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INTRODUCTION, AIMS

1. INTRODUCTION AND AIMS OF THE DOCTORAL DISSERTATI ON
1.1. The significance of the research

Nanotechnologies are methods that form productsate smaller than 100 nanometers. The
significant interest from the side of the scientiffe for nanomaterials is because in the scatieun
100 nanometres the materials block characteristitange and new, previously not known
characteristics (strength, magnetic, etc.) can appehere are several possible ways nowadays to
create nanostructure materials from the classicallaa newly developed technologies of the
material science. During these procedures the sireicture, composition and morphological
features of the grains and/or phases can be chdngeldanging the technological parameters. One
of the possible procedures is the mechanical millimat is applied for producing powders for
decades. The development results of the diffesgrat bf mills (for example the higher energy input
than before) made it possible to produce nanodhgsf@owder material. For the planned milling
and the ensuring of the quality of the materiat 8feuld be produced, it is essential to have e&mor
controllable milling procedure. The mills break-tie grains in different ways, according to their
operation principles, so the kinetics of the prageds different too. The modelling of the processe
that are in the planetary ball mills applied in thesis has been studied by several researchdrs, bu
for the different milling tasks there are no exadbrmation in the literature that is about the
relation between milling parameters that contrbls procedure and the delivered energy to the
material to be milled. Considering this fact, thetlier clearance of the process that takes place
inside the planetary ball mill and the exploratadrthe effects of the milling parameters is justifi
In the field of technical sciences, nowadays thesttgmment of the different magnetic materials are
specially considered. One of the main group ofrttagnetic ceramics are the ferrites, that are used
in several fields because of their advantageousnatag characteristics. The ferrite dielectric
systems are used for communication technologicab phat work on millimeter wavelength. The
use of these is very widespread, for example: braad wireless connections, point-to-point
connected microwave radios, point-multipoint corimers in business and public fields (mobil
communication), satellite based communication tetgies, radars in automotive fields, etc.

With the improvement of the communication technglothat is with the improvement of the
frequency, the ferrite device decreases, so tledfithe ferrite material inside them also decrease
and the role of the chemical and morphological hgemeity becomes more and more important.
Only a few ferrite material system is suitable falfilling the increasing requirements. This is the
reason why in passive microwave devices over 40 ,Giiity one type of material system is
applicable, the hexagonal ferrites. The great ampy of hexaferrites matches with a great
magnetic saturation value, so these materials aréeq for producing self-bias, miniaturized
component parts. But with this construction thediescite must be an excellent permanent magnet
too, besides having good microwave parameters. basic condition of this that it's magnetic
anisotropy must be high, which can only be reacwétl a well oriented structure. Hexagonal
ferrites with great magnetic anisotropy can only fm®duced from onedomain grain sized,
presintered ferrite-powder, but for this, powdethagrain size less than t is needed. This grain
size is impossible to produce with conventionabaodc technology. This can only be done with a
method that is different from the conventional oei@ technology, with a so-called ,non-
conventional" technic (for example: high energylimj or sol-gel technology, etc.), that leads to
hexagonal ferrites with great magnetic anisotrofiitle magnetic and dielectric loss, low
temperature depending magnetic saturation.

The appliance of nano technologies during the prtidii of ferrite materials can only be found in
laboratry circumstances. The first scientific paations were published in Bordeaux in 1997, at the
International Conference of Ferrites. Beyond th@uction of the previously mentioned grain size
that is critical for the usage, the other econoimictvantage of the nano technologies is that the
reactivity of the material increases with the dasieg of the grain size. This probably leads to the
decreasement of the temperature and energy nesititefing. The one domain nano grains have

—4 —



INTRODUCTION, AIMS

greater magnetic moment than the materials that vpeoduced with the conventional powder
metallurgy that have the same chemical compositdmwadays the different nano technological
methods compete with each other.

1.2. The aims of the research

During my work the aim of the research was to malelgraining procedure that is inside the
planetary ball mill and produce a certain compoaitof W-type barium-hexaferrite with higher
energy mechanical milling than the conventional. iggal was to find new results for the
description of the milling process that can be useahmonly for engineering and material science
practice (mechanical milling, mechanochemistry, hagical alloying), and to apply these
knowledge on a definite material system, the hexiéds. During my research | have achieved the
following main aims and tasks:

- Valued and summarized the main scientific resuftsnodelling mechanical milling with
planetary ball mills based on a unified aspect;

- Determined the main characteristics that affect thiing and the effectiveness of the
milling (kinetic energy) so they can be the leao@ameters of the process;

- Developed a calculation model to determine thetldrenergy, that is integrated and is able
to simulate the milling process in a planetary ball within a domain of variability;

- Performed mechanical milling experiments during tm®ducing of a certain ceramic
material system (W-type Ba-hexaferrite) that digrae technological changes of the steps
during the process with up to date material testiieghod as the followings:

a) The systematic mechanical milling of the basic male for the ferrite production
(Fe0s, BaCQ, ZnO, NiCQ) to determine the effect of the different compdeédn each
other during milling and the grindability of thedda materials.

b) Finding that are there additives or medium that taprove the effectiveness of the
milling during adverse conditions (for example: ggeration), considering that these
milling effectiveness improving additives can afféee whole technology and the steps
of the production of the hexaferrite.

c) Systematic mechanical milling of the premixed basaterials that contain all the
components according to the structure and stoicsiignof the needed end product and
producing W-type Ba-hexaferrite from that to answres question if it is possible to
create new characteristics by mixing powders wiffexent grain sizes (micro and/or
nano grinds). This goal needed the classificatibithe magnetic and microstructural
characteristics of the produced material (for examgtructure, morphology, magnetic
and dielectric properties) and the searching of ¢etion between the grain size and the
reached characteristics.

| have done my research with the help of a conipatifNKFP-3A/0004/2004) that was supported
by the National Research and Technological Orgénisa(Nemzeti Kutatasi és Technoldgiai
Hivatal), in which | could co-operate with a corntsam where the participants were industrial
companies, academic and other research institateamuniversity.




MATERIAL AND METHOD

2. MATERIAL AND METHOD
2.1. Modelling the milling process of a planetary &ll mill

At the beginning of the kinetic modelling of thellinig process | started from the statement
that the detachment of the milling ball from thellved the vial, can only happen when the effecting
force that points to the radius of the vial is zdrdvave applied the following assumptions that
simplify the modelling of the planetary ball mill:

(a) The new meeting point of the ball and the wdietis as an impact point, inobservance the elastic
collision of the ball (I considered the vial ane thall as inelastic bodies).

(b) There is no relative movement (slip) betweea ball and the wall of the vial, before the
detachment point.

(c) The resistance of the medium in the vial isaided.
(d) 1 do not consider the gravity that affects lladl (perpendicular to the observed plane).
(e) 1 do not consider the occurrent spinning oftibé.

() The model is elaborated to a mill with innemauieter 65 mm, volume vial 80 ml and ball
diameter 10 mm.

The steps of the modelling were the followings:

description of the movement and force conditions
determining the detachment angle

determining the detachment speed

determining the impacting point

determining the impacting speed

determining the action energy and output

drawing the curve of the work of the planetary Inaill.

