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bstract

he aim of the presented paper was preparation of the highly reactive in the sintering powders in the Al–O–N system by SHS method. Combustion
eactions of metallic aluminium and corundum powder mixtures (from 15% Al–85% Al2O3 to 50% Al–50% Al2O3) were performed in nitrogen
tmosphere. The obtained powders were ground and hot-pressed at 1750, 1850 and 1950 ◦C for 1 h under 25 MPa in nitrogen flow. In contrast
o conventional methods, which require 24 h of the precursor heat treatment at 1200 ◦C our studies, showed that it is possible to prepare almost

ure �-alon materials using SHS reaction. Sintering of the powders led to obtained dense materials composed of pure �-alon or �-alon–AlN
omposites. The phase composition of the sintered bodies was controlled by the chemical composition of the starting mixture and the sintering
emperature.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Materials based on polycrystalline �-alon—the solid solution
f Al2O3 and AlN with spinel structure,1 have great poten-
ial application as high-performance structural ceramics. Since
he 1960s, many investigations have been focused on electri-
al, chemical, mechanical and especially on optical properties
f �-alon materials.2–9 Alon powders were usually synthesized
y direct solid-state reaction between aluminium oxide and alu-
inium nitride in pure nitrogen or vacuum.1,6 This reaction,

ften in multi-stage regime, was performed at relatively high
emperature (1200 ◦C) and long, at least 24 h, time. Direct syn-
hesis of �-alon from aluminium nitride and oxide mixture took
lace faster using arc induced plasma.10

Another method for �-alon preparation was carbothermal
itridation of aluminium oxide proposed by Yamaguchi and
anagida.11 The substrate mixtures of corundum and carbon
lack were reacted in pure nitrogen atmosphere at 1700 ◦C.
odifications of this method were usually connected with
hanges of precursors (inorganic aluminium salts, starch) and
espective reaction conditions.12–16

Combustion of metallic aluminium powder in air was pro-
osed by Bouriannes et al.17 The reaction of inductively heated
owder was performed at 1500 ◦C and gave multiphase product
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omposed of �-alon, aluminium nitride and corundum. More
imple and relatively novel method for �-alon preparation was
escribed by Gromov et al.18 In this case, the mixtures with
ifferent proportion of metallic aluminium and fine �-alumina
owders were ignited in air. The authors reported that com-
ustion of the mixtures led to product composed of near pure
-alon.

Alon powders prepared via high-temperature synthesis are
sually strongly agglomerated and required intensive ground-
ng before densification. Additionally, some oxide additions (e.g.
aO, MgO or Y2O3) are necessary as the sintering aids.19 These

intering aids form a transient liquid phase, resulting in the
romotion of liquid phase sintering during the early sintering
tage.19 Sintering can be also connected with partially synthesis
eaction; in this case addition of Al2O3 powder is used. Den-
ification of �-alon powders is usually conducted at relatively
igh temperatures over 1700 ◦C, even at 2050 ◦C. It is due to
elatively low diffusion coefficient of alon components20 and an
vaporation–condensation mechanism governs during an initial
ensification stage.21

The aim of the present paper is detail study of alon-based
aterials preparation by combustion of aluminum and corun-

um powders mixtures in nitrogen using combustion tech-

ique in the self-propagating high-temperature synthesis (SHS)
egime. The powders have been tested as the precursors for
btaining dense polycrystalline materials by pressureless sin-
ering and hot-pressing.

mailto:zientara@uci.agh.edu.pl
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.008
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Fig. 2 presents changes of the phase composition of the pow-
ders prepared in the combustion mode. X-ray diffraction analysis
shows that the powders are multiphase and composed of hexag-
onal aluminium nitride (AlN), rhombohedral aluminium oxyni-
76 D. Zientara et al. / Journal of the Eur

