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ABSTRACT

KEYWORDS
Fe_Ni

The behavior of domain wall-dislocation interaction in Fe, Ni  alloy has
been investigated in pre-annealed and quenched samples using some
magnetic structure-sensitive properties. In the two samples it was found
that the maximum magnetic permeability (u__), the high field magnetic
permeability (u,) and the magnetic anisotropy (K) were increased with the
degree of plastic strain during the early stage of deformation, and attributed
to the precipitation of FeNi, phase during pre-annealing or after quenching
from high temperature. Further increase in dislocation density in the matrix
during the later stage of deformation, affects the average value of the
strength of interaction between the domain wall and dislocation, thus
contributes to the decrease in p_and p__. The observed change in the
magnetic anisotropy, K, with plastic strain deformation is explained in
terms of the magnetic hardening of the material by dislocations. The domain
wall surface energy, v, the thickness of the magnetic domain, 3, and the
exchange energy, A, of the present alloy were determined from a simple
measurement of the magnetic permeability and magnetic anisotropy.

© 2015 Trade Science Inc. - INDIA

INTRODUCTION

Ferromaéonetis(é aloy;

Magnetic properties;

Plastic deformation;
Plastic strain.

It isnow amost universally accepted that infer-
romagnetic materia the displacement of magnetic
domain wallsunder theinfluence of amagneticfield
ishindered by latticeimperfectiond’®, Severa theo-
ries have been proposed in order to study the effect
of domain wall-defect interaction on the behavior
of domain-wall motion in the ferromagnetic mate-
rial. The potential theory!®'? assumes the domain
wall to befiniteand rigid, whereas the domain-wall
bowing theory!>#13 considers the domain wall to be

flexible in one dimension only. However, it wasre-
ported by otherg?4% that the behavior of pure mate-
rias and ferromagnetic alloys can be excellently
described by the rigid domain-wall pinning model.
Hilzinger and Kronmiiller*® cameto the conclusion
that domain-wall bowing out under the action of a
magnetic field isexpected to be predominant in ma-
terials in which strong defect interaction or more
extended domain walls exist. Moreover, in the case
of alarge number of defects, randomly distributed
on both sides of the domain wall, the average force
acting on the sides of the domain wall cancels out.
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TABLE 1 : Chemical composition of Fe, Ni, alloy

Fe Ni Mn Zn

Mg Sy Al Cu

Major Major 0.001

0.001 0.001 0.001

Only spatial fluctuationsof the defect concentration
act aseffective pinning centersfor domain-wall dis-
placement!®,

Several theories has been proposed in order to
study the effect of order-disorder transition on do-
main wall-defect interactions in ferromagnetic al-
loys containing some degree of chemical order.
Chin®" proposed a slip-induced directional order
theory, states that in aferromagnetic aloy contain-
ing some degree of chemical order (long or short
range), there are more unlike nearest-neighbor atom
pairsthaninarandom solid solution. During plastic
deformation, like-atom pairs are created at the ex-
pense of unlike paird®¥. Dueto the crystallographic
nature of slip, theseinduced like-atom pairsaredis-
tributed asymmetrically. Such asymmetrical distri-
bution increases the microstressin the alloy matrix
leading to a change in the structural sensitive mag-
netic properties of the ferromagnetic alloys. Based
on this model, important specific parameters char-
acterizing adomain wall, such as domain wall sur-
face energy (y), the magnetic anisotropy (K), and
the exchange energy (A) are determined in series of
ferromagnetic polycrystalline material §'89. These
parameters which control the field dependence of
the domain hindrance by lattice imperfections are
good enough to establish proportion laws as far as
the effect of structural changes by order-disorder
transformation on the magnetization processes of
Fe_,Ni,alloy. From these considerations, the present
work reports some experimental results on the ef-
fect of plastic deformation on the behavior of do-
main wall motion in Fe_ Ni_ alloy under the action
of impressing magnetic field. The maximum mag-
netic permesability (u__ ) and the critical magnetic
field (H_) were taken in the present work as a tool
of study the effect of structural changesinduced by
plastic deformation on the behavior of interaction
of domain wal in Fe Ni_ aloy. Also, it is shown
in principle how to evaluate the domain wall sur-
face energy (v), the magnetic anisotropy (K) and the
exchange energy (A) from asimple measurement of

magnetic permeability whichin addition would lead
to the confirmation of domain wall theory in ferro-
magnetic alloys.

