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Abstract. In addition to information on the magnetic parameters of inhomogeneous magnetics, in particular,
granular magnetics usually studied within the framework of the quasi-continuous medium model, itis of no less
interest to obtain information from the standpoint of the model, when the object of study is the characteristic
elements of an inhomogeneous magnetic. According to the well-proven model of selective magnetization of a
granular medium, the elements that make up this medium are chains of granules—straight and sinuous, always
manifesting themselves in the direction of its magnetization. They perform the function of conductor channels
of the generated magnetic flux through the granular medium. As a result, it is a kind of branched «bundle» of
conductor channels. For any of the chains of granules, for example, granules-balls of radius R, conceptually
significant are the magnetic parameters of its conditional cores with radius r < R, and these parameters, first
of all, the magnetic permeability of quasi-continuous cores and magnetic induction in them, for different (in r)
cores are variable, which requires appropriate magnetic diagnostics. To clarify the magnetic parameters of the
conditional cores of a chain of granules-balls, as a physically self-sufficient element of a granular medium (i.e.,
in accordance with the model of chain-link magnetization of such a medium), it is practical to make measuring
magnetic flux sensors in the core as circular sensors surrounding the contact point of granules-balls, however,
not as traditional wire loops, but as circuits on thin printed circuit boards (with mounting holes) placed between
adjacent balls. Based on the obtained data of the magnetic flux in cores of different radii r (r/R = 0.2-0.9) of a
chain of spheres with a radius of R = 20 mm, the values of the magnetic flux density B in them, as well as their
magnetic permeability 4, were determined when the chain is magnetized in the solenoid by a field of strength
from 4.8 to 54.5 kA/m. It is shown that with formal thickening of the cores, the values of B and u decrease due
to a decrease in the volume of the ferromagnet in the core, and for the limiting core (r/R — 1), i.e., for the chain
as a whole, they correspond to the values of B and u for a poly-ball backfill medium.
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Pesiome. Kpome mnHpopmaumm O MarHUTHbIX MapameTrpax HEeOOHOPOAHbIX, B YACTHOCTWU FPaHyAMPOBAHHbIX,
MarHeTuKoB, 0ObIYHO M3y4aeMblIX B paMKax MOAESN KBA3UCMJIOLLHOM CPefbl, HE MEHbLUNI MHTEPEC NPeaCcTaBNseT
nosny4yeHve MHGopMaLnmn ¢ NO3NLUIA MOLENN, KOrAa 0ObEKT N3YYEHUS — XapaKTEPHbIE 3NIEMEHTbI HEOAHOPOAHOIO
MarHeTunka. CornacHo xopoLlo 3apekoMeH0BaBLLEN cebs MOAENN N36MpPaTENbHOr0 HaMarHMYNBaHUS rpaHynm-
POBaHHOW cpeabl TakKMMU 3IEMEHTaMM1, N3 KOTOPbIX COCTOUT 9Ta Cpeaa, SBASIOTCS LEnOoYkM rpaHyn — npsiMbie 1
V3BUIUCTbIE, BCErAa NposiBasiolie cebs B HanpaBneHnn ee HamarHnineaHus. OHM BbINOSHAIOT GYHKLUMIO NPO-
BOZHWKOB-KAHANOB reHepnpyemMoro MarHMTHOro NOTOKa CKBO3b rPaHy/IMPOBAHHYIO Cpeay, BCNeACTBUE YEro oHa
npezacTasnseT coboli cBoe0bpasHbIii PAa3BETBIEHHbIN «XI'yT» MPOBOAHUKOB-KaHaNoB. [Ana noboii xe 13 Lenoyek
rpaHysn, HanpuMep, rpaHyn-wapoB Paanycom R KOHUENTyanbHO 3HAYUMMbIMU ABASIOTCS MarHUTHbIE MapameTpbl
€€ YC/IOBHbIX CepALEBMH pagmMycom r < R. 3Tn napameTpbl, Npexae BCEero, MarHMTHas NPOHULAEMOCTb KBa3UC-
MAOLWHBLIX CEPALEBVH U MAarHUTHas MHAYKUMS B HUX, OJ1s pasdHbix (Mo r) cepauesnH BapnabesbHbl, 4TO TpebyeT
COOTBETCTBYIOLLEN MArHUTHOM AMAarHOCTUKN. N5 BbISCHEHWS MAarHUTHBLIX MAPaMeTPOB YCIIOBHbIX CEPALLEBUVH Lie-
MOYKM FPaHys-wWapoB Kak GU3n4yeckn camoaocTaTtoqyHOro aneMeHTa rpaHynIMpoBaHHON cpedbl (T.e. B COOTBET-
CTBUM C MOAESbIO MOLLENOYHOr0 HaMarHN4YMBaHNS TakoW Cpeapl), U3MepUTENbHbIE AATYMKN MArHUTHOrO NOTOKA B
CepALEBMHE NPAKTUYHO BbIMOJIHATL B BUAE KPYroOBbIX ATYMKOB, OKPYXAIOLLMX TOYKY KOHTaKTa rpaHys-1uapos, HO
He TPaguLUMOHHbBIX NeTeNb U3 NPOBOAA, @ KOHTYPOB Ha TOHKMX MeYaTHbIX niaTtax ¢ nocago4yHbiMU OTBEPCTUSAMMU,
NOMELLAEMbIX MEXAY CMEXHbIMU LapaMmn. Ha OCHOBaHMN NOSTyYEHHbIX JAHHbIX MArHUTHOIMO NOTOKA B Pa3HbIX NO
paanycy r ceppueBuHax (r/R =0.2-0.9) ueno4kn wapos paanycom R =20 MM onpegeneHbl 3Ha4eHUss MarHUTHOMN
VHAOYKUMM B B HUX, @ TaKXe X MarHUTHOM MPOHULLAEMOCTU | NPY HAMarHM4MBaHUN LEenOYKU B CONEHONAE NOSIEM
HanpPsHXKeHHOCTbIO OT 4.8 0o 54.5 KA/m. MNokazaHo, 4To Npu GopManbHOM YTOJLWEHUM CEPALEBUH 3HA4YeHnsa B
M L CHUXAIOTCS BBUAY YMEHbLLEHNS obbema deppomarHeTvka B cepauesrHe, a aasa npeaenbHo cepaLeBuHbl
(r/R— 1), T.e. ANS UENOYKM B LLESIOM OHU OXUAAEMO COOTBETCTBYIOT 3HA4YEHUAM B 1 | Ans NonvwapoBon cpe-
[Obl-3aCbIMKN.

