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for Application in the Characterization of
Magnetic Properties of Materials

A. A VelasquezJ.Baen

Abstract—This article presents the simulation, parameteddnat |. INTRODUCTION

and ~optimization of ‘an electromagnet with the Cpsta HE measurement of magnetic properties of micro—and
configuration, intended for the study of magnetiopgerties of

materials. The electromagnet studied consists GFshaped yoke, na_lno—_structured ma_te”?ls' soft and hf':\rd maQ“et'C
which provides self—shielding for minimizing lossefsmagnetic flux Materials in bulk, and thin films, are of great on@ance in
density, two poles of high magnetic permeabilitd grower coils different fields of research in physics as well as
wound on the poles. The main physical variableistidas the static technological applications [1], [2]. These materiate used in
magnetic flux density in a column within the gagween the poles, devices for magnetic storage, magnetic force miwpss

with 4cnf of square cross section and a length of 5cm, Bgeki (MFM), magnetic sensors, spintronic devices, magritids
suitable set of parameters that allow us to achéeweiform magnetic lectri ' hi ' th 31 [4 ' !
glectric machines, among others [3], [4].

flux density of 1x16 Gaussor values above this in the column, whel . : .
the system operates at room temperature and withuraent To measure magnetic properties, such as saturation
consumption not exceeding 5A. magnetization, remanent magnetization, coerciveld,fie

By means of a magnetostatic analysis by the fiekement magnetic anisotropy and maximum energy product BH o

method, the magnetic flux density and the distidutof the magnetic materials, measurements of hysteresiss|aop
magnetic field lines were visualized and quantifiecom the results mad The techni mor d to make th bov
obtained by simulating an initial configuration efectromagnet, a ace. € technique ore use 0 axe € above

structural optimization of the geometry of the atiible caps for the Measurements is the vibrating sample magnetomesyij,
ends of the poles was performed. The magnetic pility effect of ~ which is based on the electromotive force (EMF)uired in
the soft magnetic materials used in the poles Bysteich as low— sensing coils that collect changes in the magnétix

carbon steel (0.08% C), Permalloy (45% Ni, 54.7% &ed Mu- . - S
metal (21.2% Fe, 78.5% Ni), was also evaluated. iltensity and produced by variations in the magnetization of saple

uniformity of the magnetic field in the gap showed high With the applied field [5]. In the _vibrating sar_nplg
dependence with the factors described above. Thgnetia field magnetometer a homogeneous and uniform magnetd fie

achieved in the column was uniform and its magmitudnged with intensity on the scale of a 1X¥1Gauss, is applied in a
between 1.5x10Gauss and 1.9x4@auss according to the material region of interest, which usually comprises the cipa

of the pole used, with the possibility of increasthe magnetic field b h | f the el e |
by choosing a suitable geometry of the cap, intcody a cooling etween the two poles of the electromagnet, witeresample

system for the coils and adjusting the spacing eetwthe poles. This IS placed. At the same time, the sample axiallyatiss while
makes the device a versatile and scalable tool ewemgte the it is permeated by the magnetic field. A pick upl system
magnetic field necessary to perform magnetic char@ation of genses the changes in the magnetic flux producedigtions

materials by techniques such as vibrating samplgnetametry . o .
(VSM), Hall-effect, Kerr-effect magnetometry, amongthers. in the magnetization of the sample by the effedhefapplied

Additionally, a CAD design of the modules of theatomagnet is magr}etic field. _ _
presented in order to facilitate the construction &caling of the This study aims to design a C—shaped electromaigmet
physical device. application in magnetometry experiments, supportagd
computer aided design tools. The key point for gatieg a
magnetic homogeneous field in the poles gap lieghim
optimal design of the system of poles and the yokerder to
obtain a suitable concentration of magnetic fiéletd in the
region of interest. In our system the interestards a column
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The implementation of this electromagnetic systesnam
option versatile ad of low cost, useful to study of magne
materials by experimental techniques where inteasd
uniform magnetic fields are required, such as —effect
magnetometry, = magnetoresistence (MR), —effect,
vibrating sample magnetometry, Méssbauer spscopy with
the external magnetic field, among oth

Il THE PROBLEM

A. Geometric Modeling

As previously mentioned, the main purpose of thsigie
was to ensure uniformity and a suitable intensify the
magnetic field in the region between poles, whicalled the
gap.

