTDOJS, SBISETCS
Hanbosee 2 (HEKTUBHBIM JUIS PELICHHS IIOCTaBJICHHBIX 3a/a4.

B kauectBe HMH(OPMATHBHOIO MapaMeTpa, HPH H3MEPEHUH
OMX B TakMX CHCTEMAX, UCIOJB3YIOT CKOPOCTh PACIIPOCTPAHEHUS
yIbTIpa3Byka B TIOPOIIKOBBIX KOHCTPYKIHOHHBIX MaTepHanax
(IIKM).

HeobxomuMo  y4nThIBaTh, YTO  ONpEAETCHHE CKOPOCTH
pactpocTpaHeHus yIbTpa3ByKoBoH BONHBI C B 00BEKTE KOHTPOISL
(OK) mpom3BouTCSI KOCBEHHBIM ITyTEM, IPH KOTOPOM HCKOMOE
3HAQUCHNE BEJIMYMHBI HAXOQIT Ha OCHOBE H3MEpEeHHs IpYTrHX

BCJIMYKWH, CBs3aHHBIX C I/ISMepHeMOﬁ BEJIMYMHOW M3BECTHOM
3aBHCUMOCTBIO:

h
(M C=—,

T

rze h — 6a3a u3mMepeHus (TONIIMHA H3JENUS B TOYKE U3MEPEHHS); T
—(a3zoBoe BpeMs NPOXOXKAEHUS aKyCTHYECKOIO HMILyJibca BJOJb
6a3pl  m3Mmepenusi. Kak BupHo u3  Qopmynsr (1) TouHOCTH
OIpeNeICHNUs]  CKOPOCTH ~ 3aBUCHUT OT TOYHOCTH HM3MEPEHHUS
TEOMETPUYECKUX Pa3MEpPOB OOBEKTa KOHTposii M (ha3oBOrO
BPEMEHH MPOXOXKAEHHs Y3 BONHBL. TakuMm oOpa3oM, YTOOBI
MIOJTyYUTh BBICOKYIO TOYHOCTH M3MEPEHUSI CKOPOCTH MPOXOXKICHHS
yIBTPa3ByKOBOIl BOJIHBI B M3JEJIMH, HAIIPUMEp C MOTPEIIHOCTHIO B
1%, HeoOX0MMMO 00ECIICUNTh MOTPEIIHOCTh U3MepeHHs (Pa3oBoro
BpeMeHH MeHee 1% [6,7,8]. Takum obGpa3om, akTyanabHOH 3amadeit
ABJISieTCS pa3pabdoTKa IMPELU3MOHHBIX METOIOB JUI HM3MEpeHUs
(a3oBoro BpeMeHH pacnpoctpaHeHus Y3 curHanos B OK.

2. Ilpeonocwlnku u cpedcmea peuieHusn 3a0auu
®azoBoe BpeMsl pacmpocTpaHeHHss Y3 CHUTHaua OINpelesseTcs
o ¢popmye:
@) c=2
®
rae ¢ - ¢Gasosblii casur Y3 curnana mnocne npoxoxaeHus OK; o -
yactoTa cursaia [4,5].

[Toaromy JUIst ONpeAeIeHUs ¢azoBoit CKOPOCTH
pacmpocTpaneHus Y3 BOJIHBI HEOOXOAUMO HCIIOIB30BaTh, (ha30BbIC
METOABl H3MepeHus (a30Boro casura curHaiga. CiemyeT Takke
OTMETHUTh, YTO HPH CO3JAHMH TAKUX CHCTEM HEpa3pyIIAIOIIETO
KOHTpons [7,8], OCHOBaHHBIX Ha OIpPEACICHUS CKOPOCTH
pactpoCTpaHEeHUs yIbTPa3ByKa B 00OBEKTE KOHTPOJIS MOTPELIHOCTD
u3MepeHns (a3oBbIX CIBHIOB JOJKHA ObITh B mpeaenax 107-107
4TO TpeOyeT MCIOJIL30BaHUS MIPELU3HOHHBIX (ha30METPOB

W3BecTHO, uTO Hambosee TOYHBIMU H3MEpPUTETSIMU (Pa30BOTrO
C/IBUTa CHTHAJIOB SIBJISIFOTCSI ONTHUMANbHBIE METOJBI H3MEPEHHH C
WCIIOJIb30BAHUEM OPTOTOHAJBHBIX OMOPHBIX cHurHaios[9,10,11].
COBpeMEHHOE COCTOSIHHE LU(PPOBOH DIEKTPOHUKH MO3BOJIACT
peann3oBaTh  NPENU3HOHHBIA  OPTOTOHANBHBIH  W3MEPHTENb
(asoBoro ciasura B IU(POBOM BHAE COBMECTHO C HMCTOYHHKOM
BXOJIHOTO CHT'HAJIA.

