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SizN4 ceramics formed by HIP using different
oxide additions - relation between
microstructure and properties
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SizN,4-based ceramic materials formed by glass encapsulation and hot isostatic pressing (HIP)
using different additions of Al,O5, Y,03 and ZrO, have been characterized by analytical electron
microscopy and X-ray diffractometry. The microstructures have been related to formation process
and to room temperature hardness and fracture toughness of the ceramics. A high volume fraction
of retained a-SizN, after processing at 1550 °C gave the Si;N, ceramics high hardness. The
equi-axed grain morphology of the SizN, matrices in these materials, which contained only small
amounts of residual glass, resulted in comparatively low fracture toughness values. Processing at
1750 °C reduced the amount of retained a-Siz;N, substantially. When Y,0; was added, the
microstructure contained a comparatively large volume fraction of residual glass, and the Si;N,
was present mainly as high aspect ratio B-Si;N, grains. This type of microstructure gave an Siz;N,
ceramic material with high fracture toughness combined with a lower hardness. Additions of ZrO,
and/or Al, O3 resulted also at 1750 °C in an extremely small volume fraction of residual glass, and
a major part of the SizN, was present as equi-axed grains. These ceramics exhibited medium
hardness and toughness values, however, larger additions of ZrO, appeared to slightly increase

toughness.

1. Introduction
The compound Si;N, has an extremely low self diffus-
ivity due to the strongly covalent character of the
Si—N bond. In order to obtain dense Si;N, bodies by
solidification of Si;N, powder compacts, additions of
metal oxide sintering aids are thus generally required.
At the sintering temperature, the oxide additives react
with the silica present on the Si;N, powder particles
and some of the Si;Ny, and an oxynitride liquid phase
is formed which acts as mass transport medium during
densification [1-4]. Upon cooling, a residual inter-
granular glassy phase, and possibly also secondary
crystalline phases, will form from the liquid [3, 5].
These phases often degrade mechanical properties,
particularly at elevated temperatures, and may also
have a detrimental effect on the oxidation resistance of
the ceramic [3, 5-8]. It is hence of considerable inter-
est to form SizN, ceramics with a minimum of metal
oxide additives. The development of glass encapsula-
tion followed by hot isostatic pressing (HIP) has en-
abled the formation of fully dense Si;N, bodies using
only small amounts of sintering aids [9].
Si;Ny-based ceramic materials have a high poten-
tial for a number of structural applications with dif-
ferent requirements on mechanical and chemical
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properties. As an example, some types of SizN,-based
ceramics have been successfully employed as cutting
tools for machining of aerospace alloys and cast iron
(10, 11]. This is an application where a relatively high
fracture toughness of the ceramic is required. A high
hardness is, on the other hand, desirable in applica-
tions like sealing devices and blast nozzles.

Recent work on SizN,-based ceramics formed by
HIP has shown that it is possible to control room
temperature mechanical properties, such as hardness
and fracture toughness, via parameters in the forma-
tion process, Fig. 1 [12]. It was established that type
and amount of oxide sintering additive, as well as time
and temperature of HIP, played an important role in
determining the performance of the ceramic material.
Primarily, various small amounts of Y,O5, Al,O5 and
ZrO, were added to the Siz;N, ceramics, but it was
also found that larger additions of oxide sintering aids,
particularly ZrO,, could indeed be used to give the
ceramic a favourable combination of hardness and
toughness [12].

The present paper concerns a microstructural char-
acterization of the different SiyN,-based ceramics in
the hardness—fracture toughness diagram in Fig. 1.
Special attention has been given to the relation
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between fabrication process and microstructure, as
well as to how resulting microstructure affects the
properties of the ceramic.