2.1.1. The kinetic modelling of the milling process

I have made the determination of the forces thfacathe milling ball according to the work of
Ll and Lai from 1998. After check-counting | haweifid this calculation to be a good starting point
to the model that | wanted to set up.
In ball mill the milling vial is orbiting. The twgin some A
cases four) milling vials with a radiugtakes place on the
sun disk of a constant, distance from point O, and
spinning around it with a , angular speed as it can be
seen on figure 2.1. The center point of the vialpaint
O; and they spin around their axis with g angular
speed, reverse to the, spin. In the following
mathematical equation, the ,absolute” and the fredd
expressions refer to the parameters that were rdieted
based on the XOY absolute and xQelative coordinate
systems. From this the motion of the ball with mass
next to the milling vial is the following.

Figure 2.1.Force and motion conditions in a planetary ball mil
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The forces that affect to the ball in a the millivigl are the delivering force and the relativector
that affect from the center point of the sun disll ¢he vial, marked as;Fand F. The N and Fare
normal and frictional forces, that arise from théeraction of the ball and the vial, and from the
Coriolis effect the Fforce, and gravity. Using the D’Alembert principlee balls can be defined
with static equilibratory equations if we take thecelerations as inercia forces, that are equal the
multiplication of the mass and the accelerationhefball. From this, the delivering force from the
point O, the relative force from point;@nd the Coriolis-force that affects towardstii® following

can be written.

Based on Figure 2.1. the resultant of the forcekersystem:

® ®

® ®
F=m, Xa.+a+a) (2.2)
N=F-F-F,cos( - ) (22)

whereN is the normal force that affects to the surfacthefvial, that pushes the ball to the wall of
the vial.

Determining the detachment angle

| assume that wheN=0, then the ball disjuncts from the surface of trelvoy itself. This
critical criterion can be written as:

, I, 1,09 | ,
m, X | X——————=>x0s( - )+2xm, X, x X =mX, X | (2.3)
codb P

where 4is the angle of the ball disjuncting from the waithe vial (Figure 2.1.).
Let the ratio between the vial angular speed aadti disk angular speed be (ratio):

j=_v (2.4)
p
After ordering and conversion the (2.3) equatiorg ay using the (2.4) equation, the angle of the
ball disjuncting from the wall can be determinedi (&nd Lai 1998). If the sun disk and the vial
rotate in the opposite direction, the detachmegteawill be the following:
Y
j 4 =arccos( M) (2.5)
rp

The effect of the ratio (i) to the detachment aragid the flight path of the ball

The detachment and influencing positions depenthersize of the vialr(), the position of the
vial on the sun diskrf), and the ratio of the rotational spees (Whenr, andr, are fixed, the
detachment only depends Qrso it seems to be useful to determine those vafiges that make the
ball go on different flight paths.

To determine the limit values of the ratio, | starfrom the equation 2.5. The limit values of the
ratio in case of fixed geometrical parametegsr(), omitting the deduction is the following:

r r
ilimit =1- \/;Ei £1+\/I‘Z: ikritikus (2-6)

From the (2.4) and (2.6) equations it can be stttatin case of a mill with given constructiag)(
and given milling vial i) the rotational speed of the sun disk)(and vials () must be set to
reach the best milling output as the (2.6) equatiohe true, because this is when the milling ball
disjuncts from the wall. If the following conditios realizedij,y £ 1 £ ks » then the milling
occures according to the effecting and friction moeft when the kinetic energy from the milling
balls to the powder is the largest.
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In impact and friction mode (whepik £ i £ ikiiks) the flight path of the ball can be easily
determined by the basic principles of dynamicsit @an be seen on Figure 2.2. The energy in the
moment of the effect can be divided into two comgrda. Namely the normal component that
causes the increase of the effective impact endrgly reach the dust particles and the tangent
component that can appear as friction energy.

Figure 2.2.Movement of the ball after the detachment, whgh£ i £ iitkus
Determining the detachment speeg (v

For determining the energy released after thectietant of the ball, during the impact, it is
essential to know the the speed and the directidheoball at the point of the detachment. After
determining the angle of the detachment (2.5.) atheolute point of detachmert’'(2.1. abra) and
the speed of the detachment can be calculatednasgthat the ball and the vial moves together in
the moment of the detachment. The detachment speegbint 'A’ is the addition of the
circumferential speeds of the sun disk and the vial

2.1.2. The kinetic energy of the milling ball at te moment of the impact

From this point of the modelling (including the aeghment speed determined above) | have
built the model with my own algorithm. In the knowand accessible literature sources | could not
follow up the work of others, because:

they don’t show the calculations of the determimabf the impact point, despite this is the
most difficult and significant step of the model,

they discard the size of the ball in the modelplafhetary ball mills, they consider it as a
point. | can't find this simplification acceptabl@n Figure 2.3. it can be seen that the
angle that belongs to the actual impact pdi)tqan be several times higher than the value
that would be in case of a ball considered as at§pointB’, angle .’).

So with the model that | have set up | want to eiee the exact place of the impact, considering
the dimension of the balls. This way the influercergy can be determined more precisely.

To determine the real kinetic energy of the bdig tbsolute speed of the impact point must be
known. The actual impact speed is the differendevden the calculated speed in the impact point
and the detachment speed. We have to consideadied component of this speed on the vial as the
speed component that is needed for the determinefithe kinetic energy.

As the ball disjoins from the wall of the vial, $sume that it moves with a constant linear speed of
the detachment. The acceleration due to gravipeipendicular to the tested surface of movement.
In this case the ball's speed is only affectedheyresistance of medium, but | discard this effect.
apply the kinetics of rigid bodies to write dowretfiee movement of the ball, until it doesn’t reach
the vial again. The figure 2.3. shows the movenwnthe ball from the detachment until the
influence, where point\’ and 'B' mark the places of the detachment and impact.

It is essential to know the exact place of the pofrthe detachment, that is point 'B’, to determin
the absolute speeds there. For this, it is impottaknow that in case of the rotational speedthef
fixed sun disk ( ;) — and the vial (,) and the already known detachment speed whatiarigle of
the vial ( ¢) and to the vial what angle is itJ] when the ball impacts.
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| have determined the absolute speed of the inmpaint indirectly. The summerized calculus is the
following.

5 C 2y
o, -y-(Q -a,)
/ (pc [ON
0
™ 0, N o) 0
“ \ \\\ZC‘? 01 d
T e # 0 / r, r,
v Y s
‘o, P
y )
c,
Q-Qgo P B p
A o 1
I'p Qd y X
[ o) I -
N o

Figure 2.3.The movement of the ball from detachment to theaichand the
geometry of the ball impact

Determining the parameters of the impact point witadient method

For the determination of the impact point, | depdrfrom the principles of the movement of
the ball and the vial and from the geometrical abtaristics of the structure. See Figure 2.3. that
shows the geometrical relations of the ball impHds true to the relation between the movement of
the ball and the vial from the aspest of the impadnt that during the time while the ball getghe
impact point with detachment speed) (starting from the moment of detachment, the aiathe
same time does.- 4 angular rotation with , angular speed around poit'. It's formula:

