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There is studied the influence of initial magnetic texture and of the sequence of app-
lying magnetic field and unidirectional elastic tension on the shape of the curves and the
- hysteresis loops of the magnetostriction of nickel.
The magnitude of variation of magnetostriction is essentially influenced by the elastic
vibrations arising when the load is applied or removed in the presence of a magnetic field.
Magnetostriction depends also substantially on the initial magnetic texture of the inves-

tigated ferromagnetic body.

1. Infroduction

In ferromagnetic bodies subjected to the
action of a unidirectional tension there arises
a magnetic texture, i.e. an anisotropy appears
in the spontaneous magnetization distribu-
tion along various directions. The character
of this texture depends upon the relationship
between the sign of magnetostriction and that
of the stresses applied to the material. Besides,
this magnetic texture is sensitive to the se-
quence in which the tension aud the magnetic
field are applied, and likewise depends on the
initial magnetic state of the ferromagnetic
bodies ().

The magnetic texture arising with applica-
tion of elastic tension is retained as long as
these stresses remain unchanged. Further a
texture of this type shall be called the stable
magnetic texture of stresses. If a specimen,
in which a magnetic stress texture has arisen,
is unloaded, then the given texture becomes
unstable, vanishing under the influence of
various external factors (magnetic field, elas-
tic vibrations, temperature variations, and
$0 on).

For the study of any type of magnetic
structure just as for the present case, valuable
information on the character of the magnetic

texture under consideration may be furnished
by analysing the magnetostriction curves re-
corded for various magneto-elastic states of
the ferromagnetic body. The shape of magneto-
striction curves is known to depend upon the
distribution of spontaneous magnetization in
the initial state of the ferromagnetic body.
This dependence is due to the relation between
magnetostriction and the manner in which
magnetization proceeds. Namely, because of
the even character of magnetostriction effects,
the displacement of the boundaries between
the domains with opposite orientations of
magnetization (180° neighbourhood) causes
almost no deformation of the material. The
displacement of the boundaries between do-
‘mains with perpendicular orientations of mag-
netization (90° neighbourhood) results in de-
formations which determine almost the entire
magnitude of magnetostriction in the low field
region.

The object of the present work is to investiga-
te the magnetic texture produced in polycrys-
talline nickel when ferromagnetic is in various
ways acted upon by elastic tensions and an
external magnetic field. For this purpose the
magnetostriction curves, obtained for nickel
to which the elastic unidirectional tension
and external magnetic field are applied in dif-
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ferent sequences, where investigated for dif-
ferent initial magnetic states of the specimen.

2. Specimens tested and method
of measurement

All the measurements were made on thin and
narrow strips of nickel (300 x 0.1x 1.3 mm?).
To minimize internal stresses the specimens
prior to measurement underwent a long-time
annealing in vacuum at the temperature of
900°C. After the heat treatment the specimens
were very carefully mounted into the measure-
ment apparatus.

The magnetostriction measurements were
carried out by direct observations of the varia-
tion in the specimen dimensions with the opti-
cal lever method. A schematic sketch of the
device employed in the longitudinal magneto-
striction measurements is shown in Fig. 1.
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In this device the specimen to be studied I
is mounted in the vertical position between
clamps 2. The upper clamp 2 is fixed to screw
4 fitted into head 3. The use of head 3 enables
the specimen to be moved smoothly in the
vertical direction. The lower clamp 2, with

