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� Short history of the field
� Magnetically controllable fluids- a new MHD
� Magnetic nanoparticles and magnetic 

nanofluids, application orientated synthesis
� Colloidal stability and structural investigations
� Magnetic and flow properties

� Magnetic nanofluids & new nanomaterials
� Magnetically controllable fluids:

Engineering &biomedical applications
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FLUIDITY + MAGNETIC PROPERTIES=??
��

New kind of materials, new phenomena
FerrofluidFerrofluid /Magnetic fluid/Magnetic fluid

T.L. O’Connor, Belgian Patent 613,716 (1962) 
S. Papell (NASA), US Patent 3,215,572  (1965)

UltrastaUltrasta bble colloids of magnetic le colloids of magnetic nanoparticlesnanoparticles
in water and organic carriersin water and organic carriers
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New phenomena new applications

G. Knight (1779) (G. Knight (1779) ( Fe/waterFe/water )  F. Bitter (1932) ()  F. Bitter (1932) ( Fe3O4/waterFe3O4/water )   W. C. Elmore (1938) )   W. C. Elmore (1938) (Fe3O4/water(Fe3O4/water )...)...

J.L. Neuringer, R.E. Rosensweig, Ferrohydrodynamics, 
Phys. Fluids, 7(1964)1927

R.E. Rosensweig, Fluidmagnetic buoyancy, AIAA J., 4 (1966)1751
R.E. Rosensweig, Buoyancy and stable levitation of a magnetic body immersed in a 

magnetizable liquid, Nature (London), 210 (1966)613
R.E. Rosensweig , The fascinating magnetic fluids,

New Scientist, 20th January, 1966
R.E. Rosensweig, Magnetic fluids, Int.Sci. Tech.48-56 (1966)

E.L.Resler, R.E. Rosensweig ,Magnetocaloric power, AIAA J. 2 (8)1418 (1964)
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New phenomena & new applications
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New phenomena & new applications
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New phenomena new applications
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!	��!��#�/������� ���"��������!��� ��!������##����� ��!������
����	������ �����#�����$����	��� ���� ���!������  �������!��� ��0����
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New phenomena new applications
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� Classical MHD – hydrodynamics of electroconducting fluids under 
the action of an applied magnetic field

electrical conductivity �� 0
magnetic permeability � = � 0

� New MHD:Ferrohydrodynamics - hydrodynamics of ferrofluids
(magnetic fluids) under the action of an applied magnetic field
Neuringer-Rosensweig ( USA) 1964 and Shliomis (USSR) 1974

electrical conductivity � =0
magnetic permeability ��� 0

�
$�,--.� !�� ) �#��� �������
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Magnetic fluid – fluid with internal rotation, non-sy mmetric stress tensor

����	�
����������
���
��

��� �����	�
 ���������� �����
�� ���
���������� �������
������ ��
��
 �� ����!!��"�!��"��	�#
 ��$�	%!����

���&��'!�

(��)*+
���,�#���� ������!�-������� 
� ����#������ ��! ���

����
�!��������.����#� ��/�#�!�
�� (���)+�0
1���	�# -�!#�2�- � � � �����	
�� ��	 ��
����
��� ����������

��������� �	
� � ����� �������



11

���������	
��
��� ����
���	����������� ���

��������� �	
� � ����� �������

������ ���������� ��������� �� ������� �����!�� ���"��#��$����%&'()*



12

���������	
��
�� ����
���	����������� ���

��������� �	
� � ����� �������

������ ���������� ��������� �� ������� �����!�� ���"��#��$����%&'()*



13

���
������
����
������� �!!"� #��$#!!�%!��&!'�()

� Ferrofluids, magnetic (nano)fluids- the main topic o f the present lecture
Ultrastable colloidal suspensions of magnetic nanopa rticles in a carrier 
liquid
Quasihomogeneous magnetizable liquids
Approximatively Langevin type magnetic behavior and N ewtonian flow 
properties, small magnetoviscous effect

