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Silicon nitride ceramics with celsian
as an additive

C.J. HWANG*?% R. A. NEWMAN?*
Ceramics and Advanced Materials Laboratory, and *Analytical Sciences Laboratory,
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Four different Siz;N, ceramics using 10 wt % celsian {BaAl,Si.Og) as an additive, have been
prepared by hot pressing. Different celsian sources and hot-pressing conditions were used
and their effects on densification, in situ crystallization of celsian, o to B phase
transformation, microstructures and properties, were examined. The use of a pre-
synthesized celsian as a raw material was found to enhance the rates of densification and
phase transformation due to the excess silica from raw SizN, powders which, however, did
not change the microstructure and crystallization behaviour of celsian. Increases in
hot-pressing temperatures and times increased the total number of large elongated f grains
and resulted in coincidental increases in strength and toughness until the o to B trans-
formation was complete. An intermediate quench-and-reheat step during hot pressing made
the microstructure finer and more uniform by greatly reducing the large-sized elongated
B grains. The quenching step also disrupted complete crystallization of celsian which led to

more grain-boundary glassy phase and compromised the material’s high-temperature

properties.

1. Introduction

Preparation of dense Siz; N, usually requires the use of
additives which react with the surface oxide (SiO,)
present on Si;N, to form a liquid phase that facilitates
densification. Various compounds can be used as ad-
ditives. Negita [ 1, 2] selected oxide additives based on
thermodynamic considerations. Many of them have
been successfully demonstrated to produce dense
SizN, materials [3-6]. In most cases, the additives in
Si;Ny end up as a grain-boundary glass phase which
softens and degrades the properties at high temper-
atures [7]. However, if properly engineered, the glass
can be crystallized to improve the high-temperature
properties [8].

A good additive system should form the liquid
phase at a low temperature, i.e. a low liquid eutectic
temperature, and the liquid phase later will be crystal-
lized completely into a compound that has a high
melting point. One such system which fulfils these
requirements is the BaO-Al,0;-SiO, system. The
three-component oxide system has a lowest liquid
eutectic around 1175 °C [9] and forms a highly refrac-
tory compound, celsian (BaAl,Si,Og), which has
a melting point of 1760 °C. Pickup and Brook [ 10, 11]
used this concept and prepared a dense SizN, with
10 mol% celsian. They found crystalline celsian, in-
stead of glass, formed in situ in a hot-pressed material
which retained 60% of its three-point bend strength at
1400 °C and had good oxidation resistance. However,
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the material had a large amount of residual a-SizN,
which limited its room-temperature strength to
530 MPa.

This work was undertaken to improve the mechanical
properties of Si;N,/celsian ceramics by varying the
celsian sources and the hot-pressing conditions. The
effects of these parameters on densification, in situ crys-
tallization of celsian, o to B phase transformation, micro-
structure and mechanical properties, were examined.

2. Experimental procedure

2.1. Material preparation

Two different SizN,/celsian compositions (M1 and
M2} were fabricated and tested. Each was formulated
based on an addition of 10 wt % celsian (Table I). The
additives in composition M1 consisted of BaO, Al,O;
and SiO,. The first two oxides and the sum of added
and surface Si0, from SizN, powders were calculated
to form a stoichiometric celsian. Composition M1 was
similar to that prepared by Pickup and Brook [11]
but differed in two areas from the formulation in
Pickup and Brook’s work: (1) no excess BaO and
Al,O; were used, and (2) instead of Ba(NO3),, BaO
was used. Composition M2 was prepared by using
an in-house presynthesized celsian powder as the
sole additive. The celsian powder was fabricated by
calcining a co-precipitated Ba-Al-Si hydroxide mix-
ture. Because the surface SiOQ, from SizN, could
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TABLE 1 Material compositions (wt%)

Composition Si3Ng BaO Al,O4 Si0, Celsian
M1 91.85 417 2.77 1.21 -
M2 90.00 - - - 10.00

SizN4, UBE SN-E10; BaO, Alpha Product; Al,O3, Reynold RC-
HPDBM; SiO,, Cabot fumed silica.

not be compensated for in this case, the overall oxide
composition did not form a stoichiometric celsian and
the total glass content was slightly higher in composi-
tion M2 than in M1.

