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Abstract

Fe-based amorphous powders are fabricated through gas and water atomization
using industrial grade raw materials. The atomic structure of the powder is exam-
ined by X-Ray Diffraction (XRD). Eight of totally thirteen different compositions
are proved completely amorphous or amorphous with traces of crystalline phase
in the desired powder particle size (d > 75 μm) and five are crystalline. It reveals
that the Glass Forming Ability (GFA) of atomized powders is well correlated to
the GFA of as-casted rods or melt-span ribbons. In the present study at least
1.5-2 mm critical size of GFA for a target composition is necessary for the forma-
tion of amorphous powders in the desired particle size. The thermal stability of
the amorphous powder is examined by Differential Scanning Calorimetry (DSC).
Applying the conventional powder metallurgy process the amorphous powders are
mixed with the crystalline Somaloy R© 110i, a commercial Soft Magnetic Compos-
ite (SMC) material from Höganäs AB in Sweden, and made into toroid-shaped
components. The components are annealed aiming for improved soft-magnetic
properties. The magnetic measurements are taken on copper-wire double coiled
toroids. As a result, the total magnetic flux (B), coercivity (HC) and permeability
(μmax) is reduced due to the addition of amorphous powders to Somaloy R© 110i
powder but the core losses (P) is at the same level despite reduced density. An im-
proved soft magnetic property and core loss is revealed by the comparison to recent
literature reports on SMC mixing of crystalline and amorphous powders.

Keywords: Amorphous metals, Bulk Metallic Glasses (BMG), Soft-magnetic
properties, Soft-magnetic Composites, amorphous powder, core loss, electro-magnetic
applications.
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Introduction

In a world dependent on electric power with an ever accelerating consumption
of electricity and with an ever increasing threat from the green house effect and
general degradation of the environment, every step to decrease consumption and
loss of energy is a step in the right direction. One way to meet the need for
electricity is obviously to increase the production. This will however be connected
to increased strain on the environment and natural resources. A more indirect way
to attack the problem is to reduce the core losses that is related to the generation
and transformation of electricity. All transformation from generator to electric
socket and finally hair dryer or computer screen is done by a rather simple device
consisting of copper winding around a core of a soft-magnetic material, usually iron
or an electric steel, and losses comes from the resistance in the copper and from
the magnetization of the core material. A calculation [1] of the energy losses due to
losses in the core during transformation estimates that the size of these losses are
3.4% of the total power consumption which can be recalculated to a considerable
amount of kilowatts and kilograms of CO2-emissions. Depending on the type of
material and production parameters the losses due to the magnetization of the
core can be at different levels.

Höganäs AB is a Swedish company that produce iron-powder based soft-magnetic
composites for the power electric industry and. In the scientific community great
progress have recently been made in the Fe-based bulk metallic glasses as a soft
magnetic material with beneficial properties as low coercivity and core loss. Due
to these properties the amorphous structured metallic glasses are interesting as an
additive to the soft-magnetic materials produced by Höganäs AB.

This thesis is to be considered as a pre-study of the effect by amorphous pow-
der as an additive to the crystalline iron-powder produced by Höganäs AB and
the hypothesis that amorphous powder will improve the soft-magnetic properties
is tested. The possibility of producing different compositions with conventional
powder atomizing is investigated as well as magnetic properties of amorphous mix-
tures using XRD-analysis, DSC-analysis and conventional magnetic measurements
on copper coiled toroid samples.
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Nomenclature

μB Bohr magneton

pm Magnetic dipole moment

B Total magnetic field

H External applied magnetic field

M Magnetization

μ Permeability

μr Relative permeability

μ0 Permeability of vacuum

χm Magnetic susceptibility

Bs Total magnetic flux saturation

Ms Saturation magnetization

HC Coercivity

P Core loss

TL Liquidus temperature

Tg Glass-transition temperature

Tx On-set crystallization temperature

RC Critical cooling rate

Dmax Critical size

BMG Bulk Metallic Glass
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1 Background

1.1 Magnetic Properties [2] [3] [4]

In order to understand magnetic properties the origin of magnetism must first be
understood. Magnetism is the result of electric charge in motion. The most basic
magnet is therefore an electron orbiting the atomic nuclei and spinning around its
own axis. Therefore all materials are magnetic to some degree. Some materials
are more strongly magnetic, like iron or cobalt, due to the electrons spin around
their own axis which is the cause for most of the magnetism. The magnetic dipole
moment or magnetic strength due the spin of an electron is called Bohr magneton,
see Equation (1) [2].

µB =
eh

4πm
= 9.27 · 10−24

[
A

m2

]
(1)

The spin of the electrons in an atom interact with each other by a quantum-
mechanical process called exchange. This interaction can due to opposite spins
cancel out the magnetic dipole moment, pm, from the electrons giving the atoms
no or small net magnetic dipole moment. Atoms with net magnetic dipole moment
and net spin can be considered as atomic magnets. These atomic magnets will, just
as regular magnets e.g a compass needle, align with an applied external magnetic
field, H. The energy, E, of an atomic magnet under an applied field can be seen
in Equation (2) [2] [4]. Here μ0 is the permeability of vacuum. It is clear that the
minimum energy state for the atomic magnets is to align with H.

E = −µ0pmH

[
J

]
µ0 = 4π · 10−7

[
H

m

]
(2)

For materials with atomic magnets the nature of the interaction or exchange be-
tween atoms determines the magnetic properties of the material. An uncoupled
exchange gives a random distribution of the direction of the remaining magnetic
dipole moment which makes the material very weakly magnetic. The exchange can
also be coupled giving the electrons parallel or anti-parallel spin. The response
of a material to an applied external field is the magnetization, M, is used to de-
scribe the magnetic properties of the material. The relative permeability, μr, and
magnetic susceptibility, χm, describes this response, see Equation (3) [2]

µr = 1 +
M

H
= 1 + χm (3)

If the atomic magnets align with and add to the applied field the material is
called paramagnetic (χm>0 and μr>1) and in some material an applied field in-
duce an opposite magnetic field in the material which reduces the total magnetic
field. These materials are called diamagnetic (χm<0 and μr<1), see Figure 1. For
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paramagnetic materials atoms with anti-parallel spin the direction of neighbour-
ing atomic magnets are opposite and cancel each other out giving the material
anti-ferromagnetic properties i.e. small or no reaction to an applied external field
(χm≈0 and μr≈1).

Figure 1: The magnetic behaviour of paramagnetic (I) and diamagnetic (II) materials.

If the magnetic dipole moments of anti-parallel neighbouring atoms are not equal
some net magnetization remains and the material will react to an external applied
field but macroscopic magnetization will be small. These materials are known as
ferrimagnetic (χm>0 and μr>1). If the net spin of atoms, i.e. the direction of the
atomic magnets, instead are parallel their magnetic dipole moments can be added
up which gives the material ferromagnetic properties (χm»0 and μr»1). These
properties are visualised in Figure 2.

Figure 2: The magnetic behaviour of Ferromagnetic (I), Ferrimagnetic (II) and Anti-
ferromagnetic (III) materials.

If a ferromagnetic material is put in an external magnetic field the atomic mag-
nets will align with the field and give the material a macroscopic magnetization,

2



M, which adds to the external field increasing the total magnetic field, B, see
Equation (4) [2]. Here μis the permeability of the bulk material.

B = µ0(H +M) = µ0µrH = µH (4)

If all coupled atoms, N, in a material point in the same direction they add up to
a maximum magnetization in the material called saturation magnetism, MS, see
Equation (5) [2]. For high permeability materials the addition from the applied field
to the total magnetic flux is low so when the material reach saturation magnetism
Ms the total magnetic flux is at magnetic saturation, Bs.

Ms = Npm (5)

Within a ferromagnetic material each volume element can be magnetized to satu-
ration. However, the material is divided into domains in which the atoms net spins
are parallel but the direction differs between the different domains. The domains
are separated by a domain wall of gradually changing direction, see Figure 3 and
Figure 4.

Figure 3: Domains and domain wall motion under an applied field upwards in figure.

Figure 4: Schematic illustration of domain walls.

If an external magnetic field is applied to the material the energy of the domains
parallel and with the same direction as the applied field has the energy according
to Equation (6) [2].

E = −µ0MsH

[
J

]
(6)

It is clear that in order to reduce the energy opposite domains must change direc-
tion giving the material a macroscopic magnetization. The direction change of the
opposite domains is achieved by movement of the domain walls, see Figure 3. The
ease of which the domain wall in material can move determines the macroscopic
materials response to an applied magnetic field and depends on the materials ho-
mogeneity and micro structure. The presence of grain boundaries, inclusions or
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dislocations hinders the domain wall movement. If the walls move easily low fields
are needed for saturation , i.e. high permeability, and the material loses its mag-
netization if the applied field is removed. These materials are called soft magnetic.
If the domain walls are harder to move the response to a reduced field is slower
and if applied field is removed some magnetization remains creating a permanent
magnet, these materials are called hard magnetic, see Figure 5. The field required
to reset the magnetization to zero is called coercivity or coercive force, Hc.

Figure 5: The general hysteresis behaviour of soft magnetic (a) and hard magnetic (b)
materials.

However, in real ferromagnetic materials there is a random distribution of the
direction of the magnetization in the domains, see Figure 6. These materials have
magneto-crystalline anisotropy and have easy axis along which the material prefers
to be magnetized i.e. magnetization in this directions gives an energy minimum
for the domain. If the direction of an applied field differs from the direction of
the easy axis extra energy is needed to rotate from the easy axis. It will also
offer a resistance for the atoms to align with the applied field by generating an
energy barrier which must be overcome resulting in a slower response to a varying
field. The energy required to rotate the magnetization φ from its easy axis, Ean,
is different for different materials and is described by the magnetic anisotropy
constant, K, see Equation (7).

Figure 6: Schematic illustration of the random distribution of the direction of the
magnetization in the domains, i.e. the magnetocrystalline anisotropy.

Ean = Ksin2φ (7)
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1.2 Core losses [5] [6] [7]

A soft magnetic materials used as a core in an electric component is often put
under a varying field i.e. the applied field change direction with a certain frequency
forcing the material in the core to shift its magnetization as well. A perfect soft
magnetic material would do this without resistance but in reality there are losses
in energy which are called core losses, P. The losses are divided into three pars for
which the total sum is the total core loss:

1. Hysteresis loss (Ph)

2. Eddy current loss (Pe)

3. Residual loss (Pr)

The hysteresis and eddy current losses contributes most to the total core loss,
P. Ph comes from the redirecting of the domains within the material which is
affected by the presence of impurities, grain boundaries and dislocations and can
be determined by the area of the hysteresis loop, see Equation (8) [6] where f is
the frequency of the applied field. At low frequencies Ph is the largest part of the
total core loss.

Ph = f

∫
HdB (8)

Due to the varying applied field eddy currents are induced in the core material
which give losses. These currents follow a rotating pattern like a swirling eddie and
this is the cause of the losses through resistive heating of the material (P=I2R).
Pe can be estimated with Equation (8) [6] where C is a constant, f is frequency, ρ
is resistivity and d is thickness of the material.

Pe =
CB2f2d2

ρ
(9)

The residual losses or anomalous losses are very small in comparison to the other
two and are not well defined in literature, but are said to be caused by the counter
fields created by the eddy currents.

