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Introduction
A variety of non-equilibrium alloys were produced using the liquid quenching method [1,2],
after the preparation of the first metallic glass in 1960 [3]. As a result of subsequent rapid
developments a number of magnetic applications of these materials have been published such
as low loss transformers, improved magnetic surveillance sensors and common mode chokes
etc. [4, 5, 6, 7]. The magnetic and mechanical properties of these so called “conventional”
amorphous alloys are already known for today. In the last 10 years bulk metallic glasses
(BMGs) and bulk nanocrystalline materials have attracted great attention because of their
potential engineering applications [1, 2, 8]. It was found during the last 5 years that Fe-based
bulk amorphous alloys are also promising for several magnetic and mechanical applications;
the details however are still under investigations.
Similar to the conventional glassy alloys, the BMGs also show the absence of long-range
crystalline order. Though their mechanical and magnetic properties are promising, they are
not yet introduced into the mass production. Commercializing of BMGs is hindered mainly
due to the insufficient production reproducibility. In addition, it appears the demand for a
cheep raw material (mainly based on cast iron). These two are the focal points of the present
thesis.
The isotropy of physical properties is inherited from the glass state. The absence of crystalline
structure enables us to think about the introduction of new machining method, because of the
working precision is not limited by the crystal size. In order to reach this target the further
development of casting technology is highly desirable.
The structure of the dissertation is the following: surveying the phenomenological description
of glass formation, a summary of magnetic and mechanical properties will be given. The
electrocapillarity effect will be described briefly, and applied later in the improvement of net
shape casting technology. Among the experimental results the competition between the solid
solution and glassy phase formation is analyzed in the Fe-C-B model system around the
eutectic composition. Subsequently, the newly developed bulk amorphous alloy with the
composition of (Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2) is reported, summarizing also the
appropriate mechanical and magnetic properties of this new alloy. Finally, the new casting
method based on electrocapillarity will be described showing the improvement of the
castability for a variety of iron-based bulk glassy alloys.

Literature survey
Opposite to the crystallization (which is a first order phase transformation with the driving
force of free energy difference between the liquid and crystalline state [9]) the glass transition
takes place in a highly supercooled liquid without discontinuous change in the physical
properties. In the case of liquid quenching or rapid solidification, the melt of the alloy is
cooled down to a temperature below which there is no more thermodynamic driving force for
partitioning and, the liquid freezes into a solid of the same composition. For this temperature
range the viscosities in supercooled liquid and solid states are equal. Hence the amorphous
state can be achieved trough the avoidance of crystallization [10].
Glass forming ability (GFA) is inverse proportional to the cooling rate which is necessary to
avoid the crystal nucleation (see Fig. 1).
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The T (time) T (temperature) T (transformation) diagram is a plot of transformation
temperature versus the logarithm of time for an alloy at a given composition. If the cooling
curve is not touching the crystallization’s territory amorphous state will be formed.
Conversely, if these two curves are cutting each other then partly or fully crystalline state will
be formed.
T (K)

liquid

Tm
Tn

crystalline

rapid cooling

Tg
glass

log t (s)
Fig. 1. If the cooling rate is enough high, amorphous state will be formed (Tm melting point, Tn nose point,
Tg glass transition temperature)[11]

RC is the lowest cooling rate when fully amorphous structure is formed. The maximum sample
thickness which is still amorphous is called tmax [12].
The critical cooling rate is different for various classes of materials. Nowadays, various alloy
systems have been developed with relative low critical cooling rate (103 K/s). These BMG
alloys are Mg-Ln*-TM** based systems. Such a low cooling rate of 103 K/s can be achieved
by using normal mould casting method.
In order to obtain BMG samples by net shape casting technology, compositions with high
GFA is needed. The high GFA is signalized by the existence of Tg in the DSC curves. The
larger the supercooled liquid region (defined by 'Tx=Tx-Tg) the higher the GFA [12]. Tg
(onset of an endothermic phenomenon) followed by a wide supercooled liquid region between
the glass transition, Tx and the onset of crystallization, Tx temperatures). Furthermore, the bulk
glass-forming ability is correlated to the high reduce glass transition temperature (Tg/Tm). Fig.
2 shows the relation between RC and Tg/Tm and between RC and 'Tx, in this figure the
maximum sample thickness (tmax) is also represented.