the variation in the longitudinal dimensions
of the specimen, can be displaced in vertical
direction by means of the slides. These slides
and screw 4 are rigidly fixed with brass tube
5 having a slit in the middle part. By means
of spring 6 the fine tungsten strictly cylindri-
cal wire 7, to which mirror § is soldered, is
pressed to the end of the lower clamp 2. A chan-
ge in the specimen length in the vertical plane
sets the mirror into rotation. Spring 6 is rigidly
fixed to tube 5. The whole apparatus together
with the mounted specimen is placed inside
solenoid 9 in such a way that head 3 and
mirror § are kept outside the solenoid. By
magnetizing of solenoid 9 a sufficiently uni-
form magnetic field is produced within a
range of 300 mm. Such a uniformity of field
was attained by reinforcing the solenoid win-
ding at its ends. The tube of the brass fra-
mework of the solenoid 70 was double-walled
and served at the same time as a cooling jacket
through which water was circulated during
measurements in order to maintain constant
temperature of the specimen. For the same
purpose the holes in the solenoid were closed
during measurement in order to prevent air
convection. The loading and unloading were
performed in the following manner. To lower
clamp 2 is suspended a glass bulb 77 connected
by means of a rubber tube to vessel 13 filled
with water. To exclude entirely the weight
of bulb 11, which is very essential in such
measurements, the bulb was attached to one
of the beam arms of the scales and was balanced
by means of weight 72 attached to the other
arm. When vessel 73 is moved up in vertical
direction from position A to position B, and
backwards, bulb 77 was filled or emptied,
thereby gradually loading or unloading the
specimen under test.

3. Measurement procedure

The following course was adopted for making
the magnetostriction measurements. First, the
specimen to be tested, in order to avoid what-
ever deformation, was very carefully mounted
in clamps 2 (Fig. 1). Further, the whole arran-
gement with mounted specimen was placed
inside magnetizing solenoid 9. The meas-
urements of magnetostriction started only
after complete thermal equilibrium had been
established inside the solenoid. All manipula-
tions connected with accomplishing the magne-
tostriction measurements were carried out
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with great precaution, avoiding any shaking
of the specimen.

In the present measurements of magnetostric-
tion, of interest touswas its variation (due to
the different sequence in applying the magnetic
field and tension) as these variations are direct-
1y related to the magnetic texture formed in
the ferromagnetic body. With this aim the
following procedure was adopted for making
magnetostriction measurements in six diffe-
rent ways. ’

A. The specimen is gradually demagnetized,
then magnetized in a field of a given strength
H and the magnetostriction further denoted
as k, is measured.

B. The demagnetized specimen is gradually
loaded up to a given value of load s. Thereaf-
ter, magnetic field H is applied and magneto-
striction measured. This measurement enables
to find the change in magnetostriction Ak,
due to elastic stresses being applied prior
to the magnetic field.

C. After demagnetizing the specimen magne-
tic field H is applied and only then the speci-
men is extended under the action of load e.
From the magnetostriction measured in this
case its variation Ak, due to elastic tension
in the presence of a magnetic field is deter-
mined. In determining the value of Ax, the
alteration in specimen length due to elastic
stresses at H =0 is eliminated.

D. The specimen after demagnetization is
gradually loaded up to a given value of load s.
Then magnetic field H is applied, and in the
presence of this field / the specimen is gradual-
ly unloaded. From the magnetostriction thus
measured, its variation Ak, due to the removal
of elastic tension in the presence of a magne-
tic field is determined. In the latter computa-
tion the change in the specimen length due
to the removal of the elastic tension at H =0
is eliminated.

E. The specimen is demagnetized when
stressed by the given load ¢. Then the load is
relieved, the external magnetic field applied
and the measurement of magnetostriction is
carried out. From these measurements there
is found the wvariation in magnetostriction
due to the alteration in the initial magnetic
state produced by demagnetization under
load.

In the same manner the hysteresis loops
of magnetostriction were recorded, wherefrom
the residual magnetostriction ., was determin-
ed as a function of the initial magnetic state

obtained by demagnetizing the specimen under
various extensions.

F.The loaded (load o) specimen is demagne-
tized and after that the load is gradually relea-
sed. Then it is again gradually loaded, the
magnetic field switched on and the magnitude
of magnetostriction is measured. From these
measurements there is found the variation in
magnetostriction 4k, due to the elastic ten-
sion applied prior to the magnetic field, the
specimen having been preliminarily demagne-
tized in the extended state.

4. Results of measurements

The results of measuring the magnetostric-
tion of nickel in the six aforesaid ways are
given in Figs. 2—9.

