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Abstract

Dense -Si;Al,O,Ng materials were fabricated by a modified hydrolysis-assisted solidification (HAS) route from aqueous slurries containing
48-50vol.% solids, in which 5-22 wt.% of the required a-Al,O; was replaced by equivalent amounts of unprotected aluminium nitride (AIN)
powder to promote consolidation via AIN hydrolysis. A fixed amount (9.37 wt.%) of AIN passivated against hydrolysis with a coating phosphate
layer was also added to all the samples consolidated by the modified HAS method. The aqueous slurries were cast in non-porous moulds, allowed
to set and dried before sintering at 1675 °C for 4 h. For comparison purposes, ceramics with the same predicted final composition (having 64.33%
a-SizNy, 23.36% o-Al, 03, 9.37% AIN and 7% Y,0; as starting materials) were also consolidated by a conventional dry-powder pressing (CDPP).
The B-SiyAl,O,Ng ceramics consolidated by the modified HAS route exhibited superior outstanding properties (bulk density, apparent porosity,

water absorption capacity, hardness and fracture toughness) in comparison to the traditional dry-powder pressing route.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, B-SiAION ceramics have been considered as
potential candidate materials for many commercially impor-
tant applications.!™ These ceramics are normally made by a
conventional dry-powder pressing technique followed by reac-
tion sintering of precursor mixtures at elevated temperatures
to achieve full density, followed by extensive and expen-
sive machining to obtain the desired shape.®’ However, this
technique has been found to be difficult and quite expensive
particularly for making large size and complex shaped com-
ponents. In order to make components with high density and
high uniformity, and thus, high reliability of performance, a
great variety of aqueous based colloidal forming techniques such
as, slip casting,® tape casting,’ gelcasting,!®!! temperature-
induced forming process,'? hydrolysis-assisted solidification
(HAS),!3-15 etc., have been developed recently. Among these
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techniques, aqueous gelcasting was found to be one of the most
effective routes for making near net-shape parts with relatively
high green strength.'® However, as the organic monomers used
in this process are very expensive, this process is not viable
for making many of the commercially important products to be
fabricated in large quantity.'*!5 Further, as the forming tech-
nique impacts directly the productivity, the ultimate quality and
the cost of the manufactured products, in the case of mass pro-
ductions of several advanced ceramics, high productivity with
minimum cost must be fulfilled. In view of these reasons, there
is still an open quest for the development of ever cheaper routes
for processing of these ceramic materials.