1.3 Amorphous and Nano-crystalline materials [8] [9]

It is well known that metals and alloys normally solidify into an ordered crystalline
structure due to the reduced energy state that the ordered structure generates.
However, with fast cooling rates and carefully designed compositions it is possible
for a metal alloy to solidify with a metastable amorphous structure, see Figure 7 [10]

and Figure 8 [10], similar to a glass, these materials are known as metallic glasses or
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amorphous alloys. The metallic glasses were discovered in 1959 by Klement et.al.
in the alloy Au75Si25. After that many other glass forming alloys were discovered
all having limited number of shapes due extremely high cooling rates. This also
restricted the thickness of the produced material to less than 100 μm. A new
method of producing metallic glasses were developed in 1976 based on the concept
of melt spinning. This led to the commercial alloy Metglas which is an alloy of
iron, nickel, boron and phosphorous. During the 1980’s much progress were made
and metallic glasses with a thickness in millimeter scale and critical cooling rate
in the range of 1-100 Ks-1, based on multicomponent systems of La, Mg, Zr, Pd,
Fe, Cu, Al and Ti, were developed. These cooling rates enabled for casting of
metallic glasses in metal moulds and for the metallic glasses to be studied and
used in industrial applications.

Figure 7: Illustration of a crystalline
atomic structure.

Figure 8: Illustration of an amorphous
atomic structure.

1.3.1 Glass-transition [11] [12] [13] [14] [15]

The glass-transition or vitrification of liquid is the transformation of a liquid in
to solid state without crystallization. The transformation takes place at the so
called glass-transition temperature, Tg, below the equilibrium temperature for the
solidification, i.e. the liquidus temperature, TL, leaving the liquid structure frozen
in as a non-equilibrium state. At Tg one thus observe a sudden but continuous
change in thermodynamic properties as volume or specific heat. This can be
compared with the discontinuous change for the crystallization at TL, see Figure 9.
After the glass-transition no redistribution of atom can be seen and the material
can be considered solid with an amorphous structure.

In order to achieve this structure the nucleation and crystal growth during cooling
under the liquidus temperature must be avoided. At these temperatures there is a
driving force for the nucleation of crystals due to the reduced Gibbs energy of trans-
forming bulk liquid into the thermodynamic stable crystalline phase. However, the
nucleation of crystals introduces new surfaces which oppose the nucleation by the
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Figure 9: Illustration of the characteristic continuous and discontinuous change in
volume for glass-transition and crystallization. Tg is the glass-transition temperature
and TL is the liquidus temperature.

positive energy contribution of the interfaces, i.e. surface energy. These two en-
ergy contributions generate an energy barrier which must be overcome in order to
form stable nuclei with critical size, d*, see Figure 10. For such nuclei to form and

Figure 10: Illustration of the energy barrier for stable nucleation. ΔG* is the energy
barrier for nucleation and d* is the critical size of the nuclei.

grow there must be a mass transport of atoms within the melt. This transport is
dependent on the diffusivity of the atoms in the supercooled melt. The diffusivity
is dependent on the viscosity, i.e. an increase in viscosity reduces the diffusivity of
the melt according to the Stokes-Einstein equation, see Equation (10) [11]. Here d
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is the average atomic diameter, kB is Boltzmanns constant and η is the viscosity.
The viscosity increase with reduced temperature which can be described by an
Arrhenius equation, see Equation (11) [12].

D =
kBT

3πηd
(10)

η(T ) = η0exp

(
C

T

)
(11)

However, the viscosity of liquid metal does not perfectly follow the Arrhenius equa-
tion, see Figure 11 [16]. These types of liquids are called fragile since they abruptly
can change viscosity due to thermal excitation. The Vogel-Fulcher-Tammann equa-
tion, see Equation (12) [11], describes this behaviour. Here the alloy dependent
fragility parameter, D*, (fragile if D*<10 and strong if D*>20) and η0 are con-
stants and T0 is sometimes referred to as the ideal glass-transition temperature.

Figure 11: Illustration of the strong and fragile viscosity behaviour of liquids.

η(T ) = η0exp

(
D∗T0
T − T0

)
(12)

The nucleation rate is controlled by:

• Thermodynamic factors which are the driving force for nucleation and prob-
ability of overcoming nucleation barrier.

• Kinetic factor which is the viscosity that controls the mass transport within
the liquid
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This is summarized in Equation (13). Here Iv is the nucleation rate Av is a constant
in the order of 1032 and ΔG* is the energy barrier for nucleation.

Iv =
Av

η(T )
exp

(
− ∆G∗

kBT

)
(13)

Based on this it is clear that a higher cooling rate favours the formation of a glass
in an alloy since it more quickly increases viscosity and thereby reduces the nu-
cleation rate and this is what production of amorphous alloys is based on. The
lowest cooling rate needed to form a glass is called the critical cooling rate, RC,
with that cooling rate or higher the viscosity increase is so fast that no nuclei has
time to form and with lower cooling rates there is a chance for forming nuclei.
This can be visualized by a TTT-diagram where RC, is the minimum cooling rate
needed to avoid crossing the crystalline curve or nose, see Figure 12.

The cooling rate of the sample will depend on the thickness of the sample. At the
early stages of the development of metallic glasses the critical cooling rates were
high, around 105-106 [13] K/s, and therefore only thin sample thicknesses could
be achieved. Recently alloys with lower critical cooling rate have been developed
and the term Bulk Metallic Glasses (BMG) introduced for alloys with amorphous
structure at sample size with thickness >1 mm, see Figure 13.

Figure 12: TTT-curve illustrating the
critical cooling rate, Rc, to avoid crys-
tallization.

Figure 13: TTT-curve illustrating the
critical cooling rate, Rc, for a metallic
glass and a bulk metallic glass, BMG.

1.3.2 Glass-forming ability (GFA) [17] [18] [8] [9] [19]

From previous section it is clear that all metal liquids has the possibility to form
metallic glass. However, the critical cooling rate can for most alloys be imprac-
tically high and therefore not realistic to produce. To deal with this the concept
of Glass Forming Ability (GFA) has been introduced to evaluate the suitability of
the alloy for metallic glass. The GFA is a measure of how high Rc needs to be and
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lower Rc means better GFA. All information needed to calculate Rc can be found
in a TTT-diagram where Rc and thereby GFA can be determined by the lowest
rate needed to avoid the nose in the TTT-curve, see Figure 12 and Figure 13.
It is clear that the GFA is linked to the location of the curve on the tempera-
ture and time axis and a curve nose positioned at higher temperatures and times
means lower Rc and better GFA. But TTT-diagrams are difficult, especially for
multicomponent systems which are common for BMGs, to calculate with accuracy
and tedious produce experimentally so a quantifiable more practical way to find
out GFA of an alloy is needed. The obvious and perhaps most reliable quantity
corresponding to GFA is the critical size, Dmax, which is the thickness of the min-
imum dimension of an as-casted monolithic amorphous alloy with a completely
amorphous structure. This is most commonly the largest diameter of an as-casted
tall cylinder with 100% amorphous structure.

Turnbull [20] suggested that the GFA can be estimated by a ratio of Tg and TL, see
Equation (14), also called reduced glass-transition temperature ,Trg. Crystallisa-
tion is only possible at temperatures below TL according to thermodynamics and
kinetics makes crystallization unlikely at temperatures below Tg. To get good GFA
the difference between these temperatures should be minimized, i.e. Trg as high as
possible. This ratio is suitable for simple systems since it was developed based on
a mono-atomic model which may limit its use for more complex systems.

Trg =
Tg
TL

(14)

Turnbull also stated that liquids with Trg=2/3 is only able to crystallize in a small
temperature range and can therefore easily form metallic glass. Another indicator
for the GFA proposed by Inoue et al [21] is the super cooled liquid region ΔTxg, see
Equation (15), which is the difference between Tg and the on-set crystallization
temperature, Tx, where a higher ΔTxg means better GFA.

∆Txg = Tx − Tg (15)

However, these two common ways to estimate the GFA do not always correctly
indicate the GFA for an alloy. For some systems Trg gives a more accurate de-
scription of the GFA and for others ΔTxg is better. Lu et. al [22] presented another
factor considering crystallization during both cooling and heating to estimate GFA
based on Tx, TL and Tg, see Equation (16). They also presented a relation between
the parameter γ and Rc and Dmax, see Equation (17).

γ =
Tx

Tg + TL
(16)

Rc = 5.1× 1021exp(−117.19γ) Dmax = 2.80× 10−7exp(41.70γ) (17)

Inoue et al. [18] [23] [24] [25] proposed some empirical rules which should be fulfilled
in order for a system to be suitable for metallic glass, i.e. have good GFA:
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1. The system should consist of more than three elements
2. The system should contain at least two metallic elements with different

atomic sizes and the difference should not be less than 12 %
3. The elements should have large negative heat of mixing between metallic

components and metalloid’s

The basis for the first rule can be found in the thermodynamics of crystalliza-
tion. If an alloy should be able to form a metallic glass the driving force for
nucleation in the super cooled state must be low. This driving force or the Gibbs
free-energy difference between the liquid and solid state can be calculated with
Equation (18) [8]. Here ∆Hf and ∆Sf is the enthalpy and entropy of fusion for
the forming of crystals at the liquidus temperature.

∆Gl−s = ∆Hf −∆SfTL −
∫ TL

T

∆Cl−s
p (T )dT +

∫ TL

T

∆Cl−s
p (T )

T
dT (18)

To get a low driving force ∆Hf needs to be low and ∆Sf needs to be high. It is
the value of ∆Sf which is associated with the number of elements in the alloy and
more elements will lead to higher values since ∆Sf is proportional to the number of
occupation probability which increases with increased number of elements. Adding
more elements will also make the liquid structure more complex making the for
crystallizations necessary rearrangement of atoms harder. This is the basis of the
second rule where addition of a second larger metallic element will increase GFA
since it will act as glass former inhibiting atomic rearrangement by increasing
the atomic confusion, i.e. complexity, in the liquid. The negative heat of mixing
between elements is necessary in order to achieve a closely packed dense structure
in the liquid which is crucial since it will hinder atomic rearrangements and at
decreased temperatures help the rapid increase in viscosity.

In addition to these rules the it is beneficial for good GFA if the alloy is eutectic or
near eutectic. The nature of an eutectic point indicates the lowest liquidus temper-
ature for a multicomponent system. In the vicinity of this point the temperature
difference between Tg and TL is minimized, neglecting the minor composition de-
pendence of Tg. As a result the GFA is highest in the vicinity of the eutectic
point. Different eutectic systems have different depth of the eutectic point and
with well chosen composition the eutectic temperature can be very close to the
glass-transition temperature leaving only a very small temperature span in which
crystallization can take place.

1.3.3 Nano-crystalline materials [26]

Nano-crystalline materials are materials with nano-scale precipitates of crystalline
phase from an amorphous structure. The transformation into crystalline phase
is either total resulting in a complete crystalline material with very small grain
size or only to a certain extent resulting in a composite structure with crystalline
grains in an amorphous matrix. The latter is used for soft magnetic applications.

11



The soft-magnetic materials are produced by first making an amorphous material
and then annealing the material at a suitable temperature over Tx, which depends
on the composition of the alloy, to partial crystallization. Depending on what
kind of magnetic properties desired there is an optimum of size and volume frac-
tion of crystalline phase. Magnetically hard materials require full or nearly full
crystallization while the magnetically soft materials require only partial crystal-
lization.

