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Effect of the BN content on the thermal shock
resistance and properties of BN/SiO, composites
fabricated from mechanically alloyed SiBON
powders
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Wave-transparent composites of BN/SiO, were prepared via hot pressure sintering at 1650 °C of
mechanically alloyed amorphous SiBON powders. The mechanical, dielectric and thermal properties and
thermal shock resistance of the composites were carefully investigated with different BN contents. With
increasing BN content, the flexural strength and fracture toughness of the composites increased first and
then decreased. The sample with the composition of SiO,—5BN exhibited the highest flexural strength of
256.3 MPa and a fracture toughness of 3.15 MPa m/2. The relative density decreased with the increase
of BN content, which would influence the thermal properties and the thermal shock resistance of the
composites. The formation of borosilicate glass and crystallization of fused silica in the surface at the
high temperature greatly improved thermal shock resistance of the samples. The SiO,—-6BN sample,
possessing low relative density, exhibited the best thermal shock resistance, and the retained strength
after a thermal shock of 1100 °C was 98.6% of the original strength. Besides excellent mechanical and
thermal properties and thermal shock resistance, the as-sintered composites exhibited low dielectric
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1 Introduction

Continuous rapid developments in the aerospace industry
provide an impetus to the increasing demand for advanced
materials with enhanced properties. Structural parts and
components must meet more severe design constraints, such as
good mechanical and dielectric properties, excellent thermal
shock resistance and very high ablation resistance, when
operated in extreme environments."* Among the various
structural materials, h-BN ceramics with high melting points
(>3000 °C), high refractoriness, good ablation resistance, low
dielectric coefficient and loss tangent (5.16 and 10-11 x 10~ %,
respectively, at room temperature), excellent thermal shock
resistance, and good machinability*® are suggested to be
a suitable candidate for antenna and radome window materials
on carrier-rockets, airships and missiles.”®* However, the poor
sinterability and mechanical properties as well as weak oxida-
tion resistance have limited the application of single-phase h-
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BN materials. Hence, improvements in the sinterability and
mechanical properties of hexagonal boron nitride have been the
main issues in the past decades.®™*

Adding compounds such as SiO,, Al,03, MAS (magnesium
aluminum silicate) and YAG (yttrium aluminum garnet) is an
effective way to improve the sinterability of BN ceramics.’”™*
Among these, fused silica is the excellent one, notably
improving the sintering characteristics, with rather low and
stable dielectric constant (e < 3.5), and very low loss tangent, low
coefficient of thermal expansion, and high melting point (1700
°C).*** Furthermore, appropriate pretreatment could be used
to overcome the drawbacks. Our previous work showed that
sinterability of h-BN powders can be notably improved via boll
milling.** And mechanical alloying is a synthesis method to
form amorphous powders with low cost and simple proce-
dures.*** Thus, it may be a useful method to further improve
the sinterability of BN composites to achieve high relative
densities and good mechanical properties.

Up to now, the studies of the dielectric and thermal prop-
erties and thermal shock resistance of the BN/SiO, composites
have been scarce. Further studies are still essential to find out
the mechanism of the co-operative enhancement of the rele-
vant properties in the composites. In this work, a series of
mechanically alloyed amorphous SiBON powders with
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different BN content were prepared, and then hot pressed to
dense bulk ceramics. The effects of BN content on mechanical,
dielectric and thermal properties of the composites were
studied. The effects of the crystallization of amorphous SiO,
and the oxidation of h-BN on thermal shock resistance are also
discussed.

2 Materials and methods

Hexagonal BN (1.31 um, 99.5% purity, Advanced Technology &
Materials Co. Ltd, Beijing, P. R. China) and fused silica (0.9
um, 98.0% purity, Guangyu Quartz Co. Ltd, Lianyungang, P. R.
China) were used as starting materials. A series of amorphous
SiBON powders, with chemical composition varying from
1:0.5 to ~1:7 SiO, : h-BN (molar ratio), were synthesized
using a vario-planetary mill (FRITSCH P4, FRITSCH (Beijing,
P. R. China) Scientific Instruments Co., Ltd, Germany). Then
the amorphous powders were put into graphite dies and hot-
press sintered under a pressure of 20 MPa for 0.5 h at 1650 °C
in 1 atm N, atmosphere. Samples were given brief names, for
instance, SiO, : BN = 1 : 0.5 was labeled S0.5BN.