. Experimental

Metallic aluminium (pure grade: 99.5%) and �-aluminium
xide (MA 250/5 Alcan Chemicals Europe) powders were used
s the substrates. Average grain size of the powders was about 3
nd 0.5 �m for Al and Al2O3, respectively. The powders were
ixed for 2 h in propanol using ball mill and zirconia grinding
edia. Weight proportions between the substrates were estab-

ished from 15% Al–85% Al2O3 to 50% Al–50% Al2O3 with
% interval. The mixtures with weight of 50 g. were poured
nto graphite crucible in a form of a loose bed and placed into
teel water-cooled reactor. The reactor was vacuumed and filled
wice with pure (99.8%) nitrogen of 2.5 MPa pressure. The
ombustion synthesis was initialized by electrical pre-heating
f the graphite crucible by electric current flow for several
econds. The combustion got start rapidly, the reaction mix-
ure reached temperature exceeded 2000 ◦C in few second and
fter next about 60 s the reaction was completed. The synthe-
ized powders were crushed and then ground in dry propanol
or 8 h using rotary–vibratory mill and silicon nitride grind-
ng media. Dried and granulated powders were hot-pressed
t 1750, 1850 and 1950 ◦C for 1 h under 25 MPa in nitrogen
ow.

The compacts prepared by cold pressing under 150 MPa
ere used to characterize densification behaviour of the pow-
ers. Changes of the linear shrinkage were investigated by
raphite dilatometer up to 1950 ◦C with temperature progress
f 15 ◦C min−1 in pure nitrogen flow.

Morphology of the powders and sintered bodies was observed
nder scanning microscopy (JEOL, JSM-5400). Phase compo-
ition of the powders and sintered samples was described by
-ray diffraction analysis (X’Pert Pro, Philips) and the Rietveld

efinement allowed determining the quantitatively phase con-
ent. Specific surface area was measured by the nitrogen adsorp-
ion using the four-point BET isotherm (ASAP model 2010,

icromeritics). Mercury porosimetry (Carlo-Erba Instruments
000) allowed determine a pore size distribution in the prepared
owders. Apparent density of the sintered samples was calcu-
ated basis on the Archimedes method.

. Results and discussion

It was observed that pre-heating of the Al–Al2O3 mixtures
n nitrogen atmosphere contained more than 15 wt.% of Al
nvolved strong exothermic SHS reaction accompanied by bright
adiation and fast increase of temperature. The measured maxi-
um temperature of the reaction was higher than 2000 ◦C.
SEM observations (Fig. 1) show that SHS prepared pow-

ers are composed of agglomerates being grains of about
everal hundreds micrometers in size. The agglomerates are
ormed by much smaller, a few micrometers, particles, prob-
bly crystallites, with different shapes. As it is shown in
icrographs (Fig. 1b) the particles have elongated, needle-
r plate-like shapes what can suggest the vapour–solid and/or
apour–liquid–solid mechanism of their formation. Local EDS
easurements revealed chemical inhomogeneity of the powders
hat suggested presence of different phases.

F
A

ig. 1. Morphology of the powder prepared by the SHS method from the mixture
f 20% Al and 80% Al2O3.
ig. 2. Phase content of the SHS-derived powders in the Al2O3–AlN system vs.
l weight content in the starting reaction mixture.
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sitions of the hot-pressed samples also confirm assumption on
chemical reaction (Fig. 5). Small amounts of aluminium and
Al7O3N5 alon, no more than 2% of each one, are also detected.
D. Zientara et al. / Journal of the Euro

ride (21R–Al7O3N5), �-alon (Al3O3N) and non-fully reacted
orundum and aluminium. The phase content is strictly con-
ected with the quantitative composition of the starting SHS
ixture. The sizes of the markers in Fig. 2 correspond to the

tandard deviation of the measurements.
Compositional dependence of the weight fraction of alu-

inium oxynitrides reach maximum for different content of alu-
inium in the starting mixtures. Range of the maximum content

f �-alon corresponds to 30–40%, whereas Al7O3N5 to 40–60%
f aluminium. Taking into account that �-alon has stoichiometry
lose to Al23O27N5, it means that the higher aluminium content
n the starting mixture lower an aluminium to nitrogen molar
atio. Increase of the aluminium content in the starting mixture
orresponds to the small increase of the metal rest in the products
f SHS synthesis and simultaneously, increase of aluminium
itride amount can be observed. It suggests direct chemical
eaction between aluminium and nitrogen with formation of
lN. The presence of essential amount of residual aluminium
xide in the SHS product is revealed only in the case of start-
ng mixtures with the major content of �-Al2O3 (85 and 80%)
ignificant decrease of alumina in the resulting powders pre-
ared from the mixtures with less content of Al2O3 is connected
ith formation of oxynitride phases. Most probably reason of

uch behaviour is secondary reaction between aluminium oxide
nd AlN.

