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PREFACE

Over the past few decades, nanocrystalline materials characterized by ultrafine grains and
significant volume fraction of grain boundary regions have received considerable research
interest due to their unusual physical, chemical and mechanical properties. In the area of
magnetic materials, soft magnetic nanocrystalline materials are one of the recent emphases
of material scientists and physicists due to their promising applications in various emerging
fields such as magnetic field screening, magnetic sensors, reading heads of information
storage systems, magnetic refrigeration, tape wound cores for common mode chokes and
high frequency transformers. Soft magnetic materials are characterized by low coercivity
(Hc), large saturation magnetization (Ms), high effective permeability, low magnetostriction
and controllable magnetic anisotropy, when their average crystallite size is less than the
ferromagnetic exchange correlation length which is typically of the order of tens of
nanometers. The main reason for the excellent soft magnetic properties in the
nanocrystalline materials is their characteristic two-phase microstructure, which not only
yields an averaging out of magnetocrystalline anisotropy, but also enhances the values of
Ms and permeability. In addition, the strong ferromagnetic inter-granular exchange
interaction and long range ferromagnetic ordering result in very high Curie temperature
(Tc). Therefore, to obtain soft magnetic nanocrystalline materials, it is very much essential
to understand the correlation between the structural and magnetic properties. These
materials in general can be obtained through two diverse processes, viz., melt spinning and
mechanical alloying. In the melt spinning technique, a thin stream of molten alloys is ejected
onto the rotating wheel cooled either by water or liquid nitrogen causing rapid solidification
of the molten alloys. This process can induce high cooling rates of the order of 10* — 107 K
per second which results in producing an amorphous ribbon of the molten material.
Subsequently, the nanocrystalline materials can be obtained by controlled crystallization of
amorphous precursors by heat treatment at elevated temperatures. On the other hand,
mechanical alloying is a well-known and powerful method for the synthesis of various
metastable powders through a process involving deformation, fragmentation, cold welding
and micro-diffusion of elements in the solid state in a highly energetic grinding media. This
technique is relatively inexpensive and there is a potential to scale up production for
commercial quantities. The obtained nanostructured powders either consist of particles

composed of nanometer sized crystalline grains linked one to another through grain
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boundaries or has amorphous structure depending on the constituents and mechanical
alloying conditions. It also forms highly refined and strained alloy powders, resulting a high
Hc in the range of 10 — 1000 Oe and therefore relatively hard as compared to those prepared
by melt spinning technique. Therefore, the powders have to be consolidated and given
appropriate heat treatment in a way which is analogous to the preparation technique of
nanocrystalline melt-spun ribbons.

Among various nanocrystalline soft magnetic materials, Fe rich Fe-Si based alloys are
traditionally well known materials suited for various applications such as transformers,
magnetic cores of electrical appliances, magnetic sensors and electromagnetic noise
suppression, etc. These materials can be prepared using various preparation techniques such
as Inert gas condensation, spray conversion processing, rapid solidification, mechanical
alloying, physical vapor deposition, chemical vapor deposition and crystallization of
amorphous phases. The introduction of Si into Fe results in a decrease of magnetic
anisotropy thereby leading to a decrease of Hc. The presence of Si also enhances the
electrical resistivity and hence reduces eddy current loss. These results make Si as one of
the prime choices of alloying element with Fe. Nanocrystalline Fe-Si based materials
prepared from melt-spun amorphous precursors exhibit ultrasoft magnetic properties with
Hc as low as 10~ Oe. However, the study of high Si content Fe-Si alloys prepared by melt-
spun technique could not provide systematic compositional dependence of physical
properties owing to the limited alloying range available for this method. With the increasing
demand for powder core technologies, the study of low-cost, high Si content soft magnetic
Fe-Si alloys become important. Interestingly, mechanical alloying process involves alloy
formation through a solid state process where some of the restrictions of equilibrium phase
formation are easily overcome. Extensive studies have been carried out using mechanical
alloying process to produce a variety of Fe-Si based alloys with tunable properties. Most of
the literatures reported the substitution of Si (<20 at.%) in Fe-Si to produce non-equilibrium
solid solution having crystallite size between 10 and 20 nm with controllable magnetic
properties. The increase of Si content above 20 at.% in Fe-Si leads to the formation of
various phases such as Fe-Si intermetallic compounds, DOs-type structures and Fe-Si solid
solutions, resulting in a drastic change in the magnetic properties. A careful review of the
literatures reveals that the properties of nanocrystalline materials prepared by mechanical
alloying strongly depend on the milling parameters. Hence, a comparison of results obtained
through different preparation conditions for different alloy compositions becomes difficult
and prevents a systematic correlation between the microstructure and magnetic properties.

Vil
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Nevertheless, there have been continuous attempts to improve the soft magnetic properties
by tailoring composition, choice of substituting elements, selection of preparation
parameters, optimization of nanostructure and annealing conditions. However, only limited
reports deal with systematic investigations of structural and magnetic properties of Fe-Si
based alloys with different substitution elements prepared by a single preparation technique.

Therefore, this thesis work aims (i) to understand the evolution of nanocrystalline
microstructure and resulting magnetic properties of mechanically alloyed Fe0oxSix (5 < X<
50) binary alloys over a wide range of compositions with different milling conditions, (ii)
to study the effects of substituting elements (Co, Al, Cr) in selected Fe-Si parent systems
and the annealing process to tailor the microstructural and magnetic properties, and (iii) to
investigate the correlation between the microstructure and magnetic properties of these
mechanically alloyed powders and to explore the possibility to enhance their soft magnetic
properties. The following atomic compositions have been taken up for the investigations:
(1) Fe100xSix (5 £ X < 50) binary alloys, (ii) Fei00-xyCoySix (X= 10 and 15, y = 0 —20) ternary
alloys, and (iii) Feosx AL Cr)2CosSix (X = 10 and 15, z= 0 — 10) quaternary alloys. The
present thesis comprises of eight chapters.

Chapter 1 presents a brief introduction to the content of the thesis along with a detailed
review of the literature relevant to the present thesis work. The motivation and objectives
of the thesis work are also explained in this chapter. The fundamental aspects of magnetism
and various theoretical methods employed in the analysis of the data of the presently
investigated samples are summarized in Chapter 2. Chapter 3 describes the experimental
techniques including the sample preparation methodologies used in the present study. The
basic principle and theory behind the experiments, the experimental set up and measurement
/ methodology used for the determination of the physical properties are also briefly
discussed here.

In Chapter 4, the results and discussion on FejooxSix (5 < X < 50) powders milled for
various time periods with different milling speeds over a wide range of compositions have
been presented. Milling was carried out up to 100 hours in a planetary ball mill with a ball
to powder weight ratio of 10:1 under argon atmosphere. With increasing milling time, (i)
the procedure yields non-equilibrium solid solutions of a-Fe(Si) with the average crystallite
size of about 10 nm and dislocation density of the order of 107 m within 100 hours of
milling and (ii) the milling process also led to the formation of finer particles of

homogeneous size and spherical shape as confirmed by electron microscopy. The milling
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parameters (milling time and milling speed) required for forming the solid solution in high
Si content Fe-Si alloys increases with increasing Si content. The formation of solid solution
could be achieved up to 40 at.% Si and the increase of Si content above 40 at.% results in
the formation of finite intermetallic compounds and other equilibrium phases. Occurrence
of atomic disorder with increasing milling time has been evidenced from the variation of
lattice parameters and magnetization values. All the Fe-Si samples exhibit an increase in
Hc with increasing milling time due to the introduction of dislocations, reduction of
crystallite size, formation of extended grain boundaries and change in magnetic anisotropy
in the course of milling process. As-milled Fe-Si powders show Hc in the range of 150 to
250 Oe and the magnetization decreases to about 100 emu/g as Si content is increased up to
40 at.%. Hc shows nearly linear variation with dislocation density over the entire range of
milling for low Si content (< 20 at.%). The region of linear variation of Hc with dislocations
reduces as Si content is increased beyond 20 at.%. High temperature thermomagnetization
studies reveal that Fej00xSix samples with X < 20 display a single magnetic phase transition
from ferromagnetic to paramagnetic state, while the samples with X > 25 exhibit destruction
and generation of magnetic phases, which depends strongly on the milling time and
composition. In addition, Tc of the solid solution is found to be higher than that of the melt-
spun ribbons of same composition and decreases gradually at a rate of 1.45 K per at.% Si
with increasing Si in Fe-Si solid solution. Such higher Tc and the slower variation of Tc
with Si content have been attributed to the presence of strain in the milled powders and the
dissolution process of Si in Fe matrix. The observed results show good correlation between
structural and magnetic properties with milling parameters and compositions. However, the
structural and magnetic parameters have been found to be strongly dependent on the alloy
compositions.

Chapter 5 discusses the effect of Co substitution on the structural, microstructural and
magnetic properties of nanocrystalline FejooxyCoySix (X = 10 and 15, y = 0 — 20) alloy
powders. All the powders were milled for 40 hours under the milling speed of 600 rpm.
Structural investigations using X-ray diffraction (XRD) and electron microscopy techniques
confirmed complete dissolution of both Si and Co in Fe matrix to form a non-equilibrium
a-Fe(Co,Si) solid solution within 40 hours of milling. The average crystallite size was found
to be in the range of 7 to 11 nm, but increases initially for Co substitution up to 10 at.% and
then decreases for further increase in Co content. The dislocation density (p) is found to be

of the order of 10'7 m™. p decreases considerably for Co substitution up to 10 at.% and then
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increases with further increase in Co. On the other hand, the lattice constant increases slowly
in as-milled Fe1oox-yCoySix alloys powders with increasing Co content up to 10 at. % and
then decreases for further increase in Co. The amount of decrease in lattice constant strongly
depends on the Si content, which has been attributed to the delay in the dissolution of Co in
Fe matrix by the introduction of more Si. Co substitution increases both Msand Hc, but the
amount of increase depends on the Si content in Fe100-xyCoySix alloys. This behavior could
be correlated to the atomic pair ordering and induced magnetic anisotropy in the solid
solution with the increased Co substitution. Thermomagnetization studies at high
temperatures revealed that Tc increases at a rate of 4 K per at.% Co for the Co substitution
up to 10 at.% and the rate of increase in Tc drops down to 1.4 K per at.% Co for higher Co
substitution. Furthermore, the crystallization temperature decreases with increasing Co
content resulting in an increase in magnetization at high temperature with increasing Co
content above 5 at.%.

The effects of Al and Cr substitution on the evolution of nanocrystalline microstructure
and the resulting magnetic properties of Feos.x Al,Cr)ZCosSix (X = 10 and 15, z= 0 — 10)
alloy powders are discussed in Chapter 6. All the powders were milled for 40 hours with a
milling speed of 600 rpm. Structural analysis reveals that (i) a solid solution of a-
Fe(Al,Co,Si) and a-Fe(Cr,Co,Si) is formed within 40 hours of milling and (ii) with
increasing Al and Cr content, the XRD peak broadening increases along with a considerable
shift in the peak position. This confirms the formation of highly refined crystallites with
size less than 8 nm. Although the extent of Cr dissolution could not be inferred directly
from XRD patterns, the variations of structural, compositional and magnetic properties
indirectly confirmed the presence of Cr in Feysx.CrZCosSix alloys. While the average
crystallite size decreases to about 6 nm with increasing Al and Cr substitution, the
dislocation density increases significantly for low Al and Cr content (< 5 at.%) and tends to
saturate with increasing Al and Cr above 2 at.%. The lattice constant increases slowly in as-
milled Feosx2(Al,Cr),CosSix (X=10 and 15, z= 0 — 10) powders with increasing Al and Cr
substitution. The amount of increase in the lattice constant is significantly low as compared
to Fe-Al and Fe-Cr binary alloys due to the compositional dependent dissolution process
and extended grain boundaries in multicomponent alloys. The study of room temperature
magnetic properties confirms that Msdecreases for both Al and Cr substituted in Fe-(ALCr)-
Co-Si samples, but Cr substitution exhibits a faster decrease in Ms. While the general
decrease in Ms can be attributed to a partial filling of d bands of Fe by the substitutions of
Si, Al and Cr in Fe-(Al,Cr)-Si-Co powders, the large decrease of Msupon Cr substitution is

X
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attributed to the formation of various types of exchange interactions. In addition,
considerable amount of Fe atoms are expected to be present in the grain boundaries,
resulting as a spatial variation of inter-atomic distance between Fe neighbors. On the other
hand, Hc decreases from 90 Oe to 44 Oe and 60 Oe¢ for small amount of Al and Cr
substitution (2 at.%) in Fego-A AL,Cr)ZCo05Si15, but increases sluggishly above 2 at.% at a rate
of 1.5 and 0.3 Oe/at.% of Al and Cr content, respectively. The evolution of Hc is explained
on the basis of different phenomena such as dislocation density, grain refinement, and
compositional dependent grain boundary formation. The observed results showed a
promising approach to reduce average crystallite size considerably in as-milled
nanocrystalline alloys by proper choice of substituting elements.

Chapter 7 discusses the effect of annealing on the structural, microstructural and
magnetic properties of Al and Cr substituted Fego-x-2(Al,Cr)2CosSiis with z= 0 — 10 alloy
powders annealed at selected annealing temperatures for 5 hours. Annealing has been found
to have a significant effect on the microstructure and improvement of soft magnetic
properties of the powders. With increasing annealing temperature, the peak broadening of
XRD peaks decreases along with a considerable shift in the peak position indicating that
the average size of the crystallites increases and the dislocation density decreases along with
a considerable change in the lattice parameters. The samples annealed at 500 °C shows
almost no change in average crystallite size, but a large reduction in dislocation density.
Interestingly, the average crystallite size of Al and Cr substituted Fe-(Al,Cr)-Co-Si samples
annealed at 900 °C decreases considerably with increasing Al and Cr content, suggesting
that Al and Cr substitution controlled growth of nanocrystallites in quaternary alloys. As a
result, Hc of the annealed powders was found to reduce rapidly. Fe70Al10CosSiis powders
annealed at 900 °C yielded the lowest coercivity of 14 Oe among the powders studied in
this work with moderate magnetization of 160 emu/g. This could be attributed to achieving
an optimum nanocrystalline microstructure with fine crystallites of about 18 nm with
reduced dislocation density by the annealing process. Ms values decrease with increasing
annealing temperature due to the development of atomic ordering. The variations of
magnetic parameters with annealing temperatures are observed to be dependent on the alloy
compositions. The observed results showed a promising approach to control the growth of
the average crystallite size efficiently in the annealed nanocrystalline alloys by proper
choice of substituting elements and enhance the soft magnetic properties of mechanically

alloyed Fe-Si based nanocrystalline alloys.
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The above results have been used to understand the evolution of nanocrystalline
microstructure with fine crystallites and the resultant magnetic properties on the basis of
milling parameters (milling time and milling speed), compositions, substituting elements
and annealing conditions in shaping the structural and magnetic properties of
nanocrystalline Fe-(Al,Cr)-Co-Si alloy powders. Furthermore, conclusions have been
drawn on the basis of variations in average crystallite size, density of dislocations, effective
magnetic anisotropy, compositional effects and the development of grain boundaries.
Chapter 8 provides a summary of the results obtained in the thesis and suggests possible

directions of future work in this topic.
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Chapter 01: Prologue

1.1. Introduction:
Magnetic materials have stimulated human imagination for millennia and for many centuries
they have enthused progress in science and technology. For along time, the focus was only on
naturally occurring magnetic materials such as Fe and magnetite. Later on, the focus shifted to
improvement of magnetic properties of coarse-grained magnetic materials [V1SS2006,
SCHA2009]. Over the past few decades, research on soft magnetic materials has moved over
from coarser-grained materials to amorphous and nanocrystalline materials [BOLL1983,
YOSH1988, INOU2001, ZHAN2004, 1DZ12005, LIUY2006, SELL2006, WITK2006].
Although high saturation magnetization (Ms) can be easily realized in conventional crystalline
magnetic materials, when concentrations of Fe are increased, their soft magnetic properties
become poor due to large magnetocrystalline anisotropy of the iron. Interestingly, the effect of
magnetocrystalline anisotropy can be suppressed dramatically either by preparing amorphous
materialsor by reducing average crystallite size to nanometer scale in nanocrystalline magnetic
materials. As a result, exceptionally controllable Ms and excellent soft magnetic properties
could be obtained in Fe-rich nanocrystalline aloys [MCHE1999, HONO2002, SELL2006].
Therefore, nanocrystalline materials characterized by ultrafine grains and significant volume
fraction of grain boundary regions have received considerable research interest due to their
unusual physical, chemical and mechanical properties[ GLEI1989]. One of the most successful
industrial applications of nanostructured materials is with magnetic materials. Hence, in the
area of magnetic materials, soft magnetic nanocrystalline materials are one of the recent
emphases of material scientists and physicists due to their promising applications in various
emerging fields such as magnetic field screening, magnetic sensors, reading heads of
information storage systems, magnetic refrigeration, tape wound cores for common mode
chokes and high frequency transformers[M CHE1999, HONO2002, ZHAN2004, WITK2006].
Soft magnetic materials are generally characterized by low coercivity (Hc), large Ms, high
effective permeability, low magnetostriction and controllable magnetic anisotropy, when the
average crystallite size is less than ferromagnetic exchange correlation length which is
typically of the order of tens of nanometers (~ 35 nm) [DING2001, ZUOB2004]. The main
reason for the excellent soft magnetic properties in the nanocrystalline materials is their
characteristic two-phase microstructure, in which nanosized (< 20 nm) crystals of soft
ferromagnetic phase are embedded in ferromagnetic amorphous matrix. Such microstructure
not only has an averaging out on magnetocrystalline anisotropy, but also enhances the values

of Ms and permeability [HERZ1995]. In addition, the strong ferromagnetic inter-granular
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Chapter 01: Prologue

exchange interaction and long range ferromagnetic ordering result in very high Curie
temperature (Tc) [HERN19951, GORR1996]. Therefore, to obtain soft magnetic propertiesin
the nanocrystalline materials, it is very much essential to understand the correlation between
the structural and magnetic properties.

In general, magnetic materials can be prepared by various preparation techniques. In the
early days, magnetic materials were mainly prepared by casting process. Such magnetic
materials are known to be harder when their crystallite size is decreased. Therefore, early
research activities on soft magnetic materials were mainly confined to the development of
suitable magnetic alloys with large crystallite sizes. This approach was changed after the
discovery of amorphous magnetic materials prepared by rapid solidification technique
[BOLL1983] and the advent of nanocrystalline materials with crystallite size of the order of
nanometer (~ 10 — 20 nm) prepared by controlled crystallization of melt-spun amorphous
precursor [YOSH1988, HERZ1993, HONO2002, ZHANZ2004]. More recently, the
development of amorphous and nanocrystalline materials was achieved by aternative and
commercially inexpensive technique called mechanical aloying [SURY 2001].

In the melt spinning technique, a thin stream of molten alloys is g ected onto the rotating
wheel cooled either by water or liquid nitrogen [LIEB1976, CAHN1983]. This process causes
arapid solidification of the molten alloys. This process can induce high cooling rates of the
order of 10*—107 K per second which resultsin producing an amorphous ribbon of the molten
material. Subsequently, the nanocrystalline materials can be obtained by controlled
crystallization of amorphous precursors by heat treatment at elevated temperatures [L UK 1996,
MCHE1999, MARI2000]. On the other hand, mechanical aloying technique is a well-known
and powerful method for the synthesis of various metastable powders involving deformation,
fragmentation, cold welding and micro-diffusion of elements in the solid state in a highly
energetic grinding media[KOCH1993, SURY 2001, ZHAN?2004, WITK2006]. This technique
is relatively inexpensive and there is a potential to scale up production for commercial
guantities. The obtained nanostructured powders either consist of agglomerated particles
composed of nanometer sized crystalline grainslinked one to another through grain boundaries
or has amorphous structure. This technique also forms highly refined and strained alloy
powders. The nanocrystalline materials can also be prepared by using other preparation
techniques such as inert gas condensation [GLEI1989], e ectro-deposition [VOJT1974],
physical vapor deposition [MORL2011] and vapor quenching method [MANG1978].
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Figure 1.01. Relative permeability and saturation magnetization of various soft magnetic
materials. The open circles and open squares denote FINEMET [YOSH1988, Y OSH2001] and
NANOPERM [BITO1997] dloys, respectively.

1.2. Moativation and preview of the thesiswork:

The study of soft magnetism in nanocrystalline ribbons has brought a revolutionary changein
understanding of magnetism and in the design of soft magnetic aloys. Fe-Si based aloys are
one of the earliest known and widely used soft magnetic alloys [BARR1900]. Nanocrystalline
Fe-Si based alloys derived from melt-spun amorphous ribbons exhibit ultrasoft magnetic
properties with Hc as low as 10 Oe due to their two-phase microstructure [Y OSH1988,
HERZ1990, SELL2006]. Among various nanocrystalline soft magnetic materials, Fe rich Fe-
Si based alloys are traditionally well known materials suitable for various applications such as
transformers, magnetic cores of electrical appliances, magnetic sensors and electromagnetic
noise suppression, etc. [MCHE1999, MARI2000]. There are two major alloy systemsin this
family of nanocrystalline magnetic materials viz., Fe-S-B-Nb-Cu alloys [YOSH1988]
commercially known as FINEMET and Fe-Zr-B-(Cu) aloys known as NANOPERM

TH-1361_09612118



Chapter 01: Prologue

[SUZU1990, SUZU19911]. Figure 1.01 shows saturation magnetization and relative
permeability of various types of soft magnetic materials. As nanocrystalline materials have
superior soft magnetic propertieswith high Tc, they find wide applicationsin high performance
magnetic components and high temperature applications. However, the soft magnetic
properties of these nanocrystalline materials are strongly dependent on the average grain size

as shown in Figure 1.02.
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Figure 1.02. Grain size dependence of coercivity for (a) Fe-Si-B-M-Cu [MULL1994,
HERZ1995] and (b) Fe-P-C-Ge-Si-Cu [FUJ1991] and Fe-Zr-B-(Cu) [SUZU1990,
SUZU1996] alloys.

It is well understood that pure Fe exhibits high Ms, large magnetocrystalline anisotropy

and low resistivity. As a result, they exhibit large Hc and high eddy current losses. The
introduction of S into Fe results in a decrease of magnetic anisotropy [ZHOU1999] and
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thereby leading to adecrease of Hc. The presence of S in Fe-Si based alloys also enhances the
electrical resistivity and thereby reduces the eddy current loss. These results make Si as one of
the prime choice of alloying element with Fe. A further reduction of the core losses is
demanded with Si steels to solve energy saving problems. It has been reported that the core
loss decreases with increasing the Si content, but at the cost of increasing the brittleness and
reduction of magnetization [BOZ01993]. Therefore, the study of high Si content Fe-Si aloys
prepared by melt-spun technique could not provide systematic compositional dependence of
physical properties owing to the limited alloying range available for this method. Further, melt
spun nanocrystalline ribbons are thin and usually brittle which restricts their applications
mainly to toroidal cores. With the increasing demand for powder core technologies, the study
of low-cost, high Si content soft magnetic Fe-Si aloys become important [VARG2001]. Inthis
respect, mechanical aloying being a completely different approach of processing of
nanocrystalline alloys provides a huge scope for exploring the properties of nanocrystalline
alloys. As mechanical alloying process involves aloy formation through a solid state process
where some of the restrictions of equilibrium phase formation are easily overcome
[DAV11987], extensive studies were carried out using mechanical aloying processto produce
avariety of Fe based and Fe-Si based alloys with tunable properties. Table 1.01 summarizes
Hc of various mechanically alloyed nanocrystalline soft magnetic powders reported in the

literature. Data on other similar systems have also been included to facilitate a comparison.

Table 1.01. Coercivity of mechanically alloyed nanocrystalline powders.

Processing
| M echanical Annealing | Coercivity
Material ) . ) Reference
alloying (Milling (time; (Oe)
time in hours) Temperature)
Feso(SIC)so 0-40 - 154 - 320 | [SHEN1992]
Fe]_OO-xMx (M = AI,
_ 60 - 3.8-50 [KUHR1993]
Si, Cu; x=0-50)
Few0xSix (Xx=6.5—
40 - 120- 140 | [ZHOU1999]
25)
FeiooxCox (x=0— 30 min.;
100 6.3-17 [KIMY 2000]
80) 973-1273K
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FerssCuiNbzSi135Bg
_ 0-60 - 85-125 [RAJA2000]
; FesxSits
FeiwoxSix (x=0— 20 min.;
40 24-74 [DING2001]
40) 473 -973K
Fer35CuiNbsSi135B9 0-3500 - 80 - 320 [FECH2004]
. 60 min.;
FesoClzo; FesoAlzSis 30 10-100 | [SHEN2005]
373-673K
FezsSizs 0-100 573-853 K - [ZzUOB2005]
Fe; FesoCoso 0-40 ] 50-72 | [AZZA2006]
FezsSizoNis 35-100 - 30-80 [BAHR2006]
Fes:Siz 0-50 - 50—65 | [KIMS2006]
FeCo-B 0- 10 1 15-70 | [ZENG2007]
Co; CogoNi1o 0-100 - 40 - 160 [GUES2008]
FernsSiooMs (M = Al,
0-80 - 50-300 | [KALI20083]
B and Cr)
FeooNi1o; FesoNizo 0-100 - 50-200 | [KOOHZ2008]
FeioxSix (X =6.5— 20 min.;
| 40 53-65 [MIRA2008]
20); FesssSi1zsNbs 643 - 773 K
FezsNb1oSisB1o 5-200 600K, 800 K 50-95 [SUNO2008]
FersSios 0-80 - 50-120 [KALI20081]
FenSis 0-10 i - [BENS2009]
FersSizs 0-80 573-1273K | 40—100 | [KALI2009]
FeSi1oCrio 0-30 - 30-70 | [BENS2010]
(FessC035) 100-xSix 0-80 - 20-90 [YOUS2012]
Feso-xNi20Six 0-36 - 30-90 [BAHR2013]
[ FessCo3s] 100-xSix 0-80 - 20-70 [YOUS2014]

A careful review of the literature reveals that the properties of nanocrystalline materials
prepared by mechanical alloying strongly depends on the milling parameters. For example,
Taghvaei et al. [TAGH2011], Yousefi et al. [YOUS2012], Bahrami et al. [BAHR2013] and
Gomez-Esparza et al. [GOME2014] reported that Hc increases initially up to certain milling
time period and then decreases with further increase in milling time period. This resultsin a

maximum in Hc after certain milling time periods, which depends strongly on the aloying
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materials. In contrast, Kim et a. [KIMS2006] and Bensebaa et al. [BENS2010] showed a
decreasing tendency in Hc with increasing milling time period in Fe-Si based aloy powders.
On the other hand, Guittoum et al. [GUIT2008] showed that Hc of Fe-Ni alloy prepared by
mechanical alloying exhibits oscillatory variation of Hc up to 12 hours of milling and then
increases continuously with increasing milling time up to 50 hours. These different results
clearly suggest that any change in the magnetic properties of as-milled powders with milling
time period strongly depends on the milling parameters and aloying materials. Furthermore,
despite having the average crystallite of the nanocrystalline powders in the range of 10 — 20
nm, Hc of mechanically aloyed nanocrystalline powders (see Table 1.01) has been reported to
be considerably larger as compared to nanocrystalline melt-spun ribbons (Hc ~ 102 Oe). The
higher values of Hc have been mainly attributed to the high strain caused by the existence of
large dislocations induced during the milling process. In most of these reports, the values of
Ms have been reported to be dightly lower than that of pure Fe, but strongly depends on the
composition of Fe-Si based aloys. Comparison of results obtained through different
preparation conditionsfor different alloy compositions becomes difficult and there is not much
systematic study carried out to obtain a correlation between the microstructure and magnetic
properties. Nevertheless, there have been continuous attempts to improve the soft magnetic
properties by tailoring the alloy composition [SUNO2008, Y OUS2012], changing substituting
elements [ZENG2007, GUIT2008, BENS2010], varying preparation parameters, optimizing
nanostructure, and changing annealing conditions.

Intheliterature, there are some reports on systematic studies pertaining only to the structure
of as-milled and annealed Fe-Si powders [PERE1996, ZUOB2004] and structural and
magnetic properties of Fe-Si based alloy powders [MIRA2008, BENS2010, BAHR2013,
YOUS2014]. Perez et al. [PERE1996] reported the synthesis of nanocrystalline FesoB13Si7
powders. The lattice parameter estimated from X-ray peak positions indicated about 75 %
dissolution of Fe and only 35 % dissolution of B after 128 hours of milling. Zuo et al.
[ZUOB2004] and Kalita et al. [KALI20081, KALI20083] reported the effect of annealing in
the temperature range 573 K — 973 K on the structure of Fe-Si and Fe-Si-Al milled powders.
Bahrami et al. [BAHR2013] and Y ousefi et al. [YOUS2014] performed systematic studies on
the degree of aloying, dissolution of substituting el ementsin Fe matrix using energy dispersive
spectroscopy mapping and development of fraction of grain boundaries for Fe-Si based alloys
milled at different milling time periods. There are only afew reports on the high temperature
ferromagnetic properties of mechanically alloyed Fe-Si alloys [FALL1936, CARM1991,
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ESCO1991, KOHO1994, VARG2001, FECH2004] over a wide range of compositions
prepared under similar preparation conditions. Furthermore, there are only limited number of

reports available on the systematic investigations of structural and magnetic properties of Fe-

Si based alloys with different substitution elements prepared by a single preparation technique

under optimized preparation conditions [BENS2010]. Therefore, the present work attempts to

gather a comprehensive understanding of the correlation between structural, microstructural

and magnetic properties of Fe-Si based nanocrystalline alloys prepared by mechanically

alloying process.

