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Abstract

ABSTRACT

In this project four alloy compositions were selected: Fe7758i135Bg, Fe7e5S113.5BoCu;.
Fe74.5S113.sBoNb; and Fes3 sSij3sBoNb3Cu;. Thermal properties by DSC, phase formation
by XRD, microstructural observation by TEM and magnetic properties by VSM were
compared to elucidate the effects of Cu and Nb alloying additions in the

Fe73,5Si|3,5B9Nb3Cu| alloy.

In the case of the Fes75S1;3 5By alloy, crystallization resulted in the formation of the b.c.c.
Fe-Si phase with an unusual dendritic morphology, the dendrite branches are composed
of closely spaced crystals, the spacing between the crystals is a few nanometers. Hot
stage in-situ TEM observation of the crystallization process of this alloy showed that the
initial stage of crystallization resulted in an equiaxed morphology, followed by a
morphological transition to a dendritic morphology. Significantly, this transition occurred
beyond a critical size of about 45nm. A parameter related to the transition was
determined to be in the range of 0.013-0.031, this experimental result lies in the range of
theoretical predictions. Hence, the dendrite formation is consistent with the

morphological stability theories of Mullins-Sekerka, Nesbit and Langer.

In the case of the Fess55i135B9Cu alloy, 1 at% Cu alloying addition in the Fe-Si-B alloy
resulted in the crystallization of a b.c.c. Fe-Si phase about 100nm in size, exhibiting a
spheroidal morphology with rough interfaces, addition of Cu increases the nucleation

density and influences the growth processes. Interestingly, the nucleation density in the
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Fe-Si-B-Cu alloy is considerably less than that observed in the Fe-Si-B-Nb-Cu alloy,

which showed that Nb also plays a role in increasing the nucleation density.

In the case of the FesssSij3sBgNbs alloy, 3 at% Nb alloying additions induced
heterogeneous nucleation and growth of equiaxed crystals (about 50nm in size) of the
Fe-Si, Fe:sB¢ and Fe;B phases. Nb alloying additions changed the mechanism of
crystallization from primary crystallization in the Fe-Si-B alloy to eutectic crystallization

in the Fe-Si-B-Nb alloy.

In the case of Fes35Sij;5BgNbiCu; alloy addition of both Cu and Nb resulted in the
smallest crystal size and highest crystal density, these alloying additions synergetically
increase the crystal density and reduce the crystal size. Our model suggest that repulsion
between Cu and Nb atoms resulted in the formation of both Cu rich and Nb rich regions,
which is helpful for the formation of Cu and Nb clusters. In regions with low crystal
density, Cu clusters can act as nucleation sites consistent with Hono’s model. And the
retardation of growth in regions with low crystal density the growth rate was reduced, as
suggested by the Hunziker’s model, by the strong interaction of Cu, Si, Nb and B. While
in the regions containing high crystal density, Nb clusters can act as nucleation site due to
the similar b.c.c. structure of Fe and Nb and the strong attractive interaction between Si
and Nb. As well, soft impingement and Nb-B aggregates were crucial to inhibit the crystal
growth. Our observations show that both Cu and Nb alloying additions play a crucial role
in nucleation as well as growth stage, which is different from earlier models of

nanocrystallization in this alloy system.

I
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Chapter 1 INTRODUCTION

Soft magnetic materials are widely used in electric and electronic parts such as magnetic
recording heads, transformers and inductors. Hence, the development of novel soft
magnetic materials is an important area of materials research and development. Efforts
are being made to achieve better soft magnetic properties in order to conserve energy by
reducing losses in transformer cores and to achieve high efficiency electronic components.
This effort involves developing new compositions as well as novel microstructures. The
development of transition metal-metalloid type of metallic glasses using melt-spinning

techniques was a major advance to achieve better soft magnetic properties.

The metallic glass compositions suitable for soft magnetic applications are mainly iron
based alloys, of which the Fe-Si-B amorphous alloy composition is a typical example. In
the Fe-Si-B alloy, Fe possesses high saturation magnetization, the addition of B aids in
the formation of the amorphous state and addition of Si to the Fe-B system enhances the
thermal stability of the alloy. The amorphous Fe-Si-B based alloys show important
changes in their magnetic properties after crystallization. The crystallized fraction, the
crystal morphology and the nature of the crystallized phases play a significant role in the
change of the magnetic properties. Investigations have been particularly focused on
materials that can produce nanocrystalline microstructures that have superior magnetic
properties. The alloy with the composition Fes35Sij3sBgNbsCu, is the most well known
commercial soft magnetic materials developed using this methodology[1-2]. Herzer’s

random anisotropy model has been used to explain the excellent soft magnetic properties

1
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in this alloy [3]. When the crystal size is less than the intercrystal exchange coupling
length, the magnetic anisotropy is reduced, leading to high saturation magnetization

together with low coercivity.

Since the development of the Fes358ij35BgNb;Cu; alloy in 1988 (trade name Finemet),
great interest has been aroused owing to its soft magnetic properties, the magnetization of
the alloy after heat treatment at 550 °C for 1 h may reach 1.2 T while the coercivity is 0.5
A/m[1,2]. The good magnetic properties are due to the crystallization of a high density of
nanocrystals of the Fe-Si phase, with an average size of about 10 nm within the initially

amorphous alloy [3].

Several studies have been carried out in order to elucidate the mechanism of
nanostructure formation in this alloy [1,4,5,6,7-11]. It was shown that Cu and Nb

alloying additions play a crucial role in the formation of nanocrystals.

Regarding the role of Cu alloying addition in this alloy there have been several
contradictory reports: Yoshizawa and Yamauchi suggested that Cu clusters form prior to
crystallization leading to an increase in the local concentration of Fe in the vicinity of
these clusters, resulting in the formation of a-Fe crystals [7]. By means of atom probe
field ion microscopy (APFIM) Hono et al found that after short time annealing at 550 °C,
Cu clusters of few nanometers in size were formed, these clusters acted as heterogeneous
nucleation sites for the a-Fe crystals [4-6]. On the other hand Ayers et al suggested that

due to the similar crystal structure of f.c.c Cu and the DOj structure of the a-Fe phase,

2
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f.c.c Cu clusters acted as the catalyst for the formation of a Fe-Si phase with the DO;
crystal structure [8,9]. Duhaj suggested that the decisive factor in the process of primary
crystallization from an amorphous alloy is the short-range order in the amorphous

structure, which strongly depends on the mixing enthalpy of constituents [10].

Concerning the role of Nb alloying additions in the Fes3 sSi;3sBgNb;Cu; alloy, Yavari
assumed that a sharp concentration gradient of Nb exists at the crystal: matrix interface,
this gradient would hinder the diffusion of Fe and Si, reducing the growth of the
nanocrystal [11]. However, by means of Mossbauer spectrometry it was suggested that
there was very little segregation of Nb atoms at the crystal: matrix interface. Nb diffuses
out of the crystal but it does not just get segregated at the interface, rather it diffuses into
the amorphous matrix giving rise to a diffuse Nb concentration gradient [12]. Hermann
assumed that boron enrichment in combination with the presence of Nb leads to a
diffusion barrier stopping the crystal growth [13]. On the other hand, another model has
suggested that soft impingement by overlapping diffusion fields surrounding the crystals
can lead to the observed retardation of crystal growth [14,15]. Hunziker suggested that

diffusive interactions between Cu, Nb, Si and B can reduce the growth rate [16].

Thus, there is no clear understanding of the individual and particularly the crucial
synergistic roles played by combined additions of Cu and Nb, although it is
experimentally observed that both elements must be present in adequate concentration to
produce the desired nanostructure. Most previous studies were conducted in the alloy

containing both Cu and Nb alloying additions. It is well known that both Cu and Nb

3
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alloying additions will influence the thermodynamics and kinetics of the crystallization
in the Fe735Sij3sBgNbsCu,; alloy. Hence, in order to obtain a fundamental understanding
of the effects of Cu and Nb alloying additions in the Fe;35Si;3 5sBgNb3yCu; alloy, attention
should be paid to individual as well as combined additions of Cu and Nb to the reference

Fe-Si-B alloy.

HCI‘ICG, Fe-,-?,SShg,ng‘ Fem_ssi;;_;BgCuL F€?4,5Si13_5B9Nb3 and Fe—;3,ssi|3ngNb3CU| 31]0)/5
were selected in this project. By comparing the thermal behavior, phase formation,
microstructural observations and magnetic properties of the selected alloys the individual

and synergistic effects of Cu and Nb alloying additions will be elucidated.
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Chapter 2 LITERATURE REVIEW

In this chapter the development of soft magnetic materials will be introduced.
Commercial soft magnetic materials with nanostructures formed by annealing the
melt-spun amorphous alloys, such as the Finemet, Hitperm and Nanoperm class of alloys,
will be introduced. The kinetics and thermodynamics governing these soft nanostructured
magnetic materials will be introduced. The effects of Cu, Nb and other alloying additions

in Finemet type alloys will be summarized.

2.1 Development of soft magnetic materials

The types of magnetism found in materials include diamagnetism, paramagnetism,
ferromagnetism; antiferromagnetism and ferrimagnetism are considered to be subclasses
of ferromagnetism. All materials exhibit at least one of these types of magnetism and the
behavior broadly depends on the response of their electrons to the application of an
externally applied magnetic field. In order to describe the various classes of magnetic
materials susceptibility, the ratio of the magnetization (M) to the applied field (H) is used.
7. = M/H. The susceptibility is generally used to measure how magnetizable a substance
can become in the presence of a magnetic field. Diamagnetism is a very weak form of
magnetism that is nonpermanent and persists only while an external field is being applied.
The volume susceptibility for diamagnetic solid materials is of the order of -107.
Paramagnetism is a relatively weak form of magnetism that results from the independent
alignment of atomic magnetic dipoles with an applied magnetic field. Susceptibilities for

paramagnetic materials range from about 107 to 107, Ferromagnetism is a permanent and
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large magnetization found in some metals (e.g., Fe, Ni and Co), which result from the
cooperative parallel alignment of neighboring magnetic moments. Magnetic

susceptibilities as high as 10° are possible for ferromagnetic materials.

Soft magnetic materials are widely used in energy related applications due to factors such
as their high magnetic permeability (u.). [17]. Permeability is the ratio of the magnetic
induction (B) to the magnetic field strength (H). The relation between susceptibility and

permeability is that: u.= ,uo(l+x), where M, is the relative permeability. Thus in soft

magnetic materials susceptibity should be high.

Saturation magnetization (M), i.e., is a material specific property defined as the magnetic
moment (m) per unit volume (V). M = m/V. It represents the maximum induced magnetic
moment that can be obtained in a magnetic field (Hg,). Since the mass of a sample is
generally much easier to determine than the volume, magnetization is often alternately
expressed as a mass magnetization defined as the moment per unit mass.
Magnetocrystalline anisotropy (K;) is the energy necessary to deflect the magnetic
moment in a single crystal from the easy to the hard direction. The easy and hard
directions arise from the interaction of the spin magnetic moment with the crystal lattice
(spin-orbit coupling). Magnetostriction constant (k) is a measure of the dimensional
change exhibited by ferromagnetic materials when subjected to a magnetic field. Thus in

order to get good soft magnetic properties high Ms, low K, and high A are necessary.

There has been a long history of materials development of soft magnets. Pure iron is a
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good candidate for soft magnetic materials according to the above requirements and iron
was used in transformers many years ago. However, the performance of commercially
pure iron is very sensitive to impurities like N and C, which makes the permeability
unstable at temperatures around 100 °C. Another disadvantage of pure iron is its low
electrical resistivity. A material with low electrical resistivity placed in an AC magnetic

field will result in high energy loss through heating by induced eddy currents.

Among the conventional soft magnetic materials, ferrites have exceptionally high
electrical resistivity and therefore low eddy losses. In addition, a careful choice of the
elements in ferrites combined with a proper heat treatment may reduce K, to a very low

value and hence a high permeability can be obtained.

A similar situation exists in nickel-iron alloys (Permalloys) [18]. At room temperature,
iron has a positive K; while nickel has a negative value, the signs of the magnetostriction
constant As of iron and nickel are also opposite at room temperature. Therefore there is
an excellent opportunity to obtain a high performance soft magnetic material with nearly

zero K, and As by alloying suitable amount of iron in nickel.

Another type of soft magnetic materials which has high initial permeability and other
favorable properties is Sendust (Fe-Al-Si) alloys, which has been widely used in
recording heads [19]. Ferrites, Sendust and nickel-iron alloys find only limited
application in power transformation devices because of their relatively low saturation

magnetization and Curie temperature.
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Iron-cobalt alloys have the highest saturation magnetization and Curie temperature
among soft magnetic materials. These alloys have been used in aircraft electric
generators, which reduce the weight and size of the generators. An important iron-cobalt
soft magnetic alloy is Hiperco Alloy 50(49%Fe-49%Co-2%V) [20]. The 2% vanadium

improves the ductility and markedly increases the resistivity.

In order to develop soft magnetic materials with large saturation magnetization Ms, high
effective permeability p. and low coercive field He, efforts are being made to develop
metastable structures with better soft magnetic properties. For example, the technique of
rapid quenching from melt has been used in order to prepare Fe-Si-B alloys. Figure 2. 1
shows the calculated isothermal sections at 900 ‘C and 1000 ‘C. The experimental phase
equilibria reported by Tatsuya T. [21], was shown Figure 2. 1. From the experimental data,
a phase equilibrium between FeB, FesSiB;, and FeSi were identified at both 900 'C and
1000 "C. On the other hand, XRD analysis of the prepared alloys equilibrated at 900 'C

showed that a phase equilibrium between FeB, Fe4Si;B, and FeSi existed [21].
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Figure 2. 1 Calculated isothermal section diagrams of the Fe—Si-B system at: (a) 900 and

(b) 1000 "C.

The development of transition metal-metalloid type of metallic glasses using the
melt-spinning technique was a major advance towards achieving better soft magnetic

properties in metastable/non-equilibirium alloy phases. The metallics glass behaves as a

9
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very soft magnetic material since its magnetocrystalline anisotropy is low and thus it
exhibit lowest hysteresis loss. Thus it is widely applied in electronic transformers. The
metallic glass compositions suitable for soft magnetic applications are usually either
based on Fe or Co. The Fe based amorphous alloys possess high saturation magnetization
but at the same time they have high magnetostriction, resulting in strong stress induced
anisotropy causing the coercive field to increase. On the other hand Co based amorphous
alloys can have almost zero magnetostriction but their saturation magnetization is

relatively low compared with Fe based alloys.

Yoshizawa et al.[1] of Hitachi Metals Ltd., Japan, discovered another class of
non-equilibrium microstructures consisting of nanocrystals dispersed in an amorphous
matrix, which possess high saturation magnetization and low coercivity. They called this
material Finemet. The pioneering work of Yoshizawa et al. has led to intensive activity in
this field aimed at developing a detailed understanding of the formation of
nanocrystalline phase, and their unique magnetic properties. Extensive efforts are also
being made to find alternative alloy compositions. In addition to Finemet alloys a
number of other nanaocrystalline Fe-Zr-B (Nanoperm) [22] and Fe-Co-Zr-B-Cu
(Hitperm) [23] alloys have been developed which also exhibit similar nanocrystallization

behavior and improved magnetic properties.

2.2 Novel Nanostructured Soft Magnetic Materials

2.2.1 Finemet Alloys

As mentioned earlier Yoshizawa et al. [1, 2] showed the potential of the Fe-Si-B-Nb-Cu

10
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alloys as nanocrystalline soft magnetic materials. The amorphous Fe7358i;35BoNbsCu;
alloy was prepared by the melt-spinning method and subsequently annealed. The
optimum annealing temperatures were in the range from 763 K to 833 K. After annealing,
the microstructure consisted of a high density of Fe-Si nanocrystals about 10 nm in size
dispersed in the remaining amorphous matrix, this microstructure was found to yield low
loss and high permeability [24,25]. The reduction of crystal size below the regime of the
domain wall size is a well-known approach to subdivide the material into single domain
crystals, it increases the coercive field H; towards a maximum value determined by the
anisotropy present [26]. However, if the crystal size is reduced even further to less than
100 nm, the coercivity decreases again proportional to D® (D is the crystal size) due to the
averaging of anisotropy. This point becomes clear from Figure 2. 2 where coercive field
is plotted as a function of crystal size for different magnetic materials [27].
Conventionally, in order to increase the soft magnetic property, attempts have been made
to make the crystal size as large as possible to obtain low coercivity and high
permeability. However, from Figure 2. 2 it is evident that low coercivity can also occur in
nanomagnetic materials. This situation is realized, for example, in the case of
superparamagnetic crystals where the coercivity decreases because of thermal excitations

in isolated or weakly coupled crystals [27].
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Figure 2. 2 Schematic illustration of the dependence of coercivity as a function of crystal

size [27]

In the superparamagnetic regime although the coercivity vanishes, the permeability also
goes down drastically. Materials with weak intergranular magnetic interactions are not
good soft magnetic materials. In contrast to this, in the case of nanocrystalline alloys
produced by partial crystallization of amorphous phase, strong magnetic interaction
between individual crystals exists via the intervening amorphous phase, and thus at room
temperature the crystals are aligned ferromagnetically with respect to each other.
Magnetic softening occurs because the crystal size as well as the intergranular spacing is
smaller than the ferromagnetic exchange length, the local anisotropies are reduced by
exchange interaction and the average anisotropy becomes low[28]. The role of
intergranular interaction via the amorphous matrix is evident from the temperature
dependence of the coercive field as well as the initial permeability [29]. Further, the

magnetostriction of the amorphous and nanocrystalline phases being opposite in sign,
12
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they tend to cancel each other and therefore, the average magnetostriction of this
composite material decreases with progressive increase in nanocrystallisation [30], and
thus a low magnetostriction is achieved for an optimum volume fraction of
nanocrystalline phase. Thus, the superior soft magnetic properties of this composite
material arise as a result of the combined magnetic response of the nanocrystals and

amorphous matrix [31].

2.2.2 Nanoperm Alloys

Since 1990, another class of nanostructured soft magnetic materials has been developed
in Japan. It is based on the Fe-M-B systems (M=Zr, Hf or Nb), and is called Nanoperm
[32]. The biggest improvement of the Nanoperm alloys compared with Finemet alloys is
the higher magnetic flux density Bs of 1.5 T, due to the higher Fe content compared to

Finemet alloys[33].

This type of material is also prepared by melt-spinning followed by annealing. The
nanocrystalline ternary Fe-M-B alloys consist of a-Fe crystals about 20 nm in size
surrounded by a small volume fraction of amorphous matrix. The matrix has a high Curie

temperature because of the high M and B concentrations [34].

The intercrystal exchange coupling between the a-Fe crystals proceeds via the matrix.
The soft magnetic properties are significantly improved with decreasing crystal size and
increasing Curie temperature of the amorphous matrix. Additional improvements can be
achieved with small alloying additions of Cu [35]. The Fe-Zr-Nb-B-Cu alloy system has

13
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a crystal size of 7 nm, nearly zero magnetostriction, high Tc of amorphous matrix (500

K), high effective permeability p. (>10° at 1 kHz) and low He(<2 A/m)[36,37].

2.2.3 Hitperm Alloys

McHenry et al. [38] substituted half of Fe with Co in a Nanoperm based alloy with the
aim of obtaining a soft magnetic material with higher operating temperatures. They
found that the alloy with composition (FegsCops)ssZr;BsCu; showed promising
properties. They named this alloy Hitperm, the thermomagnetic properties of the Hitperm
alloy are better than Nanoperm and the flux density is larger [39]. Figure 2. 3 shows the
permeability and the magnetic induction data of several families of soft magnetic alloys

including the three nanostructured materials discussed above.

5x105 Nanocrystaliine
Fe-5i-B-Nb-Cu Alloys
5 FINEMET Nanocrystalline
2x105 Fe-M-B-Cu Alloys
NANOPERM
1x105 |
4 Nanocrystalline
5x10" [ Co-based (Fe.Co)-M-B-Cu
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Figure 2. 3 Relationship between permeability, p. (at 1 kHz) and saturation

magnetization for soft magnetic materials [39]
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2.3 Nanocrystalline Soft Magnet Theory

After the Finemet alloy was developed many studies have been carried out to explain why
it exhibits excellent magnetic properties. The most commonly accepted model is based on
Herzer’s work [40,41] relating coercivity to crystal size. Herzer found that when the
crystal size is reduced to the order of nanometers below the single-domain crystal size,
the coercivity decreases with decreasing crystal size. Herzer’s work is important because

it is in good agreement with experimental results.

Herzer [40, 41] found that for an a-Fe based soft magnetic alloy it is useful to define an

exchange length:
L, = 9/ K, Eq.2. |

Where A denotes the exchange stiffness and K; is the anisotropy constant.