In Fig. 2a are presented magnetostriction
curves taken for a nickel specimen after its
demagnetization in unloaded state with diffe-
rent extension loads applied during mea-

g _100_200 300 400 50 657
i | e

| STE=

{ . ! J

=57

77 |
w0

Fig. 2a.
1—¢c— 0.0 kg/mm*, 2—¢ = 0.5 kg/mm?, 3~C = {.0kg/mm?2,
4—G = 3.0 kg/mm?2, 5—¢ = 7.0 kg/mm?2
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Fig. 2b.

—¢ = 0.5 kg/mm , 2—¢ = 1.0 kg/mm?, 3—¢ = 2.0 kg/mm"?,
—¢= 3.0 kg/mrm2, 5—G = 5.0 kg/mm?, 6—C = 7.0
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surement. [Method B; curve A(H) with =0
was obtained by method A]. From Fig. 2b
it is seen that, when the load is applied prior
to the magnetic field, the magnetostriction
in the initial portions of the curves diminishes
in absolute magnitude Ax; > 0. The field
strength range, where Ak, > 0, increases with
increasing load .

In the higher field region the quantity Al,
changes its sign, becomes negative and increa-
ses 1n absolute magnitude with increasing load.
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Pig. 2
I—H - 0.2 Oe, 2—H = 0.4 Ce, 3—H=2.3 Oe, 4—H=14.5 Oe,
5—H = 11.5 Oe. 6—H = 23.0 Oe

Fig. 4
I—¢ = 0.2 kg/mm?2, 2—c = 0.5 kg/mm?,
4—5 = 1.0 kg/mm?*

3--6 = 0.7 kg/mm?2,

In Figs. 3 and 4 are given the values of the
variation in magnetostriction Ak, measured
after the load is applied in the presence of the
magnetic field (method C). As is seen from

these curves, the negative magnetostriction
of nickel with such sequence of applying the
magnetic field and load increases in abso-
lute magnitude the more the larger is the ten-
sion (Fig. 4) and the magnetic field (Fig. 3).
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1—H = 4.5 Oe, 2—H = 11.5 O¢

0 20 40 60 80 100

\

<~
N
N

]

il

\V\K\\\

8

A%’

Fig. 6
1—Ggem = 0 kgrmm?, 2—Cgey, = 1 kg/mm?,
3—Cgemn = 2 kg/mm?=

A 10°

Fig. 7



MAGNETOSTRICTION OF NICKEL 31

In Fig. 5 are given the curves showing the
relation between variation in magnetostriction
Ak, and the load removed in the presence of
field (H = 4. 5 and H = 11.50e). On the abscis-
sae axis are plotted the values of the remaining
load s. From these curves it is seen that with
load removed in the presence of the magnetic
field the negative magnetostriction of nickel
increases in absolute magnitude (Ak, <0),
the increase being the greater the larger are the
removed load and the magnetic field during
the unloading operation (method D).

In Fig. 6 are presented the magnetostriction
curves for a loaded specimen with various ini-
tial magnetic states produced by demagnetiz-
ing the specimen under different extending
loads (method E). Comparison of these curves
demonstrates that with rising load ggem applied
during demagnetization, the negative magne-
tostriction only increases in absolute magni-
tude for all values of magnetic fields. .

Most influenced by the variation in initial
magnetic states, produced by means of demag-
netization under various loads, is the value
of residual magnetostriction (method E).

Fig. 7 shows the dependence of residual mag-
netostriction upon the magnitude of the load
Ggem applied during the demagnetization. From
this curve it is seen that as the load cgem is
increased the absolute magnitude of residual
magnetostriction increases.
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Fig. 8.

1—-Cgem = 0 kg/mm?, 2—0gey = 1.0 kg/mm:

In Fig. 8 are given the maximum hysteresis
toops of magnetostriction obtained with =
specimen after demagnetizing it under load
Sqem = 0 and ggem =1 kg/mm?. In fields above
50 Qe the magnetostriction hysteresis vanishes.

