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Abstract

Sintering behavior of three different compositions in the AIN;@J system using ¥Os as a sintering aid was investigated. Samples with

various ratios of AIN/A}O; were sintered in nitrogen atmosphere using a gas pressure furnace in the temperature range 176016850
densification of the samples was studied by shrinkage and relative density measurements. Results showed that samples containing 1 anc
70wt.% alumina were sintered to near theoretical density at 180Whereas the sample with 20 wt.% alumina never reached densities
higher than 93% in the temperature range considered. It was found that the AIN/Adtio and the sintering temperature had a great
influence on the microstructure and crystalline phases present in the samples, namety:AMN, 27R, and YAG. In the sample with

20wt.% alumina, porosity formation prevented further densification. These porosities were probably due to the release of oxygen during
sintering.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction into two groups according to their crystallographic struc-
tures, one group is based on the polytypes of wurtzite struc-
Aluminum nitride ceramics are noted for their excellent ture and the other is based on the spinel structure of which
thermal properties, high-temperature mechanical properties,y-AlON is the most notable due to its optical properties. The
low dielectric constant, and thermal expansion coefficients. sintering behavior of composites in the AIN-8lz system
There is a wealth of literatute® on the processing and has been studied by different authdré. Kim et all fab-
properties of this material. However, like other non-oxide ricated composites in the AIN-AD3 system containing 5,
ceramics, their low resistance to oxidation and high sin- 30, 50, and 64.3 mol% AD3 using gas pressure sintering
tering temperature required for densification are consideredin the temperature range 1650-19@ Their results indi-
disadvantages which renders them unsuitable for certaincated that the densities of all the samples increased with the
applications® In order to lower the sintering temperature ~ sintering temperature up to 1750. Further increase in the
and improve some of the properties, the role of different ad- sintering temperature above 178D decreased the sintered
ditives such as ¥O3, CaO, YR, and AbO3 has been exten-  bulk densities. They attributed this decrease to the possible
sively studied®10 Efforts have also been made to improve partial evaporation of the liquid phase. Kim et Hi.stud-
the oxidation resistance at the expense of thermal propertiesied a similar system and achieved full density at 1800
Therefore, different compositions in the AIN-&); system They also observed a decrease in density with an increase
have been studietf:12 in temperature above 180CQ. However, they attributed the
The addition of A}O3 to AIN leads to the formation of  decrease in density to the grain morphology and decompos-
aluminum oxynitride phases. CorBthhas listed thirteen  ability of the y-AION compound in the products.
different aluminum oxynitride phases which are separated In the present work, three compositions with differ-
ent AIN/AI>O3 ratios corresponding to certain areas of

* Corresponding author. Tek98 261 6204131; faxs-98 21 8773352, e phase equilibrium diagram for the AIN-A3 binary
E-mail address. amir@atlantico-online.de (A. Maghsoudipour). system were chosen.,©3 additive was also used to pro-
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mote sintering. The various samples were sintered in a gas3. Results and discussion
pressure furnace in nitrogen atmosphere in the temperature

range 1750-1950C. Various phases, such as; AlNAION
(A| 23027N5), 27R (A|903N7), and YAG (A|50;|_2Y3) could

Fig. 1shows the radial shrinkage of the three samples, A,
B, and C versus the sintering temperature. It is evident from

be detected in the samples, depending on the composithe figure that the shrinkage in all the samples increases to

tion and sintering temperature. The effect of AIN@g

a maximum at approximately 180C. However, samples A

ratio and sintering temperature on the densification and and C show a constant shrinkage above this temperature up

microstructure has been discussed.

2. Experimental procedure
2.1. Raw materials

Commercially available aluminum nitride powder (Grade
C, H.C. Starck) was mixed with 1, 2, and 70 wt.%,8%
(CT3000 SC, Alcoa) and an amount ob®3 (Meldform
Metals) corresponding to XO3/AIN ratio equal to 2 wt.%.

to 1950°C, whereas sample B exhibits a drop in shrinkage
in the same temperature range. Samples A and C have the
highest and lowest values of shrinkage at 1800respec-
tively. The dilatometry curve oFig. 2aas compared with
Fig. 2b and ¢confirms the high shrinkage of sample A.