When the crystal size is smaller than Ly, Herzer applied the Alben-Becker-Chi model for

random-anistropy systems to account for the average anisotropy constant (K):
(K) = K,(DLex)" Eq.2.2

where the exchange length Lex is related self-consistently to the average anisotropy

constant by
L, = A/(K) Eq.2.3

By combining (2.2) and (2.3) we have
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4
(k)= K ps Eq.2. 4

Because the coercivity is directly proportional to <K>, we have
—C'x D
H _=C'xD Eq2. 5

Where C~is a constant for a specific material.

This D’ correlation agrees very well with experimental results, as shown in Figure 2. 2 for
various Fe based alloys. Chudnovsky et.al. [42] has studied the extension of

random-anistropy theory to nanostructures.

The normalization of L., given by Eq.2.3 is derived from the interplay of anisotropy and
exchange energy. As magnetocrystalline anisotropy is suppressed by exchange interaction,

the exchange length scale expands, and thus the local anisotropy is averaged out.

Further investigations made by Herzer [43] confirmed the above conclusion that
intercrystal exchange coupling is the reason for the dramatically reduced coercivity with
decreasing crystal size. The intercrystal exchange coupling takes place via the amorphous
crystal boundaries which typically have thicknesses of several atomic layers in Fe-based
nanostructured materials. When the temperature increases, the amorphous crystal
boundary component becomes paramagnetic. This will certainly decrease the
ferromagnetic exchange coupling. Experiments showed that when temperature increased
up to 573 K, at which the amorphous matrix became paramagnetic, the coercivity of the

alloys increased remarkably [44].
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2.4 Thermodynamics in FINEMET Alloys

The difference of the Gibbs energy between the crystalline and the amorphous phase is
the driving force for nucleation and initial crystalline growth [5,6]. There are three modes
of crystallization of amorphous alloys: polymorphous, eutectic and primary
crystallizations. Figure 2. 4 illustrates a schematic free energy—composition curve for a

crystallization mode by annealing the amorphous alloy.

The first mode is polymorphous crystallization in which the free energy is reduced by
changing from an amorphous to a crystalline structure without any change in composition.
The final microstructure comprises of B phase crystals embedded in the a phase matrix.
The crystallization reaction of the amorphous phase occurs in two stages, i.e.amorphous
—a—a+f. Polymorphous crystallization is the mode which is least observed

experimentally.

The second mode is eutectic crystallization, for compositions between c and d the solution
is supersaturated with respect to both o and P phases. In such a case, eutectic
crystallization occurs by which two phases appear usually with a lamellar structure. The
initially amorphous alloy reaches equilibrium after crystallizing by the eutectic
crystallization mode, thus this crystallization reaction occurs in one stage. The

decomposition with the eutectic mode is thus represented as: amorphous— a+f.
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Figure 2. 4 Hypothetical free-energy composition diagrams to explain possible modes of

crystallization from an amorphous alloy [6].

Nanocrystallization occurs mainly by the primary crystallization mode. In this mode the

composition is between the polymorphous and eutectic regions, i.e. compositions between

b and c, and d and e. Due to solute rejection during crystallization the remaining

amorphous matrix transforms by one of the other mechanisms described above. Hence,

the crystallization process of the amorphous alloy in two stages: amorphous

—a+amorphous —a+p.
p

All amorphous alloys crystallize by one of the above mechanisms, depending on the

thermodynamic driving force and the kinetics of each possible reaction. Thus the kinetics
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of crystallization of amorphous alloys is also important.

2.5 Kinetics of crystallization in Finemet Alloys

The crystallization of Finemet alloys has been found to occur by two stages: one is
primary crystallization (at temperatures between 480 °C and 580 °C) of Fe-Si nanocrystals
which are relatively stable. The second stage is the crystallization at temperatures above
600 °C of the remaining amorphous matrix by the formation of the Fe-B compound phase.
Concerning the kinetics of the crystallization process of the Finemet alloy there have been
many studies using Differential Scanning Calorimetry (DSC), X-ray diffraction (XRD),
Mossbauer spectroscopy (MS), X-ray synchrotron radiation and nuclear magnetic
resonance (NMR) techniques[45,46,47,48,49,50]. In many cases modeling of the kinetics
of the primary crystallization in the Finemet alloy has been based on the Johnson—-Mehl
-Avrami -Kolmogorov (JMAK) [15] kinetic model. However other reports by
continuous-heating and isothermal DSC, X-ray, electron microscopy and Mossbauer
kinetic analysis suggest that the JMAK law cannot fit the experimental data [46,51]. By
continuous-heating and isothermal DSC measurements Illekova proposed a mechanism
for the crystallization of Finemet-type alloys [46,51]. In this mechanism the IMAK model
can be applied to the early stages of the crystallization. An alternative model, the
normal-crystal-growth (NGG) kinetic law was suggested, the kinetics are controlled by a
rearrangement of niobium atoms and independent of Cu and Si content. The JMAK and

NGG models will now be described.
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2.5.1 JMAK Model

The JIMAK model for isothermal primary crystallization kinetics considers modifications
to simple first-order reaction rate kinetics, the rate of transformation depends linearly on
the volume fraction of the remaining amorphous matrix, /-X(r), with a rate constant k

which reflects thermal activation:

k =k, exp[;g] Eq.2.6

B

Here Q is the activation energy barrier to crystallization, kg is the Boltzmann constant and

ko is a constant.

The IMAK equation, for X(t), is written in the general form:
X =1-exp[—(kt)"] Eq.2.7

where X is the volume fraction transformed after time 1, k is a nucleation and growth rate
constant and the Avrami exponent, n, The Avrami exponent characterizes the
dimensionality of the transformation and depends on whether the transformation is
interface or diffusion controlled and also on the nucleation rate. Assuming constant or
decreasing nucleation rate and isotropic growth, one obtains 3<n<4 for interface

controlled and 1.5<n<2.5 for diffusion-controlled transformations. [6,13,15 ].

From a determination of X(z) at various temperatures, k(T) can be determined and Qjuma
inferred from the Arrhenius equation. Ozawa plots [52] can also be used to determine the
activation energy for crystallization.
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It should be noted that the assumptions of the JMAK model do not accurately represent
experimental observations of nanocrystallization in an initially amorphous iron-based
alloys[46,53-56], instead Avrami exponents n<l are typical. This suggests that the
crystallization process in nanostructured iron-based alloys cannot be understood in terms
of the conventional IMAK model. Some limitations of the model are: (1) crystallization is
considered in an unlimited medium, (2)the nucleation rate does not depend on the local
microstructure, (3)the existence of a critical radius of nucleation is neglected, (4)the
growth rate does not depend on the local chemical composition and its change during

crystallization[13].

There have been attempts to reformulate and generalize the JMAK model. Fanfoni and
Tomellini[54] derived an expression which can be used in treating the kinetics of growth
of multiphase systems. Erukhimovitch and Baram[55] proposed an integral equation for
the time evolution of the transformed volume fraction. Sessa et al [56] examined, by
two-dimensional computer simulations, the validity of the JIMAK model with respect to
both random and nonrandom distribution of nuclei. They found that once the condition of

randomness is relaxed, Eq.2.7 does not hold anymore.

Uebele and Hermann[57] studied by means of three-dimensional computer simulations
the influence of non-uniform random and partially ordered distributions of nuclei on the
crystallization kinetics. They showed that cluster like arrangements of nuclei cause a

decrease of n in comparison with random homogeneous distribution. Hermann et al. [13]
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proposed a theoretical approach to crystallization kinetics which takes into account the
influence of microstructure and microstructural changes during crystallization. The
critical radius of nuclei and slowly diffusing inhibitors were found to be controlling
parameters for the evolution of the crystals. The authors derived a multiparameter integral
equation which could explain the isothermal transformation data of some Finemet alloys.
It was shown that the accumulated Nb atoms or Nb—B aggregates could act as inhibitors
at the interface of nanocrystals. Pradell and Barandiaran [47,58] attributed the
anomalously low Avrami exponent to a soft impingement mechanism, following a
transient interface controlled growth and decreasing nucleation rate. Terasa[15] modified
the JMAK model by considering the following factors: (1) the dimensionality of the
growing crystal, (2) the time dependence of the nucleation rate, (3) whether growth is

linear or parabolic and (4) the eventual impingement of growing crystals at long times.

2.5.2 Normal Crystal Growth(NGG) Model

The driving force for the NGG process is the decrease of interfacial enthalpy, which is
assumed to be related to the measured DSC signal [46]. The NGG model is not
necessarily related to the existence of a nanocrystalline product. The nucleation and
growth of the b.c.c. @ -Fe based phase is generally manifested in the early stages of the
transformation and the transformation is assumed to be controlled by a specific

rearrangement of Nb atoms [46,60].

In the NGG process, larger crystals increase their size at the expense of smaller crystals.
The driving force for this process is the decrease in interfacial enthalpy

22



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 2 Literature review

H,r,
H()=—2%22 2.
(1) 0 Eq.2.8

where Hj and ry respectively are the initial interfacial enthalpy and the initial average
crystal radius. The increase in average crystal radius r is controlled by the following

kinetic equation [59]:

dr _ K(T)

e il B Eq.2.9
dt  mr(t)™" 4

where the crystal growth rate constant K(7T) has an Arrhenius-like temperature

dependence:

-

E.
KT)=A ——5¢ 2.10
(T) = Agg; exp( RT) Eq

m, Agg and E_, are the crystal growth exponent, pre-exponential factor and activation
energy respectively. The change of the total interfacial enthalpy is related to the measured
DSC signal H(1) as:,

H@)=H,+ J:H(r’)dt'=H0[l*a(t)] Eq.2. 11

Combining Egs. 2.08 2.09 and 2.11 gives the integral crystal growth kinetic equation:

o6 (1)

b-eo0) = @

Eq.2. 12

where the time constant 7 (T) is related to the rate constant: 7,,(T) =ry"(T)/ K(T)

H,(T) is directly measurable by integrating the entire isothermal DSC signal. On the basis

of the kinetic Eq.2.12 the exponent I/m can be obtained as the slope of the

In[l-a()] vs.In(t +7,,,) curve.
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Using this model Illekova obtained m = 2 which is consistent with the parabolic kinetics
of the normal crystal growth process [60]. Regarding the application of the NGG model to
Finemet alloys, it was assumed the microstructure of Fe-Si-B-like alloys consists of two
types of regions [60]. One type consists of the regions occupied by the iron atoms having
at least one boron nearest neighbor (Fe-B clusters) and the other type consists of regions
without boron, the silicon atoms occupying the latter regions, e.g., Fe-Si clusters. The
Fe-Si clusters would be the elementary structural units which move by collective
quasi-jumps through the crystal-amorphous matrix interface, this growth mechanism is
controlled by the diffusion of Nb out of the growing nanocrystal. Therefore the
experimentally observed growth of the Fe-Si like nanocrystals in the early stages of
crystallization of the Finemet alloy could be rationalized [61]. As the crystallization
proceeds the validity of the parabolic law is associated with the migration of the crystal

interfaces.

2. 6 Effect of Cu alloying additions in Finemet Alloys

The role of Cu in the formation of nanocrystalline microstructures in Finemet alloys is
extremely important [62]. The following section will discuss the effect of Cu alloying

additions.

2.6.1 Yoshizawa and Yamauchi’s model

Yoshizawa and Yamauchi[l,2] explained that the formation of nanocrystalline
microstructure in the Finemet alloy is due to the formation of small clusters of Cu prior

to nanocrystallization, these clusters have a higher local concentration of Fe in their
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vicinity, leading to the observed fine a-Fe crystals.

2.6.2 Hono’s Model

By means of atom probe field ion microscopy (APFIM) Hono[4,5] found that after short
annealing at 550 °C Cu clusters of a few nanometers in size had already formed and that
Cu clusters served as nucleation sites for the & -Fe-Si phase. The following model of the
crystallization process was put forward (Figure 2. 5): in the initial stage of annealing,
diffusion of Cu occurs so that Cu rich clusters form. Chemical inhomogeneity of alloying
elements (particularly of Fe) is induced by Cu cluster formation and causes an increased
number of nucleation sites for the formation of the crystalline phase. Since Nb and B
have negligible solubility in the Fe-Si phase, they are excluded from the crystallized
fraction, and Nb and B enriched residual amorphous phases are formed. The Cu rich
clusters continue to grow during crystallization. The nanocrystallization process of
Finemet alloy is schematically presented in Figure 2. 5[6]:

Heterogeneous

ASQ Clustering of Cu nucleation of o-Fe
amorphous o

smorphous - . @

= . ‘u!
+ - + L2 *
&
“ ls -
= y .-*-'. °
Nb & B enriched
Cu rich fec amorphous Cu vieh too residual
Fe-Si bee amorphous

Figure 2. 5 Schematic drawing of microstructural evolution in melt-spun Finemet

amorphous alloy by primary crystallization(Hono’s model)
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2.6.3 Ayers’ Model

Based on the results of EXAFS and TEM studies Ayers [8, 9] proposed an alternative
model which emphasized the role of Cu clusters in catalyzing nucleation of crystals with
a DOj structure by providing low energy interfaces for nucleation. The crystallization
process is described as occurring in four stages (Figure 2. 6): (1) Cu clusters precipitating
from the amorphous matrix (2) DO; nanocrystals forming in intimate contact with the
larger of these clusters enveloping the clusters as they grow. Cu clusters continue to form
during the early stages of DOs crystallite coarsening. During the early stages of the
crystallization process there should be growth of both the DO3 nanocrystals and those Cu
clusters which are not surrounded by the DO; phase. As the nanocrystals grow they reject
Cu atoms and these atoms would cause Cu clusters in the untransformed matrix to grow.
Once the supersaturation of Cu has dropped sufficiently, Ostwald ripening would cause

further growth of the larger Cu clusters to occur at the expense of the smaller ones.

©8.q,.> & JOQO@O ..
fe'® ., & -
@5‘.@- :_®;>® )./‘\ &9

Figure 2. 6 Schematic representation of proposed model for the nucleation and growth of

the Finemet alloy [8, 9].
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One difference between Hono’s model and Ayers’ model is that in Ayers’ model the Cu
clusters were of two types: (a) those enveloped by subsequent Fe-Si crystals which
cannot grow anymore and (b) those formed from atoms rejected by the Fe-Si crystals,
which will grow further at the expense of the smaller clusters. However, in Hono's model,

Cu clusters in contact with the Fe-Si crystals serve as nucleation sites.

2.6.4 Other assumptions

An important point is that in the Finemet alloy Cu loses its effectiveness to form the
nanocrystalline phase in the absence of Nb[63]. On the other hand, in a number of alloys
which contained no Cu additions a high volume fraction of nanocrystalline microstructure
was observed, e.g. Fe-Zr-B, Fe-Nb-B, Co-Fe-Nb-B [64,65,66]. Thus, further
understanding is required concerning the role of Cu and the synergy between Cu and Nb
atoms. Using NMR techniques, Zhang et al. [67] have shown that short range order exists
in the amorphous material. They demonstrated that the Fe-Zr-B system in the as quenched
state contains a high density of amorphous regions that display fringe-like contrast which
can be compared to the medium range order(MRO) structure proposed by Hirotsu et
al.[68]. These regions increase in size and quantity with annealing, they probably act as
embryos in the course of crystallization in a similar way as Cu-rich clusters do in Finemet
alloys. Duhaj reported that the most important factor influencing the formation of
nanocrystalline phase is the existence of medium-range ordered clusters with definite
chemical composition in the as-quenched amorphous structure, such clusters increased in

size upon annealing and act as embryos [10].
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There have been several studies of the role of elements such as Ag, Pt, Pd and Mn
substituting for Cu in Finemet type alloys. Cu substitution by Ag leads to higher
crystallization temperature and higher crystallization activation energy. The substitution
of Ag for Cu in Finemet alloys results in the pinning of the displacement of domain
walls[69]. Cu substitution by Pd and Pt elements (Fe;;sM;NbsSij3sBo (M=Pd, Pt))
resulted in larger crystal sizes and the formation of the Fe;B phase during primary
crystallization, this phase was observed during secondary crystallization in Finemet alloys
[70]. Cu substitution by Mn and Pt (Fe3 sNbsM;Si 3 sBo(M=Cu, Mn, Pt)) resulted in the
formation of new intermetallic phases like FeMn; or FePt; which caused a deterioration
of soft magnetic properties. A lower volume fraction of Fe-Si nanocrystals and larger
crystal size was favored if the Cu atoms are replaced by Pt and Mn due to the formation

of the Nb-Fe-Si phase [71].

2. 7 Effect of Nb alloying additions in Finemet Alloys

We now examine the role of Nb alloying additions. There are two conditions for the
formation of nanocrystallization [72]:

(a) Nanostructures can be formed by the controlled crystallization of an adequate
hypoeutectic composition containing atoms with large differences in size in relation to
the host atoms, such as Nb, which are preferably insoluble in the phase formed by
primary crystallization. During primary crystallization, these large atoms with smaller
diffusivities are rejected at the growing o-Fe-Si interfaces, forming a concentration

gradient around the growing crystals.
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(b) The matrix surrounding the growing crystals must remain amorphous. Boron which is
added to facilitate the formation of the amorphous state from the liquid alloy is also
rejected by the a-Fe-Si crystals. These two conditions are incorporated in Yavari’s model.
Yavari [11] assumed that during the formation of Fe-Si nanocrystals, boron atoms move
rapidly in the amorphous phase away from the crystal boundaries whereas the Nb atoms
diffuse more slowly and form a diffusion barrier limiting the crystal growth, a schematic
model of the diffusion layer formed by Nb and B is shown in Figure 2. 7. Lecaude and
Perron[73,74] also reached similar conclusions from calorimetric studies and enthalpy

measurements.

B rich

Nb rich

Fe-Si nanocrystal

Figure 2. 7 Schematic drawing of boron and niobium diffusion layers ahead of the u-Fe:

matrix interface, different shades indicate the b.c.c. phase, the Nb rich and B rich areas.

There are two important implications of these considerations. First, the crystals reach
their final sizes which does not depend on the degree of the crystallization. This process
indicates that the growth rate is slowed as the crystallization proceeds, due to the
accumulation of the slower diffusing Nb atoms at the interface of the a-Fe-Si crystals.
Secondly, the nucleation frequency is decreased due to the enrichment of the residual

amorphous matrix by the faster diffusing B atoms[11].
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An alternative model suggests that soft impingement is the dominant cause of retardation
of growth in Finemet alloys. The term soft impingement refers to the decrease in the
growth rate due to the overlap between the diffusion fields of two adjacent crystals, As
shown in Figure 2. 8, the higher Nb concentration can be observed in the overlapping

fields which hinder nanaocrystal growth.

This soft impingement following a transient interface controlled growth was introduced
to explain decreasing nucleation rates during primary crystallization[58]. Soft
impingement, used to model the crystallization process of Finemet alloy by Teresa[15],
becomes more effective in the final stages of crystallization. It results from a reduction of
the concentration gradient ahead of the interface, and may also result in a significant
change of the solute diffusion coefficient at the interface. These changes reduce, and

finally stop, crystal growth.

Amorphous Amorphous

Fe-Si

Figure 2. 8 Schematic representation of the dependence of Nb concentration profile on
the amorphous layer thickness between neighbor nanocrystals: (a) at the initial stage of
crystallization and (b) soft impingement in the overlapping fields. The 3% level
represents the Nb concentration in the initial amorphous matrix and the 0% level the Nb

concentration in the Fe-Si nanocrystal.
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However based on small angle neutron scattering(SANS) results Hermann[75] proposed
that the maximum size of the crystal is determined neither by the competition of
nucleation and growth rates nor by diffusion field impingement but by the accumulation

of Nb atoms or Nb-B aggregates acting as inhibitors at the surface of the nanocrystals.

In all the models previously discussed, diffusive interactions between the elements of the
Finemet alloys were not considered, Hunziker[16] considered such interactions, assuming
that two solutes with atomic radii smaller than the solvent will have attractive interactions.
The diffusive interactions between the Nb, Cu, Si and B atoms were shown to inhibit

crystal growth.

Many studies have been conducted in which Nb has been substituted by other elements,
such as Mo, V, Cr, Ta, W[7,48]. Mo and V replacing Nb leads to a larger crystal size[7],
after the same annealing conditions the volume fraction of the Fe-Si phase is increased

due to the substitution of Nb by Mo and V [48].