KniouyeBble cnoBa: HamarHu4mBaHMe LLEeNoYkm LapoB., YyCJZI0BHblE CepauUEBUHbI, KOHTYPbI-AAaTY4NKNA MarHNTHOIO Nno-

TOKa, MarHnTHaa nHaykumna n npoHnUaemMocCTb
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I'Ipoapatmocn: d)MHaHCOBOﬁ pearenbHoCcTU: HUKTo 13 aBTOpPOB He nmMmeeT CI)I/IHHHCOBOVI 3anHTepecoBaHHOCTN B

npeacTaB/ieHHbIX MaTepuanax nin metTogax.

ABTOpPbI 329BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION:
TO THE ROLE OF CHAINS OF GRANULES
IN THE MAGNETIZATION
OF A GRANULAR MEDIUM

The problem of investigation of the magnetic
properties of various heterogeneous magnets, in
particular, composites, suspensions, powders,
granular packings, etc. [1-13], is typically considered
to be more complex than the conventional problem
of study of the magnetic properties of homogeneous
(continuous) magnets. However, in most instances,
the former problem is reduced to the determination
of the same magnetic characteristics as those of
continuous magnets. In this case, the magnetic
parameters of an essentially quasi-continuous
magnet being explored are often referred to as
effective parameters.

Along with such information, i.e., that
obtained from the standpoint of this macromodel as
characterizing one or another heterogeneous magnet
as a whole, it is important to obtain information on its
“local” magnetic parameters from the point of view
of a sort of a micromodel. And the preferred objects
of investigation should be characteristic elements,
including composite ones, of a heterogeneous medium
of one or another type the micromodel magnetic
parameters of which enable one to directly arrive at
the macromodel magnetic parameters of the entire
heterogeneous magnet.

