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Abstract

A model system consisting of coarse SiC (32-160 pum) as starting powder and Y,O3; and AIN as sintering additives was liquid
phase sintered. Coarse-grained starting powder led to large intergranular phase regions which allowed an accurate determination of
the chemical composition by wavelength-dispersive X-ray microanalysis (WDS). When N, was used as sintering atmosphere, a
N-rich amorphous phase (about 44 at.% N) was identified by WDS to be the main triple-junction phase in the sintered SiC cera-
mics, while three further crystalline intergranular phases were AIN, Y,SiN4O3 and an O-rich phase (YoAl,Si30,3Ny). The overall O
content was found to be reduced in comparison to the initial powder composition. The incorporation of N from the sintering
atmosphere into the intergranular phase and a subsequent carbothermal reduction are believed to be responsible for the removal of
O and the formation of the N-rich amorphous phase. © 2002 Published by Elsevier Science Ltd.
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1. Introduction

Because of the very significant influence of the inter-
granular phases on sintering behavior and mechanical
properties, quantitative identification of their chemical
compositions is of great value for the design of high-
performance SiC ceramics. A beneficial additive system
has been proven to be Y,O5~AIN.'—3 However, because
of the very fine microstructural features of SiC ceramics
densified with the additives from this system, which are
in the sub-pm range, precise compositional identifica-
tion of the intergranular phases has not been achieved
yet. Therefore, in the present work, a model system was
studied using coarse SiC powders (32-160 pm) for
liquid-phase sintering, resulting in microstructural fea-
tures coarse enough for the spatial resolution offered by
wavelength-dispersive X-ray spectrometry (WDS). WDS
using the scanning electron microscope is an excellent
method for the quantitative analysis of chemical com-
positions because of its high accuracy and ability to
quantify light elements (including C, N and O). The
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intergranular regions are shown to contain large
amounts of a N-rich amorphous phase which had not
been described up to now.

2. Experimental procedure

The starting materials were a raw Acheson SiC pow-
der (ESK Delfzijl) and fine AIN (Grade C, H. C. Starck)
and Y,0; (Grade C, H. C. Starck) powders. The SiC
powder had an o:f ratio of 3:2 and a SiO, content of 2
wt.%. Two sieves (32 and 160 pm) were used to separate
the SiC powder into three fractions with particle sizes of
<32 pm, 32-160 pm, and > 160 pm. The intermediate
fraction, with a volume weighted mean particle size of
64 pum, as measured by laser granulometry (Alcatel,
France), was selected for sintering. The compositions of
various powder mixtures prepared and the nomen-
clature used to describe the samples are specified in
Table 1. The mixtures were prepared in a Turbula mixer
for 72 h using 5 wt.% PVB (polyvinyl butyral) as a
binder. The powder mixtures were cold isostatically
pressed at 600 MPa into green bodies having a cylind-
rical shape. The green bodies were then slowly heated,
at a rate of 0.16 K/min, to 500 °C in air in order to burn

0955-2219/02/$ - see front matter © 2002 Published by Elsevier Science Ltd.

PII: S0955-2219(02)00006-7



2380 H. Ye et al. | Journal of the European Ceramic Society 22 (2002) 2379-2387

Table 1
Compositions and sintering conditions of SiC samples

Table 2
Characteristics of liquid-phase sintered SiC samples

Sample SiC: Y,03: Sintering Sample Weight Relative  Content of intergranular phase
additive  AIN condition loss density (Image C point-analysis) (%)
(vol.%) (mol%) (%) (%)

C-60AIN-Ar 90:10 40:60 1950 °C, 60 min, 1 MPa Ar C-60AIN-Ar 2.8 66.8 5.6

C-80AIN-N2  90:10 20:80 1950 °C, 60 min, 1 MPa N2 C-80AIN-N2 2.2 68.8 16.5

C-60AIN-N2  90:10 40:60 1950 °C, 60 min, 1 MPa N2 C-60AIN-N2 1.8 67.9 16.0

C-40AIN-N2  90:10 60:40 1950 °C, 60 min, 1 MPa N2 C-40AIN-N2 1.8 67.4 15.1

C-25AIN-N2 90:10 75:25 1950 °C, 60 min, 1 MPa N2 C-25AIN-N2 1.6 67 17.6

out the binder. Finally, sintering was performed in a
gas-pressure furnace (FCT, Germany) with a graphite
heating element in an argon or N, atmosphere. The
sintering conditions of various samples are summarized
in Table 1. After sintering the samples were cooled at a
rate of 20 K/min to 1500 °C and then at a rate of ~50
K/min to room temperature.

