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Abstract
Synthesis and characterization of rare earth
free magnetic materials for permanent magnet
applications
Johan Cedervall
In this thesis the compounds Fe5SiB2 and Fe5PB2 have been
synthesized via high temperature synthesis, including arc melting and
drop synthesis. The structure for both compounds are of Cr5B3 type
with the space group I4/mcm. The cell parameters were refined to
a = 5.5533 Å and c = 10.3405 Å for Fe5SiB2 and a = 5.4903 Å and
c = 10.3527 Å for Fe5PB2. The saturation magnetization at room
temperature for Fe5SiB2 has been measured to 138.8 Am2/kg and the
anisotropy constant has been estimated to 79 kJ/m3. The
ferromagnetic properties and the high anisotropy constant makes
these materials promising as permanent magnet materials, but more
investigations are necessary.

Populärvetenskaplig sammanfattning
Permanentmagneter har i dagens samhälle blivit allt viktigare i energiintensiva
områden. Det gäller exempelvis som generatorer i elbilar och vindkraftverk.
Dagens starkaste permanentmagneter är av typen Nd2 Fe14 B. Det neodym som
används i konstruktionen av dessa är en osäkerhetsfaktor för producenterna.
Priserna uktuerar eftersom tillgången är osäker och det mesta av resureserna
nns i Kina, vilket gör att de kan styra priset. När neodym ska brytas ur
marken görs det i dagbrott som förstör naturen i stora områden. Dessutom så
bryts neodym med en rad andra ämnen (däribland uran) vilket gör att de måste
separeras från varandra. Detta görs med stora mängder syra som är skadligt
för miljön och arbetarna. Att neodym nns tillsammans med uran (och andra radioaktiva föreningar) gör att brytningen måste ske med stor tillförsikt
för att undvika strålskador hos gruvarbetarna. Ekonomiska tillsammans med
miljöaspekter (både för natur och för människa) gör att alternativa permanentmagnetiska material eftersöks.
I detta projekt har två järnbaserade föreningar undersökts. Dessa har sammansättningarna Fe5 SiB2 och Fe5 PB2 . Syntesen har gjorts från de rena grundämnena järn, kisel, fosfor och bor med högtemperatursyntesmetoder. Kristallstrukturen hos de syntetiserade föreningarna har karakteriserats med röntgendiraktion.
De magnetiska egenskaperna hos Fe5 SiB2 har analyserats. Detta visade en
mättnadsmagnetisering på 138,8 Am2 /kg och en anisotropikonstant uppskattades till 7, 9 · 104 J/m3 vid rumstemperatur. Om värdet för mättnadsmagnetiseringen jämförs med värdet för Nd2 Fe14 B, vilket är 168,6 Am2 /kg, inses det att
värdet för Fe5 SiB2 är högt. Då en magnetiseringskurva uppmättes som funktion
av temperatur så hittades ett intressant fenomen, nämligen en uktuation i kurvan, ett maximum för magnetisering erhölls vid 165 K. Det var inte att förvänta
eftersom mätningen skedde väl under Curietemperaturen och materialet då ska
vara ferromagnetiskt.
För att sammanfatta nns det potential hos de undersökta materialen att
fungera som permanentmagnetmaterial. Dock behövs er undersökningar för
att få en klar bild av potentialen.
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1