After followed milling, the powders have a specific surface
rea on a level of about 3 m2 g−1 what means that respective
rain size equals about 0.6 �m. Comparison of this value with
he grain size estimated from SEM micrographs (see Fig. 1) indi-
ates on effective breaking of big agglomerates during ground
rocess that is corroborates by porosimetry measurement. Typ-
cal pore size distribution in compact made of ground powder
hown in Fig. 3.

Fig. 4 presents dilatometric curves taken from the powders
ressureless sintered from precursor with different composi-
ions. In each case, the shrinkage behaviour reveals two stages

f the sintering process and such effect is much stronger in the
ample with relatively bigger amount of the residual aluminium.
his is probably connected with additional chemical reactions

aking place during densification. The experiments also show

Fig. 3. Pore size distribution in the compacted powder.

F

F
v

ig. 4. Dilatometric curves of SHS-derived powders prepare using different Al
ontent in the starting mixtures.

hat pressureless sintering does not lead to full densification,
ven at 1950 ◦C.

All sintered materials are finally composed mainly of two
hases: �-alon and aluminium nitride. Different phase compo-
ig. 5. Phase compositions of the samples hot-pressed at indicated temperatures.

ig. 6. Relative densities of the samples hot-pressed at different temperatures
s. Al content in the starting SHS mixtures.
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Phase composition of the sintered materials depends both on
hase composition of the powders and on the temperature. The
ontent of �-alon decreases with the aluminium content in the

tarting mixture, whereas changes of the AlN amount have an
pposite tendency—it increases with Al content. Increase of the
ot-pressing temperature leads to the increase of �-alon content

ig. 7. Microstructure of the samples prepared from mixture of 20% Al and
0% Al2O3 and hot-pressed at indicated temperatures: (a) 1750 ◦C, (b) 1850 ◦C
nd (c) 1950 ◦C.
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nd decrease of aluminium nitride. It is worth to notice that
lmost pure �-alon samples originated from the powder with the
ighest content of aluminium oxide. Absence of the corundum
n the sintered samples reveals on chemical reaction between
l2O3 and AlN during densification process (see Fig. 2).
Relative densities of the hot-pressed samples are shown in

ig. 6. The final materials have relative densities from 96 to
00%. It can be stated that final densities are mainly depended
n chemical content of the starting powders and relative weak
epended on sintering temperature.

Pictures in Fig. 7 show microstructures of the sample pre-
ared from SHS-derived mixture of 20% Al and 80% Al2O3
n the starting composition and then hot-pressed at different
emperatures. Uniform microstructure with isometric grains is
bserved. The average grain size is connected with the sinter-
ng temperature and varies from about 2 �m (1750 ◦C) to 20 �m
1950 ◦C). Contrary to this observation, the grain size seems to
e less dependent on chemical composition of sintered powders.

. Conclusions

. The SHS reaction of metallic aluminium and aluminium
oxide powder mixtures in nitrogen allows obtaining multi-
phase powders with significant content of �-alon.

. The powders can be used as active in sintering precursors
giving after hot-pressing at temperature above 1750 ◦C dense
(>96%) polycrystalline materials.

. The sintering process is accompanied by chemical reaction
finalizing of �-alon formation.

. The near single-phase �-alon polycrystalline were obtain
from the powder synthesized in SHS reaction form the mix-
ture composed of 15% Al–85% Al2O3 followed by hot-
pressing at 1950 ◦C for 1 h under 25 MPa in nitrogen.

. The sintered samples have uniform microstructure with iso-
metric grains which size is controlled by temperature of
hot-pressing.
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