
For high accuracy a) select r,~ 2; b) try for 6a = 0 and a possibly lower value of G. 

If p is known, this method permits determination of the viscosities ~ and Mr. If the 
friction moment of the inner cylinder is measured in addition, 0, ~, andn r can be found. A 
certain increase in the measurement accuracy can be achieved by rotating the magnetic field; 
however, the difficulty in realizing a field rotating according to a given law apparently 
makes such constructions without promise. 

NOTATION 

n, shear viscosity; nr, rotational viscosity; R,, Rz, radii of the inner and outer cyl- 
inders; t, running time; p, density; ~, characteristic value of the angular velocity of the 
outer cylinder; S, surface area of the inner cylinder; I, moment of inertia of the inner 
cylinder; e, friction coefficient under the condition that the friction moment in the supports 
is proportional to the velocity of axis rotation; fl,, angular velocity of the inner cylinder; 
F = R,/Rz; and T, dimensionless time. 

i. 

. 

. 

LITERATURE CITED 

B. M. Berkovskii, S. V. Isaev, and B. E. Kashevskii, "On an effect of internal degrees 
of rotation in the hydrodynamics of microstructural fluids," Dokl. Akad. Nauk SSSR, 253, 
No. i, 62-65 (1980). 
A. N. Vislovich, "Nonstationary flow of a ferrocolloid between coaxial cylinders sub- 
jected to a homogeneous rotating field," Convection and Waves in Fluids [in Russian], 
Inst. Heat and Mass Transfer, Beloruss. Acad. Sci., Minsk (1977), pp. 89-97. 
A. N. Vislovich and N. I. Ivanova, "NonstationaryCouette flow of a ferrofluid in a 
homogeneous magnetic field," Rheodynamics and Convection [in Russian], Inst. Heat and 
Mass Transfer, Beloruss. Acad. Sci., Minsk (1982), pp. 163-176. 

MAGNETIC RELAXATION OF ELECTROTECHNICAL STEEL 

IN CONSTANT MAGNETIZING FIELDS AT VARIOUS 

TEMPERATURES 

P. P. Galenko and T. A. Branovitskaya UDC 621.318.13:538.22 

Experimental studies are performed of magnetic relaxation in specimens of electro- 
technical steel in weak constant magnetizing fields at room and liquid nitrogen 
temperature. 

Experimental studies have shown that the magnetic properties of ferromagnets vary with 
time [1-8]. Time dependence of magneti c properties can be observed in both quasistatic mag- 
netization and in magnetization in ac fields. Time effects in ferromagnets having a domain 
structure are caused by the fact that upon change in the external magnetic field H thermo- 
dynamic equilibrium in the domains is established only after a certain time period, due to a 
lag in the magnetization J with respect to the field. This thermodynamic equilibrium (mag- 
netic relaxation) sets in because of interaction of spin waves (magnons) among themselves, 
and also with phonons, dislocations, impurity atoms, and other crytalline microdefects:, The 
following may be potential sources of time effects in ferromagnets undergoing remagnetiza- 
tion: motion of dislocations and their Cuttler shells produced by magnetostriction stresses 
[9]; impurity atom diffusion; local heat liberation due to displacement of interdomain bound- 
aries, which leads to localization of thermal stresses. 

Study of time effects caused by relaxation processes in ferromagnets is of theoretical 
importance, since it clarifies the nature of all the various processes occurring during remag- 
netization, and of practical value as well, in connection with determination of magnetic 
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Fig. i. Change in viscous magnetization of electro- 
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and removal (b, Hm § 0) of weak magnetlc field at 
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characteristics of materials and definition of their role in overall electromagnetic loss 
formation. At the present time a government standard 802~58 [i0] has been introduced, ac- 
cording to which measurement of magnetic properties must be performed with consideration of 
the time required for relaxation processes. The problem of comprehensive study of the physi- 
cal properties of iron-based electroteuhnical silicon steels isof great practical importance, 
due to the intense development of electrical technology, radio/electronics, and other new 
technological areas which require increased production of these steels. Therefore, in study- 
ing all physical processes which occur in ferromagnets during remagnetization, an important 
role is played by relaxation processes, which produce a definite contribution to total elec- 
tromagnetic losses. 

The present study will investigate magnetic relaxation in electrotechnical steel in 
constant magnetizing fields at room and liquid nitrogen temperatures. Time effects related 
to retardation of the magnetization with respect to the applied field H during establishment 
of thermodynamic equilibrium have been termed magnetic aftereffect or magnetic viscosity. 
The time required for establishment of the magnetization may range from 10 -9 see to tens of 
minutes, hours~ or even days. 

Depending on magnetization conditions~ temperature, ferromagnet structure, and other 
factors, several types of magnetic viscosity can be distinguished. The first type can be 
observed during aperiodic change of the applied magnetic field H close in value to the co- 
ercive force. In these fields an increase in magnetization is usually produced by irreversi- 
ble shift of interdomain boundaries, and settling time T for the new magnetic state is pro- 
portional to the differential magnetic permittiv• • and inversely proportional to abso- 
lute temperature T [2]: 

= A • (I) 
T 

The second type of magnetic viscosity is caused by impurity atom diffusion. The diffu- 
sion process has an effect on the free energy of interdomain boundaries, and thus, on the 
settling time of the new magnetic state during remagnetization. 

The third type of viscosity is characterized by a quite long relaxation time, several 
minutes or more. This type of magnetic viscosity Is observed in high coercivity alloys and 
has been termed superviscosity [ii]. In this case an important role is played by thermal 
energy fluctuations, which encourage remagnetization of domains and establishment of the 
equilibrium state. 
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The fourth type of viscosity is caused By electron diffusion between ions of hi- and 
trivalent iron, and is found mainly in ferrites. This process is analogous to diffusion of 
ions themselves, but occurs much more easily, so that ferrites are characterized by a low 
magnetic viscosity. 

