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Abstract

The structural and thermomagnetic properties of melt-spun Alnico V magnetic ribbons
have been studied as function of temperature and magnetic field. Ribbons fabricated at
different wheel speeds ( 25 m/s — 50 m/s) have been studied for their thermal |,
structural and magnetic properties. The effect of wheel speed on the magnetic
properties have been investigated. It is found that change in wheel speed has an effect
on the ductility of the ribbons. All the as made and annealed samples have shown pure
crystalline structure as revealed by the X-ray Diffraction analysis unlike most of the
iron, cobalt and nickel based ribbons which show amorphous or glassy structure after
melt-spinning. A significant enhancement in coercive field has been observed after
subjecting the Alnico V ribbons through regular heat treatment followed by the aging
process. It is observed through this studies that aging the ribbons at high temperature
has a positive effect on the coercivity enhancement of Alnico V alloy. The as made
ribbons have a relatively low coercivity and only a uniaxial anisotropy is observed
which is induced due to mechanical stress developed during meltspinning. However
annealing at high temperature followed by aging has yielded a significant increase in
coercivity. Elemental addition of Boron has shown to have no effect on the
microstructure of the ribbon except for improving the elastic properties of the ribbon.
The magneto resistance behavior is found to be typical in nature and has shown a
minimum around 1 kOe which is also near the coercieve field obtained after Alnico
regular heat treatment followed by aging. No significant change is observed in the
differential thermal analysis meaning that no structural phase transformation has taken
place. However a selective annealing under an external applied magnetic field has
caused the nucleation of a crystalline and amorphous mixed phase still dominated by
the crystalline phase. It is proposed that this behavior of the alloy at elevated
temperature is related to the onset of spinodal decomposition of the alloy where the
strong magnetic phase is split into two different magnetic phases with one phase
magnetically stronger than the other and the relatively weaker phase grows at the
expense of stronger phase causing the deterioration of the overall magnetic properties
of the ribbon shaped alloy.

Xi
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CHAPTER 1

1.1 INTRODUCTION

In recent years there has been a marked shift towards environmental awareness in the areas of
energy and transportation. In 2012, the Environmental Protection Agency passed new legislation
tightening emissions standards in progressive steps from 2012 to 2025 [1]. Cars and light trucks
model year 2025 and after will have a required fuel economy at or greater than 54.5 miles per
gallon (mpg). In order for the “2025 Challenge” to be realized, considerable steps will have to be
made in alternative energies and vehicle technologies. Alternative fuels such as bio fuels or
hydrogen could lower greenhouse gas emissions while still using traditional or modified internal
combustion engines. All-electric motors would be nearly emission-free, and therefore even more
advantageous. Of the types of electric motors, permanent magnet (PM) based synchronous
motors have several advantages; they are typically more compact, lighter in weight, quieter, and
require less maintenance [2]. This only holds true if the permanent magnets are sufficiently
energy dense, such as neodymium iron boron or samarium cobalt magnets. Rare-earth (RE)
magnets and rare-earth materials have increasingly been used in technological devices. High
demand for critical RE elements such as dysprosium and neodymium have caused the major
source country, China, to enact strict export limits. Limited global supply has caused large price
fluctuations, which are undesirable if PM motors are to stay competitive and maintain a
reasonable price/performance ratio. A permanent magnet that maintains a high maximum energy

product while using abundant, relatively inexpensive elements would be attractive. Alnico
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magnets, which are already an industrially produced magnet type, are an Fe-Co based alloy with
significant Al, Ni, Cu, andTi additions. Grades with the highest energy product, alnico 5 is
noteworthy due to their high Curie temperature (~850°C), and low temperature dependence of
energy product(~0.2%/°C) .

Alnico magnets have not seen any significant advancement in composition or processing since
the mid-1970s due to the rise in popularity of the rare-earth based magnet. At the time, research
and alloy design were done empirically, making small variations in composition and observing
the change in magnetic properties [3]. In the last decade, advances in computational modeling
and characterization have made it possible to reexamine alnico. Computations by R. Skomski et
al. show that in an optimally segregated spinodal system, theoretical energy product of alnico is
in excess of current values (5-9MGOe for later grades), with a maximum of poMr2/12 when the
volume fraction of the magnetic phase is 2/3 total volume [4]. A target maximum energy product
of 20 MGOe at 80°C is a performance/price point that would allow alnico to compete with RE

permanent magnets, and is achievable according to the theoretical calculations.

1.2Purpose of Study

Recent studies have shown that alnico forms a nanoscale bcc-intermetallic spinodally
decomposed structure [5,6]. The major mechanism of coercivity in alnico is shape anisotropy,
which is developed through a complex series of heat treatments that were empirically established
[3]. If the heat treatment effects on microstructure of the alnico system could be understood, then
alloy processing could be improved to achieve the 20 MGOe target energy product target for PM

motors.
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Alnico was primarily used for this study due to its already high coercivity (1900 Oe) and
equiaxed grain structure. Using this alloy grade, the goal was to investigate current heat
treatment processes and their effect on microstructure and magnetic properties, and how the
performance of the alloy could be improved using different processing methods. Each step of the
conventional heat treatment process was examined for changes to microstructure and magnetic
properties. Cast, sintered blended powder, and homogenous gas-atomized powder techniques

were also studied for effects on magnetic properties and microstructure development.

1.3 Objectives

Our study aims to optimize the thermal treatment processing and composition of Alnico alloys.
Different solidification rate of melt-spun Alnico ribbons created different grain features
compared with cast and sintered Alnico. The investigation of the relationship between grain
microstructure and magnetic properties are important for coercivity enhancement, since the
methods to improve the coercivity of Alnico is deficient. A non-magnetic (gamma) phase in
Alnico is detrimental to its magnetic properties, therefore, it is necessary to develop methods to

get rid of it. Specifically, the objectives of our research are as follows:

i Investigation of the structural and magnetic phase transition as a function of magnetic

field and temperature.



Page |4
ii. Analysis of the structural information and surface morphology of Alnico V magnetic
ribbon will be studied.
iii. Investigation of compositional information of Alnico V magnetic ribbon.
iv. Study of the temperature dependent electrical resistivity.
V. Investigation of the magneto resistance, and magnetic permeability.

vi. To study the effect of heat treatment and composition on magnetic properties of
melt-spun Alnico alloys;
vii. To investigate the effect of solidification process on the grain micro structural and magnetic

properties of melt-spun and cast Alnico alloys;

1.4 Outline of this thesis

The summary of the thesis is as follows:

Chapter 1 represent the the General Introduction of this thesis.

Chapter 2 gives a brief overview of the materials, theoretical background as well as crystal

structure of the alnico v magnet.
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Chapter 3 gives the details of sample preparation and description of different measurement

techniques that have been use in this research work.

Chapter 4 gives the idea of mathematical and theoretical background of spinodal

decomposition.

Chapter 5 is devoted to the result of various investigations of the study and explanation results

in light of existing theories.

Chapter 6 Includes the conclusions and suggestion for future work.
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Chapter 2 Literature Review

2.1 History of Alnico Alloys

Alnico permanent magnets were developed in early 1930s by Japanese scientist Tokushichi
Mishima[1,2]. He developed permanent magnet made from nickel, aluminum and iron with
better magnetic properties than "magnet steels” available at the time. A few months later, he
reported addition of cobalt (Co) could further enhance the magnetic properties of the alloy [3].

In 1935, researcher William E.Ruder of General Electric developed a new Alnico permanent
magnet. An Alnico disk of less than a pound can be used to swing a 55-Ib.radio cabinet. This
suggested that Alnico was ready to replace small electromagnets in motors, transformers, and
loudspeakers, which show great potentials in lowering the cost and simplifying the
construction[4]. Anisotropic Alnico alloys with columnar grains were developed by Gottfried
Bruno Jonas of the Netherlands in late 1930s. Such alloys show 50% to 200% higher maximum
energy product than isotropic Alnico[4]. Since that time, Alnico had been developed into a
robust permanent magnet. However, commercial exploitation of this material was stopped by the
advent of World War II. It was not until 1947 that Alnico speakers was used in guitar amps of
Gibson and Fender[4], which indicated the rise of Alnico products. Figure 1 shows an
advertisement from QST amateur radio magazine released in April 1945, exhibiting importance
of Alnico. Since researchers cannot further improve the remanence of Alnico, they switched their
attention to coercivity enhancement. Koch et al. found Ti-containing Alnico has better

coercivity, followed by the development of Alnico 8[5]. However, Ti introduces grain
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refinement, which makes it difficult to obtain a columnar structure. At that time there was

considerable doubt in the Alnico industry that any practical results could be achieved[6].