The crystallization temperatures, magnetic properties, microstructures, composition,
crystal structure and phases of Fe-Cu-M-Si-B (M = Cr, V, Mo, Nb, Ta, W) alloys were
studied by means of DSC and TEM [7]. The crystallization temperature (Tx) increased
with increasing M content and the magnitude of the increase of Tx is: Ta = Nb> W = Mo
>V>Cr. On the other hand, Curie temperature(Tc) decreases with increasing M content
and the magnitude of the decrease is in the order: Nb = Ta > W = Mo > V> Cr. The

efficiency of suppression of b.c.c. crystal growth is: Nb=Ta>Mo=W>V>Cr, a similar
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trend is observed in the soft magnetic properties. This suggests that a decrease of the
crystal size by addition of the elements M contributes to the improvement of the soft
magnetic properties; additions of 3 at% Nb is found to lead to the best soft magnetic

properties.

Thus, it can be seen that soft magnetic properties of the Fe-Si-B-Nb-Cu alloy are critically
dependent on the formation of a high density of nanocrystals in an amorphous matrix.
This crystal formation, induced by selected heat treatment, depends critically on Cu and
Nb alloying additions. In spite of considerable previous research work, there is no
consensus on the effect of individual and combined additions of Cu and Nb in the
Finemet alloy. Hence, this investigation was carried out to understand the roles of Cu and

Nb alloying additions on the nanocrystallization process in Fe-Si-B-Nb-Cu alloys.

The next chapter will describe the experimental procedures employed in this project. The

experimental parameters will also be introduced.

32



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 3 Experimental methods

Chapter 3 EXPERIMENTAL METHODS

The experimental techniques used in this project include sample preparation and
characterization. Sample preparation includes heat treatment of the melt spun amorphous
ribbons. Operating parameters of the following experimental techniques are described:
differential scanning calorimetry(DSC), X-ray diffraction(XRD), transmission electron

microscopy(TEM), vibrating sample magnetometery(VSM).

3.1 Alloy System

The iron-based amorphous alloys used in this project were kindly provided by Dr Y.
Yoshizawa of Hitachi Metals, Japan. The melt-spun amorphous alloys were received in
the form of 20 pm thick and 25 mm wide ribbons and the compositions were:
Fe775Si13.5sBo, Feq4 sNb3Sij3sBg, Feqs.sCu;Si 3 sBe and Fess sCujNb3Sij3 sBg. The choice of
3 at% Nb and | at% Cu alloying additions in the Fe-Si-B alloy were selected based on
the Finemet alloy composition: Fes;sCu;NbiSij3sBg. The amorphous alloys were

annealed in a vacuum furnace (107 torr) to induce crystallization.

3.2 Differential Scanning Calorimetry (DSC)

In DSC, the temperature difference between a reactive sample and a non-reactive
reference is determined as a function of time, providing useful information about the
phase transformation temperatures, thermodynamics and kinetics of reactions[76]. The
Curie and crystallization temperatures can be obtained by DSC. Thermodynamic data,

such as the heat released or absorbed in a phase transformation (latent heat), can also be
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determined by DSC, the heat released/absorbed in a reaction is simply the area under the

peak in a DSC curve.

The crystallization measurements of the selected alloys were performed from 200 °C to
800 °C with a NETZSCH DSC-404C using a continuous-heating regime. The vaccum in
high T DSC is 102 torr. The samples were cut into small pieces (about 10 mg) and
covered with an Al;Os lid, an empty Al,Os reference pan was used. The experiments were
carried out at constant heating rate under vacuum (10'2 Torr), the heating rates were 2

K/min, 5 K/min, 10 K/min and 20 K/min. 3 samples were used to get each data point.

3.2 X-Ray Diffraction (XRD)

X-ray diffraction is essentially an interference phenomenon. X-rays can be deflected from
their incident direction by collision with target atoms. When X-rays encounters an atom,
scattering processes occur in all directions. If there is no change in the wavelength after
scattering, it is coherent (elastic) scattering, while if the wavelength increases after

scattering, the scattering is incoherent (inelastic).

Consider a section of crystal, its atoms arranged in a set of parallel (h k 1) planes, A, B,

C... having an inter-planar spacing dyy. X-ray beam of wavelength A is incident on the

crystal at an angle 6 — called Bragg angle(Figure 3.1).
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1 b'e plane aormal Y 1a', 22"

Figure 3. 1 Diffraction of X-rays by parallel atomic planes of a crystal [77]

The interplanar spacing, d, sets the difference in path length for the ray scattered from the
top plane and the ray scattered from the bottom plane. Figure 3. 1 shows that this
difference in path length is 2dsinf. Constructive wave interference (and hence strong
diffraction) occurs when the difference in path length for the top and bottom is equal to an

integral wavelength: 2dsin@=nA(Bragg’s law)

A diffraction pattern from a material typically contains many distinct peaks, each
corresponding to a different interplanar spacing, d. Atomic periodicities with long repeat
distance cause diffraction at small angles, while short repeat distances (as from small
interplanar spacings) cause diffraction at high angles. Crystals with precise periodicities
over long distances have sharp diffraction peaks. In a diffraction experiment, the incident

wave must have a wavelength comparable to the spacing between atoms.

X-ray diffraction analysis was performed with a RIGAKU DMAX 2200 using Cu K.
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radiation(A=0.15405nm). The experimental conditions are listed in the following table:

Table 3. 1 XRD experimental conditions

Start angle | Stop angle | Step Scan speed | Voltage Current

30° 90° 0.02 ldeg/min 50kV 20mA

3.3 Transmission Electron Microscopy (TEM)

The transmission electron microscopy (TEM) has become the premier tool for the
microstructural characterization of materials. It has six main techniques:

(1) Conventional imaging (bright-field image and dark-field image)

(2) Electron diffraction (selected area electron diffraction, SAD)

(3) Phase-contrast imaging (high-resolution TEM, HRTEM)

(4) Energy-dispersive X-ray spectroscopy (EDS)

(5) Electron energy-loss spectroscopy (EELS)

A modern TEM has the capability of imaging the diffraction pattern (diffraction contrast
imaging), imaging the phase contrast of the specimen (high-resolution imaging),
obtaining diffraction patterns from selected areas of the specimen, and performing EELS

and EDS spectroscopy measurements with a small, focused electron beam.

3.3.1 Two basic modes: SAD and Image

There are two basic modes in TEM: to form a diffraction pattern and to form an image.
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Figure 3. 2 Two basic modes in TEM: SAD and Image system [77]

As shown above, when the imaging system is adjusted so that the back focal plane of the
objective lens is the objective plane of the intermediate lens, the diffraction pattern is
projected onto the viewing screen. When the intermediate lens is adjusted so that its
objective plane is the image plane of the projector lens, the image is projected onto the
viewing screen.

3.3.1.1 Selected area diffraction pattern (SAD)

The diffraction pattern (DP) reflects the crystallography of the area of the specimen
illuminated by the beam. Using the diffraction pattern, the crystal and its orientation can
be identified. The positions of the allowed hkl reflections are characteristic of the crystal
system. Indexing associates each point in the diffraction pattern with a plane, (hkl), in the

crystal. From this indexing, the orientation of the crystal can be deduced in terms of the
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zone axis [uvw] in which the indexed planes lie. This direction is normal to the plane of
the DP and antiparallel to the electron beam, the convention is to define [uvw] as the beam
direction.

3.3.1.2 Bright-field Image and Dark-Field Image
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Figure 3. 3 (a) Bright-field (BF) mode (b) off-axis-dark-field (DF) mode and (c)

Centered DF mode [90]

As illustrated in Figure 3. 3, each point in the back focal plane of the objective lens
contains rays from all parts of the specimen. What distinguishes the points located in the
back focal plane is that all rays entering a given point have been scattered by the
specimen into the same angle. By positioning an objective aperture at a specific location
in the back focal plane, an image is obtained with only those electrons that have been
diffracted by a specific angle. When the aperture is positioned so that only the transmitted

(un-diffracted) electrons can be observed, a bright field image is formed. When the
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aperture is positioned so that only some diffracted electrons can be observed, a dark-field
image is formed. When the aperture is centered around the optic axis, a centered dark

field image results.

Dark field images were used to study the heat treated ribbon samples in order to
determine the crystallization kinetics. In order to observe all the crystals six areas which
cover the diffraction pattern are selected. From these DF images crystal number, and
mean crystal size can be obtained in order to quantitatively determine the nucleation

density, nucleation rate and growth rate.

3.3.2 High-resolution TEM (HRTEM)

A small aperture is used in bright-field and dark-field imaging to collect electrons that
have been diffracted by the same angle. Producing a high-resolution image requires that
we use an objective aperture large enough to include both the transmitted beam and at
least one diffracted beam, the transmitted beam is required to provide a reference phase of
the electron wavefront. High-resolution images are in fact interference patterns formed

due to the phase relationships of the transmitted and diffracted beams.

3.3.3 Energy Dispersive X-ray Spectrometer (EDS)

When electrons are incident on the specimen, characteristic X-rays are emitted. These
X-rays have a characteristic energy that is unique to the element from which it originates.
These signals can be collected and sorted according to their energy. The EDS produces

spectra that are plots of characteristic X-ray counts (or intensity) versus X-ray energy. By
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identifying the peaks and determining the peak intensity ratio obtained in the EDS
spectrum, we can obtain composition information of the specimen. After performing the

Cliff-Lorimer[78] correction quantitative information can be obtained.

3.3.4 Electron Energy Loss Spectrometry

When an electron beam goes through a thin specimen, it may lose energy by a variety of
processes. The reason we perform EELS is that we can isolate the inelastically scattered

electrons and quantify the information they contain.

B mapping for the Fe-Si-B-Nb-Cu and Fe-Si-B alloys was conducted and Cu and Nb
element mapping for the Fe-Si-B-Nb-Cu alloy was performed. For B, the energy selected
for mapping is the K line(188 eV), for Nb the Mys line(205 eV) and for Cu the L;

line(951 eV).

EELS was also employed to measure the thickness of the TEM sample for quantitative
studies of the crystallization process. The procedure for measuring the specimen
thickness within a region defined by the incident beam is to record an energy-loss
spectrum and to compare the area under the zero loss peak (/) with the total area under

the whole spectrum (I;). The thickness () can be given by

t/A=In(I,/1,) Eq3. |

where / is the total mean free path for inelastic scattering, the value of A is required to
obtain the thickness of the sample. For materials of known composition, A can be

obtained by using scattering theory to calculate A in terms of the collection semiangle
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f, the incident energy E, and a mean energy loss E, which depends on the chemical

composition of the specimen,

_106F(E,/E,)

" InQpE,/E,) Eq.3.2

where A is given in nm, £ in mrad, E, in keV, and E,, in eV; F is a relativistic factor equal

to 0.618 for E, = 200keV defined by

_ 1+ E;/1022

(1+E,/511) Eq.3.3

This approximation is valid only for B<15 mrad.

For a specimen with known atomic number Z, E,, can be obtained from the approximate

formula [79]

0.36
E,~16Z,

Eq.3.4
In the case of a compound the effective atomic number can be defined by
Z,-f.Z:”
Z,= W Eq.3.5
where f; is the atomic fraction of each element of atomic number Z;.
The collection semiangle S is given by:
PB=h/h)x(R/L) Eq3. 6

where h is the distance between the projector-lens crossover and the viewing screen
(equal to 30 cm), h, is the distance between the crossover and the spectrometer entrance

aperture (equal to 72 cm), R is the radius of the selected entrance aperture (equal to 3 mm)
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and L is the camera length of the diffraction pattern visible on the microscope viewing
screen (equal to 12 cm). In the present case for the Fe;3 55113 5BoNb3Cu; alloy, p=10 mrad,

Z.=23.9, E,=23.8 eV and 2=107.3 nm.

A JEOL 2010 Transmission Electron Microscope (TEM) with an accelerating voltage of
200 kV was employed for microstructural observation. A Philips 300 kV TEM with
EELS attachment was used for element mapping. In-situ hot stage observations were
carried out in a JEOL 2000X TEM using an accelerating voltage of 200 kV. The sample
holder was a Si plate and a thermocouple was used for the measurement of the
temperature. Starting from room temperature, the temperature was increased until 400 °C
and held for 30 min, subsequently at 25 °C intervals the specimen was left to thermally
stabilize for 30 min and the observations were recorded. The shiny side of the ribbon was
punched to a round shape, around 3 mm in diameter. Subsequently the specimen was

annealed in a vacuum furnace. It was then thinned by ion milling machine.

3.4 Vibrating Sample Magnetometery (VSM)

When a sample is placed in a uniform magnetic field, a dipole moment proportional to
the product of the sample susceptibility times the applied field is induced in the sample.
If the sample is made to undergo sinusoidal motion as well, an electrical signal can be
induced in suitably located stationary pick-up coils. This signal is proportional to the

magnetic moment, vibration amplitude, and vibration frequency.

In this project, measurements of the magnetic properties were made using a LakeShore
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7300 vibrating sample magnetometer. Standard thin foil sample holders were used. The

saturation magnetization was obtained under maximum applied magnetic field of 1.2 T.
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Chapter 4 RESULTS

In this chapter the thermal properties, phase formation, microstructural observation,
crystallization behavior and magnetic properties of the Fes75Sii3sBo, FesssSiiasBoCuy,
Fe745S1135sBgNby  and Fe315Sij35BgNbsCuy alloys will be described. The thermal
properties were measured by DSC, phase formation after crystallization was identified by
XRD. TEM was used to observe the crystallization products of the selected alloys. EDS
was used to measure the concentration of the elements and EELS elemental mapping was
conducted. VSM was used to measure the magnetic properties. In-situ hot stage TEM
studies were carried out to observe dendrite formation in the case of the Fe-Si-B alloy
and the crystallization behavior of the Fe-Si-B-Cu alloy. It was found that alloying
additions of 1 at% Cu and 3 at% Nb had significant effects on the thermal properties,

phase formation, morphology, crystallization behavior and magnetic properties.

4.1 FE'n_sSi];;.ng alloy

The thermal properties of the Fe-Si-B alloys were characterized using DSC techniques.
The microstructure and phases formed after heat treatment at different temperatures for a
series of annealing times were analyzed using TEM and XRD techniques[80]. The initial
crystallization product was observed to posses an unusual dendritic morphology, the
branches of the dendrites were composed of independent closely spaced crystals, the

spacing between the crystals was of the order of several nanometers.
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4.1.1 Thermal Analysis

By means of DSC the crystallization temperatures of the Fe;75Si135Bg alloy were

measured at heating rates of 2, 5, 10, and 20 K/min respectively, as shown in Figure 4. 1.

J\k —(b)
=
£
s
=
&

% ©

(d)

200 ‘ 360 ' 4[I.'D . 5{|)0 ) 660 ) 760 . 3{50

Temperature(°C)

Figure 4. 1 DSC results for the Fes7551;3 5B alloy at heating rates of: (a) 2 K/min, (b) 5

K/min, (¢) 10 K/min and (d) 20 K/min

There are two exothermic peaks. The peak temperature of crystallization increased as the
heating rate was increased from 2 K/min to 20 K/min. In Figure 4. 1 at a heating rate of
10 K/min, the first crystallization peak occurs at 527 °C while the second crystallization

peak occurred at 552 °C, which is consistent with earlier reports [81,82,83,84,85].

By using the Doyle-Ozawa method the activation energies can be calculated by means of
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the following equation [52]:

Logb = Log[AE | RF(a)] —2.315-0.4567E /(RT)

Where b is the heating rate, A is a constant, F(a ) is the crystallized fraction, T is the
temperature corresponding to the crystallized fraction, E is the activation energy and R is

Boltzmann constant.

Plotting Logh as the Y-axis and I/T as the X-axis a straight line can be obtained, the
slope of which is -0.4567E/R, thus the activation energy can be calculated(Figure 4. 2).
By using software “ORIGIN” the slope was calculated to be: -194345+305.1 and
-17610£1993.9 for the first and second peak respectively. Thus the activation energy

corresponding to the first peak is calculated to be 376+5.9 kJ/mol while that of the

second is 342+38.7 kJ/mol.
1.4
12 |
Slope=-0.4567E/R=-19434 49
10 E=375.8+5.86kJ/mol
o 08
2
06 |
04
0.2 1 1 1 1
0.00124 0.00125 0.00126 0.00127 0.00128
1T(1/K)
(a)
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slope=-0.4567E/R=-17610.30
E=341.8+38.70kJ/mol
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Figure 4. 2 Activation energy values obtained from DSC measurements for (a) the first

peak and (b) second crystallization peak for a Fe77551135Bg alloy

The structural analysis of the Fes75SijasBgalloy as determined by XRD techniques will

be described in the following section.

4.2.2 Structural Analysis

In this section the structural analysis of the Fes;5Sij3sBgalloy after annealing at various
temperatures and holding time will be described. The XRD results for samples after
annealed at 490 °C for 1 h, 8 h and 20 h are shown in Figure 4. 3. The phase formation
after annealing at 550 °C for 30 min, 1 h, 4 h, 8 h, 16 h and 24 h is shown in Figure 4. 4,
the results after annealing at 420 °C, 490 °C, 500 °C, 515 °C, 550 °C, 600 °C and 640 °C

for 1 h are shown in Figure 4. 5. The Fe-Si phase is found to be the primary
47


http://Fe77.5Si13.5B9
http://Fe77.5Si13.5B9
http://Fe77.5Si13.5B9

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4 Results

crystallization product, the formation of the Fe3;B phase indicated the occurrence of

secondary crystallization, subsequently, FesB decomposed to Fe;B and a-Fe phases.

.‘g
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ik A (2)
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0 4 s e 70 8 %0
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Figure 4. 3 XRD results for the Fes75Sij35Bg alloy heat treated at 490 °C for different

holding time: (1)1 h, (2) 8 h and (3) 20 h: Fe-Si (V), Fe3B (#)

The phases formed after the alloy was heat treated at 490 °C for various annealing times
of 1 h, 8 h and 20 h were studied by XRD, the results showed that the Fe-Si phase
continued to be the dominant phase as the annealing time was increased from 1 h to 20 h.

The Fe3B phase did not appear until 20 h of annealing time.
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Figure 4. 4 XRD results for the Fes;5Si;35Bo alloy heat treated at 550 °C for different
holding time: (1) 5 min, (2)30 min, (3)1 h, (4)4 h, (5)8 h, (6)16 h and (7)24 h: Fe-Si (¥),

Fe;B (m) and Fe;B (o)

From Figure 4. 4 it was observed that the alloy was still amorphous after heat treatment
at 550 °C for 5 min, crystallization occurred after annealing for 30 min. The Fe-Si phase
was again the dominant phase during the primary crystallization at this temperature until
4 h when the Fe;B phase was identified, indicating the initiation of secondary
crystallization. After the annealing was conducted for 16 h the Fe,B phase was observed,

it was formed by the decomposition of the Fe3;B phase.
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Figure 4. 5 XRD results for the Fe75Si135Bg alloy heat treated at different temperatures
for 1 h: (1)420 °C, (2)490 °C , (3)500 °C , (4)515 °C , (5)550 °C ,(6)600 °C , and (7)640

°C : Fe-Si ('V), FesB(#), Fe,B(e)

The XRD results of the temperature dependence of phase formation after heat treatment
for 1 h in the temperature range from 420 °C to 640 °C are shown in Figure 4. 5. These
results showed that the Fe-Si phase formed during the first crystallization event at 490 °C

while secondary crystallization products of the Fe;B phase did not form until 550 °C.

By comparing these three different temperatures and annealing times it was observed that
Fe-Si is the product of primary crystallization. Secondary crystallization occurred at 490
°C for annealing times up to 20 h. For an annealing temperature of 550 °C annealing time

of just 1 h resulted in the secondary crystallization, i.e., the formation of the FeiB phase.
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Morphological observation after crystallization was conducted by TEM techniques. By
combining the structural analysis and microstructural observations, the crystallization

behavior of the Fe7 5813 5B alloy can be described.

4.2.3 Crystallization behavior

In this section the crystallization behavior of the Fes75Sij3 sBoalloy will be described by
combining the structural analysis in the previous section and the morphological

observations of the annealed alloy by TEM techniques.

TEM micrographs and the corresponding SADP of the microstructure are presented in
Figure 4. 6 which shows for the first time that the primary crystallization product has an
unusual dendritic morphology, each branch of the dendrite is composed of independent
closely spaced crystals, the spacing between crystals is of the order of several nanometers.
Such a solid state dendritic morphology has not been reported earlier in this alloy system.
Interestingly, these individual crystals follow the general contours of a continuous
dendritic morphology showing that diffusion field effects are predominant in the
formation of the dendritic microstructure. These dendrites were confirmed by SADP
analysis to belong to the Fe-Si phase. During dendrite formation, solute rejection
occurred at the dendrite: matrix interface. Hence, EDS was used to measure the
compositions of Fe and Si near the interface between the crystal and the matrix (the
composition of B cannot be determined from EDS measurements). The spots in Figure 4.
7 were selected for measurements, Cliff-Lorimer corrections were performed and the

results are tabulated in Table 4.1[78]. It was found that the Si concentration in the matrix
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was about 3 at% higher than the concentration within the dendritic crystals, which
indicated solute rejection of Si during dendrite formation. B element mapping by EELS
was conducted to identify the distribution of boron during crystallization (Figure 4. 8).
The white area indicated regions with higher B concentration and the dark areas
indicated regions with lower B concentration distribution, regions around the dendrite are

clearly richer in B compared with the region within the dendrite.

