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Abstract

Low cost magnetostrictive materials that exhibit a large magnetostriction
at low saturation field combined with a high mechanical strength and a good
ductility are of great interest for applications in magnetomechanical sensors
and actuators. Intermetallics based on the general formula 3d-metal (Fe, Co) +
additives — up to 25% (such as Ga, Al, Ge, Pd or similar) are interesting candi-
dates for new soft magnetic materials with a reasonable high magnetostriction.
These alloys have a very similar phase diagram and crystallize in the A,, B,
or DOj structure. The idea here is that due the substitution with a nonmag-
netic element the local symmetry is reduced which causes an increase of the
magnetostriction.

The main focus of this thesis is on the investigation of magnetic and mi-
crostructural properties of magnetostrictive materials based on alloys between
3d-metal Fe and additives — up to 25%, such as Ga, Al, Ni and Co using differ-
ent production routes as high frequency induction melting, severe plastic defor-
mation (SPD), melt spinning, splat cooling and water quenching. Additionally
Fe-Mn and Ni-Ga alloys were also investigated. In contrast to metallic sys-
tems, polymers composites and CoFe,0O, prepared with different routes were
investigated with respect to magnetostriction in this thesis.

Structural properties lattice constant, crystallite size and texture were de-
termined by using XRD analysis. Magnetic properties were measured using
pulse field magnetometer or standard VSM. Magnetostriction measurements
were performed either by using standard strain gauge method or capacitance
cell methods.

Among different composition of Fe-Ga ribbons, with different quenching
rates, Feg, 5Gay7 5 ribbon, melt spun at speed 15 m/s, has highest magnetostric-
tion value of 116 ppm. In Fe-Ga rapidly quenched ribbons a strong dependence
of magnetostriction on quenching rate was found. For Feg;Ga;9 SPD bulk al-
loy magnetostriction values upto 67 ppm were measured. Slowly cooled bulk
polycrystalline Feg; Alj9 material has exhibit a magnetostriction value of 62
ppm. The magnetostriction in Fe-Al melt spun ribbons reached only values up
to 30 ppm. The addition of Ga in Ni does not significantly enhance the mag-
netostriction and for higher values of Ga (up to 7%) addition magnetostriction
decreases. The addition of Mn in Fe results in an increase in magnetostriction
to -70 ppm, but requires higher field value (more than 5T) to reach saturation.
The highest value of magnetostriction found in the CoFe,O, ferrite prepared
by combustion method, was -147 ppm.






Kurzfassung

Magnetostriktive Materialien, die bei niedrigem Magnetfeld eine hohe Mag-
netostriktion aufweisen, giinstig in der Herstellung sind, dazu noch eine hohe
mechanische Festigkeit und gute Duktilitéit besitzen, sind gute Kanditaten fiir
industrielle Anwendungen als magnetomechanische Sensoren und Aktuatoren.
Intermetallische Verbindungen, basierend auf der allgemeinen Formel 3d-Metall
(Fe, Co) + Additiv (bis zu 25%, z.B. Ga, Al, Ge, Pd oder dhnliche) erfiillen
diese Anforderungen recht gut. Diese Verbindungen haben alle recht dhnliche
Phasendiagramme und kristalli sieren in der A,, B, oder DO; Struktur. Die Idee
diese Verbindung zu untersuchen basiert auf der Vorstellung dass die Reduk-
tion der lokalen Symmetrie durch Substitution mit einem nicht-magnetischen
Element vielleicht die Magnetostriktion erhoht.

Der Schwerpunkt dieser Arbeit liegt in der Untersuchung der magnetis-
chen und mikrostrukturellen Eigenschaften von Fe-basierten magnetostriktiven
Materialien, die auf unterschiedliche Arten (Hochfrequenzschmelzen, “severe
plastic deformation” (SPD), “melt spinning”, “splat cooling” and *“water quench-
ing”) hergestellt wurden. Zusitzlich wurde die Magnetostriktion sowohl von
Fe-Mn und Ni-Ga Verbindungen, als auch iiber verschiedene Herstellungsarten
produziertes CoFe,O,4 untersucht.

Strukturelle Eigenschaften, Gitterkonstanten, Kristallitgrof3e und Textur wur-
den iiber XRD Analyse bestimmt. Die Magnetischen Eigenschaften wurden
entweder in einem Pulsfeldmagnetometer oder in einem Standard VSM fest-
gestellt. Die Magnetostriktionsmessungen wurden entweder mit Dehnungsmess
streifen oder in einer kapazitiven Zelle gemessen.

Bei der Untersuchung verschiedener Zusammensetzungen von Fe-Ga Bin-
der (“flakes”) mit unterschiedlichen Abschreckraten wurde bei Feg, s Ga;qs
Bénder, das mit einer Abschreckgeschwindigkeit von 15 m/s gespritzt wurde,
der héchste Magnetostriktionswert von 116 ppm gefunden. In der Probenserie
“Fe-Ga rasch abgeschreckte Bander wurde eine starke Abhingigkeit der Mag-
netostriktion mit der Abkiihlrate festgestellt. Fiir “severe plastic deformed”
Feg;Gaj9 wurde eine Magnetostriktion von bis zu 67 ppm gemessen. Fiir
langsam gekiihltes polykristallines Feg; Al;9 wurde eine Magnetostriktion von
bis zu 62 ppm gefunden, wohingegen die Magnetostriktion der gespritzten
Fe-Al Proben nur bis zu 30 ppm ergab. Die Probenserie Ni-Ga zeigte keine
signifikante Verbesserung der Magnetostriktion, ab ca 7% Ga in Ni nahm die
Magnetostriktion sogar ab. Die Fe-Mn Probenserie zeigte Magnetostriktion-
swerte bis ca. -70 ppm, man braucht aber ein Magnetfeld von mehr als 5T
um die Proben zu sittigen. Der hochste Magnetostriktionswert (-147 ppm) in
der CoFe, 04— Serie wurde an Proben festgestellt welche mit der “combustion

method” hergestellt wurden.
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Chapter 1

Motivation for This Work

Magnetostrictive materials are distinguished as materials that undergo a change in shape due
to change in the magnetization state of the material, also experience an inverse effect where a mag-
netization changes causes a change of the local stress. Extensive work has been done to develop and
use magnetostrictive materials for actuation and sensing devices after discovery of magnetostriction
in Iron by James Joule’s in 1842. Examples of magnetostrictive materials include the common fer-
romagnetic materials Fe, Ni and Co which have maximum magnetostrictive strain value up to 50 x
10°% m/m. Additionally, high performance rare earth-Fe, alloys such as Terfenol-D (Tbg 3Dy 7Fe,)
have been developed that generate “giant” magnetostrictive strains on the order of 1000 x10 [1]
but this alloy has many restrictions such as its high cost, poor ductility, fracture resistance and very
low value of tensile strength of 28 MPa [2] which limits its ability to withstand shock loads or op-
erate in tension also it requires high magnetic fields for saturation. High material costs ( e.g. about
3 ~ 23 $/g of powder, depending on size) hinder large scale industrial applications. This means
that one needs high magnetostrictive materials with low material costs which exhibit soft magnetic
properties. Here, soft magnetic 3d based alloys without rare earths are very interesting candidates.
In magnetostrictive materials the soft magnetic behavior is well described by a large parallel magne-
tostrictive susceptibility ()(paratlel = diparatiel/dH). Desired characteristics for magnetostrictive mate-
rials are large values of magnetostriction at low saturation field, high mechanical strength, and good
ductility, an ability to operate at high stress levels , higher operating temperatures and low cost. Due
to the low cost, high magnetic moment and relatively good strength and good ductility that could
be obtained from, Fe-based alloys without rare earth additions are the focus of the current research
effort.

Substituting Fe by nonmagnetic Ga causes a dramatic increase of the magnetostriction. In 2001,
Iron-Gallium alloys developed at the naval surface warfare center by Clark et al [3-5] appear to
be promising materials for a variety of actuator and sensing applications. Single crystalline Fe-Ga
exhibits joint magnetostriction up to ~450 ppm [6] under very low magnetic fields (~100 Oe) ex-
hibiting a very small hysteresis, while demonstrating high tensile strength (~500 MPa) and limited
dependence of magneto mechanical properties on temperatures between -20°C and 80°C [7-9]. The
investigations found that magnetostriction values of 270 ppm [10] were reached in directionally
solidified polycrystalline bulk Fe-Ga alloys.
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Motivation for This Work

It is clear that the structure, especially the disorder caused by the Ga substitution, plays an im-
portant role for the high magnetostriction found in single crystalline Fe-Ga alloys. This effect should
become more evident when studying the magnetostriction on the materials produced by severe plas-
tic deformation (SPD), splat cooling and rapidly quenching, where the short-range structural disor-
der should be larger . In this work, we investigated effect of severe plastic deformation (SPD) on
magnetostriction of bulk Feg; Gajg alloy. The values of magnetostriction rapidly quenched melt spun
ribbons, already published are very contradictory e.g. for composition Fej0oxGax (15 < = < 30),
it is ranging from +98 ppm [11] to -3000 ppm [12].

Similarly to Ga, adding non magnetic Al into Fe also gives 5-fold rise in magnetostriction with
up to 30% Al in single crystalline bulk Fe-Al alloys. There exist very detailed single crystal inves-
tigations on binary Fe-Al and magnetostriction value up to 95 ppm has been reported [13, 14]. Here
for economical reasons Fe-Al alloys would be superior. Polycrystalline Fejgo.xAlx (x = 15, 19 and
25) samples were prepared and investigated for the influence of the structure and atomic ordering on
the magnetostriction. For both alloy systems, the phase stabilization of the disordered bcc structure
is the fundamental component to increase the magnetostriction of the materials. For Feg; Al;g melt
spun ribbons of magnetostriction value -700 ppm was reported by Liu et al [15].

Because of very contradicting results in Fe-Ga ribbons and very high value in Fe-Al ribbons,
magnetostriction measurements on these ribbons using a strain gauge method as well as a capaci-
tance dilatometer has been performed, effect of quenching rates on magnetostriction and structural
properties were also studied.

The cobalt ferrites are well known for its highest magnetostrictive coefficient 230 ppm has been
obtained among the oxides-based magnetostrictive materials accompanied by a large strain deriva-
tive (dA/dH)max of 1.3 x 10°A'm and can be alternative of Galfenol (Fe-Ga) alloys because of lower
costs as compared to metallic alloys, absence of eddy current losses and better corrosion resistance
etc . Different sintering condition, preparation method entail the microstructure of the samples and
consequently different maximum values of the magnetostriction coefficient . For specific application
of stress sensors, the maximum strain derivative (dA/dH)max, Which is related with stress sensitivity,
is more important than the maximum value of the magnetostriction [16]. In the present work we
produce polycrystalline CoFe,O4 powders by several techniques in order to obtain the highest pos-
sible magnetostriction together with high strain derivative, which may lead to a high magnetoelectric
effect in composites. Additionally, investigations of the influence of different production methods
on the structural and magnetic properties were performed. A systematic study also performed to
understand the effect of processing conditions, annealing temperature and combustion rate on the
magnetostrictive properties of CoFe,O4 produced by modified citrate sol gel method and combus-
tion method. Such study can be used for optimizing the process parameter of magnetostrictive
materials based on CoFe,Oyq.

Beside investigation of above mentioned materials we also investigated Ni-Ga, Fe-Mn, Sm-Fe

alloys, polymer composites and steel pipeline samples.



Chapter 2

Physics of Magnetostriction and

Magnetostrictive Materials

2.1 Magnetic Moment and Magnetic Dipole

According to classical electromagnetism, assuming current [ around an infinitely small
loop exhibiting an area A, as shown in Figure 2.1, the corresponding magnetic moment can

be written as,

Figure 2.1: Magnetic moment according to classical magnetism.

dm = IdA 2.1)

By summing up magnetic moments, for finite size of loop,

m—d/m—l/dA 2.2)

Magnetic moment is measured in unit of [Am?], and the direction of vector is deter-
mined by right hand rule. The magnetic dipole is equal to a magnetic moment of a current
loop in the limit of small area. The energy of magnetic moment m in the presence of

induction B is given by,
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E = pom.H = pomHCosf (2.3)

Where 6 is angle between moment m and external magnetic field H, y is permeability of

free space having value 47 x 10”7 Henry /meter.

2.2 Intensity of Magnetization (M)

The total magnetic moment per unit volume is known as intensity of magnetization

(M or J) and it is measured in [Am!]

m
M= — 2.4
v (2.4)
Magnetic moment per unit mass, o , is
. 2.5)
mass

and measured in [Am?/kg].

2.3 Magnetic Induction (B)

The response of material under the application of external magnetic field is known as
magnetic induction or magnetic flux density and denoted by B , in vacuum it can be written

as,

B = joH (2.6)

Inside material the relationship between B, M and H is given by,

B = uo(H + M)......[Tesla, T| (2.7)

In CGS system,

B =H+4nM (2.8)

2.4 Magnetic Susceptibility and Permeability

The ratio of magnetization (M) to magnetic field (H), is known as magnetic suscepti-
bility () ), it describes the response of magnetic material in the presence of magnetic field

and can be used to describe the different classes of magnetic materials.

X=7 (2.9)
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In case of magnetic induction can also be written as,

B = (1 +)H (2.10)
= poprH (2.11)

2.5 Classes of Magnetic Materials

2.5.1 Diamagnetism

Diamagnetic materials have only non magnetic atoms, all the orbital shells are filled
and there are no unpaired electronic spins, magnetization induced by the field is very weak
and is opposite to the field direction. The diamagnetic susceptibility is small and negative
x ~ —107 . Examples of diamagnetism are copper (Cu), silver (Ag), gold (Au), bismuth
(B1) and beryllium (Be) [17].

2.5.2 Paramagnetism

In paramagnetic materials some of the atoms or ions in the material have a net mag-
netic moment due to unpaired electron spins in partially filled orbitals. For paramagnetic
materials the susceptibility ' is small and positive and typically in the range of x ~ 10~ to
107°. The magnetization of a paramagnetic material is weak but the moments locally tend
to align with a sufficient high applied magnetic field. This produces a magnetization in the
material in the direction of the applied magnetic field. Aluminum (Al), platinum (Pt) and

manganese (Mn) are paramagnetic materials [17].

2.5.3 Ferromagnetism

In certain solids, such as iron (Fe), nickel (Ni) and cobalt (Co), at room temperature,
the moments in neighboring ions are strongly coupled (exchange coupling) and tend to align
with each other. This alignment can lead to spontaneous magnetization in the material
even in the absence of magnetic fields. The susceptibility for ferromagnetic materials is
positive and can be as high as y ~ 50 to 10,000 [17], magnetic field induces very strong

magnetization in ferromagnetic materials.

2.5.4 Ferrimagnetism

In ferrimagnets, the magnetic moments of antiprarallel ordered sublattices and are not

equal and does not compensate each other which result in a net magnetic moment.
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=]

AR

Figure 2.2: Types of magnetism: (A) paramagnetism (B) ferromagnetism (C) antiferromag-
netism (D) ferrimagnetism (Credit and ©: Sigma-Aldrich).

My # Mg 2.12)

M =My — Mg #0....... for..... T <Tc (2.13)

Where M is total magnetization. Ferrimagnetics behaves similar as ferromagnetism.
It exhibits all the hallmarks of ferromagnetic behavior spontaneous magnetization, curie
temperatures, hysteresis, and remanence. Magnetite (Fe;0,) is a well known ferrimagnetic

material.

2.5.5 Antiferromagnetism

In antiferromagnetic materials atomic moments are strictly anti-parallel ordered and
equal in strength. Therefore they do not show any resulting magnetization. Antiferromag-
netism is mainly found in transition metal oxides, halides etc (MnO, CoO, NiO) but also in
intermetallic alloys like Fe-Mn or IrMn [18].

Figure 2.2 shows the spin alignment of paramagnetism, ferromagnetism, antiferromag-

netism and ferrimagnetism.

2.6 Atomic Magnetism

According to the classical Bohr model of an atom as mentioned in Figure 2.3 , an
electron is moving around a path enclosing an area A = 7r? constitutes a current I,
—ew

I =— 2.14
o (2.14)

and magnetic moment,
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Figure 2.3: In highly magnetostrictive materials, the spin moment my;, and orbital moment
mp,;;0rbit are strongly coupled. When the spin moment rotates to align with the external
field H, the orbital moment rotates along with it and produces considerable lattice deforma-
tion [19].

m = pio(I)A (2.15)

Substituting I from equation 2.14 and A = 772 in the equation 2.15 magnetic moment
can be expressed in terms of the radius, angular velocity and electron charge.

The angular momentum of the electron P, is quantized and is integral multiple of A
(where h = % and h = 6.63 x 10*Joule-sec is the plank constant), 1 is the orbital quantum

number and can take integral value O, £+ 1, + 2, etc.

P =mwr?=1h (2.16)

From equations 2.15 and 2.16, the orbital magnetic moment of the electron can be

written as:

m— P 2.17)
m

Where Mg= 1.165x10~2% is known as Bohr magneton.

Equation 2.17 describes the orbital magnetic moment. However, there is another mag-
netic moment which arises from the intrinsic angular momentum of an electron associated
with its spin. This can be expressed as P = sh, where s = £1/2 is the spin number for the
electron.

In single atoms with multiple electrons, the sequence of filling of different orbitals
with electrons is determined by Hund’s rule [20]. This electronic configuration determines
the total, i.e. spin+orbital, magnetic moment of the atom or ion, which in turn plays a

significant role in determining the magnetic properties of the materials [21].
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2.7 The Hysteresis Loop and Magnetic Properties

A hysteresis loop shows the link between the induced magnetic induction (B) or mag-
netization (M) and the magnetizing force (H). It is often referred to as the B-H or M -H
loop, a M-H curve is shown in Figure 2.4.

Material magnetized

to saturation by

Magnetization alignment of domains.
of material M

= .

When driving magnetic field drops
to zero, the ferromagnetic material
relains a considerable degree of

smmn L —_

The matenal loliows a non-linear

rnn;pehzahon This is Lmnfti asa magnetization curve when
magnatic memory device. magnetized from a zero field value,
L = Applied magnetic
= 71 H field intensity
The driving magnetic field must be

reversed and increased to a large
valua to drive the magnetization to
Zaro again.

The hysteresis loop shows the “history
dependent” nature of magnetization of a
ferromagnetic material. Once the
material has been driven to saturation,

=17 the magnetizing field can then be
Toward saturation in dropped to zero and the material will
the opposite direction retain most of its magnetization (it

ramembears its history).

Figure 2.4: Magnetization curve [22].

The loop is generated by measuring the magnetization (M) of a ferromagnetic material
while the field strength (H) is changed.
From the hysteresis loop, a number of primary magnetic properties of a material can be

determined.

2.7.1 Saturation Magnetization (M)

The saturation magnetization is defined as the magnetization when all magnetic mo-
ments (spins) are aligned parallel to the external field. This is either achieved in a very high
external field, or by extrapolating M against an infinite H (plotting M versus 1/H .... for H
= 00). This saturation magnetization is temperature dependent, and disappears completely
above the curie temperature (T.) where the ferromagnetic order changes into a paramag-

netic state.

2.7.2 Remanence (M, or B,)

The magnetization that remains in a material when the external field is zero. The true
remanence can only be determined in a magnetically closed system, where the demagnetiz-

ing factor is zero.
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2.7.3 Coercivity (H,)

The reverse magnetic field which is required to bring a magnetic material from the
remanence state to zero magnetization (,;HC) or zero induction (gHC). The magnetizing

field has to be high enough in order to achieve saturation.

2.8 Curie Temperature (7,)

At sufficiently high temperature, the thermal energy exceeds the exchange coupling
energy between spins and breaks this alignment, leading to a paramagnetic state. The tem-
perature at which this transition from ferromagnetic to paramagnetic state or vice versa

occurs is known as the Curie temperature (T,).

2.9 Magnetic Anisotropy

The energy which is necessary to magnetize a material in different directions is called
magnetic anisotropy. There exist different kinds of magnetic anisotropies: shape anisotropy
(depends on the shape of the sample), induced anisotropy (depends on heat treatment of the
sample; with field or with stress) and the magnetocrystalline anisotropy (intrinsic effect of
the material). It is experimentally observed that the magnetization vector tends to lie along
certain crystallographic axes, the so-called easy axes, where the anisotropy has a minimum.
An ideal magnetic isotropic material has no preferential direction for its magnetic moment
in zero fields, while a magnetically anisotropic material will align its moment parallel to an

easy axis.

2.9.1 Magnetocrystalline Anisotropy

In general the magnetocrystalline anisotropy is related to the involved elements as well
as to the crystal symmetry of a material and this is known as magnetocrystalline anisotropy.
The existence of magnetic anisotropy is demonstrated by the magnetization curves of fer-
romagnetic single crystals such as Fe and Ni in Figure 2.5.

Refer to Figure 2.5 for Iron (Fe)
<100> is the easy direction of magnetization
<110> is the intermediate direction of magnetization
<111> is the hard direction of magnetization
When a magnetic field is applied to a ferromagnetic material the domain structure
changes in such a way as to increase the magnetization parallel to the external field. This
continues until the specimen is filled with favorably oriented domains. If the field is applied
along an easy axis, the magnetization rapidly saturates. For other directions the magnetiza-

tion process continues by rotating the magnetization vectors into the direction of the field
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Figure 2.5: Magnetization curves for single crystals of iron and nickel. For both metals, a
different curve was generated when the magnetic field was applied in each of [100], [110],
and [111] crystallographic directions [23,24].
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Figure 2.6: Definition of direction of cosines

until saturation is achieved. Thus the magnetization process generally involves domain wall
motion followed by rotation.