2. Experimental procedure
The Si;N,4 ceramics were formed by glass encapsula-
tion followed by HIP at a pressure of 200 MPa. Three
different processing conditions were employed: 2h at
1550°C, 1h at 1750°C and 2h at 1750°C. Table
I gives the different compositions of the Si;N, ceram-
ics which were prepared in the present investigation.
The Si;N, starting powder was H. C. Starck-Berlin,
LC1, which contains 94-95% «-SizN, and has an
oxygen content which corresponds to 2.9 wt % surface
Si0;. The different oxide additives were ZrO,(Chema
Tex, SC16), ZrO, stabilized with 3mol% Y,O;
{TOSOH, TZ-3Y), Al,O4 (Alcoa, A165G) and Y,0;
(H. C. Starck, Finest). A detailed description of the
preHIP processing is given by Ekstrom et al. [12].
Microstructural characterization was carried out by

X-ray diffractometry and analytical electron micro-
scopy using scanning and transmission microscopy
(SEM, TEM, STEM) with energy dispersive X-ray
analysis (EDX). Specimens for SEM were prepared by
diamond polishing followed by plasma etching using
CF, gas. This technique removes, preferentially,
grains of SizN, and Si,N,O which leaves a network
containing the grain boundary phases. A CamScan
54-80DV scanning electron microscope. was used for
analysis. Thin foils for TEM and STEM were pre-
pared from 0.5 mm thin slices cut by a high speed
diamond saw. These slices were ground, diamond
polished and ion beam milled to electron transpar-
ency. The thin foils were investigated in a Jeol 2000-
FX TEM/STEM/SEM instrument with an attached
Link EDX system for quantitative elemental analysis.
In order to avoid charging in the electron microscope
all samples were coated with a thin evaporated carbon
film.

Phase compositions were determined by X-ray dif-
fractometry of polished sections. The relative amount
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Figure 1 Hardness and fracture toughness of the Si;N, based materials in the present investigation. Three different classes of materials, I, II,

and III, with different mechanical properties could be identified.

TABLE I Oxide additions (in wt %) and processing conditions given together with phase compositions of the Si;N4 ceramics in the present

investigation

AL Oj Y,0; ZrO, 1550°C, 2h 1750°C, 1h 1750°C; 2h
2 / / %, B,S o, B, S o, B, S
/ 2 / o, B,p o B, S B,S

2 2 / o, B, S o, B,S B,S

2 / 2 o, Bt o, B,S,t o, B,S,t
/ 2 10 o B, S, t,p B,S,t

2 2 10 o, B, S, t 8,S,t

/ / 200 2 B,S,t,p B,S,t

2 / 202 o, B, t B,S,t

/ 4 / &, B’ Ss P x, Ba S

2 4 / o, B,S B,S

4 4 / o, B,S B,S

4 2 / o, B, S o, B,S

4 6 / o B o, B

/ 2 58 o, B,S,t,p o, B,S.t

/ 2 5 o, B,S,t,p B,S,t

2 / 52 o, B, S, t B,8,t

2 / 5 o, B, S, m, t B,S,m,t

/ 6 / o, B

a: o-SizNy, B: B-SizNy, S: Si; N, O, m, t: monoclinic, tetragonal ZrQ,, p: porous, * prereacted with 3 mol % Y,0;.
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of retained o-Si;Ny after processing, referred to as the
Q-value, was determined by peak intensity ratios,
o/ (o + B), from X-ray diffractograms. In these calcu-
lations, integrated intensities of the (102) and (210)
peaks from the o phase and the (10 1) and (2 1 0) peaks
from the P phase were used. The crystal structure of
the ZrQ, grains in materials formed with additions of
ZrO, powder was determined in a similar way by T,
which is the peak height ratio tetragonal-{(tetra-
gonal + monoclinic). Integrated intensities from the
tetragonal (11 1) and (202) and the monoclinic (1 11)
and (1 1-1) reflections were used for calculation of 7.
A detailed discussion of the X-ray diffractometry ana-
lysis is given in reference [12].

A possible incorporation of Al and O into the
B-SisNy lattice during densification of the Al,O; con-
taining Si; N, ceramics was estimated by the z value in
the B sialon formula, Sig_,Al,O,Ng_,. The z values
were determined from Al-Si ratios obtained by EDX
in STEM of individual B-SizN, grains.

3. Results
3.1. The general microstructure of the
SizN, ceramics

The general microstructure of the different Si;N,-
based ceramics consisted of a- and B-SizNg, Si,N,O
and a residual intergranular glassy phase, see Table 1.
When ZrO, powder was added to the starting powder
mixture, the ceramic also contained grains of ZrQ,.