(a) (b)

Figure 4. 6 (a) BF TEM micrograph and (b) corresponding SADP of the Fe775Si;35Bg
alloy annealed at 490 °C for 1 h, showing that the dendrite is a bec Fe-Si phase, zone axis:

(001]
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Figure 4. 7 EDS measurements for spots from 1 to 13 at the interface of the crystal and

the matrix: the odd numbers are for the matrix along the interface, while the even

numbers are the crystal along the interface

Table 4. 1 EDS measurement result corresponding to Figure 4. 7

Element | 1 2 3 + 5 6 7 8 9 10 11 12

Fe(at%) | 85 87.6 | 85.1 | 884|847 |88 |857 |873]|845 88.2 |85.2 87.8

Si(at%) | 15.0 (124 |149 |11.6 |153 |12 |143 |12.7]155 11.8 | 14.8 12.2
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Figure 4. 8 B element mapping for the Fe-Si-B alloy after heat treatment at 550 °C for 30

min

Figure 4. 9 to Figure 4. 13 show the products of secondary crystallization. Secondary
crystallization occurred not only between the dendrite branches but also between the
closely spaced crystals (shown by arrows in Figure 4. 9). Secondary crystallization
resulted in a striped structure consisting of the Fe;B phase and a Fe-Si phase with a B2
ordered structure (Figure 4. 10), the existence of this B2 structure has not been reported
earlier. After secondary crystallization was completed at 640 °C for 1 h, two
morphologies were observed: large crystals (dark arrow in Figure 4. 11) and a striped
sinuous morphology (bright arrow in Figure 4. 11). Bright field and dark field images of
this striped morphology are presented in Figure 4. 12. This sinuous striped morphology
was different from the lamellar structure observed in secondary crystallization products
in Fe-Si-B alloys with more B [21]. Large crystals about 400 nm (Figure 4. 13) were also

observed and found to belong to the b.c.c Fe-Si phase.
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(@) (b)

Figure 4. 10 (a) The striped microstructure and (b) corresponding SADP of the
Fe77.58113.5Bg alloy annealed at 490 °C for 20 h: SADP showing the Fe-Si phase with B2

ordered structure, zone axis: [100]
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...' & %

i

Figure 4. 11 BF TEM micrograph of the products at the end of crystallization of the

FC'ani[}_ng alloy annealed at 640 °Cforlh

50 nm

Figure 4. 12 (a) BF and corresponding (b) DF TEM micrographs of the striped

microstructure of the Fes75Si;35By alloy annealed at 640 °C for 1 h
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() (b)

(c)

Figure 4. 13 TEM micrograph of a large crystal observed in a Fe;7sSij3sBg alloy
annealed at 640 °C for 1 h: (a) bright field image (b) dark field image (c) SADP showing

that the crystal belonging to the b.c.c. a-Fe-Si phase: zone axis: [001]

The following section will deal with in-situ hot stage TEM observation of crystallization

of this alloy, the process of dendrite formation will be described.
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4.2 In-situ hot stage TEM observation of crystallization of the

Fe-Si-B alloy

In this section, observation of crystallization occurring during in-situ hot stage TEM is
described for the initially amorphous Fe-Si-B alloy. Interestingly, an equiaxed to
dendritic morphological transition was observed for the first time after the specimen was
heated at 500 °C between 300 s to 480 s(white arrow in Figure 4. 14 to Figure 4. 18). An
equiaxed crystal about 10 nm in size formed after annealing for 300 s(Figure 4. 14).
Subsequently four perpendicular dendrite branches with a length up to 45 nm were
observed (Figure 4. 15). As the crystallization time was increased to 480 s dendritic

growth resulted in branches extending to 200 nm (Figure 4. 18).

D2 gm

Figure 4. 14 BF TEM micrograph of the Fe;75Si;35By alloy annealed at 500 °C for 300 s
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0.2 gm

Figure 4. 15 BF TEM micrograph of the Fes75Si13.5Bo alloy annealed at 500 °C for 306 s

0.2 m

Figure 4. 16 BF TEM micrograph of the Fes75Si;35Bg alloy annealed at 500 °C for 312 s
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0.2 pm

Figure 4. 17 BF TEM micrograph of the Feq75Si,3 5By alloy annealed at 500 °C for 360 s

0.2 pm

Figure 4. 18 BF TEM micrograph of the Fe;7 sSij3sBg alloy annealed at 500 °C for 480 s

The next section will describe the thermal properties, structural analysis and

crystallization behavior of the copper containing FesssSi13sBgCu, alloy. It was found that
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I at% Cu alloying addition in the Fes5Sij3.5B9Cu, alloy has a large effect on the thermal

properties, phase formation and microstructure after crystallization.

4.3 FE7§,5Si13,5B9C“1 alloy

In this section the thermal analysis, structural analysis and crystallization behavior of the
Fes65Si13sBgCu; alloy will be described [86]. Compared with the Feq75Sij35Bg alloy 1
at% Cu alloying addition induces the crystallization at lower temperatures and changes
the microstructure from the dendritic morphology observed in the Fe-Si-B alloy to a

spheroidal morphology with rough interfaces.

4.3.1 Thermal Analysis

By means of DSC the crystallization temperatures of the Fesq35Si;3sBoCu; alloy were
measured at heating rates of 2, 5, 10, and 20 K/min, as shown in Figure 4. 19. The
calculated activation energy of crystallization is shown in Figure 4. 20. Two exothermic
peaks were observed. At a heating rate of 10 K/min the first crystallization peak in the
case of the Fe-Si-B-Cu alloy occurs at 466 °C, lower than that observed in the Fe-Si-B
alloy. At the same time, Cu alloying addition resulted in an increase in the gap between
the first peak and second peak compared with the corresponding DSC curve of the
Fe-Si-B alloy (Figure 4. 1). The calculated activation energy of primary and secondary
crystallization of the Fes5Si13.sBoCuy alloy was 260+20.8 kJ/mol and 257+30.4 kJ/mol
respectively. Compared with the values of the Fes755i135Bo alloy, 1 at% Cu alloying

addition reduced the activation energy for crystallization.
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Figure 4. 19 DSC results for the Fe-Si-B-Cu alloy at heating rates of: (a)2 K/min, (b)5

K/min, (c)10 K/min and (d)20 K/min
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Figure 4. 20 Activation energy obtained from DSC measurement for the first peak (a) and

second crystallization peak (b) for a Fesg5Si;3sBoCu; alloy

The structural analysis of the Feq5Si;3.5B9Cu, alloy after heat treatment was conducted

by XRD analysis and the results are described in the following section.

4.3.2 Structural Analysis

In this section the structural analysis of the Fesq55i13sBoCu; alloy after annealing at
various temperatures will be described. The phase formation after heat treatment at
different temperatures: 420 °C, 490 °C, 500 °C, 515 °C, 550 °C, 600 °C, and 640 °C for 1
h was identified by XRD techniques and the results are shown in Figure 4. 21. These

temperatures were selected based on the DSC results presented earlier.

With Cu alloying additions primary crystallization occurred at lower temperatures: 420 °C,
63



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4 Results

compared with 490 °C in the Fe-Si-B alloy. The Fe-Si phase was identified in samples
annealed at 420 °C and the Fe;B phase formed at 500 °C. This showed that both the
primary and secondary crystallization temperatures in the case of the Fe-Si-B-Cu alloy are

lower than those of the Fe-Si-B alloy, which is consistent with the DSC results.
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Figure 4. 21 XRD results for Fes5Si13.5B9Cu, alloy heat treated at different temperatures
for 1 h: (1)420 °C, (2)490 °C, (3)500 °C, (4)515 °C, (5)550 °C, (6)600 °C, and (7)640 °C:

Fe-Si( V), FesB(#), Fe,B(®)

The crystallization behavior of the Feqs5Sij3sBoCu, alloy will be described in the
following section by combining the structural analysis in this section and with TEM

based microstructural observations.
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4.3.3 Crystallization behavior

This section deals with TEM observations of the crystallization behavior of the
Feq65S113,sBoCu; alloy. In the case of the Fe-Si-B-Cu alloy, the microstructural evolution
was significantly different from that of the Fe-Si-B alloy; instead of the dendritic
morphology observed in the Fe-Si-B alloy, spheroidal crystals with rough interfaces less
than 100 nm in size were observed as the product of primary crystallization (Figure 4. 22).
Figure 4. 23 (a) shows a higher magnification micrograph of spheroidal crystals about
50nm in size, the corresponding SADP (Figure 4. 23 (b)) was indexed as the b.c.c. Fe-Si
phase which is consistent with the XRD data presented identification in Figure 4. 21. Ata
higher annealing temperature of 490 °C, a higher crystal density was observed and
spheroidal crystals larger than 100 nm in size were observed (Figure 4. 24). At 500 °C
secondary crystallization occurred with the formation of a striped structure of the Fe;B
phase, as indicated by the arrow in Figure 4. 25. In order to obtain a better understanding
of the striped microstructure of the Fe;B phase, BF and corresponding DF micrographs
were obtained (Figure 4. 26). These striped products formed from the remaining
amorphous matrix. At the same time, a higher volume fraction of the Fe-Si phase, which
formed from the amorphous matrix during secondary crystallization was observed in the
form of crystals larger than 200 nm. The crystal structure was found by SADP analysis to

belong to the DO; ordered structure (Figure 4. 27).

65



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4 Results

Figure 4. 22 BF TEM micrograph of Fe-Si-B-Cu alloy heat treatment at 420 °C for 1 h

(a) (b)

Figure 4. 23 (a) BF TEM micrograph and SADP(b) of the crystal indicated by arrow in

Figure 4. 22: zone axis: [111]
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Figure 4. 24 Bright field micrograph of Fe-Si-B-Cu alloy heat treatment at 490 °C for 1 h
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1h

(@) (b)

Figure 4. 26 BF (a) and DF (b) TEM micrographs of the striped morphology indicated by

arrow in Figure 4. 25
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0.1 ym

]

(c)

Figure 4. 27 TEM micrograph of the crystal from the Fe-Si-Cu-B alloy annealed at 640

°C for 1 h: (a) bright field image (b) dark field image (c) SADP: zone axis:[001 ]

The next section will deal with in-situ hot stage TEM observation of the Fe-Si-B-Cu alloy,

the formation of the spheroidal crystals was directly observed.

4.4 In-situ hot stage TEM observation of the Fe-Si-B-Cu alloy

In-situ hot stage TEM observations of the Fe-Si-B-Cu alloy were conducted. As observed
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in Figure 4. 28 b.c.c. Fe-Si crystals about 10 nm in size appear at about 400 ‘C. With
increasing time, both the number density and size of the crystals increased (Figure 4. 29).
Figure 4. 30 to Figure 4. 33 shows this formation and growth of a spheroidal crystal
(indicated by arrows), the morphology is significantly different from the typical dendrite
morphology observation in the Fe-Si-B alloy. After 600 s of heating at 450 °C crystals
larger than 100 nm were observed, interfacial instability caused the crystals to develop a

rough, wavy interface (arrow in Figure 4. 34).

Figure 4. 28 BF TEM micrograph of the FessSij3sBoCu; alloy annealed at 400 °C for

260 s
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Figure 4. 29 BF TEM micrograph of the Fes5Sij3sBgCu; alloy annealed at 400 °C for

300s

Figure 4. 30 BF TEM micrograph of the Fes65Si;35BoCu; alloy annealed at 400 °C for

306 s
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Figure 4. 31 BF TEM micrograph of the Fesg5Sij3sBoCu,; alloy annealed at 400 °C for

312s

Figure 4. 32 BF TEM micrograph of the Fes65Sii3sBoCu,; alloy annealed at 400 °C for

318s
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Figure 4. 33 BF TEM micrograph of the Fes5Sij3sBoCu; alloy annealed at 400 °C for

330s

Figure 4. 34 BF TEM micrograph of the Fe7s5Sij35BoCu; alloy annealed at 450 °C for

600 s

In order to describe the nucleation and crystal growth behavior during the crystallization
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process, we measured the crystal density (N) and maximum crystal diameter of the b.c.c.
Fe-Si phase after isothermal annealing at three temperatures. Figure 4. 35 and Figure 4.
36 show the nucleation density and maximum crystal diameter dependence on annealing
time at 400 °C, 425 °C, 450 °C respectively. Interestingly, for different temperatures,
crystal density increases rapidly in the initial stages, and tends to saturate. The crystals

grow steadily, but the growth does not follow the parabolic growth law.
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Figure 4. 35 Crystal density of the a-Fe-Si phase after isothermal annealing at three

different temperatures
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Figure 4. 36 Maximum crystal diameter of the a-Fe-Si phase after isothermal annealing

at three different temperatures
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The following section deals with the thermal analysis, structural analysis and
crystallization behavior of the Nb containing Fes45Sij35sBoNb; alloy. The additions of 3
at% Nb alloying addition had a significant influence on the thermal, structural and

crystallization behavior.

4.5 F874.5Si]3.5B9Nb3 a“oy

In this section the effect of 3 at% Nb in the Fe-Si-B alloy on the thermal properties,
structural analysis and crystallization behavior will be described[87]. It was found that
the additions of 3 at% Nb changed the mechanism of crystallization from primary

crystallization in the Fe-Si-B alloy to eutectic crystallization in the Fe-Si-B-Nb alloy.

4.5.1 Thermal Analysis

By means of DSC techniques the crystallization temperatures of the Fess5Sij3sBgNbs
alloy were measured at heating rates of 2, 5, 10, and 20 K/min (Figure 4. 37). The
calculated activation energy for crystallization is shown in Figure 4. 38. At a heating rate
of 10 K/min the DSC curve exhibited only one exothermic peak at 589 °C, this result is
different from the two peaks observed in the DSC curves of Fe-Si-B and Fe-Si-B-Cu
alloys. In the Fe-Si-B alloy as the heating rate increased from 2 K/min to 20 K/min the
peak become sharper while with Nb alloying addition, the peak is highest at a heating
rate of 10 K/min. The value of the activation energy of crystallization is 549+35.7 kJ/mol,

higher than that of the Fe-Si-B and Fe-Si-B-Cu alloys.
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Figure 4. 37 DSC results for the Fe-Si-B-Nb alloy at heating rates of: (a)2 K/min, (b)5

K/min, (c)10 K/min and (d)20 K/min
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Figure 4. 38 Activation energy obtained from DSC measurement for the only peak of

Feq4.5Si13.5BgNb; alloy
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4.5.2 Structural Analysis

The phase formation of the initially amorphous FesssSij3sBoNbs alloy after heat
treatment at 550 °C for different holding time: 5 min, 30 min, 1 h,4h, 8 h, 16 h and 24 h
was studied by XRD technique (Figure 4. 39). With Nb alloying addition complex Fe,3Bg
and Fe;B phases were formed in addition to the Fe-Si phase. It was also observed that as
the annealing time was increased the relative intensity of the highest peak of the Fe-Si
phase to that of the Fe,3B¢ phase increased. However, the relative intensity of the highest

peak of the Fe;B phase to that of the Fe,3B¢ phase decreased as the annealing time was

increased.
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Figure 4. 39 XRD results for the Fes45Sij3sBgNbs alloy heat treatment at 550 °C for
different holding time: (1)5 min, (2)30 min, (3)1 h, (4)4 h, (5)8 h, (6)16 h and (7)24 h:

Fe-Si ('). Fes3Bg(®), and FC3B(O)
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The following section combines the results of the structural analysis and microstructural
observations by TEM analysis to describe the crystallization behavior of the initially

amorphous Fes4 5Sij35BgNb; alloy.

4.5.3 Crystallization Behavior

In this section the crystallization behavior of the Fey45S81;35BsNbsalloy are described by
combining TEM observations and the structural analysis by the XRD technique outlined
in the previous section. Bright field TEM micrographs (Figure 4. 40) show that the
equiaxed morphology of the products was retained the same as the annealing time was
increased from 0.5 h to 24 h. Figure 4. 41 to Figure 4. 43 shows the morphology and the
SADP of the phases formed after crystallization. With Nb alloying additions, instead of
the dendritic morphology observed in the Fe-Si-B alloy, an equiaxed morphology was
observed(Figure 4. 40). A high resolution TEM micrograph and corresponding SADP of
the Fex:Bg phase are shown in Figure 4. 41. The lattice parameter of the Fe3Bg was
measured as 1.073 nm, SADP analysis indicated an ordered f.c.c phase. For the Fe;B
phase a twinned lamellar morphology was observed in BF and DF micrographs, the
corresponding SADP is provided in Figure 4. 42. BF, DF micrographs of the morphology

of the Fe-Si phase and corresponding SADP were shown in Figure 4. 43.
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S0 nm

(a) (b)

Figure 4. 40 BF TEM micrographs of the Fes45Sij3sBoNbs alloy annealed at 550 °C for

different time: (a) 0.5 h (b) 24 h
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1.073nm
FesBe(100)

(a)

(b)

Figure 4. 41 HRTEM micrograph of the crystal of the FenBg phase of the
Fe7458i135BgNb; alloy annealed at 550 °C for 30 min: (a) bright field image (b) SADP,

zone axis: [011]
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(©)

Figure 4. 42 TEM micrograph of the Fe;B phase of the Fess5Sij3sBoNb; alloy annealed
at 550 °C for 30 min: (a) bright field image (b) dark field image (c) SADP, zone

axis:[122]
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() (b)

(c)

Figure 4. 43 TEM micrograph of the Fe-Si phase of the Fes45Si3sBoNb; alloy annealed
at 550 °C for 30 min: (a) bright field image (b) dark field image (c) SADP, zone

axis:[011]

The next section deals with the thermal properties, structural analysis, crystallization
behavior, EDS measurement and EELS elemental mapping of the alloy containing both

Cu and Nb alloying additions. It was found that the effects of 1 at% Cu and 3 at% Nb
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combined alloying additions are significantly different from that of the individual
alloying additions of Cu and Nb. EDS and EELS elemental maps were used to elucidate

the role of Cu and Nb alloying additions.

4.6 Fe73,5Si13_5Bbe3CIl] alloy

In this section the thermal analysis, structural analysis, crystallization behavior, EDS
measurements and EELS elemental mapping of the Fes;sSij35BgNb;Cuy alloy will be
described[88]. It was found that the interaction between Cu and Nb alloying addition

plays a crucial role in the crystallization process of this alloy.

4.6.1 Thermal Analysis

By means of DSC the crystallization temperatures of the Fes35Sij3sBgNbsCu, alloy were
measured at heating rates of 2, 5, 10, and 20 K/min (Figure 4. 44). The calculated
activation energy of crystallization was shown in Figure 4. 45. From the DSC curve it was
observed that there are three exothermic peaks; the higher the heating rate, the higher is
the peak temperature. At a heating rate of 10 K/min, the first crystallization peak occurs at
524 °C, the second at 681 °C and the third at 715 °C. The calculated activation energy of
corresponding peaks was: 360+40.1 kJ/mol, 456+35.7 kJ/mol and 381+23.8 kJ/mol

respectively, which are consistent with earlier reports [89,90].
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Figure 4. 44 DSC results for the Fes35Sij35BgNbsCu; alloy at heating rates of: (1) 2

K/min, (2) 5 K/min, (3) 10K/min and (4)20 K/min
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Figure 4. 45 Activation energy obtained from DSC measurements for the (a) first peak, (b)

second crystallization peak and (c) third peak for a Fes3.5Si13 sBoNb3iCu, alloy

4.6.2 Structural Analysis

The annealing temperature and time dependence of the phase formation were identified

by XRD techniques, the results are shown in Figure 4. 46 and Figure 4. 47 respectively. It
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can be seen that the alloy remains in the amorphous state after the sample was heat
treated at 490 °C for 1 h and at 550 °C for 5 min. Primary crystallization was observed in
samples annealed at 500 °C for 1 h. As the annealing temperature was increased from 500
°C to 640 °C the Fe-Si phase was the dominant phase. The Fe;B phase did not appear
until an annealing temperature of 600 °C was reached. After annealing at 640 °C for 1 h,
the Fe;B phase appeared due to the decomposition of the Fe;B phase, this corresponds to
the third peak in the DSC curves. Regarding the effect of annealing time on phase
formation, it was found that as the annealing time was increased at 550 °C, the Fe-Si
phase dominated while the secondary crystallization products (Fe;B phase) did not form
until 8 h of annealing. When the annealing time and temperature were increased, the

relative intensity of the peak of the Fe-Si phase was found to increase indicating a higher

volume fraction of the Fe-Si phase.
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Figure 4. 46 XRD results for the Fe7;5Sij35BgNbiCu,; alloy heat treated at different
temperature for 1 h: (1)490 °C, (2)500 °C, (3)515 °C, (4)530 °C, (5)550 °C, (6)600 °C,
and (7)640 °C: Fe-Si ('¥), FeiB(#), Fe;B(e)
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Figure 4. 47 XRD results for the Fe735Si;3sBoNbsCu, alloy heat treatment at 550 °C for
different holding time: (1)5 min, (2)30 min, (3)1 h, (4)4 h, (5)8 h, (6)16 h and (7)24 h:

Fe-Si ('V), Fe;B(¢)

The following section presents TEM observations of the crystallization behavior of the

Fe73,55i13‘5Bng3Cu| alloy.

