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Abstract: Composite materials are materials composed ofdwmore components that have different physical and
chemical properties. These properties complementt etner to create a material with unique propeitiat cannot be
achieved by using the individual components aldsedelling the effect of preparation processes @ngtoperties of
composite materials is an important tool to prettiet properties of a material prior to its manufaet This can help in
optimizing the preparation technology and obtairilmeydesired material properties. In the presemkw topicality of

the problem of iron-based composite materials &edobssibilities of modelling and simulation ofesgbd models are
presented.

1 Introduction 2 Magnetic materials
Magnetic materials are an important part of ouediv Nowadays, magnetic materials have an important
Nowadays, these materials have a wide range pbsition in the economy. These materials can have
application in our homes, cars as well as biomédeads. different physical and magnetic properties accardinthe
Composite magnetic materials are modern magneticrangement of the fundamental magnetic momerttseof
materials. They have been created by combinindiegis atoms of which they are composed. A distinctiomade
simple materials and the knowledge of physicdbetween diamagnetic, paramagnetic and ferromagnetic
metallurgy. The base material - the matrix - has thmaterials [2].
function of a binder. The second component, which Magnetic materials are of great importance in
includes fibres or dispersed patrticles, has a ogiifg engineering and technical practice. Their use éddd a
effect. By composite material we mean substanceshwh revolution in materials research, physics, eleditand
are artificially formed, consist of at least twoedtically electrical engineering. These materials and theidycts
distinct components and the resulting propertieshef are used in the design of magnetic circuits, geaesa
composites are different from those of the comptmentransformers, electric motors, coils, sensors anst@age
Iron-based composite materials are composite ratégerimedia in IT technologies. Some magnetic materialgeh
which contain iron as the main component. Theserads been known for many years while others have ordgmiy
are developed by combining iron with other elemants been discovered. With the expected advances in the
compounds to achieve the desired properties. discovery of new magnetic materials their widesgrese
There are several approaches to model the influeihcein areas where they have not yet been applied ean b
technological processes on the properties of coitgsos foreseen. Physicists and engineers use electromisgria
One of them is the use of physical models and sitimnls  the production of magnetic materials because elvieiyin
that include various physical processes such as hear environment starting from fundamental particles
treatment, mechanical stresses, diffusion andaotems groups of galaxies has different electromagnebperties.
between material phases. These models can be basedn terms of the size of the coercive field, engimae
mathematical equations, numerical methods or ergimg magnetic materials are divided into two basic gsoup
simulation software. 1. Magnetically soft materials for which the cogecfield
Another approach is experimental modelling wheee th  valueHC < 100 Am? ,
properties of composite materials are investigateder 2. Magnetically hard materials where the coerdielelHC
different process settings. This provides expertaledata is greater than 1000 A#({3].
from which relationships and trends between process
parameters and material properties can be idenhfifip
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2.1 Magnetic soft materials 8

The term refers to materials that are easily mazpbt
and can be magnetized repeatedly, and even if the
magnetic field is removed, the magnetism disappé&des
characteristic feature of this type of materialitss high
magnetic permeability, Consequently, they can bsilye
magnetized in a magnetic field and quickly achiavegh
magnetization intensity. This type of materialsmslely
used in high-frequency technologies such as magneti
cores, magnetic heads and memory magnetic cores. ™
Commonly used soft magnets are iron-silicon alliys)-
nickel alloys and amorphous metals [3].