C1C2: c” d
Vy

(2.7)

p

Because of that thg,C, distance and the. angle is unknown, furthermore it is necessaryrtovk
the a . angle, more relations must be found. Accordinfigore 2.3. the geometrical relations for
the OC,0O, triangle are the followings:

sin C-l ) - vrp b 28

OC, =12 +(1,- 1,)’ - 2%, X1, - 1,)xc0s( - j .) (2.9)
Also from figure 2.3. for th€©C,C, triangle the followings are true:

sin( - - (%)) _0G

sin( .- ,+ .+ ) CC,

(2.10)

CC, =OC, +0C, - 2>0C,>0C,cos( .- ,+ ,+ ) (2.11)

Despite of it is about basic mathematical and ptaysiorrelations, the equations (2.7-2.11) form a
non linear equation system with five unknown qusegj in which the unknown parameters are the
impact angle (), the angle of the vial in the moment of the inmp@c), the distance between the
center point of the ball and the rotational axistled sun disk @C,) and the detachment point
(C,Cy), and the angle () betweerDC,andOG,. The determination of the ! and ' [ parameters
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is directly needed, the rest of the above mentigre@meters are only indirectly needed for the
calculation of the absolute speed of the impachtporhe problem is more difficult, because the
impact point can be eather on the left or the rggle ofOO, (+ ;). During the solution it needs
further attention that the variables in the difféargghases of the movement can take values in
different intervals.

| have solved the previous equation system nunigriasith the so-called gradient method. | have
done the caldulations within definite limit valuesletermined with construction. For the
constructions | used Pro/ENGINEER software package.

Determination of the speed of the impact poigk (v

After determining the place of the impact, and angle () above, the absolute speed of the
point can be calculated in the impact point 'B’.€T$peed of the impact in point 'B’ is the addition
of the peripheral speed of the sun disk and thie Vlee components of the absolute influence speed
comes from the difference of the corresponding camepts of the detachment speed and the impact
point speed.

The determination of the impact energy)(&ad the output of the milling (P)

For the determination of the kinetic energy of tadl, that is the impact energy, the normal
direction components of the absolute impact spéhd.angle where the impact of the ball happens
to the wall of the vial (;), determines the amount of energy that is delivdrem the ball to the
dust particles. The effective impact speeg),(that indicates the impact energy is the normal
direction component dissociated to the directioragiation of the milling vial.

After determining the values mentioned above, tideutation of the effective impact energy that is
liberated at one collision during the mechanicdling process is the following:

E, =% xm, xv, [J/impact] (2.12)

The tangent direction component)( gives the increase of the kinetic enerdy) (that is also
formed during the milling process.

Es = % Wb >q’itz
The energies that can be determined from the emsat{2.12) and (2.13) transferred from the
milling ball to the dust particles as many timesttas balls collide with the wall of the vial. The
impact frequency, that is the number of the callisi of the ball to the wall of the vial per second
can be determined as the following:

1
’ T1+T2

[J/impact] (2.13)

[sY (2.14)

where T is the time, while the ball gets from the firstalthment point to the first impact point,
T,: is the time, that elapses after the first impanotil the second detachment.

But in practice, the milling is not applied with@ball, so the effective impact frequerfgycan be
determined, considering the number of balls inviaé

for =F, N, [s7] (2.15)
where Ny is the number of the balls in the vial.

Knowing the energy liberated during the impdgg) (and the effective impact frequendyg), the
output of the milling proces#J is:
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P :feff >Eb [W] (216)

The output exposited above is capable for the coisgra of the millings with different impact
energies. The bigger output delivered from thesb#ll the particles means that shorter time is
needed for the milling process.

Considering that the millings are done for a dédiriime €) with definite amount of powdent)
measured into the milling vial, the cumulative eyeEq.), normalized to the quantity of the
milled material can be determined that is carrireduring the milling:

— Eb >¢eff >¢

kum
mp

Based on the calculation method showed in this telndape impact energy and impact frequency of
the ball can be determined and it can be seenth®t can be individually adjusted, if the
parameters of the milling are set correctly. By rfing the number of the balls, the impact
frequency fi) of the ball can be adjusted, while the impactrgpef the ball E,) stays the same.
On the other hand, by changing the diameter andiyeof the ball, the ball impact energy can be
changed without the change of the impact frequehdg.important to note that the showed model
is true and valid if the following is true to thatio () of the speeds of the sun disk and the milling
vial ijimit £ 1 £ litikus:

E [J/g, Whig] (2.17)

2.2. Experiment devices and methods of the productn of Ba-hexaferrite
2.2.1. The places of the experiments

The experiments and the measurement that were shéedeach the aims listed in Chapter 1.
were executed in many scenes, in several reseastitutes and industrial companies. Most of them
were made by me and a few were made with the Halther researchers.

The milling experiments were done in the Bay ZoFéindation, Institute of Materials Science and
Technology(BAYATI), while the conditions of the research wepeesent there. | also did the
production of Ba-hexaferrite basic material by higtergy milling here. The next technological step
of the ferrite production is the pre-sintering bé& tmilled powder. Initially this operation was made
at TKI-Ferrit Kft. (Budapest). Later we had the nba to purchase a new tube furnace in BAYATI,
that is able to heat up to 1580 in vacuum or even in inert gas medium. From plaigit | could do

the pre-sintering too in BAYATI. Following the temblogical line of the hexaferrite, the moulding
and the finishing sintering were made at the dif€ikd-Ferrit by the employees of TKI.

The examination of the structure (XRD) and morpggl¢SEM, TEM) of the produced grinds and
prepared samples were made with the help of thecedes of the Chemical Research Center of the
Hungarian Academy of Sciences (MTA-KKKI).

The classification of the magnetic characteristitthe produced Ba-hexaferrite bulk material took
place at the Research Institute for Solid Statesithyand Optic®f the Hungarian Academy of
Sciences (MTA-SZFKI), the determination of the mieave parameters were done at the Budapest
University of Technology and Economidepartment of Broadband Infocommunications and
Electromagnetic Theory (BME).

From the above written things it can be seen thd to build relation to several notable research
institutes that was very time-consuming, but it @a remarkable help for finish my work with
success.

2.2.2. Introduction of the experimental devices

The measurement of the basic materials, sampling

| have measured the materials used for the expatimeith an ,EXPLORER” type digital
laboratory balance. The accuracy of the balance @@81 g. The use of protective devices is
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compulsory during the preparation of the materiBlscause of this | was wearing rubber gloves,
dust protection mask and protective glasses icamkis.

For the milling and material examinations | took tlequired amount from the basic materials with
the common method of chemical analitics.

Device used during the millings

The milling experiments were executed with a Geratsch ,pulverisette 4” Vario-Planetary
Mill type planetary ball mill (Figure 2.4.).

e " Le

] T
. ¢ - tuis
vy CES
Figure 2.4.Fritsch Vario-Planetary Ball Mill ,Pulverisette 4glanetary ball mill

This type of mill makes possible a higher energylingi, compared to the former, similar mills

(because of the wide range of selection of theimgillparameters). The device is ideal for
mechanical activating and alloying of different evédls. The main field of it's use is material

research.

The active capacity of the mill is 2x30 ml in cadeusing 80 ml milling vials. The device made it
possible for me to choose the ideal milling viatldoall material, size and amount for the matedal t
be grinded and furthermore it let me to adjust pla@ameters that affects the milling process
precisely.

