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ABSTRACT

The effects of an amphiphilic agent and the orientation of BN on the microwave dielectric properties of BN / polyvinyl butyral

(PVB) composites were investigated as a function of the BN content in volume fractions from 0.1 to 0.5 (V
f
). The plate-shaped BN

samples were oriented in the PVB matrix by physical processes, in this case tape casting and laminate methods. With an

increase in the BN content, the dielectric constant (K) increased because the K of BN was higher than that of the PVB. At the

same BN content, composites with an in-plane orientation of the BN showed a higher dielectric constant than that of composites

with a transverse orientation of the BN because the ceramics were oriented parallel to the electric field. All of the composites

showed nearly constant K values ranging from 1 to 9.4 GHz, indicating good frequency stability over a wide frequency range. At

the same frequency, the K values of the composites increased with an increase in the BN content.
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1. Introduction

olymer-based materials have been widely used for

microwave substrates and in electrical insulation appli-

cations, as they are known for easy processing steps, a light

weight, and good resistance to corrosive environments. In

order to facilitate high-frequency applications and resonant

frequency selectivity in microwave devices, these compos-

ites must have proper dielectric properties, such as a low

dielectric constant (K), which reduces the signal propaga-

tion delay, as well as a low dielectric loss (tan δ), which

improves the performance of devices.1) Recently, various

ceramics-filled polymer composites have been investigated

due to the high dielectric performance of ceramics and the

low cost and facile processing of polymers. The dielectric

properties of ceramics/polymer composites are highly depen-

dent on the content of the ceramics and the orientation of

the plate-shaped ceramics, resulting in a wide range of elec-

trical properties and thus allowing the materials to be tai-

lored for a variety of uses. Also, a surface treatment of

ceramic fillers is widely considered to be an important factor

to reduce the interfacial resistance between the polymer

matrix and the ceramic fillers. 

Polyvinyl butyral (PVB) is widely used in ceramic process-

ing as a binder owing to its excellent adhesion, high resistiv-

ity and low dielectric constant.2) Hexagonal BN is the most

important material for high-frequency applications because

it has a reasonably high electrical resistivity (1015 Ωcm) and

high breakdown strength (53 kV/mm)3) as well as good

dielectric properties (K = 4, tan δ = 10-4), making it applica-

ble to microwave components and devices.4,5)

In this study, the dependence of microwave dielectric

properties on the BN content, the orientation of BN plate-

lets, and the inclusion of amphiphilic agents (C
27

H
27

N
3
O

2

and C
14

H
6
O

8
) in BN/PVB composites were investigated to

suggest fundamental data applicable for the development of

new microwave substrates and electronic packaging materi-

als. The amphiphilic agents, C
27

H
27

N
3
O

2
 and C

14
H

6
O

8
, have

the same number of the aromatic rings but different num-

bers of hydrophilic –OH groups. It is thought that the aro-

matic rings promote strong π-π interactions with the BN

surface, while the hydrophilic –OH groups promote strong

hydrogen bonding with the polymer matrix. However, there

is only one hydrophilic –OH group of C
27

H
27

N
3
O

2
 per mole-

cule, whereas C
14

H
6
O

8
 has four per molecule.6,7) The effects

of amphiphilic agents with different numbers of hydroxyl

bonds on the dielectric properties of BN/PVB composites are

also discussed.

2. Experimental Procedure

Hexagonal BN powder (BN-GP, Denka, Japan) with an

average particle size of 8.3 μm was chosen as a filler mate-

rial for the polymer composites. A polymeric compound con-

sisting of polyvinyl butyral (BM2L380, CS Technology,

Korea) was chosen as the matrix for the composites. 2-(4,6-

Diphenyl-1,3,5-triazin-2-yl)-5-[(hexyl)oxy]-phenol(C
27

H
27

N
3
O

2
,

Sigma-Aldrich, USA), and ellagic acid hydrate (C
14

H
6

O
8
•xH

2
O, Sigma-Aldrich, UK) was used as an amphiphilic

P
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agent. In the preparation of the BN treated with an amphi-

philic agent, the relative ratio of the amphiphilic agent to

the BN was 10 to 1, and 10 wt% of the amphiphilic agent

(for both C
27

H
27

N
3
O

2
 and C

14
H

6
O

8
) was dispersed in differ-

ent solvents at 150oC. Toluene (Toluene, Duksan Pure

Chemicals, Korea) and dimethyl sulfoxide (DMSO, Duksan

Pure Chemicals, Korea) were used as a solvent because

C
27

H
27

N
3
O

2
 and C

14
H

6
O

8
 can be perfectly dissolved in tolu-

ene and DMSO, respectively. The BN was added to the solu-

tion, followed by magnetic stirring, suction flask filtering by

ethanol washing, and then drying at 80oC for 24 h. The poly-

meric compound was filled with BN powder to obtain the

desired filler volume fraction (Vf). To obtain composites

filled with oriented ceramic particles, the de-aired slurry

was poured into a tape-casting machine and then laminated

to a height of 1 mm at 5 MPa and 70oC. These laminated

films were re-pressed at 10 MPa and 90oC for 200 sec by a

hot press. The composites with the oriented BN were pre-

pared so as the plate-shaped BN was aligned parallel (in-

plane orientation) and/or perpendicular (transverse orienta-

tion) to the electric field.   

