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Mullite–boron nitride (BN) composite with high strength, low
Young’s modulus, and highly improved strain tolerance was
prepared by reactive hot pressing (RHP) using aluminum
borates (9Al2O3�2B2O3 and 2Al2O3�B2O3) and silicon nitride as
starting materials. Compared with the monolithic mullite, the
composite RHPed at 1800°C showed 1.64 times (540 MPa) the
strength, 70% (153 GPa) the Young’s modulus, and 2.34 times
(3.53 � 10�3) the strain tolerance. Transmission electron
microscopy observation revealed that the composite had an
isotropic microstructure with a fine mullite matrix grain size
of less than 1 �m and nanosized hexagonal BN (h-BN) platelets
of about 200 nm in length and 60–80 nm in thickness. The high
strength was suggested to be from the reduced matrix grain
size and the small toughening effect by the h-BN platelets.

I. Introduction

MULLITE monolithic ceramics demonstrate moderate strength
and elasticity, low thermal expansion coefficient, and good

resistance to thermal shock and creep.1–3 For structural applica-
tions, however, its strength and fracture toughness need to be
improved. Some composite systems, formed mainly by adding
high-strength second-phase reinforcements such as ZrO2, Al2O3,
SiC, and Mo, etc., have been reported.4–10 Compared with those of
mullite monolithic ceramics, the composite strength has been
improved from 300–400 to 500–600 MPa and fracture toughness
from 2–3 to 4–7 MPa�m1/2. On the other hand, however, those
composites also show high elasticity. For improvement in the
thermal shock resistance or avoidance of high stress at the joining
section of ceramic parts when applied by joining with metals that
possess relative low elasticity, we need to decrease the elasticity of
these ceramics.

In recent years we have been trying to design and fabricate
materials with high strength and low elasticity (thus improving
strain tolerance) by incorporating second phases of low Young’s-
modulus-like pores (here we regard the pore as a second phase of
zero Young’s modulus) and hexagonal boron nitride (h-BN).
Through control of the volume fraction, size, shape, distribution,
and oriented alignment of the second phase, a series of materials
with high strain tolerance have been developed.11–16 From these
investigations we find that the reaction synthesis is an effective
approach to prepare high-strain-tolerant materials because of the
resulting strong bonding between the in-situ-formed grains.

Mullite–BN composites have been prepared through the reac-
tion of B2O3, Si3N4, and AlN.17 However, there are problems in
processing due to the moisture-sensitive, low melting point and
easy evaporation of B2O3. Recently we successfully synthesized
Al2O3–BN composites with high mechanical properties by using
aluminum borates (9Al2O3�2B2O3 and 2Al2O3�B2O3) and alumi-
num nitride (AlN) as reactants.18 The aluminum borates do not
melt at low temperature and are water-resistant. In this study, a
new reactive approach is proposed to synthesize mullite–BN
composites by using aluminum borates and Si3N4 as reactants:

0.2�9Al2O3�2B2O3� � 3.6�2Al2O3�B2O3� � 2Si3N4

� 3�3Al2O3�2SiO2� � 8BN (1)

The calculated volume percent of BN in the synthesized composite
is 17.83% using the theoretical density values of 3.17 g/cm3 for
mullite and 2.27 g/cm3 for BN.13 This paper will report the
mechanical properties and microstructure of the mullite–BN com-
posite synthesized by reactive hot pressing (RHP).

