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bstract

luminium oxynitride (Alon) exhibits excellent stability, high rigidity and good thermal shock resistance, but it has relatively low strength and
oor fracture toughness. The aim of this investigation was to develop a new type of zirconium nitride (ZrN) nano-particulate reinforced Alon
omposites via a change of ZrO2 nano-particles during sintering. A reduction of porosity and grain size was observed in the composite. With
ncreasing amount of ZrN nano-particles up to 2.7%, the relative density, hardness, Young’s modulus, flexural strength, and fracture toughness all

ncreased. When the ZrN nano-particles exceeded 2.7%, while the flexural strength and fracture toughness decreased slightly, the density, hardness
nd Young’s modulus continued to increase. Different toughening mechanisms including crack bridging, crack branching and crack deflection
ere observed, thus effectively increasing the crack propagation resistance and leading to a considerable improvement in the flexural strength and

racture toughness of the composites.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Spinel-type aluminium oxynitride, Al23O27N5, (Alon) is
solid solution of Al2O3 and AlN.1 Since Yamaguchi and

anagida2 first reported the Alon synthesis method by carboth-
rmic reduction and nitridation of Al2O3, a lot of studies on
he Alon ceramic material have been done.3–5 Due to its excel-
ent chemical and mechanical properties such as high rigidity,
ood thermal shock resistance and chemical stability, Alon has
ecome a potential ceramic material for high-performance struc-
ural and advanced refractory applications.6,7 In addition, it has
een processed into a fully dense transparent material which
howed promising mechanical and optical properties suitable
or use in infrared and visible window applications.8

Zirconium nitride (ZrN) is becoming an attractive material

ecause of its excellent chemical and physical properties such
s high chemical and thermal stability with a melting point of
980 ◦C, high hardness, abrasive resistance and good electrical

∗ Corresponding author. Tel.: +1 416 979 5000x6487; fax: +1 416 979 5265.
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onductivity.9,10 It has a number of technological applications
uch as refractory material,11 hard coating for cutting tools12

nd Josephson junction in electronics.13

Zirconia (ZrO2) is also an attractive candidate for high-
emperature applications because of its relatively high melting
oint (2715 ◦C) and excellent corrosion resistance. It is also
n important ceramic for transformation toughening.14–16 Pure
rO2 can be used as an additive to enhance the mechanical prop-
rties of other oxide refractories. It is particularly advantageous
or improving abrasive resistance when ZrO2 is added to high-
red magnesia and alumina.17 The use of such a transformation

oughening behaviour would result in strong yet tough ceramic
atrix composites.18 Furthermore, it is of interest to notice that
rN phase can be generated when the added ZrO2 reacted with
i3N4 at temperatures in excess of 1600 ◦C.19 It is unknown if
rN phase would occur when the ZrO2 is added to Alon, and
ow the ZrN phase affects the mechanical properties of Alon.

Much attention has been drawn to the development of Alon

nd Alon matrix composites in order to improve the mechanical
roperties such as flexural strength and fracture toughness.20–23

han et al.24 studied the crystal structure, surface morphology,
lemental distribution and microhardness of ZrAlON film. A

dx.doi.org/10.1016/j.jeurceramsoc.2010.11.014
mailto:dchen@ryerson.ca
dx.doi.org/10.1016/j.jeurceramsoc.2010.11.014
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Table 1
The composition of raw powders (in wt%) selected for fabricating the ZrN–Alon
composites in the present study.

No. Alon ZrO2

A 100 0
B 97 3
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umber of other reinforcements, e.g., Al2O3
20 and TiN22 parti-

les, have been added to Alon matrix as well. However, to the
uthors’ knowledge, no report on adding ZrN or ZrO2 to Alon
eramics has been seen in the open literature, although ZrO2 has
een added to hydroxyapatite to increase the bending strength
or the load-bearing orthopedic applications.25 The questions
emain if the ZrN phase can be generated via ZrO2 addition
nd to what extent the ZrN phase can improve the mechani-
al properties of Alon ceramics and what the toughening and
trengthening mechanisms are. The aim of this work was, there-
ore, to develop a new type of ZrN–Alon composites, evaluate
heir microstructure and mechanical properties, and identify the
nderlying toughening and strengthening mechanisms.

