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Abstract

Fe-based bulk metallic glasses (BMGs) have been extensively studied due to their
potential technological applications and their interesting physical and mechanical
properties such as a low modulus of elasticity, high yielding stress and good magnetic
properties. In the present work, master alloys with nominal compositions of FegoSisBis,
Fe72B19Si5Nba, and FesoNisoB2o (numbers indicate at. %) were prepared by arc melting
the constituent elements in a Ti-gettered Argon atmosphere. The ingots were further
used to fabricate metallic glass microfibers by the recently developed modified melt-
spinning technique. The influence of sintering on crystallization behavior,
microstructure of the FegoSisBis, Fe72B19SisNbs, and Fe4oNisB2o (numbers indicate
at. %) samples was investigated while the effect of Si and Nb alloying additions on the
crystallization of Fe—Si—B based alloys was also studied. The thermal properties
associated with crystallization temperature of the glassy samples were measured using
differential scanning calorimetry (DSC) at a heating rate of 20°C/min. The
microstructure and phase formation of the samples have been analyzed by using X-ray
diffractometry (XRD) and Scanning Electron Microscopy (SEM).



1. Introduction

1.1 Bulk metallic glasses

Crystalline materials are usually composed of grains with different sizes and specific
microstructures. Therefore, they contain many crystalline defects such as dislocations
and grain boundaries. The movement of dislocations under load will cause plastic
deformation of crystalline materials, which is the reason why crystalline alloys cannot
achieve the theoretical strength needed to break the atomic bonds. However, grain
boundaries tend to promote corrosion and / or chemical reactions (for instance,
oxidation and sulfidation). Therefore, mechanical properties of crystalline materials
strongly depend on their crystalline structures. The atomic origins of the strength and
ductility of crystalline materials can be explained by the well-established dislocation
theory [1]. The limitations of crystalline materials structures can be changed through
the formation of a glassy structure with randomly-packed atoms, generally called
metallic glasses. Unlike the crystalline alloys, amorphous solids, such as metallic
glasses, lack long-range order characteristics [2,3]. The disordered structure and
metastable state make metallic glasses exhibit unusual structural properties and non-
conventional deformation mechanisms [4,5]. In fact, some amorphous materials (i.e.,
polymers, glasses, and plastics) have been applied widely to our daily life. However,
amorphous metallic alloys represent a relatively-new class of materials, compared to
other amorphous materials [4]. Before 1960, only amorphous thin films were
successfully deposited at very low temperatures [6]. An amorphous alloy was first
synthesized in 1960 through rapidly-quenching an Au-Si alloy directly with rates up to
106 K/s [6]. The significance of the work is that the process of the nucleation and
growth of crystalline phases could be kinetically bypassed in some molten alloys to
produce metallic glasses. However, the specimen geometry was severely restricted to
thin ribbons, foils, and powders, because the high rate of heat transfer was required to
prevent crystallization at that time. Since then, remarkable progress was made in
exploring alloy compositions for excellent glass formers with ever-lower critical
cooling rates. In the late 1980s, Inoue’s group discovered new multicomponent bulk-
metallic-glass (BMG) systems with lower critical cooling rates and thicknesses of
several millimeters [7,8]. A family of multicomponent Zr-based BMGs (e.g., Zr-Cu-Ni
and Zr-Cu-Ni-Al BMGs) were also developed later [7-9]. Moreover, Peker and
Johnson developed a quinary alloy, Zr-Ti-Cu-Ni-Be, with lower critical cooling rates
down to 1 K/s in 1993 [10]. The alloy, Zr412Cui2.5Ni10T113.8Be2zs (in atomic percent,
at. %), was the first commercial BMG and named as Vitreloy 1 (Vit 1) [3]. Since then,
a vast number of glass-forming alloy systems were greatly developed, for example,
binary, ternary, and multi-component alloy systems. These metallic-glass alloy systems
involved Al-, Cu-, Fe-, La-, Mg-, Ni-, Pd-, Ti-, and Zr-based alloys [11-28].

Owing to the fact that they lack microstructural features, such as grains, grain
boundaries, and dislocations, BMGs display many excellent properties: high strengths
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(even an ultra-high strength of over 5 GPa); high hardness; high strength to weight
ratios; superior elastic limits; low coefficients of frictions; high scratch and wear
resistances; good corrosion resistances; net-shape castability; and good soft magnetic
behavior [29-35]. BMGs have been used to produce many products, for example:
sporting goods, watch parts, electromagnetic casings, optical parts, ornamental parts,
choke coils, power inductors, magnetic-field-identification systems, electromagnetic-
wave-shielding sheets, micro-geared motor parts, pressure sensors, surface-coating
materials, and medical instruments [2].

Nevertheless, the excellent properties of BMGs are accompanied by their lack of
homogeneous plastic deformation without dislocation-mediated crystallographic slip
[5]. Inhomogeneous deformation, in general, happens in BMGs under the
unconstrained conditions because of the formation and propagation of highly-localized
shear bands where a high amount of plastic strains is accumulated in a very narrow
region (i.e., 10-20 nm) [4,36-38]. Although plastic strains are very large at the localized
shear bands, the overall plastic deformability of BMGs at low temperatures is
disappointingly low (< 2-3%) [36]. Therefore, this kind of brittleness seriously
confines the applications of BMGs as a potential candidate for engineering and
structural materials.

