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bstract

he relationship between the mechanical properties and microstructure of hot-pressed MgAlON–BN composite materials was investigated by
canning electron microscopy (SEM), transmission electron microscopy (TEM), high resolution electron microscopy (HREM) and X-ray diffraction
XRD) techniques. The phase compositions of hot-pressed samples prepared from starting mixtures of Al2O3, AlN, MgO and h–BN consisted
f MgAlON phases as a matrix and BN phases as the second phase. The density, bending strength at room temperature, fracture toughness and
ickers hardness were measured. The results indicated that the density, strength and Vickers hardness decrease with increasing h–BN content due

o the non-reactive nature and layered structure of h–BN. The fracture toughness, however increased with increasing h–BN addition, reaching a
aximum of 3.64 MPa m0.5; it decreased with further increase of BN content. The increase of fracture toughness was attributed to the presence of
icrocracks and the decrease was considered to be the discontinuous microstructure of the MgAlON phases. Temperature dependence of bending

trength remained constant at low temperature, followed by an increase at 800 ◦C and then, dropped quickly. The increase in the bending strength

f the composite was attributed to the decrease of residual stress and to the interwoven microstructure of the composites which prevented grain
oundary slip and reduced the attenuation rate of high temperature strength. The machinability of the composites was examined. The results
ndicate that the composite materials with BN content more than 15 vol.% exhibit excellent machinability and could be drilled using conventional
ard metal alloy drills.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Mechanical properties including the ability to support loads
nd compressive stress are important properties for high per-
ormance structural composite ceramics and advanced refracto-
ies. The mechanical properties are mainly determined by the
icrostructure in composite ceramics—the phase components

nd the composition of grain boundary phases as well as resid-
al stress and microcracks.1,2 Crystallization and vitrification
ffects, however, have pronounced effect on three point bending
trength.3,4 Machining is emerging as an important requirement

or the flexible use of high performance refractories. In order
o improve the machinability of composite ceramics, one of the

ethods is to introduce a weak interface phase or layered struc-
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ure into the matrix to facilitate crack deflection and propagation
uring machining.5,6

Hexagonal graphitic boron nitride (h–BN) composites
how excellent corrosion and thermal shock resistance, good
echanical tolerance and machinability.6 Si3N4–BN7–9 and
ialon–BN10 composites have already been used as special
efractory nozzles, tubes and break rings for the continuous
asting of steel. However, the decomposition of Si3N4 and
ialon by dissolution of silicon into molten steel restricted their
ide application.11 In order to get rid of these shortcomings,
lON–BN composites were synthesized.12 Its thermodynamic

nstability, however, restricts its wide application. Thus, the
resent authors were motivated to synthesize MgAlON–BN
omposite ceramics. MgAlON–BN composite ceramics are

xpected to be structural material candidates used in high tem-
erature and thermal/mechanical shock environments instead
f Si3N4–BN or Sialon–BN composites. Therefore, it is nec-
ssary to investigate the relationship between the physical and

mailto:lidongt@mse.kth.se
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.184
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echanical properties of MgAlON–BN compositions and their
icrostructure.
In the present paper, the physical and mechanical properties

f MgAlON–BN composites were investigated at room tem-
erature and at high temperature as functions of h–BN volume
ractions, their microstructures were studied using SEM, TEM,
REM and XRD techniques.

. Experimental procedures

Dense magnesium aluminium oxynitride–boron nitride
Mg0.1Al1.6O2.2N0.2–BN) composites with 0–30 vol.% BN
ere fabricated by hot-pressing technique. The experimen-

al procedures used to manufacture these materials have been
escribed in detail elsewhere17 and are briefly outlined here.
ppropriate amounts of the fine powders of Al2O3 (0.5 �m;
9.0% purity; A.R., Beijing Chemical Co., China), AlN (0.5 �m;
8.5% purity with 1.0 wt.% O; Antai High-Technology Ceram-
cs Co., China), MgO (0.5 �m; 99.0% purity; A.R., Beijing
hemical Co., China) and BN (0.1 �m; 98.5% purity with
.0 wt.% O; Antai High-Technology Ceramics Co., China) were
ixed by ball milling in ethanol medium to obtain the homoge-

