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ABSTRACT

An experimental study conducted on the preparation and hyperthermia effect of magnetic functional
fluids based on Fe735Nb3Cu;Sii35B9 amorphous particles, CoFe,04 nanoparticles and Fe3;04 nanopar-
ticles dispersed in water is presented. Scanning electron microscopy, X-ray diffraction, differential
scanning calorimetry and vibrating sample magnetometer methods have been used to characterize
the morphology, structure and magnetic property of the amorphous particles. It is disclosed that the
Fe;35Nb3Cu;Sii35Bg particles are still amorphous after being milled for 48 h. Moreover, the saturation
magnetization of metallic glass particles is approximately 75% and 50% larger than that of CoFe;04
nanoparticles and Fe3O4 nanoparticles, respectively. The hyperthermia experiment results show that
when alternating electrical current is 150 A, the temperature of the functional fluids based on amor-
phous particles could rise to 33°C in 1500s. When the current is 300 A, the final stable temperature
could reach to 60°C. This study demonstrates that the Fe;35Nb3Cu;Si135B9 magnetic functional fluids

may have potential on biomedical applications.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic functional fluids, a class of smart materials, have
drawn considerable attention in both academia and industry as
their rheological, electrical and thermal properties can be con-
trolled under an applied external magnetic field [1-4]. Common
magnetic functional fluids include magneto-rheological (MR) fluids
and ferrofluids (FFs) [5-8]. MR fluids are suspensions micrometer-
sized dispersed in liquid carrier [9]. Particles of this size (between
1 and 10 pm) are magnetically multidomain, which constitutes the
physical reason for the distinctive characteristics of MR fluids. MR
fluids can exhibit a rapid response when a magnetic field is applied,
which makes suitable as shock absorbers and dampers in applica-
tions ranging from prosthetic legs to helicopters [10,11]. FFs (also
called magnetic fluids or magnetic nanofluids) primarily consist
of nano-size particles suspended in a carrier liquid, which exhibit
simultaneously liquid and superparamagnetic properties [12]. FFs
have been used in medical science for oncotherapy [13], chemi-
cal science for solid phase extraction [14] and machine science for
senor [15], etc.
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The magnetic particles used in MR fluids or FFs are usu-
ally magnetite (Fe304) or cobalt ferrite (CoFe,04) because of
their intriguing properties such as superparamagnetism and bio-
compatibility. However, the weak magnetic properties constrain
their practical use in some areas such as high temperature cool-
ing and elevated-temperature seals applications. The Fe-based
amorphous alloys have broad prospects for industry applica-
tions due to their uniquely high magnetic properties relating
to the short-range ordered and long-range disordered atomic
structures as well as low cost of raw materials [16]. Nowa-
days, Fe-based amorphous alloys are becoming more widespread
for efficient transformer cores application, as they are the most
magnetically soft commercially available materials. Moreover,
addition of amorphous alloy powders into FFs can give rise to
a dramatic enhancement in decreasing chemical oxygen demand
(COD) and decolorization [17]. Fe-based amorphous alloy parti-
cles have an excellent development potential in the application
of magnetic functional fluids. However, detailed research of
Fe-based amorphous alloy particle and its soft magnetic proper-
ties applied to functional fluids have not been yet significantly
reported.

Hyperthermia is an extensively studied technique for can-
cer treatment [18]. Cancer treatment by hyperthermia consists
in increasing artificially the temperature in the tumor up to
42-45°C, which results in the death of carcinogenic cells.
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Fig. 1. The sketch of preparation of Fe;3 sNb3Cu;Sij35Bg MR fluid, Fe;04 FF and CoFe,04 FF.

Previously, microwave, laser and ultrasound radiation were used
for hyperthermia. Nowadays, one of the most promising direc-
tions for hyperthermia is to use magnetic functional fluids as
there is no undue heating of healthy tissues. When exposed to a
low-frequency alternating magnetic field, the particles in fluids
generate heat that destroys the tumor. Nevertheless, no reports
have been done on hyperthermia research of magnetic functional
fluids based on Fe-based amorphous particles.

