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Abstract

PTFE-based microwave composites filled with bismuth-based pyrochlore dielectric ceramics were prepared by using the powder processing
technology. The effect of ceramic powder content on dielectric properties was studied. The relative permittivity was also predicted using percolation
theory. The results indicated that as the content of ceramic powder increased, both the relative permittivity and dielectric loss of composites
increased, showing excellent frequency in a wide spectral range. The theoretical result predicted by percolation theory is in good agreement with
the experimental data.
© 2005 Elsevier Ltd. All rights reserved.
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With the development of electronic information technol-
gy, the miniaturization and high-speed operation have become
he predominant technology for electronic components, which
equires better microwave dielectric materials with reason-
ble relative permittivity, low dielectric loss, good frequency
nd temperature stability in a wide spectral range, and good
echanical and thermal stability.1 PTFE (Teflon), with excel-

ent physical and chemical properties, has been extensively
pplied to microwave devices. But because of its low rela-
ive permittivity and poor thermal stability, further applications
re limited. Recently, ceramic modified polymer microwave
ielectric materials have been considered as the promising mate-
ials to overcome the limitation due to their excellent com-
rehensive properties.2–4 Bismuth-based pyrochlore dielectric
eramics have attracted attention in microwave dielectric areas
ecause of their low-sintering temperature, high-relative per-
ittivity, and wide dielectric temperature coefficient range.5,6

herefore, PTFE filled with BZN (Bi2O3–ZnO–Nb2O5) ceramic
owder would be an effective approach to improve the
ielectric properties of microwave materials in order to sat-
sfy the requirement of dielectric materials in microwave

influences of the amount of BZN ceramic on the relative
permittivity and frequency properties of the composites were
studied. According to the experimental results, the percolation
theory for the theoretical model of the relative permittivity of
BZN/PTFE composites was also discussed.

1. Experiment

BZN ceramic was synthesized from pure Bi2O3 ZnO and
Nb2O5 by oxide mixing method. The samples were heated in
muffle furnace at 980 ◦C for 4 h and then cooled to room tem-
perature in the furnace. After the thermal treatment, the samples
were ground by mechanical and ball grind methods and then
the BZN powders were obtained. Some properties of BZN and
PTFE are listed in Table 1.

To make BZN powder with an active surface, it was first
dipped in crylic acid solution, and dried to remove solvent after
30 min. The powder was then fully mixed with 2 wt.% tetrabutyl
titanate. After removing the solvent, the BZN powders cladded
by coupling agent were obtained.

The PTFE powder and treated BZN powder with various BZN
reas.
In this paper, BZN/PTFE microwave composites were

repared by using the powder processing technology. The

volume fraction (0–60%) were transferred into a beaker contain-
ing alcohol and dispersed by ultrasonic mixer for 6 h. Then the
mixture was put on a stirrer and heated to 75 ◦C to remove the
solvent by evaporation, and hence the homogeneously mixed
B
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ZN/PTFE powder was obtained. The mixed BZN/PTFE pow-
er was then compacted under 60 MPa pressure for 60 s, and the
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Table 1
Properties of BZN and PTFE (measured at 25 ◦C)

Volumetric density (ρ/g cm−3) εr 800 MHz tan δ 800 MHz ρ (�/cm) �ε 25–85 ◦C (ppm/◦C) Average particle size (�m)

BZN 6.98 94.0 <5 × 10−3 ≥1013 ≤±30 0.5
PTFE 2.35 2.1 <1 × 10−4 ≥1014 ≤−1000 <4

obtained disc was heated in muffle furnace from room temper-
ature to 350 ◦C with a heating rate of 1 ◦C/min. The dwell time
was 4 h.

The relative permittivity and dielectric loss at 800 MHz were
measured by a HP4291B impedance analyzer. For this mea-
surement, the samples were discs with a diameter at 15 mm.
By using coaxial transfer-reflection method, a HP8720ES net-
work analyzer was used to measure the relative permittivity
and dielectric loss at high frequencies, within the range of
500 M–15 GHz. For this measurement, the samples had a ring
shape, with internal diameter of 3.018 mm, external diameter
of 6.980 mm, and thickness of 3–5 mm. To get the electri-
cal resistivity, a HP4140B PA meter was used for the leakage
current measurements of the samples under 100 V dc voltage
for 1 min.

2. Results and discussion

2.1. Dielectric properties

Fig. 1 presents frequency dependency of relative permittiv-
ity of the composites. Some small relative permittivity peaks
occur near 7 GHz, increasing with the increasing of BZN
amount. When the amount of BZN becomes larger, the rela-
tive permittivity declines with the increasing frequency after
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peaks occur near 7GHz, corresponding to the change of relative
permittivity.

There are some defects such as air gap, water and the inter-
face phase between BZN and PTFE in BZN/PTFE composites
materials, which can influence the relative permittivity and the
dielectric loss of the composites. The increase of the BZN con-
tent lowers the density of composite ring samples with the
increased air gap and looser connection, leading to more air
and water inside the composites. Like the polar liquid dielectric
materials, water has both the electronic displacement polar-
ization and dipolar orientation polarization at low frequency,
and mainly has electronic displacement polarization at high fre-
quency. At microwave range, there is large dielectric loss due
to the large loss from the dipole relaxation of water.7,8 In addi-
tion, the increase of the BZN amount also causes the increase
of interface phase between BZN and PTFE; therefore, the influ-
ence of interface polarization on the dielectric loss becomes
more significant.9 All these factors can increase dielectric loss
as a function of BZN amount. As shown in Figs. 1 and 2,
BZN/PTFE has excellent dielectric properties at frequencies
lower than 7 GHz, and hence it has promising applications in
microwave frequency region.

