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Vegetable oil Saturated fatty aads (¥) Unsaturated Farty Aods (X)
Mono- D¢ Tn-
Canola o* 79 559 221 111
Com oil 127 242 58 0.7
Cottonseed otl 258 178 5138 0.2
Peanut ol 136 178 518 0.2
Oilve oil 132 733 79 06
Safflower od 85 121 741 04
Safflower o, high oleic 61 753 142 -
Soyabean ml 142 2.5 51 68
Sunflower ol 105 19.6 657 -
Sunflower otl, high oleic 92 808 84 0.2

! High molecular weight acid (HMA)
2 Light molecular weight acid (LMA)
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Vegetable oil High temp. mineral cil Silicone 561 fluid
Physical
Appearance Light yellow Light yellow Colorless
Specific Gravity at 25 °C 0.91-092 0.89 096
Kinematic viscosity. (cSt)
0-°C 170-250 2200 95
25 °C 55-75 300 50
40 “C 33-45 125 38
100 =“C 3-10 13 16
Pour point, 2C 15to =25 20 max. 50 max.
Interfadal tension (IFT), dynes/cm 25 40-45 25
Flash point 2C 310-325 275 min 300 min.
Fire point *C 354-360 160-180 340
Moisture content, ppm dry oil 50-100 10-25 50
(water solubility at 25 °C) 1200 &0 200
Thermal constants
Heat capacity, cal/g *C 0.50-0.57 0488 0.363
Thermal conductivity, W/mK 017 013 015
Coefficient of expansion|®*C 0.0007 0.00073 0.00104
Chemical
Chemical type Ester Hydrocarbon Organo-silicon
0.06 0.01 0.01
Pass Pass Pass
Electrical
Dielectric constant at 25 °C 31 22 271
Volume resistivity at 25 °C, Ohm cm 10 10" -10" 10"
Breakdown voltage, kV
ASTM D 1816,2 mm gap electrodes 74 GO -
Impulse breakdown voltage, kV{needle negative) 116 145 136
Dissipation factor (%)
25 °C 0.25 0.05 max. 0.01
100 °C 1.00 0.3 max. -
Grassing tendency-ASTM D2300 50 10 to 20 NJA
Biodegradability
CEC-L-33 (21 days) 97-99 30 Very low
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Preparation, Characterization and Properties of Magnetically Aligned Hexagonal Boron

Nitride Nanosheets/Epoxy Nanocomposites

Mehdi Salehirad!?, Mir Mohammad Alavi Nikje?!, Leila Ahmadian-Alam?, Maryam Kardani?

Abstract: In this study, preparation and characterization of Fez0./ boron nitride epoxy nanocomposites with
enhanced thermal conductivity were investigated. Nanocomposites based on the epoxy/h-BN nanosheets were
prepared in the presence of various amounts of polymer-grafted h-BN nanosheets (0-20 wt%) in order to
achieve high performance nanocomposites. The magnetically responsive Fe;O4-grafted hBN nanosheets were
prepared by surface modification of h-BN nanosheets, and their orientations were controlled by applying an
external magnetic field during polymer curing. The influence of modified h-BN nanosheets on the thermal
transport properties of nanocomposites were investigated. It was found that the addition of modified h-BN
nanosheets resulted in a significant increase in thermal conductivity. The maximum thermal conductivity was
0.35 W/m.K at 25 °C for the magnetically aligned nanocomposite containing 20% h-BN nanosheets. The

alignment of modified h-BN nanosheets was further verified by scanning electron microscopy (SEM) images.

Introduction

There has been considerable interest, driven by the long lifetime and thermal management of
electronic devices, to develop new generation of electronics packaging and replace the
conventional materials used in many electronic devices [1]. In recent years, polymer composites
are known as one of the best candidates for packaging applications due to their low costs as
well as their litheness [2]. In this case, the performances of polymer composites as electronic
packaging materials is affected by their thermal conductivity, electrical insulating and
coefficient of thermal expansion (CTE) properties. Recently, conventional filled polymeric
materials have attracted considerable attention in the current electronic devices packaging.
However, the achievement of durable polymer-based packaging that improves the thermal
management, mechanical and adhesion properties needs considerable improvements.