1.3.4 Magnetic Properties [11] [27] [28] [29]

Today the use of amorphous alloys in magnetic and electric applications is due to
their good soft magnetic properties. The characteristic soft magnetic property of
BMGs is low coercivity coming partially from the lack of dislocations and grain
boundaries which for crystalline materials hinder domain wall motion. The big-
ger contribution to the good soft-magnetic properties of amorphous alloys is the
favourable magnetic anisotropy, i.e. low magnetic anisotropy constant which in-
dicates that less energy is needed to rotate the atomic magnets in the material.
The low anisotropy constant is a consequence of the random and disordered nature
of the atomic structure in an amorphous material which leads to a equally ran-
dom distribution the preferd magnetic orientation of the atoms, i.e. the macnetic
easy-axis. This means that there is less resistance to changing magnetization in an
amorphous material, compared to a crystalline, under a varying applied field which
makes it suitable for soft-magnetic applications. However, the magnetic saturation
is lower compared to the crystalline magnetic materials, which is a consequence
of the needed addition of non-magnetic components to achieve the amorphous
structure. The recent development in nano-crystalline materials has been a step
toward increasing the magnetic saturation since precipitations of nano-sized crys-
talline particles within the amorphous matrix increase the saturation. However,
there is a critical size which the nano-crystals must not exceed since it will lead to
a drastic increase in coercivity, see Figure 14 [30].

This contradicts the common approach to increase grain size to reduce coercivity.
It was interpreted by Herzer [31] that the size of the nano-crystals under the critical
size is smaller than the size of a domain-wall and therefore does not follow their
anisotropies any more. This reduces the effective anisotropy and makes domain
wall motion easier, i.e. reduce coercivity. One way to achieve a suitable grain size
is to simultaneously add Cu and P to the alloys as described by Makino et.al. [29].
It is explained by a segregation phenomenon where numerous very small clusters
rich in P and Cu will separate during cooling and will facilitate precipitation of
α-iron during heating. The separation can be explained by the heat of mixing
between Fe-Cu and Cu-P. Heat of mixing between Fe and Cu is +13 kJmole-1
and -9 kJmole-1 between P and Cu. This indicated that there are repulsive and
attractive forces causing the separation of Cu-P rich clusters.

The Fe-based BMGs are of the biggest interest for industry due to low cost of raw
materials together with high magnetic saturation compared to BMGs based on
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Figure 14: Herzers diagram for critical size of nano-crystalline grains. The critical size
is illustrated by the drastic increase in coercivity.

other magnetic materials such as Ni or Co. The magnetic properties of the BMGs
depend on the composition and structure of the material, see Table 1.

Table 1: Magnetic properties of some Fe-based BMGs

BS [T] HC [A/m] Structure

Fe85Si2B8P4Cu1 [32] 1.80 4.6 Nanocrystalline
Fe73.5Si13.5B9Nb3Cu1 [33] 1.24 1.1 Nanocrystalline
Fe73Al5Ga2P11C5B4 [34] 1.26 82 Amorphous (as-quenched)

1.3.5 Mechanical properties [24] [35]

The characteristic mechanical properties of amorphous metals is high tensile strength
and low Young’s modulus compared to crystalline materials. The amorphous ma-
terials also have good compressive strength and have high hardness. This can
be explained by the absence of defects in the micro structure of the amorphous
materials which for crystalline materials are responsible for the fracture. Perhaps
the most significant difference between amorphous and crystalline metals are the
absence of ordered structure and dislocations in the amorphous structure which
inhibits the amorphous metals to deform plastically in the way crystalline metals
do. This generates a better creep resistance in the amorphous metals but reduces
the formability.

13



1.4 Soft Magnetic Composites (SMC) [36] [6] [37] [38]

Soft Magnetic Composites (SMC) are materials developed for applications in elec-
tric systems at frequency and induction levels for which regular electric Si-steel
and ferrites cannot be used due to high core loss or insufficient induction. A SMC
is basically a pure iron or iron alloy particle with an insulation film of an organic
or inorganic coating on the surface, see Figure 15 [36].

Figure 15: The basic structure of a SMC-material.

The organic coatings are polymers which are either thermoplastic or thermosetting
and the inorganic coatings are in general phosphates, oxides or sulphates. The
coating isolates the iron particles from each other and thereby reducing the eddy
current path and increase resistivity in the bulk material which results in reduced
core loss.

The SMC-materials are produced using normal powder metallurgy. The process
includes the production and coating of powder, mixing with lubricants and com-
paction into a near net shape form, a green body, which is heat-treated at ap-
propriate temperature which is limited by the thermal stability of the coating.
This gives a material with isotropic magnetic properties which enables a three
dimensional (3D) magnetic flux carrying capacity. It also provides a possibility to
design components in 3D with reduced volume and mass which can be produced
in a simple and cheap way.

The magnetic properties of SMCs will differ from the properties of solid pure iron
and electric Fe-Si-steel due to the structure of SMC-materials. The structure of
SMC-materials will include air gaps and coating which can be seen in the difference
in density. This will reduce the magnetic saturation and permeability compared
to pure iron.
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1.4.1 Somaloy R© 110i [39]

Somaloy R© 110i is one of the powders for SMC materials sold by Höganäs AB. It
has its uses in electro-magnetic components in for example power electronics with
a frequency range of 10 to 100 kHz. Some examples of the magnetic properties
reported for magnetic toroids (55x45x5 mm) of Somaloy R© 110i by Höganäs AB
can be seen in Table 2 [39].

Table 2: Magnetic properties of SomaloyR© 110i.

Resistivity B4000 A/m P [W/kg]
[μΩ/m] [T] 1T/100Hz 0.1T/10kHz 0.1T/30kHz

7600 0.93 15 26 85

1.5 X-ray diffraction (XRD) [40] [41] [42]

X-ray diffraction is a method of analysing the atomic structure of materials by
exposing the material to X-rays and analysing the patterns of scattered rays. The
technique is based on the atoms ability to scatter the incoming electromagnetic
waves and the phenomenon of diffraction. When the waves are scattered the path
length for some of the rays are changed and this is what causes the diffraction. If
the change in path length is equal to an integral number of the wave length of the
incoming rays the waves will still be in phase creating constructive interference. If
the change in path length is equal to an integral of half a wave length the waves
will be out of phase creating destructive interference.

In solid crystalline materials the atoms are ordered in a lattice. This generates
planes in the structure on which the incoming rays can scatter. These planes are
parallel and can be described using Millers indices (h, k and l) and the distance
between these planes dhkl depends on the material lattice parameters, a, and is
more or less unique for each material, see Equation (19) [41].

dhkl =
a√

h2 + k2 + l2
(19)

If a beam of X-rays hitting on a material at an angle, θ, a portion of the beam
will scatter on the first plane in the material and some on the second which will
generate a path length difference, see Figure 16. This path length difference will
depend on the distance between the planes dhkl and the angle of the incoming rays
and can cause constructive interference which is detected as an intensity peak if
the path length difference full fills Bragg’s law, see Equation (20) [41]

nλ = 2dhklsinθ (20)
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Figure 16: Schematic illustration of the diffraction which is the basis for the XRD-
analysis.

To analyse a material it is exposed to the X-rays at different angles and the in-
tensity of the scattered rays are detected. Different materials will due to different
structures have intensity peaks at different angels, see Figure 17, and the result
from the scan is compared to a results in a data base.

Figure 17: XRD intensity pattern for
a crystalline material.

Figure 18: XRD intensity pattern for
an amorphous material

Since metallic glasses have amorphous structures they lack the structural order
of the crystalline materials and XRD-analysis of these materials will not reveal
any distinct intensity peaks. However, the structure is not completely random but
has some order due to the restrictions in the bonding distance. This distribution
generates another type diffraction pattern with a broad diffuse intensity peak,
i.e.halo, seen in Figure 18.

1.6 Differential Scanning Calorimetry (DSC) [43] [42] [44] [42]

Differential scanning calorimetry is a thermal analysis method for investigating
the change in enthalpy for a material during heating or cooling. The equipment
in its simplest form consists of two containers for the sample and the reference
plus a device for temperature measurement, normally a thermo-couple, and a
heat source. The method is based on the difference in heat flow between the
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container with the sample and that with the empty reference when held the same
temperature. It is the difference in heat which is used to assess the heat flow
needed to equalize temperature differences that arise due to difference in specific
heat and endothermic or exothermic reactions due to phase/glass-transitions. The
output from the measuring equipment is normally a plot with change in heat
flow on one axis and temperature on the other and a deviation in the horizontal
curve represents an exothermic or endothermic reaction. These curves can be
used to evaluate Tg by the onset of the endothermic event which proceeds the
peak corresponding to the crystallization and Tx by the onset of the exothermic
crystallization peak, see Figure 19.

Figure 19: Illustration of a DSC-curve for an amorphous material where the first
exothermic peaks represents the crystallization. Tg is the glass-transition temperature
and Tx is the on-set crystallization temperature.

2 Compositions for amorphous powder

In this project several compositions for amorphous powder are investigated as suit-
able amorphous powder additive to SMC-powders. In total 13 different Fe-based
compositions are tested all being multicomponent systems reported in literature or
modifications of reported compositions. The compositions can be roughly divided
into three groups based on the elements included in the system:

• Fe-C-P-B-Si-Mo
• Fe-B-Si-Nb
• Fe-P-B-Si-(C)

The compositions are chosen with the aim of the addition of amorphous powder
in mind which is to improve the soft magnetic properties. This is a three part task
for the amorphous powders. They must at first be magnetic which is partially
solved by using the Fe-based compositions but also by testing compositions with
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as much iron as possible. The specific reason for investigating the compositions in
the Fe-P-B-Si-(C) is not only due to the cheap raw materials but also that these
compositions in general have a higher iron content. Even if the magnetic properties
are very important they are not all that matter. An other equally important
aspect is that in order for the amorphous powder to be an excellent soft magnetic
material, it needs to have an amorphous structure i.e. the composition must be
suitable for atomization. This means that the GFA of the composition needs to
good enough to get an amorphous structure in the desired particle size (<75 μm).
This is the basis for investigating the Fe-C-P-B-Si-Mo and Fe-B-Si-Nb systems
that have an additional metallic component that increases GFA. The additional
metallic component also increase the thermal stability of the composition which is
the third important property that has to be taken into consideration in the course
of compositional-design. After atomization the amorphous powder is added in a
mixture with crystalline iron-powder and in order to be a plausible additive it
needs to be able to withstand the heat-treatment temperature recommended for
the iron-powder without crystallizing.

2.1 Fe-C-P-B-Si-Mo

Jiao et.al [45] and Li et.al [46] have investigated the BMGs in the Fe-C-P-B-Si-Mo-
system and concluded that Fe73C7Si3.3B5P8.7Mo3

1 is a suitable composition for
producing BMG. Jiao et.al reported a comprehensive study on the effect on GFA
and soft-magnetic properties of the Mo-content in Fe76-xC7Si3.3B5P8.7Mox (x=1,
3 and 5). They conclude that an optimum of GFA, i.e. maximum of Dmax, can
be found for x=3, while Bs decrease with increased amount of Mo and Hc is less
than 10A/m for all amounts of Mo, see Table 3. The thermal stability is at a suit-
able level, Tx at 515◦C, for heat-treatment of the SMC-material, Somaloy R© 110i.
Based on these results it is decided to include Fe73C7Si3.3B5P8.7Mo3 as a com-
position for amorphous powder. In addition to this compositions two more com-
position based on Fe73C7Si3.3B5P8.7Mo3 are included, Fe76.8C6Si2.9B4.3P7.5Mo2.6
and Fe80.2C5.1Si2.4B3.7P6.4Mo2.2. Considering that the composition tested by Jiao
et.al and Li et.al have excellent GFA, Dmax of 5 mm, it is inthe present work di-
luted with more iron to improve the magnetic properties, mainly Bs, with the
notion that it will probably be at the cost of impaired GFA. In addition a compo-
sition containing Cu is also included, Fe72.2C6.9Si3.3B5P8.7Mo2.9Cu1. This based
on that the interaction between P and Cu might facilitate precipitation of nano-
sized grains of crystalline phase which could improve magnetic properties, mainly
Bs, as described in previous sections. This can however affect GFA and thermal
stability.