Introduction

In today's high energy consuming society, permanent magnets have become
essential for energy production and energy consuming elds. In 2006 the worlds
total energy consumption was estimated to 16.38 · 1012 kWh [1] and the energy
consumption will continue to grow. That means that the human race must
invent smarter ways to produce energy as well as invent more ecient usage
of the energy. One smart way in energy production is to avoid carbon based
fuel and instead use renewable energy. In smarter energy usage, for permanent
magnets, it includes wind power plants and electric cars [2]. The invention
of better (stronger and lighter) magnetic materials would mean a signicant
increase in the eciency of electric generators and would lead to signicant
nancial savings as well as lower CO2 emissions [1].
The rst magnetic material discovered, Fe3 O4 , was named magnetite after
the place of its discovery [3]. The place, located in today's Turkey, was called
Magnesia. The exact history of magnetite is uncertain but its power to attract
iron was known about 2500 years ago. Sailors later realized that a needleshaped
magnet carefully placed on water would turn so it pointed north. It was called
Lodestone, an ancient English word which means "waystone, because it shows
the way. That was the rst discovery of a what we today call compass.
After the discovery of magnetite nothing of signicance (in the eld of magnetism) happened until 1951 when the hexagonal ferrites were discovered at
Philips in the Netherlands [4]. Because of that discovery, magnets could be
produced in all desired shapes and not just in bars or horseshoes as it had been
since around 1743. The next great breakthrough was in 1966 when the rst rare
earth magnet, SmCo5 , was manufactured. The rare earth magnets could be
made stronger and smaller and were thus more desirable. Today, the strongest
magnetic material is the ternary phase Nd2 Fe14 B, which was rst synthesized
in 1979 and is currently the most used material for permanent magnets.
However, the good properties of Nd2 Fe14 B as a permanent magnetic material has its drawbacks. The main drawback is that it contains neodymium.
Neodymium is a rare earth element and even though rare earth elements are not
that rare (about 25 mg/kg in the earths crust [5]), is it only in certain places of
the world that it has nancial interests to mine. The production of neodymium
today is about 7000 to 20000 metric tonnes per year, of which China produces
about 97% [6]. Of all the neodymium magnets produced each year, China has
76% of the world production [7]. The great dominance of China on the market
gives that they can to a large extent control the price of both the neodymium
ore and the manufactured magnets. The price of neodymium oxide is for the
last few years is presented in table 1. The dierence in price for exported oxides
and domestic oxides (sold inside China) is quite large and depends on export
taxes, which in this case varies between 15% and 25%. The drastic increase in
price in 2011 was due to China's reduced export quotas in 2010 [8]. As an eect
of that many mining companies started producing more rare earth oxides than
before, and that is why the price is currently dropping.
The uncertainties with the price and supply of neodymium is not sound
3

Figure 1: Neodymium oxide (99% purity) price from China for the last few
years. Also the dierence in price for exported oxide and the oxide sold inside
China is displayed. All prices is displayed in US$/kg. [9]
for the magnet producers. But it is not only the price of neodymium magnets
that has negative characteristics, there are also prospects of the environment
that needs consideration. It is never possible to mine neodymium on its own,
it usually comes in a jumble of other rare earth elements along with other
minerals. These other minerals often contains radioactive isotopes of thorium
and uranium [5, 10]. Therefore all the negative aspects of uranium mining
of the Swedish environmental protection agency is applicable to neodymium
mining as well. The main reported environmental problems from the Swedish
environmental protection agency concerning uranium mining is [11]:
 Damage to the visible environment (mostly concerns mining pits).
 Release of toxic substances, especially the radioactive isotope of radon.
 Release of acidic leachate, due to the use of sulfuric acid as a leachate.
An example of the downside of neodymium mining can be found in the
town Baotou in China [5]. Almost half of the worlds rare earth elements are
mined and produced in Baotou. The residual waste of the production, such
as radioactive residues, acidic leachate and other process specic chemicals, is
4

placed in a pool with a size of 10 km2 . Roughly the pool contains 230 · 106 m3
toxic waste, and its content is continuously increasing. The inhabitants of this
city die already at an age of about 50. There are studies that show a signicant
increase of cancer, osteoporosis in children and lung diseases as a consequence
of mining of rare earth elements.
The economical issues along with the environmental issues from rare earth
elements justies our search for substitutes for these neodymium magnets. That
is why the materials in this thesis do not contain rare earth elements. The studied materials are the iron rich compounds Fe5 SiB2 and Fe5 PB2 . Earlier studies
of Fe5 SiB2 in 1976 [12] and Fe5 PB2 in 1975 [13], have shown ferromagnetic
properties at room temperature, a quality that is necessary for the application
of permanent magnets. However, today there are other analytical techniques for
magnetic measurements available and therefore it is of interest to study these
materials further.

