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oron nitride (BN) materials, which pos-

sess very similar structures with carbon
materials, are attracting more and more
attention owing to their constant and wide
band gap independent of morphology,’ su-
perb mechanical properties,>® and marked
chemical inertness.* Moreover, as insulating
materials with very high thermal conduc-
tivity,” BN phases were always thought to be
attractive for highly thermo-conductive insu-
lating composite materials.®® However, it
should be noted that for the layered BN
materials, high thermal conductivity can only
be obtained inside the (002) planes (up to
hundreds to thousands of W/mK), whereas in
other lattice planes, the thermal conductivity
is not that impressive (several W/mK).° There-
fore, one of the important issues while using
BN materials as thermo-conductive fillers is to
maximize the positive effect of their (002)
lattice planes, but to minimize the contribu-
tion of other planes.”'® Fortunately, the
layered structures of BN materials enable
them to form nanotubular and nanospherical
morphologies. This maximizes the exposure
of (002) lattice planes and minimizes the
effects of others on the thermal conductivity.
Heat transfer using fluids has had compre-
hensive applications in transport, electronic,
and nuclear cooling systems, etc. Conven-
tional fluids, such as water and engine oil are
normally used for heat transfer. Many appli-
cations would benefit from an increase in
thermal conductivity of a heat transferring
fluid. Such improvement would result in
downsizing heat transfer systems, lowering
capital costs, and improving energy conver-
sion efficiencies. In recent years, nanosized
thermo-conductive particles have been tried
in fluids for heat transfer improvement."
Usually, the particles adopted have been
made of Al,05,"? CuO," SiC,"* TiO,,"” carbon
nanotubes (CNTs),'® or metals,'”'® etc. Stud-
ies on the dispersion of nanoparticles and
theoretical modeling of nanofluids were also
performed.'®?° On one hand, owing to many
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ABSTRACT We report for the first time how boron nitride (BN) nanotubes and nanospheres may

effectively be used to achieve remarkable thermal conductivity improvement of a fluid. Benefiting

from high thermal conductivity and high-aspect-ratio of BN nanotubes, at a fraction of 6 vol %, the

thermal conductivity of water was remarkably improved, up to ~2.6-times. With BN nanospheres as

fillers, the viscosity of the fluid can be kept decently low and thermal conductivity can also be

effectively improved. A combination of BN nanotubes and nanospheres was found to increase the

fluid's thermal conductivity while keeping its viscosity low, thus, such mixtures can be promising

fillers for highly thermo-conductive fluids. Finally, calculations based on finite element method were

used to investigate the regarded nanofluids. On the basis of the results, thermal conductivity was

estimated to be more than, or close to 200 W/mK for BN nanotubes and nanospheres, respectively.
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experimental difficulties involved in accurate
determination of the nanofluid's composi-
tion and morphology, and its thermal con-
ductivity and viscosity, the true thermal
conductivity values of nanofluids have been
somewhat controversial2' On the other
hand, the reached so far practical improve-
ments of the fluids' thermal conductivities
are far from satisfactory, and new fillers are
required for increasing cooling efficiencies.
In this article, for the first time, we pre-
sent systematic studies on a water-based
fluid using BN nanotubes (BNNTs) and BN
nanospheres (BNNSs) as nanofillers. Effec-
tive thermal conductivity improvement (up
to ~2.6-fold) was obtained when BNNTs
were used, which is attributed to their
fibrous structures and high-aspect-ratios.
The advantage of BNNSs as nanofillers was
their ability to also improve thermal con-
ductivity of water but at the same time to
keep its viscosity low. Subsequently, by
combining BNNTs and BNNSs as mixed
fillers, a fluid with thermal conductivity of
1.21 W/mK and decently low viscosity of 2.0
Pas was designed. Finally, finite element
method (FEM) calculations were per-
formed for the data analysis. On the basis
of the calculations, the BNNTs were found
to possess thermal conductivity of more
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than 200 W/mK, and the BNNSs' thermal conductivity
was determined to be close to 200 W/mK.