Magnetic anisotropy energy is defined as the work required aligning the magnetization
in a certain direction compared to that required for the easy direction. In quantifying the en-
ergy, it is customary to describe directions trigonometrically with a set of direction cosines
which fulfills also the symmetry of the lattice. A phenomenological expression for the
magnetocrystalline anisotropy of a cubic lattice may be derived from the spin-pair model
as discussed in detail by Chikazumi [20]. Let o;, o; and a3 be the direction cosines between

the magnetization vector and the principal axes as shown in Figure 2.6.
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The magnetization direction m = M/ | M | relative to the coordinate axes can be

written in direction of cosines o; as m = (o, oy, o3) with

o = sinbfcoso (2.18)
o = sinfsing (2.19)
ag = sinf (2.20)
These relation fulfill condition,
o +ast+ai=1 (2.21)

Using power series expansion of the components of magnetization magnetocrystalline

energy per volume E,,, can be described as,

Ecrys = E() + Z biOéi + Z bijaiﬁj + Z bijkOéiOéjCkk + Z bijklaiajakozl + O(CYE)) (222)
i ij ijk ijkl

The terms o(a®) with at least the fifth order in « are very small and can be neglected.
There is no difference between oppositely magnetized systems and energy depends only on
alignment. Since there is odd terms of o; occur in the series expansion and expansion can

be reduced to,

Ecrys =Fy+ Z bij&iaj + Z bijklOéiijOékOél (2.23)
ij ijkl
Using equation 2.23 energy density for different cubic, tetragonal and hexagonal sys-

tems can be written as, further mathematical details can be found in reference [25],

ESWe = Ko+ Ki(afos + ofaj + a3a3) + Kaafajas + Ks(ofaj + afas +aj03) (2.24)

Ere — Ko+ Kyc080 + Kycos*0 + Kisin*0(sin'¢ + cos' ) (2.25)

crys

= Ké + Kl/sz'n20 + KQ/SZ'n49 + Késin‘l@cosélgb (2.26)

ECubic — K+ K5in*0 + Kysin’0 + Kysin%0 + K s5in%0c0s%cosg (2.27)

crys
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1.9.1.1 Magnetocrystalline Anisotropy of Cubic Crystals

Using Figure 2.6 the magnetocrystalline anisotropy energy for different crystallo-

graphic direction of cubic system can be written as,

E100, [100] direction characterized by, for # = 90° and ¢ = 0°.
This result in, the ;= 0, avy= 3= 0
E110, [110] direction characterized by, for 6 = 90° and ¢ = 45°.
This result in, the ay=a=1/+/2,0,3=0
E111, [110] direction characterized by, for # = 90° and ¢ = 45°.
This result in, the ov; = vy = vz = 1/ V3
The energy density for cubic materials can be given as,

B = Iy + Ky (adod + ad + adad) + Kaadadod .29

crys

Where «;, o, and o are the direction cosines (angle that magnetization vector makes
with the crystalline axes) and K, K; and K, are the anisotropy constants. For most prac-
tical purposes K; and K, are the most important anisotropy constants. The corresponding

energies can be obtained by inserting direction of cosines,

Ei00 = Ko (2.29)
1
Eio= Ko+ ZKl (2.30)
E —K+1K+1K (2.31)
111 — 430 3 1 97 2 .

2.9.2 Shape Anisotropy

Polycrystalline samples without a preferred orientation of the grains do not possess
any average anisotropy. But, an overall isotropic behavior concerning the energy being
needed to magnetize it along an arbitrary direction is only given for a spherical shape. If
the sample is not spherical then one or more specific directions occur which represent easy
magnetization axes which are solely caused by the shape. This phenomenon is known as
shape anisotropy. Additionally, if the material consists of powder also the average shape of

the grains contribute to shape anisotropy of the material.

2.9.3 Induced Magnetic Anisotropy

For magnetic alloys exhibiting a cubic crystal structure an unidirectional magnetic
anisotropy can often be achieved by tempering in an external magnetic field. The exter-

nal magnetic field orients the magnetization at high temperatures which must be below T..
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During cool-down or rapid thermal quenching the high-temperature state is frozen out un-
der retention of the oriented magnetization direction. Induced anisotropy as function of

direction of cosines can be expressed as,

Einag1/aV = —F(a387 + 385 + a335) — Garaa By Bz + aaazBafis + araz B B3) (2.32)

Where «;, 3; being the direction cosines of magnetization during measurements and
during annealing in an external magnetic field, respectively, F and G are material constant
(a is binding energy constant and V' is volume). For isotropic G = 2F, simple cubic G =0,

body-centered cubic F = 0 and face-centered cubic G=4F. For an isotropic system, we get
Eing.1/aV = —F(a1B1 + aafs + asfs)’ = —K.cos* (0 — Ounn) (2.33)

With F = K being the anisotropy constant describing the induced magnetic anisotropy
leading to a uniaxial alignment and (6 — 6,,,,) being the angle between the magnetization
during the measurement and during annealing.

The rearrangement of pairs of atoms does not only occur during annealing in an external
magnetic field but also by plastic deformation. In this case this type of induced anisotropy

is called roll-magnetic anisotropy.

2.9.4 Stress Anisotropy

In magnetic materials the inter-atomic distance can be influenced applying external
stress which causes a rearrangement of the local direction of magnetization, this effect
is known as stress anisotropy. Upon magnetization, crystal experiences a strain that can
be measured as a function of applied field along the principal crystallographic axes. A
magnetic material will therefore change its dimension when magnetized. The displacement
in crystals influences the magnetic behavior vice versa. The magnetic properties can be
altered by the magnetoelastic energy which are given by the magnetostriction and the elastic

properties.

2.10 Magnetostriction

Magnetostriction is a small variation in dimension (length) of a material caused by an
external magnetic field. Magnetostriction is an intrinsic property of all kind of materials. It
can be divided into spontaneous magnetostriction and forced magnetostriction. The former
is due to internal magnetic interaction of a sample, while the latter is due to magnetic inter-
action between the sample and externally applied magnetic field. It is roughly proportional

to the magnitude of the magnetization.
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Figure 2.7: Relation between magnetic field and magnetostriction [26].

When Iron is cooled down from a high temperature through its Curie temperature (T.),
an anomalous isotropic thermal expansion is observed near the curie temperature. This
slightly magnetic field-dependent anomaly associated with the magnetic ordering (of Fe or
other magnetic substances) is called volume magnetostriction. The volume magnetostric-
tion can be isotropic (amorphous materials) but also anisotropic depending on the crystal
symmetry of a material. Now, if a magnetic field is applied to the magnetically ordered
sample, an additional anisotropic deformation that stretches or shrinks the sample in the di-
rection of the magnetic field is observed. This field-dependent phenomenon is called Joule
magnetostriction; it is measured in microns per meter (um/m) and denoted by A . Figure
2.7 shows relation between magnetic field H and magnetostriction A.

All materials are magnetostrictive up to certain extant, but this effect is more important
in ferromagnetic and ferrimagnetic magnetic materials, where it is in range 107 as well as
in iron (Fe) based amorphous alloys (40 x10~%) going up to 10 in rare earth metals, as
compared to diamagnetic and paramagnetic materials .e.g. in Pd it is in the range of 10® at
10 kOe [27]. The existence of magnetostrictive effect was first discovered by J.P. Joule in
1842, when he was observing a sample of ferromagnetic materials, i.e. nickel (Ni) and iron
(Fe) [28,29].

2.10.1 Origin of Magnetostriction

Magnetostriction has its origin in a coupling between the direction of the orbital mo-
ment of an atom which describes the orientation (shape) of its anisotropic electron cloud,

and the lattice i.e. spin-orbit coupling . When this orbital atomic magnetic moment (the
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Figure 2.8: A spin pair with variable bond length, r, and angle ¢, between parallel spin and
bond.

dipole- dipole exchange energy) changes under external magnetic field (direction and/or
magnitude), the distance and angle of dipole moment pair will spontaneously adjust to
achieve a new slightly changed minimum energy. Accordingly the crystal will either change
its volume or its symmetry to some finite strain such that a new equilibrium state will be

reached. This effect is called magnetostriction (volume or shape magnetostriction).

2.10.2 Magnetostriction in Cubic Single Crystals

In single crystal the magnetostrictive strain induced by rotation of magnetization of
magnetically saturated material depends upon the direction of measurements of strain and
magnetization with respect to the different crystallic axes of the crystal. An expression for
magnetostriction of a cubic lattice may be derived using a spin- pair model with variable
bond length as shown in Figure 2.8 [20].

w(r, cosp) = g(r) + () <0032 - %) + o (2.34)

The term g(r) in equation 2.34 is independent of the direction of magnetization and
is the exchange interaction term. This expression plays important role in volume magne-
tostriction but does not contribute to the usual “linear” magnetostriction [20]. The second
term () (0052 — %) represents the dipole term and plays important role in determining the
magnetostriction, Ajgg or Ajj;. Summing all nearest neighbor pair in cubic lattice, the total
magnetoelastic energy can be expressed in term of strains (£,4, €y, €22, Eay, Eyzs €20) and

orientation of magnetization (¢,, €, €,) as:

Emagnetoelastic = B [512 (ag - %) + Eyy (0%2/ - %) t €z (Oég B %)}

+ By (€ 0ty €42 Oy U € 3,00 )

(2.35)

The magnetoelastic energy is balance by the elastic energy that prevents crystal from

being deformed without limit and can be expressed as,
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cubic __ 1 2 2 2
Eg™e = 5C11 (e1) + €55 +€33)
+c12(e11€22 + 11633 + €22633) (2.36)

1 2 2 2
+5¢44 (€75 + €15 + €33)

Where ¢;; represents deformation tensor and cj; represents the elastic constant of the
crystal.
Solving for minimization the sum of the magnetoelastic and elastic energies of magnet-

ically saturated sample in equilibrium state

a (Eelastic + Emagnetoelastic)
85@‘
If the direction of the magnetostriction in the measurements is characterized by the

=0 (2.37)

direction cosines 3;, then final expression for the elongation observed in cubic crystals due

to these strains can be written as,

3 Al 3 2 122 2 02 2102 1
A== oo (@287 + gy + a2l - 5)

(2.38)
+3)\111 (azayﬁxﬂy + amazﬁxﬁz + ayazﬁyﬁz)
If direction of measurement is in [100] axis, i.e 3, = 1, 3, = 8, = 0. Then
Al 3 1
- = 5)\100 <ai — §> (2.39)

Where ;99 change in length along [100], when magnetization is also in [100] direction.
The maximum strain in this direction is,

3
A= AL = 500 (2.40)

This is accomplished by rotating the magnetization from perpendicular to parallel to the

[100] axis, similarly for [111] measurement directions (3, = 8, = 5, = 1/ V3 gives,

3
)\” - )\J_ = 5)\111 (241)

Were 1;;; is length change along [111] when the magnetization is likewise along [111].
The magnetostriction measured in the [110] direction (A;;9) is dependent of A4y and

A111, and can be expressed as:

1 3
A10 = 1)\100 + Z)\111 (2.42)

Figure 2.9 shows the Aoy, A* (volumetric) and A;;; strains mode of cube.

The relation between magnetostriction, elastic and magnetoelastic constants are:

2 B

AMop = —5.————
3 c11 — €12

(2.43)
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Figure 2.9: The strain modes of a cube [1].

1 B
M = —=.—=2 (2.44)
3 cy4

Volumetric distortion for cubic system can be written as,

. BO + Bl /3
c11 + 2¢19
Where Where B, represents magnetoelastic constant.

[0}

(2.45)

2.10.3 Magnetostriction in Hexagonal Single Crystals

For hexagonal symmetry elastic energy density can be written as,

hex __ 1 2 2 1 2
Bt = 5C11 (511 + 522) + 5C33633 + C12€11€22

. ) ) ) (2.46)
+ci3(e11 + e2)en + 5044(813 +e53) + (c11 — c12) €1

The magnetostriction of hexagonal system is given by,

A= % = A4 ((a1p1 + 04252)2 — (1 B1 + azfa)asBs)
+2g ((1—ad) (1 - B3) — (fr + aaf)’)
+Ac(l —a3) B3 — (a1fr + azfa)asfs
+Ap (181 + agfBe)azl

(2.47)

with,

232013 — (283 + Bl) C33

2.48
cs3(c11 + cr2) — 23, ( :

Aa+ A =

B
M—Ag=——+ (2.49)

(011 - 022)

Bs(cy14c12) — (2B3 + By) c13

Ae =
033(011 + 612) — 20%3

(2.50)

B
Ap— A+ Ag+Ao) = c—4 (2.51)
44
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Figure 2.10: The symmetry modes for circular cylinder, hexagonal system [1].

2.10.4 Magnetostriction in Isotropic Materials

For an isotropic body i.e., amorphous or polycrystalline material, there is only one

strain parameter, Ag, and Ag = A1g0 = A111 = A110

Ae(0) = % = g)\s <00520 — %) (2.52)

Where \(6) is the saturation magnetization at angle 6 from the field and \; is saturation
value in ideal demagnetized state and it is calculated from the difference between the max-
imum magnetostriction with field applied parallel to a certain direction and field applied
perpendicular to the given direction. Substituting # = 0° and 6 = 90° in equation 2.52 ,

3

1
Al — AL =A+ =g == 2.53
| 1 S+28 23 ( )

2.10.5 Saturation Magnetostriction in Polycrystalline Materials

In polycrystalline materials, the situation is more complex than in single crystals, be-
cause one has to relate the magnetostriction of the whole piece of material to the magnetoe-
lastic and elastic properties of the individual grains. This problem cannot be solved by an
averaging procedure. For this reason, it is assumed that the material is composed of a large
number of domains with the strain uniform in all directions. It can be shown that, for a
material in which no preferred grain orientation exists, for a cubic polycrystalline material
the following expression can be found [20, 30,31],

2 3

As = g>\100 + g)\ln (2.54)

Additionally useful definitions for a polycrystalline material are:
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Figure 2.11: Joule Magnetostriction [33].
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2.11 Magnetostrictive Effects

In general, magnetostriction is reversible exchange between magnetic and mechanical
energies [22]. Using this equivalence between magnetic and elastic states, magnetostrictive
materials can be used for actuators and sensors application [32]. Several effects are now

recognized as a consequence of magnetostriction.

2.11.1 Joule Effect

A rod of magnetic material of length L is shown in Figure 2.11, surrounded by a coil
in such a way that magnetic field H is produced along the length of rod [19], on applying
magnetic field length L of rod increases by small amount. The strain AL/L is called linear
magnetostriction or Joule magnetostriction. This “linear magnetostriction” is generally
used in sensors or actuators.

Joule effect is most commonly used magnetostrictive effect and it is the strain produced
in direction of applied field. This effect is illustrated in Figure 2.12.

The magnetostrictive change with increasing magnetic field and saturates at value A,. If
the magnetostrictive strain is positive, the effect is called positive magnetostriction, other-

wise it is designated as negative magnetostriction.
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Figure 2.12: Schematics diagram illustrating the magnetostriction of ferromagnetic mate-
rial (a) paramagnetic state above T, ; (b) after it has been cooled through T.; and (after it
brought to saturation by a field H) [19].
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Figure 2.13: Effect of mechanical stress on the magnetization of ferromagnetic material
[34].

2.11.2 Villari Effect

The Villari effect is inverse of the Joule magnetostriction and refers to the changes in
magnetization of a magnetostrictive material in response to uni-axial stress [34]. The Villari
effect is a reversible effect and also used in sensor applications [35]. Figure 2.13 shows the

effect of mechanical stress on the magnetization of ferromagnetic material.
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2.11.3 AE Effect

Young’s modulus of materials changes on applying a magnetic field. The elasticity of
magnetostrictive materials is composed of conventional stress-strain elasticity (Ey) arising
from inter atomic forces and the magnetoelastic (Es) contribution due to the rotation of
magnetic moments and resulting strain which occur when a stress is applied. This is known
as the AE effect and is quantified by AE = (Eq—E()/Eq [19].

2.11.4 Wiedemann Effect

A current-carrying ferromagnetic wire will produce a circular magnetic field in a plane
perpendicular to the wire and the moments will align predominantly in the circumferential
direction. When an axial magnetic field is applied, some of the moments align in a heli-
cal fashion creating a helical magnetic field. The twist observed in the wire is called the
Wiedemann effect [19]. The physical background to this effect is similar to Joule effect,
instead of pure tensile or compressive strains forming as a result of magnetic field, there is

shear strain which results in a torsional displacement of ferromagnetic sample [22] .

2.11.5 Matteuci Effect

The inverse Wiedemann effect, known as the Matteuci effect, is the change in axial
magnetization of a current carrying wire when it is twisted. Further details can be found
in [36].

2.11.6 Magnetovolume (Barret) and Nagaoka-Honda Effect

In certain extreme operational conditions the volume of materials changes in response
of magnetic field. This anomalous volume change is called the volume magnetostriction
or Barret effect [35]. For instance, the fractional volume change is only 1077 at a much
larger field of 80 kA/m [22] . The inverse of the Barret effect, the Nagaoka-Honda effect,
is the change in magnetic state caused by a hydrostatic pressure [37,38]. However these

variations are usually very small.

2.12 History of Magnetostrictive Materials

Magnetostrictive materials have been studied for a longtime. In 1842 James P Joule
for the first time established the fact that ferromagnetic substance changes its length when
magnetized and Iron was the very first material identified to be as magnetostrictive, shown
in Figure 2.14 [28,39].
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Figure 2.14: Joule original measurement of magnetostriction of Iron. The figure give ap-

plied tension in Kg. mm™.

Subsequently, nickel (Ni), cobalt (Co) and alloys of these materials were found to show
magnetostrictive effects with quite small value of strains and variation in magnitude and
sign from one material to other shown in Figure 2.15. During world war II one of the first
practical applications of magnetostriction was of single crystal nickel having magnetostric-
tion about 50 ppm to drive SONAR devices in echo location. Other early applications were
telephone receivers, hydrophones, fog horns, oscillators, and torque sensors [19].

In 1963, largest-known magnetostriction in the rare-earth elements terbium (Tb) and
dysprosium (Dy) were discovered. The strains in these elements were of the order of 10,000
x 10 at cryogenic temperatures and vanishes at room temperature due to low curie tem-
perature 218 K [40] for terbium and 85K [41] for dysprosium. Using these materials as an
actuator, at ambient temperature and above was impracticable.

This led the scientist to look for the materials that would work at room temperature,
have large magnetostriction and require low magnetic field to attain maximum possible
magnetostriction. In 1970 it was shown that by alloying rare earth (R) elements with 3d
Iron (Fe), R-Fe, alloys (TbFe, and DyFe,) gives huge magnetostriction even at room tem-
perature. For example TbFe,, DyFe, and SmFe, exhibit (3/2 );) magnetostriction of 2630
x 10, 650 x 10 and -2430 x 107 respectively [26]. However these R-Fe, alloys exhibit a
very high value of magnetocrystalline anisotropies and requires large magnetic field, more
than 2 MA/m to achieve saturation magnetostriction [19]. This poses technological limita-
tions to use practically these materials, in actuators applications. Figure 2.16 shows room
temperature magnetostriction of some rare earth-Fe, polycrystals.

However in 1980, A.E. Clark found that, fractional substitution of dysprosium (Dy) for

terbium (Tb) in the TbFe, system considerably reduces the magnetocrystalline anisotropy.
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Figure 2.15: The magnetostriction of some common polycrystalline substances as a func-
tion of magnetic field strength [39].
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Figure 2.16: Room temperature magnetostriction of rare earth-Fe, polycrystals (SmFe,,
TbFe,, DyFe,, ErFe, and TmFe,) [1].
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Figure 2.17: Magnetostriction of Terfenol-D at various fields (ETREMA Products, Inc.).

This lead to the development of the alloy Tby,; Dyg73 Fei9_1.95 commercially available
since 1980 under the brand name Terfenol -D (Ter = terbium, Fe = iron, N = Naval, O =
Ordnance, L = Laboratory, D = dysprosium).

The highest room temperature magnetostriction for Terfenol-D is 1,600 x 10 at a rea-
sonable saturation field of 0.16 MA/m [19] as shown in Figure 2.17.

In 1978, a new class of magnetostrictive material Metglas (metallic glass) based on
amorphous metal was introduced. Metglas was produced by rapid cooling of iron, nickel,
and cobalt alloys together with one or more of the elements silicon, boron, and phosphorus
by making thin ribbons by melt spinning process. The higher value of coupling coefficient
of Metglas (k > 0.92) makes them ideal for technological applications in sensor industry
[38]. The best isotropic material is an iron rich metallic glass, Metglas® 2605 SC having
composition Feg;B35Si35C, produced by Allied Signals Inc. Cor;Si15B1¢ is also metallic
glass with a negative magnetostriction which can be used also for force sensors applications.
Table 2.1 contains some properties of Metglas® 2605C, electrical resistivity of this material
is 20 times larger, which allows the application of these materials at high frequency with
good efficiency.

In 2001, a new class of materials Iron-Gallium alloys (Galfenol) was developed at the
naval warfare center by Clark et al [3,5] . These alloys exhibit moderate magnetostriction
up to ~450 ppm at very low magnetic field shown in Figure 2.18 [6].

The effect of alloying iron (Fe) with Aluminum (Al) and Beryllium (Be) has also been
studied [5,43]. Fe-Ga and Fe-Al alloys show similar trends up to 25 at. % of Ga or Al.
Fe-Be alloys, investigated up to 11 at. % Be, show magnetostriction similar to Fe-Ga, but
the high toxicity of Be makes Fe-Be alloys difficult to handle. Moreover limited studies to
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] Properties (symbols)/ Units Annealed Metglass 2605SC \
Specific mass (p) /Kg.m 7.320
Crystallization temperature /K 753
Thermal expansion coefficient (ar) /10°.K! 5.9
Young modulus (Y") /GPa 25
Young modulus (Y®)/ GPa 200
Vicker hardness under 50g /(Hv) 880
Tensile elastic limit /MPa 700
Thermal conductivity /W.m™.K! 9
Electrical resistivity (o) /uf2.m 1.35
Curie temperature (T,) /K 643
Magnetic polarization (J = yoM;)/ T 1.35 (H=80 A.m") 1.61 (satn.)
Initial relative permeability (4" 33/uo) 20,000 (80,000 at o,, = 1MPa)
Maximum relative permeability (u™*) 300,000
Magnetostriction coefficient (&) /10° 30
Magnetomechanical coupling (k33™*) 0.97 (H=A.m")
Static magnetostrictivity (d3;™*)/nm.A"! 1,000

Table 2.1: Physical properties of Metglas 2605SC annealed ribbon [42].
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Figure 2.18: Magnetostriction constant (3/2) Ao of Fe—Ga and Fe—Al alloys as a function
of composition for two heat treated conditions. Samples were annealed in the A2 disordered
bce region and either slow cooled at a programmed rate of 600°/h (blue circles, Fe—Ga
alloys; green triangles, Fe—Al alloys) or quenched into water at room temperature (red
squares Fe—Ga alloys; magenta inverted triangles, Fe—Al alloys) [6].
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| Terfenol-D | Galfenol |

Iron

| Nickel |

Magneto-
Mechanical
Properties

3/2 Ay(u strain)

1600~2400

150~420

24

-66

Coupling Factor

0.7-0.8

0.69-0.76

Hysteresis in A-H and
B-H curves

moderate

very low

low

low

Preferred plane for
magnetostriction

<111>

<100>

<100>

<111>

Mechanical
Properties

Modulus of Elasticity
(GPa)

25-35

65

200

207

Ultimate tensile
strength (MPa)

28

500

250

140

Yield tensile strength
(MPa)

28

500

250

140

Magnetic Properties

Saturation
magnetization (Tesla)

1.8

2.2

0.6

Relative permeability

2~8

60~360

150~5000

110~600

Magnetic field for
90% of As(KA/m)

120

Thermal properties

Temperature
dependence of A

High

moderate

Curie Temperature
°C)

357

675

1044

627

Other

Raw material Cost

($/g)

0.5

0.08

0.014

Crystallographic
Structure

hexagonal

bcce

bcce

fcc

Electrical resistivity
(u€2.cm)

60

120

8.9

6.4

Table 2.2: Comparison of the property between Terfenol-D, Galfenol, Iron and Nickel [8,
26,46].

date have shown that ternary alloys of Fe and Ga with nickel, molybdenum, tin, aluminum
and cobalt do not considerably improve its magnetostrictive properties [6,44,45].