The designated powder mixtures were attrition mil-
led for 1 h in methanol using ZrO, ball media. The
milled slurry was dried and sieved through a 60-mesh
screen. The dry powder was hot pressed at
1750-1925 °C for various times in a BN-coated graph-
ite die under flowing nitrogen. The hot-pressing pres-
sure was 35 MPa. The heating rate varied between 25
and 45°C min~*. Rapid cooling was accomplished by
circulating chilled water through the furnace and in-
creasing the nitrogen purging. The cooling rate was
greater than 100°Cmin~* for the first 3 min. The
temperature dropped to around 1350°C in the first
5 min cooling period. A computer was used to record
all the hot-pressing variables, including ram displace-
ment, temperature, pressure and time. From these
data, the densification behaviour of the different ma-
terials was characterized and compared.

2.2. Material characterization

Densities of the hot-pressed billets were measured by
the water immersion method. A slice of the billet was
polished for phase analysis and Vicker’s hardness.
X-ray diffractometry (CoKo,) was used for phase
analysis. Quantitative phase analyses of SizN, and
celsian were obtained by comparing the peak intensity
ratios as described previously [11, 12]. Possible solid-
solution formation in B-SizN, and celsian was verified
by changes in the lattice parameters. For lattice para-
meter refinement, either silicon or LaBg was used as
an internal line position standard. Hardness was
measured by a Vicker’s diamond indentor using a load
of 14.5 kg from a surface parallel to the hot-pressing
direction. Flexural strength and fracture toughness
data were collected using 3 mm x 4 mm % 45 mm bend

TABLE II Summary of hot-pressing results (see text for details)

bars. Four-point bend strength was determined at
ambient and elevated temperatures in air. Chevron-
notch toughness was measured with a three-point
fixture and a loading rate of 1 ummin~'. In both
cases, the crack propagation direction was parallel to
the hot-pressing direction. General microstructures
were examined from the fracture and polished surfaces
by scanning electron microscopy (SEM). Detailed
characterization of the secondary and grain-boundary
phases was investigated by transmission electron
microscopy (TEM) and energy dispersive spectro-
scopy (EDS).

3. Results

3.1. Densification behaviour

By varying the hot-pressing conditions, four different
materials were generated from compositions M1 and
M2. Table II lists their densities, hot-pressing charac-
teristics (L.e. densification temperature and time) and
the corresponding hot-pressing conditions. All four
materials densified readily and achieved full density.
Fig. 1 shows a typical densification curve.

However, differences in densification behaviour
existed among the four materials. The differences were
manifested when two indicators, derived from the hot-
pressing data, were compared. One is the onset tem-
perature, T,, where rapid densification took place
during hot pressing. The other is the time, At, required
for complete densification at the soak temperature.
The measured T and At are listed in Table II. The
implications of these two indicators on the densifica-
tion behaviour have been discussed previously [13]. A
combination of low T, and small Ar usually signifies
a system that densifies quite readily. Taking the mater-
ial M1A as a reference, the following observations
were made. Using presynthesized celsian powders as
an additive (i.e. material M2A) markedly raised the
densification on-set temperature, T,. The T, was de-
layed by more than 100°C. However, the time re-
quired to full densification, At, was reduced to one-
third the time required to densify material M1A.
A likely scenario to explain this phenomenon is that
the celsian melted late, because of its high melting
point (1760°C), which delayed the liquid formation
and thus impeded the onset of densification. However,
once it melted, a large amount of liquid phase formed
instantaneously, which led to accelerated densification
over a short period of time.

Material Composition Hot-pressing® R At _Density..
()] (min) (gem™?)
Q) (M
Mi1A M1 1825 1702 18 3.20
MIB M1 1925 1 n.a. n.a. 3.21
MIC M1 1825 3° n.a. n.a. 3.21
1810 5.5 T 320

M2A M2 1825 1

® Heating rate: 25°Cmin~ ! for M1A and M2A, 40°Cmin~* for M1B.

bA intermediate quench-and-reheat step was employed before the 1825 °C, 3 h soaking, where the material was first heated to 1925°C at
a rate of 45°Cmin~! and soaked for 15 min, followed by rapid cooling to 1450 °C and reheating back to 1825 °C at a rate of 21 °Cmin ™.
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Figure I A typical hot-pressing curve of SizN,/celsian materials.