Shen et.al. [47] also investigated a Fe-C-P-B-Si-Mo-system but with higher Fe-
content and lower Tx than that of Jiao et.al and Li et.al. They started with the
composition Fe79C4Si3B4P10 and added Mo according to Fe79-xC4Si3B4P10Mox

1Compositions given in atomic percent throughout the thesis unless other is mentioned specif-
ically.

18



(x=0-6). They also concluded that there is an optimum amount of Mo that gives
optimum GFA, in this case at x=4, and that Bs decrease with increased amount
of Mo, see Table 3. Even if the reported optimum is for x=4 it is decided to in-
clude Fe76C4Si3B4P10Mo3 as a composition. This since the difference in GFA and
soft-magnetic properties is small between x=3 and x=4 and for cost purposes the
amount of alloys should be kept at a minimum. Fe76C4Si3B4P10Mo3 also contains
more iron and have better Bs.

Table 3: GFA and magnetic properties of BMGs in the Fe-C-P-B-Si-Mo system.

Dmax [mm] Tx [◦C] Bs [T] Hc [A/m]

Fe75C7Si3.3B5P8.7Mo1 3.0 - 1.4 <10

Fe73C7Si3.3B5P8.7Mo3 5.0 515 1.3 <10

Fe71C7Si3.3B5P8.7Mo5 3.0 - 1.1 <10

Fe79C4Si3B4P10 1.0 501 1.53 3.2

Fe78C4Si3B4P10Mo1 1.5 507 1.44 2.7

Fe77C4Si3B4P10Mo2 2.5 510 1.39 2.1

Fe76C4Si3B4P10Mo3 3.5 520 1.32 1.7

Fe75C4Si3B4P10Mo4 4.0 526 1.27 1.5

Fe74C4Si3B4P10Mo5 3.0 526 1.14 1.5

2.2 Fe-B-Si-Nb

Zhukov et.al. [48] have reported on a composition suitable for nano-crystalline ma-
terials in the Fe-B-Si-Nb system with added Cu. In their investigation they focused
on two compositions Fe73.5SixB22.5-xNb3Cu1 (x=11.5 and 13.5) and found the best
soft-magnetic properties for annealed Fe73.5Si13.5B9Nb3Cu1. They annealed the
samples for 1 h and found a minimum in Hc at annealing temperatures of 600 ◦C.
Kubota et.al. [32] and Kong et.al [33] reported on the same composition having Bs
of 1.24 T and Hc of 0.5 A/m for annealed material with an average grain-size of
20 nm. This composition is included together with a modification the composition
without Cu in favour of Nb, Fe73.3Si13.3B8.8Nb4.6, with the expectation that it
might improve GFA.

Inoue and Shen [49] also investigated the Fe-B-Si-Nb-system. They started with
the ternary system Fe75B15Si10 and investigated the effect on GFA and magnetic
properties of adding Nb to the system according to (Fe0.75B0.15Si0.10)100-xNbx
(x=1, 2 and 4) and (Fe0.775B0.125Si0.10)98Nb2. They found that Bs and Hc were
similar for all compositions but an optimum in GFA and Tx was found for x=4.
Makino et.al. [50] [51] and Wang et.al. [52] also reported on the good GFA and ther-
mal stability, Dmax of 1.5 mm and Tx of 612◦C, of (Fe0.75B0.15Si0.10)96Nb4 i.e.
Fe72B14.4Si9.6Nb4. The high thermal stability of Fe72B14.4Si9.6Nb4 is the main
reason, together with good magnetic properties, for including it as a composition
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for amorphous powder.

Table 4: GFA and magnetic properties of BMGs in the Fe-B-Si-Nb-system.

Dmax [mm] Tx [◦C] Bs [T] Hc [A/m]

(Fe0.75B0.15Si0.10)99Nb1 0.5 585 1.50 3.7

(Fe0.75B0.15Si0.10)98Nb2 1.0 597 1.49 3.5

(Fe0.75B0.15Si0.10)96Nb4 1.5 612 1.47 2.9

(Fe0.775B0.125Si0.10)98Nb2 0.5 - 1.51 3.7

Fe72B20Si4Nb4 2 603 1.15 5-55

Fe70B20Si4Nb6 2 ≈614 - -

Amiya et.al. [53] reported on another BMG-composition in the Fe-B-Si-Nb-system.
They investigated the effect of adding Nb to the system and the optimum B and
Si content with regards to GFA which they conclude shifts as Nb is added. The
best GFA was achieved for 20 at% B and and 4 at% Si for Nb content of 4-6 at%
which proved a Dmax of 2 mm for both compositions. Amiya et.al. also reported
on the thermal stability, Tx, of the composition Fe72B20Si4Nb4 to be 603 ◦C and
for Fe70B20Si4Nb6 estimated to be 614 ◦C. Nowosielski et.al. [54] and Yang et.al. [55]
reported on the magnetic properties of Fe72B20Si4Nb4. They reported Bs to be
1.15 T and Hc to be between 5 and 55 A/m depending on the thickness of the
sample, see Table 4. Based on these reported properties Fe72B20Si4Nb4 is included
as a composition.

2.3 Fe-P-B-Si-(C)

Li et.al. [56] reported on a successful investigations on producing BMGs without
expensive alloy elements, i.e. Ga, Nb, Mo etc., using industrial grade raw ma-
terials. They concentrated on the Fe-C-Si-B-P-system and presented results for
Fe83.2-xCxSi3.3B4.8P8.7(x=3.9, 5.9 and 7.9) and conclude that the best GFA is
achieved for x=5.9 with a Dmax of 2 mm. The thermal stability is increased with
increased C-content and the magnetic properties for Fe77.3C5.9Si3.3B4.8P8.7 is Bs
of 1.52T and Hc of 11.2 A/m, see Table 5. Fe77.3C5.9Si3.3B4.8P8.7 is included as a
composition for amorphous powder.

Makino et.al [51] also reported on a composition without any expensive alloy el-
ements, Fe76Si9B10P5. They investigated the effect on GFA of changing the
amounts of B and P in the (Fe-Si9)-B-P-system and found that BMGs could be
found in a variety of compositions and that B+P content should not be less than
14-16 at%. The best GFA, Dmax of 2.5 mm, could be found for the composition
Fe76Si9B10P5. The thermal stability and magnetic properties for the composition
are; Tx of 559◦C, Bs of 1.51 and Hc of 0.8, see Table 5, which is confirmed by
Chang et.al. [57]. Based on the good reported GFA together with the absence of
expensive alloy elements for the composition it is included as a composition for
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Table 5: GFA and magnetic properties of BMGs in the Fe-P-B-Si-(C)-system.

Dmax [mm] Tx [◦C] Bs [T] Hc [A/m]

Fe79.3C3.9Si3.3B4.8P8.7 1.0 516 - -

Fe77.3C5.9Si3.3B4.8P8.7 2.0 513 1.52 11.2

Fe75.3C7.9Si3.3B4.8P8.7 1.0 518 - -

Fe76Si9B10P5 2.5 559 1.51 0.8

Fe83.3Si4B8P4Cu0.7* - 408/547** 1.80 4.6

Fe84.3Si4B8P3Cu0.7* - 395/551** 1.84 2.6

Fe85Si2B8P4Cu1* - 389/537** 1.85 6.1

*Nano-crystalline
**Tx1/Tx2

amorphous powder. In addition to this composition a modification of it is also
included containing very small amounts of Cu, Fe75.8Si9B10P5Cu0.2, to facilitate
the precipitation of crystalline nano-particles to improve Bs.

An investigation on the magnetic properties of nano-crystalline BMGs in the Fe-Si-
B-P-Cu-system was conducted by Kubota et.al. [32]. In their work they studied an-
nealed melt-spun ribbons with compositions Fe83.3Si4B8P4Cu0.7, Fe84.3Si4B8P3Cu0.7
and Fe85Si2B8P4Cu1. They report on excellent magnetic properties, Bs of about
1.8T and Hc of less than 10 A/m, for samples annealed to optimum grain size and
dispersion, see Table 5. However, there is no reported GFA for the compositions,
nevertheless based on the excellent magnetic properties it was decided to include
Fe85Si2B8P4Cu1 as a composition.

2.4 Target compositions for amorphous powders

For this project 13 more or less different compositions for amorphous powder
are made. A summary of the included compositions and the reported GFA and
magnetic properties can be seen in Table 6. The compositions are named X1 to
X8 and will here after in this thesis keep this notation. The modified versions of
a composition have an additional number in its notation.
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Table 6: The compositions for amorphous powder included in this project and their
names, reported GFA and magnetic properties.

Name Dmax Tx Bs Hc
[mm] [◦C] [T] [A/m]

Fe77.3C5.9Si3.3B4.8P8.7 X1 2.0 513 1.52 11.2

Fe85Si2B8P4Cu1* X2 - 389/537** 1.85 6.1

Fe76Si9B10P5 X3 2.5 559 1.51 0.8

Fe75.8Si9B10P5Cu0.2 X3.1 - - - -

Fe73C7Si3.3B5P8.7Mo3 X4 5.0 515 1.3 <10

Fe76.8C6Si2.9B4.3P7.5Mo2.6 X4.1 - - - -

Fe80.2C5.1Si2.4B3.7P6.4Mo2.2 X4.2 - - - -

Fe72.2C6.9Si3.3B5P8.7Mo2.9Cu1 X4.3 - - - -

Fe76C4Si3B4P10Mo3 X5 3.5 526 1.32 1.7

Fe73.5Si13.5B9Nb3Cu1* X6 - - 1.24 0.5

Fe73.3Si13.3B8.8Nb4.6 X6.1 - - - -

Fe72B14.4Si9.6Nb4 X7 1.5 612 1.47 2.9

Fe72B20Si4Nb4 X8 2.0 603 1.15 5-55

*Nano-crystalline
**Tx1/Tx2
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3 Experimental procedures

3.1 Powder atomization

In these trials powders are made by both water and gas atomization. Both pro-
cesses start with calculating masses of different raw materials based on desired
composition and on losses of elements during the melting process. The raw ma-
terials used in these trials are common industrial grade materials as ferro-alloys.
Thereafter the raw materials are melted in an induction furnace and heated to
desired tapping temperature. The melting crucible is then tapped into a small
tundish which has the purpose of maintaining a continuous flow of melt during
atomizing. In water atomization high pressure water jets are used to break up and
cool the melt which results in an irregular shaped particle with oxidized surface.
In gas atomization high pressure nitrogen gas is used instead of water. The powder
particle shape for gas atomization is spherical. After atomization the powders were
sieved to a particle size of less than 75 μm for the components and a smaller por-
tion of the powder were sieved into various particle sizes for XRD-measurements,
see Table 7.

Table 7: The groups of different particle sizes after sieving.

Particle size
d > 300 μm

300> d >212 μm
212> d >106 μm
106> d >75 μm
75> d >45 μm

45> d μm

3.2 XRD

The XRD-measurements were made on uncoated powder sieved into different par-
ticle sizes, see Table 7. For the measurements a spinning sample holder and a
Co-source emitting X-rays with wavelength of 1.79 Ȧ were used and the machine
was set to measure angels (2θ) between 30◦ and 100◦.

3.3 DSC

The DSC measurements were made on a sample of approximately 25 mg in a
protective atmosphere or argon gas. A heating rate of 10 K per minute were used.
An empty container were used as reference. Only the atomized powders which
proven amorphous in XRD-measurements were tested with DSC.
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3.4 Component preparation

The atomized powders were first coated with a basic phosphate coating and then
mixed with Somaloy R© 110i and 0.6 wt% of the lubricant Kenolube R©. The mass-
fraction of amorphous powder in the non-lubricant part of the powder mixture
was decided based on pressability of the mixture and set to 30 wt%. The powder
mixtures were then pressed with 800 MPa into toroids with dimensions 55x45x5
mm for the magnetic measurements and into rods with dimensions 30x12x6 mm
for testing the strength of the material, see Figure 20 and Figure 21.

