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A Light for Science

» introduction to ferrofluids

» structure of air-ferrofluid interface as obtained by X-ray scattering
» conclusion

» outlook
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A Light for Science

FERROFLUIDS or MAGNETIC FLUIDS
or MAGNETIC COLLIDS were
developed in the 1960's through the
sponsorship of NASA, to address the
unique requirements of moving liquid
fuel in a gravity-free outerspace
environment.
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PRACTICAL APPLICATIONS

> sealing of shafts and rods

» magneto-fluid lubrication

» supports, bearing

» dampers, shock-absorbers

» drag reduction and flow separation control
> heat transfer enhancement

» densimeters

» accelerometers

» pressure transducers

» displacement transducers

» slope angle-data transmitters HOUSING
» electromechanical converters POLE PIECE
» electrical contacts MAGNET
> displays FERROFLUID
> level detectors
» linear pumps
» printers

» loud speakers
» hard disks

~ 3500 patents

SHAFT

ES-60

ES-39C
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FERROFLUID — WHAT IS INSIDE?

.

| gravity thermal
motion

van der Waals
attraction

steric
repulsion

average particles size d about 10 nm
(provides stability of the colloid)

each particle is usually coated with a mag netic

stabilizing dispersing agent - - . :
(excluding ionic ferrofluids) fcraction d:ﬁgfa-g;roor:e
E_=nMHV
]f MAGNETIC NANO-FLUIDS
NANO-MAGNETIC FLUIDS Local interpartical correlations
each particle comprises a single domain change macroscopic properties

u =VM=103:10% 1B

. of the whole system
(superparamgnetism)
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FERROFI IIINS IN MONDFRN LIFE
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THE AIM OF OUR STUDY

\\\ I

:blz \\“'/ \\‘ I Produce 2d magnetic nano-structure
3 preferably by self-ordering or with
"Q\" \\" ‘t‘"g help of magnetic fields

9\:\-/ -\“w \\w \\-' w In bulk ferrofluid?
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l\\
Field-induced pseudocrystalline ordering in concentrated ferrofluids

~10 nm

A. Wiedenmann,“* A. Hoell,! M. Kammel,! and P. Boesecke?
YHahn-Meitner-Institut Berlin, Department SF3, Glienickerstrasse 100, D-14109 Berlin, Germany
2European Synchrotron Radiation Facilities (ESRF), BP 220, F-38043 Grenoble Cedex, France
(Reusn ed 13 December 2002; published 17 Seprembel 200’%\
o' o

FIG. 1. (Color) 2D 1somntensity SANS pattern of Co-FF samples
DS1. DS2. DS3. and DS6 for nonpolarized neutrons measured i a
horizontal magnetic field of #=1.1 T. applied perpendicular to the
meident neutrons.
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THE AIM OF OUR STUDY
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A Light for Science

Produce 2d magnetic nano-structure
preferably by self-ordering or with
help of magnetic fields

Solid-liquid interface?

neutron reflectometry

ferrofluid
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Daillant, J. & Gibaud, A. (1999). X-ray and Neutron Reflectivity:

A Light for Science

Principles and Applications, pp. 96-98. New York: Springer.

GRAZING INCIDENCE SCATTERING - SURFACE SENSITIVE

TECHNIQUE
: n=1-0-if scattered incoming
wave wave
5:1’01/‘3 S~10° o, =+20
27
water, A=1.55 A
A, A _A(p, )
surface /| as
= /
<
0.1 :
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1 % . \\\\ ,/ bulk
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REFLECTIVITY METHODE

q 100"5
AL ©'{\  EXPERIMENTAL
e y @ DATA
Iﬂl,f”/incidence scattered\\‘\ I :E 10-412
beam beam k> 10_5_;
a B=a & 10°]
107
IG 10°]
10° _
0. 1.0
~ YRESULT-SLD
I/I= Ri(q,) |F(g,)I> exp(-(¢,0)?) ! (ELECTRON DENSITY)
where |
q —4—ﬂsina ~N |
z /l \_Q/- ] :
27 \[sin o —+sin’ & —sin’ & : ] . >
R.(q.)= 2 : — —
s1na+\/s1n a—sin” a,
\F(q,)| = Fourier transform of dp(z)/0z Z
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SCATTERING ON LIQUID SURFACES
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A Light for Science