Three kinds of magnetic functional fluids, Fe;3 5Nb3CuqSiq35Bg
MR fluid, Fe304 FF and CoFe,04 FF were prepared. The hyperther-
mia effect of these magnetic functional fluids was also investigated
in this paper. Considering the excellent magnetic properties
and obvious heating effect, the magnetic functional fluids based
on Fe-based amorphous particles could offer opportunities in
medical applications and other emerging applications such as
magneto-caloric energy conversion devices [19], seals fields [20],
cooling applications [21], as well as printed electronics [22],
etc.

2. Experimental

All the chemicals used in the experiments were of analytical
reagent (AR) grade without further purification. Before each exper-
iment, all glassware were cleaned with dilute nitric and repeatedly
washed with deionized water.

The Fe304 FF and CoFe,04 FF used here were chemically syn-
thesized through chemical co-precipitation method. A mixture
solution of FeCl,-4H, 0 and FeCl;5-6H, 0 with a molarratio of 2:1 was
dissolved in a three-necked flask. Then a certain amount of ammo-
nia aqueous solution (25%) was added rapidly to it with mechanical

stirring and supersonic dispersion. The black Fe304 nanoparticles
were obtained by

2Fe3* + Fe?t + 8NH3-H,0 = Fe304 + 8NH4 ™ +4H,0

A mixture solution of FeCl3-6H,0 and Co(NOs3), with a molar
ratio of 2:1 was dissolved in a three-necked flask. Then a certain
amount of NaOH solution was added rapidly and heated to boiling
for 60 min with stirring. Then the mixture solution was cooled to
room temperature. A black precipitate was obtained by

2Fe3* 4 Co?* + 80H™ = CoFe;04 + 4H,0

After this, appropriate agar (0.075g) and polyethylene glycol
(0.05g PEG-4000) were put into the Fe304 or CoFe,04 suspen-
sion at a constant temperature as the first and second surfactant
respectively. The mixture suspension was stirred at a constant tem-
perature for 1 h. Finally, after being cooled to room temperature, the
stable Fe304 and CoFe,04 aqueous FFs were obtained.

As for the amorphous ribbons, ingots of Fe;35Nb3CuqSij35Bg
were prepared from the pure elements in an argon atmosphere.
The prealloyed ingots were remelted by high-frequency induction
heating and rapidly solidified into continuous ribbons at different
circumferential speed in a controlled argon atmosphere. Ribbons
were produced by a single roller melt-spinning device using a
quartz crucible and a copper wheel of 350 mm in diameter under an
argon atmosphere. The thickness of amorphous ribbons depends on
the velocity of the wheel. Then the ribbons were milled 48 h with
the rotating speed of 350 r/min under the high purity Ar gas for
protection. Then the amorphous particles after being milled for 48 h
were washed with deionized water as the magnetic particles for the
magnetic functional fluids. After this process, 0.075 g agar used as
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Fig. 2. The XRD patterns of Fe;04 nanoparticles and CoFe;04 nanoparticles (a), and
Fe735Nb3Cu; Siy35Bg ribbons and particles (b).

the first surfactant was put into the mixture solution at a constant
temperature of 55 °C. The mixture solution was kept at this temper-
ature with stirring for 1 h. The resulting amorphous particles were
isolated by magnet, washed several times with deionized water,

MG particles

Exothermic

] ]
300 400 500 600 700 800
Temperature ('C)

L] L) L}
100 200 900

Fig. 3. DSC curves of Fe73 5sNb3Cu; Sii35Bg metallic glass ribbons and particles after
being milled with a heating rate of 20°C/min.
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Fig. 4. SEM images of Fe30, nanoparticles, CoFe,04 nanoparticles and
Fe735Nb3Cu; Sij35Bg particles.

and transferred to a beaker. For further modifying the particles, the
dilute hydrochloric acid was used to adjust the pH to 4-5. Then a
certain amount of polyethylene glycol (0.05 g PEG-4000) was added
to coat on the surface of the Fe;3 5Nb3Cu;Si;35Bg amorphous par-
ticles as the second surfactant with stirring for 1h at a constant
temperature of 60 °C. Finally, after cooled to room temperature,
a Fe735Nb3Cu;Sij35B9 MR fluid was obtained. Fig. 1 displays the
schematic of preparation processing of Fe;35Nb3Cu;Sii35B9 MR
fluid, Fe304 FF and CoFe, 04 FF.

