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UCITOJBb30OBAHUE ®OTOCEIJUMMEHTAIIMOHHOI'O METOJA
JJI OOEHKHN PACITPEAEJIEHUSA YACTUI 11O PASMEPAM
B HAHOMETPOBOM U MUKPOHHOM [UAITA30HAX

IloxazaHa BO3MOKHOCTh OLIEHKH pacopenciacHusa 4acTull Mo pasMepamMm B HIMPOKOM AHAIIA30HC C UCIIOJIb30BAHUEM
q)OTOCCIlI/IMeHTaIJ,I/IOHHbIX HCCIIeTIOBaHUM CYCIICH3H1U. YCTaHOBJ'IeHO, 4TO IJIA MPOBEPKU aJICKBATHOCTH PE3YJIbLTATOB
HGO6XOL[I/IMO obecreunBaTh JJAMUHApHOCTL JABWXXCHUA YaCTULl, OAHOKPATHOCTL pAaCCE€AHNA 30HAUPYIOLICTO U3JTyUC-
HUS U OTCYTCTBHC BBaHMOHeﬁCTBHH MCKAY HYaCTHLIAMU. OO00CHOBaHBI KPUTCPUU NTPUMCHUMOCTHU YKA3aHHBIX OI'pa-
HUYCHUH. HOKaSaHO, YTO y4€T CCUYCHUS SKCTUHKIUU ITPU 06pa60TKe PE3yJIbTAaTOB I/I3Mep€HI/II\/‘I IIO3BOJISICT OLICHUBATH
FpaHyHOMCTpH‘IeCKI/Iﬁ COCTaB ,HI/ICHepCHOI\/‘I (1)21351, JJIA KOTOpOﬁ H3BCCTHBI pe€ajibHasA U MHHMAas 4aCTU MOKa3aTCJIsA
MPpCIOMJICHUS. HpeﬂHO)KCHHI:Jﬁ MCTOZ NO3BOJIACT OPEACIIATH pasMep 4aCTUL B XOJA€ OJHOTO 3KCIICPUMEHTA, OXBa-
THIBAOIICI'O KaK HaHO-, TaK U MHKpOMeTPOBI)Iﬂ JHaI1a3oHbI. OTta €arHas CTpaTerus Mmo3BOJISCT MPCOAOJICTh TUITNY-
HBIC OTPAHUYCHUA MUKPOCKOIIMHU U CTAHAAPTHOI'O0 CCAMMEHTAIIMOHHOI'O aHaJiu3a. Merton OBLI OKCTICPUMECHTAJILHO
BaJIMAUPOBAH C MCIIOJB30BaHUCM C(i)epI/ILICCKl/IX JacTull OKCHJa aJIIOMHHUSA, OCAXKIAIOUIUXCS B I[HCTI/IJIJ]PIpOBaHHOﬁ
BOJC. HOKaSaHO, qTo (pOTOCe[[l/IMeHTaHI/IOHHLIG HU3MEPECHU B COYCTAHUU C pacHE€TaMu CCUYEHHMI APKCTUHKIIMM Ha OC-
HOBC TCOpUH Mu 1o3BOJISIIOT I/I,HeHTI/ICI)I/II_[I/IpOBaTL HECKOJIBKO (I)paKI_II/II\/'I JacTull U OLUCHHMBATHL MX OTHOCHUTCIIBbHYIO
KOHLCHTPAIUIO U MaCCOBBIC NOJIH. P€3yHLTaTBI MNpOACMOHCTPHUPOBAIN, YTO O6’B€I[I/IH€HI/IG (I)OTOCCZLI/IMGHTaHI/IOHHLIX
HSMepeHI/Iﬁ C pacyeTaMu SKCTUHKINU 11O TCOPUU Mu Ja€T BOSMOXXHOCTD BBIABJIATH MHOXKCCTBCHHBIC q)paKLII/II/I qac-
THULl 1 KOJIMYCCTBCHHO ONPEACIIATh UX OTHOCHUTCIIbBHYIO KOHIICHTpAlIUIO U BKJIAJA B O6H.[y}0 Maccy. HOKaSaHO, 4qTo
METOQ CI)OTOCC,HI/IMGHTEH_[I/II/I HUMECT MOTCHIMAT JId I'PAHYJIOMETPUYCCKOTO aHaJIM3a MOPOIIKOB U3 MCTAJIMYCCKUX

1 JUSJICKTPUUICCKUX MATCPUAJIOB B IIMPOKOM JUHAMUYCCKOM JIMANIa30HE pa3MEpPOB.

Knroueswie cnosa: q)OTOCC[lI/lMeHTaHI/I}I, pacrnpeacjICHUeC YaCcTuUll 1o pasMepamM, CCUCHUC SKCTUHKIIUU,
CBETOPACCCAHNC, FpaHyHOMeTpI/I‘IeCKI/Iﬁ aHaJIn3, HAHOMETPOBBIC 1 MUKPOHHBIC YaCTHULbI, JUCIICPCHBIC CUCTCMbL