Table 2.2 shows the property comparison of the properties between Terfenol-D, Galfenol,
Iron and Nickel! [46].

lwww.matweb.com
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2.13 Applications of Magnetostrictive Materials

Magnetostrictive materials have two types of applications: actuators or sensors. Mag-
netostrictive based actuators have an electrical coil shaped in solenoid form around mag-
netostrictive rod. The coil transforms electrical energy into magnetic energy and a mag-
netostrictive rod convert the magnetic energy into mechanical energy. Design of magnetic
circuit and driving coil are the important parameters for the optimization of magnetostric-

tive actuators.

Inserted

: Field Housin Preload
Flex Pivot : Coils 9 Washer

o\ UBOODDOODEIO"O"ODOOGOOUD@UOG29_200?_22 !

~

Terfenol-D

Aftachment

—
Attachment 600000000000000000000000000000000 Bolt

Bolt

Inserted
Flex Pivot

Figure 2.19: Standard actuator (Ref: Midé Technology Corporation, USA).

Magnetostrictive based sensor use a piece of magnetostrictive materials to convert me-
chanical strain into a changed magnetic permeability, reluctance and surrounding magnetic
field of the material. A pick up coil, sensing coil, Hall probe or GMR probe can be used to
measure this change of the magnetic state. Similar to the actuator a good circuit design is
advantageous for sensor efficiency optimization.

After availability of Terfenol-D on commercial scales in mid of 1980s, many potential
application of magnetostrictive materials were suggested , some of them are grouped as
follows [26],

* Sound and vibration sources system

— Magnetostrictive based Tonpilz transducers, ring transducers, flextensional trans
ducers (by Asea Brown Boveri of Sweden) for acoustic transmission underwater
SONARS, underwater information exchange, geophysical surveying, ocean to-

mography and mine clearance etc.

— Sound sources using magnetostrictive transducer as broadband vibration sources

are found in solid state speakers, laboratory and industrial shakers.

* Vibration control systems in infinitely soft vibration mode to control vibrating elec-
trical machines and infinitely stiff modes to control the position of an object so that it

is kept at fixed positions.
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* High strain and force capability of magnetostrictive materials make them ideal for
direct control in micromotional systems: diesel fuel engine injectors, laser optical
scanning movie film pin registration and systems astronomical image stabilizing plat-

forms.

* Non-direct motion control systems by applying magnetic field from a distance with-
out wires to the magnetostrictive materials. Application includes linear motors, fast-

response valve actuators fast servo valves, pumps and rotary motors.

* Material processing systems by direct interaction with magnetostrictive actuator or
sound penetration. Ultrasonics high-frequency, high-power actuator used in medical,

dental, petrochemical, sono-chemical applications includes :

— Physical treatment such as ultrasonic cleaning, cell disruption and sterilization
system, ultrasonic friction welding, emulsification, demulsifications, foaming

systems, mixing, vibration and boundary layer control systems.

— Chemical treatment such as petroleum production and processing, sonochmeistry
process (i.e. chemical synthesis, emulsification breaking, catalysis, food pro-

cessing)

* Electromechanical converter such as energy harvester system

* Sensor system includes various type compressive force, moment and torque non con-

tact sensors.
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2.14 Literature Review

2.14.1 Magnetostriction of Fe-Ga (Galfenol) Alloys

Body-centered cubic (bcc) Fe exhibits different sign of magnetostriction constants as:
Moo = +20 ppm and A;; = —16 ppm at room temperature. This leads to a change of sign
in the field dependence of the magnetostriction as well as to a strange behavior of the
temperature dependence of A in polycrystalline Fe [47,48]. Substituting Fe by nonmagnetic
Si causes a decrease of the magnetostriction value, which is very helpful to reduce the
losses in Fe—Si steels [49]. Generally it is expected that substituting the cubic magnetic
Fe by small amounts of nonmagnetic elements causes a decrease of the magnetocrystalline
anisotropy and a reduction of the magnetostrictive anomalies. However, Hall has shown
that the addition of some nonmagnetic elements, such as V, Cr, and Al, strongly alters the
anisotropy and enhances the magnetostriction [14,50] . Therefore, substituting cubic 3d-
metals like Fe or Ni by nonmagnetic elements like Ga or Al might be a new method to
develop cheap and soft magnetic materials with high magnetostriction. Since few years
it was realized that an essential increase of the magnetostriction of Fe could be achieved
substituting small amounts of Fe by Ga [5,51-53]. In single-crystalline Feyy.,Ga, between
17 and 19 at% Ga a maximum magnetostriction, which can reach values of 3/2 ko9 ~ 400

ppm at room temperature was found (See Figure 2.18).
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Figure 2.20: Metastable Fe—Ga phase diagram [52].
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A second maximum exist close to 27 at% of Ga. These maxima depend strongly on
the sample preparation [53]. Clark et al. have explained the main origin of high magne-
tostriction in 3d-based Fe—Ga alloys is the change of magnetoelastic energy due to the Ga
substitution causing a lattice softening. The magnetostriction increase is explained by an
increase of the magnetoelastic coupling constant due to short-range ordering between the
Ga—Ga atoms in BCC a-iron (A, structure) with randomly substituted gallium atoms [5].
Measuring the elastic constants in Fe—Ga and calculating the magnetoelastic energy con-
stants, a peak at 19% Ga is derived [53]. A further increase in gallium (Ga) substitution
induces long-range ordering, which produces DO; and B, structures (Figure 2.20) that mit-

igate the magnetostriction [52].
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2.14.2 Magnetostriction of Melt Spun Fe-Ga Ribbons

In recent years a large number of papers appeared reporting large and even “giant”
magnetostriction values obtained on rapidly quenched melt-spun Fe-Ga ribbons. The re-
ported magnetostriction values range from —3000 to + 1100 ppm [11,54-56].

Figure 2.21 shows the magnetostriction measured on Feg;Ga;; ribbons with different
thicknesses along the direction of the melt-spun ribbon length by a strain gauge, applying

a magnetic field in the direction perpendicular to the ribbon [55].
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Figure 2.21: Magnetostriction behaviors measured for melt-spun ribbon Feg;Ga;; ribbons

with various thicknesses [55].

“Giant” values ranging from -1300 ppm to +1100 ppm are reported in [57] for a FegsGa,s
stacked ribbon sample (see Figure 2.22).

Figure 2.23 shows the magnetostriction measured on Fe g9xGay (x =16, 17, 19, 21) melt
spun ribbons with along the direction of the melt-spun ribbon length by a strain gauge, ap-
plying a magnetic field in the direction perpendicular to the ribbon [56]. It is very important
to note that “giant” magnetostrictions were obtained when measurements were performed
using a strain gauge method in different geometries.

In a careful paper we investigated the possibility how such a “giant” magnetostriction
can be achieved. It was shown that due to a large demagnetizing factor the ribbons tend
to bend into the field direction thus causing an unrealistic high magnetostriction values.
This means that in all cases were the field is applied perpendicular to the ribbon plane such

effects has to be considered [58].
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Figure 2.22: Stacked ribbons samples with the configuration of applied field and strain
gauges [57].
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Figure 2.23: Magnetostriction of Fe-Ga ribbons with different Ga content [56].
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Figure 2.24: A typical high-resolution electron macrograph along [001] zone-axis direction,
the structural features in the two boxes are apparently different; (b) TEM image with a larger
magnification of box 1, showing a planar distance d; = 2,89 A; (c) TEM image showing
the structural feature in the box 2, modified DOj structure of Fe—Ga with d, = (2)"%.d, =
4,09 A are recognized; (d) FFT pattern of area in box 2 showing the presence of weak super
lattice spots [59].

These very high values were attributed to the appearance of a modified DOj3 structure
together with Ga clusters, which are preferentially oriented with the ribbon normal due to
the ribbon grain texture [15,55,56] . From HRTEM investigation, Zhang et al suggested
the existence of Ga-rich clusters and DO; structure [56]. In similar XRD and TEM inves-
tigations made on FegsGa,s ribbon the existence of the DOj structure was also suggested —
see Figure 2.24 [59].

However, investigations of the structure of melt-spun Fe-Ga with different concentra-
tions of Ga were also reported [11]. There a DO5; phase only for Ga concentration higher
than 20 Ga at % was reported. For Feg;Ga,7, only the disordered bcc phase was found,
which shows some texture due to the melt spinning process. The rocking curve Figure 2.25
suggests that a texture is present and the [100] easy growth axis of bcc structure is tilted
away from the ribbon normal as in Fe—Si alloys. It is interesting that only a magnetostriction
of 130 ppm along the ribbon length was found in ref [59], however there a ferromagnetic
resonance method was used to determine the saturation magnetostriction constant.

Recently, Pascarelli et al. investigated the local Fe—Ga atomic structure in highly mag-
netostrictive o FegyGa,y melt-spun ribbons using extended X-ray absorption fine structure
(EXAFS) analysis at the Fe and Ga K-edges [60]. A careful X-ray diffraction (XRD)
showed that this ribbon crystallizes in the A, phase. In this work, the presence of small Ga
clusters could be excluded by EXAFS and X-ray absorption near edge structure (XANES),

since no first shell Ga—Ga bonds were detected. However, EXAFS analysis of the second
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Figure 2.25: The (200) rocking curves of the free and wheel side of Fe Ga melt spun at 50
m/s, 0.46-mm O.D. and 15 m/s, 0.36-mm O.D. The ribbon normal is marked with an arrow
(O.D = Orifice diameter) [59].

coordination shell around Ga clearly provides the evidence for the presence of one highly
strained (+4%) Ga—Ga pair and five Ga—Fe pairs among the six crystallographically equiva-
lent < 100 > atomic pairs. This conclusion supports recent total energy calculations, which
assign the large magnetostriction in these alloys to the strain caused by the rotation of the

magnetization in the vicinity of such defects [61].
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2.14.3 Magnetostriction in Fe-Al (Alfenol) Alloys

In the 60’s decade, R. C. Hall showed that the addition of non-magnetic element Al in
body centered cubic Fe resulted in a significant increase of the magnetostriction of pure Fe.
He measured magnetostriction of Fe-Al single crystals in region of 6 to 30 atomic percent
of Al at room temperatures and found that in Fe oy Al single crystals Aoy increases with
X, reaching near x = 19.2 a maximum value of 95 ppm depending upon atomic ordering
[13,50]. Leamy et al [62] measured room temperature magnetostriction of Fe; Al for
x = 0.15-0.35, shown in Figure 2.26 and showed that shear modulus c;;-c, decrease by
nearly one half its iron value to minimum near x = 0.25 before increasing for larger x . The
decreases in ¢;;-c12 vs. X in Fe; Al has been attributed to the transition from disordered
a-Fe (bcc) to DO; or B, phases near x = 0.25 [62] .
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Figure 2.26: Saturation magnetostriction measured at room temperature for Fe, (Al, [5,
62].

In 1983 J.M Cook et al [63] measured magnetostriction of 25.24 at.% Al crystal and
reported the Apyraner value 50 ppm along the [110] direction in the (001) plane, Figure 2.27
shows the measured magnetostriction values at 77 K and 296K.

Much more recently, Clark et al. [64] reported that the magnetostriction Aoy exhibits at
16.6 % Al a maximum value of about 130 ppm. Figures 2.30 and 2.31 , shows the saturation
magnetostriction of Fe; Al for x = 14.1, 16.6, 21.5, 26.3 from 77 K to room temperature,
magnetoelastic coupling (-b.;) from 77 K to room temperature, comparison of (3/2) Ay
magnetostriction data of Fe-rich Fe—Al alloys and comparison of the magnetoelastic cou-
pling, —b, for Fe-rich Fe—-Al, Fe-Ga, and Fe-Be alloys respectively [64].
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Figure 2.27: Magnetostriction of a 25.24 at. % Al crystal along crystal along the [110]
direction as a function of applied magnetic field both parallel and perpendicular to the
[110] direction at both 77 and 297K [63].

m l- ] ¥ | |
B Fotdist%A |
& FeiBta %Al
- Fe-21.5 @ % A
p-FedBlat%Al |
- " B T P ;
--:-E 200 [ ] L [ ] [ p— _.j
g P A y
= —4f a—a—1
S ol 28 ;
Y v V—y v 1
ﬂ i i 5 1 [} [} E
50 100 150 200 250 300
Temperature (K)

Figure 2.28: (3/2) hgo for Fe-rich Fe—Al alloys from 77 K to RT [64].
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Figure 2.29: Magnetoelastic coupling, —b_;, for Fe-rich Fe—Al alloys from 77 K to RT [64].
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Figure 2.30: Comparison of (3/2) A1op magnetostriction data of Fe-rich Fe—Al alloys at RT
from [14,64,65].
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Figure 2.31: Comparison of the magnetoelastic coupling, —b;, for Fe-rich Fe—-Al, Fe—Ga,
and Fe—Be alloy [64].

In the Fe-Al system, the highest value of magnetostriction was found also in the (100)
direction for Al concentration around 19 at% Al, in which (3/2) Ao is ~190 ppm at room

temperature [64].
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2.14.4 Magnetostriction in Fe-Al Melt Spun Ribbons

Liu et al. [15] measured the magnetostriction of rapidly quenched ribbons, melt spun
at 12.5m/s and reported very high values up to -700 ppm for alloy Fe g Alx (x = 19)
and attributed this large magnetostriction more Al-Al pairs created by melt spinning at the
optimized composition x = 19 and oriented by the (100) texture in ribbons, which enhances
the magnetoelastic energy. Figure 2.32 shows the magnetostriction measured from the
sample Fe oo xAly (x =15, 17, 19, 21, 25 and 30) at # = 90°and composition dependence of

magnetostriction [15].
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Figure 2.32: a) Magnetostriction measured from the samples Fe oAl (x =15, 17, 19, 21,

iction (ppm)
~-28888838

25, and 30) at € = 90°; (b) composition dependencies of the magnetostriction [15,62].
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2.14.5 Magnetostriction in Cobalt Ferrite (Co Fe;0,)

Oxide based materials attracted engineering interest as non-metallic ferrimagnetic ma-
terials for applications at high frequencies where eddy currents have undesirable conse-
quences in the usual metallic materials [66—68].

The spinels (named after well known mineral, spinel, MgAl,O, or MgO.Al,O3) ferrite
structure MFe,O, (or AB,O,4 or A**(B**B*)0,, where M refers to metal ions (Co**, Ni** ,
Fe?*, Zn**, Cu®* etc) can be described as a cubic closed pack arrangement of oxygen atoms
with Me?* and Fe** at two different crystallographic sites. These sites have tetrahedral and
octahedral oxygen coordination (termed as A and B-sites, respectively), so the resulting
local symmetries of both sites are different, shown in Figure 2.33 .The spinel structure
contains two cation sites for metal cation occupancy. There are 8 A-sites in which the metal
cations are tetrahedrally coordinated with oxygen, and 16 B-sites which possess octahedral
coordination. When the A-sites are occupied by M**, cations and the B-sites are occupied
by Fe?*, cations, the ferrite is called a normal spinel. If the A-sites are completely occupied
by Fe**, cations and the B-sites are randomly occupied by M?**, and Fe**, cations, the
structure is referred to as an inverse spinel. In most spinels, the cation distribution possesses
an intermediate degree of inversion where both sites contain a fraction of the M?*, and
Fe**, cations. Magnetically, spinel ferrites display ferrimagnetic ordering. The magnetic
moments of cations in the A and B-sites are aligned parallel with respect to one another.
Between the A and B-sites the arrangement is anti-parallel and as there are twice as many
B-sites as A-sites, there is a net moment of spins yielding ferrimagnetic ordering for the
crystal. The choice of metal cation and the distribution of ions between the A and B-sites
therefore, offer a tunable magnetic system [69] [70]. Magnetite Fe3O,, ferrites NiFe,Oy
and CoFe,0,4 have inversed spinel structure , having structure formula Fe**[M**Fe**]0*,
where all Me?~ are in B-positions and Fe®~ ions are equally distributed between A and
B-sites .

Cobalt ferrite, with a partially inverse spinel structure with cubic phase having space
group Fd3m, is one of the most important and most abundant magnetic materials. As a
conventional magnetic material, with a curie temperature (T.) about 793 K, CoFe;Oy, is
well known to have large magnetic anisotropy, moderate saturation magnetization, remark-
able chemical stability and a mechanical hardness, which make it a good candidate for the
recording media. Cobalt ultrafine powders [71, 72] and films [73, 74] have attracted con-
siderable attention for their wide range of technological applications such as transformer
cores, recording heads, antenna rods, memory, ferrofluids, biomedical application, sensors,
etc. [75,76]

Recently, it has been shown that oxide-based materials, especially cobalt ferrite, could
overcome some of the drawbacks of the alloy based magnetostrictive materials [77]. The

important factors are the high corrosion resistance, better mechanical properties, higher
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” A: tetrahedral site
P/ B: octahedral site

O O: oxygen

Figure 2.33: Schematic of a partial unit cell and ferrimagnetic ordering of spinel ferrite
structure [69].

magnetostriction in the polycrystalline form and low cost as compared to the alloy based
sensors. Although the magnetostrictive strains obtained at saturation are less for the poly-
crystalline cobalt ferrite when compared to single crystals of Terfenol, high values of the
strains at low field strengths along with enhanced magnetomechanical coupling factor have
been identified as the advantages of cobalt ferrite [77]. It is the slope of the magnetostric-
tion or the piezomagnetic coefficient (dA/dH) which determines the stress sensitivity of a
material [17,78]. For specific application of stress sensors, the maximum strain derivative
(dA/dH),,.c, Which is related with stress sensitivity, is more important than the maximum
value of magnetostriction [16]. Apart from obtaining high magnitude of magnetostriction,
the control of magnetostrictive hysteresis and the mechanical strength of the ferrite material
are the two important concerns. Metal-bonded cobalt ferrite [79] and Mn-substituted cobalt
ferrite [80], have been studied in order to enhance the corrosion resistance and the stress
sensing properties. It has been shown that the substitution of Mn for Co as well as Fe can
significantly alter the magnitude and enhance the low field slope of the magnetostriction of
cobalt ferrite [81, 82]. Also, Mn substitution is effective in reducing the magnetomechani-
cal hysteresis as compared to metal-bonded cobalt ferrite. The strain derivative is an order
of magnitude greater than that of Terfenol based composites [83].

It is widely known that the sintered products derived from nanocrystalline ferrite pow-

ders exhibits improved magnetic permeability which depends on the microstructure, den-
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Composition Magnetostriction (ppm) \
100 % CoFe,04 -225
2/98vol % AgysNiys + CoFe,O4 -195
2/98vol % Ag()QNiO.S + CoFe, 04 -210
2/98vol % Ag().97Ni().()3 + COF€204 -225
2/98vol % Ag().ggNi().()z + COF€204 -205

Table 2.3: Magnetostriction of CoFe,0O,4 and various compositions bonded with metals Ag
and Ni [83].

sity, porosity, grain size etc., as compared to the materials sintered from the bulk coun-
terparts [84, 85]. The maximum of magnetostriction coefficient is also influenced by the
stoichiometry of cobalt ferrites and can be tuned substitution levels and sintering parame-
ters [16].

At present, a variety of methods been developed to prepare cobalt ferrite. Sol-gel [86—
89], citrate —gel [90] , micro-emulsion [91,92], polymer complex [93], co-precipitation [94—
96] , hydrothermal method [97,98], combustion method [99-102] and mechanical alloying
[103] are the method that are used to prepare cobalt ferrite.

Cobalt ferrite has very rich history of research, up-to-date most of work done on the
investigation of magnetic properties by changing the synthesis techniques and varying sin-
tering condition. The work regarding magnetostrictive properties investigation cobalt ferrite
is very limited.

In 1999 Y. Chen et al. [83] reported maximum magnetostriction value of pure sintered
CoFe,0, (produced by mechanical alloying method) of =225 x 107 and a small decrease
of the magnetostriction coefficient, results shown in Table 2.3, in the composite samples
obtained by addition of small amount of fine metal powders (Ag, Ni, Co) in order to increase
the mechanical robustness.

In 2005, a study of Lo et al. [104] was dedicated to the possibility to improve the mag-
netostriction coefficient of CoFe,O, samples by air annealing at 300 °C for 36 h. Lo et
al prepared sintered polycrystalline cobalt ferrite by powder ceramic technique [105] and
applied an external field parallel to the hard axis, the maximum magnetostriction measured
along the hard axis at room temperature increased from 200 x 107 to 252 x 1076 after an-
nealing. The (d\/dH),,, increased from 1.5 x 10 t0 3.9 x 10 A~' m™! . After annealing
the maximum magnetostriction along the easy and hard axes increased by 20% and 26%,
and the corresponding maximum strain derivative increased by 126% and 163% respec-
tively under applying a field in the hard axis direction. This increase of the strain derivative
is larger than that obtained by substitution Mn for Fe in cobalt ferrite [104].