. Materials and methods

In the present study a two-step procedure was adopted. The
lon powder was first prepared, and then the pure ZrO2 pow-
er was introduced into the crushed Alon powder to fabricate
rN–Alon composites.

.1. Synthesis of Alon powders

The starting materials in weight percent were 81% �-Al2O3,
8% AlN and 1% Al powders. Al powder was added as a reduc-
ion agent to ensure that the atmosphere lay in the stable region
f Alon when Al was in equilibrium with both nitrogen and
xygen.4 The thoroughly mixed powders were attrition milled
or 24 h using ethanol as a milling medium. The milled powders
ere dried at 80 ◦C, and then synthesized at 1750 ◦C in nitro-
en atmosphere for 2 h using solid synthesis method by reacting
luminium oxide (Al2O3) with aluminium nitride (AlN).1 The
eating rate was 10 ◦C/min. After synthesis, the powders were
hen ball-milled for 24 h to break down agglomerates using
thanol as a liquid medium. The dried powders were crushed
sing mortar and sieved through a 180 �m mesh.

.2. Preparation of Alon composites

The prepared Alon powders and nano-sized ZrO2 powders
ith mass ratios given in Table 1 were intimately mixed by

ttrition milling using ethanol as a liquid medium for 24 h, then
ried at 80 ◦C. The dry mixed ZrO2–Alon powders were crushed

sing mortar and then sieved through a 180 �m mesh. The mixed
owders as well as pure Alon powders were put in a graphite die
nd sintered at 1850 ◦C under a pressure of 25 MPa for 40 min
n nitrogen atmosphere using a heating rate of 10 ◦C/min below

c
a
0
c
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400 ◦C and then 5 ◦C/min up to the selected sintering tempera-
ure. Finally the sintered Alon composites were furnace-cooled
own to room temperature.

.3. Evaluation of microstructure and mechanical
roperties

The density or porosity of sintered samples was measured
sing two methods. One was the Archimedes principle using
istilled water where the relative density and porosity could
e determined; the other was the quantitative image analysis
sing scanning electron microscope (SEM) micrographs where
ve SEM images were used for each material. The phase and
rystallinity were analyzed via X-ray diffraction (XRD) using
uK� radiation at 45 kV and 40 mA, with a step size of 0.05◦
nd duration of 1 s in each step. Some slow scans with a step
ize of 0.02◦ and duration of 8 s in each step were also conducted
o identify the presence of ZrO2 and ZrN. The microstructure
ncluding the powder size was examined via SEM. The elemen-
al concentration profile of the microstructure was determined
sing energy dispersive X-ray spectroscopy (EDS). The Vickers
icrohardness was determined on the polished surface using a

omputerized microhardness tester at a load of 4.9 N for a dwell
ime of 15 s in accordance with ASTM C1327. Eleven indenta-
ions were made on each sample and the average values were
eported.

The three-point bending (TPB) samples, with a dimension of
5 mm × 2 mm × 2 mm, were prepared and polished to a surface
nish using 1 �m diamond paste. The TPB tests were performed
ith 1 kN load cell and using a TPB stage with a span of 20 mm

ttached to a computerized Instron 8801 fatigue testing sys-
em. In the TPB tests the cross-head speed was set at a rate
f 0.2 mm/min in accordance with ASTM C1161. The values
or bending strength σ, and Young’s modulus E were calculated
ccording to the following equations26,27:

= 3FL

2bh2 , (1)

