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Preface

The International Symposium on *‘Applied Electromagnetics in Materials™’ was held in Tokyo,
Japan, on 3-5 October 1988 under the sponsorship of the Ministry of Eduncation, Science and
Culture and the organization of an intemnational steering committee.

The presence of this symposium in the scope of applied electromagnetics reflects closely the
recent significant progress achieved, in particular, in numerical simulations of clectromagnetic
field analysis and in superconducting technology and its applications after the last two successful
IUTAM symposia, the [UTAM-TUPAP Symposium on *‘Electromagnetomechanical Behavior of
Solid Continua’* held in Paris in July 1983, and the [UTAM Symposium on

:)B;lt;cber s hanical Interactions in Deformable Solids and Structures’* held in Tokyo in

It is believed through recent tendencies observed in the ficld that various kinds of applications of
electromagnetic phenomena could be understood within the area of applied electromagnetics.
The scope of this symposium is thus focused on applied electromagnetics in materials, and
attempts to provide an international forum to bring a group of rescarchers in the field
and to exchange innovative ideas and information in the following specified fields:

1. Electromagnetosalid Mechanics

Applied Electromagnetics in Free Electron Lasers
Application of Electromagnetic Force and Phenomena
New Approaches in Eddy Current Analysis
Micromechanics in Electromagnetic Fields

Applied Electromagnetics in Superconducting Materials

S I

A total of 70 participants represented a wide spectrum of industrial, rescarch

institutes and universities from Japan as well as gther countries. To highlight rescarches in the
fields, the program committee initiated the six sessions by invited papers from distinguished
scholars currently working in the fields. 32 contributed papers were also presented orally at the
symposium. The authors were requested to prepare their papers in ‘‘camera ready”’ form which
mnq:includedintheseprooeedmgs. We are appreciative of the cooperation of all the
contributors.

Finally, it is a pleasure 10 express our appreciation to the local organization committee from the
staffs, Professor T. Takagi, Mr L. Saito, Mr Hashimoto and Mr G. Yoshizawa, of the Nuclear
Engineering Research Laboratory of the University of Tokyo for their preparation assistance to
the success of this symposium.

December 1988 Kenzo Miya
Richard K.T. Hsich
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Coupled Magnetomechanical and
Electromechanical Hysteresis
Effects

G. A. MAUGIN

Université Pierre et Marie Curie, Laboratoire de Modélisation
en Mécanique Tour 66, 4 place Jussieu, 76252 Paris Cedex 05,
France

ABSTRACY'

After a brief review of mechanisms at the basis of microscopic and macrosco-
pic electric (or magnetic) hysteresis, a thermomechanical phenomenological
approach is presented which allows one first to reproduce electric (or
magnetic) hysteresis loops and, second, to account for the reciprocal
. coupling between this hysteresis and mechanical fields (applied stresses,
induced strains). These couplings can be exploited in non-destructive
testing techniques.

Hysteresis ; electroelasticity ; magnetoelasticity ; applications.

INTRODUCTION

The reciprocal coupling between magnetic or electric hysteresis, respective-
ly in hard ferromagnets and ferroelectric ceramics, and stresses is exami-
ned in the light of continuum thermodynamics, and the consequences of
these effects in nondestructive testing and material science studies are
discussed. First, it must be mnoticed that ideal hysteresis loops and real,
observed ones in magnetic and electric materials differ in essential ways.
Ideal (square-types) loops pertain to monocrystale and monodomain samples.
Real, rounded off, hysteresis loops present a hardening which can be repro-
duced only in a phenomenological theory for multidomain bodies. This magne-
tic or electric "hardening" can be related to the Barkhausen effect and
the characteristically stress-dependent features of the latter can be
used as an NDT means of studying stresses by a magnetic or electric method.
Real hysteresis loops have a final shape which captures in a single picture
a lot of information (for instance, the influences of temperature, bias
fields, history of loading, stressee, irradiation, ...). On the one hand,
condenged-matter physics avoids hysteresis phenomena by introducing the
notions of phase transition, Maxwell rule, and convexification of the
free energy function. In more mathematical terms, it avoids the cusp catas-
trophe. This is briefly discussed. The main point, however, is that no
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disgipative processes are involved in this description, and this quite
contrarily to experimental evidence. In contrast, the approach presented
acknowledges the presence of hysteresie and its complexity, and puts it
in a thermodynamical framework which fully accounts for dissipation and
the various, above-mentic d 1infl s. The phenomenological theory
thus addressed to, like other modern theories of dissipative behaviors
(plasticity, viscoplasticity), uses the notion of imternal state variable.
While several general theorems related to stability (magnetic or electric
analogues of the principle of maximal diseipation of Hill, of Drucker's
inequality, of Ilyushin stability postulate) can be proved, it is also
reminded that a microscopic support can be given to this phenomenological
praggntation in terms of domain wall motions. The influence of bias stresses
on hysteresis loops (changes in saturation, coercive field, and instanta-
neous susceptibility) 'is- established in. agreement with experimental data.
Simultaneously, the same general S€ramework can be used to construct a
theory of poling and spontaneous induced strains in ferroelectric ceramics.
Pure theory thus joins physical data and experimental methods in an harmo-
nious whole.