BBEJAEHUE

Bo3MOXHOCTh  ynpaBiieHUS  (PU3UKO-TEXHHUYEC-
KUMA (MEXaHWYECKHUMH, DIEKTPUIECKHMH, TEIUIOBBI-
MU M JIp.) CBOWCTBAMH JUCIICPCHO-HAIOJHEHHBIX
MOJTUMEPHBIX KOMITO3UITHOHHBIX MAaTEPHAJIOB OTpese-
JISIETCSI HE TOJIBKO THUIIOM YaCTHII HAMTONHUTENS, KOH-
HEHTpaLMe U JUCIIEPCHOCTHIO, HO M MX pacipeserne-
HUEM 10 pasmepam [1, 2]. CyiecTByromune MeTOIbl
OTIpeJieNIeHHsI TapaMeTPOB pachpeelieHHs AUCIepC-
HBIX YaCTHII 110 pa3MepaM MOXHO pa3JeNuTh Ha JIBE
0OJIbIIIKE TPYIIIBL: MPSIMBIE U KOCBEHHBIE. MUKPOCKO-
MIYECKAE WCCIEOBAHNS, OTHOCSIIMECS K TPSIMBIM
MeTonaM [3], BO3MOXKHO HCITOJIB30BaTh TOJIBKO ISt
OTPaHUYEHHOTO JHWarna3oHa pa3MepoB 4YacTHIl. ITO
CBSI3aHO C pa3pemniaroield CocOOHOCThIO MCTIONB3ye-
MBIX MHKpOCKOMOB. Kpome TOroO, monydeHue anex-
BaTHBIX JAHHBIX TpeOyeT 00paboTkm W300paskeHuUs
Oombioro uncna yactuil [4]. CiivBka M300paKeHHI,
MONTyYeHHBIX, HAIPUMEP, Ha DIEKTPOHHOM U OITHYe-
CKOM MHKPOCKOTIaX, JaeT CYHIECTBEHHBIE MOTPELIHO-
CTH Ha TpaHMIIE CIIMBaeMbIX HHTepBasoB [5]. Koc-
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BEHHBIC METOJIbI HMCCJICIOBAHMI, B TOM YHUCIC CEIM-
MEHTAIlMOHHBIA aHanu3 [6], IMHAMUYECKas CIEeKTPO-
ckorus [7], cWTOBBI aHamu3 [8], Takke HMEIOT
nmoo0oHoe orpanuyeHue. Hampumep, MeTon nuHamMu-
YEeCKOTO CBETOpACCEsHUS, B KOTOPOM OMPEIEIISIOT
TUIPOJIUHAMUYECKUIN PajinyC YacTHIl, TIO3BOJISET TO-
JTy4aTh TIpUEMJIEMbIE Pe3yJIbTaTbl, B OCHOBHOM, IS
gacTull ¢ pasmepamu oT 1 M g0 1 Mxm [9]. OanHako
JUTS HAaHOJTWCTIEPCHBIX YaCTHI[ 3HAYCHHS THIPOIUHA-
MHUYECKHX TMaMETPOB MOTYT CYIIECTBEHHO OTIHYATh-
Cs OT UCTUHHBIX 3Ha4YeHUil amameTpoB yactuil [10].
CenuMeHTaIlMOHHBIE METOMBI aHaN3a C MCIIOIb30Ba-
HUEM LEHTPUDYT, XOTS ¥ TO3BOJSIOT CYIIECTBEHHO
COKpAaTUTh BpeMsi U3MEPEHHs, TPeOYIOT HCIIOIb30Ba-
HUS CJIOKHBIX MOJICJICH JBWXKCHUS YaCTHI[ JIJIS BOC-
CTaHOBJICHHS aJIEKBATHBIX MapaMeTpPOB HMX pacipeje-
JeHHus MO pazMepaMm. OTO OOYCIIOBICHO BIUSHHEM
COCEHUX 4YaCTHI[ JPYr Ha Jpyra IpH JIBMKCHUHU
(ctrecnennas cemumenrtanus) [11]. CexmmeHTanmoH-
HbIe (DOTOMETpHUYECKUE M3MEPEHUS JIJIsl ONPEIEIICHUS
pacnpezieieHus] YacTHIl TI0 pa3MepaM B IIHPOKOM JTH-
HAMUYECKOM JHama3oHe TPeOyIT HCIOIb30BaHUS
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¢oToMeTpOB, HapamMeTpbl KOTOPBIX OCTAlOTCS CTa-
OWJIBHBIMU B TEUCHHE JUINTEILHOTO BPEMEHH H3Mepe-
Hu#t [6]. [loaTOMy ompeneneHne mapaMeTpoB pacipe-
JeNICHUsT YacTHIl METaJUIMYEeCKUX TOPOIIKOB cdepu-
yeckoil ¢opMmel, B coorBercTBuu ¢ ['OCT 22662-77,
OCYIIECTBIISIFOT TOJBKO B JHANa3oHe JAUaMeTpPOB
0.5+40 mxMm. Ha nHam B3risia, MCIOJb30BaHHE OoJiee
obmero mapamerpa — Kod(uimeHTa SKCTHHKINHY,
XapaKTEepU3YIOLIETO MIPOXOXKICHNUE CBETa 4epe3 Cyc-
MIEH3HIO, MTO3BOJIMT PaCIPOCTPAaHUTh METOJIBI (oToCe-
AUMCEHTAIUM [JIA aHa/ln3a 4aCTUll U3 pa3JIM4YHbIX Ma-
TEPUAJIOB C PACIIMPEHUEM JUHAMHUYECKOIO AUAna3oHa
KOHTPOJIsI UX Pa3MepoB NpW HCIOIb30BaHUM (oTO-
METPOB C JOJIFOBPEMEHHOH CTaOMIBHOCTBIO XapaKTe-
puctuk [12].

INHOCTAHOBKA 3AJJAYN

Llenpro paboTHI SBISETCS OLEHKA BO3MOXKHOCTH
WCTIONB30BaHMS PEe3yJIbTaToB (OTOCEAMMEHTALIMOH-
HBIX M3MEPEHUH IS MOCTPOEHHS TMCTOTPAaMMBI I10-
JMMOJANIBHOTO paclpeieeH s IPOU3BOIbHOIO TUIA
JMCIIEPCHBIX YaCTHI[ MO pa3Mepam, C MCIOJIb30BaHHU-
eM (QoroMerpa C JOITOBPEMEHHOH CTaOWIHLHOCTHIO
XapaKTepUCTHUK.

TEOPETUYECKAA YACTD

PaccmoTrpum TpamunuoHHyro A (oToceIuMeH-
Tanuu cxemy (puc. 1) MonydeHus! SKCIEepUMEHTANb-
HBIX JaHHBIX.

B ycnoBusix 3KCIepUMEHTOB BBICOTa /i cCymiecT-
BEHHO 0OJIbIlIe ONEPEYHOro pa3Mepa U3MEPUTENIbHO-
ro ooeema 6 (h > §), moaromy Bpems f;, HEOOXOIH-
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Puc. 1. CenumeHTanus 4acTHIl B CYCIICH3UU.

1 — nucToYHMK cBeTa; 2 — U3MEPUTENbHBIN 00beM; 3 —
OCaXIaeMble YacTHUIIBl; 4 — PErucTpanus HHTCHCHBHO-
CTH CBETa; 5 — KpBIIIKA KIOBETH; i — BBICOTa; L —
JUITMHA OITHYECKOTO IIyTH, 0 — TMOIEPEeYHBIH pazMep
U3MEPUTEIFHOTO 00bheMa

MOgE ISl TIEPEMEIIICHHS YaCTHI[ TUaMETPOM d; OT BEpX-
HEro YPOBHS CYCIICH3HH B KIOBETE JIO U3MEPUTEIHHO-
ro o0bemMa, ompenenstoT, cornacHo ['OCT 22662-77,
BBIPAXKEHUEM

18n
PR/ " 1
" glp,-p,)d; M

T/ie /) — JUHAMAYecKas BSI3KOCTh KUAKOCTH CYCIECH-
3UH; g — YCKOPEHHE CBOOOTHOTO MANCHUS; Py, P —
IJIOTHOCTh YACTHII U KUJAKOCTH COOTBETCTBEHHO.
JlaHHOE COOTHOIIEHWE CHpPaBENIMBO MPU OTCYTCTBUU
COYJapeHH YacTUIl U JIAMUHAPHOM JBI)KCHHUH dac-
TUIl B cycneH3un. Kputepruem maMHUHApHOCTH, B CO-
orBeTcTBUU ¢ [[OCT 22662-77, siBNseTCs HEPaBEHCT-
BO:

d;g(p.—px)P
187

CoynapeHusiMH MEXAYy YacTHIIAMH MOXHO TIpe-
HeOpeyb, KOT/Ia PacCTOSIHHUE /; MEX/Ty HUMH B CYCIICH-
3un OyJeT 3HAYMTENbHO OOJbLIE MX MAaKCUMAaJIbHOTO
muamMeTpa dina: (i > 4dimax) [13]. D10 TpeboBanue
u ycnoBue (2) crneayeT KOHTPOJIHUPOBATh NMpH BbIOOpe
KOHUCHTpaluuu JUCIICPCHBIX YaCTHUILl B CYCIICH3UU.

