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MMnYecKkme HAHOCEHCOpbl pa3BMBAIOTCSA HA CTbiKke MaTepuasioBefeHUs n
aHANINTUYECKOro Npn6opocTpoeHmns. Y>Xe HAKOMJ/IeH 3Ha4YuTe/IbHbi 06bem
MHPopmMauum o paspaboTke TakKMX YCTPOUCTB U MHOroo6pasum noaxonoB K
MX NOCTPOEHUI0. B 4YacTHOCTU, YYBCTBUTEJ/IbHbIE 3/1eMEHTbl HAHOCEHCOPOB

M3roTaB/IMBAOTCS HA OCHOBE YrnepoaHbIX HAHOTpY6oK (YHT), nonnmepos, MeTasnioB,

WX OKCUA0B U ApYrux coeanHeHum [1-3]. B ctatbe NpMBOAATCA CUCTEMATU3ALUSA ra3oBbIX

XMUMMUYECKUX HAHOCEHCOPOB C YYBCTBUTEJ/IbHbIMM 3/IEMEHTAMM Ha ocHoBe YHT, oueHka

BO3MOXKHOCTEN U 3aKOHOMEPHOCTel X NPpUMeHeHMS.

CUCTEMATU3AUNA HAHOCEHCOPOB
B 3aBUCHMOCTH OT IIOKPBITHS YYBCTBUTEIBHBIX 3J1€-
MEHTOB 3TH U3Je/IHS MOKHO pa3ie/luTh Ha TPU OCHOB-
Hble [PYIIIIbIL:

e TonbKo YHT -1;

*  YHT co ciioem gpyroro MmaTtepuania - 2;

*  KOMIIO3UTHBIM MaTepHas Ha ocHoBe YHT - 3.

B mepeuMceHHBIX TPyIIax MOTYT OBITH BblIeE-
JIeHBl IOAIPYIIb, GOPMHPOBAHHE KOTOPBIX OCHO-
BBIBAeTCSl Ha HCIIONb30BAHHUHM OJHOC/IOMHBIX HIIH
mHorocjaonHbiXx YHT (OYHT mau MVYHT, cooTBeT-
CTBEHHO), IOJBepraeMblX H/IM He IOABepraeMbIX
XUMHUYeCKON UK Qu3ryuecKon obpaboTke.

YcTpoHncTBa Tpynmel 1 moapas3fensoTcs
Ha 4YeThIpe MOATPYIINBl - HAaHOCEHCOPBI C 4YYyB-
CTBUTEJBHBEIMH 3JIeME@HTAMHU CO CAeAYIOIHMU
IIOKPBITHUSMHU:

*  CJy4anHO OpHeHTHpoBaHHEbIe YHT -1/1;

*  BepTHUKAJIbHO OpHeHTHPoBaHHEIe YHT - 1/2;

*  TOpPHU30HTAJIFHO OPHeHTHUpPOoBaHHBIe YHT - 1/3;

* HaHeCeHHBble Ha BCIIOMOTaTe/JbHBIM MaTepHall

YHT - 1/4.

IIpy H3rOTOBJIEHHMHM IOKPHITHH YyBCTBUTE/Ib-
HBIX 3/IeMEHTOB YCTPOHCTB 1/1 06BIYHO NpPHUMeEHS-
o1cs cycrieHsuss YHT B N,N-pumetundpopmamuze,
3THUJIOBOM CIIMPTe, XJI0popopMe MU B IPYTOM Opra-
HHYeCKOM pacTtBopuTesie. CycleH3HsI HaHOCHTCSA

*3A0 "KomnaHus "besonacHocThk" (Mocksa).
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KaIleJIbHBIM pacIipefeneHHeM, as3po30JbHBIM pac-
IbIEHHEM, MEeTOAAMHM CO3[aHHs BpallaTeJIbHOro
IIOKPBITH S MU JleHTMIOpa-biomskeTTa.

IIpy CO34aHMU TOKPBITHUS UYYBCTBUTEJIbHBIX
3/IeMeHTOB HAaHOCEHCOPOB 1/2 MpHMeHSeTCS XUMHU-
YecKoe OCa’kJeHHe IIapoB, a YCTPOUCTB 1/3 - sjek-
Tpodopes HIKU AUdMeKTpodopes. g yaydlleHUS
aaresuy YHT MoBepXHOCTh YYBCTBHUTEIbHBIX 3JIe-
MEHTOB HaHOCEHCOPOB 1/4 cHayajia ITOKPBIBAETCS
C/IOSSIMH  BCIIOMOTATe/JIbHBIX MaTepHaaoB (CONH
KaJMHS apaXHMHOBOM HJIM HaTpHUs 3-MepKamTo-1-
[IPOIAHCY/TbPOHOBON KHMCJIOT, COIOIHUMEp 4-CTH-
poicyn1bGOHOBOM, Ma/leMHOBOK KHCIOT M THLPOX-
Jjopuga ajIMIaMKHa). Jajee HAaHOCUTCA cyion YHT,
IIPH M3TOTOBJIEHHUH KOTOPOI'O MOI'YT KCII0JIb30BaThCs
YIIOMSIHYThI€ BBIIIIE CIIOCOOBI.