NOTION OF HYSTERESIS

Ideal and observed hysteresis loops

It is wellknown that the characteristic feature of a ferroeléctric beha-
viour is the appearance of a spontansous electric dipole moment which
can be reversed, without change in magnitude, by an applied electric field.
This occurs in the ferroelectric phase within a certain range of tempera-
ture, a phase transition existing at the boundaries of this range. Dielec-
tric asoomalies (yielding, in turn, anomalous elastic and calorimetric
behaviours) are exhibited at this phase transition. Here we focus on the
electric hysterasis. On varying the voltage V across the plates of the
parallel plate condenser in Fig. 1(a) one obtaine the typical "square"
respounse ABCDB'C'D’ in Fig. 1(b). When the voltage lies between values

X

o= B D“‘,;"

Q

(@ IRRETER ®)

n;Q 1 1deal ‘lnd observed hitt‘i:uh ﬁioopl from the plfl].lel Pi‘tl
condenser. The voltage V induces charges Q and - Q on the
opposite plates.
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at D and D', then there are two possibilities and the electric charge
on a given plate is determined by the past history of the system, i.e.,
whether we are electrically loading or unloading the specimen. In effect,
the 8ign of the last applied voltage lying outside the switchover values
determines the branch describing the response in electric charge. This
is the essence of dielec.ric hysteresis as of all hysteretic phenomena
for that matter. For electric processes this is usually represented on
a diagram giving electric displacement D = Q/a (or electric polarization
P) versus electric field E = V/z. This "scaling" provides the constitutive
equation E(D). The value of the electric field required to cause a switch
from one branch to the other is called the coercive field. The electric
response thus described is ideal. Observed hysteresiz loops are more or
less tilted on the vertical axis and they are rounded, looking like the
dashed hysteresis curve in Fig. 2(b). The reason for these "imperfections"
is the occurence of a structure in domains and walls (which is energetically
more favourable) in the slab of Figure 1(a). These domains are small regions
with electric state equation presumably of the idal type pictured in Fig.
. 1(b) (they are nearly saturated with spacially uniform properties). The
electric dipole moments of adjacent domains are not parallel so that the
electric field and displacement are mot uniform in the slab. This results
in a rounding off of the ideal hysteresis loop which, therefore, corresponds
t> a monodomain. On thisg real hysteresis loop the coercive field is some
average electric field in the crystal. It is connected to the single-crystal
properties in some complicated manner. The real hysteresis loops are obtai-
ned in successive phases with complete or partial rearrangements of domains,
the steepest parts of the hystereresis loop corresponding to a rapid swit-
ching of many domains, the tails to a tendency to reaching a single-domain
state, and those parts nearby zero electric field to the fact that only
very few of the oriented domains return to their initial state on switching
off the electric field. Investigations of the dependence of the polarization
on the field, carried out using sensitive equipment, show that an increase
in the polarization is frequently discontinuous (Fig. 2), suggesting that
the polarization reversal occurs suddenly in small parts of a crystal.
The reversal of polarization in such a small region, a fraction of a domain,

P

(a) (b)

Fig. 2 Barkhausen jumps : (a) hysteresie loop ;
(b) recording.
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is called a Barkhausen Jjump. The resulting "rapid" polarization reversal
followed by subsequent "immobility" can be explained by the presence of
various structural defects (growth defects, dislocations, impurities)
vhich impede the motion of & domsain wall. This iz observed as a noise
called the Barkhausen noise. The recording amounts to counting Barkhausen
jumps and this ig strongly correlated to the slope of the hysteresis loop,
the largest number being observed for a value of electric field practically
that of the coercive field (steepest part of the hysteresis loop). The
recording looks like an upside down butterfly for a regular symmetric

hysteresis loop (Fig. 3).
| OPRE,
; i
i i
I /i

> —

 —

Fig. 3 Instantsneous electrie susceptibility vs. electric field
" (note resemblance with Pig. 2(b)) for various applied
stresses.