EXPERIMENTAL WORK

The test material, Fe, Ni_alloy, was prepared
from high purity Feand Ni by induction melting fol-
lowed by a suitable homogenization at 1200 °C un-
der ahelium atmosphere for 24 hours, then slowly
cooled to room temperature. The material shaped
by extrusion into rods of 3 mm diameter followed
by swaging at room temperature to wires of 1 mm
diameter.

The atomic absorption method was used in or-
der to determine the composition of the aloy, (see
TABLE 1). The wire sample was introduced as the
core of amagnetization coil and the cathoderay tech-
nique was empl oyed to obtain room-temperature B-
H curves at different magnetizing fields. The maxi-
mum magnetic permeability was obtained from the
relation u__ = (B/H) __, which characterizes the
magnetization of both reversible and irreversible
domain-wall motion. Plastic strain deformation was
induced on the samples by a locally conventional
strain machine. The pre-annealed sample was
guenched from 900°C in cold water at a quenching
rate of 10° °C.s®. The different degrees of plastic
strain deformation were measured by the dimension-
less quantity n% = (AL/L) % where AL and L are
thechangeinlengthandtheinitid length of thesample
respectively?9,

RESULTS

Effect of plasticstrainonp__ andH_

The magnetic permeability (u) measured at room
temperature as afunction of the magnetic field (H)
for pre-annealed and quenched samples of different
degrees of plastic strain is presented in Figure 1a,b.
The curves are characterized by apronounced peak
valuein magnetic permesability (u__ ) whichisfound
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Figure 1 : The dependence of the magnetic per meability, (n) on the magnetic field, H for: (a) pre-annealed Fe Ni
alloy (Ta = 800 °C, ta = 2 h) and (b) quenched Fe, Ni  alloy (Tq = 900 °C), with the degree of plastic deformation
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Figure 2a,b : The dependence of both the maximum magnetic permeability (u__) and the critical magnetic field
(H,) on the degree of plastic strain for: (a) pre-annealed (Ta = 800 °C, ta = 2 h) and (b) quenched (Tq =900 °C)

samples

to shift position with magnetic field (H) when in-
creasing the degree of plastic deformation. The de-
pendence of both the maximum magnetic permeabil -
ity (u,,) ad the critical magneticfield (H_) onthe
degree of plastic strainisillustrated in Figure 2a,b.
Itisclear that for pre-annealed (Ta=800°C, t, = 2
h) and quenched (Tq = 900 °C) samples, the maxi-
mum magnetic permesability (u, ) initialy increased
followed by a pronounced decrease with the degree
of plastic strain (n%). Mean while,the critical mag-

neticfield (H_) initialy decreased followed by pro-
nounced increase with the degree of plastic strain
(n%). The dependence of the product of the maxi-
mum magnetic permeability (u, ) and critical mag-
neticfield (H_) onthe degree of plastic deformation
(n%) of Fe_Ni aloy is shown in Figure 2c,d.

Correlation between magnetic anisotropy (K) and
high-field magnetic per meability (u)

The magnetic anisotropy (K) and the high-field
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Figure 2c,d : The dependence of the product of maximum magnetic permeability (u__) and critical magnetic field
(H,) on the degree of plastic strain for: (c) pre-annealed (Ta = 800 °C, ta = 2 h) and (d) quenched (Tq = 900 °C)
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Figure 3 : The effect of plastic deformation (n%) on (dB/
dH,1/H3) curves for pre-annealed Fe Ni_ alloy

magnetic permeability (u-,) weredetermined in con-
nection with the magnetization M, in ferromagnetic
materia under a moderately strong magnetic field
(H) using the equati onl10.11.21-24;

a 2b
=M e (1)