Tube furnace applied at the pre-sintering

For the pre-sintering operation | have done a Ke1%5 Vacuum/Argon type tube furnace was
used with 1500 W electrical output. The nominaltimgptemperature of the furnace was maximum
1550 °C. The active size inside the furnace wasx@®® mm. The accuracy of the set temperature
in the middle was +£0,5% at steady-state. The foagerolling of the furnace is with a PID controller
with digital display. This HAGA KD48P type contrislj unit operates and controls the
temperature, the heat up speed, the gas load andtluuming too.

2.2.3. Basic and additional materials used duringhe experiment

The chemical composition of the required W-type Hexaferrite can be described with the
following formula: Ba(ZgsNigs):FeeO.7. | have produced the samples with this composition
starting from BaC@ (Reanal) and ZnO (Reanal) and NiC®iedel) and F€; (Bayferrox) basic
materials. These materials are qualificated and¢anmmercially available.

I call auxiliaries the additional materials appliddring the milling, that were mostly applied to
reach advantageous milling conditions. These weeedistilled water, acetone, ethanol and oleic
acid.
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2.2.4. Milling experiments

| have approached the experimental production afoogystal hexaferrites by high energy
milling from several directions. | have examined #ffects of milling and the material to each other
in all of the cases. First | have examined if therany solid-state reaction in the basic materials
during milling. In the second part | started thedarction of W-type Ba-hexaferrite from the full
composition, homogenized and milled basic materfaldowed the whole technological line (pre-
sintering, milling, moulding, final sintering). the third part | have examined the effect of difar
milling media (air, distilled water, ethanol, aceto oleic acid) to the milling set and the formed
grain size. In the followings | show this three ewaation part, but before that it is important to
clear that how and what aspects | chose from tfiereint technological parameters of the milling.

The parameters of the milling experiments

The most important parameters that affects theéngiprocess can be seen on Figure 2.5.

Parameter of
the mill

Parameters of
the vial

Parameters of
the milling
balls

Parameters of
the milling
process

Figure 2.5.Parameters that affects the milling process iraagthry ball mill

Before the start of the milling experiments, | haansidered all of the parameters and condition
that take part in the tests. | have written an @csipn record of every milling operation. | have

recorded every important experimental conditiorjusteéd parameter, milled material and milling

aids, sample identification, etc. in the inspectienord, for the latter easy reconstruction of the
experiments if needed.

The milling parameters to be determined were tHewiang:

speed of the sun diskgn

ratio between the sun disk and the vials (i)

determining the milling cycle (duration of millirand stop within a cycle)
determinating the duration of the milling

| have executed the millings with stainless stedling set, where the volume of the vial was 2x80
ml, the diameter of the balls was 10 mm. In my expents, the amount of the weighed portion of
the powder was p¥20 g, and | applied 25 pieces of milling balls @he mass ratio of the powder
and the balls was 1:5, considering the fact thesteld 80 ml vials. | have determined the speedeof th
sun disk and the ratio according to the resultsheftheoretical calculations, written in chaptet. 2.

in a way the settings to be optimal from the sitithe impact energy and output of the ball too. For
this | have determined the sun disk speed to,840® rpm and the ratio to be i=2,25. The precise
adjusting of the milling parameters and the cotitrglof the mill is ensured by the software that is
provided by the manufacturer of the mill. The s@fteshas graphical user interface, so the required
parameters for the milling process can be set anedseasily and quickly.
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The milling of the basic materials added in difetrorder

In the first phase of the experimental work | hawt the basic materials in different order and
at different times in the vial to inspect the effetthe basic materials to each other.
For the production of the W-type Ba-hexaferrite ena that's formula is Ba(NsZno 5).Fe60,7 |
have measured the following amounts from the basgterials, keeping to the rules of
stochiometrics:

Table 2.1.The measured amounts of the basic materials

Raw material Fe,0Os Zn0O NiCO; BaCO;
Manufacturer Bayferrox Reanal Riedel Reanal
Molecular mass [g] 159,6922 81,3894 118,7026 197,336R
Required amount for

production 100g hexaferrite [g] 76,272 4,859 7,087 11,782

For the easy comparability | have kept the millipgrameters at the same level at all of the
variations. | have examined the produced mateatitx the pre millings and the final millings by
XRD, SEM and TG/DTA methods. | have applied thelimgk in the variations that can be seen in
table 2.2.

Table 2.2.Milling variations to the milling of the basic maitals

Variation Basic material
Sample No. Method of milling Fe,0O3 ZnO NiCO;4 BaCO;

premilling for 4 hours + + - -

1. further milling together for another 4
hours

premilling for 4 hours + - + -

2. further milling together for another 4
hours

premilling for 4 hours + + + -

3. further milling together for another 4
hours

homogenizing* for 0,5 hours + + + +

+ + - +

5. milling for 8 hours + + + +

premilling for 4 hours - + + +

6. further milling together for another 4
hours

premilling for 4 hours - - + +

7. further milling together for another 4
hours

premilling for 4 hours - + - +

8. further milling together for another 4
hours

* Homogenizing means a type of milling when thegmaeters are chosen in a way that the mill only mike
material

+ the material is present at the milling process

- the material is not present at the milling psxe

+ + + +
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The production of W-type Ba-hexaferrite by the hgemizing and high energy milling of all the
components at the same time

In case of two composition variation (see Table.,242 and 5.) | have executed the whole
technological line. In case of the variation 4.rhgdelling the conventional ceramic technology |
have produced the W-type hexaferrite with low egengling (,homogenization”). The variation 5.
was an experimental high energy milling to produéénexaferrite. The steps of the technological
line of the sample variations 4. and 5. can be sadrigure 2.6.

By following this technological line | could prodeidV-type Ba-hexaferrite. The characteristics of
the produced material are written in chapter 3.2.2.

Conventional ceramics Technology with high-energy
technology ball milling
1. Preparation of the powde 1. Preparation of the powde

) mixture ) mixture
(NiCO,, ZnO, BaCO,, Fe,0,) (NiCO,, ZnO, BaCO,, Fe,0,)

2. Ball milling 2. High-er(lﬁrEggNllw)all milling
3. Presintering 3. Presintering
(1100 °C/ 4 6ra) (1100 °C/ 4 ¢ra)

4. Homogenization with 4. Homogenization with
ball milling high-energy ball milling
. 5. Greenbody forming in

5. Greenbody forming magnetic field

6. Sintering 6. Sintering
(~1400 °C / 4 6ra) (~1300 °C / 4 6ra)

Figure 2.6.The steps of the conventional (left) and the neghfy technology

Milling experiments in different media

In this experimental part | write down the expeces of milling the basic materials with
different moistening media and additives. In theoading of the the media, the industrial
experiences and the professional literature hetpedl applied every milling on full basic material
composition (variation 5., see Table 2.2.) sampfete following media:

ethanol (25 ml)

acetone (25 ml)

distilled water (25 ml)

oleic acid (additive) (0,045 ml that is 0,2 masecpat)

The preliminary aim of the milling experiments iifferent media was to improve the conditions
(agglomeration, adhering powder on the milling sétthe dry milling (only in air medium).