In particular, such a solution was implemented for
quite a widely used type of heterogeneous magnets—
granular medium [13—16]. An original model of
selective magnetization of a granular medium was used
to show that a crucial role in the magnetization is played
by such elements of the granular medium as chains of
granules, straight and sinuous, which always respond in
the direction of the magnetization of this medium. They
act as channels that conduct the generated magnetic
flux, and the crucial role of these constituent elements
of the granular medium, which functions as a bundle of
conducting channels, is suggested by the similarity of
the field dependences of the magnetic flux density of
an individual chain of granules and the entire granular
medium [13—16].

DEVELOPMENT OF THE APPROACH
TO MAGNETIC DIAGNOSTICS OF A CHAIN
OF SPHERICAL GRANULES (BALLS)

According to the discussed model [13—16], for
any chain of granules, e.g., spherical granules (balls)
of radius R, conceptually significant are the magnetic
parameters of their conditional cores of radius » < R, of
course, as quasi-continuous magnets. Such parameters,
first of all, their magnetic permeability and magnetic
flux density at different core radii » are variable because
of the difference in magnetic reluctance, which is due to
the difference in volume of the gap between the surfaces
of the neighboring granules and, consequently, the
difference in metal volume in the cores. For the limiting
core (r — R), these parameters are virtually equal to
those of the entire granular medium, which suggests
the existence of expected relationships between the
micromodel and macromodel parameters.

The variability of the magnetic parameters of
different cores in a chain of balls was demonstrated by
both calculations, and direct magnetic diagnostics of
the field within the wedgelike space between balls of a
chosen chain of balls [13—16]. Such diagnostics is known
to be quite difficult to perform in small spaces; therefore,
an efficient variant of it is to measure the magnetic
fluxes (microfluxes) @ through microwebermeter-
connected concentric circular loops of different radii
r < R, surrounding the point of contact of balls. Such
loop sensors are located between the neighboring balls
in the middle part of the chain of balls being magnetized.
Inserting the loop sensors in so small a space between the
balls, which converges as the point of contact of the balls
is approached, one can measure the magnetic fluxes ®
through the cores of even relatively small relative radius
/R, especially if the balls in the chosen chain have large
radius R, and the loops are made of sufficiently thin wire.

This approach was improved [17, 18] to avoid
difficulties in meeting requirements for such sensors,
especially the ones that should be inserted between
balls and, therefore, have to be made of very thin wire.
For example, it is necessary to ensure a strictly circular
shape of the sensor, concentricity in the case of using
a system of sensors of different radii, and localization
of the sensor or a system of sensors in the plane of
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symmetry of the interball space to prevent the possible
displacement of their centers relative to the point of
contact of the balls. As applied to the problem under
consideration, in which chain of balls 1 (Fig. 1) is
magnetized in, e.g., solenoid 2, these requirements are
sufficiently completely satisfied by sensor 3, which is a
thin flat printed circuit board with a conducting circular
loop or a system of concentric loop sensors on it. Each of
the loops has a small break to connect the free terminals
to the microwebermeter.

The printed circuit board ensures the strict shape of
the loop sensor or each of the loop sensors in a system,
namely, a geometrically perfect circle on a flat surface.
It also (easily) ensures the localization of the loop
sensor or a system of the concentric loop sensors in the
plane of symmetry of the space between the balls being
magnetized, in which such a printed circuit board is
placed without fear for the possible displacement of the
center of the loop or the system of the loops relative to
the point of contact of the balls. For this purpose, there
is a hole at the center of the printed circuit board, which
is concentric to the loop sensor or the system of the loop
sensors. As follows from the corresponding geometric
constraints [17, 18], depending on the radius R of the
chosen balls and the thickness & of the thin printed
circuit board, the seat diameter d;, of the hole should be
dy=[3(4R - )10,

Fig. 1. Chain of balls 7 being magnetized in the field
of solenoid 2 with microwebermeter-connected circular
loop sensors 3 located on a thin printed circuit board
placed between the balls

DATA ON THE MAGNETIC FLUX THROUGH
THE CORES OF BALLS: MAGNETIC FLUX
DENSITY AND PERMEABILITY

Figure 2a illustrates the results of measuring the
magnetic microflux @ through the loop sensors [17] and,
hence, through the cores of the corresponding radius » of

balls of a radius of R =20 mm in a chain as a family of
field dependences at various relative radii 7/R. The data
were obtained for quite a long chain of balls—14 ones—
to minimize the demagnetization factor, the magnetizing
field strength range was H = 4.8-54.5 kA/m, and the
relative core radius range was /R = 0.2—0.9.