The volume fractions of the different phases were
strongly dependent upon both composition and pro-
cess, i.e. time and temperature of HIP. As indicated in
Table I, some of the compositions did not result in
fully dense bodies.

With respect to the morphology of the Si; N, grains
and the intergranular microstructure, the samples
could schematically be divided into three groups
which in the following will be denoted A, B and C.
Group A contains all samples HIPed for 2h at
1550°C. The Si3N, grains in these microstructures
had in general an irregular shape, and were separated
by a comparatively low volume fraction of residual
glass, Figs 2 and 3. This glass was concentrated to
comparatively small pockets adjacent to smaller, often
faceted, Si;N, grains, Fig. 3. X-ray diffractometry
showed that the Q value varied between 0.56 and 0.86,
Fig. 4; thus a significant volume fraction of the o-
Si;N, had not transformed to the f structure. Mater-
ials formed without an addition of Al,O,; did not
achieve full density at 1550 °C, see Table I and Fig. 2b.

Group B contains samples densified at 1750 °C with
a separate addition of Y,0;. These materials con-
tained the highest volume fraction of residual glass,
and the glassy phase was present as thin intergranular
films merging into pockets at multigrain junctions,
Figs 2¢, 5 and 6. EDX analysis of a number of larger
glass pockets ( > 100 nm) showed that the residual
glassy phase contained varying amounts of cations
from the sintering aids, i.e. the composition of the glass

Figure 2 SEM micrographs of plasma etched surfaces. The Si;N, and Si,N,O grains (s) have been preferentially etched leaving a network
containing the intergranular phases (i). (a) HIP for 2h at 1550 °C with additions of 2 wt % Y,O; together with 2 wt % Al,O;. (b) HIP at
1550 °C with an addition of 4 wt % Y,O; . Pores (arrowed) are seen on the surface. (c) HIP for 1 h at 1750 °C with an addition of 4 wt % Y,0,
together with 4 wt % Al,O5. (d) HIP for 1h at 1750 °C with an addition of 20 wt % ZrO, prereacted with 3 mol % Y,0;.
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Figure 3 Bright field TEM micrograph of a material HIPed 2h at
1550 °C with addition of 2 wt % Y,0s3, 2 wt % Al,O5 and 10 wt %
ZrO,. The small volume fraction of residual glass was concentrated
to smaller pockets (g) in the microstructure.
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Figure 4 The relative amount of retained «-Si;N,, denoted Q, pres-
ent in the different ceramics as function of processing conditions.

was not homogeneous throughout the microstructure.
Only larger glass pockets were analysed in order to
minimize the effect of beam spreading in the thin foil.
One other significant feature of this class of materials
was that the majority of the B-Si3N, grains had
a faceted cross-section and a relatively high aspect
ratio, Figs 2c and 5.

Group C contains samples HIPed at 1750 °C with-
out the separate Y,Oj; addition. These ceramics had
an extremely low volume fraction of residual glass,
Fig. 7. Only very thin glassy films separating adjacent
grains could be detected in the TEM by centred dark
field imaging using diffuse scattered electrons or by
a defocusing method described by Clarke [13]. In
these SizN, ceramics formed without the separate
Y,Oj; addition, the shape of a majority of the P-SisNy
grains became close to equiaxed, Fig. 8. When Y,O3;
stabilized ZrO, powder was added, however, an in-
creased fraction of the B grains exhibited a higher
aspect ratio, Fig. 9.
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Figure 5 Bright field TEM micrograph showing faceted B-Si;N,
grains (B) separated by glassy pockets (g) in a ceramic HIPed 2 h at
1750°C with an addition of 2 wt % Al,Oj3 together with 2 wt %
Y,0;.

Figure 6 Centred dark field TEM micrograph formed using diffuse
scattered electrons showing the presence of thin glassy grain bound-
ary films (arrowed) merging into glass pockets at multi grain junc-
tions (g). The ceramic was HIPed 1 h at 1750 °C with an addition of
2 wt % Al,O; together with 2 wt % Y,0;.

