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Chapter 1

Introduction

In this chapter we introduce the topic and give the motivation for the work undertaken in
the thesis. We provide a literature survey for the background.




1.1 Overview

The rapid evolution of smart or intelligent material systems over conventional materials
is consistent with the progressscience and technology. A smart material is a functional
material whose properties can be significantly and reversibly changededrgadstimuli

such agemperature, pressure, electric field, magnetic field, light etc. The advantage of
smart materials over conventional materials is that in addition to usual properties
(mechanical, thermal, electrical, magnetic), they display additimmctional capabilities
(sensing, actuating) in controlled fashion. The degree of smartness or intelligence of these
materials is expressed in terms of the large amplitude changes in properties in response to
the external stimuli and fast response tiffiee application of these materials can largely

be found in sensing and actuating devices. Sensors are classified as the materials that
respond to external physical stimuli (temperature, pressure, illumination) and transmit
resulting signal for monitoringnd operating purpose. An actuator, on the other hand,
responds to stimulus in the form of change in mechanical properties, such as change in
viscosity or dimension. One of the finest examples of these materials includes
magnetorheological fluids where exhal magnetic field directly couples with the change

in mechanical properties, i.e. fieldduced viscosity. Fast response and large amplitude
change in mechanical stress are the main advantages of these materials.

1.2 Magnetorheological fluids

Since the disovery by Rabinow (1949), magnetorheological (MR) fluids have gained
considerable interest in terms of their fieldpendent rheological propertiesnd
widespread application [4]. MR fluids are sspensions of magnetically sqfarticles

with supracolloidal dimension (0AL0° @ in organic or minerakarrier fluids. The
advantages afisingtheseMR fluids over conventionainaterialsare associated with the
ability to achieve wide range of magnetic fi@hdluced viscosity of up to several orders

of magniude almost instantaneousiy (@ few milliseconds) [3]. This unique feature of

MR fluids provides an efficient way to control force or torque transmission applications
that has already been utilized in-fanging engineering and robotiapplications suchs

automotive suspension, high precisMR polishingandfinishing, prosthetic legand




Figure 1.1 At the top, schematic illustration of the behavior of an MR fluid under magnetic field

(©Innovent Technologieentwicklung, Jen&pr a dilute MRfluid, optical microscope images-¢(

of field-induced structures at various intervals are shown at bottom.
haptic devices, automotive clutch, activelgntrolled damper for cable bridge
suspesion, helicopter rotor, automated seat suspension, oil and gas drill bits, vibration
controller in washing machine etc-§4 to name a few The basic phenomenon in
magnetorheology is to form the transient, fidlependentchainlike aggregates in
biphasic fluids, owing to he change in flow behavior (412]. The fieldinduced
structuration in an MR fluid is illustrated schematically in Fig. 1.1. The structural
evolution in presence of magnetic field in a dilute MR fluid ipleredwith the help of
optical microscope images taken at various time intervals (Fig. 1.1). In absence of
hydrodynamic forces originating from bulk flow field, the microstructures formed mostly
due to magnetostatforces. Flow is possible only when the percolated aggregttdasd
breakingunder shear fsotracteesd W heappldemagmest fields n o
MR fluids behave like a liquid with insignificant apparent viscosity {DRa.sat low
shear rate) [13]. However, magnetic field polarizes the dispersed magnetionpthase
milliseconds and thus viscositgpidly changes. This ia completely reversible process,
i.e. upon removal of field, liquitlke behavior prevails. Macroscopically speaking, the
solid-like elastic behavior of MR fluids under magnetic field can &mined up to a
critical shear stress, beyond which materials flow is initiated [14]. This critical stress is

defined as yield stres§, 'O whereH is the magnitude of local field strength. When




yield stress is exceeded, materials start flowing. Thength of MR fluid can also be
expressed in terms of magnetigcous effect or MR effect, defined as change in shear
viscosity at a prescribed magnetic field and shear rate, in comparison to its zero field
viscosity [15]:

. =i -0 i
0 YA FEAEAAC— o PP

Where— "0f and- O T1if are the constant shear raté yiscosities of MR fluid at

a specified magnetic field and zero magnetic field, respectively. The ralatreenentof
MR effect can also be studied quantitatively by Mason nurfibéj. It is defined as the
ratio of magnetic to viscous forces [16]:

ol

D& —
0

Pg

where— ,r,* and0 are the suspension viscosity, shear rate, vacuum permeability and
particle magnetization, respectivelyhe impact of inertai s governed by
Reynol déds number and defined as,

, "o
Y — p®

where” , a,[ and‘ are the density of carrier fluid, particle radius, shear rate and
vacuum permeability, respectivelg.i n c e R puybeoih a suspension aferage
micronsizedparticlesis normally low(Y p 1m p 1) at low shear rates/iscous
force on a particle can be é&xtgi watpgd by

where, - and| are viscosity at high shear rate, radius of particle shear rate,

respectively. Another dimensionless parameter can be expressed as the ratio of magnetic

to Brownian forces [17]:
- gav 8
Where,Q is Boltzmann constanp® { p m *TO A And T is absolute temperature. It
is evidentthat magnetic forces dominate well over Brownian energy even at elevated
temperaturat which typical MR devices are operatiigd].

Particle size, shape, density, particle size distribution, saturation magnetization and

coercive field are i mportant factors that

S



stress and MR effect. In addition to magnetic disperse pbasagr fluids, surfactants

and anticorrosion additives are important factors that affect the rheological properties,
stability and redispersibility of the MR fluid.

1.3 Magnetic properties ofdispersed phaseparticles

Magnetization in materials arises due to orbital apthrsng motion of electrons.
However, magnetic moments in an atom are distributedich a way that either there is

a cancellation of individual moments giving rise to no net magnetization or, atom
acquires magnetization due to partial cancellation of emism For a diamagnetic
material, susceptibilityis negative owing to théact that sole contribution comdrom
orbital electronic motioout there is no net magnetic moment residing on each &om
paramagnetic materials, although each atom carriesemiobutdue to thermal energy,

the net magnetization is zero in the absence of external magneticHaidkver, the
susceptibility is slightly positive and follows the familiar Cuvigeiss law. The
magnetization in ferromagnetic materials is caused byifiled 3d4d/4f orbitals. The
dipoles can be aligneoly an applied magnetic fieldThe theory of érromagnetism was

first postulated by Weiss [18]. Hibypothesiswas based on two assumptions: a)
spontaneous magnetization, b) domain magnetization. rnfegnetic material in the
demagnetized state is composed of a number of small regions lkasm@mains. Each
domain is spontaneously magnetized but the direction of magnetization is such that the
total momentis zero due tacancelation, resuling in no net magnetization. Upon the
application of the magnetic field, the domains with the magnetization parallel to the
applied fieldgrow while the sizesof otherdomains not parallel to the fiekhrink In
antiferromagnetic substances, there are also unquénohgnetic moments but these
moments align in regular pattern with neighboring directions pointing opposite, giving
rise to no net magnetization in the absence of temperature fluctudtemsnagnetic
materialsare a subset of antiferromagnetic matenatere incomplete cancellation due

to unequal moments gives rise to fmBTO Net magnetic moment

The magnetic interaction of two particles carrying magnetic moncantbe expressed as
[18],




" a
8 T

— 00E = p  P®

Wherea is interparticle distance, is permeability of free space”( p 1 OfG ), mis
magnetic dipolenomentand—is angle betweethe magnetiaipole moment direction

and interparticle distance (Fig. 1.2). When particles are in contact, attractive energy

predominatesand— TT

" a
38 cu ‘ (I)

P

In this case, interparticle distance is the diameter of magnetic sphere.

1
e .

| m

Figure 1.2 Schematic illustration of magnetic dipedgole interaction energy

In magnetization measurement, when magnetic field is reduced tofroenohigher
magnetic field magnetization of materiatpenerallyreduces to anonzerovalue known

as remnant magnetizatio () or remanence. Wherhe field direction is reversed,
magnetization will first reach to zem@nd then decreasé&he field corresponds to this
zero magnetization is known as coercivity §. Therefore, coercivity is the resistance of
a material to magnetization reversal. bdty and remanence are microstructure
sensitive property andreused to determine whether a material is magnetically soft or
hard. Usually magnetic material wit® v 0 @ r e ter med asef®t magdet.
forO pmmQ it i s maed@ af @deivityais a finction of magnetic
saturation § ) and anisotropy constant {K 'O ¢0 70 (neglecting demagnetizing
correction) [20]. With increasing particle size, coerciggnerallydecreaseslherefore,

"O in multidomain partiles are smaller than that of single domain as for the former,




rotation of magnetic moments is easier due to domain wall m&tihe particle size is
decreased goes through a maximum and then decreases tolnesach a case of zero
coercivity, hese particles are called superparamagnetie to structural imperfections

like crystal defe because o&tomic impurity,domain wallscanget pinned andhinder

the movement of domain boundaries. This increases the coercivity of the material. In
addition to low coercivity, higher saturation magnetization and permeability, smaller
remarence, narrower hysteresis loape other characteristics of soft magnetic materials.
On the other hand, hard magnetic materials have high coercive field and remangace, lar
hysteresis loop, and high magnetic permeability.

1.4 Magnetic particles for MR fluids

For preparation of MR fluids, particles with low coercivity and high saturation
magnetization are preferred. Low coercivity ensures that as soon as the magnesc field
taken off, MR fluids return to its demagnetized state in milliseconds. High saturation
magnetization is desired in terms of wide range of magnetic field operability. Duerto the
favorable properties, carbonyl iron particles (CIP) are the most commsety disperse
phase in commercial MR fluids [21]. Mesoscale CIP particles are synthesized by
decomposition of iron pentacarbonyl precurand are roughly sphericarhis resuls in
reducedshape anisotropy. Higher purity of samples also ensures reducdthmcal
hardness in materials which arises due to resistance to dislocation p2ijioRor MR
applications, particles of nesbrasive nature are preferred.

While most of the conventional and commercially available MR fluids utilize CIP and
magnetite (E;O4), search for alternative magreparticles in terms of enhanced MR
effect and improved stability is also on. Binary ferromagnetic alloys of Fe, Co and Ni are
expected to béhe excellent materials for MR applicatiodsie totheir magneticsoftness

ard high saturation magnetization. -E@ alloys (composition 1:1) have a saturation
magnetization of ~2.43 T [22]. The higher density of FeCo, NiCo and FeNi particles,
however, can aggravate settling problems. This canob&olledby tuning shape and
sizesof these particles in wahemistry. Alloys of Fe, Co, Ni are synthesizegre by
chemical reduction methods and therefore, their properties (magnetic, surface

morphology, shape and size) can be accurately tuned in order to get the desired features.




Contrary to conventionainagneticmaterialslike CIP or oxidesalloys of FeCo and FeNi

can display significant increase in yield stress and MR effect. High degree of shape
anisotropy can also affect MR properties. It was previously shown thatirféided
solid-friction in suspensions of relike particles produces stronger MR response
compared to that of spherical particdentaining suspensions [23]. MR fluids have also
been prepared based on ferrimagnetic materials such as ferrite materials of Fe, i, Co an
Zn. However, the saturation magnetization of spinel ferrites is relatively low-0-0.%)

and therefore the yield stresses also tend to be smaller [18), iSewidely used in
commercial magneticfluids. For maximum vyield stress and sedimentatsbability,
Fe;0O4-based ferrofluid itself can serve asarrier fluid. The smaller magnetite
nanoparticles act as cementing materials in between aggregates of larger magnetic
particles under magnetic field, thereby enhancing MR strength [24].

1.5 Rheological properties of fluid systems

Rheology is the study of the flow behavior of materials and the response of materials to
applied external stress. The rheological properties of suspension, colloidal dispersion and
emulsion are measured layrheometer which provis critical information about the
material properties (stress, shear viscosity, viscous relaxation etcayeloditen deemed
crucial in many industrial applications. The rheological fluids are complex formulation of
carrier fluids and suspended partictéssarying sizes, shapes, compositions and various
additives that affect stabilityThe factors that affect the rheological properties of fluid
systems are hydrodynamic forces, Brownian motion, strength of the interparticle
interaction, volume fraction oflisperse phase, electrostatic forces, size and shape of
particles, magnetic properties of particlegravitational forceand steric repulsion.
Measuring the rheology of a system provides valuable information of the microstructure
properties of the colloal or suspension states and the interactions that originate from
this assembly. Rheological parameters derived from measurements can be utilized to
determine thélow behavior of norNewtonian materials, viscoelasticity as a function of
time, the degree ddtability of structuration at rest or on shear, and zero shear viscosity or

the maximum viscosity of the fluid.




An MR fluid is a fieldresponsive biphasic fluid system trdgmonstratesignificant
increase in viscosity and shear strepen applicatiorof externalmagnetic field. The
complex aggregated network can withstand thesstup to a limit beyond whichpture

of aggregated networkakes place. Rheology of MR fluids is concerned with the
dependence of shear stress with shear strain or rateasf #hisdescribedschematically

by considering 3D rectangular element of fludthe Fig. 1.3. When a shear forEe
applied to the top area, the shear stress is determined by force per unit area, i.e.

. .0 O

3 E AR 06—
ol Qd P&y
Oy
81 /,;‘,' | R
A ! !i'. ;/ :
I i' X ;/
/ [
6/ / /
5 Y / y i
AN /
i[% ) l /
v 7 4

Figure 1.3Schematic of the effect of shear force on a material in fluid system

Shear strain is the deformation of the material amdgasured byhe angle—For solids,

strain is proportional to stress. For fluids, strain increases with increasing stress.
According to the schematis,t r ai n i s given for a p@rticle
small deformation) Therefore, strain rate {s — - where u is the velocityx(t).
Sinceshearstress is proportional to strain rate, we get
T 0¢¢d ?a P&y
W
The proportionality constant is termed as dynamic viscesifyjhe term- is the change

in velocity with y, and is known as velocity gradient. It can be expressed in differential

form, giving
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This is known as Newtondés | aw of viscosity

There are many factors that influence the rheological properties of MR fluids such as
volume fraction of fluids, density of dispersed phase particle size and shape
distribution, viscosity and thermal properties of the carrier fluid, additives and ztakili
strength of applied magnetic field and temperature. ilte-relationships of all these
factors are crucial in establishing structdsgamics correlation to improve efficiency for
custom applications. An MR fluid should possess lowstdte viscosy that canproduce

high yield stress in presence of the external magnetic field. The details of fundamentals

of rheology and magnetorheology are discussed in chapter 2.
1.6 Motivation of the thesis

Since the discovery, controllable mechanical propertiddRfluids have created a lot of
interesting applications in torque transmission and vibration control de¥oeshese
applications, rheological properties of flsiand working mode of the deviaee crucial

par amet er s -ofthe@ar t a latlonsgdt enpoetant features of a good MR
fluid are to hav @ieldhstrassh output)dunahility, whemdicalraadt i o
temperature stabilityThe use of MR fluids is found out in more and more new devices,

in addition to the traditional usesrfthe last three decades. However, they dbllinot
satisfyall the diverse and stringent commercial requirements. The response, despite being
quick (milliseconds), is restricted byumber of factorsThe maximum MR effect is a
function of saturation maugtization of disperse phasedditionally magnetic phase
exhibits remanence, therefore, system is magnetized slightly even after field is removed.
This reduces the typical relaxation time of MR fluids and limits the usage. Furthermore,
bulk density of magetic phase is significantly higher thearrierfluid. This is associated

to sedimentation problem in conventional MR fluids. To address the difficulties
described, material science orientg@g@ach, i.e. surface chemistry gmalymer physics

is followed to synthesize stable and redispersible MR fluids with desired stress outputs.
As discussed in section 1.4&rfomagnetic carbonyl iron particles are normally used in
magnetic suspensien for their higher magnetic saturation, permeability and

monodispersit. In contrast to conventional carbonyl iron particles (CIP), ferromagnetic




binary alloys provide a better alternative for their higher saturation magnetizations, low
coercivity and remanence and excellent control of shapes and sizes. In the last few years
a great deal of researches has been published on ferromagnetic carbonyl iron and surface
enhanced iron oxide partickased MR fluids. However, a thorough and organized
approach to study fieldependent rheology of MR fluids containing binary ferromagnet
alloys with wider range of particle shapes and sizes has not been done. The high magnetic
saturation and permeability, low coercivity and remanence of binary ferromagnetic alloys
of Fe, Ni and Co make them a suitable choice for MR fluidic applicatioms. thesis
focuses on this important aspect of binary metallic alloy fiamorostructures that MR

fluidic systems containing the bimetallic alloys of Co, Ni and Fe are the most promising
alternative to that of th€IP-based fluids.

The important factorthat affect magnetorheology are particle volume fraction, shape and
interactions between particles, spatial arrangement of particles and nature of bulk flow
[25]. Most researches had concentrated on suspensions of spherical particles, however,
particle amometry offers several additional effects, notably: (a) local flow around-a non
spherical particle is different than that around a spherical one, therefore, contribution of
nontspherical particles to viscosity and stress parameters is also differemortb)
spherical particles are orientable and the contribution also depends on their orientation in
suspension upon shearing and (c) Hparticle interaction among the anisotropic
particles are higher than that of spherical particles, owing to strongkemitkicedchain

like structuration.The present thesis also lookstically at the role of shape anisotropy

of dispersed magnetic phase in MR suspensiBaghermore, an MRIuid in a device
dissipates energy in the form of helatring useand thereforeincreases the temperature

[26]. So, operability of MR fluids at elevated temperature is crucial to predict the effect
of temperature on the MR effect and the mechanisms that influence the outcome. While
most of the publications concentrate on enhancermemtaterial properties and vyield
stress, very few of them actually deal with temperatigqgendence of MR fluidsie
investigate the mechanisnthat govermon-equilibrium size distribution of internal chain
structures with increasing temperature. We aeduce experimental scaling parameters

to correlate magnetic field and temperatdependent shear properties. Scaling laws are




introduced to rationalize the experimental observations, the dependence of one physical
parameter to multiple variables or fadptherefore, provide a useful insight to the
internal mechanism that governs interactions within the magnetorheological fluids

The dissertation is organized as follows: chapter 1 is a general description of the research
background and literature revies@ncerning the magnetic materials, magnetorhécébg

fluids and stability of MR fluids. The research motivations and objectives of thesis work
are also stated. In chapter 2, some important fundamental aspects of fluid mechanics,
rheology and magnetorheglp are discussedChapter 3 describes the watemical
synthesisand characterizationsf nano and microstructures of binary alloys and oxides
and under variable reaction condition. Chapter 4, 5 and 6 describe the detailed structural
and morphological chacterization of FeCo, NiCo and FeNi nano and microstructures.
The MR studies of the suspensions based on the alloyed microstibase® MR fluids

are also performed under transishtar and oscillatory rheometry addition to room
temperature, MR resmses at elevated temperatures are also thoroutjbbussed
Chapter 7 focuses on structure and morphology ebx@es anisometric particles. The
magnetorheology of Fexide based MR fluids and structestgnamic correlation is also
establishedIn chapter8, we summarize all the findings and conclude. We also discuss

some of the areas where further research work can also be performed.




Chapter 2

Fundamentals of rheology and magnetorheology

In this chapter,important fundamental aspects of fluid maeics and rheologyvere
discussed. We loel at stressstrain rate relationships for simple shear flows of
viscoelastic fluids. The description of the complex flowss extended to
magnetorheological suspensions. Femmore, the fluid behavior vsamodeledand
explainedusing the analytical and phenomenological equations.




2.1 Flow properties of suspensions under simple shear

y dimension

boundary plate *

(2D, movirE) velocity u

A

shear stress,

Shear stress

0

. Shear rate
Stationary plate

Figure 2.1 The linear velocity profile in a flowing Newtonian fluid under simple shear. On the
right, shear stress vs. shear rate profiles for Newtonian antleatonian fluids.