1.3. Objective of the thesiswork:

|
-4

TH-1361_09612118

To prepare nanocrystalline FeiooxSix (5 < x < 50) binary alloy powders over awide
range of compositions under different milling conditions to understand the evolution
of nanocrystalline microstructure and resulting magnetic properties of mechanically
aloyed Fe-Si binary alloys.

To prepare nanocrystalline Feio-x-yCoySix (X = 10 and 15, y = 0 — 20) ternary alloys
under the optimized milling conditions and to understand the effect of Si and Co
substitution on the structural and magnetic properties of Feioox-yCoySix aloy
powders.

To study the effect of substituting elements such as Al and Cr on the refinement of
nanocrystalline microstructure and the resulting magnetic properties of Feosx-
2(Al,Cr)CosSix system.

To investigate the effect of post annealing temperatures on the strain relaxation, the
formation of nanocrystalline microstructure, control of crystallite growth and the
improvement of soft magnetic properties of nanocrystalline Feso(Al,Cr),CosSiis
aloy powders.

To understand the correlation between structural, microstructural and magnetic
properties of the nanocrystalline powders in the as-milled and annealed conditions
and to optimize the samples with suitable preparation parameters and compositions

to obtain enhanced soft magnetic properties in Fe-(Al,Cr)-Co-Si aloy powders.
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2.1. Introduction:

Magnetism is the phenomenon by which materials affirm an attractive or repulsive force.
Although it has been known for thousands of years, i.e., the history of magnetism is coeval
with the history of science, the underlying principles and mechanisms that explain the magnetic
properties of the materials are still complicated and mysterious. Nevertheless, it is well
established that most of the modern technological devices such as electrical power generators,
transformers, electric motors, sensors, computers and components of sound and video
reproduction systems largely depend on magnetism and magnetic materials. Hence, during last
few decades, extensive studies on various types of magnetic materials have been carried out
from both fundamental and application points of views. In this regard, the understanding of
development of magnetic properties in new types of materials and optimization of the magnetic
properties for different applications are very much essential. This chapter provides a brief
description of the origin of magnetism in solids, the phenomenon of ferromagnetism and the
various phenomena affecting the ferromagnetic properties of materials prepared by different

techniques and suitability of these materials for various applications.

M
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Figure 2.01. Schematic representation of (a) orbiting electron around the nucleus and (b)

electrons spinning around their own axis.

2.2. Origin of magnetism:

It is known that the macroscopic magnetic properties of materials are consequences of
magnetic moments associated with individual electrons in an atom [OHAN2000, KITT2004].
The magnetic moment originates from two different sources as demonstrated in Figure 2.01.

12
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One is orbital motion of electron around the nucleus (see Figure 2.01(a)), which generates
small magnetic fields with magnetic moment along the axis of rotation. The other magnetic
moment originates from the electron spin, which is directed along the spin axis either up or
down depending on the mode of rotation as shown in figure 2.01(b). Therefore, each electron
in an atom can be imagined of being a small magnet having permanent orbital and spin
magnetic moments. The net magnetic moment for an atom is the sum of the magnetic moments
of each of the constituting electrons, including both orbital and spin contributions and taking
into account of the moment cancellation. These electrons occupy empty states in an atom
according to the Pauli’s exclusion principle and Hund’s rule. Hence, for an atom having
completely filled electron shells or subshells, there is a total cancellation of both the moments.
Note that such materials are not capable of being permanently magnetized. Based on the
number of unpaired electrons in an atom, their orientation in the orbitals and the spin-orbit
interaction between the electron orbital angular momentum and spin angular momentum and
their response in external applied field, magnetic materials are majorly classified into
diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic [KRON2003].

Diamagnetism is a manifestation of Lenz law, i.e., if one applies a magnetic field to a
system of moving charges, then their motions change in such a way that they create a
magnetization, which opposes the original applied magnetic field [OHAN2000]. This effect is
present in all materials, but is often obscured by other types of magnetism. However, for some
solid materials, each atom possesses a permanent dipole moment by virtue of incomplete
cancellation of electron spin and/or orbital magnetic moments. These magnetic moments are
random in nature in the absence of any applied magnetic field, resulting in zero macroscopic
magnetization. Upon applying external magnetic field, these atomic dipoles are free to rotate
and paramagnetism occurs when they preferentially align to field direction by rotation
[KITT2004]. Both diamagnetic and paramagnetic materials are generally assumed to be non-
magnetic as they show zero magnetization in the absence of any external magnetic field. On
the contrary, certain materials possess a permanent magnetic moment resulting from strong
interaction between the magnetic moments even in the absence of an external field. Such
interactions dominate over thermal energy, displaying an alignment of magnetic moment in a
particular direction. This kind of behavior is exhibited by the transition metals and some of the
rare earth metals and known as ferromagnetic materials. In antiferromagnetic materials,
moments of equal magnitude are aligned in an antiparallel arrangement with zero net moment

in the absence of external field at temperatures below the ordering temperature called Néel
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temperature [KITT2004]. Some ceramics exhibit a permanent magnetization, termed
ferrimagnetism. When two antiferromagnetically coupled sublattices in a material have
unequal moments due to different species at different sites, the net moment is not zero and
such materials are called ferrimagnets. As the primary motivation of the thesis work is to study
the ferromagnetic properties of magnetic materials with nanocrystalline microstructure, we
concentrate on the phenomenon of ferromagnetism, the various phenomena affecting the
ferromagnetic properties of materials and the applications of magnetic materials in the rest of

this chapter.

2.3. Ferromagnetic materials.

As discussed earlier, ferromagnetic materials are spontaneously magnetized materials when
placed in a small magnetic field. At a given constant temperature, the response of a
ferromagnetic material to an applied magnetic field (H) is non-linear and characterized by a
magnetic hysteresis phenomenon as displayed in Figure 2.02. The dotted curve from origin to
the point ‘a’ represents the initial magnetization curve of a demagnetized material.
Magnetization increases with increasing H and saturates at higher magnetic fields. The
maximum (saturated) magnetization achievable is known as saturation magnetization (Ms).
The typical magnetic hysteresis (M—H) loop of a ferromagnetic material is shown by the solid
curve ‘a-d-a’ in Figure 2.02(a). Significant parameters characterizing a magnetic material
associated with the M-H loop are retentivity or remanence (Mg, value of magnetization when
H = 0, point b) and coercivity (Hc, the reverse magnetic field required to reduce the net
magnetization to zero, point ¢). Another important parameter is the magnetic induction [B =
o (H + M), where u, is the permeability of free space], which is the total flux of magnetic
field lines through a unit cross sectional area of the material. From the initial magnetization
curve, the initial magnetic permeability u; (= B/H, for very small applied magnetic field) and
maximum permeability wmax [=(B/H)max] can be obtained. These parameters indicate the
amount of induction generated by the material in a given magnetic field and are useful in
characterizing magnetic materials. u; and Hc have a reciprocal relationship. So, materials
exhibiting low Hc necessarily have a high u;. When the ferromagnetic material is heated, they
become paramagnetic above a particular temperature as shown in Figure 2.02(b). The
temperature at which the magnetic phase transition from ferromagnetic to paramagnetic state
occurs is known as Curie temperature (7¢), which is also an important parameter characterizing

a ferromagnetic material. Ferromagnetic materials exist in different forms, e.g. crystalline,
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amorphous and oxide states. These materials can be engineered for specific applications with

suitable selection of elements and composition.
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Figure 2.02. Response of a ferromagnetic material to (a) applied magnetic field at a particular

temperature and (b) temperature at a constant applied magnetic field.

Ferromagnetic materials are classified into two groups as depicted in Figure 2.03. They are
hard ferromagnetic materials, which exhibit very high Hc (> 1000 Oe), which are generally
used as permanent magnets and information storage media, and (ii) soft ferromagnetic
materials with low Hc (< 10 Oe) which are used as transformer cores, read heads and magnetic

sensors applications.
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Figure 2.03. Typical magnetic hysteresis loops of soft and hard ferromagnetic materials.

2.4. Intrinsic and extrinsic properties of magnetic materials:

Intrinsic properties of ferromagnetic materials are Ms, Tc and magnetocrystalline anisotropy
(MCA). They, in general, describe the equilibrium properties of the material on the atomic
scale. On the other hand, extrinsic magnetic properties such as Hc and Mp reflect the magnet’s
real-structure (microstructure and morphology) [BLOC1932, LAND1935, SKOM19991]. A
brief discussion on both intrinsic and extrinsic properties of magnetic materials is presented

below:

2.4.1. Itinerant ferromagnetism:
Magnetism in transition metals (Fe, Co and Ni) arises from the 3d levels which are partly filled
according to Hund’s rule [JILE1991]. In general, the atomic orbitals overlap in metals to form
bands. However, for these 3d metals, the high lying 3d electrons are delocalized and become
itinerant. Therefore, the origin of ferromagnetism in 3d metals can be simply explained by the
band theory of ferromagnetism proposed first by Stoner [STON1993] and later worked out
independently by Slater [SLAT1936]. This is a simple extension of band theory of
paramagnetism by the introduction of exchange coupling between the electrons. The Stoner
criterion of ferromagnetism is briefly reviewed below.

Let us consider that paramagnetic density of states (DOS) is known and it does not depend

on the band filling. Thus, the energy of electrons of the band is

£y £,

Eg = [EDg(E)dE+ [EDg(E)dE (2.01)
0 0
16
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where E, and E| are the Fermi energies of the spin up and spin down bands, respectively. Ds(E)

is the paramagnetic DOS per spin which can be related to the number of electrons in the d

band, N and spin polarization, s, through the relation

E; E,|
[Dg(EXE - [Dg(E)dE =sN (2.02)
0 0

By assuming a small spin polarization, replacing Ds(E) by Ds(Er) and subtracting the zero
point energy term, the electron energy can be simplified as
N? 2

. —— 2.03
4Dg(Ep) 209

AEp

The exchange interaction term can be expressed in terms of the energy term as proposed by

Stoner [STON1938] as

1 1
Eex:_Z(NT_NJ’)ZZ_ZSZNZ (2.04)

where /is the Stoner exchange parameter, N1 and N! are number of electrons with up and down
spins, respectively. The above equation contains a contribution from the Coulomb repulsion
that arises from the fact that two electrons with the same spin cannot occupy the same local
orbital (¢f. Pauli’s exclusion principle for atoms). Furthermore, it contains the magnetic

exchange between the electrons. Addition of equations (2.03) and (2.04) gives
2
1
AE g = N_(_ - 1}2 (2.05)
4 \ Ds(Ep)

To obtain a spontaneous spin polarization, the factor inside the parenthesis has to be negative,

that is

Dg (EF)Z% (2.06)

This is known as Stoner criterion of ferromagnets, which is satisfied only by the elements Fe,
Co and Ni [JANA1977, SKOM19992].
The reason for magnetism in the metals at the end of the 3d series is mainly due to the large

DOS at the Fermi level. Similarly, the reasons for the large DOS for the late 3d metals are
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several. First of all, the 3d band must accommodate 10 electrons, and secondly the ¢ band is
contracted with increasing atomic number due to the increasing nuclear charge. In fact, it is
also spontaneous to be believed that elements such as Rh and Pd should also exhibit
ferromagnetism. But, the 4d electrons are further away from the core and they also extend
further out. Consequently, the bands broaden and have a lower DOS at the Fermi level. Hence,

the only pure transition metals that exhibit ferromagnetism are the late 3d metals.

2.4.2. M agnetic moment:

As discussed earlier, the magnetic moment in an atom arises due to the motion of the electron
and interaction between them. Orbital and spin magnetic moments are main contributions to
the total magnetic moment of the atom. The contribution from nuclear magnetic moment is
quite negligible by comparison. The maximum magnetic moment (&) of a single atom in a

particular direction is given by [BLUN2001],
p=gJug (2.07)

where g is the landé¢ g-factor (ratio of the magnetic moment to the angular momentum), /5 is
the Bohr magneton (1= 9.274x102* JT-') and J is the total angular momentum of the atom.
J is defined as J = L = S where L is orbital angular momentum and S is the spin angular
momentum. The sign + is determined by the Hund’s rule.

The magnetic moment of the transition metal elements Fe, Co and Ni originates due to the
3d band electrons. The value of magnetic moment for Fe, Co and Ni is determined to be 2.23
Ms, 1.73 pp and 0.62 up, respectively. In order to explain the measured magnetic moments in
a meek way, the concept of strong and weak ferromagnetism has been introduced. Co and Ni
are the strong ferromagnets, where the spin up band is completely filled with 5 electrons. On
the other hand, Fe is an example of weak ferromagnet in which the spin up band is partially
filled. Since a strong ferromagnet has the spin up band completely filled, its magnetic moment
can be estimated from the number of valence electrons in the atom [JILE1997]. When the spin
up band is completely filled and contains 5 electrons and the atom has » valence electrons in
total (number of 3d and 4s electrons), the atomic magnetic moment can be calculated as

p=[5-Mn-x—-5)]up=(10—-n+x)up (2.08)
where x is the number of 4s electrons per atom. In isolated atoms of Fe, Co and Ni, the number
of 4s electrons is 2 but in a metallic crystal, the 4s electrons will fill into 3d band. In order to

18
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reproduce the measured magnetic moments, the 4s band must contain only about 0.65 electrons
[SKOM19991]. Therefore, eqn.(2.08) turns out to be
u = (10.65 —n)ug (2.09)

The above equation yields the magnetic moments of 2.65 5, 1.65 i and 0.65 p for Fe (n =
8), Co (n =9) and Ni (n = 10), respectively. These estimated values fairly agree well with the
measured values of 2.23 up, 1.73 up and 0.62 w5 for Fe, Co and Ni, respectively.

2.4.3. Exchange inter action:

Weiss, in 1907, reported that in addition to any externally applied field H, there is an internal
molecular field or exchange field in a ferromagnetic material proportional to its magnetization
as given in eqn.(2.10),

B =M (2.10)

where A is a constant and independent of temperature. According to eqn.(2.10), each spin sees
the average magnetization of all the other spins. Note that this molecular field is not really a
magnetic field. In order to explain this field, Heisenberg introduced the concept of exchange
interaction in 1928 [HEIS1928]. The origin of the Heisenberg exchange interaction is
electrostatic, but the explanation involves quantum mechanics. The charge distribution of a
system of two spins depends on whether the spins are parallel or antiparallel. Although Pauli’s
exclusion principle dismisses the occupation of two identical electrons in the same quantum
state simultaneously, it does not exclude two electrons of opposite spin. Therefore, the
electrostatic energy of a system depends on the relative orientation of the spins, i.e., the
difference in energy defines the exchange energy. The energy of interaction between the atoms
i and j bearing electron spins S; and §; is defined from the Heisenberg model as [OHAN2000],
Eoxen==2 ) Jy5:.5; @.11)

i<j

where J;; is the exchange integral related to the overlap of the charge distribution of the atoms
i and j. Assuming that the exchange interaction is the same for each nearest-neighbor pair,

eqn.(2.11) turns out to be
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Eexcn = _ZIZJ:Si-Sj (2.12)
A Co
J aFe _
Y R
i
N
cr

Figure 2.04. Bethe-Slater curve: Elements above and below the horizontal axis are

ferromagnets and antiferromagnets, respectively.

For parallel orientation of the magnetization (ferromagnet), J should be positive and for
antiparallel alignment of spins, J should be negative. The variation of J with respect to inter-
atomic distance is shown in Figure 2.04. This curve is also known as the Bethe-Slater curve. It
is clear from the Figure 2.04 that the value of J and hence the short-range exchange interaction
depends strongly on the inter-atomic distance. The eqn.(2.12) can be further simplified by

considering the energy of a particular atom i interacting with its j nearest neighbor:

bxch = —2]Si251 2.13)
Jj

while for the entire material,

1 .
Eexcn = _EZ E¢xcn (2.14)
J

Thus, the discrete, pairwise interaction can be replaced by assuming that the magnetic moment
Uk, = gugS; at site i interacts with a molecular field H.z given by the net effect of the z nearest
neighbor spins:

Efyen = — oM Herr = —glolpSiHesy (2.15)
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where g isthe landé g-factor, s is Bohr magneton and Lo is the permeability of the free space
(= 4nx107 H/m or 1.256x10% H/m). Comparing egn.(2.15) with eqn.(2.13) provides the
effective field as,
2 2
J S = zJ

Hoop=—2 a2
eIt GHotts £ ghotts

(S (2.16)
Here, the sum over z neighboring spins has been replaced by z times the average spin value
(S;). Using M = N, gug(S;), eqn.(2.16) gives,

2z]

— M 2.17
N, g?ug?ug @17

Herp =

From egn.(2.17), it can be seen that the Hest isthe Weiss molecular field defined as Hiol = AM,
provided

2Z
A=l (2.18)
Ny, g“Ug*to

Using the value of molecular field coefficient A as 10°, J is calculated to be 2x102% J or 0.01
eV/atom. Exchange interactions are weaker than the Coulomb interactions that distinguish
levels of different principal and orbital quantum numbers, but stronger than spin-orbit
interaction. Following the treatment of Weiss molecular field that Tc = AC with C =

Ny 2uo/3kg, the expression for Tc can be obtained from eqn.(2.18) as

— 27] Uy ? :22]5(5+1)
" 9*up?*3kg 3kp

(2.19)

where u,,%2 = gugs(s + 1). Another important relation between exchange energy and the
magnetization is defined as,
e LA YALIY (2:20)
%4 2 M M

where b is the distance between the spins, A is called the exchange stiffness constant having 1-
2x10 Jm for most ferromagnets and N, is number of nearest neighbour atoms per unit
volume (V). Therefore, it is clear from the above equations that the exchange energy or the

Heisenberg exchange interaction depends strongly on temperature due to the dependence of
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interatomic distance on temperature. In particular, the disorder ferromagnetic system is the

subject of low Tc due to the low value of J.

2.4.4. Anisotropy:

When a material exhibits direction dependent physical property, then such a material is
supposed to exhibit anisotropy. Particularly, in magnetic materials, the preference of
magnetization to lie in a particular direction of sample is called magnetic anisotropy. As
anisotropy plays an important role in tuning the nature and shape of M—H loop, it is very much
essential to understand the various possible sources of magnetic anisotropy and its influence
on the control of the magnetic properties. Figure 2.05 demonstrates a typical situation where
for zero applied field, the magnetization would point along the easy axis shown (= 0). When
a magnetic field is applied, the magnetization is pulled towards the field direction and
approaches closer to the field direction with increasing the applied field. For any intermediate
values of ¢, the magnetization is being attracted in opposite directions, i.e., up by thefield and

down by the anisotropy.

-y

~

L

-
o
|

-l

v
Easv axis
Figure 2.05. Schematic diagram of magnetization, applied field and easy axis for a given

material.

Let us assume that al the magnetic moments are pointing in the same direction in a
magnetic material and the materia exhibits an easy axis of magnetization. In such a scenario,
we can describe the energy per unit volume of the magnetization of this materia by

E = K sina (2.21)
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where K is called anisotropy constant with an unit of energy per unit volume (J/m?). In general,
the magnitude of uniaxial anisotropy is described in terms of the anisotropy field, which is
defined as the field needed to saturate the magnetization of a uniaxial crystal in the hard axis

direction and is given as

Hy = 2K (2.22)
“ oM '
In general, the energy of the magnetization is given by
E = K sin*a — uyMH cos(f — a) (2.23)

where the first term is the anisotropy energy. The second term is due to the magnetic field and
the difference in the angle (5 - ) is the angle between H and M. In order to get equilibrium,
we require the first derivative to be zero. Therefore, taking derivative of eqn.(2.23) with respect

to the angle we get,

Z—i = 2K sinacosa — ygMH sin(f —a) =0 (2.24)
[100] A
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Field, H(kA m™)
Figure 2.06. Magnetization of single crystals of Iron, Nickel and Cobalt.

Taking the value of Sas 90° for the equilibrium angle for the magnetization relative to the easy

axis and considering the eqn.(2.22) gives
H

i = — 2.25
sina . (2.25)
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The above equation suggests that when field is zero, the magnetization points along the easy
axis and when the field is equal to H, the magnetization points along the direction of field. For
any intermediate value of the applied field, the magnetization points at a value of angle given

by eqn.(2.25) rotating smoothly between the easy axis and the applied field.

2.4.4.1. Magnetocr ystalline anisotr opy:

Figure 2.06 shows initial magnetization curves of single crystals of different 3d ferromagnetic
elements. It could be clearly seen that the magnetization approaches to saturation in different
ways when magnetized in different directions. Iron displays (100) as easy direction and (111}
as hard direction, while nickel exhibits (111) as easy axis and (100) as hard directions. This
behavior can be understood by analyzing the development of anisotropy energy in different
symmetries as given below:

For Hexagonal system
E, = K, sin? 8 + K, sin* 6 + K3 sin® 6 + K3 sin® 0 sin 6¢ (2.26)
For Tetragonal system

E, = K, sin? 8 + K, sin* 8 + K, sin* 8 cos 4¢ + K5 sin® @

2.27)
+ K} sin® 6 sin 6¢

For Cubic system

E, = K. (@?a? + aza? + aa?) + Ky (a?aza?) (2.28)

where ¢« are the direction cosines of the magnetization. Kj;. term is equivalent to
K,.(sin? 8 cos? ¢ sin? ¢ + cos? O sin? §). When, 8= 0, ¢= 0, this term reduces to eqn.(2.21)
[COEY2010].

Origin of MCA: There are two different sources of MCA: (i) single-ion contributions and (ii)
two-ion contributions. The first one is essentially due to the electrostatic interaction of the
orbitals containing the magnetic electrons with the potential created at the atomic site by the
rest of the crystal. This crystal field interaction stabilizes a particular orbital and by spin-orbit
interaction the magnetic moment is aligned in a particular crystallographic direction. For
example, the uniaxial crystal having 2x10?® ions/m?* described by a spin Hamiltonian DS? with
D/ks = 1 K and S = 2 will have anisotropy constant K| = nDS? = 1.1x10° J/m?. On the other
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hand, the later contribution replicates the anisotropy of the dipole-dipole interaction.
Considering the broadside and head-to-tail configurations of two dipoles each with moment m,
as shown in Figure 2.07, the energy of the head-to-tail configuration is lower by
3uom?/(4mr3) and hence the magnets tend to align head-to-tail. In non-cubic lattices, the

dipole interaction is an appreciable source of ferromagnetic anisotropy.

Mt ——

Figure 2.07. Schematic drawing of broadside and head-to-tail configurations for a pair of

ferromagnetically coupled magnetic moments.

V4

No stress

e r e Easy axis

Tension (+)

—{f«

Compression (-)

Figure 2.08. Schematic drawing of bars to demonstrate methods of inducing an easy-axis in a

material with positive magnetostriction.

Table 2.01. MCA constants of Fe, Co and Ni [JILE1997].

TH-1361_09612118

Material K1 (104 Im?) | Kuz (10*Im3) | K2(10*Im?) | Kuz2 (10*Im3)
Fe (cubic) 4.80 - 0.50 -
Ni (cubic) -0.45 - 0.23 -
Co (hexagonal) - 41.0 - 10.0
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2.4.4.2. M agnetoelastic anisotr opy:
When a ferromagnetic material is exposed to applied magnetic field, the dimensions of the
material change and thereby experience strain. This is known as magnetostriction. The inverse
effect, i.e., the change of magnetization with stress also occurs and produces a unique easy axis
of magnetization giving rise to magnetoelastic anisotropy (MEA). The anisotropy energy
associated with the magnetoelastic effect can be expressed as [JOHN1996]

Emea = —Kmeq OS2 ¢ (2.29)

where ¢ is the angle between the magnetization and the plane of isotropic anisotropy and

3 3
Kmea — 5/10' = EAES (230)

where A is the magnetostriction coefficient and o is the stress which relates to the strain (&)
through the elastic modulus E. The experimental values of A for Fe, Ni and Fe3O4 are -7x10,
-33x10° and -40x10, respectively. Figure 2.08 shows the schematic views of bars with
different applied stress conditions. If A is positive, then application of a tensile stress to the bar
creates an easy axis in the direction of the applied stress. If a compressive stress is applied,
then the direction of the easy axis created will be perpendicular to the stress direction. On the
other hand, if the magnetostriction constant of the material is negative, then the above
phenomena would be reversed: a tensile stress will create an easy axis perpendicular to the
stress direction and a compressive stress will create an easy axis in the direction of the applied

stress.

2.4.4.3. Induced anisotropy:

In some materials, the magnetic anisotropy can be induced by many other ways, i.e., by (i)
fabricating a thin film in the presence of applied magnetic field, (ii) heat treatment of the
materials in the presence of external applied magnetic field and (iii) applying uniaxial stress.
In the first two cases, after applying magnetic field, the material may exhibit an easy axis of
magnetization that points in the direction of the magnetic field. This induced anisotropy is
certainly independent of any crystalline anisotropy or any other form of anisotropy that might
be present. Figure 2.09 shows the typical example of inducing the anisotropy in ferromagnetic

materials by field annealing.
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»=

M
(a) (b) 4

pIRORIERED =

Figure 2.09. Magnetization of a thin film with induced anisotropy created by annealing in a
magnetic field. The sheared (a) and open (b) loops are observed when the measuring field H

is applied perpendicular and parallel to the annealing field direction, respectively.

2.5. Magnetic domains and domain walls:

Ferromagnetic materials consist of magnetic domains in which the magnetic moments are
aligned parallel within the volumes containing large number of atoms. In the demagnetized
state, magnetic domains are randomly oriented resulting in nearly zero magnetization in the
absence of any externally applied magnetic field. However, the domains align when a small
magnetic field is applied to the material [KITT1949, KITT1956, DILL1963]. The number of
domains and size of domains are determined by the balance between magnetostatic energy
versus domain wall energy. The change of spontaneous magnetization from a domain to its
neighbor occurs at the domain wall. The width of the boundary between magnetic domains
(the domain wall) is determined by the balance between the exchange energy and the MCA
energy. The spins near to the wall point toward the non-easy directions. Therefore, the
anisotropy energy is higher within the wall than in its adjacent domains. The exchange energy
tries to make the wall as wide as possible. In order to make the angle between the adjacent
spins as small as possible, the anisotropy energy tries to make the wall thin, i.e., reducing the
number of spins pointing in non-easy directions. This competition leads to certain finite
domain wall width by minimization of the total energy. The domain wall width J'is related to

the exchange length [BROW1970, HUBE2009] by the relation

27
TH-1361_09612118



Chapter 02: Fundamental aspects and theoretical modeling

8 =TLoy (2.31)

where L., is exchange correlation length given as

A
L. = |2 (2.32)
ex K

where A is the exchange stiffness constant and K is the MCA constant of the material
[BLUN2001]. Typical domain wall widths are about 5 and 1000 nm for hard and soft magnetic

materials, respectively.

M,
I} Hard
g 0 )| ——
=
Vd
l / Semihard
'-o‘!‘
0 3 = | 0 ] 2
HoH (a.u.) Kot (T)

Figure 2.10. Typical M—H loops of different types of ferromagnetic materials.

2.6. Magnetic hysteresis:

Magnetic properties are generally derived from the magnetic hysteresis loop, which is extrinsic
in nature. In addition, they describe the real structure of the magnet. The response of the
ferromagnetic material to an applied magnetic field at a constant temperature is characterized
by a magnetic hysteresis phenomenon as discussed in section 2.3. Figure 2.10 shows typical
M-H loops of different types of ferromagnetic materials. Two very important extrinsic
properties derived from M—H loops are Hc and M. B—H loops are used to determine the energy
product (BH)max, which is the manifestation of the maximum magnetostatic energy per magnet
volume stored outside the magnet. Magnetic hysteresis is a complex, nonlinear, non-

equilibrium and nonlocal phenomenon as depicted in the insets of Figure 2.10 reflecting the
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existence of various metastable energy minima. A change in the applied magnetic field
destroys local minima and the magnetization is forced to jump into another minimum. The
nonlocal character of extrinsic properties originates due to the magnetostatic dipole

interactions [SKOM19991].