2

Theory

The phenomenon of magnetism is related to the spins of the unpaired electrons
in the atoms [3]. For permanent magnet applications the spin phenomenon
called ferromagnetism is the most important, since ferromagnetism is what gives
the material its magnetic properties to function as a permanent magnet. In a
ferromagnetic material all the spins of the electrons are oriented in the same
direction, as seen in gure 2 in the low temperature range. It is in this ferromagnetic region that the material has a magnetic moment. When the temperatures
increases the magnetic moment decreases, which is due to a transition from a
ferromagnetic state to a paramagnetic state. In the paramagnetic region all
electron spins are oriented randomly in the crystal and that leads to no, or
small, magnetic moment. The temperature where the shift from the ferromagnetic state and the paramagnetic state occur is called Curie temperature, Tc ,
named after Pierre Curie who was the rst to discover this phenomenon [3].
Besides from having a Curie temperature over the working temperature of
the magnet there are some other properties that are important for a good permanent magnet. Many of them can be found in a M(H) curve (or B(H) curve
since B = H − 4πM ), which is a plot of the magnetization in the material as
a function of the applied magnetic eld. An illustrative plot can be found in
gure 3. As can be seen in gure 3 starting at the origin, the rst point of
interest is the saturation magnetization, Ms , where maximum magnetization is
reached for the material. When removing the magnetic eld the magnetization
decreases. At the point where the magnetic eld is zero the magnetization has
reached remanent magnetization, Mr . Remanent magnetization is ability for the
substance to retain magnetization. If a negative magnetic eld is then applied
the point where the magnetization is zero will be reached. That point is called
coercivity, Hc , and is the magnetic eld required to coerce the material back
to zero induction. At a point between Mr and Hc a key aspect for permanent
magnets is found. That is (BH)max , found in gure 3 as working point, and
5

Figure 2: Magnetization as function of temperature for the Curie transition of
a ferromagnetic material. Also the dierent spin ordering is displayed for the
ferromagnetic region (below Tc ) and the paramagnetic region (above Tc ).
is called the energy product. The energy product is a quantity of the stored
energy in the magnetic eld created in the magnet [4].

Figure 3: M(H) plot where magnetization is a function of magnetic eld. In
the plot the properties Ms , Mr and Hc is displayed. Also the working point is
displayed and that point corresponds to (BH)max [4]
6

When considering polycrystalline material, which were studied in this thesis,
the direction of the spontaneous magnetic moment might be dierent between
dierent grains. It might also be dierent inside single grains if the grains are
large enough [14], such regions inside the grains is denoted as magnetic domains.
The direction of the magnetic moment inside a domain is based on a direction
of easy magnetization and comes from anisotropy energy. When applying a
magnetic eld the direction inside this domains is forced to turn in the direction
of the applied moment, this eect is also visualized in gure 3. The strength
of this anisotropy energy is linked to the anisotropy constant, K1 , that in turn
depends on the structure of the studied system. The anisotropy constant is also a
contributing factor of the ability to withstand demagnetization from itself. The
ability to withstand such demagnetization can be expressed with the magnetic
hardness parameter, κ [4].

3

Aim

The aim in this thesis is to synthesize and evaluate the iron rich compounds
Fe5 SiB2 and Fe5 PB2 , with emphasis on the structural and magnetic properties
to determine if they are suitable candidates as permanent magnet materials.
The structure will be investigated using X-ray diraction and the magnetic
properties will be investigated using SQUID-measurements (superconducting
quantum interference device). The focus of the magnetic measurements will be
on the saturation magnetization and the anisotropy.