A majority of the samples in this investigation con-
tained Si;N,O present mainly as larger, elongated,
faulted grains, Fig. 10. When 6 wt % Y,O; was, how-
ever, added separately or together with 4 wt % Al,O;,
Si,N,O did not form at any of the two densification
temperatures 1550 and 1750°C. At 1550°C, three
other compositions did also preclude Si;N,O from
the microstructure, namely SizN, with additions of
2wt% Y,0;, 2wt % Al,O5 together with 2 wt %
ZrO, and 2 wt % Al,O; together with 20 wt % ZrO,
stabilized with 3 mol % Y,03, see Table 1.

3.2. o/(ao + B) SizN, ratio in ceramics
formed with Y,05 and Al,O3

Ceramics densified at 1750°C contained a reduced

amount of retained «-SizN,. The Q values for the

ceramics in groups B and C were determined to be

between zero and 0.08, Figs 4 and 1la. A prolonged

holding time at the densification temperature 1750 °C



Figure 7 Bright field TEM micrograph of a grain boundary in a ceramic densified 2h at 1750°C with an addition of 2 wt % Al,O;.
(a) Overfocused image, (b) underfocused image. The fringe contrast (arrowed) shows the presence of a thin intergranular film [13].

Figure 8 Bright field TEM image showing the equiaxed grain mor-
phology in a ceramic densified 1h at 1750°C with an addition of
2wt % Al,O;.

Figure 9 Bright field TEM micrograph of material HIPed for 1h at
1750°C with an addition of 20 wt % ZrO, prereacted with 3 mol %
Y,O0;. Elongated and faceted B-SisN, grains (B) are surrounded by
grains of ZrO, (z), which have highly irreguiar shapes.

resulted in a further transformation of o to B-SisNy
and this seemed to be promoted by small additions of
Y,0;(2 wt %), Fig. 1lc.

The diagrams in Figs 11a and b indicate that when
the relative Y,0O5 and Al, O contents exceeded some

Figure 10 Bright field TEM image of material densified 1h at
1750 °C with an addition of 2 wt % Y,O3. An Si,N,O grain (SNO),
which is heavily faulted, is located adjacent to B-Si;N, grains (B).

critical values, the amount of unreacted a-Siz;N, in the
HIPed ceramic increased. This is clearly demonstrated
in Fig. 11a, where it can be seen that for a certain
Al, O3 addition, there is a minimum in Q for an Y,0;
content of 4 wt % after densification at 1750°C, 1h.
A similar behaviour is observed for materials formed
with 2wt % Y,0; and varying amounts of Al,O;,
Fig. 11a.

3.3. SizN,4 ceramics formed with ZrO,
In materials formed with additions of ZrO, or ZrO,-
(+ 3mol % Y,03;) powder and densified at 1750 °C,
the o to B Si; N, transformation was complete in most
samples. Only in three materials could small amounts
of retained a be detected by X-ray diffractometry,
see Table I. Addition of 2 wt % ZrO, together with
2wt % Al,0; resulted in a Q value of 0.03 after 1h
and 0.01 after 2h, and Swt% ZrO, (+ 3mol%
Y,0;) added together with 2wt% Y,O0; gave
Q = 0.05 after 1h at this temperature.

The ZrO, was present either as grains with highly
irregular shape filling out space between grains of
Si3Ny and Si,N,O, or as small equiaxed grains, Figs
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2d and 9. As shown in Table I, only one composition,
the addition of 5wt % unstabilized ZrO, together
with 2 wt % Al,Qj, resulted in detectable amounts of
monoclinic ZrQ, in the microstructure. This composi-
tion gave a 7T value of 0.41 after densification at
1550 °C, and a slightly higher value, 0.52, i.e. a smaller
fraction monoclinic phase, after HIP at 1750 °C.

When the Y,0; and the ZrO, were added separ-
ately, it was shown by EDX in the STEM that a signi-
ficant part of the Y,03 was incorporated into the
ZrO, grains during densification. The glassy phase in
these ceramics contained, apart from other cations,
both Y and Zr. The ZrO, phase in Si;N, ceramics
formed with the Y,0O; stabilized ZrO, powder re-
tained the Y, O3 in the densified body. These ceramics
had, as described in Section 3.1, an extremely small
volume fraction of residual glass.