Hydrolysis-assisted solidification (HAS) is a very simple and
economic net-shaping process that has been used to consolidate
several kinds of ceramics like Si3N4,l3 ZTA,14 SiC,1 etc., in
which alumina can be a minor or major phase.'*!> This process
does not require expensive tools nor complex procedures. Fur-
ther, it is less demanding in terms of the starting solids loading of
the suspensions (above ca. 30 vol.%) in comparison to gelcast-
ing that requires a high solids content, and the starting pH of the
suspensions can vary from moderate acid to alkaline.'*!3 In the
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HAS process, the consolidation takes place due to the hydrolysis @
of aluminium-nitride powder, which causes dramatic increases E
in the viscosity of the ceramic suspension leading to its consol- >
idation. Several mechanisms such as, flocculation/coagulation § 2
induced by the pH change of the suspension towards the IEP 2 < 3
of the ceramic powder, gelling of AI(OH)3 reaction product é_ ~
and forming a stiff network, consuming of water during the o | E
formation of AIOOH and AI(OH)3, etc., are involved in this con- é %
solidation process. Among all these mechanisms, the ultimate g 5
green strength of the consolidated part is mainly influenced by g2 P
the amount of AI(OH)3; network formed by the hydrolysis of % a ~
AIN powder. As this process is associated with the evolution of E; 2
NHj3 gas (AIN + 2H,0O — AIOOH + NH3), itis always a difficult .§ =
task to fix the desired amount of AIN required to obtain a green 2 %
body with sufficient green strength and without any un-desired Z 3 =S
porosity. :? = I~
As B-Sig_,Al,O.Ng_, with z=2 has been identified as a YA
potential candidate material for certain radome applications,'%-1! B fb
a systematic investigation was conducted to study the ability % % 2
of a modified hydrolysis-assisted solidification process for fab- o & -
rication of ceramic components out of this composition. The i B
ceramics made by this new process were sintered at 1675 °C % g Q
for 4 h under ~800 Torr N; pressure along with those obtained g |5 ol
by the conventional dry-powder pressing (CDPP) route. The cH P
sintered materials were thoroughly characterized by many g %ﬂ
spectroscopic and non-spectroscopic techniques to assess the f‘g’ % @
suitability of the modified HAS process for component making 2|8 =
as well as to evaluate the influence of AIN hydrolysis on the E .
densification behaviour of 3-SisAl,O>Ng precursor mixture. @ B
AE
2. Experimental procedure g 43
g
2.1. Raw materials and powder processing § % c
= = E <t
High purity a-Si3N4 (P95H, VESTA Ceramics AB, Sweden), m; % Pl
a-Al>,O3 (HP Grade, ACC India Ltd., India), Y,O3 (Rhodia Inc., § _
Phoenix, Arizona), and AIN (AT grade, HC Starck, GmbH, Ger- N 5’
many) were used as starting raw materials. The surface treatment £1Z %
of as purchased AIN powder was performed according to the pro- g < ©
cedures reported in the literature to passivate its surface against L
hydrolysis.!7"!° The as-treated powder is hereafter termed as § E -
T-AIN. In a typical experiment, precursor mixtures containing R =
required quantities of a-Si3zNy, as-purchased AIN (A-AIN), sur- 2|3 =
face treated AIN (T-AIN), a-Al,O3 and Y03 (Table 1) were é -
initially suspended in doubly distilled water to obtain aqueous E@ E S
slurries with 48-50vol.% solids loading. To improve the dis- Z |85
persion of precursor mixtures and the fluidity of the suspension, Qs %
Dolapix A88 (amino alcohol —cationic dispersant, Zchimmer IE 2w
& Schwarz, Berlin, Germany) was added in a ratio of 25 pl/g of 2 o
powder. All the slurries were degassed for ~5 min after milling g g
for 16 h by vacuum pumping. All the above operations were g § g2
carried out at room temperature. Afterwards, the slurries were INERRE:
cast into non-porous white petroleum jelly coated split-type alu- ; %
minium moulds (~100/60 mm x 30 mm x 30 mm), which were £ E
then allowed to set under ambient conditions for about 2 h fol- ; é = 2
lowed by a stage at ~60 °C till the completion of the setting E § E 5

process. The green bodies thus obtained were de-moulded and
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2 According to 2AIN +3H,0 — Al,O3 + 2NH3.

b A coating process developed by the authors was used to convert AIN into a hydrolysis resistant powder.

¢ Prior to pressing, this precursor mixture was mixed in a planetary ball mill for ~30 min.
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dried under controlled humidity (Model: LHL-113; Espec Cor-
poration, Japan) conditions to avoid cracking.

For the sake of comparison, these materials were also pre-
pared following a conventional dry-powder pressing (CDPP)
route. In a typical experiment, ~200 g of a precursor mixture
containing 64.33% «-SizNy, 23.36% a-Al>,03, 9.37% A-AIN
and 7% Y203 was suspended in ~200 ml of toluene and mixed
with ~60 g 5 wt.% aqueous PVA solution in a 500 ml of alumina
bowl of a planetary ball mill (Retsch, Germany) in the pres-
ence of ~200 g of ZrO, cylindrical pellets (10 mm diameter and
12 mm length) for ~30 min. The resultant dough was filtered off,
dried at ~90 °C for 12 h in an electrically heated oven. The as-
dried material was passed from —30 to +100 BSS mesh to make
granules in the size range of 149-595 wm prior to pressing into
pellets having 30 mm diameter x 10 mm height under a pressure
of 200 MPa. All the green samples were sintered at 1675 °C for
4h in nitrogen atmosphere (>800 Torr). During sintering, the
samples were covered with SizN4—BN powder mixture (50%
Si3N4 and 50% BN) to protect them from decomposition and/or
deformation.?

