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Abstract

Acicular silicon nitride (3-Si3N,4) seed crystals have been synthesized using a moderately low temperature heat-treatment process, with the aid
of a low volume fraction of multiple sintering aids (i.e. MgO and CaO, in combination with either Y,05; or Nd,O5). The effects of the heat-
treatment cycle and the additive composition on the a- to 3-Si3N4 phase transformation were examined, for both cold-isostatically pressed pellets
and simple packed powder. In the case of the packed powder, full transformation was achievable following heat-treatment at 1625 °C for four
hours, in ~0.1 MPa nitrogen. The use of multiple oxide additives allows seed liberation from the heat-treated materials using a simple dilute HF
soak at room temperature. The resulting 3-SizN, seed crystals exhibit a narrow size distribution, with mean aspect ratios of ~4:1.

© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silicon nitride (SizN,4) ceramics are used in a wide variety of
engineering applications, for example bearings, cutting tools and
turbocharger rotors [1]. As a consequence, there is a significant
drive to continually improve the mechanical behavior of SizNy-
based materials. In previous work, property improvements have
been achieved through either microstructural or compositional
design [2—4], or a combination of the two [5]. In particular, it has
been demonstrated that development of a bimodal 3-SizN, grain
size distribution can favor the formation of high toughness SizNy4
ceramics. One approach to the formation of favorable bimodal
microstructures involves the use of seeding with [B-SizNy
crystals, which grow preferentially, allowing an additional
degree of control over microstructural development [2,3,5]. This
method has also been applied to porous Si3N,, often in
combination with a colloidal processing step that allows seed
alignment, such as tape casting, although commercial (3-SizNy
whiskers have been used in some cases [6].
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There have been several reports on the development of
techniques to synthesize anisotropic [3-SizN4 seed crystals [7—
19]. The primary approach that has been taken involves the use
of glass forming oxide additives, with seeds generated through
the conventional solution—precipitation route that would
typically be followed during sintering [7-10,14—19]. These
studies have invariably required the use of a high temperature
heat-treatment step (i.e. 1700-1850 °C), which is often
conducted under a high applied nitrogen pressure to suppress
SizN, decomposition. Alternatively, combustion synthesis
approaches have also been demonstrated for the production
of B-SizN, seeds, derived from Si precursors (with a-SizNy
added as a diluent), again using oxide additives to promote the
formation of 3-SizN, under high applied nitrogen pressure [11—
13]. In these prior studies the selection of sintering additive(s) is
such that a highly refractory silicon oxynitride crystalline or
glassy phase is formed at the processing temperature, as
typically single oxide additions are employed. For example,
Hirao and co-workers [7,8] and Ramesh et al. [10] have both
used yttria (Y,0O3) based additions, and required temperatures
of 1850 and 1800 °C, respectively, for optimum seed synthesis.
Dai et al. produced 3-SizN, seeds with single MgO, Nd,O; or
Yb,05 additions at 1650 and 1700 °C [14,15]. However, they
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did not subsequently treat the seed grains to remove the
additives, and simply prepared them by milling the material
after heat-treatment. Hirata et al. heated pure o-SizN, powder
to 2000 °C, without sintering aids, under elevated nitrogen
pressure (~0.9 MPa) [18]. It was observed that elongated [3-
SisNy crystals were formed in a carbon crucible, while
equiaxial crystals were formed in a boron nitride crucible. This
behavior was attributed to vapor-phase synthesis of (3-SizNy.
An extension of the general seed grain synthesis methodology
has also allowed the production of a-SiAlION seeds, which can
be processed at slightly lower temperatures, although a high
nitrogen overpressure was again utilized [16,17].

In the present work a low volume fraction of multiple
sintering additives is used, such that 3-Si;Ny seed synthesis is
possible at 1625 °C. As a consequence of this, a nitrogen
overpressure is not required for seed synthesis. The additives
used to promote the a- to 3-Si3N,4 transformation were selected
specifically to avoid the formation of B-SiAION (i.e. no Al,O3).
A further major benefit of the present method is that the residual
crystalline/glassy phase is readily attacked by dilute HF at room
temperature, which makes subsequent separation of the (-
SisN, seed grains relatively straightforward. Prior studies
typically required the use of concentrated HF or H;PO,, often
at elevated temperatures, in order to liberate the seed crystals
[7-10]. As a consequence, the present method therefore can be
seen to be somewhat safer than the majority of prior published
techniques for 3-SizN, seed synthesis.