OproronaneHbiii  Meron wusmeperus OPC pemraer 3agady
co3naHus momMexoyctoiiumBeix PU, paboraromux B IIHPOKOM
IUana3oHe  COOTHOLIEHUS  cUrHaiu-mym U (lgOecmeuuBaer
MHHUMAJIBHYIO TOTPEIIHOCTh NP BO3AEHCTBHM (DITyKTyaI[OHHBIX
momex [9,12,13,14]. B paborax [15,16,17] Obu paccMOTpPEHBI
MyTH PEIIeHUs OCTaBJICHHOI 3a1aun.

3. Peuwtenue nocmaeiennoil 3a0a4u.

B nanHoii pabore mnpeanaraercss NPEeLU3MOHHBINH crmocod u
YCTPOWCTBO 1M(POBOW  OPTOrOHAIBHOW CHCTEMBI HM3MEPCHHS
(ha30BOr0 BpEMEHH IPOXOXKACHUS PATMOUMITYIbCHBIX CHTHAIOB B
OK ¢wur. 1, kotopas BKIIOYaeT B ce0d Kak OUPPOBOI
OPTOTOHAJBHBIN (ha30MeTp HCIOIB3YIOMMN ONUH M3MEPUTEIIBHBIN
kaHan Ha Gaze omHoro AIIl Tak m mudpooit dopmupoBaTenn
paaMoOMMITYJIbCHOTO curHajia Ha 0aze DDS cuHTe3aTopa 4acTOTHI
CHHXPOHU3UPYEMbIH Takke Kak H Onok o0paboTku LU(pOBBIX
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curHanoB bB oT renepatopa uacTtoTel auckpermsauuu ALITT
[15,16].
CTpyKTypas cxema COIEpPKHT:

I" — reHeparop curHaioB uacToThl Juckperusanuu; OU —
(hopMupOBaTeNs JIUTEIBHOCTH PAJAHOUMITYIIECOB; M — MOIYIISITOD;
41, AY2 — penurenu yactoTsl; CY — cunre3arop uactorsl; OK —
00bexT koHTpoist; AL — anamoroBo-1m¢ppoBoii mpeodpazoBaTens;
CHU - cueruuk wummynscoB; [I3V1, II3Y2 — mnocrosiHHBIE
3anmoMuHamue ycrpoiictea; Y1, V2 — ymHOXKHTEnH HUPPOBBIX
curHanoB; BB — 6ok Berumcnenus; LIOY — mugpposoe orcueTHOE
ycrpoiictBo; K —  kommyratop; O3Y —  omepaTuBHOE
3aroMUHamIIee yeTpoiicTBo; AMX — aHaOTOBBIN MYJIBTHILIIEKCOP;
IIK — nepconanbHbli KOMITBIOTEP; BY — 650K ymipaBnenus.
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®ur.1 CtpykrypHas cxema Iu(GPOBOH OPTOTOHAIBEHON CHCTEMBI
u3MepeHus (pa3oBoro BpeMeHH MPOXOKICHHS YIbTPa3ByKOBBIX
PaIHONMITYJIbCHBIX CUTHAJIOB

H3mepeHns BBIMOIHAIOTCS 3a 1B UKIIA:
1.1lukn xamuOpOBKM (BBIYMCICHWE HavyadbHOW (hasel
M3JTy4aeMOro CUTHANIa ¢, ).

2.1lukn wm3Mepenust (BbluMcieHHe (asel H3MepsieMOro
CUTrHaNa @, )

[Mpunuun pabGoTel  mpepIaraeMod  CUCTEMbl  W3MEPEHUs
($a30BOro BpEeMEHHM TPOXOXKACHUS YIBTPa3BYKOBOTO CHTHAjla
3akmodaercs B cienyromeM. C reHeparopa CHUTHAJIOB YaCTOTHI
miuckpern3aui [y Ha ONOK (QOPMHUPOBAHUS PaTUOUMITYIBCHBIX
CUTHAJIOB, KOTOpBIH COCTOMT W3 jenurens uactorel J4l,
(dhopmupoBaTesst UTUTETBHOCTH paaronMityabca @1, MmoaynsTopa —
M, cunresaropa yactotsli- CU. [enutens yacrtors! JJU1 dpopmupyer

YacTOTy TOCBUIOK  paaunoummynscoB. @Dopmuposarens Dl
dbopMHUpyeT  UIMTENBHOCTH  paguoMMIlyibcoB. Ha  Beixone
cuntesatopa vacrotel CY (DDS  tmma)  dopmupyercs