2.2. Materials characterization

Particle sizes of all the powders used were measured accord-
ing to the Laser diffraction technique on particle size analyzer
(Granulometer G 920, Cilas, France). The XRD patterns were
recorded on a Bruker (Karlsruhe, Germany) D8 advanced system
using a diffracted beam mono-chromated Cu Ko (0.15418 nm)
radiation source.?? Crystalline phases were identified by com-
parison with PDF-4 reference data from International Centre
for Diffraction Data (ICDD). Relative phase compositions of
samples were calculated from the respective peaks’ inten-
sity. To obtain quantitative information of various phases,
the most intense peak of the individual phases was taken
into consideration.”’ The peak heights of all the phases were
summed up and the percentage concentration of a particular
phase was estimated from the ratio of the strongest peak of
that phase to the sum of various phases present in a given
system.?’

The absolute viscosity of particulate slurries was measured
using a piston type viscometer (Viscolab 4100, Cambridge
Applied Systems Inc., MA).?! The coefficient of thermal
expansion (CTE) of sintered samples was measured with
a Netzsch 402C dilatometer in the temperature range of
30-700°C. Bulk density (BD), apparent porosity (AP), and
water absorption (WA) capacity of various sintered materi-
als was measured according to Archimedes principle (ASTM
C372) using Mettler balance and the attachment (AG 245,
Mettler Toledo, Switzerland). On average, three measure-
ments were performed on each sample in this study. The
microstructure of dense B-SiAION ceramics was examined
using scanning electron microscope (Hitachi, S-3400N, Scan-
ning Electron Microscope, Japan). The fracture toughness values
(K1) were determined on the basis of the indentation method
[Kic = Ha'? x 0.203 (Cla)~3%1.22 Here, 2a represents Vickers
indent diagonal length, 2C the resulting crack length and H
is a Vickers hardness (Hv=kg/mm?=10MPa). The required

hardness, crack and diagonal length data was collected using
a micro-hardness tester (Leitz Wetzler, Germany) by hold-
ing the indenter tip (137°) under a load of 2kg for 20s
on the surface of the sample having mirror finish. Five to
six samples were examined per case in order to check the
reproducibility of results and all the readings were averaged
out.

3. Results and discussion

Normally to synthesize advanced materials such as, dense
SiAION ceramics with tailored properties, the use of suitable
starting raw materials is very important as the consolidation and
densification process is highly influenced by their purity, average
particle sizes, and particle size distributions. Further, the mor-
phology of the particles and the state of powder agglomeration
play key roles in the case of colloidal processing techniques,
determining the maximum achievable solids loading. This par-
ticularly crucial in the case of new shaping techniques in which
consolidation takes place without liquid removal and the min-
imisation of the shrinkage demands slurries with solids loadings
of at least ~50 vol.%.>* The particle size distributions and the
morphological features of the starting raw materials used in
this study are presented in Figs. 1 and 2, respectively. Fig. 1
shows that the yttria and alumina powders have uni-modal
and narrow particle size distributions, whereas the nitride pow-
ders have relatively wider particle size distributions, especially
the silicon nitride with an average particle/agglomerate size of
~18 pm. Fig. 2 reveals that the presence of hard agglomerates
is a common feature among all the powders, certainly derived
from their preparation history. The SEM micrographs show that
the primary particles of A-AIN and a-Al,O3 are more regular
in shape in comparison to those of a-SizNy4 and Y03 pow-
ders.

The various precursor mixtures and the viscosity values of
the slurries used in this study are given in Table 1. As can be
seen, all the slurries exhibits reasonably low viscosity values to
be cast and to obtain defect free green parts.”> In general, for
slurries containing both Al,O3 and A-AIN powders, the viscos-
ity increases with the content of A-AIN. The changes in viscosity
and temperature occurred in a 49 vol. % solids slurry of the HAS-
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Fig. 1. Particle size distribution of the as-received raw materials used in this
study.
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Fig. 2. SEM micrographs of the as-received powders: (A) a-Al,O3, (B) a-
Si3Ny, (C) AIN, and (D) Y,03.
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Fig. 3. Viscosity and temperature variations of the HAS-5 slurry containing
49 vol.% solids as function of time as-measured in a piston type viscometer.