11 Journal of Physics, vol, XI, No. 1

And finally, in Figs. 9a and 9b is shown the
effect of tension on the magnetostriction curves
of a nickel specimen that was submitted teo
demagnetization under the load sgem=1kg/mm?
(method F). The comparison of the curves
in Fig. 9a and in Fig. 2a shows that the influen-
ce of elastic extension on the magnetostric-
tion curve does not change also for a specimen
that underwent preliminary demagnetization
under the load.
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2—6C =1 kgymm?,
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J_ R
o ! A%B/ﬁz'{kﬂ/?’m
I |V
00 300 V400 | 500 Vi
j Il _}1"-‘-""""-' -0
‘} 2 J
e s - o i
7 i ! ; i
_/[5-,._,“ S SRR SR i -
Fig. 9b.

1—9¢ =1 kg/mm?2, 2—0 =2 kg/mm*, 3—C = 3 kg/mm?

5. Analysis of measurement results

A demagnetized ferromagnetic hody is kinown
to have the disposition of boundaries hetween
domains and the orientation of their spon-
raneous magnetization vectors I, intimately
related to the distribution of internal sires-
ses in the material (?). Therefore, any redis-
tribution of internal stresses must inevitabiy
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give rise to new stable configurations of
domains. One of the methods for producing
a redistribuation of internal stresses in an
unmagnetized ferromagnetic body is to sub-
mit the specimen to unidirectional elastic
extension or compression by an external force.

As a congequence of any change in the
magnitude of the external fovce, there arise
in the magnetic material elastic vibrations
which determine the kinetics of the redistri-
bution of internal stresses in the material
and, therefore, the kinetics of establishing
of a new magnetic texture. After these vibra-
tions have died down, there sets in a new equi-
Librivm distribution of internal stresses and
a magnetic texture appropriate to it. This
equilibrium state, however, will not always
he absolutely stable but sometimes might
be metastable. The presence of such meta-
stable states may lead to a non-uniqueness
of magnetostriction, ¢. e., to the irreversible
phenomena of magnetostriction hysteresis.

The influence exerted by the external mag-
netic field depends essentially upon initial
magnetic state of the ferromagnetic body.
Therefore, it should be expected that if a
unidirectional load is applied to or removed
from a specimen, either being alrcady uuder
the action of an external magnetic fieia or
prior to its putting on, there result different
variations m the magnetostriction. And there-
fore, with the same magnetic field strengths
and elastic stresses substantially different
values of the magnetostriction may be obtained,
{. ¢. a magneto-elastic hysteresis of magne-
tostriction occurs.

Based on these conceptions our experimental
results lend the following qualitative expla-
nation.

A. Load applied to nickel
specimen prior to putting on
a magnuetic field

In this case, when the Joad rises an increas-
ing number of domains acquire the vector
orientation I, close to.the plane perpendicular
to the directions of the acting load and magne-
tizing field. Upon formation of such a texture
{for which almost all domains with a magne-
tization oriented along the magnetic field
vanish), the contributions made both by the
180° and the 90° displacements of the domain
boundaries decrease considerably. This effect
of gradual relative reduction of the displa-
cements processes with rising loads i3 espe-

cially distinctly pronounced in the well inve-
stigated phenomenon of the deformation of
magnetostriction curves of nickel under the
action of extension (*). Asisseen {from Fig. 2,
magnetostriction in the high {ield region
increases in absolute magnitude with rising
tension. This increase in magnetostriction
is due to the lact that the diminution in spe-
cimen length during the transition from de-
magnetized state to that of magnetic satu-
ration (the magnetostriction of saturation i})
varies depending upon the degree of magnetic
texture. Thus, for instance, upon transition
from the state of magnetic isotropy to that
of maximum magnetic textures of extension
(all the vectors I, of the domains lie in the
plane normal to the line of extension) the
saturation magnetostriction of nickel rises
1.5 times in absolute magnitude (°). As is seen
from Fig. 2 this limiting increasc of k, Is
already nearly attained with an extensmn
load o=7 kg/mm?2.