YcTponcTBa IPYIIIBI 2 MOKHO IOApa3feNuTh Ha
[ATh IIOATIPYII — HAHOCEHCOPHI, YYBCTBUTEJIbHBIE
3JIeMeHTBI KOTOPBIX UMEIOT IIOKPpEITHE U3 YHT u ciios
HaHOYaCTHIL:

e MeTaaa-2/1;

e OKCHA MeTasljia - 2/2;

e monumepa -2/3;

*  OpPraHHYecKoro coefVHeHUS - 2/4;
e JIBYX MeTaJJoB - 2/5.

BHeIIHHH CJIOM MOKPBITHS YyBCTBHTEJBHBIX
3/IeMeHTOB YCTPOMCTB 2/1 popMHUpyeTcs U3 30/0Ta,
ma/Iafiusi, IUIATHHBI, PYTeHUs HIH cepebpa.
YyBCTBUTe/NbHBIE 3IeMEeHTBl HAHOCEHCOPOB 2/2,



KaK IIpaBHJIO, UMEIOT IIOKPLITHE C BHEIIHUM CJIoeM
U3 [OHOKCHJa 0JI0Ba. BHEMIHUMN CI0M IOKPBITUS
YCTPOMCTB 2/3 BBIMIOIHSETCS U3 MOJTUIIUPPOIIa, TIOIH-
AHWJIKHA, I0nHU(3,4-3THIeHAUOKCUTHODEeHA) WU
gpyroro mosumepa. UYyBCTBUTE/IbHBIE 3JIeMEHTEHI

HAaHOCEHCOPOB 2/4 KMMeIOT MOKPBITHE C BHEIIHHM

CJI0eM U3 e30KCHPUOOHYKIenHOBOM KUCIOTH (JTHK)

WK MeTaJlJIocofepKaliero moporuprHa, a yCTPOHCTB

2/5- 13 IUVIATHUHBI U Na/UIaIUS.

HaHoceHcOphl I'PyHIIBl 3 MOXKHO IIOAPa3felituTh
Ha 11 HDOATPYNII - YCTPOMCTBA C YyBCTBUTEIbHEIMH
3/leMeHTaMHU, UMEIOLMMHU IIOKPhITHE U3 KOMIIO3HUT-
HOT0 MaTepHaa Ha ocHoBe YHT 1 HaHOYaCTHIL:

e MeTayia - 3/1 (masnagus, IJIATHHBIL, 30JI0Ta,
cepebpa, THTaHa, MapraHia, skemes3a, Kobaapra,
HUKeJI);

*  OKCHZA MeTasaa - 3/2 (IMOKCHUIOB 0I0BA, TUTAHA
WJIH TeTPAOKCHUAA KObaIbTa);

e monumepa - 3/3 (monumnuppona, NoTHaHUINHA,
IIOIMMMHU/IA, IIONHUSTHIEHUMHUHA, IOIHKH300y-
THJIeHa, IIOJMMePHOHN MOJIOYHOM WX IONIH-T-
aMHHOOeH30/ICyTbGOHOBOM KHCJIOT, IIONHMe-
TUIMEeTAaKPHUJIATa, COIIOIMMepa aKpPHJIATOB);

*  OpraHHUYecKoro coefuHeHUs - 3/4 (XUTO3aHa,
coJlel KaJIMHUS apaxHHOBOM KHCJIOTHI, beH3ora,
AHK);

e HeOpraHHWYecKoro coefrHeHHs - 3/5 (HaHOMare-
puaina Co, ¢Ni,,Fe,0,);

*  BYX MeTaJjIoB - 3/6 (HUKe/s U Na/llafus);

e OKCHJOB JByX MeTasla - 3/7 (AMOKCcHZA 0/I0Ba
1 TeTPAOKCHIA K0obapTa);

e MeTaj/ula M OKCHAA MeTayia - 3/8 (30/10Ta MU
cepebpa U LHOKCH/IA 0/I0BA HIK TPHOKCHUA BOJIB-
dpama);

* OKCHZA MeTaJUla U moinuMmepa - 3/9 (muokcuia
TUTAHa U 11eJITI0NI03bI);

e MOJIHWMepa, OpraHHU4YecKoro coegrHeHus - 3/10
(monuypetraHa H 1,6-TeKca-MeTHJIEHAHH30I[Ha~
HaTa MJIM IIOJIMAHUIMHA U KaMdopocyabPoHO-
BOM KHCJIOTHI);

* MeTajUla, OKCHJIA MeTajja, HeopraHHu4ecKoro
coefuHeHHs - 3/11 (3o0710Ta, TPHUOKCHAA BOJb-
dpamMa M THIOPOKCHUIHOIO OKCHIAA Kobanpra -
reTeporeHnTa).