2.2.5. Methods of examination of materials appliedo the checking and featuring of the
samples

During the experiments, the structure of the predusamples were analyzed with X-ray
diffraction (XRD), the morphology with Scanning Eteon Microscope (SEM) and with
Transmission Electron Microscope (TEM) tests. édrito follow the formation of the hexaferrite
and the M W-type changing process with thermal gravimetn@lgsis. At the end of the
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technological line, the measurments of the magraharacteristics of the W-type Ba-hexaferrite
samples were done with a Foner-type vibrating sammphgnetometefVSM). At the end, the
microwave measurements were done with the devitaiswere developed at the Department of
Broadband Infocommunications and Electromagnetiecfj of Budapest University of Technology
and Economic$BME).

The X-ray diffraction examination of my tests weatene by Istvan Sajé (MTA-KKKI) with a
Philips PW 105 goniometer, using Cukadiation, the parameters were 40 kV, 35 mA, gtaph
monochromator, proportional counter. The averagstallite size were determined by Scherrer-
method. The given result for the crystallite sif¢he material is representative for the average si
of the coherent scattering ranges. This data doéesnakes a difference between the size of the
grains that are separated with big angle grain 8agnand the size of the grains that exist
individually.

With the Scanning Electron Microscope shots | hastly examined the effects of the milling and
sintering to trace the morphologic change of thengas. From the pictures | got precise
information of the shape of the grains and the @xiprate size of them can also be estimated. The
pictures from my samples were made by Dr. Katalipd?(MTA-KKKI), with a Hitachi S-570 type
microscope.

With the transmissional electronmicroscopic examidms | wanted to know more about the
morphological characteristics of the formed graifitie shots were made by Rézsa Takacs
(BAYATI) and Péter Németh (MTA-KKKI) with a Jeol P& and a MORGAGNI 268D type
device.

During my research the thermal gravimetric analygse made by LaszI6 Trif in BAYATI with a
Setaram Setsys 16/18 type device. For the measuaterhe used synthetic air (80%, 0% Q)
medium, between 20-150C temperature range, with 10 K/min heat up spesithgu100 | Al ;05
vials.

In the Mdéssbauer spectroscopic measurements, Zdgmeth (ELTE) helped me. With the
measurements my aim was to prove the presenceediVtlype hexaferrite phase in the material
produced in the milling experiments.

The measurement of the magnetic characteristicgrieta saturation, coercive force) of my
produced samples were made by Dr. Laszl6 Kiss (MBIZ&KI) and Sandor Hosszu (BME) with a
vibrating sample magnetometer. According to thedgoce of Laszlé Kiss | could do several
measurements by myself on my own samples.
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3. RESULTS
3.1. The application of the model set up to the pfeetary ball mill and results of calculations

With the calculation method that was introducedhapters 2.1.1. and 2.1.2. | have determined
the milling energies of the FRITSCH P4 type planethall mill that was applied during the
measurements, in case of differend setting paramddaring the calculations | considered different
sun disk speeds and ratio to examine the wholedsgaerge of the mill and the path of motion of the
balls to fulfill the influence and friction methothatijmi £1 £ ikiius 10 be true. | have done the
calculations to i =1; 1,5; 2; 2,5; 2,96 values.

In the first part of the calculations, when detarimj the detachment angle and speed | experienced
in case of the geometrical relatian, (, r,) and ratio i), that equal detachment angles belong to the

increasing sun disk speed, while the value of #tachment speed increases by direct correlation to
the speed of the sun disk.

After the determination of the impact angle andespéd have rated the theoretical impact energies

to different sun disk speeds, in case of one Bdlé curves that were designed from the results of

the calculations can be seen on Figure 3.1.
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Rotational speed of sun disc (np) [rpm]

Figure 3.1.The change of the impact energy)( the function (&ny)) of the sun disk rotational
speed (p and the ratio (i)

It can be seen from Figure 3.1., that increasiegsfteed of the sun disk increases the impact energy
by second power until reaching a certain raticah be seen that at speed r&ti®,96 the curve of

the impact energy is between thel,5 andi=2 curves. From this it is possible that there is an
optimum between thie2 andi=2,96 values, where the impact energy is the highest.

This assumption is proved by the group of curvemnad on Figure 3.2. The curves show the
changing of the impact energy by the increaseménhe ratio, belonging to different sun disk
speeds. From the diagram it can be detected thzdse of the given geometrical relations and the
set parameters, the highest impact energy can &ehed at somewhere2,5. If the impact
frequency of the balls is also considered, thanh#@nly in the function of disjuncton and impact
angles, than the output of the milling processtxadetermined by using the (2.16) correlation.
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Figure 3.2.The changing of the impact energy) i the function (Ei)) of the increasment of the
ratio (i) at different rotational speeds valueg (n

If we study the theoretical outputs that belonglifferent sun disk speeds and speed ratio (Figure
3.3.), we can see that higher and higher outputiegalbelong to the increasing speeds. The
calculated curves are cubic.

1800

1600 +

1400 +

1200 1

1000 1

800 1

600

Milling power (P) [mW]

400 1

200 1

0

0 100 200 300 400
Rotational speed of sun disk (np) [rpm]

Figure 3.3.The changing of the milling power (P) in the functi(P(r)) of the sun disk rotational
speed (p) and the ratio (i)

In the contrary of the changing of the impact egesigowed on Figure 3.1., on Figure 3.3. it can be
seen that the values that belong to the curv2®$ are lower thani=2 andi=2,96. The result is
surprising because a lower output belongs to tleedpatio that results the highest impact energy.
This can be explained with the lower impact enexgthis ratio i2,5), which means that the balls
spend more time on the wall of the vial.
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If I draw the milling output (power) in the functicof the ratio at different sun disk speeds (Figure
3.4.), than the optimal speed ratio from the aspédhe milling output can be determined. On
Figure 3.4. it is about2,96 value.

1800
1600 | —4—50rpm
—<— 100 rpm
1400 -
E 150 rpm
E, 1200 ~ 200 rpm
a 1000 1 —¥—250rpm
° 300 rpm
§ 800 1 4350 rpm
@ 600 - —— 400 rpm
S 400 -
200 +
1 15 2 25 3 35

Ratio (i)

Figure 3.4.Thechanging of the milling power (P) in the functid(()) of the increasement of the
ratio (i) at different sun disk rotational speedues (1)

With the help of the Figures 3.2. and 3.4. an ogliratio range can be defined that is maximal from

the aspect of impact energy and milling output tdbis range is obviousli=2-2,5, besides the
determined parameters.

According to the correlation (2.17) that belongedtie amount of the milled powder, we can see
the changing of the total energy input during thilimg in the function of the sun disk speed (figur
3.5.) and the ratio (3.6. figure) at different oatiand sun disk speeds. The diagrams and the digure
showed above (Figures 3.3. and 3.4.) are tota#lystime in their character, while the marked total
milling energy values are calculated based on theust of the actually milled powder.

55000
50000 +
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0 100 200 300 400

Rotational speed of sun disk (n ) [rpm]

Figure 3.5.The changing of the cumulative energy, ¢ during the milling, referenced to mass in
the function (Bur(np)) of the sun disk rotational speed)(and the ratio (i)
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Figure 3.6.The changing of the cumulative energy, ¢ during the milling, referenced to mass in
the function (Ey.{i)) of the increasement of the ratio (i) at diffat sun disk rotational
speed values

Although | have determined the results (diagranishe calculations of my model to given starting
parameters, showing the adaptability of the methmd, it is capable of the description of any
chosen milling processes with other settings amhgtrical parameters in case of a planetary ball
mill.