5 composition were monitored along a period of about 20 min in
a piston type viscometer to access the effects of hydrolysis time
on the slurry characteristics. The resultant data plotted in Fig. 3
clearly indicate that the as-purchased AIN powder undergoes
continuous hydrolysis leading to increases in both the tempera-
ture and the viscosity of the slurry, which are according to the
findings reported elsewhere.>*

The properties of sintered 3-SigAl,O,Ng materials obtained
by both HAS and CDPP consolidation processes are presented
in Table 2 along with their corresponding green density (GD)
data. The CDPP sample exhibits a slightly higher GD in compar-
ison to the samples consolidated by HAS (HAS-5 and HAS-10).
The HAS-15 and HAS-22 samples were found to have a lot of
internal porosity. After overnight treating at 60 °C they looked
like foams. However, when these samples were allowed to set
under ambient conditions, they exhibited an exceptionally high
strength after overnight drying at >70 °C, although some internal
pores in the range of 500-1000 wm diameter have been devel-
oped. The green microstructures of HAS-5 and HAS-10 samples
were found to be almost similar to that of CDPP sample even
after setting overnight at 60 °C. Defect free rectangular bars with
90 mm x 55 mm x 25 mm size were successfully consolidated
by HAS process from the slurry containing 50 vol.% HAS-5
precursor mixture.

As can be seen from sintered properties (Table 2), in gen-
eral, both HAS-5 and CDPP samples exhibit almost similar

Table 2

Properties of various 3-SigAl,02Ng ceramics sintered at 1675 °C for 4 h*
Property CDPP HAS-5 HAS-10 HAS-15> HAS-22°
GD°® (g/lem?) 1.871 1.73 1.78 - -

BD (g/cm?) 3.067 3.12 291 3.14 3.01
AP (%) 0.012 0.47 0.05 0.07 0.89
WA (%) capacity 0.004 0.16 0.01 0.02 0.298
-SiAION phase 94.43  ~94 ~90 ~80 ~43
Linear shrinkage (%) 14 17 15.75 14.66 14.43

GD, green density; BD, bulk density; AP, apparent porosity; WA, water absorp-
tion.

2 The slurries of HAS-5 to HAS-22 compositions had 48 vol.% solids.

b BD, AP and WA were measured in tiny (ca. 2-3 mm sized) samples.

¢ The HAS samples were set overnight at 60 °C.
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values of BD, AP and WA, whereas the samples from HAS-
10 to HAS-22 show relatively inferior properties. The values
of BD, AP and WA capacity reported in Table 2 are not
representative of the whole ~90 mm x 28 mm x 25 mm rect-
angular samples but for tiny ground parts of about 2-3 mm
in size. A similar BD of 3.02g/cm® was also reported for
the same -SigAl,O2Ng composition consolidated by aqueous
gelcasting.!%!! Interestingly, both CDPP and HAS-5 samples
exhibit values of BD >3.02 g/cm® and of AP and WA capac-
ity <0.2 and <0.6%, respectively. The linear shrinkage values
associated with the drying and sintering steps of HAS-5 sam-
ple obtained from a slurry with 48 vol.% solids loading were
found to be ~2 and ~15%, respectively (total linear shrinkage
of ~17%). The CDPP sample exhibited a linear shrinkage of
~14%. However, the highest value of BD was measured for
the tiny samples broken from the HAS-15 body, with simi-
lar microstructure being observed for the HAS-22 body. This
means that the overall lower sintered density values of these
samples derived only from the internal porosity left upon consol-
idation, since these compositions exhibited improved sintering
ability.> It is a well-known fact that powders with fine particle
sizes and narrow particle size distributions exhibit faster sinter-
ing kinetics. During reactive formation of 3-SigsAl,O2Ng in the
absence of sintering aids, a rapid phase formation takes place
at about 1600 °C due to the existence of eutectic temperature
at 1587 °C between Al,O3 and SiO; (present on the surface of
Si3Ny due to surface oxidation that is difficult to avoid). This
rapid phase formation leads to limited grain boundary phase and
hence, to a limited densification and a relatively high fraction
of remaining porosity.?®2’ However, in the presence of Y>03,
an eutectic point forms in the system Y,03-Al,03-SiO; at
1350°C. As this temperature is much lower than the on-set
temperature at which $-SiAlON phase formation starts (i.e.,
~1600°C), a glassy phase is easily formed during sintering
and contributes to densification through enhanced particle rear-
rangement. This is the probable reason for the high bulk sintered
densities observed for the HAS-5 and CDPP B-SizAl,O>Ng
materials.