To do this, several possible configurations wenralisd,
taking into account factors such as the —benefit ratio,
machinability of the device, efficiency, power cangtion,
heat dissipation and accessibility of materialstlie local
market.

This process was addressed in five steps: a)gumafiion
of the initial parameters; b) choosing the shapthefyoke; c
design of the cap; d) adjust of the angle of thescand e
optimization of the geometry. In each one of theteps
simuations were performed, which allowed us to obsehe
distribution and value of the magnetic field, asllves the
maximum density of the field achievable in the ¢

Therefore, we did a literature review of severadele tha
met the previously cited pecifications, establishing th
commercial reference 3470, developed by GMW Asses]
is a good starting point for the €haped configuratio
desired.

Fig. 1 Isometric view of the final model implemenhtie Solid Works

The electromagnet also has twoils wound on each pol
with 950 turns of copper wire. According to the rstard
American Wire Gauge (AWG) we used the-gauge wire,
which has 0.115cm in diameter. Our design conta&Boil
layers connected in parallel in order to reduce Heat
dissipation generated when the maximum current of §.
used.

For our future applications with VSM experimenthge
electromagnet will be turned on in cycles of 2 raimd turnec
off in cycles of 4 min, operating at full power. tHe samplt
requires many hystesis loops, it will be necessary to turn
the water cooling system in order to keep a com:
temperature in the power coils and poles. For risgson, we
modeled a system of concentric cylinders that ihetu the
poles and the yoke, through whichessurized water flows
with an approximate flow rate of 1 Liter/min. Fiy shows
the surveying generated by the CAD (Comp—Assisted
Design) software with the geometric parame

gap

 —

poles

78

Fig. 2 Lateral and front views of the models, shraythe mair
dimensionsin millimeters-of the assembly

B. Preprocessing Considerations

We concentrated on the design of the electroma
considering that by optimizing the yoke and theeppkenerg!
efficiency would improve, making the magnetic fi
generation system more attractive for large—scale
implementations and achieving the evaluation of\iaility
and feasibility of the proposed design; for thissen, the
following considerations were posed for simulatiop the
method of magnetostatic finite eleme
e The ferromagnetic material is linear, isotrof

homogeneous and stresses associated with machana

neglected; consequently, its magnetic permeabili)

constant [7].

» Although in practice this is not always true, th&se gooc
approximation when workg in the linear range of
materials, before the saturation si
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e In the magnetostatic analysis of the problem, omp
dimensions (height and width) were considered,esthey
contain the distribution of the magnetic field, wiidoes
not change throughout the third dimension (depthiis is
assumed to be uniform.

» The effect of the third dimension is significant evhthe
configuration studied possesses different thickeeser
when it is comparable to that of the other two disiens
[7].

» The idea of including caps in the pole system lated to

the need to increase the magnetic flux density a

uniformity.

In addition, we evaluated the most appropriate na$eto
construct the device. For the system of poles had/bke, we
sought a magnetically soft material, with high metgmn

permeability and easy machining to prevent meclnic

stresses in the material, since these produce ebaimgthe
orientation of the magnetization easy axis.

No:11, 2012

The method used in this work is the finite elemeethod
(FEM), described by D. Rairan, C. Aguirre, and J. J
Castafieda [9].