Recent studies [105, 106] report the effect of substitution of Fe by Mn in CoFe,_ Mn,Oy,
and showed that the incorporation of Mn leads to a decrease in the magnetostriction and

Curie temperature. The maximum magnetostriction coefficients decrease drastically by



2.14. Literature Review

"?25 T T

=10 -5 0 5 i
Applied Flsld (kOe)

Figure 2.34: Magnetostriction curves for CoFe, ,Mn,O, [80].

| Sample | X (%wt) | D(um) | T(°C) | Hc(Oe) | My(emu/g) | 2x(-10"°) |

S1 0 53 525 109 93 167
S2 0.3 12.3 480 108 96 144
S3 0.4 7.3 418 68 95 119
S4 0.5 6.9 355 45 77 73

Table 2.4: Doping level, average grain size, Curie temperature, coercive magnetic field,
saturation magnetization and magnetostriction coefficient data of CoMnyFe, Oy

increasing the substitution level from 200 x 107 to 80 x 10~® but the maximum stain
derivative at low field for small amount of substitution (in fact x = 0.2 and 0.3 ) increases
spectacularly shown in the Figure 2.34 . Table 2.4 also shows summarized results of the
composition, average grain size, curie temperature, coercivity, saturation magnetization and
magnetostriction for all the samples as were studied by O.Caltun et al [106].

The effect of substituting Fe and Co by Mn on the magnetostrictive properties of Co; ,Fe; gO4
has been also investigated [81]. A strong dependence of the magnetostriction on the Mn
content is observed in both cases. The substitution of Co by Mn enhances the magne-
tostriction for small values of substitution in Co,,_Mn,Fe, 3O, whereas magnetostriction
decreases continuously with increasing x in Co;,Fe; g \Mn,O4. A two-fold increase in the
initial slope (dA/dH),x With large magnetostriction as compared to that of the unsubstituted
compound is observed when small amounts of Co are replaced by Mn [81].

The curie temperature of CoFe,O,4 can be adjusted over a substantial range by the sub-
stitution of Si and Co for Fe, and by varying the sintering condition [105]. In the last study,
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Figure 2.35: The magnetostriction curves at room temperature. Samples are sintered at
1275 °C..

the value of the maximum magnetostriction coefficient of pure cobalt ferrite was =94 x 107¢
and of the maximum strain derivative was 1 x 107 A~' m~!. In the case of CoSiy,Fe; 3O,
sample, a small amount of silicon substitution decreased the maximum magnetostriction
coefficient to —90 x 1107 and increased the maximum strain derivative to 4.5 x 10~ A™!

m!.

More recently in 2008, O.Caltun et al [16] studied the influence of sintering temperature
and the substitution level on the curie temperature and on the magnetostriction coefficients
of cobalt ferrites sintered by conventional ceramic methods. The chemical composition of
prepared sample was CoFe,O4 (COFS: stoichiometric), CoggFe;,04 (COFU: unstoichio-
metric), CoFe; sMn,,0, (COFM: Mn substituted for Fe) and Co,3Siy3Fe; 404 (COFCS:
Co and Si substituted for Fe) and sintering temperature was varied in three steps 1250°C,
1275°C and 1300°C respectively. The maximum value of parallel magnetostriction coeffi-
cient and maximum strain derivative corresponds to the COFM sample sintered at 1300°C.
Figure 2.35 shows the parallel and perpendicular magnetostriction measured after sintering
the samples at 1275°C. Small substitution of Mn increases the magnetostriction and mag-
netic properties of cobalt ferrite. On the other side Si and Co substitution for Fe in cobalt
ferrite causes a decrease of the magnetic moment and parallel the magnetostriction coeffi-
cient diminishes in this case but the strain derivative reaches a very high value even at very

low values of the applied magnetic field.
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2.14.6 Miscellaneous Materials

2.14.6.1 Carbon Black Filled Polypropylene Composites

In 2003 Nai —Xiu et al [107] prepared carbon black (CB) filled polypropylene com-
posites and measured a magnetostriction value of 115 ppm at parallel field of 3900A/m,
which strongly dependent on magnetic intensity and on the time were the field is applied.
Figure 2.36 shows variation of magnetostriction as a function of time applying different
magnetic field intensity. Later in 2005 [108] they extended this work and measured the
magnetostriction of polypropylene composite by adding carbon fiber (CF) to it, the mea-
sured values of magnetostriction after adding carbon fiber in polypropylene composites was
very large i.e. 1163 ppm at 800KA/m comparable to Terfenol-D composites, the preemi-
nent traditional magnetostrictive material . Figure 2.37 shows the variation of carbon fiber
filled polypropylene composite as a function of time in parallel magnetic field. When the
magnetic field is set to zero, the magnetostriction of composites does not return to zero short
time but decreases continuously from a high value to zero over several hours and no mag-
netostrictive properties were observed in pure polypropylene composites. In this work no
measurement were performed regarding measurement of magnetic hysteresis (MH) curve

of similar samples.
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Figure 2.36: Variation of magnetostriction as a function of time interval with different MFI
[107].
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Figure 2.37: The variation of magnetostriction as a function of time interval in the parallel
magnetic field [108].

2.14.6.2 Magnetostriction of Steel Samples

One way to investigate the residual stresses in steel which occur during the production
due to plastic deformation is the study of the materials magnetic property [109]. Since steels
are ferromagnetic materials we can use measurement of magnetic properties like hysteresis
loop, domains, and magnetostriction to detect local stress areas, dislocations or scratches
in steel components [110]. It is expected that the coercive force H, increases proportional
to the square root of the dislocation density o, and the initial susceptibility y; decreases
with one over the square root of the dislocation density [111]. Due to the influence of
the magneto-elastic energy A.c (A ...magnetostriction, o .....local stress) the coercivity
depends on the residual stresses. The stress dependence of the coercivity of a soft magnetic

material can be simply described as,

Ao

H, =
ps M

(2.55)

Where M; denotes the saturation magnetization. Body-centered cubic (bcc) Fe exhibits
anisotropic magnetostriction constants of different signs X190 = 20 ppm and A;;; =-16 ppm
at room temperature. These considerations reveal that in (polycrystalline) steel a very com-
plex situation determines the interplay between hysteresis parameters (domain walls) and
dislocations or stresses. In a microstructural description the coercivity is determined by
the mobility of domains and domain walls. Therefore, the ratio of the domain wall width

(100-200 nm in soft Fe) to the dimensions of the local stress field is the most important
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factor [112].

2.14.6.3 Magnetostriction of Fe-Mn Alloys

All types of order such as ferromagnetics and antiferromagnetic are magnetically or-
dered, however research and applications of antiferromagnetic materials are very limited.
Peng et al. [113] performed magnetostrictive investigation on antiferromagnetic polycrys-
talline Mny,Fesg and reported the maximum value of magnetostriction 169 ppm parallel
to applied field of 1 Tesla and zero compressive stress. They also reported jumps in the
magnetostriction curve when the sample was subjected to different compressive stress and
reported very high value of magnetostriction such as -581 ppm, at the compressive stress of
-1.52 MPa. However, the effect of defects, lattice orientation, magnetic domain configura-

tion, and so on, on the magnetostriction has not been considered.
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Figure 2.38: Magnetostriction curves of Mn,Fe g5 (30 <x < 55) [114].

More recently Yan et al [114] investigated Mn,Fe oo« (x = 30, 35, 40, 50, 55) up to
a field of 1400 KA/m and reported a very high value of magnetostriction of 770 ppm for
FesoMns, alloy at maximum available magnetizing field and attributed this high vale as
result of change of mixture of v and ¢ phases within the  phase . The 1400 kA/m was
not enough to saturate the samples. With increasing Mn content, the Neel temperature of
antiferromagnetic v-Mn-Fe alloy increases but the temperature of martensitic transforma-
tion decreases , which can depress the transformation form + to € phase, which results in
a decrease of the magnetostriction when x = 55). Figure 2.38 shows the magnetostriction
curves of Mn,Fe gy, (30 <x < 55).






Chapter 3

Experimental

3.1 Sample Preparation

3.1.1 Production of Polycrystalline Metallic Alloys

Production of polycrystalline metallic alloys ingot of the master alloys used in this
work, were prepared from high purity (> 99.9 %) elements by using high-frequency induc-
tion melting (Hiittinger RF Generator, 30kW, 600 kHz) under Argon atmosphere in copper
crucible, as shown in Figure 3.1. Each ingot was re-melted three to four times, to assure

the homogeneity.

3.1.2 Nanocrystalline Samples by Severe Plastic Deformation (SPD)

High Pressure Torsion (HPT) machine available at Erich Schmid Institute of Materi-
als Science, Austrian Academy of Sciences Department Materials Physics, University of
Leoben is used to produce bulk nanocrystalline samples. Figure 3.2 shows the sketch of

HPT tool. In principal a disc shaped sample is deformed by pure shear between two anvils

Figure 3.1: Set-up for the preparation of bulk metallic ingots Hukintiegel (left) and a water
cooled Cu-boat (right) at TU Wien.
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Figure 3.3: Set-up for the preparation of metallic ribbon (left) schematic representation of
melt pouring on wheel (right).

that are rotating with respect to each other. The necessary torsion-momentum is provided

by friction forces at contact areas anvil-material.

3.1.3 Production of Melt Spun Ribbons

The melt spun ribbon samples were prepared by melting the pieces of bulk ingots in
quartz nozzle by RF generator and injecting the molten alloy with pressure 500 mbar on
copper wheel of (dia 300 mm) rotating at velocities from 7-25 m/s through nozzle 0.80
mm orifice, keeping the distance of nozzle from wheel maintained at 0.30 mm. Figure 3.3

shows the setup for preparation of melt spun ribbons and schematics of melt pouring.
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Figure 3.4: Splat cooling technique schematics.

3.1.4 Preparation Splat Cooled Foils

Splat cooling facility available at Escola de Engenharia Lorena, Universidade de Sao
Paulo, Lorena-SP, Brazil was used to prepare the splat cooled samples. Some pieces of
mass close to 100 mg were cut from the ingot of Fe-Ga alloy and re-melted to obtain small
spherical samples.

These were then inserted into an Edmund Buhler splat-cooling apparatus, where the
sample is levitated and melted inside an inductive coil. When the current to the coil was de-
activated, the liquid fell through a laser detector that caused the drop to be pressed between
two opposing copper plates, quenching it at a rate of about 10° Ks™!. Figure 3.4! shows the

schematics of splat cooling apparatus.

3.1.5 Heat Treatment of Samples

The samples were heat treated using high temperature box shaped and tubular shaped
furnaces (Heraues HR170 and ROS 4/50) which works in the temperature range between
room temperature and 1350°C for different durations. The heating speed is in the range of
10-20 °C/min.

The samples of Cobalt Ferrite prepared by combustion method were heat treated at 1450
°C for 10 minutes in Linn High Term GmbH furnace at heating rate 4 °C/min and cooling
rate 20 °C/min.

'"Edmund Biihler GmBH Lab Tec (http://www.edmund-buehler.de)
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3.1.6 Sample Preparation of Cobalt Ferrite (CoFe,04) [116]
3.1.6.1 Ball Milling Method (BM)

The starting raw materials were iron oxide (Fe,O3) and Cobalt oxide (CoO) powders.
CoO and Fe,0O; powders were mixed with a molar ratio of 1:1 and then loaded together
with 12mm diameter stainless steel grinding balls into a cylindrical hardened stainless steel
vial. The ball to powder weight ratio was 10:1. The mechanical alloying was performed in

a Spex 8000 high-energy vibratory mill.

3.1.6.2 Modified Citrate Gel Method (SG)

Iron nitrate (Fe (NOj3)3;.9H,0) + cobalt nitrate (Co(NO3),.6H,0) + glycine (C;H5sNO,)
were dissolved in 150 ml distilled water. The nitrates were used in stoichiometric amounts
and the total metal concentration was 1 mol/l. The molar ratio between total metal ions
and citric acid was 1. First, the starting mixture containing nitrates, citric acid and distilled
water was mechanically stirred and heated in a plate at 80 °C then ammonia (NHj3 25%)
was added to adjust the pH of the solution to 6. After wards the plate was heated up to
200 °C keeping the stirring constantly until the water has been evaporated and forming a
viscous gel. The ferrite powder formation was monitored keeping the heating in order to

allow the dehydration and the atomic rearrangement to form cobalt ferrite powder.

3.1.6.3 Fluoride Modified Citrate Gel Method (MSG)

Similar to that technique described in 3.1.6.2, however in this case it was modified;
the starting constituent components are different, that is, besides the components used in
3.1.6.2 ammonium fluoride NH4F and 5 % more of Co in cobalt nitrate were added. The
molar ratio between the oxide and NH4F was 2 resulting as final product 5 mol%F in cobalt

ferrite.

3.1.6.4 Combustion Method (CB)

This method is quite simple and fast because it does not involve the intermediate cal-
cinating steps, that is, the stoichiometric amounts of cobalt and iron nitrates and glycine
dissolved in distilled water were stirred and directly heated up to 200 °C on a plate, which
boiled and thickened, after wards ignited producing a dry cobalt ferrite powder. Two moles

of glycine per mole of metal ion was used.

3.1.6.5 Pressing of Ferrite Samples

The powders samples were pressed in to pellets using a hydrostatic pressure up to 5

Ton (with SPIRAL press max. capacity 30 Ton) having die diameter 5, 10, or 13 mm.
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3.1.7 Carbon Fiber Polymeric Composites

A set of Carbon fiber filled polypropylenes/poly (butylene tereohtalate) composite
(shown in Table 3.1) were prepared and their magnetic properties and magnetostriction
were investigated. In all the cases, the amount of Carbon fibers was 25% volume frac-
tion. Three different fibers were used, one was microfiber (6-7 micrometers in diameter)
and two others were nanofibers, Pyrograf Il (PR-19 and PR-24 grade PS)>. Additionally,
some samples were prepared with 1 gram of cobalt ferrite, which was prepared by co-
precipitation [95]. All the samples mixed in polypropylene to prepare the PP/CF compos-
ites. The samples were injection-moulded.

| NAME | DESCRIPTION |
PP 100 wt% polypropylene
PP-micro 58.8% 41.2 wt % polypropylene
58.8 wt % carbon fiber (microfiber)
PP-1 97.3 wt% polypropylene
2.7 wt% CoFe, 0,4
PP-nano19 60.7 wt% polypropylene
39.3 wt % carbon fiber (nanofiber PR-19)
PP-nano24 60.7 wt% polypropylene
39.3 wt % carbon fiber (nanofiber PR-24)
PP-micro-1 59.3 wt% polypropylene
38.5 wt % carbon fiber (nanofiber PR-19)
2.2 wt% CoFe, 0,4
PBT-nano19-1 74.65 wt% poly (butylene tereohtalate) 2
24.88 wt % carbon fiber (nanofiber PR-19)
0.47 wt % COF€204

Table 3.1: Compositions in wt. % of polymeric composites

3.2 Samples Characterization

3.2.1 Samples Characterization

The structural characterization of the studied samples, including phase purity analysis,
determination of grain size, crystallite size, texture and lattice parameter was carried out
by means of X-ray diffraction by using PANalytical X’Pert PRO (XP-2), Siemens KF4 (
Kristalloflex 4) and Siemens D5000 diffractometers, and by quantitatively analyzing the
obtained data with Bruker AXS Rietveld program TOPAS.

2The specifications of these fibers can be found at http://www.apsci.com/ppi-pyro3.html
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The average grain size of ferrite sample was also determined by using the Scherrer
equation [117] for full-width at half maximum (FWHM) of the strongest reflection peak by

using following equation,

t = k\/Pcosh 3.1

Where t is the average crystallite size, K is Scherrer constant (for a value of 0.90 is
used), A is wavelength of X-rays. [ is the integral breadth of a reflection (in radians 26)
located at 26 3.

Crystallite size was calculated by Bruker AXS Rietveld program TOPAS from XRD

patterns . Grain size and crystallite are not equivalent, grain can contain several crystallites.

3.2.2 Magnetic Domains Study

Topometrix Explorer magnetic force microscope (MFM) with Veeco “MESP” Cr-Co
tip was used to observe domain structure of bulk Fe-Al samples keeping the distance be-

tween tip of probe and surface of the sample maintained at 50nm.

3.2.3 Microstructural Analysis

The Reichert-Jung Polyvar MET (maximum magnification 1500X) high resolution
optical microscope was used for microstructural observation of Fe-Ga and Fe-Al samples.
Scanning Electron Microscope JEOL JSM5410 was also used to measure the surface mor-
phology of investigated samples. Chemical analysis was performed by the detection of

characteristic X-rays by a Philips EDAX system.

3.2.4 Hysteresis Loop and Temperature Dependence of

Magnetization
3.2.4.1 Vibrating Sample Magnetometer

Physical properties measurement properties system PPMS Q6000 (Quantum Design)
with temperature range 1.9 K- 400 K with maximum field up to + 9 Tesla with oscillat-
ing frequency 40 Hz and Pulse field magnetometer was used to measure hysteresis loop
and temperature dependence of magnetization. Figure 3.5 shows the system diagram of
vibrating sample magnetometer. Physical properties measurement system vibrating sample
magnetometer (VSM) PPMS Q6000 (Quantum Design) available at TU Wien is shown in
Figure 3.6.

3http://cnsm.Kaist.ac.kr/vsm.html
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Figure 3.5: System diagram of vibrating sample magnetometer.

Figure 3.6: Physical properties measurement properties system vibrating sample magne-
tometer (VSM) PPMS Q6000 (Quantum Design) at TU Wien.
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Figure 3.7: Block diagram of pulse field magnetometer [118].

3.2.4.2 Pulse Field Magnetometer

In addition to PPMS, Pulse Field magnetometer (Hirst Industrial system PFM11) that
could charge a 22.5 kJ capacitor bank (C = 5 mF) to 3000 V in approximately 25 seconds
using thyristors switch for measuring the hysteresis loop. The whole charging process of
PFM, {/2f selection (40 ms and 57 ms) and the data acquisition is computer controlled
using a Z80 microprocessor which is linked to the PC. The signal is integrated with a stable
analogue integrator with selectable time constants. The signals are connected to a 14 bit SM
sample/s two channel ADC card from Datel (model: PCI-416N) directly in the computer.
For the data handling a C++ based computer program was written.

The system is capable of accepting samples up to 30 mm diameter and 10 mm length
within a &+ 1 % pickup homogeneity range. The maximum field is 5 T. It is calibrated with
an absolute error in H and M of + 1.5 %. Figure 3.8 shows the PFM set available at TU
Wien.

3.2.4.3 Magnetization Measurement of Steel Samples

The hysteresis measurements of steel (soft magnetic) samples were carried out on ring
or frame shaped samples having a magnetically closed circuit. This allowed for an accurate
determination of the coercivity. Figure 3.9 illustrates the corresponding sample geometry
and the coil arrangement for these measurements. N; and N, represent the number of turns

of the primary and the secondary coils. The thin legs were oriented parallel and perpendic-
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Figure 3.8: Pulse field magnetometer at TU Wien.
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Figure 3.9: Sample geometry and coil arrangement for measuring the hysteresis loop of
frame shaped samples. Samples denoted with “L” or “T” have the thin legs in parallel to
the longitudinal or transversal direction, respectively.

ular to the pipe axis for the “L” and “T”” samples, respectively. The connecting regions of

the legs have a cross-section being five times larger than that of the legs itself. Therefore,

the influence of these connecting regions on the measurements has been neglected.
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Figure 3.10: Illustration of strain gauge and working principle.

3.2.5 Magnetostriction Measurements
3.2.5.1 Strain Gauge Method

This is most commonly used direct method introduced by Goldman in 1947 and re-
viewed by Lee in 1979 having sensitivity +1x10°% is used to measure magnetostriction
[119]. The Hottinger Baldwin Messtechnik GmbH (HBM) universal strain gauges types
1-LY;-0.6/120 (120€2, a = 0.6 mm, b =1 mm, ¢ = 5 mm, d = 3.2 mm maximum effective
bridge supply voltage = 1.5 volt) and 1- LY;-1.5/120 (120€2, a = 1.5 mm, b = 1.2 mm,
¢ = 6.5 mm, d = 4.27 mm maximum effective bridge supply voltage = 2.5 volt) are used
to measure magnetostriction by gluing the strain gauge on the sample with cyanacrylate
based HBM Z70 which is a single component, cold curing adhesive. For each measure-
ment dummies are also used to reduce the influence of temperature and of magnetic field
changes during the measurements. Figure 3.10 shows the illustration of strain gauge with

one measuring grid and its working.

3.2.5.2 Capacitance Dilatometer Method

Tilting plate miniature capacitance dilatometer capable of measuring longitudinal and
transverse magnetostriction in temperature range from 0.3 K to 300 K and sample size 1
x 1 x 1 mm?®to4 x4 x4 mm?®, schematic diagram shown in Figure 3.11 [120] . Static
high magnetic fields up to +7T were produced by a superconducting magnet in a Helium
cooled cryostat by using OXFORD PS120 superconducting magnets power supply. Tem-
perature of the measurement system was controlled by using CONDUCTUS temperature
controller model LTC 20. ANDEEN HAGERLING 2500A, 1 KHz Ultra precision capaci-
tance bridge is used to measure the change in capacitance. Figure 3.12 shows the arrange-
ment of dilatometer in temperature insert and the magnet system.

The change of the length of the sample after application of magnetic field is transmitted

to sensitive AC capacitance Bridge through a mechanical system, capacitance of bridge is
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Figure 3.11: Schematic drawing of the capacitance dilatometer [120].
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Figure 3.12: Arrangement of the dilatometer, temperature insert, and magnet system [120].

proportional to change of length and this change in dimension of samples is determined by
software and computer attached to capacitance dilatometer system. The sensitivity of this
method is in the range of +10°1°,

A special capacitance device available at Institute of Physics, Slovak Academy of Sci-
ences, Bratislava Slovakia shown in Figure 3.13 is used for direct measurement of magne-
tostrictions A and A, of melt spun ribbons. This device has high mechanical and thermal
stability and sensitivity for determination of the changes of sample dimensions in the nec-
essary intervals. Small changes in the sample dimensions Al (6 x 10 —6 x 10* mm) have
to produce sufficiently high signal for sample diameter ~ 6 mm.