Density was calculated according to the Archimedes prin-
ciple, and the relative density calculated by division of density
by theoretical density. The fabricated samples were ground and
polished with 0.4 um SiC abrasive paper and diamond
suspension. Flexural strength was tested by the three-point
bending method using rectangular bars (3 mm x 4 mm X 36
mm) in a universal testing machine (Istron-5569, Instron
Group, USA) with a span of 30 mm and a cross-head speed of 0.5
mm min~". Fracture toughness measurement was performed
on single-edge-notched beams (2 mm x 4 mm x 20 mm) with
a span of 16 mm at a cross-head speed of 0.05 mm min*, and
a half-thickness notch was made using a 0.1 mm thick diamond
wafer blade. Vicker's hardness was measured with a load of 5 kg
using an HBV-30A tester. The thermal shock resistance was
evaluated by water quenching experiments. Five samples were
used for each mechanical property measurement and the
average values are reported.

Phase analysis was evaluated by X-ray diffraction (XRD;
RigakuD/Max 2200VPC, Japan) at a scan rate of 4° per min. The
microstructures were examined by scanning electron micros-
copy (SEM; Quanta 200, FEI Co., USA). Dielectric constant and
loss tangent of the samples (¢ 50.0 mm X 2.0 mm) were
measured in the frequency range of 7 GHz to 18 GHz at room
temperature by RF impedance/material analyzer (PNA N52304,
Agilent, USA). The thermal conductivity (TC) of the samples
with a size of @ 12.6 mm x 1 mm was measured at ~25-1200 °C
by LFA laser apparatus (NETZSCH LFA427, Germany). The
coefficient of thermal expansion (CTE) was measured with
samples of 4 mm x 4 mm X 10 mm at ~200-1400 °C
(NETZSCH DIL402C, Germany).

3 Results and discussion
3.1. Microstructure and mechanical properties

Fig. 1(a) shows the XRD patterns of as-sintered SiBON
composites, indicating that h-BN crystallized from the
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amorphous SiBON powders. The intensity of the h-BN planes
increased with increasing BN content. Fig. 1(b) shows the XRD
patterns of S0.5BN and S5BN samples taken in two directions.
The side and top surface, measured perpendicular and parallel
to the hot-press sintering direction, are denoted as land ||,
respectively. The diffraction intensity of the (002) plane was
great higher than that of the (100) plane on the top surface,
while the diffraction intensity of the (002) plane was about the
same value as for the (100) plane on the side surface. This
indicated the h-BN exhibited a degree of orientation in the
composites.

In order to discuss the effects of BN content on the bulk
orientation of the samples, the following formula was applied:*
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Fig. 1 (a) XRD patterns of SiBON ceramics sintered at 1650 °C under

20 MPa for 0.5 h; (b) XRD patterns of SO.5BN and S5BN were taken
along two directions.
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Table 1
content

IOP index of BN/SiO, composite ceramics with different BN

Samples  S0.5BN S1BN S2BN S3BN S4BN S5BN S6BN S7BN
IOP index 1.72 1.96 2.89 6.22 8.61 25.6 25.8 26.7

where IOP is the index of orientation preference, and I and
I'yiuw are the intensities of corresponding diffraction lines
measured in the ceramics for the surfaces perpendicular and
parallel to the pressure axis, respectively. Furthermore, when
IOP equals +1, the BN grains are orientated randomly. An IOP
value > 1 means that the c-axis of the h-BN lattice is preferen-
tially orientated perpendicular to the hot-pressing direction.
The larger the IOP value, the more h-BN grains have their c-axis
orientated perpendicular to the hot-pressing direction. The IOP
values of the samples are shown in Table 1, which indicates that
the IOP value increases from 1.72 to 26.7 with the increasing BN
content. Under the condition of enough liquid phase in the
process of densification, increasing BN content can increase the
contact chances of BN particles, which will promote the growth
of BN flakes with preferred orientation.

The relative density and mechanical properties of the
composite ceramics are listed in Table 2. The relative density
declined from 97.2% to 91.1% with increasing BN content
from 0.5 to 7 in the SiO, : BN ratio. The flexural strength and
fracture toughness increased first and then decreased, with
the sample of S5BN exhibiting the highest flexural strength of
256.3 MPa and fracture toughness of 3.15 MPa m"/?, respec-
tively. Attributed to the high relative density, the preferential
orientation of the flaked BN grains and the desirable inter-
facial stresses between BN and SiO,, the strength and
toughness of the composite ceramics were obviously
increased compared with pure fused silica or h-BN. Moreover,
mechanically alloyed amorphous SiBON powders gave
homogeneous distribution and sufficient contact of the
different components in the composites, which was favorable
to mechanical properties.