SAMPLE CELL

4 He
Helmholtz  “oprpmymirus, L : ! gggn =
coil 7 e : ‘ """"‘B"a"i §|_ SketCh Of the free
r PE— L = surface experiment
s | \ s q = showing the incident
S o e A T~ e — | “kout """"" = and reflected X-ray
| ww  beams (k. k_) and the
N N PSD .
Helmholiz R sample environment.
Y ’_ SesaCaay

quuid-liquicll (-liquid) interface

\
» vertical input/output angle up to 18° H

» horizontal output angle up to 60° ——
» sample diameter up to 70 mm k.
> maximum field strength 20 mT "

» hermetic closure
»100% Teflon coating inside

E = 22 keV
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FERROFLUID SAMPLES

T13

! |

100A 1244
| |
water tetradecane

Water-based ferrofluid Oil-based ferrofluid
Magnetite (Fe,O,) cores Tetradecane CH,(CH,),,CH,
Concentration C= 2 and 7 % vol. Surfactant — oleic acid (C44H3;,00H)
Surfactant — sodium oleate (C,gH,;,NaO,) slngleolayer.
double layer. C=13 % vol.

CORE SIZE

SEM DISTRIBUTION

500 A

LE LEO 1530
e R== Serial No. = |§Z|s|l

0 50 100 150 200 250

D(A)
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4 Pm H, p
Sample or compound (mN/m) (g/cm’) Xi (Oe) (1075 A-2)
FF2 32 1.11 0.33 275 10.0
FF7 30 1.26 1.16 74 1.4
Ti3 23 1.35 2.15 36 11.6
Fe;0, 5.0 40.5
C,sH::COOH 0.89 85
C,sH33Na0, 37 1.02 9.6
H,O 72.8 1.00 9.5
CoHa 26.6 0.76 75

C. GOLLWITZER, G.MATTHIES, R. RICHTER,
I. REHBERG, L. TOBISKA

n
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MACROSCOPIC DISTORTION OF FREE FF SURFACE
IN NORMAL MAGNETIC FIELD

0 40 80 80 40 0 40 80 80 40 0
H (Oe)

Exit-angle intensity distribution obtained during two
field increasing-decreasing cycles
Surface distorted already at H<H
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REFLECTIVITY FROM WATER FERROFLUID
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field brings more particles
from the bulk to the surface
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GID FROM WATER FERROFLUID FF2

intensity, arb. un.

01 02 03 04 05
q, At
equidistant peaks = ordering
of monodisperse objects of a

size L, =50

intensity of the odd peaks is
higher than intensity of even
peaks = more basic structural
unit with L /2

—[==]<—50 A

—>|— <—24 A
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GID ON WATER-BASED FERROFLUID

FF7
7(70 100 ;20
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= o
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similar GISAXS peaks but with low intensity
magnetite peaks at high q
no trace of water
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REFLECTIVITY FROM OIL FERROFLUID

128
T13 10° 3 _10] K
very hlgr_l ] ‘°'<:§C o
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surface structure is dci#érent for water and oil ferrofluid
sharp border between ferrofluid and air

depleted layer is almost pure oll
surface is very sensitive to the field = maximum 10 Oe can be used
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GID FROM OIL FERROFLUID T13
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RECONSTRUCTION OF THE FF SURFACE STRUCTURE

WATER FERROFLUID

surface
layer

bulk

[, — surfactant layer (~ 25 A)
I, — small particles with a single hydrophobic surfactant shell (30+40 A)
[, — surfactant enriched layer with Na oleate multilamellar structure (100250 A)
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RECONSTRUCTION OF THE FF SURFACE STRUCTURE

OIL FERROFLUID

surface
lazsr

bulk

[, — layer with small particles or oleic acid Gibbs layer
I, — layer of pure oil (300+500 A)
no oleic acid ordering

structure is more simple
oil ferrofluid is more promising for practical applications
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COMPLEMENTARY TECHNIQUE - X-RAY FLUORESCENCE

® WATER FF2 **
® OILT13 °
o

energy-dispersive
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Fe fluorescence yield (arb. units)
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QUESTION

A light for Science

How to calculate Rl parameters for the real
surfaces of the surfacted ferrofluids?

