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Abstract: This work addresses the Magnetostrictive effect in ferromagnetic components. Due to extensive use of
ferromagnetic materials in practical engineering such as transducers, nuclear reactors, aerospace components and electric
motor where magnetic field is dominant, this strain cannot be neglected. This work signifies the modelling and simulation of
the three dimensional rectangular bar, fixed at one end and subjected to external magnetic field. The stress and strain
developed due to magnetostrictive effect are simulated and dependency of the mathematical model has been observed on
different parameters like magnetic field and current density with respect to strain. The magnetostrictve material surrounded
by drive coil modelled as homogenized current carrying domain. The flux leakage is minimized by modelling a steel housing
to create closed magnetic flux path. The problem is modeled and simulated in combined study of Magnetic Field and Static
Structure in COMSOL Multiphysics 5.2. Result obtained involves significant strain in the core which can’t be ignored in the
engineering applications and can affect various design parameters if ignored. The strain caused due to magnetostrictive effect
has been verified by existing empirical strain model.
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Introduction

Magnetostriction is the phenomenon of change in dimension due to alignment of dipoles when subjected to external magnetic
field. This phenomenon was discovered by J. Joule in 1842. This is observed in ferromagnetic and ferrimagnetic materials
with significant magnitude of strain in the structure. Due to magnetic field the material change their shape and when they are
stretched or compressed their magnetic energy changes [1]. Due to the widespread use of ferromagnetic materials in practical
engineering, it has become increasingly important to explore their mechanical behavior under Magnetostriction.
Ferromagnetic steel, for example, is a typical soft ferromagnetic widely used in nuclear reactors or some high magnetic field
area, where the analysis of its magnetoelastic performance has always been a vital aspect of the structural design [2,3]. With
technological advancement in the last few decades, many new types of functional ferromagnetic material emerge, such as the
giant magnetostrictive alloy (with rare earth elements) [4,5], ferromagnetic shape memory alloys [6] magnetostrictive
composites [7]. Such superior properties of magnetic materials have been employed to make sensors, actuators, and
transducers. Correspondingly, the field of magnetostriction and magneto elasticity has been substantially grown [8-10]. The
mechanical behavior of ferromagnetic plates and inductance winding structures has been studied by Moon et al. [11-15] in
systematic manner. The experimental results revealed, for the first time, the magnetoelastic buckling of a ferromagnetic plate
under a transverse magnetic field. Magnetostriction of ferromagnetic materials describes the change of their shape or
dimension in response to the reorientation of magnetization under the influence of external magnetic field [16].

In this manuscript, mathematical modeling and simulation of the fixed end three dimensional rectangular bar subjected to
external magnetic field is observed. The stress and strain distribution of magnetostrictive core has been presented and
mathematical model is studied to observe the variation of parameters like magnetostriction with external magnetic field. The
problem is modeled and simulated in combined study of Magnetic Field and Static Structure in COMSOL Multiphysics 5.2.



112 Second International Conference on Mechanical, Automotive and Aerospace Engineering — MAAE 2018

Mathematical Background
Consider a magnetostrictive rectangular bar of length L and area of cross section A. Upon application of external magnetic
field H, change in length of the bar be AL as shown in the Fig. 1.
The conditions required for the given phenomenon involves
e This phenomenon is more visible in the case of the giant magnetostrictive material.
e Magnetic field should be in the direction of mechanical extension.
e Mechanical boundary conditions must be specified in order to observe the stress or strain as a result of extension.
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The purpose of mathematical modelling involves to predict the behavior of the magnetostrictive material in Magneto-elastic
condition. The strain is developed due to both the external magnetic field and applied mechanical stresses.
The constitutive magnetostriction equation are:

S=n,T+dH (1)
B=dT+u.H @)

The following parameters are considered to be constant: n,, =n7and p; = u

Fig. 1 : Magnetostriction in the bar

We consider the strain is only in X-direction,
Let the position of the point is given by, u = f (X, y, z)

Strain is given by, g ;%U @A)

Derivating the equation (1) twice with respect to time‘t’
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Maxwell’s equations are
vxE=-28 9)
ot
V><B=,uJ+,ugaa—|§ (10)

Taking ¢V ’ operator on both sides of equation (9)
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When the system is exposed to harmonic excitation then the equations (23) and (8) simplifies to the following
62
ox*
V?H = 0’k T + w’k,H (25)
Where, G, =-po, G,=—pd and

N O G

M u
Now we can consider the parameters used above with some iterative evaluation with H and T. 77 changes with the value of