II. Experimental Procedure

The starting materials used were 9Al2O3�2B2O3 (9A2B; mean
particle size, D50 � 2.36 �m; BET specific surface, As � 9.89
m2/g; Shikoku Chemical Co., Marugame-shi, Japan),
2Al2O3�B2O3 (2AB; D50 � 2.85 �m; As � 27.91 m2/g; Shikoku
Chemical Co.), Si3N4 (E-10 grade; D50 � 0.5 �m; Ube Industries,
Yamaguchi, Japan), and mullite (KM102; D50 � 0.74 �m; As �
8.4 m2/g; Kyoritsu Materials Co., Nagoya, Japan). The stoichio-
metric powders were mixed in ethanol with Al2O3 balls for 72 h in
a plastic bottle and then dried. The powder mixture was RHPed
under a pressure of 30 MPa in a BN-coated graphite die at 1600°,
1700°, and 1800°C, respectively, for 60 min in an argon atmo-
sphere. At temperatures of lower than 600°C, a vacuum of about
10�4 torr was maintained in the furnace. Then, Ar gas was added
into the chamber up to a pressure of 1.3 atm, and the pressure used
for hot pressing was gradually increased to 30 MPa. The heating
rate was 10°C /min. For comparison, a mullite monolithic ceramic
was prepared by hot pressing at 1700°C for 60 min in an argon
atmosphere.

The obtained hot-pressed products had dimensions of 42 mm �
45 mm � 6 mm. Specimens of 3 mm � 4 mm � 42 mm in
dimensions were cut from them and then ground and beveled with
a diamond wheel of 600-grit size. The density was tested using the
water-displacement method. The phase composition was deter-
mined by X-ray diffraction (XRD) using CuK� radiation. The
three-point bending strength was measured with the span of 30 mm
and a crosshead speed of 0.5 mm/min. The strength values were an
average of five measurements. The fracture toughness was mea-
sured by the indentation method using a 5-kg load.19 However, a
load of 2 kg was used for mullite monolithic ceramics due to
chipping that always occurred around the indent if a 5-kg load was
applied. The data of hardness and toughness were an average of 10
measurements. The pulse–echo method was used to measure the
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Young’s modulus and the Poisson’s ratio.20 Scanning electron
microscopy (SEM) observation of the fracture surface was con-
ducted at 20 kV with a JSM-5600 (JEOL, Tokyo, Japan), and
transmission electron microscopy (TEM) analysis of the micro-
structure was conducted at 300 kV with a Hitachi H-9000UHR III
(Hitachi Co. Ltd., Tokyo, Japan).

III. Results and Discussion

The XRD pattern of the obtained composite RHPed at 1800°C
is shown in Fig. 1. The other two composites RHPed at 1600° and
1700°C demonstrate similar XRD patterns. All peaks in this
pattern are from the mullite phase. However, we can find a broad
peak (2� � 26.6°) for the BN phase as shown in the inset pattern
in this figure with specialized diffraction in the angle range of
25.5–27.5°. It pointed out that the in-situ-formed BN phase was in
poor crystallinity.

The characteristics of the obtained composites are listed in
Table I. From the relative density values we can find that the
existence of the BN phase prohibited the densification of the
composites. Nevertheless, the specimen RHPed at 1800°C dem-
onstrated a high relative density of 98.3%. Because of the
incomplete densification in the composites RHPed at 1600° and
1700°C, the main comparison will be made between the mul-
lite–BN composite RHPed at 1800°C and the monolithic mullite.

The bending strength and Young’s modulus for monolithic
mullite were basically the typical ones published in the open
literature. The toughness measured by the indentation technique
was something lower than the typical data of 2–3 MPa�m1/2

reported in the literature. On the other hand, however, the
composite RHPed at 1800°C showed a very high bending strength
of 540 MPa, which was 1.64 times, and a low Young’s modulus of
153 GPa, which was 70% of that of the mullite monolithic,
respectively. Thus, a high value of calculated strain to failure,

which was 2.34 times higher than that of the mullite monolithic,
was obtained. Accordingly, the present approach revealed that by
the incorporation of the h-BN phase into the mullite matrix
through the in-situ process mullite composites with improved
strength and reduced elasticity could be realized. In addition, the
toughness was a little higher than that of the mullite monolithic.
Here we used different indentation load for measuring the tough-
ness, and an early investigation showed that the load effect in the
present load range was small.21 This slight toughening effect (10%
increment) in the composite might be resulted from the crack
deflection or crack blunting by the weak or soft h-BN particles.

