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SMALL-ANGLE NEUTRON SCATTERING
STUDY OF TRANSFORMER OIL-BASED FERROFLUIDS

It is known that ferrofluids typically respond to magnetic fields and can be manipulated by
such external fields. The particle assembly in magnetic nanofluids can be induced even by a
direct current (dc) electric field. An experimental study of magnetic colloidal particles and
their changes induced by an external electric field in a ferrofluid based on 2 transformer oils
with different concentrations of nanoparticles is presented. By small-angle neutron scattering
(SANS), we show the influence of the electric field intensity and the concentration on magnetic
nanoparticle aggregates.
K e yw o r d s: external fields, magnetic fluids, magnetic nanoparticles, transformer oil-based
ferrofluids.

1. Introduction

Magnetic nanoparticles (MNPs), as compared to bulk
materials, possess quite distinct magnetic properties,
and many attempts have been made to utilize their
beneficial properties for technical and biomedical ap-
plications, e.g., for magnetic fluids, high-density mag-
netic recording, biomedical diagnosis and therapy,
drug delivering.

Magnetic fluids (MFs) are liquid dispersions of
magnetic nanoparticles (size ∼10 nm) covered with
surfactants that become strongly magnetized in the
presence of a magnetic field [1]. Constituting unique
properties, they studied intensively for diverse appli-
cations for the last 20 years. Magnetic fluids have
been proven to provide benefits (thermal, dielec-
tric, etc.) to power transformers. They can improve
the cooling by increasing the fluid circulation within
transformer windings due to the flow driven by a mag-
netic field. In addition, they can enhance the trans-

c○ M. KARPETS, M. RAJNAK, O. IVANKOV,
K. PAULOVICOVA, M. TIMKO, P. KOPCANSKY,
L. BULAVIN, 2020

former capacity to resist lightning impulses and min-
imize the effect of humidity in typical insulating flu-
ids [2]. The advantages of magnetic fluids may be ex-
ploited to design smaller but more efficient new trans-
formers or to prolong the life or loading capability of
existing aggregates [3].

It is known that the electric polarization of MNPs
increases the relative permittivity of ferrofluids [4].
However, the particle-particle interaction and their
aggregation and polarization induced by electric
fields have not been investigated enough. Recently,
the studies with the dielectric spectroscopy method
on thin layers of transformer oil-based ferrofluids
(TOFF) showed that the external electric field in-
duces the aggregation of MNPs [5]. In regard to the
theory of converting free electrons to charged parti-
cles forming a streamer, such a response of MNPs
to electric fields may influence the breakdown field
strength of TOFF [6]. However, the breakdown volt-
age was found to increase not only due to the increas-
ing voltage rise rate, but also due to the increasing
nanoparticle concentration [7]. In [8], it was shown
that the partial discharge inception voltage increases
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Fig. 1. Schematic representation of the cuvette for a sample
with the electrical circuit and the neutron beam

quasilinearly with the concentration of superparam-
agnetic iron oxide nanoparticles, but the extinction
voltage is practically unaffected.

Neutron diagnostics has a number of differences
from X-ray and optical ones, which gives it consid-
erable advantages in the study of nanomaterials. For
neutrons, the main type of interaction with the mat-
ter is the nuclear interaction, and the amplitude of
such interaction depends not only on the order num-
ber of the element in the Mendeleev table, but also
on its isotope composition [9]. The neutron scatter-
ing methods are often applied to the research on bio-
logical materials. The influence of the magnetic con-
tent of magnetoferritin on the structure of the protein
shell at low and moderate iron oxide loadings by the
small-angle neutron scattering (SANS) was shown in
[10]. The structure and interaction parameters of mi-
celles in solutions of anionic surfactant sodium oleate
in deuterated water were studied by SANS [11].

Neutron diagnostics is widely used for structural
investigations of new materials for technical applica-
tions. Conducting SANS experiments with ferrofluids
in dc electric fields, it was found that the anisotropic
aggregates preferably orient in the direction of the
applied electric field [12]. The effect of magnetic na-
noparticle assembly formation at a planar interface
between a transformer oil-based ferrofluid and single-
crystal silicon in non-homogeneous magnetic fields
was studied by specular neutron reflectometry [13].

