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ABSTRACT In this article, the structures formed by the action of the magnetic field to magnetite nanoparticles,
embedded into transparent matrices from ferrofluids, were analyzed. As the matrices polyvinyl alcohol and
epoxy resin were used, however, the results obtained may be applicable to other media, for example, biological.
The data of this work can be useful both for physical investigations of magnetic nanomaterials and for more
practical studies, for instance, aimed at solving some environmental problems.
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1. Introduction

Magnetic nanoparticles, in particular, those that are component of the so-called ferrofluids or magnetic fluids (MF),
are used in a variety of scientific and technological fields [1,2]. Among the recently proposed areas of applications,
biomedicine [3,4] and optoelectronics [5—7] can be named. Of particular importance and interest are also ideas related to
ecology, for example, in [8], an MF-based technique for eliminating oil spills was considered.

MEF, further used as starting substances for obtaining samples, are colloidal solutions, the solid phase of which is a
magnetic material, and the diverse fluids can act as a carrier liquid, kerosene or water for instance. These materials are
stabilized by applying certain surfactants to the surface of nanoparticles or creating electrical charge on it [2].

For most of MF-related utilizations, the important question is how they interact with the external magnetic field H. It
is known that the field forces the colloid nanoparticles to form the extended structures (agglomerates) oriented along the
H direction [9]. The characteristics of these objects vary depending on the type of solvent, particle material, surfactant,
as well as the conditions of the experiment. One of the convenient ways to study such clusters is their “freezing” in
a congealing environment, which was implemented, for example, in [10]. The purpose of the presented study is further
development of this approach and demonstration of the peculiarities of the field induced aggregation process in the viscous
media.

2. Materials and methods

The samples under consideration were composite materials obtained by infiltration of magnetite (Fe30,) nanoparti-
cles from MF into a transparent medium which are the polyvinyl alcohol (PVA) or epoxy resin. MF was the same as in a
number of previous works [10, 11], being an aqueous colloid of magnetite stabilized by a two-layer surfactant with oleic
acid molecules or by a charged layer formed on the surface of particles. The particle size was approximately 10 nm.

In the case of PVA matrix, an initial mixture of two aqueous solutions was prepared, one of them was 5 wt. % solution
of PVA powder, and another was MF with oleic stabilization, taken at such a concentration as to provide approximately
0.5 vol. % of the magnetic phase in a solid sample. The mixture was stirred at 90 °C, and then treated with ultrasound for
one hour. The resulting liquid was applied to a glass substrate and dried.

Since water cannot be used when working with epoxy resin, when fabricating samples with such matrices, ion-
stabilized MF was first dried on glass, and then the obtained paste-like precipitate was diluted in a hardener and sonified
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for one hour. After mixing the hardener with the resin, a short-term sonification of the mixture was also carried out
and then it was dried on a glass substrate. The magnetite content was such as to be for the solid matrix approximately
0.25 mg per 1 ml.

In all cases, the liquid mixture was applied to the substrate in such quantities as to finally obtain a sample in the form
of a film of 40-70 um thick. Drying was carried out in magnetic fields oriented in the film plane, or without application
of the field. The films have always turned out to be quite transparent; if the field was nonzero, a structure of thin extended
objects was visually observed in them.

All samples, both based on PVA and epoxy resin, were fabricated in the fields up to 6 kOe, but special attention was
paid to the range from 0 to 1000 Oe, since the saturation field Hy of MF reaches approximately of 1 kOe [9], and the
main processes associated with the formation of structures should occur in this interval. This assumption was confirmed
experimentally: it was found that the parameters of nanoparticle agglomerates at H > 1 kOe change only slightly.

Using a MICRO 200T-01 PLANAR microscope, micrographs were obtained for films, processed further as follows:
for each structural element (spherical at H = 0 and extended at H > 0) in the field of the microscope, its dimensions
(diameter d or, respectively, the thickness D and length L) were determined, and then for a given value H, statistics were
being accumulated. The number of analyzed objects, /N, was of an order hundreds, which made it possible to construct
histograms of the distribution of the above values.