*
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Fig. 2. Relation between the minimum critical cooling rate for glass formation (RC), maximum sample thickness
(tmax) and the reduced glass transition temperature (Tg/Tm) or the temperature interval of supercooled liquid
region 'Tx(=Tx-Tg) for the new multicomponent amorphous alloys[12]

From Fig. 2 it comes out that thick (higher than 1.5 mm in thickness) Fe-based BMG
specimens have not been produced yet. Therefore there is a technical interest to develop bulk
iron-based amorphous work pieces with larger thickness.

Magnetic properties
The magnetic properties of the real magnetic materials can be characterized by B-H
(magnetization-magnetic field) loops, whose area represents the hysteresis loss at a given
frequency. The coercitive force of the soft magnetic materials is relatively small (HC< 200
A/m), whereas for the hard magnetic materials is quite large (HC > 5000 A/m) [13,14]. The
magnitude of saturation induction (Bs) the remanence (Br) as well as the effective permeability
(B/H) can also be obtained from the shape of B-H curves. The relative permeability can be
determined by Pr=P/P0, where P0 is absolute permeability of vacuum [15].The form of the BH loop depends on the applied frequency (f) as well [16], the width of hysteresis loop is
increasing roughly with square root f.

Mechanical properties
The mechanical properties of bulk amorphous alloys are usually characterized by bending,
compression, tensile and Charpy tests, as well as by hardness measurements [17,18, 19,20].
The cylindrical amorphous alloys prepared by copper mould casting formed at various
cooling rate in the inner and outer regions. The varying cooling rates are expected to cause
differences in the mechanical properties, though no appreciable difference is detected for Tg,
Tx and 'Tx. It was measured the Vickers hardness (HV) for the cylindrical
Zr60Al10Co3Ni9Cu18 amorphous alloys with diameters of 5 and 7 mm. The average HV value
was about 470 for the 5 mm cylinder and 475 for the 7 mm cylinder, in agreement with the
value of 460 for the melt-spum ribbon [21]. In the case of iron-based materials it was
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determined the same phenomenon [22], but the hardness of these alloys are approximately
HV 1350 [12].
In the case of iron-based BMGs the fracture happens after an elastic deformation followed by
negligible small plastic deformation [21]. This is why the tensile test is not often used in the
case of bulk amorphous alloys. The compression test is much more preferred to determine the
different mechanical properties. From the literature it is known a Pt-based bulk amorphous
alloy (Pt57.5Cu14.7Ni5.3P22.5) which has a high plastic deformation (20 %) [23] much higher
than in the case of the conventional amorphous alloys and specifically much higher than in the
case of iron-based BMGs [17, 24].

Electrocapillarity effects
The surface tension of a liquid will be changed when a DC current flow trough it. This
phenomenon is known as electrocapillary effect (see Fig. 3).
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Fig. 3. Electorcapillarity curves for mercury in the presence of various Normal aqueous solutions at 18 °C [25]

Similar electrocapillarity curves have been established for a number of metals in molten salts.
Electrocapillarity curves have also been reported for liquid iron in molten slags [26].

Summary of the results from the literature
1. All the alloys which have high glass forming ability are multicomponent systems. The
explanation of GFA is based on empirical rules, including the most important behavior of
applied components such as the atomic size, electronegativity, valence effect between the
alloy components, solubility relations etc.

*

1 dyne = 1010-6 N
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The main problem is that the mentioned factors of GFA can not be separately studied. For
example, it can be hardly assessed the contribution of different metalloids to the GFA.
Furthermore, when interpreting atomic size effects, stressed by Inoue [12], we have to
consider the followings:

atomic size is not an “a priori” properties, but it is influenced also by the chemical
environment;