Fig. 1. XRD pattern of the mullite–BN composite RHPed at 1800°C. All
peaks in this pattern are from the mullite phase. The inset pattern shows a
broad peak (2� � 26.6°) for the BN phase with specialized diffraction in
the angle range of 25.5–27.5°.

Fig. 2. TEM photographs of the obtained composite RHPed at 1800°C.
The hot-press direction is vertical in the pictures. (a) Showing the whole
distribution of the component phases of mullite and h-BN. (b) Demonstrat-
ing an example of the clean interface between an in-situ-formed h-BN
platelet and a mullite grain.

Table I. Characteristics of the Reactive Hot-Pressed Mullite–BN Composites

Property

RHPed Mullite HPed
at 1700°Cat 1600°C at 1700°C at 1800°C

Phase composition Mullite, BN Mullite, BN Mullite, BN Mullite
Relative density 87.8 94.4 98.3 98.1
Strength (MPa) 230 	 20 391 	 71 540 	 45 330 	 54
Young’s modulus (GPa) 107 147 153 218
Toughness (MPa�m1/2) 1.4 1.8 1.7 1.6
Vickers hardness (GPa) 4.2 6.2 6.9 10.3
Poisson’s ratio 0.19 0.21 0.21 0.27
Strain to failure (�10�3) 2.15 2.66 3.53 1.51
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Accordingly, improved thermal shock resistance to fracture initi-
ation can be reasonably expected.

Concerning the other properties, the composite showed a
hardness value obviously lower than that of the mullite monolithic,
due to the incorporation of the soft h-BN phase. In addition, the
composite had a low Poisson’s ratio compared with that of the
mullite monolithic, and with the increase of porosity in the
composites a decreasing trend in the Poisson’s ratio could be
found.

Figure 2 shows the TEM photographs of the obtained composite
RHPed at 1800°C. We can find that the microstructure is isotropic
without preferential orientation in either mullite or h-BN grains
(Fig. 2(a)). The grain size of the matrix mullite is less than 1 �m
in the image. The reaction-formed h-BN particles are in platelet
shape with a length of about 200 nm and a thickness of 60–80 nm.
These nanosized BN platelets are mainly in agglomerate shape of
several platelets locating at the pockets formed by the mullite
grains. These pockets are in general discrete. In some area single
BN platelets also locate at the grain boundaries of the mullite
matrix. There are almost no BN particles locating inside the
mullite grains. The interfaces between BN platelets and mullite
grains are very clean without an obvious amorphous phase. Figure
2(b) is an example of such clean interfaces, which is a very
common feature in in-situ-reaction-synthesized composites.

The fracture surfaces of the composite RHPed at 1800°C and
monolithic mullite are shown in Fig. 3. The intrafracture mode is

dominant in these two materials, indicating that the grain-boundary
bonding of the mullite matrix grains is still strong in the mul-
lite–BN composite. It seems that the incorporation of the BN phase
at the present fraction level does not weaken the grain network of
the mullite matrix. Moreover, the composite is strengthened by the
BN phase through reduction of the matrix grain size and the small
toughening affect. It should be noted here that the distribution and
particle size of the weak platelet-shaped h-BN phase is the critical
point for obtaining high-strength composites. Formation of a weak
h-BN network or the existence of large h-BN platelets will
obviously degrade the material strength.13,20

In summary, a mullite–BN composite with a high strength of
540 MPa and a low elasticity of 153 GPa was fabricated by RHP
based on a proposed reaction of aluminum borates and silicon
nitride. The composite demonstrated an isotropic microstructure
with a fine matrix grain size of less than 1 �m and nanosized h-BN
platelets of about 200 nm in length and 60–80 nm in thickness.
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Fig. 3. Fracture surfaces of (a) monolithic mullite and (b) the composite
RHPed at 1800°C. The hot-press direction is vertical in these pictures.
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