HEeTPEePBIBHBIM CHHYCOMJANIbHBIA CHTHAJ, KOTOpBIM momaércs Ha
Monynstop M.. ChOpMHPOBaHHBIA PagHOUMITYIEC C BBIXOJA
MonynsiTopa M TOCTymaeT Ha BXOIZHOW ITbe30IpeoOpa3oBaTelb
obbvekra koHTpos OK m Ha mymeTumiiekcop AMX. Ha mepBom
JTarne  MepBOr0  LUKJIA  HM3MEpeHHs c(hOpMHUPOBaHHBIIT
pagHoONMITYTIbC BHZQ ul(t)zulcos(Ztht+(po) yepe3 aHaJIOrOBBIN

nepeknodarens AMX, ympasiseMblif OJlokoM ympaBieHuss bY
nogaror Ha Bxoa AIlll, xoTtopslii mpeoOpasyeT Mo curHaiam
reHepaTopa YacTOThl JUCKpeTu3anuu [° 3TOT curHai B TUCKPETHYIO
mudpoByro  ¢opmy. Ilomydenueie oTcuersi ¢ Bbixoma ALl
MOCTYMAIOT Ha WHPOPMAIIMOHHBIE BXOABI HakomuTenbHOro O3Y u
10 CHTHAJaM YacTOTHl JUCKPETHU3AIMH MMOCTYMAIOIIUMHA Ha BXOJBI
sancu O3Y 3amuchBalOTCST B COOTBETCTBYIOLIUE €ro SYEUKH,
anpec KoTopeix (opmupyercs cuérumkom CH wummymbcoB ¢
YacTOTOM JIUCKPETU3aluu ALIL ITocne 3aroJHEHUs
HakonurensHoro O3Y [0 CUTHANy NEperoNHeHUs CUéT4rKa

(ampeca) CH cuctema mepexoguT KO BTOPOMY 3Talry oOpaOOTKH
HAaKOIJIGHHbIX  JaHHBIX JIi  3TOro nepekmoyarens K
YCTaHaBIMBAIOT B MOJIOKEHHE 2 MO KOMaHAe C OJI0Ka yNpaBlIeHHs
BY. Ilpu 3TOM BBINOJHAIOT CUHXPOHHOE CUUTBHIBAHUE IAHHBIX C
O3Y u ¢ II3V1 wu II3Y2, nyrém mnojmauu CHUTHaJIOB C BBIXOJA
nepexmoyaresss K Ha cooTBercTByromue Bxos! cuuteiBanus O3V,
I3V 1,[13Y2 na Bxox cuérunka CU (agpeca O3V u I[13VY) u Ha BXOI
CHHXpOHM3anuy Ooka mugposoit 06padotku curnanos [{OC. IIpn
4éM YacTOTa CYUTHIBAHMSA MJAHHBIX M COOTBETCTBEHHO YacTOTa
00paboTki LU(POBBIX CUTHAIOB, KOTOPAs IMOJNYYaeTcs C BBIXOJA
ngenutenst yacToTel {U2, OyaeT yMeHblIeHa OTHOCHTEBHO YaCTOTHI
JUCKpeTH3allud Ha Ko3(hGHIUEeHT paeneHus nemurens K, dro
CYIIECTBEHHO  YMEHBIUIUT TpeOOBaHUS IO OBICTPOJACHCTBUIO K
mudpoBeIM yMHOXHUTEISIM Y1,Y2, a Takke K Onoky nudpoBoit
o6padotky curHaioB [{OC u mpu BBICOKMX YacTOTax 3arlOIHCHUS
PaIHONMITYJICHBIX CUTHAJIOB CAENAeT BO3MOXKHBIM alapaTypHyIo
peanu3anuio Takol CHCTEMBI M3MepeHHs. TakuM o0pa3oM KOZEI ¢
O3Y wu coorBerctByromue uM koxasl (Sin,Cos) ¢ I3V, T13V2
CHHXPOHHO TIIOJAlOTCSI Ha COOTBETCTBYIOIIME BXOABI IH(POBBIX
ymHOXuTened Y1,Y2. Biok ¢opMupoBaHHS OMOPHOTO CHTHANA,
KOTOpBI cocTonT m3 cuerdnka aapeca CU um [I3Y1lm II3Y2
¢opMupyeT  ONOpHBIE  OPTOTOHAIBHBIE  CHTHAJIBI  KOTZAa
nepexmodaresns K Haxomutrcs B mosioxkeHuu 2. Pesynbrarsl
nepeMHOKeHHs BhIOOpOK curHaiga ¢ Al (HakorenHbix B O3Y)
Ha KoIbl BEIOOpOK omoproro (Sin,Cos) ¢ T13V1, II3Y2 ¢ Bixo10B
ymHOXuTened Y1,Y2 mocrynaror Ha 0ok mudpoBoit o0paboTku
BB curmamoB, TAe BBHIIONHSAIOT (QUIBTPALUIO IOTYYCHHBIX
CHrHAJOB ¥ momyyaroT npoekuud (Sin,Cos) a, u a