with changing atomic sizes the chemical properties (electro-negativity) are also
changed simultaneously.
Consequently, one can assume that the contribution of electro-negativity effect is more
important then the size effect in determining of GFA.
Based on the mentioned reasons the comparison boron and carbon metalloids seems to be
especially fruitful, because the similarity in their chemical properties. In spite of this
similarity, the GFA potency is completely different for these elements, especially in the Fe
matrix. Therefore the comparison of Fe-C and Fe-B phase diagrams has practical
importance in investigating GFA.
2. The other topic of the experimental activity described in this thesis is the improvement of
the manufacturing technology. The basic requirements for the net shape casting technology
are to ensure the reproducible manufacturing technology producing ingots with suitable
geometry for the soft magnetic and mechanical applications. The high GFA and good
castability are often contradictory demands, especially for the iron-based BMGs. For the
improvement of production we have the following possibilities:

change in the composition, or using radically new compositions (systems);

modification of casting environment (method), development of new procedures.
These two related possibilities are depending on each other and have to be taken into account
for reproducible manufacturing in the field of net shape casting technology.

The aim of research
1. The realization of technical background for reproducible manufacturing.
2. Study of metallurgical factors influencing the glass forming ability (first of all, the role of
metalloid elements such as boron and carbon).
3. To develop new iron-based alloy compositions which are suitable for economic net shape
casting, and resulting in reproducible properties.
4. Improvement of wetting conditions for the enhancement of casting reproducibility

Experimental background: methods and materials
Die-casting
Schematic draw of die-casting equipment is presented in Fig. 4. The atmosphere was
controlled during the heating and the casting process.
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Fig. 4. Sketch of a die-casting equipment

Die casting experiments were carried out in the IFW Leibniz-Institut für Ferstkörper- und
Werkstoffforschung Dresden Institut, applying Indurest-S type die-casting machine
Centrifugal casting
The sketch of a centrifugal casting machine can be seen in Fig. 5.

2

3

1

4

Fig. 5. Sketch of a centrifugal casting machine. Where (1) is the mould; (2) is the crucible; (3) adjustable
counter-balance; (4) driving engine [27]

After the reconstruction of ICG-41 centrifugal casting machine several series of samples were
produced by this equipment which can be found in the Laboratory of Research Institute for
Solid State Physics and Optics of the Hungarian Academy of Sciences (MTA SZFKI).

Sample qualification
A family of copper mould have been designed (see Fig. 6 and Table 1) for the determination
of the critical sample thickness.
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D

Table 1. Important sizes of applied copper moulds

l

Mould
designation
KI
K II
K III
K IV
KV

 d (mm)
1
 1,5
2
3
4

 D (mm)

l (mm)

 1,46
 2,14
 2,86
 4,06
 5,26

28
37
48
58
68

d

Fig. 6. Cross section of applied mould
with the most important parameters

All of the ingots are conical (conicity:1:50). It is supposed, that the cooling rate changes
gradually along the axes of the sample (with the changing mould’s hole diameter).
Besides the excellent mechanical properties of the treated alloys, their soft magnetic
properties can also be promising especially using them in the form of net shape casted toroid
cores. Therefore, the casting process was also developed towards design of moulds with ring
shape hole. This hole geometry is rather complicated (see Fig. 7) which enable us to test the
castability and the hole filling ability of the melts at a given casting technology.
With this mould a ring-shape sample with outer diameter of 26 mm, inner diameter of 18 mm
and thickness of 1 mm could be net shape casted. This sample dimension is suitable for
measuring the technical soft magnetic properties.

18
26

Fig. 7. Copper mould with ring-like hole
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Investigated alloys
The compositions of investigated alloys are collected in Table 2. All of the alloys were
produced by vacuum induction melting in the Laboratory of MTA SZFKI Metal Research
Department.
Table 2. Composition and short name of manufactured and investigated alloys

Composition
1.
2.
3.
4.
5.