M3MeHeHne KOHLCHTPAIMN YaCTHIl B NU3MEPUTEIb-
HOM 00BEME BCIICJICTBHE UX OCAKICHHUS COMPOBOXKIA-
ercsi M3MEHEHHEM WHTEHCHUBHOCTH 30HAUPYIOLIErO
W3JIY4EHHUs 3a CYET ero MOTJIOIIECHUS U paccesHus,
KOTOpBIE OMHUCBIBAIOTCS SKCTHHKIMEH (Kod(hduimeH-
TOM 3KCTHHKINHN). M3BeCTHO, 4TO KO PHUIMEHT IKC-
TUHKIMH CYCIICH3UH Y MOXKET OBITh OTNpeJesieH Yepe3
CeUCHHE SKCTUHKITUHN Oey(d)) [14—16]:

y(1)= 1n(170j _ LZO C, (1) o (d). 3)

rae Iy, / — UHTEHCUBHOCTH MaJaroLIEro W Ipoulea-
IIeTro Yepe3 cpedy W3Iy4YeHHs;, L — JUIMHA ONTHYe-

ckoro mytH B cpeae; C, — 00beMHasi KOHLCHTPALHSI

E=

x<0.2. )

YacTUIl JAUAMETPOM d; B HW3MEPUTENBHOM 0ObeMe.
BaxHpIM orpaHnueHHeM Ui aJeKBaTHOCTU CyMMH-
poBaHHSA B BHIpaXEHUU (3) SBISETCS YCIIOBHE OIHO-
KpPaTHOTO paccesiHus Ha MHOKECTBE HEKOT'CPEHTHBIX
n3nnydarened. B kadecTBe KpuTepusi OJHOKPATHOI'O
paccesHUsI MOKET OBITh UCTIONB30BaH mapameTp 7 [13,
17]:
2
7% _ 2
T_Ll_3_LCd1dl <1,

s

a HapylleHHe KOTepEeHTHOCTH pacCesHHBIX BOJH
OT OTIENBHBIX YAaCTHI B CHIIy UX XaOTHYHOTO pacro-
JIOKCHUA B CYCIICH3UU MOXHO 06GCHC‘II/ITB pu ycliio-
BUU [, > A, TIe A — JUIMHA BOJHBI 30HIUPYIOIIETO
mnyaenus [13—-15].
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ITo amamornu ¢ 'OCT 22662-77 nnst mocTpoeHUs
THCTOTPaMMBI PACHpesieNieHns] YacTHI[ M0 pa3MepaM
paccMOTpUM JUHAMHUKY HM3MEHEHHs Kod(duimenrta
SKCTHHKITHH (3):

y(t+At)—y(1)=

=L Zc (t+At)o

d;=0

ext ch, exl ) . (4)

PaccMoTpuM OTHENBHBIN CTOJOCI TUCTOIPAMMBbI
Ad=d_—d,, B mpenenax KOTOPOIo BBIIOIHAETCS

yenosue o, (d,)~o,(d,)=d,,; d, — cpenuee

3Ha4YeHHe AMaMeTpa 4acTull B Auana3oHe Ad . bynem
noJjaraTb, YTO MOMEHT BPEMEHH / COOTBETCTBYET Yac-
THLAM C JMamMeTpaMu d,, a MOMEHT BpEMEHH

t+ At — yactuuam ¢ auamerpamu d,. Torna, usme-

HeHUE KO3(DUIMEHTa DKCTHHKIMH, B COOTBETCTBUU
c (4), ompenensieTcst CASMYIOMINM BEIPAKEHAEM:

dy=d

y(t+At)-y(t)=Loy,(dy,) Y. -C, (t)=

dy=d,

H

= _Laext (dlcp )CZI H

rie C;,, — cyMMapHas KOHIEHTpalusl YacTHI[ Bbl-
OpaHHOTO MHTEpBaJla TUAMETPOB.

Takoe ympomienne it OIEHKH BBICOTHI CTOJIOIOB
THUCTOTPaMMBbl, COOTBETCTBYIOIIMX WHTEPBaNY d,+dy
CO CPEIHHM JUAMETPOM d, , MOXKET OBITh OOBICHE-

lep »
HO, UCXOJI U3 CIICAYIOUICTO:

— g vactun ¢ guamerpamu 0<d, <d, wux

lep
KOHLIEHTPALWS B N3MEPHUTEIBHOM 00bEME HE H3MEHS-
erea C, (t+At)=C, (t), MOCKONBKY KOIHYECTBO
YacTHUIl JIAHHOTO JIMANa3oHa JMAMETPOB, MOCTYIHB-
IIMX W TOKAHYBIIMX N3MEPHTEIBHBIA 00bEM, OfiMHa-
KOBO;

— JUIi YacTull ¢ auamerpamu d, > d, WX KOH-

lep
nentpammn C, (t+At)=C, (¢)=0, T.x. acTHIEI
JIAHHOTO JMANa30oHa JUAMETPOB IMOKUJIAIOT HU3MEPH-
TENBHBIA 00bEM K MOMEHTY BPEMCHH f;

— s yactul ¢ quamerpamu dy <d, < d, MOX-

lep
Ho samucath C, (t+Ar)=0, T.K. 9aCTHIEI, yKa3aH-
cp

HOI'O JMana3oHa AUaMETPOB, IMTOKUAAOT U3MEPHUTEIb-
HBII 00bEM B MOMEHT BPEMCHH [ + At .

Hcxons m3 aToro ananmmsa, moilydyaeM BBIpaKEHHE
JUIsl pacueTa KOHIICHTPAIMU YacCTHI[ BBIOPAHHOIO

nnanasona Ad =[d,, d,]:
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Puc. 2. Cedyenne >KCTHHKLIUU IS YacCTHUI[ OKCHAA allfo-
MUHUS B JUCTHIUTUPOBAHHOM BOJIE.

1 — pacuer; 2 — ammpoKCHMAPYIOLILas bynkuus (koad-
durment netepmunammu R = 0.99)

y(t+At)—y(1)
Lo, (dch)

JInst OLEeHKH CYeTHOM U, M MaccoBoil 6, moneit

pacrmpe/eNieHust YacTHll 10 pa3MepaM B PUOIMKEHUN
nx cepudeckoit opMbI UIMEEM:

Cy=- (5)

C):l . 0 — C d;CP (6)

) Z Z dJCP

Benvunna ceyeHMs DKCTUHKIMU Gext(dlcp) ompe-

JeTIsIach B COOTBETCTBHHU C Teopued Mu st cepu-
yeckux gactull [ 14, 15]. PesynbraTer pacueTa cedeHus
SKCTHHKIMYU TMpPEJCTaBICHBl Ha puc. 2 mjsl cdepuye-
CKMX YacTUI[ OKCHJAa AJIIOMHHMSA B IUCTHJUIMPOBAH-
HOH Boze. JlaHHBIE O peanbHOM U MHUMOM 4acTsX MO-
Ka3aTess NpeJOMIICHUS Ha JJIMHE BOJHBI 660 HM s
BOJBI U OKCHJIA AJTFOMUHUS B3SITH U3 [18, 19].