Fig. 2 shows the morphology of the fracture surface of
samples with different BN content, consisting of crystallized BN
and amorphous phase. It can be seen that the sizes of BN grains
generally increased with the increase of BN content. Fig. 3(a)
and (b) shows the morphology of the fracture surface of S3BN

Table 2 Some properties of the HP sintered BN/SiO, ceramics

View Article Online

Paper

and the sample of the same composition without pretreatment
by mechanical alloying, indicating particle sizes of BN in S3BN
notably smaller than in the boll-milled sample, which is
ascribed to the homogeneous distribution of the different
components. As the flaked grains were crystallized BN, energy
dispersive X-ray spectroscopy (EDS) measurement was carried
out to confirm the composition of the amorphous phase, shown
in Fig. 3(c) and (d). Because of the good chemical compatibility
between the SiO, and BN reported previously," combined with
the results of EDS analysis, we assumed that the amorphous
phase consisted of mainly SiO,, non-crystallized BN and a little
B,0; formed during the mechanical alloying procedure. Since
its coefficient of thermal expansion is slightly lower than that of
BN, fused silica always suffers from compressive stress at the
interface in composites; therefore, it could be strengthened by
the addition of BN. When the BN/SiO, ratio was larger than 3,
the pull-out of a large number of small BN platelets could be
observed.

The elastic modulus of sintered composites shows the same
trend as relative density. Generally, lower hardness leads to
easier machinability. The hardness of the samples decreased
with increasing BN content; when the BN/SiO, ratio of the
composite was 4, the Vickers hardness was 2.97 GPa, which is
lower than that of machinable mica-glass-ceramic (3 GPa).**

3.2. Thermal properties

Generally, thermal conductivity (TC) of the composites could be
affected by the composition, microstructure and porosity of the
composites. The TC (phonon TC, 2p) of BN/SiO, composites
could be approximately expressed by the following formula:*

dp = %C"plp (2)
where C is the heat capacity, v}, is the phonon velocity and [, is
the phonon MFP (mean free path). As the porosity increased
monotonically with increasing BN content of the composites,
four samples (S1BN, S3BN, S5BN, S7BN) were selected to test the
TC values, with the temperature varying from 25 to 1200 °C. As
shown in Fig. 4(a), with the increase of temperature, the
frequency of phonon scattering increased and the phonon MFP
decreased, which resulted in a decrease of TC. Although the
relative density of samples decreased with the increasing of BN
content, which would be expected to lead to a lower TC value,

Density Relative density Flexural strength Elastic modulus Vickers hardness Fracture toughness
Samples (g em™) (%) (MPa) (GPa) (GPa) (Mpa m'?)
S0.5BN 2.14 97.2 163.0 + 8.4 72.8 £ 4.6 5.05 & 0.05 1.59 & 0.17
S1BN 2.15 97.1 186.4 £ 9.5 68.3 £ 6.8 4.23 £0.08 2.08 £+ 0.08
S2BN 2.15 96.8 191.6 + 10.3 63.9 £+ 4.8 3.47 £ 0.01 2.51 &£ 0.12
S3BN 2.15 96.7 198.7 £ 9.9 51.6 &+ 3.6 3.10 + 0.04 2.66 + 0.03
S4BN 2.16 96.8 225.3 £13.4 52.7 £ 5.2 2.97 £ 0.05 2.90 £ 0.12
S5BN 2.12 95.0 256.3 £ 6.5 51.4 £ 2.1 2.39 £ 0.01 3.15 £ 0.15
S6BN 2.08 93.1 212.2 £ 13.5 50.6 £ 3.2 1.89 & 0.01 2.45 £+ 0.24
S7BN 2.04 91.1 205.1 £ 11.3 47.3 + 4.3 1.67 £ 0.23 2.10 + 0.31
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Fig. 2 Fracture morphology images of (a) SO.5BN; (b) S1BN; (c) S2BN; (d) S3BN; (e) S4BN; (f) S5BN; (g) S6BN; (h) S7BN.

