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Abstract

Aim. The paper establishes the dependence of the influence of the concentration of the solid
phase on the acoustic parameters of a magnetic fluid based on transformer oil in a wide tem-
perature range, including the temperature close to the glass transition point of the dispersion
medium.

Methodology. The research is based on methods of physical acoustics and the pulse method of
variable distance under external temperature influence in particular.

Results. The temperature and concentration dependences of the density, velocity and absorption
coefficient of ultrasonic waves are investigated. A comparison is performed with the main the-
oretical models and approaches. In the temperature range near the glass transition point of the
dispersion medium, additional effects are observed that are not described in the literature and
are inconsistent with the currently existing theories of sound propagation in dispersed systems
with a large density difference between the liquid and solid phase.

Research implications. Scientific and practical interest is due to the fact that the study of non-
magnetized ferromagnetic colloids with a high contrast of densities between phases near the
glass transition point of the dispersion medium is relevant, since there is a lack of research in
this temperature range and, moreover, additional effects associated with the displacement of
the phase transition at high concentrations of the solid phase are possible.

Keywaords: acoustic spectroscopy, nanomaterials, ferromagnetic colloids, magnetic fluid, dis-
persed systems.
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AHHOTaUNA

Llensb. Llenbto aaHHo paboTbl ABNSAETCH YCTAHOBMEHWUE 3aBUCUMOCTY BANSHUS KOHLIEHTpALMK
TBEPAON (hasbl HA aKYCTMYECKME NapamMeTpbl MarHUTHO XWUAKOCTU Ha OCHOBE TpaHcgopmMa-
TOPHOro Macrna B LUMPOKOM Auana3oHe Temneparyp, B TOM Yucre BONU3U TOYKM CTEKIOBAHNS
AUCNEPCUOHHOIA cpeabl.

Mpoueaypa n metoAbl. [poBeaéHHbIE B IaHHOW paboTe UCCNeL0BaHMS OCHOBAHbl HA MeTOfAxX
(PM3NYECKO aKYCTUKM, B HACTHOCTU WUMNYNbCHOM METOME MEPEMEHHOr0 PacCTOSHUA npu
BHELUHeM TemnepaTypHOM BO3JENCTBUN.

PesynbTatbl. iccnenoBaHbl TEMNEPaTypHbIe U KOHLEHTPALMOHHbIE 3aBUCMMOCTU NNOTHOCTH,
CKOpOCTU M Ko3(hpuumeHTa NOrNoOLEHNs YNbTpasBykoBbIX (panee — Y3) BonH. MposeaeHo
CPABHEHME C OCHOBHbIMMW TEOPETUYECKMMM MOAENSMM 1 noaxoaamin. B obnactu Temnepartyp
BO3/e TOYKM CTEKSTI0BaHWS AUCNEPCUOHHON cpefibl HABMI0AA0TCA JONONHUTENbHbIE 3 dEKTbI,
HE OMUCAHHbIE B NUTEPATYPHbIX UCTOYHMUKAX U HE COTNACYHOLIMECS C CYLLECTBYIOLLMMU HA aH-
HbllA MOMEHT TEOpUSMU PAcnpoCTpaHeHMs 3ByKa B AMCMEPCHbIX CMCTeMax ¢ 60JIbLLOA pa3Ho-
CTh}0 NAOTHOCTEN MEXY XWOKON 1 TBEpPAO0N (ha3oii.

TeopeTuyeckas 3Ha4UMMOCTb. Hay4HbIi 1 NPAKTUYECKNIA MHTEPEC NPeACTaBNAET UCCNef0BaHMe
HEHaMarHW4eHHbIX DEPPOMArHUTHBIX KONTONIOB C BbICOKUM KOHTPACTOM MNIOTHOCTER MeXay
(hazamu B6/IM3N TOYKM CTEKNTOBAHMA AMCMEPCUOHHON Cpefpbl, TaK Kak B 3TOM 06/1acTh Temne-
paTyp HabnAaeTca HeI0CTaTOYHOCTb UCCNEA0BAHMIA W, K TOMY XK€, BO3MOXXHb! JONONTHUTE b-
Hble 3(PdOeKTbl, CBA3aHHbIE CO CMeLLeHeM (pa30BOro nepexosia Ha BbICOKMX KOHLIEHTPALMAX
TBEPAON hasbl.