= kL3

4bh3 , (2)

here F is the load at failure (N), L is the span (mm), b is the
ample width (mm) and h is the thickness (mm), k is the slope
dF /dv) in the load-deflection curve. To evaluate the slope k
ore accurately, a load range from 5 N to the maximum load
as used in all the TPB tests.
Fracture toughness was determined using a Vickers indenta-

ion technique.28

c = χ

(
E

H

)1/2 (
F1

a3/2

)
, (3)

here F1 is the applied load (N), E is the Young’s modu-
us (GPa), H is the Vickers hardness (GPa), a is the radial

rack length (m) measured from the center of indent and χ is
n empirically determined “calibration” constant taken to be
.016 ± 0.004.29 The fracture surfaces of the sintered ZrN–Alon
omposites after the TPB tests were examined via SEM to iden-
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Fig. 1. XRD patterns of (a) pure Alon, (b and c) 2.7% ZrN–Alon composites
sintered in a nitrogen atmosphere at 1850 ◦C, where (a) and (b) were obtained
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t a faster scan rate from 10◦ to 90◦ with a step size of 0.05◦ and duration of 1 s
n each step, and (c) was acquired at a slower scan rate from 27.8◦ to 31.5◦ with
step size of 0.02◦ and duration of 8 s in each step.

ify the fracture mechanisms. To achieve a better resolution the
EM observations were done after the fracture surfaces were
putter-coated with a thin film of gold.

. Results

.1. X-ray diffraction analysis

Fig. 1 shows the XRD patterns of pure Alon and Alon com-

osites with 6 wt% ZrO2 addition. It is seen that the obtained
ure Alon exhibited a typical XRD pattern of Alon without
ecomposition of other by-products (as seen in Fig. 1(a)). There
as, however, a little bit Al2O3 phase left in the pure Alon or

p
r
i
a
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lon composites. Other authors also observed that Al2O3 or AlN
as present in the sintered samples, e.g., Qi et al.30 reported

hat the synthesized Alon powders normally contained a little
emaining Al2O3 or AlN. It is of interest to observe that after
he hot press sintering at a high temperature of 1850 ◦C, neither

-ZrO2 nor t-ZrO2 was present, since no peaks at 28.2◦ and
0.3◦ corresponding to the highest intensity peaks of m-ZrO2
nd t-ZrO2 appeared. Instead, the {1 1 1} peak of ZrN phase
t about 33.7◦ was observed, together with other ZrN peaks
ppeared at about 39.1◦ and 56.5◦, which corresponded to the
econd {2 0 0} and third {2 2 0} highest intensity peaks of ZrN,
s shown in Fig. 1(b). The change of ZrO2 to ZrN in Alon after
he high temperature sintering is in agreement with the result
eported in19 where the added ZrO2 became ZrN via reacting
ith Si3N4 at temperatures in excess of 1600 ◦C. To make sure

hat there was no ZrO2 phase present in Alon composites after
intering in nitrogen atmosphere at 1850 ◦C, six samples were
lowly scanned from 27.8◦ to 31.5◦ using XRD with one of
he representative XRD spectra shown in Fig. 1(c). All of the
RD patterns showed the absence of ZrO2 in the Alon compos-

tes. When 3 wt%, 6 wt% and 9 wt% ZrO2 particles were added,
nd if the ZrO2 was assumed to change into ZrN completely,
he volume percent of ZrN phase in the ZrN–Alon composites
as estimated to be about 1.4%, 2.7% and 4.1%, respectively,
sing density values of 5.68 g/cm3, 7.09 g/cm3, and 3.69 g/cm3

or ZrO2, ZrN, and Alon. It is seen from Fig. 1(b) that the Alon
omposites with 2.7% ZrN particles consisted mainly of Alon,
rN and a small amount of Al2O3, and no other phases could be

dentified in the pattern.

.2. Microstructure and density

Fig. 2 shows the SEM micrographs of the prepared Alon
owders and nano-sized ZrO2 powders. It is seen from Fig. 2(a)
hat the prepared Alon powders had a size of about 5 �m and
spinel-type structure as reported by Corbin.1 Fig. 2(b) shows

hat all ZrO2 particles were nano-sized (<100 nm), but there
lso appeared a conglomeration because it was rather difficult to
isperse nanometer powders on the copper plate after ultrasonic
ibration for SEM imaging.