� Magnetorheological fluids
Suspensions of micronsized ferromagnetic particles in  a carrier liquid
Non-newtonian behavior, strongly magnetic field depe ndent yield stress 
and effective viscosity (about 100-1000 times incre ase)  

� Magnetizable gels&elastomers
Nano- or micrometer range magnetic particles dispers ed in a polymer 
matrix
Field dependent size and mechanical properties, tune able elastic 
properties
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Magnetic nanoparticles(MNP) dispersed in a carrier liquid(CL) are coated with mono- or 
double-layer of organic surfactant(S) molecules in order to prevent their agglomeration

Composition:  MNP -magnetite, maghemite, cobalt-ferrite, iron, cobalt  CL- non-polar and 
polar organic solvents, water S- carboxylic or sulphonic acids, polymers 
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Surfactants : oleic acid (OA) , stearic acid (SA), palmitic acid (PA), myristic acid (MA), lauric acid (LA)
Carriers : hydrocarbons (H), deuterated hydrocarbons(D-H), halogenated compounds(Hal)
MF/H/OA: D.Bica,R.Minea, Patent RO 97556(1989); D.B ica, Rom.Rep.Phys., 47(1995)265 ;
MF/H/LA; MA : L.Vekas et al.Rom.Rep.Phys ., 58(2006); M.V. Avdeev , D.Bica et al. JMMM, 311 (2007)
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� Fe-C, Fe- Fe3O4 and � -Fe2O3 
nanoparticles produced by laser 
pyrolisis

��� �����	 
�������������������
��

� Dispersion/ stabilization of iron or 
iron oxide nanoparticles in water 
and various organic carriers by 
sterical stabilization

��� ���� ������� � ������� ���������

Fe-C or � - Fe2O3 nanoparticles
in water carrier for 
biomedical applications          

MFs with M~2000 G for high 
pressure rotating seals?
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Main objectives:
High magnetization nanofluids with non-polar organic carrier

Water based biocompatible magnetic nanofluids; Nano composites
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� Size distribution of magnetic nanoparticles: TEM, HRTEM
� Dilution stability
� Composition and magnetic field dependent structural processes, long-

term colloidal stability: SANS, SANSPOL (B= 0-2.5 T)
� Mechanism of stabilization and “chemical” size selection of dispersed 

magnetic particles
� Phase transition phenomena: magneto-optical investigations
� Magnetic properties vs. composition: VSM measurements 
� Mössbauer spectroscopy
� Flow properties under the influence of applied magnetic field: MR 

investigations

Evaluation and selection of MFs for various applicat ions
� Separation processes, magnetic fluid devices: rotati ng seals, 

sensors
New type of nanostructured composite materials for:
� Biomedical uses
� Engineering applications
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The log-normal probability function for the size distribution of magnetic nanoparticles:
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Magnetite nanoparticles stably dispersed in water with different surfactants

D0 = 5 nm

s = 0.22

D0 = 6,4 nm

s = 0.26

D0 = 6,7 nm

s = 0.30
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Log-normal size distribution of 
particles
Size selective stabilization/dispersion 
of magnetic nanoparticles
Significant reduction of mean size and 
standard deviation with MA, compared 
to DBS double layer
Similar for organic non-polar MFs (DHN,Utr): 4-
8 nm mean size variation for MA to OA coating
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Bulk nuclear structure
parameters of the particle size distribution

thickness and composition of the surfactant shell
micelle formation in ferrofluids

interparticle interaction
particle aggregation in different conditions

chains formation and interaction

Bulk magnetic structure
magnetic size of particles and aggregates

magnetic correlation between particles
magnetization in bulk and interface

Size range investigated: 1- 100 nm
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magnetite/oleic acid/H-benzene
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magnetic scattering (correlation)
is negligible

Type of structure-factor: 
long-range attraction with short-range (contact) re pulsion !