Rheology is the studgf flow and deformation of fluids. The first notion of viscosity of a
fluid was defined by Newtonds equation as
shear stresst(  "Qfo) and resulting velocity gradient perpendicular to the flow direction
Accordingt o gener alized Newtonds | aw, Tv€locity
where,— is viscosity coefficient and  0FQ is shear rate-ereA is the surface area of

the sheared fluid volume on which the shearing férceacting andh is the heighof the

volume element over which the fluid layer velockyvaries from its minimum to
maximum value (Fig. 2.1). Newtonian behavior is characterized by-itidependent

flow and instantaneous relaxation of shear stress upon cessation of shear rater,Howeve
deviation from linear to nonlinear tirdependent behavior is evident when flow history

of a fluid is taken into account. For most of the suspensions and polymer meits, non
Newtonian behavior is observed in which apparent viscosity is either decreasing
increasing with rate of shear, giving rise to shbarning or sheathickening behavior,
respectively. Shear thinning properties arise primarily due to the breakdown of the
flocculated structures, loss of junctions in polymer solution, rearrangemient o
microstructures in suspensions and alignment oflikedparticles in the flow dections

[27]. On the other handemporary aggregation of particles due to strong interparticle
interaction gives rise to shear thickening behavi@].[Ih both cases, thbehavior is

reversible, i.e. materials revert to its {steear state when the stress is removed. IA hon




Newtonian fluids, the relationship between shear strésarn(d shear ratg ) is often
expressed in terms of a powaw Ostwaldde Waele modelt 07 ¢® whereK is
consistency index (viscosity) aml is powerlaw exponent, indicating the extent of
deviation from Newtonian behaviom (=1). For¢ p, system is shedhickening

and¢ p, it behaves as shetrinning [2]. For example, most of thebiological systems

as well as magnetic suspensions show shear thinning behavior, i.e. doubling the shear
stress will yield more than double the shear rate, therefore, easier to induce strain at high
shear rates. For aqueous silica suspensions, shearimgkbehavior is reported beyond

a critical particle volume fraction% T1@) and shear rate/{ p i ) [29]. At
equilibrium, system isstationarydue toinertia With increasing shear rate, particle
association becomes more organia&zhg the forceiéld, therefore, hinders the flow. At

very high shear rate, hydrodynamic interactions dominate over stochastic ones, giving
rise to transient fluctuation in particle concentrations. The hindered flow of particles
around each other at high shear rate adsofor the higher rate of energy dissipation.
This gives rise to stromgviscosity [2)].

2.2 Volume fraction and shape & size dependence of particles on

Viscosity

Relative viscosity n,
=
1

= 1, =1+ Bp+ B¢’

T
0.05 0.10 0.15 0.20 0.25
Volume fraction

Figure 2.2 Relative viscosity <) vs. particle volume fraction curve is shown for MRids
containing FgO, agglomerates. The Krieg@ougherty and Batchelor fits are also illustrated.




A rheological suspension consists of randomly distributed particles in a matrix fluid. In
order to establish the relationship between relative viscosity gnd particle volume
fraction %o, Rutgers defined three regimes-of %o [30]: (i) dilute regime fo% T3 ¢
where— %o is approximately lineawith respect tdoand rheologys Newtonian. (ii) A
semidilute region fof%e & Ywhere higher order relationship is observed but behavior
is still approximately Newtonian. (iii) A concentrated suspensi®a (& ) is
characterized by rapid increase in apparent viscosity with paviidlene fraction and
behavior is seen to be ndiewtonian (shear thinning). Suspension behavior in the dilute
limit was first theoretically developed by Einstein (1906, corrected 1931) His

analytical equation considering hydrodynamic drag on particlsuspension yields:

- — p O %c& where,— and - represent apparent suspension viscosity and

carrierfluid viscosity, B is referred to as Einstein coefficient or intrinsic viscosgy][

For dilute fluid,B was expected to be 2.50\wever, differenexperimentsuggested that

B liesin the rang@® O v, instead of a singlB value[32]. For semidilute regime,

the higher order terms i%ocan be included= p 6 % 6 % E ¢& with B=

25 andk®& v 6 p B by taking into accounthe interparticle interactions 3B
Polynomial equation, however, fails to contain data points beyond a critical concentration
limit (% T1@®). It predicts finite viscosity value even wh#s p which is unphysical as
maximum packing fractior’4 ) achiezable for monodisperse spherical particles is 0.74.
For disordered suspension systé, is even lower. For suspension under sh#anyvas

found to be 0.68, most likely due to sh@atuced structuration in suspension compared
to random clos@acking [31]. Therefore, for more accurate fitting of experimental results

in high concentration regimé&o. was be included as a parameter. By considering the
contribution of successive packets of suspension to particle volume fraction and

viscosity, Krieger & Dogherty (1959) derived the following relationshifb]3
%o

%0

where B is Einstein coefficient. The Kriegédougherty equationbetter fits the

- P c8

experimental data. For the fitting, B af@d are taken as fitting parameters. A typical

KriegerDougherty equation fitting for 5@, agglomeratdbased MR fluids is shown in




Figure 2.2. A similar type of relationship with same functional form was proposed by
Maron & Pierce (1956) [:
%o

%

This form can be used when thasea requirement for only one fitting parameter as
0 %o is taken as 2. The influence of Brownian motion and inertia in flow characteristics
of suspensions is governed by the Peclet number gnd Reynolds numberY(),

respectively [3]:
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where’Q p& ¢ p ™ W is Boltzmann constanT, is absolute temperature aads

particle radius.

Particle size distribution has a strong effect on viscosity of concentrated suspensgons.
packing of the particles can be significantly affected by introducing smaller sized
particles into larger spheres or by employing a wide particle size distribution in
suspensions. The smaller particles act as ball bearings among the larger particles which
accounts dr a decrease in the viscosity. According to Chong et.al, at a fixed volume
fraction of smaller particles, there is a particle size ratio below which the viscosity does
not drop significantly [8]. The limiting particle size ratio of small to large spheiges

about 1/10. If the ratio is smaller than 1/10, then the small spheres appear to behave like a
fluid toward the larger spheres.

Non-spherical prticles in a Newtonian fluid when subjected to shear rotate about the
vorticity vector of flow. Its rotationis partly responsible for the bulk straihat the
suspensiorexperiences, so a rotating particle contributes to the suspension viscosity by
smalleramount than a particle that canfi2]. In order to determine the contribution of
particles orientationni viscosity, we consider rotational motiohan ellipsoidal particle

in simple shear flow (Fig. 2.3).




Figure 2.3 Motion of spheroid in a shear flow-is the angle betweenaxis
and vorticity vectory is angle between ax and-pjane. [37]

There are two cases of motion that <can ari
the vorticity vector(— 11 ), particle rotates with constant rotationeffat (ii) If particle
rotd es s uch talwasts perpgeriisulama@gheanrdirectien ( w 1), it tumbles

aroundits axes For a simple shear flow, tumbling rate was given by Jeffery efhl [3
s I— i1 wét i e W
Where, is shear rate and is the aspect ratio of the particlehe period of rotation of

particle about vorticity vector is found to be:

¢t Y
F i i ¢

The relationship betweerand aspect ratio can be derived as follows:
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where C is termed as 6Orbit constanto and
provided initial particle orientation is known. Now, rate of wotk ) owing to the

presence of particle phase in suspension of a voloriserelated taelative viscosity as,

@
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where%. — is particle volume fraction. From the expressiorwofderived by Jeffery
et . al and the above equation, we can dete




viscosity. Qualitat v el vy , when particleds major axi s
perform extra work to flow around the particle, giving rise to smaller viscosity
contribution R5| . When particlebs major axis 1S pEe
rapidly and simihrly viscosity will be minimal. However, when patrticle rotates in
between, i.e. at v, particles contact area is large against the flow but moving slower

than before. So, viscosity will be highest.

2.3 Linear viscoelasticity
2.3.1 Steady shear
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Figure 2.4 Schematically illustrated plots for creep recovery (left) and
stress relaxation experiment (right) in rotational rheometry [58].

Viscoelastic materials possess both elastic as ageNiscousproperties hence stress

strain relationship is timdependent. For a perfectly elastic material for small strain,

Hookebds | aw of | inear ,9Isareporiional to gppliedsstramb ey e d
(-): w O-whereE is elastic modulus. This can also be expressed in terms of
compliance J): - 0, whereb pXO. There is no energy loss during the loading

unl oading cycl e. For viscous mat efr iqal s, N

where— is viscosity coefficient andl is shear rate. Under constant strain, viscoelastic
materials retain parts of the input energy and dissipate the rest. Thess@essurve for
loadingunloading cycle demonstrates hysteresis and area of the hysteresis loop
determines the energy loss ohgy the cycle. The behavior of viscoelastic materials can be
explained by transient or, steady shear experiments, i.e. creep and stress relaxation (Fig.




2.4). Creep is slow and continuous deformation under constant stress. Upon removal of
stress, strain taxes with time exponentially. For stress relaxation, a constant strain is
applied and stress decays exponentially with time. The explanation of linear
viscoelasticity comes from Boltzmann superposition principle, which often regarded as
integral represeation. The theorynaybe stated as
() The creep in a material is a function of entire loading history
(b) Eachchangeof load will make an independent and additive contribution to the
total deformation
The first condition is related to memory effect, i.e. response of material is connected to
the deformation historysecond conditiomeansas follows: if a material is loaded and is
creeping under load, then the addition of an extra load will producelyetlaetsame
additional creep as if that total load had been applied to the unloaded material and the
material is allowed to creep for the same amount of time. This is known as linear or
additive response. Mathematical formulation according to Boltzmarorytistates that
the total strain at a tintas give by 0]
-0 Y, 00 ft , 0o T , 0O T P q
whereJ is compliance and 6 1 is creep compliance function. This introduces time
factor to the expression. The integral form of the gqoajives:
-0 vo t Q,ft ¢po
b
which can be rewritten by separating the tidependent integral part from time

independent function as:

‘ , . Q, 1,
-0 5 . vo f o aQat T
whereG is unrelaxed stiffness. Similarly, stress relaxation modulus can also be expressed
as,
-0 O- o ¥ ﬂm ¢CPp L
5 Qr

2.3.2 Dynamic measurements




According to the linear response theory, viscoelastic materials when subjected to
suficiently small deformation produce linear response. This applies to dynamic
rheological measurements also. In this measurement, sample is subjected to a sinusoidal
(cyclic) strain varying with time at an angular frequencyFor a Hookean solid,
resultng stress is proportional to applied strain, therefore, stress and strain appear as
phasecomponents. Fopure viscous materials, stress induced by sinusoidal strain is
proportional to changes in acceleration of strain which is the first differentsgicd

there will be a phase difference @frt (outof phas¢ For viscoelastic materials, stress

will oscillate sinusoidally with applied strain ( - i "Q¢)]atba same frequency, but

there will be a phase differende) (which effectively lies betwen rtto w 1, i.e. stress,

. » OBT106 1 ,wheretdenotes time (Fig. 2.5).
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Figure 2.5 Schematic illustrations of stressrain relationship for Hakean solids and viscoelastic
materials in oscillatory rheology. At right, vectapresentation of storagéM)jand loss NjNjodulus. The

angldg denotes ratio of the two [reprinted from: Structural Biomaterials, J. Vine&rinceton University
press, 2012.]
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In linear viscoelastic material, the stress component can be resolved into two stress
waves one isin-phaseand the other isut-of-phasecomponent such as:

by O

o - ONINj
Where, and, are stress components that argphaseand out-of-phasewith strain,
respectively.’Oand™O represent storage (phase) and loss (cof-phase) modulus (Fig.
2.5). "@as the measure ofecoverableenergy whereasONjjs the measure of energy
dissipated during a cycle. The ratio of imaginary (loss) and real part of complex modulus
‘017 ‘@2 ‘QN) is defined as loss tangent such that:
"o




The real {&2and imaginary-ag geart of viscosity an also be deduced from the complex

moduli as follows:
u@“‘_{\lj
1
oM
—NifJ T_ CP X
Thein-phasecomponent or regbart of complex viscosity is known as dynamic viscosity.

—Mj o

At very low frequencies, dynamic viscosity is numerically equal to zero shear viscosity
=)
2.4 Rheology of magnetorheological (MR) fluids
The relation between shear stress {yosid point and shear rate can be best
approximated by the framework of generalized Newtonian fluid model which describes a
linear relationship between shear stress and shear rate. The most commonly used
empirical model is Bingham equation, proposed by Bad&ngham (1926) considering
viscoplastic behavior under simple shed{4
f +0 -1t t 0 Y
romht t O
where — is plastic viscosity which is often independent of external magnetic field.
Fort T 'O, MR fluids retain songly elastic nature, therefore, no flow is initiated
and” 1@ However, since MR fluids exhibit shear thinning behavior, the description of
constant apparent viscosity with shear rate is incomplete and can be better explained by
powerlaw models, such dderschelBulkley and Casson equat®f#2, 43]. In Herschel
Bulkley viscoplastic equation, constant viscosity is replaced with a peweterm with
shear rate [4:
t 1+t 0 @ ¢¢Pow
Wherek is consistency parameter,is power law index and describes whether the fluid
behavior is sheahinning € p) or sheathickening € p). The Casson model
predicts that

nt t 0 - c&m

where— is Casson viscosity.




The poweflaw models are used widely for medium rargf shear rates. However, model
prediction falls short at very low shear rates when pdagrexponent p. In this

case, apparent viscosity approaches infinity, therefore, no flow is observed. It is
experimentally observed that for dilute suspensiopasmt viscosity is constant at low
shear rate and Newtonian behavior is observed at higher shear rate. To overcome the
shortcoming of powelaw models, Cross (1965) developed an expression for
experimentally observed viscosity variation under simple dtwaf44]:

- P p
- -» P J

For very low shear rates, apparently viscosity approaches to zero valand for high

& p

shear rates, it reaches a steathte value ofg. In between, Cross model predicts a
powerlaw behavior,_ is a constant parameter with the unit of time and power law slope

is (p ¢&). CareatiYasuda model (1979) is an extension of Cross model and is expressed
as difference between the apparent viscosity at a given shear rate to its zero shear rate
value, insted of high shear rate B4

p T R ¢

b
The parameter is a constant with units of time, the power law slopé is p) and the
parametero represents the width of the transition region betweeand the powetaw
region.
Thetheoretical prediction of fiekdlependent yield stress of an MR fluid is rather difficult
to perform. Ignoring hydrodynamic contribution to flow, Lemaire and Boss% [4
modeled the static yield stress of magnetic fluids containing monodisperse particle
network of equally spaced chains or networks. The restoring force of alignment is given
as:

O o ®Of 0Q cg o

Wherea is the diameter of the particlés, is the permeability of the suspensibhis the

effective field] = and functionf depends on the separation between two spheres

and onthe ratio of — . Once’ O and‘ 'O are known, the restoring force can be

calculated and its maximum vali@ , will give the yield stress:




Tt &0 ] 1
where € is the number of chains per unit surface. Considering the macroscopic
approaches, Bossis further developed a model for high particle volume fré&fiand
ellipsoidal particles [46]. The stress parameter is calculated using mean field
apprximation for noninteracting ellipsoidal particles immersed in suspending medium

of permeability %o

T %0" %o - i P [
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Where'©° —— pandé andé are demagnetizing factors for ellipsoid particle. The
effective field is given byO —— and' % and%. are permeability of the disperse

phase and internal volume fraction, respectively. Rosensweig (1995) also developed a
model for yield stres considering thensymmetricaktress states $§. According to the
model, yield stresst() is related to anisotropic susceptibility)(@and defined for parallel

layers as:

1 for particles without demagnetizatior— —  ¢& @

9 for particles with demagnetizatior— & X

However, the models discussed are based on linear approaches and the yield stress, shear
stress are found to be proportionabad "O . Furthermoret hes e model s donoét
particle magnetic saturation under field. In experiments, the trend is mdtelnear.

Therefore, a model vgadeveloped by Gindemnd Davies (1994) by taking into account

the particle magnetic saturation9[4and is valid begnd a certain magnetic field@hey

considered static yield stress as maximum shear stress and is a component of tensile
stress along the direction of shear of a linear chain consisting of sphernitelepa

According to Gindeet al., at intermediate fid range, yield stress is dependent to field

sub-quadratically:
T Vg 0 70T cR W

Where,0 is saturation magnetization ahids external magnetic field.




When the magnetic field is sufficiently high, particles saturate magneticallthaadcan
be treated like a dipole. For this, yield stress is independent of applied magnetig¥ield (

and can be expressed as:

T
t —, 0% 0 8 w

§)
Where, 0 p& p gnd is a constant. However, a more accurate fitting of experimental

resus are reported when applied magnetic fi e
(M) data from MH hysteresis curve. Klingenbeeg al. (2007) reported a better fitting

for yield stress curves when magnetic field waslasgd by particle magnetization,

ie.t © @ Qwhered is particle magnetizatiofb0].

The stability of MR fluidsagainstgravitational settling has been one of the most

important issues. For dilute systems, the dependence of the sedimentation ve)aufity (

a spherical particle can be obtained from
. C(I)” ” "Q
0 ——— @™
(.L) —_

where®is the particle radius, and” are the density of the magnetic phase and carrier
liquid, — is the viscosity of the carrier liquid driQis the gravitational acceleration (9.8
m/<). Since, less viscous fluids accelerate the settling of the particles more rapidly, it is
suggested that suspensions with viscoplastic matrix (e.g., grease) can prevent
sedimentation. However, for most ofetlapplications it is customary to choose carrier
fluid with off state viscosity as small as possible to maximize the stress fatput




Chapter 3

Experimental Procedures

In this chapter, we describdevarious methodgor synthesizingoinary ferromagnetic

alloys of Fe, Ni and Co along withe oxides by chemical emeduction of respective

metal salt precursors. We furtheisdusgdthe experimental techniques tivedre used to
characterize particl es6 magnetichpmpedigsuchascr yst a
scanning electron microscopy (SEM), enedigpersive Xay (EDX), transmission

electron microscopy (TEM),-Kay diffraction (XRD) and vibrating sample magnetometry

(VSM). Bulk rheology of the MR fluids under magnetic fieldge conducted using
commercial Anton Paar Physica MCR series Rheorfietéth MR attachment MRD

170”. The rheometer design and operating principle under different configuratienes

also outlined.




3.1 Synthesis of alloyed narimicroparticles of Fe, Coand Ni
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Figure 3.1 Schematic of various chemical reduction methods for synthesizing/macimparticles
of metal alloys and oxides with different shapes, sizes and compositions

Micron-sized particle®f ferromagnetic biary alloys of Fe, Co and Ni, as well as®Gg

with different morphologies, sizes and compositiongre synthesized by various

chemical cereduction mdiods from a precursor of etal salts solution This is
schematically illustrated in Figu@l. By careful control of reaction conditionsjcron-
sizedparticles with desired properties and morphologiesesynthesized.

3.1.1 Synthesis oFes5C045 microparticles by borohydride reduction

Sodium citrate (ACS r eag essChsmicdfaficled ¥dre t r i b e
obtained by ultrasonic assisted aqueous borohydride reduclibis particular
composition yields structarand morphologically diverse microstructures depepdin

upon the choice ofthe additives. In addition,compositional homogeneity and
monodispersity are also prime reasons for selecting this particular compdSadiom

borohydride (Merck, 095%) was used as reducing age.
ratio was kept at 1:2 and metal to citrate ratio was maintained at 1:8. In a typical
experi ment, 0O.1M Fe (I11) chloride (ACS re
tetrahydrate (ACS reagent, O098%) were diss

purged withargon flow. The precursor solution containing metal salts and sodium citrate




was taken in dhreeneckedround bottomflask on ultrasonic bath maintained at’C5
Sodium borohydride (0.376M) was added dwaipe to the mixture kept under constant
mechanical stirring andirgon Ar) flow, for about 20 minutes. For sodium acetate
(anhydpus, Aldricte | 09 PE® %PEG6E000, SRL Chemicals) couple
encapsulated Eg&Caoss 0.3 g PEG 6000 was added to the precurstutien prior to the
addition of sodium acetate (1.5M). After the reaction, sedimented particles were
separated magnetically and washed multiple times using Milfipeeter, acetone and
absolute ethanol. These were finally dried in vacuum overnight.

3.12 Synthess of NkCoi.x micro- and nanqoarticles by polyol reduction

3.1.2.1 N}Coy« flower like microstructures

The synthesis of NCo;.x hanoflowers was carried out by epet polyol reduction

I n presence of amphi phi-Bis ¢2aminoprofiyl) o c k
poly(propyleneglycobblockpoly(ethyleneglycobblockpoly(propyleneglycol)
Jeffamin€ ED-600 with approx. mol. wt. M~600, Sgma Aldrich). In this
process, precursor solutions were prepared by dissolving Ni (IlI) acetate
tetrahydrateAl d®9&%,) Singimacobal t (rir) ac e
SigmaAldrich) in 1, 2propanediol (PrG, Loba Chemid with different molar

ratios. A set of five solutions were prepared with a total molar conc. of metals
fixed at 0.25M for NjiCo..x, Wwhere x= 0.2, 0.4, 0.5, 0.6 and 0.8 respectively. A
PrG solution of Jeffamine (5 mL, 0.82 g) was added to each precursor and was
sonicated under fleing argon gas for 30 minutes to ensure complete homogeneity
and absence of dissolved oxygen. Afterwards aqueous potassium hydroxide (10
mL, 0.75 M), previously purged with argon, was added dvige to the precursor
under constant stirring. The resultirsplution turned bluislygreen due to the
formation of mixed metallic double hydroxide, i.e. homogeneous solid phase. The
suspension was then quickly transferred to aecked round bottom flask and
boiled. To boil off water, temperature of the suspensias maintained at 13G

for 20 minutes. Afterwards the reaction flask was fitted with a double walled
reflux condenser and refluxed for 3 hours. The reacting solution achieved

homogeneity at the boiling point of liquid polyol. Following a nucleation and




growth phase, black precipitate formed at the bottom of vessel, indicating
formation of NiCo alloy. The purified NiCo suspension was obtained by
centrifugation and subsequent washing with Milliorevater, acetone and
absolute ethanol. In order to obtain Mi@owder, suspension was dried in air at
60°C. To investigate the role of polyol on the growth mechanism of hierarchic
NiCo nanostructures, above procedure was repeated using ethylene glycol (EG,
Merck) and tetraethylene glycol (TEG, Merck).