The Fourier-transform infrared spectrum (FT-IR) of the

particles was performed on a Bruker IFS-66/S spectrometer

(Bruker UK Ltd., Coventry, UK) in the range of 4000 to 400

cm−1. The FT-IR spectra of the BN treated with the amphi-

philic agents were also observed. X-ray diffraction analysis

(XRD; Model D/Max-3C, Rigaku, Japan) was used to deter-

mine the orientation of the BN ceramics in the ceramic/poly-

mer composites. The orientation of the plate-shaped fillers

in the composites was also observed using a scanning elec-

tron microscope (SEM; Model JSM-7500F, Jeol, Japan). The

density of the specimens was measured using a gas pycnom-

eter (GP, Model AccuPyc1330, Micromeritics, USA), and the

theoretical density (ρt) was calculated using Eq. (1),

(1)

where ρt, ρm, ρf, and Vf are the densities of the composites,

the matrix, and the filler, and the volume fraction of the

filler, respectively.8) The dependence of the frequencies on

the dielectric properties was measured using the open-

ended coaxial resonator probes method9) in a frequency

range of 1 GHz to 9.4 GHz.

3. Results and Discussion

3.1. Physical properties

The FT-IR spectra of BN treated/untreated with amphi-

philic agents are shown in Fig. 1. For the BN microplatelets,

strong absorption at 1363 cm−1 due to the stretching of the

B-N was noted, and the peak located at 817 cm−1 was

attributed this B-N bending.4) Compared to the spectrum of

pristine BN, a significant difference was noted in the spec-

tra of the BN treated with the amphiphilic agent, with a

peak at 3500 cm−1 assigned to the hydrogen bond in the

amphiphilic agent. The peak found around 1000 cm−1 corre-

sponds to the C-O bond of C
27

H
27

N
3
O

2
. 

Figure 2 shows the X-ray diffraction patterns of BN/PVB

composites with different orientations of BN. The XRD peak

intensity levels of the composites resulted from the diffrac-

tion of the individual lattice planes of the BN. The peaks at

2θ = 26.90o and 41.72o are related to the diffraction of the

(002) and (100) planes of BN, respectively. For composites

with the same volume fraction (Vf) of BN, the peak intensity

of (100) was highest when the BN particles were perpendic-

ular to the surface of the specimens (in-plane) (Fig. 2(a)).

However, the peak intensity of (002) was highest for the

composites in which the BN particles were parallel to the

surface of the specimen (transverse) (Fig. 2(b)).

Figure 3 shows SEM micrographs of composites filled

with oriented BN at various volume fractions (Vf). The average

particle size of the BN is 8.3 μm in this case, and the particles

are plate-shaped with a high aspect ratio (Fig. 3(a)). For the

composites with a 0.2 Vf of the BN (Figs. 3(b) and (c)), the

plate-shaped BN particles are almost fully dispersed on the

surface of the BN/PVB composites. With an increase in the

ρt 1 Vf–( )ρm Vfρf+=

Fig. 1. FT-IR spectra of amphiphilic agents treated and
untreated BN powders.

Fig. 2.X-ray diffraction patterns of BN/PVB composites
on volume fractions (Vf) of BN with different ori-
entations: (a) In-plane and (b) Transverse.
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BN content, the interfacial area between the BN particles

and the PVB matrix was increased (Figs. 3(c) and (d)). Some

voids were observed in the composites with a 0.5 Vf of the

BN (Fig. 3(d)).

The apparent density of the composites increased with an

increase in the BN content owing to the higher density of the

BN (2.33 g/cm3) compared to that of the PVB (1.06 g/cm3). For

the composites with the same Vf of the BN, their densities

were not affected by the amphiphilic agent treatment of the

BN. The overall tendencies noted with the apparent densi-

ties of the composites were in good agreement with the theo-

retical density of the composites up to a Vf of 0.4; however, a

difference between the apparent and theoretical density

appeared at a high BN content (Vf = 0.5). This experimental

result is evidence of an increase in the number of voids

resulting from the weak adhesion at the interfaces between

the BN particles and the PVB matrix with an increase in

the BN content above 0.5Vf. Therefore, the dependence of

the dielectric properties of BN/PVB composites on the vol-

ume fraction (0.1-0.5Vf in this study) was investigated in

this study.