2.7. Coercivity:

Coercivity, the most intriguing aspect of the hysteresis, describes the stability of the remanent
state and gives rise to the classification of magnets into (i) soft magnetic materials having low
Hc (<100 Oe), (ii) hard materials having high Hc values (> 100 Oe). Hard magnetic materials
are further divided into semihard magnetic materials with the coercivity of 2000 Oe < Hc <
10000 Oe which are mainly used for storage media applications and (iii) hard magnetic
materials having large Hc (>10000 Oe, permanent magnets). A phenomenological expression
for Hc is

2K,
oM

He = p—r== Do Ms = AH(T, B) (233)

where p is a Kronmuller parameter [KRON1987, KRON1988], D¢ is a magnetostatic
interaction parameter and AH is fluctuation-field contribution caused by thermal activation
[NEEL1951, COEY 1996, SKOM19991]. Hc also depends on the field sweeping rate 5 (=
dH/dt). Hc is mainly governed by two mechanisms such as nucleation and pinning. Nucleation-
controlled magnets are almost defect-free and the Hc is essentially given by the nucleation
field. There are several types of nucleation process such as coherent rotation in very small
particles, curling in large perfect ellipsoids of revolution and localized nucleation in imperfect
structures [SKOM1998]. In contrast to nucleation type magnets, pinning-type magnets contain

many defects, which ensure large Hc by impeding the motion of the domain walls.

2.8. Origin of magnetic softness in nanocrystalline system:

Good soft magnetic properties are generally observed when both the domain wall motion and
domain rotation occur within a small change in the energy of the system. The existence of
magnetic anisotropies such as MCA, induced anisotropies, shape anisotropy etc. strongly
affects the energy of the system. Among these anisotropies, MCA reflects the symmetry of the
crystal structure. Stress induced anisotropy (MEA) originates from the magnetostriction, which

itself is one of the intrinsic magnetic characteristics of materials.
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As discussed earlier, Hc of a magnetic material is strongly dependent on its microstructure.
The crystallite size and defects like grain boundaries, non-magnetic inclusions and internal
stresses influence the values of Hc. According to Mager [MAGE1952], the coercivity
determined by grain boundaries is a linear function of the reciprocal of the diameter of the

crystallite (D) according to the relation

Ywo 1
Hr =3—— 2.34
c Bs D (2.34)

where yris the domain wall energy and Bs is the saturation induction. The wall energy can be

expressed as [BLUN2001]

Yw :ﬂkBTcK/a (235)

where kg is the Boltzmann constant, K is the MCA and « is the lattice constant. From equations
(2.34) and (2.35), one can write
k BT CK la 1

Hp =3
¢ Jg D

(2.36)

However, the D~/ dependence on coercivity is valid only when the crystallite size is larger than
the ferromagnetic exchange length, where the magnetization is governed mainly by the MCA
of the crystallites [HERZ1990]. Ferromagnetic exchange length as shown in Figure 2.11 is a
basic parameter in domain theory which characterizes a minimum range over which the
magnetization can vary appreciably. Ferromagnetic exchange length also determines the size
barrier between multi-domain and single-domain structures.

For crystallite size less than the ferromagnetic exchange length, magnetization process is
governed by the interplay of MCA of the crystallites and the ferromagnetic exchange energy.
The theoretical model by Herzer known as random anisotropy model (RAM) [HERZ1990]
which explains the origin of ultra-low coercivity in nanocrystalline ribbons is briefly discussed
below. The RAM was originally proposed by Alben et al. [ALBE1978] for amorphous

ferromagnets. Herzer applied it to explain the ultra-low coercivity in nanocrystalline ribbons.
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Figure 2.11. Schematic representation of RAM. The solid arrows indicate the randomly

fluctuating MCA.

The basic idea of RAM is depicted in Figure 2.11. It shows an assembly of randomly
oriented ferromagnetically coupled crystallites of size D with MCA constant K. The effective

MCA affecting the magnetization process results from averaging over the number of

crystallites, N=(L,/ D)3 within the volume V=Lex3 of the exchange length. For a finite

number, there will always be some easiest direction determined by the statistical fluctuations.
As a consequence, the resulting anisotropy <K> is determined by the mean fluctuating

amplitude of anisotropy energy of N crystallites, which is given by

K D 3/2
(K)~% - K(—J (2.37)
N L.,

In turn, the exchange constant is now related self consistently to the average anisotropy by

substituting <K> for K in eqn.(2.32), i.e.

Ly = | (2.38)
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As MCA is suppressed by exchange interaction, the scale on which exchange interaction

dominate expands and thus local anisotropies are averaged out more effectively. The

combination of equations (2.37) and (2.38) results in

(2.39)

H, (A/m)

® Fe-CuNb,,SI,B,
s Fe-Nb,Si, B,

L] L] L] LB B | I
v Fe-CuV, Si, B,
v Fe-CuV Si_ B -
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o Fn‘cuﬂ- 'lz rl' Bl-ﬂ
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Grain Size, L {nm)

Figure 2.12. Variations of coercivity and permeability with grain size for different

nanocrystalline alloys [HERZ2005].

This relation is valid as long as the crystallite size is less than L... Furthermore, Hc can be

related to <K> using the relation between Hc and MCA for coherent rotation of spins

[BOZO1951]

TH-1361_09612118

K KD®
He=pe——=pc— (2.40)
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where p. is a dimensionless parameter. Accordingly, Hc varies as D% when D is less than Lex
and 1/D when D is larger than the Le.. The summarized variations of Hc with the average
crystallite size for various soft magnetic materials are shown in Figure 2.12. This is known as
D°® law for nanocrystalline materials and it explains the origin of soft magnetism in

nanocrystalline system.

2.8.1. RAM in two-phase systems.

Most of the nanocrystalline soft magnetic materials prepared by primary crystallization of
amorphous precursor contain two-phase microstructure, i.e., a nanocrystalline precipitate co-
exists in a residual amorphous matrix. The extension of RAM model to two-phase system was
carried out with two distinct exchange stiffness constants corresponding to amorphous and
nanocrystalline phases. It is to be noted that the volume fractions of both of these phases affect
the effective anisotropy [HERN19952, HERZ1995, HERN1998, LOFF1999]. A modified

RAM for two-phase structure can be expressed as,

L el ]

D |—+ —
ACT Aam

<K>=p A —Vu)*Ky

(2.41)

where A and Aan are the exchange stiffness constants for crystalline and amorphous phase,

respectively, and Ve is the volume fraction of the amorphous phase.

2.8.2. RAM in the presence of residual stress:

Melt spun nanocrystalline ribbons exhibiting excellent soft magnetic properties are thin and
usually brittle in nature. This certainly restricts their applications mainly to toroidal cores.
Furthermore, the preparation of nanocrystalline ribbons over a wide composition range is also
limited due to easy formation of intermetallic compounds. Therefore, to overcome these
limitations, alternative method for preparing soft magnetic alloys was investigated. Mechanical
alloying has drawn a lot of research interest over a last two decades because of its versatility
to prepare nanocrystalline soft magnetic alloys in a wide range of compositions in powder form
with relatively inexpensive equipment. We have already summarized the values of Hc of
mechanically alloyed nanocrystalline soft magnetic powders reported in the literature in Table
1.01. The crystallite size of the nanocrystalline powders mentioned in Table 1.01 is mostly in
the range 10 — 20 nm. However, Hc in the mechanically alloyed nanocrystalline powders has

been reported to be two to three order higher as compared to nanocrystalline melt-spun ribbons
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(Hc ~ 107 Oe). The higher values of coercivity have been mainly attributed to the high strain
and dislocations induced during the milling process. In most of these reports, saturation
magnetization has been reported to be slightly less than that of pure Fe and independent of
microstructure. To understand the magnetic properties of mechanically alloyed powders, RAM

model is extended in the presence of residual stress, which is briefly discussed in this section.

I::1 L TFE

.
|-

Figure 2.13. Schematic representation of the residual stress along an arbitrary direction within
a mechanically alloyed powder particle. The length scale of the microstress is L, = D = 10 nm.

The length scale of the macrostress is L. = aggregate thickness = 1 um [SHEN2005].

Figure 2.13 depicts the schematic representation of the residual stress along an arbitrary
direction within a mechanically alloyed powder particle. The fluctuating internal stress has a
macroscopic range component Oma and microscopic range component Omi. The wavelength of
the macrostress is Ln« which is approximately the size of aggregated particle, while the
wavelength of the microstress is equal to the D, which is assumed to be lesser than
ferromagnetic exchange length. In mechanically alloyed nanocrystalline alloys, the grain
boundaries are considerably diffuse and contain a high density of tangled dislocations, leading
to high-frequency fluctuations in the microscopic stress. The stresses Oma and omi produce
magnetoelastic anisotropy Ko,ma and Ko mi according to eqn.(2.30) [CULL1972]

3 3
Ka,ma = E}{o-ma; Ka,mi = E}{o-mi; (2.42)
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Both these anisotropies contribute to total effective anisotropy, Kep, as shown in Figure 2.13.

Therefore, K can be defined as

Kerr = \/Ko%,ma + <K3,mi> + (K1)? (2.43)

The average value of microscopic anisotropy can be rewritten as

= Ao
(Kg-_ml) _ 2 \/N (244)
Therefore, the eqn.(2.43) can be written by including all the terms as
3 2 13 5 D3
Kay; = j (E Aama) + [(Ea%) " Kf] 7 (2.45)

If one considers negligible residual stress, then the eqn.(2.45) turns into eqn.(2.39) predicted
by Herzer’s RAM.

2.9. Law of approach to saturation:
The theoretical model based on micromagnetism of ferromagnetic materials was developed by
Brown to describe the law of approach to saturation magnetization [BROW1940,
BROW1941]. A generalized equation [KRON1959] derived for the high-field magnetization
is

G G 4 O

- il I
M(H)—Ms(l s B 1y T I

) +aTVH + x,H (2.46)
where the terms a, result from intrinsic properties such as MCA, spin-waves and the Pauli’s
paramagnetic susceptibility, as well as from extrinsic properties such as point defects,

dislocations, grain boundaries and non-magnetic precipitations.

Intrinsic contributions: (1) MCA gives rise to a 1/H? dependence. Local fluctuations of the
MCA as in the amorphous alloys result in a 1/H"? term at low fields and a 1/H? term at large
fields. (2) The energy gap in the spin-wave spectrum due to the Zeeman energy gives rise the
VH term. (3) The linear term j,H is due to the enhanced Pauli’s paramagnetism of the band

structure.
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Extrinsic contributions: Inhomogeneous spin states are produced by the stress sources due to

the magnetoelastic interactions. Hence, the corresponding deviations of magnetization from
the saturation values [AM = Ms— M(H)] depend on the geometry of the defects, spatial variation
of the stresses and the correlation between the defects. The change in the values of AM due to
the defects is as follows: (a) point defects of radius 7 result in AM = a4/H?, when r, > Ley, (b)
straight dislocation dipoles of width D contribute as AM = a»/H, when D < Le, and AM = a4/ H?,
when D > L., and (c) nonmagnetic spherical precipitations of radius 7y contribute as AM =
ai2/H?, when 7, < Lex and AM = a3pn/H??, when 7, > L. Similarly, the effect of intrinsic
fluctuations of the materials parameters such as local spin density, local magnetic anisotropy
energy and local magnetic stray fields resulting from the local fluctuations of the spin density
also affect Ms. Magnetoelastic coupling due to the stress induced sources has also effect on Ms

of magnetic materials.

2.10. Soft magnetic materials and their applications:

As discussed earlier, soft magnetic materials belong to a class of ferromagnetic materials,
which can be easily magnetized and demagnetized. Soft magnetic materials are typically
characterized by high My and narrow hysteresis loops, i.e., low Hc. The applications of soft
magnetic materials are generally fall into two broad categories, viz. alternating current (AC)
and direct current (DC) applications. For AC applications, the important consideration is how
much energy is lost in the system as the material is cycled around its hysteresis. The energy
loss originates from two main sources viz. hysteresis loss, relating to the area enclosed by the
hysteresis, and eddy current loss, which is related to the generation of electric currents in the
magnetic material and the associated resistive losses. While, hysteresis losses can be reduced
by the reduction of Hc with a consequent reduction in the area enclosed by the hysteresis, eddy
current losses can be reduced by increasing the electrical resistivity of the material and by
laminating the material. In DC applications, the material is magnetized in order to perform an
operation and then demagnetized at the conclusion of the operation.

Therefore, the development of soft magnetic materials has been mainly driven by the
search for superior soft magnetic alloys and to meet the requirements of various magnetic
applications. Recent research has been focused on achieving materials having large
composition range with low Hc, high permeability and high My in a cost effective way. The
continuing development of better materials has considerably improved the efficiency of key
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building blocks of present electrical appliances like motors, generators, transformers, inductors

efc.

2.10.1. Conventional soft magnetic alloys:

Among the soft magnetic alloys which find wide applications, Fe-Si is one of the earliest to be
discovered. Barrett et al. [BARR1900] reported the improvement in the soft magnetic
properties of Fe with the addition of Si in 1900. Significant progress occurred after the
discovery of grain-oriented Fe-Si alloys (see Table 2.02) and Ni-Fe alloys (Table 2.03) such
as permalloy in the 1940s. The range of soft magnetic materials was further extended by the
development of ferrites in the 1950s [FISH1990]. The major families of the conventional soft

magnetic alloys with important applications are briefly discussed below.

Table 2.02. Selected magnetic properties of some Fe-Si alloys [JILE1991].

Fe-S Alloy Composition Maximum Hc (Oe) Satur ation
Per meability, max Induction, Bs(T)

Fe-Si Feo7Sis 40,000 0.1 2.0
(Grain-oriented)

Fe-Si FegsSig 4,000 — 15,000 04-1.5 2.1
(Non-oriented)

Fe-Si Feg75Sias 4,000 — 12,000 0.15 - 2.0
(Non-oriented) 1.5

Table 2.03. Selected magnetic properties of some Ni-Fe alloys [JILE1991].

Alloy Composition Maximum Hc (Oe) Satur ation
Per meability, pmax Induction, Bs(T)
Permalloy NizgFex 8,000 0.05 1.08
Hipernik NisoFeso 4,000 0.05 1.60
Supermalloy NirFeisMos 1,00,000 0.005 0.79
Mu-metal Ni77Fe16CusCra 20,000 0.05 0.65

Fe-S alloys: In electrical power generation and transmission, the highest demand is for
transformer cores. Fe-Si alloys are used for transformer cores in exclusion of all other soft
magnetic alloys and are commonly known as ‘electrical steels’ or ‘silicon steels’. In the power
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industry, electrical voltage is almost always AC and at low frequency. At these frequencies,
eddy currents are generated in the transformer core. Silicon is a less costly and easily available
material and therefore gets importance to meet the huge demands of transformer core materials
in large quantities. Addition of Si in Fe reduces the MCA and magnetostriction (i.e. length
change on magnetization) of Fe and thereby decreases the coercivity. Further, the resistivity of
Fe increases with the addition of Si and thereby reduces the eddy current losses [BARR1900].
The addition of too much of Si makes the material extremely brittle and difficult to produce,
resulting in a practical limitation of the additive to 4 wt %. Often Al is added in Fe-Si alloys
to increase the ductility of the alloy [BOZO1993]. Alloys with atomic composition Fe75Si15Alio
(known as Sendust) are used as electrical steels for some special applications. Selected

magnetic properties of some Fe-Si alloys are listed in Table 2.02.

Ni-Fealloys: Selected magnetic properties of some Ni-Fe alloys are listed in Table 2.03. These
alloys, also known as permalloy, are extremely versatile and are used over a wide range of
compositions (from 30 to 80 wt% Ni). The properties of Ni-Fe alloys vary considerably over
a wide composition range and the optimum composition can be selected depending on the
application. There are special grades of Ni-Fe alloys that have zero magnetostriction and zero
magnetic anisotropy, such as mu-metal which is produced by a careful heat treatment and
minor additions of Cu and Cr. These alloys have extremely high relative permeability (up to
3,00,000) and Hc of 5103 Oe. However, low Ms and the high cost of Ni, as compared to Si,

limits these alloys only for some special applications.

Table 2.04. Selected magnetic properties of some Fe-Co alloys [JILE1991, LIUY2006].

Composition Maximum Hc Saturation
Permeability, umax | (O€) Induction, Bs(T)
Permendur FesoCoso 5,000 0.05 2.45
Supermendur Fe49Co49V2 60,000 1 2.40

Fe-Co alloys: Selected magnetic properties of some Fe-Co alloys are listed in Table 2.04.
These alloys have higher saturation magnetization than pure Fe. They have both AC and DC
applications, but high cost of Co has limited their applications only for some special purposes

in high temperature applications.
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Table 2.05. Selected magnetic properties of some amorphous alloys prepared by melt spun

technique [HERZ1996].

Alloy composition Hc (Oe) Saturation
Induction, Bs(T)
Fe76(SiB)as 0.04 1.45
CoesFes(MoSiB)ag 0.004 0.55
Co72(FeMn)s(MoSiB)23 0.006 0.8

Table 2.06. Typical structural and magnetic parameters of selected nanocrystalline alloys.

Alloy composition Crystallite | Hc (Oe) Satur ation Reference
size, D (nm) Induction, Bs(T)
Fe73.5CuiNb3Sii3.5Bo 13 0.006 1.24 [YOSH1988]
Fe73.5CuiNbsSiis.sB7 14 0.005 1.23 [HERZ1996]
FegaNb7Bo 9 0.10 1.49 [SUZU19911]
FessCu1Zr7Bs 10 0.04 1.52 [SUZU19911]
Feo1Zr7Ba 17 0.07 1.63 [SUZU19911]

2.10.2. Amor phous and nanocrystalline soft magnetic alloys:

Remarkable progress in soft magnetic materials took place in 1970s and 1980s with the advent
of melt spun technique [BOLL1983, YOSH1988]. This technique provided a route to produce
magnetic materials with new compositions and microstructure. Amorphous materials (also
called metallic glasses) produced by melt spun technique are attractive candidates to replace
the conventional spectrum of soft magnetic materials in both DC and AC applications. Due to
the lack of long range order, amorphous alloys have no MCA and hence magnetic softness
prevails. Mostly transition metal based alloys such as Fe-(B, P, Si), Fe-(Zr, Nb, Hf) are used
as soft magnetic materials. The primary function of magnetic core materials is magnetic flux
multiplication which requires both high Ms and high permeability. Both of these parameters
are important for miniaturization. The desire for miniaturization also results in steadily
increasing the operation frequencies which, of course, require low eddy-current losses. Hence,
similar to amorphous materials, their production-inherent low thickness of 20 g#m and their
high residual resistivity of 100 #£2cm minimize eddy currents in nanocrystalline ribbons and
make them attractive up to frequencies of 100 kHz and above. Apart from Fe based amorphous

alloys, Fe-Co-B based alloys are used for soft magnetic purposes due to the zero
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magnetostriction. By changing the Fe/Co ratio, magnetostriction of the material can be tuned
and accordingly soft magnetic properties can be improved. The major advantages of these
ferrites are high electrical resistivity and low cost. However, these alloys have low
magnetization [MOOR1984, OHAN1987]. Selected magnetic properties of some amorphous
materials prepared by rapid solidification technique are listed in Table 2.05.

On the other hand, crystallization of the amorphous precursors is known to yield coarse
grain microstructure with crystallite size of about 0.1 — 1 gm with deteriorated soft magnetic
properties. However, a milestone in magnetic materials was achieved by Yoshizawa et al.
[YOSH1988], who found that crystallization of Fe(Si,B) glasses with the combined addition
of small amounts of Cu and Nb yields an ultrafine grain structure of body centered cubic (bcc)
Fe(Si) with crystalline size of 10 to 15 nm embedded in a minority amorphous matrix. These
nanocrystalline alloys were found to exhibit ultralow coercivity of 10-* Oe. The significance
of these nanocrystalline alloys is that ultralow Hc could be obtained in Fe-Si based alloys with
high saturation polarization of 1.2 T or even more with the potential of a huge impact in all
soft magnetic applications. Typical structural and magnetic parameters of some
nanocrystalline alloys are listed in Table 2.06. There are mainly three types of nanocrystalline
alloys: FINEMET, NANOPERM and HITPERM. Fe-Si-B-Nb-Cu based alloys belong to the
FINEMET family. In this case, o~Fe(Si) nanocrystals with a DO3 structure gives rise to the
soft magnetic properties [YOSH1988]. NANOPERM was developed in Prof. Masumoto's
laboratory at IMR Tohoku University in 1989. Upon crystallizing the amorphous precursor of
NANOPERM alloys, a-Fe nanocrystals developed inside amorphous matrix. The presence of
two-phase microstructure is responsible for the magnetic softness in these alloys [SUZU19911,
SUZU19912, MAKI1994]. The strong intergranular exchange coupling between the
nanocrystals through the ferromagnetic amorphous matrix results very low MCA, which is
averaged out and improves the soft magnetic properties. The presence of only a-Fe enhances
the saturation induction. HITPERM alloy mainly consists of Fe-Co-Zr-B. The primary
crystallization product of HITPERM alloy is a-Fe(Co) upon annealing. Due to the presence of
Fe(Co) phase, saturation induction is quite high. Also, 7¢ is higher than that of NANOPERM

type alloys. So, these alloys are used for high temperature applications.

2.10.3. Application of soft magnetic materials:
Soft magnetic alloys are used in numerous applications. Among these, a few prominent ones

are summarized in this section. Amorphous based soft magnetic alloys are basically used in
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power transformers, inductive mode choke coils, magnetic shields, magneto-elastic
transducers and magnetic heads for data storage applications. These materials should have
higher permittivity, large magnetic induction and high resistance for the above applications
[MARI2000, KRON2007].

Co rich alloys in particular (Fe-Co)-Si-B exhibit vanishing magnetostriction in the as-made
state, but exhibits outstanding properties related to a high initial susceptibility despite the low
Ms [GOME1993]. A large field induces variations in the impedance of soft magnetic
amorphous wires and ribbons, an effect known as the magnetoimpedance effect [PANI1994].
The effect as a magnetic field sensor can be adapted to monitor the passage of moving pieces
or vehicles in many industrial processes. This would act as a position sensor based on
magnetoimpedance effect. Also, this type of alloy can be used in antitheft system based on
ferromagnetic resonance.

NANOPERM type alloys are used in transformer core materials due to the higher thermal
stability and higher induction [MAKI1995]. Apart from that these materials are used as power
transformers, common-mode choke coils, pulse transformers and flux gate magnetometers
[MAKI1994]. A choke coil is an active filter used to prevent signal distortion in the reactor
elements of phase modifying equipment. They provide line current corrections in all current
signals. The core material of a choke coil needs large saturation induction, Bs and low core
losses as well as small magnetostrictive coefficients. Since NANOPERM alloys have higher
Bgs values comparable to amorphous Fe-Si based alloys and lower core losses, these materials
are suitable for above mentioned applications.

Fe-Co based HITPERM alloys are used in high temperature applications. These materials
are used in space power systems. Other applications include core materials and winding wires
for audio and radio frequency transformers. Due to the higher 7¢ of these materials they are
used in aero-space applications [PARK1997].

FINEMET type alloys are used for the attenuation of pulse voltages in choke coils. These
choke coils can be used over a wide frequency range as well as for protection from high voltage
noise caused by lightning. These alloys are superior to Fe based alloys for this type of

applications [MCHE1999].
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In the course of present investigations, several experimental techniques were used for the
preparation and characterization of the samples. This chapter provides a brief description of

these experimental techniques.

3.1. Materials processing techniques:
Material processing carried out in the present thesis involves two steps viz., high energy
planetary ball milling of the pure elemental powders and heat treatment of as-milled powders

under high vacuum. A brief discussion on both the techniquesis given below.

rotation direction of the supporting disc

L 4

centrifugal force

rotation direction of the vial

Figure 3.01. (a) Photographic view of the planetary ball mill used and (b) Schematic diagram
of the horizontal section of avial depicting the movement of the balls inside the vial dueto its

planet like movement.

3.1.1. Mechanical alloying technique:

Mechanica alloying of elemental powders was carried out by high-energy ball milling in a
planetary bal mill (Insmart, India). The photographic view of the planetary ball mill
comprising of ahorizontal support disc on which vials are mounted and the schematic view of
mechanical milling process are shown in Figure 3.01. The vial mounted on the horizontal disc
rotates in a direction opposite to that of the disc and thereby simulating a planetary motion.
This planetary motion resultsin large centrifugal force acting on the balls kept inside the vial.
This causes the balls to collide with themselves and to the wall of the via with high impact.
When a mixture of elemental powders corresponding to a particular composition is placed in

the vial along with the balls, the powders are subjected to repeated cold welding and fracture
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at the surfaces of the balls and the vial. This process leads to disintegration of the powders,
resulting first in refinement of crystallite size and ultimately in atomic level mixing of the
elements to produce aloys [SONI2001, SURY 2001, KOCH2002, SURY2004]. Hence,
crystallite size refinement is a natural consequence of a mechanical alloying process. As the
milling time progresses the alloy becomes amorphous. The refinement and alloying processes
are determined by the milling parameters such as powder to ball weight ratio, ball size, rotation
speed, milling time etc. Nature of the milling vial and balls a so plays an important role in the
process along with the milling media.

In the present thesis work, dry milling of high purity elemental powders has been carried
out under high purity argon gas atmosphere. Hardened steel vial and hardened steel balls were
used for milling of all the powder compositions. The ball to powder ratio wasfixed at 10:1 and
the rotating speed was varied between 500 and 600 rotations per minute for milling process.
Prolonged milling under dry conditions results in a temperature rise inside the vial which
usually deteriorates the final product. Thus, to avoid excessive heating, the mill was paused
for 10 minutes after every 15 minutes of continuous milling. In addition, Ar gas was

periodically filled inside the vial to avoid oxidation.

3.1.2. Heat treatment at elevated temper atures:

In order to release the strain accumulated during the milling process and to optimize the
nanocrystalline microstructure, the selected as-milled powders were undergone heat treatment
at elevated temperatures (annealing) using a resistive tubular furnace (Okay, India). This
tubular furnace could be used up to atemperature of 1600 °C. The temperature of the constant
temperature heat zone at the center of the furnace extends to 150 mm. The annealing
temperature was controlled to + 2 °C using a commercia temperature controller.

Since the as-milled powders would oxidize if heated to high temperatures under ambient
conditions, the powders were sealed in evacuated fused silica ampoules prior to the heat
treatment. For this purpose, ampoules of around 80 mm length with a constriction were
fabricated from fused silicatubes of 8 mm internal diameter. Subsequently, as-milled powders
were transferred into the well cleaned and dried ampoul es and connected to a vacuum pumping
system. The pumping system (Vacuum Techniques, India) consisted of a diffusion pump and
rotary pump combination capable of creating alow pressure of 10 Pa. After creating the low
pressure, the constricted (neck) portion of the ampoul e was flame sealed with aneutral oxygen-

liquid petroleum gas flame and the sealed ampoule was detached from the tube. These
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ampoules were then loaded in the annealing furnace for heat treatment at elevated temperatures
for constant duration of annealing.

Focusing circles for varous geometries

po - Detector

iplanes d, co, ds Lo
Coniometer cicle

Figure 3.02. Bragg-Brentano geometry of a powder X-ray diffractometer.

3.2. Structural characterizations:

3.2.1. X-ray diffraction technique:

Two different powder X-ray diffractometers viz Seifert 3003 T/T and high power (18 kW)
Rigaku TTRAX I11 were used in the thesis work depending upon the availability. Cu-Kq« X-
ray radiation with awavelength of 1.54056 A was used in all the cases. The theta-theta (8- 6)
goniometer was used in the reflection (Bragg-Brentano) geometry (cf. Figure 3.02)
[CULL2001]. The X-ray diffraction (XRD) technique allows identification of various
crystalline phases present in the material and provides other structural information such as the
size of the crystallites, strain present inside the crystallites, |attice constant etc.

It is well-known that an ideal crystal has a periodic arrangement of atoms. Diffraction of
X-rays occurs through constructive interference of X-rays scattered from atoms of a set of
parallel planesin crystal lattice at a particular angular positions of the incident wave known as
Bragg angles [CULL2001]. This condition for obtaining constructive interference is known as
Bragg' s law given by the relation [CULL2001],

2dhk| snd=nl (3.01)
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where dn is the inter-planer spacing, @isthe glancing angle, 1 isthe wavelength of the X-ray
and n is the order of diffraction. A series of these angles can be used to determine the Miller
indices (hkl) values and the crystal structure can be identified from the systematic behavior of
these indices. Figure 3.03 depicts the diffraction of X-rays from crystal lattice planes
illustrating Bragg's law.

Incident £
H"‘ _,\orane wave e
T Jdas. W "_j!::'?f?nf _..r"! 3d sin 6
—e © o o, o o
dsin®
® o o o o o nA=2dsin 6
Bragg’s Law

Figure 3.03. Diffraction of X-rays by acrystal.