Jlia MeTaquIMyecKuX MOPOIIKOB B IMANa3oHe Jua-

merpos 0.5+50 MkM o, (d,)~d}, uro ncnons3osa-

mocs B 'OCT 22662-77 npu OLIEHKE THCTOIPAMMBI
pactpeneneHus MaccoBoi nonu yactuu. Ilpu pacum-
pEHMU AMANa30Ha IPaHyIOMETPUUECKOrO aHaIM3a Kak
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B 00nacTh CyOMHKPOHHBIX YacCTHI, TaK WU pacrpo-
CTPaHEHUH €ro Ha IU3JIEKTPUUYECKHE MaTepHallbl Ta-
Kas alpoKCUMAIUs CEYCHUSI SKCTUHKLIHUU MPUBOIUT
K CYIIECTBEHHOU omuOKke (B HAHOMETPOBOM 00JacTh
no 400%). IToatomy B (5) MCHOIB30BAINCH TOJBKO
PaCUYCTHBIC 3HAUYCHUA CCUCHUSA SKCTUHKIHU C YyYETOM
MaTepuraia JUCTIEPCHBIX YacTull, cormacHo [14, 15].

OKCITEPUMEHTAIJIBHA S YACTb

Jlyis mpoBeieHusT UCCIIeI0BaHui ObLT BBIOpAH TO-
POIIOK OKCH/A ATIOMHUHHS, UMEIOIUH chepriecKyro
¢opmy yactun. CoriacHO MaCIOPTHBIM JaHHBIM T10-
crapmuka OOO "[lmazmortepMm", rpaHynoMeTpude-
CKHMIl coCTaB MOpOIIKa BKIIOYaeT B cedst d u & ¢a3sl
muamerpoM 40-100 aM. Xumudeckas unctota 99.5%.
CenmMMEHTAIMI0 3THX YacTHI[ OCYIIECTBILSUT B JIHC-
THIMpoBaHHOH Boje. [locie mpuroroBneHust cyc-
meH3uss o0pabaTeiBasiach B YIIBTPa3BYKOBOW BaHHE
(momHOCTH 50 BT).

TpeOyemblie OombIFie BpeMEeHa OCAKIACHHUS HAHO-
PasMEPHBIX YaCTHUIl HE MOT'YT Ha6HIOI[aTI)C$I C ImpumMe-
HEHUEM TPAJUIMOHHBIX METOJOB MOCTPOSHUS (OTO-

METPUUECKUX H3MEpEeHHi, oOecreunBaromux apeid
HyJIEBOW JIMHUM ONTHYECKON TUIOTHOCTH Y(f) B JIyd-
mem cirydae Ha ypoBae 0.004 1/4 B Teuenue 8 4. Ilo-
3TOMY SKCHEPUMEHTHI TPOBOJMIUCH C HCIIOIB30BAHU-
eM (oToMeTpa C HMILYJIbCHBIM HCTOYHHKOM CBETa
[12], oOecnieunBarOIUM BO3MOXXHOCTh HEOOXOIUMOM
JUTATENBHON PaboThl W JApeiidoM HyIs He OoJbIie
0.00017 1/4 B Teuenue Oonee 200 u.

Pesynprarer m3mepenns kod¢hdUIMeHTa 3KCTHHK-
UM TpU CEMMEHTALMU OKCHJAa aTIOMUHUS B JIWC-
TUJIJIMPOBaHHOHN BOJIe MPUBEACHBI Ha pHC. 3.

JUisi IpUBEICHHBIX SKCIEPUMEHTAIBHBIX AaHHBIX
MOKHO BBIJECNTUTh KaKk MHUHHMYM TpPH XapaKTEPHBIX
npomexxyTka Bpemenu [-III. Takoe usmeHeHue 3Kcme-
PUMEHTAIBFHOTO 3Ha4YeHus: Kod(dduimeHTa >KCTHHK-
mu (puc. 3) CBSI3aHO C pa3NU4MeM 3HAYCHHWH BpeMe-
HU ocaxkaeHus (1) ans pasnuuHbIx Qpakuuii rpaHy-
JIOMETPUYECKOT0 COCTaBa MCCIEIYyeMOro IOpOIIKa
okcuna amoMunud. Ilocie ocakmeHus: Bcex 4acTHll
OJHOHM (paKIuH, BOSHUKAET PAaBHOBECHOE COCTOSHHE
KOHIIEHTPAIMHN YacTUI] ¥ HEM3MEHHOCTh KO PUIIH-
€HTa SKCTUHKIMH 0 MOMEHTa BPEMEHH, KOTJla yac-
TUIBL CIEAYIONIEH 10 pa3MepaM Qpakinuy ¢ BepXHEH

0.16

14000 42000 70000 -

1
e

0

“700

500 3
t-10,c

Puc. 3. Uzmenenne ko3¢ dunrenTa 3KCTUHKIMY TIPH OCAXKJICHUH YaCTUI] OKCHUJIA allFOMUHHSI B TUCTHUII-
JIMPOBAHHON BoJie: / — 3KCHEPUMEHT; 2 — alNpOKCUMAIHS
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MOBEPXHOCTH CYCHEH3UH JOCTUTHYT U3MEPHUTEIBHOTO
oovema. I[lo oxoHuanmm mnpomexyrtka Bpemenu IlI
U 32 BCE BpeMsl HCCIeI0BaHUM OonTHYecKas MJIOTHOCTh
CYCIEH3UH HE JIOCTHUIJIA YPOBHSI, COOTBETCTBYIOLIETO
PAaBHOBECHOMY COCTOSIHMIO, Korna [ =1,. OTo cBs3a-

HO C TE€M, YTO MENKOAWCIIEPCHAs (Ppakuus K 3TOMY
BPEMEHH €I1Ie He 0CBOOOIMIIa H3MEPUTEIIbHBIH 00BEM.
CymmapHas KOHIICHTpaIHs YACTHI]

> Cy ~9.02:10" |:1/M3:| , paccuuTaHHas 1o hopmyIie

!
(5) ¢ ucmoNb30BaHUEM JAaHHBIX 3KCICPUMEHTA, I0-
3BOJISIET OILIEHUTH PACCTOSHUE MEXKAY IEHTpaMU dac-
i [ >10 MxkM. B cooTBeTCTBHHM C 3THUM yCIOBHEM