Energy-bssed approach

The dielectric loop is a function of various parameters such as temperature,
stresses, irradiation, etc, the first of these being the esgzential parameter
in relation to phase-trangition theory. The phase-transition viewpoint
in- the manner of Landau, Ginsburg (1946) and Devonshire (1954) refers
only to nondiesipative processes, the discussion being entirely based
on the expression of the free energy and the stability of various parte
of the electric response curve. This is a. simple way of looking at multiva-
lued responses which may eventually produce hysteretic effects. In this
type of approach one essentially looks for an expansion of the free energy
in terms of the most characteristic parameter (the order parameter, e.g.,
P) and then examinme the stability of the responge depending on the sign
of coefficients in the expansion and the range of temperature (cf. Lines
and Glass, 1977, Chap. 3, and Grindlay, 1970, Chap. 5). Typically, one
obtains a ropreuntation such as in Fig. 4 with the -appearance of second-
order phase transition and hysteresis with a decrease in temperature (t
= reduced temperature, G = Gibbs energy). Secomd order phase traneition
corresponds to considering the schematic response A'B'BA in (a) following
Maxwell's . construction and the convexification of the free energy density.
The hysteresis loop is considered if the metastable parts CB and B'C'
are allowed. But this is very schematic.

Like Mechanical hysteresis, the electric hysteresis of real .industrial
electric materials (polycrystals, multidomain structures) is a complex
phenomenon and there is need, at the moment, for a phenomenological approach
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relying on irreversible thermodynamics and providing the best possible
reproduction of real hysteresis curves.
-G

-t A=

/'?a

=0 k

(a) ®) ‘ ()
Fig. 4 Unfolding of the cusp catastrophe and appearance of second-
order phase transition or hysteresie in ferroelectrics

-~

Rea] hysteresis loope

Barium titanate (BaTiO3) is a prototype ferroelectric single crystal of
the displacive type, which presents a definite saturation of the polariza-
tion due to domain reorientation, and whose hysteresis loops are nsarly
rectilinear with a coercive field varying from 500 to 2000 volt/cm. Trigly-
cine sulfate (TGS) exhibits hysteresis loops which are very nearly perfect
rectangles. In a very narrow range of electric fields cloee to the coercive
value, almost all domains reverse their polarization and and the induced
polarization is practically negligible compared to the spontaneous moment.
At room temperature the coercive field is about 400 V/cm in an applied
polerising field of 1500 V/cm amplitude at 50 cps. However, such regular
snd symmetric loops can be drastically distorted by an external agent
such as irradiation by gasma rays. For instance, Fig. 5(b) represents
the shifted and distorted loop of TGS irradiated by gamma raye. The latter
cause both a displacement, which can also be obtained by applying a bias
electric field, (see Zheludev, 1971, wvol. 2, p. 426), and a distortiom
marked by the appearance of multiple inflexion points. This is more visible
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N

Fig. 5 (a) Distribution of Barkhausen jumpe vs electric field and
(b) distorted hysteresis loop for y-ray irradiated trigly-
qine sulfate.

on the "derivative" curve 5(a) obtained experimentally (Rudyak, 1971,
p. 476), vhich is none other than the distribution of Barkhausen jumps
with two maxima on loading and two maxima on unloading, these being placed
nonsymmetrically with respect to the vertical axis.

Polycrystalline ceramics such as tetragonal PLZT 6.25/50/50 ceramics
exhibit a rather smooth hyeteresiz loop at room temperature with a high
coercive field in low frequency electric loading.

The coercive field of & ferroelectric depends on the temperature. A general
feature of this dependeate is that the coercive field increases when the
temperature is -reduced from the Curie phsse-transition temperature.  The
increase is du to a dur«te in tln mbim; of domain wslle.