Magnetically responsive soft materials consistirfig o
ferromagnetic particles and polymer matrix havesngly
attracted significant research interests due toir the
untethered, reversible and fast activation undeereal
magnetic fields. The activation and performance of
magnetically responsive soft materials largely depen .B
the magnetization of ferromagnetic particles anacsare. Figure 1 Hysteresis loop of magnetic material

Depending on the magnetization characteristics,

ferromagnetic materials can be categorized inta sof The most important parameters that are determined
magnetic materials and hard magnetic materials. from the hysteresis loop are the saturation mazstigin
Soft magnetic materials can be easily demagnetiz@fls or magnetic induction BS (magnetic flux densitjip
and remagnetized at a relatively small magnetid-fikssa  coercive field HC (the value of the magnetic fistcength
result, magnetically sensitive soft materials iniahihsoft  at which the substance (magnetic) has zero magnetic
magnetic particles are embedded (e.g. magnetoriealo jnduction) and the remanent magnetizaton MR or
elastomers and ferrogels) are usually subjectesintple magnetic induction BR (representing the magnetic
elongation or shortening deformations by takingsai@ge induction that remains in the material after théemal
of the magnetic force generated in the magnetid.finis  magnetic field has been switched off). Other imgmatt
limits to some extent the potential of magneticaéysitive parameters that can be determined from hysteresis |
soft materials in applications that require complexeasurements include the initial permeabijlippc and the
transformations [3]. maximum permeabilitymax (the maximum slope of the
Magnetically soft compact powder materials args versus H dependence), which can be found inrtieli
progressive materials with a rapidly growing apgtiicn  magnetization process. Magnetic induction, refetceds
area. They are ferromagnetic materials containin@@ B, is a physical quantity that describes the stiemng a
magnetic component in which magnetically soft powdemagnetic field. It is one of the key parameters in
particles are randomly arranged with each othemiftg 2 magnetism and plays an important role in the
heterogeneous structure. Depending on their prépara characterization of magnetic fields in various mats.
they can be determined as the so-called compaetssgrd  Magnetic induction is correlated with the magndittd
ferromagnetic powder without the addition of insisla)  strength (H) and the magnetic permeability of aemat
or soft magnetic composites (SMCs), in which th@jagnetic induction is used to describe the behawfor
ferromagnetic powder particles are coated withralttyer magnetic materials as well as to design and analyze
of insulation before being pressed [4,5]. electromagnetic devices such as transformers, rielect
In general, magnetically soft materials are used a@Sotors, generators, and magnets. In cyclic magateiz
transformer cores, but they also find applicatiomaotors,  of a material, the relationship between B and shiswn in
inductors and generators. Soft magnetic compdSMQ) the form of a hysteresis loop, which illustrates th
material is actually made up of surface-insulatesh i nonlinear and dependent nature of the magnetizefite
powder particles and has a number of advantagksling  material, including the energy losses during theleey
isotropic magnetic and thermal properties, low eddyjagnetic induction is a fundamental element inghely
current losses, and relatively low overall coreséssat of magnetic fields and their interaction with mits;

medium and higher frequencies, but also with tlespect \hich is important for various applications in irsthy,
of low-cost mass production. The SMC material, @uiés  technology and science [7-9].

powdery nature and isotropic magnetic propertiss, i
suitable for the construction of electrical mackinéthree-
dimensional (3D) magnetic fluxes and complex stmes
for which it is almost impossible or very difficuid use
layered steels [6].

N
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3 Modelling the impact of technological In previous models, the influence of the effective
processes magnetic field is included twice in the energy digns

equation. This corresponds to the interaction of th
magnetic moment with itself. In addition, the fleiity of
the domain wall was described by the parameter c,
although this parameter was not explicitly definEdese
inconsistencies led to the proposal of anotheerdfitial
isotropic model of ferromagnetic hysteresis (DIMFH)
this model, the transition from the paramagnetiodevin
function to the ferromagnetic Langevin function is
achieved through the assumption of a magneticagiuiEhe
fuzzy interaction coefficient. is replaced by a defined
interaction coefficienp. The double effective field effect
is removed leading to a more stable solution ofntloelel
equation, and the coefficienp acquires a different
meaning. It turns out that the fixed and flexibleerleaving

of the attachment sites is indistinguishable fdvIBH (and
should be even for previous models) from the iataring

of large curves [12,13].