In the early of 1960s, Gould discovered that appropriate sulfur (S) addition to Alnico 8 produced
columnar crystals without sacrificing large magnetic properties[7,8]. Since then, further work on
composition modification to improve coercivity without reducing remanence led to the
introduction of Alnico 9 in the U.S. market in 1964[6]. Research on Alnico stopped after 1975,
after the emergence of high coercivity rare earth permanent magnets, such as samarium cobalt
and neodymium iron boron. There has been no significant progress on magnetic properties of
Alnico since 1964, as can be seen in Figure 2.1 Today, researchers are focusing on understanding
coercivity

Mechanisms[9,10], microstructure[11], and processing[11,12] to improve its magnetic

properties.
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Figure 2.1. Permanent Magnets History in the Aspect of Magnet Energy[10]

2.2 Magnetic origin of Alnico Alloys

Magnetic properties of Alnico are resulted from the phase transformation (spinodal
decomposition). A al (Fe-Co rich) and a2 (Al-Ni rich) phases are developed in Alnico after
spinodal decomposition, in which al phase is strong ferromagnetic, while a2 is weakly
ferromagnetic. al phase is aligned as rods in <100> direction and distributed in @2 phase, since

<100> is the energetically favorable direction[14].
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Spinodal decomposition is a continuous phase transformation arising from conserved order
parameter, which means it cannot change in one location without affecting its neighborhood[15].
As can be seen in Figure 3, an alloy with composition Xg is heat treated at T, and then quenched
to T,, Its composition is homogeneous and initial free energy is G, at the beginning. However,
the alloy will be immediately unstable due to small variations in composition, producing A-rich
and B-rich phase will reduce the total free energy. Therefore, ,,up-hill(] diffusion occurs until the
equilibrium composition X; andX; are achieved [16]. There is no activation energy barrier inside
the spinodal area. If the alloy lies outside the spinodal area, small fluctuation of composition
results in free energy increase, and the alloy is detestable. In order to reduce the free energy of
the system, nucleation and growth will take place. Therefore, ,,down-hill] diffusion occurs in
this situation, as can be seen in Figure 4 There are three high-energy Alnico alloys, which are
Alnico 5, Alnico 8, and Alnico 9. Figure 5 shows magnetic properties of these three Alnico
grades. Alnico 5 has the highest remanence compared to other two grades. However, Alnico 8
has the maximum coercivity. Alnico 9 combines characteristics of Alnico 5 and Alnico 8,
showing the maximum energy product. The difference of magnetic properties among these

Alnico alloys results from various chemical composition, followed by sape anisotropy variation
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Figure 2.2. Phase diagram and free energy curve of spinodal decomposition[16].

Figure 2.3. Composition profiles of spinodal decomposition and nucleation& growth[16].
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Figure 2.4. Magnetic hysteresis loop of three high-energy Alnico grades: Alnico 5, Alnico 8 and
Alnico 9 . The higher Br for the Alnico 5 and 9 are consistent with their high grain alignment relative to
the applied field direction during processing compared to Alnico 8, which has randomly oriented

grains[9].

The coercivity of Alnico is largely determined by shape anisotropy[10,17]. Figure 5 shows high-
angle-annular-dark-field (HAADF) scanning transmission electron (STEM) imaging, which
clearly differentiates phase morphology in Alnico alloys[10]. The aspect ratio of a1l phase in

Alnico 5 is about 5, however, Alnico 8 and Alnico 9 has larger aspect ratio, which are around 10.

Hy = (1 —p)(Ny — N,)CFe+CopEece
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where p is volume fraction of a1 phase, Nj is demagnetizing factor along the long axis,

Fe+co
C

Na is demagnetizing factor along the short axis, is the relative concentration of Fe+Co in

FeCojs saturation magnetization of the sample.

the a1 phase, Ms
Equation [10] shows that the intrinsic coercivity of Alnico alloys is proportional to the difference
in the demagnetizing factor between the long axis and the short axis. Therefore, a high aspect

ratio of a1 phase is beneficial for coercivity improvement. This characteristic is used to design

high coercivity Alnico alloys.

Figure 2.5. HAADF STEM images and schematic of a1 phase morphology of different Alnico
alloys: (a) Alnico 5,transverse; (b) Alnico5, longitudinal; (c) model ofal phase in Alnico 5; (d)
Alnico 8, transverse; (e) Alnico 8, longitudinal; (f) model of a1 phase in Alnico 8; (g) Alnico 9,
transverse; (h) Alnico 9, longitudinal; (i) model of a1 phase in Alnico 9[10].
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2.3 Manufacturing Process

Commercial Alnico alloys are fabricated by casting and sintering. For cast Alnico, pure elements
are put into a furnace and melted at 1750-1780 °C. The molten Alnico alloy is poured into sand
molds with required shape of magnet. The sand mold and casting is cooled rapidly to avoid the
formation of gamma phase. Sometimes there are chilled plates at the bottom of the molds to aid
cooling. Sand can be exothermic sand, which gives a different cooling rate. Exothermic sand is
combined with chilled plates to

produce textured Alnico alloys with higher remanence values. After cooling, the sand mold is
broken down and the magnets retrieved. A series of heat treatments are applied to as-casted
Alnico. If required, the magnets are ground to finished size and are also magnetized before
packing[13].Sintered Alnico is made by compacting powder. Firstly, the raw elements are
ground

by milling into particles. Secondly, the powder is pressed in a die under tones of pressure. The
resulting magnet is then sintered at 1260 °C in a hydrogen atmosphere to melt the powder

together. Generally, sintered Alnico magnets are small, weighing less than 30 grams[3].

2.4 Heat Treatment

As-made Alnico alloys are magnetically soft, with the coercivity of a few oersted. Their
relatively good magnetic properties are given by heat treatment. Therefore, heat treatment study

is very important for improving Alnico alloys' performance. Heat treatment of Alnico alloys
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depends on their types. Typically, the heat treatment of Alnico includes three steps. For Alnico 5,
samples are heat treated at 1350 °C to reach the single phase, and then are fast cooled to 900 °C.
This process is called solutionization, which is used to make homogeneous aphase and remove
yphase formed in Alnico preparation process. Samples are then cooled to 600 °C under a
magnetic field where spinodal decomposition takes place. Following a double tempering for 6
hours at 650 °C and 24hours at 550 °C to achieve chemical equilibrium between a1 and a2
phases[18]. For Alnico 8 and Alnico 9, firstly, as made Alnico alloys are solutionalized above
1250 °C for half an hour, and then are quenched to room temperature to achieve single phase.
Secondly, the quenched samples are annealed for 10 minutes at 800 °C in the presence of a
magnetic field for spinodal decomposition development[19]. The magnetic properties of Alnico
alloys are mainly determined in this process. Field annealing samples are successively annealed
at 650 °C and 550 °C as Alnico5, to sharpen phase separation, followed by magnetic properties
improvement. Kim et al. reported the effect of cooling rate and low temperature solutionlization
onthe magnetic properties of Alnico 5[20]. They found the magnetic properties of Alnico 5are
highly dependent on the cooling rate from 900 °C to 600 °C. The faster the cooling rate is, the
smaller the size and the larger aspect ratio of al phase it will have, resulting inbetter coercivity,
as shown in Figure 2. 7.

Iwama et al. studied the effect of isothermal annealing temperature on evolution of phases, as
can be seen in Figure 2. 11. The quenched specimens were isothermally annealed at 750, 780,
810, and 830 °C, respectively, with a magnetic field applied along the columnar axis of the
specimen. It shows al phases aligned along the magnetic fielddirection, and 810 °C producing

the optimal morphology[14].
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Figure 2.6. Relation between coercive force and aging time at 600 °C for the Fe-24Co-14Ni-8Al-
3Cu alloy after continuous cooling in magnetic field from 900 °C to 600 °C at various cooling

rates. Solution treatment was performed at 1250 °C for 1h[20].
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Figure 2.7. Electron micrographs of Alnico 8 specimens annealed for 10 minutes in amagnetic
field at (a) 750 °C, (b) 780 °C, (c) 810 °C and (d) 830 °C, respectively. Theupper row
corresponds to the specimen surface parallel to the applied field and the lower row corresponds

to the surface perpendicular to the field[14].