(hopMHEpOBaHHEM KBaIpaTyPHBIX COCTABIIAIOMNX curHama [3,4,5, 6]:
Man Mgy

©) a, =Y ulibfi} a =D ulib.[i]
j=1 j=1

rae u,[j] - BeiGopka BxomHoro curnana; u,[j], u.[j] - cumycnas n

KOCHUHYCHas COCTaBJIAIOIINEC OIIOPHOTO CHUIHajla, NMPEABAPUTCIBHO

3anucaddeie B [13Y 10 u 11; MM - KOJUYECTBO 3JIEMEHTOB

BBIOOPKH C(OPMHUPOBAHHOTO BXOJHOTO CHTHAJAa W BBIYHCIIAIOT
a0COIOTHOE 3HAUeHHE (a3bl BXOTHOTO CUTHANIA Kak

Ha Bropom nukie nepsoro atamna Ha Bxoj ALl ¢ momoribio
MyJdbTUIIIEKCOpa AMX, ympaBnseMoro OJIOKOM ympasieHuss bBY
nojaéTcsl M3MEPUTENbHBIM CHUTHAN uz(t):Uzcos(ant+(pl) c

BBIXOZHOTO IbE30TpeoOpa3oBaress, YCTAHOBICHHOTO Ha BBIXOJIE
uccneayeMoro oobexTa KOHTpous. Jlanee, aHaJIOTMYHO, KaK U Ha
HNEepBOM  JTame, IIOMYYeHHbIE KOABI JHMCKPETHBIX 3HAYCHHUH
U3MEPHUTEIFHOTO  CHTHala € YacTOTOM  JIMCKpEeTH3aluH
HakarmmBatoTest B O3Y Ha mepBOM IMKIE, a 3aTeM Ha BTOPOM
LIUKJIE TPOM3BOIAT COOTBETCTBYIOLIEE MEIJICHHOE CUMTHIBAHHE U

00paboOTKy B pe3yJbTaTe AaHAJIOTHYHO TMOJYyJaloT aOCOIIOTHOS
HckoMmpri

3HayeHue (asbl  M3MEpUTENbHOro curhana ¥

(ha30BBII CABUT PACCUNTHIBACTCS U3 BRIPAKCHUS'
P=@1-Po
brok 1udpoBoit 06paboTkH curHanioB BB 3aTeM BBIMOIHSAET U
Apyrue HeO6XO)II/IM]>Ie BBIYHCJICHUS U HAKOIUICHHUS IOJIYYE€HHBIX

pe3yIbTaToOB, KOTOPBHIE MOTYT BH3YaIH3HPOBATHCS C IOMOIIBIO
LOY nm Tpancnoptuposathes Ha [1K.

4. Boieoowr
BI)ICOKS.}I TOYHOCTH onpeneHeHI/m (1)a30130r0 BpeMeHI/I 3aﬂep)KKI/I
yHpraBByKOBI:IX CUT'HAJIOB 6I)IJ'Ia ,I[OCTPIFHyTa 3a C‘IéT

CIeyIomuX (haKTopOB:

1. 3a cuér umdpoBoil peanusaluy OPTOrOHAJILHOTO METOJA
ONTHMAIBHOTO H3MEPUTEIISI (PA30BBIX C/IBHTOB .

2. 3a cuéT HCHOJB30BAaHMS OJHOTO H3MEPUTENBLHOrO KaHaa
Npyu peaiu3aiuu (pazoMerpa, KOTOpBIC, KaK H3BECTHO,
HCIIONB3YIOT 1Ba KaHala M3MEPEHHs, 9TO IO3BONHIO He
TOJNIBKO ~ TOBBICHTH  TOYHOCTH  M3MEPEHHs, HO H
CYLIECTBCHHO YIPOCTHTh pEAM3ALHUI0  [peiaracMoi
cucreMsl u3mepenust [17].