In organic—inorganic hybrid materials approach, nano dimentional materials are used to modify

polymeric packaging in order to improve their performance and make them ideal candidates for
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electronics packaging applications. This is achieved through induction of the continuous
thermal transport pathway in polymer matrix and also improved mechanical, thermal and
adhesive properties of polymers [3]. Ceramic fillers [4], carbon-based fillers [5] and so forth
have been used numerously to prepare polymeric packaging as advanced thermal interface
materials (TIMs) due to their high intrinsic thermal conductivity, specific surface area in
combination with simple surface modification by both physical and chemical processes and
also commercial availability of these fillers. Nowadays, hexagonal boron nitride (HBN) fillers
have attracted attention due to their higher thermal conductivity and lower CTE compared to
conventional fillers [6]. However, filler geometries [7], orientations [8], and interfacial
properties [9] affect the performances of composites, regardless of the intrinsic properties of
fillers. To prepare polymer composites with aligned fillers, several approaches are applied
including the use of pre-aligned fillers e.g., carbon nanotube arrays [10], gravitational alignment
[11], shear alignment [12] and magnetic alignment [13], respectively.

Magnetic alignment is an attractive method for this purpose due to the remote control of filler
alignment and possibility of orienting filler at arbitrary directions [13]. For example attachment
of superparamagnetic nanoparticles such as iron oxide onto the surface of high aspect ratio
fillers such as hexagonal boron nitride as a support for magnetic nanoparticles is an effective
strategy to prepare magnetically responsive HBN. This approach which is known as the
hierarchical nanostructures has received considerable attention due to the good dispersion of
nanoparticles into the polymer matrix, thereby enhancing thermal and mechanical properties of
polymeric composites.

The present work focuses on the development of the redox polymerization to prepare modified
HBN nanosheet as an effective support to attain magnetically responsive HBN. We have tried
to investigate the thermal conductivity behavior of epoxy nanocomposites filled with aligned
HBN nanosheets.

Experimental section

Materials

Hexagonal boron nitride (70 nm, Lower Friction), acrylamide (AM, 99% from Sigma), cerium
(1V) ammonium nitrate (CAN, 99.99% from Sigma-Aldrich), sulfuric acid (98% from Aldrich),
di-tert-butyl peroxide (DTBP, 95% from Sigma-Aldrich), N-methyl-2-pyrrolidinone_(NMP,
97% from Sigma-Aldrich), Magnetic iron oxide nanoparticles (98%, APS: 20-30 nm from
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Nanosany corporation), hydrogen peroxide solution (30 % (w/w) in H,O from Sigma) and
Triethylenetetramine (TETA, >97% from Aldrich) were used as received without further

purifications.
Synthesis of hydroxyl-functionalized boron nitride nanosheets (FHBN)

Hydroxyl functionalized boron nitride nanosheets were prepared by using previously reported
method [14]. Boron nitride nanosheets (0.2 g) were dispersed in NMP (20 ml) through
sonication for 3 h. The supernatant was collected by centrifuge and then dried in a vacuum oven
at 80 ° C. The exfoliated HBN nanosheets (0.1 g) were dispersed in 20 ml of NMP and then
added to a flask containing 30 ml of DTBP. This suspension was stirred for 20 h at 120 ° C
under N2 atmosphere. After centrifuging, the tert-butoxy-functionalized HBN was washed with
ethanol, chloroform and dried under vacuum. Afterwards, the tert-butoxy-functionalized HBN
was dispersed in H2SO4 (35 ml) through sonication for 45 min. The bath experiment was run
by slow addition of hydrogen peroxide solution (10 ml) and the suspension was stirred at room
temperature for 2 h. After centrifuging, the hydroxyl-functionalized HBN nanosheets were

washed with chloroform and water and then dried under reduced pressure at 50 °C.

Synthesis of polyacrylamide-grafted boron nitride nanosheets (MHBN)

The redox graft polymerization method was performed in a 100 ml lab reactor which was placed
in an oil bath thermostated at the desired temperature. FHBN (0.4 g, dispersed in 12 ml of 1 N
HNOs solution) was dispersed in AM monomer solution (1.2 g, 0.017 mol, dissolved in 3 ml
distilled water) and then the reactor was degassed and back-filled with nitrogen gas three times
and left under N2. The bath experiment was run by adding CAN (40 mg, 0.07 mmol) and the
reaction temperature was raised to 70 °C and stirred for 2 h. The obtained suspension was
diluted by adding an excess of water. After centrifuging, the modified HBN nanosheets were

washed with water three times and then freeze-dried for further use.
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Preparation of magnetic iron oxide nanoparticles-modified boron nitride hierarchical

nanostructures (FeENPs-mHBN)

The magnetic iron oxide nanoparticles modified boron nitride composite was prepared by the
addition of a known amount of iron oxide nanoparticles into mHBN nanosheets. The prepared
mHBN nanosheets (0.5 g dispersed in 10 ml distilled water) were stirred for 1 h. Then, iron
oxide nanoparticles (0.01 g) were added to the suspension, and the mixture was sonicated for 5

h and the resulting mixture was incubated overnight and then dried by freeze-drying.

