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In  order  to  overcome  intrinsic  brittleness  and  poor  mechanical  properties  of  SiO2,  two  kinds  of hexagonal
boron  nitride  (h-BN)  (boron  nitride  nanotubes  (BNNTs)  and  boron  nitride  nanoparticles  (BNNPs))  were
employed  to reinforce  SiO2 matrix.  The  mechanical  properties,  relative  density  and  dielectric  constant
of the  composites  were  investigated  detailedly.  Compared  to  the  monolithic  SiO2,  5  wt%  BNNTs/SiO2 and
5 wt%  BNNPs/SiO2 composites  exhibited  excellent  mechanical  properties  and  low  dielectric  constant.
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iO2
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Furthermore,  phase  composition  and  microstructure  of  the composites  were  analyzed  thoroughly  by
X-ray  diffraction,  transmission  electron  microscopy,  and  field  emission  scanning  electron  microscopy.

© 2011 Elsevier B.V. All rights reserved.
ielectrics constant

. Introduction

In recent years, as the development of military industry, high-
uality radome and antenna window attract more and more
ttention. Among ceramics, SiO2 and BN are popular materials
or the applications. However, they both have their own inherent
rawbacks for such usage.

SiO2 has some prominent proprieties, such as low thermal
xpansion coefficient, low thermal conductivity, high softening
emperature, excellent chemical inertness, and low dielectric con-
tant [1].  But poor mechanical properties [2] limit its application.

h-BN has a wide rang of applications, arising from its excellent
roprieties such as low dielectric dissipation fraction, a very high
ublimation temperature of about 3000 ◦C and good machinability
3].  In our study, we utilized BNNTs and BNNPs, h-BN with different

orphologies, as the reinforcements, to fabricate composites with
igh flexure strength and low dielectric constant.

BNNTs are a new style of reinforcements, which have

een used in many matrices, such as hydroxyapatite [4],
olylactide–polycaprolactone copolymer [5] and engineering
eramics [6].  They are proposed to be the ideal reinforcements
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nd Processing of Materials (Ministry of Education), Shandong University, Jinan
50061, China.

E-mail address: bjq1969@163.com (J.-Q. Bi).
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owing to high elastic modulus and tensile strength [7].  It is proved
that carbon nanotubes (CNTs) are effective reinforcements in lots
of materials [8–10], and the fact has been widely accepted. BNNTs
have similar microstructure as CNTs, and have excellent reinforcing
effect as CNTs [11,12].  Particularly, BNNTs have higher oxidizing
temperature (900 ◦C) [13], which makes them attractive in rein-
forcing ceramic matrix composites especially high-temperature
structural ceramics. Thus it is not surprising that increasing interest
has been focused on BNNTs these years.

In this paper, flexure strength, fracture toughness, relative den-
sity and dielectric constant of the composites were investigated,
and the similarities and differences of the influence mechanisms
between BNNTs/SiO2 and BNNPs/SiO2 composites were also dis-
cussed. Meanwhile, phase composition and microstructure of the
composites were analyzed by X-ray diffraction (XRD), transmission
electron microscopy (TEM), and field emission scanning electron
microscopy (FESEM).

2. Experimental procedures

Two different diameters of SiO2 with purity of ∼99.0% were used in our work:
one was ∼20 �m in diameter (�-SiO2), and the other was ∼20 nm in diameter (n-
SiO2). The diameter of BNNPs was  ∼40 nm. BNNTs were synthesized by the reaction
of  NaBH4 and NH4Cl using CNTs as template according to our previous work [14]. The
powders were blended ranging from 1 to 7 wt% BNNTs and BNNPs with an interval

of  2 wt%, and the content of n-SiO2 was  15 wt%. The powders were ball milled in a
resin pot with ethanol as medium using ZrO2 balls for 8 h, and then the slurry was
dried in drying oven at 80 ◦C. Followed by crushed and screened a 100 mesh sieve,
the  mixtures were sintered by hot pressing at 1400 ◦C under a pressure of 25 MPa
in Ar atmosphere for 1 h, and cooled naturally to ambient temperature.

dx.doi.org/10.1016/j.jallcom.2011.08.010
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:bjq1969@163.com
dx.doi.org/10.1016/j.jallcom.2011.08.010
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whose laminated structure is obvious in Fig. 4(e). Fig. 4(g)–(i)
shows the thermally etched surfaces of monolithic SiO2, 5 wt%
BNNTs/SiO2 and 5 wt% BNNPs/SiO2 composites. As seen from the
Fig. 1. TEM image of BNNTs.