In addition, a technique for determining D based on laser probing of the material was used. To do this, a laser
beam with a wavelength of A = 650 nm was focused on the film (illuminated from the side of the glass substrate),
and by finely moving the latter, such a position was chosen where the light diffracted on a separate aggregate. On a
screen at some distance away from the sample, a pattern typical of this was observed, containing maxima and minima of
diffracted radiation I. Assuming that this case is analogous to the slit diffraction and using the well-known expression
Am = D sin 6, where 0 is the angle at the / minimum with the number m, it was possible to determine the transverse size
of the selected object. (A similar approach was used to study agglomerates in a liquid medium [12]). Since this method is
more time-consuming than the analysis of micrographs, the dimensions of a smaller number of aggregates were evaluated
by it.

3. Experimental results

Figure 1 shows micrographs of PVA-based samples fabricated in fields of less or almost the same magnitude as H.
It is clearly seen that at H = 0 inclusions in the polymer matrix are microdroplets whose diameters d noticeably exceed
the characteristic size of the individual nanoparticles (Fig. 1a). A relatively small nonzero field leads to the formation of
elongated agglomerates, the length of which, L, however, can be easily determined (Fig. 2b). With approaching H, the
latter, starting from some point, is no longer possible, since the value L for most of agglomerates becomes comparable
with in-plane dimension of the sample (Fig. 1¢). It should be noted that for weak fields the diameters of the agglomerates
turned out to be approximately the same (D ~ 15-20 pm), and, moreover, for H > H, they also changed insignificantly.

AR osl i
oo B ol i*- LN ) -“ E

T s ¥ *'.:I. '

Lonhist
100 pm N 3 ey AN~
¢! . }; 81\11' ) :L_FJ\

FI1G. 1. Micrographs of a sample based on PVA at: a) H = 0; b) H = 40 Oe; c) H = 1000 Oe (the
scale is the same for all images)

The same regularities are preserved for composites based on epoxy resin matrices; for example, Fig. 2 shows mi-
crographs of these materials for / = 0 and > H;. Here we can note the same presence of microdrops in zero field
(Fig. 2a), and “infinitely long” agglomerates at fields of a high strength (Figs. 2b and 2c). It should be emphasized that
the D values for different cases may still differ slightly (see Fig. 2c, where the agglomerate with D ~ 80 pum is isolated),
however, the characteristic size of the order of several tens of microns is typical for almost all extended structural elements.
As an exception, we should mention the existence of a certain number of thin objects at H = 4 kOe and H = 6 kOe
(Figs. 2b and 2c).

The statistical properties of the aggregates are illustrated in Fig. 3, which shows examples of histograms of the
distribution of d (H = 0, Fig. 3a) and L (H = 40 Oe, Fig. 3a) in PVA-based composites. These data were obtained
by analyzing a number of micrographs with, as already was mentioned, a lot of objects N (in Fig. 3, normalization was
performed by the maximum magnitude in the distribution Ny). At H < H,, there were no qualitative differences in the
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FIG. 2. Micrographs of a sample based on epoxy resin: a) H = 0; b) H = 4 kOe; ¢c) H = 6 kOe (the
scale is the same for all images)
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F1G. 3. Histograms of the distribution of the size of agglomerates in a sample with PVA: a) without
field; b) in the field H = 40 Oe

behavior of histograms for materials with PVA and epoxy resin: with an increase of the field (where the measurement of
length was still possible), their shift towards large values of L was recorded.

The laser probing method made it possible to obtain verified data on the thickness of the aggregates. Fig. 4 demon-
strates the results of one of the diffraction experiments carried out on an epoxy film fabricated at H = 4 kOe. The
diffraction pattern, while not ideal, nevertheless allowed us to estimate D. After digitizing the images of the type pre-
sented in Fig. 4a, graphs of the dependence of the normalized light intensity on the distance from the beam center along
the X direction were obtained. Fig. 4b exhibits the distribution of the relative intensity of diffracted light I/l for one
of such a section of the pattern. According to these data, and taking into account geometric parameters of the setup, the
values of D were determined. They, slightly differing for different measurements, in order of magnitude amounted to tens
of microns in all cases. This gives a useful confirmation of what was obtained earlier, because due to the edge blurring of
images, the processing of micrographs is less informative.