Knroyesbie cnoBa: akycTnyeckas CneKTpoCKonus, HaHomatepuansl, oeppomMarHuTHbIe Konno-
UAbl, MarHUTHas XWAKOCTb, AMCNEPCHbIE CUCTEMBI.

bnaropaprocts. PaboTa BbiNofiHeHa npu nogaepxxke MoHga coAeMcTBUA Manomy UHHOBAL-
oHHomy npeanpuHumartenscTey (PACUM) npoekta YMHUK Ne 17639IY/2022.
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Introduction

By now, the behavior of ultrasonic waves in colloids and suspensions of nanoparti-
cles has been studied in sufficient detail at room and high temperatures [1-5]. Non-
magnetized magnetic liquids with nanoscale ferroparticles can be considered as an or-
dinary colloid, since in the absence of external magnetic fields, structural mechanisms
will be absent. This means that their acoustic studies could be compared with those of
a similar concentration range of colloids, for example [6-13].

It is also interesting to study colloids containing rather high volume concentrations
of solid particles in the region of low temperatures close to the glass transition point of
the dispersion medium. This interest is conditioned not only by the insufficiency of
studies of these substances under these conditions, but also by the possibility of con-
sidering the liquid-solid phase transition from the side of acoustic quantities. The low
operating frequency of the studies was chosen due to the possibility of considering the
liquid-glass phase transition on a macroscopic scale, which will allow us to judge the
internal changes in the concentrated colloid during further studies.

Thus, the purpose of this work is to study the concentration series of magnetic fluids
(hereinafter referred to as MFs), based on transformer oil near the glass transition tem-
perature of the dispersion medium at a low operating frequency and analyze the results
obtained.

Materials and methods of research
The object of research, as mentioned above, is a magnetic fluid based on transformer
oil (hereinafter referred to as MFTO), represented by a concentration series [0.2%,
0.5%, 1%, 2%, 5%, and 10% volume concentrations of ferroparticles of magnetite with
an average size of D = 15nm (see Fig. 1)]. Ferroparticles of magnetite are stabilized by
oleic acid, which is a surfactant in this dispersed system.
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Fig. 1/ Puc. 1. Quantitative distribution of MFTO particle sizes based on the dynamic light
scattering method / KonuuecrBenHoe pacnpepenetne pasmepos dactur MFTO Ha ocHoBe
MeTOfa AMHAMMIECKOTO PACCesTHIS CBeTa

Source: compiled by the authors.
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The principle of measuring acoustic parameters of MFTO (propagation velocity and
absorption coefficient of ultrasonic waves is based on the pulse method of variable dis-
tance, the study was conducted at a frequency f = 3,65MHz, the amplitude of the signal
U =20V, the period between packets t = 150us. The transducers are made of lithium
niobate ferroelectric (LiNbOs) with a two-component coating consisting of chromium,
which has good adhesive properties, and nickel, selected due to weak chemical activity
to prevent interaction with the test sample. The calculated error of the measurement
data does not exceed 1% for speed and 5-7% for the sound absorption coefficient. The
external temperature impact is implemented using a thermostatic chamber with an
accuracy of temperature setting up to 0.1 K, and the MFTO density was studied using
a pycnometer having a nominal volume of 5 ml. To obtain the dependence of the type
p(T), a pycnometer with an MFTO sample was placed into a thermostatic chamber for
a period of 10 min, after which measurements were made on laboratory scales GOS-
METER VL-220M, having a measurement accuracy up to 1077 kg.
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Fig.2 / Puc.2. a - Temperature dependence of the density p(T) in MFTO, and b - concentra-
tion dependence of p(¢) in MFTO: the straight line is (p)(¢) according to formula (1) / a -
TeMIlepaTypHast 3aBucuMocTb wiotHocty P(T) MFTO, b - KOHLeHTpaljOHHAS 3aBUCUMOCTD

p(¢) MFTO, IPAMAS - Preop () mo dopmyne (1)

Source: compiled by the authors.

The results of measuring the density of MFTO are shown in Fig. 2. The coincidence
of experimental data with theoretical calculations based on the additivity model (1)
allows us to judge the reliability of the concentrations provided by ¢ and apply other
conclusions from continuum mechanics to the calculations of acoustic parameters [14]
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(p) =10 —@)ps + ¢p,, €Y)

where (p) is the MF density, ¢ is the concentration of the solid phase in MFs, p, is the
density of pure transformer oil, and p, is the density of magnetite.