The composites were polished and cut into testing bars for flexure strength and
racture toughness test. The edges of bars were polished into circular arc, in order to
educe the residual stress and to increase the measurement accuracy. The bars for
exure strength test were machined into 3 × 4 × 25 mm3 in size, and were tested
ia  three-point bending test with a load speed of 0.5 mm/min. The specimens of

 × 5 × 25 mm3 in size with a notch of 2 × 0.3 mm2 in the center were used to test
racture toughness via single edge notched beam (SENB) method with a load speed
as 0.05 mm/min. Generally, five bars were tested for each sample to obtain an

verage value as the final flexural strength and fracture toughness. The mechanical
roperties were both tested on a CMT5105 universal testing machine with a span
f  20 mm.  The specimens of 2 × 4.3 × 10.65 mm3 in size were used to carry out the
ielectric constant test.

Bulk densities of the hot-pressed bodies were investigated by Archimedes
ethod in distilled water.

The crystalline phases of hot-pressed bodies were observed by XRD analysis
n  a Rigaku Dmax-rc diffractometer with Ni-filtered Cu K� radiation at a scanning
ate of 4 min−1. The morphologies of pristine BNNTs and composites were charac-
erized by a Hitachi H-800 TEM and a JEOL JEM-2100 high-resolution transmission
lectron microscope (HRTEM). The fracture surfaces of specimens were examined
sed FESEM (Hitachi SU-70). The dielectric constant was tested by vector network
nalyzer (VNA) (agilent-E8363B).

. Results and discussion

.1. Phase and microstructure

The TEM micrograph of as-synthesized BNNTs is shown in Fig. 1.
he BNNTs are about 40 nm in diameter and several hundreds
anometers in length, and the typical tube-like structure is clearly
isible.

Fig. 2 illustrates the XRD patterns of BNNTs/SiO2 composites sin-
ered at 1400 ◦C. Only quartz and cristobalite phases are detected
n the composites. Owing to the superposition of the (0 0 2) planes
f BN and (1 0 1) of quartz around 2� = 26◦, the peak of h-BN
hase is difficult to distinguish from the peak of quartz. With the

ncrease of BNNTs content, the intensity of cristobalite character-
stic peaks decreases obviously, indicating that the introduction
f BNNTs can restrain the transformation of quartz to cristobalite
hase.

Fig. 3 is the XRD patterns of BNNPs/SiO2 composites with dif-
erent BNNPs content. No sign of other phases is detected from the
omposites except for quartz and cristobalite phases. The charac-
eristic peak of h-BN is still not observed due to the superposition
f (0 0 2) of BN and (1 0 1) of quartz. Meanwhile, the BNNPs can

lso restrain the transformation of quartz because of the intensity
eduction of cristobalite peaks.

Structural features of the fractured and thermally etched sur-
aces of the monolith, 5 wt% BNNPs/SiO2 and 5 wt%  BNNTs/SiO2
Fig. 2. XRD patterns of BNNTs/SiO2 composites: (a) 0 wt% BNNTs; (b) 1 wt% BNNTs;
(c)  3 wt% BNNTs; (d) 5 wt% BNNTs; and (e) 7 wt% BNNTs.