Figure 2a shows that, with increasing H, @
monotonically increases, and the higher H, the slower
this increase, which is particularly noticeable at
relatively small 7/R. The larger the radius r of a core, the
higher the magnetic flux ® through it (Fig. 2a), which
is more clearly demonstrated by a relative family of
dependences of ® on 7/R at various H (Fig. 2b).

Using the experimental ® values (Fig. 2), it is easy
to find the magnetic flux density B through each of the
quasi-continuous cores of radius » and sectional area
nr? as B = ®/mr?, and also the magnetic permeability p
of the corresponding cores as p = B/puH = d)/nrzpoH,
where p, = 41 - 1077 H/m is the vacuum permeability.
Figures 3 and 4 present the data on B and p for the cores
of different 7/R as families of dependences of B and
on H, respectively; from these dependences, families of
no less informative dependences of B and p on 7/R (at
different H) were obtained and are also shown in Figs. 3
and 4, respectively.

Figure 3a shows that, with increasing magnetic field
strength A, the magnetic flux density B through each of
the cores monotonically increases, but the higher H, the
less intense this increase (as for @ in Fig. 2a), which is
best seen at small 7/R. The larger the core radius 7, the
lower the magnetic flux density B through it (Fig. 3a):
this is better observed in the dependences of B on #/R at
various H (Fig. 3b).

The magnetic permeability p of the corresponding
(in 7/R) cores decreases with increasing H (Fig. 4a).
As for B (Fig. 3), the larger the radius » of a core, the
lower its permeability p (Fig. 4). This can be seen
already from the relative positions of the curves of
the dependences of p on H (Fig. 4a), and also from
the decreasing trends of the dependences of p on 7/R
at various H (Fig. 4b), which were obtained from the
dependences in Fig. 4a.

The observed (Figs. 3, 4) decrease in B and p with
increasing radius » of conditional cores (the relative
radius 7/R of which ranges from 7/R — 0 to #/R = 1) is
caused by the decrease in the volume fraction y of the
ferromagnetic metal in the growing core. For example,
using the relationship between y and #/R [17]:

\/ (r/R)? V/ i (1)

the key parameters, namely the magnetic flux density B
and the magnetic permeability p, which are presented in
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Fig. 2. Dependences of the magnetic microflux ® through the loop sensors surrounding the cores of radius r of balls of
aradius of R =20 mm in a chain on (a) the magnetic field strength Hatr/R=(1) 0.2, (2) 0.3, (3) 0.4, (4) 0.5, (5) 0.6,
(6) 0.7, (7) 0.8, and (8) 0.9 and (b) on the relative core radius r/Rat H= (1) 10, (2) 20, (3) 29.7, (4) 39.5, (5) 48.7,

and (6) 54.5 KA/m
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Fig. 3. Dependences of the magnetic flux density B in the cores of balls of a chain on (a) the magnetic field
strength H and (b) the relative core radius r/R. The notation is as in Fig. 2
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Fig. 4. Dependences of the magnetic permeability u of the cores of balls of a chain on (a) the magnetic field
strength H and (b) the relative core radius r/R. The notation is as in Fig. 2
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Figs. 3b and 4b, respectively, as functions of 7/R, can be
represented as functions of y (Fig. 5) to demonstrate the
role of such a hidden parameter as volume fraction y of
metal in the cores of balls in a chain.