while the TC value of BN is larger than that of fused silica Fig. 4(b) shows the coefficient of thermal expansion (CTE)
(0.5 W m™"-K ), the TC value of samples generally increased values of S1BN, S3BN, S5BN and S7BN with the temperature
with the increasing BN content, and the samples’ TC values are  varying from 200 to 1400 °C. The CTE values increased
about 0.85-3.66 W m~'-K~ " at ~200-1200 °C in general. with increasing of temperature. The CTE values of h-BN

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 48994-49003 | 48997
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Fig. 3

Element Weight%  Atomic%
B 24.36 36.97
N 16.18 18.95
O 21.21 21.75
Si 38.24 22.33

(a) Fracture morphology image of S3BN; (b) fracture morphology image of 3BN-SiO, fabricated from the powders without mechanical

alloying pretreatment; (c) EDS analysis of the A zone in (a); (d) chemical composition of the A zone in (a) from the EDS analysis.

(0.7 x 107° K" (L) and 2.7 x 107° K" (||)) are a little larger
than fused silica (0.54 x 10~° K™"), and the CTE value of the
samples increased with the increase of BN content. As fused
silica and h-BN constitute the main phase in the samples, the
composites have low CTE values of ~0.35-4.71 x 10" ° K ' in
the temperature range ~200-1400 °C, which makes BN/SiO,
composite ceramics a promising candidate with excellent
thermal shock resistance.

3.3. Thermal shock resistance

The important measure of the thermal shock resistance is the
residual strength of material after water quenching, according
to Kingery's theory of critical stress.>® The retained strength of
the samples after water quenching at 800-1100 °C is shown in
Fig. 5, which indicates that the BN/SiO, composite ceramics
showed excellent thermal shock resistance compared with other
BN-based composites.”” When the ratio of the BN/SiO, varied
from 2 to 6, the residual flexural strength of samples decreased
when the temperature difference (AT) was below 1000 °C, but
a maximum appeared at 1000 °C, and then values decreased
with further increase in the temperature difference. When the
ratios of the BN/SiO, were 1 and 7, the curves of residual flexural
strength were different from the others.

Since porous ceramics had better thermal shock resistance
than the dense material,”® S6BN with low relative density

48998 | RSC Adv., 2017, 7, 48994-49003

exhibited excellent thermal shock resistance. The retained
strength values after thermal shock of 1000 °C and 1100 °C were
227.5 and 209.3 MPa, which were 107.1% and 98.6% of the
original strength, respectively. In an inert atmosphere, h-BN
will be stable and could retain its mechanical properties up to
temperatures in excess of 2000 °C.> However, BN reacts with
oxygen to form B,O; at low temperatures (<450 °C) in an
oxidizing environment. Further increase of the temperature
(>1100 °C) would cause noticeable vaporization of B,O; and
cause bubbles to form on the surface of the composites. The
reactions can be described as follows:**

4BN(s) + 305(g) = 2B,05(1) + 2Ns(2) 3)

4)

At high temperatures, the oxidation-derived B,O; could come
into contact with SiO, and produce a viscous borosilicate glass
coating BN particles to prevent the oxidation of BN.*" Fig. 6 shows
the surface of S6BN after water quenching at 800-1100 °C, indi-
cating the surfaces of samples were dense and smooth, which
explained why the retained strengths of the composites were
a little higher than the original strengths after quenching at
temperatures of 800-1100 °C. When the quenching temperature
is higher than 900 °C, there are rod-like crystals formed at the
surface of the sample, as shown in Fig. 6(b)-(d), which could

B,0s;(1) = B,0s(g)

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Retained strength of the samples after water quenching at
800-1100 °C.

strongly increase the retained strengths; the rod-like crystals were
observed in only the samples of S6BN and S7BN when all samples
were water quenched at 900 °C. This may be responsible for the