Fe82.7C17.3-xBx
Fe82.7-xC17.3Bx

Ci87P8.65B4.35
Fe65.5Cr4Mo4Ga4P12C5B5.5
Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2

Comment
0x12.5 at. %
0x12.5 at. %
(Ci*: cast iron)

Short name
„quasi eutectic”
„quasi hypereutectic”
Bp
DD
MIX

Experimental methods
Thermomagnetic measurements were carried out by dr. Jozef Kováþ in Institute of
Experimental Physics of Slovak Academy of Sciences in Kassa applying a Foner type
vibrating sample magnetometer. Phase analysis of Fe-C-B samples were made by dr. Ágnes
Cziráki in ELTE TTK with XRD method. The other XRD measurements were made by me at
MTA SZFKI Metal Research Department. Bending ductility was measured using INSTRON
1195 (100 kN) tensile-strength tester. For the hardness measurements the micro hardness with
Hanemann type of micro hardness tester, as well as a Micro Combi Tester S/N 06-207 were
used (Budapest University of Technology and Economics, Department Vehicle
Manufacturing and Repairing (BME JJT). The DSC measurements were made by me in IFW
(Leibniz-Institut für Festkörper- und Werkstoffforschung Dresden) using a Perkin-Elmer
DSC-7 type equipment. Classical metallographic investigations were also applied to detect the
cooling rate sensitive structural characteristics of the ingots.

Results
The glass forming ability in Fe-C-B system [S1, S5, S6, S9]
Two types of alloys are collected in Table 3. One eutectic type, in which carbon is partially
replaced by boron resulting in “quasi-eutectic” Fe82.7C17.3-xBx alloys and another one, “quasi
hypereutectic” type, prepared by adding boron to the eutectic Fe-C master ingot, resulting the
series of Fe82.7-xC17.3Bx alloys. From this group of alloys rapidly quenched ribbons were also
produced (0.4 mm wide, 17±3 µm thick) applying PFC method.

*

Ci composition: C: 3.48; Mn: 0.36; Si: 2.1; S: 0.02; P: 0.076; Cr: 0.06; Ni: 0.02; Cu: 0.02; Ti: 0.02 weight %
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Table 3. Some examples of investigated alloys including the results of chemical analyses, the applied wheel
speed, the fraction and type of crystalline phases, the average grain size, as well as the coercive force in the as
quenched state.

Marking

1.

Wheel speed
(m/sec)

Composition

Fe82.7C12.3B5

32.5

Crystalline
phases

Average
grain size
(nm)

Coercive
force, HC
(A/m)

bcc Fe

130

672

Fe3(C,B)
cementite type

20

14

Crystalline
fraction (%)
„quasi eutectic”
1

„quasi hypereutectic”

2.

Fe77.2C10.3B12.5

25.3

7

It is well known, that both of the eutectic composition (CC=17.3 w %; CB=~17 w %) and
temperatures (TC=1147 °C; TB=1174 °C) are identical in the binary Fe-B and Fe-C systems,
so the Fe82.7C17.3-xBx can really be regarded as “quasi-eutectic” and the Fe82.7-xC17.3Bx as quasi
hyper-eutectic ones. In the cementite phase, the carbon can be (partially) replaced by B which
manifests in increasing glass forming ability and, in the decreasing coercitive force.
The degree of change in glass forming ability is not the same in the two families of alloys. In
the case of “quasi-eutectic” systems the GFA and coercive force is improved with the
increasing boron content. This phenomenon can not be observed at the “quasi hypereutectic”
systems. Comparing the two samples in Table 3, it is clear that the grain size is of primary
importance and the crystal structure and crystal-composition have only minor influence on the
deterioration of magnetic softness in these alloys. This finding is in line with earlier
observations [28].

The transformations as thermal effects
7
Tmax=795 K

Heat flow (W/g)

6

exo

5
4
3

Fe 77,2C10,3 B12,5
(No. 2)
H=104.3 J/g

Fe82,7C12,3 B 5
(No. 1)
H=96.6 J/g

2

Tmax=695 K

1
0
E=20 K/min
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Fig. 8. DSC curves for Fe82.7C12.3B5 (sample 1) and Fe77.2C10.3B12.5 (sample 2)

As it is expected from the structural data summarized in Table 3, appreciable thermal effects
can be detected in samples (1) and (2) (Fig. 8). The shoulder and the wide temperature range
associated with the exothermic in the case of sample (1) do confirm the structural data which
hints at the existence of two-stage (overlapping) crystallization in this sample. This is in
qualitative agreement with the crystallization mechanism observed earlier in binary Fe83B17
glasses. On the contrary, the character of crystallization (narrow peak) in the case of sample
(2) is typical for the compound precipitation via polymorphous reaction. The crystallization
enthalpy is similar in both cases, which is in contrast to the appropriate tendencies in the
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binary Fe-B glasses [29].The shape of the two exothermic qualitatively supports the relative
stability of the compound-like precipitation in the case of sample (2).

