JOURNAL OF MATERIALS SCIENCE 31 (1996) 1647-1651

Microstructures of ultrafine Si;N, powder compacts
induced by rapid heating under controlled

thermograms
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The rapid heating of ultrafine Si;N, powder compacts with relatively high oxygen content
was investigated with particular attention to their microstructures. The specimens were
heated without resorting to additives and pressure under controlled thermograms attained
by an Xe image heating apparatus. The effects of particle size and oxygen contents,

as well as heating conditions, were investigated. When fired to 1700 °C within 15 s and
then immediately held at 1350°C for 10 min in N, atmosphere, significant densification
took place in the limited region, in addition to decreasing the oxygen content to less
than 0.3wt%. This decrease of oxygen content was drastic and found to be a prominent
feature of this heating process; especially, weakly oxidized ultrafine powder less than

30 nm was found to be advantageous to obtain uniform and homogeneous Si;N,

microstructures.

1. Introduction

Generally, covalently bonded substances are difficult
to densify by conventional firing processes because of
the very low diffusion coefficients of the constituent
atoms [1, 2]. To date, these ceramic powders have not
been densified by a conventional sintering process
without resorting to additives or pressure. However,
several researchers [3, 4] indicated that it would be
possible to densify pure covalent materials when the
starting powders are sufficiently fine and pure and
when volume diffusion dominates all mechanisms. As
the synthesized powders become finer and purer,
however, they are more apt to be oxidized, and these
oxidized ultrafine powders may also accelerate
evaporation and surface diffusion at low temperature,
which will cause particle coarsening at a conventional
slow heating rate, and hinder densification. In
this coarsening process, oxygen has been considered
to be consumed in forming SiO vapour, which takes
a part in the coarsening (growth) mechanism [5, 6].
Therefore, it is anticipated that heating the compacts
very rapidly to the SiO evaporation temperature
within a few seconds will eliminate oxygen and then
immediately holding the sample at a relatively lower
temperature will prevent decomposition of Si;N,.

In the present study, therefore, compacts of weakly
and heavily oxidized ultrafine SisN, powders were
heated under controlled thermograms using Xe lamp
image heating apparatus, and the effects of particle
size and oxygen content in the specimens on the
derived microstructures were investigated.

0022-2461 © 1996 Chapman & Hall

2. Experimental procedure

The starting materials were ultrafine amorphous
SizNg (about 20 nm) prepared in the laboratory by
a hybrid plasma process [7]. The oxygen contents of
the prepared powders increased gradually with lapse
of time because of surface oxidation, as shown in
Fig. 1; though the oxygen content may include the
effects of adsorption of water vapour on the surface of
ultrafine powder. Relatively pure ultrafine amorphous
Si3N, powders were more apt to be oxidized because
of unstable Si-N bonding. Impurities contents have
not been analysed directly: however, trace metal ele-
ments in the synthesized powders, such as Al, Fe and
Ca, could be greatly minimized in the hybrid plasma
system [8-10]. The characteristics of the ultrafine
SizN, powders are represented in Table 1. Green
compacts (about 1.7 gecm™3) 5mm in diameter and
0.5 mm thick were formed at a pressure of 2.0 GPa
without additives. A schematic drawing of the Xe
lamp image heating apparatus consists of an elliptical
reflector and a light source, as shown in Fig. 2.
A transparent quartz tube (45mm diameter and
500 mm long) surrounds the sample, and N, gas is
passed into the tube. The thermal image heating char-
acteristics are evaluated as follows. A 0.5 mm diameter
hole with a depth 2.5 mm was bored through the side
of a carbon pellet (Smm in diameter and 1.5 mm
thick). A W-5% Re and W-26% Re thermocouple
was placed in the hole, in which the carbon powder
was packed. The time variation of the temperature of
this carbon pellet set in the BN holder was measured
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Figure 1 Nitrogen and oxygen. content changes of ultrafine
amorphous Si3N, powder as a function of exposed time in air: (@)
completely amorphous powder (N, 37wt %; O, 22wt %) and (O)
partially crystallized one (N, 34wt%; O, 10wt %; o-SizNy,
20wt %).

