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Abstract

In the current work we present the results of 3D micromagnetic modelling of magnetostrictive strain and magnetic
hysteresis under uniaxial stress in ferrite. The simulations are performed on artificial microstructures with different
grain orientations that allow to take into account the anisotropy of magnetic and mechanical properties of iron-based
alloys. The obtained results are in reasonable agreement with experimental observations. The proposed method opens a
path to predictive modelling of the magnetic properties of different textured steels in the context of in-line non-destructive

testing.

1. Introduction

During the process of magnetization ferromagnetic ma-
terials undergo changes in their shape or dimensions due
to the coupling of magnetic order and strain. In particular,
as the magnetization goes up, the magnetostrictive strain
increases with magnetic field before reaching a saturating
value, A [1]. This effect causes energy loss due to frictional
heating in susceptible ferromagnetic cores. The effect is
also responsible for the low-pitched humming sound that
can be heard coming from transformers, where oscillating
AC currents produce a changing magnetic field. The re-
ciprocal effect, the change of the magnetic susceptibility in
response to an applied field of a material when subjected
to a mechanical stress, is called the Villari effect. Thus
the mechanical stresses strongly influence the magnetic
properties of ferromagnetic steel, affecting especially the
hysteresis [2-5]. Therefore the development of appropri-
ate simulation tools is of particular interest for industrials
to optimize the material conception.

The micromagnetic theory [6] is a powerful tool to de-
scribe the non-linear behaviour of ferromagnetic media.
Although the micromagnetic modelling of magnetization
process and domain structure are now well mastered, the
description of magnetostriction and associated magneto-
mechanic interactions remains unachieved or badly im-
plemented in the literature [7]. Indeed the modelling of
the intrinsic stress due to a free strain like magnetostric-
tion is rather complex and therefore the mechanical ap-
proach to this problem is relevant. In this paper, we will
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address the development of a 3D stress dependent mi-
cromagnetic model that takes into account the magneto-
mechanical coupling. When the magnetic materials are
subjected to an applied stress, the induced magneto-elastic
energy must be taken into account in the Gibbs free energy.
The modelling is therefore achieved by introducing elastic
and magneto-elastic interactions depending on stress and
magnetization in the free energy expression [8, 9].

The variation of magnetostrictive strain is linked to the
domain wall movement and magnetization reversal pro-
cess, which are usually complex phenomena that depend
on the microstructure of magnetic material [2, 3, 10]. In
the present simulations, we have considered the effect of
uniaxial stress on the magnetic hysteresis in ferrite with
different grain orientations. This ferromagnetic material
displays anisotropy of magnetic, magnetostrictive and elas-
tic properties, and therefore the modelling of magnetic
properties of different microstructures can help to shed
more light on the influence of applied stress and predict
its effect on the magnetic properties of the material.

2. Method

Micromagnetics and domain theory are based on the
same variational principle which is derived from thermo-
dynamic principles, as established initially by Landau and
Lifshitz in [11] and reviewed in [6] and [12]. According
to this principle, the vector field of magnetization direc-
tions m = M/M; is chosen so that the total free en-
ergy reaches an absolute or relative minimum under the
constraint |m| = 1, where M is the magnetization vec-
tor and My is the value of magnetization at saturation. In
the initial micromagnetic model, the Landau-Lifshitz (LL)
equation allows to predict the evolution of magnetization
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that depends on a combination of purely magnetic exci-
tations by external magnetic, crystalline anisotropy, fer-
romagnetic exchange, and demagnetization fields [6]. In
our model we have incorporated the internal elastic and
magnetic stresses into the additional magnetostrictive ex-
citation field and its contribution to the free energy [8].
The sum of all energies corresponding to these fields gives:

Etot (M) - Eem + Eani + EZeeman + Edemag + Em—el' (]-)

The exchange energy term favours a homogeneous mag-
netic state such that any gradient of the local magnetiza-
tion leads to an increase in E,,

E.,=A / (VM)? av, (2)
\4

where A is the exchange stiffness constant.

The energy of a ferromagnet that depends on the di-
rection of the magnetization relative to the structural axes
of the material is expressed as

Eani :/‘/(D(M)d‘/? <3)

where ®(M) is the anisotropy energy density whose ex-
pression verifies ®(M) = Kj[(a; - M)2.(az - M)? + (a; -
M)Q.(a3 . M)2 + (a2 . M)2.(a3 . M)Q] + Kg(a:l . M)Q.(ag .
M)?2(az-M)? in case of a cubic anisotropy. Here K, K5 are
the anisotropy constants, and a;, as, ag are the anisotropy
directions.