line: model of 
polydisperse core-shell particles

0,1 1

0,01

0,1

1

10

100

j
m
 = 0.15

j
m
 = 0.075

j
m
 = 0.038

j
m
 = 0.019

j
m
 = 0.01

I(
q)

, c
m

-1

q, nm-1

� � �
����� � ���� ��

��� �� �

attraction repulsion

��������� �	
� � ����� �������



30

magnetite/oleic acid + DBS/H-pentanol

1,2 – non-interacting spheres
3 – hard-sphere interaction

(Vrij’s formalism)
4 – local polydisperse approximation

���

Type of structure-factor: hard spheres ( jjj j m< 5%) ®®®® soft spheres ( jjj j m> 5%)!

No attraction!
Softening of 
interaction at high
concentration!

curve 1 (non-interacting particles) ® R0 = 3.4 nm; S = 0.38

curve 3 (hard-spheres interaction) ® d = 2.3 nm < 2  ´ 1.8 nm ®
® significant overlap of surfactant sublayers in the double layer 
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0.01 0.1 1

1E-3

0.01

0.1

1

10

100

1000
S(q) ~ q-1.47

S(q) ~ q-2.2

S(q) ~ q-1.58

I(
q)

, c
m

-1
q, nm -1

SW 1
SW 2
SW 3

scattering from 
large fractal clusters 
(radius  > 50 nm)

Water 1-OA+DBS
Water 2-DBS+DBS
Water 3-OA+OA

Effective “hard radius”
of whole particles R ~ 5.7 nm ®
thickness of surfactant shell d = 2.3 nm 

Cluster fractal dimension D ~ 1.5 - 2.5;
Mean radius of cluster units R ~ 10 nm

scattering from 
individual magnetite 
particles (radius ~3.4 nm)

Pentanol OA+DBS
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Shape scattering 
Fe3O4 / DBS + DBS / water
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q-2.34
I
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large secondary aggregates,
R > 50 nm 

M.Balasoiu, M.V.Avdeev, V.L.Aksenov, D.Hasegan, 
V.M.Garamus, A.Schreyer, D.Bica, L.Vékás , 
JMMM (2006)
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•initial tight aggregates with size of 
~20 nm present; content of 
magnetite ~ 26 %

•secondary fractal clusters form in 
time; D-value changes with the 
contrast from 1.58 at 0 % of D 2O up 
to 2.5 at 80 % of D 2O; D-value from 
the shape scattering is 2.3;

• secondary fractal clusters can be 
destroyed by temperature increase

•micelles of DBS are in solution
(size ~ 5 nm)
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What is zeta potential?
Most particles dispersed in an aqueous system will acquire 
a surface charge, principally either by ionization of surface 
groups, or adsorption of charged species. These surface 
charges modify the distribution of the surrounding ions, 
resulting in a layer around the particle that is different to 
the bulk solution. If the particle moves, under Brownian 
motion for example, this layer moves as part of the particle. 
The zeta potential is the potential at the point in this layer 
where it moves past the bulk solution. This is usually called 
the slipping plane. The charge at this plane will be very 
sensitive to the concentration and type of ions in solution. 

Zeta potential is one of the main forces that mediate 
interparticle interactions. Particles with a high zeta potential 
of the same charge sign, either positive or negative, will 
repel each other. Conventionally a high zeta potential can 
be high in a positive or negative sense, i.e. <-30mV and 
>+30mV would both be considered as high zeta potentials. 
For molecules and particles that are small enough, and of 
low enough density to remain in suspension, a high zeta 
potential will confer stability, i.e. the solution or dispersion
will resist aggregation. 
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Saturation magnetization Ms and initial susceptivity 0� vs. volume fraction �
for various Transformer oil (TR30) and Pentanol (Pent) based magnetic fluids

Ms is determined from a linear fit to the quasisaturation part of magnetization curves and
it is compared to a fit to MF model with Thermodynamic Perturbation Theory(TPT):