Extensive experimental studies using a wide variety of characterization techniques
have been utilized to elucidate the microstructural root cause of the brittleness in BMGs.
A few important ones include the mechanical heterogeneity characterization with
nanoindentation [39,40] and dynamic force microscopy [41], morphological analysis of
fracture surfaces with scanning electron microscopy (SEM) and atomic force
microscopy (AFM) [42,43], and systematic measurements of Poisson’s ratio and the
ratio of the elastic shear modulus to the bulk modulus [44,45]. At the same time, various
theoretical models based on atomic operations were proposed and used for exploring
deformation mechanisms in metallic glasses. One of such models is the free volume
model, which models the inhomogeneous deformation in metallic glasses as a result of
the biased accumulation of free volumes at certain locations under the action of stress
[46-49]. Another commonly used model is the shear transformation zone (STZ) model,
which treats clusters of atoms as the carriers of plastic deformation in metallic glasses.
The STZ model was originally proposed by Argon [50] and later elaborated by Langer
and Falk [51,52], and has been widely used in molecular dynamics simulations of
deformation and failure processes in metallic glasses [51-54]. For interpreting the
quasi-cleavage fracture features observed in BMGs, the tension transformation zone
(TTZ) model may find more usages [55]. TTZs are also local clusters of atoms, their
size is like STZs, but the relaxation timescales are reduced, and brittle fracture is more
likely to occur when subjected to loads. Recently, realizing that metallic glasses may
contain a great number of structural heterogeneities, a flow unit mode was proposed to
study the inhomogeneous nature of metallic glasses [49]. Flow units are essentially
loosely packed regions inside an elastic metallic glass matrix, possess low modulus and
strength, and behave like viscous liquids.



1.2  Classification of iron-based metallic glasses

Materials scientists have developed some iron-based amorphous alloy systems from
the aspects of alloy composition, preparation process and application performance. The
following is the main classification of iron-based metallic glasses. [143]

A . Tron-based metallic glasses

The main components of iron-based amorphous alloys are Fe, Si, and B. For example,
FesoSisBis. It is characterized by strong magnetism, better soft magnetic properties,
and low cost. It is most suitable for replacing electrical steel sheets and it is used as the
iron core of low frequency transformers.

B. Iron-nickel-based metallic glasses

The main components of Iron-nickel-based amorphous alloys are Fe, Ni, Si, B. For
example, Fe4oNisoBoo. It is characterized by relatively weak magnetism, but relatively
high magnetic permeability, and expensive. It is most suitable for replacing permalloy
and it is used as the iron core of high-demand medium and low frequency transformers.

C. Iron-based nanocrystalline alloys (ultra-microcrystalline alloys)

The main components of iron-based nanocrystalline alloys are Fe, Si, B and a small
amount of Cu, Mo, Nb, etc., among which Cu and Nb are essential elements for
obtaining nanocrystalline structures. For example, Fe72B19SisNba. They are first made
into amorphous materials, and then appropriately annealed to form a mixed structure
of microcrystalline and amorphous. This type of alloy combines the high magnetic
induction of iron-based amorphous alloys and the high permeability and low loss of
iron-cobalt-based amorphous alloys. It is a low-cost iron-based material. It can replace
microcrystalline permalloy and ferrite, and has been widely used in the fields of high-
frequency power electronics to achieve the purpose of reducing size and cost.



D. Iron-cobalt-based metallic glasses

The main components of Iron-cobalt-based amorphous alloys are Co, Fe, Si, and B. It
is characterized by weak magnetism. However, the magnetic permeability is extremely
high and the price is very expensive. It generally replaces permalloy and ferrite, and it
is used for transformers and inductors in demanding military power supplies.

1.3 Mechanical properties for iron-based bulk metallic glasses

Traditional iron-based MGs are usually formed as ribbons, powder or wires, and they
can be prepared by chilling metallic liquids at a critical cooling rate above 106 K/s.
The earliest iron-based MG can be traced back to 1967 when amorphous Fe-P-C alloys
were invented by Duwez and his co-workers [56]. Compared with traditional silicon
steels, these iron-based MGs exhibited broad application prospects due to their cheaper
production cost, higher saturation magnetization, lower coercive force, and lower core
loss, which fulfilled the increasing requirements of high-performance soft magnetic
materials for energy saving. In consequence, much research has been devoted to
searching for new iron-based MGs with improved soft magnetic properties.
Subsequently, numerous iron-based MGs such as Fe-P-B [57], (Fe, Co, Ni)-Si-B [58],
(Fe, Co, Ni)-Mo-C [59] and (Fe, Co, Ni)-M-B (M = Zr, Hf, Nb) [60] were developed.
In particular, the Fe-Co-P-B and the Fe-Co-Si-B amorphous alloys, named
“METGLAS”, have been widely commercialized [61]. In 1988, Yoshizawa et al.
discovered that the soft magnetic properties of Fe-Si-B MGs could be significantly
enhanced by Cu and Nb alloying, coupled with annealing treatments, which finally led
to the birth of the FINEMET alloy (the famous brand of soft magnetic Fe-based MG
ribbons) [62]. Afterwards, Fe-Zr-B, Fe-Hf-B and Fe-M-B-Cu (M = Ti, Zr, Hf, Nb, or
Ta) MGs were also developed and named NANOPERM alloys [63]. Later, the (Fe, Co)-
M-B-Cu (M = Nb, Hf, or Zr) nanocrystalline alloys, called HITPERM alloys, were also
invented [64]. Currently, these commercial FINEMET, NANOPERM and HITPERM
alloys are still widely applied in industries due to their excellent soft magnetic
properties [64]. However, the low GFA makes the thickness of these Fe-based MG
ribbons less than 50 um, which results in the low packing density of the transformer
core and then increases the Joule losses [65]. In order to reduce this energy loss, the
thickness of the iron-based MG ribbon needs to be increased, that is, their GFA must
be significantly improved.

Regarding the birth of iron-based BMGs, If the millimeter scale or low critical cooling
rate (<103 K/s) can be arbitrarily defined as “bulk”, the first Fe-based BMG, that is,
Fe73AlsGayP11CsB4, was reported by Inoue and co-workers from Tohoku University,
Japan, in 1995 [66]. Fig.1 exhibits the typical DSC curves and XRD patterns of the
Fe73AlsGaxP11CsB4 rods with different diameters fabricated by the injection casting
method [66]. Obviously, a broad halo peak around 26 = 43.6° is observed on the XRD
patterns, and the glass transition temperature and the onset temperature of
crystallization show no obvious difference between these as-cast rods and as-spun
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ribbons, indicating their amorphous nature. Although from the current point of view,
the GFA of this alloy is limited, nevertheless, its inception indeed opened a new avenue
into the studies and applications of iron-based BMGs, which can inspire more
researchers to engage in the development and application of iron-based metallic glass.
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Figure. 1.1. Typical DSC curves and XRD patterns for the Fe;3AlsGa,P11CsB4 rods with
different diameters fabricated by the injection casting method [66].