" There are several approaches to ferromagnetic
mysteresis loops modelling. Some modelling appresich
are based on curve fitting that ignore the fundaaien
physical properties of the material. On the otlzrd other
methods take into account all known propertiestane a
jgorous physical basis but they are too time coisg to

Modelling the influence of technological processas
the properties of composite materials is an impbrtaol
in optimising their preparation. In this way, ifagssible to
predict and analyse how different factors and Bsce
parameters affect the properties of materials dair t
resulting properties. There are several approaorasdel
the influence of technological processes on thegtes
of composites. One of them is the use of physiaalets
and simulations that include different physical qggsses
such as heat treatment, mechanical stresses,idiffaad
interactions between material phases. These modelbe
based on mathematical equations, numerical metbods
engineering simulation software.

Scientists have been trying to explain and descrit
ferromagnetic hysteresis for more than 80 yeargr@he
decades, several approaches have been develof
Micromagnetic methods are used to determine tt
minimum energy of a system to find the orientatain
magnetic moments. These methods are limited toad s
range. The other extreme is to fit a measured owitrmut
a physical background. An intermediate solutiorgtadbal
estimate of the magnetic behaviour based on stafist
physics methods modulated by certain microstruttur . o #
assumptions lies between these two approachesl]10,1 N usgful for MAcroscopic apphcatlor_ls to real Beenng

In the second half of the 1980s, another model ngatena!s. Each.value In the r.“‘?d.e”'”g of magnébra
proposed by Jiles and Atherton based on Weisgjinati CUrVes is associated with an infinite number oiepbal
ideas on magnetic domains and the effective magfiel magnetizations depending on the history of the $esnp

o . . ; 10].
inside a ferromagnetic material, and using a keyept, [ . o
anhysteretic magnetization, based on a modifiedjeain Hysteresis can be caused by three specific phereamen

function. Later, Harrison introduced a slightly fdient inter-domfain interaction, a_nisotropy and interm’ﬁtibn. .
concept of ferromagnetic hysteresis with a ne The dominant cause varies from material to material

dimensionless quantity called the domain coeffilcie%erefore’ itis essentigl to compare hystereshvarious
models available, which include models such aseten

12,13]. :
[ ] Wolhfarth (S - W), Jiles - Atherton (J - A), Globasd
Preisach [12].
Table 1 Comparison of the selected models and their characteristics [15]
Model Stoner . .
Characteristics Wolhfarth Jiles — Atherton Globus Preisachov
Mechanism Rotatior Not specifie Wall movemer |Not specifies
Anisotropy Uniaxial Multiaxial Multiaxial Not specifie
Interaction Yes Yes No Moving mode
Pinning effect Yes Yes Yes Moving mode
Anisotropic 0 . Uniaxial .
Structure isotropic Isotropic (18C°) Not specified
Wall energy No No Yes Yes
Revesibility Yes Additional mode Yes Additional mode
Side loop: Yes - - Yes
Demagnetizatior - Yes - Yes
Anhysteresic Yes Yes Yes Yes
Grains Single domai  |Multiple domain Dualdomair Not specifie
Material Magnetic har Bulk materials Soft ferrites Magnetic thin material
material:
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To define the limitations of the use of the avddab coercivity differs significantly from them. Microrgaetic
baseline model, the main characteristics and featare simulation using 3D OOMMF software allows to reveal
summarised in Table 1. the underlying physical phenomena and the influesfce

This table shows the importance of the anhysteretibe soft phase on the coercivity of nanocomposégmats.
curve, which is defined as the location of global This study highlights the importance of the
equilibrium states observed in each of the modigksalso  microstructure  of  nanocomposite  magnets  for
clear that a universal model, which is suitableaibkinds understanding their magnetic properties. In additio
of materials, does not yet exist. However, thegalliows high spontaneous magnetization and energy anigotitop
to highlight similarities and common concepts egdlsc microstructure plays a key role in the coercivity,
for the J-A, S-W and Globus models, which are ptalsi remanence and energy density of the product.
based models [10]. Micromagnetic simulations allow us to investigate t