eous mixtures. The mixtures obtained this way were placed in a
raphite mould and sintered by hot-pressing method at 1800 ◦C,
t 20 MPa for 2 h under N2 atmosphere. The hot-pressed com-
osites were cut with diamond blade, ground with silicon carbide
rounding paper and polished using flannelette with diamond
ompound abrasive suspension into 3 mm × 4 mm × 40 mm
trips perpendicular to the hot-pressing direction. The density of
he sample was measured using Archimedes’ immersion tech-
ique. The three point bending method was introduced to mea-
ure room temperature bending strength using a span of 30 mm
ith a crossing speed of 0.5 mm/min. The standard equations

or the strength (σf) of a bar in three point bending method are
escribed as follows:13

f = 3

2
× PL

bw2 (1)

here P is the load force at fracture, L the length of support
pan, b the specimen width and w is the specimen thickness.

Fracture toughness was measured using the single edge
otched beam (SENB) technique, with a notch cut using a 1 mm
hick diamond blade producing a notch to depth ratio of 0.25,
he loading rate being 0.5 mm/min. The Vickers hardness (Hv)
f the composites was calculated from the average results of five
ndentations performed under a load 98 N on a polished surface
f the sample. Fracture toughness and Vickers hardness values
ere determined using the standard equations14

IC = 3

2
× PL

bw2 × Ya1/2 (2)

nd
v = 1.854 × w

d2 (3)

here a is the notch depth and Y is the dimensionless number,
hich is dependent on the geometry of the loading and the crack

r
M
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onfiguration:

= A0 + A1(a/w) + A2(a/w)2 + A3(a/w)3 + A4(a/w)4

(4)

ith L/D≈8, A0 = +1.96, A1 = −2.75, A2 = +13.66,
3 = −23.98, A4 = +25.22. Three or five specimens were
ormally tested to obtain a mean value for above testing
xperiment.

The crystalline phases of the hot-pressed samples were iden-
ified by X-ray diffraction analysis (XRD) (Cu K�, 1.54060 Å).
he measurements were carried out in air with a flow rate of
0 cm3/min (STP) on a M21X-SRA X-ray diffratometer, man-
factured by MAC Science Co. Ltd., Japan, equipped with
raphite crystal diffracted-beam monochromator. The acceler-
ting voltage and current were 40 kV and 30 mA, respectively.
ntensities were collected by 2θ scanning. PCPDFWIN database
as used for indexation of diffractograms. Specimens for trans-
ission electron microscope (TEM) studies were prepared by

utting thin sections perpendicular to hot-pressing direction
rom the hot-pressed discs. A thin section was then mechani-
ally polished to a thickness of less than 30 �m followed by
hinning using a Gatan-600 ion beam thinner at a voltage of
kV and perforated. Finally, the ultra-thin plate was sputtered
ith amorphous carbon to the thickness of about several tens of
anometers. Scanning electron microscope (SEM) specimens
ere the fracture sections. Gold was sputtered onto the sec-

ions and performed on a JSM-6400 microscope equipped with
nergy dispersive spectroscopy detector (EDS; INCA, Oxford
nstrument). The accelerating voltage determining the energy
nd wavelength of electrons in the electron beam is 35 kV.
he resolution in the secondary electron mode at 35 kV will
e 3.5 nm at a working distance of 8 mm. Machinability was
valuated using hard metal alloy drill bits under the varied
onditions.