Fig. 3 shows the BZN volume fraction dependence of
the relative permittivity and the dielectric loss measured by
HP4291B at the frequency of 800 MHz. The results show that
both the relative permittivity and the dielectric loss increase
a
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GHz.
As shown in Fig. 2, dielectric loss of the composites is very

mall. The curve of dielectric loss closes to a flat and straight
ine in the whole measurement range. Even negative dielectric
oss was measured due to the measurement error when the loss
s very near to zero. As the BZN content increases, obvious loss

ig. 1. Relation between relative permittivity and frequency of BZN/PTFE,
enoted as BP with the amount of BZN in vol%.
s the BZN powder volume ratio increases. The increase of
he relative permittivity attributed to the high relative per-

ittivity of the BZN powders, which are introduced to the
TFE matrix. The dielectric loss increases due to the increase
f the interface phase between BZN and PTFE. Further-
ore, leakage current measurement showed that the BZN/PTFE

ig. 2. Relation between dissipation factor and frequency of BZN/PTFE.
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Fig. 3. Change of relative permittivity and dissipation factor with BZN content
of BZN/PTFE composites (frequency f = 800 MHz).

composites have excellent electrical resistivity greater than
1013 �/cm.

2.2. Theoretical fitting of the relative permittivity of
BZN/PTFE composites

Calculating effective relative permittivity of the compos-
ites from the relative permittivity of components and their
volume ratios is very important for theoretical point of
view and for engineering applications.9–12 The following
equations are often used to calculate the relative permittiv-
ity of insulator-insulator composites with low dopant phase
content.10

Logarithmic formula : ln εeff = f ln εi + (1 − f ) ln εm (1)

Maxwell-Garnett formula :
εeff − εm

εeff + 2εm
= f

εi − εm

εi + 2εm
(2)

Bruggeman formula : f
εi − εeff

εi + 2εeff
+ (1 − f )

εm − εeff

εm + 2εeff
= 0

(3)

where εeff, εi and εm are the relative permittivity of com-
posites, dopant phase and matrix, respectively, and f is the
v
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Fig. 4. The experiment and calculated values of BZN/PTFE composites.

considered as the dopant phase, which has the random homoge-
neous distribution in the matrix. However, when the two phases
have the similar volume, it is difficult to distinguish the matrix
and the dopant phase. In this case, the same components tend to
connect to networks, and percolation occurs.12 Therefore, con-
sidering the influence of percolation, percolation theory11 and
Bruggeman equation were used to calculate the relative permit-
tivity of BZN/PTFE composites.

For simplification, interface phase and micro pores were not
considered here and BZN powders were considered as spherical
particles with the same radii and random homogeneous distri-
bution. According to the effective relative permittivity equation
from classic electromagnetic theory by Sihvola and Kong,13 the
simplified equations are

εpeff = εp(1 + fpeff) (4)

εbeff = εb(1 − fbeff) (5)

where εpeff and εbeff are the effective relative permittivity of
PTFE and BZN considering percolation; εp and εb are relative
permittivity of PTFE and BZN; and fpeff fbeff are obtained from
the following equations:

fpeff = P(1 − f (P))

[P(1 − f (P)) + Bf (B)]
(6)
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olume ratio of dopant phase. According to the results of
able 1 and the Eqs. (1)–(3), the relative permittivity of
ZN/PTFE composites was calculated, and the results are shown

n Fig. 4. Compared with the experimental results, the cal-
ulated results obtained from the three equations have some
rror. This is because there are many factors influencing the
elative permittivity, such as the homogeneity of component
istribution, the shape and size of dopant particles, the inside
efects of the composites, and the interface phase between
he components. All these factors make the calculation very
ifficult.

All the above equations are based on the composites with
ow content of dopant phase. When there is large volume differ-
nce between two phases, the phase with larger volume ratio is
onsidered as the matrix and the phase with less volume ratio is
beff = B(1 − f (B))

[B(1 − f (B)) + Pf (P)]
(7)

here P, B are the volume ratio of PTFE and BZN in the com-
osites, and f(P), f(B) are the percolation probability of PTFE
nd BZN, respectively. f(P) can be written as

(P) =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

0, 0 < P ≤ α(
P − α

1 − α

)δ

, α < P ≤ β

1 + κ(P − β), β < P ≤ γ

1, γ < P ≤ 1

(8)

hereα,β,γ , δ andκ are 0.16, 0.6, 0.84, 0.4 and 0.9, respectively,
rom the percolation theory. The equation for f(B) is similar to
(P).
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Fig. 5. The experiment and percolation theory calculated values of BZN/PTFE
composites.

According to the above equations, the relative permittivity
of BZN/PTFE composites was calculated. The result is shown
in Fig. 5, which is in good agreement with the experimental
result. Therefore, it is reasonable to consider the percolation
when calculating the relative permittivity.

3. Conclusions

(1) When the frequency is lower than 7 GHz, the BZN/PTFE
composites have excellent frequency stability, with the little
change of relative permittivity and the dielectric loss is less
than 5%.

(2) The relative permittivity and the dielectric loss increase
when the amount of BZN increases. Furthermore the
BZN/PTFE composites have excellent electrical resistivity
greater than 1013 �/cm.

(3) Percolation theory was used to calculate the relative permit-
tivity of BZN/PTFE composites, showing good agreement
with the experimental result.
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