The dilatometry curve of sample C ig. 2c shows an
expansion between 1677 and 1722 which results in a
lower shrinkage in sample C compared to Ag. 1). In
order to further investigate this anomaly, two more samples,
having the same composition as sample C, were prepared
and sintered at 1570 and 173D (temperatures below and

The samples were classified as A, B, and C, respectively.above the expansion range). XRD patterns of these samples
The average particle size and specific surface area of AIN are presented ifig. 3. The diffractogram irFig. 3ashows

powder were in the ranges 2.2—.h and 2.4-2.8 #ig and
those of AbO3 powder were in the ranges 0.5-@.8 and
6.5-8.5m/g. The average particle size 0p®s powder was
0.75pm.

2.2. Preparation and sintering

the presence of AD3 and AIN phases at 157C whereas;

the one inFig. 3bindicates the presence ¢fAION and AIN
phases in the sample at 178D. Therefore, we concluded
that they-AION phase has not formed up to 1570 and

the expansion observed in the dilatometry curve at about
1700°C can be attributed to the formation of theAION
phase.

Different powder batches were mixed and homogenized +v-AION is formed through the reaction of AIN with

by ball milling in ethanol for 5 h in a polyethylene bottle with
alumina balls. After drying, the powder cake was crushed

Al,031315 according to the following equation:

in an agate mortar and passed through a 20 mesh sieve. TheAIN + 9AI203 — Al23027Ns

granules were initially formed into pellets in a die press and
then isostatically pressed at 50 MPa.

A simple calculation based upon the theoretical volume
expansion of the product, the density,(and the molar mass

The samples were then placed in a BN-coated graphite \) of the components can be considered as follows:

crucible, embedded in AIN powder, and sintered in nitro-

gen atmosphere for 1 h using a gas pressure furnace (KCE,p

Special Furnace Co.).

Samples were sintered at five different temperatures,

1750, 1800, 1850, 1900, and 1958D. The initial pressure

of nitrogen gas at room temperature was set to 2 bars which

increased with any subsequent increase in temperature.

2.3. Evaluation

IN = = 3.25g/cmi—>

B VmoI(AIN)
ViolaiNy = 12.62 cn®

18

17 oy T
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15

The shrinkage of samples was determined by the mea-
surement of the sample size. Bulk density was determined
by the Archimedes method. Powder density was measured
by a helium-gas pycnometer (Quantachrome Ultrapycnhome-

14

13

Shrinkage (%)

T
ter 1000 version 1.60), hence relative density was calcu- 2 { —a] |
lated by dividing the bulk density to the powder density. a8
High-temperature dilatometry was performed in nitrogen " —eC [
atmosphere (BAHR Thermoanalyse GmbH 1991-1993). 10 . . . . .
Phase analyses were carried out using Philips PW 1729
1700 1750 1800 1850 1900 1950 2000

diffractometer. Micrographs of the fractured surfaces were
obtained using scanning electron microscopy (SEM, Cam
Scan CS4).

Sintering temperature {C)

Fig. 1. Shrinkage of samples vs. sintering temperature.
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Fig. 2. Dilatometry curve of: (a) sample A, (b) sample B and (c) sample
C.
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Fig. 3. XRD patterns of: (a) sample C sintered at 1520 (b) sample
C sintered at 1750C, (c) sample A sintered at 1500 and (d) sample A
sintered at 1600C.
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The values of density and molar mass of AINo@k, and
v-AlION have been reported in different referené@s’ It
can be seen that the calculated linear expansion is quite close
to the experimental value (1.1%) as determined by dilatom-
etry in the temperature range 1677-1722(Fig. 29. This
agreement indicates that the dilatometry technique can be
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Fig. 4. Dilatometry curve of sample C without,®s.
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efficiently used as an analytical tool in the evaluation of of y-AION formation.Fig. 4 shows the dilatometry curve of
v-AION formation in the AIN-AbO3 composite system. sample C with no additive. It represents a lower shrinkage
Another feature observed in all three dilatometry curves and a highern-AION formation temperature (as compared
(Fig. 2a—¢ is the depression at temperatures 1548, 1508, with Fig. 29. A similar behavior has been reported for MgO
and 1500C, respectively. In order to study the cause of as a sintering additiv&
this depression, different samples were prepared and fired Sample B shows a different sintering behavior from that
at temperature below and above that of the depression. Inof the other two samples. As illustratedhim. 1, the sinter-
case of composition A, XRD patterns of the two samples ing shrinkage decreases with increasing temperature above
sintered at 1500 and 160Q are presented iRig. 3cand d. 1800°C, which insinuates some kind of expansion at these
It is seen that the predominant phaséig. 3cis AIN but in temperatures. However, the dilatometry curve of sample B
Fig. 3dboth AIN and YAG (AkO;2Y3) phases are present. (Fig. 2b does not support such a behavior and merely indi-
Therefore, we can attribute the depression to the formation of cates a continuous shrinkage at these temperatures. It was,
the liquid phase, which on cooling precipitates YAG crystals. therefore, decided to investigate the microstructure of this
Furthermore, the addition of D3 decreases the temperature sample sintered at different temperatures. The fracture sur-

aooon L

Fig. 5. SEM micrograph of fracture surface of the sample B sintered at: (a)°3@@d (b) 1900C.
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Fig. 6. Variation of relative density vs. sintering temperature.