. Experimental results

.1. Phase analysis of MgAlON/h–BN composites

Fig. 1 illustrates XRD patterns of pure MgAlON and
gAlON-30 vol.% h–BN composites synthesized by hot-

ressing technique at 1800 ◦C in N2 atmosphere for 2 h under the
ressure of 20 MPa. The XRD spectra identified that the main
hase was MgAlON, the second was h–BN phase and no impu-
ities have been detected with regards to the detection limit of
RD technique. A further examination of the same sample by
EM, as can be seen from Fig. 2 that shows h–BN has rod-like
r flake structure due to growth of h–BN along (0 0 2) direction
nd is dispersed within MgAlON grain boundaries. MgAlON
nd h–BN were indexed as a cubic and hexagonal cells.
The effect of h–BN addition on Vickers hardness, density,
oom temperature bending strength and fracture toughness of

gAlON/h–BN composites were investigated. Fig. 3 shows
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Fig. 1. XRD patterns taken on the crushed powders of pure MgAlON and
M

Fig. 3. Vickers hardness and density as a function of BN content.
gAlON–15 vol.% h–BN composites.

Fig. 2. TEM photographs and diffraction pattern of M
gAlON–BN with an addition of 15 vol.% h–BN.
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Fig. 4. Strength and fracture toughness as a function of BN content.

Fig. 5. Temperature dependence of bending strength of MgAlON/15 vol.% BN
sample in argon.

Fig. 6. Measurements of drilling rate as a function of normal force for
MgAlON/15 vol.% h–BN composite ceramics.

Fig. 7. Macrograph of a typical drill hole in the MgAlON/15 vol.% h–BN.

Fig. 8. TEM micrographs with different h–BN contents of (a) 15 and (b)
30 vol.%, respectively.
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ickers hardness and density of the composite ceramics sin-
ered at 1800 ◦C for 2 h as a function of h–BN volume content.
he Vickers hardness and density of MgAlON/h–BN composite
eramics decreased with an increase of h–BN volume fraction.
he Vickers hardness of MgAlON/h–BN with 15% h–BN vol-
me fraction is as high as Hv = 6.82 GPa, which matches the
equirements for machining.15,16

Fig. 4 shows room temperature bending strength and fracture
oughness of samples sintered at 1800 ◦C for 2 h as a func-
ion of h–BN volume fraction. The room temperature bending
trength of MgAlON/h–BN composite ceramics decreased with

n increase of h–BN volume fraction, this may be explained
y the fact that h–BN particles might prevent the formation of
gAlON as well as the contact between MgAlON grains and

Fig. 9. Fracture section morphology by SEM hot-pressed at 1

r
t
i

eramic Society 27 (2007) 319–326 323

ccordingly restrain the sintering of the composite due to the
on-reactive nature of BN. However, the fracture toughness of
gAlON/h–BN composite ceramics increased with increasing

f h–BN content, reaching a maximum of 3.64 MPa m0.5 and
hen decreased considerably.

.3. Temperature dependence of bending strength

Fig. 5 shows the temperature dependence of bending strength
f MgAlON/15 vol.% h–BN in argon gas. As can be seen,
800 ◦C for 2 h. (a) 0, (b) 5, (c) 10, (d) 15 and (e) 30%.

eached a maximum of 325.3 MPa at 800 ◦C, then decreased
o 231.04 MPa at 1200 ◦C. The reason for the improved bend-
ng strength will be linked to the large difference in thermal
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xpansion coefficient between MgAlON and BN and discussed
n Section 4.2.

.4. Machinability

The MgAlON/h–BN composite ceramics containing more
han 15 vol.% h–BN exhibited excellent machinability, which is
ery important for practical applications of engineering ceram-
cs, as can be seen from Fig. 6. Machinability improved with
ncreasing h–BN volume fractions.

One photograph of a series of typical drill holes in the
gAlON/h–BN composite containing 15% volume fraction

–BN is shown in Fig. 7. No crack was found around the edge of
he drilled holes. Load force on the drill bit varied in the range
f 5–40 N at a fixed drill revolution rate of 400 rpm. Drilling
epths were approximately 4 mm. Each test was measured three
imes under the same conditions. A new drill bit was used at the
eginning of each set to avoid systematic effects due to wearing
f the drill. Drilling rates show a non-linear relation with the
oad in the experimental range, as shown in Fig. 6. When the
oad on the drill bit reached to 30 N, a satisfactory drill rate can
e obtained. The surface toughness of the drilled section was
.0 ± 0.2 �m, measured by a microscope under the conditions
hat satisfied a fixed load of 10 N on the drill bit. No significant
racks were observed on the surface.