M # Ms- c/H + Ms c/(3H²) - c²/(3H³) ~ Ms – c/H
In case of initial susceptivity $i the degree of non-linear behavior is a result of both

particle interaction and  aggregate formation in samples: 0� # 0 (1+ 0 /3+ 0²/144) (TPT) 
MF/Pentanol is practically free of aggregates up to high volume fraction of MNPs

M. Rasa, D. Bica, A.P. Philipse, L. Vekas, Eur.J.Ph ys., E (2002)
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Good correspondence with the theoretical formula of  Chow (Phys.Rev. E (1994)) 
Influence of dipolar interactions beside the hard s phere ones: A(fit) = 3.5 < 4.6(theor)

L.Vekas, D. Bica, D. Gheorghe, I. Potencz, M. Rasa,  JMMM 201(1999)
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Field induced non-Newtonian behaviour

MF/MEK(Methyl-ethyl-ketone) MF/EE(Ethylic ether)

Roughly Newtonian behaviour

��������� �	
� � ����� �������

Effective viscosity increase due to magnetic field induced agglomerate formation  in strongly polar 
MF/MEK sample  L. Vekas,D.Bica, O. Marinica, M. Rasa, V. Socoliuc,  F.D. Stoian JMMM 289(2005)
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MF/But: Newtonian behavior in magnetic field
Negligible MR effect

MF/MEK: Field induced non-Newtonian behavior
Strong MR effect

Viscosity vs. shear rate under
applied magnetic field (B)

MR effect vs. magnetic induction B



45

#���
����������	������	�	�
+����$����
���������� ��*��*�$����
 �)�
��� �,	
&�
��������������������������	
$�	���
�����������-

��������� �	
� � ����� �������

MF/pentanol (P): negligible MR effect
MF/water (DBS+DBS): largest MR effect
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Concentrated (M= 61 kA/m) 
OA stabilized MF/Utr sample 

Moderate viscosity, 
relatively large MR effect (~20-30%)

Non-polar carrier , mono-layer sterical stabilization with MA (14) and OA (C18)

Flow properties under the infuence of applied magnet ic field

Concentrated (M= 62 kA/m)
MA stabilized MF/Utr sample

Large viscosity, 
reduced MR effect

(� 10%; at higher shear rate)
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Dependence of magnetoviscous effect on the nature of  surfactant
MF/Utr samples  with OA and MA surfactant layers

Due to particle size selection by surfactants, the magnetoviscous effect �� /� is 
approx. 50 % smaller for MA stabilized sample, compared to that with OA

L.Vekas, D. Bica, O.Marinica, Rom.Rep.Phys. 58(2006 )
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Qualitative scheme of the size regulation effect. Restriction on the particle size from the energetic condition of 
stability for two surfactants is compared with the particle size distribution of nanomagnetite
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Non-polar carrier (D-benzen)), � =1.1 %

SANS curves and resulting size distributions
Mixed surfactants monolayer (MA + OA) with 1:0, 1:1 and 0:1 mixing 

ratios
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Increased MA content, more reduced diameter and sta ndard deviation
M.V. Avdeev, D. Bica et al (2007, in preparation)
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• Core-shell structures
• CNTs + magnetite+PPy hybrid 

structures
• Multi-layered structures
• Resin-based composites
• Magnetic gels&elastomers
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Smart composites with controlled anisotropy Zsolt Varga, Genovéva Filipcsei, Miklós Zrínyi*

HAS-BUTE Laboratory of Soft Matters, Department of Physical Chemistry, Budapest University of 
Technology and Economics, H-1521 Budapest, Hungary (POLYMER, 2007 (to appear))  
Project COPBIL  Lab.MF Timisoara-Dept. Phys. Chem.-BUTE
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Intelligent polymeric nanocomposite membrane
Macromolecules 2006, 39, 1939-1942 Ildiko´ Csetneki, Genove´va Filipcsei, and Miklo´s