4.6.3 Crystallization Behavior

The crystallization behavior of the Fe35Sij35BoNbiCu,; alloy was studied by TEM.
Selected TEM micrographs and the corresponding SADP obtained from samples
following heat treatment at 500 °C and 640 °C for 1 h are presented in Figure 4. 48. The
primary crystallization products and corresponding SADP are shown in Figure 4. 48(a)
and (b). As has been mentioned previously, crystals about 10 nm in size were found
within the amorphous matrix [1,2,91]. From the corresponding SADP the phase was
indexed as a b.c.c. Fe-Si phase which is consistent with the XRD results (Figure 4. 47).

When the annealing temperature was increased to 600 °C secondary crystallization
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occurred, resulting in the formation of the Fe;B phase with a striped morphology, as can
be seen in the bright field and dark field images in Figure 4. 48 (c) and (d). The dark field
image was obtained from the streaks as circled in the corresponding SADP (Figure 4.

48(e)).

(b)

50 nm

(d)

10 gm

(e)

Figure 4. 48 TEM micrographs of the crystal from the Fes;sSijasBoNbiCu; alloy
annealed at 500 °C for 1 h: (a) bright field image (b) SADP after an annealing at 600 °C
for 1 h: (c) bright field image (d) dark field image (e) SADP
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In order to elucidate the role of Cu and Nb, EDS measurements of the concentration of

Fe, Si, Nb and Cu in regions with low as well as high crystal densities were performed.

4.6.4 EDS measurements

In this section the EDS measurements of the Fe, Si, Nb and Cu are repeated. The
diameter of the electron spot size is about 2 nm. The measured EDS spectra were
corrected for instrumental errors, digitally filtered to suppress the background and

Cliff-Lorimer corrections were performed [78].

HRTEM was used to check that no overlap between the nanocrystals occurred in the
observed areas. In samples heat treated at 500 °C for 10 min and 550 °C for 60 min
respectively HRTEM and the corresponding results of concentration profiles in the
regions with a low crystal density are shown in Figure 4. 49 and Figure 4. 51. The
compositions values are presented in Table 4. 2 and Table 4. 4. Interestingly, it was
observed that the concentration profile of Cu and Nb elements showed opposite trends.
At the center of the single crystal Nb content is higher and Cu content is lower, which
can also be observed from the relative intensity of Cu and Nb peaks in Figure 4. 51(c).
However, at the interface of the crystal the composition of Cu is higher while that of Nb

is higher (Figure 4. 51(d)).

Figure 4. 50 and Figure 4. 52 show the concentration profile in regions with high crystal
density after the samples were annealed at 500 °C for 10 min and 550 °C for 60 min,

respectively. The corresponding values are tabulated in Table 4.3 and Table 4. 5. It was
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again observed that the concentration profile of Cu and Nb showed opposite trends, but
the changing trends of Cu and Nb elements differed from that observed in the case of low
crystal density. In the center of the nanocrystal the concentration of Cu element is higher
than that at the interface, this can be also observed in Figure 4. 52(c). At the same time
the Nb content in the region between the nanocrystals is much higher than that in the

nanocrystal, as indicated by Figure 4. 52(d)

45

l I _ < 75
vol ] ey ;_ B __+___,_.![.____ _‘Jl__,__. A Fe
Nb 30 S ™
+\ ---,___?_--’ 1 *"'“‘w H_* &
= 254 i a
® 1 T §
20 T~ T e
T I
15 T-” - J
g
o] B ; S - 12
cu e~
05 T T . T : ; 7
1 2 3 4 = ¢ !
(b)

Figure 4. 49 TEM micrograph (a) and concentration profile of the elements (b)
corresponding to the indicated spots in Figure 4. 49(a) after the Fe;;3 55813 sBoNbiCu,alloy

was annealed at 500 °C for 10 min
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Figure 4. 50 TEM micrograph (a) and concentration profile of the elements (b)

corresponding to the indicated spots in Figure 4. 50(a), EDS spectrum of spot 3 (c) and

EDS spectrum of spot 2 (d) after the Fe35Si 3 5BoNb3Cu,alloy was annealed at 500 °C

for 10 min
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Figure 4. 51 TEM micrograph (a) and concentration profile of the elements (b)
corresponding to the indicated spots in Figure 4. 51(a), EDS spectrum of spot 3 (c) and

EDS spectrum of spot 4 (d) after the Fe35Sij35BoNbsCu,alloy was annealed at 550 °C

for 60 min
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Figure 4. 52 TEM micrograph and EDS measurements of the region between
nanocrystals from a Fe735Sij3sByNb3Cu, alloy annealed at 550 °C for 60 min: (a) bright
field image (b) HRTEM image corresponding to the nanocrystal 3; (c) HRTEM image
corresponding to nanocrystal 7; (d) HRTEM image corresponding to the nanocrystal 10;
(e) concentration profile of the elements corresponding to the marked spots in Figure 4.

52(a)
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Table 4. 2 EDS measurements corresponding to Figure 4. 49

Element(at%) | 1 2 3 4 5 6 7
Fe 74 735 |73 733 | 73.7 |73.2 |73.6
Si 3 13.5 14.1 13.7 | 13.6 | 143 |14

1 1.2 0.9 0.6 0.8 0.9 0.7
Cu
Nb 3 2.8 3 34 2.9 2.6 2.7

Table 4. 3 EDS measurements corresponding to Figure 4. 50

Element(at%) 1 2 3
Fe 72,9 | 722 | 73:5
Si 15 147 | 14
Cu 1.3 0.6 15
Nb 1.8 3.5 2

Table 4. 4 EDS measurements corresponding to Figure 4. 51

Element(at%) 1 2 3 4 3
Fe 809 | 743 | 81.4 | 80.0 | 789
Si 89 | 90 | 69 84 | 10.1
Cu 0.1 02 | 0.1 0.5 0.9
Nb 1.1 1.5 26 | 2d 2.1
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Table 4. 5 EDS measurements corresponding to Figure 4. 52

Element(at%) | 1 2 3 4 5 6 7 8 9 10
Fe 80.2 |81.5 |810 (818 |79.8 |80.3 |80.1 |79.4 |80.1 |80.S5
Si 8.0 6.4 7.0 6.2 74 8.0 8.0 8.4 7.2 7.6
Cu 1.0 0.8 1.5 1.0 0.5 0.6 1.3 0.6 1.3 1.4
Nb 1.8 2.5 1.5 2.0 3.0 2.1 1.6 2.6 2.4 1.5

4.6.5 EELS Elemental Mapping

In order to corroborate the EDS measurement results, EELS elemental mapping was
conducted for B, Nb and Cu, white regions indicate a higher concentration of an element.
After annealing at 500 °C for 10 min, the initial stage of the crystallization is observed,
some regions rich in Cu are observed(Figure 4. 53(b)), while other regions rich in Nb
(Figure 4. 53(c)) are also seen. Such Cu and Nb rich regions can serve as nucleation sites

for the formation of new Fe-Si nanocrystals.

Observation of samples after heat treatment at 550 °C for 60 min show that the Nb
composition is higher near the matrix: crystal interface, consistent with the EDS
results(Figure 4. 54). B composition is higher near the interface compared to within the
crystal indicating that B was rejected during crystallization, consistent with previous

reports [11].
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(a) (b) (©)
Figure 4. 53 (a) BF TEM micrograph of the Fe-Si-B-Nb-Cu alloy after heat treatment at

500°C for 10min (b) EELS map of Cu (c) EELS map of Nb

Figure 4. 54 (a) BF TEM micrograph of the Fe-Si-B-Nb-Cu alloy after heat treatment at

550 °C for 1 h (b) EELS map of Nb
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(a) (b)

Figure 4. 55 (a) BF TEM micrograph of the Fe-Si-B-Nb-Cu alloy after heat treatment at

550 °C for 1 h (b) EELS map of B

4.6.6 Quantitative measurements

TEM was used, for the first time in this alloy composition, to achieve a quantitative
evaluation of the crystal size distribution, crystal number density and volume fraction.
Based on these quantitative values the crystallization process can be uﬁderstood. The
crystal density and mean crystal size were studied by dark field TEM. Some crystals
appear more than once in the dark field image due to the symmetry of b.c.c. crystals,
these crystals were eliminated before quantitative analysis. The micrographs observed
in TEM are the projection of crystals from the top to the bottom of the specimen, which
implies that the crystal density and size observed in the projected image should be

corrected for the thickness of the sample [92].

The thickness of the specimen was typically measured to be about 100 nm by the EELS
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technique, the crystal size is much smaller than the specimen thickness. The mean crystal

size is given by [93]:

. Eq.4. 1

r—d+ﬁ‘-
A

where, A, is the projected area, t is the foil thickness, L, is the perimeter density (1/nm),

d is the projected diameter of the crystal, D is the real mean diameter.

The number of crystals per unit area, N4, was determined using the line intersection
technique of quantitative metallography, the number of crystals per unit volume, Nv, can

be calculated by the equation:

N = A E,q.4. 2

The volume fraction of crystal, fv, can be calculated from the fraction of the projected

area, f3, by Eq. 4.3

% Eq4.3
14—

1=
A large projected area compared with the crystal size was selected to increase the

precision of the data [94].

The sample thickness was measured by EELS technique. In different regions the degree
of variation in the sample thickness is about several nanometers. Figure 4. 56 showed a

typical EELS result for the sample heat treated at 550 °C for 1 h.
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Figure 4. 56 EELS result for the sample heat treated at 550 °C for 1 h

Details of the quantitative metallography were measured from the dark field images and
the calculated values are listed in Appendix I, Table Al to Table A4. The crystal size,
number of crystals/unit volume and the volume fraction generally increased with

increasing heat treatment time.

A quantitative analysis of the crystal size distribution of the samples after heat treatment
at different temperatures and time is presented in Figure 4. 57 to Figure 4. 60. During this
measurement it was assumed that the thickness of the subtended area is constant and the
crystal is spherical. As annealing temperature was increased the mean crystal size and the

fraction of crystals more than 20 nm in size increased.
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Figure 4. 59 Quantitative analysis of crystal size distribution after heat treatment at
530°C
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Figure 4. 60 Quantitative analysis of crystal size distribution after heat treatment at
550°C

Figure 4. 61 shows the crystal volume fraction at different temperature as a function of

annealing time. The volume fraction increased as the annealing time and temperature
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were increased. It is very interesting to note that the growth slowed down after aging
times of | h. The variation of number of crystals per unit volume with heat treatment
time at different temperatures are shown in Figure 4. 62. The average crystal density
increased initially with an increase in heat treatment time, and reached a constant value.
Figure 4. 63 indicates the average crystal size as a function of heat treatment time,
initially the growth rate is high followed by a marked slowing down in the growth as the
crystallization proceeded. That is because the crystallization process is diffusion
controlled. After annealing for 1 h the volume fraction of crystals increased slowly due to
the slow diffusion of Si and Fe as more and more crystals formed. At the same time the
nucleation sites become less as more and more crystals formed. The overlapping of the
diffusion fields after annealing for 1 h also slowed down the growth. Thus the growth of

the crystal volume fraction decreased after aging of 1h
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Figure 4. 61 Crystal volume fraction measured by TEM at (1) 550 °C, (2) 530 °C, (3) 515

°C and (4) 500 °C
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Figure 4. 62 The number of crystal per unit volume formed during crystallization. Note

that the number of crystal rises sharply and then stabilizes at longer heat treatment time
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Figure 4. 63 The average crystal size as a function of heat treatment time

4.7 Comparison of the results for the four alloys

This section compares the results of thermal properties (Figure 4. 64), structural analysis

(Figure 4. 65) and microstructural observation (Figure 4. 66) of the four alloy
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compositions in order to study the individual and synergistic effects of 1 at% Cu and 3

at% Nb alloying additions in the Fe;75Si;3 sBoalloy[95].

Figure 4. 64 shows the DSC curves of the selected alloys. For the Fe-Si-B alloy, two
peaks were observed which indicated that two crystallization processes occurred during
crystallization. With Cu alloying additions there are two peaks in the DSC curve, the first
occurred at lower temperatures compared to the Fe-Si-B alloy, which showed that Cu
alloying additions made primary crystallization earlier. With Nb alloying additions only
one peak was observed at higher temperatures compared to the Fe-Si-B alloy, which
indicated that the amorphous matrix was stabilized in the Fe-Si-B-Nb alloy. With both Cu
and Nb alloying additions three peaks were observed which indicated that besides
primary and secondary crystallization, processes such as decomposition of the Fe;B

phase to the Fe;B phase and a-Fe also occurred at higher temperatures.

Exol
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Figure 4. 64 DSC measurements of different alloys with heating rate at 10 K/min
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By using the Doyle-Ozawa method the activation energy can be calculated. The table
below shows that activation energy for primary crystallization of the Fe-Si-B-Cu alloy is

the lowest: 260+5.86 kJ/mol while that of the Fe-Si-B-Nb alloy is the highest: 549+35.7

kJ/mol.
Table 4. 6 Calculated activation energy of the four alloys
Fe73.5CuNb3Si35sBg Fe76.5Cu;Si35Bg
Heating
Rate(Kmiin) 2 5 10 20 2 5 10 20
First Peak(K) 790 795 807 819 715 720 729 745
Activation 360+40.1 260+5.9
energy(kJ/mol) ' '
Second peak(K) 937 954 971 793 793 804 822
Activation
+
atieray ORI/ iol) 456+35.7 257+£30.4
Third peak(K) 972 985 1003
Activation
energy(kJ/mol) 381£23.8
Fe74sNb3Sij35Bg Fe7755113.5Bg
Heating
2 2 5 10 2
Rate(K/min) 2 ) 9 0 0

First Peak(K) 841 844 852 871 766 772 780 795

Activation
+35. 76+5.
energy (kJ/mol) ST 4 ’
Second Peak(K) 800 805 815 832
Activation
342+38.7
energy(kJ/mol)

The phases formed after annealing at 550 °C for 30 min were identified by XRD results
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(Figure 4. 65). For the Fe-Si-B alloy, Fe-Si-B-Cu alloy and Fe-Si-B-Nb-Cu alloys only
the Fe-Si peaks were identified. In the case of the Fe-Si-B-Nb alloy three phases were

formed: Fe-Si, Fe,3;B¢ and FesB.
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s
= Fe-Si-B-Cu
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15
= Fe-Si-B-Nb-Cu
i Q
Fe-Si-B-Nb
3I0’4I0'5]0r6|0l7:3.3:3I9|0

206

Figure 4. 65 XRD results for the alloy heat treatment at 550 °C for 30 min: Fe-Si (V),

F823Ba(.), and FC3B(O)

TEM observations showed dramatically different microstructures, summarized in Figure
4. 66. Figure 4. 66 (a) to (d) showed the TEM microstructures of the alloys after heat
treatment at 550 °C for 30 min. For the Fe-Si-B alloy the dendritic morphology was
observed (Figure 4. 66 (a)). On the other hand, with Cu alloying addition, instead of the
dendritic morphology, a spheroidal morphology with rough interface was observed

(Figure 4. 66(b)), the crystal size varies from 50 nm to 100 nm. With Nb alloying
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additions an equiaxed morphology with smaller crystal size was observed (Figure 4. 66
(c)), the crystal size is in the range from 30 nm to 50 nm. With both Cu and Nb alloying

additions equiaxed nanocrystals about 15 nm in size was observed (Figure 4. 66 (d)).

0.2 ym

100 nm

(©) (d)
Figure 4. 66 BF TEM micrographs of the (a) Fejrj_jSi];_ng, (b) FGT{,_sSiU.ngCUh (C)

Fe74.5Si13.sBoNbs and (d) Fe4.5Si13.sBoNbsCu; alloys heat treatment at 550 °C for 30 min
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Figure 4. 67 Maximum crystal size as function of annealing time at 500 °C
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Figure 4. 68 The number of crystal per unit volume as function of annealing time at 500

°C

Figure 4. 67 and Figure 4. 68 showed the maximum crystal size and crystal density at
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500 °C for four alloy compositions. It can be observed that Cu and Nb alloying addition
individually reduced the crystal size and increased the nucleation density. Combined
additions can reduce the crystal size and crystal density further which indicates there are
synergistic effects between Cu and Nb alloying additions facilitating the formation of

nanocrystal.

By means of VSM the saturation magnetization and coercivity of the four alloy
compositions after annealing at different temperature and time were measured and the

results are described in the following section.

4.8 Magnetic properties

The annealing temperature and time dependence of saturation magnetization and
coercivity of the four alloy compositions were measured by VSM and results are shown
in Figure 4. 69 to Figure 4. 74. The saturation magnetization, coercivity and hysteresis
loss of four alloys after heat treatment at 550 °C for 5 min, 30 min, 1 h, 4 h, 8 h, 16 h and
24 h are shown in Figure 4. 69 to Figure 4. 71, the saturation magnetization, coerciverty
and hysteresis loss after heat treatment at 420 °C, 490 °C, 500 °C, 515 °C, 550 °C, 600 °C,

640 °C for 1 h are shown in Figure 4. 72, Figure 4. 73, and Figure 4. 74 respectively.

The saturation magnetization was the highest (1.65 T) for the Fe-Si-B alloy and the
coercivity is smallest for the Fe-Si-B-Cu-Nb alloy after heat treatment for 1 h. During
subsequent crystallization the coercivity of the Fe-Si-B and Fe-Si-B-Cu alloy increased
dramatically to more than 3000 A/m. Annealing time had only a small effect on the
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coercivity of the Fe-Si-B-Nb and Fe-Si-B-Nb-Cu alloys. Hysteresis loss of the Fe-Si-B
alloy is the highest and that of the Fe-Si-B-Nb-Cu alloy is the lowest after annealing for

4 h.

As the annealing temperature increased from 420 °C to 640 °C the highest magnetization
is observed in the Fe-Si-B alloy (1.7 T) while the Fe-Si-B-Nb-Cu alloy has the least
magnetization (1.3 T). For annealing temperature less than 550 °C the coercivity is
highest in the Fe-Si-B alloys (more than 6 kA/m), while the Fe-Si-B-Nb-Cu alloy has the
lowest coercivity. Cu alloying addition did not change the trend but decreased the
magnetization and coercivity. Nb alloying addition reduced the degree of the changes of
Ms and coercivity as the annealing temperature was increased from 550 °C to 640 °C.
Individual Cu or Nb alloying additions decreased the hysteresis loss, combined additions

reduced the hysteresis loss further as the annealing temperature was increased from 490

°C to 640 °C.
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Figure 4. 69 Magnetization dependence on annealing time at 550 °C
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Figure 4. 70 Coercivity dependence on annealing time at 550 °C
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Figure 4. 71 Hysteresis loss dependence on annealing time at 550 °C
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Figure 4. 72 Magnetization dependence on annealing temperatures for 1 h
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The next chapter will discuss the results described in this chapter regarding the
crystallization behavior of the four Fe-Si-B based alloys. The individual and combined
effects of 1 at% Cu and 3 at% Nb alloying additions in the Fe-Si-B alloys on the thermal
properties, crystallization behavior and magnetic properties will be discussed.

Subsequently, the role of Cu and Nb alloying additions of nanostructure formation will

be understood.
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Chapter 5 DISCUSSION

The experimental results of the four alloys will be discussed in this part and the effect of
the individual and synergistic effects of Cu and Nb alloying additions on the thermal

properties, crystallization behavior and magnetic properties will be elucidated.