RESULTS AND DISCUSSION

As shown in Figure 1a, the as-grown purified BNNTs
possess long fibrous structures. Their diameter is
around 50 nm and the length can be up to tens of
micrometers.*>** To improve their affinity with sol-
vents, the BNNTs were dispersed in hydrogen peroxide
by magnetic stirring for 24 h at room temperature,
followed by oxidation at 90 °C in an autoclave for 24 h.
As reported before, the treated BNNTs are hydroxy-
lated and can be well dispersed in water at a low
concentration.?* However, it should be noted that
long-term stirring can shorten the BNNTs. As shown
in Figure 1b, the stirred BNNTs possess lengths of
around several micrometers and the average aspect
ratio is ca. 40—200 after stirring and hydroxylation
processes. To minimize the surface energy, they tend
to assemble into the nematically ordered structures.®
Figure 1c shows the as-prepared BNNSs that exhibit
diameters of hundreds of nanometers.>®

Transmission electron microscopy (TEM) data ac-
quired on BNNTs/BNNSs are shown in Figure 2. Well-
defined tubular structures are documented for BNNTSs.
Moreover, BNNTs are perfectly straight, which is due to
ionic characters of B—N bonds and a low defect
concentration under a high temperature growth.?’
High-resolution TEM images show well-crystallized
BNNTs with a so-called double-helix structure.® The
traces of an amorphous-like boron oxide material can
be observed on the BNNTS' surfaces. Figures 2 (c and d)
show that BNNSs possess well-defined spherical mor-
phologies. Under high resolution TEM the lattice
fringes can be clearly resolved; however, the crystal-
lization is not perfect due to the relatively low growth
temperature.?®

To utilize the nanoparticles for improvement of the
thermal conductivity of a fluid, one important issue is to
obtain a stable suspension. Although the hydroxylated
BNNTs and as-grown BNNSs can be well dispersed in
water at low concentrations, it is difficult to stabilize
such dispersions at high concentrations. Therefore, in
our experiments, polydiallyldimethylammonium chlor-
ide (PDDA) was used as a surfactant. There are positively
charged functional groups on the skeleton of the PDDA;
by contrast the surface of the BN nanomaterial is
negatively charged, which may be due to —OH groups.
Therefore, electro-static interactions lead to the effec-
tive absorption of PDDA on BN nanomaterials.?**° Two
kinds of PDDAs were purchased from Aldrich Company.
Their molecular weights were 100 000—200000 and
200 000—350 000, respectively. To prove strong interac-
tions between PDDA and BN nanofillers, BNNTs/BNNSs
were put into a 20 wt % PDDA aqueous solution and
stirred for 5 h at room temperature, followed by
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Figure 1. (a and b) SEM images of purified BNNTs and
hydroxylated BNNTSs; the hydroxylated BNNTSs are shor-
tened to around 5 um due to magnetic stirring; (c) SEM
image of BNNSs.

separation under centrifugation. Zeta-potential mea-
surements were used to investigate the surface charge
status of pristine BNNTs/BNNSs and their PDDA compo-
sites. The results are shown in Figure 3. It is clear that
pristine BNNTs/BNNSs have negatively charged sur-
faces, which make positively charged PDDA bind to
them easily. PDDA with a larger molecular weight was
found to be more effective: higher positive zeta poten-
tials were measured for BN nanomaterials modified with
PDDA of 200 000—350 000 molecular weight. It is sug-
gested that molecules with high molecular weight have
longer polymer chains, which can actually cover the
surface of the BN nanomaterials more effectively. The
effective interactions were also verified by TEM observa-
tions. The solution of PDDA/BNNSs and PDDA/BNNTSs
were dropped on a copper grid, followed by drying
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Figure 2. (a and c) Low magnification TEM images of BNNTs
and BNNSs; (b and d) high resolution TEM images of BNNTs
and BNNSs, which indicate better crystallization of BNNTs
compared to BNNSs due to higher synthesis temperature.
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Figure 3. Zeta potential results of BNNTs/BNNSs and PDDA
modified BNNTs/BNNSs. It should be noted that PDDA 1 is
PDDA with a molecular weight ca. 100 000—200 000, and
PDDA 2 is PDDA with a molecular weight ca.

200 000—350 000. The results indicate that BN nanofillers
can strongly interact with PDDA.

before the TEM measurements. As shown in Figure 4,
the polymer is tightly attached on the BN nanomater-
ials, no voids can be observed. Even when the BNNTs/
BNNSs extrude out of the PDDA matrix, their surfaces
are still covered with the amorphous PDDA layer.
These observations indicate intensive electrostatic
interactions between BN nanomaterials and PDDA,
as expected. Thus PDDA can effectively be utilized for
stabilizing BNNT/BNNS suspensions with a high na-
nofiller concentration.