Soft magnetic properties
The significance of grain size and its effect can be clearly observed in Fig. 9, where the
magnetization curves are compared in the as quenched Fe82.7C12.3B5 and Fe77.2C10.3B12.5 alloys.
Though the crystalline fraction is higher for the latter alloy (see Table 3), HC is much lower.
In addition, the technical saturation is also higher in this sample. It means that grain size has a
dominant influence on the determination of magnetic softness in the investigated alloys.
(1) Fe82.7C12.3B5

200

Magnetization (Am2/kg)

(2) Fe77.2C10.3B12.5
100

0

-100

-200
-60

-40

-20

0

20

40

60

Magnetic field (kA/m)
Fig. 9. Magnetisation curves for Fe82.7C12.3B5 (sample 1) and Fe77.2C10.3B12.5 (sample 2)
alloys in as quenched state

Mechanical qualification of the as cast samples
Role of cooling rate
Conical rod-like samples were casted from the “quasi eutectic” (Fe82.7C17.3-xBx
(1x5 at. %)) and “quasi hypereutectic” (Fe82.7C17.3-xBx (1x5 at. %)) alloys using the
mould presented in Fig. 6 and Table 1. The bending ductility examination was chosen to
determine the effect of cooling rate and chemical composition on the bending strength and
Young modulus. It comes out that decreasing cooling rate results in decreasing Young
modulus of the samples. This observation is true for both “quasi-eutectic” and “quasihypereutectic” alloys.
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Role of the composition
1,0
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Fig. 10. Role of increasing boron concentration in the case of “quasi eutectic”
(Fe82.7C17.3-xBx (1x5 at. %)) alloys. All of the alloys were casted into the same mould ʋ II.
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Fig. 11. Role of increasing boron concentration in the case of “quasi hyper eutectic”
(Fe82.7-xC17.3Bx (1x5 at. %)) alloys. All of the alloys were casted into the same mould ʋ III.

In Fig. 10 and Fig. 11 the deflection (f), is represented on the horizontal axis and the force
divided by the cross section’s diameter powered on the 4th (F/d4) is on the vertical axis. In this
representation the force is normalized by the cross-section.
The samples shown in Fig. 10 and Fig. 11 were prepared with the same cooling rate and the B
concentration was changing. It turns out that for the “quasi eutectic” alloys the Young
modulus increases with increasing B ratio. But in the case of “quasi hypereutectic” samples,
increasing B concentration results in decreasing Young modulus. Similar results were
obtained applying various cooling rates.
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Preparation and properties of Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 new alloy [S2, S3, S4,
S7, S8, S10]
The castability of the master alloy based on cast-iron (Ci87P8.65B4.35) was excellent [30, 31].
However, this alloy is extremely brittle already in the as-cast state. The toughness of a
Fe65.5Cr4Mo4Ga4P12C5B5.5 [32] alloy was much better (it was less brittle), but the castability is
poor under the same casting conditions. Therefore, these base alloys were mixed in order to
combine the desirable properties for net-shape-casting. Hence, the resulting multicomponent
Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 alloy was used in this experiment. Consequently, the
newly mixed alloy inherited the advantageous properties of the base alloys. It means, the new
mixture has a very good castability and, according to the subsequent investigations, the GFA
is even higher compared to the base alloys. Simultaneously, the castability was significantly
improved. From this alloys it was possible to make a full amorphous ring-shape (an outer
diameter of 26 mm, an inner diameter of 18 mm and a thickness of 1 mm) witch is 2.6 time is
larger than the known same form iron based sample [33].
The appearance of Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 as-cast samples is shown in Fig. 12.

Fig. 12. Photo of different shape glassy ingots of cast bulk Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 amorphous
alloy. Sample in ring shape has an outer diameter of 26 mm, an inner diameter of 18 mm and a thickness of 1
mm, and in rod shape a smaller diameter of 3 mm, a larger diameter of 4 mm and a length of 54 mm

From this composition ribbons were also prepared by planar flow casting method (4 mm wide
and 24 Pm large). Amorphous state was checked by XRD method. From XRD measurement it
can be established that all the various form (ring, rod, ribbon) were fully amorphous.