[13] nmpu maHHOW KOHIIEHTpPAIMK YaCTHUI[ X B3aUMO-
JIEHCTBIEM MOXXHO TpeHeOpedh 10 AUaMeTpoB 2+
3 MKM, a B COYETAaHUM C BBINIOJHEHHEM YCJIOBUH (2)
0 JIAMUHAPHOCTH JBIKEHUS U C(HEpPHUIHOCTH HCCIIe-
JIyeMBIX 4aCTHUI] — I103BOJIAET O0CCIICUUTh BHITIOJIHE-
HUE YCIIOBUM, CHEJIAHHBIX IIPU BBIBOJE BBIPAXKEHUUN
(1), (3), (6). dns momy4eHus: aneKBaTHBIX pe3yibTa-
TOB, COOTBETCTBYIOIIMX BCEM OTpPaHUYEHUsIM B Ooliee
LIMPOKOM [JMAIla30HE JUAMETPOB HCCIEAYEMBIX Yac-
TUll, TpeOyeTcs AajbHEWIIee CHIDKEHHE KOHICHTpa-
LY YACTHII.

Pe3ynbTaThl pacuera KOHUEHTPAIMOHHOW U Mac-
COBOM JI0JIE OKCHAA aJlOMUHUA, NOJyYEHHBIE C HC-

a
U, omu.(2,3 U, oTH.(1)
d i' .02 |
()'6 oo . R (R
0.4
0 * 96‘50 1200
d, nm

MOJIb30BaHUEM BEIpaxkeHHs (6) W IKCIIePUMEHTAb-
HBIX JaHHBIX, [IPEICTABICHBI Ha pUC. 4.

Ananu3 u3MeHeHHst kKoddduimenta SKCTHHKINU
P OCAXKAEHUM YacTHUI] UCCIEAYEMOI0 HOPOIIKa OK-
CHJla aJTIOMUHUS TIOKa3bIBa€T HAIWYHE HECKOJIBKUX
¢pakuuii B rpaHyJIOMETPUIECKOM COCTaBe, HE OTpa-
KEHHBIX B MMAcHopTe MOocTaBIIMKa. Pacuer cpenHero
nuametpa (67.5 HM) He OCaXKJAEHHBIX 32 BPEMs JKCIIe-
pPUMEHTa YacTHUI] XOPOIIO COTTIACyeTCsl C MacHOPTHBI-
MU JaHHBIMH B 00JAacTH HaHOMETPOBBIX Pa3MEPOB.
HccnenoBanus mopouika OKCHAa aJlOMUHHUS METona-
MU 3JIEKTPOHHOW MHUKpocKonuu [4] Taxke mokasaiu
HaJIMYUe HAaHOMETPOBOH (pakmmu ¢ Mmoaoi 53.1 HM.

CenMMeHTAIMOHHBIE HWCCIIEIOBAHUS  [TO3BOJIHIIH
BBISIBUTh Hajduuue (DPakiM{ YacTHLl OKCHIA AIIOMU-
HUS B Iuana3oHe auametrpoB 170+250 HM (mpomexy-
Tok BpemeHH III), oOHapykeHHEe KOTOpOH cymecT-
BEHHO 3aTPYAHEHO KaK 3JIEKTPOHHOW, TaK M OINTHYe-
ckoil Mukpockonueil. OrpaHndeHns MPUMEHEHUS OIl-
TUYECKOM MUKPOCKOIIUM CBSI3aHBI C TUPPAKLIUOHHBIM
npenenoM, a MpUMEHEHHE 3JICKTPOHHOW MHKPOCKO-
MU 3aTPYOHEHO HEO0OXOIMMOCTBIO OOecIiedeHns He-
00XOUMOTO CTaTUCTUYECKOTO TMPEJICTABUTENLCTBA
YacTUIl yKa3aHHOro pa3Mepa B BbiOOpke. Ilocnen-
Hee TpeOyeT 00padOTKH 3HAYUTETHHOTO KOJIWYEeCTBa

COOTBETCTBYIONIMX (ororpadumii. JlonmosHUTETHHBIC
0
G,DTH_(B) @, oTH.(1)
P70 o] S e S RS S S e 0924
0.09¢~ HI T
0 ()6" ,, .............................. A
i 0.012
M
H H i~
i o
0.03 ' 0006
P d :
T NI
0 800 1600 2400 3200 4000
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Puc. 4. ['ncTorpamMMsl pacnpeeeHus KOHISHTpauuy (a) 1 Macchl (0) YaCTUILl OKCHIa allFOMUHUSL.

1 — orubaromas TuCTOrpaMMbl PACIIPENEICHNs YacTHI] OKCHIA aJFOMUHUS (B BEpPTHUKAJIBHOM MaciiTabe MpaBbIX LIKa);
2 — pe3ynbTaThl HCCIEJOBAaHUN C TIOMOIIBIO ONITHYECKOTO0 MUKPOCKOIa; 3 — pacyeT J0JIM He OCaXJCHHBIX 33 BpeMs JKC-
nepumenTa (700 000 c) yacTui (2, 3 TOCTPOEHBI B BEPTUKAIBHOM MacITabe JEeBBIX IIKa)
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WCCIIE/IOBaHUSl CYCIICH3MH C TPUMEHEHHEM OITHYe-
ckoro Mukpockonma (MwukpoMmen ¢ amantepom
FMAO050 Toup Tek Photonics) ¢ cuauM cBeTO(UIBT-
POM NO3BOJMIN YCTAHOBUTHL HAJIMYUC HYAaCTUILl OKCHUOA
ATIOMUHUS ¢ JguamerpoM B oOsactu 300+800 HM
(xpuBas 2 puc. 4, a, BpeMeHHOH npomexyTok II). Ha-
OmomaeTcsi KaueCTBEHHOE COBMAJCHHE ITUX Pe3yilb-
TaTOB C peE3yjibTaTaMXd OaHHBIX, ITOJYYCHHBIX IIpHU
aHanmm3ax QotocenumenTanuu. OTCYTCTBHE KOJIHYe-
CTBEHHOTI'O COBIIAZICHUA CBA3aHO C OTCYTCTBUECM METO-
JWMKY CIIMBKU PE3YJIbTaTOB CEAUMEHTALMOHHBIX U MUK-
POCKOIMYECKUX HCCIECIOBAHUIA.

Yactumer ¢ pasmepamu Oonee 2 MkM (006mactp |
CeIMMEHTAINN) COCTABJSIOT HE3HAYMTENbHYIO CUeT-

Hyl0 J0m0 U~5-1070T Bcex wacTHIl, MOITOMY
B MacmTabe rpaduka, MpuBeIEHHOTO Ha puc. 4, a, He
otobpaxarorcsa. Hammane Qpaknnm gacTui ¢ pazme-
pamu Gojee 2 MKM MOATBEPKAAETCS TAKXKE MHUKPO-
CKONUYECKUMH METOAAMH H3MEPEHHH, MPOBEACHHBIX
JUTS TIOPOIIIKa C CHHUM CBeTOPHIbTpoM (puc. 4, a),
a TaKoKe IJI 4acTHLl B MOJMMEPHON MaTpHLue IO pe-
3ynbTaram padotsr [20].