The structures of Fe;35NbsCu;Sij35B9 amorphous particles,
Fe304 nanoparticles and CoFe,04 nanoparticles were character-
ized by X-ray diffraction (XRD) measurements carried out with
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Fig. 5. Hysteresis curves of Fe304 nanoparticles, CoFe;04 nanoparticles and
Fe735Nb3Cu;Sii35B9 MG particles.

D/max-1B, using Cu Ka radiation. The characteristic of particles
morphology was investigated by scanning electron microscopy
(SEM). The magnetic properties of the particles and magnetic
functional fluids were measured by a vibrating sample magne-
tometer (VSM) at room temperature. The hyperthermia effects of
the Fe;35Nb3CuqSii35B9 MR fluid, Fe304 FF and CoFe,04 FF were
investigated by a self-made device.

3. Results and discussion

Fig. 2 shows the X-ray diffraction patterns of Fe304 nanoparti-
cles, CoFe,04 nanoparticles and Fe;35Nb3CuqSij35Bg particles. It
indicates a series of characteristic peaks for (220), (311), (400),
(422),(511)and (440) planes of Fe304 and CoFe;04 as shown in
Fig. 2(a). No obvious impurity peaks can be observed. The exper-
imental data demonstrate the samples can be indexed to the
cubic spinel structures. The average of crystallize size D is calcu-
lated using the Sherrer equation: D=KA/(B cos6). The crystallite
sizes of Fe304 and CoFe,;04 nanoparticles are found to be 12.9 nm
and 13.4nm, respectively. As can be seen in Fig. 2(b), both the
Fe735Nb3Cu;Siq35Bg metallic glass ribbons and particles exhibit
broad peaks around 20=45°, which are characteristics of amor-
phous structures. The broad peak of the particles is much weaker
than that of the ribbons, which illustrates that the amorphous char-
acteristic is weakened after being milled.

The differential scanning calorimeters (DSC) curves of the
Fe73 5Nb3Cu;Siq35Bg metallic glass ribbons and particles obtained
at heating rate of 20°C/min are shown in Fig. 3. Two exother-
mic peaks during heating indicate two stages crystallization of the
ribbons and particles, which reveals that the particles remain amor-
phous after being milled for 48 h. The results correspond well with
the XRD data mentioned above.

Fig.4(a)-(c) shows the morphologies of the Fe30,4 nanoparticles,
CoFe,04 nanoparticles and Fe;3 5Nb3CuqSiy35Bg particles, respec-
tively. Fig. 4(a) and (b) illustrates that Fe304 nanoparticles and
CoFe,04 nanoparticles display a high degree of size homogeneity
with typical size in the 10-15 nm. Observation in Fig. 4(c) reveals
that the Fe;35Nb3Cu;Siq35Bg particles after being milled appear
to near-spheres with different sizes. The particle sizes could reach
8 wm or even smaller.

The magnetic properties of Fe30, nanoparticles, CoFe;04
nanoparticles and Fe;35Nb3Cu;Sii35Bg particles have been char-
acterized by VSM at room temperature. The magnetic hysteresis
cures are shown in Fig. 5. The results show that the saturation
magnetization (Ms) of the Fe304 nanoparticles is about 58 emu/g.
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Fig. 6. (a) The schematic diagram of experimental setup for the magnetic heating
experiment, (b) the heating curves of the CoFe,04 FF, (c) the heating curves of the
Fe;04 FF, (d) the heating curves of the Fe;35Nb3;Cu;Si35Bg MR fluid.
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No remanence and coercivity are observed for the particles on
the hysteresis cure, confirming the superparamagnetism of the
particles. The Ms of the CoFe;04 nanoparticles is about 34 emu/g
with relative higher coercivity and remanence. While the Ms of
Fe73 5Nb3Cu;Siq35Bg particles is about 125 emu/g, which is approx-
imately 75% and 50% larger than that of CoFe,04 nanoparticles
and Fe304 nanoparticles, respectively. Moreover, the results show
the Fe;3 5Nb3Cuy Siq3 5Bg particles exhibit low coercivity and rema-
nence.