In the low field region the relative reduc-
tion of the displacement processes, due to
elastic tension, must result in a decreased
absolute magnitude of magnetostriction. In
this case magnetosiriction is contributed pri-
marily by rotation processes which for the
development of the same magnetostriction
require stronger fields than in the case of an
unsiretehed specimen where magnetostriction
1s due to displacement processes. Hence it
follows that with increasing load the field in-
terval is increased on the initial part of the
curves, where the absolute magnitude of mag-
netostriction  diminishes (Ax,>0). This infe-
rence 1s fully supported by the course of the
curves in Figs. 2a and 2b.

B.Load applied to nickel spe-
cimen in the presence of
magnetic field
When the magnetic field and the load are
applicd in the above mentioned sequence.
the elastic extension of the specimen results
in appearance of new stable positions of the
domain boundaries. The transition of the
domain boundaries to these more stable
equilibrium states ocours, firstly, in the pre-
sence of amagnetic field tending to enhance
the displacement of those boundaries which
increase the volumes of the domains with 1
orientated nearly along the direction of the
field, and, secondly, in the presence of stresses
tending, in opposition to the magnetic field,
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to orientate vectors I, along the directions
perpendicular to the line of extension.

In our experiments (small loads) with spe-
cimens stressed in presence of magnetic field
the predominating influence on the variation
of the magnetostriction of the nickel spe-
cimen was apparently that exerted by the
magnetic field. From the curves in Figs. 3
and 4 it is seen that for loads up to s=1kg/mm?
the magnetostriction increases in absolute
magnitude. Meanwhile this increase of mag-
netostriction rises, firstly, with increasing
magnetic field, and, secondly, with increas-
ing load. The latter is evidently accounted
~for by the greater elastic stresses resulting
in displacement of a greater number of do-
main boundaries. This transition of the boun-
daries to stable states is mainly used by the
magnetic field, for the absolute magnitude
of the extending stresses is insufficient to
overcome the action of the magnetic field.

om nickel
presence of
tield

C. Load releascd Ir
specimen in the
a magnetic

In this case the magnetic field alone makes
use of the displacement of the domain boun-
daries caused by removal of load. The greater
the load relieved, the greater the number
of domain boundaries furning unstable. Con-
sequently, in this case magnetostriction
must only inerease in ab kehuo magnitude
with riging value of released load aud rising
magnetis ‘1@ d. ris¢ in magnelostriction
18 i mmi.y observed experimentally (Fig. ).
in this case there should be obgerved a grea-

il]b

ter che inoamagnetosirietion than in the
previeus case, since the magnetic x@la and
stresses produce effects of the s anvc sign. Com- .

pavison of the curves in Figs. 4 and D shows
this inferenve to agree with the experimental
data. Namely,with oue and the same magnetic
field of 11.5 O¢, the loading of the specimen
with 1 kg/mm? produces negative magneio-
striction, A&n,==—14.10° (Fig. 4), and the
removal of the same load produces Ak, =
= —24-107° (Fig. 5), . e. [Ar,| > Ak, |

D. Nickel
tized

As known (%), the demagnetization of fer-
romagnetic bodies, when loaded unidirectio-
nally, results in the formation of a magnetic

11*

specimen demagne-
under extending load

texture. The appearance of such a texture is
due to the fact that unidirectional load,
applied in the course of demagnetizing, assists
in the formation of domains with spontaneous
magnetization oriented along the line of stret-
ching (for materials with +#>0) or in the

plane perpendicular to this line (x<CO).
In the nickel specimens (k<C0) the mag-
netic texture, appearing after demagneti-