3.2. Phase characterizations

Qualitative phase analyses showed only three crystal-
line phases in all of the materials, i.e. B-Siz Ny, o-Siz N,
and hexacelsian. A typical XRD spectrum is shown in
Fig. 2. Note that hexacelsian was formed in situ in the

Beta' SiAION

Celsian 1-0-1

W

M1B

Beta' SIAION

as-hot-pressed specimen without any heat treatment.
In situ crystallization of hexacelsian must have occur-
red during the cooling stage of hot pressing. Similar
phenomena have been observed previously [11].
Quantitative phase analyses, however, revealed differ-
ences in the four materials. Differences arose in two
areas: (1) the extent of o and B SizN, phase trans-
formation, and (2) the amount of hexacelsian. Table III
is a summary of the amounts of residual «-SizN, and
hexacelsian calculated from the integrated peak inten-
sities from the XRD spectra. The amount of residual
a-SizN, was calculated as follows [12]

(Wt %) = [y102) + Luz10y] / [Hacro02)

+ Lyo10y + Loy + Ipio] (1)

and the amount of hexacelsian was calculated with
respect. to SizN, content '

hexacelsian (wt %) = 4o/ (I4—siN,
+ Ip-sisng + Ine) @)

TABLE 1II Contents of a-Si;N4 and hexacelsian calculated from
XRD

M1A  MIB MIC  M2A
Residual o-Siz Ny (wt %) 42 3 5 25
Hexacelsian (wt %) 22 19 17 23
=
Q
<
» F
©
% =LaB6 std. D
m
> L
o
n
©
. s s 5
; < m < L
= : © H
e £
g % e
R <
3]
Q
\\~.~J y\j B

M1A

M2A

w

s
-
C (.,

-
C_

1 i T T

20.0 22,0 24.0 26.0 28.0 30.0

T T 1 T T T

32.0 34.0 40.0 42.0

20 (deg )

Figure 2 X-ray diffraction patterns of the four Si;N,-celsian materials.
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TABLE IV Lattice parameters of the f phase

MIA MI1B MIC M2A B-3Ny4
a (nm) 0.76063  0.76065 0.76060 0.76057 0.76044
¢ (nm) 0.29105 029101 0.29098 0.29091  0.29075
where
Ly —sisne = Haroz) + Lu210]/2 (3)
Is-siing = Upon + Upioy] /2 4)

and I, 1s the average intensity of (101) and (102)
peaks of hexacelsian. There was 42% residual a-Siz Ny
in the material M1A, whereas there was only 25% in
the material M2A under the same hot-pressing condi-
tions. A higher hot-pressing temperature or longer
hot-pressing time reduced the residual o-Si;N, signifi-
cantly in materials M1B and M1C to < 5%. On the
other hand, the amount of hexacelsian was compara-
ble in materials M1A and M2A, slightly lower in M1B,
and noticeably lower in M1C. Higher temperatures
and longer hot-pressing times appeared to hinder
in situ crystallization of hexacelsian.

Lattice parameter data (Table V) indicate that the
B-Si3Ny, referred to earlier in Fig. 2, was, in fact,
a B-SiAION, ie. Sig- ALONg_, (x = 0-4.27) [14],
although the amount of aluminium substitution in the
B-SiAION was small, ranging from x = 0.061-0.099
(or 0.76-1.24 eq %), and varied in the four materials.
Formation of B-SiAION was also observed by Pickup
and Brook [117, who reported an aluminium substitu-
tion at x = 0.35 (or 4.44 eq %). The much higher alu-
minium substitution found in their work could be
a direct outcome of excess Al,O5 used in their mater-
ial preparation.