2. Experimental procedure

All samples in the present work were prepared with Ube SN
E-10 a-SizN, powder, with 2 wt.% sintering additives (or a
molar equivalent). Two additive systems were examined; the
first was based on a mixture of 1.5 wt.% Y,03, 0.25 wt.% MgO
and 0.25 wt.% CaO, while the second was identical with the
exception that Nd,O5 replaced Y,O3 on a molar equivalent
basis. Powder mixtures were ball-milled in isopropyl alcohol
for 96 h, using tetragonal zirconia (TZP) media; this procedure
resulted in a typical milling pick-up of ~3.5 wt.% ZrO,/Y,0;
from the TZP balls [20]. After milling the powders were dried
and crushed in a pestle and mortar.

Initial studies focused upon the transformation behavior
of the two source powders. Consequently, they were
uniaxially pressed into disc-shaped pellets at ~30 MPa,
followed by cold-isostatic pressing at ~175 MPa. During
sintering the pellets were sited in a powder bed comprised of
50 wt.% a-SizN4/49 wt.% BN/1 wt.% MgO, and held within
a closed high purity graphite crucible. Sintering was
conducted at temperatures between 1400 and 1700 °C, for
a period of 2 h, in a static nitrogen atmosphere (~800 Torr).
For seed grain synthesis the powders were hand-packed into
a closed BN crucible (no powder bed was used in this
instance), which was itself contained within a closed, high
purity graphite crucible. The seed synthesis heat treatments
were subsequently performed at temperatures between 1575
and 1625 °C, for a period of 4 h, at a comparable nitrogen
pressure to sintering.

The a- to B-SizN,4 phase transformation was characterized
by X-ray diffraction (Bruker D-8 Advance, Bruker Inc.,
Madison, WI), using Cu Ko radiation at a tube voltage of 40 k'V.
The relative 3-SizN,4 content was determined using the method
outlined by Yeheskel and Gefen [21]. Seed crystals were
obtained by soaking a small portion of the sintered mass in 49%
HF acid, diluted 5:1 with doubly distilled water, for a period of
24 h. After soaking the seeds were filtered using a Millipore
filter (0.15 pm pore size), and rinsed multiple times with
doubly distilled water. To analyze the aspect ratio of the seed
crystals they were dispersed in acetone and deposited onto a
heated aluminum electron microscopy stub, which results in
rapid evaporation of the acetone. The sintered samples and seed
crystals were subsequently examined in a field emission
scanning electron microscope (FE-SEM; Hitachi S-4700,
Hitachi High Technologies, Tokyo, Japan), in order to assess
fracture surfaces and grain aspect ratios (through measurement
of grain length and width), respectively.

3. Results and discussion
3.1. Preliminary sintering trials

Initial studies were aimed at determination of suitable heat-
treatment conditions for obtaining complete o- to B-SizNy
transformation, and consequently pressed pellets were sintered
at temperatures between 1400 and 1700 °C. Fig. 1 demonstrates
the effects of sintering temperature on the (3-SizN, content for
both the Y,03-MgO-CaO and Nd,O3—MgO-CaO additive
systems. It can be seen that essentially complete transformation
can be achieved through sintering at 1600 °C for a period of 2 h.
The influence of temperature on microstructure development is
highlighted in Fig. 2 for the Nd,0;—-MgO-CaO additive
system. Relating these images to Fig. 1, it is clear that a high
percentage of a- to 3-Si3Ny transformation is achieved after
sintering at 1550 °C for 2h (Fig. 2(a)). The resultant
microstructure is highly uniform in appearance, and there is
clear evidence of anisotropic 3-SizN,4 growth. Increasing the
sintering temperature to 1700 °C for 2 h primarily results in

100,.H‘,,,W..,...,',Y.._.__Lf’.,,.*‘?

L g A

80

i 4

: T

~ 60 >

gL :

3 "

= ~

=} r .,

% 40 i

z. L

) Lj'

Y Y

@ Lene

20 et - _
t et --<O--- YMC sinter
ot ---<#--- NdMC sinter
OES‘..."...‘.......i....|....