The interaction energy of the magnetization vector field
with an external field H.,: (so called Zeeman energy) is
simply:

EZeeman = _/140/ Hext -M dV, (4)
1%

where Heyt is the external magnetic field.
The stray field magnetic energy tends to demagnetize
the material and is expressed as

Edz—@/Hd-de (5)
2 Jy

where Hy is the demagnetizing magnetic field.

And finally, the magneto-elastic energy is the sum of
external and intrinsic stress contributions that depend on
the magnetization M and the mechanical displacement
field w:

o /V N [C (W) =C s (A : M@M)].MdV, (6)

where C is the elastic constants tensor, €(u) is the mechan-
ical deformation as a function of the displacement field u,
A™ is the magnetostriction constants tensor.

The basic problem consists in minimizing the total free
energy (1) and finding the equilibrium magnetization at
each value of the external magnetic field, which allows to
derive the magnetic hysteretic behaviour [6]. The compu-
tation of the equilibrium magnetization state is based on

solving the LL equation over time. The discretized time
step is chosen in a way that minimizes the magnetic energy.
The displacement field is computed by solving the mechan-
ical equilibrium equation V(C : u) = V(C : \™ : M @ M)
with given material parameters, external magnetic field
and equilibrium magnetization [7, 9].

The micromagnetic model described above has been
implemented in a self-written software EMicroM by using
specific numerical methods [13-15]. The problem is dis-
cretized using a Finite Volume Approximation which pre-
serves the main properties of the operator given in the con-
tinuous model, i.e. positivity and symmetry. Furthermore,
the discretization of the demagnetized operator leads to a
block-Toeplitz structure for regular 3D cubic grid, which
allows to build fast solving method for cubic domains.

3. Materials

n-fiber y-fiber

GRAND ST s
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—
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Figure 1: Top (from left to right): microstructure with 1000 grains,
each grain has a different colour; crystallographic basic axis rotated
in respect to RVE coordinate system for n-fiber and ~-fiber. Bot-
tom: the displacement field distribution in case of tensile stress and
compression.

The representative volume elements (RVE) in this study
are cubes 100 x 100 x 100 pum? with the resolution re-
stricted to 64 x 64 x 64 (~ 260 000) cubic cells, owing to
the optimization of computing time. We performed com-
putations on artificial 3D microstructures generated using
multi-level Voronoi software developed by Tata Steel [16].
The material configuration files contain the information
about Euler angles, that allows us to perform the rotation
of crystals in reference to the RVE coordinate system. The
material parameters used for simulations are given in the
Table 1, where M, is the magnetization at saturation, A
is the exchange stiffness constant, K7, K, are the cubic
magneto-crystalline anisotropy constants, Aijgg, A111 are
the magnetostriction constants along <100> and <111>

Table 1: Material parameters

Ms;=17TMA/m | A=18 pJ/m K1 =48 kJ/m?
Ky =0 )\100 =21-10"° A1l = —21- 10-6
011 = 228 GPa 012 =132 GPa 044 =116.5 GPa
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directions, and Cy1, C12, Cyy are the elastic stiffness ten-
sor components in Voigt notation. The external magnetic
field and the uniaxial stress are both applied parallel to
RD direction. The example of microstructure and stress
field distribution w are given in the Fig. 1.

We have computed hysteresis curves for selected mi-
crostructures: non-oriented (random) and oriented grains
(n- and ~-fibers). There are two random structures: with
8 grains (grain size ~ 50pum) and 1000 grains (grain size
~ 13um). The oriented microstructures both have 1910
grains (grain size ~ 10um) but the grains are rotated dif-
ferently: n-fiber is characterised by <100> || RD and ~-
fiber is characterised by <111> || ND.

4. Results and Discussion

The computed hysteresis curves under compressive and
tensile uniaxial stresses for randomly oriented grains are
displayed in the Fig. 2

71" simulation
random
8 grains
5 (@ -s0um)

——-200 MPa
—— 200 MPa
~—0MPa
+300 MPa
- +400 MPa

Simulation
random
1000 grains
094 (GS ~13um)

p—

M(MA/m)
M (MA/m)
°

Ham)

136-102 68 -34 0 34 68 102 136 17 204 136 68
H (kA/m)

Figure 2: Hysteresis curves under uniaxial stress for random orien-
tation of grains a) 8 grains; insert: zoom on the region where the
curves cross; b) 1000 grains. The applied stress values are given in
legend.