BaxHo OoTMETUTB, 4TO [UIS MCCIELYEMOI0 HOPOIL-
Ka OKCHJa aJIOMHMHUS KOHLIEHTPALMOHHAS JOJ dac-
TUL] HAHOMETPOBOI'O Juama3zoHa pocturaer 8§7%,
a 1oy (pakuuii MUKPOHHBIX Pa3MEpPOB CYILECTBEHHO
Hmwke. OIMHAKO OCHOBaHWH TpeHeOperaTth BIMSHUEM
KpPYMHBIX (ppaknnii 4acTUIl Ha CBOWCTBA KOMITO3UTOB
HeT. JlamHas wmHQOpManys, xapakTepu3yrollas cre-
MEHb TUCIIEPCHOCTH MOPOIIKA, OTCYTCTBOBaJa B Iac-
MOPTHBIX JAHHBIX IIOCTaBIIMKA W, KaK HPaBUIIO, HE
YUYUTBIBAJIACH MPU UCClIeNoBaHUAX. Hanuure nojaHoi
nHGOpPMALMM O TPaHYJIOMETPUUYECKOM COCTaBe Ha-
MOJIHUTEJIA CIENyeT Y4YMUTHIBATh IPU IPOBEACHUH
aHajuM3a BIMSIHUS BCEX KOMIIOHEHTOB KOMIIO3UTA
Ha ero ¢usnveckne cBoicTBa. Pe3ymprarhi, mpuBe-
JeHHble Ha puc. 4, IEMOHCTPUPYIOT BO3MOKHOCTb
BBISIBJICHHA BceX (pakuuil TIpaHyIOMETPUYECKOro
COCTaBa MCCIIEAYEMOT0 IOPOILIKA B IIMPOKOM AMara-
30HE AMaMETPOB C YKa3aHHEM OTHOCHUTEJBbHBIX IOJIEH
9TUX (QpakKLuil, YTO 3aTPYIHEHO NPH HCIOIb30BAHUU
ANIEKTPOHHON W ONTHYECKOW MHUKpockomnuu. OreHka
KOHICHTPAalIMOHHOM M MAacCOBBIX JOJIEH, B JaHHOM
cllyyae, BBIIOJIHAIACH C HCIIOJIb30BAaHMEM DE3yJIbTa-
TOB TeOpuM MW, OOIENPHUHATONW U1l OMHCAHUS TIPO-
LIECCOB PACCESIHUS U IOIIIOIIEHHUs Ha yacTuuax cge-
pudeckoit (hopMbI 71T MaTEPHAIIOB C JTFOOBIME OITH-
YEeCKMMHU CBOMCTBaMH. DTO JaeT OCHOBaHME I10JIaraTh
BO3MOXHOCTb HCIIOJIb30BaHUsl (POTOCEIMMEHTALMOH-
HBIX W3MEPEHUH AJsl TPaHyJIOMETPUYECKOTO aHalu3a
MOPOUIKOB M3 PA3IMYHBIX METAJUINYECKUX M IUDJICK-
TPUYECKUX MAaTEpPHAJIOB.

3AKJIFOYEHUE

Takum oOpa3om, (poToceneMEeHTAIMOHHBIH METO.T
UCCJIEJIOBAHUSl TPAaHYJIOMETPHUYECKOr0 aHaau3a Mpo-

BEPEH Ha MOPOIIKE OKCH/IA AIIOMHHUS TPH €T0 0CaXK-
JNEHUH B CYCHEH3UH C KOX(P(UIIUEHTOM IKCTHHKIIHH
meHee 0.2 (ontuyeckas IoTHOCTh MeHbine 0.088)
Y TI03BOJIMJI BBISIBUTH BCE (DpaKIMU MO pa3Mepam dac-
TUIl B Juana3zoHe auametpoB 0+2 mkm. Jlns obecre-
YeHHUs aJeKBaTHOCTH pPEe3yJbTaTOB AKCIIEPUMEHTOB
MMPOBEPAIIOCH BBINIOJIHCHHUE BCEX KPUTCPUCB COOTBET-
CTBUSI OTPaHMUYCHUSM MOJEIH JBW)KEHHS YaCTHUI] TIPU
OCaXKJICHUU: CPEPUIHOCTh U OTCYTCTBHE B3aMMOJICH-
CTBUA MCXKIY YaCTULlaMU, JTAMUHAPHOCTb ABHKXCHUA,
OZTHOKPaTHOCTh PACCeSHHS 30HIUPYIOIIETO H3Iyde-
HHA. HCCHCI{OB&HI/IH IIOKas3aJIn BO3MOKHOCTb HCIIOJIb-
30BaHUs (POTOCETUMEHTAIIMOHHOTO METoJa HpH II0-
CTPOCHHUU THUCTOrpaMM paCHpCACIICHUA YacCTull I10
pa3Mepam Kak JJIsl METaJuIOB, TaK M JUIS JHAJICKTPH-
YECKHX MaTepHallOB.
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PARTICLE SIZE DISTRIBUTION DETERMINATION
IN THE NANOMETER AND MICRON RANGE
BY THE PHOTOSEDIMENTATION METHOD

E. A. Bobina', M. P. Danilaey', V. A. Kuklin"?,
D. I. Safin, D. L. Shavaleev!, K. V. Faizullin'

'Kazan National Research Technical University named after A.N. Tupolev —
KAI Kazan, Russia
Kazan Federal University, Kazan, Russia

The feasibility of evaluating particle size distribution in suspensions across a wide size range using photose-
dimentation analysis was considered in this paper. It has been shown that the reliability of the obtained results
requires strict fulfillment of several conditions, including laminar particle motion, single scattering of the prob-
ing radiation, and the absence of interparticle interactions. Applicability criteria for these constraints were for-
mulated and justified. It has been shown that incorporating the extinction cross-section into the processing of
photometric measurement data makes it possible to determine the granulometric composition of the dispersed
phase for particles with known real and imaginary parts of the refractive index. The proposed method allows
particle size determination in a single experiment covering both nano- and micrometer scales. This unified strat-
egy overcomes the typical limitations of microscopy and standard sedimentation analysis. The method was ex-
perimentally validated using spherical aluminum oxide particles sedimenting in distilled water. It has been
shown that the photosedimentation measurements, combined with the Mie theory-based calculations of extinc-
tion cross-sections, allow for the identification of multiple particle fractions and the estimation of their relative
concentration and mass contributions. The results showed that combining photosedimentation measurements
with the Mie theory-based extinction calculations enables the identification of multiple particle fractions and the
quantification of their relative concentration and mass contributions. It has been shown that the photosedimenta-
tion method has potential for granulometric analysis of powders composed of metallic and dielectric materials
over a wide dynamic size range.