The design of the sample holder has been selected to ensure that a sample from the

same material as the holder at H = 0 yields no measurable capacity changes with chang-
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]
Figure 3.13: Device for A measurement. (1) Cu block, (2) pole pieces, (3) Cu tube, (4)

sample, (5) electrodes, (6) quartz tube, (7) assembly of capacitor electrodes and sample
holder [121].

ing temperature. Samples (different from sample holder) dilate with temperature changes,
leading to a change of the capacity. The entire measurement takes 1-3 min, the temperature
stability has to conform to the desired measurement accuracy and to the magnitude of the
measured magnetostriction. The desired stability is obtained by placing the sample/holder
assembly inside a copper tube connected to two large copper thermal sinks. In stable ther-
mal conditions of the environment (AT =>0) material with even very low values of A =
108 can be easily measured. The change of capacity is measured using the three terminal
capacitance method by the capacitance bridge. The output signal from the bridge together
with the value of the applied magnetic field is interfaced to a computer which controls the

measurement conditions and stores the data [121].
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4.1 Bulk Fe-Ga Alloys

A set of six samples with composition Feg;Ga 9 were made from bulk high frequency
melted precursor ingots of Feg;Ga;g alloy with four samples having diameter 6 mm and
2 samples having diameter 8 mm to study the effects of severe plastic deformation on the
magnetostriction values. These samples were severely plastic deformed (SPD) from very
low shear rate € = 2 to very high shear rate € = 35 at room temperature and at 400°C as well,
keeping one sample HPT-4 undeformed as a reference. Table 4.1 summarizes the parameter

which were used to produce SPD samples.

Sample | Dia | Ty, | Tgy | SPD SPD | Shear | Temp. | Shear
ID (mm) Load | Time | Speed | (°C) | Strain
(Ton) | (sec) | (rpm) (e)
HPT-1 6 |0.84|0.71 29 300 0.2 RT 35
HPT-2 6 (087070 | 29 72 0.2 RT 2
HPT-3 6 |0.86|0.73 29 284 0.2 RT 8
HPT-4 6 | 0.71 Un-deformed
HPT-5 8 |0.88|0.77 40 54 0.2 400 2.2
HPT-6 8 1094 ]0.69 | 40 907 0.2 400 35

Table 4.1: Severe plastic deformation parameters used to make Feg;Gaj9 SPD samples.

4.1.1 XRD Data Analysis

Small discs having diameter 2.4 mm were cut from the each sample from deformed
portion and analyzed for XRD. X-ray diffraction patterns of all the samples deformed with
different shear rates are shown in Figure 4.1. In order to find lattice constant, crystallite size,
texture and strain induced by SPD process, rietveld refinement was performed by Bruker
Axis software TOPAS. Figure 4.2 shows plot of lattice constants (A°) and crystallite size
(nm) as a function of shear strain. Similarly Figure 4.3 shows (110) texture and strain in
in SPD samples as a function of shear strain. The undeformed sample also have additional
(111) texture, having value of 0.40708. There exist no relationship between lattice constant
and crystallite size with shear rate for the samples deformed at room temperature. For
samples deformed at 400°C, the lattice constant and crystallite size decreases with increase

of shear rate.



Results and Discussion

21000 Shear Strain (g) |
i 0
18000 - ——2 atRT ||
- ——8aRT |
15000 |- ——35atRT |-
£ i 2.2 at 400°C} |
Z 12000 F | ——35at400°C | |
0 i
~—
= 9000
6000
3000
0 1 M [ 2 1 M [ 2 1 " 1 2 1 "
30 45 60 75 90 105 120 135
20 (degree)

Figure 4.1: X-ray diffraction spectra (Cu- Ka radiation) of Feg;Ga9 samples deformed at

different shear strains.

2.914 80
Shear Str.| Lat Cons. | Crys Size.
0 2.90808 | 5467753 | M
2912 2 290653 | 5353774 470
—
) - - 8 291126 | 53.82908 —
< 35 | 291266 | 37.06283 E
- 2.2at400| 2.90713 | 67.51006 =
2910 ‘ - ‘ ~
= 35at400| 29038 | 51.57547 160 @
- a
g )
S 2008 He © . g
- 13
= - o
= 2906 e
Q
440
™ Lattice Constant (A°) ®
2.904 - ® (rystallite Size (nm) -
1 i 1 " 1 " 1 " 1 " 1 " 1 1 30

S0 5 10 15 20 25 30 35 40
Shear Strain (g)
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Figure 4.3: Texture (110) and strain in sample as a function of shear strain.

However one can see from Figure 4.3 for the samples deformed at room temperature the
texture and strain increases with increase in shear strain. The difference between texture
and strain value for the samples deformed at at shear rate € = 2 and € = 8 is not too large.
For the samples deformed at temperature 400°C, texture value increases with increase in
shear strain, while induce strain value decrease. These results shows that severe plastic
deformation process clearly induces strain and texture in Feg; Ga;9 alloy, which might result
high value of magnetostriction.

Table 4.2 sums up the results calculated from XRD patterns.

Shear Strain | Lat. Const | Cryt. Size | Texture | Induced Strain

(e) (A°) (nm) (110) Value
2.90808 | 54.67753 | 0.2804 0.22506
2 2.90653 | 53.53774 | 0.43464 0.68281
291126 | 53.82908 | 0.42469 0.68166
35 2.91266 | 37.06283 | 0.55089 0.77974

2.2 at400°C | 2.90713 | 67.51006 | 0.36765 0.69536
35at400°C | 2.90380 | 51.57547 | 0.53704 0.49947

Table 4.2: XRD measurements results of Feg;Ga;9 deformed and un-deformed samples.
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Figure 4.4: Magnetization curves measured on Feg;Ga;9 samples.

4.1.2 Magnetization Measurements

Figure 4.4 shows the MH curves of Feg;Ga;9 samples measured up to 5000 Oe. The
saturation magnetization was found to be from 167 to 170 emu/g. The coercivity of samples
(measured in open loop by VSM) increase with increases in shear rate due do induce stress
and texture formed in the samples. Un-deformed sample has coercivity of 7 Oe, whereas
the sample deformed at shear rate 35, has value of coercivity about 43 Oe. For samples
deformed at 400°C the coercivity decrease with increase in shear rate (shown in Figure
4.5).

4.1.3 Magnetostriction Measurements

Figure 4.6 shows the magnetostriction measured on un-deformed Feg Ga;o sample
with strain gauge method. The magnetostriction was measured in two directions by bonding
strain gauge at the center of sample to ensure the sample is isotropic and no preferential
orientation or texture occurs.

Figure 4.8 shows the magnetostriction measured across the deformation direction on
Feg1Gajy sample severely plastic deformed at shear rate € = 35 and Figure 4.10 shows
the magnetostriction measured across the deformation direction of sample severely plastic
deformed at shear rate € = 2.

The magnetostriction was measured in two directions by bonding two separate strain
gauges along the SPD direction and across the SPD direction as shown in Figure 4.7. Ay,
represent the magnetostriction measured by applying magnetic field parallel to measuring
grid (along the length of strain gauge) whereas A, represent the magnetostriction mea-

sured by applying magnetic field perpendicular to measuring grid (along the width of strain
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Figure 4.8: Parallel and perpendicular magnetostriction, , Ap,r and Ap, of severely plastic
deformed Feg;Ga g at shear rate € = 35, across deformation direction.

gauge) as shown in Figure 4.9 .

Figures 4.11 and 4.12 shows the magnetostriction measured across deformation direc-
tion on Feg;Ga9 sample severely plastic deformed at shear rate € = 35 and € = 2.2 at high
temperature 400°C.

The magnetostriction values measured of SPD sample are summarized in Table 4.3.
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Figure 4.9: \,,r and A, measuring setup, of SPD samples.

60 | L | LA v L | T 7 T
S0t =
g
8 40| .
: L
[==]
= 30} n
o~
-E
g 20} .
2
=]

2 10} _
=

0

-10

-3 -2 -1 0 1 2 3 4
Applied Field (Tesla)

Figure 4.10: Parallel and perpendicular magnetostriction, , Ay, and Ay, of severely plastic
deformed Feg;Gag at shear rate € = 2, across deformation direction.
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Figure 4.11: Parallel and perpendicular magnetostriction, , Ap,r and Ay, Of severely plastic
deformed Feg;Gajg at shear rate € = 35, at 400°C across deformation direction.
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deformed Feg;Ga;g at shear rate € = 2.2, at 400°C across deformation direction.
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Sample Shear Magnetostriction x10¢(ppm)
ID Strain (¢) Along Across Center of

SPD direction | SPD direction | the sample
Apar | hper | Mpar | Aper | Apar | Aper

HPT-4 | Un-deformed - - - - 53 -20

HPT-1 35 20 4 15 -2 - -

HPT-2 8 12 -3 40 -3 - -

HPT-3 2 12 -3 41 -3 - -

HPT-5 | 35 (at400°C) | 25 -5 67 -15 50 | -15

HPT-6 | 2.2 (at400°C) | 22 -5 50 -15

Table 4.3: Magnetostriction values of un-deformed and severely plastic deformed Feg;Gag

samples.

For shear rate € = 2, 8 and 35, sample deformed at room temperature magnetostriction
decreases. The magnetostriction of sample deformed at temperature 400°C increases from
53 ppm to 67 ppm. Magnetostriction values in perpendicular (across) direction of SPD are
larger than parallel (along) to the SPD direction. The most important outcome of the above
results was a decrease in the magnetostriction of SPD samples of FegGa;9 as compared to
the coarse grained state. The difference can be attributed to several reasons. One of them is
that the value of the applied magnetic field is low and not sufficient for the magnetization
of a SPD sample up to the magnetization level of a coarse grained one. One can easily
see this effect from the shape of magnetostriction curves for the samples deformed at room

temperature for shear rate € = 2 (shown in Figure 4.11), 8 and 35 (not shown).
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4.2 Bulk Polycrystalline Fe-Al Alloys [122]

In the last years, the magnetostriction of Fe—x systems where x stays for nonmag-
netic elements such as Ga, Al and Si had raised the interest of many research groups be-
cause of their potential use in low-cost sensor devices [5, 14,64]. There exist very detailed
single-crystal investigations on binary Fe—Al. In the Fe-Al system the highest value of
magnetostriction was found also in (100) direction for Al concentration around 19 at % Al,
which 3/2 kg9 is ~190 ppm at room temperature [64]. Consequently the Fe-Ga and Fe-Al
systems are interesting from a fundamental point of view as well as materials for magne-
toelastic sensors. Here for economical reasons Fe-Al alloys would be superior. For both
alloy systems, the phase stabilization of the disordered bcc structure is the fundamental
component to increase the magnetostriction of the materials.

Polycrystalline Fe o x Al (x =15, 19 and 25) samples were high frequency melted, then
annealed in vacuum at 1000 °C for 72 h. Afterward the bulk material was cooled either in a
furnace (10°C/min.); or quenched directly in water, in order to investigate the influence of
the structure and atomic ordering on the magnetostriction. The longitudinal and transverse

magnetostriction measurements was performed on the as-cast and annealed samples.

4.2.1 Microstructure

Figure 4.13 shows as an example the microstructure of the bulk as cast Feg; Alj9. The
grains have dimensions of the order of 1000 um = 1mm, but inside also smaller structures
are visible. Also in heat treated and quenched material (Figure 4.14) very large grains were

found, however smaller sub-structure was not detected.

Figure 4.13: Microstructure of as-cast sample, with the same amplification shown in Figure
4.14.
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Figure 4.14: Microstructure of annealed (AN) sample.
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Figure 4.15: Fe-rich part of the phase diagram of the Fe—A1 alloys. (magnetic transforma-
tion). W. Kijster and T. Giidecke, Z. Metallkuide, 71 (1980)765.

4.2.2 XRD Data Analysis

According to the phase diagram (Figure 4.15) for an Al concentration of 15 at% only
the disordered A, structure is expected, whereas for higher Al concentrations additional
phases (such as B, and/or DOj structure) can be expected depending on heat treatment and
processing conditions.

According to the X-ray diffraction patterns of the three as cast Fe pxAlx (x = 15, 19
and 25 at%) samples the following results are achieved: 15% Al: A, structure (space group
Im3m), lattice constant = 2.90 x 10'°m; 19 Al: A, structure, lattice constant = 2.90 x 107'°
m and 25 Al: 40% A, structure + 60% B, structure, lattice constant = 2.90 x 10'°m. These

results show that in this concentration range a lattice constant which is independent of the
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Figure 4.16: XRD pattern of FegsAlys ,Feg; Aljg and Fe;sAl,s.

Al substitution. The samples with x = 15 and 25% Al exhibit a strong texture. The intensity
ratios of the XRD pattern of all as cast samples show (Figure 4.16) preferentially aligned

grains.

4.2.3 Domain Structure

Feg; Al alloy was chosen for domain structure observation, because this alloy ex-
hibits a higher magnetostriction, as will be shown later. Figure 4.17 shows as a comparison
between the domain structure of AC, AN and Q samples of the Feg; Alyy alloy. The as-cast
material shows very narrow domains (a typical stress pattern for high magnetostrictive ma-
terials). The heat-treated AN sample shows larger domains (which are within the grains) in
two different orientated grains, whereas in the quenched sample the domains again become

smaller (but larger than those of AC samples) due to an enhanced stress state.

4.2.4 Magnetization and Magnetostriction Measurements

Figure 4.18 shows the magnetization curves of all three samples at room temperature.

The material is easy to saturate, the saturation magnetization decreases with increasing Al
content from 198 emu/g (15 at% Al) to 153 emu/g (25 at% Al) — see Table 4.4.

Figures 4.20, 4.21 and 4.22 shows the room-temperature values of the longitudinal

(Mong) and transverse (Ayans) magnetostrictions of the FegsAl;s, FegjAljg and Fe;sAl,s al-

loys, respectively (measured according to setup shown in Figure 4.19) . For the FegsAl;s

alloy, considering the longitudinal magnetostriction the AC material gave the highest value,
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Figure 4.17: Domain structure of the AC, AN and Q samples.

which is about 43 ppm, followed by AN and Q samples. The magnetostriction measured in
the transversal geometry behaves the other way: it increases starting from the as-cast state
to the heat-treated state and thus to the quenched state.

The Feg;Aljg alloy behaves differently (see Figure 4.21). The longitudinal magne-
tostriction of the AC material gave the lowest value (20 ppm), whereas the AN sample
exhibited the highest value (62 ppm), and Q sample exhibited Ajon; = 55 ppm. These results
are agreeing with the domain structure behavior, where the AN sample presents larger and
more regular domains and almost relieved the internal stress. The magnetostriction mea-
sured in the transversal geometry decreases starting from the AN sample, becomes smaller
in the as-cast state and goes further down in the quenched state.

For the Fe;5Al,s alloy, which shows a mixture of ordered B, and disordered A, phases,
the Ajone value is the lowest for the Q sample (25 ppm). The higher values such as 42

and 50 ppm were found, respectively, for the AC and AN samples. The magnetostriction
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Figure 4.18: Magnetization curves measured on AC, AN and Q samples.
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Figure 4.19: Longitudinal (Long) and Transverse (Trans) magnetostriction measurement
setup.
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Figure 4.20: Longitudinal and transverse magnetostriction of FegsAl;s measured in the AC,
AN and Q samples.
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Figure 4.21: Longitudinal and transverse magnetostriction of Feg; Al;9 measured in the as
cast state, after annealing and after quenching.
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Figure 4.22: Longitudinal and transverse magnetostriction of Fe;sAl,s measured in the as
cast state, after annealing and after quenching.

Samples Mg )\long )\trans )\total
(at % Al) | (emu/g) | (ppm) | (ppm) | = )\long = Atrans(PPM)
15 AC 43 -4 47
15 AN 198 40 -14 54
15Q 25 -42 67
19 AC 20 -24 44
19 AN 189 62 -37 99
19Q 55 -13 68
25 AC 42 -17 59
25 AN 153 50 -33 83
25Q 25 -32 57

Table 4.4: Saturation magnetization, longitudinal, transverse and total magnetostriction (at
UoHext = 0.3 T) of Fejg.<Aly in the AC, AN and Q samples.

measured in the transversal geometry decreases starting from the AN sample, becomes
slightly smaller in the quenched state and goes further down in the as-cast state.
Magnetostriction in ferromagnetic polycrystalline isotropic materials is characterized
by Aiong = —2Airans and by the saturation magnetostriction, Ay, determined by a phenomeno-
logical equation (3/2)As = Aiong - Arans = hiotal - On the other hand, A of an isotropic polycrys-
talline material can be calculate from the single crystal data by the well known equation A
= 1/5 (2h100+3 A111)- To have hints of the influence of texturing or stresses in our samples,
we determined the )¢ values from Ay, (see Table 4.4) and compared with A calculated by

the later equation, considering Aoy values from [64]. In Fe-Al alloys for the Al concentra-
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tion between 15 and 25 at %, the contribution of A;;; can be neglected because its value
is nearly zero [14]. The Ao values of FegsAl;s, Fegi Alj9 and Fe;5Alys from [64] are 120,
150 and 100 ppm, respectively, and corresponding calculated A values are 32, 40 and 27
ppm, respectively. These A values are always smaller than those A, found in our samples,
indicating the existence of a texture and/or a disordered A, structure in our samples. Ad-
ditionally, rarely the relation Ajong= —2Arans Was not obtained in our alloys. In Table 4.4 the

most important results are summarized.
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4.3 Fe-Mn Alloys

A set of Fe-Mn antiferromagnetic alloys samples was prepared by high frequency in-
duction melting having composition Fes;Mnse, FessMny; and Fes;Mnyg. Magnetostriction
measurements were performed as shown in Figures 4.24, 4.25 and 4.26 (after annealing
for 1000°C/24 hrs and quenching) along (ALSD) and across (ACSD) the solidification
directions to make further investigation of results reported in ref [113, 114]. Table 4.5 sum-
marizes the magnetostriction measurement made on the all Fe-Mn samples (according to
setup shown in Figure 4.23).

ke
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-
b~
=
ki

K Perp

Figure 4.23: Longitudinal (Long) and Transverse (Trans) and Perpendicular (Perp) magne-

tostriction measurement setup.

Fe-Mn Heat Magnetostriction | Magnetostriction (ppm)
Alloy Treatment | Measurement A A A
Composition | Condition Direction H iong | H Trans Hper
Fes;Mnsg Annealed ALSD -49 -64 -40
FessMny, Annealed ALSD -42 -30 -67
Fes;Mny; Quenched ALSD -52 -70 -25
Fes;Mny, Quenched ACSD -56 -70 -40
Fes;Mnyg Annealed ALSD -44 -43 -38

Table 4.5: Magnetostriction results of Fe-Mn samples.

The maximum measured value of magnetostriction Aperpendicutar Was -70 ppm (~ 5 Tesla)

for the quenched sample having composition Fes3sMny;, which was same for both along
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Figure 4.24: Magnetostriction of Fes;Mnsq along the solidification direction (ALSD) af-
ter annealing the samples at 1000°C for 24 hr by applying field parallel, transverse and
perpendicular directions.
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Figure 4.25: Magnetostriction of Fes;Mnyg along the solidification direction (ALSD) af-
ter annealing the samples at 1000°C for 24 hr by applying field parallel, transverse and
perpendicular directions.
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Figure 4.26: Magnetostriction of Fes;Mny; along the solidification (ALSD) and across the
solidification (ACSD) direction after annealing the samples at 1000°C for 24 hr and quench-
ing by applying field parallel, transverse and perpendicular directions.
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Figure 4.27: Magnetostriction of pure Mn.
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and across the solidification direction of the sample. All the magnetostriction values mea-
sured are negative irrespective of heat treatment conditions and solidification direction. The
samples were not saturated even field up to ~ 5 T. Figure 4.27 shows the magnetostriction
measured on pure Mn. Pure Mn has longitudinal magnetostriction value of -40 ppm at ~ 5
Tesla.
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4.4 Sm-Fe Alloys

The cubic rare earth-Fe, compounds (TbFe,, SmFe, and DyFe,) have been extensively
studied in last years because of their large magnetostriction at room temperature [26, 123].
TbFe,-based compound “Terfenol” has already been commercially available and used in
actuator applications [124]. Because of the high material cost of Tb, the of use of the
“Terfenol” has been mostly limited to military or high-end applications. For a wide use of
these high magnetostriction materials, SmFe, with its large saturation magnetostriction (A
= —1560 ppm) [1] and a relatively low material cost would be a preferable choice. SmFe,
have a negative magnetostriction which is useful in applications requiring a large instan-
taneous compressive stress/strain. However properties of SmFe, inter-metallic alloys has
not been so thoroughly investigated as Terfenol, because of the practical difficulties that
are encountered when preparing the sample. The main problem centers on the high vapor
pressure of Sm, which is 4 mbar at its own melting point (1072 °C) and over 400 mbar at
the melting point of Fe. This inevitably results in severe Sm losses by volatilisation when
SmFe, samples are prepared by fusing together the elemental components using conven-
tional melting techniques [125].

However we produced polycrystalline SmFe, by induction melting furnace, the chem-
ical composition of alloy was determined by electron probe microanalysis (EPMA) EDX
technique. The as cast sample was not homogeneous and have different composition at
different spots i.e. SmFe; 3, SmFe; ,5s and SmFe,.

Figure 4.28 shows the magnetostriction of dirty nominal SmFe, alloy measured by ap-
plying magnetic field in three different ways parallel to length of strain gauge (long), par-
allel to width of strain gauge (Trans) and applying field perpendicular to the thickness of
sample (Perp) before heat treatment (according to setup shown in Figure 4.23). This shows
that SmFe, based alloys even with less amount of Sm, even not single phase also have quite
reasonable magnetostriction i.e. -500 ppm as compared to Terfenol and Galfenol alloys and
can be useful for sensor and actuator applications.

The as cast sample was heat treated at 700°C for 132 hr under the vacuum with Ta-foil
as getter material. XRD analysis of heat treated sample shows that the sample was pure
single phase SmFe, having crystallite size of 21nm , lattice constant 7.426648A° and space
group Fd3m.

Figure 4.29 shows the magnetostriction of SmFe, alloy after heat treatment. The mea-
sured value of magnetostriction for SmFe, heat treated sample was observed ~-1040 ppm
at magnetic field approx. 4 Tesla. Here Ajong = —2Ayans fits well.