The X-ray diffraction patterns of HAS-5 and CPDD sam-
ples sintered at 1675 °C for 4 h are presented in Fig. 4. As can
be seen from this figure, both materials exhibited XRD pat-
terns primarily due to 3-SiAlON phase (B-SisAl,O,Ng, ICDD
File No.: 00-048-1616). Very interestingly, none of the samples
show XRD lines corresponding to their starting raw materials,
i.e., a-SizNg, a-Al,O3, AIN and Y03, confirming the for-
mation of 3-SiAION phase upon reactive sintering at 1675 °C
for 4 h. Few minor XRD lines in addition to 3-SiAlON phase
are also manifested in both the spectra, which are ascribed to
Y,SiAlOsN phase (ICDD File No.: 00-048-1627). The HAS-
15 and HAS-22 samples exhibited only ~80 and ~43% of
B-SiAlON phase after sintering at 1675 °C for 4 h, respectively
(Table 2), with remaining phases of AIN, Al,O3z and SizNjy.
These results suggest that even though the required amount
of water was available in the slurry at the time of casting
(Table 1), this water was not sufficient to hydrolyze the total
bare AIN powder in the HAS-22 precursor mixture as part of
this water evaporated during setting at 60 °C before complete
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Fig. 4. XRD patterns of sintered (1675 °C for 4 h) 3-SigAl,O2Ng ceramics con-
solidated by hydrolysis-assisted solidification from a slurry containing 48 vol.%
solids of the HAS-5 composition, and by the conventional dry-powder pressing
(CDPP) route: (A) Y,SiAlOsN, ICDD File No.: 00-48-1627; (B) crystalline
SiO,, ICDD File No.: 01-085-0462; (C) YO\ 335, ICDD File No.: 00-039-1065;
(D) Si4Al,O;Ng, ICDD File No.: 00-48-1616.

hydrolysis of AIN powder. This could be the most probable
reason for low degree of transformation into 3-SiAION phase
in the case of HAS-22 upon reaction sintering at 1675 °C for
4h under 800 Torr N, pressure. The sintered data available in
Table 2 further suggests that the phase formation and densifi-
cation occur independently upon reaction sintering at elevated
temperatures.

In order to understand the effect of solids loading on the shape
making capability as well as on the sintering behaviour, suspen-
sions of the HAS-5 precursor mixture were also prepared with
49 and 50 vol.% solids, cast and consolidated by the HAS pro-
cess, and sintered at 1675 °C for 4 h (Table 3). As can be seen,
the increase in the solids loading has also increased the viscos-
ity of the slurry to some extent and led to a slight decrease in

Table 3
Properties of sintered (1675 °C for 4h) B-SigAl,O2Ng ceramics consolidated
from slurries with different loadings of the precursor mixture HAS-5