2.5 Alloy Addition

Alloy additions are an effective way to improve magnetic properties of Alnico alloys by
controlling shape anisotropy and microstructures. The alloying elements for Alnico can be
separated into two categories: (1) Elements that are used to boost intrinsic coercivity of Alnico,
and (2) elements to help columnar grain growth. The main challenge of Alnico V is its
deterioration of the magnetic properties at elevated temperature, e.g., above 1100C. Suitable
replacement of elemental composition is a way to sustain and even enhance the magnetic

properties of this alloy at high temperature. Fabrication process of this alloy is also important .
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Alnico V is a permanent magnet and retains its crystallinity in any form . Fabricating Alnico V
by hard pressing the powder (solid state technique) has been proven useful . Melt-spinning the
alloy is rather new technique and there are not many information available on the magneto-
transport properties of melt-spun Alnico V. In this work in addition to melt spinning the Alnico
V ingot the addition of B and also its effect on the elastic and magneto-transport properties have

been investigated.

2.6 Coercivity Enhancers

Most of Co goes to a; phase after spinodal decomposition, which increases saturation
magnetization, resulting in higher Br. Equation 2 shows this also enlarges the magnetization
difference between a; and 2. Hc results from magnetostatic interactions, as can be seen in
equation 3 [46]. Therefore, the coercivity of Alnico is increased with Co addition. Here 4M is the
difference in saturation magnetization, Ma, the saturation magnetization of al phase, Ma2 the
saturation magnetization of a, phase, N, the demagnetizing factor along the long axis, and
N;demagnetizing factor along the short axis.

AM = Mai— Maa(2)
Hc oc AM(N2 — N1)(3)

. Liu et al. investigated Alnico alloys containing 34, 36, 38, and 40 wt% Co[27]. They found that
there was more a1 phases with diameter smaller than 20nm when increasingCo and Ti content in
the samples, as can be seen in Figure 13.The coercivity largely increases with Co, while the
remanence and squareness of the demagnetization curve decrease with Co. They explained that

the increasing nonmagnetic Ti content is the reason for saturation magnetization reduction.
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However, there is no report of Ti content of their specimens. It is possible that particle alignment

and perfection deteriorate with Co, following with the reduction in saturation magnetization.

Table 1. Magnetic properties of Alnico 8[27].

Figure 2.8. TEM of Alnico 8 thin foils perpendicular to the applied magnetic field. (a) bright-
field image of 34 wt% Co Alnico; (b)36 wt% Co Alnico;(c) 40 wt% Co Alnico[27].

Ti is another element that can boost coercivity of Alnico alloys. Alnico 8 and Alnico 9 are well-
known due to their relatively high coercivity compared with Alnico 5, especially when an

isothermal field treatment is applied[48]. Coercivity enhancement can be explained by the
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equation 2 and 3. Ti is a paramagnetic element, which primarily segregates to the a,phase[30].
This can increase the saturation magnetization difference between a; and a, phases, enhancing
coercivity. Another reason is that Ti improves the shape anisotropy of Alnico alloys. This is
proved by comparison of the aspect ratio of Alnico 5, Alnico 8 and Alnico 9[30]. Alnico 5
usually has an aspect ratio of 5, while Alnico 8 and Alnico 9 have aspect ratios of 10.Takeuchi et
al. performed anisotropy measurements using a combination of magnetic measurements and
electron microscopy on monocrystallline Alnico alloys[29]. They found that the shape anisotropy
constant increases with Ti content, resulting in coercivity improvement.They also found that the
packing fraction of the a1l phase dramaticallychanges with Ti, leading to the conclusion that one
main reason for high coercivity of thehigh Ti-containing Alnico is the packing fraction.
However, this finding does not agree with other work[10], which shows packing fraction has no
obvious change among Alnico5, Alnico 8, and Alnico 9.

Iwama et al. studied the effect of Ti in Alnico 8-type alloys[28]. Figure 14 shows that extrinsic
coercivity (BHc) significantly increases as Ti content increases. It approaches1700 Oe at 6 wt%
Ti, and then slightly decreases. At the same time, Br linearly decreases with Ti. The optimal Ti
content is 5 wt%, which shows the highest (BH)max. The electron

microscopy images in Figure 15 reveal the precipitates particles after optimal heat treatment are
likely to coarsen in both size and aspect ratio with increasing Ti. This finding seems to contradict
the recent characterization study of Alnico 5, Alnico 8, and Alnico 9[10], and the later report
about the effect of Ti on shape anisotropy[29]. It is likely that shape anisotropy is mainly
determined by the synergy of Co and Ti, rather than by Ti itself, since Ti was increased while Co
was deceased. On the contrary, high Ti containing Alnico alloys usually have high Co content,

which leads to improvement in shape anisotropy and magnetic properties[10,29].
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(BH

Figure 2.9. Relation between magnetic properties and Ti content in Alnico 8-type alloys under
the optimal isothermal heat treatment[28].

Figure 2.10. Electron micrographs of Alnico 8-type alloys containing various Ti content, after
the optimal isothermal treatment followed by aging[28]. (a)No.3 (3.10 wt% Ti) (b) No.5 (4.36
wt% Ti) (¢) No.7 (6.39 wt% Ti) (d) No.8 (7.52wt% Ti)

Nb is another element that can be used to enhance coercivity. The reason for coercivity

enhancement results from shape anisotropy improvement[30]. Although the effect of Nb on the
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microstructure of Alnico alloys has not be studied, it is suggested that it is similar to Ti
addition[50]. Szymura et al. investigated the influence of Nb addition on the magnetic properties
of textured Alnico 5 alloy. They found 0.5 wt% Nb addition decrease remanent induction while
increasing coercivity and squareness of the hysteresis loop[30]. Sugiyama et al. studied the effect
of Nb on the magnetic properties of sintered Alnico 5 alloys[51]. As can be seen in Figure 2.10,
coercivity increases as Nb increases. However, remanence gradually decreases when Nb addition
is over 1%. They also reported large amount of Nb addition cause pore aggregation, rapid grain
growth, and negative effects on rupture strength. They suggested that 0.35~0.70 wt% of Nb

addition is optimal to improve sintered Alnico 5 alloys.
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Figure2.11. Effect of added Niobium on the magnetic properties of sintered Alnico 5

magnet alloys[31].
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Chapter 3 Experimental Procedure

3.1 Arc Melting

Arc melting or vacuum arc melting is a traditional method used to prepare solid metal ingots. In
our process, pure metals were placed on a water cooled copper plate. The chamber of the arc
melter was repeatedly pumped and backfilled with high purity argon gas. The base pressure was
around 100 m Torr and the operating temperature was slightly below atmospheric pressure. A
large voltage was applied to tungsten electrode to generate the arc. Pure metals were melted by
the arc with melting temperature up to 3500 °C and then formed a solid sample. The sample was

then flipped and re-melted for four times to ensure chemical homogeneity.

Figure 3.1.Schematic diagram of arc melter.
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3.2 Melt Spinning

Melt spinning is a method that can control solidification and structure of materials [38]. In our
experiment, the base pressure was 2.3x10-2 Torr. Samples were melted by radio frequency
induction heat copper coil, and then ejected by over pressured argon through a small round
nozzle (0.72 mm in diameter) onto the rotating copper wheel. Alnico ribbons were collected for

characterization.

Figure 3.2.Schematic diagram of melt spinner.
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Fig 3.3.Melt-spinning apparatus

3.3 Hysteresis Loop
The hysteresis loop is the fingerprint of a ferromagnetic material, the typical shape can be seen in

Figure 3.4, which results from a nonlinear response of ferromagnetic materials to an applied
external magnetic field. Any ferromagnetic material is composed of small regions where all
magnetic dipole moments align in the same direction, and contiguous domains are separated by
domain walls[59]. The hysteresis loop begins at starting point with zero applied field (H=0), at

this state, all the domains are disoriented such that vector sum of the magnetizations is zero.
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When an external magnetic field is applied, the magnetization increase gradually and then
rapidly, finally saturate at point a, which is called saturation magnetization. In this point, the
specimen becomes a single domain that is aligned in the direction of applied field. When H is
reversed and reduced torero, some magnetization remains, which is known as the remanence
(Br).This may be explained by the resistance to movement of domain walls, corresponding to the
increase of H in the opposite direction[39]. In order to remove the remanence, a reversed H is
required. The field applied to reduce remanence to zero is called coercivity (Hc). Since all the
domains have different magnetization direction, there is no magnetic flux (B=0) at point c. With
increasing of field in the opposite direction, the same saturation happens asit did before. The

cycle is then reversed to get a full hysteresis loop.

Figure 3.4. Schematic representation of a hysteresis loop for a ferromagnetic
material portraying the saturation points (a and d), remanence points (b and e), and
coercivity points (c and f)[40].
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Figure 3.5. Schematic representation of the magnetic domains with increasing and

decreasing magnetizing force[40].