The crystallite size and the strain present in the crystallites can be estimated from the width of
the diffraction peaks. Reduction in the crystallite size results in less number of diffracting
planes. This is analogous to the diffraction of light from a grating where the line width is
proportional to the number of diffracting grooves in the grating. The broadening A sz due to
crystallite size can be quantified by Scherrer’s formula[CULL2001],

kA

_— 3.02
D cosé ( )

Aesize =

where A 65z is broadening due to crystallite size, @is the peak position, 4 isthe wavelength of
the X-ray and D is the size of the average crystallite of the material. Presence of strain also
broadens the peak which can be quantified as [CULL2001]

Abgyrain =47tand (3.03)

where A 6srain 1S broadening due to strain and 7 is the lattice strain. To estimate the effects of
crystalite size and strain to the broadening, Williamson and Hall [WILL1953] proposed a
method by combining both equations (3.02) and (3.03) for a set of Bragg peaks. This method
isalinear representative of the total broadening effect expressed as
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AO=——"_ +iptand
Borpcoss (3.04)

or

A6 cosf = +4nsing (3.05)

P

In case of elastically anisotropic materials, certain Bragg peaks are more affected by strain than
others. In such cases, the use of Williamson —Hall Plot (WHP) method for the analysis of size
and strain is questionable. In order to consider the different strain contribution to different
peaks, Modified Williamson-Hall Plot (MWHP) method [UNGA19991, UNGA19992] can be
used to analyze the diffraction peaks. According to this model, the individual contribution to
the broadening of XRD peaks can be expressed as

2 2
(AK )2 = (o;Dg) ; [%J K2Cpy (3.06)

where AK [= (2cos@A §)/ 4], A@isfull width at half maximum (FWHM) of the Bragg reflections
(inradian) after correcting instrumental broadening, 4 iswavelength of the X-ray, K=2siné/ 4,
b is modulus of Burgers vector of dislocations, B is a constant (taken as 10 for a wide range of
didocation distributions [SHEN2005]), Cq = Choo(l— gH 2) is dislocation contrast factor

introduced to take care elastically anisotropic materials, where the residual strains affect some
Bragg reflections more than the others, H? = (hzk2 +k2A2 +1 2hz)/(h2 +k2 +1 2) for acubical
system and q is a constant. To correct the instrumental broadening in XRD, the starting pure
iron powder annealed at 1273 K for 24 hours was used as the reference powder. The
instrumental broadening corrected line profile breadth (A6), in radians, of each reflection was
calculated from the parabolic approximation correction [KALI120082] described as,

2
(A6 =F 2[1— %] (3.07)

where F and f are the breadths of the same Bragg peak (in radians) from the XRD scans of the
experimental and reference powders, respectively. Both F and f can be determined by the
computer software Origin as the FWHM after automatic background removal. In the MWHP
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formulation, Ungar et al. [UNGA19991, UNGA19992] considered that didocations are main
contributors to the strain. The plots between (AK)? and K?Cri can be fitted using astraight line
and the values of D and p could be calculated from intercept and slope of the fitted straight

line, respectively.
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Figure 3.04. Schematic view of scanning electron microscope [MILT1992].
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Figure 3.05. (a) Electron and photons signals emanating from tear-shaped interaction volume
during electron beam impingement on specimen surface, (b) Energy spectrum of electrons
emitted from the specimen surface, and (c) Effect of surface topography on electron emission.

3.2.2. Scanning electr on microscopy:

Scanning electron microscope (SEM, Leo 1430VP) with energy dispersive spectroscopy
(EDS) attachment (Oxford) was used to study the surface morphology and elemental
compositions of the alloy powders. SEM isamicroscopic technique that uses electronsto form
an image of objects and to study surface morphol ogy, fractured components, foreign particles
and residues, polymers, electronic components, biological samples and countless others. The
schematic view of SEM is shown in Figure 3.04. The thermionically emitted electrons from a
tungsten filament or field emission controlled electrons are drawn to an anode, focused by two
successive condenser lenses into a beam with a narrow fine spot size (~ 50 A). The shorter
wavelength of electrons permits image magnifications of up to 100,000 timesin SEM. Pair of
scanning coils located at the objective lens deflects the beam either linearly or in raster fashion
over arectangular area of specimen surface. Figure 3.05 displays the interaction of electrons
on the surface of the sample. Upon electron impingement on the surface, theinteraction volume
assumes a tear shape. These primary bombarding electrons on the surface of the specimen
disodge el ectrons called as secondary el ectronsfrom the specimen. These did odged secondary
electrons are attracted and collected by a positively biased grid or detector, and then trand ated
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into a signal. These signals are then amplified, analyzed and trandated into images of the
topography being inspected. Finally, the image is shown on a cathode ray tube. The most
common imaging mode relies on the detection of the very lowest portion of the emitted energy
distribution. Their very lower energy means they are originated from a subsurface depth of no
longer than several angstroms.

Apart from secondary eectrons, the primary electron beam results in the emission of
backscattered (or reflected) electronsfrom the specimen. Backscattered el ectrons possess more
energy than secondary el ectronsand have adefinite direction. Assuch, they cannot be collected
by a secondary electron detector, unless the detector is directly in their path of travel. All
emissions above 50 eV are considered to be backscattered electrons. It may be noted that the
backscattered electron imaging is useful in distinguishing one material from another, since the
yield of the collected backscattered electrons increases monotonically with the specimen's
atomic number Z (~ 0.05 Z¥2). Backscatter imaging can distinguish elements with atomic
number differences of at least 3, i.e. elements with atomic number differences of at least 3
would appear with good contrast on the image.

EDS analysisisquite useful in identifying materials and contaminants aswell as estimating
their relative concentrations on the surface of the specimen. During EDS analysis, the specimen
is bombarded with an electron beam inside the SEM. The bombarding electrons colliding with
the specimen knock off some of the el ectrons from the atoms. A position vacated by an gjected
inner shell electron is eventually occupied by a higher-energy electron from an outer shell. To
be able to do so, however, the transferring outer electron must give up some of its energy by
emitting X-rays. The amount of energy released by the transferring electron depends on which
snell it is transferring from, as well as which shell it is transferring to. Furthermore, the atom
of every element releases X-rays with unique amounts of energy during the transferring
process. Thus, by measuring the amounts of energy present in the X-rays being released by a
specimen during electron beam bombardment, the identity of the atom from which the X-ray
was emitted can be established. The output of an EDS analysisis an EDS spectrum, which is
just a plot of how frequently an X-ray is received for each energy level. An EDS spectrum
normally displays peaks corresponding to the energy levels for which the most X-rays had
been received. Each of these peaksis unique to an atom, and therefore corresponds to asingle
element. The higher apeak in a spectrum, the more concentrated the element isin the specimen.

In the present work, athin layer of powder was spread on carbon coated tape. Gold coating

was then applied over it to yield an electrically conducting surface for SEM observation.
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Figure 3.06. () Cut view of transmission electron microscope and (b) Schematic ray diagrams
of image mode and (c) diffraction mode.

3.2.3. Transmission electron micr oscopy:

Transmission electron microscope (TEM, Jeol 2100) has been used to study the microstructure
of the powders. TEM is an optical analogue to the conventional light microscope. It is based
on the fact that electrons can be ascribed a wavelength (of the order of 0.25 nm), but at the
same time interact with magnetic fields as a point charge. A beam of electrons is applied
instead of light and the glass lenses are replaced by magnetic lenses. The lateral resolution of
the best microscopes is down to atomic resolution. A schematic diagram of a TEM is shown
in Figure 3.06.

Electrons emitted thermionically from a hot filament (electron gun) are accelerated to 100
keV or higher and first projected on to the specimen by means of the electromagnetic lens
systems. The scattering processes experienced by electrons during their passage through the
specimen determine the kind of information obtained as shown in Figure 3.07. Elagtic
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scattering involving no energy loss when electrons interact with the potential field of the ion
cores gives rise to diffraction pattern. In-elastic scattering between beam and matrix electron
at heterogeneities such as grain boundaries, dislocations, second-phase particles, defects,
density variations cause complex absorption and scattering effects. The generation of
characteristic X-rays and Auger electrons aso occurs, but these by-products are not usually

collected in atypical TEM measurement.
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Figure 3.07. Various signals generated as aresult of electron beam interaction with athin solid

specimen in TEM.

The emergent primary and diffracted electron beams are now made to pass through a series
of post-specimen lenses. The objective lens produces the first image of the object. Depending
on how the beams reaching the back focal plan of the objective lens, the beams are
subsequently processed using different operation modes. Basically, either magnified images or
diffraction patterns are obtained. The image can be studied directly by the operator or
photographed with a camera.

Images can be formed in a number of ways. The bright-field image is obtained by
intentionally excluding all diffracted beams and only allowing the selected portion of the
central beam passed through the specimen. Thisis done by placing suitably sized aperturesin

the back focal plane of the objective lens. Intermediate and projection lenses then magnify this
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central beam. Dark-field images are also formed by magnifying a single beam. Here, one of
the diffracted beams is chosen by means of an aperture that blocks the central beam and the
other diffracted beams. By selected area diffraction pattern, ring like structure isimaged, which
corresponds to the particular plane of that element or compound. If only diffused rings appear
then the system must have single amorphous phase. The high-resolution TEM image obtained
by alowing both the central beam passing through the specimen and one or more of the
diffracted beams helps to evaluate the average grain size and dislocations more precisely.

For TEM observation, the sample in the form of powder was dispersed in dimethyl
formamide solvent using an ultrasonicator. A drop of the colloidal solution was placed on a
carbon coated TEM grid and alowed to dry in a clean environment. The grid with the dried
powder particles was then used for the TEM observation.
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Figure 3.08. Schematic diagram of a vibrating sample magnetometer.

3.3. Magnetic property characterization:

Magnetic properties of a material can be characterized by using various experimental
techniques such as vibrating sample magnetometer, superconducting quantum interference
device, Faraday balance, ac susceptometer etc. In this section, a brief outline of the principle

involved in vibrating sample magnetometer used in the present work is given.
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3.3.1. Vibrating sample magnetometer :

Vibrating sample magnetometer (VSM, Lakeshore model 7410, USA) was used to investigate
the magnetic properties at room temperature and temperature dependent magnetic properties.
VSM [SVOB2004, CZIC2006] measures the net dipole moment when the material is exposed
to magnetic field. The magnetic moment of the sample can be obtained either as afunction of
field (magnetic hysteresis loop) or as a function of temperature (thermomagnetization data) to
investigate the variation of magnetic properties with temperature and understand the magnetic
phase transition of the samples. Figures 3.08 and 3.09 display schematic diagram and a
photographic view of VSM, respectively.

A a3
i ¥ " L

Figure 3.09. Photographic view of a vibrating sample magnetometer (Lakeshore Model 7410,
USA).

When a sample is placed in uniform magnetic field, a dipole moment proportional to the
product of the sample susceptibility and the applied field isinduced in the sample. If the sample
is made to undergo sinusoidal motion, an electrical signal can be induced in suitably located
stationary pickup coils, as shown in Figure 3.07. This signal has amplitude proportional to the
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magnetic moment of the sample, the vibrating amplitude and the vibration frequency. Through
the use of lock-in-amplifier and feedback techniques, only that portion of the signal arising
from the magnetic moment is picked up and is converted into direct read-out in the unit of
magnetization (e.g. emu) on a digital panel meter. The VSM conssts of the following major
parts: 1. Water cooled el ectromagnet and power supply, 2. Vibration exciter and sample holder
(with angular position indicator), 3. Sensing coils, 4. Hall probe, 5. Amplifier, 6. Control
chasss, 7. Lock-in amplifier and 8. Computer interface.

The sample wasfixed at the lower end of the sample holder after completing the calibration
procedure using standard Ni sample. Subsequently, the measurement sequenceis programmed
using the IDEAVSM software provided with the instrument. The vibration exciter is started
and the signal received from the probe and the pick-up coils is converted into the magnetic
moment value of the sample. Magnetic fields in the range of 10,000 Oe to 15,000 Oe were
applied to the sample. Normally, magnetic field isautomatically increased in steps at aconstant
temperature (magnetization versus magnetic field (M-H)) by setting the program. For high
temperature measurements (magnetization versus temperature (M-T)), a high temperature
attachment (Lakeshore) capable of providing a controlled heating/cooling of the sample from
room temperature to 1273 K was used. For M — T measurements, we used a constant heating

rate of 5 K per minute using the IDEAV SM software supplied with the instrument.
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Chapter 4

Mechanical alloying of binary FeiooxSix alloy powders
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4.1. Introduction:

The study of magnetism in Fe based alloys has been the topic of research for the material
scientists and condensed matter physicists due to its complex magnetic phenomena
[PEPP2001, GORR2006] and technological applications [HONO2002, ZHAN2004,
WITK2006]. Fe-Si based magnetic materials with nanocrystalline microstructure have been
extensively investigated because of their remarkable soft magnetic properties [YOSH1988,
HERZ1990, ZUOB2004, MIRA2008]. However, Fe-Si alloys with high Si content prepared
by melt spun technique could not provide systematic compositional dependent physical
properties owing to the limited alloying range available for this method. With the increasing
demand for powder core technologies, the study of cheap and high Si content soft magnetic
Fe-Si alloys become important [VARG2001]. In this regard, mechanical alloying technique
was used to produce variety of Fe-Si based alloys with tunable properties [DAVI1987,
KUHR1993, WALI1994, DING2001, SURY2001, KIMS2006, MIRA2008, RODR2008,
BENS2009, BENS2010, BAHR2013, YOUS2014].

A careful review of the literature reports reveals that the properties of Fe-Si based
nanocrystalline materials prepared by mechanical alloying strongly depend on the milling
parameters. This makes it difficult to compare the properties of Fe-Si alloys reported by various
research groups for different composition ranges prepared under different conditions. It may
be noted that structural analysis using XRD limits the identification of finite amount of phases
in the as-milled powders [PERE1996]. The development of various magnetic phases during
the course of milling can also be investigated by performing thermomagnetic studies
[CARM1991, ESCO1991]. However, no systematic investigations describing phase formation
in Fe-Si alloys using thermomagnetization data in correlation with structural properties were
reported. Since the properties of the materials are strongly dependent on their structure and
composition, the understanding of correlation between structure and physical properties of a
material is of fundamental importance in materials science. This eventually helps in designing
and developing new materials for various technological applications [GORR2005]. However,
most of the published results narrated the study of FeigoxSix alloys at a few selected
compositions and only limited investigations were focused over a wide range of Si content.
Thus, in this chapter, we carry out systematic investigations on the effect of milling conditions
and compositions on the structural and magnetic properties of Fe10oxSix (5 < X < 50) powders
milled for various milling time periods with different milling speeds over a wide range of

compositions.
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4.2. Experimental details:

Fe-Si binary alloys corresponding to desired compositions of FeipoxSix (5 < X < 50) were
prepared from high purity (> 99.8%) elemental Fe and Si powders (>99.9%) by mechanical
alloying method in a high energy planetary ball mill (Insmart India). In order to investigate the
effect of various milling parameters carefully on the end product, the alloy powders were
prepared at different milled speed such as 500 and 600 rotations per minute (rpm) and different
milling time periods ranged between 5 and 100 hours. In the first part of the study, powder
mixtures corresponding to the compositions Fe100xSix (X = 10, 15, 20, 25, 30, 35, 40 and 50)
were milled for 5, 10, 20, 30, 40, 60 and 100 hours under the milling speed of 500 rpm. The
milling speed was increased to 600 rpm in the second part and studied the preparation of Fe-
Si alloy powders corresponding to the compositions of Feioo-xSix (X=5, 10, 15, 20, 25, 30, 35
and 40) milled at selected milling time periods (40 hours, 70 hours and 100 hours). The ball to
powder weight ratio was fixed at 10:1 for all the sample preparation. For the milling process,
the weighed quantities of powder mixtures and hardened steel milling balls (8 mm diameter)
were loaded into a hardened steel bowl in the mill station. The bowl was filled with high purity
argon gas to minimize oxidation during milling. The milling process was paused for 10 minutes
after every 15 minutes of milling to minimize excessive temperature rise.

The evolution of nanocrystalline microstructure and other structural properties were
characterized by X-ray diffraction (XRD) in a high-power X-Ray diffractometer (Rigaku
TTRAX III 18 kW) using Cu-K, radiation. XRD data were collected at a slow scan rate of
0.005°/s to analyze the structural parameters such as lattice constant, average crystallite size,
dislocation density and fraction of grain boundaries using different structural analysis methods.
The changes in the surface morphology and evolution of nanocrystalline microstructure were
investigated by scanning electron microscope (SEM, Leo 1430VP), field emission scanning
electron microscope (FE-SEM, ZEISS) and transmission electron microscope (TEM, JEOL
2100), respectively. Overall composition of the milled powders was verified using energy
dispersive spectrometer (EDS, Oxford) attached to SEM. Magnetic properties of the as-mixed
and milled powders were characterized by using vibrating sample magnetometer (VSM,
LakeShore Model 7410, USA) by performing magnetic hysteresis (M-H) loops at room
temperature and high temperature thermomagnetization (M-T) curves under constant applied

magnetic field.
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4.3. Properties of Fe-Si binary alloy powders milled at 500 r pm:

4.3.1. Structural evolution during milling:

Figure 4.01 shows typical room temperature XRD patterns of as-mixed and 100 hours milled
FeooSiio powders. The as-mixed powders show the Bragg reflections from the planes of the
individual elements Fe (body centered cubic (bcc)) and Si (diamond cubic). However, after
100 hours of milling, the reflections corresponding to Si disappeared completely leaving
behind only the bce o-Fe reflections. This suggests that Si has dissolved in o-Fe matrix and
hence forming a non-equilibrium solid solution of a-Fe(Si). Further, the width of a-Fe(Si)
reflections increased considerably indicating the formation of highly refined and strained alloy
powders. In addition, there is a measurable shift in the peak positions of the milled powders to
higher angles. This suggests that there is a considerable change in the lattice constant during
the milling process. In order to understand the evolution of non-equilibrium solid solution
carefully, we have carried out systematic analysis of XRD patterns collected at different

milling time periods between 5 hours and 100 hours.
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Figure 4.01. Typical room temperature XRD patterns of as-mixed and 100 hours milled

FeooSiio alloy powders.

Figure 4.02 depicts the XRD patterns of FegoSijo alloy powders milled for various milling
time periods. With increasing milling time, the reflections corresponding to Si decrease
progressively and disappear completely within the resolution of high-power XRD technique
after 20 hours of milling. In addition, the broadening of the a-Fe(Si) peak increases and the
peak position shifts slightly to higher angles with increasing milling time. A careful analysis
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of the lattice constant from the XRD patterns of the milled powders reveals that the lattice
constant decreases from 0.2871520.00007 nm to a nearly stable value of 0.2865620.00008 nm
after 40 hours of milling. This reveals a maximum lattice change of 0.00059 nm in the as-
milled powders. This could be attributed to the substitutional dissolution of Si in Fe matrix

with milling since atomic radius of Si (0.118 nm) is smaller than Fe (0.125 nm).
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Figure 4.02. Room temperature XRD patterns of FeoSiio alloy powders milled for different

time periods.

The degree of dissolution of Si in a-Fe is estimated by following the results reported on
the rapidly quenched Fe-Si alloys [PERE1996]. According to Perez et al. [PERE1996], the
introduction of Si into Fe decreases the lattice constant at a rate of 0.000065 nm per at.% Si.
This suggests that the addition of 10 at.% Si should decrease the lattice constant of Fe from
0.28715 nm to 0.2865 nm. A comparison between the experimental observation and the above
calculation confirms that nearly 90 % of Si occupy in bcc o-Fe with the rest 10 %
predominantly residing in grain boundaries. This is in better agreement with the earlier reports
on Fe75Sizs system [KALI20081]. On the other hand, the FeooSiio samples milled for 100 hours
exhibit a slight increase in the lattice constant from 0.2865620.00008 nm to 0.28682+0.00010
nm. This could be caused by the defects introduced at the interfaces by the prolonged milling.
Zeng et al. [ZENG2007] reported that in the nanostructured materials the less dense structure
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of the interfaces can result in some negative pressure on the interfaces which can lead to an
increase in the lattice constant. Further, the introduction of lattice defects during mechanical
alloying and the existence of a solid solution with a high volume fraction of grain boundaries
could raise the free energy of the system and provide a condition in which the substituted Si
atoms will be able to leave the grains toward grain boundaries. This will reduce the energy of
the system, resulting in an increase in the lattice constant [STEV1999, BENS2009,
BAHR2013].

It is well known that broadening of XRD peaks occurs due to the refinement of average
crystallite size (D), instrumental broadening, and strain caused by the density of dislocations
(p) induced during mechanical alloying process [DING2001, SURY2001]. In order to calculate
the effective variation in the values of D and p, the contribution from instrumental broadening
must be corrected properly. Therefore, to correct the instrumental broadening in XRD data, the
starting pure iron powder annealed at 1273 K for 24 hours was used as the reference powder.
The instrumental broadening corrected line profile breadth (A 6k), in radians, of each reflection

was calculated from the parabolic approximation correction [KALI20082] described as,

2
(A6g) = Fz[l—%j (4.01)

where F and f are breadths of the same Bragg peak (in radians) from the XRD scans of the
experimental and reference powders, respectively. Both F and f were determined by the
computer software Origin as the FWHM after automatic background removal. Subsequently,
to separate the individual contributions from D and p, XRD patterns were analyzed using
Williamson-Hall Plot (WHP) method [WILL1953] described by the formula given in
eqn.(4.02),

ABgcosbp =

+471sin6g (4.02)
P

where A6k is full width at half maximum (FWHM) of Bragg reflections (in radians), A (=
1.5406A) is wavelength of X-ray, & is angle of Bragg reflection, Dwwp is average crystallite

size, K is constant taken as 0.9 by assuming spherical nature of particles and 7 is effective

strain. In order to validate the WHP fit to XRD data, the eqn.(4.02) is modified to

62
TH-1361_09612118



Chapter 04: Mechanical alloying of binary Feio-xSx alloy powders

AK =

+Kn 4.03
Dnp (4039)

where AK [= (A& cosée)/A] and K = 4sins/A.
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Figure 4.03. WHP fit for FegoSi10 alloy powders milled for 60 hours. The straight line passing
through the data points is the linear fit to egn.(4.03).

Figure 4.03 depicts the plot of AK versus K for as-milled FegSiio powder and the typical
linear fit to the data using eqn.(4.03). It is quite obvious from figure that the data do not fall
into straight line and hence not entirely obey the linear fit to WHP formulation. The deviation
observed in the data can be correlated to the existence of anisotropic variation in the residual
strain. Hence, certain Bragg reflections may exhibit large strain component than others. Ungar
et a. [UNGA19991, UNGA19992] suggested a modification to WHP method by including
didlocation contrast factor in order to consider the anisotropic distribution of dislocation effects
on different Bragg peaks. Hence, to separate the size and strain effects effectively for the
presently investigated samples, the XRD patterns were analyzed using Modified Williamson-
Hall Plot (MWHP) method. According to this method, individual contribution to the
broadening of reflections can be expressed as

2 2
(AK)? = (%j +(%J K2Cryq (4.04)
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where AK [= (2cosé: A&)/ ], K = 2sinés/A4, b is modulus of Burgers vector of dislocations

taken as bz(\/§/2)a [SHEN2005], D is average crystallite size, a is lattice constant, p is
average dislocation density, B is constant (taken as 10 for a wide range of dislocation
distributions), Cn isthe dislocation contrast factor calculated using the relation [UNGA 19991,
UNGA19992]

Chi = Choo(l— qH 2) (4.05)

whereH 2 = (hzk2 +k2A2% 41 2hz)/(h2 + k2 +1 2)2 for a cubic crystal system, q is a constant
and Choo = 0.252 [KALI20081, UNGA19992, SHEN2005, MHAD2010] introduced to take
care of elastically anisotropic materials. To deduce the optimal values of D, p and g, we have
followed the procedures given by Ungar et al. [UNGA 19992] to carry out a series of linear fits
by combining equations (4.04) and (4.05). The obtained value of qin the presently investigated
samplesis ranged between 1.6 and 2.5.
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Figure 4.04. MWHPfit for FegoSi1o alloy powders milled for 60 hours. The straight line passing
through the data pointsis the best fit to eqn.(4.04).

Figure 4.04 depicts the typica plot of (AK)? versus K?Cna and the linear fit using
egn.(4.04). It is clear from the figure that all the XRD data fall into straight line showing the

applicability of the MWHP method as compared to WHP method for the present data. The plot
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between (AK)? and K?Chq was fitted using a straight line as described in eqn.(4.04) and the
values of D and p were calculated from intercept and slope of the fitted straight line,
respectively. This fitting procedure provides supporting evidence to the fact that in the
mechanically milled powders dislocations are the major reasons of residual strain and they
affect each Bragg reflections differently.

7.5

24

18_: §/§ :—5.0
A\ -

D (nm)

p(10"m?)

12—:
K4

3 Y

Milling time (Hours)

Figure 4.05. Variations of D and p as a function of milling time for FegSiio alloy powders

milled for different time periods.

Figure 4.05 summarizes the variations of D and p for FeoqSiio powders as a function of
milling time. The values of D decrease progressively up to 40 hours of milling and then attain
a nearly constant value, while the p values increase with increasing milling time and ultimately
show a tendency to saturate at longer milling time. The values of p reach up to the order of
10'7 m after milling for 60 hours. This indicates the formation of one to seven dislocations
for every 10 nm? area by the mechanical alloying process [KALI20081, KALI20082,
BOUK2012]. This systematic study reveals the development of non-equilibrium solid solution
of a-Fe(Si) with nanocrystalline microstructure during the mechanical alloying process. The
formation of solid solution with nanosized crystallites suggests that the solid solution would
be harder and stronger than pure metal [AGUI2010]. As discussed earlier, mechanical alloying
is a simple method to produce large variety of nanomaterials at the solid state. In order to
enhance the solubility, the exterior energy should be supplied. The energy is eventually
transferred to the powders during the milling process. Further, intense deformation is
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introduced into the particles during the mechanical alloying process. It was reported that the
rates of dissolution of the powders were directly related to the dislocation densities introduced
by the comminution [ALBA1987]. Therefore, dislocation density is one of the major structural
parameters influencing the final nanocrystalline microstructure. As the milled powders
subjected to severe plastic deformation, the density of dislocations can be correlated by
[HULL2001],

<77rms>
pP=243 (4.06)

where {7rms) is root mean square lattice strain, b is modulus of Burgers vector of dislocations,
as defined in eqn.(4.04). It is clear from the above equation that the development of large
density of dislocations increases the probability of forming highly refined crystallites. On the
other hand, when the crystallite size reaches a saturation value, further milling will not produce
more dislocations due to the difficulty of generating dislocations at smaller crystallites. It may
be noted that at this stage the existing dislocations will be rearranged and some dislocations
may be annihilated due to prolong milling [AGUI2009]. This process also promotes the
formation of grain boundaries in the final nanocrystalline alloys. It is well understood that the
basic underlying mechanism of grain refinement involves an increase in the dislocation density
by heavily deforming the materials as shown in Figure 4.05. These dislocations form an
ordered arrangement of walls and as the deformation continues these walls transform into grain
boundaries. The crystallites in severely deformed materials are divided into subcrystallites
which are separated from each other by low-angle grain boundaries. These grain boundaries
eventually affect the movement of dislocation significantly. As the average crystallite size
decreases largely with increasing milling time period in the presently investigated samples, we
have tried to estimate the development of fraction of grain boundaries (feg) in as-milled
powders. The fraction of grain boundaries is in inverse proportion to grain size defined as
[YOUS2012],

(D-decs )’ ‘[‘)’gGB i (4.07)

feg =1~
where D is the average crystallite size calculated from XRD pattern using MWHP method,
decr is the effective grain boundary thickness which is associated with the average atomic

diameter (Daag) of the major elements in the nanocrystalline materials given as [SONG1999],
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deGB:84 Dgag —21.7 (4.08)

where both degg an Daad are in nanometer scale. This relation suggests that larger the atomic
diameter, the wider the effective grain boundary. In most of the nanostructured alloys, the
estimated thickness of the interfaces was roughly found to be 2 to 3 atomic layers
[YOUS2012]. The values of feg were determined using eqn.(4.07) for the powders milled at
different milling time periods and depicted in Figure 4.06. As expected, the fraction of grain
boundaries increases to a great extent with increasing milling time period and attains a
maximum value of nearly 20 % for 100 hours milled powders. Similar increase in the fraction
of grain boundaries with increasing milling time period in mechanically alloyed
nanocrystalline Fe-Co-Si powders was reported by Yousefi et al. [YOUS2014]. Bahrami et al.
[BAHR2013] shown the value of feg as 13 %, 18 % and 28 % when the average crystallite size
is 14, 10 and 6 nm, respectively in Fe-Ni-Si alloy powders milled for 36 hours. These results
suggests that the fraction of grain boundaries in the as-milled powders strongly depends on the

composition of the alloys and milling parameters.
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Figure 4.06. Variation of feg as a function of milling time for FeqoSiio alloy powders milled for

different time periods.

In order to understand the development of nanocrystalline microstructure and to analyze

the existence of defects in the nanostructure, TEM observations were carried out for as-milled
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powders. Figure 4.07 displays typical bright-field TEM (BF-TEM) image, selected area
electron diffraction (SAED) pattern, high-resolution TEM (HR-TEM) image and inverse-Fast
Fourier Transform (i-FFT) image of selected area of HR-TEM image of FeoSiio powders
milled for 60 hours. BF-TEM micrograph displays the existence of fine-grain microstructure,
which is a typical characteristic of mechanically alloyed powders. The non-uniform contrast
inside each grain and along the grain boundaries observed in BF-TEM image indicates the
presence of high degree of strain in the as-milled powders. SAED pattern shows the
polycrystalline nature of the powders with the rings corresponding to reflections from (110),
(200) and (211) planes of o-Fe(Si). The d-spacing and lattice constant were calculated from
the electron diffraction pattern for the 60 hours milled samples. These results agree well with
the values obtained from XRD peak analysis. HR-TEM image also supports the presence of

fine nanometer sized crystallites with high degree of strain.