Where M _ isthe saturation magnetization, andaisa
constant depending on the internal stress and non-
magnetic inclusions in the matrix. This constant is
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Figure 4 : The effect of plastic deformation (n%) on (dB/
dH,1/H3) curves for pre-quenched Fe Ni alloy

val.id only within afinite range strength of the mag-
netic field*%, and b is a constant which can be
determined using the equation(01121-23]

8 (K*
b=E(M§)' ©)

Where K is the magnetic anisotropy and M_ is the
saturation magnetization. On these grounds, under a
moderately strong magnetic field where the constant
a = 0,1011823 " the values of the magnetic perme-
ability (u) should give a straight line when plotted
against (1/H3). Fromthegradient of thislinewecould
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Figure 5 : The relative changes of the magnetic anisot-
ropy and the high field magnetic permeability on the
degree of plastic deformation (n%) for pre-annealed
Fe,Ni, alloy (Ta=800°C, ta=2h)
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Figure 6 : The relative changes of the magnetic anisot-
ropy and the high field magnetic per meability on the
degree of plastic defor mation (%) for quenched Fe, Ni,,
alloy (Tq=900 °C, quenching rate = 10° °C.s?)

TABLE 2 : Represents the general numerical constants obtained in the present work for Fe, Ni,, alloy

M agnetic anisotr opy, Width of magnetic

No. of spinsinvolved ~ Surface ener gy of magnetic

d i . )

Sample K (3/m% x 10* Omi‘ '1053 (m) in one Domain, N domain,  (J/m? x 10°
Anneded
T,=800 473 851 343 402

°C
Quenched
Tq=900 439 8.84 356 3.88

°C

determine the value of the constant b (see Equation
1). Therefore, the value of the magnetic anisotropy,
K, could be determined (see Equation 2). The ac-
tual value of high-field permeability, p_ can also be
determined from the extrapolated points of this
straight lineto the ordinate.

In the present work, the effect of pre- cold work
by plastic strain of pre-annealed and quenched
Fe_,Ni.,aloy on the corresponding room tempera-
ture curves are shown in Figure 3 and Figure 4, re-
spectively. The values of the magnetic anisotropy
(K) were calculated from the slope of thelinear part
of the curveswhich characterized the magnetization
by rotation domain-wall motion for Fe Ni., alloy.
Thehighfield magnetic permeability () wasevalu-
ated from the extrapol ated point on the curveto the
ordinate using equation 2, where M_= 432 Amri9,
The dependence of relative changes of both p_ and

K on the degree of plastic deformation for pre-an-
nealed and quenched Fe Ni,, alloy are illustrated
in Figures 5 and 6, respectively, from these results,
the general trend is apparent that factorswhich con-
tribute to the change of dislocation density are also
factorswhich effect the motion of magnetic domain
walls.

DISCUSSIONAND CONCLUSION

The effect of plastic strain deformation on the
structure-sensitive magneti c properties of ferromag-
netic material might be interpreted in terms of an
exiting network of structure defects particularly
dislocationd®3%, This seemsto affect the magnetic
properties by controlling the location of magnetic
domaini?*%1, Near the core of dislocation, the regu-
lar arrangement of atoms becomes highly distorted.
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Therefore, a weak interaction between the atomic
magnets is thus expected and the magnetic domain
might wrap around any obstacle or dislocation that
crossits path.

The formation of wall-wrapping dislocation is
presumably acompromise between the tendency of
the dislocation to impose a certain orientation on
thewall initsvicinity, and the tendency of the wall
to adopt adifferent orientation related to the crystal
structure®. Theformation of such pinched-of loops
of boundarieswas previously found in different fer-
romagnetic material §3+%,