Kak BHMIOHO, IOKPBITHSI YyBCTBHUTEJIbHBIX 3JIe-
MEHTOB HaHOCEHCOPOB 3/1-3/5 BBIIIOTHSIOTCA U3 MaTe-
PHAJIOB, COCTOSIIUX U3 ABYX KOMIIOHEHTOB, 3/6-3/10 -
U3 Tpex, 3/11 - U3 JeThIpex.

AHAIMTUYECKUE BO3MOXHOCTHU

Hcrionp30BaHHEe Ta30BBIX XMMHYECKHUX HaHOCEHCO-
POB C YYBCTBUTEJIBHBIMH 3JIeMeHTAaMHK Ha OCHOBe
YHT mnosBossieT onpefensiTb 601bIIOe KOTHYECTBO
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OpraHHYecKHX KM HeOpPraHH4YeCKHX COeJHHEeHHH.
KoHLIeHTpallM1 3THUX COeTUHEHUH MOTYT LOCTUIATh
100%; mpenensl ux obHapyskeHHs - 10-7%. Bpems
YCTaHOBJIEHH S IOKa3aHUH U BO3BPaTa K HA4aJIBHOMY
3HAYEeHMIO - OT HECKOJIBKHX CeKyHJ [0 LeCATKOB
MHHYT. M3MepeHHsl MOI'yT IPOBOSUTLCS IIPU IIOHMU-
skeHHou (-160°C), KOMHATHOM HJIU IIOBBIIIEHHOM
(700°C) TeMmepaType 4yBCTBUTE/NbHBIX 3/1€MEHTOB.
[IpuMeHSITCA KOHAYKTOMETPHYeCKHe, aKyCTHYe-
CKHe, eMKOCTHBIe, peppakTOMETpUUYECKHE M HOHHU-
3aI[HOHHbIe H3MepHUTe/IbHBIe Ipeobpa3oBaTelu.

MexaHHU3MBL AEHCTBUSI Ia30BbIX XHMHYECKUX
HaHOCEHCOPOB C YYBCTBUTE/IbHBIMU 3/IeMeHTAMU Ha
ocHoBe YHT mo KoHLla He M3y4eHBI. BmecTe ¢ TeM,
MOXKHO OTMETHUTh PAJ, 3aKOHOMepHOCTel. B dact-
HOCTH, YYBCTBUTEJIBHOCTh M CEJIEKTHBHOCTb H3Me-
PeHHH, BpeMs YCTaHOBJIEHHUS IIOKa3aHHUH U BO3-
BpaTa K HavyaJbHOM BeJIMYHHe 3aBUCAT OT TONIIMHBI
IIOKPBITHUS M TeMIIepaTyphbl UYYBCTBUTEIBHOIO 3Jie-
MeHTa. Mop¢osorusi MOKPBHITHSA 3JIeMeHTa OIpe-
ZensieT ero IOPHCTOCTb, BIHSIONIYI0 HAa Maccoob-
MeH C aHaJH3HUPyeMOM CpefioM M, KaK C/lIe[CTBHe,
Ha MeTPOJIOTHYecKHe XapaKTePUCTUKH YCTPOKMCTBA.
UyBCTBUTE/IBHOCTh HM3MepPeHUH OOBIYHO MOHOTOHHO
CHU>KAeTCs IPU YBeJIMYeHUH KOHLIEHTpPalluH OIlpe-
JesgeMoro XMMHYeCKOro COoeJHuHeHHs, OLHaKO
HMHOIfa HabMI0galTCsl OTKJIOHEHHS OT 3TOM 3aKOHO-
MEPHOCTH HJIK B CPaBHMTE/IIbHO Y3KOM [Halla30He
KOHILIEHTPALIMK 3TOT apaMeTp OCTaeTCsl paKTH4e-
CKHU IOCTOSSHHBIM. Bo3JeHCTBHe Ha IOKPBITHE YyB-
CTBUTE/IBHOIO 3JIeMeHTa BHEUIHEero 3JeKTPHUYeCKOoro
o uian YO-u3jydyeHUus MOXKeT BAUATh Ha METPO-
JIOTHYeCKHe XapaKTePUCTHKH HaHoceHcopa. CocTaB
IIOKPBITH L YYBCTBUTE/IPHOIO 3/IeMEHTA CYLIeCTBeHHO
BJIMSIET Ha TeXHMKO-3KOHOMHYECKHE II0Ka3aTeIH
YCTPOMCTBA, B TOM YHCJ/Ie HAa TeMIIepaTypy HauboIb-
IIel YyBCTBUTEIbHOCTH U3MePeHHUH.