The effect of the change of the size of the mibmgand milling vial and the number of balls

| have determined the above mentioned resultsse ohfixed ball and vial sizes. | have made
further calculations to examine the effect of clang the size of the milling set (ball, vial) oreth
impact energy and output.
First | have examined only the size change of ithewith the same ball size then | have increased
the ball size and kept the vial size. Finally | dadoubled the ball size and the vial size too.\ieha
compared the results to the results that belorgesetting parameters g=400 rpm and i=2. The
diagram that shows the changing of the impact gnesig be seen on Figure 3.7.
It can be clearly seen that the results of theutafions bring the hoped increasement of the impact
energy. From the results we can accept that theasement of the size of the vial does not effect
the increasement of the impact energy as the chgmjithe ball size. The joint changing of the size
of the milling set (ball, vial) leads to the highéapact energy.
A slightly less increasement was detected in ttangh of the milling output (Figure 3.8.).
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From the calculated data and diagrams the optiniahgiparameters can be picked that allow the
effective work. Although the calculations were dama showed in case of the geometrical relations
of a certain type of mill (Fritsch Pulverisette #)e model can be applied to any kind of planetary
ball mill by keeping the given boundary conditions.

In total to the effect of the size of the millinglinand vial to the impact energy and output it den
determined that if we have more milling sets, bingghem further energies can be obtained from
the planetary ball mill (besides the same mainepépeed and ratio), increasing the effectiveness of
the milling and decreasing the time.

Based on the results of the calculations and thmogoams (Figures 3.2. and 3.4.) the optimal
setting of the mill can be determined, that letsriost effective work from the aspect of the mdlin
job. During my researches | haven't found similamograms in the professional literature of
modelling planetary ball mills. By using my methddr example in case of milling material with
lower hardness, the smaller impact energy canallew quick work, sparing the milling set and
decreasing the load of the mill.

3.2. Results of experimental production of Ba-hexafrite
3.2.1. Milling basic material added in different oder

| have examined in a row the pre grinded and finaterials showed in Table 2.2. with XRD,
SEM and TG/DTA methods, and | summarize the resultse following.
According to the X-ray diffraction (XRD) | have m#d less than 100 nm average crystallite size
with all of the pre-milled and final samples. Exaing the results of the x-ray tests it can be
determined that only in case of one variation,2zhshowed formation of new phase (NiBg) after
the pre-milling (Figure 3.9.). During the other easthe x-ray structure test couldn’t show the
presence of new phases.

50

Intensity [Arbitrary units]
1 L
.

2

Figure 3.9.X-ray diffraction pattern of the sample 2.

According to the thermal gravimetric analysis, & ferocess were obviously identifiable (for
example the outgoing of the bound water, decomipositf components), but the temperature of the
ferrite formation could not be detected precis€lgly in case of the whole compositions (variations
4. and 5.) was observable a kind of phase transfitom at about 130C (Figure 3.10.). This
probably means the ferrite formation, on the figarblack circle marks the place where | assume
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the ferrite formation. According to the literatutee temperature range of the formation of feligte
between 900 — 145%C depending on the production technology. The itgrae of the thermal
gravimetric analysis was to determine the sintetmgperature of the whole technological line
starting from the above mentioned.
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Figure 3.10.Comparison of the DTA curves of the samples thatvpeoduced by
“homogenization” (variation 41})) and high-energy mechanical milling(variation(%),

At the end of the milling experiments when the comgnts were added in different order at
different times it could be determined that | hasached less than 100 nm average crystallite size
by setting the milling parameters correctly andeptdor one case (Table 2.2., milling variation 2.)
the milling did not result the formation of new gkaln case of one sample, the required higher
reaction ability of the formed nano-grained (tha@ams increased relative surface) could not be
proven. | could also show that the formation of Bkdferrite comes off in the presence of all of the
components. Because of this in the following experits of producing W-hexaferrite 1 only
examined the milling of all of the components a¢ éime together.

3.2.2. Producing W-type Ba-hexaferrite by homogenirg all of the components at the same
time with high energy milling

| could produce W-type Ba-hexaferrite by followitige steps of the technological line that
were showed on figure 2.6., and according to thayxstructure examination, in case of variation 4.
(that followed the conventional technological linkg the phase purity of the material was 80% and
in case of variation 5. the phase purity of theamat was 90% (figures 3.11. and 3.12.). | have
checked the formed structures and phases afterteelchological step by X-ray diffractional test.
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Figure 3.11.X—ra); diffréction béit-ern and SEM micrograph of hmgenised (variation 4.) W-type
Ba-hexaferrite sample

On the diffractogram of figure 3.11. can be seat tesides 80 % W-phase, 10 % M-phase left,
that did not transform. This can be explained whb larger average grain size and the lower
reactivity that comes from it. Considering the mwjogy of the sample (figure 3.11. upper right
corner) we can say that by following the converdiaechnology, the structure became lighter that
consists of about 1m size grains.

Chemical Research Centre - Laboratory & :
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Figure 3.12.X-ray diffraction pattern and SEM micrograph of lnignergy milled (variation 5.) W-
type Ba-hexaferrite sample

The sample that was produced by high energy mikingwed nearly clear phased material (figure
3.12)). Considering the morphology, compared to tmaterial that was produced by
homogenization, the porosity of the material frorwriation 5. was lower (although | haven’t
checked the porosity with pore size analysis) &edaverage crystallite size was also arounanl
According to the pictures of the SEM fracture fesian be seen that the n both cases the shape of
the grains were hexagonal plates. For further ematiain | had the chance to use a Mdssbauer-
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spectrometer, that also confirmed the results efXkray analysis. During the two examinations |
have used the russian H-6 W-type Ba-hexaferritecfdibration that is available and sold by the
Ferrite Domen Co.

3.2.3. Milling experiments in different media
According to the results of the XRD analysis frohe tsamples from millings in different
media, | established that the millings in differemtdia besides the same milling parameters result

different crystallite size (Table 3.1.).

Table 3.1.Crystallite sizes reached with milling in differanedia [nm]

starting after dry Type of milling media or additive
sizes milling - - :
etanol | dist. water | acetone| oleic acid
2 Fe0Os >1000 25 494 247 110 29
@ | zno 987 52 197 197 110 34
IS
g NiCO; 2,5 52 110 110 52 25
€ | BaCO; 247 25 41 76 41 25

As it can be seen from the table, the oleic acilingiresulted the most close-grained structure. In
this case the average grain sizes came by usingdherrer equation as following: 83 = 29 nm;
ZnO = 34 nm; NiC@= 25 nm; BaC@= 25 nm. From the diffractional spectra it carodle stated
that during the milling with distilled water, Zn-Ofédrmed that may be harmful during the further
technological steps.

| have experienced significant differences betwde® millings applied with different media
(distilled water, acetone, ethanol) or additivee{placid), and | got to the following statements:

The applying of liquid media or appropriate additiuring the millings eliminated the
adherence of the grain to the wall of the vial &mdhe balls. This resulted better milling
conditions.

The abrasion of the milling set (vial, balls) rekeably decreased.

In case of the milling with oleic acid, the effinigy of the additive is significant, because
even by using 0,2 mass percent — by making almgstahditions — was very effective.