The main problem here is only that SmFe, needs a rather high external field in order to
develop the high magnetostriction which is a consequence of the high magnetocrystalline
anisotropy of this material. Here steps to reduce the anisotropy - such as alloying or pro-

ducing the material in a nanocrystalline state - are necessary in order to obtain a technically
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Figure 4.29: Magnetostriction of SmFe, alloy at room temperature, after heat treatment.
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useful magnetostrictive material.
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4.5 Ni-Ga Alloys

Keeping in view that addition of non magnetic V, Cr, Al and Ga in Fe and increase the
magnetostriction of Iron as reported by Hall [14, 50] and Clark et al [5,51-53] , we also
made two samples of polycrystalline Ni-Ga alloys having composition NiggGa, and Nig3;Gay
by conventional high frequency induction melting furnace technique to see effects addition
of Ga in Ni. Figure 4.30 shows the magnetostriction (h,r) of the NiggGa,, Nig3Gay and pure
Nickel in as cast state. It can be seen that after addition of 2 % Ga the magnetostriction of
Ni slightly increases about ~ 4 ppm from -35 ppm to -39 ppm (measurement setup shown
in Figure 4.46). By increasing Ga concentration to 7 at % the magnetostriction value of Ni
decreases to -10 ppm.

The addition of Ga in Ni does not significantly enhance the magnetostriction and for
higher values of Ga addition magnetostriction decreases. This shows that the magnetostric-

tion of Ni behaves completely different by substituting with the nonmagnetic element Ga.

10 v | b " |

0

Magnetostriction (ppm)

-50  —O— Pure Ni -

+ —O— Ni_QGa
—60 N -98 2 il
| —O N193Ga7
‘70 T T v % 1 E
-0.5 0.0 0.5 1.0
Applied field (Tesla)

Figure 4.30: Magnetostriction (parallel) of pure Ni, NiggGa, and Nig3Ga; at room temper-

ature.
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4.6 Polymers Composites

In 2003 Nai —Xiu et al [107] reported magnetostriction value of 115 ppm at parallel
field of 3900A/m of carbon black (CB) filled polypropylene composites and in 2005 they

extended this work and measured the very large value of magnetostriction 1163 ppm at 800

KA/m comparable to Terfenol-D composites.
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Figure 4.31: MH curve of PP-nano-19 at temperature 10K, 100K, 200K and 300K .
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We also prepared carbon fiber based composites and investigated them magnetization
and magnetostriction. Figure 4.31 shows the M-H curve measured up to 9 Tesla for the
sample PP-nano19 having 60.7 wt% polypropylene and 39.3 wt % carbon fiber (nanofiber
PR-19) at temperature 10K, 100K, 200K and 300K. The magnetization value of sample
is very small, less than 1 emu/g. Same behavior can be seen from M-T curve measured
at 5T and 9T of sample PBT-nano19-1 containing 74.65 wt% poly (butylene tereohtalate)
24.88wt % carbon fiber (nanofiber PR-19) 0.47 wt % CoFe,0, as shown in Figure 4.32. In
ref [107, 108] no magnetization values were reported. The samples PP1, PP-nano-24 also
showed similar results.

All the samples PP1, PP-nano19, PP-nano24 and PBT- nano19-1 were also tested for
magnetostriction by bonding strain gauge on the sample with HBM Z70 glue and applying
magnetic field with Hirst pulse field magnetometer. These all samples showed zero magne-
tostriction which contrary to the values reported in ref [108] of similar type of samples in

pulse field measurements.
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4.7 Magnetic and Microstructural Investigation of
Pipeline Steels [110]

Oil and gas pipelines are exhibit general a strong texture (due to the production pro-
cess) which causes a magnetic anisotropy, with the magnetic easy axis in the axial direction
of the pipe, along the length. In order to investigate the effects of stresses on hysteresis
and other magnetic properties, pipeline steel samples X52, X56, and X60 were cut parallel
(longitudinal or L-samples) as well as perpendicular (transversal or T-samples) to the pipe
axis. From each steel type a cube of 10x10x10 mm? was cut to perform the microstructural

investigation as well as the magnetostriction measurements.

4.7.1 Chemical Composition

The chemical compositions of the three steels under investigation were determined
using the method included in the standard API-5L.-2000 [126] as given in Table 4.6.

Elements | X-52 | X-56 | X-60
C 0.21 | 0.10 | 0.08
Mn 1.21 | 1.51 | 1.09
Si 0.05 | 0.31 | 0.26

0.021 | 0.014 | 0.010

S 0.019 | 0.002 | 0.004
Cr 0.02 | 0.03 | 0.01
Ni 0.02 | 0.02 | 0.02
A% 0.00 | 0.00 | 0.08
Ti 0.00 | 0.02 | 0.00
Cu 0.05 | 0.01 | 0.30

Table 4.6: Chemical composition of three different pipeline steels under investigation.

4.7.2 Microstructure

The microstructure was investigated using a standard optical microscopy. As an exam-
ple, Figure 4.33 depicts the typical microstructure in the longitudinal direction of all three
studied steel samples. The steel X52 exhibits a distinctly visible texture (See Figure 4.33a)
of ferrite/pearlite microstructure with both phases banding along the rolling direction. The
texture is well visible. The mean planar grain diameter (d,,) was determined to be 22.5 um.

The microstructure of the steels X56 and X60 consist also of ferrite/pearlite with in-

cipient banding and d,,=11.5 um. For X56 and X60 nearly the grain distribution indicates
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Figure 4.33: Microstructure of a longitudinal section of steel X-52 (a), X-56 (b) and X-60
(c).

Figure 4.34: Comparison of Raster Electron microscopy image of the sample X52-L(left)
and X56-L (right).

nearly no texture (See Figures 4.33 b,c). The inclusion level of sulphurs, aluminates, sili-
cates and globular oxides from the three studied steels were determined using the method
in the standard ASTM E 45 [127].

The microstructure as well as the local composition of grains was studied also using a
raster electron microscope (Quanta 3D 200) with EDX. EDX gave local variations of the
Mn as well as Si concentrations. EDX analysis revealed an in-homogeneous distribution
of the additive elements. Especially carbon found at the gain boundaries. As an example
Figure 4.34 depict a comparison of grain structure of the sample X52-L and X60-T.

Figure 4.35 compares a topological picture of the steel X52 as well as a domain structure
as observed by the MFM. The domains have approximate width of 2um, which is signifi-

cantly smaller than the grain size, indicating the magnetic material with low coercivity.
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Figure 4.36: Room temperature hysteresis as performed on the steel samples X-52, X-56
and X-60.

4.7.3 Magnetic Measurements
4.7.3.1 Hysteresis

In order to determine the saturation polarization of the steel samples hysteresis mea-
surements were performed with a Hirst pulsed field hysteresograph (measurement setup
shown in Figures 3.7 and 3.8) applying a maximum field of 5T. These measurements were
performed on the cubic samples. Figure 4.36 depicts the corresponding hysteresis loops.

For low fields the J(H) curve has a slope which is defined by the demagnetizing field
of the sample which is roughly 550 kA/m for these cubes. Within the experimental error

(£ 0.01T) the saturation polarization for all steel samples is within 0.5% of the same value
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Figure 4.38: Hysteresis loops of X56-steel sample.

(2.07 T). It is 2% smaller than that of pure Fe, which agrees with the iron content of 98%
of the steel samples. The hysteresis was measured in all three axis of the cube. However,
due to the high demagnetizing factor no direction dependent differences were recognized.
Figures 4.37, 4.38 and 4.39 compares the hysteresis loops of the longitudinal samples to the
transversal ones measured according to the arrangement shown in Figure 3.9 in longitudinal
(“L”) and transversal (“T”) direction at room temperature. The texture is most pronounced
for the sample X-52 which is in agreement with the microstructure (see Figure 4.33).

Table 4.7 summarizes coercivity and remanence values (accuracy 1%) as obtained from
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Figure 4.39: Hysteresis loops of X60-steel sample.

| Steel | He(A/m) | J(T) |
X-52L 614 0.85
X-52T 708 0.54
X-56L 855 1.05
X-52T 982 0.69
X-60L 578 0.88
X-60T 620 0.70

Table 4.7: Coercivity and remanence values as obtained from the pipeline Steel samples.
L...longitudinal, T.....transversal.

the hysteresis loop measurements of Figures 4.37, 4.38 and 4.39. The remanence values
gained in parallel (L) and perpendicular (T) to the pipe axis differ strongly. The ratio of
(remanent polarisation, saturation polarisation) is distinctly below the theoretical value of

0.75 for a cubic isotropic material. These facts strongly indicate the presence of a texture.

4.7.3.2 Magnetostriction

Figure 4.40 shows the longitudinal room temperature magnetostriction as measured
on the samples X-52-L and X-52-T. The magnetostriction values are between 5 and 10
ppm being typical for polycrystalline Fe (measurement setup shown in Figure 4.46). The
higher value of the magnetostriction in the transversal case may also explain the shape of
hysteresis loop caused by magnetoelastic contribution. The magnetostriction curves for
the sample X-56 show a nearly zero magnetostriction and also for the X-60 material a
rather low magnetostriction value was found (see Figure 4.41). This behavior is in good

agreement with the microstructure (see Figures 4.33 and 4.34) as well as with the shapes of
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Figure 4.40: Longitudinal magnetostriction measured on the steel X-52-L and X-52-T at

room temperature.
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Figure 4.41: Longitudinal magnetostriction measured on the steel X-60-L and X-60-T at

room temperatur c.
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4.8 Cobalt Ferrite (CoFe,O4) [116]

Polycrystalline Co-ferrite was produced using different routes such as: ball milling,
modified citrate-gel method, fluoride modified citrate-gel method and combustion method.
All samples were afterward heat treated.

The purpose of the present work is to produce polycrystalline CoFe,O4 powders by sev-
eral techniques in order to obtain the highest possible magnetostriction together with high
strain derivative, which may lead to a high magneto electric effect in composites. Addition-
ally, investigations of the influence of different production methods on the structural and
magnetic properties were performed.

Figure 4.42 shows XRD patterns (Cu-Ka) of annealed Co-ferrite samples produced by
the different methods. All samples showed sharp diffraction peaks where a Rietveld refine-
ment gave generally a single-phase cubic inverse spinel structure of cobalt ferrite with a

lattice constant close to 8.37x 107'm.
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Figure 4.42: X-ray diffraction pattern of heat treated Co-ferrite produced by different meth-

ods.

The citrate-sol-gel method delivers a single phase CoFe,O, pattern even in the as-
produced state as well as after a heat treatment (1000°C, 5h), however for the samples
produced by other methods, the spinel structure is formed only after annealing. The sample
produced by fluoride modified citrate-gel method shows an impurity (about 7%) of CoO,
the sample produced by the combustion method exhibit a significant lower lattice constant
(ap = 8.31x107'°m). The mean grain size of all annealed samples estimated by the fit proce-
dure is 260 nm (BM2), 290 nm (CB) and 110 nm (FSG).
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Figure 4.43: M(H) measured on BM samples in the as cast state, and after heat treatments
(in air) at 1000°C for 4h and for 24h [128].

Room temperature hysteresis loops of the BM powders as-produced and after annealing
at 1000 °C for 4 h and 24 h are shown in Figure 4.43.

The saturation magnetization (Mg) of the as-produced sample is as small as 6 emu/g
and exhibits a coercivity (H¢) of about 450 Oe. The small saturation magnetization may
be due to ferrimagnetic Fe,O3, which is well known to exhibit a low saturation magneti-
zation. After a heat treatment at 1000 °C for 4 h, the coercivity, H., and the saturation
magnetization, M, increase strongly. The values of H. and My are 1700 Oe and 78 emu/g,
respectively. However for the sample annealed at 1000°C for 24 h, the saturation magneti-
zation increases up to 83 emu/g whereas the coercivity decreases to 322 Oe. The apparent
difference in the values of Mg and H, may be due to structural refinements as well as an
increase of the grain size. The Mg values correspond to the already well known saturation
magnetization of pure Fe;O,4. Figure 4.44 shows the room temperature hysteresis loops of
Co-ferrite produced by different wet-chemical methods: SG, FSG and CB methods after
the heat treatment described above.

Also here the achieved saturation magnetization is between 82 and 83 emu/g which is
typical for pure Co-ferrite. Only the by combustion method produced material exhibit a
significant lower magnetization value (61 emu/g). Figure 4.45 shows the low field behavior
of the hysteresis loops, that is, the central part of the hysteresis loops shown in Figure
4.44. The corresponding coercivity values can be found in Table 4.8. The longitudinal

magnetostriction, A, measured at room temperature (measurement setup shown in Figure
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Figure 4.44: M(H) as measured on CoFe,O,4 produced by: sol-gel, fluoride modified citrate-
gel and combustion method; heat treatment: 1000°C/5h for SG, for FSG and Comb., respec-
tively.

4.46) on annealed at 1000 °C for 4 and 24 h ball milled CoFe,0,4 samples is shown in
Figure 4.47 . The values of A of these two samples are similar: 126 ppm and 122 ppm,
respectively. However, as can be seen in the picture, the slope dA/dH becomes significantly
larger after 24h of heat treatment. The dA/dH values are listed in Table 4.9.

Figure 4.48 shows the longitudinal magnetostriction (measurement setup shown in Fig-
ure 4.46) measured on the annealed samples produced by SG, FSG and CB methods after
the heat treatment described above. Here the first two methods deliver typical magne-
tostriction value for Co-ferrites, whereas the magnetostriction of the sample produced by
CB method gave a small A (similar as M) of 30 ppm.

Sample | Annealing | Mj(emu/g) | H.(Oe)
BM1 1000 °C/4h 77 1700
BM2 | 1000 °C/24h 83 320

SG 1000 °C/5h 83 530
FSG 1000 °C/5h 82 485

Table 4.8: Saturation magnetization and coercivity of the annealed BM, SG, FSG and CB

samples.
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Figure 4.45: Central part of the hysteresis loops shown in Figure 4.44.
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Figure 4.46: Longitudinal magnetostriction measurement set up.
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Figure 4.47: Linear magnetostriction measured on the ball milled samples annealed at 1000
°C for 4 and 24 h [128].
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Figure 4.48: Linear magnetostriction measured on annealed samples produced by: SG,
FSG and CB methods.
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Sample | A (ppm) | d\/dH(ppm/T) | h.d}/dH (ppm?/T)
BM1 126 126 15870
BM2 122 581 70876
SG 105 639 73472
FSG 110 319 36139
CB 30 375 11250

Table 4.9: Linear magnetostriction, d\/dH and A.dA/dH of the annealed BM, SG, FSG and
CB samples.

Table 4.8 summarizes the magnetic data and Table 4.9 the magnetostriction data as
achieved for our samples of polycrystalline CoFe,O,4 at room temperature. The values
of di\/dH determined between zero and the maximum value of magnetostriction as well
as A.dA/dH are also listed in Table 4.9 because of their importance for the application as

sensors and also in magnetoelectric composites.
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4.9 Magnetostriction in Sol Gel Cobalt Ferrite as a

Function of Annealing Temperature

A systematic study performed to understand the effect of processing conditions and
annealing temperature on the magnetostrictive properties of CoFe,O,4 produced by modified
citrate sol gel method. Such study can be used for optimizing the process parameter of

magnetostrictive materials based on Cobalt Ferrite.

4.9.1 Microstructure

Figures 4.49 and 4.50 shows the microstructures of the pellets annealed at 500°C and
1000°C for 5 hr in air at magnification scales i.e. 1 um and 2 um. Systematic microstructural
changes are observed with increasing annealing temperature, Figure 4.53 shows variation of
crystallite size as a function of annealing temperature. The samples sintered at S00°C show
the presence of small particles in the form of agglomerates. The SEM micrographs show
that the particle size increases drastically when the annealing temperature is 1000°C, ferrite
particles are of uniform size with roughly spherical shape, some of them are found to be
agglomerated. Larger pores are seen in the micrographs of the samples annealed at 1000°C,
such increase in the porosity when sintered at higher temperatures has been observed in the

case of other ferrites and this is due to the release of oxygen from the spinel lattice [129].

Figure 4.49: SEM micrographs of sol-gel CoFe,Oy, sintered at 500°C/5hr in air at resolution
2um and lum.
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Figure 4.50: SEM micrographs of sol-gel CoFe,0, sintered at 1000°C/5hr in air at resolu-

tion 2um and 1um.

4.9.2 XRD Data Analysis

The X-ray diffraction patterns of all the samples are shown in Figure 4.51. The XRD
pattern of as synthesized particles shows very broad peaks, indicating the ultrafine nature
and small crystallite size particles. The XRD of samples shows improvement in the sharp-

ness and intensity of peaks with increasing annealing temperature.
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Figure 4.51: X-ray diffraction spectra (Cu- Ko radiation) of CoFe,QOy , as prepared, sintered
at 300°C, 500°C, 700°C, 900°C, 1000°C, 1100°C and 1300°C in air for 5 hr.

X-ray diffraction pattern was indexed by TOPAS program to in order to calculate di-
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Figure 4.52: Variation of lattice constants (A°) as a function of annealing temperature.

mension of unit cell. Refinement of X-ray data shows that samples are composed of 100 %
spinel structure, no additional peaks and impurity phases were found. Figure 4.52 shows
the variation of lattice constants, as a function of annealing temperature. The lattice con-
stant is found to be sensitive to the sintering temperature. This fact could be more easily
seen from SEM images in Figures 4.49 and 4.50, the SEM image shows bulky aggregates
of rough surface. On increasing sintering temperature, more regular, uniform particles de-
veloped. The lattice constant of sample sintered at 300°C decreases to value 8.37581A°,
as compared to lattice constant 8.38035A° of as prepared sample, without annealing. For
annealing temperature 500°C, 700°C, 900°C, 1000°C lattices constant shows almost lin-
ear increase as function a annealing temperature, whereas for 1100°C and 1300°C lattice
constant becomes nearly constant i.e. 8.38527A° and 8.38538A° respectively (see Figure
4.52).

4.9.3 Magnetization and Magnetostriction Measurements

Figure 4.54 shows comparison of the room temperature magnetization curves of as
prepared, annealed at 300°C, 500°C, 700°C, 900°C, 1000°C, 1100°C and 1300°C powders
samples. The saturation magnetization of samples much improved from 61 emu/g of as
prepared sample to 84 emu/g of sample annealed at 1300°C systematically. The saturation
magnetization value ~ 84 emu/g is comparable to the values reported in literature [130].

However there is continuous decrease in coercivity with increase of annealing temper-
ature up to 1300°C (see Figure 4.57), this is due to increase of crystallite size, also can

be seen from SEM micrographs. Figure 4.58 shows plot of coercivity H. as function of
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Figure 4.55: Central part of hysteresis loop, shown in Figure 4.54.
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Figure 4.56: Coercivity (Hc) of as a function of crystallite size.

crystallite size.

Figure 4.58 shows plot of saturation magnetization My as function of crystallite size.

Saturation magnetization increases

significantly with crystallite size from 34 nm (61.3

emu/g) to 120 nm (82.4 emu/g) after this no significant change in magnetization observed

in magnetization with increase of crystallite size 2500 nm (84.6 emu/g).

Figure 4.59 shows the magnetostriction as function of magnetic field measured up to

maximum field 3 Tesla (measurement setup shown in Figure 4.46). It can be see the value
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Figure 4.57: Coercivity (Hc) of as a function of annealing temperature.

of magnetostriction strongly depends on annealing temperature and increases consistently
with increase in annealing temperature from 300°C to 1100°C. Maximum magnetostric-
tion close to ~-124 ppm is obtained for the sample annealed at 1100°C and decreases to
lower value i.e.~-114 ppm with further increase in annealing temperature to 1300°C. In
Figure 4.60 magnetostriction plotted as a function of crystallite size. Magnetostriction in-
creases with increase in crystallite size and reach to maximum value 124 ppm at crystallite
size 1.2 um, after this for the sample annealed at 1300°C having crystallite size 2.5 um
magnetostriction decreases to 114 ppm. Similarly Figure 4.61 shows variation in magne-
tostriction with respect to lattice constant. The sample annealed at 1000°C having lattice
constant (8.38615A°) and at 1100 °C having lattice constant (8.38527 A°) have 119 ppm
and 124 ppm respectively. For the sample annealed at 1300 °C lattice constant slightly in-
creases to the value 8.38538 A° as compared to the sample annealed at 1100 °C but at the
overall magnetostriction value decreases 114 ppm, due to significant increase in crystallite
size .

Figure 4.62 shows the plot of magnetostriction as function of coercivity, one can see
that with increasing magnetostriction the coercivity increases almost linearly to the sample
annealed up to at 1100 °C. This indicates that for these materials the magnetoelastic energy
determines strongly the coercivity.

Table 4.10 summarizes the XRD analysis, magnetic and magnetostrictive properties of
CoFe,04 annealed at different temperature. A comparison of various parameter shows that
the magnetostriction becomes highest when the saturation magnetization is larger, whereas
the coercivity is found to decreasing with increase in crystallite size . However the relative

change in magnetostriction of samples annealed at temperatures of 1000°C, 1100°C and
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Figure 4.62: Linear magnetostriction as a function of coercivity.

Annealing Lattice Crystallite M; He | Aparatiel
Temperature | Constant Size
(°C) (A°) (nm) (emu/g) | (Oe) | (ppm)
Asitis 8.38035 34.1 61.3 1790 | —
300 8.37581 31.5 60.7 2435 | -18
500 8.38291 48 69.6 | 2225 | -51
700 8.38236 121 82.4 1244 | -70
900 8.38496 178 82.4 829 | -107
1000 8.38615 251 83.1 527 | -119
1100 8.38527 1208 84.6 417 | -124
1300 8.38538 2500 84.4 193 | -114

Table 4.10: Annealing temperature, lattice constant, crystallite size, magnetization, coer-

civity and magnetostriction parameter of sol-gel Cobalt Ferrite.

1300°C are not much large.




4.10. Magnetostriction in Cobalt Ferrite produced by Combustion Method as a Function of
Burning Rate 133

4.10 Magnetostriction in Cobalt Ferrite produced by

Combustion Method as a Function of Burning Rate

Glycine (NH,CH,COOR) is considered to serve as fuel for the combustion reaction,
being oxidized by nitrate ions [99]. The temperature reached in the combustion reaction
has an important effect on the crystallite size of the powder resultants. By adjusting the
glycine-to-nitrite ratio (G/N), we can control the reaction temperature, and thereby control
the crystallite size of the CoFe,O4 powders which has huge effect on magnetic and mag-
netostrictive properties. A set of six samples were made with glycine to nitrate ratio 0.5:1,
1.0:1, 1.3:1, 1.5:1 and 2.0:1. In order to remove traces of residual organic compounds from
as-prepared samples, all the samples were heat treated at 400°C for 2 h to decompose the
residual substances completely. All the six powder samples were pressed in to the form of
pellets and sintered at 1450 °C for 10 min, all the pellets were sintered under same con-
ditions, with a heating rate of 4 °C/min and cooling rate of 20 °C/min [81]. Figure 4.63
shows the XRD patterns of the sintered pellets. A single phase spinel ferrite (space group
Fd3m) is obtained after sintering all the pellets at 1450°C. There are no detectable traces of
extra crystalline or amorphous phase found as it is clear from the absence of any additional
reflections peak in the XRD patterns. The calculation lattice constant and crystallite size

were performed on XRD data by using program TOPAS.