For fabricating stable suspensions of BNNTs/BNNSs,
20 wt % PDDA with a molecular weight of 200 000—
,350 000 was used. We found that 20 wt % PDDA is a
good choice: it is sticky enough to stabilize a suspen-
sion of BN nanomaterials, but the viscosity is not too
high. Five hours of stirring was found to be enough to
disperse BN nanomateirals. It should be noted that the
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Figure4. (aandb) TEMimages of BNNTs-PDDA composites;
(c and d) TEM images of BNNSs-PDDA composites. Amor-
phous layers can be found on the surfaces of BNNTs/BNNSs,
which result from strong electrostatic interactions between
BNNT/BNNS and PDDA.

viscosity was used not only to stabilize the suspension,
but also to minimize convection in the fluid, which can
avoid errors during the thermal conductivity measure-
ments. The densities of the BN nanofillers were esti-
mated based on their structures. Certain amounts of
BN nanofillers were added to PDDA aqueous solutions
and magnetically stirred for 24 h to form suspensions
with 0.6 vol %, 2.0 vol %, 3 vol %, 4.5 vol %, and 6 vol %
BN nanofiller fractions.

Thermal conductivities were measured using a
hot-disk method.3" A disk sensor was placed inside
a ~50 mL fluid fabricated and then heated by a
constant electrical current for a short period of time.
The generated heat dissipates from the sensor into the
surrounding fluid, causing a rise in temperature of the
sensor and the fluid. The average transient tempera-
ture increase of the sensor was simultaneously mea-
sured by monitoring the change in electrical resistance.
The temperature coefficient of resistivity of the sensor
material correlates with the change in resistivity under
the corresponding change in temperature. This fact
was used to accurately and finally calculate the thermal
conductivity. The sensor was mounted on a lampstand
to keep it in plane and then submerged into the fluid.
For every sample, the thermal conductivity was mea-
sured 10 times to calculate an average value and mean-
square deviation (see Supporting Information for
diagram). It should be noted that attachment of
nanoparticles on sensors may induce some potential
errors. However, since the thermal penetration depth
was >1 cm, it is believed that such influence was
negligible. It is also noted that hot-disk methods have
already been comprehensively used for thermal
conductivity measurement of nanofluids and their
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Figure 5. (a and b) Thermal conductivity and viscosity of a
nanofluid with BN nanofillers. The curves marked with
triangles correspond to the samples using fillers made of
1 vol % BNNTs and variable contents of BNNSs.

applicability has been verified.>*** TVB-10 viscometer
was used for viscosity measurement and the measure-
ment principle is presented in the Supporting Information.

The BNNTs/BNNSs were found to effectively improve
thermal conductivity of water. As shown in Figure 5,
water with 20 wt % PDDA possesses thermal conduc-
tivity of 0.59 W/mK, which is close to that of pure water.
With up to 6 vol % BN nanofillers, the thermal con-
ductivity increases to 1.54 W/mK (ca. 2.6-fold increase)
for BNNTs and 0.95 W/mK (~1.6-fold increase) for
BNNSs. As expected, BNNTs are much more effective
for thermal conductivity improvement, which is due to
their fibrous structures and an ease in making the
continuous heat transfer interchannel via multiple
contacts between the tubes. At low filler fractions,
the contacts may form short-range thermal transfer
channels, which are absent in the case of BNNSs, as
schematically demonstrated in Figure 6. In addition, as
a result of higher synthesis temperature, BNNTs pos-
sess better crystallization than BNNSs. Since phonons
are responsible for a thermal transfer in BN materials,
better crystallization would result in less phonon scat-
tering and a longer scattering mean free path. This
means that BNNTs should have higher thermal con-
ductivity and can more effectively improve thermal
conductivity of a matrix than BNNSs. However, it should
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Figure 6. Schematics for the formation of a thermal transfer
channel in composites. One-dimensional fillers can form
effective thermal transfer channels easier, while the com-
bination of spheres and fibrous fillers may have an advan-
tage of both high thermal conductivity and low viscosity.