In separateexperiments, pobkacrylic acid (PAA, avg. mol. wt. ~1800, SigrAddrich)

and cetyltrimethylammonium bromide (CTAB, 99%, Loba Cheramisted NyCoso
nanoflowers were synthesized by adding 20 wt % and 0.02M of PAA and CTAB
solutions into the precursor solution respectively, under the otherwise similar conditions
stated above.

3.1.2.2 Ny.1Cay g microcluster

The synthesis of spherical £fNio; nanoclsters was carried out kstandardpolyol
reduction methodThe Caorich Caoy gNip 1 alloy was selected as preferred composition due

to its higher saturation magnetization than 1:1 alloy. Furthermore, ceclikgter
morphology is more prevalent in @zh alloys. In this process, precursor solution was
prepared by dissolving nicke-Aldrichydndcotmlt et at e
(1) acetate t et r-Aldighdin ettylene ¢lyod @verokyowith B3 g ma
molar ratios. For the synthesis @ gNio 1, total molar concentrations of the metals were
fixed at 0.5M.Ethylene glycol (EG) served both as reducing agent and surface binding
material. Afterwards, EG solution of sodium hydroxide (10 mL, 1.5 M), previously
purged with argon, was added dnefse to the precursor under constant stirring. The
resulting solution turned bluisfreen due to the formation of mixed metallic double
hydroxide, i.e. homogeneous solid pha3ée suspension was then refluxed under
nitrogen blanket at 20C for 2 hours.The purifiedCagy gNip 1 suspension was separated

by centrifugation and subsequent washing with MilliSoveater, acetone and absolute
ethanol. Afterwardshe suspension was dried in air at@@ obtain the powder.

3.1.2.3 NiCo nanoplatelets




NiCo platelike nanoparticles were prepared by solvothermal method in agueous media.
For the synthesis, hydrazine was used as reducing agent for the reduction of precursor
solution containing Co (Il) acetate and Ni (Il) acetate in equimolar ratio. CTAB (Cetyl
trimethylammoniumbromide, 99%, Loba Chemie) was used as surfactant for directive
growth of platelike hexagonal nanoparticles along the preferred plane. Co (lll) acetate
(0.05 M), Ni (ll) acetate (0.05 M) and CTAB (0.15 M) were dissolvedvitiipore®

wata (30 mL) following stirring using a magnetic stirrer. An aqueous solution of
hydrazine hydrate (0.2 M, Ranbd¥) was added to the precursor dropwise prior to
transfering the resulting solution into a Tefldmed stainless steel autoclave. The
autoclavewas kept for 21 hours inside a ket oven set to 16C. The supernatant was
removed by centrifugation, and the precipitate was vaedued to yield the black
powder.

3.1.3 Synthesis of F#i microparticles by hydrazine reduction

Hydrazine reduction ofe (ll) chloride (Merck) and Ni (Il) acetate in 1:1 wa&thanol
precursor solution is described as follows: Ni (Il) acetate, Fe (Il) chloride and poly
acrylic acid (PAA, avg. mol. wt. ~1800, Sigrddrich) were dissolved in 30 mL 1:1
waterethanol solutn ([Ni¥] 0.02 M, [Fé] 0.06 M, [PAA]=0.1 M). Separately,
sodium hydroxide (NaOH) and hydrazine hydrd&t® (M, Ranbax}") were dissolved in
waterethanol solution. The two solutions were mixed together under continuous and
vigorous stirring in a magnetstirrer. The temperature was raised td@G6nder constant
purging of Argon (Ar) gasinto the solution. The reaction was continued for 2 hrs.
Afterwards, he resultant product was washed thoroughly with deionized water for
removal of reaction residues lifmved by washing with acetone. Finally, the black
particles were soaked in ethanol in a closed container for further characterization.

3.2 Synthesis of F#, and Fe micrgparticles

3.2.1 FgO4microsphere by thermal decomposition of organometalliprecursor

Spherical magnetitenicroparticles were synthesized by previously described thermal
decomposition method of Fe (lll) acetylacetonate (99%, Sigldach) in liquid polyol.

In this method, organometallic precursor solution in ethylene glycol (E€sck) was

refluxed for 3 hours in presence of polyacrylic acid (PAA, avg. mol. wt. ~1800, Sigma




Aldrich). The molar ratio of polymer and Fe (lIl) acetylacetonate was maintained at 2:1.
The appropriate amount of metal salt was stirred to dissolve in Esvéa by rapidly
heaing to boil at 120C for 30 minutes. Afterwards, the precursor was transferred to a
roundbottom flask under steady nitrogen gas flow and refluxed &) 4 hoursEG

acted both as solvent and reducing agent. After the reacasncamplete, dark brown
precipitate of magnetite was formed by partial reduction of Fe (lll) salt. The
microparticles were isolated by centrifugation following repeated wats water and
ethanol. The PAA wa involved in surface functionalization and stural evolution of

Fe;04 nanospheres. Ral shape of the nanoparticlessva evol ved t hrough
method of fast supesaturated bust nucleation mechanism followed by aggregation and
final growth to nanospheres [52].

3.2.2 PVGFe;04agglomerate by copreipitation method

PVC-coated magnetite composite nanoparticles were synthesized by a modified chemical
coprecipitation method [53] from a precursor solution of(l¢ chloride and Fe (ll)
sulphate in 1: 1.5 molar ratios in 8 mL of distilled water. 10 wiLnearly saturated
agueous solution of polyinyl chloride was added to it, along with surfactant and 2 mL

of 12N hydrochloric acid (HCI). This slightly acidic solution was collected in a three
necked roundottom container. 90 mL of 1M aqueous NaOH solutvas then added to

it and stirred mechanically with a rotating stirrer, while a continuous flow of argon was
maintained to create inert atmosphere inside the vessel. The pH of the resulting mixture
was adjusted between 7.88.0. The temperature wassad to 75C by means of a water

bath positioned under the flask. The stirring was continued for 15 minutes at the speed of
3000 rpm. The dark brown precipitate was extracted using a permanent magnet, then
centrifuged at 2000 rpm and washed with dowdsdilled water thrice. Afterwards, it was
again washed with 10 mL 0.002M HCI. Finally, the solid was air dried 4T & 24

hours. For the above synthesis, oleic acid was used as surfactant.

3.2.3 Iron (Fe) microrod by hydrothermal reduction

Iron (Fe) microrod was prepared by polyaksisted solvothermal method. For the
synthesis of Fenicrorod, EGhydrazine was used as reducing agents for the reduction of
precursor solution. CTAR99%, Loba Chemie ) wasused as surfactant for directive




growth of nanords along the preferred plane. Fe (lIl) nitrate (0.02 M, Loba Chemie) and
CTAB (0.05M) weredissolvedin EG (30 mL) following rapid mechanical stirring. An
agueous solution of hydrazine hydrate (0.05M, Ranbaxy) was added to the precursor
dropwise prior totransfering the resulting solution into a Tefldmed stainless steel
autoclave. The autoclave was kept for 7 hours inside -aihalven setat 200°C. The
supernatant was removed by centrifugation, and the precipitate was vddednio

yield the blackpowder. Since the relative yield of nanorod was less than 50%, repeated
centrifugation of the precipitated black powder was necessary. The supernatant was
rejected while heavianicrorods were collected at the bottom.

3.3 Characterization

The dried powdes of binary alloys and oxidesere charactezed using various methods.
Crystal structurs of the alloys and oxides were determined witlia diffraction (XRD)
performed on the powded sampls. Compositionsand morphologyf the samples were
determined sing energy dispersive-ray (EDAX) analysis, FESEM and TEMTo
determine magnetic properties at room temperature, we perfonaguetic measurements
using avibrating sample magnetoneet(\VSM).

3.3.1 Xxray Diffraction

X-Ray Diffraction (XRD), first observed in 1912 in a crystal, is the first step in
determining the phase of tmeaterials The interaction of Xay of suitable wavelength

with the crystal, results in elastic scattering of the radiation. The periodic amang of

atoms in crystal leads to definite phase relation between radiations scattered elastically
from the atom, leading to constructive and destructive interferemgp@sg rise to
diffraction pattern. Although each atom acts as a scattering cergepattern can be
explained by assuming that a plane of aiamts as scattering source. If tharallel

planes are separated by a distadcthen the constructive interference takes place only
when the angle of incidence) of the incident radiation offavelengthe-is such that it
satisfies the relatiogQ3 E+ ¢ _wherenis integral (the process is shown in fig.

3.2.ThisiscalledBr aggo6s | aw. The di st anpasamdenft ween
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Figure 3.2 X-ray diffraction from lattice planes with spacingy The diffraction maximum
appears at an angtewhenever the path differene sing s/ .

a crystal can be obtained by using Bragg's |dwm the diffraction pattern obtained
from a diffractometerThe X-Ray diffraction measurements wegrerformedwith eithera
RIGAKU® MiniFlex" diffractometeror a PANalytical X'Pert PR diffractometer using
monochromati® ¢ Ugradiation ( 1® p T p §). The powderegbarticleswerekept
in asample holder and XRpatternwasobtained with scan rate pflfad "Qand step size
of 0.02. The obtained diffraction patterns were compared with existing databases
(ICDD, JCPDS) to predict the composition and crystal structures.
3.3.2 Scanning electron microscopy & Energy dispersive-say analysis
A ScanningElectron Microscope(SEM) is widey used in nanoparticles imaging and
composition analysis techniques in material sciefités works due to the fundamental
guantum property of matter called wave particle duality. A moving electron has an
associatedvavelengtha- (known as de Broglie wavaigth = "t} wherehi s Pl ank 6 s
constant ang is the momentum of the electdorUnder acceleration potential of only
p T a, the electron hasa T ¢m that ismany times smaller thansible light. The
extremely small de Broglie wavelengths make asgible for us to probe into atomic
structures using electrons. This is the basic principle of electron microgaopy.
additional advantage of extremely short wavelength is enhanced angular resolution, given
by Rayleigh's criterion:

angular resolution £

where_ is the wavelength dfeamandD is the aperture diameter of the instrum@iis
is why electron microscopes have extremely high resolving powers.
The SEMalsohas a very high depth of field, which alloiar a large amount of the

sampleto be in focus at one time and produces an image that is a good representation of




the threedimensional sample. The combination of higher magnificaioeaterdepth of

field andresolution,and localizeccompositional and crystallographic information reak

the SEM one of the most heavily used instruments in academic scientific research areas
and industries.

We used a commercial field emission scanning electron microscope (FESEM) Quanta FEG
250" (FEI). A schematic of SEM set up is shown in Fig. 3.BAvorks by using a beam of
electrons emanating from an electron gurhigh vacuum and is accelerated by a high
potential difference anfinally collimated. The beam is focused onto sample with the help

of electrostatic fieldAccelerated electrons in an SEMrry signifcant amounts of kinetic
energyand this energy is dissipated as a variety of signals produced by elemtnpie
interactionswvhen the incident electrons are decelerated in the solid sample. These signals
include secondary electrons (thmbduce SEM images), backscattered electrons (BSE),
diffracted backscattered electrons (EB®BBt are used to determine crystal structures and
orientations of minerals), photons, visible light and h&8atcondary and backscattered
electrons are used for aging samples: secondary electrons are most useful for showing
morphology and topography on samples and backscattered electrons are for illustrating
contrasts in composition in multiphase samples (i.e. for rapid phase discrimination).
Among the inelasticollision processes{-ray is alsogeneragd by collisions ofincident
electrons with electrons discrete orbitals (shells) of atoms in the samfiace ach
element emits its own characteristierdy, thus by measuring the numbertloéseX-ray
photonsand the energy of Xay by using energglispersive Xray (EDAX) detector placed

inside the SEM chamber one calsodetermine composition afample nofdestructively.

A typical SEMimageand EDAX curve for CoNi nanoplateletgth 1:1 compositiorare
shownin the Fig. 3.3B and 3.3(54].
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Figure 3.3 (A) Schematic drawing of a conventional SEM set up [54], typki::\gl SEM image

and EDAX spectra of CoNi (1:1) nanoplatelets (B & C).
3.3.3 Transmission electron microscopy (TEM)
In transmission electron microscopy (TEM), a beam of electrons is transmitted through
an ultrathin sample specimen, interacting with the sample as it passes through it. An
image is formed from the interaction of the electrons transmitted through the specimen;
the image is magnified and focused onto an imaging device, such as a fluorescent screen,
or a CCD camera. The schematic of a standard TEM optical components is shegn in
3.4A [55]. Due to smaller de Broglie wavelength of electron, TEM can produce
significantly high resolution images of ultrafine nanoparticles and nanostructured
materials. In addition to the basic surface imaging, TEM also offers to observe changes in
chemical composition (EDAX), crystal structures and orientation, electronic structures
and sample induced electronic phase shifts etc.
For the sample morphology, selected area diffraction and compositional studies, we used
Technai F28 transmission electron microscope (TEM). The general TEM assembly
consists of: (i) electron sources, (ii) lenses and apertures, (iii) vacuum pumps, (iv) grid,
sample holders and stages, (v) electronic imaging and recording. The surface of sample is
illuminated by parallel or negrarallel electron beams. Two types of electron source
generation are reported: thermionic and field emission. In case of thermionic sources,

cathode filaments are made of tungsten) filament or lanthanum hexaboridé @ )




crystals.For thermionic emission, current applied to W filament to heat sufficiently so
that electrons come out of the surfaé®r fieldemission (FE) sources, the fitip
tungsten needle acts as cathode with respect to two amdmlé#ect heating is imved

in FE-based systems.rAextraction voltages requiredto pull electrons out of the gun
followed by a beam acceleration made up by a system of electrostatic lens@&EM,
focusing of electron beam is performed by electromagnetic lensXBR). It consists of

two parts: cylindrical core with a hole in middle is made up of soft magnetic materials
such as Fe. It is known as polepiece. A secondary coil of Cu also surrounds the
polepieces. The lens system ensures the focusing of the electron bhearthw current is
passed through the coils. Sample contamination can arise due to the electron scattering in
presence of gas ithe TEM chamber. Therefore, vacuum system is inevitable for TEM
setup. A typical TEM vacuum can reach uptat  p 11 0 dpressure. Finally, sample
preparation for TEM visualization is also a very crucial stage. Sample must be
electrimly 6t hind to | et the electrons pass th
covered with thin carbon monolayer (Fig. 3.4C). For all the samplgsaped for the
thesiswere micro and nanoscale particles dispisn ethanol. Therefore, a drop of
sample dispersionsas placel onto the Ctgrid and solvent wa evaporate so that
particleswere fixed on grid surface. After thample was properly prepad, the grid wa

placed inside the TEM column, with the help of holder and stage. Holder is a rod that
keeps the sample grid attached when it is inserted inside microscope. The holder can also
be rotated to adjust the view of sample in different positmmgrid. The stage is a
platform which contains airlocks so that the holder can be inserted inside the vacuum
with minimum increase ipressure. For electron imaging and recording, two different
sections are used in TEM: viewing screen and electron det&@ewing screen is placed

at the bottom of TEM, below the projector lens and above electron defBuatoelectron
detector herases a chargeoupleddevice (CCD) which can be useful for recording +eal

time images and diffraction patterns as well dgeotechniques such as electron energy
loss spectra (EELS).
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Figure 3.4 Clockwise from left: schematic of a basic TEM optical component layout (A), diagram c
a TEM split polepiece design electromagnetic lens (B), TEM sample support Cu mesh gbi](C) [

Scattering of electron takes place when electrons hit the sample surface. Two types of
scattering are wusually observed: el astic s
hitting the surface and inelastic scatigr where electrons lose energy after collision
process. Scattered electrons are coherent, i.e. they remain in phase step, but for inelastic
electrons there is no phase relationship. Elastically scattered electrons are biggest source
of contrast in TEM imges and diffraction patterns. The most commonly used imaging
technique in TEM is bright field TEM (BFTEM) where electron beam transmitted
through the sample surface scattered elastically with small angle of deviation and interact
with the CCD camera to pvae the final image. The resulting contrast image is
produced by spatial distribution of elastically scattered electrons emanating from sample.
In our work, we used bright field TEM images of microstructures and nanostructured
materials to study shapedsize distribution. Selected area electron diffraction (SAED)

is also carried out in TEM. The technique is analogous to ey xliffraction pattern.

The interference pattern is generated by angular distribution of small angle) (

elastically scattereetlectrons that hit the CCD. SAED is a great tool to study the



structures of crystalline materials. It also reveals the interplanar spacing in nanocrystaline
materials. A typical BFTEM image of FeCo nanoparticle along with SAED pattern is
shown in Fig. 3.B and Fig. 3.5B, respectively

High angle annular dark field (HAADF) images provide contrast with atomistic details
when scattered electrons are of higher angles. This technique operates in STEM mode
only. The beams that scattered with high anglay () cangenerate high quality images

with atomic resolution and it depends only on atomic number (z) of the atom that
conforms the substrate. Depending on the atomic number of the sample element, the
image can be bright field or dark field. A typical HRTEM imafyg FeCo cubic
nangarticle is shown in Fig. 3.5C
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3.5From left: bright field TEM image of FeCo nanocubes (A), SAED pattern (B) and HAADF
STEM image (C) of the same.

Energy electron loss spectroscopy or EELS consists of the electrons that have gone
through the substrate and scatter elastically or inelastically. The EELS is very important
for analyzing the electronic structure and ol composition of the sample atoms, in
addition to the valence state and chemical environment of the surounding atoms. EELS
can be complimentary to EDAX technique since both of them reveal chemical
composition fo matter. However, acquiring EELS demarsityg thin sample specimeh.

can also be noted thhghter elements appear in EELS but in EDAX, heavier elements
can be detected. A typical EELS spectra plots the number of electron counts as a function
of energy loss of electron.

3.3.4 Vibrating SampleMagnetometer (VSM)

Vibrating Sample Magnetometer (VSM) systems are used to measure the magnetic

properties of materials as a function of magnetic field, temperature and time.
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Figure 3.6 Schematic of vibrating sample magnetometer (VSM)

A magnetic momentn is induced in the sample when it is placed in a uniform magnetic
field H. In a VSM, a sample is placed within sensing coils under constant magnetic field
(generated by anlectromagnet), and the sample is given a sinusoidal mechanical
oscillationat a fixed frequencyThe magnetic dipole moment of the sample will create a
magnetic field around the samplenown asmagnetic stray field. As the sample is
vibrated,the magneticstray field changes as a function of time and can be sensed by a set
of pick-up coils. The alternating magnetic field casiaa electric current in the piakp

coils according to Faraday's Law of Induction. This currsnproportional to the
magnetizatiao of the sampleTherefore, he greater the magnetization, the greatiéirbe

the magnitude ofinduced current. The induction current nseasured after suitable
amplification circuits.In a VSM, all hese various components ateooked upto the
computer mterface The schematic of the VSM and detailed configuration near the pick
up coil is given irFig. 3.6 [56,57].

The magnetic measurement of the samples was performed in a Lake Shore Cryotronics
Inc. made 7400 Seri®$VSM. The maximum magnetic field generated in it was T.56

The field produced had homogeneity of £0.1% over erbdiameter circle. The low
temperature measurement was performed using Model 740d&iable temperature

cryostat, which allows measuremefrtam 80 K to 400 K.
3.4 Magnetorheometry

The magnetorheometric devices (to measure rheology of MR fluids) can be classified as

having either fixed plates (presstdeven flow mode or valve mode) or relatively




moveable plates (direshear mode and squediow mode). The schematic of these

three basic operating modes in standard rheometric devices are shown in Fig. 3.7.

MRF Operational modes

A |Valve mode B |Shear mode C | Squeeze mode

Force

l Moveable plate

Magnetic field Magnetic field Magnetic field

Stationary plate Moveable plate
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Pressure Flow Flow Flow

Stationary plate Stationary plate

t Stationary plate

Force
Figure 3.7 Basic operating modes of MR fluid device&) (pressure driven flow modeB) direct shear
mode, and @) biaxial squeezdlow mode Materials and DesighA. G. Olabi, A. Grunwald,28, 2658
©Elsevier 2007)

Out of these three operational modes, direct shear mode is most commonly used tool in
stardard rheometer to investigate MR effect in MR fluids. Almost all commercially
available rheometers operate this mode, either in parallglate, coneplate or
concentriecylinder configurations. The details of these geometries and working formula
are illustrated inTable3-1 [58]. The pressure driveftow mode devices include dampers,
shock absorbers ettioweveryery limited researches have been reported. The operating
shear rate in these devices is much higher (p i ) than that of conventional
directshear devices, which operate at a nominal shear rate of few thousands ( ).