The problem proposed belongs to a problem of baynda
values, in which the solution of an elliptical-diféntial
equation is sought, such as Poisson’s equationw(ihjn a
bounded region, in this case bi-dimensional, sd the
magnetic vectorial potential A takes the prescribatlies in
the boundary of the region. The essence of thihodeies in
approximating potential A within each element istandard

fganner, and then interrelating the potential distions of the

elements to impose the condition so that it is iomous
through the boundaries of the elements. [10]
In the Poisson equation:

VZA=—pn] )

Ais the vector potential is the magnetic permeability and

We made simulations with Low-carbon steel (99.028% FJis the current density.
0.08% C), Permalloy (45% Fe, 54.7% Ni) and Mu—Metal The accuracy of the solution will depend on the itjé

(21.2% Fe, 78.5% Ni). Table 1. shows the finalcifEtions
of the design and the parameters of the magnetaitiused
in the simulation.

The reduction of the angle in the caps was obtafred a
geometric optimization, using the ANSYS softwarehich
showed that the 70° angle gives the best intenaitd
homogeneity of the magnetic field in the gap.

TABLE |
DESIGN SPECIFICATIONS

General Specifications of the C-Shaped Electromagne

Cores
Pole diameters
Minimum diameter of the cap
Minimum distance between the poles (gap)
Material

45cm
2,225cm
lcm
Low-carbon steel
Coils
22°C Maximum current 5A
Number of turns 950
Number of coil layers 53
Wire gauge (AWG) 0.115cm

The spatial distribution of the magnetic field mvgrned by
the Poisson’s equation, which is a second ordderéiftial
equation that can be solved by different methodaplgc,
experimental, analytical and numerical [8].

In this study, we used the finite element numenunathod,
which, during the pre—processing, subdivides thamggry in
triangular regions known as elements and from tleskthe
boundary conditions, determines the magnetic piatleint the
vertices of each element [7]. The method ends thighpost—
processing and graphically representing the salutigth a
gradient of colors associated with the minimum erakimum
values that the intensity field takes at each point

The physical variable is the magnetic field constartime
and is calculated through magnetic power, whichdgerned
by Poisson’s equation, where the sources are thatgef the
circulating currents in the power coils.

function” selected as the likely function. GalerkirMethod
was used to perform this approximation.

Through the application of integration by partg thrder of
the differential equation is reduced and passesrder one.
This is the main advantage of Galerkin’'s Methodicei it
reduces the degree of the differential equatiop. [9

If Q is the space domain arndis the boundary condition
domain, we have the Galerkin equation:

Joo f()dQ+ [Lwg(x)dl =0 2

The first term of (2) describes the internal bebawf the
observed region (domain), whether it be linear esfigial or
volumetric. The second term describes the bourslariehe
region or the boundary zone.

The weak formulation of the Poisson equation by
Galerkin’s Method is presented in (3):

1dA 1dA

o oz () ey + [ (55 dxty + [y Jaxay] = 0
)

In this case, the software uses infinite—boundanddions,
as shown in Fig 3. There are two types boundarditions:

e Dirichlet’'s condition: a constant value of potehtia
is assigned to the boundary of the region.

¢« Neumann’s condition: a perpendicular direction is
assigned to the field lines that pass through the
boundary of the region; that is, a null value is
assigned to the normal derivative [11].
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Fig. 3Visualization of the applied boundary conditiortspwn in a
permanent magnet

Given the geometric configuration presented in Eigve
determine the value of thmagnetic vectorial potential in tt
spacing of the poles with a cross sectional aredcof2, &
current intensity of five 5 A and a relative perfoidty of
1000; that isp =4nx10-6H/cm. Due to the symmetry of tl
geometry, the distribution of the magmefield is equal in al
qguadrants, which is meshed in the ANSYS softwasehawr
in Fig 4.

To generate a uniform mesh, it is desired thaeitbnstan
throughout the geometry, however it could be \
advantageous to have different element sizes iction of the
region in which they are located. When the geoynistmore
complex (for example, in the end of the poles, dot
rounding), it would be necessary to resolve withaken
elements (geometric adaptability). A uniform mesth these
small elenents will need many nodes, of which not all \
help in the same way to improve the accuracy ofrésailt.
[9](10].