S6000F VT T T T T -
L —S10.5:1
48000 B 75%2 1.0:1 i
S31.3:1
. | -8415:1 |
Z 40000 S51.8:1 -
E - ——862.0:1 -
9 32000 .
;, S
2 24000 F -
8 - ! ' ljk I\ ll A A_.L I JL..JL.,,.,. p
-
= 16000 |- J ..,.,J s JJJ ———
S ] Y i, S
w:‘;ﬁ.}\ﬁ , - ‘ P~
8000 |- -
L 1 1 ]

60 80 100 120 140
2 0 (degree)
Figure 4.63: X-ray diffraction pattern (Cu- Ka radiation) of CoFe,QOy, prepared by combus-

tion method by varying glycine to nitrate ratio.

Figure 4.64 shows the crystallite size and lattice constant as a function of glycine used

for preparing cobalt ferrite. The value of crystallite size increases with glycine contents up



134

Results and Discussion

8.30 | - - 1400
m B oa 1350
838 | ]
S ® J300 2
2 130
- 837} 1250 T
£ 836 4200
S 1=
) 4 150 E
2 835} - = 2
= - {4
:i - 100 S
834 | 1
g ™ Lattice Constant (A*) | S0
® Crystallite Size (nm)
8.33 L ‘ 1 . 0
0.5 1.0 1.5 2.0
Glycine

Figure 4.64: Lattice constant and crystallite size as a function of glycine used for synthesis
of cobalt ferrite.

to 1.3 and then decreases for 1.5:1 and 1.8:1 and finally again increases for sample having
G/N ratio 2.0:1.

Similarly with increase of glycine lattice constants increases with increase in glycine
contents up to 1.3 and then decreases for 1.5:1 and increases to maximum value 8.39047A°
at G/N ratio 1.8:1 and finally reaches to value 8.38537 A° after slight decrease for sample
having G/N ratio 2.0:1, the variation in crystallite size and lattice constant as function of
glycine content does not seen to be systematic.

Figure 4.65 shows the M-H curve of the measurements made at room temperature,
whereas as Figure 4.66 shows the center part of MH loop to observe coercivity of the sam-
ples. The sample with G/N ratio 0.5:1 has saturation magnetization M about 51 emu/g ,
whereas for the remaining all the samples the saturation magnetization Ms is about 82~84
emu/g and variation in glycine ratio has no significant effects on value of saturation mag-
netization.

Figure 4.67 shows plot of coercivity H,. as function of crystallite size. The coercivity
of samples with G/N ratio 0.5:1,1:1 and 1.3:1 has linear relationship with crystallite size
and increases with increase of crystallite size, whereas for G/N ratio 1.5:1, 1.8:1 and 2:1 it
decreases and remains with in the range of 300~400 Oe.

Figures 4.68, 4.69 and 4.70 shows the magnetostriction measured on all the sample in
parallel, transverse and perpendicular to thickness of sample by strain gauge method.

Table 4.11 summarizes the lattice constant, crystallite size, magnetization, coercivity
and magnetostriction and strain derivatives values measured on the all the samples with
different G/N ratios.

The sample having G/N ratio 1.0:1 and 1.3:1 have maximum value of magnetostrictions
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Figure 4.66: Coercivity of all samples (center part of curve shown in Figure 4.65).
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Figure 4.68: Linear magnetostriction (parallel to magnetic field) of all CoFe,O, samples
prepared with different glycine ratios.
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Figure 4.69: Magnetostriction (perpendicular to magnetic field) of all CoFe,O,4 samples
prepared with different glycine ratios.
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Figure 4.70: Magnetostriction (H perpendicular to the surface of sample) of all CoFe,O4
samples prepared with different glycine ratios.
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Glycine | Lattice | Cryst. M, H. | Magnetostriction Strain
to Const. Size (ppm) Derivative

Nitrate (AO) (nm) (emu/g) (Oe) >\parll )\trans >\per dr/ deax
Ratio (ppm/T)
0.5:1 | 8.33485 45 51 98 -34 19 22 169
1.0: 1 | 838294 | 120 82 177 | -144 | 66 75 701
1.3:1 | 838499 | 390 84 431 | -147 | 64 55 564
1.5:1 | 8.38245 | 345 84 377 | -126 | 70 68 489
1.8:1 | 839047 | 125 84 344 | -130 | 70 75 595
2.0:1 |8.38537| 312 83 286 | -106 | 82 85 393

Table 4.11: Lattice constant, crystallite size, magnetization, coercivity and magnetostriction
of the samples.

about -144 ppm and -147 ppm respectively, which is ~ -50 ppm less then already reported
-197 ppm for G/N ratio 2.0:1 in ref [81]. The strain derivative of sample with G/N ratio 1:1
is 701 ppm/T is very high as compared to the sample having G/N ratio 1.3:1, which is 564
ppm/T. The sample having G/N ratio 1:1 is has very good value of magnetostriction and

strain derivatives and very useful for sensor applications.



Part 11

Magnetostriction in Rapidly Quenched
Alloys

139






4.11. Fe-Ga Alloys Melt Spun Ribbons and Splat Cooled Foils

141

4.11 Fe-Ga Alloys Melt Spun Ribbons and Splat Cooled
Foils [58]

The structure, especially the disorder caused by the Ga substitution, plays an impor-
tant role for the high magnetostriction found in single crystalline Fe-Ga alloys. This effect
should become more evident studying the magnetostriction on rapidly quenched Fe-Ga al-
loys, where the short-range structural disorder should be larger. Melt spun rapid solidified
Fe-Ga ribbons samples exhibits large magnetostriction and good ductility as compared to
conventional bulk samples and has promising possibility as a new magnetic induced sen-
sor/actuator materials [131].

We performed magnetostriction measurements on binary FegsGa;s, FegoGayg, Fegi Gayo,
ternary Fe;sGa;sCog, Fes3GajsNi;, FegyGasAls melt spun ribbons (rapidly quenched at
wheel speed 12 m/s) and Feg;Gay splat cooled foils, using a strain gauge method as well
as a capacitance dilatometer, from low temperature up to room temperature to investigate

these materials for high magnetostriction.

4.11.1 Structural Characterization
4.11.1.1 Microstructure

Figure 4.71 (a,b) shows the microstructure of a FegsGa,5 and FegyGa,, ribbon in solid-
ification direction (ribbon thickness), where clearly column shaped particles are observed
which are approximately perpendicular to the ribbon surface. The width of these column
particles varies from 5 to 10 um. This kind of structure was also observed in ternary
Fe;sCo9Ga;s and Fe;gNi;Ga;s ribbons as shown in Figure 4.72 (a,b) these particles are
elongated along the direction of the ribbon with an average size of 2 to 3 of by 5 to 10 ym.
It is interesting to note that each grain is composed by fine elongated particles which are
oriented in the direction of the thickness of the ribbon, XRD spectra showed also a clear
texture and the [100] easy growth axis of bce structure is tilted away from the ribbon normal

similar as was reported by S. F. Cheng in ref [11].

4.11.1.2 XRD Data Analysis

Figures 4.73 and 4.74 shows the XRD pattern of FegyGa,y ribbons. X-ray diffraction
was measured from ribbon sides, the quenched side wheel and the unquenched side free,
on several FegyGa,, ribbon samples in two different geometries: (1) fixed sample beam par-
allel to the ribbon and (2) rotating sample holder. The refined patterns show no deviation
from the A, phase and no supplementary reflections were observed. The background func-
tion was refined by using a Chebychev polynomial. The refinements converged at RBragg

values of 0.41% and 0.25%, respectively (the low values are related to the background in-
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(a) FegsGays (b) FegoGayg

Figure 4.71: Images of cross-section (thickness) FegsGa;s and FegyGay( ribbons melt spun
at 10 m/sec.

(a) Fe76Co9Gays (b) Fe7gNisGays

Figure 4.72: Images of cross-section (thickness) Fe;sCoyGa;s and Fe;sNi;Ga;s ribbons
melt spun at 10 m/sec.

tensity). For the wheel free side, the global agreement factors were Rexp: 1.18 (1.16);
Rwp: 1.81 (1.77); Rp: 1.31 (1.27); and GOF: 1.54 (1.53), which confirm the models. Vi-
brational parameters Beq of 0.2 were assumed. Refinements on different lattice systems
did not improve the model.

Lattice constants of 2.90604A and 2.905423A were found, respectively, for the wheel
and free sides. The refined values agree with the 2.907A given in literature [132]. The
crystallite size was determined based on a Lorentzian size refinement following the Scher-
rer approach. The wheel and free sides of the ribbons where characterized by different
average crystallite sizes: D = 159 + 3 nm and D = 262 + 8 nm, respectively. As expected,
fast cooling gives rise to a smaller crystallite size. In all refinements, a pronounced texture
model was used to obtain reasonable fits. For both ribbon sides, observed, refined, and
difference patterns are given in Figures 4.73 and 4.74 , respectively, with and without ap-
plying a texture model. It can be seen that the two sides differ in texture. The wheel side
shows mainly a primary (100) texture, refining to P = 0.650 £+ 0.002 (P=1: untextured and
P=0: fully textured sample) and a minor (211) texture, whereas the free side is affected by
a stronger (100) texture (refining to P=0.478 + 0.001), in addition to weak (211) and (031)
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Figure 4.73: FegyGayy- Refined XRD pattern obtained on the wheel side with (top) and
without (bottom) applying a textured model in the refinement: data (blue line), calculation
(red line) and difference (gray line).
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Figure 4.74: FegyGayy- Refined XRD pattern obtained on the free side of the ribbon with
(top) and without (bottom) applying a textured model in the refinement: data (black line),
calculation (red line) and difference (gray line).
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Figure 4.75: X-ray diffraction pattern of splat cooled Feg;Ga;o foil and pure iron.

texture contributions. The presence of texture effects on both sides is rather surprising
but could be related to a mechanical compression on the copper wheel. This explanation
would also be compatible with the lower degree of texture on the quenched side. The X-
ray diffraction obtained from surfaces, free side and wheel side (the surface contact with
copper wheel) of the ribbon showed that FegsGa;s exhibits single phase bcc disordered A,
structure.

Figure 4.75 shows the XRD pattern of splat cooled Feg;Ga;g foil and pure iron with
measured lattice constant 2.904342A and 2.86728A respectively the addition of Ga in Fe

clearly indicates the increase of lattice constant of splat cooled Feg;Ga;9 sample.

4.11.1.3 Magnetostriction Measurement

Figure 4.76 shows a typical magnetostriction measurement performed on FegyGay
ribbon obtained at room temperature using the capacitance cell. The external field was
applied in the ribbon plane and the magnetostriction was measured parallel to the thickness
of the ribbon. We found a high positive magnetostriction of about 700 ppm, which is
beyond any value obtained in polycrystalline bulk Fe-Ga. In this experiment, due to the
here used geometry the bending of the sample should not play a role. Additionally, high
magnetostriction values were found for the whole temperature range from 4.2 K up to 290
K. Figure 4.77 shows the temperature dependence of the magnetostriction obtained within
this experiment, which detailed analysis of the strange temperature behavior is still under
work. Using only one single ribbon as well as two ribbons put together without gluing

them, gave similar results (see Figure 4.78).
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Figure 4.76: Magnetostriction, Ap, measured on FegyGayy at room temperature measured

in capacitance cell [133].
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Figure 4.79: Possible orientations of the external field applied on the ribbons: Hp,r, Hirans
and H,o,, with respect to the ribbon and the strain gauge on the ribbon.

On the other hand, significantly smaller magnetostriction values were found measuring
two ribbons glued together (using strain gauge glue “Z70 from HBM”). In this case, the
magnetostriction curve shows a large hysteresis, which is different for each cycle of mea-
surement as show in Figure 4.78. These results show clearly the influence of glue, which
may also induce stresses on the surface of ribbon.

Additionally magnetostriction measurements on a FegyGa,, ribbon and also on ribbons
of different compositions were performed using the strain gauge method applying the field

in different directions.
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Figure 4.80: Magnetostriction measured on a FegyGa,( ribbon at room temperature with the
strain gauge method, using the perpendicular, longitudinal and transversal geometry.

Figure 4.80 shows magnetostriction measurements on a FegyGa,y ribbon at room tem-
perature using the perpendicular, longitudinal and transversal geometry. In this case the
ribbon sample was completely fixed, i. e., d = 0 and glued on a thin plastic plate in order to
prevent any mechanical movement.

The values obtained are rather low but still reasonable for polycrystalline bulk FegyGay,
however they are much smaller than those found by the capacitance technique on single
ribbons without glue, but approaching to that value measured in glued sample. Similar
results were found for Feg;Ga;9 ribbons with different thickness. Figure 4.81 and Figure
4.82 shows the magnetostriction measured on Feg;Ga;9 ribbons with thicknesses of 45 and
70 um, respectively. For the thicker sample, larger perpendicular magnetostriction was
found. Uncertain is here that the gluing of the thin ribbon on a plastic plate may hinder the
magnetostrictive driven reduction of the sample.

Figure 4.83 shows magnetostriction measurements performed on a FegsGa;s ribbon.
The perpendicular magnetostriction is a little bit larger than those of the former samples,
however a negative magnetostriction for the longitudinal geometry was found.

Magnetostriction investigations using the strain gauge technique were also made on Fe-
Ga foils made by splat cooling with thicknesses of 40 and 87 um, as shown in Figure 4.84
(87 um not shown here). No significant difference of magnetostriction was found due to
thickness of the samples with respect to each other and as compared to the magnetostriction
of ribbons produced by melt spinning technique.

Magnetostriction investigations using the strain gauge technique were also made on Fe-
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Figure 4.81: Magnetostriction measured on the Feg;Ga;g ribbon (thickness 45 yum) mea-
sured with the strain gauge method.
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Figure 4.82: Magnetostriction measured on a Feg;Ga,g ribbon (thickness 70 um) measured
with the strain gauge method
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Figure 4.83: Magnetostriction of a FegsGa,5 ribbon measured with the strain gauge method.
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Figure 4.84: Magnetostrictions measured on the splat cooled Feg; Ga,q foil (40 um).
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Figure 4.85: Magnetostriction of Fe;sCogGa;s measured with a strain gauge.
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Figure 4.86: Magnetostrictions measured on the Fe;gNi;Ga;s ribbon.

Ga ribbons where Fe were partially substituted by Co, Ni or Al (see Figures 4.85, 4.86 and
4.87 respectively). For all three substitutions, a reduction (in comparison with that obtained
in FegsGa,s) of the perpendicular magnetostriction was detected.

To investigate the possible effect of glue on the stain gauge method, additional measure-
ments were performed on stacked 5 pieces of Fe;sCogGa;s ribbons without being glued on
the plastic plate. The results are shown in Figure 4.88, similar values of longitudinal and

transverse magnetostriction to those obtained for a single ribbon (see Figure 4.85) were
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Figure 4.87: Magnetostrictions measured on the FegyGa;sA)s ribbon.
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Figure 4.88: The longitudinal, transverse and perpendicular magnetostrictions measured on
the stacked ribbons sample of Fe;CoqGa;s.

found, however, similar as in the capacitance cell experiment for the glued sample (see Fig-
ure 4.78), the perpendicular magnetostriction presents an irreversibility in the curve of the
field dependence of the magnetostriction.

In order to check the feasibility of these measurements, similar experiments were per-
formed using a pure polycrystalline Fe foil exhibiting a thickness of 25 ym (from Good
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Figure 4.89: Magnetostrictions measured on a pure Fe foil from Good fellows.
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Figure 4.90: Magnetostrictions measured on as-produced splat cooled pure Ni.

fellows) and also a splat cooled pure Ni with thickness of about 100 um The samples were
cut to have a similar geometry as that of the ribbons. These measurements are shown in
Figures 4.89 and 4.90.

The values of longitudinal and transverse magnetostrictions fits rather well to those of
polycrystalline pure Fe and Ni materials, mainly for the pure Fe from Good fellows, where
the internal stress must be small. These results suggest that the magnetostriction along

the ribbons are comparable to the magnetostriction of bulk polycrystalline Fe-Ga [134],
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Figure 4.91: Strain and stress distortions as function of d measured on the FegsGa,s ribbon
at room temperature at perpendicular geometry. The strain gauge signal increases with
increasing d.

even applying a magnetic field perpendicular to the ribbon plane. However, we cannot
decide if the magnetostrictions values obtained by gluing a strain gauge and additional
gluing the sample on a plastic plate are reliable values due to the possibility of glue induced
mechanical stresses.

On the other hand, for measurements using strain gauges on ribbons and applying the
external field perpendicular to the plane of the ribbon, if the samples are partially free from
an external stress (besides strain gauge glue) bending of the sample can occur (Figure 4.79).
Therefore in this work we also investigate how the strain gauge signals change as function
of the distance of the part of the ribbon sample left free, which in Figure 4.79 is indicated
by the parameter d, applying a magnetic field perpendicular to the ribbon plane. The length
of the strain gauge is of 6 mm. These measurements were carried out on Fe-Ga alloys (see
Figures 4.91, 4.92 and 4.93) as well as on pure Fe-foil (see Figure 4.94) for various values
of d (0 <d < 6 mm).

The strain gauge signals obtained for d = 0 are similar to those results found for samples
glued on the plastic plate. However, a strong increase of signal was detected with increasing
d. For the Fe-Ga alloys, a “giant” strain gauge signal up to £ 2200 ppm was found (negative
values when the magnetic field is applied in the direction perpendicular to the ribbon plane
as indicated in Figure 4.79 causing a stress in the strain gauge and, positive when the field
is applied in opposite direction resulting thus a strain). It is rather sure that this occurs
due to bending of a part of the sample. In fact, the special shape of the curve can also be

understood because at field values larger than the demagnetizing field the magnetization



154 Results and Discussion

2000

AL

1000

-1000

Strain gauge signal (ppm)

2000 L Co -
-2 -1 0 1 2
Applied field (Tesla)

Figure 4.92: Strain and stress distortions as function of d measured on a Fe;4CoyGa, 5 ribbon
at perpendicular geometry. The strain gauge signal increases with increasing d.
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Figure 4.94: Strain and stress distortions as function of d measured on the pure Fe foil (from
Good fellows) at perpendicular geometry. The strain gauge signal increases with increasing
d.

starts to rotate out of the plane parallel to the external field, and thus torque decreases,
consequently reducing the bending. This behavior was observed for all samples including
the pure Fe foil, where the highest value of bending effect (+ 3200 ppm) was obtained
(see Figure 4.94). This high value occurs for pure Fe because pure Fe exhibits the highest
saturation magnetization and additionally the thickness of the foil was thinner, which makes

the bending effect to become easier.
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4.12 Magnetostriction Investigations in Feg; sGa;75 Melt
Spun Ribbons as a Function of Quenching
Rate [135]

Comparison between magnetostriction (A) obtained on bulk material with that mea-
sured on ribbons gave hints that the degree of disorder may support a high A in these ma-
terials [11]. Cheng et al. found a maximum A value of about 130 ppm in Feg;Ga;; rib-
bon [11]. However the finding of magnetostriction values higher than 2000 ppm in Fe-Ga
(see e.g. [56]) was later demonstrated by us may be due to a measuring problem [58].

Liu et al. found in Feg; Al ribbon a magnetostriction value high as 700 ppm using
a strain-gauge [15]. However to perform accurate magnetostriction measurements on a
single ribbon using the strain-gauge technique is extremely difficult [58]. Due to the fact
that the magnetostrictive behavior of ribbons seems of technological interest, especially in
combination with a [100] texture along the ribbon length.

High purity Fe and Ga (99.99%) were high frequency melted in Ar atmosphere using
a water cooled Cu-crucible. Ribbons of nominal compositions Feg; Al;9 were prepared by
varying the wheel speed, WS, from 7.5 up to 25 m/s. The average width of the ribbons is
about 3 mm and the thickness, d, varies from 36 to 80 yum. The concentration of Ga for all
ribbons was determined via EDAX at five different points of the samples. For all samples,
the average concentration of Ga found was of (17.5+£0.7) at % Ga.

In this work, magnetostriction of Feg,sGa;75 ribbons with different quenching rates,

QR, were investigated using a capacitance cell method [121].

4.12.1 Microstructure

The microstructure of the Feg, 5Ga 75 ribbons obtained at different wheel velocities,
WS, is shown in Figure 4.95. Usually, quenching rate, QR, is proportional to the WS. As
can be seen, generally, columnar particles perpendicular to the surface of the ribbons are
formed. During the quenching procedure a strong temperature gradient appears over the
thickness of the ribbon. The melted material first will crystallize at the surface which is on
border to the copper wheel forming many small grains and when they touch each other the
crystals start to grow in columns along the temperature gradient. Due to the fast transport
of the ribbon by the rotating wheel also a tangential component causes a bowing of the

columns.

4.12.2 XRD Data Analysis

All Feg, sGa;;5 ribbons exhibit a disorder bcc A, structure, XRD pattern shown in

Figures 4.96 and 4.97. The average grain size and lattice constant as a function of the
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Figure 4.95: Micrograph of Feg, sGa;7.s ribbons melt-spun at different velocities and mag-
nification as indicated in the figure.

wheel speed are shown in Figures 4.98 and 4.99, respectively. The values of D (crystallite
size) and a (lattice constant) were determined for both wheel and free side of the surface of
the ribbons.

As can be seen, the D and a values are almost independent of the surface side indicating
that the average grain size and lattice constant along the thickness can be considered almost
constant. However, both D and a value fluctuate with increase of the WS.