The third mode of operation is known as biaxial elongational flow mode and it is utilized
only in high force applications. In this thesis, all magnetorheological unements under
transient shear (rotational) and oscillatory modes were performed in a direcinsitar
commercial rotational rheometer (Anton Paar MCR Physic801 and 50} with
magnetorheological attachment (MRD fy0The Parallel plate system with mat
diameter of 20nmand plate gap of inmwas used for all measurements. The magnetic

field was generategerpendiculdy with respect to the direction of flowith the help of

40




Shear stress

Shear rate

Strain

Viscosity

Concentric M 2QR12 R22 ng M ( Rzz = Rlz)
Cylinder (2nR;. ) r’(R? —R2) R,—R, AThQR’R?
M QR RO TOMR*
Parallel Plate 27R’ h h 2h
T o 0 T
Cone and Plate 2R o 2nR°Q

Torque (M) Torgue (M)
|

Torque (M)
Angular ]
Frequency

wrads' \{._,l/( Angular
' Velocity

wrads'

Table 3-1 (Top) equations of rheological grametes for different georetries: M is the
torque, h is the height,R is the radius,q is the angular velocityd is the angular
displacement andll is the cone angleBottom, types of different geometries: from left,
concentric cylinder, parallgllate and conglate [58].

a concentric electromagnéior our measurements, magndietd was varied from O to

1.2 T, depending upon the requiremeRampup stress controlled or stragontrolled
experiments are geradly performed under torsional shear flow to measteological

and MR parameterd.he resulting yield stresses are calculated by extrapolation at low
shear rates from shear strséear rate flow curves. Tirdependent shear flows have

also been invegjated in terms of stress increment, stress relaxation under constant shear
rate, retardation (creep), straaxation andmsall angle oscillatory strain (SAOS) tests
under constant angular frequency. Beyond the yield point, an MR sample shows
irreversibe plastic deformation in response to the applied stress. Below that yield stress
point, a part of timalependent strain is recovered when the applied stress is pulled out.
This measurement provides significant knowledge about elastic behavior of MR fluids
under operating conditiondhe measuring system of an Anton Paar Physica #1CR
series rheometer contains three components: the mechanical drive system, electronic data
acquisition system and processing and corresponding software packages (RheoPlus

Rheometer software).
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Figure 3.8 Schematic of an MR rheometer (reprinted from: X. Gong &aft, Matter 8, 5256 5261
©RSC 2012)

Fig. 38 schematically illustrates the MR rheological measuring system in a standard
MCR Rheometer. The magnetic field is generated by Cu coilsrohdliameter with 495

turns. The RheoPlus software controfe magneticfield strength across the plates
holding the MR sample by adjusting the electric current through the coil. The magnetic
field is applied perpendicular to the parallel platstam. Therefore, magnetic fieikl the

gap between two plates is a function t#otric current passed through the coil. Volume

of MR fluid in the gap is taken primarily as Or8L. The control unit of rheometer
automaticdl demagnetizes after the testsn@ompleted. For steady shear measurements,
shear rate was varied from8t p p 1i  under different magnetic fields. Stress and
viscosity relaxation with time was performed under constant shear ratet of. For
oscillatory magnetorheology, amplitudeveep (constant frequency) and frequency sweep
(constant strain) studies were mermhed in both SAOS and LAOS modeBor
temperaturalependent MR studies, rheometer was attached to a JULABS F25
temperature controlling unit and various temperatures were maintained to high accuracy.
Temperaturelependent magnetorheological studies ursleady shear and oscillatory
modes were performed at elevated temperatures, in addition to room temperature.
Magnetosweep measurements, i.e. viscosity and shear stress variation as a function of

magnetic field verealso measured under constant shearafgpett
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Chapter 4

Investigations on FesCoss-based fluids: structure and
magnetorheology

In this chapter, we describdghe characterization ofubic and spherical FgCoys alloy
microparticles syntlesized by borohydride reduction farse in magnetorheological
fluids. Surface morphological studies by scanning electron microscopy edveall
shaped cubic and spherical geometry for the citrate and polgtaéilized FesCaoss
alloys (1.2 um and 0.7 um, respectivelyyhile the alloy comositions remaiad nearly

the same for both. -Kay diffractions of the aprepared and annealed samples under
various temperatwes showd high degree of crysthhity with increasing temperaturesf
annealing Studies of D.C. magnetization of the systemseakd that the particles
possessed coreshelltypestructure, with inner magnetic core having a diameter around
30 nm with a loghormal distribution. Magnetorheological studiesre performed with 8
volume% suspensions of-sgnthesized particles digged in silicone oil (viscosity 30
mPa.s) under different magnetic fields.microstructurerheology correlation plagd a
crucial role for cubieFeCo based MR fluids showing superior magnetorheological
properties. Detailed studies of the magnetorheologigabperties were discussedon
these systems for practical use.
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4.1 Introduction

As discussed previously most MR fluids utilize carbonyl iron particles (CIP) as dispersed
phase. Ferromagnetic binary alloys too can be a worthy choice for the same in terms of
their high magnetic permeability and saturation magnetizafén FeCo is particularly
interesting because of its high saturation magnetization, permeability and low coercivity.
An efficient MR fluid contains nearly uniform, oxidation resistamjcronsized
magnetic particles with high permeability. While it is true that larger particles will offer
more change in rheological properties per unit magnetic field, the problem with these is
that they are unstable against sedimentation, thus gradosilyg their properties. This
occurs due to large density difference between the carrier fluid and magnetic particles,
and various attempts were made to alleviat&@®.[Each of them has a problem of its
own. Another important aspect of using FeCo alinicroparticles is their excellent
affinity towards surfactants and polymeric additives in-alemistry and we can modify

their shapes and sizes for stability against sedimentation. Polymer encapsulation of FeCo
particles minimizes the density differencetween the carrier liquid and particles, thus
countering the settling tendencyl]6

In this chapter we describe morphology and structural characterization of the
microparticles of a FeCo alloy system in two distinct shapes and sizes. Furthermore,
micropaticles of cubic and spherical FeCo were synthesized by novel ultresssisted
borohydride reduction. Magnetorheological studies were performed to emphasize the
structuremagnetorheology correlation in MR fluids containing spherical and cubic
micropartcles of FeCo with nearly identical compositions.

4.2 Results and discussions

4.2.1 Morphological characterization of dry powder

4.2.1.1 SEM and EDAX

FESEM images in Fig. 4.1 show the different shapes, sizes and surface textures of
sodium citrate and sodium acet®#EG encapsulated alloy microparticles. While use of
polymer and sodium acetate as a capping agent resulted in spherical particles, sodium
citrate yielded uniform cuboidal particles. The particles formeck of exclusively cubic

or spherical morphologies depending on the precursor contents. Better control of sizes for
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Figure 4.1 FESEM images of sodium citrate capped cuboidal micrapast (left) and sodium
acetatePEG encapsulated spheripalrticles.

both samples were found tdepend on a number of factors likbpice of capping agents,
adjustment of reaction times, compositions and maintenance of proper ratio of metal to
capping agents/polymer and borohydrete In the present case for the citrate stabilized
alloy, average size was measured to be aroungrh.2nd for that of acetaggolymer

(PEG) stabilized alloy, it was approximately Quim. The size distributions of the

respective microparticles were shown ig..2. These ar@robably

Particle count

Percent (%) distribution

07 08 09 1.0 11 12 13 14 15 16 600

Diameter (pm) Diameter (nm)

Figure 4.2 Particle size distribution curves for M#rateFesCoss (left) and PEG
acetate Fe;sCoss microparticles (right) respectively. The fitting lines indicate-tamymal

the first reported FeCo particles that were prepared by borohydride reduction technique
and grown up to micrometer size particles. The surface roughness weria@sulated
microsphere (Fig. 4.1 right inset) is associated with the pohassisted growtiprocess.
The Energy dispersiv¥-ray spectra (EDAX) at five different spots onicroparticles of
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the samples (obtained from TEM analysis) each

homogeneous composition as4&0,s (Fig. 4.3).

B Acquire EDX

Co
0/Co

Citrate-Fe;;Co,q
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Energy (keV)

10

15000

revesal nearly identical and

PEG-actetate-Fe,Co,

Energy (keV)

Figure 4.3 Typical EDAX specta (as obtained from TEM analysis) of citréiesCoss cubical
microparticles and PEGcetate-e;5Coss microspheres (right), respectively.

4.2.1.2 TEM

Transmission electron microscope images of single particles of ciffaieCos and
PEGacetate Fe;sCoss are shown below in Fig. 4.4xtended growth steps ithe
syntheic process yieldnicronsizedcubesand spheres of E€os5. The samples are not
transparent enough to be visualized in HRTEM. Fig. 4.4A showsesolution TEM of
free-standing single microcube of citrateessCaoys in which all edges are approximately

equal in length. Similarly, TEM micrograph of PE@etateFe;sCoys (Fig. 4.4B) also

reveals roughly monodisperse nature of microspheres.

Figure 4.4 Typical TEM images of citrat€e;sCoss cubical microparticles (Aand PEGacetat:
FessCoss microspheres (B), respectively.
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4.2.1.3 Xray diffraction

Crystal structures of FeCo samples were analyzednay xliffraction patterns shown in
Fig. 4.5. For botrs a mp | e $eCo pehks weltk identified as (110), (200) and (211),
indicating a bodycentered cubic (bcc) structure characteristic of FeCo alloys (JCPDS
card no. 491567 and ICDD reference code-0084-1433). The crystallite sizes for both

citrate Fe;sCaoys and PEGFe;5sCo45 Samples were calculated using Scherrer equation
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Figure 4.5 X-ray diffraction pattern of citratbound FesCoys (A, top) and acetatpolymer bound
FesCoss (B, bottom) samples under various annealing temperat@eb: major peaks wre
identified

which states thatO "QZ A I—@hereOis mean crystallitsize k is shape factor, is

x-ray wavelengthf is line broadeningat half of the maximum intensity (FWHM in
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radian) and—is Braggs angleThe FWHM calculated from (110) peak broadening gives

us the crystallite mean size for citrdie;sCoss and PEGFessCays as 23nmand 28.3nm,
respectively.(In XRD we are looking at the metallcore part only, not in the overall
microparticle that SEM found. That is why there is a size mismatch between two
measured values)n order to get higher crystallinity, the sample pellets omf
diameters were annealddn a TA Q200E ihg €aforeanetern(DSCh | S ca
Ramping rate during annealing was°@Onin and kept at final temperatures for 15
minutes.As is observed, samples at higher annealing temperature are more ordered with
sharper peaks. The increasing crystallinity at higher tempesatae beresulted in
higher lattice parameters aimtreased crystallite sizes. The trend is shown in the Table
4-1:

Table 4-1 various parameters obtained frorray diffraction data are given in this table. Average grain
size D) andlattice parametera) of FeCo alloy microparticles are calculated at different temperatures.

Na-citrate FessCoys

Annealing temp.°C) Crystallite sizeP (nm) Lattice parametea (nm)
RT (25°C) 23.0 0.2856
250°C 34.5 0.2858
500°C 42.2 0.2860

PEG-acetate FgsCoys

RT (25°C) 28.3 0.2857
250°C 32 0.2858
500°C 48.6 0.2861

4.2.2 Structure and growth mechanism
In the synthesis system, Co (II) and Fe (Il) salt were reduced by sodium borohydride in
agqueous media which can be explained by electromotive faodg62]. Thepossible
reaction scheme can be formulated as follows:

&A #1 "( o &A#I( " (
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The evolution of microparticles from a solution follows three distinct steps: nucleation,
seed generation followed by growth of seed to form nanoparfié&s An extended
growth step can ensure bigger microparticles and hierarchical morphologies. The steps in
synthesis oFeCo microstructuseareillustrated in Fig4.6.

° OH O d’f';fj_l Oswaldripening 'i ’ 30 min .
# t 4 Na' 0 0" Na' — k\ ’ —
0 0" Na'
J
Na-citrate Nucleatlon eed I
FeCo-citrate
- W H Oswaldnpemng 2 RN
E E\lr E E:}Hac ONa 3H20 N /\%OH Growth " .
¢ b 30 min
Na-acetate PE G

FeCo-PEG-acetate

Figure 4.6 Schematic of the structural evolution of citr&tesCoss cubical microparticles and PEG
acetateFe;5Co45 microspheres from precursor solutions.

The borohydride reduction of metal precursors is almost instantaneous, i.e. reaction time
is consideralyl shortercompared to other reduction methods. So, higher concentration of
nuclei at the first stage of process can be explained by high rate of nucleation prior to
dissolution of metal salts. Nucleation is followed by the formation of seed nanopatrticles.
At high concentrations of metal salts the supersaturation f_ 0 is higher. Therefore,
according to the Adamson equation for homogeneous nucleation, the nucleati’O )rate (

will also be higher. The equatioras follows[64]:

miC &°h
0 ™ - . PO, 0L 2 IR
sOA@.O AR hC ¢

where, is the interfacial tension between solid nucleus and surrounding lio" “if the
volume of one precipitate molecu_js the supersaturation ratio of liquid product
molecules, is the number of liquid product molecules in a deol £° is the critical
number of liquid product molecules in a nucleus. Thus at higher concentrations of metal
ions, more nuclei will be formed. Therefore the growth stage which is followed by the
addiion of generated molecules is slowed down and the resulting nanoparticle size is
reduced[65]. Similarly at lower concentrations of metal precursors, the number of

formed nuclei is lower providing more product molecules to contribute in the growth of
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nanogrticles leading to larger microparticles and hierarchical morpholdgiesder to

ascertain the fact thgrowth of nanoparticles was only possible by diffusion of product

Figure 4.7 HRTEM image of citratd-e;sCoss hanocubes after 10 minutes of the start of
reaction. The size of nanocubes is approx. 30 nm. In the right, FFT image of the same
shown. Inset, magnified portion of the edge of nanocube with preferred growth plane
illustrated.

molecules onto the surface of seed particles until loegdtof a v o r lebitbpane, 6

we performed HRTEM analysis of the nanoparticles formed at 10 minutes since the
reaction hd started [66]. The Fig. 4.7 shewHRTEM image of a single nanocrystal of
citrateFeCo with periodic lattice fringe spacing of 0.20n which correspond to
interplanar spacing between (110) planes of FeCo alloys. Thédaser transform
(FFT) pattern for the nanocrystal is also showd ardexed to corresponding crystal
planes of (110), (200) and (220). The preferred growth direction for nanoparticles is
therefore, along (110). Neatrate and PEG aetl as capping agents and boeddo this
particular habit plane, favoring the periodicogth as shown in Fig. 4.7. Since the
concentration of metal prarsor wa low, the growth step waextended to form larger
micron sized cubic particles for citraf@Co. Although the stages of up to seed
generatiorwere similar for both materials (Fig.6), however, PE&GeCo tends to appear
roughly spherical in size owing to the fact that excess polymer concentration in precursor
might haveinfluenced the final geometry of particles.

4.2.3 Magnetization studies

Variation in saturation magnetization uak for the alloyed powders was observed in the

room temperature hysteresis curves shown in£&Ry.It was observed that encapsulation




of polymer on the RgCoys surface seemed to have affected saturation magnetiz&pn [

of acetatePEGcapped alloyNls ~ 105emu/g coercivity ~3240€) as compared to the
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Figure 4.8 Room temperature magnetic hysteresis &df-H) of the two

citratecapped FeCo systernMs ~177.5 emu/g coercivity ~264 O€). Analysis of
magnetization was performéollowing referencg 68|, wherein the approximation to the

approach to saturation tomd AT @ -éwhdreans o f

the particle magnetianomen 0 N, 0 Niis saturation magnetization of bulk ad " is

the saturation magnetization of fluiduch thaid %0 Nwhere%ois volume fraction)
was used to get an idea of the partisiee, in this case it would mean the size of the
magnetic component. The expression for mean diamBgrf¢r magnetic core of a
particle derived by Chantredt al. [68]:
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where,, is standard deviatiormhe quantityp#'C is calculated from the intercept bf
vs.1/Hcurves e0 1. We calculated that and the fittings show that the citrate particles
have a core size of 2im with s value of 1.20hm, while the other has a core size of 29

nm, with the s-valueof 1.15nm This assumes a lagpormal distribution of the particle
sizes, which is found to be generally true for these types of parédesSjnce there was

no direct measurement on the csheell particles, we do not contest this claim. It is now
possible to understand the formation morphology of the particles, when the particles are
smaller, these were found to take spherical shapes (coming from the roughly spherical
core) whereas in the lger grown patrticles, the crystal structure of the shell component
would show up. The citrate particles are bigger, so particles are cuboidal due to
preferential growth along (110). In the other case, the patrticles are smaller, as well as the
fact that thee was a soft component from PEG, allowed it to retain the roughly spherical
shape.

4.2.4 Magnetorheological characterization

4.2.4.1 Preparation of MR fluids

Preparation of 8 volum& MR fluids involved the mixing of sodium citratapped
FesCoss and sodium acetafeEG couple encapsulated sg@os5 microparticles into
calculated volumes of silicone oil (36Pa.s density 0.761y/cm’) by mechanical stirring
following ultrasonic agitation for a few hours to ensure complete dispersion of
aggregates. ifkcone oil was chosen as a matrix fluid for its low-sfate viscosity and
chemical inertness. The densities of microparticles were measured by standard
pycnhometryusing specific gravity bottles, faitrate Fe;sCoss and acetatEGFe;sCoys
particles thesewere 5.8g/cm® and 4.0g/em® respectively. Lower density of PEG
Fe;sCoy5 can be attributed to polymencapsulation.

4.2.4.2 Steady shear magnetorheology: particle shape and size dependence

To investigate the combi nat loologyanrheeldgicab ct of
properties, two different MR fluid systems of same concentration (8 vol %) were
prepaed using both types of particles. Steady shear magnetorheological responses were
recorded for each of these MR suspensions as a function of rslteannder varying
magnetic ieldsfrom 0 to 1.2T at 40C and shown in Figd.9. The curvesvere definitely




nortlinear, thus implying that the behavior is plastic. Dynamic shear stresses were found
to better follow the nonlinear HerscHeulkley model,t + ¢ whereUis the shear
stress] the shear ratef the yield stress (i.e. at zero shear velocity), krahd n are
regarded as model factors. This behavior is plotted as lines in the curvetheand

parameters ar@bulated in Tabld-2.

10°

—

[}

o

S e 3

2 KRB

10 A AALLAT

7 AN DDA

o a5

v S s pppBwEE

5

§ (] | ]

7] AN A
SR

10’ > » 4

w *
o e 12T

— Herschel-Bulkley fitted line 1

T T T T T
0 200 400 600 800 1000

Shear rate, dy/dt (5'1)

Figure 4.9 Shear stress vs. shear rate curves under different magnetic flux density for
vol% MR fluids containing Naitrate Fe;sCoys (closed symbol) and NacetateFessCoys
particles (open symbollines are fit to the Hersch&ulkley equation.

Examination of the tables shows some surprises. While the fits are reasonably good (see
Fig. 4.9), the individual parameters are natry consistentIn particular, the non
monotonic behavioof T in case of citratd-eCo particles is disturbings also some of

the other values df andn. A close inspection of the data and the fit reveals a probable
cause. Firstly, the shear behavior near the starting field is not the same for all, thus
upséting the values cf . Then the behavior under high shear rate and magnetic fields is
not monotonic, thus the fit is not possible with a simple power law such as Herschel
Bulkley. The acetatPEG sample was better behaved; at least the exponent haallgradu
fallen from the zero field value, as expectétle trend ofk is alsoalong the expected

line. But we see that the yield stress is a problem.

Table 4-2 Rheological behavior of th#R fluids under diffeent magnetic fields at0°C. The individual
HerschelBulkley fitting parameters are shown at different magnetic fields.