Preparation of aligned epoxy/FeNPs-mHBN nanocomposite

The desired amount of FeNPs-mHBN nanosheets was added into the epoxy resin, and the
mixture was stirred for 5 h in order to disperse the nanomaterials. When the homogenization of
the mixture was completed, TETA as the hardener was added and nanocomposite samples were
prepared by casting into a silicon mold located between two parallel magnets overnight. Finally,
all samples were post-cured at 50 and 80 °C for 1 h, respectively. The nanofiller loading in the
resulting mixture was calculated as the mass percent of FeNPs-mHBN with respect to epoxy
resin. For the preparation of nanocomposite samples filled with FeNPs-mHBN nanosheets, the
casting mixtures had FeNPs-mHBN loadings of 5% (1), 10% (1), 15% (1I1) and 20% (1V).
Nanocomposites samples were placed vertically between two parallel magnets, designated as
M.

Characterization

Fourier-transform infrared spectroscopy (FTIR) was done on a Bomem FTIR instrument by
averaging 32 scans with a wave number resolution of 4 cm™. X-ray diffraction (XRD) patterns
were collected on an X-ray diffraction instrument (Siemens D5000) with a Cu target (A=0.1540
nm) at room temperature. The system consists of a rotating anode generator which operated at
35 kV and 20 mA. The samples were scanned from 26= 5 to 100° at the step scan mode; the
diffraction pattern was recorded using a scintillation counter detector. Field emission scanning
electron microscopy (FESEM) (Zeiss SUPRA 35VP) equipped with an energy-dispersive X-
ray system (EDX) was used to examine the morphology of HBN nanosheets. For this study, the
cross cuts of the nanocomposite were prepared by breaking them under liquid nitrogen and the
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FESEM micrographs of the cross-section of the nanocomposites were taken at various
magnifications. Transmission electron microscopy (TEM) was used to directly visualize HBN
after post-polymerization. Bright field TEM images were recorded on a Philips EM 120
transmission electron microscope at an accelerating voltage of 150 kV. The thermal diffusivity
(o) of all nanocomposites were measured by the laser flash method using a LFA 471 (Netzsch).

Thermal conductivity was calculated by using the following Equation 1:

k=aCpp M)

Where p and Cp are the density and heat capacity of nanocomposite samples. The Cp was
measured using differential scanning calorimetry (DSC, NETZSCH DSC 200 F3, Netzsch Co,
Germany) by heating of the samples from ambient temperature to 250 °C at a heating rate of
10 °C/min.

Results and discussion
The synthetic routes of hydroxyl-functionalized HBN nanosheets (FHBN), polymer-grafted
HBN nanosheets (mHBN) and iron oxide nanoparticles modified boron nitride hierarchical

nanostructure (FeNPs-mHBN) are shown in scheme 1.
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SCHEME 1. Structure of HBN nanosheets before and after graft polymerization of AM a)
HBN, b) FHBN, ¢) mHBN and d) d) FeNPs-mHBN.
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As shown in the scheme 1, the hydroxyl functional groups onto the HBN nanosheets are
activated with CAN via a redox polymerization method and generated radical active sites for
further modification of the HBN nanosheets. The successful preparation of FHBN and mHBN
were confirmed by FTIR and TGA analysis. The FTIR spectra of HBN, FHBN and mHBN are
shown in Fig. 1. The absorption peaks at 1397 and 816 cm™ are attributed to in-plane B—N
stretching vibration and out-of-plane bending vibration, respectively [14]. For FHBN sample,
the absorption band of around 1,080 cm™ can be assigned to the C-O bond. The characteristic
vibration bands of the hydroxyl stretching band appeared at 3400 cm™* (Fig. 1), indicating that
grafted-tert-butoxy groups onto the surface of HBN nanosheets have been successfully
converted to hydroxyl groups [14]. The characteristic bands of the polyacrylamide can be
observed in FTIR spectrum of the polymer-grafted HBN nanosheets (Fig. 1). For HBN/PAM
hybrid nanosheets (MHBN in Fig. 1), the carbonyl stretching band at around 1,657 cm™ has
overlapped with the B-N bands of HBN nanosheets. The characteristic band at around 3,420
cm can be assigned to the NH band [15]. The aliphatic C—H bands have appeared at about
2,850-2,930 cm™ [15]. Consequently, the FTIR spectra showed that the PAM polymer has been
successfully grafted onto the surface of the HBN nanosheets.