For 8 grains configuration the small number of grain
orientation leads to a situation, where some of the grains
has an easy-axis close to the applied field, and the tensile
stress increases the anisotropy to favour the magnetisation
vectors alignment with the external magnetic field. There-
fore we observe that an increase of tensile stress leads to
an increase of coercivity.

When we increase the number of grains to 1000, the dis-
persion of grain orientations becomes larger. The resulting

r & P )
Simulation Simulation
n-fibre v-fiber
1910 grains 1910 grains
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Figure 3: Hysteresis curves under uniaxial stress for a microstructure
with 1910 grains (grain size ~10 pm) and a) n-fiber ; b) v-fiber. The
applied stress values are given in legend.

hysteresis curve is given in the Fig. 2b. Here we do not ob-
serve any significant influence of the stress on coercivity,
however we see an increase in permeability with the in-
creasing tensile stress (blue and green curves in the Fig. 2b)
and a decrease with the compressive uniaxial stress (black
curve in Fig. 2b).

The results of hysteresis simulation for grain-oriented
microstructures are given in the Fig. 3. We can see that
the resulting hysteresis curves show a strong dependence
of the properties on the texture. This confirms that our
simulation software takes well into account the orientation
of grains and the anisotropy of magnetic and elastic prop-
erties of the material.

For ~-fiber we observe a strong increase in coercivity
with the compressive stress and an increase in permeability
for the tensile stress that agrees well with predictions for
this texture. For n-fiber increasing tensile stress leads to
a decrease of coercive field, however it is still higher than
in case of compression. This is due to the fact that for
this virtual microstructure the <100> direction is strictly
parallel to RD and therefore there is always one easy-axis
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Figure 4: (a)-(d) Simulated longitudinal magnetostriction strain as
a function of magnetization for a) randomly oriented 8 grains ; b)
randomly oriented 1000 grains ; c¢) y-fiber 1910 grains ; d) n-fiber
1910 grains. Solid lines correspond to the field sweep up, and dashed
line - the field sweep down. (e)-(f) Experimentally measured longi-
tudinal magnetostriction strain as a function of magnetization for e)
DP steel ; f) ferrite NiZn (ahysteretic) [4]. Stress values are given in
legends.
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parallel to RD, and two easy axes in a plain perpendicular
to RD. In this situation there are multiple possibilities to
minimize the energy, which have an impact on the com-
puted results. This obstacle can be overcome by averaging
the calculation result over multiple microstructures.

The presented model allows to calculate the average
magnetostrictive strain in the material as an equivalent
elastic strain. The results for the longitudinal magne-
tostrictive strain Eﬁ as a function of the magnetisation M
are presented in the Fig. 4.

The behaviour of the magnetostriction corresponds well
to that observed experimentally [4, 17]. The sign of the
strain at the saturation is in coherence with crystallo-
graphic orientations of grains in the considered microstruc-
tures. The tensile stress increases the longitudinal magne-
tostrictive strain 6|” , and, in the case of the non-oriented
grains, shifts the maximum to lower magnetization values,
whereas the compressive stress decreases EIT .

It is interesting that magnetostriction behaviour of sim-
ulated 7n-fiber shows similarity to the experimental mea-
surements for DP steel. We also see the similarities in the
hysteresis for tensile stress (see Fig.5). Even though, the
reason for this similarity is not evident because of the dif-
ferent microstructures of the 2 steel grades, this shows that
the modelling of magnetostriction under uniaxial stress re-
flects well the hysteresis behaviour and is very sensitive to
the microstructure.

17

Simulation n-fiber 1910g
+200 MPa
o +400 MPa

0.85 1 |[Experiment DP

+200 MPa
— +400 MPa
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-0.85 4
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-136 -102 -68 -34 0 34 68 102 136

H (kA/m)

Figure 5: Comparison between the simulated hysteresis curves for
n-fiber and the experimentally measured ones for DP steel [5]
5. Conclusions

The micromagnetic modelling of magnetostriction un-
der uniaxial stress for different grain orientations has been
carried out by including the magneto-elastic energy term
in the Landau-Lifshitz equation. The computed magneti-
zation curves display a change in the shape of hysteresis
loops and the magnetic properties e.g., coercivity and re-
manence, under the applied stress in a manner which is
in reasonable agreement with the reported experimental
results of others. The magnetostriction as a function of
magnetization follows well the characteristics of considered
microstructures and applied uniaxial stress. The obtained
results give a solid base for further development of the

modelling algorithms as well as computational capacities.
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