are observed using FESEM, as shown in Fig. 4. Fig. 4(a) shows
the smooth and wave-like fracture surface of the monolith, which
can attribute to the viscous flow of SiO2 during sintering [15].
Owing to the characteristic features of fracture surface, the grain
size of the monolithic SiO2 cannot be calculated from the FESEM
micrographs easily. At low magnification of fracture surface of
5 wt%  BNNTs/SiO2 composite (Fig. 4(b)), it can be observed that
the surface is blurry and different from the monolith, and the
characteristic microstructure of BNNTs cannot be distinguished
from the matrix clearly. Additionally, the existence of 5 wt%
BNNTs changes the fracture mode from inter-granular fracture in
monolithic SiO2 shown in Fig. 4(a) to trans-granular fracture in
composite, which is exhibited in Fig. 4(b). The grain boundaries
can be observed from the morphology of the fractured surface
of the monolithic SiO2, which indicates the inter-granular frac-
ture mode, however, the blurry morphology is observed from
Fig. 4(b), which is the typical the trans-granular mode of frac-
ture [16]. From Fig. 4(c), the typical pullout of BNNTs can be
observed, but the outer length is short, and most of BNNTs are
kept in matrix. When load acts on the matrix, BNNTs prefer
to fracturing rather than pulling out from the matrix. As seen
from Fig. 4(a) and (d), it is believed that the fracture mode
and surface feature are also changed by incorporation of BNNPs,
Fig. 3. XRD patterns of BNNPs/SiO2 composites: (a) 0 wt% BNNPs; (b) 1 wt% BNNPs;
(c)  3 wt% BNNPs; (d) 5 wt%  BNNPs; and (e) 7 wt% BNNPs.
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Fig. 4. FESEM micrographs of the fracture surfaces and thermally etched surfaces of BNNTs/SiO2 and BNNPs/SiO2 composites. Fracture surfaces: (a) 0 wt% BNNTs; (b and c)
5  wt%  BNNTs; (d and e) 5 wt%  BNNPs; and (f) 7 wt%  BNNTs. Thermally etched surfaces, (g) 0 wt%  BNNTs; (h) 5 wt% BNNTs; and (i) 5 wt% BNNPs.



M. Du et al. / Journal of Alloys and Compounds 509 (2011) 9996– 10002 9999

Fig. 5. HRTEM images of BNNTs/SiO2 and BNNPs/SiO2 composites: (a–c) 5 wt%  BNNTs; (d and e) 5 wt% BNNPs; and (f) 7 wt% BNNTs.
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mages, the average grain size of composites containing 5 wt%
NNTs and BNNPs is about 20 �m and 22 �m,  respectively, which
re both smaller than 31 �m for the monolith. The reduction of
rain size can be ascribed to BNNTs and BNNPs restraining grain
rowth.

HRTEM investigation further confirms the lattice structure and
luster of BNNTs and BNNPs in the 5 wt% BNNTs (BNNPs)/SiO2
omposites, as shown in Fig. 5. The interface between BNNTs
BNNPs) and SiO2 matrix as well as the characteristics of BNNTs

nd BNNPs are very clear, and no obvious diffusion layer can be
bserved. FESEM and HRTEM images at higher magnification reveal
etailed features of the pulling out and breaking of BNNTs and
NNPs.
3.2. Mechanical properties

Fig. 6 shows the flexure strength and fracture toughness as
a function of BNNTs and BNNPs content for the BNNTs/SiO2 and
BNNPs/SiO2 composites.

3.2.1. Effect of BNNTs on the mechanical properties
0, 1, 3, 5 and 7 wt%  BNNTs were introduced into SiO2 matrix.

The dependence curve of flexure strength and fracture tough-

ness on the BNNTs content is shown in Fig. 6(a). It can be seen
that the flexure strength and fracture toughness increase with the
BNNTs content increasing when the weight content of BNNTs is
lower than 5%; and when the content is higher than 5 wt%, the
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ig. 6. Variation of flexure strength and fracture toughness of BNNTs/SiO2 and
NNPs/SiO2 composites with BNNTs (a) and BNNPs (b) content.

exure strength and fracture toughness decrease. At the 5 wt%
oint, flexure strength and fracture toughness reach to 120.5 MPa
nd 1.21 MPa  m1/2, about 2.31 and 2.09 times of the monolith. It
s well-known that the dispersion of nanotubes is still a problem,
wing to the stable van der Waals force exiting between nanotubes
17,18]. So with high weight content of BNNTs, the agglomeration
f BNNTs comes up easily during ball milling. The agglomeration
f BNNTs acts as defects in the matrix, which cannot undertake
he load efficiently and decreases the mechanical properties of the
omposites. Figs. 4(f) and 5(f) show the fracture surface of the speci-
en  containing 7 wt% BNNTs, in which the agglomeration is visible.
The strengthening and toughening mechanisms of nanotubes