4. Discussion

One of the main features of the structures we have considered is that they are formed in a similar way in different
environments and under markedly different conditions. Indeed, analyzing the data on the behavior of the magnetic fraction
embedded in PVA (Fig. 1) or epoxy resin (Fig. 2), it can be seen that even at very different fields, the thicknesses of
agglomerates tend to approximately the same value, and it is observable starting from the smallest H (Fig. 1b). At
H < H,, large-volume associations of nanoparticles cannot yet occur, and the parameter L, characterizing the extent
of the aggregates, remains small. An increase in the field leads to its significant growth and the appearance of long
structural elements, although in the interval roughly limited by H, from above, the presence of a certain number of
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F1G. 4. Diffraction of laser radiation on selected agglomerate (sample based on epoxy resin, H =
4 kOe): a) diffraction pattern at different scales; b) distribution of the relative intensity of diffracted
light

“short” aggregates can be noted (Fig. 1c), which reflects the statistical nature of the processes taking place. At H > H,
most of the particles enter into extended column-like systems (Figs. 2a,b), which, by moving the microscope field, can be
traced over a long distance, sometimes comparable to the size of the sample.

The suggested mechanism of formation of the structures in our samples may be as follows. The initial state in the
preparing of our samples are emulsions (Fig. 1a, Fig. 2a), which is usual when MF is diluted in viscous media [13]. In
our case, the size d of most of the microdrops can be estimated as 0.5 pum (Fig. 3a), that is, the number of nanoparticles in
each of them should be ~10%~10°. Thus, when the field inducing the magnetic moment appears, not individual particles,
as simple models suggest [9], but large objects begin to interact. Already in very small fields, the drops acquire an
ellipsoidal shape [13] and start to attract each other, merging into agglomerates of increasing volume and extent. At
higher I, maintaining approximately the same thickness D as at the initial stage of growth turns out to be energetically
favorable (apparently, from the point of view of minimizing magnetic energy and surface tension energy at the medium-
ferrofluid interface). The rate of such a process is determined by the viscosity of the medium and the average size d, i.
e., it is obviously much smaller than for conventional MF. In our case, however, the formation of a system of aggregates
accomplished long before the transformation of the liquid into a solid matrix, since their appearance (visually observed)
has a characteristic time of the order of minutes, whereas the carrier solidifies for about an hour. Therefore, the structures
of magnetic nanoparticles related to a specified field are fixed in the matrix as completed.

The presence of defects in the medium may impose certain features on the formation of aggregates. So, in Fig. 1
imperfections that are not related to magnetite are visible and represent a partially crystallized matrix substance (which is
typical for PVA [14]). Of course, there are other possible situations - in Figs. 2b,c can be noticed an aggregates with an
included “dot-like” objects. During laser probing of samples, they are recorded as irregularities in the diffraction pattern
(Fig. 4a).

The results obtained can be extended, with a degree of conditionality, to other media with similar properties, primarily
viscous ones. They include biomaterials containing, for example, some proteins, as well as gel-forming or other similar
substances. For ecology, petroleum products are very important, in which the behavior of magnetic nanoparticles may
turn out to be similar to what was considered in this paper. Understanding of how the structures are arise in them under
the action of a magnetic field and what they are, being necessary for the development of theory, may also have practical
significance.

5. Conclusion

In this work, a technique for studying agglomerates consisting of magnetic nanoparticles that are fixed in a transparent
solidifying medium was considered. It was shown that it allows one to get information about the parameters of these
objects, as well as to identify some general patterns of the formation of such structures in a viscous liquid. Statistical
properties of agglomerates were obtained, their characteristic sizes were measured, including by laser probing. The
possible application of the results was discussed.
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