At the end of the former additive free milling exipeents, the grain became heavily agglomerated
and adhered to the surface of the vial and balés Ted to problems when emptying the mill and
caused significant material loss too. In case efrfillings with oleic acid, these problems totally
disappeared. Another advanatage of using oleic @midpared to the millings with other liquids is
that there is no need to dry the grain after ngllithat means further spare in time and energy
during the production. This fact can be prominemirdy the industrial adaptation, when producing
materials in greater amounts.

In this phase of the experimental work | examineat how do the additives that are useful during
the milling affect the further technological stepisthe production and the formed phases. The
results showed that in the samples that were pemtiwith milling in organic materials (acetone,
oleic acid) consisted the requested W-ferrite (Fég8L13.) in a higher amount in pre-sintered state
and in final state, than the samples that wereymed with ethanol or water.
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Figure 3.13.The ratio of W- ferrite phase after each technaalgstep,
in case of different milling media

During the tests that were applied to eliminate tiegative effects of the dry milling by using
surface active materials and additives, | haverdeted the advantageous effects of the organic
additive (oleic acid) that has no harmful effeatstloe further technological steps.

The results in the following chapter show the cbtastics of the material that were produced by
another full technological line. In these casesdl tie millings adding oleic acid, because of it's
advantageous properties, mentioned above.

3.2.4. The parameters of the end product, that isrpduced by milling

I have reproduced the W-type barium-hexaferritefddjowing the whole technological line
(Figure 2.6.), but in this case | have used thetimeed oleic acid additive during the high energy
milling.

The first technological step is high energy millinguring the milling | could reach an average
crystallite size below 100 nm in case of all of deenponents (R®; 35 nm, ZnO 23 nm, NiC£b5
nm, BaCQ 21 nm). | have proved this by the results of theaX powder diffraction analysis.

The milling was followed by a pre-sintering, thaasvapplied by TKI-Kft. The heat treatment was
in a continuous chamber kiln, in ceramic boatsl&t01°C temperature for 4 hours in air. By the pre-
sintering, new phases originated in the matefial vas detected by X-ray tests. On figure 3.1¢. th
XRD spectrum of the material can be seen. The mahmynsisted of the following phases after the
operation:

8% hematite (F£s), average crystallite size: 494 nm

24% magnetite (R©,), average crystallite size: 494 nm

65% M-type Ba-hexaferrite (BaR©;g), average crystallite size: 247 nm
3% W-type Ba-hexaferrite (BaNiZnk€,,), average crystallite size: 165 nm
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Figure 3.14.The X-ray diffraction pattern of the pre-sintered saenpl

The M-type Ba-hexaferrite was present in the ggaenount in the material and it was identified
by High Resolution Transmission Electron Microscdg&TEM) too. On figure 3.15. the picture
of this can be seen.

a b C
Figure 3.15.(a) HRTEM image of an M-ferrite grain along [010],
(b) Fast-Fourier transform calculated from (a),lHagkground filtered image

The pre-sintering was followed by another high ggdromogenizing milling. After the operation,
the X-ray powder diffractional test did not showwnphases compared to the per-sintered material,
but the ratios and the average crystallite sizghtty changed as it can be seen in the following:

10% hematite (F©s), average crystallite size: 123 nm

22% magnetite (R©,), average crystallite size: 82 nm

65% M-type Ba-hexaferrite (Bap@©;g), average crystallite size: 43 nm

3% W-type Ba-hexaferrite (BaNiZnk€,,), average crystallite size: 165 nm
The homogenization was followed by the greenbodyniog in magnetic field and final sintering.
The greenbody forming was made by a 100 tonn hyidratess with the help of the employees of
TKI-ferrit, in the appropriate size press die, with/cnf pressure, for ~20 seconds, in a magnetic
field about 6,5 kOe. The final sintering was at @8G temperature, in oxygen flow, for 4 hours,

also at TKI-ferrit. The phase composition and thgstal phase clearness of the produced material
was also proved by X-ray diffractional analysis.




RESULTS

Based on the diffractogram of figure 3.16. it candtated that the produced W-type hexaferrite is
nearly clean, contains only 3% M-hexaferrite phaBesides this there were no other iron

containing oxides and no other cristallized or grhous components. The cristallite size of the W-
hexaferrite was 247 nm.

Figure 3.16.The X-ray diffraction pattern of the end product

According to the morphological tests by scannirecibn microscope (SEM) it can be determined
that the shape of the grains of the produced nahtaré hexagonal. The cristals have representative
morphology, they are plate shaped and orthogonthiddirection of c-axis the size of most of them
is about 200 nm. The other sizes of the cristatlitges are about a few hundred nanometers (~225-
400 nm). The nanocrystallite sizes determined bypXBst are almost the same to the c-axis. The
scanning electron microscope picture of the endiycbcan be seen on figure 3.17. According to
the picture it can be determined that the greenlfodying of these fine powders in magnetic field
is not solved, while we did not get solid structug®, the further optimization of the forming in
magnetic field as an important technological steprdg) the production of hexaferrite is reasonable.

Figure 3.17.The SEM micrograph of the end product




RESULTS

| have examined the magnetic and microwave paramefethe produced W-type Ba-hexaferrite
end product. | have examined the results of theafibhg Sample Magnetometé¥'SM) tests in two
ways (easy and heavy magnetizing direction). Thgmetizing curve that shows the results of the
tests can be seen on figure 3.18. The calculatepheti@ characteristics from the measurements:

saturation magnetization: MO0,46T
anisotropy constant: # 9,3 kJ/n
coercivity: H= 40560 A/m
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Figure 3.18.The result of the magnetic measurement of the emdugt (70627ms1: easy

magnetizing direction (parallel to the anisotropace), 70627ms2: hard magnetizing direction

(perpendicularto the anisotropy space))

For the measuring of the dielectric charactershefd@nd product | applied the measuring device of
the BME Chair of Microwave. We have executed thasten different frequencies and determined
the dielectric constant of the end and it's losses (tg). The table 3.2. shows the measured values
of the end product. From the table the dependencthe frequency of the dielectric constant and
dielectric losses can be seen.

Table 3.2.The dependence on the frequency of the dielectnistant () and the dielectric losses

(tg )

frequency g

[GHZz] [F/m]

8,7688 11,8635 0,0001
11,7016 12,7301 0,0002
14,1224 12,5581 0,0014
17,4500 14,4130 0,0021
18,9733 11,4958 0,0011
21,6010 12,1340 0,0034
24,4906 12,7242 0,0156




RESULTS

3.3. New scientific results

According to the researches of the milling processlanetary ball mill, my results are the
following:

Thesis 1.: Applying the laws of motion of the li@gl mechanics | have set up a realistic, kinetic
model to planetary ball mills. | have formulatednmooon equations between the
technological parameters of milling and the gettergergy and output, under given
boundary conditions, considering the dimensionthefmilling ball.

Thesis 2.: | have determined those commonly usabtges (E(i), P(i)), that help to indicate
optimal combination of the milling parameters, () and the milling energy in the
Fritsch Pulverisette P4 planetary ball mill.

