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Summary:

Sintering of coarse and nano-AIN powders in the temperature range from
1000 to 2000°C were investigated. The following questions are discussed:
1) high rate of AIN selfdensification due to small sizes of the powder particles
and formation of aluminum oxynitride; 2) mechanisms of recrystallization
grain growth at the different stages of sintering; 3) phase transformation
wiirtzite - multilayer polytypes during recrystallization in AIN. Formation
process of polycrystalline microstructure during sintering after shock-wave
treatment of nano-AIN is also discussed. Formation of grains with the high
density of dislocations takes place during sintering as-treated AIN powders.
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1. Introduction:

Ceramic materials have been intensively investigated and success has been
achieved in this field during the last decades. Ceramics based on AI2O3, ZrO2

and SiC have found wider application so far. In spite of some success in
ceramic materials, they are still rather functional than structural materials.
Investigation of structural and functional characteristics of ceramic materials
will significantly extend their applications.

Presently, aluminum nitride (AIN) is not classified as a basic ceramic
material, but an increasing interest in it is observed. It can be attributed first
to wider possibilities of utilization. Excellent thermal conductivity with good
dielectric properties, very good chemical resistance and thermal shock
resistance, non-toxicity of AIN and its composites make them materials with
good prospects for engineering applications (1,2).
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Studies have been focused on AIN ceramics as a heat-dissipating substrate
in microelectronics because of the high thermal conductivity of AIN and its
thermal expansion coefficient, which is close to that of silicon. During the last
decade thermal conductivity of AIN ceramics has been improved drastically
(3-5).

Nano-AIN is a powder with good prospects for producing nano-materials.
There are two problems in fabrication of materials from AIN nanopowders
(50-500 nm). The first problem is connected with difficulties of compacting
such powders by the techniques traditionally used, the second - with their
high sintering activity, leading to a coarse grain structure in obtained
materials. Sintering of porous compacts of such powder in nitrogen at
1700°C results in formation of 2-3 |um grains. The key to these problems lies
with explosive consolidation (6) or powder shock-wave treatment (7).

In this paper results of studying sintering of AIN powders having different
mean particle sizes and the influence of shock-wave treatment on the
structure of ceramics are presented.