Figure 4.07. (i) BF-TEM micrograph and SAED pattern (ii) HR-TEM image and (iii) i-FFT
image of selected area of HR-TEM image [highlighted by square box in Figure 4.07(ii)] of

FeooSiio alloy powders milled for 60 hours.

However, the existence of defects in the crystallites could not be directly observed from
the HR-TEM images. This is mainly due to the limitation of the TEM instrument used for

observing such high resolution images. In order to analyze the existence of possible defects,
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the HR-TEM image was resolved by inverse-fast Fourier Transform (i-FFT) method using
GATAN digital micrograph software and shown in Figure 4.07(iii) for 60 hours milled FeoSi1o
powders. The i-FFT image of the selected area of the HR-TEM image clearly confirms the
presence of dislocations, which are highlighted by circles. These results show that a highly
strained and defective nanostructure has been formed after 60 hours of milling in the presently

investigated sample.

5 iy G - e o " ¥

Figure 4.08. SEM micrographs of pure (a) Fe, (b) Si and FeoSiio alloy powders milled for
various time periods: (c) 5 hours, (d) 10 hours, (e) 30 hours and (f) 60 hours.

Changes in the surface morphology of the powders with increasing milling time periods
were observed from the SEM micrographs of pure powders and powders milled for various

milling time periods and presented in Figure 4.08. As shown in the Figures 4.08 (a) and (b),
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pure Fe powder exhibits predominantly rounded shape with large sized particles in the range
between 60 and 100 um [DEME2013], whereas the Si powder shows plate-like morphology
[BAHR2013] and contains finer particles in the size range of 5 to 30 #m as compared to the
Fe powder. After the initial milling stage, the average particle size resulting from the
aggregation of many crystallites has reduced significantly, but has an irregular morphology up
to 10 hours of milling. The particle size distribution is also found to be relatively
inhomogeneous. Such aggregates are typical of mechanically alloyed powders and result from
the repeated cold-welding and fracture of powders during ball milling [LUL1998]. For higher
milling time periods, the particle size becomes smaller in the size range of 300 to 600 nm and
the size distribution becomes narrower with spherical shape in nature. However, no significant
change in particle size of the powders could be observed after 30 hours of mechanical alloying.
The average crystallite size calculated from the XRD analysis is about 10 nm for 60 hours
milled powders. These results suggest that the particles with sizes ranging from few hundred
nanometers to few micrometers observed in SEM micrographs are agglomerations of
nanosized (~10 nm) crystallites oriented randomly within the particles. Composition analysis
was performed on 60 hours milled powders using EDS. The results of the analysis showed the
overall average composition to be Feo 3Sio 7. This indicates the presence of Si in the form of

solid solution in o-Fe.
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Figure 4.09. Room temperature XRD patterns of Fei00xSix alloy powders with (a) X =15, (b)

X =20 and (c) X = 25 milled for various milling time periods.
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Figure 4.10. Room temperature XRD patterns of Fei100xSix alloy powders with (a) X = 30, (b)

X =40 and (c) X =50 milled for various milling time periods.

4.3.2. Structural properties of FewooxSix (x = 15— 50):

Figures 4.09 and 4.10 depict the room temperature XRD patterns of the FeiooSix alloy
powders with X= 15 — 50 milled for various milling time periods. The following features were
observed from the XRD patterns: (i) For the Fe-Si samples with X up to 30, with increasing
milling time, the reflections corresponding to Si decrease progressively and disappear
completely after 100 hours of milling. This indicates the formation of non-equilibrium solid
solution of a-Fe(Si). A close observation confirms that the milling time required for forming
the solid solution increases with increasing Si content in Fe100-«Six alloy powders. For example,
the milling time of 40 hours, 60 hours and 100 hours is required for forming solid solution in
FegoSizo, Fe7sSias and Fe70Si30 samples, respectively. (i) On further increasing the Si content
above 30 at.%, the milling time of 100 hours is also not sufficient to form the solid solution in
Fe-Si binary alloys. This could be due to the delay in the dissolution behavior of Si into Fe
with increasing Si content under the present milling conditions. (iii) In addition, the broadening
of the a-Fe(Si) peak increases and the peak position shifts to higher angles with increasing

milling time periods and Si contents. As discussed earlier, the broadening of the peaks confirms
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the formation of nanocrystalline microstructure with highly refined and internally strained
grains, while the shifting of peak positions suggests the atomic disorder due the dissolution of

Si in Fe matrix leading to a change in lattice constant.

24 (a)
JRAN
§ e
H 12 \Q
‘_“"‘é__‘__—‘—-—\_\_ )
N
6
7.5- ' ' '
é/,,jé
.-""/
o~ 5.0 o ?
E d
=]
< 25 §/
& %
(b)
0.0 . . . ‘ ;
20 é___’_;,_%
—
L 15 ‘§/
= 4
‘l-.m ;/
10
'
(c)
S 20 s e s 100

Milling time (Hours)

Figure 4.11. Variations of D, p and fgg for FessSiis alloy powders milled for various time

periods.

A careful analysis of the XRD patterns of the milled Fe100xSix alloy powders with different
Si content reveals that the lattice constant decreases from 0.28715 nm for un-milled powder to
nearly stable values of 0.2863 nm, 0.28607 nm, 0.28585 nm and 0.28576 nm in FessSiis,
FesoSiao, Fe75Sias and FeroSiso alloy powders, respectively after obtaining the non-equilibrium
solid solution of a-Fe(Si). This reveals a maximum lattice change of 0.00085 nm, 0.00108 nm,
0.0013 nm and 0.00139 nm with increasing Si content from 15 to 30 at.%. Following the

procedures for calculating the degree of dissolution discussed in earlier section for FegoSiio
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alloy powders, the above changes in the lattice constant accounts for nearly 87 %, 83 %, 80 %

and 73 % Si occupancy in bcc a-Fe for the samples of FegsSiis, FesoSizo, Fe7sSizs and FezoSizo

alloy powders, respectively and the rest of the Si mostly residing in grain boundaries.
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Figure 4.12. Variations of D, p and feg for FesoSizo alloy powders milled for various time

periods.

The observation of 80 % Si occupying bcc o-Fe sites for FersSizs alloy powder is in close

agreement with the report of occupancy of 82 % Si in bcc o-Fe for FersSizs system

[KALI20081]. These results suggests that the amount of Si occupying bcc o-Fe sites decreases

significantly with increasing Si content. This could be attributed to the difficulty in dissolving

all the Si into Fe matrix with the present milling conditions. This is also in good agreement

with the reports given by Yousefi et al. [YOUS2014]. Since the formation of non-equilibrium

solid solution in high Si content Fe-Si alloys could not be achieved, the calculation of lattice

constant was not extended for the Fei00xSix alloy powders with X > 30.
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Figure 4.13. Variations of D, p and fgg for FessSizs alloy powders milled for various time

periods.

The structural parameters such as D and p determined using MWHP fit procedure as
described in eqn.(4.04) and fee calculated using eqn.(4.07) were depicted as a function of
milling time periods in Figures 4.11 to 4.14 for FeiooSix alloy powders with x = 15, 20, 25
and 30, respectively. The values of D decrease with increasing milling time periods and reach
about 8§ — 10 nm after 100 hours of milling. On the other hand, the values of p increase
drastically for the initial period of milling and tend to saturate at higher milling time periods.
Nevertheless, the values of p are found to be of the order of 10'7 m. The variations of D and
p exhibit almost similar behavior for all samples, but the actual values depend significantly on
the composition of the alloys. Furthermore, the fraction of grain boundary region increases
with increasing milling time period and reaches a saturation value in the range of 19 to 21 %.

With increasing Si content, a slight increase in fraction of grain boundaries was also observed.
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This could be due to the enhanced work hardening rate of the Fe matrix by the brittle nature of

the Si particles [BAHR2013]. These results show a strong correlation between the

microstructural refinement and formation of grain boundary regions in these mechanically

alloyed powders.
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Figure 4.14. Variations of D, p and fgg for Fe7oSizo alloy powders milled for various time

periods.

To understand the effect of Si content on the surface morphology changes, SEM

micrographs of the as-milled powders with non-equilibrium solid solutions were observed. The

average particle size resulting from the aggregation of many crystallites becomes smaller and

the size distribution becomes narrower with spherical shape in nature. Further, the average size

of the particles decreases not only with increasing milling time periods, but also decreases

significantly with increasing the Si content. The actual variation of particle size of the milled

powders with increasing Si content is presented in the later part of the chapter for the powders

milled at 600 rpm speed. Composition analysis performed on as-milled powders using EDS

TH-1361_09612118



Chapter 04: Mechanical alloying of binary Feio-xSx alloy powders

showed the overall composition to be Fegs4Siias, Fego7Sii93, FerssSiza2 and Fer1.1Sizg9 for
Fe100xSix alloy powders with x = 15, 20, 25 and 30, respectively. This indicates the presence
of Si in the form of solid solution in o-Fe and compositional homogeneity obtained in the

powder supports the claim of formation of o-Fe(Si) solid solution.
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Figure 4.15. Room temperature M-H loops of FegSiio alloy powders milled for various time

periods. Inset: Expanded view of M-H loops close to origin.

4.3.3. Evolution of magnetic properties during milling:

In order to understand the effect of milling on the magnetic properties, room temperature
magnetic hysteresis (M-H) loops were obtained for all the as-milled powders. Figure 4.15
depicts typical M-H loops for the FegoSiio powders milled for various milling time periods and
expanded view of the M-H loops close to origin in the inset. The shape of the loops is typical
of a soft magnetic material. The magnetization value measured at high field decreases
gradually with increasing the milling time periods. To monitor the effect of milling on the
magnetic parameters such as saturation magnetization (Ms) and coercivity (Hc), Ms and Hc
were obtained from the M-H loops. In order to determine the actual value of Mg the initial

magnetization curves were fitted to power series defined as in eqn.(4.09)

M(H) = Ms(l—%——Jr...] (4.09)
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where M(H) is the magnetization in an applied magnetic field H and a; and & are constant

coefficients [KRON2003].
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Figure 4.16. Variations of Hc and Msof FegoSii0 alloy powders milled for various time periods.

Figure 4.16 displays the variations of Hc extracted from the M-H loops and Msdetermined
from eqn.(4.09) as a function of milling time. Ms decreases gradually at a rate of 1.8 emu/g up
to 40 hours of milling. On further milling, the rate of decrease in Ms with increasing milling
time reduces to 1.02 emu/g. Progressive Si substitution in Fe during the milling process induces
a partial filling of the Fe 3d bands with 3p electrons which results in the decrement of magnetic
moment of Fe [SHEN2005, BLAN2006, MARI2001]. Since the fraction of grain boundaries
increases with increasing milling time, one would expect a considerable amount of Fe atoms
to be present in the grain boundaries which can result in an increase in the inter-atomic
distances spatially between Fe neighbours [BLAN2006, KALI20082]. Note that the increase
in inter-atomic distances between Fe neighbours can contribute to the lowering of Ms values.
On the other hand, Hc of the powder increases with increasing milling time periods. The severe
plastic deformation during the milling process produces a large density of defects like
dislocations and grain boundaries, which could hinder the motion of the domain walls and
increase the coercivity. Such variation is in good agreement with the earlier reports on similar
systems [BAHR2006, KALI20081, SUNO2008]. However, it may be noted that the actual
variation of Hc with milling strongly depends on the milling conditions and alloying materials.
For example: Taghvaei et al. [TAGH2011], Yousefi et al. [YOUS2012], Bahrami et al.
[BAHR2013] and Gomez-Esparza et al. [GOME2014] reported that Hc increases initially up
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to certain milling time period and then decreases with further increase in the milling time. This
results a maximum in Hc after certain milling time periods. However, the milling time at which
the maximum Hc appears strongly depends on the alloying materials. In contrast, Kim et al.
[KIMS2006] and Bensebaa et al. [BENS2010] showed decreasing tendency in Hc with
increasing milling time period for the Fe-Si based alloy powders. On the other hand, Guittoum
et al. [GUIT2008] showed that Hc of FeNi alloy prepared by mechanical alloying exhibit
oscillatory variation up to 12 hours of milling and then increases continuously with increasing
milling time up to 50 hours. These different results clearly suggest that any changes in the
magnetic properties of as-milled powders with milling time strongly depends on the milling

parameters and alloying materials.
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Figure 4.17. Variation of Hc of FegSiio alloy powders as a function of p. The straight line

passing through the data points is the best fit for the linear equation.

In order to understand the various contributions to Hc in the present investigation, Hc has
been plotted as a function of p in Figure 4.17. It could be clearly seen from the figure that the
variation of coercivity with dislocation density shows almost linear behavior for the entire
range of milling time periods. The solid line passing through the data point is typical linear fit
to the data. According to Néel’s theory [NEEL1946], randomly distributed internal stresses
(o) introduced during milling in the samples with local magnetostriction constant (4) are
expected to increase the coercivity. In addition, if the magneto-elastic energy (Ao) is larger

than the anisotropy energy, the coercivity is likely to be proportional to the dislocation density.
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Thus, the linear relationship between coercivity and dislocation density obtained in the as-
milled powders suggests that dislocation defect is the major factor responsible for the increase

in He, which is in good agreement with Néel’s theory.
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Figure 4.18. Room temperature M-H loops of FeiooxSix alloy powders with X = 15 and 20

milled for various time periods.
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Figure 4.19. Room temperature M-H loops of FeiooxSix alloy powders with X = 25 and 30

milled for various time periods.

4.3.4. M agnetic properties of Feio-xSix (x = 15— 30):
Figures 4.18 and 4.19 show the room temperature M-H loops of the Feioo-xSix alloy powders
with X =15 and 20 and X = 25 and 30, respectively. The loops shown in the figures are typical

of soft magnetic materials. The magnetization value measured at high field decreases gradually
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for all the samples with increasing the milling time periods. To study the effect of milling
process on the magnetic parameters, the values of Ms were determined using eqn.(4.09) and

Hc were extracted directly from the M-H loops.
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Figure 4.20. Variations of Hc and Ms of Fei10oxSix alloy powders with (a) X= 15 and (b) Xx=20

milled for various time periods.

Figures 4.20 and 4.21 show the variations of Hc and Ms of the Fei00xSix alloy powders
with X =15 and 20 and X = 25 and 30, respectively. Ms decreases and Hc increases with the
increase in milling time for all the compositions. However, the rate of variation of Msand Hc
depends on the composition and change in the alloying process with Si substitution. A close

observation of the magnetic data reveals that the values of Msalso decrease with increasing Si
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content. This could be correlated to partial filling of the Fe 3d bands with 3p electrons which

results in the decrement of magnetic moment of Fe with increasing Si content. On the other

hand, a significant increase in Hc was observed with increasing Si content in Fe-Si alloy

powders. This could be attributed to the increase of internal strain which has been introduced

during the milling process and undissolved solute atoms in the grain boundaries acting as

inclusions and hinder the domain wall motion [KHAJ2011].
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Figure 4.21. Variations of Hc and Ms of Fei00xSix alloy powders with (a) X=25 and (b) Xx=30

milled for various time periods.

In order to understand the effect of Si content on the Hc behaviour of the as-milled samples,

the variation of Hc is plotted as a function of p for all the samples in Figure 4.22. It is clear
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from the figure that (i) For FegsSiis sample, the variation of Hc with p shows a nearly linear
behavior for almost the entire range of milling time. (ii) However, with increasing the Si
content, the region of linear variation of Hc is reduced and for higher milling hours, the

variation of Hc exhibits another rate of increase.
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Figure 4.22. Variations of Hc of Fe10oxSix milled powders with (a) x = 15, (b) X =20, (¢c) X=
25 and (d) X = 30 as a function of p. The straight line passing through the selected data points

is best fit for the linear equation.

These results suggest that if dislocation defect is the only factor responsible for the increase
of Hc with milling time periods, then the linear relationship between p and Hc is expected to
hold for the entire range of milling time as observed for X = 10 and 15. Therefore, the
appearance of second linear region of variation for higher Si content suggests that there exists
additional contributions other than dislocation defects to Hc. Since the average particle size
decreases with increasing milling time periods and with increasing Si contents, it can be
expected that Hc of the powders also depends on the average particle size. This is in good

agreement with the earlier reports on similar systems [HERN2005, KALI20081, YOUS2014].
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4.4. Properties of Fe-Si binary alloy powder s milled at 600 r pm:

The study of structural and magnetic properties of Feioo-xSix (X= 10 - 50) alloy powders milled
at a speed of 500 rpm revealed that the formation of a-Fe(Si) solid solution was limited up to
30 at.% Si within 100 hours of milling. Since the choice of milling parameters plays a major
role on controlling the properties of end product in mechanical alloying process, the milling

speed was increased from 500 rpm to 600 rpm to extend the formation of solid solution to
higher Si content Fe-Si alloys.
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Figure 4.23. Room temperature XRD patterns of Fe100xSix alloy powders milled for various

time periods: (a) 40 hours, (b) 70 hours and (¢) 100 hours.
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In the following section, we report the study of structural and magnetic properties of Fe10o-xSix
(X=15-40) alloy powders milled at 600 rpm as a function of milling time period and Si content.
As we have studied the evolution of structural and magnetic properties of Fe-Si alloy powders
as a function of milling time period in detail, we hereby focus mainly on the effect of Si content
on the structural and magnetic properties of Fei00xSix (X =5 - 40) alloy powders exhibiting

non-equilibrium solid solution of o-Fe(Si).

4.4.1. Evolution of structural properties:
Figure 4.23 shows typical XRD patterns of Fe10oxSix (X =5 —40) powders milled for different
milling periods such as (a) 40 hours, (b) 70 hours and (c) 100 hours. It is observed that (i) With
increasing milling time to 40 hours, the reflections corresponding to Si observed in as-mixed
powders (see Figure 4.01) disappear leaving behind only bcc Fe reflections for Si content up
to 20 at.%. This confirms the formation of bcc a-Fe(Si) non-equilibrium solid solution. (ii)
The samples with X > 20 do not form the solid solution completely within 40 hours of milling,
(ii1) On further increasing the milling time to 100 hours (see Figure 4.23 (c)), the formation of
solid solution could be enhanced up to 40 at.% Si in Fe-Si alloy powders. (iv) However, a
careful observation of XRD patterns reveals the existence of finite FesSi; and/or Fe-Si
intermetallic compounds (represented by filled circle) in FesoSiso sample. (v) The sharp
diffraction lines observed for as-mixed powders are broadened with increasing milling time
and a measurable shift in the peak positions to higher angle has also perceived. These results
suggest that the mechanical alloying induces disordering of bcc Fe structure, dissolution of Si
in Fe matrix, creation of large interfacial area and grain boundaries with randomly oriented
and highly strained nanocrystalline grains and formation of solid solution and compounds
during milling. As a result, Fe-Si solid solution could easily be obtained for X < 20 at low
milling hours and the milling time required for forming solid solution in samples with X > 25
increases with increasing Si content. This is in good agreement with the earlier reports on
similar systems [FECH1992, BENS2009]. In order to understand the effect of Si content on
the structural parameters, the XRD patterns of the as-milled powders exhibiting non-
equilibrium solid solutions were analyzed using eqn.(4.04). It is observed that the values of
and Cnu are in the range of 1.65 — 2.32 and 0.105 to 0.148, respectively for the presently
investigated samples.

Figure 4.24 displays the changes in the lattice constant of non-equilibrium solid solution

of o-Fe(Si) with increasing Si content. The lattice constant decreases gradually with increasing
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Si content confirming the occurrence of atomic disorder during mechanical alloying, which is
mainly due to the dissolution of Si in Fe matrix. This is expected since atomic radius of Si
(0.118 nm) is smaller than Fe (0.125 nm) [KALI20081, MIRA2008]. A maximum lattice
constant change of 0.5% was obtained by substituting 40 at.% Si in Fe-Si alloy powders.
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Figure 4.25. Variations of D and p of Fei00xSix solid solution as a function of Si content.

The average crystallite size of the powder decreases largely down to around 10 nm due to
milling. However, the average values of crystallite size display a weak dependence on Si
content as shown in Figure 4.25. This behavior is in close agreement with the earlier reports
on similar systems [MIRA2008], where the average crystallite size of Fe-Si alloy powders
exhibits oscillating behavior between 15 nm and 13.2 nm with increasing Si content from 6.5
at.% to 25 at.%. On the other hand, the dislocation density of the powder raises to a value of
order of 10'7 m? for the solid solution. In addition, dislocation density increases with
increasing Si content up to 35 at.% and decreases slightly for FesoSiso sample. As discussed
earlier, the decreasing of crystallite size after milling could be attributed to formation of defects
such as dislocations that can appear in different ways such as formation of dense regions of
these dislocations into the grains, pile up the grain boundaries or untidy clusters into the grain
[SCHI1996]. All these possibilities guide to formation of sub-grain structures inside the
original grain and therefore decreasing the effective size in crystalline region. On the other
hand, the increasing of dislocation density of solid solution can be attributed to the enhanced

severe plastic deformation during the milling process by the introduction of brittle nature of
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the Si particles. The decrease in dislocation density for FesoSiso sample might be due to the
formation of finite Fe-Si intermetallic phases. Furthermore, the fraction of grain boundaries
calculated using eqn.(4.07) increases from 19 % to 22.8 % with increasing Si content from 5

at.% to 35 at.% in o-Fe(Si) solid solution. This could be attributed to the enhanced work

Figure 4.26. SEM micrographs of pure (a) Fe, (b) Si, and Fe1oxSix solid solution with different
Si content: (c) x=15, (d) x= 10, (¢) x= 20 and (f) x = 30.

The changes in the surface morphology of the non-equilibrium solid solution with different
Si contents were investigated using SEM microscopy technique. Figure 4.26 shows the SEM
micrographs of un-milled Fe and Si powders and milled Fe-Si alloy powders with increasing

Si content from 5 at.% to 30 at.%. As discussed earlier, the un-milled Fe and Si exhibits large
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sized particles. The average size of the particles in the Fe-Si solid solution decreased
significantly with increasing Si content and relatively become homogenous. The average size
distribution of the particles also becomes narrower with spherical shape in nature. Comparative
studies between XRD and SEM reveal that the particles seen in the SEM micrographs consist
of crystallites with a size of about 8 — 11 nm oriented randomly with respect to each other.
Composition analysis performed on as-milled powders using EDS showed the overall
composition to be Feos1Sisg, FeoosSios, FegsaSiag, FesosSios, FersoSinai1, FeriSizg and
Fese.15133.9 for Fe100xSix alloy powders with x=5, 10, 15, 20, 25, 30 and 35, respectively. This
confirms the presence of Si in the solid solution of a-Fe. These changes in the structural and
surface morphology of the Fe-Si alloyed powders are expected to modify the magnetic

properties considerably.
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Figure 4.27. Room temperature (a) initial magnetization curves and (b) M-H loops of Feio-

xS1x solid solution as a function of Si content.
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4.4.2. Evolution of magnetic properties:

Figure 4.27 depicts room temperature initial magnetization curves and M-H loops measured
for Fe-Si non-equilibrium solid solution with different Si contents. All the M—H curves exhibit
a similar nature and attain saturation above 10 kOe applied field. The loops shown in the
figures are typical of soft magnetic materials. The magnetization value measured at high field
decreases gradually for all the samples with increasing Si content. To study the effect of Si
substitution on the magnetic parameters, the values of Ms were determined using eqn.(4.09)

and Hc were extracted directly from the M-H loops and displayed in Figure 4.28.
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Figure 4.28. Variations of Hc and Ms of FeiooxSix solid solution as a function of Si content.

Ms decreases gradually in Fe-Si solid solution with increasing Si content. This follows a
similar trend of lattice constant variation with increasing Si as shown in Figure 4.24. Therefore,
the substitutional dependence of Ms can be attributed to a partial filling of Fe 3d band with 3p
electrons in Fe-Si powders [SHEN2005, BLAN2006, MARI2001]. In addition, considerable
amount of Fe atoms is expected to be present in grain boundaries, which varies the inter-atomic
distance between Fe neighbors spatially leading to reduction in Ms On the other hand, Hc
increases slowly with increasing Si up to 15 at.% and exhibits a small decrease for FesoSizo
sample. On further increasing Si content, Hc increases significantly at a faster rate. It is well
known that Hc in the mechanically alloyed powders increases with increasing p, while the

reduction in D exhibits a large decrease in Hc [KALI20083, BENS2010]. Zhou et al.
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[ZHOU1999, ZHOU2000] reported that Hc decreases with increasing Si content up to 20 at.%
and then increases significantly with further increase in Si content. This was attributed to a
reduction in effective magnetic anisotropy by the substitution of Si, induced strain and grain
boundaries. Similarly, Varga et al. [VARG2001] reported that the effective magnetic
anisotropy constant decreases significantly with increasing the Si content up to 20 at % and

remains more or less constant up to 35 at.% Si for Fe-Si alloys prepared by rapid solidification

method.
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Figure 4.29. The representation of M as a function of H! and H for Fej00xSix solid solution

with different Si content.
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Therefore, to study the role of effective magnetic anisotropy (Kef) and its dependence on
the Si content, the initial magnetization curves were fitted to eqn.(4.09) to extract the values of
the constants a; and a&. While the coefficient ai has been shown to be caused by the dislocation
dipoles provided the distance between the two dipole is smaller than the exchange correlation
length, the coefficient & is related to the effective magnetic anisotropy of cubic crystal

materials given as [KRON2003],

8 Kgff
a, = (—) LA LI (4.10)
28 2
105 ,U()MS

If the value of @ can be obtained from eqn.(4.10) by analyzing the initial magnetization curves

using eqn.(4.09), then the values of Ket can be determined out using

105
Kett =soM s /== (4.11)
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Figure 4.30. Variation of Kef of Fe100xSix solid solution as a function of Si content. The values

extracted from literature results are also shown for comparison.
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In order to verify the applicability of eqn.(4.09) to analyze the experimental magnetization
data, the plots of magnetization against H! and H- for the presently investigated samples are
demonstrated in Figure 4.29. Considering the validity of the data, the magnetization data were
fitted to eqn.(4.09) to obtain the values of & and hence Ket using eqn.(4.11). Figure 4.30
displays the values of Kef as a function of Si content. As a comparison, the absolute values of
the magnetocrystalline anisotropy of the disordered polycrystalline FeiooxSix alloys
[BOZO1951, BECK1991], nanocrystalline Fe-Si powders [ZHOU1999] and rapidly quenched
Fe100-xSix alloys [VARG2001] are also shown in the figure. While the value of anisotropy for
disordered polycrystalline Fe-Si decreases largely [BOZO1951, BECK1991], the Kest values
of nanocrystalline alloys decreases gradually with increasing Si content. This observed results
are in good agreement with the reports of Zhou et al. [ZHOU1999]. However, the values of Hc
were found to increase with increasing Si content as shown in Figure 4.28. Shen et al.
[SHEN2005] reported that for the alloys containing large values of dislocation density, Hc is
dominated by the residual strain generated by dislocations. The presence of such strains
remarkably rescinds all the advantages of having nanosized grains and results high values of
Hc. Yousefi et al. [YOUS2014] and Bahrami et al. [BAHR2013] also showed an increase in
Hc of the as-milled Fe-Co-Si and Fe-Ni-Si based alloys prepared by mechanical alloying

technique with increasing Si content.

120
90{
S
*-:)GO—
Ry
30{
0-'1""'[“"'1""'i""'l"'
6.8 7.0 7.2 7.4 7.6
p (10" m?)

Figure 4.31. Variation of Hc of Fei00-xSix solid solution as a function of p.
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To understand the increasing Hc nature with Si substitution, we have tried to interpret the
variation of Hc with all the structural parameters. As explained earlier, there is no clear
correlation between D and Hc of Fe-Si solid solution, as the effective changes in D and Hc
with Si content are significantly different. This suggests that Hc depends not only on D, but
also on other structural factors. Figure 4.31 displays the variation of Hc as a function of p. It
is clear from the figure that there are two distinct regions of nearly linear behavior. As
discussed earlier, according to Néel’s theory [NEEL1946], if the magneto-elastic energy is
larger than the anisotropy energy, the coercivity is likely to be proportional to the density of
dislocations. Therefore, if dislocation defect is the only factor responsible for the increase of
Hc with increasing Si content, then the linear relationship between dislocation density and
coercivity is expected to hold for the entire composition range. However, the observed
deviation in the initial linear behavior of Hc with p indicates that factors other than dislocation
defects contribute to Hc of the powders at higher Si content. Since the average particle size
decreases with increasing Si content, it can be correlated that the coercivity of the powders
also depends on the average particle size at higher Si content Fe-Si non-equilibrium solid
solution [HERN2005, KALI20081]. As the coercivity is a microstructure sensitive property, it
would also depend on other microstructural parameters such as fraction of grain boundaries.
Hence, Hc increases significantly with increasing Si content and inclusions [CHIT2011].