4

Experimental

4.1 Synthesis
The alloys studied in this thesis, Fe5 SiB2 and Fe5 PB2 , were synthezised in two
steps. First master alloys of FeSi, Fe2 P, FeB and Fe2 B were synthesized from
stoichiometric amounts of iron (Leico Industries, purity 99.995%. Surface oxides
were reduced in H2 -gas.), silicone (Highways International, purity 99.999%), red
phosphorus (Cerac, purity 99.999%) and boron (Wacher, high purity). Secondly
the master alloys were mixed stoichiometrically to get the nal alloys. Two types
of techniques were used to obtain these alloys, arc melting and drop synthesis,
and the nal alloys were heat treated to get uniform samples.
4.1.1 Arc melting

The arc melting technique is used widely in synthesis of alloys and inter metallic
compounds. It is used both in laboratory scale and in industrial production. The
steel industry is an example of the latter [15]. The varied use of the technique
is large, it can process new alloys as well as steel from scrap. In the arc furnace
a plasma arc is created between an electrode, usually based on tungsten or
graphite, and a plate with a large potential dierence. Both the cathode and
7

the plate is water cooled to prevent breakage. To produce the alloy the plasma
arc is moved to the sample and the high current will heat it and nally melt it.

Figure 4: The arc furnace used in this thesis to synthesize the master alloys
FeSi, FeB, Fe2 B and the nal alloys.
The instrumentation setup used in this thesis, shown in gure 4, is based on
a tungsten cathode and a copper plate where the sample is placed. To remove
the oxygen inside the furnace the atmosphere was evacuated with a vacuum
pump and rinsed thoroughly with pure argon gas three times before turning on
the arc. After the rinsing process argon was added into the furnace chamber
to a pressure of 400 torr. This is because the plasma arc needs a medium to
get started. When the arc was lit a getter made of titanium was melted for
ve minutes. In this way the titanium could react and remove the last traces
of oxygen that otherwise would contaminate the reaction before the plasma arc
was placed upon the sample that was produced.
The master alloys containing iron, silicon and boron were all synthesized
using the arc furnace. To get homogeneous samples several meltings were required due to the temperature dierence between the plasma arc and the water
cooled copper plate. To prevent the sample from shattering upon remelting all
master alloys were crushed, grinded and then pressed to pellets that was melted
together. In total the master alloys were melted three times. Using the master
8

alloys the nal alloys Fe5 SiB2 and Fe5 PB2 were obtained by arc melting the
master alloys in stoichiometric amounts. The nal alloys were melted ve times
and turned between each melting to become as homogenous as possible before
annealing.
4.1.2 Drop synthesis

When working with substances with high vapor the arc melting technique will
not suce. The high temperature from the plasma arc will evaporate the substance and it will condensate on the cold walls of the furnace. One such substance is phosphorus. To synthesize the Fe2 P master alloy the technique of drop
synthesis [16] was therefore used.
An image of the entire setup used for can be found in gure 5. An alumina
crucible (8) with pieces of iron is placed in a silica tube (7). On the bottom of
the tube is a vacuum pump (11) and inlet for argon gas. At the top of the silica
tube is a viewing window (1) and a horizontal glass tube (5). The glass tube
contains lumps of red phosphorus (3) and a bar magnet (4). Around the alumina
crucible, outside the silica tube, is an electromagnetic coil placed (9). The coil
is connected to an high frequency furnace, which generates a magnetic eld.
The current through the coil changes with high frequency and the alternating
magnetic eld, which in turn induces electrons in the iron to move rapidly and
due to resistivity heat is formed.