Figure 3.5 shows magnetic domains at different stages of magnetization. In the beginning, they
are disoriented, and then gradually aligned with increasing magnetic field, finally misaligned
again when moments cancel each other and yield zero net magnetic moment. For hysteresis loop
measurement, we used an alternating gradient magnetometer (AGM). The samples were

mounted at the end of a holder by vacuum grease, and subjected to a fixed direct current (DC)

field with an alternating field gradient.



Page |31

3.4 X-ray Powder Diffraction

X-ray powder diffraction (XRD) is an analytical technique mainly used for identifying a
material’s crystal structure and phase fraction[41,42]. The basic process for XRD can be
described as three steps[36,37]. Firstly, X-rays are generated in cathode ray tube via heating a
filament, then these X-rays are filtered by foils or crystal monochromators to produce
monochromatic X-rays. Finally, these X-rays are collimated and directed to the sample. When
the incident X-ray satisfies Bragg’s Law, constructive interface leads to an observable intensity
peak. A detector records this X-ray signal and counts the number of incoming X-rays at each
angle. In this thesis, a PAN AlyticalEmpyrean diffract meter (Cu Ko radiation, A=0.1541 nm, 45
kV and 40 mA) was used for XRD characterization. Bragg’s Law is classic principle used for
XRD, which gives angle for coherent and incoherent scattering from a crystal lattice[43]. X-rays
are scattered from lattice planes with interplanar spacing d, when the scattered waves interfere
constructively, they remainin phase. It is because path length of every wave is equal to an integer
multiple of the wavelength, which can be expressed by the equation 4. Here A represents the
wavelength of X-rays, n is a positive integer, d represents interplanar spacing, and 0 represents
diffraction angle.

nA = 2dsinf 4)
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Figure 3.6.Bragg diffraction. Two beams with identical wavelength and phase approach a crystalline solid

and are scattered off two different atoms within it. The lower beam traverses an extra length of 2dsin6.
Constructive interference occurs when this length is equal to an integer multiple of the wavelength of the
radiation[43].

3.5 Scanning Electron Microscopy

Fig.3.7 Scanning Electron Microscopy
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3.6 Equipment needed for sample preparation and characterization.

The equipment needed to characterize and measure ALNICO 5 are Wayne kerr impedance
analyzer ,Four point probe , VSM, Hall probe ,Magnetic coil ,XRD and FSEM. All these

instrument are available at solid state physics lab ,dept of physics ,BUET Dhaka-1000.

Fig.3.8 VSM measurement system

Fig. 3.9 magnetoresistance measurement system
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Fig.3.10Wayne kerr impedance analyzer
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Chapter four Spinodal decomposition

4.1 INTRODUCTION

Spinodal decomposition is a mechanism for the rapid unmixing of a mixture of liquids or
solids from one thermodynamic phase, to form two coexisting phases. As an example, consider
a hot mixture of water and an oil. At high temperatures the oil and the water may mix to form a
single thermodynamic phase in which water molecules are surrounded by oil molecules and vice
versa. The mixture is then suddenly cooled to a temperature at which thermodynamic
equilibrium favors an oil-rich phase coexisting with a water-rich phase. Spinodal decomposition
then occurs when the mixture is such that there is essentially no barrier to nucleation of the new
oil-rich and water-rich phases. In other words, the oil and water molecules immediately start to
cluster together into microscopic water-rich and oil-rich clusters throughout the liquid. These
clusters then rapidly grow and coalesce until there is a single macroscopic oil-rich cluster, the

oil-rich phase, and a single water-rich cluster, the water-rich phase.

Spinodal decomposition can be contrasted with nucleation and growth. There the initial
formation of the microscopic clusters involves a large free energy barrier, and so can be very
slow, and may occur as little as once in the initial phase, not throughout the phase, as happens in

spinodal decomposition.

Spinodal decomposition is of interest for two primary reasons. In the first place, it is one of the
few phase transition in solids for which there is a complete quantitative theory. The reason for
this is the inherent simplicity of the reaction. Since there is no thermodynamic barrier to the

reaction inside of the spinodal region, the decomposition is determined solely by diffusion. Thus,
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it can be treated purely as a diffusional problem, and many of the characteristics of the
decomposition can be described by an approximate analytical solution to the general diffusion

equation.

In contrast, theories of nucleation and growth have to invoke the thermodynamics of
fluctuations And the diffusional problem involved in the growth of the nucleus is far more

difficult to solve, because it is unrealistic to linearize the diffusion equation.

From a more practical standpoint, spinodal decomposition provides a means of producing a very
finely dispersed microstructure that can significantly enhance the physical properties of the

material.

4.2The Mechanism of Spinodal Decomposition

The spinodal is defined as the point where the curvature of the Gibb’s free energy with respect to
concentrations zero, or:

d 2G/dc?=0
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[1]The condition for stability is that the curvature of the Gibb’s free energy must be equal to or
greater than zero; the unstable region is defined by the locus of the spinodal [1]. Above the
spinodal region, or when the curvature of the Gibb’s free energy is positive, the two phase region
decomposes by nucleation and growth, and below this region, the two phase region decomposes

by spinodal decomposition. A diagram of

free enetgv G(T)

Figure 4.1: Variation of the chemichal and coherent spinodal with composition. The region
within which two phases are stable is called the miscibility gap [3]

the spinodal can be seen in Figure 21. A concentration gradient causes uphill diffusion, or
diffusion in the direction against the gradient, if the composition is inside the spinodal, and
downhill diffusion otherwise the change in free energy acts as the driving force for diffusion [2].
Spinodal decomposition is one mechanism by which an alloy decomposes into equilibrium

phases. It was first proposed by Hillert’s thesis in 1956 [2] as a method to explain the growth of a
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composition modulation in an alloy that begins with a homogenous composition. Such a
mechanism implies a negative diffusion coefficient. Hillert derived a new diffusion equation for
cases where the third derivative of concentration is large; this equation accounts for the fact that
a concentration gradient does not always cause downward diffusion. Hillert also developed a
model from the zeros approximation of nearest-neighbor interactions. The model predicts the
existence of periodically modulated structures in ordering, as well as in precipitation systems [4]
by deriving an expression for the free energy of the system. A diffusion equation was also
derived, which took into account the discontinuity in composition between planes in crystalline
solids [4]. This model predicts the formation of many wavelengths during the first stage of

transformation [4].

Figure 4.2: The progression of the sinusoidal composition profile through time. [8].
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4.3 The Evolution of Concentration Profiles

During spinodal decomposition, the two phases separate from each other into a sinusoidal
composition profile[5]. This takes place over two stages. First, a primary wavelength forms, and
the difference in concentration between the two phases increases exponentially until the limit as
set by the miscibility gap, or the two phase region where both phases are stable [6], is reached. If
aging continues, the coarseness of the composition increases, but the concentration of each phase
will be constant. The process is illustrated in Figure 22. This results in a sinusoidal composition
profile, with a wavelength of approximately five nm or less [7].

Cahn determined that true spinodal decomposition possesses two properties. It occurs
everywhere within the sample, with the exception of near structural imperfections where the rate
or mechanism may be different, and the amplitude of composition fluctuations should grow
continuously until a metastable equilibrium is reached, with a preferential amplification of

certain wavelength components [1].
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Figure 4.3: A typical evolution sequence for the Cahn-Hilliard equation, where u represents the
concentration. As time progresses the concentration approaches a sinusoidal composition profile,

as that of spinodal decomposition. [10].

4.4 The Cahn-Hilliard Equation

Cahn and Hilliard determined a governing equation to describe the process of phase separation:

[9]where D is the diffusion coefficient, c is the concentration, and is the surface energy. If a
linear analysis of the Cahn-Hilliard equation is performed, it suggests that spinodal
decomposition occurs [10]. A typical evolution sequence can be seen in Figure 23. As time
progresses, the concentration approaches a sinusoidal composition profile, as that of spinodal
decomposition.

An example of a numerical solution to the Cahn-Hilliard equation can be seen in Figure 24. The
solution begins at an unstable concentration (a), and decomposes into two distinct phases with a
characteristic length scale (through c). As time continues to progress, the length scale is

coarsened while maintaining fixed phase concentration fractions [11].
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Figure 4.4: A numerical solution to the Cahn-Hilliard equation, demonstrating spinodal
decomposition. The system begins at an unstable concentration (a), and decomposes into two
distinct phases with a characteristic length scale (b, c); as time progresses, the length scale
coarsens while maintaining fixed phase concentration fractions.