After Inoue’s groundbreaking work in 1995, the search for large-sized iron-based
BMGs became the main target of this field. Shortly, a series of Fe-based BMGs
including Fe-(Nb, Cr, Mo)-(Al, Ga)-(P, B, C) [67], Fe-Co-(Zr, Hf, Nb)-(Mo, W)-B [68],
Fe-Co-Nd-Dy-B [69], Fe-Co-Ga-(P, C, B) [70], Fe-(Co, Cr, Mo, Ga)-(P, C, B) [71], Fe-
Ni-P-B [72], and Fe-B-Si-(Zr, Nb) [ 73] were fabricated with a critical diameter between
1 and 6 mm. Meanwhile, the fluxing treatment technique, which was originally applied
to Pd-based alloys, was also used to improve the GFA of Fe-(Co, Cr, Mo, Ga, Sb)-C-
B-P and Fe-Ni-P-B BMGs by Shen et al [72,74]. Until 2004, nevertheless, centimeter-
sized iron-based BMGs were successfully developed independently by Poon et al. [75]
and Lu et al. [76] via the addition of Er and Y, respectively. With continuous efforts, in
2013, the largest attainable size of full glass formation in Fe-based alloys was increased
to 18 mm in the (Feo.8C00.2)47Cr1sMo014C15BsTms3 alloy [77]. So far, more than 10 kinds
of centimeter-sized iron-based BMGs have been developed successfully. Additionally,
it can be noticed that the largest GFA of iron-based BMGs (i.e.,18 mm) is still lower
than those of Pd- [78], Zr- [79], Ti- [80], La- [81], Cu- [83], Mg- [84], Y- [85], Ni- [86],
and Pt-based alloys [87] but higher than those of Ce- [82], Nd- [88], Ca- [89], Co- [90],
Hf- [91], Sm- [92], Au- [93], Pr- [94], Zn- [95], and Al-based alloys [96]. Recently, by
utilizing the Direct Metal Laser Sintering process (DMLS), a typical 3D printing
technology, the critical size of Fe-Cr-Mo-C-B BMGs reached 45 mm, which exceeded
the casting thickness of the material by a factor of > 15 [97]. Although a small number
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of sparsely distributed nanograin clusters were still observed in the amorphous matrix,
there is no doubt that this result represents a new direction for manufacturing large-
sized iron-based BMGs.

In addition, cost reduction has been another emphasis of research for enabling the
widespread applications of Fe-based BMGs in the past few decades. In this aspect,
several approaches have been proposed, including: 1. fabricating Fe-based BMGs
using industrial raw materials, 2. minimizing the total amount of alloying elements, 3.
excluding expensive RE elements, and 4. fabricating Fe-based BMGs under low
vacuum conditions or even in air without any inert gas protection. Apparently, the
usage of industrial raw materials tends to decrease the GFA due to the negative role of
contained impurities [98]. Therefore, studying the influence of impurities on the GFA
and its properties is very significant for the development of low-cost iron-based BMGs.
Another successful example of reducing the cost of iron-based BMGs is the invention
of the Feg9.9C7.1513.3B5.5Ps.7M02.5Al2.0Co1.0 alloy, whose critical size reached 7 mm with
no expensive RE elements [76]. Although some progress has been made, it still needs
to be adjusted continuously along this line in the future, but this also sets the basic idea
for the future development of iron-based metallic glass. It is believed that more new
iron-based metallic glasses will be developed in the future.

In addition to the critical size and cost discussed above, another area of focus is to
enhance the performance of iron-based BMGs. For non-magnetic applications, the
brittleness at room temperature has consistently been a bottleneck for the widespread
industrial application of iron-based BMGs. Unlike other BMGs such as Zr-based
BMGs, the iron-based BMGs exhibit ceramic-like fracture behavior and the rods are
normally pulverized under loading. Hence, many efforts have been devoted to
uncovering the mechanism of the brittle fracture of iron-based BMGs and exploring
reliable methods for improving their plasticity. Approaches such as creating composite
microstructures, adjusting the nature of atomic bonding in the glass structure, properly
controlling the intrinsic elastic properties, and geometric confinement, have been
proven to be effective, to a certain degree, in improving the mechanical properties of
iron-based BMGs [99-124]. Moreover, their large corrosion resistance, good wear
resistance, high hardness, ion irradiation resistance, and decent catalytic properties
have been intensively noticed in the past decades for their non-magnetic applications
[77]. For the magnetic application, the methods used to overcome the dilemma between
high saturation magnetization and large GFA, that is, developing iron-based BMGs
with simultaneously large GFA and good soft magnetic properties, have consistently
been a theme of research [125,126,127-135].