The densities of sintered samples were measured using
Archimedes” method. The theoretical densities of the
different compositions were calculated based on the rule
of mixtures, by taking the density of SiC (containing 2
wt.% Si0») as 3.18 g/cm?, Y,05 as 5.02 g/cm® and AIN
as 3.26 g/cm?. The relative densities were thus available
by comparing the measured densities and the theoretical
densities. The weight loss during sintering was calculated
by weighing the green and sintered bodies. X-ray powder
diffractometry (Siemens D5000, Cu K, radiation) was
performed to identify the crystalline phases. Micro-
structures were observed by using scanning electron
microscopy (DSM982, Zeiss) and transmission electron
microscopy (JEM 4000EX, JEOL). The content of the
intergranular phase was evaluated by analyzing the SEM
images using ImageC point-analysis software (Imtronic
GmbH). X-ray wavelength-dispersive spectrometry
(SX100, Cameca) was used to perform both quantitative
electron probe microanalysis with a spatial resolution of
I um and elemental mapping with an image size of
576x399 pixels and total scanning time of 20 h. At least
10 points were measured for every phase to obtain
statistically meaningful results.

3. Results and discussion
3.1. Overall microstructure and composition

Table 2 gives an overview of the relative density and
weight loss after liquid-phase sintering of the materials
investigated. The sintering conditions, chosen to allow
fine-grained SiC to be sintered to full density,' lead to
a relative density around 67%. Fig. 1 shows the SEM
micrographs of the sintered coarse SiC samples.
Obviously, the intergranular spaces among the coarse
SiC grains were too large to be completely filled by the

liquid phase that forms during sintering, thus prevent-
ing complete rearrangement of the SiC grains and leav-
ing large pores behind. These large pores are visible in
all the samples sintered in Ar and N», which explains the
low value of the measured relative densities. Although
increasing the quantity of additives or extending the
sintering time should allow to increase the final density,
these methods are not adopted in the present model
experiment because of two reasons. First, the sintering
conditions should simulate the technologically relevant
systems.! Second, local densification already exists at
many locations in the samples as can be seen in Fig. 1.
In regions where the liquid phase has completely filled
the intergranular spaces, compositional analysis by
WDS is feasible.

The relative intergranular phase content is found by
evaluating Fig. 1 with a special software (ImageC point-
analysis). The bright phase in Fig. 1 is considered as the
intergranular phase, the gray phase as SiC grains and
the dark phase as holes. The content of the inter-
granular phase C is calculated by

. Number of points over bright phase
" Number of points over bright and gray phases

()

The result is shown in Table 2. It is obvious that the
SiC sample sintered in Ar (C-60AIN-Ar) contains a
smaller amount of intergranular phase (5.6%) than those
sintered in N, atmosphere (from 15.1 to 17.6%), despite
the fact that the green bodies contain the same volume of
additives. This is because the decomposition reaction of
the additive AIN at the sintering temperature,

2AIN — 2A1 (1) +Ns () ©)

can be efficiently suppressed by a N, atmosphere,>*
but not in the case of an Ar sintering atmosphere. The
decomposition of AIN can even be accelerated in the
present model experiment because porous micro-
structures supply fast channels for releasing N, gas and
thus encourage the reaction to proceed to the right side.
This reason can also serve to explain the lower relative
density and higher weight loss of the sample sintered in
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Fig. 1. Backscatted-electron SEM images of liquid-phase sintered coarse SiC: (a) sample C-60AIN-Ar, (b) sample C-25AIN-N2, (c¢) sample

C-40AIN-N2, (d) sample C-60AIN-N2, (e¢) sample C-80AIN-N2.

Ar, as shown in Table 2. Comparing the SEM micro-
graphs of samples sintered in N, (Fig. 1b—e), no obvious
structural difference can be found. The change of the
ratio of Y,O; to AIN seemingly did not affect the
total quantity and distribution of liquid phase in the
intergranular spaces.

The XRD pattern of the sample sintered in Ar (C-
60AIN-Ar) is shown in Fig. 2a. a-SiC and B-SiC are the
major crystalline phases. Minor crystalline phases are
identified to be Y,03; (JCPDS Nr. 43-0661°) and

Y10A12Si3018N4 (JCPDS Nr. 32*1426) which has fre-
quently been detected when using Y,O;—AIN as sinter-
ing additives.'=> The XRD patterns of samples sintered
in N, (Fig. 2b) indicate that they also contain o-SiC and
B-SiC as major phases and YoAl,SizOg3N4 as minor
phase; the difference is that a more N-rich phase,
Y,SiN4O3 (JCPDS Nr. 30-1460), and AIN (JCPDS Nr.
80-0010) are also identified as minor phases. With the
increase of the Y,O3 to AIN ratio in the additives, the
amount of Y ;oAlSisO;gN, increases and that of
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Fig. 2. XRD analyses of liquid-phase sintered coarse SiC: (a) sample sintered in Ar atmosphere, (b) sample sintered in N, atmosphere.
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Fig. 3. TEM image and selected-area electron diffraction pattern of the intergranular phase in C-60AIN-N2, showing that the intergranular phase is

amorphous.