HampuMep, B HaHOCeHcopax 1/1 MOKpHITHe
13 MYHT obecreunBaeT IMOBbIIIEHHE UyBCTBUTEb-
HOCTH H3MepeHH171 napoBs Boabl, a U3 MVYHT, mon-
BEPrHYTHIX IP060IO 37IeKTPHUUECKUM TOKOM, — KHCJIO-
pona. ITokpeiTre 13 MYHT, BeIZep>KaHHBIX B pacTBOpe
CepHOHM M a30THOM KHC/IOT, IOBBHIIIaeT YyBCTBH-
Te/JIbHOCTb M3MepeHHH, COKpalllaeT BpeMsl BO3BpaTa
MOKa3aHUM K Ha4ya/IbHOMY 3Ha4eHHIO, HO YBeJH-
4YHBaeT BpeMsl YCTAaHOBJIeHHS IIOKa3aHUM IIpHU
orpeneseHUN IIapoB BoAbl. IlokpeiTHe u3 MYHT
C IPUBUTHIMH aMHUHOTPYIIIIaMHU II0BBIIIAET YyBCTBU-
TeJIbHOCTb M CeJIeKTHUBHOCTbh M3MepeHHMN (popMallb-
Jeruga. BmecTte ¢ TeM, GOpMHpOBaHHEe IIOKPBHITHSA
u3 OYHT compoBoXkgaeTcss POCTOM YyBCTBUTEIbHO-
CTH H3MepeHHH IapoB TONyosla, 3THJIOBOIO CIIMPTa
M dTHJIALleTaTa.
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B ycTporicTBax 2/1 MOKpEITHE UyBCTBUTEIBHOIO
1eMeHTa M3 MVYHT co cioeM 30/10Ta IIOBBIIIAET
YyBCTBUTE/IbHOCTb U CEJIeKTHUBHOCTb H3MepeHHH,
CHU>KaeT BpeMsl BO3BpaTa IOKAa3aHMUM K Ha4dyaJbHOU
BeJIMYMHEe IIPH OIpede/ieHHHM OHOKCHIA a30Ta, a
[/1s1 TIOKPBITHUH CO C/I0eM IUIAaTHHBI, PYTeHHS MU
cepebpa, Hapsily C yBeJIHUYeHHEM YyBCTBUTEIBHO-
CTH U3MePeHUH, CHUKAeTCS TeMIlepaTypa Haubomp-
el 4YyBCTBUTEJIBHOCTH INPH OIpefeleHHUH 3TOro
CoenHHEeHUS.

B HaHOCeHCOpax 2/4 IOKPEITHE YyBCTBHUTEIBHOIO
eMeHTa U3 MYHT co cjioeM MeTasIoComepsKallero
nopdupruHa 06yCIOBIHBAET POCT UYBCTBUTEIBHO-
CTH U CeNeKTHUBHOCTH H3MePeHUM IIapoB CIIHPTOB,
aMHHOB, KETOHOB U apOMaTH4eCKHUX COeJUHEeHUH, a
13 OYHT co cmoem THK - 11apoB MeTHJIOBOTO CIIMPTA,
TPUMeTHUIAMHUHA, gumMeTuinMetundochdoHara,
OIUHUTPOTONYO/IA, IIPOIIMOHOBON KHCIOTBHI.

[ToKpBITHE YYBCTBUTEIBHOIO 37IeMeHTa U3 MYHT
CO CJIOeM IUIATUHBI U NTajUtafus obecrieduBaeT IIOBBI-
IMeHHe YyBCTBHUTEABHOCTH H3MepeHHM OHOKCHIa
asora, aMMHMaKa, CepoBOJ0POJa U MOHOOKCHU/A yIJie-
poza (ycTporcTsa 2/5).

B TO ke BpeMs B H3Aenusax 3/1 NOKpBITHE YyB-
CTBUTEJIHOTO 3jieMeHTa M3 MYHT c mobaBiieHHeM
Hajanagyvsg yBeJIHMYMBaeT UYYBCTBHUTE/JILHOCTh H3Me-
peHm?I IUOKCHAA a30Ta, a u3 OYHT c gobaBieHHeM
TaKHX >X€ YacTHUL - BOAOPOAA U I1apOB 3THJIOBOIO
cnupra. JJobaBneHue B okpsITHe K OYHT IJIaTHHBI,
THUTaHa, MapraHIa, Kejae3a WM KobanabTa Takxke
COIIPOBOXKJAETCS POCTOM YYBCTBUTEJIBHOCTH H3Me-
PEeHUH I[1apoB 3THJIOBOTO CIIMPTA, a cepebpa - cenek-
TUBHOCTH U3MepPeHHI CePOBOOPOAA B IPUCYTCTBUU
MOHOOKCH/IOB yIJIepoJa 1 a30Ta.