In this article, we present the experimental SANS
study of a transformer oil-based ferrofluid with differ-
ent concentrations of nanoparticles exposed to an ex-
ternal dc electric field. Based on the obtained results,
we will discuss thethe probability of the formation

of clusters in a TOFF and the influence of different
parameters on SANS data.

2. Materials and Methods

The investigated MFs are based on a commercially
available inhibited insulating transformer oils:

1) MOL TO 40A. Its basic physical properties pro-
vided by the manufacturer are as follows: density
0.867 g/cm3, kinematic viscosity 22 mm2/s, pour
point 228 K, flash point 413 K, and interfacial tension
42 mN/m. Three samples with magnetic volume frac-
tions of 0.03%, 1.17%, and 2.2% were studied. Their
corresponding physical parameters are presented in
Table;

2) SHELL Diala S4 ZX-I with such parameters:
density 0.805 g/cm3 (20 ∘C), kinematic viscosity
9.6 mm2/s, pour point 233 K and flash point 464 K.
Samples with magnetic volume fractions of 0.03%,
0.92%, and 1.8% were studied.

The iron oxide nanoparticles were coprecipitated
from the aqueous solution of Fe2+ and Fe3+ and sta-
bilized by oleic acid in a well-proven way [14].

For the reported experiments, we used a standard
quartz cuvette (Hellma, 1 mm thick) equipped with
two stainless tubular electrodes inside, fixed 1 cm
apart in the Teflon stoppers (Fig. 1). Our simulation
confirmed a homogenous field in the middle of the cu-
vette, while the near-electrode regions exhibit a gra-
dient field with the strongest intensity in the stop-
pers (Fig. 2). The numerical simulation of the field
intensity inside the cuvette was simulated by the Fi-
nite Element Method Magnetics (FEMM 4.2) using a
triangular element mesh and the iterative conjugate
solver.

In situ, SANS experiments were carried out on the
small-angle neutron diffractometer – time-of-flight
YuMO instrument [15] at the pulsed IBR-2 reactor
at JINR, Dubna, Russia. The experiments were per-
formed at room temperature with a sample aperture
of 8 × 8 mm2 centered in the middle between the
electrodes.

The general theory of the scattering of thermal
neutrons shows that the differential scattering cross-
section 𝑑Σ/𝑑Ω can be considered with good approxi-
mation as a function of the momentum transfer, q :

𝑑Σ

𝑑Ω
=

1

𝑉

∑︁
𝑘𝑙

𝑏𝑘𝑏𝑙(𝑒
𝑖qr𝑘 − 𝑒−𝑖qr𝑙). (1)
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Fig. 2. Simulated equipotential field lines in the cross-section of the cuvette and electrodes with a potential difference of 6 kV

The basic physical parameters of the prepared magnetic nanofluid samples

Mass magnetization Volume magnetization Magnetic Magnetic Density,
g/cm3

Magnetic
volume fraction

Samples of saturation, of saturation, mass fraction, volume fraction,
Am2/kg kA/m % %

MOL oil – – – – 0.86 –
MF_MOL 0 0.17 0.14 0.18 0.03 0.863 0.005
MF_MOL 3 5.63 5.22 5.93 1.17 0.927 0.15
MF_MOL 5 9.58 9.80 10.09 2.20 1.023 0.24
Diala oil – – – – 0.807 –
MF_Shell 1 8.83 8.01 9.3 1.8 0.908 0.26
MF_Shell 2 4.8 4.13 5.1 0.92 0.86 0.13
MF_Shell 6 0.16 0.13 0.2 0.03 0.81 0.007

In the small-angle neutron scattering experiment,
we measured 𝑑Σ/𝑑Ω, the differential scattering as a
function of 𝑞, the momentum transfer:

𝑞 =
4𝜋

𝜆
sin

𝜃

2
, (2)

where 𝜆 is the neutron’s wavelength, and 𝜃 is the
scattering angle.