X 5
LRY 5
SRR

‘i:“.pn‘%'.s“

AT

Fig.4 Triangulation generated by the myptiysics simulation
package

We performed a triangulation of thousands of eles)
only adding computational cost [9], looking for a hy-fine
mesh to achieve an acceptable convergence timeurd
studies may include the handling of —linearities in the
materials, temporal variation of the physical pasters,
handling of elements othenan triangular, and the handling
the third dimension.

IV. ANALYSIS OF THERESULTS

Fig 5 showshe results generated by the ANSYS softwe
Because the software offers the possibility of gseny
number of elements, we decided to add triangulemehs
that allow observing the behavior of the magnetiteptial
more fully.

Il.SExlﬂ‘

1,45¢10%

0,5x10%

Il,‘lﬂx 10¢

1,63 104

1,30x10*

1,65x10%

1,15x10%

Fig. 5 Magnetostati@nalysis results. a) Simulation with L-
carbon steel; b) Simulation with Permalloy (45% 54,7/% Ni); c)
Simulation with Mu-Metal (21.2% Fe, 78.5% Ni). ‘e increase in

the density of the lines of the magnetic fieldliserved as th

magnetic permeability of the materials incres
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In the contour regions mapped by the colors, thgnat—
potential distribution and the lines of the magndield are
shown. It may also be observed that this configuratbam
achieve up to 1.9xfGauss (MuMetal), giving a wide rang
of possibilities for applications in magnetometgpdnding ot
the magnetic permeability of the pole u:

TABLE Il
MAXIMUM FIELD RESULTS

Relative Magnetic Field
Material Magnetic in the gap
Permeabilit
a) Low-carbon steel (0.08% C) 1.500 1.55x10Gauss
b) Permalloy (45% Ni, 54.7% Fe 4.000 1.70 x10Gauss
¢) Mu-metal (21,2% Fe, 78,5%Ni 20.000 1.90 x10Gauss

Table 1l shows thenagnetostatic analysis results in the ¢
which show that, for the same €haped configuration, wi
the same spacing between the poles and the sarsgtha
maximum field achieved is 1.9x1@aus with Mu—Metal, the
magnetic field generated by the same configuratiath
Permalloy is 1.7 x1Gauss and the field in the gap regi
generated with 1006 Low-carbon steel i§5>10°Gauss.

---&-- Mu-metal

- +— Permalloy
1,9%10* ]
A ---#--- Low-carbon steel

1,75x 104

1,60 x10%]

1,45x 10%]

Magnetic Mux density (Gauss)

1,3x10* |

1,15x10% 4 .

07 060504 0302 01 0 01 02 03 04 05 06 07 08 09
X distance (cm)
Fig. 6 Maximum-field result (1.55x fBauss) achieved by L
carbon steel

Fig 6 shows the magnetostatic analysis results, bein
maximum magnetic field achieved byu-metal. The most
affordable option for uss the configuration -shaped with
Low-carbon steelpecause of its mechanical properties,
cost, and he magnetic field achieved for the propo
applications.

V. CONCLUSION

A first prototype of an electromagnet was desigi
modeled and simulated; it achieves magnetic fieldse tc
1x10'Gauss in the gap region, with the possibility
increasing thanagnetic field depending on the cap geome
material and dimensions of the poles and yoke th&
spacing between the poles.

By the finite-element method, we were able to optimize
reduction of the cap angle, which increased théotmity of
the fidd and its intensity in the gap regi

These results show that the design of magnetiauitsr
using the Finite Element Method (FEM) is a good ichc
Using limited data (current density, configuratiminthe poles
and yoke, boundaryconditions an permeability); the
distribution of the magnetic field may be fou

We observed the effect of the magnetic permealslitshe
poles, yoke and caps in the magnitude and direatiothe
magnetic field achieved.

We evaluated design criteria and the enginee
requirements that permitted a viable prototype
manufacturing, as well as a portable design, wittarege of
magnetic field that can serve multiple applicatioasnong
them magnetic characterization of mater

For future work, we propose a thermal slation that will
allow establishing the relationship between thédfignat is
obtained in the gap region for different tempemsuof the
poles, yoke and power coils.
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