B HaHoceHcopax 3/2 HOKPBITHE YYyBCTBHUTEJIb-
HOro 371eMeHTa U3 MYHT c mobaBieHueM SUOKCHOA
0JI0Ba IIOBBHIIIAeT YyBCTBUTEJBHOCTb H3MEpeHMH,
CoKpalllaeT BpeMs yCTaHOBJIEeHU s [IOKa3aHUM U BO3-
BpaTa K Haya/IbHOMY 3Ha4YeHHIO IIPU Olpene/leHUH
aMMMaKa, a TAK>Ke yBeJIUYHBaeT YYBCTBUTE/ILHOCTD
H3MepeHHUH MOHOOKCHIAa yIjlepoJa KM AHOKCHIA
asora. [IoKphITHE M3 OUOKCHUAA 0JIoBa C Hobasie-
HueM MVYHT o06ycioBIHBaeT poCT UyBCTBUTEIBHO-
CTHU MU3MepeHUMN MOHOOKCH/A yIlepoja U AUOKCHIA
asora, a c pgobasiaenumem MVYHT c OPUBUTBIMH
TUAPOKCHUIBHBIMHU TIpyHIIaMHu - opManbAeruia.
[IoKpBHITHE M3 JUOKCHUAA TUTaHA C AobamieHUeM
MVYHT mnoBplmlaeT 4YyBCTBUTEABHOCTh H3MEPEHUU
U CHHXKaeT TeMIIepaTypy Haubosbllel 4YyBCTBU-
TeJIbHOCTH OIpefie/ieHU s KUCIopona. B To ke Bpems
nokpaiTHe U3 OYHT 1 TeTpaoKcHAa KobanbTa yBenu-
YHBaeT YYBCTBHUTEIBHOCTb H3MepeHHI BOLOPOAa,
a U3 JUOKCUMA ojioBa C mobasneHuem OYHT - poct
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YyBCTBUTE/NBHOCTH HM3MepeHMHM, a TaKXe yMeHb-
IleHHe BpPeMeHH YCTAaHOBJEeHHS IOKAa3aHUM U HX
BO3BpaTa K Ha4a/JbHOM BeJHYHHe, TeMIIepaTyphl
HaubosIbIIel YyBCTBUTEIPHOCTH IIPHU OIlpefie/IeHUH
3TOr0 COeTUHEeHMU S,

B ycTporcTBax 3/3 MOKPEITHE UyBCTBHUTEIBHOIO
37leMeHTa U3 IoJHaHMAMHA U MVYHT, obpaboTaH-
HBIX KHC/JOPOJHOK IIJIa3MOM, IIOBBIIIAeT UyBCTBH-
TeJIbHOCTD U CeJIeKTUBHOCTb U3MepeHHH aMMHaKa, a
M3 OJIU3TUIeHUMHHA ¢ fobaBineHuem MYHT yBeJIHU-
4YHBaeT YyBCTBUTEIBHOCTb U3MEPEHHUI U COKpallaeT
BpeMs YCTaHOBJIEHHU S [TI0Ka3aHU U 1P OlpefieleHHH
[1apoB JIeTyUYHX OpTaHUUECKUX COeUHEeHU .

B HaHOCeHcOpax 3/4 IIOKPBEITHE YyBCTBHUTE/IBHOIO
snemeHTa M3 OYHT c XM TO3aHOM y/Iy4YIIaeT CeJIeKTUB-
HOCTb M3MepeHHH BOJOpoAa B IPUCYTCTBUU IOJSP-
HBIX XMMHUYECKHX CoeguMHeHUM, a ¢ JHK o6ycn0B-
JIUBAeT POCT UYBCTBUTEJIBHOCTH M CEJIeKTHUBHOCTHU
HM3MepeHHUH I[1apOB MeTHJ/IOBOIO K HM30IIPOIIHJIOBOrO
CIIUPTOB. IIOKPEITHE U3 CONMH KaJMHS apaxHHOBOMN
KHUCJIOTHI C f06aB/IeHHEeM OTOX KeHHBIX B KHCJIOpPOZe
1 06paboTaHHBIX COMSHOM KHUCIOTOM OYHT mOBHI-
IIaeT YyBCTBUTEIbHOCTh H3MEPEHHH I1apOB MeTHJIO-
BOr'0, 3STHUJIOBOT'O X U30IIPOIIMJIOBOIO CIIMPTOB.

IToKpBITHE YYBCTBUTE/IBPHOIO 37IeMeHTa M3 MYHT
u Co,,Nij,Fe,0, yBennuuBaeT 4yBCTBHUTEIBHOCTHb
HM3MepeHHH aMMHaKka (ycTporicTsa 3/5).

IToxkpeiTHe U3 MYHT u HuKens c gobaBieHHeM
najjafus IPUBOSUT K POCTY YYBCTBUTEIBHOCTHU
HM3MepeHHUMN W CHH’XKeHHIO BPeMeHH YyCTaHOBJIeHUS
IoKa3aHUM MpU oIlpefie/IeHUH Bopopoza (3/6).

ITokpeITHE YYBCTBUTE/IBHOTO 3/IEMEHTA M3 THOK-
CH/Ia 07I0Ba U TeTPAOKCHAA KobabTa ¢ mobaBIeHHEM
MYHT moBbIIIaeT YyBCTBHUTE/NBHOCTh H3MEpPeHHUU
MOHOOKCH /1A yI/lepofa (HaHOCEHCOPSI 3/7).

[TokphITHE K3 TPUOKCUIA BoIbdpama c fobasie-
HHeM MVYHT U 4dacTHI 30/10Ta WK cepebpa yBenu-
YHBaeT YYBCTBUTEABHOCTh U CHMIKAET TeMIIepaTypy
HauOO/bIIeN YyBCTBUTE/NIBHOCTH IIPH OIpefe/leHUH
JUOKCHAA a30Ta (ycTporcTBa 3/8).