Figure 20: The toroid
shaped component used
for magnetic measure-
ments.

Figure 21: The rod
shaped component used
for magnetic measure-
ments.

3.5 Heat-treatment

The toroids were heat-treated in a basic tube furnace with gas-burners as heat
source and protective atmosphere of nitrogen gas. The heat-treatment was di-
vided into three stages; 1) Pre-heating stage, 3 minutes, to flush oxygen from
sample and avoid a to rapid temperature increase; 2) Heating stage, 35 minutes,
to burn off lubricants and heat-treat material; 3) Cooling stage, 30 minutes, to
reduce temperature in controlled atmosphere to avoid oxidation. The different
temperatures used in the heating stage were 350◦C, 400◦C, 450◦C, 500◦C and
530◦C for all components and also 550◦C and 600◦C for some powder mixtures.
530◦C is the recommend heat treatment temperature for Somaloy R© 110i.

The purpose of the heat-treatment is to improve the magnetic properties of the ma-
terial. By increasing the temperature of the material grain-growth and annealing
out of dislocations is facilitated. This improves the magnetic properties by reduc-
ing the total amount of grain boundaries and faults in the atomic structure which
favours the domain wall motion in the crystalline powder. The resulting magnetic
properties is increased permeability and reduced coercivity, see Figure 22.
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Figure 22: The effect by different heat-treatment temperatures on magnetic properties.

3.6 Magnetic measurements

The toroids were coiled with two layers of 100 turns of copper wire, the first
layer for applying the magnetic field to the material by leading a current through
the wire and the second layer for picking up the resulting magnetic flux and the
magnetic properties of the material are deduced by the current induced in the
second layer. The following measurements were done:

• Hysteresis measurements with DC-current giving a maximum H of 10 kA/m
• Hysteresis measurements with DC-current giving a B of 0.5 T
• Hysteresis measurements with AC-current of 50 to 1000 Hz giving a B of 0.5

T
• AC-current test with frequency of 1 to 30 kHz and a magnetization of 0.05

to 0.2 T

From these measurements the following data were collected:

• The total magnetic flux, B, at an applied field of 10 kA/m.
• The coercivity in a complete hysteresis with both a H of 10 kA/m and a B

of 0.5 T, see Figure 23 and Figure 24
• The maximum permeability
• The core loss at total magnetic flux of 0.5 T and frequencies of 50 to 1000

Hz and at 20kHz and B of 0.05, 0.1 and 0.2 T
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Figure 23: Illustration of the magnetic
properties measured at 10 k/Am

Figure 24: Illustration of the magnetic
properties measured at 0.5T

3.7 Other measurements

The outer-diameter, inner-diameter and hight of the toroids were measured using
an automatic three-point rotating instrument and hight and width of the rods were
measured using a standard micrometer. From these measurements and the mass
of the samples the density was calculated. The strength or TRS (Tensile Rupture
Strength) was measured using a standardized three point bending method. The
maximum force applied before rupture is recorded and combined with the cross-
section area used to calculate the strength of the material.

4 Results

The result from the analysis of the powders and the pressed components is pre-
sented in the following sections. An added W as a suffix to the name indicated
that the powder has been made using water atomization.

4.1 Composition

The results of the chemical analysis of the powders are presented in Table 8

For most of the compositions the error is less than 1 at% for most elements with
some exceptions. The Nb-levels are off by more than 1 at% for all Nb containing
compositions. The levels of contamination elements, i.e. O, S, N and in some
cases C which for some compositions is an alloying elements and for others a
contamination, is low for N, S and O but relatively high for C.
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Table 8: Target and resulting composition of powders presented in atomic percent.

Fe C P B Si Mo Nb Cu S O N

X1 Target 77.3 5.9 8.7 4.8 3.3 - - - 0 0 0
Result 77.3 5.8 8.4 5.3 3.1 - - - 0.010 0.070 0.003

X1W Target 77.3 5.9 8.7 4.8 3.3 - - - 0 0 0
Result 76.4 5.8 8.6 4.8 3.5 - - - 0.009 1.0 0.003

X2 Target 85.0 - 4.0 8.0 2.0 - - 1.0 0 0 0
Result 84.5 0.2 3.9 7.2 2.0 - - 1.1 0.008 1.2 0.007

X2W Target 85.0 - 4.0 8.0 2.0 - - 1.0 0 0 0
Result 84.6 0.2 3.9 8.0 2.2 - - 1.1 0.009 0.044 0.007

X3 Target 76.0 0 5.0 10.0 9.0 - - - 0 0 0
Result 74.8 0.3 4.7 10.0 10.1 - - - 0.009 0.038 0

X3.1 Target 75.8 0 5.0 10.0 9.0 - - 0.2 0 0 0
Result 75.0 0.3 4.3 10.1 9.9 - - 0.3 0.004 0.050 0.003

X4 Target 73.0 7.0 8.7 5.0 3.3 3.0 - - 0 0 0
Result 73.9 6.7 8.2 5.0 3.4 2.8 - - 0.003 0.027 0.015

X4.1 Target 76.8 6.0 7.5 4.3 2.9 2.6 - - 0 0 0
Result 76.6 6.0 7.3 4.5 2.9 2.6 - - 0.039 0.084 0.004

X4.2 Target 80.2 5.1 6.4 3.7 2.4 2.2 - - 0 0 0
Result 79.8 5.2 6.3 3.6 2.7 2.3 - - 0.017 0.044 0.004

X4.3 Target 72.2 6.9 8.7 5.0 3.3 2.9 - 1.0 0 0 0
Result 72.8 6.7 8.2 5.0 3.3 2.9 - 1.1 0.015 0.037 0.003

X5 Target 76.0 4.0 10.0 4.0 3.0 3.0 - - 0 0 0
Result 75.6 4.0 9.7 4.0 3.1 3.1 - - 0.017 0.063 0.043

X6 Target 73.5 0 0 9.0 13.5 - 3.0 1.0 0 1ph0 0
Result 70.5 0.4 - 9.2 12.9 - 6.0 1.0 0.016 0.035 0.043

X6.1 Target 73.3 0 0 8.8 13.3 - 4.6 - 0 0 0
Result 72.5 0.5 - 9.0 14.4 - 3.4 - 0.021 0.088 0.052

X7 Target 72.0 0 0 14.4 9.6 - 4.0 - 0 0 0
Result 68.4 0.4 - 14.8 10.2 - 6.2 - 0.023 0.036 0.038

X8 Target 72.0 0 0 20.0 4.0 - 4.0 - 0 0 0
Result 69.3 0.3 - 19.3 4.3 - 6.8 - 0.011 0.064 0.017
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4.2 XRD

The results from the XRD-analysis of the different particle sizes of the powders
can be seen in Table 9. All XRD intensity patterns can be found in the ap-
pendix.

Table 9: The results from the XRD-analysis. The symbol "-" means no XRD-analysis
necessary. The Dmax value is for the target composition and not for the resulting powder
composition.

300>d>212 212>d>106 106>d>75 75>d>45 45>d Dmax
[μm] [μm] [μm] [μm] [μm] [mm]

X1 Cryst. Cryst. Cryst. Amorph.* Amorph.* 2.0

X1W Cryst. Cryst. Amorph. Amorph. Amorph. -

X2 Cryst. Cryst. - - Cryst. -

X2W Cryst. - - - Cryst. -

X3 - Cryst. Cryst. Cryst. Cryst. 2.5

X3.1 - Cryst. Cryst. Cryst. Cryst. -

X4 Amorph. Amorph. - Amorph. Amorph. 5.0

X4.1 Cryst. Cryst. Amorph.* Amorph.* Amorph.* -

X4.2 Cryst. - - Cryst. Cryst. -

X4.3 Cryst. Cryst. Amorph. Amorph. Amorph. -

X5 - Cryst. Amorph.* Amorph.* Amorph.* 3.5

X6 - Cryst. Cryst. Cryst. Cryst. -

X6.1 - Cryst. Cryst. Cryst. Cryst. -

X7 - Cryst. Cryst. Amorph. Amorph. 1.5

X8 - Cryst. Amorph.* Amorph. Amorph. 2.0

*Amorphous structure with weak crystalline peak.

Three different intensity patterns are apparent: completely crystalline pattern,
completely amorphous pattern and a mostly amorphous pattern but with one or
more crystalline peaks, see Figure 25. The result show that eight of the composi-
tions show amorphous structure in particle size d<75 μm, which is the size used
as additive to the Somaloy R© 110i iron powder, three of these also show a small
crystalline peak and five a completely amorphous structure. One composition, X4,
shows extraordinary good results and is amorphous even at large particle size of
300>d>212 μm.
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Figure 25: Typical intensity patterns from XRD-analysis. (a) Completely crystalline
pattern, (b) Amorphous pattern with crystalline peaks (c) Completely amorphous pat-
tern.

4.3 DSC

The result for Tx from DSC-analysis on the powders which proved amorphous can
be seen in Table 10. All DSC-curves can be found in the appendix.

Table 10: The results from the DSC-analysis, Tx, on the amorphous powders together
with the reported value for for the target composition.

Tx
Measured Reported

X1 498◦C 513◦C

X1W 499◦C 513◦C

X4 533◦C 515◦C

X4.1 519◦C -

X4.3 535◦C -

X5 519◦C 526◦C

X7 614◦C 612◦C

X8 606◦C 603◦C

The result from the DSC-analysis show that the onset-crystallisation temperature,
Tx, is in the proximity of what is reported in literature.
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4.4 Density and strength of components

The density and strength of heat-treated components with 30% added amorphous
powder is presented in Table 11. Only results from the heat-treatment tempera-
ture, T, which gave the best results in soft-magnetic properties is presented here
and all results can be found in the appendix. To emphasise that the component re-
sult are from a pressed mixture of crystalline iron powder and amorphous powder
a prefix M has been added to the name.

Table 11: Density and strength results for components with 30 wt% amorphous powder
and SomaloyR© 110i.

T Density [g/cm3] Strength [MPa]
Som110i 530◦C 7.2 54

MX1 450◦C 6.8 13

MX1W 500◦C 6.6 12

MX4 530◦C 6.8 12

MX4.1 500◦C 6.9 13

MX4.3 500◦C 6.8 11

MX5 500◦C 6.9 13

MX7 550◦C 6.7 -

MX8 550◦C 6.8 -

These results show that the Somaloy R©s 110i components is more dense and is
stronger than all the amorphous mixtures.

4.5 Magnetic properties of components with 30% amorphous
powder

The magnetic properties of the amorphous powder mixture and Somaloy R© 110i
components are presented in Table 12 and Table 13. All results from the different
heat-treatment temperatures can be found in the appendix.

These results show higher Bs, μmax and HC
10kA/m for the Somaloy R© 110i compo-

nent compared to the amorphous mixture components. The result for HC
0.5T are

more ambiguous since Somaloy R© 110i show lower value than five of the the amor-
phous mixtures. The core losses at low frequencies is the same for all components.
At higher frequencies the Somaloy R© 110i component have lower core loss.
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Table 12: Measured magnetic properties of components with 30% amorphous powder
and SomaloyR© 110i.

T B10kA/m HC
10kA/m HC

0.5T
μ

max

Som110i 530◦C 1.35 322 216 258

MX1 450◦C 0.91 316 244 99

MX1W 500◦C 0.88 294 219 97

MX4 530◦C 0.95 274 208 121

MX4.1 500◦C 0.95 295 226 116

MX4.3 500◦C 0.93 283 220 117

MX5 500◦C 0.94 294 226 116

MX7 550◦C 0.87 269 210 110

MX8 550◦C 0.86 259 212 104

Table 13: Measured core losses of components with 30% amorphous powder and
SomaloyR© 110i.