1400 1450 1500 1550 1600 1650 1700

Sintering temp. (°C)

Fig. 1. The fraction of 3-Siz;N4 formed as a function of sintering temperature,
determined following the approach of Yeheskel and Gefen [21].
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Fig. 2. FE-SEM images of fracture surfaces showing microstructural evolution
in samples prepared with Nd,O3;-MgO—-CaO additions after sintering for 2 h at
(a) 1550 °C and (b) 1700 °C.

coarsening of the microstructure (Fig. 2(b)). It was also
apparent that there is appreciable densification of the pellets at
the higher sintering temperatures (Fig. 2(b)). Similar studies on
the microstructure development of porous (3-SizN, ceramics
have shown that milling time can have a strong influence on
microstructure development [20]. It has been shown that
increasing milling duration leads to a reduction in the 3-SizNy
aspect ratio and an increase in densification.

There are several factors that contribute to this behavior.
Firstly, the a-Si3N,4 powder used has an initial 3-Si3N, content
of ~4 vol.%, which is present in the form of very fine whiskers.
Some of these whiskers act as seeds for B-SizN, growth.
Extended duration milling can be expected to reduce the length
of these whiskers, and consequently increase their number,
therefore creating more potential [3-SizN, nucleation sites.
Increasing milling time will also result in size reduction of
the a-Si3N, powder, although this effect is actually small, as
the starting powder size is ~300-400 nm. Finally, it can be
anticipated that there will be some compositional change in the
a-Si3N, powder. This will be manifested in two ways: (i)
increased SiO, content due to increased surface area and (ii) the
increasing addition of ZrO, (and Y,O3) to the starting powder

through wear of the TZP milling media. For the present work, a
typical ZrO,/Y,05; “pick-up” of ~3.5 wt.% was observed
during ball milling for 96 h with the TZP media [20].

3.2. B-Si3N, seed preparation

Following the initial assessment of transformation kinetics,
seed grain preparation was conducted using a hand-packed
powder mixture. In this instance a longer furnace hold was
maintained, increasing from 2 to 4 h, as the powders will have a
significantly lower packing density in this arrangement (~20—
25% of theoretical). It was observed that complete a- to -
SisN, transformation was obtained for both the Y,03 and
Nd,O3-based additive systems after heat-treatment at 1625 °C
for 4 h (Fig. 3). The amount of B-SizN, formed at each heat-
treatment temperature is shown in Table 1. At 1600 °C, only the
Nd,03—-MgO-CaO system showed complete transformation,
with ~12 vol.% «-Si3;Ny retained for the Y,03;-MgO-CaO. At
1575 °C, residual a-SizN,4 was retained for both compositions,
but especially the Y,0s-based system where nearly 60%
remained. This difference at 1575 °C was attributed to the
higher eutectic temperature that can be expected for the Y,03
containing samples [22], combined with the increased diffusion
distances in the hand-packed powder. As a consequence, further
characterization was restricted to the materials heat-treated at
1625 °C for 4 h. Fig. 4 demonstrates typical B-SizN, seed
crystals extracted using the single stage HF dissolution for both
the Nd,03—MgO-CaO and Y,03;—MgO-CaO additive systems,
after heat-treatment at 1625 °C for 4 h. It is qualitatively
apparent that the seed crystals are quite uniform in size and
aspect ratio.

In the present work a single stage dissolution treatment was
used largely as the seeds are to be utilized in the processing of
both porous and dense Si;Ny-based ceramics prepared with
similar additives [22]. An even more extreme ‘‘zero-cleaning”
approach has been previously assessed by Dai et al., and has
been shown to be perfectly suitable when preparing materials
based on using identical additives to those for seed preparation
[14,15]. However, it is ultimately likely that secondary cleaning
stages will be necessary to remove potential fluoride
contaminants. It is notable that a major advantage of the
present (3-SizN, seed production process is that potentially
more dangerous recovery processes can be avoided. For
example, previous studies have included treatments in
concentrated HF or phosphoric acid (H3;PO,), often at elevated
temperatures [7—10]. Clearly, the use of a dilute HF soak, which
can be performed under nominally ambient conditions, presents

