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Modeling the interrelating effects of plastic deformation and stress
on magnetic properties of materials

C. C. H. Lo,? E. Kinser, and D. C. Jiles
Center for NDE, lowa State University, Ames, lowa 50011

(Presented on 12 November 2002

A model has been developed that describes the interrelating effects of plastic deformation and
applied stress on hysteresis loops based on the theory of ferromagnetic hysteresis. In the current
model the strength of pinning sites for domain walls is characterized by the pinning coefkigient
given by keg=Ky+k'o. The termky depicts pinning of domain walls by dislocations and is
proportional top", wherep is the number density of dislocation which is related to the amount of
plastic strain, and the exponemtdepends on the strength of pinning sites. The second tétm
«—3/2\J2ma, where m is magnetization and\¢ is magnetostriction constant, describes the
changes in pinning strength on a domain wall induced by an applied streBse model was
capable of reproducing the stress dependence of hysteresis loop properties such as coercivity and
remanence of a series of nickel samples which were pre-strained to various plastic strain levels. An
empirical relation was found between the paraméigrand the plastic strain, which can be
interpreted in terms of the effects on the strength of domain wall pinning of changes in dislocation
density and substructure under plastic deformation.2@3 American Institute of Physics.

[DOI: 10.1063/1.1557356

I. INTRODUCTION ning and unpinning of a domain wall is proportional to the

A model description of the effects of plastic deformation c_hange ;2 magr:wetlzatlpn:hand_ th_e pln_{ungj co_(:ﬁlmegko
and applied stress on hysteresis loop has been develope_or'o<80> m, wheren 1S the pinning site density ar( o) .
based on the theory of ferromagnetic hystertsisis well IS the average pinning energy. It_has been shown in a previ-
established that the magnetic properties of materials such s stug9bthat the ?.V %ragt;e plnnlr]nghep%rgyo) C‘zn be n- th
coercivity and remanence are sensitive to both microstruc- < SNC€d by an applied stress which Induces changes in the

ture and stress state of the materfisand that a material anisotropy energies of the domains on either side of the do-

can exhibit different stress dependence of magnetic propeP—1aln wall due to the magnetoelastic coupling. This in tum

ties depending on the structural conditidesy., hardnegof alters the local energy barlrier tha.t a domain wa!l n.eeds' 0
the materiaf:® Several models have been developed to acdvercome before .'t moves |rre_:v_er5|bly frc_)m one pinning site
count for the effects on magnetic properties of either applie(ﬁ0 another. The pinning .COEff.'C'ekE’“' which characterizes
stresses or microstructure such as dislocation density orthe _strength of the pInning site, becomes dependent on the
grain size’ In this work experimental and theoretical studies applied stresgr and is given by

were performed to investigate the stress dependence of mag- k. s=k,+k' o, (1)

netic properties in materials subjected to different amounts of herek = —3/2oM. b | tant fact M. is th
plastic deformation. A model was developed by incorporat-W erex =-2s s, D 1S @ constant tactor, antis 1S the
agnetostriction constant. The first tekgicharacterizes the

ing the effects of plastic deformation and applied stress o . -
domain wall pinning into the theory of magnetic hysterdsis. strength of domain wall pinning by structural defects such as

The extended model was found to be capable of reproducin islocations. The_ Se_co'?d terk’ o describes t_he stress-
duced changes in pinning strength on a domain wall, where

the stress dependence of the magnetic properties of nick

samples which were pre-strained to various plastic strain Ievt- € factorb s depende.nt on the material condmon; such as
els. microstructure. According to Edl), k.4 decreases with ten-

sion but increases with compression for materials with posi-

Il EFFECTS OF MICROSTRUCTURE AND APPLIED tive \¢ (e.g., iron at low field strengthsSuch stress depen-

STRESS ON DOMAIN WALL PINNING dence ofkes has been found in a previous stLﬁjy.
The structural effects can be incorporated into the hys-