3.4. Incorporation of Al and O into the
B-SizN, grains

When Al,O; was added, EDX in the STEM showed
that Al was dissolved in the B-Si;N, grains which
formed during densification. A detailed investigation
of samples formed at 1750 °C and with 2 wt % Al,Os,
alone or together with other oxide additives, showed
that 2 to 3 wt % Al, with respect to the Si and Al
content, was dissolved in the f structure. This corres-
ponds to z values between 0.13 and 0.18 in the § sialon
formula Sis-:Al,O,Ns-:. Similar results were ob-
tained by lattice parameter refinements of X-ray dif-
fractograms as reported by Ekstrom et al. [12]. When
the Al,O; was added together with Y,O3, the results
from X-ray diffractometry gave z = 0 although EDX
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Figure 11 The relative amount of retained «-Si;N, (Q) as function
of Y,0; addition after HIP at (a) 1750°C (O 0wt% ALO;,
A 2wt % AlOs, [0 4wt% Al,O3) and (b) 1550°C (O 0wt %
AlL,O;, A 2wt % Al,O4, O 4wt % Al,O3). In (¢) (O with Y,0,
addition, O without Y,O; addition), Q is displayed as function of
time at 1750 °C.

showed the presence of small amounts of Al in a num-
ber of the analysed B-SizN, grains.

4. Discussion

4.1. Development of microstructure

4.1.1. Densification process

The densification process is in general described by
the three successive stages of Kingery’s model for
liquid phase sintering [ 14], namely particle rearrange-
ment, solution of a-Si;N, followed by precipitation of
B-Si;N, and coalescence. The requirements on the
liquid phase sintering medium are that there is a suffi-
cient volume fraction of liquid phase which exhibits
complete wetting of the solid phase, and that the solid
phase has an appreciable solubility in the liquid. Dur-
ing consolidation by HIP, the applied high pressure
promotes densification significantly, and equilibrium
may not be attained in the solution-reprecipitation
process before full density is achieved. This will result
in a certain amount of retained «-SizN, in the fully
dense ceramic. The present investigation has shown
that the volume fraction of retained a-Si;N, in HIPed
Si3N,-based materials is dependent not only upon
time and temperature of HIP, but also upon type
and amount of sintering aids as will be discussed in
Section 4.1.2 below.

The metal oxide sintering additives will determine
the eutectic temperature and also the volume fraction
and viscosity of the liquid phase which forms during
densification. The additives used in this work give
eutectic temperatures in the range 1345 to 2380 °C in
the pure oxide systems, see Table II, but it has been
indicated that the presence of N lowers these eutectic
temperatures further [1, 24]. Eutectic temperatures
of 1470, 1480 and 1590 °C have been reported in the
Si0,-Al,03-Si3N,, SiO,-Y,03;-Si3N, and the
Si0,-Zr0,-Si3N, systems, respectively [23]. Fur-
thermore, impurities introduced during powder pro-
cessing will also decrease the eutectic temperature.
This implies, that due to the presence of a larger
volume fraction liquid phase, SizN, ceramics formed



TABLE II Eutectic temperatures of relevant oxide systems

Oxides Eutectic Reference

temperature

80
Sio, 1726° [15]
Si0,-AlLO, 1595 [16]
Si0,-Y,0, 1660 [17]
Si0,-Zr0, 1640 [1]
$i0,-AL0,-Y,0, 1345 [18]
Si0,-Al,05-Zr0, 1539 (calculated) [19]
ALO-Y,0, 1760 [20]
AlLO4 710, 1710 [21]
Y,0,-Zc0, 2380 [22]
Si0,-Y,0,-Si;N, 1470 [23]
Si0,-Al,05-Si;N, 1480 [23]
Si0,-Zr0,-Si;N, 1590 [23]

2 melting temperature

with appropriate additions of Y,0; together with
Al, O, or ZrO, together with Al,O,, would densify
more easily at lower temperatures than ceramics
formed with one single oxide additive. That has also
been found for pressureless sintering of SizN, ceramics
formed with Y,O;, where, generally, small additions
of Al,O5 are used to lower the eutectic temperature
during densification [4].