51 Analysis of FE77,5Si13,5B9 alloy
5.1.1 Thermal properties

The DSC curve of the Fe;75Si;35Bg alloy exhibited two exothermic peaks at 527 °C and
552 °C (at a heating rate of 10 K/min) corresponding to the formation of the Fe-Si phase
during primary crystallization and a Fe-B compound during secondary crystallization.
Other researchers have suggested that there are three stages during crystallization of the
Fe-Si-B amorphous alloy [96,97]. Due to the decomposition of the FesB phase into the
Fe-Si and Fe,B phases. However, this process occurred almost simultaneously with
secondary crystallization so the peaks overlap and only two peaks could be distinguished

in the DSC results.

The DSC data also showed that the gap between the two peaks is narrow, indicating that
once crystallization began, it is difficult to arrest the process precisely at a predetermined
fraction of crystallization phase. As the heating rate increased from 2 K/min to 20 K/min,
the crystallization temperatures shift to higher temperatures, as expected from the thermal
activation processes required for crystallization. In addition, the calculated activation

energy of the crystallization is 376+5.9 kJ/mol for the first crystallization process and
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341.8+£38.7 kJ/mol for the second crystallization event. Compared with a Fes3B3Sis alloy
for which the activation energy of the first and second crystallization has been reported to
be 445.2 kl/mol and 323.4 kJ/mol respectively, the activation energy of the crystallization
for the Fes758i135B0 alloy was lower [98,99]. This indicated that with Si replacing B in
the alloy, the amorphous matrix will be destabilized which is consistent with the
conclusions of earlier reports [100]. It was also observed that primary crystallization has a
higher activation energy compared to secondary crystallization, partly because the
formation of the Fe-Si phase resulted in boron being rejected to the amorphous matrix, the
matrix thus becomes boron rich which facilitates the formation of the Fe-B compound

which appears during secondary crystallization.

5.1.2 Crystallization behavior

Primary crystallization occurred at 490 °C for 1 h, unusual solid state dendrites of the
Fe-Si phase were observed(Figure 4. 6). A dendritic morphology has been previously
observed during crystallization of the Fe-Si-B alloys[101,102,103], However, the
observation of closely spaced crystals forming the dendrite braches has not been
previously described. The formation of the dendritic morphology in the Fe-Si-B alloy is
due to constitutional supercooling which resulted in interfacial instability, facilitating the
formation of dendrites. This supercooling resulted from the composition difference
between the matrix and crystal during crystallization. This composition difference can be
observed in the EDS measurements at the interfaces between the closely spaced crystal
and the matrix, as shown in Table 4. 1. The Si concentration in the matrix is about 3 at%
higher than that in the closely spaced crystals. Similarly, B was also clearly observed by

119


http://Fe77.5Si13.5B9

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5 Discussion

EELS to be rejected to the matrix. Hence, due to Si and B solute rejection, the region
ahead of the crystal is constitutionally supercooled. This leads to the instability of the

interface between the matrix and the crystal which facilitates dendrite formation.

A difference between the present findings and earlier reports is the unusual branches of
these dendrites which are composed of several independent but closely spaced crystals
instead of a single crystal [101-103]. The spacing between the crystals was in the
nanometer range. This suggested that such closely spaced crystals form by a process
similar to sympathetic nucleation and growth. This unusual morphology of the dendrites
may be due to the higher Si content in the present alloy compared with previous
investigations [101-103]. It has been reported that the solubility of B and Si in a-Fe at 490
°C is about 0.01 at% and 10 at% respectively [104,105]. The solubility of Si in Fe is much
higher than that of boron. Thus, compared with the Fe;sB3Sig alloy, due to the
substitution of B by Si in the Fes75Si;35Bg alloy a higher concentration of Si is present in
this alloy. The growth of the dendrite branch is diffusion controlled and the lengthening
of the branches of the dendrites requires diffusion of both Fe and Si atoms. While
diffusion in amorphous alloys can take place by some form of cooperative motion of
groups of atoms [101], the affinity between Fe and Si atoms is stronger than that between
two Fe atoms [104,105]. Thus, it is suggested that the Si atoms act as a drag force
reducing the diffusion rate of Fe atoms, hindering the dendrite growth. The nucleation of
new crystals at a short distance from the earlier crystals is therefore favored, giving rise to

closely spaced crystals.
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More interfaces were created due to these closely spaced crystals which comprised the
branches of the dendrites. In order to reduce the total interfacial energy of the system,
secondary crystallization was found to occur not only in the matrix between the dendrite
branches but also between the closely spaced crystals (as shown by the arrows in Figure
4. 9). The crystal: matrix interfaces provide preferential nucleation sites for the formation

of the Fe-Si and Fe3;B phases.

In order to obtain a better understanding of the crystallization process of the Fes75S1;35Bg
alloy more observations were made to identify the phases surrounding the dendrite. The
secondary crystallization products exhibit a striped morphology (Figure 4. 10) which is
different from the lamellar structure reported by Bhatti [102]. Combining the TEM and
XRD results the phases formed in the secondary crystallization products are not only
Fe-B compounds such as Fe;B phase, but also the Fe-Si phase. The Fe-Si phase was
found to posses a B2 ordered structure, this crystal structure of the Fe-Si phase has not
been previously reported in the Fe-Si-B amorphous system. As crystallization proceeded,
the volume fraction of the products of secondary crystallization increased at the expense
of the amorphous matrix. At the same time, secondary crystallization independently
occurred at the interfaces between the closely spaced crystals, thus the dendritic
morphology was broken up by the secondary crystallization products. At the end of the
crystallization process, the products were found to be the Fe-Si, Fe;B and Fe;B phases
(bright arrow in Figure 4. 11 and Figure 4. 12). Large crystals of the Fe-Si phase were
also observed(dark arrow in Figure 4. 11), this observation differs from earlier reports in

a Fes3B1Sio alloy of a lamellar morphology consiting of Fe-Si and Fe;B phases [101,
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102].

5.1.3 Magnetic properties

The annealing time and temperature dependence of magnetization and coercivity (Figure
4. 69 to Figure 4. 73) showed that the as received amorphous alloy has a saturation
magnetization of 1.3 T and the coercivity is about 60 A/m. After primary crystallization
occurred the saturation magnetization increased due to the formation of the soft magnetic
a-Fe-Si phase, the coercivity also increased due to structural relaxation. As the annealing
time increased to 60 min, due to the increasing volume fraction of the Fe-Si phase the
magnetization was enhanced while the coercivity remained almost unaltered. The
saturation magnetization of the Fe-Si-B alloy is higher than that of the Finemet alloy, it
may be possible to improve the soft magnetic properties if coercivity could be decreased.
As the crystallization proceeds further to 240 min the magnetization decreased to 1.1T
while the coercivity increased significantly from 3.7 kA/m to 6.5 kA/m, this could be due
to the formation of the Fe;B and Fe,B phases which can increase the coercivity.
Formation of the Fe-B compounds leads to an increase of magnetocrystalline anisotropy,
as a result of which magnetic hardening takes place. Hysteresis loss increased as the
annealing time increased (Figure 4. 71). After annealing at 500 °C the hysteresis loss
increased sharply from 10000 erg/g at 1 h to 45000 erg/g at 4 h due to the formation of

the Fe-B compound.

As the temperature increased from 490 °C to 640 °C the magnetization showed little
change. The coercivity increased significantly at 515 °C due to the formation of the Fe,B
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and Fe;B compounds for 1h (Figure 4. 5). The XRD observations showed that the
occurrence of the Fe;B phase appeared only after heat treatment at 515 °C for 60 min,
matches well with the increase of coercivity. At 550 °C the coercivity decreased to 3.2
kA/m, this decrease is due to the increased volume fraction of the Fe-Si phase. As the
crystallization proceeded further, the Fe,B phase formed from not only by the
decomposition of the Fe3B phase but also from the amorphous matrix, thus the volume
fraction of the Fe,B phase increased greatly compared to the Fe-Si phase, resulting in an
increase of coercivity. The hysteresis loss increased as the annealing temperature was
increased (Figure 4. 74). As the annealing temperature was increased from 500 °C to 515
°C at 1 h the hysteresis loss increased sharply from 6000 erg/g to 36324 erg/g due to the

formation of the Fes;B phase.

5.2 Dendrite formation in the Fe-Si-B alloy

Concerning the formation of the solid state dendrites, Tiller [106] developed the well
known constitutional supercooling criterion to determine the morphological stability of a
planar interface during solidification in the binary alloy. But constitutional supercooling
ignores the stabilizing effect of interfacial energy and therefore, is valid only at very low
velocities. Mullins and Sekerka, taking into account interfacial energy, high velocity
thermal effects and non-equilibrium effects, showed that a sphere is stable below and
unstable above a critical radius Rc, which is just seven times the critical radius of

nucleation theory [107,108].

A mathematical expressions for the diffusion field ahead of an isolated growing
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paraboloid has been provided by Ivantsov[109] and is widely used to describe the growth
of dendrites. The marginal stability theory, developed by Langer and
Muller-Krumbhaar[ 110] was found to be in better agreement with experimental
observations. This theory states that for a given temperature and composition the tip
radius of a dendrite corresponds to the smallest unstable perturbation of a plane front. In
this hypothesis the dominant factor for the stability of the dendrite was identified as the

dimensionless parameter c[111].

c=—y Eq.5. 1

where d, is the capillarity length, o is the radius of curvature at the tip of the
parabolic, D is the diffusion coefficient and v is the interface velocity. If the
dimensionless parameter o exceeds a critical value, the capillarity forces stabilize
directional growth of the dendrite. If ¢ is less than the critical value the dendrite becomes
unstable against protrusion forming deformations. Thus the dimensionless parameter o,
as the dominant factor of the stability of the dendrite, defines when the protrusion is

marginally stable [111].

Here, in the case of chemical diffusion, d, is the chemical capillarity length defined by:

ydc; /41|
"~ AC*(L/T,AC +0u/9T)

Eq.5.2

0

where v is the interface energy, L is the latent heat of solution, 4C is the composition
difference between liquid and solid phase at the interface, 7,, is the melting temperature,

C, is the composition of the matrix at the interface, and u is the chemical potential of

124



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5 Discussion

liquid solution.

Figure 4. 14 to Figure 4. 18 show the development of the dendritic morphology. It can be
concluded from in situ hot stage TEM observations that there is a critical value of the
crystal size beyond which the equiaxed morphology will transform to the dendritic
morphology. This is consistent with the theoretical analysis of Mullins and Sekerka that
spheres undergoing diffusion controlled growth into a supersaturated matrix are unstable
above a critical size [108]. The critical value of the crystal size is just seven times of the
critical radius of nucleation theory. If the crystal size is larger than the critical size the
sphere is unstable otherwise the sphere remains stable. The critical nucleation radius is
estimated to be around 6 nm (Figure 4. 14), while the critical radius at which the dendrite
formation occurred (at 500 °C for 306 s) when the radius of the crystal is about 45 nm
(Figure 4. 15), consistent with Mullins and Sekerka’s model. Although the Mullins and
Sekerka’s theory is developed for spherical morphology, later work by Nebsit and

Langer shows that a similar analysis applies to the present case [111,112].

Nesbit suggested that supersaturation inhomogeneity is the main factor leading to
directional growth [112]. During diffusion toward a growing crystal with a square shape,
the supersaturation is not constant at all points on its surface or interface. Instead, the
supersaturation is higher at the corners than at the faces. This supersaturation
inhomogeneity becomes even more pronounced as the crystal continues to grow, and
eventually it results in the square shape becoming unstable and forming directional

growth in the direction of greatest supersaturaion and highest growth rate. Our
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experimental observation of square shapes following annealing at S00 °C for 306 s (dark
arrow in Figure 4. 15) substantiate these predictions. Due to the higher supersaturation of
Si and B at corners compared with that at the face an unstable square shape is observed
after 312 s(dark arrow in Figure 4. 16). Subsequent growth leads to the formation of
dendrite of which four branches stretch out from corners of the initial square shape after

360 s(dark arrow in Figure 4. 17).

Boron has very little solubility in the a-Fe-Si phase, dendritic growth may be controlled
by the diffusion of boron in the amorphous matrix. The diffusion coefficient of solute, D,

was obtained from the Ivantsov equation[109]:

o & X
L0 = pe’ [“—ar Eq.5.3
Cr—C t

¥

Where P=pV/2D, C, is the boron composition at the interface, C, is the boron
composition of the matrix at the interface, Cp is the initial boron composition of the
matrix and D is the diffusion coefficient of boron in the matrix. The maximum crystal size
as a function of annealing time was plotted in Figure 5. 1. These measurements could be

used to calculate the growth rate.
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Figure 5. 1 Maximum length of the dendrite with time at 500 °C

The tip radius of dendrite(p ) was calculated from the fitted parabolic curve and its
value is about 18 nm, independent of annealing temperature[113]. Chang and Marti
suggested that the maximum length of a dendrite is proportional to/t , where t is the
annealing time[114]. Thus the growth rate can be estimated from Figure 5. 1. Other

values are selected from refs [113,115]

Thus by inserting the D from Eq.5.3 and dy from Eq.5.2 the dimensional parameter can
be calculated to be in the range: 0.013-0.031. This experimental results lies in the range

of theoretical predictions: ¢ =0.025[111], ¢ =0.06[116] and o =0.0195[117].

Hence the prediction made by stability theory for dendritic growth are broadly consistent

with experimental observations of dendrite growth in this Fes7 sSii35Bg alloy.
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5.3 Effect of Cu alloying additions

5.3.1 Thermal properties

1 at% Cu alloying addition does not qualititatively change the DSC results compared to
the base Fe-Si-B alloy, two peaks are again observed. The first peak corresponds to the
formation of the Fe-Si phase and the second peak indicates the appearance of the Fe;B
compound. This analysis can be verified by the XRD data(Figure 4. 21). It was also
observed in the DSC data that there was a significant lowering in the value of the first
crystallization temperature from 507 °C to 456 °C when 1 at% Cu was added to the
Fe-Si-B alloy, this can be attributed to local clustering associated short range order, this
order lowers the configurational free energy of the nucleus [143]. The addition of Cu
decreased the primary crystallization temperature by more than 60 °C, much more than
that of the secondary crystallization temperature, indicating that Cu alloying additions
changed the kinetics and thermodynamics of the first crystallization processes more
significantly than those of secondary crystallization [118]. The calculated activation
energy also supported this assumption, Cu alloying additions reduced the activation
energy of the first crystallization even from 376+5.9 kJ/mol in the case of the Fe-Si-B
alloy to 260+5.3 kJ/mol in the case of the Fe-Si-B-Cu alloy, while for the activation
energy of secondary crystallization a reduction of only 73 kJ/mol was observed. Since Cu
alloying additions decreased the primary crystallization temperature with little effect on
the secondary crystallization temperature, Cu alloying additions increase the temperature
region of metastable coexistence of the crystalline Fe-Si phase and the amorphous
matrix[119].
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5.3.2 Crystallization behavior

Cu clusters can serve as heterogeneous nucleation sites for the crystallization of Fe-Si
crystals, thus the number density of Fe-Si crystals increased [97]. Importantly, however,
the number density observed experimentally is much less than that in the Fe-Si-B-Nb-Cu
alloy, which shows that synergistic effects between Cu and Nb must play a crucial role in
increasing the nucleation density to the level observed in the Fe-Si-B-Nb-Cu alloy. This
important aspect has previously not received much attention in the literature. Interestingly,
the morphology of primary crystallization was also altered dramatically by Cu alloying
addition although the phases formed after primary crystallization are the same [96]. As
described earlier, in the case of the Fe-Si-B alloy the morphology of the primary
crystallization product is a dendrite(with arm length of 100 nm) with branches composed
of closely spaced individual crystals, while in the case of the Fe-Si-B-Cu alloy, instead of
a dendritic morphology, spheroidal crystals about 50 nm in size were observed (Figure 4.

22 and Figure 4. 23).

For Fe-Si-B related alloy compositions different heating rates lead to different
morphologies of the crystallization products [120,121]. Specifically, conventional
heating at slow rates produced the dendritic morphology, but flash annealing at fast
heating rates produced fine crystals with spheroidal morphology[ 122,123]. The
enhancement of the nucleation rate and decrease of the growth rate at faster heating rates
resulted in fine crystals with an equiaxed morphology (Figure 5. 2). Kulik suggested that
at small crystal size the spheroidal morphology is favored, beyond a critical size

interfacial stability develops resulting in a dendritic structure. This prediction was
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directly confirmed by our in-situ hot stage TEM observation in Section 4.2. With Cu
alloying addition the nucleation rate was enhanced which facilitated the formation of
smaller crystals. Thus spheroidal morphology was favored by the addition of Cu to the

alloy.

This morphological transition described in the previous section was also observed in the
Cu containing alloy from in-situ hot stage TEM observations (Figure 4. 30 to Figure 4.
34). As discussed earlier there is a critical value of the crystal size beyond which the
crystal interface becomes unstable, tending to form wavy interfaces [107]. The critical
value of the crystal radius depends on the alloy composition and for the Cu containing
alloy the critical value is about 130 nm[124], which should be about 7 times the critical
nuclei radius [107]. From our in-situ TEM observations the critical nuclei radius is about
14 nm (Figure 4. 30) thus the critical size corresponding to the interface instability
should be about 100 nm. As crystallization proceeds, the interface becomes unstable and
rough when the crystal size reaches 100 nm which is consistent with our observations
(Figure 4. 34). Secondary crystallization hindered further directional growth of the

primary crystals.
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Figure 5. 2 Schematic diagram of the annealing temperature and heating rate dependence

of nucleation rate I and growth rate U [124]

At 490 °C, more spheroidal crystals formed from the amorphous matrix and the volume
fraction of such crystals increased. When the annealing temperature was increased to 500
°C, secondary crystallization was observed corresponding to the formation of the Fe;B
phase. This phase formed along the spheroidal crystal boundary in the form of a striped
morphology (as shown by the arrows in Figure 4. 25), this morphology has not been
previously reported. As the Fe-Si spheroidal crystals formed, boron was rejected into the

matrix which is helpful for the formation of the Fe;B phase.

As observed in Figure 4. 35 the nucleation density increased with annealing temperature.
The nucleation density can be as high as 10*'/m®, which is significantly larger than
10"%/m* usually observed in primary crystallization [103], confirming that Cu alloying
additions increase nucleation density. The largest crystal size is found to increase with
annealing temperature (Figure 4. 36). However, the largest crystal size initially increased

dramatically with an increase in heat treatment time followed by a marked slowing down
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in the growth as the crystallization proceeded, thus the growth of the a-Fe-Si crystals is

found to deviate from the parabolic law usually observed in the primary crystallization.

Based on the DSC results and the measured nucleation density from in-situ hot stage
TEM observation we can draw a schematic free energy curve to explain the effect of 1
at% Cu alloying addition (Figure 5. 3). With Si content at 13.5 at% the driving force for
nucleation in Fe-Si-B alloy and Fe-Si-B-Cu alloy are AG; and AG,, respectively. As the
Cu alloying addition is increased from O to 1 at% the driving force for nucleation
increases from AG, to AG;, thus the nucleation will occur at lower temperatures, this is
consistent with our DSC observations. In classical nucleation theory the homogeneous

nucleation frequency I(t) at temperature T can be expressed as an exponential of the type:
1(t) = I,(T)expl- (o 1AG?) 1kT] Eq.5. 4
Where o is a geometric constant and o is the free energy of the crystal-amorphous
interface. 1 at% Cu alloying addition induces a higher driving force for nucleation

resulting in a higher nucleation density in the Fe-Si-B-Cu alloy, which is consistent with

our in-situ hot stage TEM observations.
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Figure 5. 3 Schematic drawing of the free energy G-curve for the amorphous matrix and

the crystallization product

5.3.3 Magnetic properties

Cu alloying addition had a large effect on the magnetic properties. The magnetization and
coercivity values of the Fe-Si-B and Fe-Si-B-Cu alloys showed similar trends after
crystallization (Figure 4. 72 and Figure 4. 73). After annealing at 500 °C for 1 h Cu
alloying additions were found to decrease the saturation magnetization and coercivity. Cu
alloying addition decreased the hysteresis loss after annealing for 4 h (Figure 4. 71). As
the annealing temperature was increased from 490 °C to 640 °C for 1 h the hysteresis loss

was reduced by Cu alloying addition (Figure 4. 74).

When the alloys were heat treated at 420 °C for 1 h, crystallization occurred in the
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Fe-Si-B-Cu alloy, however, the Fe-Si-B alloy remains amorphous. Due to the formation
of nanocrystals of the Fe-Si phase which is a soft magnetic phase, the saturation

magnetization of the Fe-Si-B-Cu alloy is higher than that of the Fe-Si-B alloy.