Na-citrate FessCoys

Magnetic field(T)  Yield stresst 0 () ConsistencyQ 0 & ¢
0 4.4+1.17 0.1+0.04 0.92+0.06
0.18 11.2+6.42 54.0+4.58 0.22+0.01
0.36 -96.7£29.55 255.6+26.34 0.13£0.01
0.67 186.2+15.28 75.1+9.83 0.26+0.01
0.93 181.6£14.51 83.6£9.29 0.26£0.01
1.2 599.5+10.11 33.2+4.64 0.36+0.02

PEG-acetate FesCous

0 4.7+0.25 0.1+0.01 0.89+0.01
0.18 11.2+1.40 2.4+0.35 0.51+0.02
0.36 15.0+1.21 4.0+0.33 0.50+0.01
0.67 14.1+1.47 6.2+0.45 0.47+0.01
0.93 17.5+2.73 5.9+0.76 0.49+0.02
1.2 -4.8+5.43 24.8+2.10 0.40+0.01

We think that the difference in behavior was more due to the shape and size of the two
constituents since the citrate particles are bigger and have less symmetry (cubic rather
than spherical) also presumably have harder shell than the PEG coatings yibleir
stresses and viscosity coefficients are biggereaning the resistance to shear was larger.
This was also expected since the square shapes can make a stronger chain by virtue of
larger contact area among the cubes than that is possible with #@cabparticles.
Coupled with the fact that the n coefficients for all of them under external fields are not
so different among themselves as well as being quite low, it means that these particles are

more strongly affected by magnetic field and that eneés them from acting as simple




rheological fluids. This is also borne by the fact thatMdor this system is higher than

that of the other [70]This latter system is better behaved. This type of behavior we have
also encountered in PV&e;0O, composie systemsas described in chapter That
system was magnetically even softer, but the Herdgbkdey fits started to deteriorate

with lower field values, since the curves started drooping at higher fields and shear rates
[71].

To appreciate the magnetontribution, we tried to fit the data to the model proposed by
Ginderet al [49]. Since the rheological fits were not satisfactory with HersBhugkley

model, we used thereviously describedinear Bingham plastic mode't t

-+ where(t , dandl represent shear stress, dynamic yield stress, viscosity and shear
rate, respectively. Obviously the fitting has to be done only at the higher end of the graph
(since it cannot account for the initial rise), and the limits tonfittpoints are more
subjective than objective. However, doing that as carefully anthBisised as possible,

we arriveat the following values of the paramet--, given in Tablet-3 below:

Table4-3yi el d s/sloftleewmsysterr(s,@rom Binghammodel.

Magnetic field Yield stress,W y |
(Teslg Na-citrate FessCous PEG-acetate FgsCous

0.00 9.96 6.70

0.18 181.17 47.43
0.36 391.39 69.86
0.67 462.06 92.52
0.93 517.07 114.36
1.20 764.63 228.24

Now, thereare three regions or t h e Gi, whareimthet wildehave aga)
t © % G at very low applied field is particle volume fraction anc® is
permeability of free spacet* pi(Cfa), (b)t cd % O 7C7 at an

intermediate field range i.e. field is lower than is required to saturate magnetidaiby (




saturation magnetization) and 8t Y% O at sufficiently high field strength

when particles saturate magnetigallhe result of our fittings is shown kig. 4.1Q The
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Figure4.10f i tting of Ginderdés model to the

parabolic fits are found to be better in case of RiE€tate particles, one possible reason

is that these have spherical morpholdgthe shape that was used in constructing the
Ginder 6s model . H olowdieldevalues map not be badl (there dreitdos a't
few data points to rigorously justify the merits of the fit), the uprises at the higher end
show that the systems had entered a different field induced regime. Since we know from
the law of approach to sattin that the systems were not saturated even af,ltl2e
uppermost field available in the rheometer, we tried to fit for the intermediate region.
However, in neither case the fits produced a ¢t ~#nd so we abandoned the procedure
any further. Theeasons of the failure may be that there are other effégtsupd forces,
besides the magnetostatic forces, that come into play in the present Shisézefore,

Gi nder 6 s d e sqeadratip dependenceocf yiekl sti@ssmagnetic field in the
MRFs containing particles with complex surface properties with geometries other than
spheress insufficient tofollow the observed changes.

4.2.4.3 Sedimentation stability of MR fluids

Stabilities of the MR fluids against sedimentation, in the absence of exteagmetic

field, are plotted in Fig. 4.11The ®dimentation ratios of the MRFs were measured by




placing the fluids in a graduated cylinder and using the releY — wherex andy

denotes the vertical length of supernatant and turbid layer, tesgheclhe curves seem

to follow an exponential decay law, i.:¥* Q| off wheret is the time constant. In
case of the citr at ehrsamdantthe dthepcaddist2i7lord ®Ice t h e
the plot is of the length of the cldawer, this means that the citrate particles settled down
quicker. This was also expected, for the apparent density of the citrated particles is 5.8
glent, which is greater than that of the other atgldh?. It is interesting to note that the

whole 40hrs worth of data would still fit much better than a power law that would have
dominated the long time relaxation, this is probably due to rather narrow dispersion in

size of our particles.

Sedimentation ratio, R

Time of observation (hr)

Figure 4.11Sedimenttion ratio,Rvs. time dependence of®1% MR fluids based on
Na-citrate stabilized FeCo particles (square) andabletate/PEG encapsulated FeCo
(spheré particlesRed lines are from fitting equation (exponential decay).

4.3 Conclusion

In this chapter, we discusséle structure and morphology of &€045 microparticles

with different shapg size and magnetic properties. The materials were synthesized by
novel ultrasonieassisted borohydride reducticst room temperature. The extedde

growth steps in presence of ldarate, Naacetate and PEG ensured larger particles with




cubic and spherical geometries. The struetheology correlation was investigated in

the MR fluids containing the microparticles. Individual fitting parameterklenschel
Bulkley model were not followingegulartrends The interparticle interactionwas
affected due to shape, size, magnetization and surface morphology of constituent
particles. TheGi n d e r ossibquadratic dependence of yield stress on magfietd

was also insufficient to explain the trend due to complex interaction among the particles
of varied shapes and sizes. Finally, RE€&Co based MRF showed enhanced stability
from settling as polymer encapsulation reduced the bulk density of the same




Chapter 5

NiCo nanoflowers and nanoplateletsstructure, morphology
and rheology

In this chapter, we discusdthe structure and morphologies loferarchical flowerlike
particles and monodisperse NiCo nanoplatelesynthesized byboth polyol and
hydrothermal reductionsThe growth mechanisms of nanoflower and platétet
nanoparticles from precursoravere described with reference to the SEM and TEM
analysis. We further studied the dependence of composition of individual metal
components, basigitof reacting media, effect of polymer and surfactants on to the
structure, surface and magnetic properties of thacstructures. Furthermore, in order

to emphasize a shapkeology correlation, ragnetorheological studiesere performed
with suspensionscontaining NiCo nanoflowers and nanoplatelets. The effect of
nanoparticle substitution in MR fluidsvere studied in ferrofluicbased MR fluid
containing NiCo nanoflowers.

5.1 Introduction

The NiCo binary alloy is an important member of transition metalyslidue to its
diverse potential applications in microwave absorption, magnetic resonance imaging
contrast agents, magnetic recording devices, magpics, ferrofluids and
magnetorheological (MR) suspensions etc.-TBB The diverse application range$
NiCo-based nanoand microparticles originate in their wide ranging catalytic and soft
magnetic properties, in addition to their enhanced mechanical propertiesredrtpp&o

and Ni. The NiCo nargmarticles when encapsulated with polymer will ensure ecdt
sedimentation stability of the MR fluids. This is another very desirable property.
Additionally, NiCo nane and microparticles can be synthesized by various wet chemical
reduction methods and accordingly, magnetic and surface properties can belrtuned.
addition to single domain nanoparticles, a wide range of structure and magnetically

anisotropic microparticles of NiCo alloy system can be synthesized by polyol and




hydrothermal reduction methods. This includes hierarchical flowers and microclusters,
microspheres, nanoplatelets, nanorod and microfibers ef¢dJ/6

Hierarchical ferromagnetic microparticles of NiCo have often been regarded as an
important class of functional materials due to their enhanced surface properties and
varied range of architaeate, in comparison to their single domain, discrete counterparts
[79,80]. Hierarchical structures originate from the-seffanization of nanoscale building
blocks through various chemical or physical interactions [81]. However, the prediction of
the final structures from selissembly of low dimensional nanoscale building blocks is
still not possible and it depends on number of parameters, e.g. concentration of metal ions
in precursor, types of surfactants/polymer and reducing agents etc [82000synhesis

of hierarchical nanostructures in presence of organic surfactants and polymer is one of
most welldocumented method that effectively combines the nanometric building blocks
to the formation of hierarchic structures with desired architecture [83hidnmethod,
polymer or surfactant control anisotropic growth of nanomaterials by chemically
absorbing onto the facets of growupg nuc
approaches to synthesize hierarchical nanostructures utilizes liquid polyol a®lvetit

and reducing agent [84,85]. In the past two decades, there has been significant number of
researches on polyol syntheses of functionalized magnetic nanomaterials with variable
morphologies. In addition to study the effect of hierarchieadoflowe particles on MR
properties, we have also investigated the strugnhagnetorheology correlation for the
hexagonal NiCo plateldtased MR fluids. The monodisperse hexagonal nanoplatelets of
NiCo alloy can be synthesized by hydrazmediated hydrothermaéduction at elevated
temperature.

In this chapter, we discussed the morphology and growth mechanisms of hierarchical
NiCo nangarticles (nanoflowers) and monodisperse NiCo nanoplatelets. The structure
dynamics correlation studies in MR fluids containing the floparticles and
nanoplatelets were demonstrated in transient and oscillatory magnetorheological
measurements under vaws conditions, e.g. magnetic field, particle volume fraction,

ferrofluids as carrier liquids etc.

5.2 Structure and morphology of particles




5.2.1 SEM and TEM studies

5.2.1.1 NiCoy.« flower-like microparticles

The morphologies of asrepared NiCo flowelike nancstructures in presence of
Jeffamin&, CTAB and PAA are shown with lomagnification FESEM images shown

in Fig. 5.1. The structural evolution of reklkee nangarticlesfor NiCo-Jeffamine was
studied by malyzing particles in FESEM at various time intervdlging preparation
(Fig. 5.2). Atthe early stage of reaction, the sample vgasoothsphericalwith about

X T 0 mm in size. As the reflux time was increased to 90 minutes, tiny ridges of
nanosheets wem@served on the surface as if the sheets were curved out of surface. The
size of particle at this time increased t@ v mm At final stage after 3 hours of reaction,
nanosheets grew larger to form rdige nanostructures &f x T mmin size. The typical
thickness of nanosheets was aboutnB®and the sheets were connected to each other
through the core. The overall yield of NiQeffamine nanoflowers was calculated to be
as high as 86%. TEM image afsingle nanoflower, shown in Fi§.3, further revealed
thatthe lattice spacingvas0.205nm, corresponding to (111) plane of cubicd NiCo

alloy crystals [®]. Selected area diffraction (SAED) pattern for the markegion

indicated polycrystallinity in sample.
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Figure 5.1 Flowerlike hierarchic nanostructures obtained in Ipr@panediol using amphiphilic
polymer Jeffamine (A), pohacrylic acid, PAA (B) and surfactant CTAB (@orresponding istogram
size distributions of particles are shown at right.



Figure 5.2 FESEM images of JeffamiridiCo nanoflower intermediates during refluxing after
different reaction times: (A) 30 min, (B) 90 min, and (C) 180.min

EDAX analysis confirmed the compositions for all samples and it was shown that final
compositions varied only slightly from initial molar composition of respective metal
salts.

Figure 5.3 TEM micrograph and AED of AliCo hiérarchicflower
(A-D in order of increased magnification).
5.2.1.2 NiCo nanoplatelets
Morphology, average size and composition of NiCo hexagonal nanedatelere
confirmed by FESEM and TEM analyses. Fig. 5.4 (A & B) illustrates the low and high
magnification FESEM images along with particle size distribution histogram. The mean
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inset) EDX spectra of the sample confirming the 1:1 composition.
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Figure 5.5 (A, B) Low and high magnification TEM images of NiCo nanoplatel@3 cross section
of individual nanoplatelet with aspect ratio of 14, (D, E) HRTEM of selected spots with schema
growth direcion, and (F) selected area diffraction pattern (SAED) of nanoplatelets.

radius and thickness of nanoplatelets are measured assumimgyiogl distribution and
found to be 202imand 14.3nm, respectively. It is evident that the distribution is nearly
monodisperse with distinguished hexagonal shape of platdleesEDAX spectra in Fig.
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5.4C shared that the nanoplatelets attained compositional homogeneity with nearly 1:1 Ni
and Co atomic rat. Similar structural characters were also reflected in the TEM images
of Fig. 5.5 in which individual nanoplatelets were viewed both front and sidewise. The
typical aspect ratiorg) of plates was found to be 14. The more detailed structural features
were extracted from HRTEM and SAED anasyéFig. 5.5D, E, and F). The HRTEM of
selected area at the top of a single particle indicated a lattice with spacing oin®.22
which was in good agreement with typical lattice spacing of (111) planesfecanystal

[87]. The schematic of epitaxial growth of nanoplatelets are shown in Fig. 5.5D. For an
fcc crystal it is known that favored growth direction is along (111) planes in order to
minimize the anisotropic energy. Considering thfol@ rotational symmetrypf SAED
pattern, it can be concluded that the hexagonal faces of platelet are represented by (111)
planes. From SAED (Fig. 5.5F), three sets of diffraction spots were isolated: the inner
spot with lattice spacing 0.2#nrepreserdgdthe (111) plane whersahe outespot with
d-spacing of 0.14mwas typical of (220) characteristic foc NiCo. Therefore, HRTEM

and SAED justifie that the top and bottom faces of hexaga@ne bound by (111) planes

and the six edges (side face) by (111) and (100) planesiéetaged growth mechanism

is discussed in the proceeding sectidh3®.

5.2.2 Xray diffraction studies of NiCo nanoflowers and nanoplatelets

The crystaktructures and phases of the resulpagicles were determined by powder x

ray diffraction as shown in Figh.6(A) and Fig.5.6B). The diffraction data of NiGo
Jeffaminenans t r uct ur es ( r & to §F) fogvarious ENA]: [2odT] ratios 3 5
are showninFigb.6B) . The f eat g446d51.6 and K7s7 repreéserdd d
facecentred cubic structure for NiCo nanostructures with significant presence of hcp
phases in Gaoich alloys. All the peaks related foc and hcp were indexed and tke
matched well withfcc Ni (JCPDS 180806) andCo (JCPDS 041260). However,
presence othcp phase(corresponding to {100}, {101}throughout the composition
rangeswas noted and it became prominent for -Gch content as G@Niy alloy
crystallize in a mixedcc andhcp phases. The (111) and (200) kbeatensity ratios for
alloys were calculated. It was seen that the ratio was increased -fichNalloys.

However, only NiCeCTAB nanoflowerswere crystallized exclusively ifficc phases as




shown in Fig.5.6(A). The intensity ratio of NiCo (111) peak ri?le to (200) peak was
found to be 3.7 for NiG&TAB, which was larger than that predicted for polycrystalline
fcc NiCo (2.44) B288,89). It was observed that @ach alloys crystallizd in
predominantlyhcp structures despite the presence of Ni which ggeected to favofcc
phase. Surface roughness of predominahtp CogNiig and Ca@gNisy resulted from
extended growth step by coalescence of primary nanoparticles okab@dhmin size.

It was previously shown thapherical shapeldcp CogoNiy exhibited a high probability
of stacking faults&8].
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Figure 5.6 (A) x-ray diffraction of NiCenanoflowers (Ni: Co®* = 1:1) in presence PAA, Jeffamine ar
CTAB, (B) XRD patterns of asynthesized nanostructures with increasingdiitents in alloysobtained by
the reaction of Jeffamine in 1;@opyleneglycol/KOH. The dashed lines mark greminentpeaks of bulk
1:1 alloy.

Fig.5.7 shows the powder -ray diffractogram of theraw NisgCoso nanoplatelets

synthesisproduct. It has to be noted that the phases were assigned in combination with

TEM-EDAX determined compositions on individual nataiplets as described in the

previous section. These analyses showed that the elemental composition and crystal

structure was in good agreement with that -@&x diffraction pattern. In Figs.7, three
sharp XRD peaks were observed at 34451.5 and 774°, corresponding to the (111),

(200) and (220) planes, respectively. The appearance of these peaks in the XRD pattern

indicated the existence of a face centered cudba} ¢rystal phase in the product. Unlike
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Figure 5.7 x-ray diffraction of NiCenanoplatelets (Ni: Co** = 1:1). The major peaks corresponddo
structure.

the previous NiCo alloys, XRD pattern of 1:1 NiCo nanoplatelets has shown no other
detectable peaks, especially for those caused by either impurities such as £0ofOH)
Ni(OH), or due to presence of unreacted Co or Ni. This suggests that the reduction
reaction in our solvothermal route was completed.

5.2.3 Evolution of particles: growth mebanism

5.2.3.1 NiCo hierarchicahanostructures

It has been known that the precipitation of a solid from solution proceeds in three distinct
stages: 1. Nucleation, 2. Evoloi of nuclei into seeds and 3rd@th of seedsnto
nanostructured materialspP In presence of high [OHin precursor, free Nf and C&*

ion concentration decreased rapidly due to the formation of corresponding metal
hydroxyglycohtes [84].This has reduced effective reduction potentials of' @ad Nf*
saltsto as low as-0.74V ad -0.73V at the given comntrationof [OHT] in reaction
system, compared to theiginal redox potential values of €#Co =-0.29V and Ni*/Ni
=-0.25V, respectivelyd2,91]. Therefore, Ni and Gtydroxyglycolate intermediates can
now be simultaneouslgo-reduced to the respective metal atoms to forr@d\Ninuclei.

The nucleation step waexpected to followhe model proposed by LaMer and coworkers
[52]. The growth mechanism of final rotke nanoflowerwas illustrated schematically

in Fig. 5.8 Due to r@id decomposition of precursor, concentrations of metal atoms

reacled a supersaturation level and atoms of Co and Ni randomly oriented to form NiCo




nuclei via a selaggregation (homogeneous nucleation) as long as therenw external

seed nuclei. Howevgeformation of welldefined structuree. seed from clusters of nuclei
indicated a critical point of growth beyond whiddtructural fluctuation became
energetically unfasrable. Formation of seeds markede start of final step of
nanostructure synthesiSeeds can have either single crystal, sitgipned or multiply
twinned structures, antheir formation depends on various factors. After formation of
seed, diffusion of newlformed metal atoms establishaedlynamic equilibrium between
growth and disdation. Diffused atoms on the surface of seed rdowuatil they found
favored direct i @nFinally seéds awdrd drodvn tp foamnspherical
nanoparticles in presence of free polymer molecules. Hydrophilic parts of triblock
copolymer prefererdily adsorbed on nanoparticle surface to form uniform nanospheres
as shown in Fig5.2A [92]. This served as a template for the growth of nanosheets
around these spherical particleAs the reaction time increasedecomposition of
precursor slowed dowdue to Oswald ripening and a consecutive second phase of seed
generation took place via a kinetically controlled process. It was found that as soon as the
solution attained supersaturation, formation of nuclei and seed took place through random
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Figure 5.8 The growth mechanism of hierarchical flowie JeffamineNiCo structures.

hexagonal close packinghtp) with substantial stacking fault®3]. These stacking
faults could leada platelike seed formation with exposed (111) facets at the edges (Fig.




5.3). In spite of the minimization of surface free energy due to formation of extended
(111) facets, surface area of the plite seeds is considered to be very high and its
formation can only be ascertained by kinetically controlled situation, as was the case
here. The seeds then grew spontaneously onto the surface of nanosphete2B(-igs

the reaction time increased further, more and more 2D shygets following a
dissolution and growth equilibrium established on the nanospheres. As a result, size of
spherical 6corebd6 decreased. The final nan
obtained after refluxing the precursor for 3 hrs. However, it can be notedatia¢ and
conentration of polymeic materials and surfactantschoice of polyol media,
concentration of KOH in reacting medaad appropriate molar ratios of Bind Co-salts

in precursor are equally significant in determining fimal morphology of nanoflower
andare discussed below.

Structural evolution of hierahical nanomaterials from seedssadriven by introduction

of selective capping agents. In our experiment, two polymeric materials with amphiphilic
and hydrophilic properties (namely Jeffamine -600 and RA) and one surfactant
(CTAB) were used as capping agents for NiCo nanoflower synthesis. Role of surfactant
and polymeric capping agents were extremely important in terms of overall morphology,
size and surface properties. Preferential binding affinifieésese capping agents towards

a particular facet provide a mesto control relative surface areas of other facets.

Figure 5.9 FESEM imaés of NiGdeffamine nanostructures synthesized in (A) ethylene glycol
(EG) and (B) tetraethylene glycol (TEG).