Table 1

X-ray diffraction analysis of the nominal 3-Si;N4 volume fractions as a function
of heat-treatment temperature for the Nd,O3 and Y,0O3-based additive systems,
determined following the approach of Yeheskel and Gefen [21]

Additives B-SizNy4 content (vol.%)

1575 °C 1600 °C 1625 °C
Nd,03;-MgO-CaO 96.0 100.0 100.0
Y,03;-MgO-CaO 39.5 87.2 100.0
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Fig. 3. (a) X-ray diffraction spectra for 3-Si3N, seed crystals produced through
heat-treatment at temperatures between 1575 and 1625 °C, for 4 h in ~0.1 MPa
nitrogen, using Nd,0;—MgO-CaO additions. Key: (o) a-SizNy, (B) B-SizNy,
(@) ZrO,-based phase. (b) X-ray diffraction spectra for B-Si;N, seed crystals
produced through heat-treatment at temperatures between 1575 and 1625 °C,
for 4 h in ~0.1 MPa nitrogen, using Y,0;—MgO—-CaO additions. Key: (o) a-
Si3Ny, (B) B-SizNy, (@) ZrO,-based phase.

Fig. 4. FE-SEM images of 3-Si;N, seed crystals prepared by heat-treatment at
1625 °C for 4 h, with (a) the Nd,0O3-MgO-CaO additive system and (b) the
Y,0;-MgO-CaO additive system.

a reduced safety risk when compared to the use of concentrated
acids at elevated temperatures, although care must still be
taken.

For previous studies that used Y,O5; or other rare earth
oxides as transformation aids [7-10], either with or without
SiO,, a refractory crystalline intergranular phase can be
expected after heat-treatment. For example, based on the Si-Y—
O-N system [23], with 2 wt.% Y,O3 (even without additional
Si0,) one of the yttrium disilicate (Y,Si,O) polymorphic
phases can be anticipated to form, potentially in combination
with small amounts of silicon oxynitride (Si,N,O). Herrmann
et al., assessing the corrosion behavior of a variety of dense [3-
SizN,4 ceramics in H,SOy, noted that materials processed with a
crystalline grain boundary phase can exhibit significantly
improved resistance to corrosion when compared to materials
with a glassy grain boundary phase [24]. Sharkaway and El-
Aslabi noted that a 3-Si3Ny ceramics HIPed with 2.7 wt.%
Y,0;3 additions showed better corrosion resistance in HF than a
pressureless-sintered material prepared with Y,03 and Al,Os5,
while this behavior was reversed during corrosion in HCI [25].
This response was attributed to a passivating phenomenon
induced by YF; precipitation onto the surface of the
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Fig. 5. B-Si3N, seed grain sizes and aspect ratios for samples prepared by heat-treatment at 1625 °C for 4 h, with (a) the Nd,03;-MgO-CaO additive system, and (b)

the Y,03;—MgO-CaO additive system.

pressureless-sintered material, which itself contained a high
Y,03 content at 12.5 wt.%.

In the present work, a Zr-containing crystalline phase is
believed to form for both additive systems (Fig. 3). Phase
identification for the Nd,Os containing samples indicates
either tetragonal or cubic ZrO,, with a nominal composition
of Zrg.9Ndg 101 .95 ICCD structure files 86-0334 and 86-0333,
respectively); it can be expected that some Mg and Ca may
also be incorporated, as they both readily alloy with ZrO,
[26]. The pattern fit for the Y,0O5-based additive series is less
clear, but again a stabilized ZrO,-based phase is likely; in this
instance the best pattern fits are to cubic and rhombahedral
ZrO, (ICCD experimental files 30-1468 and 37-1307,
respectively). It is also anticipated that there will be some
residual glass in these compositions. Previously it was
demonstrated that the dissolution response of SiO,-based
oxide glasses in aqueous HF solutions is strongly dependent
on the fraction of non-bridging oxygen ions (which
determines the glass network connectivity), the concentration
of SiO,, the HF concentration in solution and the reaction
temperature [27,28]. It can therefore be seen that glass
network modifiers such as MgO and CaO will generate
increased non-bridging oxygen ions in the silicate structure,
thus increasing the glass dissolution rate. Similarly, rare earth
oxides such as Y,0O5; and Nd,O; are also proposed to play a
network modifying role in oxynitride glass formation [29]. As
a consequence, it is clear that the multi-component glass used
in the present synthesis method will result in easier liberation

of single grains than for the case of single oxide additions
such as Y,0j; or other rare earth oxides [7-10]. However, it is
also noted that selected studies have used multi-component
additives that incorporate moderate amounts of Al,O5 [19]. In
this instance, a B-Si—Al-O-N solid solution alloy can be
anticipated, rather than pure (3-SizN,.