AIR

FERROFLUID

Ideal ‘pure’ case:
gas — homogeneous
magnetic media

H; = pog
2
X; i+1
L=2r =
PE

AIR

Water-based ferrofluid:
gas —

non-magnetic layer —
magnetic media

?

AIR

Oil-based ferrofluid:
gas —

layer with gradient
concentration

?
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CONCLISION

» Producing of desired structure on the free
ferrofluid surface will be difficult

» One must look for another way to provide ordering
of the particles
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OUTLOOK: ORDERING ON LIQUID SURFACE

LANGMUIR TECHNIQUE
o I :\\ll/:h\\\ll?_ .\\“,/_’_ :\\II/: I
- - gy gy ~—Os -
o AN UNS NS S
? "
o 150 A
O | b 15
E : 07 - 2(;0 - 7400. 600
o 4,0 ————r .
= % GISAXS
c 3,57 °A450 A o 0mN/m .
© o o e 1mN/m
— 3,0 - e 5mN/m .
-9- < ..OO o 10 mN/m
(7] 2,5 4
L"ms _Z 2’0_
o 5
= 1,5
o &
= 1,0 -
" ]
g 0,5 -
N ]
E 0,0 4

European Synchrotron Radiation Facility FF free surface structure ... PNPI winter sch. 2009 Alexei Vorobiev



A Light for Science

THANK YOU FOR YOUR ATTENTION

turopean Synchrotron Radiation Facility FF free surface structure ... PNPI winter sch. 2009 Alexei Vorobiev



6000

5000

4000

3000

2000

1000

.
o ®"

~

Patents

1970 1980

turopean Synchrotron Radiation Facility

1990

A Light for Science

arachidic
stearic :

CSSeEBeED | cc o
palmitic ? ?
arachidonic linoleic linolenic

JMMM 122 (1993) 437
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EXPERIMENTAL: MAIN RESULTS

field N a, [nm] ¢, [Inm] Off-specular data
(ON0)]
H=0 0 - -
H, = 50 Oe 6 6.3+0.1 173
H, = 105 Oe (I) 9 6.2+0.1 2143
H, = 105 Oe (Il) 30 52+0.1 43+3
H, = 105 Oe 15 7.3£0.1 33+3

-1,0 -0,5 0,0 0,5 1,0
q,. x102 nm-"

Ul

lateral correlation length

Ly =2m/Ty =3 ym
disordered layer (domain size)
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LAYOUT OF THE EXPERIMENTAL HUTCH

Ge [111]
Detectors deflector crystal
Q)
Linear
CCD

SHUTTER
IN THE
_____ OPTIC

R HUTCH

ID10B

detector

Ll rais Ll

f > n : :
L airpads ' ' !
Horizontal Vertical . flight pass beam
sample sample Sigma slit <0” deflector
mounting mounting stage
attenuation
revolver

Elements position from the source [mm].
Deflector
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LAYOUT OF OPTICS HUTCH

diamond
[111] or [220]
monol
in out
21.2° E 22.0
I}
- ]
Vac. pion o __ V= | DU
ID10C @il M=
e 5

| diamond [111] or [220] |

ID10B

@ | optical slit

. . . mono2 and @
primary slit and mirrors jionization chambers

Elements position from the source [mm].

Crergy range o s S s
. onochromator -
7.75-13.83 W|.th C(111) Foil monitor 33097
12.66-22.59 with C(220) Primary Optics Slit 33733
Mirror 1 34384
Mirror 2 34784
Optics Slit 38377
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