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Abstract

Two metal-based magnetic functional fluids, Ga-Sn and Ga-In magnetic liquids, were
fabricated by doping with Fe;; sNbsCu;Sij;sBy metallic glass particles and nanoscale Fe;0,
particles, respectively. The saturation magnetization of the metallic glass particles,
Fe;3sNb;Cu,Sijz 5By, is about 125 emu/g, nearly 50% larger than that of Fe;O, crystalline
particles which are usually used in water-based magnetic fluids. It is discovered that
functional fluids, Gagsglnj4» and Gag ¢Sngy alloy liquids, with Fe,; sNbsCu,Sijs 5By particles
exhibit high saturation magnetization as well as low coercivity and remanence. Furthermore,
the magnetic hysteresis curves confirm that the liquid metal-based magnetic functional fluids
with Fes;sNbsCu;Sij; 5By particles have higher magnetization than the metal-based Fe;O,
fluids. Owing to the high alloy boiling point more than 2000 K, the metal-based functional
fluids should be useful materials for engineering applications when the surrounding
temperature is relatively high. Interestingly, these functional fluids offer the properties of

superior thermal or electrical conductivity over conventional water-based fluids.
Keywords: liquid metal, functional fluid, metallic glass, magnetic property.
Introduction

Magnetic functional fluids have been subjected to extensive studies in the past few decades

owing to their unique magnetic properties and fluidity as well as promising potential in

*Corresponding author: Tel: + 86 531 88392748; Fax: + 86 531 88395011.
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advanced applications."'*' The carrier liquid is a highly significant component of the
functional fluid. When selecting a carrier liquid, of significance is the consideration of the
melting point, boiling temperature and evaporation rate. Historically, the most widely studied
carrier liquids are organic or polar solvents, such as oil, toluene, hexane or water. However,
typical organic solvents exhibit relatively high toxicity and volatility. Water-based magnetic
controllable fluids have been widely applied in organic tissue cell separation, thermal therapy
and drug delivery.”” Unfortunately, they are not useful for applications where the
surrounding temperature is relatively high because of the lower boiling temperature of the
water-based fluids.”” Liquid metals, such as gallium and its alloys, have a low melting point,
very low evaporation pressure, and an extremely high boiling point of more than 2000 K. In
particular, gallium and its alloys have the advantages of remaining in the liquid state over a
wide temperature range. These liquid metals exhibit a high electrical and thermal conductivity
as well as fluidity. Although the mercury-based magnetic fluids have been investigated,”” the
practical application is rather limited due to its safety issue of serious toxicity. Thus, the
environmentally-friendly liquid gallium and its alloys become a good choice for the carrier
liquid in a functional fluid. The functional fluids-based on liquid metal formulations may
offer the merit of superior thermal or electrical conductivity over the current conventional
functional fluids. However, published literatures on this aspect are scarce. Relevant examples
are a study of movement of liquid gallium dispersing low concentration of magnetic particles

U9 and a recent study of fabrication of magnetic fluid through loading Ni particles into

gallium.""!

Magnetic nanoparticles,'”"*!

especially Fe;O, iron oxides, bear many intriguing properties
such as superparamagnetism and biocompatibility, which has stimulated great interest and
research into magnetic fluids. However, the weak magnetic properties of current functional
fluids constrain their practical use in some areas, such as elevated-temperature seals and high
temperature cooling applications. The Fe-based metallic glasses (MGs) have broad prospects

for industry applications due to low cost of raw materials together with their uniquely high

magnetic properties relating to the short-range ordered and long-range disordered atomic
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5161 Nowadays, the use of ferromagnetic amorphous alloys for efficient

structures.
transformer cores is becoming more widespread, as they are the most magnetically soft
commercially available materials.""” The Fe-based metallic glass particles have an excellent
development potential in the application of magnetic functional fluids. Detailed research of

Fe-based MG particles and their soft magnetic properties applied to functional fluids have not

been yet significantly reported.

Two metal-based magnetic functional fluids, Ga-Sn and Ga-In magnetic functional liquids,
were investigated by doping with Fe;; sNb;Cu;Sij; sBy metallic glass particles and nanoscale
Fe;0, particles, respectively. Ga-Sn eutectic alloy and Ga-In eutectic alloy exhibit low

melting points of 20.5 “C and 15.3 ‘C, respectively."'® This makes them suitable for selection

as carrier liquids. Considering the excellent magnetic properties and fluidity with high
thermal and electrical conductivity, these metal-based magnetically controllable fluids could

offer opportunities in a variety of emerging applications such as magneto-caloric energy

[19] ]

conversion devices,''” elevated-temperature seals,”” high temperature cooling applications,"

as well as printed electronics”' etc.
Experimental

The Fe;0,4 nanoparticles were synthesized by a chemical co-precipitation method. The black

Fe;04 nanoparticles were obtained using the following reaction:
2Fe’ +Fe’ +8NH;°H,0=Fe;044+8NH, +4H,0

The Fes; sNbsCu,;SijssBy MG ribbons were prepared by melting, then spinning. The ribbons
were milled 12h, 24h, 36h and 48h with a rotation speed of 360r/min while using a high
purity Ar gas protection shield to obtain the Fe;; sNb;Cu;Sij3 sBg MG powders. The samples
of Gagsglnyy, and Gag ¢Sng4 liquid metal alloys used as base fluids in this study were

prepared with pure Ga, In and Sn of 99.99% purity.