Comparison of the thermal stability of ribbon and ring shape samples
DSC results are summarized in Table 4 and Fig. 13.
Table 4. Glass transition temperature (Tg), crystallization temperature (Tx), melting temperature (Tm),
supercooled liquid region ('Tx=Tx-Tg) and reduced glass transition temperature (Tg/Tm) of the ring-shaped and
ribbon-shaped samples of the Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 bulk amorphous alloy.

Ring
Ribbon

Tg (K)
748
744

Tx (K)
805
804

Tm (K)
1301
1305
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Fig. 13. DSC curves for the cast bulk sample of the Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 glassy alloy and the
planar-flow-cast ribbon of the same composition

The shape of the DSC curves is practically the same for ribbons, rings, and also for the rods.
The values of the parameters characterizing the glassy state such as Tg, Tx, 'Tx and Tg/Tm are
summarised in Table 4. These values are similar in the case of different shape samples. This
means that the samples are in the same glassy state despite of the applied different cooling
rate.

Comparison of soft magnetic properties measured for ribbons and rings
Fig. 14 presents the B-H loops of ribbon and the ring shaped samples. The coercive field (HC)
for the ribbon is 28.8 Am-1, and for the ring 100.4 Am-1. It is obvious that the value of HC
(measured at 50 Hz) is much lower for the ribbon, due to lower eddy current losses for the
thinner ribbon.
0,6

Magnetization (T)

0,4
ribbon
ring

0,2
0,0
ribbion

HC

-0,2

=11,4 A/m

ring

HC =38,8 A/m
-0,4
-0,6
-150

-100

-50

0

50

100

150

Magnetic field (A/m)
Fig. 14. AC B-H loops at 50 Hz for as-cast amorphous Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 alloy
with different shapes.
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The magnetic loss at 50 Hz for the ring is also higher than that for the ribbon: 0.36 W/kg
(ring) in comparison with 0.15 W/kg (ribbon).
Comparing the shape of B-H curves shown in Fig. 14 and Fig. 15, it can be noticed that the
relation between the magnitude of HC for ribbons and rings turned to opposite. It means that
HC of ribbon is lower measured in DC field than the ribbon opposite to the measured data in
AC field.
0,6

Magnetization (T)

0,4
ribbon
ring

0,2
0,0
ribbon

-0,2

HC

=1,7 A/m

10

15

HC

-0,4

=3,8 A/m

ring

-0,6
-20

-15

-10

-5

0

5

20

Magnetic field (A/m)
Fig. 15. DC B-H loops with the maximum applied field of 20 A/m for as-cast amorphous
Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 glassy alloy with different shapes

The coercivity (HC) for the ribbon is 3.8 Am-1, and for the ring it is 1.7 Am-1. The applied
quenching rate is higher for the ribbon. The higher level of macroscopic stresses may result in
higher HC in DC measurements, which is in agreement with Ref. 34, 35, 36, 37, 38.
Furthermore, in the case of AC measurements, the eddy current effects also have to be
considered.

Bending test, Young modulus
The 3 points bending ductility examination was used to determine the Young modulus of the
casted Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 amorphous rods. Samples were casted into
different moulds (KII, KIII). The results of bending ductility is plotted in Fig. 16.
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Fig. 16. Bending ductility of Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga rods casted into KII and KIII moulds

The same phenomenon can be noticed as in the case of Fe-C-B system. The decreasing
cooling rate results in decreasing Young modulus. The explication of this phenomenon can be
that the smallest cooling rate has the same effect as the relaxation cooling rate. This is also the
explication of the cooling rate effect in the case of ribbon preparation [39].The Young
modulus was calculated from the bending ductility curves (see Table 5).
Table 5. Young modulus of the casted Fe70.7C6.7B5P10.4Si1.1Mn0.1Cr2Mo2Ga2 rods into the KII and KIII moulds

KII
E (GPa)
average
133

KIII
E (GPa)

max
min
145
128

average
127

max
min
134
122

Hardness
The hardness (1000 mN loading force) was determined in 5 various places. The
measurements do confirm the known fact, that the hardness of bulk amorphous samples is
independent from the applied cooling rate [40, 41].

