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Abstract: Nowadays, there is a global search for electromégadgets that are affordable, eco-friendly, anergy-
efficient. This motivates engineers and scientstdevelop new materials or enhance those tha@jrexist. Fe-based
soft magnetic materials are a significant classaff magnetic materials that are essential to memgrgy-related
industrial applications, including motors, convesteand electric transformers. This article focusasthe general
characterization of magnetic materials, their mégrgroperties and the analysis of the influencenethanical milling

of Fe powders prepared by mechanical milling in thféerent sizes (sample 1 — smaller then < g6Dand sample 2
greater than > 40(m). The experimentally obtained hysterical curveéground Fe powders are measured using the
Vibratimg Sample Magnetometer (VSM).

1 Introduction community nowadays because of the numerous societal
Nowadays, we observe worldwide search fofNnd environmental issues we are currently facingj[2
electromagnetic devices that are energy efficient, In this study, we used mechanical milling to pragluc
environmentally friendly and economically viablehig ~microcrystalline elemental iron powders. Iron powiéh
forces scientists and engineers to improve existirf@%—'”ty of 99.98% and particle size less than g@(sample
materials or discover entirely new materials [1]. 1) and particle size greater than 400 (sample 2) were
A new generation of energy materials is neededdaro Prepared and used for the experiment. We used mieatha
to pursue higher efficiency in energy transformatamd Milling in our study to create microcrystalline iental
conversion [2]. Soft magnetic materials are an mtige iron particles. Specifically, sample 1 (particleesless than
component of human civilization and have been tsed 400 pm) and sample 2 (particle size higher than 460
many important technical applications, includinge th of 99.98% pure iron powder were used in the expamim
production and conversion of electricity [3]. The purpose of this work is to present a broadexe\of
Soft magnetic materials can change their magnetiBagnetic materials with an emphasis on magnetit sof
polarization quickly in response to mild magneteids. Materials, and to compare the magnetic charadtsrist
They are mostly utilized to increase or channelfte  the obtained Fe powders using primary magnetizatrah
created by an electric current and usually havenderent hysteresis loop based on their size.
coercivity [2-4].
Transformers, converters, inductors, motors2 Magnetic materials
generators, and even sensors are just a few of manyMagnetic materials are divided into diamagnetic,
electromagnetic distribution, conversion, and gatieg paramagnetic,  ferromagnetic,  ferrimagnetic  and
devices that employ these magnetic materials [be T antiferromagnetic on the basis of their internalicture
expedited development and desing of novel enerdggrrangement of electrons in atoms). Ferromagneties
materials has drawn a lot of interest in the matescience among the most widely used materials in the marturfac
of various technologies because of their atypicaperties
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such as magnetic hysteresis (hysteresis loop) Thg magnetic powder to a dielectric (electrical inSnigt
shape of the hysteresis loop indicates the magnetic binder. These are materials that retain their
substance in question. Magnetic hysteresis is the magnetisation. If these permanent magnetic maserial

dependence of the inductidh of the magnetic material were used in a situation where it is necessary to
from the magnetic field strengfli and expresses a non-  SWitch thel magnetic ftleI;j lra|t3|_dly, the¥ 1‘8’01U1|d
linear relationship betwedhandH, also that inductioB consume a large amount of electric current [10-11].

lags behind the magnetic field strength[8]. 21

] Based on the hysteresis loop, With the helﬂ()f tviie The hysteresis loop expresses the dependence of the
find the dependence of the magnetic inducBoron the ., 4hetic inductiorB” on the magnetic field strength.

magnetic field strengtht, two categories of these The shape of the loop characterizes the type cffiahtA
ferromagnetic substances are distinguished, naswfly \ide hysteresis loop characterises a magneticaiyg h
and hard magnetic ferromagnetics [9-10]. material where a high field strength is required fo
Soft ferromagnetic materials are usually iron-base@magnetisation. Conversely, a narrow loop is
and are obtained by pressing a soft magnetic powdgtaracteristic of magnetically soft materials (Fay) [8-
with a dielectric (electroinsulating) binder (m&jri  9]. In Figure 1, the magnetic mométis a measure of the
These are materials that are easily magnetized affhterial's magnetization. It displays the amount of
demagnetized, making them useful when it ighagnetization that a material exhibits when expdseal
necessary to switch the magnetic field quickly anghagnetic field. Hx represent coercive force anHo

easily, for example, in motors [10]. frequently denotes the material's exposure to aermeal
* Hard (permanent) ferromagnetic materials, moshagnetic field.

commonly Nd-Fe-B, are formed by bonding hard

Hysteresis|oop

M M

B H, / H, H,

Figure 1 Hysteresis loop of magnetically hard aott shaterials [8]