3.3. Microstructures

Under the same hot-pressing conditions, the micro-
structures did not vary significantly with the use of
presynthesized celsian. However, microstructures var-
ied greatly with different hot-pressing conditions for
the same composition. This is clearly illustrated by the
microstructures in Fig. 3, where scanning electron
micrographs were taken from fracture surfaces. For
materials which contain a large amount of in situ
crystallized hexacelsian, e.g. material M1A (hot-
pressed at 1825 °C for 1 h), a typical microstructure is
shown in Fig. 3a. The most dominant feature is the
clongated B-SiAION grains, followed by submic-
rometre-sized residual equiaxed «-SizN, grains, and
lastly nanosized (average grain size on the nanometre
level) irregular-shaped “speckles” of hexacelsian. The
clongated SiAION grains were bimodal in size (i.e.
diameter). A larger portion had a diameter less than
0.3 pm and a smaller portion had a diameter at least
twice that of the finer-sized population. Grains with
a diameter greater than 1 um were common. As the
average size of grains grew, the population of large
elongated grains increased. However, their diameter
did not increase substantially. In contrast, the small

elongated grains increased in diameter and not much
in population. This is readily manifested by the
microstructure of material M1B (hot pressed at
1925°C for 1 h) in Fig. 3b. Depending on the quantity
of residual «-SizN,, the population of equiaxed
grains varied. For example, there were more in mater-
ial M2A than in M1A. The nanosized hexacelsian,
confirmed by analytical TEM, was distributed rather
uniformly throughout the material. The combined fea-
tures of nanosize, distribution uniformity and in situ
formation of the hexacelsian make the Si;N,/celsian
material rather unique. In fact, it satisfies several at-
tributes mentioned for a new-generation of materials
[15].

Microstructures were also changed by varying the
hot-pressing conditions. This was particularly appar-
ent when hot-pressing was interrupted by a sudden
drop of temperature (or quench), followed by an
immediate temperature recovery. For example, in
the material M1C (see Table II), the quench-and-
reheat resulted in a finer and more uniform micro-
structure (Fig. 3¢). As in the M1A material, most
grains in this material were elongated. However, the
grain diameter was typically < 0.3 um and grains
with diameter > 1 um were rarely seen. Further-
more, the nanosized hexacelsian particles were not
readily found. This correlated with the marked de-
crease in the content of hexacelsian in this material
(see Table III).

3.4. Properties

3.4.1. Hardness and fracture toughness
Vicker’s hardness varied with differences in phase
composition and microstructure, although the vari-
ation was within 10%, ranging from 1571-
1730 kgmm 2 (Table V). Hardness appeared to in-
crease with increasing residual «-Si;N, content and
decreasing grain size. Similar observations have been
cited in the literature [13]. The relationships were
most obvious for materials of identical composition
which were processed under different hot-pressing
conditions, as in the M1 series. Material M1A had the
highest hardness due to its high «-Si;N, content
(42%) and fine grain size. Despite a similar a-SizN,
content ( < 5%), material M1C was harder than
material MIB because of its smaller grain size.
Material M2A, which was prepared using presyn-
thesized celsian, had a low hardness despite its high
a-S1, N, content (25%) and fine grain size. The lower
hardness could be due to the excess SiO, in this
material.

In contrast, fracture toughness was mainly affected
by differences in microstructure, specifically the
quantity and size of elongated grains. The fracture
toughness data in Table V illustrate this point. Mater-
ial M1B, which had the greatest number of large-sized
clongated grains gave the highest toughness (Fig. 3b).
The exact opposite was true for material M 1A, which
had the fewest elongated grains and finest grain
size (Fig. 3a). Material M1C had a lower toughness
than material M1B, again due to its fine grain size
(Fig. 3c).
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3.4.2. Flexural strength

The room-temperature flexural strength of the mater-
ials followed a trend similar to that observed for
fracture toughness (Table V). Strength increased with
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Figure 3 Microstructures of Si;N,-celsian materials: (a) M1A ma-
terial, (b) material M1B and (c) material M1C.

TABLE V Summary of mechanical properties of the four
materials

Material Vicker’s Fracture Flexural strength
hardness toughness
(kgmm~2) (MPam'?) 25°C 1375°C
(MPa) (MPa)
MI1A 1730 £39 45402 703 + 105 431 + 65
M1B 1571+ 0 69 +0.1 817 + 181 498 £ 17
Mi1C 1634 + 0 59401 733+ 61 356 +£91
M2A 1596 +26 53 +02 804 +£93 412 +10

increasing numbers of elongated B grains. This is illus-
trated by comparing materials M1A and MIB. It
should be noted that the strength increase was accom-
panied by a concurrent increase in fracture toughness.
This trend seemed to continue until all the o-SizN,
was transformed to P phase. However, strength de-
creased slightly in material M1C where the average
grain-aspect ratio was reduced by the intermediate
guench-and-reheat step. This was true regardless of its
finer grain size. In any event, all of the strength data
obtained here were higher than the value reported in
Pickup and Brook’s work (530 + 20 MPa by a three-
point bend method) where the material contained
a higher residual a-SizN, content.