9

Figure 5: An illustrative sketch of the used setup for the drop synthesis of
Fe2 P (a), (1) viewing window, (2) gas inlet, (3) lumps of red phosphorus, (4)
soft magnetic iron pusher, (5) Pyrex glass container, (6) silica funnel, (7) silica
tube, (8) alumina-oxide crucible, (9) RF work coil, (10) iron melt, (11) vacuum
connection. The image (b) was taken right after the synthesis was completed
and the glow from the alumina crucible is generated from the melted alloy at a
temperature of approximatley 1400°C.
When the setup was assembled the atmosphere was evacuated with a vacuum pump. To remove all potential oxygen contamination, the furnace was
thoroughly rinsed with pure argon gas and evacuated in between.
After the thorough pumping the synthesis was performed with an argon gas
pressure of 400 mbar. The high frequency oven was then turned on and the
current through the coil was slowly raised to the maximum current of 1.4 A. As
the current raised so did the temperature of the iron pieces. As the temperature
increased the pieces of iron started to melt. With a prism on top of the viewing
window the melt could be observed and the temperature could also be estimated
with a pyrometer. When a stable melt had been formed the lumps of phosphorus
was dropped from the horizontal glass tube, via a silica funnel, into the melt.
To drop the pieces a magnet on the outside was used to manipulate the bar
magnet in the glass tube. The lumps of phosphorus was dropped one at a time
10

to get the pieces to react with the melt and to avoid combustion.
4.1.3 Heat treatment

Silica tubes were rinsed with ethanol and sealed in one end. The nal alloys
were crushed in a cemented carbide crucible and pressed into pellets and placed
inside the silica tube which was evacuated and sealed. The sealed and evacuated
ampoule was then heat treated, or annealed, for a minimum of ve days at
1000°C. After annealing the ampoule was rapidly cooled in water. The rapid
cooling was performed to keep the phase formed at 1000°C [17, 18].

4.2 Characterization
Two types of properties were investigated in this thesis, the structural properties
and the magnetic properties. The structural properties were investigated using
diraction techniques and the magnetic properties, Tc and anisotropy, were
investigated using a SQUID (superconducting quantum interference device).
4.2.1 X-Ray Diraction

To determine the crystal structure of a crystalline sample X-ray diraction,
XRD, can be used. The technique is based on scattering of X-rays by the electrons of atoms and ions in the material and interference of these scattered X-rays
[19]. At certain angles the diracted X-rays will be in phase and constructive
interference will therefore occur. This will in total give a pattern with certain
intensities at certain angles. Bragg's law describes this phenomena with the
equation
2dhkl sin θ = nλ

where dhkl is the perpendicular distance between two lattice planes, θ is the
angle between the incident beam and the lattice plane, n is an integer and λ
is the wavelength of the X-rays. At other angles the cancellation will occur for
the scattered X-rays. Figure 6 is a graphical representation of Bragg's law.
The setup for XRD used in this thesis was a Bruker D8 diractometer with
a Våntec position sensitive detector with a 4 opening using monochromated
CuKα1 (λ = 1.540598Å) radiation in a θ − 2θ locked-couple setup for powder
diraction. The samples were grinded and suspended in ethanol before being
applied to a single crystal silicon sample holder. The single crystal silicon sample
holder is cut in a direction so that no silicon peaks will occur in the obtained
diractogram.
Phase analysis was performed on the obtained powder pattern via indexing
the peaks. The unit cell parameters (a and c ) were rened for the nal alloys
using CHECKCELL [20], since a shift in cell parameters will lead to a shift in
Bragg reections. A larger unit cell will lead to a shift towards smaller Bragg
angles. Additional phases were identied using the program DiracPLUS EVA.
11

Figure 6: The rules for constructive interference of the scattered X-rays [19].
The extra path the second X-ray travels, that gives constructive interference, is
xyz = nλ = 2dhkl sin θ, all in agreement with Bragg's law.
4.2.2 SQUID

The magnetic eld in the instrument is produced by a superconducting material.
To enable superconductivity the material is required to be cooled, usually with
liquid helium. While doing measurements the magnetic eld is held exact inside
the superconductive material that acts as a shield [3], and the sample is slowly
moved through a superconducting pickup coil and ux quanta are being counted.
The setup used in this thesis for magnetization measurements was a Quantum Design MPMSXL 5T SQUID magnetometer. The magnetization of the
samples was measured as a function of temperature (with a constant magnetic
eld) and also as a function of magnetic eld (constant temperature).