The initial stage composition can be expressed by the equation:

[12], where A is the amplitude of the fluctuating wave, and

The critical wavelength is given by:

[12], where kis a materials constant known as the gradient energy coefficient. All wavelengths
longerthan this critical wavelength are unstable, and will amplify to trigger the spinodal
decomposition process. AFor a one-dimensional system, the solution to the Cahn-Hilliard

equation takes the form:
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where R(B) is the amplification factor [12]. The amplification factor can be plotted as a function

of wavenumber or wavelength, to predict the wavelength that grows most rapidly with time.

& Classical nucleation and growth
G
Co
CNlFm S L=
Early Later Final

Distance —
Spinodal decomposition

Concentration

Early Later Final
Figure 4.5: The sequences of formation of a two-phase mixture by nucleation and growth

(above) and spinodal decomposition [13]
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4.5 Spinodial Decomposition vs. Nucleation and Growth

Nucleation and growth is another method of decomposition into equilibrium phases; it occurs in
the two-phase region when the curvature of the Gibb’s free energy is positive, or above the
spinodal. Nucleation thus occurs in the metastable region of the phase diagram [11]. The system
initiates a discontinuous phase transformation, as seen in Figure25. Nucleation requires localized
fluctuations in composition that are large enough that the free energy decreases from the
chemical driving force, enough to offset all terms that resist the transformation, such as the
elastic strain energy. The transformation begins at discrete nucleation sites, and evolves by
outward growth of the nuclei of the new phase, as seen in Figure 25. Nucleation and growth can
thus be categorized as a “discontinuous” phase transformation, where spinodal decomposition is
a “continuous” phase transformation. This distinction occurs as spinodal decomposition arises
from systems that are thermodynamically unstable, as is indicated by the curvature of the Gibb’s
free energy, where nucleation and growth occurs in metastable systems [11]. The evolution of
the phase separation differs between the two processes. The second-phase structure that evolves
by nucleation and growth results in more spherical nuclei, where spinodal decomposition has a

worm-like or tweed-like interconnectivity [12].

4.6 Coherency strains

For most crystalline solid solutions, there is a variation of lattice parameter with composition. If
the lattice of such a solution is to remain coherent in the presence of a composition modulation,
mechanical work has to be done in order to strain the rigid lattice structure. The maintenance of

coherency thus affects the driving force for diffusion.
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Consider a crystalline solid containing a one-dimensional composition modulation along the x-
direction. We calculate the elastic strain energy for a cubic crystal by estimating the work
required to deform a slice of material so that it can be added coherently to an existing slab of
cross-sectional area. We will assume that the composition modulation is along the x' direction
and, as indicated, a prime will be used to distinguish the reference axes from the standard axes of

a cubic system (that is, along the <100>).

Let the lattice spacing in the plane of the slab be a, and that of the unreformed slice a. If the slice
is to be coherent after addition of the slab, it must be subjected to a strain €& in
the z' and y' directions which is given by:

a — ag
i

E =

In the first step, the slice is deformed hydrostatically in order to produce the required strains to
the z' and y' directions. We use the linear compressibility of a cubic system 1 / ( cu+ 2 C12)
where the c's are the elastic constants. The stresses required to produce a hydrostatic strain of &

are therefore given by:

where the €'s are the strains. The work performed per unit volume of the slice during the first

step is therefore given by:
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3
WE(I} = E(Cu + 2{:12)-:"2

In the second step, the sides of the slice parallel to the x' direction are clamped and the stress in

this direction is relaxed reversibly. Thus, & = gy = 0. The result is that:

The final step is to express ¢y in terms of the constants referred to the standard axes. From the

rotation of axes, we obtain the following:

cpy = e + 2(2eqy — €1 + ep) (Pm® + m?Pn® + Pn?)

where |, m, n are the direction cosines of the x' axis and, therefore the direction cosines of the

composition modulation. Combining these, we obtain the following

Wg =Yo?
¢ + 2c12
e11 + 2(2eqq — e11 + €12

1
Y = E|[.c11 + 2¢12) |3 — )(Fm?* + m*n? + 1*n?)

The existence of any shear strain has not been accounted for. Cahn considered this problem, and

concluded that shear would be absent for modulations along <100>, <110>, <111> and that for
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other directions the effect of shear strains would be small. It then follows that the total elastic

strain energy of a slab of cross-sectional area A is given by:

Wgzdf}"a?dm

We next have to relate the strain & to the composition variation. Let a, be the lattice parameter of
the unstrained solid of the average composition c,. Using a Taylor's series expansion about

Co Yields the following

his simple result indicates that the strain energy of a composition modulation depends only on
the amplitude and is independent of the wavelength. For a given amplitude, the strain energy

WE is proportional to Y. Let us consider a few special cases.

For an isotropic material:
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Thus equation can also be written in terms of Young's modulus E and Poisson’s ratio v using the

standard relationships

is positive, so that the elastic energy will be a minimum for those directions that minimize the

term: 1°’m? + m®n? + 1°n% By inspection, those are seen to be <100>. For this case:

the same as for an isotropic material. At least one metal (molybdenum) has an anisotropy of
opposite sign. In this case, the directions for minimum We will be those that maximize the dire

ctional cosine function. These directions are <111>, and
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6cas(c11 + 2¢12)
€11 + 2c12 + 4eyy

Y[111] =

As we will see, the growth rate of the modulations will be a maximum in the directions that
minimize Y. These directions therefore determine the morphology and structural characteristics

of the decomposition in cubic solid solutions.

Rewriting the diffusion equation and including the term derived for the elastic energy yields the

following:
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4.7 Fourier transform

The motivation for the Fourier transform comes from the study of a Fourier series. In the study
of a Fourier series, complicated periodic functions are written as the sum of simple waves
mathematically represented by sines and cosines. Due to the properties of sine and cosine it is
possible to recover the amount of each wave in the sum by an integral. In many cases it is

desirable to use Euler's formula, which states that e*™°

= cos 2x6 + i sin 270, to write Fourier
series in terms of the basic waves e*™, with the distinct advantage of simplifying many unwieldy

formulas.

The passage from sines and cosines to complex exponentials makes it necessary for the Fourier
coefficients to be complex valued. The usual interpretation of this complex number is that it
gives you both the amplitude (or size) of the wave present in the function and the phase (or the
initial angle) of the wave. This passage also introduces the need for negative "frequencies”. (E.G.
If 6 were measured in seconds then the waves €™ and e *™® would both complete one cycle per
second—but they represent different frequencies in the Fourier transform. Hence, frequency no

longer measures the number of cycles per unit time, but is closely related.)

If A(B) is the amplitude of a Fourier component of wavelength A and wave number = 27t/A the

spatial variation in composition can be expressed by the Fourier integral:
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in which A(B) is the initial amplitude of the Fourier component of wave wave number 3

and R(P) defined by:

where R(p) is obtained by substituting this solution back into the diffusion equation as follows

2
R(B) — Mp* (z—z + 2!{,32)
C
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For solids, the elastic strains resulting from (in)coherency add terms to the amplification factor
R(P) as follows

2
R(B) = —Mp* ('3—2 +20°Y + 2Kﬁ2)

where E is Young's modulus of elasticity, v is Poisson's ratio, and 1 is the linear strain per unit
composition difference. For anisotropic solids, the elastic term depends on direction in a manner
which can be predicted by elastic constants and how the lattice parameters vary with
composition. For the cubic case, Y is a minimum for either (100) or (111) directions, depending

only on the sign of the elastic anisotropy

Thus, by describing any composition fluctuation in terms of its Fourier components, Cahn
showed that a solution would be unstable with respect to sinusoidal fluctuations of a critical
wavelength. By relating the elastic strain energy to the amplitudes of such fluctuations, he
formalized the wavelength or frequency dependence of the growth of such fluctuations, and thus
introduced the principle of selective amplification of Fourier components of certain wavelengths.
The treatment yields the expected mean particle size or wavelength of the most rapidly growing

fluctuation.

Thus, the amplitude of composition fluctuations should grow continuously until a metastable
equilibrium is reached with a preferential amplification of components of particular wavelengths.

The kinetic amplification factor R is negative when the solution is stable to the fluctuation, zero
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at the critical wavelength, and positive for longer wavelengths—exhibiting a maximum at

exactly V2 times the critical wavelength.

Consider a homogeneous solution within the spinodal. It will initially have a certain amount of
fluctuation from the average composition which may be written as a Fourier integral. Each

Fourier component of that fluctuation will grow or diminish according to its wavelength.

Because of the maximum in R as a function of wavelength, those components of the fluctuation
with V2 times the critical wavelength will grow fastest and will dominate. This "principle of
selective amplification™ depends on the initial presence of these wavelengths but does not
critically depend on their exact amplitude relative to other wavelengths (if the time is large
compared with (1/R). It does not depend on any additional assumptions, since different

wavelengths can coexist and do not interfere with one another.