Certain amounts of Ga, In, and Sn metals were weighed and melted to obtain the Gagsgln;s,

and Gag ¢Sng,4 liquid metals. Then appropriate Fe;O, nanoparticles and Fe;; sNb;Cu,;Sij3 5By
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MG particles were added to the liquid metal. Next, the mixed fluids were stirred constantly by
mechanical stirring and supersonic dispersion in air at room temperature. It has been found
that the wettability and compatibility of gallium and its alloys with various materials can be
improved with a slight oxidization processing.''’ With vigorous stirring, more and more
Gagsglnyy, and Gag¢Sng, liquid metal were oxidized. The Fe;O, nanoparticles and
Fe,;5Nb;Cu,Sij3 sBg MG particles were gradually mixed uniformly within the liquid metal.
Here liquid metal alloys and magnetic particles were physically blended and compatible with
each other. Figure. 1 displays the schematic of preparation processing of the liquid metal-
based functional fluids. Metal-based magnetic functional fluids with a mass fraction of 2%,
by doping with Fes;sNbsCu;SijzsBy particles and Fe;O4 nanoparticles were prepared,

respectively.
Results and discussion

Figure. 2 shows the SEM (scanning electron microscope) images of the Fe;; sNb;Cu;Sij; 5By
MG powders. The MG particle size reduces with increasing milling time. The particle size of
the MG particles is 10-50 um after being milled 12 hours. However, the size of MG particles

could reach 2-8 um or smaller after being milled 48 hours.

The EDX (energy dispersive X-ray) spectrograms of Fe;; sNb;Cu,;Sij3 5By MG ribbons and
particles after being milled for 48 hours are shown in Figure. 3, which indicates that elements

of MG ribbons and particles are almost the same.

The XRD (X-ray diffraction) patterns of Fe;O, nanoparticles and Fe;; sNb;Cu,;SijzsBo
particles are shown in Figure. 4. It indicates a series of diffraction peaks for (220), (311),
(400), (422), (511) and (440) planes, which are related to Fe;O, phase [JCPDS card No. 84-
1436]. No obvious impurity peaks can be observed. Typical broad peaks are found for the
Fe7; sNb;Cu;Siy; 5By particles at about 20 = 45°. No distinct diffraction peaks corresponding
to crystalline phases are observed, which verifies that all Fe;; sNbsCu;Si;; 5By particles after

being milled, are still amorphous.

The DSC (differential scanning calorimeters) curves of the Fe;; sNb;Cu,;Sij3 5By particles at a
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heating rate of 20K/min are shown in Figure. 5. Two exothermic peaks during heating
indicate two stages crystallization of the ribbons and powders. The two peaks reveal that the
particles remain amorphous even after being milled for 48 h. The results correspond well with

the XRD patterns of Fes; sNb;Cu;Sij; 5By particles as mentioned above.

The magnetic properties of Fe;04 nanoparticles and Fe;; sNb;Cu,;Sij3 5By MG particles after
being milled have been investigated by using a vibrating sample magnetometer (VSM) at
room temperature. The results in Figure. 6 show that the saturation magnetization of the
Fe;04 nanoparticles is about 68 emu/g. Zero remanence and zero coercivity indicate that the
Fe;0, particles have superparamagnetism. There has not been a significant change in
saturation magnetization of the Fe;3 sNb;Cu;Siy; sBo MG particles before or after being milled
as shown in Figure 6 (a) and (b). However, the value is about 124.2 emu/g, which is two
times larger than that of the Fe;O, nanoparticles shown in reference.”” The
Fes;sNb;Cu;Sij3 sBy MG particles have relatively high saturation magnetization compared

with various types of ferrite such as Ni-Zn and Mn-Zn ferrite etc.”””**!