Roselike nanoflowers containing nanosheetso(tnm thickness) attached tihe core

were obtainedfor Jeffamine, whereas nanoflowers with dld& subunits were found




when PAA and CTABwere used as capping agents. Highly selective nature of
nanoflower synthesis in presence of amphiphilic block copolymer arises from unique
affinity of its amine N or ether O towards metal ions. Although the detailed mechanism
of growth is unknown, it is believetthat block copolymer helps in directing anisotropic
growth towards the preferential pl ane or
seen that the preferential growth direction for nanosheets of Jeftiamseel NiCo flower

was along (111) plane. For PAgapped NiCo, selective binding of carboxyl O to metal
centers provide a basis for ordered growth of nanorod and subsequent assembly of
nanorod subunits to form uniform nanoflowers of different morphologies. For ETAB
mediated growth of NiCo nanoflower, iliing blocks are found to be a mixture of
nanoplates* t tmm thickness) and pointed nanorods growing outwards. It has been
known that" O ions from CTAB act as smaller ionic capping agent and selectively
adsorbed to (100) planes of metal ato8#.[Since (100) facets are now blocked"byD

metal atoms are added preferentially to exposed (111) facets. This is further confirmed by
large (111) to (200)-xay diffraction peak intensity ratio for NiIGGTAB as basal plane

of growth is (111) facet. Thehoice of polymer/surfactant is also known to affect the
overall size distribution of nanoflower, as is shown in Fagl Average size of
nanoflowers  follows the order: NiCo-Jeffamine X x mmmm) NiCo-PAA

¢ o omm) NiCo-CTAB ¢ ¢ 1 mm).

It was also found thahe average size and morphology were significantly affected by the
polyol used. When PrG was substituted by ethylene glycol (EG) or TEG, shape and size
of nanostructures altered completely. In EG, no flowers like aggregates were formed,;
instead, spheri¢tamonodisperse nanometric units of Nideffamine with an average
diameter of 11 UM were obtained (Fig5.9A). For TEG, nanoflowers with average
diameter of 350hm wereobtainal (Fig.5.9B). For the later, nanorelike subunits with
average length of 40hm assembled sidby-side to form flower microstructures.
Therefore, particle size decreases in the order: BB & TEG under reflux, in reverse
order of the increasing boiling points of polyols. This terationalized in terms of
reflux temperature (boitig point of polyol) with respect to polyol85]. Slower reduction

rate for NiCo nanomaterials in the order EE¥G TEG proved to affect overall particle




size distribution. Effect of viscosity of polyol in reduction rate (which suggests the
opposite trendsrate of diffusion of NiCo nuclevashindered by increasing viscosity of
polyol) may beswampedoy increasing reaction temperatures, thus facilitataster rate

and smallecrystallitesize.The morphologies and sizes of NiCo nanostructures were also
affected by the molar ratio of Rii and C&"* in the initial reaction mixtureswith
changing [N#] in precursor, particle morphologies changed dramatically. When total
molar concentration of metals in solution and temperature remained unaltered, increased
mole ratio of Nf* facilitated the formation of flowelike nanostructures. For the
syntheses, PrG was used as soheemirreducing agent and reaction time was kept
constant at 3irs. Fig. 5.10 showed FESEM images of Ni@anastructures with variable
Ni-contents.

9% F

Figure 5.10 FESEM imags of NiCo n;ndparticles obtained with the initial molar ratios of
Ni(ll) and Co(ll) salts of (A) 0:100, (B) 20:80, (C) 40:60, (D) 60:40, (E) 80:20 and (F) 100:0,
respectively.

Roselike nanoflowers with 2D nanosheets predominantly form for compositions
between NjsCos7 and NpCoig. For pure Co (Fig. 5.10F), spherical nanoparticles with
smooth surfaces were obtained instead of assembledusésicFor pure Ni (Fig. 5.10A),
however, dendrites containing fibtike subunits were formed. Therefore, shape of NiCo
nanostructures with changing compositions varied widely fromidki nanoflowers to

Corich aggregated, uniform nanospheres (Fig. 5.1@m 5.10E). Initial molar




compositions along with final compositions and shapes-presared NiCo are shown in
Table 51.

The reflux reaction in PrG containing Jeffaminepresence of 1:1 Gband Nf* was
repeated under different KOH concentration precursor andesulting nanostructures
obtained ee shown in Figs.11 It is evident from the FESEM images that the shape
morphology of NiCo nanoflowers was strongly affected by basicity of the reacting media.
At lowest concentration of KOH (0.2M), al nanoparticles appeared to have smooth
spherical surface (Fig5.11A), while at higher concentrationssurface roughness

increased significantly.

Table 5-1 composition, shape and size of Ni@lboyed micratructures of differentetal ratios

. Mean
Composition . N )
_ Final Composition  diameter Nanostructure shape
(NixCoy.x) taken
(nm)
_ _ Sphere with rough surface
N|20C080 N|23C077 750
NisgCoso NisCosg 700 Hierarchic sphere
_ . Hierarchic flower with D
NiseC0s0 Ni51C0ug 700
nanosheets
_ _ Hierarchic flower with nanorod
*Ni 500050 NI51CO49 330
) _ Hierarchic flower with nanorod
DN ICosp NiszCour 240
and plate
_ . Hierarchic flower with 2D
NigoC0ug Nig:C0s7 750
nanosheets
_ _ Hierarchic flower with 2D
ngoCOzo N|82C018 800
nanosheets
DNanof | oGFAB wi t h *Nanoflower with PAA

As the concentration of KOH increased to 0.6M, agglomerated nanostructuresgsize
nm) containing tiny nanoparticles were formed (Fsgl1C). At lower corcentration of
KOH, insufficient [OH] allowed release ofmore free metalions in solution and

consequently, reduction rate was higher. In this case, smooth spherical nanoparticles with




smaller size were obtained. As KOH concentration was increased to(Big\b.11D),
growth rate was lowered significantly due to absence of free metal ions. Therefore,
hierarchi@l nanoflowers composeof 2D-nanoplate subunits with preferrgdowth of
exposed (111) facets were obtainkitgher deviations in Co and Niompositions were

also recorded for NiCo alloys prepared in presence of lowef] [[@Hrecursor. A better
match between initial molar concentrations of metals and -symrihesized alloys was
found for samples prepared under high molar eatrationsof KOH. Experimentally
observed compositions froenergy dispersive-ray (EDAX) studies of alloyed samples

were tabulated in Tab 1, against initial molar conc. of metalkhis can be attributed

concentrations of KOH in PrG: (A) 0.2M, (B) 0.4M, (C) 0.6M, and (D) 0.8M.

to greater tendency of metals to underglioy formation in highly basic media.
According to Rafique et al. [82], at lower KOH concentation, Ni?* was reduced

considerably faster than &oand only a few C8 could take part in coprecipitation of
alloy. The remaining Cd got reduced to metallic cobaldp) and was separated after

washing. As KOH conc. was increased, more metdts formed hydroxyglycolate




intermediates. As a result, effective reduction potentials of metals became closer and
higher number of metal ionedk part in coreduction.
5.2.3.2 NiCo nanoplatelets
On the basis of the reaction in the precursor solution at high temperature in aqueous
medium a possible growth mechanism for the formation of hexagonal CoNi
nanoplatelets is described in this sectione Tétrmation mechanism of metal alloy nano
and microstructures have been discussed in previous section. In the first step, dissolution
of metal salts in precursor, i.e. €aand Nf* ions dissolved in water in presence of
surfactant CTAB to form colored agous solution. After hydrazineydrate(NoH4-H,0)
was added into the solution, the aqueous complexesedetrtform the complexes of
[Co(N2H4)3]%* and [Ni(N:H4)3)?* and the solution turnemirbid. The process is expressed
by the following equationd6,97]:
0 €00 00 @ O
0¢0 0O 0"® O p QO0L

In the next step, the hydrazisemplexes of respective metals reacted with excess free
hydrazine in the solution at higher temperature to get reduced to individual metal ions
The reduction of metal salts into free metal atoms initiated the formation of alloyed
nuclei. The reduction can be expressed in terms of following equation:

0€¢0 0 00 0¢€¢ THOY O W OW O

0'® O 0600 0® tooOn (¥ On ¢O
Individual metal atoms thus formed coaleste generateNiCo alloy nuclei. Following
homogeneous nucleation, seed formation and Oswald ripefiiraj, nanostructured
materials wee grown. It has been previously stated that seed formation can effective
determine the final morphology of nanomateyialhe role of surfactant CTAB wa

extremely crucial in the directed growth of nanocrystals. The preferential attachment of
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Figure 5.12 HRTEM color mapping images of Co, Ni and NiCo in an isolated dexal
nanoplatelet. The EELS spectra further confirmed the composition of €Ni&B. The O comes
from CTAB molecules.

CTAB molecule on exposed (111) planes/grise toslow growth and ledo the area
enlargement of the1(@1) facets, and finally formedhe NiCo alloy hexagonal
nanoplateletswith exposed (111)crystal facets.The composition of NiCo alloy
nanoplatelets were further investigated in THedMor mapping and EELS spectra (Fig.
5.12).

The color mapping for Co and Ni components in a single hexagonal nanoplate revealed
the almost uniform distribution of metals, with Gbghtly more abundant at the core.
Furthermore, the EELS spectra of NiCo alloy have shown that the composition of metals
in the nanoplatelets was nearly equimolar.

5.2.4 Magnetic characterization

Magnetic hysteresis (NH) loops of NiCoflower-like sampes were measured at room
temperature (300) and the data are presented in Bgd.3A and tabulated in Tablg-2.

While comparing the effect of different polymers and surfactantth@n magnetic
properties of 50:50 alloys, we foumdarkedvariations withthese asynthesized irthe
presence of Jeffaine, PAA and CTAB. For examplghile the bulk véue of saturation




magnetization(0 ) is 111.5emu/g[85], the NiCoJeffamine nanitower has the
highestM;s value of 108.@mu/gfollowed by others. This is among the highest values so
far reported withl:1 nanoflower compositiorHowever, PAANiICo nanoflowes (mean
diameter 330nm) yielded much lower saturation magnetization compared to that of
Jeffamine and CTAB. The reason fbetspread in values ®s maybe attributed to the
presence of magnetically dead layers (MD2J][ whose thickness can be estimateadhriro
the following equationd9]:
0 0 p — (5.1)
whered is the bulk saturation magnetization of 1:1 NiCo alldys the diameter of
the particle and is MDL thickness. The existence of MDL on surface might be caused
by several factors, including gace spin cantingl00] or loss of long range order in
surface layers10l]. Putting in the values of other parameters in equatdl),(we get
val udabs foofr 6t he t hree cases. 't i sMsvaloeser est i
resultedin ar ge di t6f e mecrc@aes eisn od CTAB a-tintes PAA, wt
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Figure 5.13 (A) Room temperature magnetic hysteresis loops of NiCo fldikernanostructures in
presence of Jeffamine, CTAB and PAA. time inset, zoomed in portions to shaweercivity and
remanence (B) M vs. H loops of )io,, hanostructures (x = 0.2, 0.4, 0.5, 0.6, 0.8) containin
Jeffamine at room temperature. In the inset, coercivity (top left) and remanence (bottom right) pl
as a function of atomic percentage @) of Ni in the NiCo allog.

Table 5-2 Magnetic parameters of Ni€#effamine nanostructures of different compositions.




Alloy Ms(emu/g H.(OCg M, (emu/g Dead layer Anisotropy

thickness, t constant, K;

(nm) (erg.cm®)
Ni20C0so 138.5 129.8 11.0 - -
Ni40C0s0 115.8 81.7 154 - -
NisoC0so 108.6 78.4 14.3 3.0 4.3<10°
*Ni 50C0s0 89.6 160.8 9.4 10.8 7.2¢10°
Di¥i50C0s0 104.5 162.7 8.6 2.5 8.5¢10°
NigoC0so 87.3 177.3 12.5 - -
NigoCpg 71.7 2290 16.8 - -

DNanofl ower swifadtamt CT AB aNanoflower with PAA as polymeric capping agent
the size difference, the CTAB and Jeffamine coated samples yielded similar values.

These allpoint to the effect of MDL which obviously had a significant effect on the
magnetic properties of the samples. Another interesting feature was found in the
coercivity values. The lowest value was recorded for Nl€famine whereas almost
similar values \ere observed for NiIGBAA and NiCeCTAB. This probably asefrom

more rounded shape of the former. Couplingwith the coercivity H¢) values, we can
estimate the anisotropy enerds) from the following equation20,98],

0 — (52)

Correctiors due to demagnetizing factare neglected here. The reasons are-tfirst is

that the samples are collections of randomly oriented roughly spherical particles and as
importantly, two is thatwe do not know yet the different demagnetization factdfsh

these limitationsK; valuesas estimated from equati@®2 are given in Tabl&-2. It is
interesting to note tha€; comes highest for the sample Wit AB which is smallesin

size thanothersandis quite rough in surface also. The sanspith biggersizes and
smoother surfaceexpectedly havéower K; values.The magnetic hysteresis loops of
NixCoy.x -Jeffaminenanostructures with different Ni/Co molar ratios are shown in Fig.
5.13B With increasing Co content, saturation magnetizatidvis) ( increased
monotonously as expected. Highb&tvalue of 138.%emu/gis found for NgsCor7 and is

comparable to the bulk value (14lemu/g. However, H values first decreased and




obtained the lowest coercivity at NCos9 and then increased when atortcof Ni in
NiCo alloy was increased. Highest coercivity of 228 was reported for N)Cois. The
trend in coercivity values can also be explained in terms of incrédispbportions in
these alloys

The measurements of magnetization versus applied madje&t for NiCo nanoplatelets

are plotted in Fig. 5.14. The saturation magnetizgfid), remanenc@V,) and
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Figure 5.14 M vs. H loops of NiCo nanoplatelets at room temperature. Indhéset, coercivity
and remanence are highlighted

coercivity (Hc) were measured to be 12&8wu/g 8.4emu/gand 57.20¢, respectively. It
was observed that magnetic saturation value for NiCo platelets were slightly higher than
nanoflowerswith same compositions. This was related to the shapsoteopy of

magnetic materials.

5.3 Magnetorheological studies
5.3.1 NiCo-flower based MR fluids: role of ferrofluid in MR effect




For magnetorheological measurements, two 5 vol% MR fluid samples (MRF1 and
MRF2) were prepared by dispersing exact amount of NiCo nanoflowers (dengifiz@.6
compared to bulk density 8.9§)cg in silicone oil (viscosity 30nPa.sat 25 °C) and
agueous F©,-based ferrofluid, respectively (Cat. No. MSGWO07, viscositg TmPa.s

with average particle diametet 10 nm and from Ferroté¢ Corp., Japan).
Magnetorheological studies were performed for MR fluids using Anton Paar Physica
MCR 301 Rheomet&with paralel plate geometry (plate gaprim) at 25°C. Steady

state MR rheograms (shear stress versus shear rate) were shown in Fig. 5.15.
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Figure 5.15 steady state magnetorheological results for FURNiICo nanoflower dispersed i
silicone oil, closed symboland MR=2 (NiCo nanoflower dispersed in ferrofluid, open symt
under different magnetic fields.

The rheological behavior shows that the ferrofluid based system has a higher yield stress
between the two. Since the behavior is evidently non linear, we tried tdefgchel
Bulkley fluid model to describe it,t t @ where the parameters were already

described. Table-3 gives the fitting parameters:

Table 5-3 HerschelBulkley fitting parameters for MRL and MRF2 under different fields

Samples Field (T) W (Pa) (Pa.sed) n




0.00 6.52 0.027 1.20

MR1 0.36 18.70 3.19 0.581
0.67 52.60 4.09 0.584
0.00 301.69 1.080 0.734
MR2 0.36 350.84 13.48 0.453
0.67 552.8 14.97 0.431

The examination of the table shows that overall the behaviors were regular and consistent
with the prediction discussed previously. We see that there is a trend of enhancing the
yield stressestf) and consistenciest) as the fieldwas increased, the system became
more shear thinnedt (< 1). This reflects the fact that the systems were quite affected by
the field, and the lower values of coupled with higher values of andk imply that the
ferrofluid based system was affected more strongly. Therefore, magnetorheological (MR)
studies of samples containing nanoflowers in silicone oil and ferrofluid indicated stronger
MR properties for the later due to stronger microstructure formation under appléed fie
as nanopatrticles from ferrofluid interacted strongly with nanoflesueface.

5.3.2 Magnetorheology in NiCo nanoplateletbased suspensions

5.3.2.1 Oscillatory magnetorheology: Straimduced thickening in loss modulus3 NjNj

For magnetorheological studies undscillatory mode, three different MR suspensions
(namely M1, M2, M3) containing 5 vol%, 8 vol% and 12 vol% of NiCo nanoplatelets
were prepared. The appropriate amounts of NiCo powder were dispersed into castor oll
following mechanical stirring and ultraszation. Fig. 5.16 shows the strain amplitugg (
dependence of storag&Pand loss modulus@jMieasured at a constant frequency of 10

Hz for suspensions containing 5 vol%, 8 vol% and 12 vol% under three different
magnetic field strength€.24T, 0.4T, 0.6T. The trend is expected and in coordination
with the existing explanation commonly associated to viscoelastic behavior of MR
suspensions under oscillatory shear. Both moduli exhibited constant initial values of
storage and loss energy,nsmonly denoted a§, andG,, respectively until the critical

strain amplitude}.) was reached. This constant region is defined as linear viscoelastic

regime (LVR). Beyond this critical strain, the storage modulus decreased gradually as a




function of strain and loss modulus showed a hump or maxima correspond to strain
hardening pointexpressed as, . till both the moduli intersected at cresser point.

This point signifies that the system started flowing @¢dljercamé@eln the LVR
region, the suspension behavior was strongly influenced by particle volaatieris and
magnetic field strengths. Sample with lowgs{M1) exhibited maximum value ¢f

followed by M2 and M3. The linear region @\Npjcreased as the volume fraction was

increased.
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Figure 5.16 Storage modulus@jandloss modulus"Mjif constant frequency of Hz plotted as a
function of shear strain amplitude)(for different magnetic fields and suspension vol%.

Previous studies demonstrated a polaes dependence 66 and 0"Walues with volume
fractions. This relationship can be explained in terms of cohesive energy density that is
associated with work done to break the figlduced aggregatesQ2],

0 tQr o@

Also, shear stresst) in LVR is expressed as "Of . Therefore, cohesive energy is

expressed as:
O Er A udo
q
Therefore, increase in cohesive energy with increasing particulate concen¥aiion
suspensions iassociatedo excluded volume interaction thatises due to the reduction

in average interparticle distance. The extended linear region for M1 (l#yvesin be

explained in terms of the ease of formation and strength ofifidleced aggregates. As




%ds smaller, tle structuration in suspension induced by magnetic field would be affected.
However, theapparentambiguity inf can be explained by the fact that the structures
formed under highéelowere more prone to be affected by strain amplitude. The extended
linear region appeared not because of systematic deformation of particle chain junction,
but ratherdue tomicroscopic movements and minor twisting within the chain network.
For higher%. 0 o , the arrested chain networks preestithe microscopic movement$ o
percolated aggregates, making them more prone to external strain than that in the case for
suspensions with lowééo.

For loss moduls, strain hardening correspondeda maximum in the stressrain curve

andis typical of all the samples investigated. Howevergsected, the strainardening

was most prominent in case of contated suspensions. The reasors ilactuation in
interparticle distance induced by increased particle concentratioziudexi volune
interaction forcedthe particlesto align and therefore, enhancélde magnetostatic
interaction. For higher% both short range interaction and strong magnetostatic force
arising from fieldinduced structural aggregatesre coupled to exhibit significa strain
hardening inONjNjeyond the LVR, gaspanning aggregates formed at equilibrium
started to disintegrate into domains of anisotropic clusters under oscillatory shear. As the
systems reach yield point, flow wanitiated following the crossver grain ( ). Finally

for much higher strain ( ¢ ), a second maximum waappeared corresponding to
minor aggregates in the sheared volume. The shdaced densification of aggregates
forced them to realign, giving rise tihe second maximum. Abov®  “"@eminor
aggregatewvere completely lost and systems fledindefinitely.

5.4 Conclusion

In this chapter, we investigated the structure and morphologfy NiCo alloyed
microparticles of various shapes, sizes, composition and magnetic propefies.
fabricated hierarchical NiCo nanoflowers and Ni@anoplatelets. The bidisperse MR
fluids containing NiCo nanoflowers ferrofluidic suspensiondisplayed stronger MR
effect in steady shear rheologgis compared to monodispeseone. The stronger
microstructure formation in bidisperse fluids further reflected in higherstate

viscosity, compared to that of other fluli.he str ain dependent har




explained in terms of short range interaction and reduction of effecttegparticle

distance when fluid volume% was increased.