Y,SiN4O3 and AIN decreases (cf. Fig. 2b), but as shown
in the SEM images, the total amount of intergranular
phases stays nearly constant (cf. Fig. 1 and Table 2).
Transmission electron microscopy was performed as
shown in Fig. 3. Selected-area electron diffraction
(SAD) was utilized to prove that the main part of the
intergranular material was amorphous. In other words,
the minor crystalline phases detected by XRD represent
only a small portion of the intergranular phase, high-
lighting the significance of microanalytical methods for
identifying the composition of inter-crystalline phases.

3.2. Chemical composition of intergranular phases

In backscattered-electron SEM images (e.g. Fig. 1d),
there is a dark gray phase with facetted shapes, which is
recognised as SiC, a light gray phase and spots of a
bright white phase. Pores appear black. The light gray
phase is distributed all over the intergranular regions and
constitutes the main part of the intergranular phases.
The WDS analysis results on the light gray inter-
granular phase of the samples sintered in Ar and N, are
summarized in Fig. 4. An O-rich oxynitride phase,
which is commonly observed as the main intergranular

phase of liquid-phase sintered SizN, ceramics,® was also
identified to account for the main part of the inter-
granular material in the SiC sample sintered in Ar (see
Fig. 4a). In sharp contrast, a new amorphous phase
which is rich in N, but depleted of O, was found to
occupy much of the intergranular space in the SiC
model systems sintered in N, (see Fig. 4b). The compo-
sition of this new phase remains stable as the ratio of
Y,0;5 to AIN in the additive is changed. Neither the O-
rich phase in Fig. 4a nor the N-rich phases in Fig. 4b is
corresponding to any crystalline phases identified by
XRD analyses (Fig. 2), indicating that this main part of
the intergranular phase with a light gray color in SEM
images is amorphous, in agreement with the SAD
observation (Fig. 3).

It is reasonable to consider that the O-rich phase in
Fig. 4a originates from melting of the sintering additives
Y,03 and AIN, together with the SiO, introduced by
surface oxidation of the SiC powder, at the lowest
eutectic temperature of 1300—1350 °C which is available
in the Y-Si-Al-O-N system.”® According to the solu-
tion—reprecipitation sintering mechanism,® small SiC
grains may dissolve into the liquid intergranular phase
and reprecipitate on larger SiC grains when saturation
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Fig. 4. WDS results on the amorphous intergranular phase of liquid phase sintered SiC, (a) sintered in Ar, (b) sintered in N,. (Std. Dev. =standard

deviation).

of the melt is reached. The overall composition of the
melt remains within the glass-forming range of the Y—
Si-Al-O-N system,”® although carbon is known to
facilitate the crystallization of silicate glasses at high
temperatures.'® Hence, upon cooling, O, Y, N, Al, and
dissolved Si and C form the amorphous oxynitride
phase with the composition shown in Fig. 4a.

To understand the origin of the N-rich phase in SiC
samples sintered in N, and its distribution over the

intergranular space, WDS maps are helpful. Fig. 5
shows a BSE image together with maps of the element
distribution in sample C-60AIN-N,. Corresponding to
the light gray intergranular phase which is visible in
Fig. 5, the Y, N and Si maps (Fig. 5b—d) show a homo-
genous distribution of these elements over the inter-
granular regions, while O is nearly absent (see Fig. 5f,
the regions with bright color marked by circles are due
to pores with oxidized surfaces, corresponding to the
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Fig. 5. WDS X-ray maps of the element distribution in C-60AIN-N2: (a) BSE image, (b) Y map, (c) N map, (d) Si map, (¢) O map, (f) Al map. The
cycles in the O map mark the position of holes, corresponding to the black regions in the BSE image.

black regions in the BSE image, Fig. 5a). The absence of
O in the intergranular phase proves the important effect
of N, as sintering atmosphere on the interfacial chem-
istry. During the heating period, the sintering behavior
should be similar to that in Ar atmosphere, with an O-
rich liquid phase forming between the SiC grains. At
elevated temperatures, dissolution of N, into the liquid
intergranular phase causes a sharp increase of its N
content, while the decomposition reaction between SiC
and oxides, such as SiO,, which is always present on the
surface of SiC powder, causes a decrease in O content,
according to equations