The hysteresis curves of liquid metal-based magnetic functional fluids with Fe;O4
nanoparticles and Fe;;sNb;Cu;SijzsBy MG particles are shown in Figure. 7. As for the
Gagsglny, and Gagy ¢Sng4-based Fes3 sNbsCu;Sij;sBy fluids, both of them exhibit good
magnetization, which indicates that the MG particles have good compatibility with the liquid
metal. The saturation magnetization of Gay; ¢Sng4-based magnetic functional fluids is about
0.4 emu/g, as shown in Figure. 7(a), while the corresponding value is about 0.6 emu/g for the
Gags gInj4,-based magnetic functional fluids. Both of Gag ¢Sngy and Gagsglnis,-based

magnetic functional fluids have relatively low coercivity and remanence as shown in Table. 1.

The magnetic properties of Gagsgln;,, and Gay; ¢Sng4-based Fe;O, magnetic fluids were also
investigated as shown in Figure. 7 (b). It can be seen that both of Gagsglnj4, and Gag; ¢Sng 4-
based Fe;O4 magnetic fluids exhibit superparamagnetism with saturation magnetization of
0.08 emu/g and 0.13 emu/g, respectively. Almost zero remanence and zero coercivity can be

observed. The saturation magnetization of Gay;sSng4-based Fe;0, magnetic fluid is higher
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than that of Gags gIn4,-based Fe;O4 magnetic fluid.

Controlled manipulation of small volumes of functional liquid, as either flow or droplets, is
extremely important in miniaturized systems for chemical and biological applications, such as
purification and high-throughput microarrays analysis.””’ To further evaluate the magnetic
effects of the liquid metal-based fluids, experiments on the behavior of fluid droplets were
performed. A fluid droplet of a water-based Fe;O4 magnetic fluid with a mass fraction of 2%
was also tested for comparison. The fluid droplets of water-based fluids and Gags gIn;4,-based
magnetic functional fluids with Fe;; sNb;Cu;Sij;sBy MG particles were placed on the cover
glass, respectively. The behaviors of the droplets are shown in Figure. 8. Figure. 8(a)-(b) are
the droplets without the magnetic field being present. At initial conditions, the MG particles
were mixed uniformly within the Gagsglny,, liquid metal as shown in Figure. 8(a). Using a
permanent magnet, we are able to observe the basic features of the droplet behavior. From
Figure. 8(c) we can see that the whole droplet of the Gagsglnjyy-based fluids could be
attracted upwards onto the cover glass by the permanent magnet, while the water based
droplet suffered component separation by the interplay between the magnetic and
gravitational forces as shown in Figure. 8(d). The results demonstrate that the liquid metal-
based functional fluids with MG particles exhibit better magnetic properties over
conventional water-based Fe;O, magnetic fluids. As magnetic droplets can be assembled into
well-defined geometric patterns under equilibrium conditions, this droplet methodology of
liquid metal-based functional fluids would have potential application to droplet-based
microfluidics and possibly e-paper technology. The magnetic parameters of all Gay; ¢Sng 4 and

Gags gInj4,-based magnetic functional fluids can be seen in Table. 1.

The temperature dependent magnetization properties of the metal-based MG functional fluids
have been investigated using Superconducting Quantum Interference Device. Figure. 9 shows
the magnetization curves of (a) Fe;; sNbsCu,;SijssBy MG particles, (b) Gagsglnyg, based MG
fluids and (c) Gag; ¢Sng4 based MG fluids, measured between 293 K and 333 K in 10 K steps.
From figure. 9(a), it can be seen that the magnetization value of the MG particles decreases

with increasing temperature, which shows temperature sensitive magnetic property.
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Moreover, the MG particles have relatively high temperature dependency as well as high
saturation magnetization when compared with various types of temperature sensitive ferrite

such as Ni-Zn ferrite and Mn-Zn ferrite.****

Figure. 9 (b)-(c) shows the temperature dependency of the MG functional fluids. The
magnetization values of both Gagsglnis, based MG fluids and Gag, ¢Sng4 based MG fluids
decrease, which are caused by the low magnetic property of liquid metal and low solid
fraction of magnetic MG particles. However, the magnetization values of the synthesized
functional fluids show the temperature dependence, i.e. decrease with increase increasing

temperature.

Figure. 10 shows the saturation magnetization for (a) Fe;; sNb;Cu,;Sij3sBy MG particles, (b)
Gags glny,, based MG fluids and (¢) Gag; 6Sng4 based MG fluids as a function of temperature
when the magnetic flux density was kept constant at 0.8 T. We found that there is a
temperature dependency of the magnetization for Gags gIn;4» based MG fluids and Gag; ¢Sng4
based MG fluids within the testing temperature range of 293-333 K. Considering the
temperature sensitive magnetic properties, these liquid metal-based functional fluids can be
used in magneto-caloric energy conversion devices or heat exchange devices, where
continuous heat diffusion and cooling can be achieved and the elastic properties can be kept at

all times."”!