Fig. 3 shows typical SEM micrographs of ZrN–Alon com-
osites. It is seen that the ZrN particles were basically uniformly
istributed in the Alon matrix, in spite of some conglomerations
ppeared. Since the volume would be decreased during the phase
hange from ZrO2 to ZrN, the particles of fabricated ZrN would
till be nano-sized. The pure Alon contained quite a number of
ores which were also homogeneously dispersed as well. With
ncreasing amount of ZrN particles the number of pores visi-
ly decreased, which could be quantified via the Archimedes
rinciple and quantitative image analysis.

Fig. 4 shows the open-porosity and relative density of the
omposites as a function of ZrN content. It is seen that the
pen-porosity decreased slightly with increasing amount of ZrN

articles, meanwhile the relative density (i.e., the density with
espect to the theoretical density) increased. The values shown
n Fig. 4 were based on the theoretical densities of 3.688 g/cm3

nd 7.09 g/cm3 for Alon and ZrN, respectively. Higher densifi-
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Fig. 2. SEM micrographs of raw powders for (a) the pr

ation was achieved for ZrN–Alon composites, indicating that
he amount of ZrN particles played an important role in enhanc-
ng the relative density. While a relative density of 97.6% for
ure Alon was obtained, a relative density of 99.5% in the com-
osites with the addition ZrN particles was achieved using the
resent hot-press sintering process. When the amount of ZrN
articles reached up to 2.7%, the relative density of the com-
osites increased obviously. A further addition of ZrN particles
rom 2.7% to 4.1% only gave rise to a slight increase. As seen
rom Fig. 4, the open-porosity decreased with increasing ZrN
articles, corresponding well to the change of the relative den-

ity.

Fig. 5 shows the variation of the porosity in the Alon matrix
omposites with ZrN particles, determined using a quantitative
mage analysis system. It is seen that the porosity decreased with

r
p
o
t

Fig. 3. SEM micrographs of the synthesized ZrN–Alon composites:
d Alon powders and (b) the nano-sized ZrO2 powders.

ncreasing amount of ZrN particles, which was in good agree-
ent with the relative density measured via the Archimedes

rinciple (Fig. 4). It is clear that the nano-sized ZrN particles
layed a key role in the densification of ZrN–Alon composites.
etails will be presented in Section 4.

.3. Mechanical properties

Fig. 6 shows the change of microhardness with the amount
f ZrN particles, and Fig. 7 demonstrates the dependence of
oung’s modulus on the content of ZrN particles and porosity at
oom temperature. The microhardness is a valuable mechanical
roperty for ceramics, which is often utilized when an abrasive
r grinding action is required. It is seen from Figs. 6 and 7(a)
hat both the microhardness and Young’s modulus of ZrN–Alon

(a) pure Alon, (b) 1.4% ZrN, (c) 2.7% ZrN and (d) 4.1% ZrN.
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Fig. 4. Variation of the open-porosity and relative density measured via the
Archimedes principle with the amount of ZrN particles in the ZrN–Alon com-
posites.
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omposites increased with increasing content of ZrN particles.
detailed explanation on the dependence of microhardness on

he amount of ZrN particles and Young’s modulus on the amount
f ZrN particles and porosity will be given in Section 4.
Fig. 8 shows the flexural strength and fracture toughness as a
unction of ZrN amount. It is seen that both the flexural strength
nd fracture toughness markedly increased with increasing
mount of ZrN particles up to about 2.7%. This would be partly
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he decrease in the porosity (Fig. 5). It is seen that the value
f flexural strength obtained in the present pure Alon was
qual to that (300.1 MPa) reported in31 within the experimental
catter, but the value of fracture toughness in the pure Alon
1.54 MPa m1/2) was somewhat lower than that (2.0 MPa m1/2)
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ation technique, since the toughness values evaluated from the

ndentation-induced crack size measurements were reported to
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Fig. 9. Backscattered electron images of ZrN–Alon composi