2. Results and Discussion:

Commercial AIN was synthesized by direct nitriding of aluminum powder
through heating in an atmosphere of nitrogen (Table 1). Nanopowders of AIN
have been produced by a plasma chemical synthesis. Specific surface of
Alnit-1 and Alnit-4 are 34-36 and 15-20 m2/g, respectively. The oxygen
contents of nanopowders have been determined by chemical analysis and by
neutron activation analysis (NAA). NAA analyzes not only chemically bonded
oxygen inside a particle but also the oxygen chemically absorbed by the
particle surface. The amount of chemically absorbed oxygen depends on the
specific surface area of powders and duration and conditions of their storage.
A specific surface area of commercial AIN powder equaled to 2.0 m2/g. A
planetary activator and vibrating mill were used as milling equipment. The
planetary activator has a centrifugal acceleration of 60 g and a specific power
of 100 W/g. The vibrating ball mill has a power density of 1 W/g. Both devices
have the milling volumes and balls made of steel; the powder/balls weight
ratio during experiments was 1/5. The milling was dry. The surface area of
the powders has been measured by the BET method. The measurements of
grain size distribution have been conducted by sedimentation technique
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using a SK LASER MICRON SIZER. Sintering was carried out in a
temperature range from 1000 to 2000°C in a furnace under a nitrogen
pressure of 0.12 MPa. The samples of coarse powder sinter badly. They
achieve their maximum density of 90 % at 1900°C. Sintering of nanopowder
samples proceeds actively in the temperature range from 1200 to 1800°C. In
this case the shrinkage reaches 28 % and after sintering the density
approaches the theoretical density. The structural investigations of sintered
samples were conducted with electron microscopy of thin foils and carbon
replicas of fractures. The particles are single crystal, as demonstrated by
dark field images. In the 1200-1400°C range of sintering temperatures
disperse particles coagulate and concurrently polycrystalline aggregates of
about 1000-1500 nm in size form. Up to 1600°C, the sizes of aggregates
change slightly but inside them structural transformations take place. The
particles lose their faceting, became round and coalesce with neighboring
particles. This causes aggregates to transform into single crystal grains of
0.5-1.0 u.m in size. Oxygen, absorbed on the surface of the particles, forms
oxynitride phase, which is localized at the boundaries of the particles. The
thermal differential analysis demonstrates that the formation of oxynitride
phase is followed by the thermal effect at 1560°C. According to the X-ray
investigation the oxynitride content is 3-5 %. At the temperature above
1600°C the oxynitride layers dissolve in the grains of the matrix phase to form
a solid solution of oxygen in aluminum nitride. Above 1700°C, the grains grow
and stacking faults develop in the (0001) planes. At 1800 - 1900°C multilayer
polytypes arise, from which grains of a plate-type form. The structure of
multilayer polytypes was identified by the X-ray diffraction. These polytypes
are intermediate between wurtzite and sphalerite structures in the extent of
hexagonal nature (9). The formation of polytypes, occuring under the
conditions of isomorphic stratification of the solution of the wurtzitic structure
(2H AIN-O), causes the anomalous growth of the grains. In this case, the
plate-form grains with an aspect ratio up to 20 may form. The effect of
temperature and porosity on mechanical properties and a mechanism of
failure in sintered AIN has been studied. Samples of various densities were
produced by sintering the AIN powder of initial specific surface of 15 m2/g in
the temperature range from 1600 to 1950 °C in nitrogen (Table 2). The
samples of 5x5x35 mm were three-point bend tested at temperatures from
20 to 1800°C using tungsten and ceramic supports for loading (Fig. 1).
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Table 1. AIN powder characteristics

Trade-mark
DZChR

TU6-09-110-75
Institute for
Inorganic

Chemistry, Latvia
Alnit-1

Alnit-4

Al
(%)

65.1

65.0

65.3

N
(%)

33.3

33.7

33.5

0
(%)

0.5

2.0
3.5(NAA)

1.5
2.5(NAA)

C
(%)

0.73

0.1

0.25

Fe
ppm

200

80

17

Si
ppm

60

23

20

Ca
ppm

0

0

0

Table 2. Grain size of nano-AIN samples.

Sintering temperature, °C
1600
1700
1800
1900

Hot-pressing 1800°C

Density, %
56.8
80
94
99

= 100

Grain size, j^m
0.5-1
1-2
2-3
3-5
5-7

400

0 400 800 1200 1600 2000
Temperature, °C

Fig. 1. Temperature dependence of fracture strength of AIN nanopowders
sintered at 1600 (1), 1700 (2), 1800 (3), 1950 (4) and coarse AIN powder hot-
pressed at 1800°C (5).
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At room temperature, tests were carried out in air and at higher temperatures
in nitrogen. At room temperature the strength of the sintered AIN rises rapidly
with density. A material of low density reveals an entirely intercrystalline
fracture. With the increase of density the portion of intercrystalline fractured
samples decreases and the densest material fractures only in the
transcrystalline way. At temperatures higher than 800°C, the strength of AIN
drops sharply with the temperature rise. The higher dislocation density
indicates the development of the plastic deformation process in the regions
near boundaries (Fig. 2).

Fig. 2. TEM micrograph of AIN.