H, with new value of H the value of T is changed, With new T the value of u is changed, With new u the value of H is

— =0°G,T +»°G,H (24)

k, =

changed and this iteration is done till constant values of 77,,,, and L/, are obtained.
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Finite Element Model

The model contains the steel housing enclosing a drive coil. In the core there is rectangular magnetostrictive material which
undergo the influence of magnetic field produced by passing a current through the drive coil. An air domain is developed
around the steel housing to realistically model the magnetic flux path. The steel housing helps in minimizing flux leakage by
creating a closed magnetic flux path. The current in the coil was considered to be DC, so the analysis was performed in
stationary state. One end of the core material was fixed to study mechanical stresses. To specify magnetic constitutive
relation in steel housing, the nonlinear HB curve was obtained by choosing Soft Iron material without losses. Similarly
nonlinear HB relation was also used for magnetostrictive material by importing the text file which is used to create an
interpolation function that can provide the corresponding values of Magnetic field (H) for the given magnetic flux density

(B).

Table 1 Properties of Magnetostrictive Material

Description Value Material Property
Young’s modulus 60 x 10° Pa E
Electric conductivity 0 c
Density 7870 kg/m3 p
Magnetostriction constant 2x10™ A

S
Poisson’s ratio 0.3 v
Saturation magnetization 15 x 10° A/m M

sat

Relative permittivity 1 g,

%
Wi
I

IR

(b)

Fig. 2 (a) Wireframe model of 3D Bar with Steel housing and Meshed model (b) Full Model (c) Half model

Results and Discussion

The particular problem has been solved to observe the stress and strain distribution plot and various parametric studies has
been taken place to characterize and validate the problem. The following Fig. 3(a) shows the z component of stress in the
magnetostrictive core. This shows the development of stress in the end for a particular problem with the value 2 x 10° Pa,
which is significant for the boundary condition. The distribution of VVon-Mises stress has been plotted against the 3D core
shown in Fig. 3(b) and in measurement developed in core with the value of 3.5 x 10*Pa for a same problem. Fig. 3 (c) shows
the z-component of strain in the magnetostrictive material. The maximum strain is observed at the free ends and different
parametric studies lead to appropriate and significant strain in the body. Fig. 3(d) shows the plot of magnetic flux density in
the region inside the housing including the magnetostrictive core. The following Fig. 4 (a) shows the variation of
magnetostriction with applied external magnetic field. The magnetostriction reaches the saturation state of around 2.7x10™ and
the sharp nonlinear behavior has been observed in the region of the magnetic field in Z-direction. It also shows the
characteristic AH curve of the magnetostrictive material obtained from the parametric study that simulated a quasi-statically
increasing the current density in the coil. The reason is that the magnetic field is oriented along the Z direction, then only the
Z-components of the magnetostriction and magnetic field are plotted here.
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Fig. 3(a) Stress distribution in Z direction (b) Von-mises stress distribution, (c) Strain distribution in z-direction, (d) Magnetic flux density
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Fig. 4 (a) Magnetostriction is plotted against the Magnetic Field (Am-1) for bar and (b) Magnetostrictive deformation is plotted against the
current density (J) for bar (c) Comparison of magnetostriction value obtained from simulation to empirically developed value
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From the Fig. 4(a) we observe that the value of magnetostriction reaches a saturation value as we observe in the physical
world. So irrespective of geometry the material should reach saturated magnetostriction value at some point and we can see
this being validated with existing 2D magnetostrictive model [17]. Fig. 4 (b) shows the displacement in z-direction against the
current density applied externally to the drive coil. This is very useful to determine the performance of a transducer. Fig. 4 (c)
represents the comparison of the magnetostriction value estimated form simulation to the empirically derived magnetostriction
results obtained from the following expression [18].

A(t,x):g I\j MZ(t,x) 5)

2
s

where, l(t, X) is magnetostriction value for the corresponding magnetization M (t, X) .

Conclusion

The 3D mathematical model has been developed and the distribution of various stresses and strain has been plotted due to
magnetostriction for a particular problem. The significant strain is observed in the results of the magnetostrictive material. The
magnetostriction should reach a saturation value which is an observed physical phenomenon through experiments and through
simulations also we get the same. Further increase in external magnetic field doesn’t increase the magnetostriction value of the
core observed in parametric studies. The nature of the curves follows the existing standard results observed. The significant
magnetostrictive strain in the core is observed which plays vital role in calibration of various engineering application and can
affect various design parameters if ignored. The magnetostriction results has been validated with empirically derived results
[18].
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