ITokpBITHE YYBCTBUTEIIFHOIO 3j1eMeHTa U3 OYHT
c nobaBneHHeM MOTHAHWIHMHA U KaMopocyabdo-
HOBOM KHC/IOTHl y/aydllaeT CeleKTHBHOCTb H3Me-
PeHHMH aMMHaKa B IIPUCYTCTBHUHU IapoB BOAEI
(HaHOCEHCOPSHI 3/10).

ITokpeiTHe M3  TPHOKCHAA  BojJbppama
U THIPOKCHUIHOIO OKCHJAAa Kobambra ¢ mgobas-
nenueM OYHT wu 307mo0Ta obecreurBaeT pocT 4yB-
CTBUTE/NIBHOCTH HM3MepeHHI MOHOOKCHIA YIJepofa
(ycTporicTBa 3/11).

ITpencraBiieHHble pPe3y/NbTaThl II03BOJISAIOT CHE-
JaThb PAJ BBIBOJOB. BO-TIEPBBHIX, I10 KOHCTPYKLIKOH-
HBIM O0COOEHHOCTSIM IIPUMeHSIeMBIX IIOKPBITUH



rasoBble XMMHYECKHe HaHOCEHCOPBL C UYYBCTBUTEJIb-
HBIMH 3JIeMeHTaMHu Ha ocHoBe YHT MOKHO pasme-
JUTh Ha TPU Ipynmnbl. IIpy 3TomM IpeliosKeHHas
CUCTeMaTH3aLhsI MOXeT MOOMOJHSATHCS HOBBIMHU
YCTPOMCTBAMHU II0 Mepe UX pa3paboTKku. Bo-BTOPHIX,
ra3soBble XMMHUYeCKHe HAaHOCEHCOPHL C YYBCTBUTEIb-
HBIMH 3jJIeMeHTaMH Ha ocHoBe YHT mMMerT MoIlIl-
HBIM IIOTeHI|MaJ NPU oIlpele/leHUH OpraHHYecKHX
Y HeOpraHWYeCKHUX COeJUHEHHUH B Pa3/IMYHBIX a30-
06pasHBIX CMecCsIX. DTO CBUAETENbCTBYeT O IIepCllek-
THBHOCTH MCIIO/Ib30BAHHUA JAHHBIX YCTPOHCTB IIPH
pelleHHMH 3ajay SKOJIOTMYEeCKOr0 MOHHTOPHHIA,
3[4 paBOOXPaHeHMS U CAHUTAPHUHU, UX IIHPOKOLO IIPU-
MeHeHHS B Pas3/IMYHBIX OTPACIAX IIPOMBIIIIEHHO-
CTH, CeJIBbCKOTO XO35IMCTBa, Ha TPaHCIOpPTe, B chepe
060poHBI U 6e30IMaCHOCTU. B TpeThUX, BHISIBIEHHBIE
3aKOHOMEPHOCTH OTKPBIBAIOT HOBBIE BO3MOKHOCTH
[JIs yIy4lleHK s TeXHHMKO-3KOHOMHYEeCKHUX XapaKTe-
PHUCTHUK Ta30BbIX XMMHUYECKHUX HAHOCEHCOPOB C YYB-
CTBUTE/JBHBIMHU 3JIeEMeHTaMMH Ha ocHoBe YHT. 2Tu
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paﬁOTBI uenecoo6pa3Ho pacCMaTpHUBATh B Ka4eCTBe
MHOFOO6EH_laIOILIeFO HallpaBJIEHHUS DPA3BHUTHSA aHa-
JINTHUYeCKOTIo HPI/I6OPOCTPOQHI/IH.
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GAS CHEMICAL NANOSENSORS BASED ON CARBON NANOTUBES

V.Buzanovsky * / vab1960@rambler.ru

he chemical nanoscale sensors are developed at the interface of material science and analytic instrumentation.
A significant amount of information about development of such devices and variety of approaches to their con-
struction has already been accumulated. In particular, the sensitive elements of nanosensors are made of car-
bon nanotubes (CNTs), polymers, metals, their oxides and other compositions [1-3]. The article presents the sys-
tematization of chemical gas sensors based on CNTs, evaluation of the possibilities and principles of their use.

SYSTEMATIZATION OF NANOSCALE SENSORS

Depending on the coatings of sensors these products can be divided
into three main groups:

+ CNTonly-1;

+ CNTswith alayer of another material - 2;

* Acomposite material based on CNTs - 3.

In all these listed groups the subgroups can be distinguished
the formation of which is based on the use of single-walled or
multi-walled CNTs (SWCNTs and MWCNTs, respectively) exposed to
chemical or physical treatment or without it.

The devices of Group 1 are divided into the four subgroups -
nanoscale sensors with the following coatings:

» Randomly oriented CNTs - 1/1;

+ Vertically aligned CNTs-1/2;
 Horizontally aligned CNTs - 1/3;

- Applied on the auxiliary material CNTs - 1/4.