icles reached the highest value of 555 MPa and 2.5 MPa m1/2,
espectively. However, when the concentration of ZrN particles
ncreased to 4.1% both flexural strength and fracture toughness
xhibited a slight decrease, although pure zirconium nitride
tself exhibited higher fracture toughness. This might be
ssociated with more obvious agglomerates in the 4.1% ZrN
omposite as seen from the backscattered electron images in
ig. 9. As reported in,33 zirconium nitride exhibited fairly low
exural strength. The improvement in the mechanical properties
chieved by the incorporation of a dispersion of ZrN particles in
rystalline ceramic matrices depended on the volume fraction of
irconium nitride. This indeed reflected a reduction of porosity
ith increasing amount of ZrN particles, thus giving rise to

n increase of the flexural strength and fracture toughness by
8% and 60% in comparison to the pure Alon, respectively.
ther underlying toughening mechanisms will be discussed

ater.
Fig. 10 shows typical SEM micrographs of fracture surfaces

f sintered pure Alon and composites with 1.4%, 2.7% and 4.1%
rN particles after TPB tests. It is seen that the fracture surface
f pure Alon basically exhibited an intergranular fracture mode
n conjunction with some cleavage fracture features – a typi-
al brittle fracture surface like most common ceramics. With
ncreasing ZrN particles, more transgranular cracking together
ith some ridge-like features was observed, which was simi-
ar to some other ceramic composite materials.34 Fig. 10 also
ives clear evidence that the presence of nano-sized ZrN parti-
les effectively restricted the growth of grains during sintering
t 1850 ◦C, leading to an obvious refined grain size. Similar

i
o
Z
b

) pure Alon, (b) 1.4% ZrN, (c) 2.7% ZrN and (d) 4.1% ZrN.

esult was also reported in hot-pressed MoSi2-matrix compos-
tes reinforced with SiC and ZrO2 particles.35 This was attributed
o the pinning effect of ZrN nano-particles located at Alon
rain boundaries, as seen better from the backscattered elec-
ron images shown in Fig. 11. A detailed explanation will be
iven in the next section.

. Discussion

In the present study, a new type of nano-sized ZrN particulate
einforced Alon composites with better mechanical properties
nd fracture resistance has been successfully fabricated. Due to
he presence of nano-sized ZrN particles, both flexural strength
nd fracture toughness were remarkably improved. In this sec-
ion the role of the ZrN nano-particles in improving mechanical
roperties, especially the salient strengthening and toughening
echanisms, will be discussed.

.1. Density, microhardness and Young’s modulus

As presented in Figs. 4 and 5, the porosity decreased and
he relative density increased with increasing amount of ZrN
articles. This indicated that the presence of ZrN in the Alon
atrix played a significant role. Since the average size of ZrN

articles was very small, i.e., in the nanometer scale (Fig. 2(b)),

t was easy for the miniature particles to get into grain boundaries
r triple junctions of micro-scale Alon particles (Fig. 2(a)). The
rN particles pinned the Alon grain boundaries so that grain
oundary movement was hampered and pores can be removed
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rom the Alon grains and ZrN particles remained mostly between
he Alon grains, as shown in Fig. 11. Similar observations in
lumina–zirconia ceramics were reported as well.36

It can be seen from Fig. 6 that the microhardness of ZrN–Alon
omposites increased with increasing content of ZrN particles.
his was related to three potential reasons: first, the hardness of
ure ZrN particles is higher than that of pure Alon. Based on the
ule of mixtures,26 the hardness of ZrN–Alon composites should
ncrease with increasing content of the ZrN particles. Second,
he porosity had a significant effect on the hardness. It has been

bserved that the hardness of ceramics can be estimated using
he following empirical expression,37

= Ho exp(−cP) (4)

e
m
w

ig. 11. Backscattered electron images of fracture surfaces with 4.1% ZrN–Alon com
aken at (a) a lower magnification and (b) a higher magnification.
s: (a) pure Alon, (b) 1.4% ZrN, (c) 2.7% ZrN and (d) 4.1% ZrN.