To investigate the presence of various magnetic phases in high Si content samples in
correlation with the structural studies, high temperature M—T measurements were carried out
systematically for all the compositions milled at different milling hours under 100 Oe applied
field at a heating rate of 5 K per minute. In order to compare the M-T data, the temperature
dependent magnetization data is normalized with respect to corresponding room temperature
magnetization value. Figure 4.32 depicts the normalized M-T curves for the samples milled for
different time periods. A close observation of the Figure 4.32 and a comparative study between
the structural properties reveals that Fe-Si solid solution with X < 20 exhibit a single magnetic
phase transition from ferromagnetic to paramagnetic phase as shown in Figure 4.32(a). On the
other hand, M-T curves of samples with X = 20 show strong dependence on the milling time,
and the destruction and generation of various magnetic phases were evident from Figure
4.32(b). Two different magnetic phase transitions were observed for FeiooxSix (25 < X < 35)
powders milled for 40 hours. While the first one at comparatively low temperature can be
assigned to the formation of Fe3Si compound [WALI1994, VARG2001], the phase transition
observed at higher temperatures (Tc) is due to the solid solutions of Si in Fe [BERK1969].
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Figure 4.32. Normalized M-T curves of Feio0xSix solid solution with (a) X < 20 milled for 40
hours and (b) X > 25 milled for 40 hours and 100 hours.

On further increasing the Si content to 40 at.%, we observed multiple phase transitions due
to the presence of FesSiz, Fe-Si compounds (Fe»Si and FesSi) and Fe-Si solid solution.
However, with increasing the milling time to 100 hours, the multiple phase transitions
transform into a single phase transition corresponding to Fe-Si solid solution as shown by

arrow marks in Figure 4.32(b) except for FeeoSiso sample, which exhibits both FesSiz and Fe-
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Si solid solution. It is understood that the mechanical alloying process involving a repeated
cold welding and fracturing to form nanocrystalline structure results the formation of various
phases such as solid solutions, intermetallic compounds and amorphous states depending on
the milling intensity and milling period. Hence, the formation of intermetallic compounds such

as FesSis, Fe3Si and Fe:Si are also observed for alloys with X > 25.

1050
1000
950 -
X 900
HU
850 %
| —*—[VARG2001] °
—A— [FALL1936] \
800 —e—[CARM1991] ®
®  Present work \0 ®
750'l""l""l""I""I""I
0 10 20 30 40 50

x (at.% Si)

Figure 4.33. Variation of Tc of Fei100xSix solid solution as a function of Si content. Tc values
reported in Fe-Si system [FALL1936, CARMI1991, VARG2001] are also shown for

comparison.

To understand the variation of Curie temperature (Tc) of the solid solution with Si content,
the value of Tc of various magnetic phases was obtained from the thermal derivative of M-T
data. Figure 4.33 depicts the variation of Tc of Fe-Si solid solution for the presently
investigated samples along with the literature results for comparison. A careful analysis of the
present data and in comparison with the literature results, we interpret that Tc lies in the range
910 — 1043 K for Fe-Si solid solution [ESCO1991], 800 — 840 K for Fe3Si [WALI1994,
VARG2001], 543 K for Fe>Si [ESCO1991], 300 — 623 K for amorphous Fe-Si and 378 — 393
K for FesSiz [VARG2001, GIRO1987]. The obtained results for the presently investigated
samples suggest that the end products of mechanical alloying process are produced according

to following reaction;
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(100-x) Fe + xSi - a-Fe (Si); for x<20
(100-x) Fe + x Si > a-Fe-Si + FesSiz + FesSi + Fe2Si+ a-Fe (Si); for x =25

It is interesting to note that Tc of Fe-Si solid solution decreases gradually at a rate of 1.45 K
per at.% Si. Carmona et al. [CARM1991] reported a Tc variation of 2.56 K per at.% Si for the
composition between Fe7sSixs and Fes2.5Si37.5 prepared by mechanical alloying process. On
further increasing the Si content to 75 at.% in Feio0xSix alloy powder, Tc decreases down to
768 K at a rate of 0.9 K per at.% Si. On the other hand, Tc decreases largely at a rate of 6.6 K
per at.% Si in rapidly quenched FeiooxSix alloys in the composition range of 5 < X < 20
[FALL1936]. The slow decrease of Tc with Si content in mechanically alloyed powders can
be attributed to presence of considerable strain in the as-milled powders [GORR2009], which
is evident from the non-smooth variation of magnetization with increasing temperature
[ESCO1991]. These results reveal a good correlation between the structural and

thermomagnetic properties in the presently investigated Fe-Si nanocrystalline alloy powders.

4.5. Summary:

A systematic study on the evolution of structural and magnetic properties of FeiooxSix(X =5 -
50) alloy powders prepared by mechanical alloying process in a planetary ball mill has been
carried out as a function of milling time periods and Si contents under different milling
conditions over a wide range of compositions. The salient features of the Fe-Si binary alloys
from the current investigations are as follows:

+ Mechanical alloying produces non-equilibrium solid solutions of o-Fe(Si) with the
average crystallite size of nanometer range (around 10 nm) and dislocation density of
the order of 10'7 m?. Milling time and milling speed required for forming the solid
solution in high Si content Fe-Si alloys increases with increasing Si content. The
formation of solid solution could be extended up to 40 at.% Si.

+ Occurrence of atomic disorder with increasing milling time and Si content was evident
from the changes in the lattice parameter and magnetization values.

+ Milling process lead to the formation of finer particles of nearly homogeneous size and
spherical shape in nature.

4+ Presence of dislocations introduced during the mechanical alloying process and the
formation of grain boundaries increases the possibility of domain wall pinning and

resulting an increased coercivity with increasing Si content. The linear variation of
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coercivity with dislocation density over a complete range of milling time periods
depends strongly on the Si content.

+ Strain induced during milling has affected the Curie temperature of the powder, which
decreases at a rate of 1.45 K per at.% Si with increasing Si content in Fe-Si solid
solution.

4+ Although similar correlation between structure and magnetic properties has been
observed in powders of all the alloy compositions, the structural and magnetic

parameters have been found to be strongly dependent on the composition of the alloys.
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Chapter 5
Mechanical alloying of ternary Feioox-yCoySix alloy powders:
Effect of Co substitution
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5.1. Introduction:

The mechanical alloying of binary Fei100xSix alloy powders discussed in Chapter 4 revealed the
formation of non-equilibrium solid solutions of o-Fe(Si) over a wide range of compositions.
However, the milling time and speed required for forming the solid solution in high Si content
alloys increased considerably with increasing Si content. While the average crystallite size was
obtained to be 8 to 12 nm, the dislocation density increases slightly with Si addition up to 35
at.%. The occurrence of atomic disorder with milling and Si content has been discussed based
on the variation of lattice constant (a) and saturation magnetization (Ms). Recently, there has
been growing demand to develop new soft magnetic materials with high Ms high permeability
and low core loss for saving energy in electric power transmission and automotive applications.
In this context, Fe based nanocrystalline alloys have been extensively investigated [SELL2006,
OHIT2007]. The substitution of Si in Fe based alloys not only increases the electrical resistivity
and thereby reduces eddy current losses, but also decreases the effective magnetic anisotropy
(Keff). In addition, Ms values are also observed to be decreased significantly. In such cases, the
substitution of Co for Fe in Fe-based amorphous and nanocrystalline alloys is expected to
enhance Msand Curie temperature (Tc) [VACC1981, MISH2010]. Yousefi etal. [YOUS2012]
reported the effect of simultaneous addition of Co and Si to Fe in nanostructured Fe (Fe-Co-Si
alloys) prepared by mechanical alloying process and showed that the magnetic properties are
strongly dependent on the composition of Si content due to the competition between Si and Co
in the alloying process in nanostructured Fe. However, a systematic investigation on the
evolution of nanocrystalline microstructure and the resulting magnetic properties of Co
substituted FeiooxyCoySix alloys with different Si contents has not been performed yet.
Therefore, in this chapter, we present the effect of Co substitution on the structural and
magnetic properties of nanocrystalline Feioox-yCoySix alloy powders prepared by mechanical

alloying process by employing high energy ball mill.

5.2. Experimental details:

The starting materials used in this study include high purity (> 99.8 %) Fe, Co and Si powders
with different particle sizes of 60 — 100 gm, 2 — 4 4m and 5 — 30 wm respectively. Weighed
quantities of elemental Fe, Si and Co powders corresponding to the compositions of Fejoo-x-
yCoySix with Xx=10 and 15 and y = 0 — 20 were milled in a hardened steel bowl together with
8 mm diameter hardened steel milling balls. The ball to powder weight ratio was maintained

at 10:1. The bowl was filled with high purity argon gas to prevent oxidation of the powders
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during milling. The planetary ball mill (Insmart, India) was operated at 600 rpm and the
samples were milled for 40 hours duration. The milling process was programmed such that the
milling was paused for 10 minutes after every 15 minutes of milling to minimize excessive
temperature rise. To determine the variations of &, average crystallite size (D), dislocation
density (p) and the fraction of grain boundaries (fes), the powder specimens were analyzed
using X-ray diffraction (XRD) in a high-power X-Ray diffractometer (Rigaku TTRAX III 18
kW) using Cu-K, (4 = 1.54056 A) radiation. XRD data were collected at a slow scan rate of
0.005°/s to analyse the structural parameters using Modified Williamson Hall Plot (MWHP)
method [UNGA19991, UNGA19992]. As described in Chapter 4, the instrumental broadening
was corrected using eqn.(4.01) for the calculations of structural parameters. The surface
morphology and evolution of nanocrystalline microstructure were investigated by field
emission scanning electron microscope (FE-SEM, ZEISS) and transmission electron
microscope (TEM, JEOL 2100) respectively. Overall compositions of the as-milled powders
were characterized using energy dispersive spectrometer (EDS, Oxford) attached to scanning
electron microscope (SEM, Leo 1430VP). Magnetic properties of the samples were
investigated by performing room temperature magnetic hysteresis (M-H) loops and
temperature dependent magnetization measurements (M-T) by using vibrating sample

magnetometer (VSM, LakeShore Model 7410 USA).
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Figure 5.01. Typical room temperature XRD patterns of as-mixed and 40 hours milled

FegsCosSiio powders.
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5.3. Properties of nanocrystalline ternary Fego-yCoySii0 alloy powders:

5.3.1. Structural evolution with Co substitution:

Figure 5.01 displays typical XRD patterns of as-mixed and 40 hours milled FessCosSiio alloy
powders. It is observed that as-mixed powders exhibit sharp characteristic Bragg reflections
corresponding to all three constituting elements, i.e., Co (face centred cubic and hexagonal
close-packed structures), Si (diamond cubic) and Fe (body centred cubic). However, the peaks
corresponding to Co and Si disappear after milling for 40 hours. This is mainly due to the
diffusion of Co and Si in Fe matrix forming body centred cubic (bcc) solid solution of o-

Fe(Co,Si). Note that no additional peaks corresponding to any other compounds were
observed.

# -a-Fe(Cp,Si)

Intensity (arb.units)

JIJ"I!!I rrr
20 30 40 50 60 7ll0 810 90

2¢(degree)

Figure 5.02. Room temperature XRD patterns of 40 hours milled Feg.yCoySiio alloy powders
with y =0 - 20.

Figure 5.02 shows the XRD patterns of FegoyCoySiio with y = 0 — 20 alloy powders milled
for 40 hours. The as-milled powders exhibit significant peak broadening along with a
considerable shift in the peak positions. As discussed in the earlier chapter, the broadening of
the peaks confirms the formation of nanocrystalline microstructure with highly refined and
internally strained grains, while the shifting of peak positions suggests the atomic disorder due

the dissolution of substituting elements Co and Si in Fe matrix leading to a change in lattice
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constant. The solid solubility levels have been generally determined from the changes in the
lattice constant deduced from peak positions in the XRD pattern [KOOH2008, LOUD2011].
To understand the dissolution of Co and Si into Fe, the lattice constant determined from the
peak positions is depicted as a function of Co content in Figure 5.03. It is clear from the figure
that the lattice constant is observed to increase slightly up to 10 at.% Co substitution and then
decreases with further increase in Co content. A maximum lattice constant change of 0.1% was

observed with Co substitution in Fego-yCoySiio alloy powders.
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Figure 5.03. Variation of lattice constant and fractional change in the lattice constant of 40

hours milled Fego-yCoySiio alloy powders.

All the other structural parameters were determined by using MWHP method as discussed
in Chapter 4. Figure 5.04 displays the variations of D and p determined using eqn.(4.04) fitted
to the XRD data and fag calculated using eqn.(4.07) as a function of Co content. The values of
D are found to increase slightly from about 8 nm to 10 nm with increasing Co content up to 10
at.% and then decreases sluggishly for high Co content. On the other hand, the values of p are
found to be of the order of 10'7 m™, but decrease by small amount for initial Co addition up to
10 at.% and then increases slightly with further increase in Co content. Similarly, the values
of feg are also found to decrease from nearly 20 % to 16.5 % with increasing Co content up to
10 at.% and increases slowly for higher Co content. These results show close agreement to
each other and can be understood as follows: The slow increase of lattice constant with Co
substitution suggests that the milling process leads to the dissolution of Si and Co atoms in Fe

matrix and forms solid solution. Such variation of lattice constant with Co substitution is in
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good agreement with the earlier report on Fe-Co system [SHIG1974]. However, with
increasing Co content above 10 at.%, we observed a considerable drop in the lattice parameter,
which could be attributed to the delay in the dissolution of Co by the presence of Si
[YOUS2012]. Being Co as ductile [COTT1981, KELL1987, CHRI2013], the continuous
dissolution of Co in Fe decreases the work hardening rate of the Fe matrix and hence resulting
an increase in the average values of D. As a result, both the values of p and fes decrease with
increasing Co content up to 10 at.%. These results are adequate as per the expectation by
following the eqns.(4.06) and (4.07). On further increasing the Co content, due to delay in the
Co dissolution, work hardening of Fe matrix is modified mainly by the presence of Si. This
results as a decrease in the values of @ and D. Therefore, the values of p and feg increase

gradually at higher Co substitution.
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Figure 5.04. Variations of D, p and feg of 40 hours milled FegoyCoySiio alloy powders.
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In order to understand the development of nanocrystalline microstructure with the Co
substitution, TEM observations were carried out on the milled Fego.yCoySiio alloy powders.
Figure 5.05 displays typical bright field TEM (BF-TEM) images and selected area electron
diffraction (SAED) patterns of FegsCosSiio and Fe70Co020Si10 alloy powders milled for 40 hours.
BF-TEM micrograph displays the existence of fine-grain microstructure which is a typical
characteristic of mechanically alloyed powders. The non-uniform contrast inside each grain
and along the grain boundaries observed in BF-TEM images are the indicative of high degree
of strain present in the as-milled powders. The average crystallite size calculated from the BF-
TEM micrographs are about 10 nm and 9 nm for the 5 and 20 at.% Co content samples,
respectively. On the other hand, SAED patterns show the polycrystalline nature of the powders
with the rings corresponding to reflections from (110), (200), (211), (220) and (310) planes of
o-Fe(Co,Si). The d-spacing and lattice parameter calculated from the SAED patterns for the

40 hours milled samples are in close agreement with those values obtained from XRD peak

analysis.

i

Figure 5.05. BF-TEM images and SAED patterns of 40 hours milled FegoyCoySiio alloy
powders with (i) y =5 and (ii) y = 20.

Changes in the surface morphology of the powders with increasing Co substitution were
observed from the SEM micrographs of pure elemental powders and powders milled for 40
hours. Figure 5.06 depicts typical SEM micrographs of pure Fe (a), Si (b) and Co (c) and
powders milled for 40 hours with Co content 5 at.% (d), 10 at.% (e) and 20 at.% (f). While
pure Fe exhibits predominantly rounded shape with large size of the particles in the range

between 60 and 100 u4m [DEME2013], the Si powder shows plate-like morphology
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[BAHR2013] and contains finer particles in the size range of 5 to 30 gm. Cobalt powder exhibit
irregular shape morphology with the average particle size of 2 - 4 um. After the milling
process, the particle size distribution of the milled powders is found to be relatively
inhomogeneous, which are typical of mechanically alloyed powders and result from the
repeated cold-welding and fracture of powders during ball milling [LUL1998]. The particle
size of the powders was found to be ranging from few hundred nanometer to few micrometer,
which are agglomerations of nanosized (~10 nm) crystallites oriented randomly within the

particles.

Figure 5.06. SEM micrographs of (a) pure Fe, (b) pure Si, (c) pure Co, and 40 hours milled
FegoyCoySiio alloy powders with (d) y= 5, (e) y = 10 and (f) y = 20.

Composition analysis performed on the milled powders using EDS showed the overall

composition of the milled powders to be Feg3Sio7, Fegs4Co1.8Sios, FesssCosSios,
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Feg0.9C09.8S19.3, Fe76.2C0143S19.5 and Fe71Co19.2S19.8 for the milled samples with Co content of

0,2,5,10, 15 and 20 at.%, respectively. These results evidently confirm the presence of Si and

Co in the form of solid solution in o-Fe.
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Figure 5.07. Room temperature (a) initial magnetization curves and (b) M-H loops of 40 hours

milled FegoyCoySiio alloy powders.

5.3.2. Evolution of magnetic propertieswith Co substitution:

To understand the effect of Co substitution on the magnetic properties of as-milled Feoo-
yCoySiip alloy powders, the room temperature initial magnetization curves and magnetic
hysteresis (M-H) loops were obtained using VSM and depicted in Figure 5.07. While the shape
of the loops is typical of a soft magnetic material, a close observation reveals that the
substitution of Co fine tunes the slope of the curves towards lower field and increases Ms
values. This could be due to the atomic pair ordering in the presently investigated alloys. A
similar influence of Co has been reported in large number of Fe based nanocrystalline alloys

[IDZI12005]. Shiga reported that the increase of the magnetization due to the magnetic ordering
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can influence the change in the lattice constant of Fe-Co alloys with increasing Co content
[SHIG1974]. This is in good agreement with the present results. Further, the internal strain
induced during mechanical alloying process results in different nature of spin states which
leads to considerable deviation of magnetization from attaining saturation. For the field
dependence of deviation in magnetization from saturation, the experimental magnetization data
were fitted to the power series using eqn.(4.09) as demonstrated in Chapter 4 for the calculation

of Kei.
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Figure 5.08. The representation of M as a function of H' and H? for FegoyCoySiio alloy
powders withy =0, 2, 5, 10, 15 and 20 milled for 40 hours.

In order to verify the applicability of the power series expression and to analyse the
experimental magnetization data, plots of magnetization against H-! and H for the as-milled

FegoyCoySiio alloy powders are shown in Figure 5.08. Supported by the validity of the data,
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the magnetization data were fitted to eqn.(4.09) to obtain the values of @& and hence Kef using
eqn.(4.11). Figure 5.09 displays the extracted values of Hc from the M-H loops and the
determined values of Msand Kes as a function of Co contents. Msvalues increase considerably
for low amount of Co substitution, but the rate of increase of Msdecreases with further increase
in Co content above 10 at.%. The increase in Mscould be attributed to the atomic ordering and
the observed results are in good agreement with the earlier reports on similar systems
[SHIG1974, IDZ12005, MISH2009, YOUS2012]. Note that such atomic ordering can induce
additional magnetic anisotropy which may deteriorate the soft magnetic properties of the
milled powders. This is noticeably evidenced from the plot of coercivity (Hc) variation with
Co content. Hc increases slowly at a rate of nearly 1 Oe per at.% Co for initial Co substitution

up to 5 at.% and then increases rapidly at a rate of about 3.4 Oe per at.% Co.
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Figure 5.09. Variations of Ms, Hc and Kest of 40 hours milled Fego.yCoySiio alloy powders.

To understand the variation of coercivity with Co content, the determined values of Kes are

also plotted in Figure 5.09(c) for comparison. Substitution of Co in Fego.yCoySiio alloy powders
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increases the Kes initially up to 10 at.% and then decreases slightly for high Co content. The
obtained values of Kef are substantially larger as compared to the magnetic anisotropy values
of disordered polycrystalline Fe-Si alloys [BECK1991] and Fe-Si alloys produced by rapid-
solidification process [VARG2001]. It has been reported that there exists a correlation between
the Hc and Ketf in nanocrystalline alloys [SELL2006], but no such direct relation could be
obtained from Figure 5.09 for the complete range of presently investigated samples. This might
be due to different contributions from the variations of D, p and Ket on the variations of Hc
with substituting elements. For instance, it is well known that Hc in the mechanically alloyed
powders increases with increasing p [KALI20082], while the reduction in D exhibits a large
decrease in Hc [KALI20083, BENS2010]. In the presently investigated samples, (i) the values
of D are found to increase slightly from about 8 nm to 10 nm with increasing Co content up to
10 at.% and then decrease sluggishly for higher Co content, (ii) the values of p decrease
initially with increasing Co up to 10 at.% and increase slightly for higher Co content, and (iii)
the variation of Keff shows an opposite behaviour as compared to the variations of p with Co
substitution. These results suggest that the variation of Hc in Fe-Co-Si alloy powders is not

only controlled by the structural parameters which vary with the alloying process, but also by

the atomic ordering with Co addition.
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Figure 5.10. Room temperature XRD patterns of 40 hours milled Fegs.yCoySiis alloy powders.
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hours milled Fegs.yCoySiis alloy powders withy =0, 2, 5, 10, 15 and 20.

5.4. Properties of nanocrystalline ternary FessyCoySiis alloy powders:

In this section, we shall report the structural and magnetic properties of nanocrystalline Fess-
yCoySiis alloy powders milled for 40 hours. Yousefi et al. [YOUS2012] reported that the
introduction of large amount of Si delays the dissolution of Co into Fe lattices. In the earlier
section, we have observed such delay of Co dissolution by the presence of Si only in higher
Co contents resulting a significant decrease in lattice constant. In order to understand this
feature in detail, we have increased Si content from 10 to 15 at.% in the parent system and
studied the effect of Co substitution on the structural and magnetic properties of

nanocrystalline Fegs.yCoySiis alloy powders.

5.4.1. Structural evolution with Co substitution:

Figure 5.10 displays room temperature XRD patterns of 40 hours milled Fegs.;CoySiis alloy
powders. It is observed that as-milled powders exhibit no sharp characteristic Bragg reflections
corresponding to the substituting elements of Co and Si. This indicates the dissolution of Co
and Si in Fe matrix and the formation of a bcc solid solution of a-Fe(Co,Si). In addition, we
have not observed any additional peaks corresponding to any other compounds. Nevertheless,
the as-milled powders exhibit significant peak broadening along with a considerable shift in
the peak positions. While the broadening of the peaks confirms the formation of
nanocrystalline microstructure with highly refined and internally strained grains, the shifting
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of peak positions suggests the occurrence of atomic disorder due the dissolution of substituting
elements Co and Si in Fe matrix leading to a change in lattice constant. Figure 5.11 shows the
variations of lattice constant determined from the peak positions as a function of Co content.
As compared to FegoyCoySiio alloy powders discussed in section 5.3.1, the as-milled Fess-
yCoySiis alloy powders exhibit almost similar increase in lattice constant up to 10 at.% Co, but
decrease largely above 10 at.% Co substitution. The maximum lattice constant change of 0.29
% was observed with Co substitution in Fess.yCoySiis alloy powders. The slow increase of
lattice constant for the initial substitution of Co indicates that both Si and Co dissolved into Fe
lattices for Co content up to 10 %. The large reduction in lattice constant with increasing Co
content above 10 at.% is anticipated only if more number of Si atoms are dissolving into Fe as
compared to that of Co atoms. Therefore, this could be attributed to the fact that the

introduction of more Si into Fe lattice delays the dissolution of Co in Fe matrix with increasing

Co content.
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Figure 5.12. Variations of D, p and fes of 40 hours milled Fess.yCoySiis alloy powders.
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milled FessyCoySiis alloy powders.

All the other structural parameters were determined by using MWHP method as discussed
in Chapter 4. Figure 5.12 displays the variations of D, p and fgg as a function of Co content for
Fess.yCoySiis alloy powders. The values of D are found to increase slightly from about 7 nm to
11 nm with increasing Co content up to 10 at.% and then decreases down to 9 nm for higher
Co substitution. On the other hand, the values of p are found to be on the order of 10'” m2, but
decreases considerably for initial Co addition and then increases significantly with further
increase in Co content. Similarly, the values of fes are also found to decrease from nearly 21
% to 14 % with increasing Co content up to 10 at.% and increases significantly for higher Co
content. These results show similar behaviors of those observed for FegoyCoySiio alloy
powders, but the actual variation of the parameters depends on the alloy composition.
Furthermore, the observed results are in close agreement with the recent reports on similar
system [YOUS2012] and hence the observed properties could be attributed to the change in

dissolution process due to the competition between Si and Co atoms, i.e., the introduction of
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more Si into Fe lattice delays the dissolution of Co. Note that such delayed process would
enhance the density of dislocations and fraction of grain boundaries at higher Co content. This
is in good agreement with the results shown in Figure 5.12. Therefore, the variations of D, p
and feg are also strongly depend on the alloying process, which are expected to play a

considerable role in the magnetic properties of these alloyed powders.
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yCoySiss alloy powders.

5.4.2. Evolution of magnetic propertieswith Co substitution:

To understand the change in the magnetic properties of Fegs.,CoySiis alloy powders, room
temperature initial magnetization curves, magnetic hysteresis (M-H) loops and high
temperature thermomagnetization data (M-T) were obtained using VSM. Figure 5.13 depicts
the room temperature initial magnetization curves and M-H loops for Fess.yCoySiis alloy

powders milled for 40 hours. The shape of the loops is typical of a soft magnetic material.
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However, a careful observation of the loops reveals that the substitution of Co fine tunes the
slope of the curves towards lower field as observed in Feg.yCoySiio alloy powders. In order to
determine the variation of Ms and Kef, the field dependence of magnetization data were fitted
to the power series using eqn.(4.09) after verifying the applicability of power series to analyse
the experimental magnetization data as shown in Figure 5.14. The determined values of Ms
and Ket and the extracted values of Hc are plotted as a function of Co content in Figure 5.15.
Ms increases with increasing Co content up to 10 at.% and then decreases slightly for higher
Co substitution. This behaviour is somewhat different from the behaviour observed for Fego.
yCoySiio alloy powders (see Figure 5.09(a)) where the values of Msincrease continuously with
increasing Co content. This could be correlated to the change in the structural parameters due
to the difference in the alloying process as a result of delay in the dissolution of Co into Fe
lattice in the presence of more Si content. Nevertheless, the increase in Ms could be attributed
to the atomic ordering as discussed earlier. On the other hand, Hc increases at a faster rate

initially for low Co substitution and the rate of increase of Hc decreases for high Co content.

208
[ s
‘a 200
3 ]
E 192:
. 192
s :i/
184 (@)
100__ ] I ] | 6
_ ﬁ,,,fc/
< 80 o
)
t&a 60 -
018 (b)
8 T T L A T L |
i
_ l\é#ﬂ__ﬁ.—ﬂ¢\\\l
E ;] -
<
" 8* /J-
ﬁ ]
X & (©)
5 L L | LN L L LB AL I |
0 5 10 15 20

y (at.% Co)

Figure 5.15. Variations of Ms, Hc and Keit of 40 hours milled Fegs.yCoySii5 alloy powders.
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It is well known that Hc is one of the structural sensitive properties of the magnetic
materials, which depends strongly on the internal defects such as reduction in grain size, grain
boundaries, dislocations and inclusion of additional materials. The increase in Hc can be
correlated to the atomic pairing which induces additional magnetic anisotropy and change in
the grain boundaries, undissolved solute atoms acts as inclusions and hinder the domain wall
motion [KHAJ2011]. To understand the variation of Hc with Co content, the determined values
of Kes are also plotted in Figure 5.15(c) for comparison. The variation of Kef shows almost
similar behaviour of coercivity up to 15 at.% and then decreases for the samples with 20 at.%
Co. This suggests that the effective magnetic anisotropy induced by the internal strain through
magnetoelastic coupling and by the atomic pairing by Co substitution plays a major role on the

Hc behaviour of the Fegs.yCoySiis alloy powders.
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Figure 5.16. Variation of Curie temperature (Tc) of 40 hours milled FegsyCoySiis alloy
powders. Inset: Normalized M-T curves as a function of temperature close to magnetic phase

transition temperatures.
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It has been reported that the substitution of Co in Fe based amorphous and nanocrystalline
alloys increases Tc considerably [MISH2010]. To understand the effect of Co on the behaviour
of Tc of the as-milled nanocrystalline FessyCoySiis alloy powders, high temperature M-T
measurements were performed at a heating rate of 5 K per minute in the temperature range 300
K to 1123 K under the applied magnetic field of 100 Oe. Figure 5.16 depicts the variation of
Tc of as-milled FessyCoySiis alloy powders and the normalized thermomagnetization data
around the magnetic phase transition temperature (inset). In order to show the transition
temperature clearly, M-T data for each sample was normalized with respect to their room
temperature magnetization value. A close observation of the magnetization data reveals that
for FegsyCoySiis alloy powders with Co content less than 10 at.% exhibit a clear magnetic
phase transition from ferromagnetic to paramagnetic state. As a result, the magnetization
becomes zero after completing the magnetic phase transition. On further increasing the Co
content, we observed an increase in the magnetization above 1050 K and the magnitude of
increase in the magnetization increases continuously. This could be attributed to the
commencement of crystallization process, which results in growth of the nanocrystalline phase
resulting enhanced magnetization. This confirms that the substitution of Co in Fegs.yCoySiis
alloy powders reduces the crystallization temperature. This is in good agreement with the
earlier reports on similar systems [IDZI2005, UMCY2004, MISH2010, MISH2011]. Tc values
were determined from the thermal derivative of M-T data and plotted as a function of Co
content. Tc increases at a rate of nearly 4 K per at.% Co for the Co substitution up to 10 at.%,
but the rate of increase in Tc drops down largely to 1.4 K per at.% Co for Co substitution above
10 at.%. The rate of increase in Tc with Co content in the presently investigated alloy is
substantially low as compared to the values reported in Co substituted amorphous Fe-based
alloys: ~14 K per at.% Co in amorphous Feg>.xCoxNbzTaiMo1B13 alloys [UMCY2004] and 12
— 15 K per at.% Co in amorphous Fegox.yZr11BxCoy alloys [MISH2009]. This could be mainly
due to the sample preparation techniques involving different kinematics on the formation of
final alloys. In the presently investigated samples, the formation of nanocrystalline solid

solution strongly depends on the milling parameters, solute and the solvents.