ave undergone a deep discussion. The most popular theory is the
anotubes pulling out, breaking and bridging effects [19], which
re the accepted strengthening and toughening mechanisms of
bers. In this paper, several reasons are proposed to explain the
trengthening and toughening mechanisms of BNNTs. First, the
henomena of BNNTs pulling out and breaking are both observable
Figs. 4(c) and 5(b)), but the pull-out length is very short. Second,
he mechanical properties improvement of composites is depen-
ent on the interface bonding between reinforcement and matrix.
he HRTEM image of 5 wt% BNNTs/SiO2 shows that the interface is
ight and seamless in Fig. 5(a), indicating good bonding between
he two compounds. On the other hand, according to Ref. [20], the

nterfacial shear strength of composites reinforced by nanotubes
ould be calculated using the formula:

i = �ud

4l
(1)
pounds 509 (2011) 9996– 10002

where �i is the interfacial shear strength, �u is the tensile strength
of nanotube, d is the nanotube radius, and l is the pullout length.
The �u of BNNTs is about 30 GPa [21]. From Figs. 1 and 4(c), it can be
seen that the value of d and l is about 40 nm and 175 nm.  In terms
of formula (1),  the calculated value of �i is 2 GPa. Obviously, the
calculated value is a little high, which is ascribed to tensile strength
of fabricated BNNTs and the estimated values of d and l. Due to
existence of defects, the tensile strength of fabricated BNNTs may
be <30 GPa. However, it can reflect the fact that high interfacial
shear strength exists, resulting in BNNTs cannot be pulled out from
the matrix completely. The above two  reasons are the convincing
proof that the interface bonding is tight. Third, a spot of nano-scale
defects on the surface of BNNTs is found (Fig. 5(c)), which is formed
in the synthesis process, and the nano-hole is filled with SiO2, which
is the typical model of mechanical interlock [22]. Moreover, the
dispersion of BNNTs in the grain boundaries restrains abnormal
grain growth of quartz and cristobalite. All the factors contribute
to the improvement of the mechanical properties.

3.2.2. Effect of BNNPs on the mechanical properties
As shown in Fig. 6(b), when the BNNPs content is below 7 wt%,

the flexure strength and the fracture toughness increase with the
increase of the BNNPs content. It is exciting that the flexure strength
and fracture toughness of BNNPs/SiO2 are much better than the
monolith. The flexure strength and fracture toughness of the com-
posite with 7 wt% BNNPs are 2.30 and 2.17 times of the monolith,
respectively. In addition, flexure strength and fracture toughness
increase with the BNNPs content regularly due to the easier dis-
persion for BNNPs than BNNTs.

h-BN have lamellar microstructure, and each sheet is con-
nected by van der Waals force, while the atoms are connected by
atomic bond within each sheet. When crack reaches BNNPs, it will
come round the BNNPs or propagate along the interface between
BN sheets to dissipate energy, so the flexure strength and frac-
ture toughness both increase. In this work, the pullout and break
of BNNPs were both observed by FESEM and HRTEM shown in
Figs. 4(e) and 5(d) and (e).  Owing to the similar chemical prop-
erties between BNNTs and BNNPs, the strong bonding also exists in
the BNNPs/SiO2 composites. Moreover, BNNPs can also change the
fracture mode and restrain the abnormal grain growth of quartz and
cristobalite like BNNTs, which are beneficial to the improvement of
the mechanical properties.

3.2.3. Similarities and differences
Both BNNPs and BNNTs have reinforcing mechanisms including

strong interface bonding, fracture mode modification and the pull-
out, bridging and breaking of the reinforcements. But the values of
flexure strength and fracture toughness are notable different with
each other. There are three reasons to explain the phenomenon.
First, different specific surface area leads to different bonding areas
between reinforcement and matrix. As everyone knows, the spe-
cific surface area of BNNPs is smaller than that of BNNTs, so the
interface of BNNTs/SiO2 will bear more load than BNNPs/SiO2.

Second, the breaking energy of BNNTs is much higher than that
of BNNPs. Cracks can propagate through interlamination of BNNPs
in BNNPs/SiO2 composites easily. However, to break BNNTs needs
to overcome much more energy. As is well-known to all, BNNTs
have tube structure with strong bonding in the walls of tube. When
BNNTs suffer tensile load in the horizontal direction, they will pull
out or bridge from the matrix like BNNPs; whereas, when they
bear pressure force in vertical direction, the cracks have to cross

BNNTs, and the breaking energy of BNNTs is much higher than that
of BNNPs layers. So the tested values of flexure strength and fracture
toughness of composites reinforced with BNNTs are better than
those with BNNPs.
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Table 1
The relative density and grain size of BNNTs/SiO2 and BNNPs/SiO2 composites.