The idea to use hydrodynamic pressing appeared when a great number of
large-diameter balls from AIN nanopowder had to be made. Hydrodynamic
pressing is similar to hydrostatic one with respect to the method of pressure
applying. A distinguishing feature of the former is that the pressure to be
applied in the work cell (up to 1.2 - 2.0 GPa) is generated by the gases from
explosive material. The shape of the ball is an ideal object to create a uniform
compression. An AIN powder with a specific surface 19.5 m2/g was loaded in
elastic rubber bags. 30 balls of 120 mm in diameter were compacted
simultaneously. Optimal shock-wave treatment parameters were determined
experimentally by changing the amount of explosive to obtain a crack-free
material of isotropic density. Porosity of the as-formed spheres was equal to
30 % . The spheres were sintered at T = 1200°C and 1850°C in nitrogen;
isothermal holding was 90 min. Porosity of samples, sintered at 1200°C was
12 %; sintered at 1850°C was less than 1 %. X-ray structural analysis and
electron microscope investigations have been conducted for examination of
the nano-AIN powder before and after the shock-wave treatment. The X-ray
investigations have been conducted with DRON-3 apparatus using CuKa
radiation with Ni filter. The results of the analysis are presented in Table 3.
Initial grain size range from 10 to 500 nm. The samples sintered at 1200°C
reveal the fragmentary structure of grains. Based on the dark field images the



338 GT40 1. Kuzenkova et al.
15 International Plansee Seminar. Eds. G. Kneringer. P. Rodhammer and H. Wildner. Plansee Holding AG, Reutte (2001), Vol. 3

grain sizes were found to be 1-2 nm, i.e. considerably smaller than initial
ones. The microstructure of samples sintered at 1850°C differs greatly from
the samples of low-temperature sintering.

Table 3. Effect of shock treatment of the nano-AIN powder samples

Characteristics
of AIN sample

nontreated
powder
after shock-wave
treatment

Diffraction
(3)

100
4.45

5.9

002
4.65

6.0

peaks halfwidth
•103rad

103
6.4

7.7

112
6.3

7.4

Lattice

a, nm
0.3111

0.3112

parameter

c, nm
0.4980

0.4975

First of all, the coarse grains (from 1 to 3-4 |um) are typical for the first-
mentioned samples. The grain boundaries are well formed. A high density of
dislocations is observed in all the grains. There are some regions in the
grains or groups of grains with resolution of separate dislocations. But
diffraction contrast having ripple image is observed in the greater part of
grains. This is the evidence of dislocation density being greater than 1011

cm'2. The grains are single crystals. Only rare grains possess fields
disoriented at 2-3° due to non-uniformly distributed pile-ups of dislocations.
There are layers composed of AIN multilayer polytypes in a large number of
grains. Some increase of strength, hardness and fracture toughness is
typical for shock-wave treated samples (Table 4). This fact can be explained
by strengthening of the material not only owing to hardening grains with
polytypes plates, but also due to the high density of dislocations in the grains.

Table 4. Effect of shock-wave treatment on the strength properties of sintered
AIN samples.

nano-AIN powder
used for samples
preparation

nontreated
after shock-wave
treatment

Properties
Hardness
H, GPa

12.40-13.65

16.80-17.50

Fracture
toughness

K1c, MPa-m"1/2

3.8-4.1

4.7-4.9

Bending
strength a,
MPa (20 °C)

350-380

400-470
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3. Conclusions:

Sintering of nano-AIN powder ends at about 200°C below that of the coarse
AIN powder. While sintering, oxygen contained in the absorbed impurities is
dissolved in AIN to form a substitutional solution. The vacancies, produced in
aluminum sublattice in this case, promote the growing of AIN self-diffusion
coefficient, which, in turn, induces intensive grain growth. The formation of
polytypes, occuring under the conditions of isomorphic stratification of the
solution of the wurtzitic structure (2H AIN-O), causes anomalous growth of
plate-like grains. Shock treatment of a nano-AIN powder leads to a high level
of fragmentation of grains, their mean size being decreased by one order of
magnitude and more. Sintering the shock-wave compacted bodies proceeds
with relaxation process via plastic deformation. This is evidenced by a high
density of dislocations in grains, formed during sintering.
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