The strength at 1375°C highlights the signifi-
cance of complete in situ crystallization of hexacel-
sian. For materials with fully crystallized hexacelsian,
strength was always greater than 400 MPa at 1375°C.



Differences in the room-temperature strength had
little effect on this. This suggests that the strength of
these materials at 1375 °C depends more on the nature
of the hexacelsian phase and less on that of SizN,.
This is further illustrated in materials that do not have
the hexacelsian phase completely crystallized. Crystal-
lization of hexacelsian in the material M1C was par-
tially interrupted by the intermediate quench-and-
reheat step. Incomplete crystallization of hexacelsian
led to an excess amount of grain-boundary glass that
compromised the high-temperature strength.

4. Discussion

4.1. In situ crystallization of hexacelsian
The liquid phase in the SizNy/celsian system under-
went an in situ crystallization upon cooling. The crys-
tallization product was hexagonal celsian (or hexacel-
sian) and no monoclinic celsian was found. This phe-
nomenon had been observed befere by Pickup and
Brook [11]. The in situ crystallization phenomenon
was relatively hardy. It occurred with variable celsian
contents, e.g. from about 20 wt % [11] to 10 wt % in
this work. It could be obtained by using different
starting raw materials, such as a mixture of Ba(NO;)
(or Ba0)-Al,0;-Si0, [11], presynthesized celsian
(material M2A), and other systems which formed
a solid solution of celsian [16]. The in situ crystalliza-
tion was not affected by the presence of excess SiO, as
in the case of material M2A.

Crystallization of hexacelsian was initiated by a ho-
mogeneous nucleation and followed by a slow growth
due to exhaustion of the liquid phase. This resulted in
formation of uniformly distributed nanosized hexacel-
sian particles along the Si;IN,—SisN, grain boundaries
throughout the material. This kind of microstructure
has not often been observed for Si3N,-based materials
when the grain-boundary liquid phase was crystal-
lized. In most cases, the crystallized product existed
either as pockets of large single-crystals extending
over several SizN, grains [17, 18] or as isolated is-
lands at the multi-grain junctions [19]. This unusual
feature of in situ crystallization of uniformly distrib-
uted nanosized hexacelsian contributes to both the
good room- and elevated-temperature properties of
this material.

4.2. Effect of using presynthesized celsian

Use of presynthesized celsian (BaAl,Si,Og) as an ad-
ditive (i.e. the M2 system) differs in one aspect from
that of using additives of BaO, Al,O5 and SiO, which
were formulated as a stoichiometric celsian (i.e. the
M1 system). The surface SiO, from the raw SizN,
could be compensated for by reducing the starting
SiO; in the M1 system but not in the M2 system.
Therefore, there is more liquid formed in the M2
system when a constant amount of celsian is used. In
addition, the liquid in the M2 system would be less
viscous than in the M1 system owing to a higher
oxygen content [20]. These two factors explain why
the material M2A took less time to densify (i.e., shorter
At) and had more o-SisN, transformed to B-SizN,

than the M1A material. However, the rapid densifica-
tion onset temperature, T, was higher for the material
MZ2A than for M1A. This is owing to a higher liquid
eutectic temperature for the material M2A. The lowest
eutectic temperature for the material M1A is 1175°C,
as determined by the three-component system of
BaO-Al1,05-S10, [9]. The eutectic temperature for
the material M2A is 1311 °C, as determined by the
two-component system for BaAl,Si,Og—SiO, [21].
The excess SiO, in the M2 system had a minimal
effect on microstructural development and properties.
Under the same processing conditions, the micro-
structures of the M1A and M2A materials were diffi-
cult to distinguish. With the exception of hardness,
their properties were comparable. The slightly higher
strength and toughness of material M2A is due to its
increased number of elongated B-SizN, grains. The
in situ crystallization of hexacelsian was not affected
by the excess SiO, in material M2A. The XRD results
showed nearly the same amount of hexacelsian in
materials M1A and M2A. The excess SiO, in the
material M2A led to more non-crystallized amorph-
ous grain-boundary phase. This could account for its
lower hardness and slightly increased fracture toughness.