1.4 Effect of composition on their properties

Effects of alloying additions on glass formation, mechanical and soft-magnetic
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properties of Fe - (Si, P, C, B)-based bulk metallic glasses (BMGs) has been
systemically studied in detail for recently years. For instance, Si and B are the metalloid
elements more used to obtaining metallic glasses because they enhance the glass
forming ability. On the other hand, it has been reported that relatively high content of
Si (10 at. %) in Fe-Cr-Si-B alloy wires increase their mechanical strength [136]. In
contrast, a subsequent investigation [137] stated that some iron-based amorphous wires
with relatively low Si content (7.5 at. %) and high B (15 at. %) concentration have
better mechanical properties. Further research shows that The Vickers microhardness
increased as the B content was increased for all the series. On the other hand, the
fracture strength, orts, for FesxSisB1o exhibited a gradual increase as a function of B
contents. In contrast, ost showed maximum values for FegoSii0B1o and Fe70Si10B12Crs
at concentrations of 14 and 16 at.% B, respectively. In general, it was observed that the
microhardness and strength of the alloy series with 8 at. % Si was higher compared
with 10 at. % Si series. In addition, Cu-added iron-metalloid bulk glassy alloys
exhibited excellent mechanical properties: a maximum stress of 3.3 GPa; a Young’s
modulus of 163 GPa, and a large plastic deformation of about 3.1% in compression
[138]. The addition of too much Cu resulted in the enhancement of the size of
nanoparticles but a decrease in glass-forming ability, which then led to a decrease in
the critical diameter and the plasticity. This indicates that a Cu content within a certain
range allows for nano-scale-iron of an appropriate size which then leads to the
maximum values in plastic property [138]. Apart from these, The Cr addition in a large
amount tends to decrease the glass forming ability since the liquidus temperature
significantly increases with the increase of Cr content. However, corrosion resistance
of the amorphous alloys increases as the Cr content increases leading to higher
corrosion resistance of the amorphous alloy with 12.3 at% Cr content than the SUS304
alloy that contains much higher Cr and Ni contents. [139] Homogeneity as well as the
Cr content of the passive layer plays an important role to protect the alloy from
corrosive environments. The glass forming ability and the corrosion resistance of iron-
based bulk metallic glass can be optimized for extensive practical applications through
controlling the Cr content.

1.5 Effect of heat treatment on their properties

Heat treatment has an important influence on the properties of iron-based metallic
glasses. In recent years, the research on the magnetic properties of iron-based metallic
glasses by heat treatment has received extensive attention. For instance, by comparing
the magnetic properties of FegoSioB11 amorphous ribbons under different heat treatment
processes, the variation law of magnetic properties was found, and the best annealing
heat treatment system for magnetic properties was found: heating temperature 405 °C,
holding time 20 min [140]. Researchers compared the properties of samples before and
after crystallization heat treatment, the effect of crystallization heat treatment on the
properties of iron-based amorphous alloy was found: the corrosion resistance of
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amorphous ribbons before crystallization was high; the microhardness of amorphous
ribbons after crystallization increased, but the brittleness increased significantly. In
addition, the effects of annealing temperature and holding time of iron-based metallic
glass prepared by a single-roll rapid quenching method in air on static magnetic
properties and loss characteristics under AC low frequency are also studied. Through
further research on Fes7.6Co144B19.2S148Nbs metallic glass, the researchers found that
as the annealing temperature increases, the maximum DC permeability increased, the
coercivity decreased, and the resistivity increased. The best DC performance and AC
low-frequency loss performance can be obtained by keeping the temperature at 773K
for 30 minutes [141].

Furthermore, heat treatment also affected the crystallization behavior, the
microstructure and the resulting micro-hardness of bulk metallic glass. For example,
the (Feo.9Nio.1)77MosP9C75B1.s which is an as-quenched bulk metallic glass (BMGQG)
composite was investigated [142]. Researchers used DSC to anneal the amorphous
composite material at different temperatures of Tp1 (725 K) and Tp2 (772 K), and
studied the effect of crystallization of the amorphous composite on hardness by using
XRD, SEM, EDS, DSC and micro-hardness test. Then, the researchers found that
(Feo.oNio.1)77MosP9oC7.5sB1.s alloy shows liquid phase separation (LPHS) during
solidification and possesses composite structure in as cast state. The experiment
showed that both the separated phase and the matrix phase (L1 and L2) have high glass
forming ability and show an amorphous structure in the as-cast state, each phase has
different composition and so possesses different crystallization temperature and
hardness. Finally, the researchers concluded that when annealing temperature raised up
to 772 K (Tp2), the Fex3(C, B)s and FeNirP phases form in the matrix causing the
hardness to increase, separated phase that was intensely crystallized with annealing at
T2 crystal structure was dominated, and the conditions become suitable for the growth
of shear bands and cracks, resulting in a sharp decrease in hardness.

In addition to the effects mentioned above, the effect of heat treatment process on the
electrochemical corrosion performance of iron-based amorphous alloys was also a
research direction. For instance, the researchers first annealed the
Fe41Co7Cr1sMo014C15Bs Y2 amorphous alloy prepared by vacuum arc melting copper
mold casting technology and the Fe41Co07Cri1sMo014C15BsY2 amorphous alloy prepared
by the amorphous crystallization annealing method. The annealing process was 610°C,
630°C, and 645°C respectively, and the holding time was 8h. The amorphous and their
crystallization processes were identified by DSC and XRD. Then a comparative study
of the electrochemical corrosion behaviors of amorphous Fe41Co7Cri1sMo014Ci5B6Y2
alloys was performed by the electrochemical impedance spectroscopy (EIS) in 1.5
mol/l HCL solution and the influence of heat treatment at different temperatures on
the alloy structure and corrosion resistance in 1.5 mol/l HCL solutions was
investigated. Finally, the researchers found that at room temperature, in 1.5 mol/l HCI1
solution, the corrosion resistance of Fe41Co7Cr1sMo14Ci5BsY2 amorphous alloy was
better than that of crystallized material and the corrosion current density was also
relatively low. Moreover, with the increase of heat treatment temperature, the



corrosion resistance of Fe41Co7CrisMo14CisBsY2 amorphous alloy decreased
gradually.