Limitations of this theory would appear to arise from this assumption and the absence of an
expression formulated to account for irreversible processes during phase separation which may
be associated with internal friction and entropy production. In practice, frictional damping is
generally present and some of the energy is transformed into thermal energy. Thus, the amplitude
and intensity of a one-dimensional wave decreases with distance from the source, and for a three-

dimensional wave the decrease will be greater.
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4.8 Dynamics in k-space

In the spinodal region of the phase diagram, the free-energy can be lowered by allowing the
components to separate, thus increasing the relative concentration of a component material in a
particular region of the material. The concentration will continue to increase until the material
reaches the stable part of the phase diagram. Very large regions of material will change their
concentration slowly due to the amount of material which must be moved. Very small regions
will shrink away due to the energy cost in maintaining an interface between two dissimilar

component materials.

To initiate a homogeneous quench a control parameter, such as temperature, is abruptly and

globally changed. For a binary mixture of A-type and B -type materials, the Landau free-energy

_ £2+E4 K 2
F_f(z¢ L +2(v¢))dm,

is a good approximation of the free-energy near the critical pointand is often used to study
homogeneous quenches. The mixture concentration @ = p, — pgis the density difference of the
mixture components, the control parameters which determine the stability of the mixture

are A and B, and the interfacial energy cost is determined by K .

Diffusive motion often dominates at the length-scale of spinodal decomposition. The equation of

motion for a diffusive system is

0 = V(mVpu+§&(x)) ,
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u= 8 As s B — V6.

will quickly dominate the morphology. We now see that spinodal decomposition results in

domains of the characteristic length scale called the spinodal length:

The spinodal length and spinodal time can be used to non dimensionalize the equation of motion,

resulting in universal scaling for spinodal decomposition.
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Chapter Five

RESULTS AND DISCUSSIONS

5.1 Introduction

In this work we have investigated the effect of heat treatment on the dc and ac magnetic
properties of Alnico V ribbon samples. The structural analysis have convincingly proven that
the alloy has a crystalline state even in its ribbon form . Fig5.4(a) shows the X-ray diffraction of
the Alnico V . The intensity versus 2 Theta curve shows sharp crystalline peaks . Also the peak
positions indictate that the alloy maintains the pure bcc structure which is magnetic. All the as
made samples regardless of the wheel speed has shown pure crystallinity and magnetic in nature
and there is no trace of any glassy phase in all the studied samples. However controlled heat
treatment has nucleated some mixed crystalline and glassy phase. This is attributed to the aging
process of the ribbons. After long exposure to the aging process at 900C followed by 600C it is
assumed that some pockets of glassy phase has evolved in the sample but still largely
maintaining the crystalline states. This mixed phase has a clear effect on the anomalous magneto
resistive behavior of the sample. The magneto-resistance of the heat treated sample has deviated
significantly from that of the as made sample. In certain shape memory alloy a significant
anomaly is observed in the magneto-resistive behavior. A sudden jump ( magneto-resistive
jump) is observed in the magneto resistance as the magnetic field is swept from positive
magnetic field to the negative maximum field. It is still premature to level this magneto-resistive

behavior in Alnico V ribbons as a signature of shape memory alloy. However we found some
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similarity in this regard which needs further investigations. To investigate the effect of small
amount of Boron in the alloy 2 wt% Boron was added using plasma arc melting . The saturation
magnetization is slightly reduced after B addition although there is no observed boride phase
after the addition of B in the alloy. The XRD of the ribbon with Boron addition is shown in
Fig.5.4(b). The addition of B has only improved the elastic properties e.g., ductility of the alloy

as fabrication of the ribbons were easier after adding the trace amount of Boron.

5.2surface morphology of alnico v

SEM images of as-spun (25 and 50 m/s) and heat-treated samples at900 °C for 30 min and aged
at 600 °C for 4 hours are shown in figure 5.2(a) ,5,3(b) and 5.3(c). By examining SEM images of
several different regions of the ribbons a drastic reduction of the grain size is clearly visible,
from 1-10 um to roughly 1 pm and below in the samples produced at 25 m/s and 50 m/s copper
wheel speed, respectively. After the heat treatment to induce the spinodal decomposition the
grain size is almost doubled to around 10 pum and 1 pum in the ribbons produced at 25 m/s and 50
m/s, respectively. The developed spinodal structures within the grains are shown in the high-

resolution SEM images (figure 5.2(c) , bottom).
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Fig.5.2(a):SEM showing equiaxed grains cross-sectional structures

(b)

Fig.5.2(b):As made ribbon SEM image shows equi-axed shaped grains

(©

Fig.5.2(c): Annealing followed by aging has drastically changed the microstructure
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Fig . 5.2 (d): FESEM image (x 5 k) of 25 ms™ alnico v

n
Fig. 5.2(e): FESEM image (x 30 k) of 50 ms™ of alnico v .(f) After heat treatment
Fig.5.2 (d) shows the Field effect Scanning Electron Microscopic image of Alnico V ribbon melt
spun at 25 m/sec. The surface morphology shows well defined but randomly distributed grain
boundaries. These boundaries were created during the rapid quenching after being injected on the

fast spinning wheel.

Fig.5.2(e) shows A typical interpenetrating block structure is observed in our samples, which is
in contrast to the work by Akdogan et al. on Alnico thin films [1]. The brighter block like shapes
correspond to Fe Co-rich al phase and the dark interspacing phase represents the AINi-rich a2
phase. The spinodal structures have approximately the same size in both samples. I It can be
concluded that grain sizes in the range of several micrometers have only a weak influence on the

morphology of the spinodal structures. The grain size of Alnico ribbons was decreased by an
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order of magnitude by increasing the copper wheel speed from 25 m/s to 50 m/s to values, from
10 pum to about 1 um. The ribbons with bigger grains have a slightly finer spinodal morphology
than the smaller grained ribbons, although the difference is not pronounced. It seems that in the

range of um the grain size does not strongly influence the size of the spinodal structures.

5.3 Elemental analysis

Fig. 5.3(a): EDX spectrum of 25 ms™
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The EDX analysis of as made alnico v ribbon at 25 m/s sample Fig. 5.3(a) confirms that we get
our desire elements. The percentage of atoms are Al 19.67 ,Fe 47.49, Co 20.21 and Ni 12.64
percent .Here the speed of copper wheel at 25 m/s. The EDX shows there is no impurity .We do

not found any Boron addition in our sample.

Fig 5.3 (b) : EDX spectrum of 50 ms™

It is seen from the EDX Fig. 5.3 (b) the percentage of atoms are Al 14.84% , Fe 50.48%,Co
21.07% and Ni 13.62% which confirms our desire composition .Data of elemental analysis for
prepared ribbon the EDX reveals that the highest value of Fe atomic percentage is 50 .48 for 51
at % Fe.The prominent percentage of Co 21.07% for 24 at % Co and the other atomic percent is

such as Al 14.84% instead of 8% Al. Finally we found there is no impurity in our stoichiometric.
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The EDX confirms the composition of the constituent elements present in the samples. There is
no any impurities index in the compounds.EDX spectroscopy also confirmed the homogeneous
distribution of the constituent elements. It is observed from the EDX spectrum that the
percentage of the element in the component is well consistent in ribbon form. the EDX analysis

shows there is no boron in ribbon form at various speed.

5.4 X-ray Diffraction of melt spun Alnico V ribbon

900 ~
800 —
700 -
600 —
500 —

400 o

Intensity

300 +

200 4

100

r~rr ~—r - r rrT ~rY-r7Tr9 Y-r~r - r - r - r - rr-,r - r-vr+~r 11

30 35 40 45 50 55 60 65 70 75 80 85 90 95 100105110115
2 Theta

Fig.5.4(a) XRD patterns of alnico V ribbon.

All the as made and annealed samples Fig.5.4 (a) show pure crystalline structure as revealed by
the X-ray Diffraction analysis unlike most of the iron, cobalt and nickel based ribbons which
show amorphous or glassy structure after melt-spinning. The sharp peak confirms that the

ribbons are crystalline(pure bcc). We find the peak at 45°angle is very sharp and other peak at
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82.5% angle. The Intensity of the first peak is around 800 a.u. the other peak of the Intensity at

82.5 degree is 200 a. u.
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Fig.5.4(b)X-ray Diffraction of Alnico V with B addition

We show another Fig.5.4 (b) X -ray analysis of Alnico V with Boron addition. We find some
difference in intensity but the peak is almost the same. The addition of Boron the X-ray Fig. 5.4
(b) the intensity is around 1200 a.u and the other sharp peak of intensity is around 300 a.u.The
grain size decreased significantly with B addition .Because addition of B a minor secondary
phase is formed then the grain size was decreased by B addition, a significantly finer spinodal

structure developed compared to samples without B [2].
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5.5 Effect of mechanical alloying on the magnetic properties

Hysteresis loops for the mechanically alloyed ALNICO V samples are shown in Figure 5.1. The
magnetization curves show typical soft magnetic behavior with low coercivity, The magnetic
properties of Alnico v sample has been determined at room temperature at (300K) using a

vibrating sample magnetometer (VSM).