SiC 4 28i0, < 3Si0 (g) + CO (g), )

2SiC + Si0, «—> 3Si (/) +2CO (g). 4)

The liquid Si may form bonds to dissolved N to form
intergranular phases, which in turn encourages both the
decomposition reaction and the dissolution of N.
Finally, after a long enough sintering time, the N-rich
amorphous phase would occupy the whole intergranular
space. Although the low O content places its composi-
tion outside the established glass-forming range of the
Y-Si-Al-O-N system,”® the amorphous state of the
intergranular phase is retained under the present cooling
conditions, because high N content leads to a very high
viscosity of silicate glass melts.!! Thus, crystallization is
kinetically inhibited.
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3.3. Crystalline intergranular phases situated inside larger pockets of intergranular material
where it is less exposed to the N, atmosphere during
Although the main part of the intergranular phases sintering (cf. Fig. 6).

remains amorphous during cooling, local crystallization The identification of the N-rich amorphous phase in
is always present. Three crystalline intergranular phases, the last section and of the N-rich crystalline phase
corresponding to the XRD results (Fig. 2b), have been Y,SiN4Os5 in the present section reveals the strong effect
found in the samples sintered in N,. One of them is of the incorporation of N on the composition of the
AIN, the element distribution of which can be clearly intergranular phases. Although using coarse SiC as
seen in Fig. 5f (Al map) and Fig. 5d (N map). starting powder causes the model system to stay far
Obviously, the solubility of AIN in the N-rich liquid away from equilibrium during sintering, it is reasonable
phase is not high under the present sintering conditions. to consider that under the same sintering conditions,
The Al content in the main intergranular phase always similar incorporation of N and similar interfacial reac-
stays at a level of 2-3 at.% (see Fig. 4b). The rest tions should happen when fine SiC powders are used for
remains as excess crystalline AIN. A second crystalline sintering. Therefore, the measured compositions of the
phase appears as small spots in the N map (Fig. 5d, intergranular phases in this model experiment can serve
marked by arrows) but is absent in the Al map (Fig. 5f), as a reference for understanding the intergranular pha-
indicating that it is a N-rich phase, corresponding to ses in technologically relevant systems sintered from fine
Y,SiN4O3 which was identified by XRD. Both these powders.
crystalline phases show dark gray color in BSE images Generally, N-rich glass has a higher glass transition
(Fig. 5a), similar to SiC grains. In contrast, the third temperature than silicate glass and therefore, softening
intergranular crystalline phase appears as small bright of the material is shifted to higher temperatures.® The
white spots in BSE images (cf. Fig. 6). The WDS design of the additive composition and sintering process
measurement indicates that it is a more O-rich phase. to remove all secondary phases in favour of the forma-
The composition of this phase corresponds to the tion of the N-rich glass can improve the high-tempera-
Y 10ALSi30,3N,4 phase identified by XRD (Fig. 2). This ture strength retention and possibly also the creep
O-rich crystalline phase (Y;pAlSis03Ny) is always resistance significantly.

- 60,0

s 50,0 -

E 40,0

8 30,0

£ 20,0 ]

£ 10,0 | 7] : 1| L

P oemo W

Y O Al N |8 |cC

. |mGray Phase | 13,125 2934 2,837 | 46,423 20,146 14,535

Nitrogen -rich phase

60,0
50,0
40,0
30,0

20,0 H

100 | || | il

00 i — | | rl M
Y O A | N | S C |

‘W \White Phase 24,595 49,425 1,608 | 12,116 8,302 3,954 |

Element Content, at%

Oxynitride phase

Fig. 6. SEM image and WDS results of C-60AIN-N2, showing the existence of an oxynitride phase with a stoichiometry close to YoAl,Siz;OgN, as
a secondary intergranular phase.
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4. Conclusion

A nitrogen-rich amorphous phase was identified to be
the main intergranular phase in coarse-grained SiC sin-
tered with Y,O3—AIN additives in N, atmosphere, while
three further secondary intergranular phases were AIN,
YzSiN403, and Y10A12Si3018N4, respectively. The hlgh
incorporation of N, from the sintering atmosphere into
the intergranular phase leads to an increase of the N
content in the intergranular phase and encourages the
decomposition reaction between oxides and SiC grains.
Together, these two effects can serve to explain the deple-
tion in O and the formation of the N-rich amorphous
phase in the intergranular spaces.
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