Zr�´nyi*Department of Physical Chemistry, Budapest UniVersity of Technology and 
Economics,HAS-BME Laboratory of Soft Matters, H-1521 Budapest, Hungary
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• Leakage-free rotating seals
• Sensors and transducers
• Semi-active dampers
• Biomedical applications

��������� �	
� � ����� �������



57

������������	�
�����	�����

��������� �	
� � ����� �������

������������
������� 
�����
��

�

��
� ��
�����

����	�

 
!	 ���"# ��� $# ��� %

)��� �	�&���



58

������������	�
�����	�����

��������� �	
� � ����� �������

����������	
��� ������ �
�� �� �
�$���� &��

��� *$���� ���� ��	��� ������������������+,

��
�����&	' $�����(	) $ ����	�������(	*+, $ �� � ����(	- $ 
��������	������(	
. $ ��$��������	������(	/ $ 
���	
����(	0 $ �����1	�����

������������	2��3�4	��	2�����

�

�



59

������������	�
�����	�����

��������� �	
� � ����� �������

������������	2��3�4	��	2�����

���������	 � ����������	
������*��������	��� �	�-
�����������
� �������
' $�����(	) $����������	���� (	*$��������	�����	���� (	

- $ �����	��	�����	���	����������	�����(	
. $ �1����		��	����
��	
�����	�����	�5�������	



60

�����������	��������	���������	�
�	�����	

��� �����	
����
��
��� ������
�������
�
��������������

�� � ����� � ���
��� ����
��� ������������� �����!	����� �

��
�������!������������"�
!�������# ���� � 	�
���
���

� ��� �
$
����	

3��	 ���6 $7�
�� )88/		2�����

�����	
�� ������� ���� ��
	����� ��������������������� 
���
 ����	� ������� ���� �������	
�� ����� �
��� �
��������	
�������	�
����
����	���
�����
���!�"!���#�$��
���"!%�$�������� &���

 
 9: �	; � �



61

��������	��
���
��
����
�
���
���	��

+	��� ��� � ����
�� 
�����������	��

������	��	��	
�����
������	�
����
�	�
�������
	
��	����	�����	��	���������	��	
�����������	�
�������


.	 $����	6�����	���	�
	����(	
,	 $ �������	��< $���������	

�������(	
=	 > ���	��<

3��	 ���6 $7�
�� )88/		2�����

����� ���� �������	
�� ����� �
��� ������	���
�����
����
�	�	�
���
��	 ��'����("��!)� ��*�����! %�������� ��&

=9	�� � ?��� @'88� � ?���



62

�������	�����	����������
	���
��

�� � ����
��� ��������		����������

�����������	
��	�
��
���
��������
����
���������� 
������


��������� �	
� � ����� �������

�+3+����
 &��8����	��� '()*'�  99)  &'')*(��+'', &�'',-*��  99(  &�+,,*-.�  99  
�+3+����
1 ��������	
��� �������	�������� &��/���/�����0�12�  99:  1-2

������	�������	���������		���������

���
��
���	���	����� 
���
	!

���" � � 	���"�#$� �
�
���	���	��%��#��" �� &��	���" �� #$� �



63

	���	��� �� ������
������
 ���� ������
 !�
"#�$��%&'������
 !�
"#�$��%&'

���
�!()
�	����
�!()
�	�

���������
�	
�	��	������

��������� �	
� � ����� �������



64

*���% +'
����!%�$
�#'�#�
! 
����&�%&

	��%�� �%�
�%%!����!%
 � �!,-!

!%&
��%&
����&�)
!%&
��%&

��,�
 � �.�%&'.� )
�.�%�

��������� �� 	�
������ ������

���������
�	
�	��	������
���� � ����&������� ���� �	� �������� 
������

��������� �	
� ������ �������



65

Functionalization of Monodisperse Magnetic Nanoparticl es, Langmuir vol.23, 2158-2168 (2007)
Marco Lattuada† and T. Alan Hatton *

Department of Chemical Engineering, Massachusetts Institute of Technology (MIT)
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