Figure 2 shows the hysteresis loop even with thiain material is saturated at poird . As the magnetic field

magnetization. The hysteresis loop is labeled byNand = strength decreases, the magnetic induct®n also

in red, the initial magnetization curve is labebsdNo. 1. decreases up to poibt At this point, there is no magnetic

a field acting on the material, but the magnetic ictchn is

B not zero - that is, the material has remained gibyti

b magnetized. Such an induction is called remanestha

1 strength of the magnetic field increases to negatalues,
2 the curve passes through point c. At this poimhagnetic

H c field is applied to the material, but the magneatauction

f in the material is zero - but the material stillshsome

polarisation] . The magnetic field strength required to

remove the magnetic induction (magnetic field gbagite

direction) in a material is called the coercivity..

d Consequently, as the intensity increases to negatilues,
Figure 2 Hysteresis loop at point d the magnetic domains in the material are

magnetized in the opposite direction to peirfturther, the

The course of the magnetization curve is descrityed Magnetic field strength is varied from negativebsitive

the lettersa to f After the initial magnetization, the values. Poine on the curve corresponds to pomand
point f corresponds to poirt. The initial magnetization
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curve (no. 1) is obtained from a completely demtiged
material which is placed in a gradually increasimagnetic
field. The change in the magnetic field strengttsthig in
one direction only to avoid the curve being depexd [9-
11].

2.2 Coercivity

3.1 Experimental materials

To study and compare the magnetic properties, we
prepared two samples (sample 1 and sample 2) efiqmur
powders. One sample was prepared from pure iron
granules of 1-2mm size and high purity (99.98% tguri

Alfa-Aesar Co.), which was then processed by meichhn

Coercivity and remanence are plotted in Figure rinding in a ball mill. For the second sample veedias
Coercivity H, is indicated on the loop by poiet This starting material a reduced Fe powder of high purit
property indicates how much magnetic field strenigth (99.9% purity, Centralchem), which, unlike the ffirs
required to achieve zero magnetic inductiBn in a Sample, was passed through a reamer without pingées
material that has already been magnetized. Thenemga & Mechanical mill. . _
(remanent magnetization bf) B, is indicated on the curve ~ We prepared two samples of pure iron powder inrorde
by pointb. This property indicates how much magnetid® investigate and compare the magnetic prope/@es
induction remains in the material after the externg£ample, made of high-purity (99.98% pure, Alfa-Aesa

magnetic fieldd is removed. In the case of the maximum

area hysteresis loop, its ends correspond to tleasan
state of the ferromagnetic substance. The values
coercivity Hc and remanenceB, are characteristic of
magnetically soft and magnetically hard materiaith Hc
> 1000 Am~! for hard materials anid.< 1000 Am~? for
soft materials [12].

3 Methodology

Ball milling is a widely used technique in the febf
materials science and engineering to synthesiziousr
advanced materials [13-15]. The process
mechanical activation of powders through
collision of grinding balls with powder particlethereby
reducing the particle size and creating new inte$a
While the ball milling process is relatively simplkere are
several critical processing parameters that canifsigntly
affect the quality and properties of the final prod[16].
These parameters include mill type, milling timedan
speed, type and viscosity of milling medium, mijin
temperature, Ball to Powder Ratio (BPR) and atmesph
In our experiment, we used the PM100 planetaryrhdll
from Retsch (Figure 3) because it has a powerfeédp
controlled grinding action, which allows for a regucible
result [17-18].

Figure 3 Planetary ball mill Retsch PM100 (in Itste of
Physics, Faculty of Science, P. J. Safarik Uniwvgiisi KoSice)

Co.) pure iron granules with a size of 1-2 mm, was
mechanically ground in a ball mill. Unlike the fisample,
%pich was processed in a mechanical mill, the stcon
sample was prepared without the need for a medianic
mill by passing through a reamer and using a rediee
powder of high purity (99.9% purity, Centralchens)the
starting material.

3.2 Preparation of Fe powders
The first sample that we weighed and prepared was i
granules of 1-2 mm in size, which were then dumptazl
the lubricator along with the pre-weighed steelshalhe
osen weight ratio of the beads was in the rati®:b

involve
fepeateng). High-energy ball milling of iron pellets amsteel

balls was carried out at room temperature usingrepary
ball mill which combines high friction with impaett a
speed of 500 rpm. A stainless steel grinder andemeed
steel balls were used. The weight of the balls W#&&28
g, the weight of the iron pellets was 19.81 g dmltbtal
weight of pellets, balls and grinding mill was 422@. The
grinding process itself lasted 2 hours with 10 seldareaks
due to material and mill temperature stabilizatond with
reverse rotation in each cycle for 70 seconds foimum
mixing. One of the disadvantages of ball millingtligt
long grinding times are often required to achiehie t
desired particle size and distribution, resultingxtended
processing times. In addition, friction and cobiss
between the balls and the material during grindiag
generate a significant amount of heat which caecathe
stability and properties of the material being pssed,
especially for heat-sensitive materials. Therefdite
selection of parameters in the ball milling procssa key
factor in determining the final product propertiafer the
milling process was completed, we re-weighed séplgra
the balls (179.56g) and the resulting iron powd&c{7g).
We then transferred this powder into a reamer doded
it to digest for 3 minutes.