Core losses [W/kg]
0.5T 20kHz

T 100 Hz 400 Hz 1000 Hz 0.05 T 0.1 T 0.2 T
Som110i 530◦C 5 19 48 15 55 221

MX1 450◦C 6 23 61 16 61 255

MX1W 500◦C 5 22 60 16 60 252

MX4 530◦C 5 20 53 15 57 233

MX4.1 500◦C 5 21 55 15 58 238

MX4.3 530◦C 5 21 55 15 57 233

MX5 500◦C 5 21 56 15 56 236

MX7 550◦C 5 21 55 16 59 245

MX8 550◦C 5 22 58 16 61 250
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5 Analysis and discussion

5.1 Composition, GFA and thermal stability

The results from the chemical analysis show that it is possible with an industrial
approach to make powder with, from industrial point of view, good margin of
error with regard to composition, see Table 8. However, there are some deviations
in the compositions of the powders. There can be a number of reasons for these
deviations such as unforeseen variation in alloy content in the ferro-alloys used as
raw material or variations in yield from the ferro-alloys. The yield used for calcu-
lating needed amount of raw-material is based on statistics from the production
and can vary depending on for instance composition of the alloy and condition of
the crucible used for melting. These are the probable causes for the larger vari-
ation in Nb- and Si-content for X6 to X8. For these specific target compositions
the alloying element content is high and one may speculate that the higher the
alloy content is the harder it is to achieve the correct compositions due to the
interaction between the alloys and impurities like C and O in the melt and with
atmosphere as well will increase with the amount of alloys. The contamination of
C in the powders where C is not added as an alloy element might be caused by
the carbon in the ferro-alloys which is a common impurity that originates from
the reduction process in production of the ferro-alloys. The impurity is in most
cases at a normal level considering the industrial raw materials and production
method with no protective atmosphere and/or slag and no production steps to
clean the melt. There is of course a risk that the impurities effects the results, i.e.
creates inclusions which can act as nucleations sites and hinder the glass-transition
as well impair the magnetic properties. If there is a large amount of inclusions
created during melting there is also a risk that important alloys, as Nb or Mo,
will be lost from the melt and transferred to slag instead and thereby reducing
the GFA as well as thermal stability of the powder. However, in a large scale
production there will most probably be productions steps in place to reduce the
impurity levels such as degassing and slag. One should keep in mind that the
production of these powders were done in a small scale testing plant with a quite
simple process for which variation in composition is not unusual which can also
be the case in a lager scale production. But these result show that a large scale
production, with its unavoidable small variations in compositions, of amorphous
powder is plausible. However, the deviation in composition may have impact on
the GFA of the compositions by shifting the composition away from the eutectic
point and/or loosening the necessary compact atomic structure and thereby affect
the structure achieved from atomization. One may argue that small amounts of
impurities may increase the complexity of the system and thereby improve GFA
and thermal stability. This will depend on the system and for production a con-
trolled composition will be crucial for a reliable and stable output of material so
in future trials and especially in large scale efforts to assure minimal deviations
from target compositions must be made.
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In the XRD-analysis three different patterns were found and the one with amor-
phous and weak crystalline peaks is the most surprising, see Table 9 and Figure 25.
The origin of these small but distinct peaks is debatable. One may speculate that
they are either a result of contamination of samples by other crystalline powder
compositions made in the same atomizing machine or by flakes which are created
by melt that is not atomized because it missed the jets of N2-gas and instead
solidified on the wall of the atomizing tank. It might also be caused by presence
of crystalline phase in the powder particles, i.e. presence of micro-sized crystalline
grains in the powder particles, which is the more probable since these peaks are
only present in some of powders and if the peaks are caused by contamination
they would likely be present in in all powders. The presence of this crystalline
phase might be a problem for the temperature stability of the powder since it is
a nucleation site for crystalline phase and that the crystallization therefore could
take place at lower temperatures, i.e. if there is crystalline phase present less
driving force is needed for crystallization since no new surfaces needs to be cre-
ated. However, if this is the case it should be evident in the DSC results since
Tx should be significantly lower than the reported values which is not the case for
these powders.

Some interesting points regarding GFA of the compositions is revealed by the
XRD-results. The first and perhaps obvious point is that increased GFA, i.e.
Dmax, gives better GFA even for the amorphous powders which in this case means
that they are found amorphous at bigger powder particle sizes, d. One should
keep in mind that Dmax for the actual composition of the powder vary from the
reported value due to deviations in composition. But a general comparison can
be made. The composition with best reported GFA, X4 with Dmax of 5 mm, is
amorphous at d up to 300 μm and compositions as X5 with Dmax of 3.5 mm is
amorphous at d of 106 μm, see Figure 26.

However, the composition with lowest reported GFA, X7 with Dmax of 1.5 mm,
is amorphous at d of 75 μm as well as composition X1 which has higher reported
Dmax and therefore should be amorphous at larger particle sizes. This can be a
consequence of deviation in composition of X7 which has more than 2 at% more Nb
than the target composition and that can contribute to increased GFA. The work
by Inoue and Shen [49] shows that increased Nb-content gives better GFA, but it is
not unreasonable to assume that for a specific system there is an optimum amount
of Nb over which the GFA decrease as Shen et.al. [47] proved to be the case for Mo.
The same argument can be given for X8 when compared to X5 which both are
amorphous at d of 106 μm, but X5 have significantly larger reported Dmax.

One can from this draw the conclusion that a diffuse limit for achieving amorphous
structure at the desired particle size of 75 μm is a reported Dmax of 1.5 - 2 mm,
even if test of compositions with even lower Dmax and with compositions without
significant deviations from target composition are needed to set an absolute limit.
But this limit might be decreased if efforts to increase the cooling rate of the
atomization further can be done. One way to achieve this is to change to water
atomization since the cooling rate is higher. An evidence of this can be found when
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Figure 26: Plot of reported GFA, Dmax [mm], over maximum amorphous particle size,
d [μm].

comparing the XRD-results for X1 and X1W. Both match the target composition
quite well, with exception of the O-content in the water atomized X1W, but X1W
proves amorphous in larger particle sizes than X1. If water atomization is used
it might be possible to produce amorphous powder with lower GFA with the
benefit of more iron which might be beneficial for the magnetic properties. Water
atomization will however increase the O-content which might be a problem for
magnetic properties, due to the creation of oxides, as well as thermal stability.
The argument can however be made that oxygen can act as an additional alloy
in the system and improve thermal stability by adding complexity to the system.
This will of course depend on the other components in the system. There will be
similar, but lower, Dmax limit even with water atomization which evident from
the results of X2 and X2.1 since non of the compositions are amorphous. The bad
GFA of X2 is a result of the low content of alloys and there is in fact no Dmax
reported for this composition and it has only proven amorphous in as-quenched
state for melt-spun ribbons.

There are one composition that contradicts reasoning that Dmax and amorphous
particles size correlates and that is X3 which is crystalline at all sizes despite hav-
ing a reported Dmax of 2.5 mm and no extreme deviations from target composition.
This can of course be caused by errors in the production as to high tapping tem-
perature and/or too much inclusions. However, this composition lacks any large
atoms to act as glass formers and in addition to this the X3 composition consists
of only 4 components and one may speculate that this can make the compositions
more sensitive to deviations in composition. This composition shows great po-
tential since it would be a relatively cheap composition, due to lack of expensive
alloys, and these rather bad results should not discourage from further investiga-
tions into this composition. Further trials using this composition should be done,
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perhaps with water atomization, and if it proves amorphous it could be used as
it is or with added large atoms for better GFA and Tx, i.e. as a base for a new
composition for future studies.

The efforts to modify the base compositions have had some impact on the GFA.
For X3.1 the expectation of adding Cu to X3 was not to achieve better GFA but
to promote precipitation of α-iron particles and no conclusion about the impact
of Cu addition on the GFA or if the low amount of Cu was enough to enable
precipitation can be made from these results since non of the compositions proved
amorphous in the XRD-analysis. However, the same modification has been made
to X4 and the XRD-results indicate that addition of Cu has negative effect on
GFA since the amorphous particle size is reduced from 300 to 106 μm when adding
Cu. The explanation to this could be found in the purpose of adding Cu in the
first place. Cu was added to facilitate precipitation of α-iron particles during
heating of amorphous material. This by separating Cu-P rich clusters and one
may speculate that these clusters might form during quenching of the melt as well
creating nucleation points which might impair the glass-transition in the larger
droplets during atomization. Since the cooling rate of atomization is lower than
for instance melt-spinning the negative effect of these cluster might be bigger for
this production method which can explain why this problem is not reported in the
literature as the most common way to produce amorphous material in research
is melt-spinning. The attempt to dilute X4 with iron to improve the magnetic
properties also affects GFA negatively as amorphous particle size was reduced
from 300 to 75 μm for X4.1 and to no amorphous structure for X4.2. The increase
in Fe-content will not only shift the composition away from the eutectic point but
also reduce the complexity of the system and loosen the compact structure which
are crucial for good GFA. This is the reason for the reduced GFA for X4.1 and
X4.2. The substitution of Cu to Nb in X6.1 was done with hopes that GFA would
improve. The effect could not be definitively determined since neither X6 nor X6.1
was amorphous. This is most probably a result of the rather large deviation in
composition for these composition in general and especially the Nb-content which
is actually higher in X6 than in X6.1.

Deviations in the composition will not only affect the GFA but also thermal stabil-
ity, Tx, see Table 10. The thermal stability is a measure of the materials resistance
to crystallization which depends on the mobility of the atoms in the structure as
well as driving force. Even a small variation in composition can reduce complexity
and compaction of a structure, which increases the mobility and the driving force
for crystallization.

The result from the DSC-analysis show that Tx is more or less at the same level as
the reported values for all composition except for X1 and X4 where the difference
is more than 15◦C. The deviation from reported results can be due to differences in
the heating rate during DSC-analysis, since higher heating rate might show higher
values of Tx. There can also be a difference in sample size used for testing and in
equipment type and accuracy which can also be the reason for the difference in Tx.
This is most likely the case for X4 since there is no substantial difference between
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target and actual composition of the powder but a rather large difference in Tx.
The presence of crystalline phase in X1 and X5 seems to have had impact on the
thermal stability of these powders which can be seen in the decrease of Tx. This
points out that the presence of crystalline phase should be avoided since it could
impair thermal stability. But since X1W shows the same thermal stability as X1
but shows no crystalline phase present from XRD-analysis no definite conclusion
about the effect of the crystalline phase can be made. For X7 and X8 the difference
in composition is bigger, especially for Nb, and this is the probable cause for the
difference in Tx. Nb is a large atom which will inhibit mobility of all atoms and
make the amorphous structure stable at higher temperatures. This is also shown
in the work by Inoue and Shen [49] where increased Nb content increased Tx. The
same trend applies increased Mo-content which is shown by Shen et.al. [47]. This
can be the basis for further investigations of new compositions with better thermal
stability but one must be careful since the GFA seems to have a maximum point
after which further increase in Nb or Mo decrease GFA and it is not unreasonable
to argue that a similar behaviour for Tx is possible. Perhaps efforts to investigate
other systems with other large atoms as glass former should be done, as they might
prove to have better GFA and thermal stability at lower alloy content.