Based on experimental measurements of coercivitinfluence of microstructure on these propertiese Th
remanence and saturation magnetization, it is plessd theoretical insights from this study can be applted
calculate the various model parameters neededstrile  optimize the properties of nanocomposite magnetey T
hysteresis based on Jiles - Atherton theory, Initizan be used to select the appropriate soft phasersthe
anhysteretic susceptibility and maximum deferentigireparation of bulk nanocomposite magnets. Applying
susceptibility. The aim is to show the possibifitief numerical methods and computer software, the B tdo
determining the hysteresis parameters of expermhenthese magnets can be easily calculated, and their
hysteresis measurements and then using them tol moplerformance can be predicted. Micromagnetic sirfarat
hysteresis curves. This represents a new develdpimenalso open the way to the development of permanent
ferromagnetic hysteresis modelling that allowstfar first magnets with low rare-earth content even withouttong
time to calculate parameters from a set of experiaie them altogether. Simulations will help us to expldhe
data. The described method enables to determinathes properties of these materials and design optimal
of these parameters and to an accuracy of a feeeper compositions for different applications [14].

Comparison of measured and modeled hysteresis loops
demonstrates excellent agreement between measuled 4 Conclusions

modeled curves [14]. The conclusion shows that despite the popularithef
Accurate modelling of electromagnetic systems igjles-Atherton model of magnetic hysteresis for the
crucial for the development of innovative applioas. The  treatment of anhysteretic magnetization curves,rtodel
micromagnetics approach combines theoretical kriiyéle faces challenges in numerical processing that défs to
with experimental data and plays an important iolthis  piased and unreliable results. This can be a hiwerén
process. For electromagnetic applications, sophistl achieving the objectives effectively using the e
modelling techniques need to be developedgftware.
Micromagnetic simulation of magnetization dynamics On the other hand, modelling the effect of prepamat
relies on the solution of the nonlinear Landautits  processes on the properties of composite matéaalbeen
Gilbert (LLG) equation. To simplify the calculati®n shown to be a key tool for predicting material @Enies
linearization within the small-angle approximatios prior to manufacturing, which helps in optimisinget
commonly used. Interchangeable spring magnets e@mbipreparation technology. Although this approach rsffe
hard and soft phase materials to achieve high st  significant advantages such as accurate prediatibn
saturation and remanence. They have receivegaterial properties, it is often computationallyeimsive
considerable attention in the last two decades. Thgd does not always provide accurate results.
theoretical maximum energy density of the prodsigiven It is clear that there is currently a lack of siatidns
to be around 120 MGOe(mega-gauss-oersted) [14].  that efficiently handle hysteresis loops basedhendiles-

The object-oriented micromagnetic ~ frameworkatherton model, presenting an opportunity for ferth
(OOMMF) was first introduced in 1998. The C++ |aﬂga research and development in this area.

is used to write this software. Some commerafil\are
tools allow simulation with finite temperature veu The  Acknowledgement

solution space is divided into rectangular prisritaequal - This work was funded by Scientific Grant Agency of
dimensions. In this simulation, A is consideredtas Ministry of Education of Slovak Republic and Slovak

exchange constant and M as the magnetization. Gtae t Academy of Science grant numbers VEGA 1/0403/23 and
energy in each cell is calculated taking into actdhe VEGA 1/0016/24.

exchange energy, the energy of intrinsic static
magnetization, the energy of magnetocrystallingafarences

anisotropy as well as the Zeeman energy(or extdieidl [1] PLUHAR, J., BENES, V.Congruction and tooling

energy is the potential energy of a magnetized bo@n materials. Praha: ES CVUT. 1980
external magnetic field.). Experimental resultsvshbat ' ' ’ '

the remanence is close to the expected valuesthiut
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