3.  Hcnone3oBaHue COBMECTHO € LHU(DPOBBIM (hazoMeTpoM
uupoBoro Gioka (GOPMUPOBAHMS  PATHOUMITYIIBCHBIX
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BXOJHBIX CHTrHaJIOB Ha 06a3e DDS cuHTe3aTOpa 4acToThl ,
CHHXPOHH3MPOBAHHOTO TaKkKe Kak M Oyok wnudposoit
00paboTKH CHTHAJIOB EB BBICOKOCTAOMIIbHBIM
regepatopoM [y wacrorel  guckpermsamuu AL
TO3BOJIMJIO CYNIECTBEHHO YMEHBIINTH IOTPEHIHOCTH 3a
CUeT He KPAaTHOCTH YaCTOT IWCKPETU3aIUH C YacTOTOM
3aMOJNHEHUS] PaJUOMMITYJIbCHOTO CHTHAjla, € YacTOTOH
CICJIOBAHUS  PAJUOUMILYJIbCOB, C  UIMTEIBbHOCTHIO
paJMoOMMITYJIbCOB, a TaKke 3a CYET HayaJdbHOW (has3bl
94acTOTHI TeHepaTopa yacToThl Auckperusanuu [18]. Kpome
TOTO BBIIIECKA3aHHOE TO3BOJIMIIO HCIIOIb30BATh OJMH
HM3MEPUTEIBHBIN KaHal, KaK yIIOMHHAJIOCH BBIIIIE.

Crnemyer Takke OTMETHTh YTO BaXKHBIM JOCTOMHCTBOM

MIPEUTOKEHHO CHCTEMBI SIBISIETCS TakkKe TO, 4TO LuppoBas
o0paboTka pe3ynbTaTOB H3MEPEHHH HA BTOPOM JTale MOXKET

BBIIIOJIHATHCA C

YacTOTOU HaMHOI'O MCHBIIICH HaCTOThI

JUCKpPETU3allMM, YTO II03BOJHUT CYIIECTBEHHO YJCLIEBUTh €&
peanu3anuo.
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	The theoretical background of th indentation testing is given in [5]. Here we include the explanation in [5] for completeness. Instrumented indentation testing is similar to a hardness test in that a rigid probe is pushed into the surface of a materia...
	IIT is an improvement to traditional methods because there is no need to measure the area of the residual impression. With instrumented indentation testing the area of contact is calculated from the load-displacement history which is measured simultan...
	In tensile testing Young’s modulus E is calculated as the slope of the stress-strain curve when the deformation is elastic. Young’s modulus is an intrinsic property of a material; the only way to change E is to change the atomic structure of the mater...
	The typical IIT test has following steps in force-time history (Figure 1):
	0. Indenter approaches the test surface until the contact is realized.
	1. (Loading step) the indenter is driven into the surface until the maximum force or penetration depth is reached.
	2. (Hold time step) the force applied to the sample is held constant for a period of time determined by the user.
	3. (Unloading step) the indenter is withdrawn from the sample (up to 90% of the peak force).
	4. The force applied to the material is held constant for a user specified period.
	5. The indenter is withdrawn from the sample.
	Figure 1. Force-time history for typical IIT test
	Hardness has conventionally been defined as the resistance of a material to permanent penetration by another harder material with measurement being made after the test force has been removed, such that elastic deformation is ignored. Instrumented inde...
	Oliver and Pharr proposed calculation technique for determination of indentation hardness and indentation modulus of a sample based on the measured force-displacement curve. The first parameter in the calculation   stream is contact stiffness. This co...
	,                                                    (1)
	where is the depth of the residual impression after the probe has fully withdrawn from the sample Figure 3. The parameters ,  and are best fit constants. Once ,  and  have been calculated and the equation for the approximation force is differentiated ...
	(2)
	The contact depth  can be calculated as  . The value of  is dependent on the exact shape of the indenter and material response to the indentation; ‘sink-in’ and ‘pile-up' around the indenter also affect the value. The deflection of the sample surface ...
	Figure 2. Typical force displacement curve showing measured and derived parameters [2]
	Using the calculated contact depth it is possible to calculate the projected contact area, .  The projected contact area  is calculated from knowledge of the geometry of the indenter and the stiffness of the contact. In many materials, the area of con...
	Figure 3. Schematic of indentation showing the displacements observed during an indentation  experiment [2]
	The reduced modulus is determined by
	.
	The indentation modulus , is calculated as
	(3)
	where  and   material properties of the indenter. The calculation of the indententaion modulus requires knowledge of the sample Poisson's ratio. Indentation hardness  is defined as the ratio of the maximum load to the contact area at that load
	(4)
	Many applications and research papers in last years shows that the nanoindentation is a valuable tool for evaluating the mechanical properties of a wide range of materials - metals, polymers, biomaterials, nanostructured materials etc. [3].
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