Conclusion

By doping Fe-based MG particles into liquid metal alloys, we have successfully prepared
Gagsglnyy, and Gag; ¢Sng4-based Fes; sNb;Cu,Sij;sBy functional fluids. The experimental
results indicate that the Fe;; sNb;Cu;Si3 5Bg particles have high saturation magnetization. As
for the Gagsgln; 4, and Gag 4Sng4-based MG magnetic functional fluids, both of them exhibit
good magnetization. The saturation magnetization of Gags gln;4,-based MG fluids is about 0.6
emu/g, which is higher than that of the Gag;sSngs-based MG fluids. Gagsgln,, and
Gay; ¢Sng4-based Fe;O4 magnetic fluids exhibit superparamagnetism, however the saturation

magnetizations of the Gay; 6Sng4 and Gagsgln;4,-based Fe;O, magnetic fluids are lower than
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that of Gagsglny, and Gag; ¢Sngs-based MG functional fluids. We found that both of
Gags glny 4, based MG fluids and Gay; ¢Sng4 based MG fluids showed a temperature sensitive

of magnetization within the testing temperature range of 293-333 K.

Considering the excellent temperature sensitive magnetic properties and fluidity as well as
high thermal and electrical conductivity, these liquid metal-based magnetically controllable
fluids should have potential applications in a variety of emerging applications, especially in
elevated-temperature seals, high temperature cooling and magneto-caloric energy conversion

devices.
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SEM images of Fe73.5Nb3Cul1Si13.5B9 MG particles and Fe304 nanoparticles. (a) (b) MG powders after
being milled 12 h. (c) (d) MG powders after being milled 24 h. (e) (f) MG powders after being milled 36 h.
(g) (h) MG powders after being milled 48 h. (i) Fe304 nanoparticles.
132x284mm (300 x 300 DPI)
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The SEM-EDX spectrograms of Fe73.5Nb3CulSi13.5B9 MG ribbons (a) and powders (b) after being milled
for 48h.
226x291mm (150 x 150 DPI)
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Table.1 parameters of Gag; sSng 4 and Gags gIn;4, based functional fluids.

Saturation magnetization Coercivity Remanent magnetization
(emu/g) (Gs) (emu/g)
Samples
negative positive negative  positive negative positive
Gayg; ¢Sng 4TMG -0.39 0.40 -28.40 28.38 -0.03 0.03
Gags gIn 4, MG -0.62 0.62 -24.28 -24.31 -0.04 0.04
Gayg; ¢Sng 41tFe;0;4 -0. 13 0.13 -11.25 11.28 -0.003 0.003
Gags gInj4,tFe;0;4 -0.08 0.08 -7.14 7.13 -0.001 0.001
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Figure captions
Figure.1 The sketch of preparation of liquid metal-based functional fluids

Figure. 2 SEM images of Fe;; sNb;Cu;Sij; 5By MG particles and Fe;O4 nanoparticles. (a) (b)
MG powders after being milled 12 h. (¢) (d) MG powders after being milled 24 h. (e)
(f) MG powders after being milled 36 h. (g) (h) MG powders after being milled 48 h.

(1) Fe;O4 nanoparticles.

Figure. 3 The SEM-EDX spectrograms of Fe;; sNbs;Cu;Si;; sBy MG ribbons (a) and powders

(b) after being milled for 48h.

Figure. 4 The XRD patterns of Fe;O, nanoparticles and Fe;; sNb;Cu,Si 3 5By particles after

being milled for 12h, 24h, 36h and 48h.

Figure. 5 DSC curves of Fe;; sNb;Cu;Sij; 5By MG particles after being milled with a heating

rate of 20 K/min

Figure. 6 Hysteresis curves of Fe;04 nanoparticles and Fe;; sNb;Cu,;Sij; sBy MG particles

after being milled for different hours (a) 12h, 24h. (b) 36h, 48h

Figure. 7 Hysteresis curves of liquid metal-based Fe;; sNb;Cu,;Sij3 5By magnetic functional

fluids (a) and liquid metal-based Fe;O4 magnetic fluids (b).

Figure. 8 The behaviors of the fluid droplets of Gags gInj4,-based magnetic functional fluids

(a, ¢) and water-based fluids (b, d).

Figure. 9 Magnetization curves of (a) Fe;; sNb;Cu,;Sij; 5By MG particles, (b) Gags gIn4, based
MG fluids and (c) Gag ¢Sng 4 based MG fluids, measured between 293 K and 333 K in

10 K steps.
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Figure. 10 Saturation magnetization as a function of temperature for (a) Fe;; sNb;Cu;Si;; 5By
MG particles, (b) Gagsglnj4, based MG fluids and (¢) Gag; 6Sng 4 based MG fluids,

measured at 0.8T.

Table.1 Parameters of Gay; ¢Sng 4 and Gags sIn 4, based functional fluids.