here Ho is the hardness of the fully dense ceramics, P
s the volume fraction of the porosity, and c is an empiri-
al constant. According to Eq. (4), the lower the porosity or
he higher the density, the higher the hardness of ceramics.
hird, the ZrN particles would impede grain growth during

he high-temperature sintering. When the matrix grain size was
arger than a critical grain size (about 10–50 nm depending on

aterials), the hardness would increase with decreasing grain
ize as reported in,38,39 where the Hall–Petch relation holds
rue.
It has been reported that porosity was a major factor gov-
rning Young’s modulus of porous bodies.40 For some ceramic
aterials the magnitude of Young’s modulus E (GPa) decreased
ith increasing porosity P (%) according to the following empir-

posites, where the ZrN particles are mostly located at Alon grain boundaries,
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cal equation,26

= Eo(1 − αP + βP2), (5)

here Eo is the Young’s modulus of nonporous materials, α

nd β are two positive constants. As seen in Fig. 7(b), the
esults obtained in the present study followed Eq. (5) well with
o being 288 GPa, α and β being 0.068 and 0.0004, respec-

ively. The influence of porosity on the Young’s modulus in the
rN–Alon composites was similar to that in aluminium oxide
aterial.26 From Eq. (5) it is clear that the higher the amount

f porosity, the lower the Young’s modulus. In other words,
oung’s modulus increased with increasing density. Therefore,

he nano-sized ZrN particles led to an increased value of Young’s
odulus in the ZrN–Alon composites with increasing amount

f ZrN particles or decreasing porosity, as shown in Fig. 7(a)
nd (b).

.2. Strengthening and toughening mechanisms

The flexural strength and fracture toughness of ceramic mate-
ials are important mechanical properties and crucial for their
pplications. As shown in Fig. 8, the presence of ZrN parti-
les in the present study significantly improved the mechanical
roperties of Alon ceramic. Some possible mechanisms for the
mprovement are discussed as follows.

First, the fracture toughness of a material is dependent on
ts microstructure.41 In the present study, the nano-sized ZrN
articles were homogeneously distributed in the Alon matrix
Fig. 2). These particles could create mechanically interlocked
nterfaces between ZrN particles and Alon matrix, thus increas-
ng the resistance of crack growth. Besides, the influence of
rN on the microstructure was also reflected by its obvious role

o inhibit the grain growth, as observed in Fig. 10. As men-
ioned earlier, this was mainly attributed to the pinning effect of
mall ZrN particles located at grain boundaries or triple junc-
ions of Alon (Fig. 11). The flexural strength would increase
ith the refined grains.42 The strong pinning effect at the grain
oundaries of alumina–zirconia ceramics was also reported after
intering for the long isothermal period.36

Second, different microstructures could steer various mecha-
isms, such as, crack bridging and crack deflection which could
nhance the flexural strength and fracture toughness.14,18,34,43

ig. 12 shows some typical examples on the crack bridging,
rack branching and crack deflection observed in the ZrN–Alon
omposites after Vickers indentation tests. The crack propa-
ation path in the pure Alon was fairly straight (Fig. 12(a)),
hich was typical for brittle materials. When the ZrN parti-

les were present in the Alon matrix, the crack path became
ortuous (Fig. 12(b)). As seen from Fig. 12(c)–(e), some ZrN
articles cracked when the Alon matrix crack reached them, but
hey made the crack redirected or deflected as indicated by the
rrows. Meanwhile, these ZrN particles also played a bridging

ole; this might be better seen from Fig. 12(e). Crack branching
ould be seen from both Fig. 12(e) and (f), and crack deflec-
ion could be clearly seen in Fig. 12(f) as well. Consequently,
he major toughening mechanisms in the ZrN–Alon composites

Z
s
t
c
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ere crack bridging, branching and deflection. The observed
rack bridging, branching and deflection would consume more
nergy and lead to an increase in the resistance to crack propaga-
ion, thus increasing the flexural strength and fracture toughness
s shown in Fig. 8. In addition, the combination of the fracture
ode exhibiting both intergranular and transgranular cracking

Fig. 10) with the ZrN particles positioned at the grain bound-
ries (Fig. 11) can alter the path of a crack impinging on a
oundary enough to change both the fracture behaviour and the
easured fracture toughness, as also reported in.44,45 Therefore,

y incorporating ZrN particles into the Alon matrix the bending
trength and fracture toughness of the composites effectively
ncreased.