3.2. Microwave dielectric properties

The K and tan δ values of BN/PVB composites with vari-

ous volume fractions (Vf) and BN orientations are shown in

Fig. 4. K of the BN/PVB composites increased with an

increase in the BN content. This result is due to the larger K

value of BN (4.0)4) compared to that of PVB (3.6).10) With the

same content of BN, the in-plane composites showed higher

K values than in the transverse composites, as the dielectric

properties depend on the anisotropic nature of the BN. It

has also been reported that the K of BN is 4.94 parallel and

3.03 perpendicular to the electric field.11) This difference

comes from the fact that the BN particles align into chains,

and the BN particles strongly interact through electrostatic

forces in the chain direction effectively to reduce the depo-

larization effect of the particles in each chain, resulting in

significantly improved dielectric susceptibility of the com-

posites along the chain direction. In the transverse direction,

on the other hand, the strong chain-chain interactions

enhance the depolarization effect, leading to a decrease of

the dielectric susceptibility in the direction perpendicular to

the chains.5)

With the same content of BN, the dielectric constant of

pristine BN/PVB composites was higher than that of BN/

PVB composites treated with an amphiphilic agent. Also,

the composites filled with C
27

H
27

N
3
O

2
-treated BN with a Vf

of 0.5 showed a higher dielectric constant than the composites

filled with C
14

H
6
O

8
-treated BN with a Vf of 0.5 (Fig. 4(a)).

These results can be attributed to the interfacial adhesion of

BN in the PVB matrix caused by the larger number of

hydroxyl groups of C
14

H
6
O

8
 compared to C

27
H

27
N

3
O

2
.
 
The

reaction of hydroxyl groups with C
14

H
6
O

8
 creates a stronger

bond between the BN and the PVB. Therefore, more dipolar

groups will be immobilized in the vicinity of the BN parti-

cles.12) At the same content of BN, the in-plane composite

with the C
27

H
27

N
3
O

2
-treated BN showed a higher dielectric

constant than that of other composites with BN treated

with an amphiphilic agent. As described above, this result

can be attributed to the anisotropic nature of BN and to the

hydrogen bonds of the BN treated with the amphiphilic

agent.5,12)

Generally, the tan δ of ceramic/polymer composites

increases with an increase in the ceramic content on

account of interfacial polarization, which is related to the

entrapment of free charges generated in the ceramic fillers

at the interfaces between the ceramic particles and the poly-

mer matrix.13) However, the tan δ of the BN/PVB composites

decreased with an increase in the BN content in this study

(Fig. 4(b)). This result can be attributed to the lower tan δ of

the BN (tan δ = 10−4) relative to that of the PVB (tan δ =

10−2). A similar tendency was confirmed for an epoxy-matrix

composite.14) Comparing to the tan δ of composites with pris-

tine BN, the tan δ of the composites here was not affected by

Fig. 3. SEM micrographs of (a) BN (8.3 µm) powder and BN/
PVB composites with various volume fractions (V

f
)

and orientations of BN: (b) 0.2 V
f
, transverse, (c) 0.2

V
f
, in-plane, and (d) 0.5 V

f
, in-plane.

Fig. 4. Dependence of (a) dielectric constant (K) and (b)
dielectric loss (tan δ) of BN / PVB composites on vol-
ume fractions (V

f
) of BN with different orientations

at 1 GHz.
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the orientation and/or by the C
27

H
27

N
3
O

2
 treatment of the

BN, whereas the tan δ of the composite with BN treated

with C
14

H
6
O

8
 showed a slight decrease. This result can be

attributed to the good dispersion and interfacial adhesion of

the BN in the PVB matrix caused by the larger number of

hydroxyl groups of C
14

H
6
O

8
 relative to this number in

C
27

H
27

N
3
O

2
. 

Figure 5 shows the frequency dependence of the dielectric

constant (K) and the dielectric loss (tan δ) of the BN/PVB

composites at various volume fractions (Vf) and with differ-

ent orientations of BN. All of the composites show nearly

constant K values at frequencies ranging from 1 to 9.4 GHz,

indicating good frequency stability over a wide frequency

range. At the same frequency, the K values of the compos-

ites increased with an increase in the BN content because

the K (4.0) of BN is higher than that (3.6) of PVB. A similar

tendency was observed for the K of a composite with a dif-

ferent orientation of the BN. For the composites with BN at

a Vf of 0.5, the dielectric constant of BN/PVB composites

treated with an amphiphilic agent was lower than that of

pristine BN/PVB composites due to the stronger hydrogen

bonding between BN and PVB.

4. Conclusions

The dependence of the dielectric properties of BN/PVB

composites on various volume fractions and orientations of

BN was investigated. At the same content of BN, compos-

ites with an in-plane oriented BN showed higher dielectric

constants than those of composites with transverse-oriented

BN because the BN particles were parallel to the electric

field in the composites with in-plane-oriented BN. With an

increase in the BN content, the dielectric constant increased

because the dielectric constant of BN is higher than that of

PVB. However, the dielectric loss of the BN/PVB composites

decreased with an increase in the BN content due to the

lower dielectric loss of BN compared to that of PVB. For the

composites with BN at a Vf of 0.5, the dielectric constant of

BN/PVB composites treated with an amphiphilic agent was

lower than that of pristine BN/PVB composites. Also, the

composites filled with C
14

H
6
O

8
-treated BN showed lower

dielectric constants than those filled with C
27

H
27

N
3
O

2
-

treated BN. These results can be attributed to the strong

hydrogen bond between BN and PVB caused by the larger

number of hydroxyl groups of C
14

H
6
O

8
 compared to the

number of such groups in C
27

H
27

N
3
O

2
.
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