The modification of X4 has had some effects on the thermal stability. The dilution
of X4 into X4.1 has decreased the thermal stability which is seen in the reduced
Tx from 533◦C to 519◦C. The reason for this is the same as the decreased GFA
for X4.1 compared to X4, which is the increased iron content that can reduce the
complexity and compaction of the structure which gives increased mobility of the
atoms as well as increased driving force for crystallization. For X4.3 Cu was added
to the composition which could have impaired the thermal stability by the Cu-P
interaction which was suppose to create nucleation points for crystalline grains.
However, no impact on thermal stability could be seen which may indicate that
the wanted Cu-P interaction did not take place and Cu instead seems to improve
thermal stability slightly since Tx is slightly higher in X4.1. The latter may be an
effect of the increased complexity of the system which comes with the addition of
a seventh component to the system.

The thermal stability, i.e. Tx, is a crucial property of the compositions since it
must match or exceed the heat-treatment temperature of the base powder, in this
case Somaloy R© 110i, in order to achieve the best possible soft-magnetic properties.
The base powder must be heat-treated to reduce Hc and increase permeability and
the temperature limit is set by the stability of the coating of the particles and at
too high temperatures the coating decompose rendering the resistivity and there-
fore the core losses at too high levels. If the amorphous powder is going to be
a plausible additive Tx must be at such a levels that is does not crystallize or
crystallize at the exact right degree, i.e. becomes a nano-crystalline material with
correct α-iron particle size and distribution, otherwise it will impair the magnetic
properties of the bulk material instead. This raises the question of the suitabil-
ity of using nano-crystalline materials as additive. They did not only proved
difficult to produce in the trials for this project, but the sensitivity of the grain-
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size in the nano-crystalline materials limits the use as additive in SMC-material.
This since the components will have uneven temperature distribution, due to slow
heat transfer through the bulk of the material, and therefore as a result uneven
grain-size of the α-iron particles which might destroy the soft-magnetic properties
of the SMC-component. Despite the excellent soft-magnetic properties of nano-
crystalline materials the heat-treatment times and temperatures recommended for
the nano-crystalline materials, 330◦C and 600 s for X2 which are short and low
compared to those for recommended for a general SMC-material might also set
limits to the heat-treatment temperature and time. This results in impaired mag-
netic properties of the crystalline iron particles in the composite material that
also results in impaired soft-magnetic properties of the bulk material. An amor-
phous material with sufficiently high Tx would, based on the vulnerabilities of a
nano-crystalline material, be a better additive. Further investigations into new
compositions should therefore concentrate on amorphous materials with as high
Tx as possible and suitable GFA and magnetic properties.

5.2 Properties of magnetic components

The result from density and strength calculations reveal that both properties are
lower for all powder mixtures containing amorphous powder, see Table 11, tan
that of only Somaloy R© 110i. This is not a very unusual result when considering
the shape and mechanical properties of the amorphous powder which are spher-
ical with high hardness and resistance to plastic deformation. During pressing
the amorphous powder particles will therefore not deform in the same way as the
much softer iron particles will. The densification during pressing for the amor-
phous powder mixtures is hindered by the amorphous particles and will contain-
ing more air-filled pores. The shape of the gas-atomized particles will contribute
negatively to the strength of the components since no interlocking between the
spherical amorphous particles and the more irregular shaped water atomized iron-
particles will take place. The fact that these properties are substantially less for
the amorphous powder mixtures is problem when comparing magnetic properties
between Somaloy R© 110i and the amorphous powder mixtures. This is due to the
fact that the magnetic properties, such as permeability and B, depends on the
density of the material. The permeability of the component will be affected by
air-gaps inside the material. The amorphous powder mixtures will due to less
density, i.e. more air-gaps, have lower permeability which will have impact on
both B and core losses of the material. The permeability will also reduced by
micro-cracks in the structure that will occur, due to low strength, during pressing
and handling of the component, i.e. heat-treatment, winding and measuring. The
B-value will also be affected by permeability since it will show a lower value at the
same applied field but also by density since it contain less magnetic material and
more air which means that there will be lower number of magnetic atoms to align
with and add to the applied field. In order to do a proper comparison and deduce
the real effect of the added amorphous powder one must optimize the production
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of components which will include optimized pressing condition, lubricant amount
and content of amorphous powder. One may also argue that the measured prop-
erties for the amorphous powder mixtures in these trials are the direct effect of
adding amorphous powder, including density and strength, since all other factors
have been the same for the amorphous powder mixtures and the reference and for
the purpose of this project it is the bulk properties of the material that is inter-
esting. But the optimum pressing conditions for the amorphous powder mixtures
will not be the same as for Somaloy R© 110i and the current conditions as pressing
force and lubricant amount are optimum for Somaloy R© 110i so one should not be
discouraged by the seemingly bad results of adding amorphous powder.

In the comparison between results for the amorphous powder mixtures and Somaloy R©

110i components it is important to point out that it is the best results that is shown
in the result section which have occurred at different heat-treatment temperatures
due to crystallization of amorphous powder. Since the the amorphous powder
mixture consists of both amorphous powder and crystalline pure iron powder the
result of the component properties will be a combination of the contribution of
both types of powder. If the best properties for an amorphous powder mixture is
found at a lower temperature than 530◦C the contribution from the iron powder
will be not as good since it will not have been heat-treated enough. This can also
make a comparison between different amorphous powder mixtures hard.

The results for the magnetic properties, see Table 12, show that the value of B at
10 kA/m and permeability are lower for all amorphous powder mixtures compared
to Somaloy R© 110i which is mainly caused by density differences, as explained in
previous section, but also by the reduced iron-content in the amorphous part of
the mixtures. One may speculate that increased density would generate a general
increase in B and μfor all the amorphous mixtures. This can be supported by
examining the hysteresis curves for Somaloy R© 110i and an amorphous mixture, in
this case MX4, see Figure 27. Here it is clear that the amorphous mixture has not
yet reached saturation while the curve for Somaloy R© 110i shows that it is close
to saturation. This is caused by the difference in permeability and with increased
density the curve for the amorphous mixtures would take a shape more similar to
the Somaloy R© 110i curve.

An other indication of this is that the powders with highest density show the higher
B value at 10 kA/m, see Figure 28. Here MX7 and MX8 are exceptions since they
contain less iron in the amorphous part of the mixtures and therefore show a lower
B-value. An indication that more iron gives higher B-values can be seen in the
results of MX7 and MX8 compare to MX1 and MX1W since the latter shows
higher value of B despite lower permeability and almost the same or lower density.
However, when comparing the with iron diluted MX4.1 with MX4 it seems that
more iron does not give higher B-value since both these powder mixtures shows
the same value of B. But this can be caused by the permeability which is higher
for MX4. The addition of Cu to MX4 resulting in MX4.3 did not have the desired
effect of increased B value. This is also an indicator that the precipitation of nano
sized α-iron particles did not take place.
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Figure 27: Plot of hysteresis curves for MX4 and SomaloyR© 110i, both heat-treated at
530◦C.

Figure 28: Plot of B at 10 kA/m over density

The main purpose of adding amorphous powder to the SMC-powder was to re-
duce the coercivity, Hc, of the bulk material. This property will also be affected
by the density. The two different measurements show ambiguous results since the
measurement at the same applied field show that all amorphous mixtures have
lower coercivity than Somaloy R© 110i while the measurement at the same B-value
show that coercivity is at the same level and some cases even higher for the amor-
phous powder mixtures. One may speculate that in order to reach the desired
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B-value the amorphous powder mixtures will need to be magnetized to a higher
degree than the Somaloy R© 110i powder mixtures of the simple reason that they
will contain less magnetic material. This means more movement of domain walls
when applied field is reduced which will lead to increased coercivity and that a
comparison between Somaloy R© 110i and amorphous mixtures at the same magne-
tization, in this case 0.5 T, can be unfair. However, one can also argue that the
other coercivity measurement which was done at the same applied field, 10 kA/m,
will be unfair for Somaloy R© 110i since it will be magnetized to a higher degree due
to higher permeability and therefore will show a higher value. To deal with this
issue a new coercivity calculation may be done where the measured values at B
of 0.5T is normalized with density or porosity which in this case would show that
the amorphous powder mixtures have lower coercivity for these measurements as
well. But to get to the bottom of this efforts to increase density of the amorphous
powder mixtures needs to be done which will more than likely prove that added
amorphous material to the crystalline iron will result in reduced coercivity.

A more fair comparison can be made between the different amorphous mixtures.
But here one must also be careful since the presented results is the best achieved
and are from different heat-treatment temperatures, as pointed out earlier, and
lowest coercivity will always be found at the ones that can withstand higher heat-
treatment temperatures. To properly compare the the different amorphous mix-
tures the results from the components heat-treated in 450◦C is presented in Ta-
ble 14.

Table 14: Measured Hc [A/m] for components with 30% amorphous powder heat-treated
at 450◦C.

MX1 MX1W MX4 MX4.1 MX4.3 MX5 MX6 MX7

Hc10kA/m 316 301 304 299 303 307 326 319

Hc0.5T 255 244 237 229 236 241 268 260

Here it is clear that there are differences between the different compositions of
amorphous powder. This difference is most likely due to different amorphous
structures which leads to differences in magnetic anisotropy that have great impact
on coercivity as describes in the background section. In general it seems as if more
iron in the composition means less coercivity. This can be seen by the relatively
high values of both types of Hc for MX7 and MX8 which amorphous powder are
the lowest in iron. However, this can also be caused by the high amounts of Nb
and Si in these powders which might affect the amorphous structure in such a
way that the magnetic anisotropy is effected negatively. An other but less clear
indication that more iron means less Hc is that MX4.1 shows slightly lower value
than MX4, however the difference is small and can be caused by inaccuracy in the
measure equipment. The coercivity of MX1, the amorphous powder containing
the most amount of iron, does not have the lowest value of Hc which contradicts
the idea that more iron means lower coercivity. An other point against the idea is
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that MX1W has the same target composition and slightly less iron in the resulting
composition, but lower corecivity compared to MX1. The XRD-analysis shows
the presence of crystalline phase in the X1 powder which may be the cause of
the relatively high value of Hc. However, MX4.1 and MX5 also show crystalline
peaks but have lower Hc and the difference might be the size and distribution the
crystalline phase.

The reason for trying to decrease the coercivity of the material is to reduce the
total core losses of the bulk material. The results show at a first glance that the
Somaloy R© 110i components show lower losses compared to all amorphous pow-
der mixtures and that the difference is bigger at higher frequencies, see Table 13.
However, as the case with coercivity and B the density of the material will have a
impact on the core losses as well by for instance reduced permeability. The losses
will also depend on the resistivity of the material where higher resistivity mean
less eddy current losses. A reason for the slightly higher losses in the amorphous
mixtures can be that the resistivity has been decreased which mainly depends on
how well the coating isolates the powder particles. One may speculate that the
changed pressing conditions when adding amorphous powder can change due to
the mechanical properties of the amorphous powder as well as the spherical shape
of the amorphous particles could affect the coverage of coating negatively. One
might also suspect a inversely proportional relationship between core losses and
the density which would mean that reduced density will generate higher losses.
Perhaps a better comparison can be done, as suggested for Hc, with normalized
values of the core losses. If efforts to increase permeability and density by opti-
mization of the pressing process and coating one can, with high confidence, suspect
that the amorphous powder mixture will show lower core losses compared to the
Somaloy R© 110i components.