5.5. Summary:
The structural and magnetic properties of Feioo-x-yCoySix (X = 10 and 15, y = 0 — 20) alloy
powders with nanocrystalline microstructure prepared by mechanical alloying process in a

planetary ball mill were systematically carried out as a function of Co content in this chapter.
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The salient features of the ternary alloys obtained from the current investigations are as

follows:

*

TH-1361_09612118

The formation of non-equilibrium a-Fe(Co,Si) solid solution could be obtained for all
the Fe100x-yCoySix (X=10 and 15, y =0 — 20) samples within 40 hours of milling under
the milling speed of 600 rpm.

The lattice constant increases slowly in as-milled Feioo-x-yCoySix alloy powders with
increasing Co content up to 10 at. % due to the substitution of Co in Fe matrix and then
decreases with increasing Co above 10 at.%. The amount of decrease in lattice constant
strongly depends on the Si content. This was attributed to the delay in the dissolution
of Co into Fe lattice by the introduction of more Si.

The evolution of nanocrystalline microstructure was confirmed through XRD and TEM
studies. The average crystallite size was found to be in the range of 7 to 11 nm, but
increases initially up to 10 at.% Co substitution and then decreases with further increase
in Co content.

The dislocation density is found to be of the order of 10'’m2, but decreases slightly
with increasing Co substitution up to 10 at.% and then increases for high Co content.
The amount of variation strongly depends on the Si content.

The substitution of Co in Feioox-yCoySix increases both saturation magnetization and
coercivity possibly due to atomic ordering which induce additional magnetic
anisotropy. However, the amount of increase depends on the extent of Co and Si
dissolution in Feiox-yCoySix alloys powders.

Thermomagnetization studies at high temperatures revealed that Curie temperature
increases at a rate of 4 K per at.% Co for the Co substitution up to 10 at.%, but the rate
of increase in Curie temperature drops down to 1.4 K per at.% Co for higher Co
substitution. Furthermore, the crystallization temperature decreases with increasing Co
content resulting an increase in magnetization at high temperature with increasing Co
content above 5 at.%.

Although systematic correlations between structural and magnetic properties have been
observed for these Fe-Co-Si alloys, the variation of structural and magnetic parameters

has been found to be dependent on the alloy composition.
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Chapter 6
Mechanical alloying of quaternary Feossx-AAl,Cr)LCosSix alloy
powders: Control of Crystallite size

121
TH-1361_09612118



Chapter 06: Mechanical alloying of quaternary Fegs.x(Al,Cr)CosSix . . .

6.1. Introduction:

The effect of Co substitution on the structural and magnetic properties of ternary Fe100-x-yCoySix
alloy powders was discussed in Chapter 5. While the formation of non-equilibrium solid
solutions of a-Fe(Co,Si) could be obtained within 40 hours of milling, the substitution of Co
helps to improve the saturation magnetization (Ms) and Curie temperature (Tc). However, the
coercivity (Hc) also increases significantly with increasing Co content confirming the
deterioration of magnetic softness. In general, the nanocrystalline materials produced by
mechanical alloying process are magnetically hard [PILA2008] as compared to the
nanocrystalline alloys produced by other techniques [ZOLL2012]. This is mainly due to large
internal strain, extended imperfections, disordered grain boundaries, substitutional inclusions
etc. Nevertheless, mechanical alloying process produces nanocrystalline materials of desirable
quantity over a wide range of compositions, which are not obtainable by other techniques, with
tunable microstructure and physical properties [SURY2001].

In order to release the strain accumulated in the as-milled powders, these powders have to
be consolidated at high temperatures to achieve high-density components with improved soft
magnetic properties. However, this annealing process unfavorably induces crystallite growth
and deteriorates soft magnetic properties. Therefore, a novel methodology or appropriate
measure is required to obtain the crystallites of size less than 10 nm. This would help in
controlling the subsequent growth of the crystallites during the essential annealing process. It
may be noted that the coercivity (Hc) of the nanocrystalline materials decreases drastically with
the average crystallite size (D) either as D° or as D* dependence [HERZ2005, SELL2006] as
shown in Figure 1.02. In these regards, there have been continuous attempts either by
controlling milling parameters or by substituting suitable alloying elements in shaping the
magnetic properties of Fe-Si based alloys [ZUOB2004, BAHR2006, KALI20084, BOUK2012,
YOUS2012]. However, a systematic investigation on the evolution of nanocrystalline
microstructure with reduced average crystallites and the magnetic properties of Fe-Co-Si based
alloys are not explored yet. Hence, in this chapter, we report the influence of substituting
elements like Al and Cr on the control of nanocrystalline microstructure and resulting magnetic

properties of Feos.x.,(Al,Cr),CosSix alloy powders prepared by mechanical alloying process.

6.2. Experimental details:
Samples corresponding to the composition of Feosx-(Al,Cr),CosSix (X= 10 and 15;2=0, 2, 5

and 10) were mechanically alloyed using high energy planetary ball mill (Insmart, India) from
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high purity (>99.9%) elemental powders of Fe, Si, Co, Al and Cr under high purity argon
atmosphere. The powder mixtures were weighed and loaded into a hardened steel bowl along
with hardened steel milling balls of 8 mm diameter each. For the mechanical alloying process,
the ball to powder weight ratio was set at 10:1 and the milling was performed at 600 rotations
per minute (rpm). The optimum milling time for forming the solid solution was fixed at 40
hours. The milling process was paused for 10 minutes after every 15 minutes of milling to
minimize excessive temperature rise. Structural changes were studied by X-ray diffraction
(XRD) in a high-power X-Ray diffractometer (Rigaku TTRAX III 18 kW) using Cu-K,
radiation. XRD data were collected at a slow scan rate of 0.005°/s and the structural parameters
were determined using Modified Williamson Hall Plot (MWHP) method [UNGA19991,
UNGA19992]. The instrumental broadening was corrected using eqn.(4.01) as described in
Chapter 4 for the calculations of structural parameters. The morphology and evolution of
nanocrystalline microstructure was investigated by scanning electron microscope (SEM, Leo
1430VP) and transmission electron microscope (TEM, JEOL 2100). Overall composition was
verified using energy dispersive spectrometer (EDS, Oxford) attached to scanning electron
microscope (SEM, Leo 1430VP). Magnetic properties were investigated by measuring room
temperature initial magnetization curves and magnetic hysteresis (M-H) loops by using

vibrating sample magnetometer (VSM, LakeShore Model 7410, USA).
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Figure 6.01. Typical room temperature XRD patterns of (a,b) as-mixed and (c,d) 40 hours

milled Fe70Ali0CosSiis and Fe7oCri0CosSiis powders.
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6.3. Properties of nanocrystalline quater nary Feso-z(Al,Cr):CosSi1s alloy powders:

6.3.1. Structural evolution with Al and Cr substitution:

Figure 6.01 shows typical room temperature XRD patterns of as-mixed and 40 hours milled
Feso(ALCr)10CosSiis alloy powders. It is observed that as-mixed powders exhibit sharp
characteristic Bragg reflections corresponding to all four constituting elements, i.e., Al (face
centered cubic), Co (face centered cubic and hexagonal close-packed structures), Si (diamond
cubic) and Fe (body centered cubic) for Fe7oAlioCosSiis powders and Cr (body centered cubic),
Co (face centered cubic and hexagonal close-packed structures), Si (diamond cubic) and Fe (body
centered cubic) for Fe7oCri1oCosSiis powders. However, the Bragg reflections corresponding to Si,
Co, Al and Cr disappear after milling for 40 hours. This is mainly due to the diffusion of Si, Co,
Al and Cr in Fe matrix resulting the formation of non-equilibrium body centered cubic (bcc) solid
solutions of o-Fe(Al,Co,Si) and o-Fe(Cr,Co,Si). It is also clear that no additional peaks

corresponding to any other phases or compounds were observed within the resolution limit of high

power XRD.
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Figure 6.02. Room temperature XRD patterns of (a) Fego,Al,CosSiis and (b) Fego.Cr,CosSiis
alloy powders milled for 40 hours.

To understand the effect of substituting elements on the structural properties systematically,
XRD patterns were collected for all the samples milled for 40 hours and depicted in Figure 6.02.
A close observation of the XRD patterns reveals that with increasing Al and Cr contents, all the
peaks exhibit fairly large peak broadening along with minor shift in peak positions to lower angles.

While the first one confirms the formation of nanocrystalline microstructure with highly refined
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and internally strained grains with increasing substituting elements, the later one could be
attributed to the occurrence of atomic disorder due the dissolution of substituting elements in Fe
matrix leading to a change in lattice constant. To study the solid solubility level, the lattice
constant was calculated from the peak positions for all the compositions. It is observed that lattice
constant increases from 0.28658%0.00005 nm to 0.28698%+0.00007 nm and 0.28658+0.00005 nm
to 0.286891+0.00004 nm with increasing Al and Cr contents in milled Fego.A(Al,Cr)/CosSiis alloy
powders from 0 to 10 at.%, respectively. These results suggest a maximum lattice change of
0.00004 nm per at.% Al and 0.000031 nm per at.% Cr occurred by the substitution of Al and Cr,
respectively. Although the observed variation is in close agreement with the earlier reports on
similar systems [SHIG1974, PETR2002, BOUK2012], the increase of lattice constant in the
presently investigated alloys is slightly lower than those reported for binary Fe-Al and Fe-Cr
alloys. This could be possibly due to the change in the dissolution process in the multicomponent

materials as compared to the binary alloys.
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Figure 6.03. Variations of D, p and feg of 40 hours milled Fego-(Al,Cr),CosSiis alloy powders.
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In order to separate the contributions of average crystallite size (D) and strain through density
of dislocations (p) to peak broadening, XRD patterns were analyzed carefully by MWHP method
[UNGA19991, UNGA19992] using eqn.(4.04) as demonstrated in Chapter 4. Figure 6.03 depicts
the variations of D, p and fraction of grain boundaries (feg) calculated using eqn.(4.07) as a
function of Al and Cr contents for as-milled Fego-o(Al,Cr)CosSiis alloy powders. It is revealed
that Al and Cr substitutions interestingly reduce the values of D from about 11 nm to about 6 nm
and increase the p values largely from 4.2x10'7 m? to 13.6x10'7 m. This indicates that the Al
and Cr substitution helps in improving the size refinement and the existence of nearly 0.42 to 1.36
dislocations for every one nm? area. This could be attributed to the enhancement in milling
intensity with increasing substituting elements [KALI20081, KALI20082, BOUK2012].
Saturated value of dislocation density is achieved more rapidly in these alloys indicating that the
solute concentration can strongly affect the mechanical properties. The formation of solid solution
with fine crystallite size suggests that the solid solution would be harder and stronger than pure
metal [AGUI2010]. The observed results confirm that the behavior of the dislocation density is
inversely related to the crystallite size (see eqn.(4.06)), as the large dislocation density occurring
in the smallest crystallite size. Furthermore, grain boundary which has a strong effect on the
structural properties of nanocrystalline materials increases with decreasing the average crystallite
size. It is well understood that the basic underlying mechanism of grain refinement involves an
increase in the dislocation density by heavy deformation process. These dislocations form an order
arrangement giving rise to dislocation walls, which transform in to grain boundaries, when the
formation continues with milling. The grain boundaries affect the movement of dislocations and
strain hardening significantly.

As the values of D decrease significantly with the substituting elements, we have tried to
estimate the development of grain boundaries in these quaternary alloys using eqn.(4.07). While
the values of feg increase from 15 % to 23 % for the Al substituted powders, the Cr substitution
enriches the feg from 15 % to 28 %. This shows that Cr substitution enhances the formation of
grain boundaries as compared to that of Al. Bahrami et al. [BAHR2013] reported the values of
fee as 13%, 18 % and 28 % for x =0, 10 and 20, respectively in FegoxNi20Six system. In this case,
the fraction of grain boundaries increases drastically from 13 % to 28 % with increasing the Si
content up to 20 at.% and attributed to the enhanced process of microstructural refinement.
Similarly, Yousefi et al. [YOUS2014] reported almost 5 % increase in the grain boundaries with

increasing 10 at.% Si in mechanically alloyed nanocrystalline (FessCo03s)100-xSix powders.
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Figure 6.04. SEM micrographs of pure (a) Fe, (b) Si, (¢) Co, (d) Al and (¢) Cr, and 40 hours
milled (f) Fe7sAl,CosSiis, (g) FersAlsCosSiis, (h) Fe7sCraCosSiis and (i) Fez7sCrsCosSiis alloy

powders.

To understand the modification of surface morphology of the powders carefully, we have
analyzed the morphology of the powders using SEM technique. Figure 6.04 shows the surface
morphology of the pure elements (Fe, Si, Co, Al and Cr) and the as-milled powders of
FersAl,CosSiis, FersAlsCosSiis, FesCraCosSits and Fe7sCrsCosSiis. SEM micrographs show
quasi similarity of particle morphology, i.e., the presence of particles with different sizes.
Aggregation of crystallites is a natural consequence of the mechanical alloying process due to
repeated cold welding and fracturing. The shape of the aggregated particles is observed to be
nearly spherical in nature for both Al and Cr substitution. However, the size distribution of the
agglomerated particles is observed to be narrow in Fe-Al-Co-Si powders as compared to Fe-
Cr-Co-Si powders. This could be attributed to the different properties of the substituting
elements, i.e., Al is soft and ductile and the Cr is hard and brittle resulting different alloying
process [CHRI2013]. Over all composition analysis was performed on as-milled powders using
EDS attached to SEM unit. It is found that the composition of the as-milled powders to be
Fego.8Co04.6S114.6, Fe79Al1 8C04.8S114.4 (Fers.8Cr1.9C04.65114.7), Fe759Al47C04.7S114.7

(Fe76Crs8Co04.7Si14.5) and Fe71.6Alo.6Co4.6Si142 (Fe71.2Cro4Co48Si146) for the milled samples
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with Al (Cr) content of 0, 2, 5 and 10 at.%, respectively. These results evidently support the

presence of Si, Co and Al or Cr in the form of solid solution in o-Fe.
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Figure 6.05. BF-TEM micrographs and SAED patterns of 40 hours milled (a) Fe75AlsCosSiis
and (b) Fe75CrsCosSis alloy powders.

In order to confirm the evolution of nanocrystalline microstructure, the as-milled powders
were characterized using TEM technique. Figure 6.05 illustrates bright-field TEM (BF-TEM)
micrographs and selected area electron diffraction (SAED) patterns for 40 hours milled
Fe75sAlsCosSiis and FezsCrsCosSiis powders. BF-TEM micrographs confirm the existence of
fine-grain structure with the average grain size of about 7 nm having non-uniform contrast
inside each grain and along the grain boundaries. This could be attributed to the large strain in
the as-milled powders. On the other hand, the rings present in SAED patterns reveal a
nanocrystalline microstructure and match with the Bragg reflections in the XRD patterns. The
values of average crystallite size and lattice constant calculated from TEM analysis show
nearby agreement with those obtained from XRD data as shown in Figure 6.03. These results
show that the particles with sizes ranging from few hundred nanometers to few micrometers
observed in SEM micrographs are agglomerations of fine nanosized crystallites oriented
randomly with respect to each other. The nature of agglomeration, however, strongly depends

on the alloy compositions.
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powders.

6.3.2. Evolution of magnetic propertieswith Al and Cr substitution:

To study the effect of nanocrystalline microstructure with reduced average crystallites and
substituting elements on the magnetic properties, room temperature initial magnetization
curves and M-H loops were obtained for all the as-milled powders. Figure 6.06 displays the M-
H loops measured at room temperature for milled Fego..(Al,Cr),CosSiis powders. While the
shape of the loops is typical of a soft magnetic material, a close observation reveals that the
substitution of Al and Cr reduces the applied field required for saturation behavior and
decreases the magnetization considerably. It is known that magnetic domains exist in the
nanocrystalline Fe-Si based alloys [ZHOU1996] and the movement of these domain walls is
hindered by density of dislocations, grain boundaries as well as the substituting elements

resulting in high coercivity (Hc) in mechanically alloyed powders. Perez et al. [PERE1996]
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reported that despite XRD patterns showed the formation of non-equilibrium solid solution in
Fe-Si-B alloy within 0.5 hours of milling, the electron probe microanalysis and precise lattice
parameter measurements revealed that the complete dissolution of substituting elements in Fe
matrix varies with the milling conditions and substituting elements. Similarly, Zhou et al.
[ZHOU1999] proposed from the Mdossbauer analysis of FeiooxSix alloys that the Si
concentration located in the grain boundaries might be larger than that located in the
crystallites. Following these arguments and comparing the variations of lattice constants for
the presently investigated system, we deduce that the existence of the substituting elements in
the grain boundaries is possible [PERE1996, ZHOU1999] due to the enhancement in the
relative fraction of grain boundaries with increasing Al and Cr contents. This would perhaps
help in modifying the structurally disordered environment in grain boundaries and resulting a
reduced obstruction to the domain wall movement. As a result, Fego-(Al,Cr),CosSiis alloy

powders attain saturation easily.
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Figure 6.07. The representation of M as a function of H!' and H? for Fego--(Al,Cr).CosSiis alloy

powders milled for 40 hours.
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Furthermore, the magnetoelastic coupling energy due to internal strain result different
nature of spin states which develops considerable deviations of magnetization from saturation.
For the field dependence of deviation in magnetization from saturation, the experimental
magnetization data were fitted to power series [KRON2003] using eqn.(4.09) and determined
the values of effective magnetic anisotropy (Keff). To verify the applicability of power series
analysis to the experimental magnetization data, the plots of magnetization against H!' and H-
2 for the presently investigated samples are demonstrated in Figure 6.07. Considering the

validity of data, the magnetization data was fitted to eqn.(4.09) to determine the values of Ket.
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Figure 6.08. Variations of Ms, Hc and Ket of 40 hours milled Fego--(Al,Cr),CosSiis alloy

powders.

Figure 6.08 shows the extracted values of coercivity (Hc) from the M-H loops and the
determined values of Msand Kei as a function of Al and Cr contents. While Msdecreases slowly

from 205 emu/g to 167 emu/g at a rate of 2.5 emu/g per at.% Al with z> 2 for Fego.,Al,CosSiis
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powders, the substitution of Cr in Fego-,Cr,CosSiis powder exhibits a non-linear variation of Ms
at a faster rate. The general decrease of Ms in Fego.,Al,CosSiis can be explained from partial
filling of d bands of Fe by the substituting elements and the presence of considerable amount
of Fe atoms in grain boundaries resulting a spatial variation of inter-atomic distance between
Fe neighbors. On the other hand, the larger decrease of Msin Fego.,Cr,CosSiis might be due to
the formation of various types of exchange interactions such as ferromagnetic Fe-Fe and
antiferromagnetic Fe-Cr and Cr-Cr interactions [LARE2009]. Hc decreases largely from about
90 Oe to 44 Oe and 60 Oe for small amount of Al and Cr substitution (2 at.%) respectively,
and then increases faintly for further increase in Al and Cr contents. In order to understand the
coercivity behavior with substituting elements, the values of Kes are also plotted in Figure
6.08(c) for comparison. It is observed that Kef decreases progressively with increasing Al
content in Fego,Al,CosSiis powders, while the substitution of Cr in Fego.,Cr,CosSii5 increases
the Kes slightly for initial Cr substitution and then decreases largely for high Cr content. The
obtained values of Kes are significantly larger as compared to the magnetic anisotropy values
of disordered polycrystalline Fe-Si alloys [BECK1991]. This reveals that both the internal
stress induced by mechanical alloying process and the substituting elements affect the values
of Keff in the presently investigated nanocrystalline alloys. However, the decrease of Ket with
increasing Al and Cr contents reveals that the magnetoelastic coupling energy, resulting in
different nature of spin states, decreases with increasing substituting elements. Furthermore,
there may exist, as reported earlier [SELL2006], a correlation between Hc and Kes, but no close
correlation could be obtained from Figure 6.08. This might be due to different contributions
from the variations of D, p and Ket on the variations of Hc with substituting elements. For
example, it is well known that Hc in the mechanically alloyed powders increases with
increasing the values of p, while the reduction in D exhibits a large decrease in Hc
[KALI20083, BENS2010]. In the presently investigated samples, the values of D decrease and
p increase with increasing substituting elements and the variations of Ker show different
behaviors as compared to Hc with substituting elements. Therefore, the observed results
suggest that both D and p play a crucial role on controlling the magnetic properties.
Nevertheless, the improved soft magnetic properties were obtained in Fess(Al,Cr)2CosSiis
powders with an average crystallite size of 8 nm. Furthermore, the results confirm the
successful tailoring of soft magnetic properties of nanocrystalline Fego--(Al Cr),CosSiis
powders having comparatively low Hc and moderate Ms in the as-milled state itself without

any heat treatment.
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6.4. Properties of nanocrystalline quater nary Fessz(Al,Cr):CosSi10 alloy powders:

As reported in Chapter 5 (see section 5.3), the addition of Co in low Si content FegoyCoySiio
alloy powders increased the coercivity and magnetization progressively. This behavior was
observed to be different from the one observed for FessyCoySiis alloys and the obtained results
were discussed on the basis of compositional dependent dissolution process in Feoo-x-yCoySix
alloy powders. As the dissolution mechanism strongly depends on the composition and to
understand the alloying mechanism of Al and Cr in the low Si content Fesgs..(Al,Cr),CosSiio
alloy powders, we are reporting in this section the structural and magnetic properties of

quaternary Fegs.,(Al,Cr),CosSiio alloy powders with low Si content milled for 40 hours.
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Figure 6.09. Room temperature XRD patterns of 40 hours milled Fess.-(Al Cr).CosSiio alloy
powders.

6.4.1. Structural evolution with Al and Cr substitution:

Room temperature XRD patterns of as-mixed and 40 hours milled Fess-A Al,Cr)CosSiio alloy
powders are depicted in Figure 6.09. Clearly, the sharp characteristic Bragg reflections
corresponding to all substituting elements, i.e., Co, Al and Si for Fegs.,Al,CosSiio and Co, Cr
and Si for Fess.,Cr,CosSiio in as-mixed powders disappear after milling for 40 hours and
confirm the formation of non-equilibrium bcc solid solutions of o-Fe(Al,Co,Si) and o-
Fe(Cr,Co,Si) due to the diffusion of Si, Co, Al and Cr in Fe matrix. In addition, all the peaks

exhibit fairly a large peak broadening confirming the formation of nanocrystalline
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microstructure with highly refined and internally strained grains, and exhibit small peak shift
to lower angles because of atomic disorder due the dissolution of substituting elements in Fe
matrix leading to a change in lattice constant. The lattice constant calculated from the peak
positions for all the compositions increases from 0.2865942+0.00005 nm to 0.28703%0.00007
nm and 0.28659410.00005 nm to 0.286962+0.00004 nm with increasing Al and Cr contents in
milled Fesgs,(Al,Cr),CosSijo alloy powders from 0 to 10 at.%, respectively. These results
confirm the maximum lattice change of 0.0000436 nm per at.% Al and 0.0000366 nm per at.%
Cr occurring by the substitution of Al and Cr, respectively. The relative variation of lattice
constant is significantly higher in these alloys as compared to Fego..(Al,Cr),CosSiis alloy

powders, but in nearby agreement with the literature results [SHIG1974, PETR2002,

BOUK2012].
10 - 8 (a)
_— \
£ ] e
Q \
6] =-A
| —@—Cr
12-:(b)
104 ff"’;
= 1 i..-f'"f
O
<] /— A Al
6 - —¥—Cr
27__ (c)l M 1 1 I I i
24_- /J.
SPYE -
B g%‘
187 / Al
] # —k—Cr
15 T ¥ T ¥ T 4 | T T i I
0 2 4 6 8 10

z (at.%)

Figure 6.10. Variations of D, p and feg of 40 hours milled Fess.,(Al,Cr),CosSiio alloy powders.
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Figure 6.11. SEM micrographs of 40 hours milled (a) Fes3AloCosSiio, (b) FessCraCosSiio, (¢)

FegoAlsCosSiio and (d) FegoCrsCosSiio alloy powders.

To separate the contributions of D and p, XRD patterns were analyzed carefully using
MWHP method [UNGA19991, UNGA19992]. The variations of D and p as a function of Al
and Cr contents are shown in Figure 6.10. While the values of D reduce from 11 nm to about 7
and 6 nm with increasing Al and Cr substitution, the values of p increase from 6.3x10'” m? to
10.8x10'7 m? indicating the existence of almost 0.63 to 1.08 dislocations for every one nm?
area. Although the values of D and p vary in smaller range as compared to Fego-(Al,Cr),CosSiis
alloy powders, a considerable enhancement in milling intensity could be realized with
increasing substituting elements [KALI20082, BOUK2012]. In order to understand the
development of fep in these milled powders, the values of feg were determined by incorporating
the structural parameters values in eqns.(4.07). The values of feg increases from 16.5 % to 21.4
% for the Al substituted powders, while the substitution of Cr enhances the values of feg from
16.5 % to 25.5 %. The enhancement in the grain boundary is smaller in Fess-(Al,Cr),CosSiio
alloy powders as compared to that of Fego.,(Al,Cr),CosSiis alloy powders. This could be
understood as follows: It is clear from Figures 6.03 and 6.10 that the dislocation density
achieves saturation more rapidly in higher Si content alloys. In addition, the higher amount of
Si leads to the higher dislocation values. Bahrami et al. [BAHR2013] reported that the feg

values increase from 13% to 28 % with increasing Si from 0 to 20 at.% in FegoxNi2oSix system.
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This suggests that higher Si content enhances the grain boundary formation due to enhanced
process of microstructural refinement. This is in good agreement with the present investigation.
SEM was used to characterize the surface morphology of the as-milled powders and the typical
SEM micrographs for Fes3AloCosSiig, FegsCroCosSiio, FesoAlsCosSiig and FegoCrsCosSiio
alloy powders are shown in Figure 6.11. SEM micrographs show the quasi similarity of particle
morphology and the shape of the aggregated particles is observed to be nearly spherical in
nature with wide distribution of particle size for both Al and Cr substitution. Over all
composition of the milled powders was determined using EDS. It is found that the composition
of the as-milled powders to be Fegs3Co046Sios, FesscAli9Co04gSio7 (FesssCrioCo47Sios),
Fesi.5Al46C04.5S19.4 (Fes1.1Crs4C048Si9.7) and Fers2Alo 8C04.5S19 5 (Fe7s.8Cro sCo4.8Sio g) for the
milled samples with Al (Cr) content of 0, 2, 5 and 10 at.%, respectively. These results evidently

confirm the presence of Si, Co and Al or Cr in the form of solid solution in o-Fe.

180 (a)
120 4
— 60 -
o
3 o
£
2
s -60 1 Fe,, AlCo Si_
= z=0
-120- —zm2
4—z=5
-180 - ¢« z=10
1801 (b)
120 -
. 60 -
o
= 0
£
2
E -601 Fe, CrCoSi
120 L
] 4-z=5
-180 - + z=10
-12 -8 -4 0 4 8 12

H (kOe)
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powders.
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6.4.2. Evolution of magnetic propertieswith Al and Cr substitution:

To understand the effect of substituting elements on the magnetic properties, room temperature
initial magnetization curves and M-H loops were obtained for all the as-milled powders. Figure
6.12 displays the M-H loops measured at room temperature for as-milled powders. The shape
of the loops is typical of a soft magnetic material. However, the substitution of Al and Cr
reduces the magnetization significantly to lower values. In order to examine the effect of
substituting elements on the magnetic parameters, Hc values are extracted from Figure 6.12
and the values of Msand Kef were determined from eqn.(4.09) and eqn.(4.11), respectively, by
fitting the initial isothermal magnetization data using power series. The applicability of power
series analysis to the isothermal magnetization data was verified by plotting the magnetization

against H!' and H? as shown in Figure 6.13.
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Figure 6.13. The representation of M as a function of H-' and H-? for Fess..(Al,Cr),CosSiio alloy

powders milled for 40 hours.