This journal is © The Royal Society of Chemistry 2017
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high retained strength of S6BN and S7BN water quenched at
900 °C, while that of the others decreased notably. For AT up to
1100 °C, vaporization of B,O; occurred and bubbles formed on
the surface were easily seen, as shown in Fig. 6(d), causing
a decrease of the retained strengths. XRD and EDS measurements
were applied to confirm the presence of the crystal phase and
determine the composition of the rod-like crystals formed on the
surface of S6BN after quenching at 1000 °C, as shown in Fig. 7.
The XRD pattern illustrated that SiO, (JCPDF #31-1234, SiO,-
phase X2) had crystallized from the amorphous phase in S6BN.
Furthermore, the composition of the rod-like SiO, was also proved
by the results of the EDS analysis, indicating that the crystals
consisted of Si and O elements in the atomic ratio of 3.5 : 6.5,
which is near to 1 : 2. In order to check whether the rod-like SiO,
formed in the body of the samples, fracture morphology images of
samples with quenching temperatures of 800-1100 °C were
observed (Fig. 8). Compared with the surface, there was not
enough space for the growth of the rod-like SiO, in the dense body
of the samples, which caused that the rod-like SiO, only to be
distributed in the superficial layers.

Fig. 9 shows the SEM images of samples after water quenching
at 1000 °C. It indicates that only the S0.5BN was without rod-like
SiO, formed in the surface while other samples formed varying
amounts, which may be the reason that the retained strength of
S0.5BN always decreased with increasing AT, while a maximum of
retained strength appeared at 1000 °C in other samples, as shown
in Fig. 5. In short, the forming of the rod-like SiO, and the viscous
borosilicate glass layer together maintained the retained
strengths of the composites at high levels.

3.4. Dielectric property

Besides mechanical properties and thermal shock resistance,
dielectric constant and loss tangent are significant performance
parameters for wave-transparent applications. Generally, rela-
tive density (porosity) and phase composition are the two
factors affecting the dielectric properties of BN/SiO, compos-
ites. The influences of these factors on dielectric constant can
be represented by Lichtenecker's mixture law:*

Ine = vgi0,  Inesio, + vh-pn-Inen.pn + Vyac Ineyye (5)

Here, ¢ represents the dielectric constant of the BN/SiO,
composites, and esijo,m-BN, vac) ANd Vsio(h-BN, vac) denote the
dielectric constant and volume fraction of the SiO,, h-BN, and
pores, respectively. The orders of their ¢ and tan § are BN > SiO,
> pores, and the ¢ and tan 6 of pores can be regarded as 1 and
0 separately.®® So the dielectric constant will increase with
increasing BN content, and decrease with decreasing relative
density of the composites.

Fig. 10(a) and (b) indicate the dielectric constant (¢) and loss
tangent (tan 6) of the BN/SiO, composites, respectively. All the
samples exhibit both low dielectric constant (¢ < 4.62) and loss
tangent (tan ¢ < 0.0020), acceptable for radome application. In
general, the effects of BN content and the relative density on
dielectric properties fit well with the mixture law. The sample
S5BN with 95% relative density exhibited the maximum of
dielectric constant of 4.62.

RSC Adv., 2017, 7, 48994-49003 | 48999
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Electron Image 1

(b) 900 °C; (c) 1000 °C; (d) 1100 °C.
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Fig. 7 (a) SEM image of the surface of S6BN after water quenching at 900 °C; (b) EDS analysis of the marked rod-like grains; (c) the XRD pattern
of S6BN after water quenching at 900 °C; (d) chemical composition of rod-like grains from the EDS analysis.
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Fig.9 SEM images of samples after water quenching at 1000 °C with different BN content: (a) SO.5BN; (b) S1BN; (c) S2BN; (d) S3BN; (e) S4BN:; (f)

S5BN; (g) S6BN; (h) S7BN.

4 Conclusions

In this study, BN/SiO, ceramic composites with different
contents of BN were fabricated by hot pressure sintering of
amorphous SiBON powders. The mechanical properties and
dielectric properties both increased first and then decreased
with the increasing content of BN, varying from 163.0 to
256.3 MPa (flexural strength) and 3.89 to 4.62 (&), respectively.
The composite ceramics have low CT and CTE values, the values
increasing with increasing BN content. The thermal shock
resistance of the composites could be enhanced by the

This journal is © The Royal Society of Chemistry 2017

borosilicate glass formed at high temperatures, which would
seal the cracks and pores on the surface and protect the BN
from oxidation damage, and the crystallization of SiO, at some
temperature could greatly improve the thermal shock resis-
tance. S6BN with the lowest relative density exhibited the best
thermal shock resistance, and the retained strength after
a thermal shock of 1100 °C is 98.6% of the original strength. So,
it is believed that BN/SiO, composite ceramics are a promising
candidate to use as high temperature wave-transparent
materials.
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