Chapter 6

Structure and magnetorheologyin NiCo microcluster-based
systems

In this chapter, we discusd the structure and morphologies @fo-rich hierarchical
NiCo microclustersynthesized bg novel sufactant/polymetfree polyol reduction The
structure and morphology of the NCay g microclusterwere investigatecby SEM,TEM
and Xxray diffraction analysis. Room temperature steady magneteshear studies
indicated viscoplastic behavior with strongerdependenceof static yield stresson
magnetizatiorthan a dipolar couplingthat was operational inthe dynamic yeld stress.
Magnetosweepmeasurementsat constant shear rate showed interesting viscous
relaxation at high magnetic fieldsWe also exploral dynamicelastic behaviorthrough
oscillatory magnetorheologicattudiesunder both strain sweepand frequencysweep
modes,and showd a glass transition like phenomenorabove crossoverstrain. The
temperatureénduced MR investigationsere also performedhi order to gain insight and
explore the operability of MR fluids for practical purposes.




6.1 Introduction

In this chapter, we discussed the prajesriof hierarchicaNip1Coyg microclustersThe
Corich CaygNip; alloy was selected as a preferredmposition due to its higher
saturation magnetization than the 1:1 alloy. Furthermore, in order to furthertbidy
microstructurerheology correlation in MR fluidsglusterlike morphology was chosen
which are predominantly formed in €mh NiCo alloys The samples were prepared by
novel polymer andexternalreductanifree polyol method where polyol itself acted as
solventcumreducing agent. The detailed growth mechanism of hierarchical
microstructures from precursor in polyol reduction was discussechapter 5.Two
variants of MR fluid samplesvere prepared by dispersing 15 vol% and 20 vol% of
Nip1Cpo powders in castor oilThe rheological studies were performadransient and
oscillatory magnetorheological measurements under various condiéa@nsmagnetic
field, particle volume fraction, ferrofluids as carrier liquids etc.

In this chapter, we also studied tinluences of temperature on MR effect of the fluids
containing these microlusters under steady shear rheology. We investgéte
mechanism that governs newquilibrium size distribution of internal chain structures
with increasing temperature. We also dedu®xperimental scaling parameters to
correlate magnetic field and temperatdependent shear properties. Scaling laws are
geneally used tostudythe dependence of one physical parameter to multiple variables o
factors, therefore, providmsight to the internal mechanism that governs interactions
within the MR fluids [103.

6.2 Structure and morphology of microclusters

6.2.1 SEM andTEM studies on Nig 1C0g g microclusters

The morphologies and average sizes of the microclusters and size distribution were
obtained from FESEM and low magnification TEM images and are shown i%.EA.

and 6.1B. Average size was calculated to be 4%f The surface morphology of
Nip.1Cay g can tentatively be related to the mechanism of formation. It follows two distinct
phases of nanocrystal formation: nucleation and growth. The nanoparticles in polyol can
either follow stepwise addition of metal atomsfidom seed and subsequent coalescence

of seed into nanoparticles, or primary nanoparticles aggregate to form larger-sirg@n




clusters. It was seen that in this case, the latter arrangeaukplace [,8488]. The

selected area diffraction (SAED) pa for the material indicates polycrystalline nature

of sample (Fig6.1D). The EDAX spectrum of the apreparedNip 1Cay g microcluster is

shown in Fig6.1(C). It showedhat G/Ni ratio in the microcluster vgavery close to the

initial molar ratio(1:9 for [Ni]: [Co]) of the metals salts. The spot ER analysis for

different positions across the diameter of microcluster was also perfoameéd was

found thatCoy gNip 1 maintaineccompositional homogeneity.
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Figure 6.1 (A) FESEM image ofCoy oNig 1 microclusters, average diameter of nearly spherical
microclusters was found to be 450 nm; (B, D) low resolution TEM image and selected ar
diffraction pattern (SAED), (C) EDAX of the sample confirmed the composition.

6.2.2 X-ray diffraction studies of NiCo microclusters

The crystal structures and phases of@erich NiCo micralusters were determined by

powder xray diffraction as shown in Fig.2. The featured peaks ad =

4, 8179

77.6° were assigned tfzc crystal structure while significant presenceéhop Co phases at

2 0= 42°, 44.8 and 47.8 were also reportedn hierarchical NiCo flowers,tiwas

previously observed that @ach NiCo alloys tend to crystallize in mixédc andhcp
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Figure 6.2 Powder xray diffraction peaks of asynthesized g, gNig ; microclusters. All peaks
were assigned tfzc andhcpphases.

phases[85]. However, all peaks correspang to fcc phases were indexed foc Ni
(JCPDS 150806) and Co (JCPDS amr60). CoNi alloyedmicrostructures with more
than 80 atomic% of Co exhibited higher probability of stagKault[84]. The surface of
microclusters appeared to be rough for-i@n CoNi due to extended growth step by
aggregation of primary nanoparticles units.

6.2.3 Magnetic characterization

Magnetic hysteresis at room temperature andZFC magnetizationcurves of the
microclusters are shown in Fig. 6.3. TMevs. H hysteresis loop indicated ferromagnetic
character of the sample at room temperafline saturation magnetizatiokld), remnant
magnetizationNl;) and coercive fieldH;) values were calculated be 119.%emu/g 21
emu/gand 1420e respectively. Magnetic saturation for {gNio; was lower than that of
bulk Co or CgoNiyg alloy [85]. As reported earlierMs values for nanoparticles were
considerably smaller than that of bulk alloys with sammmositions, possibly due to the
presence of passive dead layenudtal oxides on the surface [8588he ratio ofM; to

Msat room temperature was 0.17 which was considerably lower than 0.35, indicating
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Figure 6.3 Magnetization curve at T = 298K f&@agy oNig, microclusters. In the right inset, ZFC
FC magnetization curves under an applied field of 100 Oe were shown.

randomly oriented, blocking typeanoparticles 104. To confirm the magnetic state,
ZFC and FC measurements fronK7te 35K, were performed in presence of field (100
0e¢). The bilurcation between these indicatedeversibility starting fromaboveroom

temperature, due to the magic namparticles.
6.3 Magnetorheological studies

6.3.1 Nig 1C0g o microcluster-based MR fluids

The MR fluids were made by dispersing proper amounts ofric®o Nig1Cayg
microclusterpowder into castor oil (viscosity 0.8#a.sat 25°C) through mechanical
stirring andultrasonication. Two MR suspensions (MR1 and MR2) were prepared, with
dispersed phase concentrations of 20 vol% and 15 vol%, respectively. Silica nanopowder
(Merck, 2 vol% for each suspensiaith particle size ~2Gm) was also added to avoid
irreversible particle aggregation and settling. For magnetorheological measurements,
magnetic field was varied from 0 to OI6 Before any measurement, the sample was pre
sheared at 26" for about 30s. In magnetosweep experiment, field was varied from 0 to
1.1 T and back to zero under constant shear rate o&10Dynamic (oscillatory)
magnetorheological properties were probed by amplitude and frequency sweep

experiments aR5°C. In amplitude sweep, an oscillatory strain ranging from 0.01% to




100% was applied tthe sample under constant frequency oH) The measurements
were repeated at 0.04 0.24T and 0.5T. Frequency sweep measurements were carried
out under constant strain amplitude of 0.02% under the fields offlQ@24T and 0.5T.
Angular frequeng sweep was performed from highest (168@) to lowest (0.1H2)
frequency. Temperatw@ependent MR studies under steady shear (controlled shear rate,
CSR) mode were performed at°85 45C and 58C, in addition to room temperature
(25°0.

6.3.1.1 Role of particleconcentration in steadyshear and nagnetoviscous effect

(MVE)

The flow curves (Fig6.4, left pane) under controlled shear rate modes are obtained as a
function of different magnetic fields for both magnetorheological samples, MR1 and
MR2. The magneterheograms for both MR1 and MR2 characteristically displayed
typical MR behavior. It is evident that a threshold shear stress is required to make the
initial flow, which is a property of yield stress fluid and this initial stress at very low
shearateX T@impr®) 1 s t er med a Sy [405808.iWith incieasingd st r e
field, initial stress required to make the fluid flow would also go higher, owing to the
formation of more robust fieldependent interparticle network. However, valueshebs
stresses obtained in different magnetic fields were different for both MR1 and MR2.
Increasing concentration of suspended magnetic particles usually enhances MR
performance [10]. Generally, fielddependent magnetorheological parameters (yield
stress,shear viscosity, storage modulus) exhibit linear or pdesrrelationship with
concentration of MR fluids [15]This also holds good for tkesamples as we observe
systematic increment of shear stress upon application of field. In the beginningldhe fie
induced change was high, but at higher fieldsT@#Amore), the changes leveled off as
magnetic particles tend to saturate progressiwdiyh increasing field, MR1 with higher
magnetic concentration tended to form platkke rheograms, giving ris® more shear

thinning behavior beyond a critical shear stré@sansition from solidike to liquid-like
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Figure 6.4 (left) (left) Shear stresd)( plotted as a function of shear rate for different values of
magnetic fieldsClosed symbols is faample MR1 whesas open symbol represents MR2.

(Right) Magnetoviscous effecMVE as a function of shear rate for MRbhd MR2 under different
magnetic fields.

state was more regular forR2 with lesser magnetic vol%. For concentrated fluids, due
to flocculated structures formed at rest, flow of fluid was hindered below a certain shear
stress. Beyond that stress (yield stress), it started flowing suddenly. For the lower
concentrated fluidgransition from solid to liquid state was more gradual as structure at
rest was relatively weakeAnother way to look at this behavior is to define the flow
characteristics of magnetic fluid through a parametercalled magnetoviscous effect
(MVE). This is defined as the change in shear viscosity at a particular field and shear

rate, in comparison to its zero field viscosity §10

— — U®

Where— and- are the viscosities of MR fluid at a specified magnetic field and zero
magnetic field, respectively. Fig.4 (right pane) illustrates the MVE in flow regime as a
function of shear rate for MR1 and MR2 under different magnetic fields. The magnitude
of MVE decreasesontinuouslywith increasing shear rate for both samples and at all
fields. This is generally expected as in flow regime hydrodynamic interactions must
overcome magnetostatic forces. Therefore, fistticed aggregates are broken to
continue thdlow. It is also observed that MVE is more pronounced in MR1, compared to
MR2. The relative increment of viscosities at a given field and a given shear rate for

MR1 is higher than that of MR2 due to higher -sffite viscosity of the former.




Moreover, higler concentration of magnetimicroclusters in MR1 facilitated stronger

field-induced chain structure, making it more rigid to external shear.

6.3.1.2 Magnetosweep measurement and fiedlépendent relaxation

Fig. 6.5 shows magnetsweep curves for the two samplés.a constant shear rate of 10

s, viscosity was varied as a function of magnetic field within a range of 0 toT1/t5

was observed that viscosity increased with increasing field, owing to the formation of
field-dependent microstructures. At higher field, MR suspensions tended to saturate and
viscosity remainedinchanged for the rest of the fiellthough both sampkecontained

the sameCaqy gNig 1 microclusters saturating field limit for MR1 was higher than that of
MR2. At any field, viscosity for MR1 was found to be much higher than that of MR2, as
is usually observed in suspensions with higher particle volumedinacfThe tendency to

form lateral aggregation (known as zippering) between single chain microstructures was
more pronounced in MR1. For both samples, viscosity corresponding to backward field
sweep was higher than forward sweep. This gave rise to hysteedsvior [18]. This is

a behavior that is similar to M curves, and indeed on comparison to Bi§, theylook

alike. This means that the dipadgole interactionwas the main cause of field induced
viscosity here, and once the systems were satyrtitey did not offer further hindrance

to the flow. The major change was in the final value of viscosity, withennhagnetic
fields, these are-Bmes more for the denser sample. Since the volume fraction is about
33% more, this increasge expected.

The interesting observation is the crossovers of the field reverse curves below the field
forward curves. Since the carrier fluid was non magnetic, the response of the fluid must
be entirely due to magnetic particles. So the hysteresis was not expected smghew
feature. We found one report of such measurements (i.e. viscosity during both increase
and decrease of field) in the literature 9L0However, apart from obvious difference in
behavior due to change in chemical nature of sample, they did re@velikis cross over

too. However, they did not impose saturation field like us, and we thinkhe absence

of any plausible explanation, this holds the key to the difference in behavior.

Looking minutely in the viscosities at final high magnetic fieltdgs seen that there was
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Figure 6.5 Magnetic field sweep (viscosity vs. field) for MR1 (black square) and MR2 (red cir
constant shear rate of 18.Solid symbol represents increasing magnetic field, whereas open :
stands fodecreasing field. Inset, zoomed in portion of magnetosweep curves at higher fields.

a waiting time before the field direction was reversed. The fall in viscosity happened
during then. While iis tempting to think that it was the fatigue, we think this was more
likely due to rising local temperature eff¢2b]. Since the system spent some more time
there at the same place, while under constant shear, and the viscosity was very high, so
the liquid had some (local) temperature rise. Even if that must be a tiny effect, we found
from the zoomed region (inset of F@§5) that there indeed was a fall in both cases at the
extreme right field, thus corroborating our view. Once the field was redunedistosity

was restored to the value corresponding to 25°C, but this took some time. The relaxation
went on for some time till the values matched the rising values, and then the memory
effect took over. The structure was stronger in the return leg qbtineey, and so the
viscosity was higher.

6.3.1.3 Static and dynamic yield stress
Static yield stressJy is defined as the minimum naero shear stress required to break
the fieldinduced particle chain structures formed under influence of magneticafield

initiate the flow. Therefore, it is an important magnetorheological parameter often used to




characterize MR fluidbés strength. While th
not practicable to measure it this way. Rather, it is taken fre value of shear stress at

lowest measured shear rate 00" s*). On the other hand, dynamic yield stregg) (s

obtained by fitting the rheograms at higher stress rates with Bingham eqdatian,

— [ where— is plastic viscosity [16]. Therefore, this is the extrapolated value at which

the plastic flow would have occurred first. Since this is the major portion in the-strain

strain rate curve in which the intended device will operate, it is also a very important
parameter. The represative graph of static and dynamic yield stresses for MR1 and

MR2 as a function of magnetic fields is shown in Big. As expectedys are always
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Figure 6.6 Static (J9 and dynamic yield stresg{) for both the samples MR1 (closed symbols) &
MR2 (open symbols) are plotted as a function of magnetic field. Square symbols represer
yield stress whereas circular symbols denote dynamic yield stress.

higher than{s, and within the measurement range, they increasedinuousy with
applied field.To understand the origin of both types of yield stresses in the MR fluid, we
tried to find the relationship with magnefici e | d . G 4P dHy i®sauch b wel

known relation that predicts a powlew behavior for yield stress versus magnetic field




(H) [48]. This is plotted in Figs.7A. In this case we find that an*fdependence of yield

stress was obtained tp an intermediate field region but that broke down in higher field.

This wasobserved before [0]. There is an alternative relation to the fit. According to
Klingenberg et al. [49]a better fit can be observed whgth™H>?) is replaced byv? and

it is applicable to wide range &fl. This is plotted in Fig6.7B,wi t h

1000 T T T T

= MR1
® MR2

fitline T o H**

500 4 o

Static yield stress, 7, (Pa)

L} L}
0.0 0.1 0.2 0.3
iH (T)

T
0.4

0.5

0.6

ys

Static yield stress, ¢t _[Pa]

1600

-
n
o
o

o«
o
o

»
o
o
T

bot h

0}

)
—fittor ~M®
¥s
—fittot ~M?
s
fitto t ~M?
yd
MR1 MR2
- @ Ox
yd vd red)
MR1 — MR2
H - O« o

ys ys

0

15 30 45
Magnetization, M [KA/m]

Dynamic (Bingham) yield stress,ty‘j [Pa]

types

Figure 6.7 (A) Static yield stress versus magnetic field curves for MR1 and MR2. The fit

represent

for MR samples MR1 (solid symbol) and MR2 (open symbol) as a function of magnetization M.

Gi oW &Ri(B) Bieldtindukea statio (squarelJand dynamic (circle) yield str

M values calculated from powdenagnetization data (M curves, vide Fig6.3). It can

be seen that while tHg, values fitted reasonably with Mor both the concentrations, the

static values matched better with®Ma higher power than with M This unexpected

behavior maybe explaideas follows. The fit to Mwas obtained by assuming simple

spherical dipoles arranged linearly in the magnetic field [49]. However, in the present

case, because the particles were not fully spherical, we can assume that the they were not

arranged exactllinearly (i.e. centers lying on top of each other in a line but only in a

general direction). This individual direction could also be alternately arranged around the

imaginary axis. This distortion would produce multipolar interaction, &ithg. It is not

unlike three spin correlation, or even DzyaloshirnsWibriya type interaction, we cannot

specify what. This stronger interaction was operative in the static case only. In the other

case, the fluid had already reached plastic limit and the columnar strweis disrupted

by then. Therefore interaction among the individual magnetic particles became mostly

dipolar type (M).

0



6.3.1.4 Oscillatory magnetorheology

Oscillatory dynamic measurements are performed to explore the dynamic viscoelastic
behavior of the fluids. Both amplitude and frequency sweeps were carried on the two
samples under the same three magnetic field values. In case of amplitude sweeps,
sampleswere subjected to constant frequency {8 sinusoidal deformations and
responses were recorded various oscillatory shear regions over a period of time. Linear
viscoelastic regime (LVR) was o0¢gAslédt0v)ed a't
where he viscoelastic moduli were largely independent of strain amplitudes. However, as
stress amplitude was increased beyond a critical st@)n these moduli became
dependent on strain and drooped 1}l The behaviors are shown in F&8 (A) and Fig.

6.8 (B). The dependence of the moduli on magnetic field is obvieushdG Nii¥gjeased
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Figure 6.8 (A) Amplitude sweep of MR1 at a constant frequency of 10 Hz under different magnetic 1

Filled symbol i ndi c awhersasopeh g mbgé med ulous | (oGt
Amplitude sweep of MR2 a10 Hz under different magnetic fields.

as the field was increased, however, initially there was an order of magnitude imcrease
the moduli when the field was varied by 6 fold, but the difference steadily became less as
the strain was increased, implying loss of elasticity. One interesting difference between
the behaviors of the two liquids isthat in case of MR1 (samplaith higher
concentration), the linear viscoelastic range is not very clear, unlike in case oflMIR2.
apparent ambiguity can be explained by the fact that the structures formed under higher
fields were more prone to be affected by strain amplitude. The platéaear regions
appeared not because of systematic deformation of particle chain junction, but rather

microscopic movements and minor twisting within the chain netwad?]. It is



interesting to note that at high strain, second ps@lateau regions o6 NjNj appear f
both fluids. This quadinear viscoelastic region signifies the homogeneous rupture of
particle networks and an eventual I ncr eme
pseudeplateau appeared to be less prominent with increasing fiedglori8l this, a

cr oss ov exGNigpeanct markiddNjransformation into flow regime. This is akin

to glass transition observed for polymer melts and the like. This was where the systems
went over from gel like to liquid like structure. A further imfaot observation is the

b unchi nandGiNgNihi& Muid region. This was only natural, for now the flow

behavior is liquid like.

Frequencydependence of the viscoelastic moduli for MR1 and MR2 was performed at a

fixed strain,gof 0.02% (Fig6.9). This was much below the range of critical strgnAs
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Figure 6.9 Frequency sweep test at constant strain amplitude of 0.02% for the samples M
and MR 2 under di fferent magnetic field.
whereas, opensymbo i s f or | oss modul us ( GNjNj) .

found in the previous experiment the range was 0.05 to 0.5%. These measurements
provideinformation about the effect of interactions among particles in the fluithear

viscoelastic regime (small deformation  p), microstructures retain strongly elastic




behavior contributed by percolateshd free suspension aggregat®&s higher particle
concentration (MR1) and field, structural rigidity of percolated aggregates can be
explained by cage formation12], i.e. partides formed rigid cagéke structures which

accounts for frequeneyndependent GNj. chrhee fluid wastalsa but i o
responsi ble for ' i near dependelBc@upling GNjNj
these informationwe conclude that the systeshowed behavior expected from a
structured or solidike material.

6.3.1.5 Temperaturedependent magnetorheology: introduction to scaling parameters

Shear stress,t [Pa]
“®n
o en
Shear stress,t [Pa]
<oa

9400

<00
<<

10' 10° 10° 10'
Shear rate, 7 [s™]

-
<
1
<D
@D

[ ]
10° ;

Shear stress,z [Pa]

1400

Shear stress,t [Pa]
400

102

10’ 10° 10° 10’ 10° ) 10°
Shear rate, y [s”] Shear rate, 7 [s™]

Figure 6.10F 1 ow curves of magnet orheol ogi cal ()sahde a
temperature for MR1 (closed symbols) and MR2 (open symbols) under various magnetic fields:
0.125T, (B) 0.24T, (C) 0.4T and (D) 0.6T.