1.6 Applications

Iron-based BMG has extremely high strength and toughness, a high elastic elongation
limit, good corrosion resistance, and excellent soft magnetic properties. Since the first
Fe-PC BMG was developed in 1995 [66], great strides have been made in exploring the
industrial applications of these new materials in various fields, including soft magnetic
applications, wear and corrosion resistant coatings, biomedical materials and precision
gears for micromotors, shot peening balls, a fine precise polishing medium, catalysts,
and so on. At present, iron-based BMG is mainly used as soft magnetic material and
wear and corrosion resistant material coating. Recently, its applications have been
extended to new areas such as biomaterials, shot peening balls, catalysts and
amorphous electrical machinery. However, new applications of special types of glass
alloys with many interesting properties should be explored to make the best use of their
intrinsic properties.
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2. Materials and Methods

2.1 Materials preparation

Master alloys with nominal compositions (at.%) of FesoSisBis, Fe72B19SisNbas, and
Fe4oNisB2o were prepared by arc melting the constituent elements in a Ti-gettered
Argon atmosphere. The ingots were further used to fabricate metallic glass microfibers
by the recently developed modified melt-spinning technique.[144]. The technique was
used for microfiber fabrication at Academic Centre for Materials and Nanotechnology
(ACMIN), at Prof. Bala’s group in Krakow, Poland, receiving funding from KMM-
VIN program. Figure 2.1. shows the schematic picture as well as optical picture of the
technique and the prepared microfibers. The obtained microfibers had a diameter of
about 1-2um and tens of millimeters long. The composition and general properties of
prepared microfibers are presented in Table 2.1. The as-cast samples were analyzed by
SEM, XRD and DSC.
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Figure 2.1 (a) Melt-Spinning process of metallic glass microfibers. (b) Basic configuration of
a single-roller melt-spinning apparatus. (c) The metallic glass microfibers treated by melt
spinning process. (d) The general dimension of the metallic glass microfibers.

Table 2.1 The properties of the prepared samples and new names.

New name Chemical Composition Density Melting point
[°Cl
[g/em?]
MM1 FegoSisBi5 7.2 1168.5
MM2 FegoSisBis 7.2 1168.5
MM3 Fe7nB19SisNby 7.0 1260
MM4 Fe4oNigoBoo 8.4 1150
MM5 Fe4oNigoB2o 8.4 1150

2.2 Sintering sample preparation

Microfibers were cut into pieces and were assembled homogeneously into the square
sheets with the dimension of 1.5 cm x 1.5 cm in order to go through the subsequent
sintering. It is important to note that it was necessary to minimize the gaps between the
microfibers to obtain more homogeneous and denser sheet during sintering. The
sintered samples were further analyzed for their crystalline phases using XRD.
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Figure 2.2 (a) The square sheet preparation. (b) The samples before sintering and the samples
after sintering.

2.3 Sample thermal treatment

The square sheets were sintered in the temperature range of 25 — 800 °C (Nabertherm
GmbH). These sheets first were heated at a heating rate of 20 °C/min to 800 °C and
kept for 2 hours at 800°C, following by the furnace cooling in vacuum. During sintering,
pure titanium sponge was placed next to the samples to prevent possible oxidation.

A Temperature (*C)
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Figure 2.3 (a) The required experimental procedures, the temperature and time of sintering. (b)
The sintering furnace used in the experiment.

2.4 Crystallography and phase analysis

The microstructure of the specimens was examined by Scanning Electron Microscopy
(SEM, JCM-6000Plus BENCHTOP). Further confirmation of the amorphous
microstructure was realized by X-ray diffractometer (XRD, PANalytical X’Pert PRO)
with Cu-Ka (1% 1.5418 A) as a radiation at 40 kV and 20 mA. The studied alloys were
defined as amorphous if the diffraction pattern presented the typical liquid-like
structure, characteristic of an amorphous phase.
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Figure 2.4 (a) Scanning Electron Microscopy used in the experiment. (b) X-ray diffractometer
used in the experiment.

2.5 Thermal properties

The thermal stability associated with glass transition (Tg) and crystallization (Tx)
behavior of the studied alloys was evaluated by differential scanning calorimetry (DSC,
NETZSCH DSC404 F3) at a continuous heating rate of 20 K/min. The DSC tests were
carried out in the temperature range of 20°C— 1000°C. The sample was put into the
crucible and covered, and it must be guaranteed that the outside of the crucible was
clean and free of microfibers before starting the measurement. The crucible used in the
experiment was made of aluminum oxide because of its high thermal conductivity and
good ultra-high temperature stability. In order to ensure the reliability of the
experimental data, the temperature calibration was performed with alumina powder of
the same mass as the tested microfibers during the actual calorimetric examinations.
Moreover, about 0.67 ml/s flow of the same highly pure argon gas was adopted in order
to provide the sample protection during the measurement.
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Figure 2.5 (a) The differential scanning calorimetry used in the experiment. (b) The aluminum
oxide crucible used in the experiment. (c) The dimension of the aluminum oxide crucible used
in the experiment.
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3. Results and discussion

3.1 Microstructure analysis

3.1.1 Starting microfibers

The microfiber samples used in this study are presented in Figure 3.1. The composition
of each sample has previously introduced in Table 2.1 in the Materials and methods
section. It is evident that some of the samples such as MM3 have coarser appearance
in comparison with MM4 and MMS5. Samples were further characterized by scanning
electron microscopy (SEM) and they are shows in Figure 3.2 and Figure 3.3.

@ (e)

Figure 3.1 Optical pictures of as-cast microfibers (a) MM1 (b) MM2 (c) MM3 (d) MM4 (e)
MM5
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What is clear from SEM images (Figure 3.2) is the rectangular shape of microfibers
cross-sections. This could be related to the fabrication technique (modified melt-
spinning technique) which was originally designed for fabrication of amorphous
metallic ribbons. Controlling the surface tension of metallic melts and the experimental
parameters of melt-spinning, microfibers were fabricated. Sample MM3 exhibit lots of
surface defect and appears to have higher surface roughness compared to the other
samples. Figure 3.3 shows the same SEM images of these samples with higher
magnifications. Among them, the samples MM4 and MMS5 show a relatively uniform
thickness, with an average thickness of about 15um, and the finer strip-like structures
are in the majority in the displayed microstructure. The samples MM 1 and MM2 also
show a relatively uniform thickness, but the average thickness is about 20um, and the
microstructure is dominated by a thicker strip structure. By comparing the above four
different samples, the size distribution of the samples MM4 and MMS5 is more uniform
and denser, with fewer voids per unit area. In addition, it is clear that the SEM images
of samples MM4 and MMS are brighter than samples MM 1 and MM2. The reason may
be connected to the compositional differences of MM4 and MMS5 contains with the
other two samples because they contain nickel which has a higher atomic number
compared to silicon. Because the higher the atomic number of the substance, the
brighter the image in scanning electron microscopy. Finally, the sample MM3 shows a
very non-uniform thickness, with a size range of 50-300 um. Due to the larger size, the
microstructure of the sample MM3 is more flake-like and has a rough surface.
According to these figures, all samples have relatively rough surfaces. By comparing
the surface roughness of different samples, the sample MM4 has a smoother surface
and relatively flat microstructure edges. On the contrary, the sample MMS5 has a very
rough surface and irregular microstructure edges, and the sample MMS5 has a large
number of surface defects. This could be due to hole nucleation and rotating copper
wheel surface roughness during the fabrication process. Furthermore, the samples of
MMI1 and MM2 have smoother surfaces and flat microstructure edges, but their
surfaces have a small amount of point protrusions. Finally, apart from a few surface
defects and holes and point protrusions, the surface of the sample MM3 also has ring-
shaped markings.
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Figure 3.2 Scanning electron microscopy of samples (a) MM1 (b) MM2 (¢) MM3 (d) MM4 (e)
MMS5
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(a) (b)
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Figure 3.3. Higher magnification scanning electron microscopy of samples (a) MM1 (b) MM2
(c) MM3 (d) MM4 (e) MM5