As the annealing temperature was increased further, the Cu alloying addition increased
the saturation magnetization due to the greater volume fraction of the Fe-Si phase (Figure
4. 72), since the volume fraction of the Fe-Si phase in the Cu containing alloy is higher
than that of the Fe-Si-B alloy. As the annealing temperature was increased from 490 °C to
500 °C, a sharp increase of coercivity was observed for both alloys. For the Fe-Si-B alloy
dendrite growth increased the coercivity by providing additional obstacles to the motion
of the domain walls. For the Fe-Si-B-Cu alloy the formation of the hard magnetic phase

(Fe3B) at 500 °C caused deterioration of the soft magnetic properties.

After secondary crystallization began at 500 °C the saturation magnetization decreased in
the Cu containing alloy due to the formation of the Fe;B phase. Formation of the Fe;B
phase leads to an increase of magnetocrystalline anisotropy, as a result of which magnetic
hardening takes place [125]. At 500 °C the Fe-Si phase formed in both the Fe-Si-B and
the Fe-Si-B-Cu alloys showed significant differences in morphology. In the case of the
Fe-Si-B alloy, a dendritic morphology was observed, while with Cu alloying addition a
spheroidal morphology with rough interfaces was observed. From shape anisotropy
considerations the coercivity of the spheroidal morphology can be higher than that of the
dendritic morphology [125], thus the coercivity is higher in the Fe-Si-B alloy compared

with that of the Fe-Si-B-Cu alloy.
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At 550 °C the saturation magnetization again increased due to Fe-Si phase formation
resulting in a higher magnetization value and a lower coercivity value. When the heat
treatment is conducted at 600 °C there was very little decrease in the magnetization for
the Fe-Si-B alloy while there was a substantial decrease in the case of the Fe-Si-B-Cu
alloy, this is due to the decomposition of the Fe3:B phase into the Fe-Si and Fe,B phases,

the Fe;B phase lowered the saturation magnetization[126].

5.4 Effect of Nb alloying additions

5.4.1 Thermal properties

3 at% Nb alloying additions in the Fe-Si-B alloy altered the thermodynamics of the
crystallization process. Nb alloying additions changed the crystallization mechanism
from primary crystallization of Fe-Si phase in the case of the Fe-Si-B alloy to eutectic
crystallization of Fe;B and Fe;3Bg phases in the Fe-Si-B-Nb alloy. This is consistent with
the DSC results. Only one peak was obtained in the DSC curves of the Nb containing
alloy which is consistent with a previous report that the range of the coexistence of the
Fe-Si phase and the amorphous matrix was reduced by the addition of Nb and disappears
with 3 at% Nb in the Fe-Si-B alloy[127]. However, the single peak in the DSC curve
obtained in this investigation is different from the observation of two peaks reported by

Yavari and Negri [11] and Mattern [128].

Regarding the crystallization temperature measured by DSC, it has been reported earlier

that Nb concentration influences the onset of crystallization [129]. When 3 at% Nb was
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added to the Fe-Si-B alloy, the peak shifts to higher temperatures from 506.6 °C in the
case of the Fe-Si-B alloy to 580 °C in the Fe-Si-B-Nb alloy, which is consistent with the
theory that in glasses of the type Fe-M-B-Si (where M is selected from a large number of
metals), Ty is increased when the atomic size of M is larger than that of iron and
decreased when it is smaller[130]. It has been reported that the atomic size of Fe and Nb
atoms are 0.248 nm and 0.286 nm respectively[13], leading to higher T, with Nb alloying
addition. The higher Ty indicates that Nb stabilizes the glassy phase and makes it difficult
to crystallize, consistent with previous reports [134,136]. This can also be observed from
the values of the calculated activation energy, the activation energy of the Fe-Si-B alloy is
about 376+5.9 kJ/mol while that of the Fe-Si-B-Nb alloy is 549435.7 kJ/mol. This is
consistent with the previous report that the enrichment of Nb atoms stabilizes the
remaining amorphous matrix and suppresses the growth of the Fe—Si primary crystals [84].
In addition, the single peak is sharp and narrow, thus the crystallization process of the

alloy containing Nb is difficult to control once it has begun.

5.4.2 Crystallization behavior

From the XRD results it was observed that the Fe-Si phase dominated as the
crystallization proceeded in the case of Fe-Si-B alloy. With Nb alloying addition, in
addition to the Fe-Si phase, the Fe;3;B4 and Fe;B phases were formed (Figure 4. 39). As
mentioned earlier, Nb alloying additions changed the crystallization mechanism from that
of primary crystallization to eutectic crystallization. The phases formed as well as the
morphology after crystallization was also dramatically different with Nb alloying
addition. In the case of the Fe-Si-B alloy a dendritic morphology was observed after
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primary crystallization, However equiaxed crystals were observed in the Fe-Si-B-Nb

alloy (Figure 4. 40).

Figure 5. 2 shows that an enhancement of nucleation rate and decrease of growth rate
resulted in fine crystals with an equiaxed morphology. A similar phenomenon can
account for the morphology of Nb containing alloys, in which small equiaxed crystals
were observed, compared with the larger size dendritic crystals in the Nb-free alloys. By
reducing the growth rate by Nb additions, a smaller crystal size leads to an equiaxed

morphology.

As explained in the previous section, in the Fe-Si-B alloy systems a dendritic
morphology is observed when solute rejection during crystallization results in sufficient
constitutional supercooling. The dominant factor which determines the stability of the
matrix: crystal interface is the parameter (G,D)/(VC,) [131]. G; refers to the temperature
gradient at the matrix: crystal interface, Cy is the composition of the amorphous matrix,
D is the diffusivity in the matrix and V is the growth rate. With Nb alloying additions the
growth rate (V) was reduced greatly. Crystallization occurred at higher temperatures, thus
the diffusivity in the matrix (D) was higher in the Fe-Si-B-Nb alloy compared with that
in the Fe-Si-B alloy. Hence, the decrease of V and the increase of D facilitated the
suppression of the dendritic morphology in the Fe-Si-B alloy, hence the equiaxed
morphology was observed in the case of the Fe-Si-B-Nb alloy (Figure 4. 40). As the
annealing time was increased from 30 min to 24 h the microstructure showed little

change, unlike the usual case of eutectic crystallization in which the growth rate of a
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crystal is independent of time [103].

It has been reported earlier that Nb appeared to induce the formation of the Fe;3Bg phase
when the amorphous phase is crystallized [132], Hampel also identified the Fe;3Bg and
FeiB phases by XRD techniques[133], Mattern suggested that the phase formed was
FesoNbyB1p [119]. However, these reports mainly deal with phase identification by XRD
techniques, no TEM analysis and microstructural observations were reported earlier. Our
HRTEM observation of the Fe;3Bg phase (Figure 4. 41) suggests that the lattice parameter
has a higher value of 1.073 nm compared with the value of 1.069 nm reported by Chen
and Ryder which may be due to the presence of Nb atoms [134]. The Fe;3;B¢ phase was
found to possess an ordered f.c.c structure, Chen and Ryder [134] and Inoue and Takeuchi
[135] have suggested a disordered f.c.c structure for this phase. The FesB phase with a
lenticular morphology and the corresponding SADP analysis are shown in Figure 4. 42.
As suggested by the XRD results the volume fraction of the Fe-Si phase was found to
increase with annealing time, the relative intensity of the highest peak of the Fe-Si phase
to that of the Fe,3Bg phase increased as the annealing time was increased from 30 min to

24 h.

The effect of Nb alloying addition can be rationalized by the schematic free energy curve

shown in Figure 5. 4
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Free Energy

Fe 0 0.5 at% niobium — 3

Figure 5. 4 Schematic drawing of the free energy G-curve for the amorphous and the

crystallization b.c.c. phase dependence on Nb alloying addition

The alloy composition will determine the nucleation frequency and the growth rate. The
values of AG relevent for nucleation in primary crystallization will be considered as the
content of Nb alloying addition is increased from 0 to 3 at%. According to Eq.5.4 as the
Nb alloying addition is increased from O to 3 at% the driving force AG for nucleation of
the newly b.c.c. Fe-Si crystal decreases drastically, resulting in lower nucleation
frequency I(T). At point ‘a’ no Nb is present and primary crystallization occurs, as
observed in the Fe-Si-B alloy, and the value of AG for nucleation is represented by the
value AG, (Figure 5. 4). At point ‘b’ the Nb alloying addition is 0.5 at%, at this condition
the crystallization temperature and the activation energy for crystallization increased

which indicated that the driving force for nucleation was decreased[127], the value of AG
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needed to evaluate the nucleation frequency is AGy. For these two vaules of Nb content,
primary crystallization occurred corresponding to the formation of the b.c.c. phase. As the
Nb alloying addition was increased to 3 at%, AG becomes zero, the driving force for the
formation of the b.c.c. phase is zero. The selection of which phase appears in the first
stage of the crystallization is determined by the driving force for crystallization of each
phase [6], thus Fe;3Bg and FesB phases form and subsequent growth becomes interface
controlled. Thus eutectic crystallization occurred, consistent with our XRD and TEM

observations.

5.4.3 Magnetic properties

Niobium alloying additions alter the saturation magnetization, coercivity and hysteresis
loss after heat treatment were determined (Figure 4. 69 to Figure 4. 74). In the case of the
Fe-Si-B alloy, as annealing time was increased to 1 h the saturation magnetization reached
the maximum value of 1.7 T due to an increase in the soft magnetic Fe-Si phase. As the
annealing time was increased to 4 h the saturation magnetization decreased dramatically,
correspondingly the coercivity increased due to the formation of the FesB phase. As the
crystallization proceeded further the saturation magnetization increased to 1.6 T while the
coercivity remains roughly constant. For the same annealing condition with Nb alloying
additions, saturation magnetization was reduced compared with the corresponding value
of the Fe-Si-B alloy. Regarding the soft magnetic properties of the Fe»3B¢ phase there are
contrary reports. Hono and Ping suggested that the Fe,3B¢ phase is a soft magnetic phase
and its formation does not adversely affect the magnetic properties[136]. However,
Pandaa et al. assumed that the Fe;3B¢ phase has high magnetocrystalline energy resulting
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in a degradation in soft magnetic properties [137]. As the annealing time was increased
from 1 h to 4 h the saturation magnetization decreased sharply due to the decreased
volume fraction of the soft magnetic Fe,3B¢ phase although the volume fraction of the soft
magnetic Fe-Si phase increased, this can also be observed in the XRD data (Figure 4. 39).
This is consistent with the Fe,3B4 phase being a soft magnetic phase. Nb alloying addition
reduced the hysteresis loss much more compared with that of Cu alloying addition in the

Fe-Si-B alloy.

5.5 Effect of combined Cu and Nb alloying additions

5.5.1 Thermal properties

The addition of Cu destabilizes the amorphous Fe-Si-B phase, i.e. decreases the primary
crystallization temperature. On the other hand, the addition of Nb shifts the crystallization
temperature to higher values, i.e. the Nb stabilizes the glassy phase. However, the
stabilizing influence of Nb is more than canceled when there is simultaneous addition of
Cu. Although there is not a large difference between the temperatures of the first stage
crystallization for the Fe-Si-B and Fe-Si-B-Cu-Nb alloys, the crystallization kinetics
shown by the DSC plots are very different. For the Fe-Si-B alloy, the first crystallization
peak is so sharp and narrow that, once crystallization has begun, it was difficult to arrest
the process precisely at a predetermined fraction of crystalline phase. The first exotherm,
related to nanocrystallization reaction in the Fe-Si-B-Nb-Cu alloy, is flatter and wider
than those for conventional metallic glasses suggesting much lower kinetics of

crystallization, probably due to a decrease in crystal growth rate[138].
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For the Fe73sCu;Nb;Sij3 5B alloy, three peaks can be observed in the DSC curve. The
first peak corresponds to primary crystallization of the nanocrystalline phase followed by
two other exothermic peaks. The second and third peaks partly split and correspond to
further crystallization of the residual amorphous phase, as well as to phase
transformation to metastable phases, such as Fe;B. Compared with the crystallization of
the Fe-Si-B alloy, the range of the coexistence of Fe-Si and the amorphous matrix phase
is extended by the combined Cu and Nb additions, and is shifted to higher annealing
crystallization temperatures. The line broadening in the diffraction patterns indicates the
small crystal size of the Fe-Si phase formed in this alloy. Thus the DSC result of the
Fe35Sij35BgNbsCu; alloy shows features favoring nanocrystallization, which is
consistent with previous reports that Cu additions to amorphous Fe-based alloys
containing Nb atoms will have tendency to phase-separate out of the glass facilitating a
high density of crystals and subsequent crystallization [83,89]. Additions of Cu and Nb

together with higher AT, are favorable to soft-magnetic properties.

The activation energy calculated by Ozawa method is 3604+40.1 kJ/mol(3.73+£0.41 eV)
which agrees well with the values ranging from 3.58 to 3.93 eV obtained by
thermoelectric power (TEP) measurements and the values of 3.84 to 4.08 eV from

Vickers microhardness (HV) [89].

The DSC measurements exhibit three peaks, the first one indicates the appearance of the
Fe-Si phase, the second indicates the formation of the Fe;B phase and the third

corresponds to the decomposition of the FesB phase into the Fe;B and a-Fe phases, this
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observation is consistent with the XRD results (Figure 4. 46). This finding is different
from some earlier reports where the third peak in the DSC curve was attributed to the

formation of a Fe-Si compound which segregates from the a-Fe solid solution [139, 140].

5.5.2 Crystallization behavior

As the annealing temperature and time increased, the Fe-Si phase dominated and the
relative intensity of its peaks in the XRD patterns increased. Figure 4. 48(a) shows a high
density of nanocrystals (about 12 nm in size) of the b.c.c. a-Fe-Si phase in the amorphous
matrix. Compared with the other three alloy compositions the average crystal size in the
Fe-Si-B-Nb-Cu alloy is much smaller. The first reason for the smaller size is that with a
much higher nucleation density, the supersaturation is “shared” by more crystals,
resulting in smaller crystal size. Secondly, for the Fe-Si-B-Nb-Cu alloy the stability of the
residual amorphous matrix around the Fe-Si crystals increases due to the formation of Nb
and B-rich regions in the matrix during crystallization [1,2]. Thus the activation energy of
crystallization of the remaining amorphous matrix increases with increasing fraction of
crystallites. This constrains the growth of the Fe-Si crystal and results in the formation of

nanocrystals.

Secondary crystallization after heat treatment at 600 °C for 1 h resulted in the formation
of the Fe3B phase in the Fe-Si-B-Nb-Cu alloy. Regarding the phases formed at 600 °C for
1 h there have been many investigations with contradictory conclusions. Noh indicated
that the Fe;B phase formed at 600 °C, while He and Rixecker concluded that f.c.c Cu
appeared at 600°C [141,142]. Using XRD techniques Chen did not find any sign of f.c.c.
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Cu and the interplanar spacings and the Miller indices were obviously different from
those of Fe,;B. Instead, Chen suggested that tetragonal Fe;B precipitate appeared at 600
°C [134]. Our results, combining DSC, XRD and TEM data showed that the Fe;B phase
formed at 600°C, which is consistent with the work of Chen [134]. TEM observations
showed that the Fe;B phase had a striped morphology (Figure 4. 48(c) and (d)), as
reported previously [134]. The dark field image was selected from the streaks in the
SADP of samples heat treated at 600 °C for 60 min(circled), such streaks were not
observed in the SADP of samples heat treated at 550 °C for 1 h. Importantly, as the
annealing temperature was increased, the size of the Fe-Si crystals remains almost
constant, consistent with earlier reports [4-6]. As the annealing temperature increased to
640 °C, the Fe;B phase formed due to the decomposition of the Fe;B phase,

corresponding to the third peak in the DSC measurement.

The results showed that as the annealing time and temperatures were increased the phases
formed according to the following sequence:
Fe-Si (after primary crystallization) —Fe-Si +Fe3B (after secondary crystallization)

—Fe-Si + Fe3;B +Fe;B (further crystallization) —Fe-Si+Fe;B

Figure 5. 5 which is a simplified, schematic isothermal plot of free energy vs.
composition for the alloy containing boh Cu and Nb alloying additions [143]. The
diagram indicates (1) a metastable equilibrium can exist which corresponds to the
formation of the Fe;B phas during secondary crystallization, (2) the volume fraction of

Fe-Si phase increases with increasing Si content of the alloy, (3) as the crystallization
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proceeds the boride Fe,;B phase forms in equilibrium with the Fe-Si phase.

The metastable, two-phase state of finely dispersed, nanocrystalline a-Fe-Si phase in an
amorphous matrix can thus be understood in terms of free energy concepts. The kinetics

of crystallization process will be modeled in Section 5.7.
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Figure 5. 5 Schematic free energy vs. composition diagram for the Fe-Si-B-Nb-Cu alloy

5.5.3 Magnetic properties

Addition of Nb alone, results in 60 nm o-Fe-Si crystallites, However, domain wall
pinning by the boride phase occurs simultaneously, while addition of Cu alone, although
increasing the nucleation frequency, does not retard the growth rate of the crystallites
sufficiently. Good soft magnetic properties resulted when both Cu and Nb are solute
elements, the magnetic softening of the Fe-Si-B-Nb-Cu alloy is a consequence of the

increase in an number density and volume fraction of nanocrystals.
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With both Cu and Nb alloying additions, as the annealing temperature was increased the
coercivity increased from a low value at 490 °C to 500 A/m at 500 °C (Figure 4. 73).
Cu-enriched clusters and a small volume fraction of a-Fe-Si crystals can act as pinning
centers for domain wall displacements increasing the coercivity. An additional reason of
magnetic hardening resulting from Cu segregation and initial nucleation of Fe-Si crystals
would be the generation of local magnetoelastic anisotropy distributions within the
amorphous phase [118]. At higher temperatures, the saturation magnetization increased
due to the formation of a higher volume fraction of the Fe-Si crystals (Figure 4. 72). The
volume fraction of crystals is much greater at higher temperatures, these crystals become
coupled by exchange interactions and the correlation length increases substantially to
about four times the crystallite diameter, averaging out and reducing the macroscopic

magnetic anisotropies.

After heat treatment at 600 °C, the coercivity increased sharply due to the occurrence of
secondary crystallization, resulting in the formation of the FesB phase. These Fes;B
crystals reduce the local exchange length and, accordingly, produce a weakening of the
intergranular magnetic coupling, thus the soft magnetic properties deteriorated [32]. As
the heat treatment temperature was increased to 640 °C the saturation magnetization
increased slightly while the coercivity increased due to the formation of Fe,B phase from

the decomposition of Fe3;B phase.

For a heat treatment temperature of 550 °C as the annealing time increased the saturation
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decreased while coercivity increased to 200 A/m due to structural relaxation (Figure 4.
69). As the annealing time was further increased coercivity remained small while the
saturation magnetization increased due to the increasing volume fraction of the Fe-Si
nanocrystals. After the alloy was annealed at 550 °C for 4 h the coercivty remains small
while the saturation magnetization reached the highest value of 1.4 T, higher than 1.24 T
reported by Yoshizawa et al. after the same alloy composition was heat treated at 550 °C
for 1 h [2]. After heat treatment for 8 h secondary crystallization occurred with the
formation of the Fe;B phase which caused a deterioration of the soft magnetic properties.
The saturation magnetization decreased, as the crystallization proceeded further the

coercivity increased further with a decrease in saturation magnetization.

Cu and Nb alloying additions individually reduced the hysteresis loss and their synergetic
effects reduced the hysteresis loss further. Hence, it can be observed that the hysteresis
loss is lowest in the Fe-Si-B-Nb-Cu alloy leading to good soft magnetic properties (Figure

4. 71 and Figure 4. 74).

5.6 Mechanism of Nanostructure Formation

Combined alloying additions of Cu and Nb resulted in nanocrystal formation and good
soft magnetic properties, hence it is useful to understand the mechanism of nanostructure
formation. It was observed that either Cu or Nb alloying additions alone cannot lead to
nanocrystal formation. Firstly, it is clear that the addition of Cu alone is insufficient to
induce the high nucleation density observed in the Cu and Nb containing alloy,
suggesting the role of Nb in the nucleation is crucial. Secondly, the addition of Nb alone
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is also insufficient to reduce the growth rate to the level observed in the Cu and Nb
containing alloy. Finally, individual additions of Cu and Nb result in a different
morphology compared to combined additions. Thus there should be synergistic effects

between Cu and Nb alloying additions facilitating nanocrystal formation.

There have been numerous investigations of the effects of Cu and Nb alloying additions
conducted [1-10], However, there is very little work on synergistic effects. EDS methods
have been used to measure the distribution of the elements in the crystals and the
amorphous phase [144]. However, in this work EDS, HRTEM and EELS mapping of B,
Cu and Nb were utilized to measure the concentration profile in the vicinity of the

nanocrystals to study which models are more consistent with experimental observations.