In the present work, pre-anneal ed and quenched
samples showed areductionin the critical magnetic
field and an increase in the maximum magnetic per-
meability during the early stage of plastic deforma-
tion (see Figure 2a,b). This is most probably re-
lated to the precipitation of FeNi, phase during pre-
annealing or rapid quenching from Tq €” 900 °C to
room temperature. The precipitation of this phase
causes a marked expansion of the material, leading
to an increase in dislocation density in the precipi-
tated alloy matrix®>%3, As pre-annealed or quenched
samples are plastically deformed, the rebounding
dislocation induced by precipitated phase (FeNi,),
and their possible annihilation with the dislocations
produced during the early stage of plastic deforma-
tion™, thereby reducing their density in some vol-
ume of the material causing reversible changesin
the dislocation structure. This process represents
some sort of recovery showing itself asan increase
of p_ and decreaseof H_, to some extent during the
early stage of plastic deformation (see Figure 2a,b).
Further increase in dislocation density produced by
plastic strain, presumably affects the average value
of thestrength of interaction between thedomainwall
and dislocation and thus contributes to the decrease
inthevalueof u__ andincreaseinH_. However, in
the present work no observable changein the prod-
uct (u,H_) isnoticed at higher degree of plastic
strain deformation (see Figure 2c,d). Thisindicates
theindependenceof this product on both the strength
and density of lattice defects, particularly the den-
sity of dislocation produced by plastic strain defor-
mation in Fe, Ni, aloy. This would be due to the
expected rise in the lattice defects in rather equal
proportionson both sidesof adomain wall*®, There-

= Fyf] Peper

fore, the average forces acting on the sides of ado-
main wall cancels each other.

Thesituationisdifferent for the effect of plastic
strain deformation on the magnetic anisotropy (K),
which reflects the strength of the torque exerted by
magnetic pressure on the rotational motion of do-
main walls. Therefore, in the range of amoderately
strong magneticfield, the pinning action of magnetic
domain walls by dislocations was inferred to leak
out of the magnetic pressure exerted by themagnetic
field on domain wallg°%1 and, as expected, the
torque exerted by the magnetic pressure on the do-
main walls decreased with increasing internal stress
in the matrix. Hence it is reasonabl e to assume that
the observed decrease in the magnetic anisotropy
with plastic strain might be related to theleak out of
the torque exerted by the magnetic field on domain
wallswhich originated during plastic- strain defor-
mationinthematrix. On the other hand, the observed
change in the magnetic anisotropy, K and the high
field permeability, p, with plastic-strain deforma-
tion in three stages (see Figures 5 and 6) could cor-
respond, respectively, to thefollowing phenomena?:
creation of an isolated dislocation (stagel), cluster-
ing of dislocation into tangles (stagell) and onset of
the cellular structures composed of dislocationwalls
(stage Il1). The relative small changes observed in
the magnetic anisotropy and the high field perme-
ability during stages | and Il (see Figure 4) leadsto
the conclusion that the rotation magnetization of do-
main walls depends only on the magnitude of mag-
netic anisotropy, which isfairly insensitive to weak
internal stress in the matrix!*%%, whereas the maxi-
mum magnetic permeability dueto thereversibleand
irreversible displacement of domain walls is very
sensitivetotheirregularity of the substance2011:2526,
Moreover, it is generally admitted that in
polycrystal.ine ferromagnetic materialsthe domain
wall surface energy, v, (the total. energy per unit
area of the domain wall), the width of the magnetic
domain, 4, (the volume of wall per unit area), and
the number of spinsinvolved in adomain wall, N,
are related to the magnetic anisotropy (K) by the
rel aIl Ons[10,36—38,40]:

x[a

=nVAK, §=nJA/K, N=§la=— |=
Y A/ i / a-\jﬁ'
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Where, ‘a’ is the lattice parameter (a=2.48 x 101°
m for Fe,Ni_)“! and A is the exchange stiffness
constant represents the average exchange energy,and
it ismeasure the stiffness of the magnetization vec-
tor against twisting, and it isrel ated to the exchange
integral constant, Jex by therelation®: A=nJ, S/a.
For Fe,Ni,,J, =216x10%J,S=1,a=248x 10
mandn=4, sothat A =3.48 x 10t J.m119,
Using the val ues of the magnetic anisotropy (K)
and the exchange energy (A) inthe present work for
Fe_,Ni,, aloy we can determine the numerical val-
ues of these quantities see TABLE 2. All these val-
ues are in good agreement with the previously re-
ported values in ferromagnetic material g9,
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