This result suggests that, in these experiments, the proportionality between WS and QR
does not hold. The texture degree (i.e. a number that represents the percentage of a certain
texture existing in the sample, which “1” corresponding to 100 % of this certain texture) was
refined based on intensity analysis using XRD diffraction data. Only an average texture and
grain size can be refined by this method. Statistical distribution was verified by measuring
the ribbons under different diffraction angles between source and ribbon and on rotating
the sample. The intensities did not differ significantly. An average texture behavior can be
calculated from diffraction data (TOPAS 4.1, allowing 2 texture settings on one sample).
Figure 4.100 shows a strong (100) and a weak (310) texture degree as a function of wheel

speed obtained for Feg, sGa;75 ribbons.
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Figure 4.96: X-ray diffraction pattern (Cu- Ko radiation) of free side of Feg, sGa;;5 melt
spun ribbons.
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Figure 4.100: The (100) and (310) texture degree as a function of wheel speed obtained for
wheel and free side of Feg, sGa;75 melt spun ribbons.

The texture degree on both sides of the sample is different, may be due to the different
cooling situation on the two surfaces which influences the nucleation [11]. Within the
ribbon, the columns might bend under this growth conditions giving two different textures
on both sides. Diffracted intensities are therefore different and can be associated with the

average texture of the sample.

4.12.3 Magnetization Measurements

At room temperature, the saturation magnetization of Feg, sGa;7 5 obtained from the

hysteresis measurement is 174 emu/g.

4.12.4 Magnetostriction Measurements

Figure 4.101 shows selected magnetostriction data of different ribbons of Feg, sGa;7 s,
produced at different WS, indicating a large variation in Ajyng, and Ayans values and also
in the character of the field dependence of the magnetostriction. In this work, the ribbon
produced with 15 m/s gave the maximum longitudinal magnetostriction value. The Ajon,
and Ayans values are 116 ppm and around zero, respectively (see Figure 4.101 and Figure
4.102). The Ajong value is comparable with those reported in [11] , which are 98 and 130
ppm for Fe;9Ga,; melt spun at 50 m/s and Feg;Ga;7 melt spun at 15 m/s, respectively.
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Feg, sGay; 5 ribbons.

The high longitudinal magnetostriction value may be related to the (100) texture degree.
XRD on wheel and free side gave hints how the texture develops through the thickness of
the ribbons. The texture on the free side is stronger (average (100) texture degree = 0.85)
than that of the wheel side. As can be seen in Figure 4.100, the texture degree changes

with wheel velocity showing the highest (100) texture degree (both wheel and free side) for
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the sample produced at WS of 15 m/s, where the longitudinal magnetostriction reaches the
highest value. However additional effects such as fluctuations in the local composition (the
magnetostriction in Fe-Ga alloys is very sensitive to the Ga content [6]) as well as-quenched
in stresses may also influence the longitudinal and transverse magnetostriction, as can be
seen in Figure 4.101. It is worth to observe that the sample with highest magnetostriction
shows a linear increase of the longitudinal magnetostriction after the magnetization is satu-
rating. This effect can be originated due to the forced volume magnetostriction, however it

is also possible that a contribution due to the (310) texture occurs.
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4.13 Magnetostriction Investigations in Fe-Al Melt Spun
Ribbons [136]

Rapid quenching by melt spinning technique can produce samples with different struc-
tural properties, such as disordered structure, grain size, lattice constant and texture. In this
work an investigation of the influence of quenching rate on magnetostriction and structural
properties was performed on a set of FegoxAlx (x = 14.3, 18.7 and 22.3) ribbons. Ingots
of compositions Fegs;Al4 3, Fegy 3Al g7 and Fes77Aly, 3 were prepared using Fe and Al of
high purity ( > 99.9%) in an induction furnace under argon atmosphere. The concentrations
of Fe and Al for ingots and all ribbons were determined via EDAX at five different points
of the samples. The average concentrations of constituent elements of ingots and ribbons
(obtained from these ingots) presented similar compositions, within of 2 %. The measure-
ments of magnetization as a function of the applied field were performed using a pulsed
field magnetometer. Longitudinal, Ajone , and transverse, Ayans, Mmagnetostriction measure-
ments at room temperature ,RT, were performed on ribbons in the shape of discs using a

special capacitance device [121] . All measurements were performed at room temperature.

4.13.1 Microstructure and XRD Analysis

The XRD analysis of the Fe;oxAlx ribbons showed that Fegs;Alj43 and Feg; 3Alg7
exhibit a disorder bce A, structure Im3m with a statistical substitution of Fe by Al, whereas
for Fe;;7Aly, 3 superlattice lines according to the DO; phase F'm3m were found (see de-
tailed line of the inset in Figure 4.103). Figure 4.103 shows XRD patterns obtained for
Fegs7Al 43, Fegy 3Al g7 and Fe;77Aly, 3 ribbons melt spun at 15 m/s. In the inset is plotted
the strongest line with enlarged 2 Theta axis showing the line detail. Similar XRD patterns
were obtained for all other melt spun ribbon samples.

The texture degree (i.e., a number that represents the percentage of a certain texture
existing in the sample, which “1” corresponding to 100 % of this certain texture) was re-
fined based on intensity analysis using XRD diffraction data. Only an average texture and
grain size can be refined by this method. Statistical distribution was verified by measuring
the ribbons under different diffraction angles between source and ribbon and on rotating
the sample. The intensities did not differ significantly. An average texture behavior can be
calculated from diffraction data (TOPAS 4.1, allowing 2 texture settings on one sample).
However, contrary to Feg, 5Ga,7 5 ribbons where strong texture and columnar particles were
formed [135], on Fe;oy.xAlx ribbons a significant texture was not detected. Additionally,
columnar particles along the ribbon thickness of all samples were not formed as shows an
example in the micrograph for Feg; 3Al g7 in Figure 4.104. It is important to mention that
the shape and size of particles vary along the ribbon and also differ from one sample to

another one. However, for all samples, the particles are distributed randomly, without for-
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Figure 4.103: XRD patters obtained for Fegs;Al 43, Feg;3Alig7 and Fe;;77Aly, 3 ribbons
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largement of the 2 Theta axis is presented.

Figure 4.104: Micrograph of Feg; 3Al;g7 ribbon melt-spun at velocity 15 m/s and magnifi-
cation indicated in the figure.

mation of columnar particles as was found for Feg, sGa;75 ribbons [135]. For this reason,
the study of XRD on Fe-Al ribbons was performed only on the wheel side of the ribbon.
Table 4.12 lists the values of the ribbons thickness, t, ribbons width, d, the crystallite size,
D, and the lattice constant, a, obtained for samples produced with different wheel speed,
WS. Generally, the ribbon thickness and crystallite size decrease with increase of the wheel
speed. However our ribbons present thickness and width, additionally crystallite size, vary-
ing almost arbitrary with the wheel speed as shows Table 4.12.

However, it is well known that in Fe;oo <Al alloys the structural disorder causes a
change of the lattice parameter in relation to the ordered structure in bulk and powdered
alloys [137] as well as in alloys produced by Facing Target type DC sputtering [138]. In
ribbons, our results also showed various values of lattice constants in samples produced

with different wheel velocity, which may have caused different degree of structural disor-
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and Fe;77Aly, 3 ribbons obtained with various wheel speeds.

%Al | WS t d Space a D
(m/s) | (um) | mm | group (10&) (nm)

14.3 10 110 | 1.8 | Im3m | 2.8908 | 204(52)
143 | 12.5 85 2.7 | Im3m | 2.8884 | 147(53)
14.3 15 60 | 2.4 | Im3m | 2.8905 | 248(50)
143 | 17.5 70 | 4.0 | Im3m | 2.8906 | 112(12)
143 | 204 50 | 29 | Im3m | 2.8912 | 408(12)
14.3 25 50 1.2 | Im3m | 2.8893 | 56(10)
18.7 10 90 1.9 | Im3m | 2.8968 | 191(40)
18.7 | 12.5 70 2 Im3m | 2.8969 | 153(30)
18.7 15 75 2 Im3m | 2.8971 | 384(10)
18.7 | 17.5 70 | 2.5 | Im3m | 2.8972 | 238(68)
187 | 204 | 40 | 23 | Im3m | 2.8973 | 168(30)
18.7 25 60 1.9 | Im3m | 2.8978 | 573(30)
22.3 10 100 3 | Fm3m | 2.8969 | 110(13)
223 | 12.5 40 | 2.5 | Fm3m | 2.8983 | 408(12)
22.3 15 60 5 | Fm3m | 2.8971 | 87(92)
223 | 17.5 40 1.8 | Fm3m | 2.8977 | 538(26)
223 | 204 30 1.7 | Fm3m | 2.8978 | 546(15)
22.3 25 60 | 2.5 | Fm3m | 2.8969 | 208(30)

Table 4.12: Values of the average thickness and width of the ribbons, lattice constant, aver-
age crystallite size and space group determined for the wheel side of the ribbons produced
with different wheel speed. Esd’s in brackets.
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Figure 4.106: Magnetization curves measured on Fe oo <Aly (x = 14.3, 18.7 and 22.3) sam-
ples

der. Figure 4.105 shows the dependence of the lattice constants versus Al concentration in
Fegs7Al 43, Fegy 3Al 57 and Fe;7 7Aly; 5 ribbons produced with different wheel speed. It can
be seen that our results are in agreement with those values reported in [137, 138]. In our

investigations, the error (3.esd’s) of the lattice constant is less than 0.000l(A).

4.13.2 Magnetization and Magnetostriction Measurements

The magnetization as a function of the applied field measured on Fe gy Al (x = 14.3,
18.7 and 22.3) samples is shown in Figure 4.106. Each curve represents from the average
data measured on six samples of same composition but melt spun at different WS. The
saturation magnetization decreases with increase of the Al concentration. The saturation
magnetization values found for Fegs ;Al;4 3, Fegy 3Al 57 and Fes; Al 3 are 198 emu/g, 189
emu/g and 153 emu/g, respectively, with a deviation of 2 %.

As was mentioned before, the magnetostriction value of bulk Fe-rich Fe;y,.<Aly alloys
is also not unique for a given alloy (see e.g. Figure 4.103 and ref [122]) but depends on
the production method, thermal and mechanical treatment, quenching from high tempera-
ture process of the sample studied, which results in different structural properties. In this
work we could show that also for ribbons produced with different quenching rates result in
different structural properties. Consequently, it is expected also for the ribbons produced
at different WS obtaining different magnetostriction values. In fact, as shown in Figures
4.107, 4.108 and 4.109, where data from longitudinal and transverse magnetostriction of
Fegs7Al 43, Fegi3Al g7 and Fes77Aly, 3, respectively, are plotted the magnetostriction is
depending on the wheel speed.
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Figure 4.107: Room temperature Ajong and Ayans Of Fegs 7Al 4 3 ribbons produced with differ-
ent wheel speed. Full symbols represent Ay, and corresponding open symbols represents

)\trans .

Figure 4.108: Room temperature Ajong and Ayans Of Fegy 3Al;s 7 ribbons produced with differ-
ent wheel speed. Full symbols represent Ay, and corresponding open symbols represents

)\trans .
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Figure 4.109: Room temperature Ajong and Aans Of Fe77.7Aly, 3 ribbons produced with differ-
ent wheel speed. Full symbols represent Aoy, and corresponding open symbols represents

)\trans .

For the longitudinal magnetostriction, the magnitude is dependent on the WS, however
the behavior of Aoy, vs. applied field is similar for all three alloys. On the other hand,
for the transverse magnetostriction, both behavior and magnitude are strongly dependent
on the wheel speed. These results indicate that due to preparation technique of ribbons
by rapid quenching, different degree of stresses are frozen, which influences the domain
state of the samples, consequently result in different magnetostriction behavior. The trans-
verse magnetostriction reflects also stresses perpendicular to the ribbon axis, however the
samples exhibit stronger stresses in this direction (may be, due to relatively small ribbon
width!), which may cause positive or negative contribution to the transverse magnetostric-
tion. Therefore, in our ribbons the relation Ajgng = -2Ayans seldom was found, as in stress-
free polycrystalline isotropic materials. Figure 4.110 shows the longitudinal and transverse
magnetostriction as a function of Al concentration obtained on samples produced at differ-
ent WS. The maxima Ajope and hyans were found for Fes; 7Aly, 3, which values were 34 x
10 and -23 x 10, respectively, which values are smaller if compared with those found
for textured polycrystalline bulk materials [122] and much smaller comparing with those
reported in [15] may be due to a different measuring technique [58].

It is well known that Fe-rich Fe-Al alloys exhibit forced volume magnetostriction effect
(dipole magnetostriction which depends of the sample and on the demagnetization factor)
which increases with increase of Al concentration showing a maximum value around a
critical concentration [139]. The volume magnetostriction, A, can be determined adding the

longitudinal magnetostriction to twice the transverse magnetostriction, i.€, ® = Agans+2Atans-
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Figure 4.110: Scattered longitudinal and transverse magnetostriction obtained for
FegoxAlx (x = 14.3, 18.7 and 22.3) ribbons. The values of magnetostriction were taken
at field where the linear behavior starts (at around 0.1 T).

As can be seen from Figure 4.107, Figure 4.108 and Figure 4.109, in fact, the volume

magnetostriction effect becomes more frequent with increasing Al concentration.






Chapter 5

Conclusions

5.1 Fe-Ga Alloys

Severe plastic deformation (SPD) process has no significant effects on magnetostric-
tion of Feg; Gag alloy. For higher deformation rates magnetostriction decreases and is larger
across the solidification directions as compared to along severe plastic deformation direc-
tion. For sample deformed at higher temperature there is small increase in magnetostriction
but it is not so trivial. The most important outcome was a decrease in the magnetostric-
tion of SPD Feg;Ga;9 sample as compared to coarse grain sample. Feg;Ga,9 samples needs
due to induced stress higher magnetic field for saturation as compared to coarse grain sam-

ples.The main problem here is possible a complicated texture due to the SPD procedure.

5.2 Fe-Al Alloys

Substituting Fe by Al increases the magnetostriction significantly. The highest value of
Mong = 62 ppm could be obtained for the annealed sample of 19 at% Al, where the material
is almost isotropic and presents a disordered A, structure, with larger and more regular
domains. The available magnetostriction value depends significantly on the phases A;, B,
or DOj as well as on the degree of disorder as achieved applying different heat treatments.
The total magnetostriction 3/2 Ag should be the same for one Al concentration (assuming
an isotropic polycrystalline situation). The fact that Ay, varies significantly with the heat
treatment can be explained in different ways: different structures or preferential alignment
of crystals or a change of the stressed state. Here, especially the very high values of Ay
for 19 and 25 at% Al should be considered. These results suggest further experiments such
as stress or field annealing of Fe—Al, which may be the methods to achieve a significant

enhancement of the technically usable magnetostriction.
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5.3 Fe-Mn Alloys

The addition of Mn in Fe results in an increase in magnetostriction but Fe-Mn samples
requires very high magnetic field to get saturation, even samples are not saturated at field
5.2 Tesla, which makes it difficult to use Fe-Mn for practical applications in sensors and
actuators. These may be a consequence of an antiferromagnetic order in Fe-Mn compounds.
All the magnetostriction values measured on Fe-Mn alloys were negative irrespective of

heat treatment conditions and solidification direction.

5.4 Ni-Ga Alloys

The addition of Ga in Ni does not significantly enhance the magnetostriction and for
higher values of Ga addition magnetostriction decreases. This shows that the magnetostric-
tion of Ni behaves completely different by substituting with the nonmagnetic element Ga.

The fact that Fe crystallizes bce but Ni, fcc seems to be crucial.

5.5 Sm-Fe Alloys

The cubic Laves phases TbFe, and SmFe, are the well known materials with the high-
est magnetostriction at room temperature. Polycrystalline SmFe, sample exhibit after heat
treatment a longitudinal magnetostriction about ~-1040 ppm at a magnetic field of 4 Tesla.
The main problem here is only that SmFe, needs a rather high external field in order to
develop the high magnetostriction which is a consequence of the high magnetocrystalline
anisotropy of this material. Here steps to reduce the anisotropy, such as alloying or produc-
ing the material in a nanocrystalline state - are necessary in order to obtain a technically

useful magnetostrictive material.

5.6 Steel Samples

All pipeline steels investigated here exhibit about 2% non-iron elements such as Mn,
Si and C. Consequently the saturation magnetization shows a value which is 2% below
that of pure Fe. The microstructure exhibits an average grain size between 10 and 20
um. For the material X-52 the grains are elongated in the L-direction indicating a texture
whereas for the samples X-56 and X-60 no texture is visible in the microstructure. EDX
shows an inhomogeneous distribution of the additive elements. Especially carbon is found
at the grain boundaries. The domains are smaller than the average grain size; they are
several micrometers in size, which is typical for a soft magnetic material. The hysteresis
loops as measured in a magnetically closed loop indicate clearly the longitudinal texture in

these steel samples. The texture is most pronounced for the steel X-52. The shape of the
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loop can be understood considering the generally higher magnetostriction in the transversal

direction, which couples with the texture.

5.7 Polymer Composites

Contrary to results reported in references [107, 108], our polymer composite samples
has no magnetostriction measured by bonding strain gauge on sample in Hirst pulse field

magnetometer. The investigations has to be required in a static field.

5.8 Cobalt Ferrite (CoFe,04)

Several technique (sol gel, combustion and mechanical alloying) have been used to
produce polycrystalline Co-ferrite. Measurements of the longitudinal magnetostriction A
were performed and also analyzed with respect to a high sensibility of magnetostriction to
applied field. The maximum magnetostriction achieved with the methods here described
was 126 ppm, which are even slightly higher than the expected value compared with 2/5
of Ao of a single crystal Aj99 = -250 ppm. However for sensor applications as well as for
magnetoelectric composites based on Co-ferrite, the factor A.dA/dH is more important. A
sufficient long heat treatment of the material produced by ball milling or the citrate-sol-gel
method delivers the highest values of A.dA/dH for CoFe,Q,.

Microstructure, lattice constant, crystallite size, magnetization, coercivity and magne-
tostriction of CoFe,0O, produced by sol-gel method strongly depend on the annealing tem-
perature.The lattice constant, crystallite size and saturation magnetization of increases with
increase in sintering temperature. The coercivity of the sample decreases with increase in
crystallite size and increase in annealing temperature. Saturation magnetization increases
with increase in crystallite size. Magnetostriction increases gradually with increase in an-
nealing temperature. Higher magnetostriction -124 ppm was obtained for samples annealed
at 1100°C and for sample annealed at 1300°C magnetostriction decreases to value of -114
ppm.

Glycine-nitrate combustion method of synthesis is a simple, convenient and fast method
for the synthesis of nanosized single phase spinel oxides. Particle size can be easily con-
trolled by adjusting the fuel/oxidizer ratio. Almost uniform sized nano particles can be eas-
ily synthesized. The nanocrystalline particles can be sintered at high temperatures without
considerable grain growth. Sintered ferrite from combustion synthesized nanocrystallites
show exceptional properties. Longitudinal magnetostriction value -147 ppm was measured
for sample having glycine to nitrate ratio 1.3:1 with strain derivative of 564 ppm/T.
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5.9 Fe-Ga Melt Spun Ribbons and Splat Cooled Foils

Magnetostriction measurements performed on rapidly quenched ribbon-shaped sam-
ples applying the external field perpendicular to the ribbon plane using strain gauges needs
special care in order to avoid bending effects. Due to the large demagnetizing factor the rib-
bons tend to bend into the field direction thus causing an unrealistic high magnetostriction.
This can also not be avoided by gluing several ribbons to a stack-shaped sample together.
Gluing ribbons together can change the magnetostriction values due to stresses induced by
the glue. This can also cause hysteresis effects in magnetostriction experiments on glued
samples. There are hints that in rapidly quenched material due to high disorder as well as
due to a preferential crystallization perpendicular to the ribbon plane large magnetostriction
values (up to more than 400 ppm) in this direction are possible. Possibly a production pro-
cess (as e.g. field annealing) which leads to a preferential orientation parallel to the ribbon
plane makes this high magnetostriction values technically usable.

In Feg, sGa;;5 ribbons, a strong dependence of the longitudinal and transverse mag-
netostriction on quenching rates was found. We observed a formation of (100) textured
columnar grains in the temperature gradient direction, which (100) texture degree is higher
at the free surface side of the ribbon. The highest value of longitudinal magnetostriction
(116 ppm) was found for the ribbon exhibiting the highest (100) texture, which ribbon was
obtained with wheel velocity of 15 m/s.

5.10 Fe-Al Melt Spun Ribbons

Fe-Al The ribbons produced with different solidification rate exhibit different struc-
tural properties such as grain size and lattice constant and also different magnetostriction
values. Although our ribbons do not present columnar particles and texture, the relation
Mong=-2Aurans, Which is typical relation for the polycrystalline materials, was not fulfilled

almost for all samples.

5.11 Conclusion-Highlights

* No significance increase in magnetostriction values occurred in Feg;Ga;g alloy due

to SPD phenomenon.

* The highest longitudinal magnetostriction was measured in slow cooled Feg;Aljg

(Mong™ 62 ppm) and strong dependence magnetostriction on heat treatment was found.
* Bulk SmFe, has magnetostriction value of -1040 ppm at very high field 4 Tesla.

* The addition of Ga in Ni does not significantly enhance the magnetostriction and as

in case of Ga addition in Fe.
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* The addition of Mn in Fe results in an increase in magnetostriction, however requires

very in high magnetic field (more than 5T) for the saturation.

* Polymeric composite containing nano and micro carbon fiber, shows zero magne-

tostriction, in pulse field.

* Pipeline steels exhibit a texture in the direction of the tube axis. The saturation mag-
netization is about 210 emu/g which is 2% below that of pure Fe. The shape of the
loop agrees well with the microstructure and the magnetostrictive behavior. This is
in agreement with magnetostriction measurements which also show higher values in

the transversal direction.

* CoFe,0,4 sample, prepared by combustion method have longitudinal magnetostric-

tion value of -147 ppm.

* For applying external field perpendicular to the ribbons plane it is demonstrated that
bending effects can occur, which leads to large signals in the strain gauge of more
than + 3000 ppm, in our case magnetostriction in ribbon samples were found to be

consistent with bulk materials.

* For Feg, sGa;; s alloy magnetostriction values strongly depends on the quenching rate.
The dependence of the longitudinal magnetostriction with wheel speed exhibits a

maximum of about 116 ppm at 15 m/s ribbons.

* The magnetostriction in Fe-Al melt spun ribbons only found to be only up to 34 ppm,

approx. four time less as compared to Fe-Ga alloys ribbons.
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