The hysteresis loop begins at a starting point with zero applied field (H=0), at this state, all the
domains are disoriented such that vector sum of the magnetizations is zero. When an external
magnetic field is applied, the magnetization increase gradually and then rapidly, finally saturate
at 131(emu/gm) which obtained at the magnetic field of 2.5 kOe , which is called saturation
magnetization. In this point, the specimen becomes a single domain that is aligned in the
direction of applied field. When H is reversed and reduced to zero, some magnetization remains,
which is known as the remanence (Br).This may be explained by the resistance to movement of
domain walls, corresponding to the increase of H in the opposite direction. In order to remove
the remanence, a reversed H is required. The field applied to reduce remanence to zero is called
coercivity (Hc). Since all the domains have different magnetization direction, there is no
magnetic flux (B=0) at point c. With increasing of field in the opposite direction, the same

saturation happens as it did before. The cycle is then reversed to get a full hysteresis loop.
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Figure 5.5 (a): M-H curve for Alnico v for room temperature

Fig 5.5 (a) shows the Alnico v permanent magnetic alloy is a soft magnetic material with low
coercivity of 180 Oe at room temperature .The saturation magnetization is 131 emu/gm which
obtained at the applied magnetic field of 2.5 kOe .The low coercivity value indicates the small

domain size of the material .
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Coercivity Enhancement Heat Treatment

The ribbons were heat-treated under vacuum at temperatures 700-900 °C (for 2 - 30 minutes) and
then were cooled to 600 °C with a cooling rate ~4°c /min. The heat-treatment was continued at
this temperature for 120 minutes. The as made M-H curve shows almost a line hysteresis

And the measured magnetization value is around 140 emu/gm.

The second M-H curve shows significant coercivity which is observed after annealing the
ribbon at 900C for 30 minutes , and then cooling down to 600 C @4C/minute . The sample was

then held at constant 600C for 4 hours and finally cooled down to room temperature.
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Figure 5.5 (b) : Hysteresis loops of Alnico V (900 °C for 30 minutes then 600 °C 4hours

minutes ribbons.
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The coercivities differ greatly between 180 and 1000 Oe for as made Alnico ribbon and
annealing Alnico v ribbon respectively. To get a first estimate for the coercively of Alnico a
well-established relation for the coercivity of a fully aligned array of single domain particles is

commonly used [5]

HC = (1 o p)(Nz - N!{)MS

Here p is the volume fraction of the Fe Co-rich al-lamellae.(N,-Nydenotes the difference in
demagnetization factors between the principal directions of the lamella (i.e. the shape anisotropy
contribution) and is the saturation magnetization of the al- lamellae. Ms will increase with
increasing content of Fe and Co, consequently the coercivity should be proportional to the Fe and
Co concentration in the al-phase. Since they are, within the error limits, almost the same for
both samples we doubt that they are responsible for the relatively big difference in coercivity.
However, the formula was derived for an ideal separation of the magnetic phases. This
separation is regarded as a necessity for a high coercivity and therefore it is likely that the main
reason for the decreased coercivity is the less defined chemical interface rather than the absolute
change in composition. Similar conclusions were drawn by Xing et al. [9] in commercial Alnico

5-8 magnets and by Sun et al. [12]
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5.6 Magnetoresistance Measurement

Magnetoresistance (MR) is a property of the materials to change its electrical resistance

when magnetic field is applied. Magnetoresistance is defined as

MR%:M X 100% Q)
R(0)

Where R(B) is the resistance in presence of magnetic field and R(0) is the resistance in absence
of magnetic field .

the resistivity of the material without magnetic field. At certain conditions anisotropy of the
magnetoresistance appears in the manganese films. It can be described as the dependence of the
magneto resistance on the direction of the magnetic field with respect to the direction of the
current and the surface plane of the film. There are three main reasons for the anisotropy in the
ferromagnetic materials: (1) the existence of the preferential directions of magnetization (due to
the crystalline structure and deformations), (2) resistivity dependence on the angle between the
direction of the current and the magnetization vector which is inherent in ferromagnetic
materials and (3) the shape anisotropy of the sample (demagnetization effect). The main reason
for the anisotropy in the ALNICO 5 crystalline manganese ribbon is due to the shape anisotropy
[4]. MR of the magnates depends on the magnetic field inside the sample. In turn, the magnetic
field inside material depends on the external magnetic field Hex and the demagnetizing field Hqg
and can be calculated as: Hi = H «x + Hq. The demagnetizing field Hq is proportional to the
magnetization M and the shape anisotropy tensor N: Hy = -N M .For this ribbon for M normal
to the surface the factor Ny = Ny, = 0 andNz=1 . Therefore, the preferred magnetization vector lies

in the surface plane.
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The value of magentoresistance is found to vary from 0 to -2.59 % at the field 0.48 ( KG ).

Magnetoresistance

is found to have decreased with applying field. when the applied field

reached at more than 7 (KG) the value of magnetoresistance is 0. Magneto resistance is also

found to have increased with applying field. The value of magnetoresistance is found to vary 0 to

-2.59% at the field 0.48(KG) and 0 to 1.11% at the increasing field 7 to 8.4 (KG).

First we found the value of magneto resistance is negative this indicates that the materials are

ferromagnetic and the positive portion indicates that it may be due to the magnetic disordering
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process and is expected to relatively weaker ferromagnetic coupling between ultra fine grains
owing to the enhanced paramagnetic effect of V by the thermal agitation.

The fig 5.6 shows the behavior of magnetoresistive jump which means the alloy is shape
memory . The physical mechanism behind this peculiar behavior is a martensitic transition (MT)

from an ordered bcc toward a close-packed martensitic structure [6].

5.7Study the temperature dependence of Resistivity of Alnico v (Four

probe method)

Ohm’s law: if physical conditions (like temperature mechanical stress ) remains unchanged
,then potential difference across the two ends of a conductor is proportional to current

flowing through a conductor.

Voo | orV=IR.

The constant of proportionality, R is called resistantnce of the conductor.

The scalar equation E=p J is only valid for resistors and conductors which are homogeneous
and isotropic, that is the conductivity (reciprocal of resistivity) is uniform throughout the
conductor, carrying a uniform electric current per unit cross-sectional area, J, through a

uniform internal electric field E, all in one dimension only.

Four probe method

The 4-point probe set up (Fig.2) consists of four equally spaced tungsten metal tips with finite

radius. Each tip is supported by springs on the end to minimize sample damage during
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probing. The four metal tips are part of an auto-mechanical stage which travels up and down
during measurements. A high impedance current source is used to supply current through the
outer two probes, a voltmeter measures the voltage across the inner two probes to determine
the sample resistivity. Typical probe spacings ~ 1 mm

These inner probes draw no current because of the high input impedance voltmeter in the
circuit. Thus unwanted voltage drop (I R drop) at point B and point C caused by contact

resistance between probes and the sample is eliminated from the potential measurements

Fig.5.7 (a): Four probe method of a measuring resistivity of a specimen

Since these contact resistances are very sensitive to pressure and to surface condition (such as
oxidation of either surface), error with the conventional two-electrode technique (in which
potential-measuring contact passes a current) can be quite large.

The electric current carried through the two outer probes, sets up an electric field in the

sample. In Fig.5.4, the electric field lines are drawn solid and the equipotential lines are
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drawn broken. The two inner probes measure the potential difference between point B and C.

Resistivity measurement
The resistivity was measured by the four-probe method and using the following relation .At

low temperature the resistivity

p=[ pot+Bp(T)]exp [-2W(T)]

where p@ is the residual resistivity , Ap(T) is the term arising from the inelastic electron —
phonon interaction and the exponential term represents the Debye —Wallar factor .the term ,

Ap(T) is shown to exhibit +T? dependence at low temperature (<200K) + T at higher

temperatures.
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Fig.5.7 (b) : Resistivity as a function of temperature
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The resistivity behavior is almost isotropic at -50°C to +50°C temperature going through a

minimum at around 0°C.