3.1.2 Sintered samples

Sintering experiments were conducted as described before in the section 2.3 (Sample
thermal treatment). Figure 3.4 shows the optical images of microfibers after the
sintering process. In this experiment, the author separately performed sintering
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treatment, under the same conditions, on the iron-based metallic glass samples
involved in this paper. Due to the different physical characteristics of different iron-
based metallic glass samples, the sintered sample of MM?2 iron-based metallic glass
materials did not show expected result. There are numbers of reasons that could lead
to this result among which are the microfiber dimensions which are coarser in MM2
compared to MM1 with the exact same composition. The other speculation is the
thickness of the prepared sheet was too high to effectively gets interconnected. Various
of temperature and other sources of errors related to the experiment is another
possibility. Going back to Figure 3.4, other samples (MM1, MM3, MM4, and MM5)
show successful sintered products. Among them, the sintered samples of MM 1, MM3
and MM4 are better interconnected to form a sheet. This is important because it will
eventually affect the mechanical strength and the density of the prepared sheet. As far
as the oxidation reaction is concerned, the surface of the sintered sample MM 1 is darker
and there is less light reflection, which indicates that the MM1 sample is possibly
partially oxidized during the sintering process.
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Figure 3.4. Optical picture of samples after sintering (a) MM1 (b) MM2 (c) MM3 (d) MM4
(e) MM5
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3.2 Thermal analysis: differential scanning calorimetry (DSC)

3.2.1 Thermal stability of the metallic glasses

Some available data from the DSC patterns recorded at a heating rate of 20 K/min
(temperatures in °C) is listed in Table 3.1. According to the Table 3.1, Tgstands for the
glass transition temperature measured at the onset of the transformation, Txi (1= 1 to 2)
for the onset temperature of the i crystallization event, T¢; (1= 1 to 2) for the temperature
of the peak. Peak area is the difference of specific heat at the crystallization zone, AT
is the supercooled liquid region and ATk is the difference of temperature between
different peaks.

DSC analysis for samples with the chemical composition of FegoSisBis (MM1 and
MM2) are shown in Figure 3.5 and Figure 3.6. According to these figures, both MM 1
and MM2 present similar thermal behavior, showing two exothermic peaks at
temperature range between 480°C- 540°C, and the temperature corresponding to two
crystallization processes that initiation of each step is distinguished by Tx1—Tx2 on the
DSC curve. The first one is characterized by a relatively smaller peak, associated with
the crystallization of the amorphous matrix. In contrast, the second peak which is
sharper, might be induced by the secondary crystallization of the remaining amorphous
phase or the transformation of the primary metastable phase. The Txi and Tc1 of MM 1
occur at 496°C and 506°C which are shifted to higher temperatures for MM2 at 501°C
and 511°C respectively. Similar trend is observed for the second exothermic peak
where Tx> and T, of MMI1 occur at 521°C and 531°C respectively and these
temperatures are slightly shifted for MM2 to higher temperature at 526°C and 536°C.
However, the main difference between MM1 and MM?2 is the area under their peaks.
The measured area for MM1 (86 uV+°C/mg) is more than two times larger than MM?2
(35 uV+°C/mg). This might be related to the cooling rate they went through during the
fabrication by melt-spinning. Higher cooling rate result in larger exothermic peaks. The
other difference is their glass transition temperature. MM1 shows T at 426°C while T,
for MM2 is shifted to higher temperature, 456°C.
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Figure 3.5 (a) DSC curve of the MM1 performed at a heating rate of 20 K/min. (b) The local
enlargement of the curve MM evidencing the glass transition.
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Figure 3.6 (a) DSC curve of the MM2 performed at a heating rate of 20 K/min. (b) The local
enlargement of the curve MM2 evidencing the glass transition.

~ 22 ~



DSC analysis of MM3 is not presented in this section due to technical problems
associated with the DSC device. Moving on to the FesoNisoB2o composition (MM4 and
MMS5), their DSC analysis are shown in Figure 3.7 and Figure 3.8. Unlike MM1 and
MM?2, these samples show only one exothermic peak indicating only one
crystallization event. The initiation of crystallization is marked as Tx; on DSC curve.
The measured Tx1 and Tc¢1 for MM4 are at 401°C and 421°C which are almost the same,
slightly shifted to higher temperatures, for MMS5 at 405°C and 424°C. Their glass
transition temperature is found at an identical temperature 376°C. Furthermore, the
peak area of sample MM5 (167 uV<°C/mg) is much larger than that of sample MM4
(44 nV+°C/mg), which indicates the heat released per unit weight of the sample MM5
is relatively high. This is due to the higher cooling rate MMS5 samples went through
compared to MM4. In fact, the wheel velocity during melt-spinning was set at 63 m/s
for MMS5 while it was set at 51 m/s for MM4.
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Figure 3.7 (a) DSC curve of the MM4 performed at a heating rate of 20 K/min. (b) The local
enlargement of the curve MM4 evidencing the glass transition.
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Figure 3.8 (a) DSC curve of the MM5 performed at a heating rate of 20 K/min. (b) The local
enlargement of the curve MMS5 evidencing the glass transition.