In the manufacture of coatings of sensors of devices 1/1 there
are usually used suspensions of CNTs in N, N-dimethylformamide,
ethanol, chloroform, other organic solvents. The suspension is
applied with the distribution of droplets, with aerosol spray methods
of creating rotational coating or with Langmuir-Blodgett films.

To create coatings of the sensitive elements of the nanosensors
1/2 chemical vapor deposition is used, and for the devices
1/3 - electrophoresis and dielectrophoresis. To improve the adhesion
of CNTs the surface of sensitive elements is originally covered by
layers of auxiliary materials (arachidic cadmium salt or sodium
3-mercapto-l-propanesulfonic acid, a copolymer of 4-styrene, maleic
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acid and allylamine hydrochloride). The next is CNTs- layer, in the

manufacture of which mentioned methods can be used.

Group 2 of the devices can be divided into five subgroups -
nanosensors are coated with a layer of CNTs and nanoparticles:

« Metal-2/1;

« Ametal oxide- 2/2;

+ Polymeric material - 2/3;

 Organic compound - 2/4;

« Twometals- 2/5.

The outer coating layer of sensors devices 2/1 is formed of gold,
palladium, platinum, ruthenium and silver. The nanosensors 2/2, as
arule, are coated with an outer layer of tin dioxide. The outer layer
of the coating of device 2/3 is made of polypyrrole, polyaniline, poly
(3.4-ethylenedioxythiophene) or other polymer. The nanosensors
2/4 are coated with an outer layer of deoxyribonucleic acid (DNA) or
metal-containing porphyrin units, and the devices 2/5 - with of
platinum and palladium.

The nanosensors 3 can be divided into eleven subgroups - these
devices with sensors having a coating of a composite material based
on CNTs and nanoparticles:

« Metal - 3/1 (palladium, platinum, gold, silver, titanium,
manganese, iron, cobalt, nickel);

» Metal oxide - 3/2 (tin dioxide, titanium or cobalt tetroxide);

+ Polymer - 3/3 (polypyrrole, polyaniline, polyimide, polyethylene,
polyisobutylene polymer lactic or poly-m-aminobenzolsulfic acid,
methyl methacrylate, copolymers of acrylates);

 Anorganic compound -3/ 4 (chitosan, salts of cadmium arachidic
acid benzene, DNA);

- Inorganic compounds - 3/5 (nanomaterial Co, ;Ni, ,Fe,0,);
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» Twometals - 3/6 (nickel and palladium);

» Twometal oxides - 3/7 - (tin dioxide and dinitrogen cobalt);

» Metal and metal oxide - 3/8 (gold or silver, and tin dioxide or
tungsten trioxide);

+ Metal oxide and polymer - 3/9 (titanium dioxide and fibers);

« Polymers, organic compounds - 3/10 (polyurethane and 1.6-hexa-
metilendiizotsianat or polyaniline and camforosulfonic acid);

» Metal, metal oxide, an inorganic compound - 3/11 (gold, trioxide
tungsten and cobalt oxide hydroxide - geterogenit).

As can be seen, covering of nanosensors 3/1 - 3/5 are made from
materials consisting of two components, 3/6-3/10 - of three, 3/11- of four.

ANALYTICAL CAPABILITIES

The use of gas chemical nanosensors with sensitive elements based
on CNTs allows to define a large number of organic and inorganic
compounds. The concentration of these compounds can be up to
100%, limits of detection are 10 - 7%. Response time and return to
the original value are differed from a few seconds to tens of minutes.
The measurements can be made at low (-160°C), ambient or elevated
(700°C) temperature of sensors. There are used conductometric,
acoustic, capacitive, ionization, refractometric transducers.

The mechanism of action of chemical gas sensors based on CNTs is
not fully understood. However, it can be noted a number of patterns.
- Forinstence, sensitivity and selectivity of measurements, time for

readingand return to the initial value depend on the thickness
of the coating and temperature of the sensor. Morphology of
the coating element determines its porosity, affecting the
mass transfer from a test environment and, as a consequence,
the metrological properties of the device. Measurement
sensitivity usually decreases monotonically with increasing of
the concentration of the chemical compound, but sometimes
deviations from this pattern are existed, or in a relatively narrow
range of this parameter are practically constant. Influence on the
sensor coatings of an external electric fieldor UV- radiation can
affect the metrological characteristics of nanosensors. The coating
of the sensor affects the technical and economic performance
of the devices, including the temperature of maximum
measurement sensitivity.

For example, in nanosensors 1/1 the sensor coating of MWCNTs
enables improved the growth of measurement sensitivity of water
vapor and of MWCNTSs subjected to breakdown electric shock - for
oxygen. The coating of MWCNTSs, kept in a solution of sulfuric and
nitric acids, increases the measurement sensitivity, reduces the
return to the initial value of indications, but extends time for
determining water vapors. The coating of MWCNTs with grafted
amino- groups increases the sensitivity and selectivity of the
measurement of formaldehyde. However, the coating formation
is accompanied by growth of SWCNTSs sensitivity of toluene vapors,
ethanol and ethyl acetate.