120 —
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FIGURE 1. FTIR Spectra of HBN and modified HBN nanosheets.
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TEM micrographs of HBN and FeNPs-mHBN nanosheets are shown in Fig. 2. The successful
immobilization of iron oxide nanoparticles onto the mHBN surface was confirmed by TEM
images (Fig. 2al and 2a2). TEM was also used to detect the level of the iron oxide nanoparticles
dispersion on the mHBN surface and the size of immobilized iron oxide nanoparticles. TEM
characterization showed the spherical iron oxide nanoparticles with a diameter range of 1-10
nm and a quite uniform size distribution. Additionally, relatively homogeneous distribution of
the iron oxide nanoparticles on the mHBN surface was observed. The branched network
morphology observed for FeENPs-mHBN nanosheets results from agglomeration of HBN
nanosheets, which may indicate that the van der Waals interparticle interactions exist between
the HBN nanosheets. TEM images indicate that several HBN nanosheets form a core with PAM
shell existing around the HBN nanosheets (Fig. 2b), presumably due to the aggregations of
HBN nanosheets caused by the van der Waals interparticle or interparticle termination [16].
The presence of carbon, oxygen, iron elements in mMHBN and FeNPs-mHBN samples were also
detected and confirmed by EDX analysis. The amount of the immobilized iron oxide

nanoparticles onto the mHBN nanosheets was determined by EDX analysis to be 1.9 Wt%.

FIGURE 2. TEM micrographs and EDX spectra of mHBN and FeNPs-mHBN nanosheets.

The FeNPs-mHBN composite as a high thermal conductivity material was used in order to
improve the thermal conductivity of epoxy nanocomposites. It is expected that magnetically
responsive HBN (FeNPs-mHBN) can respond to the external magnetic field. The aligned epoxy
nanocomposite samples with different loading of FeNPs-mHBN were prepared by applying a
vertical magnetic field. In the following discussion, we will focus on thermal conductivity
behavior of prepared epoxy nanocomposites.

The alignment of the HBN nanosheets has a fundamental role in the transport of heat across
polymer matrix and its conductivity behavior. Thus, the filler alignment in prepared epoxy
nanocomposites was monitored by SEM images (Fig. 3). SEM Images of epoxy

nanocomposites with different loading of HBN nanosheets reveal distinct HBN nanosheets in
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cross section of all nanocomposites. In addition, relatively homogeneous distribution of HBN
nanosheets throughout the nanocomposite matrix is also observed. Moreover, the SEM
micrographs of all nanocomposites show the existence of horizontally and vertically oriented
platelets that are projected as 1D rods (red arrows) and 2D plates (blue arrows), respectively
(Fig. 3). We observed that effective alignment of HBN nanosheets in polymer matrix was
decreased by increasing HBN nanosheets loading. This was due to high viscosity and a decrease
of the free volume of HBN plates in epoxy resin, which inhibits the free orientation of HBN
nanosheets in epoxy resin. Overall, when nanofiller loading is decreased the role of magnetic

alignment for orientating of HBN nanosheets in polymer matrix is more prominent.

FIGURE 3. SEM cross-section images of the epoxy/HBN nanocomposite placed between

two parallel magnets in a) vertical position and b) horizontal position.

From LFA data (Table 1), the thermal conductivity of neat epoxy and its nanocomposites is
calculated by Eqg. 1. The thermal conductivity of epoxy-based sample at room temperature
increases by the addition of HBN nanosheets. The enhancement of thermal conductivity in
nanocomposite samples has been mainly attributed to high intrinsic thermal conductivity of the
HBN nanosheets. It is expected that alignment of HBN nanosheets as thermal transport
materials can provide the continuous thermal transport pathway in polymer matrix and improve
the heat transport at low HBN loading.

These results can be attributed to the filler alignment and its important role in the transport of
heat across polymer matrix. Nanocomposite containing 20 % HBN nanosheets (MIl) showed
higher thermal conductivity and 1.58 times enhancement of thermal conductivity in comparison

with the other nanocomposites.
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TABLE. Thermal conductivity of the epoxy/HBN nanocomposites.

] Thermal Thermal
] ) HBN loading o
Designation Conductivity Enhancement
(Wt%o)
(W/ mk) (KNanocomposite/ KEpoxy)
M 0.2208
MI 5 0.2281 1.03
Ml 10 0.3371 1.52
MIII 15 0.3173 1.43
MIV 20 0.35 1.58

Conclusion

We modified BNNs by grafting through redox polymerization of acrylamide from hydroxyl
groups of already modified BNNs as a macro-monomer. FT-IR, TEM and EDX results confirm
the successful grafting of polyacrylamide and also the attachment of iron oxide nanoparticles
onto the surface of hBN nanosheets. The prepared nanocomposites showed high thermal
conductivity and significant mechanical properties in comparison with the pristine epoxy
composite. The nanocomposite containing 20 % BNNs showed high thermal conductivity (0.35
W/mK at 25 °C) and desired properties compared with the other nanocomposites. We conclude
that epoxy/boron nitride nanocomposites can be potentially used as a thermal transport

materials for a wide range of microelectronic applications.
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