5

Results

5.1 X-Ray Diraction
In gures 7 and 8, the diraction patterns for Fe5 SiB2 and Fe5 PB2 are presented
respectively. As expected both samples crystallize in the Cr5 B3 -type structure
(I4/mcm) [21, 22]. The reason there are two sets of Bragg angles for each diraction pattern is that there are additional (impurity) phases present. In the case
of Fe5 SiB2 , the impurity consist of Fe3 Si, a cubic structure with ferromagnetic
properties [23]. The impurity in the Fe5 PB2 sample is Fe3 P. Fe3 P is tetragonal
[18] and also shows ferromagnetic properties [24]. The amount of the dierent
phases within the samples have also been calculated from the rened diraction patterns. The Fe5 SiB2 sample consists of 97% of Fe5 SiB2 phase and 3%
of the Fe3 Si impurity phase. For the Fe5 PB2 sample the main phase (Fe5 PB2 )
constitutes 92% and the impurity phase (Fe3 P) is 8%.
12

Figure 7: Diraction pattern for Fe5 SiB2 . The black dots represents the obtained diraction pattern, the red line, the calculated and tted curve, the blue
line, the dierence between the observed pattern and the tted curve and the
blue vertical lines, the calculated Bragg reections.
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Figure 8: Diraction pattern for Fe5 PB2 . The black dots represents the obtained
diraction pattern, the red line, the calculated and tted curve, the blue line,
the dierence between the observed pattern and the tted curve and the blue
vertical lines, the calculated Bragg reections.
From the rened data the cell parameters in table 1 were obtained. From
the rened parameters a and c, the volume of each unit cell could be calculated.
The calculated volumes of the unit cells are also presented in table 1.
Table 1: Cell parameters for the synthesized compounds rened from the diraction patterns, also the calculated volumes is presented. Standard deviations is
presented in parenthesis
a (Å)
c (Å)
V (Å3 )
Fe5 SiB2 5.5533(2) 10.3405(5) 318.89(3)
Fe5 PB2 5.4903(2) 10.3527(4) 312.06(2)
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5.2 SQUID
The magnetization of the Fe5 PB2 sample was measured as a function of temperature (with constant magnetic eld at 100 Oe), presented in gure 9, and as
a function of magnetic eld (constant temperature), presented in gure 10. In
the M(T) measurement (gure 9) the expected behavior is a straight horizontal
line since the measurement is preformed below the Curie temperature, which
is reported to 784 K [12]. This is however not the case in this measurement.
Instead the magnetization increases from room temperature (∼6.5 emu/g =6.5
Am2 /kg) down to 165 K where the magnetization reaches a maximum (∼8.25
emu/g = 8.25 Am2 /kg). When lowering the temperature further the magnetization decreases to ∼5.5 emu/g = 5.5 Am2 /kg at 30 K.

Figure 9: Magnetization as a function of temperature. The magnetic eld is
held constant at 100 Oe.
From the behavior in the M(T) measurement three temperatures were chosen
to see why the M(T) curve behaves the way it does. Therefore the temperatures
30 K, 165 K and 300 K were chosen. From these measurements, gure 10, the
saturation magnetization was calculated and presented in table 2.
15

Figure 10: Magnetization curves for three dierent temperatures with magnetization as a function of magnetic eld. The three temperatures is 30 K (black
squares), 165 K (red dots) and 300 K (green triangles).
Table 2: The calculated saturation magnetization for the magnetization curves
in gure 10.
Temperature (K) Ms (Am2 /kg)
30
148.2
165
145
300
138.8
For the room temperature measurement the anisotropy was estimated by
making a plot of M vs 1/H2 in the high eld area. In that region the curve will
be linear and the slope will be equal to K1 . K1 was estimated to 7.9 · 104 J/m3 .
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6