Stresses also 1n‘£1me& tln ‘shape of ‘hc:tlc hystztelh loops. for
instance, the loop of PIT ceramice is markedly sensitive to the action
of ‘stress as evidenced by Fig. 6 which exhibits the influence of a stress
field applied parallel to the direction of the electric field and electric
polarization. The maximum (saturation) and remanent polarization as well
as the coercive fisld clearly decrease with increasing compresaive stress
vhile for a stress perpendicular to the field the influence is markedly
small but the coercive field slightly increases with increasing compressive
stress. There is thus globally a marked coupiing batween the ferroelectric
hysteresis loop and the state of stresses, that the latter be reversible
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0.35] .T3 =0

J3 = 53MPa
.'..'1‘,’. _T3 = QOMPQ.
d —Tj :‘GsMPA-

3

5

— Es(kvem)

Fig. 6 Influence of stress on dielectric hysteresis loop of
PLZT ceramics (after Armdt et al, 1984) : loop P3(E3)
for different compressive stresses -Tj3.

or residual. These couplings are certainly nomlinear, as shown by the
influence of compressive strese on saturation level in Fig. 6. .

THE PHENOMENOLOGCICAL PROBLEM

In brief, we consider the following problem. A polycrystalline, multidomain
dielectric material exhibits both induced electric polarization and sponta-
neous electric polarization. The former is reversible while the latter
is accompanied by dissipation. In the reference configuration of the materi-
al these two polarization are noted I and ®, regpectively, the total
polarization being none other than the vectorial sum of these two :

RS ol 1)

We focus on HR and its relation to the polarizing field and other influen-
ces such as temperature, stresses, and bias electric fields. For a given
temperature and zero stress and bias field, the response IHR(X) presents
the shape of a hysteresis loop (a) in Fig. 7(a) with saturation such that

bln'l‘r'-» n | _ (2)

s
L]

as |E| goes to infinity. This hysteresis loop is obtained in an alterna-
ting electric field of low frequency. It is assumed that the hysteresis
loop thus obtained does not depend on that frequency. In other words,
the electric hysteresis phenomenon here is considered to be rate-independent
én the first approximation (i.e., it does not depend on the time rate

of the polarizing field) and, as such, it does not involve any characte-
ristic time in contradistinction, say, with viscosity or elsctric rela-
xation. This is probably not true for high frequencies of the polarizing
field .and for relatively 'high temperatures. The hysteresis curve (a) in
Pig. 7 is essentially characterized by (i) the level of saturatiom, (if)
the value of the cobrcive field E. »E (MRe(0), and (iii) the inmclination
of the hysteresis loop on the l‘gaxu (remember that perfect electric
hysteresis loops have vertical, jump-like branches at the coercive-field
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Fig. 7 Typical hysteresis behaviour of ceramics, (a) in the absence
of applied stress and bias electric field ; (b) in the
presence of such fields.

value ; see Fig. 1(b). When this inclination is not zero, what appears
to be the case for mogt industrial materials such as ceramics, then we
say that the electric material exhibits. electric hardening (i.e., it takes
a greater value of the polarizing field to increase its polarization IR
by a given lnount). Thlc wording is granted in total analogy to mechani-
cal hlrdening.

Under the influence of a perturbation such as a bias electric field, an
applied stress or irradiation, the loop (a) transforms into loop (b) in
Fig. 7. In general, four essential effects are manifested : (i) the satura-
ted level has changed ; (ii) the width of the hysteresis loop at zero
polarization has been altered ; (iii) the coercive field has evolved,
‘presenting different values on loading snd unloading (the loop is no longer
symmetric with respect to the origin), and (iv) the electric hardening
has been modified to some extent, all facts which are even more clearly
visible on the derivative curve of the hysteresgis loop (i.e., the instanta-
neous electric’susceptibility) or, for that matter, on a count of Barkhausen
Jumps as in Pig. 2(b). The purpose of the following sections is to present
& thermodynsmically admissible phenomenological theory, of necessity nomli-
near, which allows one to build the hysteresis loop (a), starting from
a virgin state, and to reproduce the above-described effects on that hyste-
resis loop. This theory is due to Basziouny et al (1988a,b ; 1989) and
Maugin and Bassiouny (1988) ; it closely follows a somewhat similar nonli-
near theory built previously for magnetomechanical hysteresis (Maugin
et al, 1987) and which receives the support of the semi-microscopic theory
of domain-wall motions i{n a defective iaterlal (Sabir and Maugin, 1988).
It has much in common with the clutophsctclty of materials with locking
(Suquﬂ:. 1985). - o

IXREVERSIBLE THREMODYMAMICS OF KLXCTRIC HYSTERESIS

According. to the votk.tns hypothnu conudered above electric hysteresis
is viewed as a dissipative process withoyt tine scale, but it accounts
for the past history of the electric leading of the sample in some manner.
The first point is coped with by assuming that the power d:luiﬁ::ted in
the time evolution of M is homogeneous of degree one inm , while