Experimental results
Based on the calculations of (1) to MFTO, as mentioned above, it is possible to use

other insights from continuum mechanics, in particular the calculation of the coeffi-
cient of adiabatic compressibility (S)

BY =1 —@)B1 + B2,

and, according to the known () and {p), calculate the Laplacian velocity of sound

¢o = (pXBN 2,

and the main amendments to ¢, introduced by Ritov and Isakovich [14; 15]

2
% ay az
Acr = =Tcy*(p) p,C <—— > ,
T2 2wz P1Cp1 P2Cp2

s JE(1+ byE)

Acy = ¢, ’
T D £+ D — at B+ YD)

where C,); and C,, are the specific heat capacities of the liquid and solid phase at p =
const, a; and a, are the coefficients of thermal expansion of the liquid and solid
2

phase, & = %RZ, a=ce (%)2, and b = g(pl;—fpz).

Thus, the final calculation of the values of the propagation velocity of ultrasonic
waves will be presented as

Ctheory = Co T Ac77 + Acy. (2)

The results of calculations (2) are shown in Fig. 3.
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Fig. 3 / Puc. 3. a - Temperature dependence of the sound speed ¢(T) in MFTO, and b - con-
centration dependence ¢(¢) in MFTO: straight lines are C¢peqry (@) according to formula (2),
1 - 308K, 2 - 298K, 3 - 288K, 4 - 278K, 5 - 268K / a - TeMIiepaTypHas 3aBCUMOCTb CKOPO-
cru 3Byka ¢(T) B MFTO, 6 - xoHIjeHTpanmoHHast 3aBucumMoctsb ¢(@) 8 MFTO, mpsimbre —
Creop () TIO opMyTE (2), 1 - 308K, 2 - 298K, 3 - 288K, 4 - 278K, 5 - 268K

Source: compiled by the authors.

Similar ideas are used in the calculations of the absorption coefficient of ultrasonic
waves with the difference that the dispersion in the case of a has a much greater [16]
manifestation. Otherwise, the proper absorption of a;;; is calculated by the formula

4
231%¢

2pcy3’
where 7) is the shear, and ¢ is the bulk viscosity of the carrier fluid. Corrections are also
B

added to its own absorption: thermal
2
B
Tc G, ()()(‘1+02)< -,
P1Copp1 1X2 p1Co1 P2Cyz

RZ 2
where y; and y, are the thermal conductivity of the dlsperswn medium and the solid
phase, respectively, and the viscosity
aé (1 + \/? )

co (1 +\/E)2 +&(1+ b\/E)Z'

and the final expression is represented as

Aing = W

ar =

w

Qtheory = Aint + ay + ar.

(3)

The results of theoretical calculations (3) are presented in Fig. 4.
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Fig. 4 / Puc. 4. a - Temperature dependence of the sound absorption coefﬁc1ent 5 (T), and
b - concentration dependence f_2 (¢): lines are % (@), 1-308K, 2 - 298K, 3 - 288K,

4 - 278K, 5 - 268K / a - TeMnepaTypHast 3aBUCUMOCTb K03 uIMeHTa OIIoLIeHNA 3ByKa
fiz (T), b - KOHIEHTPAIMOHHAS 3aBUCUMOCTb flz (@), mpsambIe - % (¢), 1 - 308K,
2 - 298K, 3 - 288K, 4 - 278K, 5 - 268K

Source: compiled by the authors.

In the case of the speed of sound, Ac;, does not exceed the calculated error through-
out the temperature and concentration range of measurements, and Acy begins to
make a significant contribution, increasing with decreasing temperature, only at
MFTO concentrations ¢ more than 2%. A similar behavior is typical for a¢peqry-

Conclusions

The acoustic values of C¢peory and A¢peory depend on the inertial properties of the
dispersed system in which ultrasonic waves propagate. The viscous and thermal mech-
anisms are taken into account by introducing corrections to the initial values of ¢, and
Xint-

The general type of interactions of sound waves with colloidal systems in the form
of magnetic fluids is determined not only by the carrier medium, but also by the con-
centration of the solid phase in the dispersed system. In the case of small concentra-
tions of magnetic fluid based on transformer oil, the acoustic parameters satisfy the
classical descriptions of energy dissipation due to viscous and thermal waves at the
phase interfaces. However, with an increase in the concentration of the solid phase,
there is a discrepancy between theoretical calculations and experimental data due to
the occurrence of additional absorption factors of ultrasonic waves in this system,
which increase with the approach to the glass transition point of the dispersion me-
dium.
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It is noteworthy that the discrepancy between theoretical data and experimental re-

sults increases not only with an increase in the concentration of the solid phase, but
also with an approach to the glass transition temperature of the dispersion medium.
These effects can be justified by the displacement of the phase transition point of the
MFs with increase in the concentration of the solid phase.
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