Property 48 vol.% 49 vol.% 50 vol.%
Viscosity (MPass) 94.09 111.3 299.6

GD (g/cm?) 1.73 1.65 1.68

BD (g/cm?) 3.12 3.15 3.32

AP (%) 0.47 0 0

WA (%) capacity 0.16 0 0
B-SiAION phase >93% >93% >93%

Linear shrinkage (%) 17 15 14
Hardness (kg/mm?) 1571+ 6 1553 +4 1590 +5
Fracture toughness (MPam'/?) 342404 3.484+0.2 339403
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Fig. 5. SEM micrographs of sintered (1675 °C for 4 h) 3-Sis Al,0,Ng ceramics
derived from (A) CDPP sample; and from HAS-5 sample consolidated by HAS
from slurries containing different solids loading: (B) 48 vol.%; (C) 49 vol.%,
and (D) 50 vol.%.
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Fig. 6. CTE of the sintered (1675 °C for 4 h) B-SiyAl,02Ng ceramics consoli-
dated from a slurry containing 48 vol.% solids of the HAS-5 composition.

the GD of the cast parts. However, it had a small positive effect
on the sintered bulk density, probably due to a hindering parti-
cle segregation effect, while the values of AP and WA capacity
were reduced to zero. As expected, the solids loading also had
a positive effect on total linear shrinkage of the samples. The
sample with 48 vol.% solids experienced a higher linear shrink-
age (17%) in comparison to the one with 50 vol.% solids (14%).
The measured hardness (1571-1590 Hv) and fracture toughness
(3.419-3.19 MPam'”?) values are typical of B-SiAION.28 Both
properties were only slightly dependent on solids loading.?® The
mechanical properties of the materials consolidated by the mod-
ified HAS process were found to be superior than those of the
CPDD sample (1317 Hv and 3.30 MPam'/?), but the phase for-
mation has shown to be insensitive to the consolidation method
employed.

The SEM micrographs of sintered (1675 °C for 4 h) HAS-5
samples obtained from slurries containing 48, 49 and 50 vol.%
solids and by CDPP are presented in Fig. 5. A close look at these
micrographs reveals that the microstructures of the HAS sam-
ples look like more homogeneous than that of CDPP sample.
This last sample also seems to be more porous in compari-
son to others, what is in good agreement with the AP and WA
values reported in Tables 2 and 3. Different factors might con-
tribute to the observed differences. The first one is the higher
degree of homogeneity achieved in the slurry state, which is
then preserved during the consolidation process. Another one
is the uniform distribution of fine and high reactive Al(OH);
layer formed around the AIN particles due to hydrolysis, which
can easily react with the other powder particles, facilitating the
sintering process. 13

The thermal behaviour of B-SigAl,O;Ng materials is of
paramount importance. Fig. 6 compares the dilatometric curves
in the range of 30-700 °C of CDPP and HAS-5 samples sintered
at 1675 °C for 4 h. Both exhibit comparable values of CTE within
the temperature range tested (3.52 x 1076 °C~! for CPDD and
3.75 x 1076 °C~! for HAS-5). The reason for the slightly higher
CTE exhibited of the HAS-5 sample as compared to its counter
part CDPP is certainly related to the observed micro-structural
differences. A close CTE value of 4.1 x 107 °C~! between 25
and 1000 °C was also reported for B-SigAl,O,Ng consolidated
by gelcasting.!%!! Thus, the CTE values observed in the present
study compare well with the reported results.
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Conclusions

The following conclusions can be drawn from the above

study:

(D

2)

3)

Ac

Dense -SigAl,O,Ng ceramics with a theoretical density of
more than 98% could be prepared by a modified hydrolysis-
assisted solidification (HAS) technique in which only the
unprotected AIN plays a role in the consolidation process.
Defect free sintered B-SigAl,O>Ng rectangular bars with
dimensions of 90 mm x 55 mm x 25 mm could be fabri-
cated by the modified HAS route upon replacing 5-10 wt.%
alumina by unprotected AIN powder.

B-SigAlpO;Ng ceramics consolidated by the modified
HAS route from slurries containing 49-50vol.% of the
HAS-5 precursor mixture in which Swt.% Al,O3 was
replaced by an equivalent amount of unprotected AIN pow-
der, exhibit superior properties (BD ~3.15-3.32 g/cm?,
AP and WA of 0.0%, contents of B-SiAION >93%,
hardness values of 1553—1590 kg/mm? and fracture tough-
ness >3.40 MPam!/ 2) in comparison to [(3-SigAl,O2Ng
ceramics consolidated by the conventional dry-powder
pressing.
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