during irradiation, while regulating the supplied
power and/or its position. As shown by Fig. 3, ob-
tained thermograms indicate that the specimens can
be heated rapidly to 1800°C within a few seconds, as
well as be held immediately at a drastically lower
temperature. Here, Ry, Ry, R, and R represent the
thermograms in each case of firing to 1350, 1650, 1700
and 1800 °C within 15 s and then immediately holding
at 1350 °C for 10 min. The phase of the fired compacts
was determined by X-ray diffractometry (XRD) using
Ni filtered CuK, radiation. Microstructures were ob-
served using a scanning electron microscope (SEM).
A typical specimen after heating is shown in Fig. 4.
For all the specimens, the most densified region, C,
was taken and examined.

3. Results
3.1. Effects of heating conditions and
particle sizes

To investigate the effect of heating conditions on

microstructure, compacts of weakly oxidized ultrafine

Si;N,, powder (sample 1 in Table I) were fired under

thermograms, R,—R;. Fig. 5a-d shows SEM micro-

graphs of the fracture surfaces for the specimens fired

under thermograms, Ry, R;, R, and R, respectively.
When the compacts were fired under thermogram

R,, only slight densification took place (Fig. 5a).

TABLE I Characteristics of Si;N, powders
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Figure 2 Schematic view of a rapid firing apparatus used for the
sintering of ultrafine ceramic powders.
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Figure 3 Thermograms as a function of irradiation time at various
lamp powers. Power off: (O) 615s.

Sample No. Phase® Chemical composition (wt %) Mean particle
- size?
N°® o Al® Fe® Ca® (nm)
1 Amorphous® 37 22 < 0.003 < 0.02 < 0.005 20
960/45° 37 1.8 0.005 0.01 0.005 300
3 Amorphous® 35 15 < 0.003 < 0.02 < 0.005 20
* Determined by XRD.

b Determined by Leco analyser.
¢ Determined by atomic absorption method [8-10].
¢ Determined by TEM.

¢ Powder synthesized by hybrid plasma chemical vapour deposition [7].

£ H. C. Starck, Germany.
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Figure 4 {a) Low magnification SEM of a typical sample. (b—d) are
enlarged micrographs of regions b—d in {a).

However, the compact fired under thermogram R,
exhibited marked densification (Fig. 5b). Furthermore,
when fired under thermogram R, the densified pore-
free domains improved (Fig. 5c). Increased densifica-
tion, as shown by these results, is thought to be caused
by increasing heating rate and higher soaking temper-

ature at the initial stage. In addition, the specimen
fired under thermogram R; showed the partial pre-
cipitation of B-SizN, crystals through liquid Si phase
due to decomposition (Fig. 5d).

To investigate the effect of particle sizes on densify-
ing microstructure, compacts of larger size SizN,
powder with similar oxygen contents to sample
1 (sample 2 in Table 1) were fired under thermograms
R,—R; respectively. As shown by Fig. 6a, b, fired
bodies under thermograms R, and R; exhibit no den-
sified microstructures. However, firing under thermo-
grams R, and R; lead to marked densification (Fig. 6¢
or d). Significant deviation from the densifying behav-
iours of ultrafine powder compacts is clearly found by
comparing Figs 6 and 5. An important observation is
that the large size Si;N, powder compacts are highly
coarsened at thermograms R, and R; where the
ultrafine powder compacts have undergone much
densification. Interestingly, oxygen contents in all the
specimens fired at various thermograms decreased to
below 0.3 wt % irrespective of particle size.