be noted that, as shown in Figure 5b, the fibrous
structures of BNNTs also induce a dramatic increase
in viscosity of the fluid, while embedding of BNNSs may
keep the fluid at a relatively low viscosity. To combine
the effective thermal conductivity improvement of
BNNTs and low viscosity maintaining by BNNSs, com-
posite fillers made of BNNTs and BNNSs mixtures were
designed. As shown in Figure 6¢, a small amount of
BNNTs may bridge BNNS particles to form an effective
thermal transfer pathway, while the viscosity is ex-
pected to be maintained relatively low. The experi-
mental results are depicted in Figure 5. As expected,
with 1 vol % extra BNNTs added, the thermal conduc-
tivity was improved to 1.21 W/mK with 6 vol % BNNSs,
while the viscosity was kept much lower than in the
case when only pure BNNT fillers were embedded.
Therefore, compared with a case of utilizing one kind of
filler with a high-aspect-ratio (to simply achieve high
thermal conductivity of the nanofluid) the combina-
tion of fibrous BNNTs and spherical BNNSs is thought
to be an effective solution toward creation of a thermo-
conductive fluid with decently low viscosity. For ex-
ample, the thermal conductivity and viscosity of fluid
with 6 vol % BNNSs + 1 vol % BNNTs are 1.21 W/mK
and 2.0 Pas, respectively, while for fluid with 6 vol %
BNNTs, they are 1.54 W/mK and 5.7 Pas, respec-
tively. It is clear that with pure BNNTSs, although higher
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Figure 7. Composite models generated for FEM calcula-
tions. The filler fraction is 3 vol % for each model.

thermal conductivity was achieved, the increase in
viscosity was disadvantageous.

Thermal conductivity improvement achieved by
combined BNNTs/BNNSs fillers is remarkable com-
pared with that achieved by Al,03, SiC, and CuO fillers,
etc.">~ ' This fact may result from their unique struc-
tures, very high thermal conductivity and good affinity
to PDDA. In the literature, the fraction of fillers used was
usually in the range of 0.1 vol % to 15 vol %, and the
improvements achieved were mostly below 1.5-times
of the thermal conductivity of a starting matrix (note
that they are ~2.6 and ~1.6 for the present BNNTs and
BNNSs, respectively)."' For example, Wang et al. used
6.2 vol % to 14.8 vol % CuO in the ethylene glycol fluid,
and an improvement of 1.24 to 1.54-times was
obtained.'? Works by Li et al. revealed that 2 vol % to
10 vol % Al,O5 in water could result in 1.15 to 1.22-fold
improvement of thermal conductivity.>* Actually the
morphology effect can also be clearly seen from the
literature data. CNTs were found to be much more
effective than traditional Al,O5 and CuO particles, etc.
Liu et al. reported that using 1 vol % CNTs, thermal
conductivity of ethylene glycol could be improved
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Figure 8. Comparison of fluid's thermal conductivity ob-
tained under FEM calculations and experiments, which
indicates that BNNTs may possess a thermal conductivity
>200 W/mK, while the thermal conductivity of BNNSs may
be close to 200 W/mK.

1.12-fold.?® In the Marquis's study, very long CNTs were
used and with 0.25 vol % to 1 vol % CNT fillers, the
thermal conductivity of polyalphaolefin was improved
1.30 to 2.17-fold.*® It should be noticed that when
CNTs are used, the fluid will become not only thermo-
conductive but also electrically conductive. In the case
when electrically insulating fluids are needed, BN
nanofillers are undoubtedly preferable.

There have been many theoretical models devel-
oped for the prediction of thermal properties of com-
posite materials, such as Agari model,*” Every model,®
Hatta model,*® etc. However, these analytical solutions
have always been deduced with specific simplifica-
tions, as well as keeping in mind the material proper-
ties and composite structures limitations. The finite
element model (FEM) is a general method which can
be used to calculate effective thermal conductivity of a
heterogeneous materials system without the restric-
tions that the conventional analytical methods have.
Therefore, FEM was selected to calculate the present
composite systems. The purpose of our calculations
was to demonstrate the efficiency of BN nanofillers for
thermal conductivity improvement of a matrix. More-
over, since it is very difficult to measure thermal
conductivity of BN nanofillers experimentally, our
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calculations were also used to estimate thermal con-
ductivity of BN nanofillers theoretically.