Materials Reinforcement
content (wt%)

Relative
density (%)

Grain size
(FESEM) (�m)

Monolith – 97.5 31 ± 3

BNNPs/SiO2

1 94.3
3  92.5
5  92.0 22 ± 2
7  86.8

1 95.2
3 92.4
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BNNTs/SiO2 5 90 20 ± 2
7  87

Last, the grain size of 5 wt% BNNTs/SiO2 composites is smaller
han that of SiO2 reinforced by 5 wt% BNNPs, so trans-granular frac-
ure can more easily occur in BNNTs/SiO2 composites, which need
vercome more energy than in BNNPs/SiO2 composites.

.3. Relative density

As displayed in Table 1, the relative density of BNNTs
BNNPs)/SiO2 composites decreases with increase of BNNTs
BNNPs) content. In this study, 2.3 g/cm3, 1.38 g/cm3 [23] and
.42 g/cm3 are used as theoretical densities for SiO2, BNNTs and
NNPs, respectively.

.3.1. The relative density of BNNTs/SiO2 composites
It has been reported that the sintering mechanism of the SiO2

s viscous flowing of the amorphous silica in sintering temper-
ture, and the wave-like surface for the monolith in Fig. 4(a) is
he evidence. The addition of BNNTs in SiO2 matrix is considered
s impurities to stop SiO2 viscous flow and pores removal during
intering process, which decreases the relative density of compos-
tes. On the other hand, some BNNT bundles may  act the role of
ores, because of the poor dispersion of BNNTs in the SiO2 matrix.
esides, the density of BNNTs (1.38 g/cm3) is lower than that of SiO2
2.3 g/cm3), so BNNTs can decrease the density of the composite
lightly. However, BNNTs can also play an active role in enhancing
he densification of SiO2 matrix by restraining grain growth. BNNTs
ispersing at grain boundaries can suppress the grain close during
ensification and refine the grains by grain pinning, like CNTs [9].
he combined action of the influence factors leads to the reduction
n relative density of BNNTs/SiO2 composites.

.3.2. The relative density of BNNPs/SiO2 composites
BNNPs in SiO2 matrix can be considered as impurities like

NNTs, so they also play the same role in restraining densification of
he composite by stopping the SiO2 viscous flow and pores removal.

eanwhile, BNNPs can also play an active role in enhancing densi-
cation of SiO2 matrix through restraining the grain growth. With
he increase of BNNPs content, the relative density also decreases,
hich is the similar tendency as BNNTs/SiO2 composites. However,

he density of BNNPs is 2.4 g/cm3, which is higher than that of SiO2,
o BNNPs can increase the density of the matrix slightly.

.3.3. Similarities and differences
BNNTs and BNNPs play the same role in the matrix for relative

ensity reduction, and the composites containing the same content
NNTs and BNNPs have almost the same density. Stopping SiO2 vis-
ous flow and pores removal, and reinforcements tangling restrain

ensification, while suppression of grain growth enhances densifi-
ation. However, the final result is that the addition of BNNTs and
NNPs reduces the densification of the matrix, and thus reduces
he relative density.
Fig. 7. The relationship between the frequency and dielectric constant of the mono-
lith (a), 5 wt% BNNTs/SiO2 composites and 5 wt%  BNNPs/SiO2 composites.

In the BNNTs/SiO2 and BNNPs/SiO2 composites, the relative den-
sity decreased with the incorporation of BNNTs and BNNPs. So it
is believed that the roles of enhancing effect are less significant
than the restraining role. Though the relative density of BNNPs/SiO2
composites are almost the same as that of BNNTs/SiO2 composites,
the flexure strength and fracture toughness of BNNTs/SiO2 com-
posites are higher than those of BNNPs/SiO2 composites. So BNNTs
are more effective additive than BNNPs for SiO2.

3.4. Dielectric properties

Fig. 7 shows the measured dielectric constant (ε) of the monolith
and composites with frequency scope from 28 GHz to 31 GHz. As
can be seen, the incorporation of BNNPs and BNNTs increases the ε
of the matrix. Although the ε of 5 wt% BNNPs/SiO2 is slightly higher
than that of 5 wt% BNNTs/SiO2, while the variation trend of 5 wt%
BNNPs/SiO2 is similar as that of 5 wt%  BNNTs/SiO2.