Discussion

From the XRD patterns and the renements in gures 7 and 8 it can be seen
that impurities are present in each sample. The impurities have been identied
and are at low concentrations (3% and 8% respectively). The impurities are
formed when arc melting the master alloys together to the nal alloys, but
the impurity concentration in both samples have been lowered after annealing.
These additional phases will contribute to the properties of the sample, but the
question is to what extent since Fe3 Si has Tc =840 K [23] and Fe3 Si has Tc =716
K [24], both higher than the reported Curie temperature of Fe5 SiB2 and Fe5 PB2
respectively. So given the temperature range that has been investigated in this
thesis and the fairly low amount of the impurity phases it is presumed that the
observations originates from the main phase of the samples.
The cell parameters are somewhat larger than the previously reported cell
parameters (Fe5 SiB2 : a = 5.54 Å, c = 10.32 Å [21] and Fe5 PB2 : a = 5.85 Å,
c = 10.34 Å [18]). This might be explained by a deviation in stochiometry due
to the impurities, since the iron and boron that are not part of the impurity
phase or the main phase can be placed in interstitial positions and in that way
increasing the unit cell.
For the magnetic measurements the saturation magnetization is roughly the
same for all three investigated temperatures (table 2), with the highest Ms
for the lowest temperature and the lowest Ms for the highest temperature. But
from the magnetization versus temperature measurement (gure 9) the expected
behavior for the saturation magnetization is that the highest should be at the
temperature 165 K. However, it should be emphasized that there are very small
dierences in the saturation magnetization. The value at room temperature
should also be compared to values for neodymium magnets, Nd2 Fe14 B has a
saturation magnetization of 168.6 Am2 /kg at room temperature [4], and then
it is realized that Fe5 SiB2 has high Ms .
In gure 10 no hysteresis is observed, that might be due to large grains so
there are several magnetic domains in every grain. The fact that no hysteresis
can be observed has a drawback since it means that neither Mr , Hc or (BH)max
could be observed. To be able to compete with the neodymium magnets that
are in use today, the magnetization properties must be in the same order of
magnitude. This is because the applications in the energy sector, electric cars
and wind turbines, desire strong magnets with a low mass. There are however other areas in energy production where the mass of the magnet are not
as important than the strengh, for example vertical wind turbines and wave
turbines. In those elds it might even be easier to use other magnets if they can
be manufactured at a lower price level.
The kink in the M vs T curve (gure 10) is peculiar and its dependence is
unknown. One hypothesis is that there is a phase transition (either atomic or
magnetic) for that temperature.
The estimation of K1 is not an exact method of measuring anisotropy, it
only gives a rough estimate.
17

7

Conclusion

A successful synthesis route has been developed and the desired compounds have
been synthesized. Both samples has previously been reported as ferromagnets
which is the rst requirement for a permanent magnet. The Fe5 SiB2 sample
shows interesting magnetic properties in the ferromagnetic region. The saturation magnetization is fairly high, 138.8 Am2 /kg at room temperature, which is
also promising for the permanent magnet application. For the estimation of K1
a rather high value, 7.9 · 104 J/m3 , is presented.
In conclusion, these materials are promising as permanent magnet materials
but more investigations are needed.
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Future investigations

These systems are very interesting and will need more work. I would propose
that the samples will be re-synthesized to avoid the impurity phases. It will be
good to try an alternate synthesis route where the master alloys will be mixed
as powder, pressed into pellets and then sintered and annealed.
For the magnetic properties it would be useful to examine the Curie temperature properly for both samples. To fully examine the materials potential,
magnetization curves with hysteresis must be obtained. In that way the properties Mr , Hc and (BH)max can be evaluated, which are some of the key features
for peramanet magnet materials. Also the magnetic structure would be interesting to investigate using neutron diraction.
The kink in the magnetization versus temperature curve would also be good
to look closer at. First it would be good to examine the atomic structure
at low temperatures. Also in-situ measurements could be of interest, that is
measurements where X-ray diraction is performed at low temperature with a
magnetic eld operating on the sample.
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