Keywords: photosedimentation, particle size distribution, extinction cross-section, light scattering, granulometric analysis,
nanometer and micrometer particles, dispersed systems
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INTRODUCTION

The ability to control the physical and technical
(mechanical, electrical, thermal, etc.) properties of
dispersed-filled polymer composite materials is
determined not only by the filler particle type,
concentration, and dispersion but also by their size
distribution [1, 2]. Existing methods for determining
the size distribution parameters of dispersed particles
can be divided into two broad groups: direct and
indirect. Microscopic studies, which are considered
direct methods [3], can only be used for a limited
range of particle sizes. It is due to the resolution of the
microscopes used. Furthermore, obtaining adequate
data requires processing images of a large number of
particles [4]. Stitching images obtained, for example,
with electron and optical microscopes produces
significant errors at the boundaries of the stitched
intervals [5]. Indirect research methods, including
sedimentation analysis [6], dynamic spectroscopy [7],
and sieve analysis [8], also have a similar limitation.
For example, the dynamic light scattering method,
which determines the hydrodynamic radius of
particles, produces acceptable results mainly for
particles with sizes from 1 nm to 1 pm [9]. However,
for nanodispersed particles, the hydrodynamic
diameters may differ significantly from the true
particle diameters [10]. Sedimentation analysis
methods wusing centrifuges, although they can
significantly reduce measurement time, require the
use of complex particle motion models to reconstruct
adequate particle size distribution parameters. This is
due to the influence of neighboring particles on each
other during movement (constrained sedimentation)
[11]. Sedimentation photometric measurements for
determining particle size distribution over a wide
dynamic range require the use of photometers which
parameters remain stable over a long measurement
period [6]. Therefore, the determination of particle
distribution parameters for spherical metal powders,
in accordance with GOST 22662-77 (national stan-
dard), is carried out only in the diameter range of 0.5—
40 um. In our opinion, the use of a more general
parameter — the extinction coefficient, which
characterizes the transmission of light through
a suspension — will make it possible to extend the use
of photosedimentation methods for analyzing particles
from various materials with an expanded dynamic
range of size monitoring using photometers with long-
term stability of characteristics [12].

PROBLEM STATEMENT

The objective of this study is to evaluate the feasi-
bility of using photosedimentation measurement re-
sults to construct a histogram of the polymodal size

distribution of arbitrarily dispersed particles using
a photometer with long-term stability.

THEORETICAL SECTION

Let us consider a scheme (Fig. 1) for obtaining ex-
perimental data, traditional for photosedimentation.

Fig. 1. Sedimentation of particles in suspension.

1 — light source; 2 — measuring volume; 3 — sedi-
mented particles; 4 — recording of light intensity;
5 — cuvette lid; 7~ — height; L — optical path length;
0 — transverse dimension of the measuring volume

Under experimental conditions, the height 4 is sig-
nificantly greater than the transverse dimension of the
measuring volume & (4 > 06), therefore, the time ¢,
required for particles of diameter d; to move from the
upper level of the suspension in the cuvette to the
measuring volume is determined, according to GOST
22662-77, by the expression
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where # is the dynamic viscosity of the suspension
liquid; g is the acceleration due to gravity; p., px are
the particle and liquid densities, respectively. This
relationship is valid in the absence of particle colli-
sions and laminar particle motion in the suspension.
The laminarity criterion, according to GOST 22662-
77, is the inequality:

_d/g(P.=Pu)Ps
187

Collisions between particles can be neglected when
the distance /; between them in the suspension is sig-
nificantly greater than their maximum diameter
dlmax: dimax: (i > 4dimax) [13]. This requirement and
condition (2) should be considered when selecting the
concentration of dispersed particles in the suspension.

A change in the particle concentration in the mea-
suring volume due to their sedimentation is accompa-
nied by a change in the intensity of the probing radia-
tion due to its absorption and scattering, which are
described by extinction (the extinction coefficient). It
is known that the extinction coefficient of a suspen-
sion ¥ can be determined through the extinction cross
section . (d)) [14-16]:

y(1)= 11{170] - LdZ) C, (1)0w(d,), 3)

where [, [ are the intensities of the radiation incident
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and transmitted through medium; L is the optical path
length in the medium; C, is the volume concentration

of particles with a diameter d; in the measuring vo-
lume. An important limitation for the adequacy of the
summation in expression (3) is the condition of single
scattering by a set of incoherent emitters. The parame-
ter 7 can be used as a criterion for single scattering
[13,17]:

2
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and the violation of the coherence of scattered waves
from individual particles due to their chaotic arrange-
ment in the suspension can be ensured under the con-
dition /; » 4, where A is the wavelength of the probing
radiation [13—15].

By analogy with GOST 22662-77, to construct
a particle size distribution histogram, we consider the
dynamics of the extinction coefficient (3):

y(t+At)—y(1)=

=L Z C t + At ext Z Cd, ext ) . (4)

Let's consider a separate column of the histogram
Ad=d_—d, within which the condition
O (d)~ 0y (d,)=d,, is satisfied; d
age particle diameter in the range Ad. We assume
that time # corresponds to particles with diameters d_,
and time ¢+ A¢ corresponds to particles with diame-
ters d_ . Then, the change in the extinction coefficient,

in accordance with (4), is determined by the following
expression:

op 18 the aver-

y(t + At) — ;/(t) =Lo,, (dch)

=-Lo, (dch ) Cys

where C,, is the total concentration of particles in the
selected diameter range.

This simplification for estimating the height of the
histogram columns corresponding to the interval d,+d;

with an average diameter d,, can be explained by the

following:

— for particles with diameters 0<d, <d,, their
concentration in the measurement volume does not
change C, (t+At)=C, (), since the number of
particles of a given diameter range entering and leav-
ing the measurement volume is the same;

lep

— for particles with diameters d, >d,, their con-

lep
centration is C, (t+At)=C, (t)=0, since particles
of a given diameter range leave the measurement vo-
lume by time ¢

— for particles with diameters d,, <d, <d,, we

lep

can write C, (¢+At)=0, since particles of the speci-
cp

fied diameter range leave the measurement volume at

time ¢+ Af.

Based on this analysis, we obtain an expression for
calculating the concentration of particles in the se-
lected range: Ad =[d,, d, ]:

oyt A=y (1)
Cy=-—""7T—7" &)
Laexl (dlcp )

To estimate the count v, and mass 0, fractions of

the particle size distribution in the approximation of
their spherical shape, we have:

3
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The extinction cross section value o, (dch) was

determined in accordance with Mie theory for spheri-
cal particles [14, 15]. The results of the extinction
cross section calculation are presented in Fig. 2 for
spherical aluminum oxide particles in distilled water.
Data on the real and imaginary parts of the refractive
index at a wavelength of 660 nm for water and alumi-
num oxide were taken from [18, 19].

Fig. 2. Extinction cross section for aluminum oxide
particles in distilled water.