Lastly, as mentioned before, porosity in the sintered materials
as an important influence on Young’s modulus and microhard-
ess. It should also have an effect on the fracture toughness and
exural strength. Indeed a similar dependence of these charac-

eristics on the porosity has been reported by Choi et al.46 The
orosity was detrimental to the flexural strength for two reasons:
i) pores reduced the cross-sectional areas across which a load
as applied, and (ii) they also acted as stress concentrators, e.g.,

or an isolated spherical pore, an applied tensile stress would be
mplified by a factor of 2. An empirical relationship between
he flexural strength (σFS) and porosity (P) could be expressed
s26:

FS = σo exp(−nP), (6)

here σo and n are two constants determined experimentally. It
ollows that the flexural strength decreased exponentially with
orosity. In the present study the dispersion of nano-sized ZrN
articles into the micro-sized Alon matrix, as seen in Fig. 3
nd represented by the enhanced density and lowered porosity
Figs. 4 and 5), was another factor for effectively improving
he flexural strength shown in Fig. 8. The similar change trend
f the fracture strength and fracture toughness with increasing
mount of ZrN particles might be understood from the following
elationship,34,47

FS =
(

Kc

2

)
·
(π

a

)1/2
, (7)

here σFS is the flexural strength, a is the flaw size, and Kc is the
racture toughness. It is seen that the fracture strength increased
ith increasing fracture toughness. However, when the amount
f ZrN particles increased from 2.7% to 4.1%, both flexural
trength and fracture toughness decreased. This was mainly due
o the obvious agglomerates of ZrN particles as seen in Fig. 9(d).
his investigation thus shows that the presence of about 2.7%
rN particles gives rise to the optimal flexural strength and

racture toughness under the present hot-press sintering con-
ition. More studies are needed to reduce the agglomerates of

rN nano-particles with a volume percent of 4.1% or higher
o as to further enhance the mechanical properties and frac-
ure toughness of the ZrN nano-particulate reinforced Alon
omposites.
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Fig. 12. SEM images of indentation crack propag

. Conclusions

In the present study a new type of aluminium oxynitride
Alon) based composites with effectively improved mechan-
cal properties and fracture resistance has been achieved by
irconium nitride (ZrN) phase arising from adding nano-sized
irconia (ZrO2) particles via hot-press sintering. It was observed
hat the presence of ZrN nano-particles led to pinning effect of
rN nano-particles positioned at grain boundaries or triple junc-

ions of micro-scale Alon particles, and constrained the growth
f Alon grains during sintering and thus reduced the grain size
n the nano-particulate reinforced composites. With increasing
mount of ZrN nano-particles up to 2.7%, the relative den-
ity, hardness, Young’s modulus, flexural strength, and fracture

oughness all increased. When the amount of ZrN nano-particles
urpassed 2.7%, while the density, hardness and Young’s mod-
lus continued to increase moderately, the flexural strength
nd fracture toughness displayed a slight decrease due to the

t
fi
(
s

in (a) pure Alon and (b–f) ZrN–Alon composites.

ccurrence of agglomerates of ZrN nano-particles. A variety
f toughening mechanisms in the ZrN nano-particulate rein-
orced Alon composites such as microcrack toughening, crack
eflection, crack bridging and crack branching were observed,
ence increasing effectively the crack propagation resistance and
esulting in a significant improvement in the flexural strength and
racture toughness of the composites.
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