Thesis 3.: With the new method, | have determirreddptimal milling parameters #4400 rpm,
n,=800 rpm, i=2) to the present planetary ball mHti{sch Pulverisette P4) and the
milling set (80 ml stainless steel vial ang=@10 mm, N=25 pcs balls) for the milling
of the Ba(ZgsNigs)FeeO,7; chemical composition, 20 g quantity W-type Ba-
hexaferrite ceramic material system.

According to the experiments of the production oftyye barium-hexaferrite by high energy
milling | have come to the following statements:

Thesis 4.: With the milling experiments | have whahat the milling of the raw materials (&g,
ZnO, NICGQ;, BaCQ) in different times and combinations did not brihg advantages
in the formation of the solid phase reaction, ttatld be seen when milling all of the
components together. The milling of all of the caments at one time brings the best
result.

Thesis5.: | could produce W-type Ba-hexaferriteithw a chemical composition
Ba(Zny sNig.5).Fe60»7 by a method based on the conventional producgohrtology of
hexaferrites with milling in a high energy plangtaall mill.

Thesis 6.: | have introduced a new additive (okgal) to the high energy milling of hexaferrite
powders and | have proved the positive effects tifrbugh the dry milling of the given
material system in planetary ball mill. By millimgth oleic acid additive, the result was
smaller grain size, higher phase-purity in theesiedl end product and it eliminated the
usage of the organic liquid medium (acetone) thad wsed in the conventional process
and was harmful to the environment.




CONCLUSIONS SUGGESTIONS

4. CONCLUSIONS, SUGGESTIONS

According to my research, in the followings | sunmima the correlations that extend our
knowledge and can be helpful at the practical appbtns.

The examination of the milling process of the ptang ball mill led to the deductions, written
below:

| have set up a calculation method with which teévered energy to the dust particles during
the impact of the milling ball and the output o&thilling can be determined in case of any
kind of planetary ball mills at given conditions.

Knowing the impacting energy, a so-called millingpncan be drawn, and with the help of it,
the amount of energy can be determined in advaritte which the required phase can be

reached in case of mechanical milling.

The experimental results pointed that the hexa&fgritwder produced with high energy milling
can not only be used to form blocks of materialgt b also can be used for thick layer
technology of printed-circuit boards. A technoladitine that is combined with this method, it
is possible to produce ferrite dust, from whichf selagnetizing, very little sized (few
millimetres) ferrite devices can be produced wiholgraphic methods for thick layer electrical

circuits.

Based on my research, my suggestion for furthexareting areas are the following:

During the modelling of the planetary ball millshave fixed as a boundary condition that |
neglect the decelerating effect of the grain, whetermining the impact speed. As a future
task, it would worth to examine the effect of ata#r grain loaded in a greater amount to the
change of the impact speed that could make therdetation of the delivered energy to the
dust particles during the impact more precise.

My calculation model is true in case of dry millinglthough in practice because of certain
technological reasons, they apply millings in ldjunedium too (to decrease dusting) for
producing different materials. As a future tasknadified model should be found, that would
allow the determination of the delivered energgase of millings applied in liquid medium.

The revision and further optimalization of the pres and the different technological steps of
the production of the W-type Ba-hexaferrite by hégtergy mechanical milling would probably
lead to an end product with better magnetic andedigc characteristics. The end product
shown on Figure 3.17. is a very porous materiat tauses bad magnetic characteristics. To
improve the solidity of the product, the developmehthe method of moulding in magnetic
field technology would be required. However, acaagdo the program of the TKI-Ferrit Kft.
this task can only be examined in a subsequenames@roject.




SUMMARY

5. SUMMARY

The mechanical milling is a common method for pidg fine material that is used for
decades. The high energy mechanical milling givegremt opportunity for the researching and
developing experts for producing new and more atgmous materials (for example
nanostructured materials, amorphous-, quasi-ctiystal crystalline metastable alloys). A great
group of the magnetic ceramics can also be liser@ Ihecause of their advantageous magnetic
character and also hexaferrites that are ofteniexppt several communication electronics devices.
Although the dynamic improvement of telecommunimatheeds the size reducement of the devices
that contain ferrite and the ferrite materials tlamé inside them that leads to the increased
importance of the chemical and morphological homeds in the material. The new requirements
can't be fulfilled with the classical ceramic techogies, but placing the high energy mechanical
milling in the technological line it becomes possilbo create the required characteristics. High
energy mechanical milling can be implemented iresagivdevices that work different ways, but the
most widespread method among the researchers lahetary ball mill. The controllability and
designability of the grinding procedure needs theueate understanding and discovering of the
interaction between the parameters that affeciriieng and the delivered energy to the grinds.

In the first part of my thesis | determined the méictors of the milling in case of a planetaryl bal
mill that affects the efficiency of the grindingirfletic energy) and can be the controlling paranseter
of the method. Parallel to this, | developed awakion model for determining the milling energy
that is mathematically common and it can simulagedrinding method of the planetary ball mill at
given conditions. In the second part of my thesisite down the milling experiments | have made.
The goals of the experimens were to create a tyge aeramic material system, the W-type Ba-
hexaferrite. 1 have checked the technological chaygyof each step by using modern material
testing methods.

During the reading of the professional literaturdiave processed more than a hundred, mostly
foreign scientific publications. | have summarized manufacturing processes of the nanostructure
materials, mainly the nanopowders, with a spec@u$ on the mechanical milling; the
characteristics of the hexaferrites and the expamisfor their creation and the results that are
reached so far in the field of the modeling of penetary ball mills. At the end | have rated these
methods. In the end of the chapter | have namedidfieiencies of the given field and listed the
problems that should be solved.

| have formulated a calculation method for planethall mills to determine the transferred
influence energy and output. | have found corretegibetween ratio of the speed of the main disc
and the vials and the geometric parameters of iheBased on the rsults of the calculations | have
determined the required parameters for the grindfrigexaferrites and have done experiments.

During the milling experiments first | have done tpremilling experiments of the base materials
(F&0s, Zn0O, NIiCQ, BaCQ). With the set parameters | could reach crystabize less than 100
nanometer during the millings. In the second phafsthe experiments | have done millings in
different medium (ethanol, distilled water, acefpaad also with additive (oleic acid) and studied
the effect of these materials on milling and theffer technological steps of the production of W-
type Ba-hexaferrite. After the finishing of the exjpnents | could show that from the used additives
that were used to help the milling, the best wasdleic acid. By using oleic acid the agglomeration
of the dust particles is blocked, it reduces thmsibn of the milling set (vial and balls) and Jdsit
not least this additive is ecologically beneficiagcause it is effective at a very low amount (0,2
mass percent). In the final part of my researchave partly modified the classical ceramic
technology (used high energy ball milling insteddlaw energy ball milling and applied lower
sintering temperature). With these | could prodiégype barium-hexaferrite. | have featured the
structural, morphological, magnetic and dielectfiaracteristics of the produced material and fully
documented the producing procedure.




SUMMARY

According to my examinations | have formulated negyvrscientific results that are summarized in
an individual thesis booklet. At last | have madggestions for the empirical usage of the results
and for further research tasks.

By developing the correlation between the creatediehof the grinding process in the planetary
ball mill and the milling parameters; and by theulées of the completed calculations we could get
new information about the delivered energies to gheds and the efficiency of milling. The
discovered new information lead to a more desighabechanical milling for the experts who
develop production technologies and research naddeaind the process also opens new ways for
different applications in case of factual ceramatenials.
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