3.2. Effect of oxygen content

The effect of oxygen content in the specimens on the
microstructure was investigated by firing compacts of
highly oxidized ultrafine SisN, powder (sample 3 in
Table I) under thermograms Ry—R ;. Fig. 7a-d shows

Figure 5 Fiect of heating conditions on microstructure of the fracture surfaces for specimens of weakly oxidized ultrafine Si;N, (sample 1 in
Table I); Micrographs {a—d) correspond to those fired under thermograms Ry, Ry, R; and R; in Fig. 3, respectively.
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Figure 6 Effect of heating conditions on microstructure of the
fracture surfaces for specimens of large size Siz;N,4 (sample 2 in
Table I} Micrographs (a—d) correspond to those fired under
thermograms Ry, Ry, R, and R; in- Fig. 3, respectively.

Figure 7 Effect of heating conditions on microstructure of fracture
surfaces for specimens of heavily oxidized ultrafine Si;N, (sample
3 in Table I} Micrographs (a-d) correspond to those fired under
thermograms Ry, Ry, R, and R; in Fig. 3, respectively.
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SEM micrographs of the fracture surface of the speci-
mens fired under thermograms Ry—R;, respectively.
When the compacts were fired under thermogram R,
only a-SizN, coarsening took place (Fig. 7a). The
observed formation and growth of a-SizN, is thought
to be a consequence of dominating surface diffusion
and/or vapour phase transport. However, compacts
fired under thermogram R exhibit marked densifica-
tion as shown by Fig. 7b. Furthermore, when fired
under thermogram R,, densification of the compact
was improved drastically (Fig. 7c). Although, the effec-
tiveness of increasing heating rate and higher soaking
temperature at an initial stage on promoting densifica-
tion is noticeable in this case, coarsening phenomena
due to oxygen proceed considerably as shown by
comparing Figs 7a—c and 5a—c. In addition, the speci-
men fired under thermogram R; shows a rapid growth
of B-Si3N, crystals (Fig. 7d), which is thought to be
caused by increasing evaporation rate due to higher
oxygen content [8]. However, it may be noteworthy
that residual oxygen contents in all the fired specimens
decreased to less than 0.3 wt %, although initial oxy-
gen contents were excessive (about 15wt %).

4, Discussion

The use of small size powder to achieve a greater
densification rate and higher final density is well es-
tablished in the sintering technology of metals and
oxide ceramics. For instance [11], fine size Al,O,
{( ~1.0 um) samples could be sintered at 1150°C to
relative density >99.5%. Considering the fact [12]
that diffusion coefficients of bulk Al,O4 decrease from
10712 to 10718 cm?s ™! orders with decreasing firing
temperature from 1700 to 1150°C, using fine sized
powders may contribute to increasing the sintering
diffusion coefficients several orders of magnitude over
that of the bulk powder. Similarly, it was anticipated
that using ultrafine Si;N, powder and heating to
higher temperature may make it possible to obtain
sintered bodies. To date, however, many researchers
have revealed that, pure Si;N, densified microstruc-
tures cannot be obtained using ultrafine oxidized
Si;N, powder, which may be caused mainly by par-
ticle coarsening at an initial stage. In this study, speci-
mens with a large amount of oxygen content (Fig. 7a)
or large sized particle (Fig. 6a) did not show the
densified microstructures in the case of firing under
thermogram Ry. However, significant improvement in

the densification can be achieved by heating under
thermogram R,. This finding clearly suggests that
initial heating of a specimen to 1700°C within 15s
accelerates the evaporation of SiO and decreases oxy-
gen content, which enhances the desired densifying
transport mechanism (volume diffusion) at the holding
stage.

6. Conclusions

Rapid heating to relatively higher temperature within
a few second as well as holding the sample immedi-
ately at a relatively lower temperature was found to be
very effective for densifying oxidized Si;N, compacts
with drastically decreasing oxygen contents. Using
this heating process, highly densified SizNy,
microstructures with oxygen contents less than
0.3 wt % can be obtained using relatively low oxygen
containing ultrafine powders less than 30 nm in size.
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