The summary of the most important information extracted from these DSC curves is
presented at Table 3.1. According to this table, sample MM?2 has outstanding thermal
stability and heat resistance, and the sample MMS5 releases the most heat during the
crystallization process. Larger AT=Txi-Tg for FesoSisBis samples compared to
Fe4oNiq0B2o samples shows once again that the introduction of Si is an effective way to
enhance the thermal stability of the supercooled liquid [147].

Table 3.1. Data from the DSC patterns recorded at a heating rate of 20 K/min (temperatures in °C).

Sample/ )
Unit
Analysis
Tg [°C]
Tx1 [°C]
Tel [°C]
Tx2 [°C]
Tc2 [°C]

MM1 MM2 MM4 MMS
426.4 456.2 376.7 376.8
496.4 501.2 401.4 404.5
506.4 511.2 4213 423.9
521.4 526.2 - -
531.4 536.2 = -

~ 24 ~



Peak area = [uV+°C/mg] 86.23 34.59 44.14 166.79

AT=Tx1-Tg [°C] 70 45 24.7 19.4
ATx=Tx2-
[°C] 25 25 - -
Tx1

3.3 XRD analysis

The XRD analysis of as-cast samples are presented in Figure 3.9. The pattern consists
of a broad diffused maximum without diffraction peaks which indicates the amorphous
phase for all the sample. This means that the cooling rate used to fabricate these
samples was higher than the critical cooling rate required to suppress any
crystallization event. Indeed, the critical cooling rate for glass formation, Rc, is an
important characteristic parameter for predicting the ease or difficulty of glass
formability. It is defined as the minimum cooling rate necessary to keep the melt
amorphous without detectable crystallization upon solidification. A slower Rc indicates
a greater glass-forming ability of an alloy system.

— MM1
— MM2
— MM3
" MM4
— MM5

ARl RTPRIPPS
WMA ) ok
L. kg . ’ i

20 30 40 50 60 70 80 90 100
Position 26

Intensity (a.u.)

Figure 3.9 The XRD results for as-cast metallic microfibers MM 1, MM2, MM3, MM4, and
MMS5.
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Moving on to the XRD analysis after sintering, Figure 3.10 shows X-ray diffraction
patterns of all the samples after sintering. The XRD pattern shows a superposition of a
broad diffuse background and a set of diffracted peaks which implies that partly
amorphous-crystalline composite obtained after sintering. And in fact, the amorphous
phase is still present in the samples.

Starting with sample MM, the phases formed which are identified after sintering are
FesSi, FeSi. The number of identified crystal phases corresponds to the number of
peaks expressed in the previous DSC curve. Among the phases formed, Fe3Si is an
important magnetic functional material with high temperature resistance, corrosion
resistance, oxidation resistance, low conductivity and excellent soft magnetic ability,
moreover, Fe3Si also has a negative temperature coefficient. Expecting to see similar
crystalline phases for MM2 (due to the same chemical composition), the crystalline
phases in MM2 are identified to be Fes;Si, Fe. This is in line with our previous
observation for MM2 DSC analysis. The presence of two exothermic peaks indicated
two crystallization events which should be related to these two crystallize phases, Fe3Si
and Fe. According to previously reported data, the first exothermic peak at MM2 DSC
curve should corresponds to the formation of the Fes3Si phase [149-152]. while the
second one corresponds to the formation of the Fe, because we only found two
crystalline phases in the XRD analysis of the sintered sample MM?2. It can be concluded
that for the sintered sample MM2, the crystallization temperature of the Fes3Si phase is
511.2°C while the crystallization temperature of the Fe is 536.2°C.

Unfortunately, the DSC analysis for MM3 was not available but the XRD analysis for
MM3 indicates the presence of two crystalline phases: Fe3Si and Fe;B. Previously, Y.R.
Zhang and R.V. Ramanujan have reported similar observation for compositions similar
to FegoSisBis alloy [148]. Compared to MM?2 with the composition of FegoSisBis, the
XRD data suggests that the addition of Nb acts as a glue to promotes the formation of
Fe;B phase. Here, with the addition of 4 at.% Nb, the crystallization mechanism might
have been changed from primary crystallization to eutectic crystallization.

Nevertheless, Samples MM4 and MM35 both only identify one different crystalline
phase. This XRD analysis result corresponds to the number of peaks shown in the
previous DSC curves of samples MM4 and MMS. Furthermore, the crystals which are
identified in the sintered sample MM4 is (Fe, Ni) while the phases formed in the
sintered sample MMS5 is NizFe. Obviously, the NisFe is the face-centered cubic
structure based on a long-range ordered characteristic. The face-centered position of
the face-centered cubic unit cell is occupied by Ni atoms, and the top corner positions
are occupied by Fe atoms. What is more, the NizFe also exhibits typical ferromagnetism
at room temperature. Finally, the same composition of sample MM4 and sample MM5
form the different crystalline phases. The hypothetical reasons are 1. The sample
underwent various degrees of oxidation during the sintering process. 2. The sample
MMS had a higher cooling rate when making the starting microfibers.
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Figure 3.10 XRD results for the samples after sintering: (a) MM1 (b) MM2 (c) MM3 (d)
MM4 (¢) MM5:  FesSi(V) FeSi(X) Fe(ll) Fe.B(®) [Fe,Ni](%) NisFe(#)

The summary of important information from the XRD data analysis are presented for
each sample from Table 3.2 to Table 3.6.

Table 3.2 The XRD scan parameters of the sintered sample MM 1.