The effect of temperature on shear stress of MR fluids (MR1 and MR2) is presented in
Fig. 6.10 for different magnetic fields. The measurements were performed within the
temperature range @5°G55°C. Shear stress (asfanction of shear rate) is observed to



decrease systematically with elevation of temperature and is applicable to all the values
of magnetic fields. The dynamic yield stre§k)(is calculated by fitting the shear stress

vs. shear rate curves with Binghaopation.
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Figure 6.11Bingham or dynamic yield stress plotted as a function of temper&bi€ (55°C) under
various magnetic fields fqiA) MR1 and (B) MR2 Data fitting lines represent exponential decay witt
temperature.

Since this is the major portion in the strsb®ar rate curve in which the MR devices
operate, it is a very important parameter. The effect of temperature on
magnetorheological yield stress is evaluated for fiveltewof magnetic fields and shown
in Fig. 6.11A and6.11B for MR1 and MR2, respectively. It is obvious that yield stress
depends significantly on temperature. Therefore, an extended form of Bingham equation
can be rewritten as follows:

T rARY t 6RY -1 (6.1)
The trend in dynamic yield stress with temperature is explained by an exponential decay
function for (Jg and the fits are reasonably good with the fitting function 0'Q
(6.2) whereK and b are empirical constanfl is temperature irk. The exponential
relationship between yield stress and temperature can be originated from the Arrhenius

type relationship between viscosity and temperatare: 0Q — (6.3) where, R is
universal gas constamd is a constant] is temperature ik andE, is activation energy

to initiate flow. This relation provides reasonable justification to the observed trend in
viscosity with temperature and the fact that viscosity and yield stress are associated with

the flow behavior of thenaterial, a similar exponential relationship can also be used for




dynamic yield stress as shown in F@J11A and 6.11B [114]. The proposed model
provides a good agreement with all experimental data for both MR1 and MR2. The
change in yield stress with t@erature is more pronounced for MR2 with the value of
exponential decay constart) (of 0.041 K' whereas, a lesser rapid changeUnis
observed for MR1 with thé value of 0.005K™. One possible explanation for a more
rapid reduction in yield stressay be the effect of temperature on the volume fraction of
ferromagnetic CoNi nanospheres dispersed in carrier fluid. Since castor oil has higher
thermal expansion coefficient than dispersed phase, with increasing temperature the
effective volume fraction acupied by particles decreased 3l Using the following

relation, one can calculate normalized thermal sensitivity of suspensions:
Y | E] fo —T P %0 | | (64)

Where%o, %o, U, andU are initial volume fraction, effective volume fraction, volumetric

thermal expansion coefficients for particles and carrier fluid, respectively.
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Figure 6.12Dynamic yield stresses of MR1 (closed symbols) and MR2 (open symbols) plotte
a function of magnetic field under different temperatures.
The cubic expansion coefficient of castor oildsifid to be 0.000C™* and for pure Co, it
is approximately 0.00003€™ (calculated using linear expansion coefficient of Co

obtained from ref. [116]}romthe relation(6.4), we can now estimate the magnitude of




3 for MR1 and MR2 a®®& p 1 andu® p 1, respectively.tlis obvious that MR2

shows higher normalized thermal sensitivity. Below a critical concentration 0.3, a
linear variation in yield stress with volume fraction tisported Therefore, this
normalized thermal sensitivitig equal to the sensitivity of yield stress contributed by
thermal expansion of carrier fluidn incrementof 5 volumé% in concentratiormeans
the MR1 is 33% more concentrated than MR2. The recent works by Wereley et al.
showed that the therrmoagnetorhelogical property, i.e. tengvatureinduced change in
viscosity isexclusively afunction ofthe change in viscosity of carrier fluid17]. This
means that if the carrier fluid viscositgmperature relation is known, then the same
relative change in vissity will be present in a MR fluid made with that carrier liquid.
The estimated change in yield strédss MR1 and MR2can be interpreted in terms of
change in viscosity of carrier fluid (castor oil). Since the change in volume fraction is
higher in MR2,comparative change in viscosity with temperature can be higher, resulting
in stronger temperatwtiinning effect. Hence MR2 with higher thermal sensitivity is
expected to demonstrate ralatively stronger decay in temperatwlependent yield
stress.
The trend in dynamic yield stress at a particular temperature is also illustrated as a
function of magneticiéld (Fig. 6.12. In both cases, the trend in viscoelastic parameters
with temperature is worth noted. The observations indicate a tempettatureg effect.
This can be qualitatively explained by thermal vibration of the suspended nanoclusters
with increasing temperaturéccording to Li et al. [18], magnetic particles acquire
thermal energy at a given temperature. With increasing magnetic fiegdmaint of
particles into chantike structuresdecreasesandomness. With increasing temperatures,
due to increase in thermal energy, structteesledto break up Therefore, a reduction in
magnetorheological parameters followdsioth of these effects nabe scaled bya
dimensionless quantity: defined as a ratio of magnetostatic force to characteristic
Brownian force acting on a particle:

- Tgav
wherea, M, T are radius, saturation magnetizatioha particleandK, * and™Q are

temperaturevacuum permeability and Boltzmann constant respectivieyfimatede-
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values for these particles of size 450nm at 55C are ~O (10°) which implies a very
negligible Brownian force contribution to stress. Therefore, thermal vibration of particle
chains is insufficient to cause the observe changes in MR parameters. Hence, to
understand the effect of temperatures, quantitative studies of the changes in rheological
parameters are inevitable. The correlation is a direct output of a number of pasamete
describing the trend in yield stress, magnetizationcander fluidviscosity as a function

of temperature. Therefore, it is necessary to define those parameters and establish a
guantitative analogy for the trends described above.

The reduction in yiel stress {4) with temperature is described by introducing an average

normal yield stress sensitivity parameffQas following:

YO — Z— (69

Wheret is yield stress at a reference temperat@é€ @) and reference magnetic field
(0.125T) andYt s the change in yield stress correspond to change in temper@iure (

). The experimentally calculated magnitude ®fQunder different temperatures and
magnetic flux are listed in e 6-1. The determined values fétyOare observed to be
comparable to other experimental results performed previously by Li et al., and Ocalan et
al. [118, 115] Another important temperatwaependent parameter is magnetizatieor.
ferromagnetic partles, saturatiommagnetization is a decreasing function of temperature
below Curie point. FoilCo¢Nig 1, thermal sensitivity is expected to be very small as
operating temperature window during magnetorheological studies are far below Curie
temperature. Usg the relation by Crangle and Goodnjah9], the average sensitivity in

saturation magnetization for the temperature ré&tj€-55°C is calculated to be:
Y —— p8 pmni3 (6.6

The offstate viscosity of MR fluid is also strongjependent on temperature and is
related to carrier fluid viscosity. In the present study, castor oil was used for the
preparation oMR suspensionsThe change in carrier fluid viscosity with temperature is
described in Fig. 3.1t is observed that theend followsArrhenius relation.

Table 6-1 Yield stress sensitivity parameter and scaling factor as a functimaghfetic field and
temperature
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MR1

Average yield stress sensitivity
B (T) |0YJQr10°/°C
25°C-35°C  25°C45°C  25°C-55°C  25°CG-35°C  25°C45°C  25°C-55°C

Yield stress scaling factoray

0.125 11.27 8.97 7.08 1.113 1.179 1.212
0.24 10.09 9.50 7.96 1.10 1.190 1.239
0.4 7.97 7.81 6.47 1.079 1.156 1.194
0.6 8.70 6.79 5.56 1.087 1.135 1.166

MR2

Average yield stress sensitivity . _
Yield stress scaling factoray

|6Y@r10%°C
B(T)
25°C-35°C  25°C-45°C 25°C-55°C 25°C-35°C  25°C45°C 25°C-55°C
0.125  39.02 27.64 22.37 1.390 1.553 1.671
0.24 39.38 28.26 21.39 1.394 1.565 1.641
0.4 40.85 27.80 22.15 1.408 1.556 1.664
0.6 36.27 28.14 22.47 1.363 1.563 1.674

The suspension viscosity of MR fluid in absence of magnetic field can also be

approximated by Arrhenius equation:

|~

Y —5YQ (6.7)
Where— Y and—p Y define infinite shear viscosity at a reference temperaigpiead
at any arbitrary temperatuf® Y'Ois activation energy to flow anR is universal gas
constant. To determine limiting viscosities at infinite shear rates, the experimental data of

viscosity as a function of shear rate in absence of field for MRM&@lwere fitted
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Figure 6.13 Viscosity of castor oil is plotted as function of inverse absolute temperatifje Fitted
line represents Arrhenius equation. From the slope of the fitted curve, activation energy for carri
is calculated to be 5.3 kJ/mol.

with Cross model equation (Fi§.14A and 6.14B), which describes pseudoplastic flow
with asymptotic viscosities at zerfr{) and infinite (2, ) shear rates:

- —-» - —»— (68
Where,— [ , aand m are apparent viscosity, characteristic time constant with unit of
time and dimensionless exponent of Cross equation signifying the width of transition
between zershear viscosity and powdaw plateau region of the viscosity curve,

respectively [20]. The quantities- ,—, @andm are all fitting parameters and shown in
Table6-2.
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Figure 6.14 Zerofield apparent viscosities of (A) MR1 and (B) MR2 are plotted as a function of <
rate under different operating temperature. Fitted lines represensame calculated from Cros
rheological model equation. In the inset, is plotted against inverse of absolute temperaturd).(k
Fitted line represents Arrhenius equation.
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Table 6-2 Cross equation fitting parameters for-G#ld viscosities of MR1 and MR2 with increasing
temperature.

Temperature 25°C 35°C 45°C 55°C

Fittin
g MR1 MR2 MR1 MR2 MR1 MR2 MR1 MR2
parameter

do(Pa.s)  156.4 137.37 150.4 94.4 1483 655 1357 35.87
do (Pa.s) 0.82 0.745 0.45 0423 0.25 0223 017 0.137
> (s) 335 586 356 9824 417 107.34 57.8 11554
m 0.76 083 078 081 078 08 0.76 0.82

Therefore, all parameters sensitive to temperature and magnetic field collectively account
for the significant changes in magnetorheological parameters at high temperatures. In
order to generalize the collective response of the fluid systems at high atumpend
magnetic field, the data from Fi§.10can be made to collapse into a single master curve.
The fact that isothermal curves for shear stress variation with different magnetic field as a
function of shear rate can be superimposed ymg a dynamcally seltsimilar system
response [21]. The rheogram at the temperat@®°C and magnetic field 0.125was
chosen to be the reference curve and other rheograms were scaled with the help of the
shift parameter§122]. The yield stress shift parameteb J, magnetization shift factor
(av) and thermeviscous shift parameted)) aredefined as follows:

1. & p OY@Y, wheredYOis average yield stress sensitivity parametercgivd

is change in temperature with respect to reference temperaglre (

2. w —, where Mg is reference magnetization at reference magnfic

(0.125T) corresponds to reference obtained from powder magnetization data.
y
Q , which isdefined as the ratio of fluid viscosity at infinite

3
)

shear rate dp) under a certain temperature to that of tje at reference

temperatureTj).
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Since suspension viscosity arises due to the viscous drag on particle chain network,
therefore® is definal by the ratio of viscosity of fluids under flowing condition and not

by the ratio of zero shear viscosity.

To generate satisfactory tistemperaturdield superposition, the above shift factors
should be utilized to calculate the reduced or scaled shress and shear rate. Therefore,

scaled shear stredd) and shear rat¢ () can be represented as follows:
T — (6.9

I —m» (6.10
Wh e r e ,[ régresem attual shear stress and shear rate respectively.
The resulting master curves for MR1 and MR2 are shown in6Fi§. The superposition
is very well for both MR1 and MR2. It can be concluded that physical processes
responsible for changes in temperatdependent MR behavior can be successfully
explainedby magnetic and thermal shift parameters. The collapse of the rheograms into a
single master curve indicates a better correlation of reference yield stre¥stq

reference magnetization @gyland reference temperature).T
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Figure 6.15Magnetorheological master curves for MR1 (closed symbols) and MR2 (open symi
are shown as a function of scaled shear stresggnd shear raté (). The scaling parameters were
derived considering the dependence of stress parameters ongtmgand magnetic field.
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Master curves for MR1 anBbR2 at reference temperaturerepresent material function
(shear stress) as they would have been calculated at broad ranges of ogpleeatimgtes.

The collapsing oflata points for samples under various magnetic fields and temperature
implies the extension of shear rate range which was beyond the experimental scope.
Therefore, the reference yield stress at a reference temperature gnetiméield is

known, magnetorheological shear stress at any arbitrary temperature and field can be
calculated using the master equatid “YD T p OYAY — (6.11)

The only other parameter that was not taken into account in the gbalmeg is the
concentration of suspension. That is why the data points of the two concentrations lie on
two different bands. However, since the major characteristic of the data points have

already been taken care of, we leave it at that.

6.4 Conclusions

In this chapter,we investigated the structure, morphology and magnetorheoloGy-

rich NiCo alloyed micralusters.The behaviors of static and dynamic yield stredses
these MR fluidswvere found tadepend oraverage particle magnetization, with the stati
yield stress dependence dvi being stronger of the two. Magnetosweep studies
demonstratedn interesting relaxation phenomenon that was interpreted as an effect of
local temperature rise within the fluid at high field and at constant shear Th&e
temperaturedependent MR characterization has shown a decline in MR properties at
elevated temperatures for both samspdé Corich NiCo microclustersConsidering the
thermal sensitivity of yield stress, magnetic saturation of powdegNig: and matrix

fluid viscosity at elevated temperatuitewas shown that change in carrier fluid viscosity
with temperature significantly affects the overall fluid performance.navvealsoshown

that timetemperaturdield superposition method is applicable for the two MR
suspensions with different ggNip1 volume fractions. The master curves generated for
both the fluids with rgsect to a reference temperatureference magnetizatioand
reference yield stress, indicdt@ goodcorrelation between the individual sensty
parameters thatere affected differethy with increasing temperature.
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Chapter 7

Investigations on FgNi-based systems: structure, morphology
and magnetorheology

This chapter describes the morphological and structural characterizations -of Fe
rich PAAFe;Ni alloyed microspheres synthesized by polyol reduction with scanning
electron microscopy and-day diffraction studies. Magnetorheological fluid was
made by dispersing the 10 volume% particles in castor oil. The room temperature
viscoelastic characterizein of the fluid was performed under different magnetic
fields. The fieleddependent yield stresses were scaled using existing models and it
was found that static yield stress was more accurately described byi®an
dependence. Temperatudependent oscillary rheological studies under various
fields were also investigated. This demonstrated a strong temperatueed
thinning effect.
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7.1 Introduction

In this chapter we discuss FeNi based microparticles for use in magnetorhdology.
addition to FeCo and Ko, FeNi alloys are of great interest duedigersemagnetic
propertiesdependent on shapes and composition8][IRotably, FeNi is a soft magnetic
material with high saturation magnetization, low coerciviy?3], high magnetic
permeability, low thermaéxpansion 124], and excellent corrosion resistandeq]. It

was shown before that for both bulk and nam®, magnetic properties for FeNi alloys
with a specific composition are a function of different combinationcofandfcc phases.

In practice, when two phases coexist, the relative amount/percentage so obtained appears
also to depend on the preparation method].12

To improve the applicability of FeNi alloyed microparticles in MR fluidic applications, it

is necessary to mdg and functionalize surfaces of particles so as to increase the soft
magnetic properties for custom MR application. These structures are classified as
composites microstructures. Composite materials offer distinct multifunctional properties
which could e optimized for desired applications. Metal aljmylymer composites
exhibit excellent physical, chemical, and mechanical properties that single phase
materials do not possess.

In this chapter, we report the MR preparation and characterization 3;bfi-basd
magnetorheological fluids which has not be&udiedso far. While Feich alloy systems

with considerably high saturation magnetization enhance MR effect significantly; PAA
encapsulation offers higher sedimentation stability as well as chemicalzsttailifrom
oxidation. Steady shear magnetorheological studies reveal desired MR response under
increasing magnetic field. The fieldduced stress relaxation measurements provide
useful insight into offield structuration and subsequent relaxation upamokal of field.

The temperature dependent oscillatory magnetorheology are also performed with 10
vol% MR fluid containing PAAFeNi. Temperaturenduced thinning effect in MR

properties is evident for the samples under investigation.
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7.2 Structure and morphology of particles

7.2.1 SEM, x-ray diffraction studies and VSM

The morphology, composition and crystal structures ofprepared FgNi are
investigated usingrESEM, EDAX and XRD. The low and high magnification FESEM
images of FeNi are shown in Fig7.1A and7.1B. Images show wellispersed spherical
FesNi-nanocomposite particles prepared using PAA polymer-rBiglon sized FeNi
microparticles are secondary particles formed by nucleation and subsequent growth of

primary nanoparticles thus formed. The surfatmicrospheres appeared to be rough,

oFeNi D
M Fe;04

* bcc

20 (degree)

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 keV

Figure 7.1(A,B) Low and high magnification FESEM images of PA&Ni, (C) EDAX spectra anc
(D) X-ray diffraction patterns of BNl microspheres.

owing to polymer encapsulation during the growth phase. The average (mean) diameter
of FeNi was found to be 700hm The composition of alloyed migparticles were
determined by EDAX analysis and shown in Hd.C. It confirms the final composition
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of FeNi is consistent with the initial molar concentrations of metal salts. The material is,
therefore, nearly uniform EBMi solid solution of Ni in Fe with very little deviation in
composition for different sized particleBhe differentof crystal phaseof assynthesized
FesNi powder is characterized by XRD, and the XRD patterns of sample is shown in Fig.
7.1D. This indicates the alloy formation with mixeftc and bcc phases.Three
characteristic peaks fdcc FeNi (2d = 44.1°, 51.5, 76.T), corresponithg to Miller
indices (1L1), (200), (220) are observed, whergaesaks associated to bcc structure are
also indexedHowever, in addition to F8li, peak corresponds to f& can also be
detected, as unreacted Fe may formdegi during the reactionlhis indicatesthe
presence ofe* and F&" in the sampleThe average size of the crystalline domains

(coherently diffracting domains) of the sample is calculated fitenbroadening of the

(111) X-ray diffraction peak usinghe Scherrer equatidii26]:T , Where

bha is the broadening of the diffraction line measured at full width half maximum
intensity (FWHM), a-is the Xray wavelengthLyy is the crystal size and is the
diffraction angle,k is the Scherreshape factorl{ = 0.9 for the calculations). The

calculatedaverage crystallite siZer the asprepared FéNiisco ¢ v nm The room
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Figure 7.2 Room temperature Ml hysteresicurve of PAAF&Ni sample

temperature magnetization studies (FigR) in vibrating sample magnetometry {¥

curve) show that the material is magnetically soft with low coercity &nd remanence
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(M;) whereas, saturation magnetizatidw) is quite high. Thed,, M, and Ms values of
the sample we foundto be 5.62 Oe, 0.7&mu/gand 130.Jemu/g respectively.
7.3 Magnetorheological studies
7.3.1 Steady shear magnetorheology in PAA=e;Ni based MR fluid
Rheological measurements were carried odeuwifferent magnetic fields, ranging from
0 to 0.5T under steady shear mode. Shear stresses are plotted as a function of shear rate
for MRF containing 10 vol% of PAAeNi microspheres under different magneisddf
as shown in Fig7.3. The rheogramshown the magnetorheological behavior with shear
stress increasing systematically with shear rate. The rheograms show a typical plastic
behavior, characterized by fiettependent (dynamic) yield stress. Dynamic or Bingham
yield stress is calculated accordilmgBingham equation,

Tt -,
whereU Uq, d andr represent shear stress, dynamic yield stress, viscosity and shear rate,
respectivey. The data points in the measurements are divided into two different shear
rate windowspneat low shear rate (0.0610 s*) andanotherin the high shear regime,
lying in the range of 14000s™.
These two shear regimes account for two types of yield egédse zoomed in section
of rheogram in the 0.050 s is shown in the inset of Fig. 7.8he dynamic yield stress
was estimated from Bingham equation the high rangeln absence of field, MRF
possess® nonzero yield stress under low shear rate and it incdeast increasing
magnitude of the applied fieldAs polymer (PAAjassisted growth of microspheres
introducel surface roughness, strong chéke microstructureswere formed due to
intense particlgarticle interaction under shear. Increasing magnetic field strength also
facilitated stronger interactio, thus giving rise to higher fieldependent yield stress. In

Fig. 7.4, static and dynamic yield stresses of MieF areshown as a function gfarticle
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Figure 7.3 steady shear rheological behaviawé MR fluids for different
magnetic field.

magnetization extracted from powderagnetization dataAs before (chapter 6), yield

stress correlation was done with the helparticle magnetizatio(M).
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Figure 7.4 Field-inducedstaic (squarelanddynamic(circle) yield stress for MR sampéesafunction
of magnetization M.
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