In the devices 2/1 the sensor coating of MWCNTs with a layer of gold
increases the sensitivity and selectivity of the measurements, reduces
recovery time of reading to the initial value in the determination
of nitrogen dioxide, and for coatings with a layer of platinum,
ruthenium and silver along with the increased measurement
sensitivity the greatest temperature decreases sensitivity in the
determination of this compound.

In nanosensors 2/4 the coating of the sensor with a layer of MWCNT
with metal containing porphyrin causes the growth of sensitivity
and selectivity measurements of vapor alcohols, amines, ketones
and aromatic compounds, and with a layer of SWCNT with DNA - of
vapors of methanol, trimethylamine, dimethyl methylphosphonate,
dinitrotoluene, propionic acid.

The coating of the nanosensor by MWCNTs with a layer
of platinum and palladium enhances the sensitivity of the
measurements of nitrogen dioxide, ammonia, hydrogen sulfide and
carbon monoxide (units 2/5).

At the same time, for the products 3/1 the coating of the sensor by
MWCNTSs with the addition of palladium increases the sensitivity of
measurements of nitrogen dioxide, and of SWNTs with the addition
such as particles - hydrogen and the vapors of ethyl alcohol. Adding to
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the SWCNT- coating of platinum, titanium, manganese, iron or cobalt
is also accompanied by increased sensitivity of the measurement
of ethyl alcohol vapors, and for silver - selective measurement of
hydrogen sulfide in the presence of carbon monoxide and nitrogen.

In nanosensors 3/2 the coating of the sensor with the addition
to MWCNTs of tin dioxide increases the sensitivity of the
measurements, reduces time for reading and return to the initial
value in the determination of ammonia, and increases the sensitivity
of the measurement of carbon monoxide and nitrogen dioxide. The
coating of MWCNTSs with the addition of tin dioxide leads to increased
sensitivity of the measurement of carbon monoxide and nitrogen
dioxide, and with the addition of MWCNTs to tin dioxide grafted
with hydroxyl groups - of formaldehyde. The coating of titanium
dioxide with the addition of MWCNTSs increases the sensitivity of the
measurement and reduces the temperature of maximum sensitivity
in the determination of oxygen. At the same time, the coating of
the SWCNTs and of cobalt dinitrogen increases the sensitivity of
measurement of hydrogen, and of tin dioxide with the addition of
SWCNT there is the growth of measurement sensitivity, and to reduce
the time-indication and return to the initial value, temperature of
maximum sensitivity in the determination of this compound.

In the devices 3/3 the sensor coating of polyaniline and MWCNTs
treated with oxygen plasma increases the sensitivity and selectivity
of the measurement of ammonia, and with the addition of
polyethyleneimin with MWCNTs it increases the sensitivity of the
measurement and reduces the time for reading in determining the
vapors of volatile organic compound.

In the nanosensors 3/4 the coating of the sensor of SWCNTs
with chitosan improves the selectivity of measurement of
hydrogen in the presence of polar chemical compounds and
with DNA it leads to increased sensitivity and selectivity of
measurement of vapors of methyl and isopropyl alcohol. The
coating of cadmium salts of arachidic acid with the addition of
SWCNTs annealed in oxygen and treated with hydrochloric acid
increases the sensitivity of measurement of vapors of methyl,
ethyl and isopropyl alcohols.

The coating of the sensor of MWCNTs and Co, ¢Ni, ,Fe,0, increases
the sensitivity of measurement of ammonia (unit 3/5). The coating
of MWCNTs and nickel added palladium increases the sensitivity
of the measurement and the reduction of time indication for the
determination of hydrogen (3/6).

The coating of the sensor of tin dioxide and cobalt dinitrogen with
the addition of MWCNTSs increases the measurement sensitivity of
carbon monoxide (nanosensors 3/7).

The coating of tungsten trioxide with the addition of MWCNTs and
particles of gold or silver increases the sensitivity of the measurement
and reduces the temperature of maximum sensitivity in the
determination of nitrogen dioxide (unit 3/8).

The coating of the sensor with SWCNTs with the addition of
polianiline and camforosulfonic acid improves selectivity measurement
of ammonia in the presence of water vapor (nanosensors 3/10).

The coating of tungsten trioxide and cobalt oxide hydroxide
with the addition of SWCNTs and gold provides an increasing the
sensitivity growth of carbon monoxide (device 3/11).

The results presented here suggest the following conclusions.
First of all, design features used by coatings of gas chemical
nanosensors based on CNTs can be divided into the three groups.
However, their proposed systematization can be mended with the
development of new devices. In second, gas chemical nanosensors
based on CNTs have great potential in the determination of organic
and inorganic compounds in different mixtures. This demonstrates
the prospects of using these devices to meet the challenges of
environmental monitoring, health and sanitation, their wide
use in various sectors of industry, agriculture, transport,
defense and security. In third, the determined patterns offer new
opportunities to improve technical and economic characteristics of
gas chemical nanosensors based on CNTs. These works should be
regarded as a promising direction of development of the analytical
instrumentation.
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