From relation (2), it can be seen that, to obtain
the dependence 𝑑Σ/𝑑Ω, the scattering angle 𝜃, or the
wavelength 𝜆, or both parameters should be mea-
sured [16].

The main parameter of a material that defines the
interaction with neutrons is the scattering length den-
sity (SLD)

𝜌 =
𝜌𝑚𝑁A

𝑀

∑︁
𝑛𝑖𝑏𝑖, (3)

where 𝑏𝑖 is an atomic incoherent scattering length,
𝑀 – atomic mass, 𝜌𝑚 material density, 𝑁A – Avo-
gadro’s number.

The TOFF structure on the nanoscale under a dc
electric field was followed by SANS representing the
scattered neutron intensity 𝐼 as a function of the mo-
mentum transfer modulus 𝑞. Experimental measure-
ments were performed with a cuvette fully filled with
a ferrofluid. During the experiment, the sample was
fixed, and only the intensity of the applied electric
field was varied. Each curve was measured from 2 to
6 times.

For fitting the curves, we used the SasView soft-
ware – a small-angle scattering analysis package for
the analysis of 1D and 2D scattering data directly in
the inverse space [17]. The Levenberg–Marquardt al-
gorithm has been applied as the standard method for
non-linear data fitting. As a gradient descent trust re-
gion method, it starts at the initial value of the func-
tion and steps in the direction of the derivative until
it reaches the minimum. Set up as an explicit min-
imization of the sum of square differences between
theory and model, it uses a numerical approxima-
tion of the Jacobian matrix to set the step direction
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Fig. 3. YuMO SANS TOF diffractometer at the IBR-2 reac-
tor [16]: 1) movable reflector; 2) moderator/cold moderator;
3) chopper (adapted to cold moderator); 4) first collimator;
5) vacuum tube; 6) second collimator; 7) liquid bath thermo-
stat; 8) V, graphite, H2O standards; 10 ) second circular de-
tector (PSD) of thermal neutrons; 11) detector of the direct
beam; 12) first circular detector of thermal neutrons; 13) third
circular detector of thermal neutrons

Fig. 4. Distribution of the radius of nanoparticles for the
ferrofluids from SANS

and an adaptive algorithm to set the size of the trust
region. During the fitting, we have used such para-
meters:

∙ Model – core-shell sphere;
∙ Resolution – 5%;
∙ Polydispersity – lognormal;
∙ SLD of magnetite – 6.93× 10−6Å

−2
;

∙ SLD of oil and oleic acid – 0.08× 10−6Å
−2

.
All obtained experimental SANS data were pro-

cessed with a theoretical model of core-shell par-
ticles. Core-shell type nanoparticles are a type of

Fig. 5. SANS data (points) and the fit (curves) for the fer-
rofluids based on insulating transformer oils SHELL and MOL
with electrodes without the dc electric field (0 kV/cm)

biphasic materials which have an inner core structure
and an outer shell made of different components (sur-
factant in the case of MNP). The mean radius of such
particles was about 4 nm (Fig. 4). But the high scat-
tering contrast between magnetite and a hydrogen-
containing solvent allows one to neglect the scattering
from the surfactant shell and the magnetic neutron
scattering from MNPs according to [18].

The obtained experimental SANS dependences and
fit for the ferrofluids based on insulating transformer
oils SHELL and MOL with different concentrations
of nanoparticles for voltage 0 kV are plotted in
Fig. 5. One can see a significant increase in the scat-
tering intensity with the concentration of iron oxide
nanoparticles. The cause for it is a higher quantity of
scattering centers. The similar behavior is confirmed
also in the presence of the electric field. The difference
in SANS data for 2 types of insulating oil with com-
parable magnetic volume fractions of nanoparticles
(0.03%) in the electric field is presented in Fig. 6. It
is seen that the scattering curve for SHELL oil is sit-
uated higher in the graph. It is because the SHELL
oil has a lower density than MOL oil by about 6%
and, according to (3), SLD lower by 6%. The same
situation is observed also for another particle concen-
tration and in the presence of the dc electric field with
strengths from 0 kV/cm (initial) to 4 kV/cm.