. Discussion

.1. Microstructure evolution of MgAlON/BN composites

The TEM results shown in Fig. 8 indicated that the MgAlON
hase was continuous in a composite when BN amount was
5 vol.%. However, addition of 30 vol.% BN leads to discon-
inuous microstructural network. In the process of synthesizing

gAlON–BN composites, it was considered that pressure was
ransmitted through Al2O3, AlN and MgO powders when the
N content was lower than 20 vol.%. This resulted in a con-

inuous microstructure with MgAlON. The pressure, however
as partially transmitted through BN powders when BN is
ore than 30 vol.%, which would lead to the discontinuous
icrostructure.17 Fig. 9 shows scanning electron micrographs of

racture surfaces of sintered MgAlON/h–BN composites with-
ut BN as well as with 5, 10, 15, 20 and 30 vol.% h–BN
dditions. These surfaces represent planes perpendicular to the
ot-pressing direction. The fracture modes for MgAlON and
omposites containing 5 vol.% BN were found to be a mixed
ranscrystalline and intercrystalline; for composites containing
5 and 30 vol.% BN, however, the mode was found to be a
ixed intercrystalline and cleavage fracture. Equiaxed MgA-

ON grains, about 2–3 �m in size, were observed in monolithic
gAlON and MgAlON/h–BN composites containing different

–BN volume fraction. Hexagonal–BN, about 200–300 nm in
hickness as well as 1–3 �m in length, grew in flake shape

onfiguration and it was evident that BN grains were pref-
rentially oriented with the basal plane perpendicular to the
irection of hot-pressing, as can be seen from Fig. 8. Experi-
ental observations revealed that the hexagonal BN flakes were

m
i
a
r

ig. 10. HREM images of the interfaces between (a) MgAlON and (b) MgA-
ON/BN.

omogeneously dispersed among MgAlON grain boundaries.
REM results indicate that MgAlON grains bonded directly.
ome glass phase however, is located at the grain boundary or

unction nodes between MgAlON and BN grains, as can be seen
rom Fig. 10. EDS analysis of the glass shows that it is rich in
oron and oxygen. This suggests that BN absorbed some oxygen
o yield B2O3 during the synthesis process.

.2. The effect of BN addition on mechanical properties

As is known, h–BN has low density, hardness, low Young’s

odulus in addition to the non-active nature. The presence of an

nert BN phase in the MgAlON matrix which has limited sinter-
bility decreases the densification rate of the composites. These
esulted in the decrease of density, hardness, Young’s modulus
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ity of the formation and distribution of the liquid phase resulted
in the presence of local regions of liquid in the microstruc-
ture and poor wetting in the neighboring regions. Therefore,
ig. 11. TEM micrographs of (a) crack deflection and (b) grain boundary dis-
ocation in sample with 15 vol.% h–BN.

f composite ceramics with increasing BN volume fraction and
onsequently led to the decrease of bending strength. Another
ronounced microstructural feature in the present MgAlON–BN
omposites is the presence of high densities of microcracks near
he interface between MgAlON and BN and the dislocations, as
an be Fig. 11. The morphological characteristic of the microc-
acks revealed that these caused by the thermal expansion coef-
cient mismatch between MgAlON and BN or the anisotropic
haracter of h–BN. Thermal expansion coefficient of BN in one
irection (�// = 7.51 × 10−6 K−1) is larger than most oxides; the
ther direction is very small(�⊥ = 1 × 10−6 K−1). The thermal
xpansion coefficient of MgAlON is 5.31 × 10−6 K−1. These
icrocracks would have pronounced negative effect on the bend-