Pos. of . . L. Chem.
Height FWHM | d-spacing Rel.Int. Tip width
peak Formula
[°2Th.] [ets] [°2Th.] [A] [%] [°2Th.] -
45.4006 604.94 0.1008 1.99606 100 0.121 FeSi
65.8443 164.95 0.001 1.4173 27.27 0.0012 FesSi
80.2947 117.79 0.0231 1.19471 19.47 0.0278 FeSi
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Table 3.3 The XRD scan parameters of the sintered sample MM2.

Pos. of
peak

[°2Th.]

44.9967

65.32

82.6239

99.1695

99.4877

116.5444

116.9821

Table 3.4 The XRD scan parameters of the sintered sample MM3.

Pos. of
peak

[°2Th.]

24.4672

34.8653

42.3507

44.5234

56.1042

Height

[cts]

724.89

90.91

177.4

95.67

54.68

125.35

59.67

Height

[cts]

24.98

46.64

92.22

731.56

40.69

FWHM

[°2Th.]

0.1378

0.1929

0.1929

0.1008

0.1653

0.1344

0.2016

FWHM

[°2Th.]

0.1929

0.1653

0.1102

0.0551

0.2204

d-spacing

[A]
2.0147
1.42858
1.16781
1.01173
1.01019
0.90564

0.90351

d-spacing

[A]
3.63825
2.57335
2.13424
2.03501

1.63933
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Rel. Int.

[“o]

100

12.54

24.47

13.2

7.54

17.29

8.23

Rel. Int.

[“o]

341

6.38

12.61

100

5.56

Tip width

[°2Th.]

0.1653

0.2314

0.2314

0.121

0.1984

0.1613

0.2419

Tip width

[°2Th.]

0.2314

0.1984

0.1322

0.0661

0.2645

Chem.
Formula

Fe3Si

Fe3Si

Fe3Si

Fe

Fe

Fe

Fe

Chem.
Formula

FezB

FezB

FezB

Fe3Si

FezB



65.0212 98.37 0.1653 1.43442 13.45 0.1984 FesSi

82.3564 181.03 0.168 1.16995 24.75 0.2016 FesSi

Table 3.5 The XRD scan parameters of the sintered sample MM4.

Pos. of . . L. Chem.
Height FWHM | d-spacing Rel.Int. Tip width

peak Formula
[°2Th.] [cts] [°2Th.] [A] [%] [°2Th.] -
44.2607 255.37 0.3651 2.04647 100 0.4381 (Fe,Ni)
51.416 126.15 0.3129 1.77723 49.4 0.3755 (Fe,Ni)
75.5823 113.72 0.8872 1.25809 44.53 1.0646 (Fe,Ni)
91.343 123.75 0.3816 1.07682 48.46 0.4579 (Fe,Ni)

Table 3.6 The XRD scan parameters of the sintered sample MMS5.

Pos. of . . L. Chem.
Height FWHM  d-spacing Rel.Int. Tip width
peak Formula

[°2Th.] [cts] [°2Th.] [A] [%] [°2Th.] -

44.3528 287.43 0.2086 2.04244 100 0.2503 NisFe
51.4131 108.99 0.4172 1.77733 37.92 0.5007 NisFe
64.7007 123.88 0.3798 1.44075 43.1 0.4558 NisFe
75.416 62.27 0.4172 1.26045 21.66 0.5007 NisFe
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4. Conclusions

In this work, amorphous metal microfibers with three different compositions,
FesoSisBis, Fe7nSisBioNbs , and Fes4oNisoB2o, were characterized and sintered at
elevated temperatures. Their microstructure, phase analysis and thermal properties
were investigated before and after sintering. DSC, XRD, and SEM were used as the
investigation techniques in this work. Combining the results obtained, the following
conclusions can be drawn:

1. The samples MM1 and MM2 show a relatively uniform thickness, but the average
thickness is about 20um, and the microstructure is dominated by a thicker strip
structure while the samples MM4 and MM5 show an average thickness of about 15um,
and the finer strip-like structures are in the majority in the displayed microstructure.
Finally, the sample MM3 shows a very non-uniform thickness, with a size range of 50-
300um.

2. Regarding the sintering results, MM1 shows traces of partial oxidation on its surface
after sintering while MM2 fails to be interconnected after sintering.

3. Both MM1 and MM2 present similar thermal behavior, showing two exothermic
peaks. In contrast, MM4 and MM5 show only one exothermic peak indicating only one
crystallization event. The glass transition temperatures for the studied samples are
Te=426°C for MM1, Tg=456°C for MM2 and Tg=376°C for both MM4 and MM5. Due
to the measured area for MM is larger than that for MM2, it can be concluded that the
cooling rate of MM1 is higher than that for MM2. Similarly, the cooling rate of MM5
is higher than that for MM4. Finally, sample MM2 has outstanding thermal stability
and heat resistance, and the sample MMS5 releases the most heat during the
crystallization process. Larger AT=Txi-T; for FesoSisBis samples compared to
Fe40Niq0B2o samples shows once again that the introduction of Si is an effective way to
enhance the thermal stability of the supercooled liquid.

4. The phases formed which are identified in MM1 are FesSi, FeSi. The crystalline
phases in MM2 are identified to be FesSi, Fe. It can be concluded that for the sintered
MM2, the crystallization temperature of the FesSi phase is 511°C while the
crystallization temperature of the Fe is 536°C. The XRD analysis for MM3 indicates
the presence of two crystalline phases: Fe3Si and Fe;B. Nevertheless, Samples MM4
and MMS5 both only identify one different crystalline phase. The crystals which are
identified in the sintered MM4 is (Fe, Ni) while the phases formed in the sintered MM5
is NisFe.
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Abbreviations

AC Iternating current

AFM Atomic force microscopy

BMG Bulk metallic glasses

DC Direct current

DSC Differential scanning calorimetry
DMLS Direct Metal Laser Sintering process
EIS Electrochemical impedance spectroscopy
GFA Glass forming ability

LPHS Liquid phase separation

MG Metallic glasses

RE Rare earth

SEM Scanning Electron Microscopy

STZ Shear transformation zone

TTZ Tension transformation zone

XRD X-ray diffractometry
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