Figure 6.14 shows the values of Hc, Ms and Kest as a function of Al and Cr contents. It is

observed that Msdecreases almost linearly with increasing Al and Cr substitution. Msdecreases
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from 206 emu/g to 185 emu/g for Fess.,Al,CosSiio powders at a rate of 2.1 emu/g per at.% Al,
while the substitution of Cr in Fegs.,Cr,CosSiio powders exhibits a faster rate of decrease in Ms
(3.5 emu/g) from 206 emu/g to 172 emu/g. The relative decrease of Msis significantly low as
compared to Fego-,Al,CosSiis alloy powders. As discussed earlier, the general decrease of Ms
in Fegs,Al,CosSiio can be explained from partial filling of d bands of Fe by the substituting
elements and the presence of considerable amount of Fe atoms in grain boundaries resulting a
spatial variation of inter-atomic distance between Fe neighbors. However, the larger decrease
of Ms in Fess.Cr.CosSiio can be correlated to the development of various types of exchange
interactions such as ferromagnetic Fe-Fe and antiferromagnetic Fe-Cr and Cr-Cr interactions
[LARE2009]. On the other hand, Hc increases from nearly 40 Oe to 46 Oe and 63 Oe with
increasing Al and Cr contents, respectively. But, the rate of increase of Hc decreases with

increasing the Al and Cr contents.
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Figure 6.14. Variations of Ms, Hc and Ket of 40 hours milled Fegs..(Al,Cr),CosSiio alloy

powders.
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To understand the behavior of the coercivity, the determined values of Kef from the
magnetization data are also plotted in Figure 6.14(c) for comparison. While the values of Kest
decreases progressively with increasing Al content in Fegs,Al,CosSiio powders, the
substitution of Cr in Fego,Cr,CosSiis increases Keif almost linearly up to 5 at.% and then
decreases considerably for 10 at.% Cr content. These results show that there is no close
correlation exist directly between Hc and Kest in these series of powders. This further confirms
that there are various contributions to the coercivity behavior due to structurally sensitive
properties. For example, Hc in the mechanically alloyed powders increases with increasing the
values of p, while the reduction in D exhibits a large decrease in Hc [KALI20083, BENS2010].
These variations along with the existence of grain boundaries affect the movement of domain
walls in the nanocrystalline alloys and exhibit different effective magnetic anisotropy. In the
presently investigated samples, the values of D decrease and p increase with increasing
substituting elements and the variations of Kef show different behaviors with substituting
elements. These results propose that the variations of both D and p and the formation of
compositional dependent grain boundaries [YOUS2014] play a crucial role on controlling the
magnetic properties. Nevertheless, Hc has increased by 1.12 and 1.5 times the coercivity of the
parent system. A similar variation of coercivity has been reported in Fe-Ni based alloys
[DUSW2005], Fe-Ni based alloys [BAHR2013] and Fe-Co-Si alloys [YOUS2014]. These
results suggest that the variation of magnetic properties in nanocrystalline materials strongly
depends not only on the composition, but also on the alloying mechanism and resulting

structural parameters.

6.5. Summary:

In this chapter, we have presented the structural and magnetic properties of nanocrystalline
Feosx2z(ALCr).CosSix (X = 10 and 15, z= 0 — 10) alloy powders prepared by mechanical
alloying process in a planetary ball mill as a function of Al and Cr substitution. The following
features of the quaternary alloys could be drawn:

+ The formation of non-equilibrium a-Fe(Al,Co,Si) and a-Fe(Cr,Co,Si) solid solution
could be obtained for all the Feosx2(Al,Cr),CosSix (x= 10 and 15, z= 0 — 10) samples
within 40 hours of milling carried out under 600 rpm speed.

+ The evolution of nanocrystalline microstructure was confirmed through XRD and TEM

studies. The average crystallite size decreases with increasing Al and Cr contents, but
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the amount of decrease depends on the parent system. The dislocation density, found to
be on the order of 10'"m™, increases considerably with increasing both Al and Cr
contents.

The lattice constant increases slowly in as-milled Feos.x-(Al,Cr),CosSix (x= 10 and 15,
z=0 - 10) powders with increasing Al and Cr substitution. The amount of increase in
the lattice constant is significantly low as compared to Fe-Cr and Fe-Al binary alloys
due to the compositional dependent dissolution process and grain boundaries in
multicomponent alloys.

While the Al substitution decreases the Ms almost linearly, the substitution of Cr in
Feosx2(ALCr),CosSix (X= 10 and 15, z= 0 — 10) decreases the Ms largely due to the
formation of various types of exchange interactions.

The coercivity of the milled powder strongly depends on the compositions and varies
at different rates for Al and Cr substitution. The evolution of the coercivity was
explained on the basis of different phenomena such as dislocation density, grain
refinement, and compositional dependent grain boundary formation. No direct
correlation between Kef and coercivity was obtained for all the investigated samples
due to the different contributions from grain size, dislocation density and compositional
dependent grain boundaries.

The observed results show a promising approach to reduce average crystallite size
considerably in the as-milled nanocrystalline alloys by proper choice of substituting

elements.
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7.1. Introduction:

From the last few chapters, it is obvious that mechanical alloying technique is a powerful tool
to synthesize nanocrystalline alloys of desired composition with tunable structural and
magnetic properties. Formation of solid solution could be achieved over a wide composition
range in binary Fe-Si alloys. However, the saturation magnetization (Ms) decreased due to Si
addition and coercivity (Hc) increased due to strain induced by the mechanical alloying
process. Although the substitution of Co in Fejoo-x-yCoySix alloy powders helped to improve
Ms, Hc of as-milled powders was also found to increase considerably. Therefore, to obtain
nanocrystalline microstructure with refined crystallites, the substitution of fourth elements such
as Al and Cr in selected Feos.x(Al,Cr),CosSix (X= 10 and 15, z= 0 — 10) alloy powders was
investigated. While the average crystallite size was reduced successfully well below 10 nm by
the substituting elements in Feos.x(Al,Cr),CosSix (X =10 and 15, z= 0 — 10) alloy powders,
Hc of powders was still found to be high with a strong dependent on the composition. This is
mainly due to the strain induced through dislocations in fine crystallites and compositional
dependent grain boundary formation. Hence, to improve the magnetic properties of as-milled
powders, appropriate heat treatment at elevated temperatures is inevitable to relax the strain
and thereby reducing Hc to improve the soft magnetic properties of mechanically alloyed
powders. However, heat treatment at elevated temperatures can induce grain growth, which in
turn affects the soft magnetic properties [ZUOB2005], and induce structural modifications
including the formation of new and undesired crystalline phases. Therefore, optimization of
annealing process for the as-milled powders at selected temperatures and durations is essential
to understand the correlation between modification of microstructure with annealing and the
resulting magnetic properties. Thus, in this chapter, the effect of optimized annealing on the
nanocrystalline microstructure and the resulting magnetic properties of Fego-.(Al,Cr),CosSiis

alloy powders is presented.

7.2. Experimental details:

Samples corresponding to the composition of Fego-(Al,Cr),CosSiis with z= 0, 2, 5 and 10
prepared by 40 hours of milling under 600 rpm in a planetary ball mill were taken for the
annealing (heat treatment) studies. A resistive tubular furnace (Okay, India) having the
capability of annealing up to 1600 °C was used to anneal the as-milled powders. As the heat
treatment of milled powders at high temperatures under ambient conditions cause oxidization,

all the samples were transferred into evacuated silica ampoules of approximately 80 mm length
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and 8 mm internal diameter prior to the heat treatment. The ampoules were pumped to the
pressure below 10 Pa using vacuum pumping station consisting of diffusion and rotary pumps
combination. Subsequently, flame sealing at a pressure of 10 Pa was carried out and then the
silica ampules with samples inside were loaded in the furnace for annealing at intended
temperatures and duration. The annealing temperature in the furnace could be controlled within
+ 2 °C to the set temperature using temperature controller. After the careful optimization
process, we are herewith presenting the results of the samples annealed at 500 °C and 900 °C
for 5 hours duration. The structural changes engendered due to the heat treatment were
investigated by using X-ray diffraction (XRD) in a high-power X-Ray diffractometer (Rigaku
TTRAX III 18 kW) using Cu-K, radiation (A= 1.54056 A). The microstructure of the annealed
powders was characterized using transmission electron microscope (TEM, JEOL 2100). Room

temperature magnetic properties were measured using vibrating sample magnetometer (VSM,
LakeShore Model 7410, USA).
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Figure 7.01. Typical room temperature XRD patterns of as-milled and annealed

FezAli0CosSiis alloy powders at different temperatures.
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7.3. Effect of heat treatment on the structural properties:
Figure 7.01 shows typical comparison of XRD patterns of as-milled and annealed
Fe70Ali0CosSiis alloy powders at 500 °C and 900 °C for 5 hours duration. While as-milled
powder exhibits large peak broadening due to size refinement and induced strain, the powder
annealed at 500 °C exhibits almost similar nature but with a slight reduction in the peak width.
On further increasing the annealing temperature to 900 °C, the sample depicts not only the
reduction in the broadening of the peak, but also a considerable enhancement in the peak
intensity. To understand the effect of annealing systematically on the different Al and Cr
substituted Fesgo.(Al,Cr),CosSiis alloy powders, all the samples undergone heat treatment were
characterized by XRD and presented in Figures 7.02 and 7.03. It is interesting to note that for
the samples annealed at a particular temperature, the width of the peaks increases with
increasing Al and Cr contents. This confirms that the presence of Al and Cr helps to control
the growth of the crystallites in Fego.-(Al,Cr),CosSiis annealed powders. Furthermore, a
considerable shift in the peak position is observed, which could be attributed to the atomic
ordering and change in lattice constant. In order to understand the effect of annealing on the
structural parameters, XRD patterns were analyzed using modified Williamson Hall Plot

(MWHP) method [UNGA19991, UNGA19992] using eqn.(4.04).
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Figure 7.02. Room temperature XRD patterns of Fego.Al.CosSiis alloy powders annealed at
different temperatures: (a) 500 °C and (b) 900 °C.
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Figure 7.03. Room temperature XRD patterns of Fego.,Cr,CosSiis alloy powders annealed at
different temperatures: (a) 500 °C and (b) 900 °C.
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Figure 7.04. Variations of D and p of as-milled and annealed Feso-(Al,Cr).CosSiis alloy

powders as a function of Al and Cr contents. The representation of the symbols for different

annealing temperatures is same in all figures.
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Figure 7.06. BF-TEM micrograph and SAED pattern of Fe7oAlioCosSiis annealed powders at
900 °C.
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Figure 7.04 depicts the variations of D and p as a function of substituting elements for the
as-milled and annealed samples. In order to realize the effect of annealing temperatures, the
variations of D and p are also plotted as a function of annealing temperatures in Figure 7.05. It
is observed that (i) while the values of D increase slightly for the samples annealed at 500 °C,
the samples annealed at 900 °C exhibit a large increase in the D values up to a maximum of 32
nm. Interestingly, the values of D decrease with increasing the substituting elements for the
samples annealed at a particular temperature. For example, the values of D decrease from 30
nm to 18 nm and 32 nm to 22 nm for Al and Cr substituted Fe70(Al,Cr)10CosSiis samples
annealed at 900 °C, respectively. (ii) On the other hand, the values of p decrease largely for the
samples annealed at 500 °C due to the strain relaxation. On further increasing the annealing
temperature to 900 °C, p decreases further down by one order. In order to confirm the grain
growth of the crystallites, TEM micrographs were obtained. Figure 7.06 depicts typical bright-
field TEM (BF-TEM) micrograph and selected area electron diffraction (SAED) pattern for
Fe7Ali0CosSiis sample annealed at 900 °C. BF-TEM micrograph confirms the existence of
clear grain structure with the average grain size of about 18.5 nm. The rings present in SAED
pattern reveal a nanocrystalline microstructure and match with the Bragg reflections in the
XRD patterns. The values of average crystallite size and lattice constant calculated from TEM
analysis show a close agreement with those obtained from the XRD data. These results clearly
confirm that (i) the substitution of Al and Cr in Feso-(Al,Cr),CosSiis powders helps to control
the growth of the crystallites efficiently during the annealing process. (ii) The low temperature
annealing at 500 °C reduces the strain largely without much growth of the crystallites. (iii) On
the other hand, the high temperature annealing at 900 °C not only induces the growth of the
crystallites substantially, but also reduces the strain further from the as-milled powders. These
two processes are expected to show sizeable changes in the magnetic properties of the annealed
powders. In order to understand the change in the magnetic properties, room temperature M-H

loops were measured using VSM and the results are discussed in next section.

7.4. Effect of heat treatment on the magnetic properties:

Figures 7.07 and 7.08 depict room temperature M-H loops of annealed Feso,Al.CosSiis and
Fesgo-.Cr,CosSiis (z= 0, 2, 5 and 10) alloy powders at 500 °C (a) and 900 °C (b), respectively.
The M-H loops are typical of soft magnetic materials. To understand the effect of annealing on
the magnetic parameters, we have extracted values of Hc from the M-H loops and determined

the Msusing power series fitting as described in eqn.(4.09).
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Figure 7.07. Room temperature M — H loops of Fego,Al,CosSiis alloy powders annealed at
different temperatures: (a) 500 °C and (b) 900 °C.
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Figure 7.08. Room temperature M — H loops of Feso.Cr,CosSiis alloy powders annealed at
different temperatures: (a) 500 °C and (b) 900 °C.
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Figure 7.09. Variations of Ms and Hc of as-milled and annealed Feso,(Al,Cr),CosSiis alloy

powders at different temperatures.

Figure 7.09 displays the variations of Msand Hc as a function of substituting elements for
all samples. It is observed that (i) the Ms of the as-milled samples decreases from 205 emu/g
to 167 emu/g and 147 emu/g for Al and Cr substituted Fego-,(Al,Cr),CosSiis alloy powders,
respectively. (i1) With increasing the annealing temperature to 500 °C, the values of Ms show
a weak change or almost no change as compared to as-milled powders. This could be probably
due to the release of strain accumulated in the as-milled powders without much crystallite
growth as shown in Figure 7.04. (iii) On the other hand, the samples annealed at 900 °C exhibit
a significant decrease of magnetization for all the compositions. This might be correlated to
occurrence of atomic ordering [CABL1977, KALI20082, ZHOU2008]. On the other hand, Hc
of the Al and Cr substituted Fego-.(Al,Cr),CosSiis as-milled powders has been observed to be
in the range of 90 Oe to 56 Oe and 90 Oe to 64 Oe, respectively. Such high Hc is mainly
attributed to the different contributions such as dislocation density, grain refinement and
compositional dependent grain boundary formation as discussed in Chapter 6. With increasing
the annealing temperature, a significant decrease in Hc has been observed for all the samples,

except for the Fego-,Cr,CosSiis samples annealed at 500 °C, which show a slight increase in Hc
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at higher Cr substitution. However, the relative decrease in coercivity with increasing annealing
temperature strongly depends on the Al and Cr content in Fego-(Al,Cr).CosSiis annealed

powders.
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Figure 7.10. Variations of Hc as a function of p for Fego-(Al,Cr),CosSiis alloy powders.

In order to understand the observation variation of Hc with annealing temperatures, Hc has
been plotted as a function of average dislocation density in Figure 7.10 for Feso.
AALCr),CosSiis samples with different Al and Cr contents. According to Neel’s theory
[NEEL1946], Hc of the mechanically alloyed powders is expected to be proportional to p when
the magnetostatic energy is higher than the anisotropy energy. However, we have not observed
a linear variation of Hc in the presently investigated samples. There exists a compositional
dependent non-linear variation of Hc with p. While the annealed samples without Al and Cr
substitution exhibit large variation of Hc with dislocation density, the relative decrease in Hc
with p in Al and Cr substituted Feso-(Al,Cr).CosSiis samples is reduced significantly. This
could be attributed to the difference in the relaxation behavior and enhancement in the grain
growth which reduces the density of dislocations in the annealed samples. It may be noted that

amongst all samples of the present investigation, Fe70Ali0CosSiis powders annealed at 900 °C

150
TH-1361_09612118



Chapter 07: Effect of annealing on the properties of Fesoz(Al,Cr)CosS1s . . .

yielded the lowest value of Hc of 14 Oe and moderate Ms of 160 emu/g. Kalita et al.
[KALI20082] reported that Fe75SiisAlio sample prepared by mechanical alloying process and
annealed at 950 °C exhibited the lowest Hc of 9 Oe, but with the low Msvalue of 85 emu/g. A
comparison between these data reveals that although the existence of Co increases Hc of the
samples from 9 to 14 Oe, the magnetization of the sample increases almost double, i.e., from
85 emu/g to 160 emu/g. This reveals that the choice of the substitution element is very much

important on tuning the soft magnetic properties of the Fe-Si based nanocrystalline alloys.

7.5. Summary:
We have presented the effect of annealing on the structural and magnetic properties of
nanocrystalline Fego(Al Cr),CosSiis (z = 0 — 10) alloy powders prepared by mechanical
alloying process in a planetary ball mill as a function of Al and Cr substitution and annealing
temperatures in this chapter. The following features of the annealed samples could be drawn:
£ Annealing of mechanically alloyed as-milled powders at elevated temperatures has
significant effects on their structure and soft magnetic properties.

+ Upon annealing, the average crystallite size increases and dislocation density decreases
with increasing annealing temperatures. Furthermore, the substitution of Al and Cr in
Fego-2(ALCr).CosSiis powders helps to control the crystallite growth efficiently during
annealing process.

+ The average magnetization decreased slightly after annealing which could be attributed
to the atomic ordering. Coercivity of the samples has been observed to be dominated
by the dislocation density.

+ Although annealing causes considerable improvement of the soft magnetic properties
of the mechanically alloyed Feso--(Al,Cr).CosSiis powders, the residual defects present
in the annealed powders result the coercivity of 14 to 40 Oe in the mechanically alloyed
powders.

+ Systematic correlations between structural and magnetic properties have been observed
for these annealed Feso,(Al,Cr),CosSiis powders prepared by mechanical alloying
process. However, the structural and magnetic parameters are strongly dependent on
the alloy composition.

& Fe70Al0CosSiis powders annealed at 900 °C yielded the lowest coercivity of 14 Oe

among the powders studied in this work and moderate magnetization of 160 emu/g.
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This could be attributed to optimum nanocrystalline microstructure with fine
crystallites of about 18 nm with reduced dislocation density by the annealing process.
£ The observed results show a promising approach to control the growth of the average
crystallite size efficiently in the annealed nanocrystalline alloys by proper choice of
suitable substituting elements and to improve the soft magnetic properties of

mechanically alloyed Fe-Si based nanocrystalline alloys.
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The overall summary of the salient results obtained on the structural and magnetic properties
of (a) Fe100xSix (5 < X< 50) binary alloys, (b) Fe100-x-yCoySix (X=10 and 15, y=0 —20) ternary
alloys (c¢) Feosx(ALCr),CosSix (X= 10 and 15, z= 0 — 10) quaternary alloys and (d) annealed
quaternary alloys of Fego--(Al,Cr).CosSiis with z= 0 — 10 is listed in this chapter. Highlights

of the current investigations and the possibilities for future work are also summarized below:

8.1. Summary of theresults:

Nanocrystalline Fe100xSix (5 <X < 50) binary alloys, Fei00x-yCoySix (X=10 and 15,y =0 —20)
ternary alloys and Feosx-(Al,Cr),CosSix (X=10 and 15, z= 0 — 10) quaternary alloys with the
formation of body centered cubic non-equilibrium solid solutions of a-Fe(Si), a-Fe(Co,Si), a-
Fe(Al,Co,Si) and o-Fe(Cr,Co,Si), respectively were synthesized by mechanical alloying of
elemental powders of appropriate compositions. All the mechanical alloying process was done
using a planetary ball mill under high purity Ar gas atmosphere. A systematic study of the
evolution of structure and magnetic properties of the binary, ternary and quaternary alloy
powders was carried out to understand the milling characteristics and effect of the substituting
elements. The as-milled Fego-.(Al,Cr),CosSiis with Z= 0 — 10 quaternary alloys powders were
subsequently heat treated at elevated temperatures under high vacuum conditions in a furnace
and the changes occurring in the structure and magnetic properties of the annealed powders
were evaluated.

Structural evolution during the course of milling was analyzed using Williamson-Hall plot
and Modified Williamson-Hall plot methods. It has been observed that the modified
Williamson-Hall method used for the estimation of average crystallite size and dislocation
density from the broadening of X-ray reflections of the mechanically alloyed powders was
found to be more applicable as compared to the conventional Williamson-Hall plot method for
the presently investigated samples. During the milling process, the average crystallite size of
the powders decreases gradually to the order of around 10 nm while the average dislocation
density increases to the order of 10'7 m for the milling time period of above 30 hours. Further,
the alloying of Fe and Si has been found to be nearly complete with formation of non-
equilibrium solid solutions of o-Fe(Si). However, the milling time required for forming the
non-equilibrium solid solution increases with increasing Si content. This is mainly due to the
delay in the dissolution of Si in Fe matrix under the present preparation conditions. Occurrence
of atomic disorder during the milling process has been evidenced from the changes of the

lattice constant and saturation magnetization of the powders. The coercivity of the powders
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increased with increasing milling time periods, which has been understood as a consequence
of large amount of dislocations and particle size refinement during the course of milling. The
presence of dislocations and grain boundaries increases the possibility of domain wall pinning
in the milled samples. High Curie temperature of the powders as compared to melt-spun
ribbons of similar compositions has been attributed to the excessive internal strain in the milled
powders. Curie temperature decreases at a rate of 1.45 K per at.% Si with increasing Si in Fe-
Si solid solution. Though the correlation between the structure and magnetic properties of Fe-
Si powders has been found to be similar, the structural and magnetic parameters of each set of
samples are distinctly different and strongly dependent on the alloy compositions.

To improve soft magnetic properties such as saturation magnetization and Curie
temperature, Co substituted Feioo-x-yCoySix alloy powders were prepared using planetary ball
milling and then characterized. The formation of non-equilibrium o-Fe(Co,Si) solid solution
could be obtained for all the Feigox-yCoySix (X= 10 and 15, y =0 — 20) samples within 40 hours
of milling under the milling speed of 600 rpm. The lattice constant was increasing with
increasing Co content up to 10 at. % due to the substitution of Co in Fe matrix and then
decreases with increasing Co above 10 at.%. The amount of decrease in lattice constant
strongly dependent on the Si content. This was attributed to the delay in the dissolution of Co
into Fe lattice by the introduction of more Si. The average crystallite size was found to be in
the range of 7 to 11 nm, but increases initially up to 10 at.% Co substitution and then decreases
with the further increase in Co content. On the other hand, the dislocation density is found to
be of the order of 10'"m™, but decreases slightly with increasing Co substitution up to 10 at.%
and then increases for high Co content. The fraction of grain boundaries also exhibits a similar
variation as that of dislocation density with increasing Co content. However, the amount of
variation strongly depends on the Si content. The substitution of Co in Fe10o-x-yCoySix increases
both saturation magnetization and coercivity due to atomic ordering. Thermomagnetization
studies at high temperatures revealed that Curie temperature increases at a rate of 4 K per at.%
Co for the Co substitution up to 10 at.%, but the rate of increase in Curie temperature drops
down to 1.4 K per at.% Co for higher Co substitution. Furthermore, the crystallization
temperature decreases with increasing Co content resulting an increase in magnetization data
at high temperature with increasing Co content above 5 at.%. A systematic correlation between
structural and magnetic properties has been observed for these Fe-Co-Si alloys and the
variation of structural and magnetic parameters has been found to be dependent on the alloy

composition.
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In order to refine the average crystallite size in the nanocrystalline microstructure and to
improve the soft magnetic properties, the influence of additional substitutional elements like
Al and Cr on the control of nanocrystalline microstructure and resulting magnetic properties
of nanocrystalline Feos.x,(Al,Cr),CosSix alloy powders prepared by mechanical alloying
process were investigated. The formation of non-equilibrium a-Fe(Al,Co,Si) and a-
Fe(Cr,Co,Si) solid solution could be obtained for all the Feosx-(Al,Cr),CosSix (Xx=10 and 15,
z=0 - 10) samples within 40 hours of milling carried out under 600 rpm speed. The average
crystallite size decreases down to about 6 nm and the dislocation density increases with
increasing Al and Cr contents. But the amount of variations depends on the parent system.
Although the lattice constant increases with increasing Al and Cr content, the actual variation
of lattice constant is significantly low as compared to their binary counter parts due to the
compositional dependent dissolution process. While the Al substitution decreases the Ms
almost linearly, the substitution of Cr in Feosx,(Al,Cr),CosSix alloy powders decreases the Ms
largely due to the formation of various types of exchange interactions. The coercivity behavior
of the quaternary alloys depends on the density of dislocations, grain refinement and
compositional dependent grain boundary formation, resulting no direct correlation between
coercivity and effective magnetic anisotropy as observed for nanocrystalline alloys prepared
by melt spun technique. The observed results show a promising approach to reduce average
crystallite size considerably in the as-milled nanocrystalline alloys by proper choice of suitable
substituting elements.

In order to release the strain in the as-milled nanocrystalline alloy powders and to improve
the soft magnetic properties, the effect of annealing on the structural and magnetic properties
of nanocrystalline Fego(Al,Cr).CosSiis (z= 0 — 10) alloy powders has been investigated.
Annealing of mechanically alloyed as-milled powders at elevated temperatures has significant
effects on their structure and soft magnetic properties. Upon annealing, the average crystallite
size increases and dislocation density decreases with increasing annealing temperatures.
Furthermore, the substitution of Al and Cr in Fego,(Al,Cr),CosSiis powders helps to control
the crystallite growth efficiently during annealing process. The average magnetization
decreased slightly after annealing due to atomic ordering. Coercivity of the samples has been
observed to be dominated mainly by the dislocation density. Although annealing causes
considerable improvement of the soft magnetic properties of the mechanically alloyed Feso-
A(ALCr),CosSiis powders, the residual defects present in the annealed powders result the

coercivity of 14 to 40 Oe in the mechanically alloyed powders. Systematic correlations
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between structural and magnetic properties have been observed for these annealed Feso-
(Al,Cr),CosSiis powders, but the structural and magnetic parameters are strongly dependent
on the alloy composition. Fe70AlioCosSiis powders annealed at 900 °C yielded the lowest
coercivity of 14 Oe among the powder samples studied in this work and moderate
magnetization of 160 emu/g in the mechanically alloyed quaternary alloys. This improvement
could be attributed to optimum nanocrystalline microstructure with fine crystallites of about
18 nm with reduced dislocation density by the annealing process. Although the observed
results has shown a promising approach to control the growth of the average crystallite size
efficiently in the annealed nanocrystalline alloys by proper choice of suitable substituting
elements and had improved the soft magnetic properties of mechanically alloyed Fe-Si based
nanocrystalline alloys, the dislocation density introduced during the milling could not be
entirely relieved by the annealing process.

The present studies have brought out several interesting results which contribute to the
understanding of the evolution of magnetic properties of Fe-Si based alloy powders during
milling and subsequent heat treatment. These studies have also revealed the strong correlation
between structure and magnetic properties of Fe-Si and Fe-Si based alloy powders as well as
the possibility of improving the soft magnetic properties of mechanically alloyed Fe-Al-Co-Si

powders by proper choice of substituting elements and optimum annealing conditions.

8.2 Scopefor futurework:

The present investigations on as-milled and annealed powders of Fe-Si based alloys have
revealed that there are several aspects of interest in these materials. A study of the local atomic
environment of Fe in powders milled for various time periods would help in understanding (i)
the mixing of substituting elements such as Si, Co, Al and Cr in Fe and (ii) the manner in which
Si enter in Fe matrix for binary alloys and Si, Co, Al or Cr enter in Fe matrix for quaternary
alloys while forming the solid solution. This would help in understanding the competition
between the Si and other substituting elements in the dissolution process. Mossbauer studies
on the disordered and ordered Fe-Si, Fe-Co-Si and Fe-(Al,Cr)-Co-Si powders would reveal the
magnetic interactions in these structures and might provide insights on reducing the magnetic
hardening in these powders. Field cooled and zero field cooled low temperature investigations
of these powders would also help in the understanding of the nature of the magnetically ordered
and disordered phases at low temperatures. Fe;0Ali0CosSiis powders annealed at 900 °C

yielded the lowest coercivity of 14 Oe among the powders studied in this work and moderate
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magnetization of 160 emu/g in the mechanically alloyed quaternary alloys. Although this is
found to be one of the challenging results, the obtained behaviors suggest that the fine tuning
of composition in quaternary alloys and optimization of milling and annealing conditions may
help in further improving the soft magnetic properties of mechanically alloyed Fe-Al-Co-Si
powders. Rapid annealing or microwave annealing may help in reducing the growth of the
average crystallite size increased during the annealing process. Additionally, it is worthy to
investigate green compacted and sintered pellets of the above powders towards developing

materials better suited for applications.
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