ng strength at room temperature. However, in the process of
racture of composites, as a propagating crack reaches a BN
ake, the stresses acting on the crack-tip will change from three

imensions to two dimensions because of the h–BN flakes.
ence, the crack-tip is blunted and deflected and the deflection
ill consume much energy in this process, which is positive for

he fracture toughness, but negative for room bending strength.
eramic Society 27 (2007) 319–326 325

n addition, the pullout effect is contributing to the increase
f work of fracture toughness. But the BN addition beyond
0 vol.% produced the microstructure change and the defects
ould also increase due to the non-reactive nature of BN. Thus,

he microcracks were limited to increase the fracture toughness
n this case and consequently the fracture toughness decreased
orresponding. However, the composite ceramics expand con-
iderably at elevated temperature and consequently the residual
tress and microcracks decreased in consequence. On the other
and, h–BN interwoven microstructure of composites contain-
ng 15 vol.% BN prevented grain boundary slip and reduced
he attenuation rate of high temperature strength. These result
n increasing of the bending strength, reaching the maximum
alue at 800 ◦C. The softening of non-crystalline at high temper-
ture leads to the decrease of bending strength. Furthermore, the
ew microcracks may be formed due to the continuous expan-
ion with increasing temperature and consequently leads to the
ecrease of bending strength. The convenience of machining is
resumably attributed to the cleavage of the layered structure
–BN dispersed in the matrix, which may confine the machin-
ng damage to a very small region under the tip of the tools
hrough microcracking to absorb and disperse the force during
he machining operations. Linking of the microcracks results in
he ease of machining.

It should be pointed out that BN particles would like to stick
ogether easily to form agglomerates. One possible reason for
he agglomeration of BN particles is that only a small amount of
iquid is produced due to the oxidation of BN at very low oxygen
artial pressure during the sintering process. Thus, inhomogene-
Fig. 12. Groups of nano-sized grains of BN agglomerates.
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he local liquid pools give high density regions surrounded by
oorly sintered regions and porosity and nano-sized grains. This
icrostructure must influence the mechanical properties of the
aterial and porosity and consequently is detrimental to the

trength and fracture toughness of the composite and may act
s fracture flaw, as can be seen from Fig. 12. These phenomena
ave also been observed in TiN based composite ceramics.18

From microstructural analysis, it can be seen that bending
trength at room temperature and elevated temperature as well
s fracture toughness of MgAlON/h–BN are closely related to
ts microstructure. Thus, in order to obtain a high performance

gAlON/h–BN composite materials, some improvements are
eeded. First, a homogeneous microstructure is asked, which can
e realized by controlling the morphological and chemical char-
cterization of starting powders. Secondly, a proper BN addition
ould be suitable in order to control the microstructure and the

hermal mismatch between MgAlON matrix and h–BN flakes
hen the composite material is cooled to room temperature.

. Conclusion

1) MgAlON/h–BN structural material was fabricated by hot-
pressing technique. The SEM and TEM observations
revealed that h–BN were homogeneously dispersed within
the MgAlON grain boundary. HREM results indicate that
MgAlON grains bounded directly. Some glass phase how-
ever, is located at the grain boundary or junction nodes
between MgAlON and BN grains.

2) There was a significant decrease in the bending strength,
Vickers hardness and density with increasing h–BN con-
tent due to the low density and poor densification behavior
of h–BN. The enhancement of the fracture toughness was
mainly attributed to the interwoven microstructure of h–BN
and the microcracks induced by expansion coefficient mis-
match between MgAlON and h–BN.

3) The bending strength was found to increase with increasing
temperature and reaching the maximum value at 800 ◦C,
then decrease to 231 MPa at 1200 ◦C.

4) The observed excellent machinability of MgAlON–BN con-
taining 15 vol.% BN derived from the cleavage effect of the
h–BN crystals as well as the weak interfacial bond between
MgAlON matrix and the h–BN.
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