A fifth type is observed when magnetization is changed not by a shift in domain bound- 
aries, but only by rotation of the electron spin magnetic moment vector. This type occurs 
in ferrites and mainly in thin ferromagnetic films. The remagnetization times are of the 
order of I0-' sec. 

Magnetic viscosity manifests itself especially intensely in magnetically soft materials 
in weak fields, where the change in magnetization is produced by shift of interdomain bound- 
aries. 

During the relaxation process the macroscopic physical properties asymptotically approach 
their new equilibrium values. Under certain conditions a number of processes can occur within 
a solid: 

i) relaxation of stresses o=~(t)~ characterizing the change in stress with time at a 
fixed value of deformation e = const; 

2) relaxation of deformations E = ~(t)~ at constant stress o = const, the so-called 
creep phenomenon; 

3) AP = ~(t)E, a change in polarization characterizes relaxation in dielectrics at a 
constant value electrical field intensity E = const; 

4) change in magnetization with time AJ = f(t) H at constant magnetic field H = const 
characterizes magnetic relaxation. 

We will attempt to formulate an expression for the viscous change in magnetization pro- 
duced by magnetorelaxation processes. In all stages of remagnetization of a ferromagnet when 
a magnetizing field H § is applied, due to the magnetic aftereffect phenomenon, the speci- 
men magnetization takes on an equilibrium value after some period of time t. With increase 
in t the increment in magnetization increases (AJ > 0), while on the other hand, upon switch- 
off of the field Hm § 0 the increment in residual magnetism decreases, i.e., AJR < 0. The 
values of AJ and AJR, the spontaneous increments in establishing thermodynamic equilibrium, 
have been termed the viscous component of the magnetization. The changes in magnetization 
components upon application and removal of a magnetizing field for initial magnetization and 
along the hysteresis loop have been explained thoroughly in [6]. Upon field application 
H § Hm, after a very short but finite time the magnetization changes to Jo, while in the 
presence of magnetic viscosity, the time over which the magnetization reaches its limiting 
value Jo~, is significantly longer, and theoretically t § ~. 

In practice, for a given magnetic field H the limiting magnetization Jo~ is reached in 
different ferromagnets at different finite times t. 

Experimental studies of magnetic relaxation were performed on specimens of electrotech- 
nical steel containing 3% silicon, using the technique described in [7]. To bring them to 
an equilibrium state the specimens were vacuum annealed at 900~ The vacuum level was con- 
trolled so that practically no oxidation of the specimen surface occurred. Special magneto- 
metric equipment permitted taking relaxation curves of specimens at Both room and liquid ni- 
trogen temperatures. Experimental results in the form of J = f(t) curves, characterizing 
the viscous change in magnetic properties with time at room temperature for application and 
removal of a weak magnetlc field H are shown in Fig. IA (a, b). 

It follows from examination of the data that the viscous change in magnetization of 
electrotechnical steel specimens in weak magnetic fields takes place over the course of a 
finite time. It follows from Fig. IA (a) that at room temperature this time comprises 28- 
30 sec for the specimens studied. Relaxation processes are practically completed over this 
time period and the magnetization reaches its limiting steady-state value. A similar amount 
of time is required to reestablish thermodynamic equilibrium when the constant magnetizing 
field is switched off (Fig. IA (b)). It also follows from these curves that the relaxation 
processes proceed more intensely in the initial time interval, and then at some point their 
speed decreases and the viscous change in magnetization becomes practically insignificant, 
the steady-stas values Jo~ and JmR being reached. As was shown in [6], the experimental 
J = f(t) curves can be described by the equation 

476 



for field application H + Hm and 

t 

j = j o + ( j o  . _ j o ) ( l _  e ~H) (2) 

! 

J = J~R + (70~ -- J~R) e ~H (3) 
for field removal Hm + 0. 

Similar studies were performed at liquid nitrogen temperature. Results for application 
and removal of a weak magnetizing field H are shown in Fig. IB (a, b). It is evident from 
the figure that the time required to attain the limiting magnetization values Jo~, J~R in- 
creases in comparison to room temperature values, comprising 38-42 see. It can be seen that 
at lower temperatures the time for establishment of complete thermodynamic equilibrium in- 
creases by 10-12 sec as compared to room temperature. These results also confirm the first 
rule of viscosity [2], which states that in weak magnetic fields the time required for re- 
laxation processes is inversely proportional to absolute temperature, and thus increases with 
decrease in temperature. It is natural to assume that this increase in relaxation time with 
reduction in temperature is related first, to a decrease in random thermal energy fluctua- 
tions, required to overcome energy barriers in domain transitions from metastable to stable 
equilibrium state, and second, to retardation of all those diffusion processes and stress re- 
laxation which have an effect on the viscous change in magnetization upon establishment of 
thermodynamic equilibrium. 

Thus, it has been experimentally established that the time required for relaxation pro- 
cesses in establishing thermodynamic equilibrium in electrotechnical steel with 3% silicon 
content in weak magnetizing fields at room temperature is approximately 28-30 sec, increasing 
to 38-42 sec at liquid nitrogen temperature. 

The results obtained are of practical interest in connection with the wide use of elec- 
trotechnical steel in various areas of technology, and are also of theoretical interest in 
the continuing study of remagnetization processes and the role of relaxation in formation of 
total electromagnetic losses. 

NOTATION 

t, time; T, temperature; A, proportionality coefficient; o, stress; e, relative deforma- 
tion; J, magnetization; H, magnetic field intensity; E, electric field intensity; P, polari- 
zation vector; TH, mean parameter characterizing relaxation time. 
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