1 — calculation; 2 — approx1mat1ng function (deter-
mination coefficient R*= 0.99)

For metal powders in the diameter range of 0.5—
50 um o, (d,)~d}, which was used in GOST

22662-77 when evaluating the histogram of the par-
ticle mass fraction distribution. When expanding the
range of granulometric analysis both to submicron
particles and to dielectric materials, such an approxi-
mation of the extinction cross section leads to a signif-
icant error (in the nanometer range, up to 400%).
Therefore, in (5), only calculated extinction cross-
section values were used, taking into account the dis-
persed particle material, according to [14, 15].



EXPERIMENTAL SECTION

Aluminum oxide powder in the form of spherical
particles was selected for the study. According to the
specifications of the supplier, Plasmotherm LLC
(OO0 Plazmoterm) , the powder's particle size distri-
bution includes J and @ phases with diameters of
40+100 nm. The chemical purity was 99.5%. Sedi-
mentation of these particles was carried out in distilled
water. After preparation, the suspension was treated in
an ultrasonic bath (power 50 W).

The required long deposition times for nanosized
particles cannot be observed using traditional photo-
metric measurement techniques, which provide a ze-
ro-line drift of the optical density y(f) at best at the
level of 0.004 1/h over 8 h. Therefore, the experiments
were carried out using a photometer with a pulsed
light source [12], which provides the necessary long-
term operation and a zero-line drift of no more than
0.00017 1/h over more than 200 h.

The results of measuring the extinction coefficient
during sedimentation of aluminum oxide in distilled
water are shown in Fig. 3.

Fig 3. Change in extinction coefficient during sedi-
mentation of aluminum oxide particles in distilled
water: 1 — experiment; 2 — approximation

For the presented experimental data, at least three
characteristic time intervals, I-III, can be distin-
guished. This change in the experimental value of the
extinction coefficient (Fig. 3) is due to the difference
in the sedimentation times (1) for different particle
size fractions of the studied aluminum oxide powder.
After all particles of one fraction have settled, an equi-
librium state of particle concentration occurs, and the
extinction coefficient remains constant until the par-
ticles of the next-largest fraction from the top surface
of the suspension reach the measuring volume. At the
end of time interval III and throughout the entire study
period, the optical density of the suspension did not
reach the level corresponding to the equilibrium state,
when [ =1 . This is due to the fact that the finely dis-

persed fraction had not yet vacated the measurement
volume by this time.
The total particle concentration

> Cy ~9.02:10" |:1/M3:| , calculated using formula
!

(5) and experimental data, allows us to estimate the
distance between the particle centers: / >10 um. Ac-
cording to this condition [13], at a given particle con-
centration, their interaction can be neglected up to
diameters of 2+3 pm. This, combined with the fulfill-
ment of conditions (2) regarding the motion laminari-
ty and sphericity of the studied particles, ensures that

the conditions stated in the derivation of expressions
(1), (3), and (6) are met. To obtain adequate results
that meet all the constraints over a wider range of par-
ticle diameters, a further reduction in the particle con-
centration is required.

The results of calculating the concentration and
mass fractions of aluminum oxide, obtained using ex-
pression (6) and experimental data, are presented in
Fig. 4.

Fig. 4. Histograms of the concentration (a) and mass
(0) distribution of aluminum oxide particles.

1 — envelope histogram of the aluminum oxide par-
ticle distribution (in the vertical scale of the right
scales); 2 — results of studies using an optical micro-
scope; 3 — calculation of the fraction of particles not
precipitated during the experiment (700 000 s) (2, 3
plotted in the vertical scale of the left scales)

Analysis of the change in the extinction coefficient
during the sedimentation of particles of the studied
aluminum oxide powder reveals the presence of sev-
eral fractions in the particle size distribution not re-
flected in the supplier's data sheet. The calculated av-
erage diameter (67.5 nm) of particles not sedimented
during the experiment agrees well with the data sheet
data in the nanometer size range. Electron microscopy
studies of the aluminum oxide powder [4] also re-
vealed the presence of a nanometer fraction with
a mode of 53.1 nm.

Sedimentation studies revealed the presence of
a fraction of aluminum oxide particles in the diameter
range of 170-250 nm (time interval III), the detection
of which is significantly hampered by both electron
and optical microscopy. The limitations of optical mi-
croscopy are related to the diffraction limit, while the
use of electron microscopy is complicated by the need
to ensure the required statistical representation of par-
ticles of a given size in the sample. This requires
processing a significant number of corresponding pho-
tographs.

Additional examination of the suspension using an
optical microscope (Micromed with an FMAO050
adapter from Toup Tek Photonics) with a blue filter
revealed the presence of aluminum oxide particles
with diameters in the range of 300—800 nm (curve 2 in
Fig. 4, a, time interval II). These results qualitatively
agree with the data obtained from photosedimentation
analyses. The lack of quantitative agreement is due to
the lack of a method for cross-linking the results of
sedimentation and microscopic studies.

Particles larger than 2 pm (sedimentation region I)
constitute a negligible fraction v ~5-1077 of all par-
ticles and are therefore not shown in the scale of the
graph shown in Fig. 4, a. The presence of a fraction of
particles larger than 2 pm is also confirmed by micro-
scopic measurements conducted for powder with



a blue filter (Fig. 4, a), as well as for particles in a po-
lymer matrix, based on the results of [20].

It is important to note that for the aluminum oxide
powder studied, the concentration fraction of nanome-
ter-sized particles reaches 87%, while the proportion
of micron-sized fractions is significantly lower. How-
ever, there is no reason to neglect the influence of
large fractions of particles on the properties of the
composites. This information, characterizing the de-
gree of dispersion of the powder, was not included in
the supplier's data sheet and, as a rule, was not taken
into account in the studies. Having complete informa-
tion on the filler's particle size distribution should be
considered when analyzing the influence of all com-
posite components on its physical properties. The re-
sults shown in Fig. 4 demonstrate the ability to identi-
fy all particle size fractions of the studied powder over
a wide range of diameters, indicating their relative
proportions. This is difficult to achieve using electron
and optical microscopy. In this case, the concentration
and mass fractions were estimated using Mie theory,
which is generally accepted for describing scattering
and absorption processes on spherical particles for
materials with any optical properties. This suggests
the possibility of using photosedimentation measure-
ments for the particle size analysis of powders made
of various metallic and dielectric materials.

CONCLUSION

Thus, the photosedimentation method for particle
size analysis was tested on aluminum oxide powder
during its precipitation in a suspension with an extinc-
tion coefficient of less than 0.2 (optical density less
than 0.088)

and enabled the identification of all particle size
fractions in the diameter range of 0—2 pum. To ensure
the adequacy of the experimental results, all criteria
for compliance with the constraints of the particle mo-
tion model during sedimentation were verified: sphe-
ricity and a lack of interaction between particles, mo-
tion laminarity, and singularity of probing radiation
scattering. The studies demonstrated the feasibility of
using the photosedimentation method to construct par-
ticle size distribution histograms for both metals and
dielectric materials.
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