The model description of the effects of stress and microteresis model through the model paramekgr For single-
structure on magnetic properties was developed based on tiase magnetic materials the most important microstructural
theory of ferromagnetic hysteresisyhich provides the basis factors affecting magnetic properties are grain size and num-
for linking macroscopic magnetic properties to microscopicber density of dislocations, since grain boundaries and dislo-
magnetization processes such as domain wall motion. Accations act as pinning sites for domain walls. Empirical re-
cording to the theory the enerdy,;;, dissipated through pin- lationships between these microstructural features and
hysteresis loop properties have been reported in previous
dAuthor to whom correspondence should to addressed; electronic maistudies’*?and the general consensus is that coerciwityis

clo@iastate.edu inversely proportional to grain siZeand is proportional to
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Downloaded 02 Apr 2012 to 131.251.133.27. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys., Vol. 93, No. 10, Parts 2 & 3, 15 May 2003 Lo, Kinser, and Jiles 6627

the square root of gllslocatlon densﬁ&/Sm_cef the pinning e P
coefficient is approximately equal to coercivity for soft mag- ~ ] —— Modelled under 0 MPa

netic materials? it is reasonable to assume tHat has the 1
. . . . . 0.4 4 —=— Measured under 50 MPa .

same dependence Hs on grain size and dislocation density | ——— Modelled under 50MPa ¢
p, i.e. 0.2

1/2 4

ko‘xp . (2) -

This equation has been adopted in a recent modeling study of =
the effect of grain size and dislocation density on magnetic 024

properties of steel5.In this approach, the pinning strength

parametek, can be correlated with the macroscopic material

conditions such as the amount of plastic deformatigon

which is related to the dislocation density. In this case, one —— S —

can write -15000 -10000  -5000 0 5000 10000 15000
H (A/m)

ko =ae n, (3)

wherea is a constant factor andlis the index characterizing
how domain wall pinning varies as dislocations multiply and
evolve into dislocation substructures under plastic deforma-
tion.

FIG. 1. Measured and modeled hysteresis loops under 0 and 50 MPa for the
nickel sample pre-strained to 7840 6.

stress-induced anisotropy. This process is not accounted for
in the previous model equation, which is based primarily on
IIl. PROCEDURES the consideration of domain wall motion.
. ) . As shown in Fig. 2, the coercivity of all samples in-
A series of pure nickel samples were first annealed agreased while the remanence decreased with tensile stress,
500°C for 2 h. One sample was kept in the annealed condigycept for the sample with,=0 where the remanence in-
tion while the others were pre-strained to various plastic tengreased initially and then decreased as the applied stress was

sile strain levels:, using a servo-hydraulic mechanical test- fyrther increased. The stress dependence of coercivity and
ing systemln situ hysteresis loop measurements were made

on the pre-strained samples under various tensile stresses
within the elastic limits of the samples. During the measure- Coereivity (A/m)

ment a 2 Hzsinusoidal magnetizing field was applied to the (a) M ]
H H 1000 3

sample using a solenoid. A Hall effect sensor was used to — 3841x10°
measure the tangential magnetic fi¢ldat the sample sur- »—’aiﬂ/’a/ﬂ
face. The output of a search coil encircling the sample was o 22250x10°
integrated to obtain the hysteresis loop.

Using model calculations, hysteresis loops were simu-
lated for various stress levels using the following values for

the model parametersM =5.04x10° A/m, ¢=0.1, a
=1300 A/m, ande=0.006. The values ok.; were deter-

& =763x10"

—&— Measured

mined by obtaining the best fit to the experimental hysteresis g §=0 O Modeled
loops. 0 ; ; . . -
0 10 20 30 40 50
Applied stress (MPa)
IV. RESULTS AND DISCUSSION Remanence (Tesla)