face micrographs of B sintered at 1800 and 1900Care
presented inFig. 5a and b The formation of porosities
(illustrated by arrows) with increasing sintering temperature
is obvious '”F'g' 5b_ . . atmosphere, (b) 190 in nitrogen atmosphere and (c) 19@in argon
Further confirmation of porosity formation comes from  zmosphere.
measurements of relative density versus sintering tempera-
ture. Fig. 6 shows the variation of relative densities of the
three samples with temperature up to 1960 In case of
sample B, the relative density increases up to T&and achieved near-theoretical density.
then falls off at higher temperaturdsg. 7 shows the closed Comparison of the X-ray diffraction pattern of samples
porosity of the three samples as a function of the sintering B sintered at 1800 and 190C shows the formation of
temperature. Close inspectionfifis. 6 and 7indicates the  the 27R phase at 190C, in addition to AIN, y-AION
presence of both open and closed pores in the samples ugind YAG phases common to both samplEgy( 8a and h
to about 1800C. Samples A and C exhibit near-theoretical Therefore, the 27R can be responsible for the formation of
density at and above this temperaturé. 7 indicates the closed porosity.
elimination of open pores in sample B up to 18@ It is According to the equilibrium phase diagram of the
also evident that closed porosity still exists; in fact, it is in-  AIN-Al ;03 system!®18 the 27R polytype is formed at
creased at higher temperatures. 1920°C. In practice, the equilibrium conditions are not
A similar behavior has been observed and attributed to easily attainable and the reaction betwgeAlON and AIN
either the decomposition fAION phasé* or partial evap-  is not fully accomplished. We, therefore, expect the initial
oration of the liquid phasé We have not been able to con- components to manifest themselves in the X-ray pattern
firm either of these justifications in the present work. In spite of Fig. 8band, indeed, they do. The formation of the 27R
of the highy-AION content in sample C and a substantial phase is most probably the result of a reaction between AIN
amount of liquid phase in sample A (due to its higheOg andy-AION. This reaction cold take place in several steps.
A close investigation of the molar ratios of Al, N, and O, in
the starting components (AIN and AD»>7Ns) and the re-
action product; namely, the 27R phased@4$Ns) indicates
a demand for nitrogen and the evaluation of oxygen in the
process. The evaluation of oxygen at these temperatures
can be the cause of the porosity observed which inhibited
further densification of the sample.
In order to confirm this point, two more samples with

30 35 40 45 50 55 60

Fig. 8. XRD pattern of sample B sintered at: (a) 1800in nitrogen

content), no such behavior has been observed and both have
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similar composition to sample B were sintered at 180@0
produce both AIN and-AlON phases. Both samples were
then sintered at 190@ in separate atmospheres; namely,
argon and nitrogen. The sample sintered in arge€ig.(89
shows a considerable drop in 27R phase as compared

1700 1750 1800 1850 1900 1950 2000

with Fig. which r r pr ition. Therefor
Sintering temperature t g. 8b ch supports our propositio erefore,

it can be inferred that the closed pores are due to oxygen

Fig. 7. Variations of closed porosity vs. sintering temperature. evaluation.
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4. Conclusions 3.

Samples with 1, 20, and 70wt.% alumina were fabri-
cated in the AIN-A$O3 system, using ¥Os as a sintering

aid. Samples with 1 and 70 wt.% alumina were sintered to 5.

near-theoretical density at 1800. Phase analysis indicated
the presence of AINy-AION and YAG in these samples.

However, the YAG content in the sample with 70 wt.% alu-
mina was negligible. The dilatometry technique could well

be employed to investigate the formation temperature of 7.

v-AlON in this system.

The maximum relative density achieved for the sample &

with 20 wt.% alumina, was 93% at 180G. AIN, y-AlON,
and YAG were the only high-temperature phases detected ¢
up to 1800°C. Above this temperature, the 27R phase was

also observed. We conclude that the formation of 27R phasel0.

is the result of the reaction between AIN ageéAION in
nitrogen atmosphere with the result of the reaction of oxygen 1
in the process. This may be the cause of closed pores which
inhibit further densification.
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