5.8Impedance and magnetic permeability versus frequency
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It can be seen the first fig (a) impedance as a function of frequency at a low frequency (100 Hz
to 10 MHz ) the alnico v ribbon at various temperature is low but when the frequency reaches at
10MHz the alnico ribbon is responded and increases impedance with increasing frequency .this
behavior of this reasons is the sample is inductive with some anomaly at high frequency. But on
the other hand at low frequency the alloy has no impedance with response of frequency. the
sample 100 Hz to 10 MHz Figure 5.8(a) shows the corresponding trend in the impedance as a
function of frequency. At low frequencies it is constant and equal to the DC value but increasing

the frequency it is responded ac characteristics.

From the fig 5.8 (b) is observed the real permeability as a function of frequency with various
temperature. at low frequency the sample is responded and is showed its resonance . Up to
around 10 MHz the real permeability is steady and then drop with increasing frequency. At high

frequency there is low permeability.

A good soft magnetic material should have minimal hysteresis and a high permeability.
Permeability is usually quoted for the internal field, because soft magnets are normally used in a
toroidal geometry where demagnetizing effects are negligible. In some range of internal field, the

B(H) response is linear

B=pouH

The frequency response of the permeability of high-frequency sample is flat up to the
ferromagnetic resonance frequency, where it falls of. The higher the cut-of frequency, the lower

the permeability.
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Besides the fig 5.8 (c) shows imaginary part of permeability .1t is seen from the figure at low
frequency the imaginary permeability also high and at room temperature at 1kHz the

permeability drop. That is indicated inversely relation real and imaginary permeability.

The whole phenomena can be explained as below. Here, we focus on the magnetization
dynamics of coherent precession (MDCP), which is related to higher permeability at higher

working frequencies of high frequency magnetic materials (HFMM).

HFMM are considered as the magnetic materials with high permeability p(w) and small loss of
energy at high working frequencies . The higher permeability means a bigger response of the
magnetic density B = u(w)H to an applied magnetic field H, and the lower loss of energy means
a more efficient driven effect of H. Certainly, both permeability and loss of energy are closely
related to the dynamics of magnetization M, that is, the dynamic process of magnetization under
an applied magnetic field H. Below kHz, the main dynamic processes of magnetization are
coherent rotation and the displacement of the domain wall[7]which is quite similar to the static
situation. Consequently, the permeability p = B/H is almost constant, where B is determined by
M. Therefore, soft magnetic materials with high saturation magnetization Ms are always the best
choice. As the eddy loss can be depressed by decreasing the size or thickness and/or increasing
the resistivity of the magnetic materials, Beyond the 1 GHz range, besides the eddy loss, the
significant challenge is to find materials with high permeability. Since the permeability of bulk
magnetic materials is mainly determined by magneto crystalline anisotropy, it is quite difficult to
obtain bulk magnetic materials with permeability larger than 20 at the GHz range. Magnetic
nonmaterial’s, such as nanoparticles, nanowires, and thin films, seem to be potential candidates
for HFMMs. It has been found that spherical particles, nanowires, and their composites cannot

reach the target, for either ferrites or metallic alloys.[12] However, in quasi two-dimensional



Page |81

systems, such as thin films[14] and flake particles,[13] high permeability in the GHz range has

been realized, even if the composition is the same as that of the bulk materials.

The key high frequency magnetic property in GHz range, the frequency dependence of
permeability, is determined by the MDCP, which is described by the LLG equation. For a
ferromagnetic system, if we know its density of free anisotropy energy F, the effective magnetic
field Heff = — 1 p0 VMF, , the frequency dependence of permeability can be obtained. Generally,
higher resonance frequency means higher working frequency, and higher initial rotational
susceptibility means higher working permeability. Therefore, the high frequency magnetic
properties of magnetic materials can be represented as the product of the initial rotational
susceptibility and the resonance frequency. It is known that the initial rotational permeability pi
is the sum of susceptibility x and 1. Historically, several important simple models show clearly
the relationship of the initial rotational permeability and the resonance frequency with the
saturation magnetization and the anisotropy field. This relationship points out the ways to
improve the high frequency magnetic properties and to find new HFMM. In the following, we
summarize the results of these important models by solving the LLG equation without the

damping.

Snoek’s limit and planar ferrite consider the simplest ferromagnet, a single domain spherical

crystal with a uniaxial magneto crystalline anisotropy. The density of the anisotropy energy is

F = Ko +K; sin2 6,where KO and K1 are anisotropy constants, and 0 is the polar angle away
from the easy axis. By using Eq. (5), the effective anisotropy field can be written as Heff = 2K1
nOMs cosB. (7) For a small angle precession, 8 — 0, Heff = HK = 2K1/u0Ms is constant. From

the LLG equation (4) without damping, the product of the initial rotational permeability pi and
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the resonance frequency fr satisfies (ui —1)fr = y 2x Ms , (8) where pi = 1+ Ms/HK, and fr =
YHK. If the sample is composed of a series of single domain spherical crystals without
interaction, supposing a randomly distributed anisotropic field, the famous Snoek’s law[16,17]
can be obtained 1 fr = (ui —1)fr =y 3 Ms . (9) It is found that the product of the initial rotational
susceptibility and the resonance frequency is proportional to the saturation magnetization. This
means that the only way to seek better high frequency magnetic materials is to fabricate
materials with higher saturation magnetization. Compared to Snoek’s law, in addition to the
saturation magnetization, the anisotropy field has a strong effect on the high frequency
properties. However, to change the magneto crystalline anisotropy field of a crystal, we have to
change the symmetry of the crystalline field and/or the content and distribution of elements in
the magnetic materials. This implies the same difficulty as Snoek’s law when searching for

different magnetic materials with better high frequency properties.
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5.9 compare with impedance and permeability at room temperature
ribbon and powder form.
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Fig.5.9 : frequency vs impedance at room temperature with (a) ribbon form (b) powder form
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At room temperature impedance of ribbon remains steady 100Hz to 10 MHz and we found
anomaly at 10MHz 100 MHz but on the other hand the powder form of alnico 5 ribbon

steady from 100Hz to 10MHz and then it rapidly increase without anomaly.

Fig.5.9 (c) : real permeability and imaginary permeability vs frequency of powder form.

It is also observed from the fig5.9 (c) the powder form of ribbon real part and imaginary part
of permeability with respect to frequency .The real part of permeability at low temperature we
find some disturbance of its resonance and then its drop with increasing frequency .the

imaginary permeability is the same as before.
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Fig.5.10 (d) frequency vs imaginary permeability at room temperature with ribbon form and

powder form .

The fig 5.10 (d) shows there are no difference as made sample and powder form of

permeability. That means the loss part of permeability is same as before.
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Chapter Six

6.1 CONCLUSION

we have found that in ribbon form of alnico 5 retain crystalline structure that is unconventional
to compare other glassy material. All the as made and annealed samples have shown pure
crystalline structure as revealed by the X-ray Diffraction analysis unlike most of the iron, cobalt

and nickel based ribbons which show amorphous or glassy structure after melt-spinning.

Ribbons fabricated at different wheel speeds ( 25 m/s — 50 m/s) have been studied for their
thermal , structural and magnetic properties. The effect of wheel speed on the magnetic
properties have been investigated. It is found that change in wheel speed has an effect on the

ductility of the ribbons.

It is observed through this studies that aging the ribbons at high temperature has a positive effect
on the coercivity enhancement of the ribbons. The as made ribbons have a relatively low
coercivity and only a uniaxial anisotropy which is induced due to mechanical stress during the
growth process is present. However annealing at high temperature followed by aging has yielded

a significant increase in coercivity.

The magneto resistance behavior is found to be typical in nature and has shown a minimum
around 1 kOe which is also near the coercieve field obtained after Alnico regular heat treatment

followed by aging
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6.2 Suggestions for Further Work

We will further investigate the material alnico 5 alloy to understand the thermo magnetic
behavior at high temperature where the alloys are still magnetic. The origin of coercivity will
also be investigated in the light of spinodal decompositions. The sample will be governed at
different rpm for different time to investigate the microstructure of this alloy .1t is expected that
grain size of alloy will be transform to even few tens of nanometer but still above the super
paramagnetic limit.

Several of the hypotheses presented here could be more thoroughly investigated to develop a
better understanding of the thermodynamics and kinetics of the alnico system, particularly in
regards to the y and o phases. A time-temperature-transformation study of the y phase should be
completed. Effects of oxides and impurities, cooling and heating rates, grain size, decomposition

of a, and local homogeneity of the starting material will need to be considered.

Further analysis of the gas-atomized powders should be pursued to determine what size ranges of
powders exhibit cell boundaries with ADZ, and if any other composition fluctuations exist. Low
temperature annealing effects on powders with ADZ should be conducted to see if the

fluctuations are removed.