Actually, there are almost no changes in SANS
data with applying and increasing the dc electric field
strengths for all samples. One can see the curves for
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Fig. 6. SANS data for the ferrofluids based on insulating
transformer oils SHELL and MOL with the magnetic volume
fraction around 0.03% in a dc electric field of 6 kV/cm

MF_MOL 3 in Fig. 7. There is a little increase in
the intensity for small 𝑞 for higher concentrations,
but it is in the error range. We expected to get an
obvious increase in 𝐼0 with the voltage, as it was
observed in [12]. If this was true, we would specu-
late that, with increasing the voltage, the nanopar-
ticles migrate toward the electrodes (in the electric
field gradient), and, as our beam was shining be-
tween the electrodes, we get scattering on a higher
number of particles. Thus, the scattering curve ob-
tained at higher voltages should represent two sub-
systems of scattering objects in the sample. The first
one reflected in the intensity profile at 𝑞 > 0.007 Å

−1
,

which we cover in the experiment reported in this
paper, constitutes the non-aggregated particles. Ano-
ther subsystem involves the particle aggregates, giv-
ing rise to the additional intense scattering signal at
𝑞 < 0.007 Å

−1
. Therefore, the expected aggregates

are, probably, of greater size which is not possible
to see in the 𝑞-range covered in the YuMO exper-
iment. So, new measurements on instruments with
wider 𝑞-range are required.

It is also useful to compare SANS results for a
cuvette with MF without electrodes and with elec-
trodes, but without the voltage (Fig. 8). Ideally, both
curves should be equal. But, as the cuvette and
the electrodes have finite size, slight differences ap-
pear, especially in the low 𝑞-range which is essen-
tial for us. The neutron beam (14 mm in diameter)
catches the electrodes on the way through the sam-

Fig. 7. SANS data for the MF_MOL 3 sample exposed to
the dc electric field with strengths from 0 kV/cm (initial) to
6 kV/cm

Fig. 8. SANS data for the MF_MOL 5 sample without elec-
trodes and with electrodes without voltage

ple. As one single SANS measurement took 20 min,
we obtained the scattering intensities averaged in the
time. Therefore, we miss the information about the
quick particle assembly development driven by the
applied field. One can use small-angle X-ray scatter-
ing (SAXS) with a point beam to avoid the effect of
electrodes. By performing an SAXS experiment (for
approximately 2 seconds), we will get the informa-
tion about the quick particle assembly development
driven by the applied field.

3. Conclusions

We have demonstrated the influence of the concen-
tration of nanoparticles on SANS measurements of
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the classical magnetic fluids (magnetite coated with
oleic acid in transformer oil). Changing the carrier
liquid has a measurable effect on the scattering. It
is shown that the neutron beam is quite sensitive to
electrodes in such experimental setup. The qualita-
tive and quantitative exploration of the ferrofluids
based on insulating liquids under the action of ex-
ternal electric fields can shed light on some peculiar
properties of ferrofluids (rheological, dielectric, elec-
tric breakdown) to boost and to support their effec-
tive application in the electrical engineering.
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ВИВЧЕННЯ МАГНIТНИХ РIДИН НА ОСНОВI
ТРАНСФОРМАТОРНИХ МАСТИЛ МЕТОДОМ
МАЛОКУТОВОГО РОЗСIЯННЯ НЕЙТРОНIВ

Р е з ю м е

Вiдомо, що магнiтнi рiдини зазвичай реагують на магнiтнi
поля, i ними можна манiпулювати такими зовнiшнiми поля-
ми. Агрегацiя частинок у магнiтних нанорiдинах може бу-
ти викликана навiть постiйним електричним полем. Пред-
ставлено експериментальне вивчення магнiтних колоїдних
частинок i їх змiни пiд впливом зовнiшнього електричного
поля в магнiтних рiдинах на основi двох трансформаторних
мастил з рiзними концентрацiями наночастинок. За допо-
могою методу малокутового розсiяння нейтронiв показано
вплив iнтенсивностi електричного поля i концентрацiї ма-
гнiтних наночастинок на їх агрегацiю.
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