An analysis of these, quite informative, trends of the
dependences of B and p on vy in Fig. 5 toward increasing
vy shows that the role of y is particularly significant
at y = 0.9-0.95, i.e., as y — 1 (and, correspondingly,
r/R — 0). Here, the increase in B and 1 is definitely steep,
and these quantities tend to approach the B and p values
that are characteristic of the material of the balls. No less
informative are the trends of the dependences of B and
p on v in Fig. 5 toward decreasing y, down to the values
vy — 0.67 (i.e., ¥/R — 1), which are characteristic of the
chain of balls. This allows one to test the validity of the
conceptual assumption of the magnetization model that
the magnetic properties of a chain of balls and a ball-
packed medium should be similar. In particular, this
can be tested by comparing the field dependences of B
and/or p in the chain and the packing.

B,
o

1.5

0.5

60

50

40

30

20

10

.-

(0)=
0.7 0.75 0.8

0.85 0.9 0.95 Y

(b)

Fig. 5. Dependences demonstrating the effect of

the volume fraction y of metal in the conditionally

separated, different in radius r, cores of ballsin a
chain on (a) the magnetic flux density B in them and

(b) their magnetic permeability p according to the
data in Figs. 3 and 4 using relationship (1) between

yandr/R

The field dependences of the magnetic flux density B
and permeability p for a chain of balls can be obtained using
the data in Fig. 5. In the experiments [17], the maximum
relative radius of loop sensor (and their surrounding
conditional cores of balls in a chain) was /R = 0.9 (i.e.,
v = 0.755 in Fig. 5); nonetheless, a reliable estimate of the
B and p values up to the required value #/R =1, i.e., to
v =0.67, is easy to make. The trends of the dependences of
B and p on y toward decreasing vy, being near-self-similar
aty <0.755 (or, what is the same, at 7/R > 0.9) (Fig. 5), can
readily be extrapolated to the left toy=0.67,1.e.,to/R=1.
It is easy to see that the differences of then extrapolated
values of B and p from the B and p values aty =0.755 (i.e.,
at /R = 0.9) are quite insignificant (Fig. 5).

This makes it possible to represent the field
dependences of the magnetic flux density B and
permeability p for a chain of balls (Fig. 6, curves 1)
using the extended data: at y = 0.755-0.67 (i.e.,
at 7/R = 0.9-1.0). For the above-proposed comparison,
Fig. 6 also presents the published [13] field dependences
of B and p for a ball-packed medium (curves 2). One
can see that, to within virtually a constant, the compared
field dependences of both the magnetic flux density B
(Fig. 6a, curves I, 2), and the permeability p (Fig. 6b,
curves /, 2) agree with each other. This confirms that a
chain of granules is a physically self-sufficient element
(in the composition of a bundle of similar elements) of
a granular medium, which is actually responsible for the
magnetization of this medium.

B,
T
Ps|
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A
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0
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u
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4
2
0
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(b)
Fig. 6. Field dependences of the
(a) magnetic flux density B and (b)
permeability u of (7) a chain of balls (its
virtually limiting core at r/R=0.9-1.0) and
(2) a ball-packed medium
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CONCLUSIONS

One of the concepts of the well-proven model of
chain-by-chain magnetization of a granular medium
is the crucial role of such constituting elements of
the granular medium as chains of granules, straight
and sinuous, which always respond in the direction
of the magnetization of this medium. They function
as channels that conduct the generated magnetic flux;
i.e., the granular medium is a sort of a bundle of these
elements. Conceptually significant are the magnetic
parameters of the conditional cores of different radii
r of granules in a chain, first of all, their magnetic
permeability and magnetic flux density. These
parameters can be determined from the results of
measurements made by magnetic flux sensors designed
as concentric circular conducting loops of different
radii 7 < R, surrounding the point of contact of the balls,
that are produced on thin printed circuit boards placed
in the plane of symmetry of the space between the
contacting balls. The analysis was made of the results
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of measuring the magnetic fluxes through different (in
relative radius /R = 0.2—0.9) cores of balls of a radius
of R =20 mm in a chain at a magnetizing field strength
in the range 4.8—54.5 kA/m. It was shown that, with
formally thickening cores, the values of the magnetic
flux density and the permeability decrease because of
the decrease in the volume fraction of ferromagnet in
the core; and in the limiting core (/R — 1), i.e., the
entire chain, they agree with the values of the magnetic
flux density and the permeability of the ball-packed
medium. This confirms the corresponding results of the
model of chain-by-chain magnetization of a granular
medium.
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