As noted above, the multi-cation crystalline/glass phases
that are formed during heat-treatment are readily amenable to
dissolution in moderately dilute HF. Fig. 5 demonstrates the [3-
Si3Ny seed crystal dimensions and aspect ratios that have been
determined for the two additive systems, following heat-
treatment at 1625 °C for 4 h in ~0.1 MPa nitrogen. It is clear
that the seeds are of relatively uniform size and shape after the
processing cycle that was undertaken. It is important to note
that the extended duration milling procedure that was followed
results in a general refinement of the grain size and shape, and a
move towards a monomodal distribution, rather than a bimodal
distribution [20]. It is demonstrated in Fig. 5 that the general
seed dimensions and aspect ratios are similar for both Y,03 and
Nd,03, indicating the choice of rare earth does not play a major
role in seed grain development when a low volume fraction
multi-component additive system is used. It is notable that with
a high volume fraction of sintering additives, the role of the rare
earth element becomes more pronounced, such that higher
aspect ratios arise with increasing rare earth ionic radius [30].
However, this effect is partially suppressed when the total
additive content is relatively small [22]. Table 2 summarizes the
mean seed grain dimensions and aspect ratios for both the Y,03
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Table 2
Mean dimensions and aspect ratios for seeds prepared by heat-treatment at
1625 °C for 4 h, using the Nd,O3 and Y,03-based additive systems

Additives Length (pum) Width (pum) Aspect ratio
Nd,03;-MgO-CaO 1.67 0.50 3.36
Y,03;-MgO-CaO 1.71 0.44 397

and Nd,Oj-based additive systems, after heat-treatment at
1625 °C for 4 h.

It can be expected that the formation of seed crystals in the
current work will follow the conventional solution-precipita-
tion mechanism of Si;Ny-based ceramics. In the present case,
the use of a 96 h milling step results in a nominally monomodal
B-SizN, grain size after heat-treatment; bimodal grain size
distributions are noted for short milling duration treatments of
generally similar compositions [20]. The a-to B-SizNy
transformation behavior will be dependent upon the pre-
existing 3-SizNy seeds in the starting powder; the Ube SN E-10
a-Si3N, powder typically contains around 4 vol.% [3-SizNy,
present as extremely fine diameter needles (typically <100 nm
diameter) with high aspect ratios (typically >10:1). The
extended milling treatment can be expected to reduce the -
SizN,4 seed aspect ratio, thus increasing the effective number
density of the 3-Si3;Ny particles in the starting powder. Kramer
et al. [31] have proposed that a minimum B-SizN, grain
diameter, d..;, is necessary for the ““seed” particles to be able to
grow. Extended duration milling is likely to both increase the
number of B-SizN, particles, by breaking high aspect ratio
grains into shorter lengths, and possibly slightly reduce the
grain diameter through mechanical attrition. However, it is
proposed that the number of effective grains exceeding d. is
still increased in the present case, such that a higher
concentration of seed-grains is obtained for heterogeneous
nucleation, resulting in a more uniform final grain size and
aspect ratio.

4. Summary

The present work has demonstrated a simple procedure to
prepare B-SizN, seed crystals at moderately low processing
temperatures. A low volume fraction of combined oxide
sintering additives was used to lower the a- to B-SizN,4 phase
transformation temperature, such that complete transformation
could be achieved at ~1600 °C. Fully transformed B-SizN4
seed crystals, with an approximate aspect ratio of 4:1, were
subsequently prepared by heat-treatment at 1625 °C for a
period of 4 h. A further benefit of this process is that the
crystalline/glass intergranular phase that is formed is more
amenable to acidic dissolution, such that a 24 h soak at room
temperature in dilute HF was sufficient to liberate individual 3-
SizN, seed grains.
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