zation wunder load, of the last type. The
appearance of such a texture is besi detectable
from the deformation of the magnetostriction
curves obtained after demagnetizing the loaded
specimen. This deformation of the magneto-
gtriction curves should be reducible to an
increase in the absolute value of the satura-
tion magnetostriction at the expense of the
increase in the initial demagnetized state of
the volume occupied by domains with vectors
I, directed perpendicularly to the direction
of the magnetizing field, just as it occurs
after the elasiic stresses are applied (Fig. 2).
However, in the weak field region, in contra-
distinction to the magnetosiriction curves
taken under extension, there is no diminution
in the absolute magnitude of magnetostriction
in the initial part of the curves.This is because
the considered magnetic texture Lecomes un-
stable after the load, with which demagnetiza-
vtion proceeded, is relieved. Therelore, the
increase of magnetization in the initial por-
tion of the curve occurs mainly at the expense
of displacing the ‘runstable’” boundary do-
mains, which leads only to an incresse of
the absolute magnitude of magnetostriction.
These conclusions are confirmed by the magne-
tostriction curves optained with a specimen
demagnetized under various loads {Fig. ©).
Usuex the action of elastic siresses applied
to a nickel specimen that has been prelimi-
narily demagnetized under load, the magnetic
texture Dbecomes the more stable, the larger
the load applied during the measurement.
In the weak [lield region the appearance of
such stability in the magnetic texture should
result in the absolute magnitude of magneto-
striction falling off with increasing load
applied during the magnetosiriction measure-
ment. This reduction in magnetostriction
was detected experimentally (Fig. 9).
The increase in the absolute magnitude of
magnetostriction with rising load applied
during the measurement in the strong field
region, as observed on the curves i) of
Fig. 9, is less than for the corresponding curves
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given in Fig. 2. This distinction in the magni-
tude of the change in magnetostriction, occur-
ring in the strong field region under action
of extension detected by comparing the curves
of Figs. 9 and 2, is due to the distinction in
the initial demagnetized states.

In recording the hysteresis loops of magne-
tostriction a sharp increase of the residual
magnetostriction is to be expected with the
rise of the load at which the specimen under-
goes preliminary demagnetization. Indeed,
after demagnetization under load the magne-
tostriction saturation increases. But after
this saturation is attained the ‘‘unstable”
magnetic texture obtained on demagnetiza-
tion completely disappears and the variation
of magnetostriction along the descending
branch of the hysteresis loop (A\,—2,) should

not depend on the initial demagnetized state,
i. e.

()\s - }‘r)Gdem-——O = ()\s—‘}‘r)cdem>0 )

whence 1t follows that

(}\r)Gdem>0 - ()"r)d
= (!\s)ddem>0 —“(/“s)adem=0 .

Thus the change in the residual magneto-
striction must equal the corresponding change
in the magnetostriction saturation. This re-
lationship 1is fully substantiated by experi-
ment, as is readily seen from comparing the
hysteresis loops in Fig. 8 taken at cgem =0
and cgem =1 kg/mm?*:

()\r)gdem=1 - ()\r)cd(\m:O =
=(7.9—-2.0)10°=5.9.10"%
(r-an)oy, —t—(h-ir)s,, 0 =

= (21.0—15.0)10° = 6.0.10-°.

Conelusion

The main results of the experimental data,
obtained in the present investigation on the
influence of elastic stresses on the magneto-
striction curves of nickel, are as follows:

1. For the first time there has been studi-
ed the influence of the initial magnetic tex-
ture and of the sequence, in which the mag-
netic field and the load are put on, on the
shape of the curves and hysteresis loops of
magnetostriction of a ferromagnetic body.

2. These data enable to arrive at the fol-
lowing inferences as to the influence of the
elastic stress, texture and of the initial magne-
tic state on the magnetostriction of nickel.

The value of the change in magnetostric-
tion 1is influenced essentially by the elastic
vibrations that arise when the load is appli-
ed or relieved in presence of magnetic field.
Namely:

In absolute magnitude the magnetostric-
tion of nickel, when acted upon by these elas-
tic vibrations, only increases.

The value of magnetostriction of nickel
depends essentially upon the magnetic textu-
re of the initial magnetic state. Namely:

After the loaded specimen has been demag-
netized, the magnetostriction of nickel in-
creases in absolute magnitude throughout the
whole interval of field strengths right up to
saturation.

The deformation of the magnetostriction
curves after demagnetization under load when
acted upon by elastic extension is less than
after demagnetization without load.

The value of the residual magnetostriction
increases with the rise of the load acting du-
ring the demagnetization. This increase of
residual magnetostriction is equal to the cor-
responding increase in the saturation value
of magnetostriction.

On the basis of modern conceptions as tc
the processes of technical magnetization, a
qualitative theoretical interpretation is offered
for experimental results.
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