The sample 2 was prepared from atomized iron powder
with size below 400um whose weighed weight was
10.038g. This powder was poured into a reamer and
allowed to strain for 5 minutes. Finally, we sieviéu
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strained iron powder into a glass slide and weigied

weight (9.96g). The addition process is shown guFe 4. 0
5 /
: |
= 0
C
o
S
o
powder = 5 ——200K
after ~=== 300K
p(_)wder at sieving 390 K
milling vessel
-10 -
vibrating mill b
FRITSCH with sieves ) S ' 0 ' g

Magnetic Field (MA/m)

- Figure 5 Effect of temperature on the magneticdrgsis loop
—p g of the sample 1
N

Figure 4 Process for the preparation of a. Fe grasul-2 mm 10 + Sample\i

in size and b. Fe reduced powder

4 Experimental part 'd
Magnetic properties of the sample 1 and the sa@ple g
were measured using a Vibrating Sample Magnetome £
(VSM) on a DYNACOOL device of Quantum design in the g, /
o
=

temperature range of 200 to 390 K and in the ddiegpp
magnetic field range of -2.39 to 2.39 MA/m. We @air
out our measurements in this temperature range
approximate real situations [19].

We exposed two iron powder samples (Fe reduct
powder with patrticles less than 40 - sample 1 and non )
— milled Fe powder with particles more than 408 - i
sample 2) to temperatures of 200 K, 300 K, and 890 McENEile RE i)
order to Study and Compare the magnetlc propertleglgurGG Effect of temperature on the magneticms IOOp
(primary magnetization and hysteresis loop). of the sample 2

Figure 5 for the sample 1 and Figure 6 for the dardp
illustrates the experimentally measured dependafce  The sample 1 (Figure 5) with a particle size lésst
magnetic moment on magnetic field from -2,39 MAbn t 400 um has larger values of the magnetic moment at the

2,39 MA/m for various temperatures (200 K, 300 Kga selected temperatures than the sample 2 with &lpesize
390 K). more than 40Qum (Figure 6), which demonstrating the

clear effect of temperature on the shape of the
magnetization curves. It is reasonable to assukietlie
mechanical milling process raises the magnetizatidme.
Defects introduced into the sample during the mlli
process may be the cause. The sample 1 has higher v
of coercivity. The magnetic moment decreases as the
temperature increases for both samples. A cleaetay
towards saturation with an applied magnetic fietdt f
sample 1 and sample 2 is around 0.9 MA/m for each
temperature [20].

-10
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through the process of powder metallurgy and mechhln
101 milling.

AN 5 Conclusions

Sample 1 In this work, we investigated how the magnetic
properties of iron powders are affected by theitipia
6] size. Using a VSM system that measures the magnetic
properties of substances, we obtained hysteresissand
——200K initial magnetization curves for both samples wistiow
""""" 212K how particle size affects the magnetic propertieF®
powders. Particle size variations may not be thi on
27 factors affecting magnetic characteristics but alke
morphology, purity and possible impurities in theni
. . . ' . . powders can all have an impact. We also identified
0 1 2 3 challenges associated with the milling processh sas

Magnetic Field (MA/m) long processin_g_ times and pos_sible thermal eft_bans*nay

affect the stability and properties of the material

The results show a connection between magnetic

Moment (emu)

Figure 7 Initial magnetization curve of the samplat different

temperatures - . - h
behavior and patrticle size. In comparison to thepa
i containing larger particles (more than 400), the sample
containing smaller particles (less than 40@) showed
Sample 2 higher magnetization values and stronger coerciVitys
8 \ implies that the process of mechanical milling ims the
magnetization, because it introduces flaws and ymresl

B e smaller particles that have a higher surface areha
s ra different domain structure.

We obtained significant knowledge of the magnetic
characteristics and behavior of two pure Fe powadérs
— varying sizes under the influence of external mégne
/ —-- 272K fields at various temperatures by comparing their
24/ 2004 hysteresis curves and initial magnetization curkresrder
to enhance magnetically soft materials, the acdugsults
o / can be integrated with the findings from earliese@ch

o ' 1 ' B ' 3 that examine the compactness of magnetically seft F
Magnetic Field (MA/m) materials with various mechanical milling settings.

Moment (emu)

Figure 8 Initial magnetization curve of the samplat
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