4.3. Effects of hot-pressing conditions -

Hot-pressing conditions greatly affect the microstruc-
ture and thus material properties. Conditions which
allow full development of interlocking elongated
microstructures in Si;N, materials yield better prop-
erties [22]. These conditions vary for different mater-
ial compositions. For the SizN,/celsian system, the
kinetics of o to B phase transformation are sluggish
compared to most of other SizN, systems
[13,18,23,24]. Higher temperatures and/or longer
hot-pressing times are required to obtain full trans-
formation. This is readily shown in Fig. 4, where
room-temperature flexural strength and P content are
plotted against the hot-pressing temperature. Al-
though the material could be densified fully after 1 h at
< 1750°C, the best overall properties were achieved
at 1925°C, where residual o-SisN, was < 5%.

900
T=25°C
- M1B
& 800 4 M2A o
=
= M1C
5 M1A o
§ 70% 8]
7
©
3
X 600 -
L
5001 S B S
20 40 60 80 100

{3 content { wt % )

Figure 4 Flexure strength as a function of a to B phase transforma-
tion. (M) Pickup and Brook [10, 11].
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The aforementioned phenomenon can be easily al-
tered by an interruption in the heating stage of hot
pressing. The current work showed that a quench
imposed during the early stages of phase transforma-
tion altered the subsequent microstructural evolution
and glass crystallization. The SizsN, microstructure
became finer and more uniform in size distribution.
Complete in situ glass crystallization was either re-
tarded or curtailed. This result had an adverse effect
on the material properties.

Finally, it is interesting that with minimal effort, the
Si;N,/celsian material has exhibited properties com-
parable to those for some of the best-known high-
temperature Siz;N, materials to date [13, 19, 25-27].
The good properties, coupled with the unique in situ
glass crystallization characteristics (that translate to
a simpler material preparation), demand this material
be seriously considered for applications at elevated
temperatures.

5. Conclusions

Four types of SisN, ceramic with celsian as an
additive have been prepared by hot pressing using
different celsian raw-material sources and hot-press-
ing conditions. The following observations were
noted.

1. Regardless of celsian sources and hot-pressing
conditions, the liquid phase formed at elevated tem-
peratures crystallized in situ into hexacelsian during
cooling after hot pressing. The hexacelsian phase was
uniformly distributed as nanosized particles at the
Si3;N,—Si3; N, grain boundaries. Excess SiO, from raw
Si;N, did not affect the crystallization of hexacelsian,
whereas an intermediate quench-and-reheat step dur-
ing hot processing reduced the amount of crystallized
hexacelsian.

2. Typical microstructures of SizN,/celsian ceram-
ics, which were not affected by the use of presyn-
thesized celsian, consisted of nanosized hexacelsian
particles, fine equiaxed residual a-SizN, grains, and
large ( > 0.50 pm diameter) and small ( < 0.3 pm dia-
meter) elongated B-SiAION grains which contained
0.76-1.24 eq % Al The large elongated grains, which
increased in population with increasing hot-pressing
temperatures and residence times, were markedly re-
duced by an intermediate quench-and-rcheat step.

3. The use of presynthesized celsian as a raw mater-
ial had less effect on properties than the hot-pressing
conditions. Vicker’s hardness (from 1570-1730
kgmm™?) of SizNy/celsian materials was affected
by the amount of residual o-Si;N, and grain size.
Fracture toughness (from 4.5-6.9 MPa m%) and room-
temperature flexure strength (from 703-817 MPa),
usually opposite in trend to hardness, were affected
mainly by the size and quantity of elongated grains.
Both toughness and strength increased with increas-
ing grain size until completion of the o to P phase
transformation. High-temperature flexural strength
356-498 MPa at 1375°C), however, was predomi-
nantly determined by the amount of in situ crystallized
hexacelsian. Strength was degraded by an intermedi-
ate quench-and-reheat step during the hot-pressing
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procedure which reduced the amount of crystallized
hexacelsian.
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