To compare the different amorphous mixtures it is once again suitable to investi-
gate the results from the same heat-treatment temperature, 450◦C, see Table 15.
From these results it is evident that the mixtures with low-iron amorphous powder
show higher loses continuously through all frequencies and magnetization levels.
This correlates well to results for Hc at the same temperature. From this and to-
gether with the comparison between X4 and X4.1, where more iron also decreased
core losses especially at higher frequencies, it is clear that more iron in the amor-
phous powder is favourable. An other interesting comparison, which also put these
results in to context, is between the results from these amorphous mixtures and
results from other investigations where amorphous material has been mixed with
iron-powder. One investigation was conducted by Anhalt et.al. [58] where milled
nano-crystalline Fe73.5Si15.5B7Cu1Nb3 particles was mixed with iron-powder in a
polymer matrix. They report a Bs of 0.85 T and a coercivity of 430 A/m for a
mixture with 30% amorphous material. A more similar investigation was done by
Périgo et.al [38] where amorphous Fe79.3Si5.7B13.3C1.7-powder was mixed with iron
powder. They report a density of 6.4 g/cm3, B7kA/m of 0.55 T and a Hc

7kA/m of
375 A/m for a mixture with 30% amorphous material, see Table 16.

Compared to these results the material produced in this in this project is better.
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Table 15: Measured core losses of components with 30% amorphous powder at 450◦C

Core losses [W/kg]
0.5T 20kHz

100 Hz 400 Hz 1000 Hz 0.05 T 0.1 T 0.2 T
MX1 6 23 61 16 61 255

MX1W 6 24 64 16 60 253

MX4 6 23 61 16 60 253

MX4.1 5 23 61 14 56 243

MX4.3 5 23 60 15 59 249

MX5 5 23 60 15 58 242

MX7 6 25 67 17 65 270

MX8 6 25 65 17 65 270

Table 16: Magnetic properties of MX4 and Fe73.5Si15.5B7Cu1Nb3 and
Fe79.3Si5.7B13.3C1.7 mixed with iron.

Bs Hc

Fe73.5Si15.5B7Cu1Nb3 + iron-powder 0.85 T 430 A/m

B7kA/m Hc7kA/m

Fe79.3Si5.7B13.3C1.7 + iron-powder 0.55 T 375 A/m

B10kA/m HC
10kA/m HC

0.5T

MX4 0.95 T 274 A/m 208 A/m

The total magnetic flux at 10 kA/m for MX4 is higher than the saturation level for
Fe73.5Si15.5B7Cu1Nb3 mixture and corecivity is lower for MX4. One can argue that
this is not a valid comparison since in the work by Anhalt et.al. a plastic matrix
was used which will drastically reduce the density. However, when comparing the
resulting bulk material MX4 is a better soft magnetic material. The comparison
with the Fe79.3Si5.7B13.3C1.7 is better since the same production method and raw
materials is used resulting in comparable densities. There is however a difference
in density here as well. Despite that MX4 show lower coercivity even at a higher
applier field. The fact the measurements are taken at different levels of applied field
means that MX4 should show higher B which it does. However, the significantly
larger value for MX4 can not only be ascribed the higher applied field. The
fact that MX4 shows considerably better magnetic properties indicated that the
materials in these trials show great promise especially if one considers the fact that
no efforts to optimize the material with regard to density and strength has been
done. One can thereby with some degree of wariness conclude that amorphous
powder can be added to crystalline iron-powder to improve the soft magnetic
properties.
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6 Conclusions

From this work on amorphous powder additives for SMC-materials the following
conclusion can be drawn:

• Addition of amorphous powder will affect the magnetic properties. B, Hc
and permeability are reduced, to what degree will foremost depend on den-
sity. However, with the current density a better soft magnetic material than
Somaloy R© 110i was not achieved.

• The powders with high levels of Fe show the best soft-magnetic properties,
and further efforts to find suitable compositions should be focused on systems
with high Fe-content.

• Increased iron content, i.e. dilution, will improve soft-magnetic properties
but reduce both GFA and Tx

• Added Cu is not suitable for all composition since no clear evidence of nano-
crystalline phase was found. Added Cu will reduce GFA, have small effects
on Tx and no clear effect on soft-magnetic properties.

• The limit for a composition to achieve amorphous structure for particle size
of 75 μm is a Dmax of 1.5-2 mm. This limit can be lower if water-atomization
is used.

• The nano-crystalline powders are difficult to produce and the size and dis-
tribution of the nano-sized grains will can not be controlled in a bulk com-
ponent. Therefore the the nano-crystalline powders are not suitable additive
to the SMC-material, despite excellent magnetic properties.

7 Further investigations

Further investigation into this questions should focus on:

• Optimization of amorphous additive content in order to find the balance
point where as good magnetic properties can be achieved at acceptable losses
of induction, strength and density.

• A deeper investigation on the origin of the crystalline peaks in the amorphous
structure.

• Improvement of the composition accuracy in the amorphous powder produc-
tion.

• Investigation of what composition variation that can be accepted in the
production.
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8 Appendix

XRD-curves

The XRD intensity curves for all tested powders can be seen in Figure 29 to
Figure 43

Figure 29: XRD intensity curves for X1

Figure 30: XRD intensity curves for X1W
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Figure 31: XRD intensity curves for X2

Figure 32: XRD intensity curves for X2W
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Figure 33: XRD intensity curves for X3

Figure 34: XRD intensity curves for X3.1
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Figure 35: XRD intensity curves for X4

Figure 36: XRD intensity curves for X4.1
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Figure 37: XRD intensity curves for X4.2

Figure 38: XRD intensity curves for X4.3
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Figure 39: XRD intensity curves for X5

Figure 40: XRD intensity curves for X6
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Figure 41: XRD intensity curves for X6.1

Figure 42: XRD intensity curves for X7
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Figure 43: XRD intensity curves for X8
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DSC-curves

The DSC-curves for all tested amorphous powders can be seen in Figure 44.

Figure 44: DSC-analysis results for the amorphous powders
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Magnetic properties

Magnetic properties for all tested powder mixtures and Somaloy R© 110i at all tested
heat-treatment temperatures can be seen in Table 17 to Table 26.

Table 17: B10kA/m [T] for components with 30% amorphous powder heat-treated at
different temperatures. A - indicates no measurement done.

[◦C] 350 400 450 500 530 550 600

Som110i 1.30 1.31 1.32 1.35 1.35 1.36 1.36

MX1 0.87 0.86 0.91 0.93 0.75 - -

MX1W 0.79 0.79 0.82 0.88 0.72 - -

MX4 0.82 0.85 0.87 0.94 0.95 - -

MX4.1 - 0.83 0.83 0.95 0.86 - -

MX4.3 0.82 0.81 0.87 0.93 0.94 - -

MX5 0.83 0.84 0.89 0.94 0.94

MX7 0.79 - 0.78 0.84 0.86 0.87 0.88

MX8 0.76 0.78 0.81 0.86 0.87 0.86 0.89

Table 18: Hc [A/m] at 10kA/m for components with 30% amorphous powder heat-
treated at different temperatures. A - indicates no measurement done.

[◦C] 350 400 450 500 530 550 600

Som110i 430 407 390 346 322 329 271

MX1 370 341 316 418 703 - -

MX1W 355 323 301 294 645 - -

MX4 352 330 304 282 274 - -

MX4.1 - 342 299 295 498 - -

MX4.3 353 319 303 283 288 - -

MX5 356 339 307 294 326

MX7 370 - 326 307 292 269 237

MX8 380 342 319 302 279 259 234
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Table 19: Hc [A/m] at 0.5T for components with 30% amorphous powder heat-treated
at different temperatures. A - indicates no measurement done.

[◦C] 350 400 450 500 530 550 600

Som110i - - 255 228 216 - -

MX1 - - 244 - - - -

MX1W - - - 219 - - -

MX4 - - 237 213 208 - -

MX4.1 - 253 229 226 304 - -

MX4.3 - - 236 220 216 - -

MX5 283 263 241 226 248

MX7 303 - 268 243 227 210 -

MX8 309 285 260 239 222 212 -

Table 20: μmax for components with 30% amorphous powder heat-treated at different
temperatures. A - indicates no measurement done.

[◦C] 350 400 450 500 530 550 600

Som110i 201 205 218 250 258 261 279

MX1 89 90 99 111 84 - -

MX1W 80 80 86 97 74 - -

MX4 86 91 97 119 121 - -

MX4.1 - 87 88 116 101 - -

MX4.3 87 86 97 117 121 - -

MX5 88 89 97 116 119

MX7 87 - 86 101 105 110 117

MX8 81 85 90 104 107 104 119
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Table 21: Core loss [W/kg] at 0.5T and 100Hz for components with 30% amorphous
powder heat-treated at different temperatures. A - indicates no measurement done.

[◦C] 350 400 450 500 530 550 600

Som110i 6 6 5 5 5 5 4

MX1 6 6 6 6 9 - -

MX1W 7 6 6 5 9 - -

MX4 6 6 6 5 5 - -

MX4.1 - 6 5 5 7 - -

MX4.3 6 6 5 5 5 - -

MX5 6 6 5 5 6

MX7 7 - 6 6 5 5 4

MX8 7 6 6 6 5 5 5

Table 22: Core loss [W/kg] at 0.5T and 400Hz for components with 30% amorphous
powder heat-treated at different temperatures. A - indicates no measurement done.

[◦C] 350 400 450 500 530 550 600

Som110i 24 23 22 20 19 18 22

MX1 26 25 23 25 39 - -

MX1W 28 25 24 22 36 - -

MX4 26 24 23 21 20 - -

MX4.1 - 25 23 21 28 - -

MX4.3 26 24 23 21 21 - -

MX5 26 24 23 21 23

MX7 28 - 25 23 22 21 20

MX8 29 26 25 23 21 22 22
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Table 23: Core loss [W/kg] at 0.5T and 1000Hz for components with 30% amorphous
powder heat-treated at different temperatures. A - indicates no measurement done.

[◦C] 350 400 450 500 530 550 600

Som110i 61 58 56 50 48 49 76

MX1 69 65 61 66 101 - -

MX1W 73 68 64 60 96 - -

MX4 69 64 61 54 53 - -

MX4.1 - 65 61 55 73 - -

MX4.3 69 65 60 55 55 - -

MX5 68 65 60 56 61

MX7 73 - 67 62 59 55 58

MX8 76 70 65 60 57 58 70

Table 24: Core loss [W/kg] at 0.05T and 20kHz for components with 30% amorphous
powder heat-treated at different temperatures. A - indicates no measurement done.

[◦C] 350 400 450 500 530 550 600

Som110i - - 16 15 15 15 78

MX1 - - 16 - - - -

MX1W - - 16 - - - -

MX4 - - 16 15 15 - -

MX4.1 - - 14 15 19 - -

MX4.3 - - 15 15 15 - -

MX5 - - 15 15 16 - -

MX7 - - 17 16 16 16 -

MX8 - - 17 16 15 16 -
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Table 25: Core loss [W/kg] at 0.1T and 20kHz for components with 30% amorphous
powder heat-treated at different temperatures. A - indicates no measurement done.

[◦C] 350 400 450 500 530 550 600

Som110i - - 61 57 55 56 294

MX1 - - 61 - - - -

MX1W - - 60 - - - -

MX4 - - 60 58 57 - -

MX4.1 - - 56 58 71 - -

MX4.3 - - 59 57 59 - -

MX5 - - 58 56 63 - -

MX7 - - 65 62 60 59 -

MX8 - - 65 63 60 61 -

Table 26: Core loss [W/kg] at 0.2T and 20kHz for components with 30% amorphous
powder heat-treated at different temperatures. A - indicates no measurement done.

[◦C] 350 400 450 500 530 550 600

Som110i - - 249 229 221 223 1120

MX1 - - 255 - - - -

MX1W - - 253 - - - -

MX4 - - 253 237 233 - -

MX4.1 - - 243 238 289 - -

MX4.3 - - 249 233 242 - -

MX5 - - 242 236 253 - -

MX7 - - 270 257 248 245 -

MX8 - - 270 258 241 250 -
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