It was found that the effects of plastic deformation and (b)  **#
applied stress on the hysteresis loops of the nickel samples
can be reproduced using the extended hysteresis model. Ex-
amples are given in Fig. 1, which shows the measured and 020
modeled hysteresis loops for the sample pre-strainegl,to
=736x10 ° at ¢=0 and 50 MPa. The modeled hysteresis ™
loops were found to agree with the experimental data in the o101
low field regime(i.e., at field strengths below the coercive
field). Discrepancies between the modeled and measured re- 005
sults were nevertheless observed at the knee of the hysteresis
loops, in particular when the samples were under tensile o 10 » 30 40 50
stressesFig. 1). The shape of the measured hysteresis loops Applicd stress (MFa)
in the high field re_glme Sque_StS that th_e magnet_lzatlon "€1G. 2. variations ina) coercivity and(b) remanence with applied stress for
versal processes involved mainly reversible rotation of dote nickel samples plastically deformed to various plastic strain leygls
main magnetization towards the applied field against therior to thein situ hysteresis measurements under applied stresses.

4 Measured

—8— Modeled

& = 3841x10°
& = 2250x10°
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k ot (A/m) ko (A/m) k' (A/m/MPa)
e s s 1A
1200 e = 1200 .
o m-B T o _ 056 &
— “:P = 3841)(10-6 ———-—’l‘ 1000 A\_‘ k 0~ 122.16 + 9.838-3"'«»/'/»"“ + 12
/,,Aﬂ_~~~""—~”:,//// "\ 110
800 4~ T5=2250x10° o soo{ . _*
e 7 P._ 18
600 - - 6 7
&~ =763x10 7 600 - e
L~ & - > |
400 ///D/// 400 4 -.~‘-~"‘ _—— .
- 5. 1
200 - -
g-o &0 200 |/ 1 P
e
0 10 20 30 40 50 04 ; ; : 0
Applied stress (MPa) 0 1000 2000 3000 4000
£p x10°)

FIG. 3. Dependence of the pinning coefficidql on applied stress for

samples pre-strained to different plastic strain levels. The dotted lines rep- , . A
resent least-square linear fits to the data. FIG. 4. Plot of the model parametekg andk’ as a function of the initial

plastic straire, of the samples. The dotted curves were obtained by empiri-
cal curve fitting to the data.

remanence was reproduced in the simulated hysteresis IOO.Rwsagnetization can be treated as an effective field which, in

for all samples. Samples pre-strained to higher plastic stra|ﬂ1 e . .
; o e presence of an externally applied field, may induce irre-
levels in general showed larger values of coercivity and re-

manence. This is attributed to the multiplication of disloca-verSIble domain wall motion if the total internal field is large

. . . . . enough to overcome the pinning force. When a material is
tions caused by plastic deformation. Dislocations are assocl- g P 9

. ; L L . . subjected to plastic deformation, the dislocations rapidl
ated with localized strain field which interacts with domain I 0 P . picly
. . . o . multiply, which then develop into substructures such as dis-
walls via the magnetoelastic coupling. Increase in dislocation ; . . . .
ocation tangles and cells if the material has a high stacking

density therefore results in stronger domain wall pinning an : )
. - ault energy(e.g., nickel. These deformation substructures
hence higher coercivity and remanence. . . . .
consist of highly dense dislocations, and they are therefore

The pinning coefficienk exhibits dependence on ap- L2 : . S
plied stress and plastic deformation similar to that of theStronger pinning sites for domain walls than the individual

o : . g . . “dislocations. As a result the coercivity increases. This also
coercivity. It is evident in Fig. 3 that the pinning coefficient . . : ;
. . . . . .results in a decrease in the influence of the applied stress on
Keit increases linearly with applied stress, in agreement WltQﬂomain wall pinning, since the stress-induced changes in lo-
Eqg. (1) which indicates that the pinning strength increases pinning, . . 9 .
. . : : : .cal energy barrier to domain wall motion become less sig-
with tensile stress for materials with negative magnetostric- ... L - .
tion constant such as nickel. The effects of plasti nificant compared to the pinning energy of the existing dis-
' plastic deformalocation substructures
tion on domain wall pinning strength were studied by exam- '
ining the relation between the plastic strain level and theyckxNOWLEDGMENT
factorsky andk’, which characterize the strength of domain )
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