Magnetic fluid hyperthermia induced by heating effects in an
AC-magnetic field of the magnetic nanoparticles has attracted
much attention because of its safe treatment with little physical
or mental strain to the patient [23]. Here, we investigated the
hyperthermia effects of Fe;35Nb3Cu;Si;35Bg MR fluid, Fe304 FF
and CoFe,04 FF. The schematic diagram of experimental setup
of the magnetic heating experiment is shown in Fig. 6(a). A
thermometer was used to record the temperature. The accuracy
of the thermometer is 0.1°C in temperature and the tempera-
ture measurement error is within 1°C. The tests were conducted
under normal room temperature. The work frequency of the high-
frequency induction heater was 90 kHz, which was in the range
for biomedical applications (50-100 kHz) [24]. The heating exper-
iments were performed under different output currents ranging
from 150t0 300 A. 50 ml Fe735 Nb3 Cuy Si13.5 Bg MR fluid, 50 ml Fe304
FF and 50ml CoFe,04 FF with 5% mass fraction were investi-
gated.

The experimental results are shown in Fig. 6(b)-(d). It can
be seen that when different alternating electrical currents were
output, the temperature of all the Fe;35Nb3Cu;Sij35Bg MR fluid,
Fe;04 FF and CoFe,04 FF increased obviously as time goes on.
The increase rate of temperature accelerated with the increase
of electrical current. When the current was 150A, the temper-
ature rose to 30.0°C for CoFe,04 FF, 33.1°C for Fe304 FF, and
33.3°C for Fe73_5Nb3CU1Si13.5Bg MR fluid in 1500s. However,
when the current was 300 A, the final stable temperature could
reach to 37.6°C, 51.4°C and 60.7 °C for the CoFe,04 FF, Fe304 FF
and Fe735Nb3Cu;Sij35Bg MR fluid, respectively. The efficiency of
hyperthermia effect of Fe;3 5Nb3Cu;Si135Bg MR fluid is about 38%
and 15% higher than that of CoFe,04 FF and Fe304 FF, respec-
tively. The experimental results indicated that the intensity of
alternating magnetic field induced by alternating electrical cur-
rents had effects on the hyperthermia effect of the three magnetic
functional fluids. The heating effect could be controlled effec-
tively by adjusting the value of the output current. Moreover,
it could be concluded that the Fe;35Nb3Cu;Sij35B9 MR fluid
has more significant heating effect than that of CoFe,0,4 FF and
Fe304 FF in an alternating magnetic field, which indicates that the
Fe;3.5Nb3Cu;Sii35Bg MR fluid has potential on hyperthermia ther-
apy of tumor.

4. Conclusions

Three kinds of magnetic functional fluids, Fe;3 5Nb3Cu4Siy35Bg
MR fluid, CoFe;04 FF and Fe304 FF, have been successfully pre-
pared. The Fe;35Nb3CuqSij35Bg particles are still amorphous
with typical size of about 8 wm after being milled for 48 h. The
Ms of metallic glass particles is approximately 75% and 50%
larger than that of CoFe,04 nanoparticles and Fe;04 nanoparti-
cles, respectively. The hyperthermia experimental results indicate
that the Fe;35Nb3Cu;Si;35Bg MR fluid exhibits more significant
heating effect than that of CoFe,0,4 FF and Fe304 FF in an alter-
nating magnetic field. Considering the hyperthermia effect, the
Fe73 5Nb3Cu;Siq35Bg MR fluid had potential on hyperthermia ther-
apy of tumor in biomedical applications.
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