The influence of annealing on the mechanical and magnetic properties of
Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 bulk amorphous samples [S11]
Low and high temperature annealings were carried out below and around the observed Tg.
The applied annealing time was changed in the range of 1 to 30 minutes (see Table 6).
Table 6. The annealing parameter of Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 amorphous ring sample

Temperature (K)

Annealing time (min)

673

1

10

30

743

1

10

30
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The structure after annealing was checked with by XRD (see Fig. 17). Except the heat
treatment at 743 K for 30 min, where a small crystalline fraction appeared (41.9°), no change
can be detected in the amorphous structure.
Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2
743 K; 30 min

Intensity (arb. unit)

743 K; 10 min
743 K; 1 min
673 K; 30 min
673 K; 1 min
as casted
30

40

50

60

70

80

90

2 4(degree)
Fig. 17. XRD traces of the annealed Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 ring sample

The hardness of bulk amorphous ring sample did not influenced by the annealing well below
the Tg which is in contrast to the observed hardness increase in traditional metallic glasses
caused by heat treatments.
The permeability is improved after the annealing under Tg (Tg-80 K), at high frequency (see
Fig. 18).

Permeability

10000

as casted
673 K; 10 min
743 K; 10 min
743 K; 30 min

1000

100

Fe 70.7 C 6.7 P 10.4 B 5 Si 1.1 M n 0.1 Cr 2 Mo 2 Ga 2
10
10

100

1000

10000

100000

Frequeny (Hz)
Fig. 18. Frequency dependence of permeability for Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 as casted state and after
various annealing
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Improvement of castability of bulk amorphous samples [S12]
Using DC current during die-casting (connecting the mould and the melt) an increasing
wetting phenomena is observed, resulting in a better surface quality of ingots and filling
condition during the procedure (see Fig. 19, Fig. 20, Fig. 21).
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Fig. 19. The set casting conditions can be seen of Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 (MIX) ring sample
(where A (alloy) is positive, M (mould) is negative, ejection pressure p=3 bar, ejection temperature T=1300 °C)
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Fig. 20. The set casting conditions can be seen of Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 (MIX) ring sample
(where A (alloy) is positive, M (mould) is negative, ejection pressure p=3 bar, ejection temperature T=1300 °C)
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Fig. 21. The set casting conditions can be seen of Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 (MIX) ring sample
(where A (alloy) is positive, M (mould) is negative, ejection pressure p=3 bar, ejection temperature T=1300 °C)

Summary
The multicomponent high glass former iron-based alloys make possible to prepare new
functional and structural materials. The critical cooling rate of these “bulk amorphous” alloys
is low enough (~103 K/s) to produce 3 D samples, applying the net shape casting technology.
The condition of scale up these laboratory methods is the improvement of the reproducible
casting technology, which is the aim of this thesis. The presented research activity covered the
following fields:
 analysis of the most important metallurgical factors in the development of high
glass forming ability;
 the development of new alloy compositions for the enhancement of casting
reproducibility;
 a more detailed analysis, how the real structure and technical properties are
influenced by the applied cooling rate and other casting parameters.
In order to achieve these purposes:


I redesigned a centrifugal casting machine (type ICG 41). Simultaneously, a new mould
family was developed being suitable for the judgment of critical sample thickness
characteristic of bulk glassy state formed under the centrifugal casting circumstances. A
ring shape formed copper mould is also developed for the single step casting of
magnetic core materials for sensor application.



The Fe-C-B ternary (model) system was studied in order to establish, how the C and B
influences the glass forming ability, the glass stability, and the mechanical and magnetic
properties. The effect of mutual replacement of these metalloids (B/C ratio) is not
similar, when the “quasi-eutectic” and “quasi hypereutectic” compositions are
considered. The bad glass forming ability of the Fe-C system can be attributed to the
formation of extended solid solution in the high temperature range (J-phase) Contrary
to carbon, boron is good glass former because of the low solubility in the J-phase,
resulting in the slow-down of T0 curve.
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A new multicomponent iron based (Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2) alloy have
been developed and tested from the point of technical magnetic and mechanical
properties conserving simultaneously the high GFA. The casting of ring shape samples
was also developed, the dimension of which is already suitable to use it as a real
magnetic core material in various inductive elements for high frequencies.