3.4.1. The dielectric properties of 5 wt% BNNTs/SiO2
Fig. 7(a) and (b) shows the ε of the monolithic SiO2 and 5 wt%

BNNTs/SiO2 composites as the function of the frequency. In the
frequency range, both of the ε keeps at a certain value and the
vibration is about ±0.1. It has been ever reported that the ε of silica
ceramic keeps stable at 105 Hz [24]. Therefore, at the higher fre-
quency �105 Hz, the contribution of ion relaxation polarization to
ε decreases, leading to the ε reducing at first and finally tending
to be stable. The equation Ln ε = V1 Ln ε1 + V2 Ln ε2 [25] is used to
calculate the theoretical ε of two-phase composites, where ε1 and
ε2 are the dielectric constant of phase 1 and phase 2, and V1 and
V2 are the volume fraction of phase 1 and phase 2, respectively.
The dielectric constant of SiO2 and BNNTs is 4 and 5.9, respectively.
So the calculated result of 5 wt%  BNNTs/SiO2 is 4.1, slightly higher
than the measured one.

3.4.2. The dielectric properties 5 wt% BNNPs/SiO2
Fig. 7(c) shows that the ε of 5 wt%  BNNPs/SiO2 varies with the

frequency. In the frequency scope, the variation tendency of ε is
similar as that of 5 wt% BNNTs/SiO2 composites. The calculated ε

of the system used the equation Ln ε = V1 Ln ε1 + V2 Ln ε2 is 4.05, in
which the ε of BNNPs is designated as 4.5. However, the measured
value is about 4, a slightly lower than the calculated value.
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.4.3. Similarities and differences
Though both BNNTs and BNNPs improve the mechanical prop-

rties of SiO2, the dielectric properties are destroyed. Owing to the
igher ε of BNNTs and BNNPs, the ε of the composites is both higher
han that of the monolith, as shown in Fig. 7. The ε of BNNTs is
igher than that of BNNPs, but the calculated results are almost the
ame, due to the lower density of BNNTs and 5 wt%  BNNTs/SiO2
omposites. It have been demonstrated that the ε of composites is
reatly influenced by the relative density. In our work, the relative
ensity of 5 wt% BNNPs/SiO2 was 92%, higher than 90% of 5 wt%
NNTs/SiO2. Therefore, it is considered that the composites con-
aining BNNTs have more pores. To the best of our knowledge, the
ores existing in composites influence the ε greatly. The variation of

 with porosity can be described by the equation: ε = ε0 + P (ε0 − 1)
26], where ε0 is the ε of the matrix, and P is the fractional porosity.
rom the equation, it can be seen obviously that the ε decreases
ith the increase in porosity. Furthermore, the degree of crystal-

ization, phase boundary and the test frequency also affect the ε
24].

. Conclusions

1) The addition of BNNTs and BNNPs changes the surface fea-
tures and fracture mode, which can be observed by FESEM and
HRTEM analysis. Besides, the incorporation of them can restrain
the transformation of quartz to cristobalite.

2) The composite containing 5 wt% BNNTs results in 231% and
209% increase in flexure strength and fracture toughness,
respectively. The addition of 7 wt% BNNPs increases the flexure
strength from 52.2 MPa  to 120.2 MPa, and the fracture tough-
ness from 0.58 MPa  m1/2 to 1.22 MPa  m1/2. The pullout, bridging
and breaking of the reinforcements and the strong bonding
strength between interfaces are contributed to the improve-
ment.

3) The relative density of the composites decreases with the
increase of the reinforcements. Stopping SiO2 viscous flow and
pores removal, and the reinforcements tangling restrain densi-
fication, resulting in the density reduction.

4) Owing to the higher dielectric constant of h-BN, the dielectric
constant of 5 wt% BNNTs/SiO2 and 5 wt% BNNPs/SiO2 are higher
than that of the monolith. The relative density and porosity are
the major influencing factors.
5) The SiO2 ceramic reinforced by BN nanotubes and nanoparti-
cles processing superior mechanical and dielectric properties,
can be used as a raw material to prepare radome and antenna
window.
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