The formation of Cu-rich clusters just before or during the crystallization of amorphous
Fe735581135BoCuNbs alloy has been observed by APFIM [64]. The crystals were found to
be a few nanometers in diameter, containing 20-60 at% Cu. EXAFS measurements of the
Cu and Fe Ka edges in refs. [8] and [9] showed that the Cu in the annealed alloy is not
incorporated into the b.c.c. lattice of the Fe-Si phase formed, this observation agrees with
the negligible solubility of Cu in b.c.c. Fe-Si. Using XRD techniques, Mattern concluded
that f.c.c. Cu clusters are less than 5 nm in size, and that at least a fraction of the Cu atoms
are still situated in the amorphous matrix phase [119]. Our EELS results for Cu elemental
mapping show that Cu clusters are formed in the initial stage of the crystallization, the
size range is from 1 nm to 10 nm(Figure 4. 53(b)), which is consistent with previous

reports(8,64,119].
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As has been reported, the number of crystals per unit volume is also strongly correlated
with the concentration of Nb. The crystal density after annealing at 500 °C is enhanced by
one or two orders of magnitude in the alloys with 3.0 at.% Nb[119]. Our EELS results for
Nb(Figure 4. 53(c)) show that this increase in nucleation density is due to Nb rich regions

which can also serve as nucleation sites.

It has been suggested earlier that there is no interaction between Cu and Nb atoms and no
driving force for alloying or compound formation [5]. It has been reported that Cu
clusters form as soon as the decomposition begins in the Finemet alloy but not in the Nb
free alloy [145], and that the presence of Nb promoted the formation of Cu rich clusters
[8]. Thus Nb alloying addition will increase the formation of Cu clusters, a synergistic

effect that is supported by our experimental results.

The opposite trends of Cu and Nb concentration profile indicated that there is repulsion
between Cu and Nb atoms consistent with the Cu-Nb phase diagram showing limited
solubility of Nb in Cu [146](Appendix i). It has also been suggested by Hunziker[16] that
two solutes with atomic radii both larger than the solvent will tend to repel each other,
and since the atomic radii of Nb and Cu solutes are larger than the Fe solvent, Nb and Cu
will repel each other resulting in Nb and Cu rich regions. These chemically different
regions lead to regions with different chemical potentials and thus with different

thermodynamic stability, which is helpful for the formation of Cu and Nb clusters.

149



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5 Discussion

Duhaj suggested that the decisive factor influencing the formation of the nanocrystals was
the existence of medium-range ordered (MRO) clusters with definite chemical
composition in the as-quenched amorphous structure, such clusters increase in size upon
annealing and act as embryos in the nucleation process [10]. This suggestion implies that
these domains (or clusters) can differ in chemical composition from the matrix[147]. Thus
during initial annealing condition, both Cu and Nb rich regions can serve as nucleation

sites.

In the regions with low crystal density (Figure 4. 49 and Figure 4. 51) Nb clusters can act
as nucleation sites due to the strong attractive interaction between Si and Nb atoms. Such
an interaction is suggested by the Hunziker’s model, which suggested that when one
solute has an atomic radius larger than the solvent and the other has an atomic radius
smaller than the solvent, they will tend to attract each other. It has also been suggested
that local clustering associated with b.c.c. like topological short range order lowers the
configurational free energy of the nucleus [143], thus, the b.c.c structure of Nb and Fe
also facilitates the formation of Nb rich regions serve as nucleation sites for the Fe-Si
crystals. This is consistent with our experimental observation that Nb content is higher in
the center than at the interface of the nanocrystal [11]. Due to the repulsion of Cu and Nb
elements Cu was rejected by the formation of the Nb clusters, thus the Cu concentration is
higher at the interface. During the growth process, according to Hunziker's model, the
interaction of solute elements can strongly influence growth rate[16]. Diffusive
interaction also occurs when the mobility of one of the solutes is much smaller than the

other leading to the formation of two distinct boundary layers of very different extents
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which will hinder the crystal growth. Thus due to the diffusive synergistic interaction

between Cu, Nb, B, Si atoms at the interface the growth rate can be reduced.

In regions with high crystal density (Figure 4. 50 and Figure 4. 52) the content of Cu is
much higher in the center which is consistent with earlier reports that the copper clusters
are often enveloped within nanocrystals, indicating that Cu clusters initially formed in the
amorphous phase, followed by nucleation and growth of the Fe-Si phase on the clusters
[8]. A higher Nb content was observed in the regions between the nanocrystals is
consistent with the soft impingement model of reduction of growth rate [14]. During
crystallization, Nb and B atoms were rejected in the amorphous matrix (Figure 4. 54 and
Figure 4. 55), thus, B and Nb concentrations around the crystal are higher than within the
crystal, which is consistent with Hermann’s model that Nb-B aggregates are responsible
for the inhibition of growth[13]. Our experimental results suggest that soft impingement

and Nb-B aggregates play crucial roles in reducing crystal growth.

On the other hand, it was observed that Cu alloying addition reduces the crystal size and
increases the crystal density (Figure 4. 67 and Figure 4. 68) which is different from
Hermann's conclusion that Cu does not influence the density of nuclei [13]. Cu alloying
additions also reduce the crystal size by diffusive interaction between Cu, Nb, B, Si atoms
according to Hunziker’s theory. Nb alloying addition results in a smaller crystal size due
to its low diffusivity and by increasing the crystal density. This indicates that Nb and Cu
alloying additions influence both the nucleation and the growth process. From Figure 4.

67 and Figure 4. 68 the additions of both Cu and Nb induce the smallest crystal size and
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highest crystal density compared with other alloys without any alloying addition or only
with Cu or Nb alloying additions. Thus it can be shown that Cu and Nb alloying additions
can synergistically increase the crystal density, support the nanostructure mechanism
based on EDS and EELS results. Hence Cu and Nb alloying additions play a crucial role

both in nucleation and growth stages, which is different from Hono’s model [4].

The concentration profile of Fe, Si, Nb and Cu elements in region with low and high
crystal density were measured by EDS techniques and EELS maps. Based on these results
and the microstructural observations the following mechanism of nanostructure formation

in the Fey3 55i;3 sBgNb;Cu, alloy is suggested:

The repulsion of Cu and Nb atoms leads to the formation of Cu and Nb rich regions, both
these regions can act as heterogeneous nucleation sites, leading to the high crystal density.
Regarding the retardation of growth in regions with low crystal density, the growth rate
was reduced, as suggested by the Hunziker model, by the strong interaction of Cu, Si, Nb
and Fe atoms. In regions with high crystal density, soft impingement and Nb-B

aggregates resulted in inhabition of the crystal growth.

5.7 Modeling of the crystallization behavior of melt spun

Fe-, 3. ssi 1 3_5B 9Nb 3C|.l 1 all oy

During primary crystallization, the composition of the matrix changes during the growth
process. For instance, alloying elements, such as B, were rejected into the matrix during
crystallization. Thus the free energy difference between the crystal and the amorphous
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matrix also changes, so that the corresponding driving force for crystallization is then
dependent on the fraction already transformed [148]. Using Eq.2.7 (Section 2.5.1) the
Avrami exponent n and kinetic constant K for the heat treated samples for various
annealing times are plotted (Figure 5. 6) and the values are listed in Table 5. 1,

interestingly, a very low value of Avrami exponent n was found.
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Figure 5. 6 JMA plot of samples heat treated at (a) 500 °C, (b) 515 °C, (c¢) 530 °C, (d) 550
°C as a function of In(time)

Table 5. 1 The Avrami exponent n and kinetic constant K for the annealed samples

Temperature(°C) | Avrami exponent n Kinetic constant K
500 0.26 9.50x10™"!
515 0.24 7.35x10™"!
530 0.27 9.83x10™°
550 0.25 4.60x10”

According to Eq.2.6 the activation energy can be calculated by plotting /nK against
-;:(Figure 5. 7). As is shown in Figure 5. 7 the activation energy is 473+35.2 kJ/mol,

higher than that calculated by Ozawa method: 360+40.1 kJ/mol.
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Figure 5. 7 Arrhenius plot of kinetic constant K

The Avrami exponent, n, depends on the dimensionality of the transformation, whether
the transformation is interface or diffusion controlled and on the nucleation rate.
Assuming constant or decreasing nucleation rate and isotropic growth, one obtains 3<n<4
for interface controlled and 1.5<n<2.5 for diffusion-controlled transformations [13,16].
Recently, x-ray[149], Mossbauer[133] and DSC [60]investigations of the crystallization
of the amorphous alloy Fe-Si-B-Nb-Cu alloy have been discussed in terms of the IMAK
model and have led to the conclusion that Avrami exponents n<1 are typical for this type

of alloy.

Illekova explained these low values of n using the NGG model with m (the crystal growth
exponent) equal to 2, which is consistent with parabolic growth rate dependence on the

holding time[60]. According to Eq.2.12 the exponent 1/m is the slope of the Inf1-a(t)] vs.
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In(t+16¢) curve, where 75 is the quantity which is added to the experimental time t to
linearize the dependence. We obtained a large crystal growth exponent equal to 120 hence

this NGG model cannot be used to explain the abnormal low Avrami exponent.

Pradell[58] proposed that soft-impingement resulting from an overlap of Nb concentration
profiles is responsible for the anomalous low Avrami exponent. In his model a
microstructural dependence of crystal growth is introduced, as a consequence of crystal
interaction typical of partitioning transformations, where the crystal has a different
composition from the matrix in which it develops. Normally, partitioning transformations
result in the presence of concentration gradients of several solutes at the interface of the
crystals, the growth rate being limited by the slowest-diffusing specimen [11]. However,
as crystallization proceeds, the diffusion profiles of neighboring crystals begin to overlap
to an appreciable extent (soft impingement), giving rise to a further decrease in the
growth rate because of the reduction in the concentration gradient [15]. A decreasing
nucleation rate should also be expected in such transformations, since the composition of
the matrix changes as crystallization proceeds, resulting in a stable remaining amorphous
matrix. This effect of decreasing nucleation and growth rate due to soft impingement is

useful to explain the Avrami exponent value.

On the other hand, Hampel[133] attributed the small Avrami exponent to Cu alloying
addition. Cu alloying addition increased the quenched in nucleation sites which
accelerates the nucleation of primary crystallization, thus in the ideal case no energy is

needed for nucleation (athermal nucleation) and n, will to be zero. This athermal
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nucleation is accompanied by thermally activated nucleation which yields n, between
zero and one. The crystal growth is inhomogeneous because in an amorphous alloy if the
local distribution of atoms changes, crystal growth will also be affected since crystal
growth is dependent on the local composition. Therefore values of n, < 1 may occur.
n=n,+n, should be less than 1. Thus the low Avrami exponent can be attributed to a

higher nucleation density, low growth rate and soft impingement.

Hermann assumed that clusterlike arrangements of nuclei cause a decrease of n in
comparison with the random homogeneous(JMAK) distribution[75]. From our EELS
maps for Cu and Nb at the initial stage of crystallization, it can be observed that Cu and
Nb rich regions served as nucleation sites for the formation of the Fe-Si crystals. Thus the

formation of the Cu and Nb rich regions can also lower the value of the Avrami exponent.

In regions with high crystal density, Cu alloying addition increased the nucleation rate
for primary crystallization, leading to a low activation energy for nucleation, thus n,
should be less than 1, consistent with Hampel’s assumption[133]. As suggested by
Hermann a decrease of the nucleation rate with growing volume fraction of crystals is
caused both by a decreasing volume fraction of amorphous regions and by an increase of
concentration of crystallization inhibitors in the remaining amorphous matrix. Increasing
the Nb content in the remaining amorphous matrix will reduce the nucleation rate. The
growth rate was also decreased by Nb which induced soft impingement and the Nb-B
aggregates outside the crystal, thus n, should be less than 1. In regions with low crystal

density, by Hunziker's model, diffusive interaction between Cu, Nb, B, Si atoms serve as
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a drag force to hinder crystal growth[16], thus n, should be in the range from O to 1.
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Chapter 6 CONCLUSIONS

The objective of this project is to elucidate the effect of individual and combined alloying
additions of 1 at% Cu and 3 at% Nb on the crystallization mechanism of initially
amorphous Fe-Si-B-Nb-Cu alloys. Four Fe-Si-B base alloy compositions were selected
in this project: Feq7.5S113.5B9, Fez6.5S113sBoCu;, Fezs4 sSij3sBoNbs and Feqs sSi3 sBoNbiCu;.
The thermal properties were studied by DSC, the phase formation during crystallization
was identified by XRD techniques, microstructural observations were carried out by
conventional and hot stage in-situ TEM. Direct quantitative TEM analysis was also
conducted to obtain crystal density and crystal size as a function of annealing
temperature and time. The magnetic properties were measured by VSM. Based on the
results the individual and synergistic effects of Cu and Nb alloying additions in the

Fe-Si-B alloys were determined.

6.1 FE77_ssi13‘5Bg alloy

1. Crystallization of the initially amorphous Fe-Si-B alloy shows that a two-step
crystallization processes occurred. The crystallization temperatures at a heating rate of 10
K/min were 507 °C and 542 °C and the activation energy for the two crystallization

processes are 376+5.9 kJ/mol and 342+38.7 kJ/mol respectively.

2. An unusual solid-state dendritic morphology of the Fe-Si primary crystals was
observed, the branches were composed of closely spaced individual crystals, the spacing
between the crystals was of the order of nanometer.

3. The products of secondary crystallization are the Fe-Si phase with B2 ordered
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structure and the Fe3;B phase. These phases grew not only among the dendritic branches
but also within the dendrites at the interfaces of the closely spaced crystals.

4. Interestingly during hot stage in-situ TEM observation the equiaxed morphology was
found to change to a dendritic morphology beyond a critical crystal radius of about 45

nm. These observations could be explained by morphological stability theories.

6.2 Effect of Cu alloying addition

1. The DSC results show that with 1 at% Cu alloying addition (Fess5Sij35BgCu;) the
primary and secondary crystallization temperatures are lowered to 466 °C and 531 °C. Cu
alloying addition reduced the activation energy to 260+5.86 kJ/mol and 257+30.14
kJ/mol for primary and secondary crystallization respectively.

2. The phases formed after secondary crystallization are the same for both the Fe-Si-B
and the Fe-Si-B-Cu alloys, i.e. Fe-Si, Fe;B and Fe;B. During secondary crystallization
the Fe-Si phase formed in the Fe-Si-B and Fe-Si-B-Cu alloys had a b.c.c and DO3 crystal
structure, respectively.

3. Cu alloying additions increased the saturation magnetization during primary
crystallization but decreased the saturation magnetization during secondary
crystallization. The saturation magnetization and coercivity showed similar trends in both
alloys, the extent of the change in magnetic properties is higher for the Fe-Si-B-Cu alloy
correspond to the Fe-Si-B alloy.

4. 1 at% Cu alloying addition alone does not result in the high crystal density and small
crystal size observed in the Fe-Si-B-Nb-Cu alloy. Cu alloying addition influences both
nucleation and growth processes resulting in a spheroidal morphology with rough
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interfaces about 100 nm in size, there is an increase in crystal density and reduction in
crystal size compared to the Fe-Si-B alloy. However, the crystal density in the

Fe-Si-B-Cu alloy is much less than that in the Fe-Si-B-Nb-Cu alloy.

6.3 Effect of Nb alloying addition

1. The DSC results show two distinct exothermic peaks in the Fe-Si-B alloy, However,
only one peak is observed in the Fe-Si-B-Nb alloy. The crystallization temperature
increased to 589 °C in the Fe-Si-B-Nb alloy. Nb alloying addition increased the
activation energy of crystallization to 549+35.7 kJ/mol.

2. After heat treatment, it was found from XRD, TEM and HRTEM results that Nb
alloying additions induced the formation of the Fe;3;Bs Fe;B phases which were not
observed in the Nb free alloys.

3. Alloying addition of Nb decreased the saturation magnetization compared with the
corresponding value of the Nb free alloy for the same annealing condition.

4. 3 at% Nb alloying additions induced a change in morphology to that of equiaxed
crystals and also resulted in a change of crystallization mechanism from primary to
eutectic crystallization. There was an increase in crystal density and reduction of crystal
size to a higher degree compared with 1 at% Cu alloying additions, However, Nb
alloying additions alone are not sufficient to form the high crystal density and small
crystal size observed in the Fe-Si-B-Nb-Cu alloy. Hence, it is clear that synergistic

effects are the key to nanostructure formation of the Fe-Si-B-Nb-Cu alloys.
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6.4 Effect of Nb and Cu alloying additions

1. Three exothermic peaks are observed in the DSC measurements conducted at a heating
rate of 10 K/min, the peaks are at 524 °C, 681 °C and 715 °C. The activation energy
corresponding to the peaks were 360+40.1 kJ/mol, 456+40.1 kJ/mol and 381+23.8
kJ/mol.

2. It is interesting to note that addition of 1 at% Cu to Fe-Si-B-Nb resulted in primary
crystallization and the same Fe-Si phase was found in the other three alloys.

3. The phases formed after crystallization were identified by XRD and TEM, the product
of primary crystallization was a higher density of 10 nm size b.c.c. Fe-Si crystals, the
secondary crystallization product was the FesB phase. The Fe;B phase decomposed into
Fe;B and a-Fe phases at higher temperature. A striped morphology of the Fe;B phase was
observed after the alloy was heat treated at 600 °C for 1 h.

4. EELS element mapping for Cu and Nb at 500°C for 10 min indicated the formation of
both Cu and Nb clusters, these clusters can serve as nucleation sites for the subsequent
crystallization. EELS element mapping for B and Nb showed that B and Nb atoms were
rejected and surround the crystals, consistent with Hermann’s model that Nb-B
aggregates hinder the crystal growth.

5. EDS measurement of composition in the nanocrystals of the Fe-Si phase suggested
that the concentration profile of Cu and Nb showed opposite trends.

6. Our model of nanocrystallization focuses on the key synergistic effects of Cu and Nb
combined alloying additions. The compositional and structural results suggest that
repulsion between Cu and Nb atoms resulted in the formation of both Cu rich and Nb rich

regions, which is helpful for the formation of Cu and Nb clusters. In regions with low
163



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6 Conclusions

crystal density, Cu clusters can act as nucleation sites consistent with Hono’s model. And
the retardation of growth in regions with low crystal density the growth rate was reduced,
as suggested by the Hunziker’s model, by the strong interaction of Cu, Si, Nb and B. In
the regions with a high crystal density Nb clusters can act as nucleation sites due to the
similar b.c.c. structure of Fe and Nb and the strong attractive interaction between Si and
Nb atoms. Soft impingement and Nb-B aggregates were crucial to inhibit the crystal

growth.
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APPENDIX I

Table Al Volume fraction of the Fe-Si-B-Nb-Cu alloy annealed at 500°C for

different time:

Time Real diameter(nm) | Number of crystals/unit | Volume fraction
Standard deviation volume(r'm3x1022)

10min 10.1/4.21 1.43 1.09%

30min 11.7/4.6 1.51 1.74%

1h 11.9/4.8 2.67 2.45%

4h 12.4/3.17 3.03 2.9%

16h 14.8/1.49 3.35 3.68%

Table A2 Volume fraction of the Fe-Si-B-Nb-Cu alloy annealed at 515°C for

different time:

Time Real diameter(nm) | Number of crystals/unit | Volume fraction
Standard deviation | volume(/m°x10%)

10min 10.5/4.51 1.75 1.67%

30min 12.4/5.31 2.93 2.05%

1h 13.1/3.69 3.89 2.98%

4h 14.4/5.27 4.23 3.6%

16h 15.1/6.19 4.59 4.89%

Table A3 Volume fraction of the Fe-Si-B-Nb-Cu alloy annealed at 530°C for

different time:

Time Real diameter(nm) | Number of crystals/unit | Volume fraction
Standard deviation volume(f‘m3x1022)

10min 11.8/4.76 3.24 1.89%

30min 13.5/5.23 4.01 3.22%

1h 13.1/6.71 4.74 3.45%

4h 14.3/5.86 5.63 5.76%

16h 15.4/7.11 6.25 6.41%
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Table A4 Volume fraction of the Fe-Si-B-Nb-Cu alloy annealed at 550°C for

different time:

Time Real diameter(nm) Number of crystals/unit | Volume fraction
Standard deviation volume(;"m3 xl(}n)

10min | 13.2/5.27 4.35 3.3%
30min | 13.4/6.31 541 4.57%
1h 15.5/7.3 7.79 8.24%
4h 18.1/4.69 8.90 10.92%
16h 21.3/6.32 8.32 9.35%
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APPENDIX I
Phase Diagram
Binary Phase Diagram of Fe-Si[143]
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Ternary Phase Diagram of Fe-Si-B at 900°C[148]
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Ternary Phase Diagram of Fe-Si-B at 1000°C[148]
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