The thermal and thermomagnetic properties of the new alloy were analyzed, using
XRD, thermomagnetic measurement and DSC. I investigated the correlation between
the applied quenching rate and the most important physical properties. It was found, that
the ribbon, rod and ring samples were amorphous.



The electrocapillarity effects are used during die-casting process which enhances the
improved castability via the lowering of surface tension (better filling of the mould).
The effect is especially pronounced using 3-5 Amps DC current across the mould and
the melt which do form closed electric circuit as the casting proceeds.

The main results of this thesis
1. [S2, S5, S10]
I developed the technical background for reproducible manufacturing of bulk amorphous
samples:
a) As a result of adding a new chamber to the existing equipment (ICG 41) reproducible
casting of bulk amorphous samples become possible in protective atmosphere and under
continuous temperature control.
b) I designed a mould family which has 5 elements. This moulds system is suitable for the
determination of the critical cooling rate for each new bulk amorphous alloy enabling us
to compare the glass forming ability in a variety of glass forming alloys. Every moulds
hole are conical (1:50), the smallest rod’s diameter is 1 mm the largest is 5 mm.
c) I also developed a mould for casting samples with ring shaped form. This form is
suitable to produce soft magnetic cores in a single step. These samples are eligible to
make different magnetic measurements. The hole form is good to compare the
castability properties of different alloy systems. The mould’s hole dimensions are the
following: 26 x 18 x 1 mm.
2. [S1, S6, S9]
The glass forming ability was studied in the Fe82.7-xC17.3Bx (0x12.5 at. %), Fe82.7C17.3-xBx
(0x12.5 at. %) system. It was detected, that the glass forming ability of C and B are
different. B helps, while C deteriorates the glass forming ability. GFA is suppressed by the
solid solution formability in the high temperature range of Fe-C (J-phase). On the contrary,
due to the suppression of this solid solution in Fe-B, the glass formation is favored (T0 curve
is slowing down).
3. [S8, S10]
I developed a new composition alloy (Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2) which is
combined the reproducible casting and high glass forming ability without the deterioration of
soft magnetic properties.
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4. [S5, S8]
Using the 3 points bending test examination, the Young modulus of
Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 bulk glassy samples was determined. I established that:
 decreasing cooling rate results in decreasing Young modulus (from 133 GPa to 127 GPa);
 the hardness is not dependent on the applied cooling rate (HV 963);
 the E/HV ratio depends on the applied cooling rate and the value is between 132 and 138.
5. [S7, S11]
a) Investigating the relation between cooling rate and important physical properties in the
case of Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 with high glass forming ability. I
established, that in spite of the different production technology all samples were
amorphous (checked by XRD), but there are significant difference between
crystallization mechanism and soft magnetic properties according to the applying
cooling rate.
b) I investigated the annealing effects on bulk amorphous samples made from
Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 alloy. The annealing temperature were bellow Tg
(673 K) and around the Tg (743 K). I established that:
 the present alloy has high glass forming ability. It is confirmed that only the
annealing on around Tg during 30 min results in a small crystallization. The sign of
this crystallization can be seen on XRD traces at 41.9°;
 only the annealing around Tg decreases the dispersion of hardness;
 annealing below Tg improves the high frequency permeability.
6. [S12]
I used the electrocapillarity effect during die-casting technology. Mould and alloys were put
on different electrode potential, and I studied how the castability changes. I established that:
the potential difference has an effect on castability, namely:
applying DC current of 3…5 Amps:
 in the case of Fe70.7C6.7P10.4B5Si1.1Mn0.1Cr2Mo2Ga2 alloy (from this alloy without
current it was possible to produce full ring shaped sample) the ejection temperature
can be decreased by 50 °C
 in the case of Fe65.5Cr4Mo4Ga4P12C5B5.5 alloy it was possible to prepare full ring,
which was impossible without current.
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