A FEM calculation system developed by the National
Institute for Materials Science (NIMS), Japan, was
employed.***" As indicated in the SEM images in
Figure 1, BNNTSs are defined as the tubes with the ratio
of inner diameter/outer diameter/length = 1:2:200.
Considering the previous experimental results in
regard of BNNT thermal conductivity, a value of
200 W/mK was used for BNNSs and for the axis direction
of BNNTs.*? Uniform voxel meshes with 45 x 45 x 45
were adopted. The size of the composite model was set
to be 2 um x 2 um x 2 um, and the number of particles
and filler fractions were adjusted to make the diameter
of BNNTs and BNNSs to be around 50 and 200 nm,
respectively, which are close to the experimental ob-
servations. As a demonstration, the models generated
with 3 vol % fillers are displayed in Figure 7.

As shown in Figure 8, unlike traditional calculation
results using theoretical models, which usually give a
well-defined shape of curves (such as linear depen-
dence between filler fraction and thermal conductivity)
the results of our calculations are fluctuant due to some
degree of randomness of the structure models built.
The calculation results are believed to be closer to
reality. For BNNTSs, the computed values (solid line) are
generally lower than our experimental data (dashed
line), which may indicate that a thermal conductivity
of BNNTs is actually higher than the input value of
200 W/mK. In the case of BNNSs, the two curves are
very close, which may imply that the thermal conduc-
tivity of BNNSs is indeed close to 200 W/mK. This is
consistent with our previous discussions pointing out

MATERIALS AND METHODS

The BNNTSs used in this work were synthesized by a chemi-
cal vapor deposition method using boron and oxide as
reactants at around 1500 °C. BNNSs used in the experiments
were synthesized by a chemical vapor deposition reaction
between B(OMe); and ammonia at 900 °C, followed by high-
temperature annealing. The detailed synthesis procedure was
reported previously.'9?°%3

A scanning electron microscope (JEOL SM67F) was used to
characterize the BNNSs. The microstructures were analyzed
using a JEOL-3000F high-resolution field-emission TEM oper-
ated at 300 kV. Thermal conductivity measurements were
performed using a hot-disk thermal constant analyzer (Kyoto
Electronics, Japan) and the thermal conductivities of fluids
were measured 10 times with a time interval between mea-
surements of 20 min. A hot disk sensor with mica insulation
and a radius of 14.65 mm was adopted. The sensor was
immersed in 50 mL of a fluid for measurement. The thermal
penetration depth was estimated to be around 1.3 cm. There-
fore, the total fluid volume involved in the measurement was
approximately 17 mL. Calibrations were performed before
every batch of measurements to obtain the sensor thermal
conductivity. However, since there was no standard calibra-
tion process designed for the measurements on nanoparticle
suspensions for the regarded machine, we measured thermal
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that the better crystallization of BNNTs induces a lon-
ger phonon scattering mean free path, that results in a
higher thermal conductivity of BNNTs as compared to
that of BNNSs.

CONCLUSIONS

In summary, for the first time, we adopted BNNTSs
and BNNSs for fabrication of a highly thermo-conduc-
tive fluid. PDDA was found to intensively interact with
BN nanofillers and effectively stabilize their suspen-
sions at relatively high concentrations. Remarkable
improvements of thermal conductivity of water were
achieved: with 6 vol % fraction of BNNTs and BNNSs,
thermal conductivity improvement was ~2.6-fold and
1.6-fold, respectively. These data indicate that BN
nanofillers could be much more effective species than
traditional CuO, MgO, and Al,O3 nanoparticles pre-
viously used as fillers. Due to higher thermal conduc-
tivity and aspect ratios, BNNTs exhibit higher efficiency
for thermal conductivity improvement compared with
BNNSs. In addition, a mixed combination of BNNTs and
BNNSs fillers was found to be particularly effective: it
results in a significant improvement of the fluid ther-
mal conductivity while keeping its viscosity decently
low. FEM calculations were used to investigate the
nanofluids fabricated. According to them, BNNTs may
possess thermal conductivity higher than 200 W/mK,
whereas thermal conductivity of BNNSs is close to
200 W/mK. Our studies indicate that compared with
traditional nanofillers BN nanofillers with maximally
exposed (002) planes, for example, nanotubes and
nanospheres, are very promising in the field of thermo-
conductive fluids.

conductivity of some standard fluids, such as water, etc. These
measurements indicated that the machine is applicable for
the reliable thermal conductivity measurements of a fluid.
TVB-10 viscometer (Toki Sangyo Company) was used for
viscosity measurement.

Supporting Information Available: Details of thermal con-
ductivity and viscosity measurements. This material is available
free of charge via the Internet at http://pubs.acs.org.
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