Despite the applied high pressure, dense SizN,
bodies were not obtained at 1550 °C using only a small
addition of Y,0; or Y,0; together with ZrQO,, see
Table 1. This was also the case when 20 wt % ZrO,
powder stabilized with 3 mol % Y,0 was added; this
material was extremely porous. When Al,O; was
added, however, a single addition of only 2 wt % re-
sulted in full densification under the same processing
conditions. From the discussion above, it can be con-
cluded that the volume fraction of liquid phase in
compacts formed without Al,O; was comparatively
low at 1550 °C, and thus full densification could not be
achieved. At 1750 °C however, the volume fraction of
liquid phase will increase which is in accordance with
the formation of fully dense bodies and the observa-
tion of larger volume fractions of residual glass in
a number of the compacts densified at this temper-
ature.

The presence of Y, as well as an increased concen-
tration of N, in the oxynitride liquids which form in
these systems is known to increase the viscosity of the
liquid, and that will also affect the densification pro-
cess [1, 25]. An increased viscosity of the liquid phase
sintering medium will reduce the shrinkage rate dur-
ing the particle rearrangement stage and also reduce
the material transport through the liquid so that the
o to B SizN, transformation occurs without much
contribution to the shrinkage of the compact [1]. This
may also contribute to the porous nature of compacts
formed with Y,O; but without Al,O; at 1550 °C.

4.1.2. of (o + B) SizN, ratio

There was a general reduction in the amount of
retained o-Si3Ny in the ceramic after processing at
1750 °C, Fig. 4. Since the o- to B-SizN, transformation

takes place via the liquid phase sintering medium, this
may be explained by the increased volume fraction of
liquid at the higher temperature as well as an in-
creased solubility and ion mobility in the liquid. This
would also be affected by the particular metal oxide
sintering aids, and as indicated in Table I and Fig. 11,
certain oxide additives, and combination of additives,
promoted the o to B transformation. Table I indicates
that larger additions of ZrO, in combination with
smaller additions of the other oxides always resulted
in a sufficient volume fraction of liquid phase sintering
medium at 1750 °C which assured a complete o to
B transformation and full densification. The increase
in volume fraction of retained a-Si;N, with increasing
Y,O; or Al,;O3 addition in ceramics formed without
Zr0O,, Fig. 11, was possibly caused by a shift of the
composition between compatibility triangles. In the
pure oxide system, the lowest eutectic temperature
within a compatibility triangle increases with a relat-
ive reduction in the SiO, content [18].

A number of samples achieved full density before
the o to B transformation was complete, Table I.
Samples formed at 1750°C and with additions of
2 wt % of the different oxides Y,05, Al,O3 and ZrO,
showed, however, that the transformation continued
in the fully dense body, Fig. 1ic. The Q values in the
diagram in Fig. 11c suggest that the presence of small
additions of Y,0; promoted transformation, since
material formed with 2 wt % Al,O; or 2 wt % Al,O;
in combination with 2wt % ZrO, still contained
small amounts of retained a-SizN, after 2h at 1750 °C.

4.1.3. Grain boundary phases and grain
morphology

Materials densified at 1550 °C did not show any pro-
nounced variations in the morphology of the Si;N,
and of the intergranular regions. During processing at
1750 °C, however, significant differences in the micro-
structures of the ceramics developed as described in
Section 3.

In materials formed with a single addition of Y,O4
at 1750°C, a majority of the B-SizN, grains had
a faceted cross-section and a relatively high aspect
ratio which imply that they had grown in an isotropic
liquid phase environment [26]. This was also in-
dicated by the comparatively large volume fractions of
residual glass in these materials. The presence of Y,05
from stabilized ZrO, powder did also promote the
development of high aspect ratio B grains. As dis-
cussed in Section 4.1.4 below, it can be concluded that
the ZrO, did participate in a liquid phase formation
but only a limited fraction of the liquid phase present
in the compact during densification was retained at
room temperature in the form of a residual glassy
phase.

When only Al,O; was added, or Al,O; together
with ZrO,, the amount of residual glass was extremely
low, and the morphology of the Si;N, grains was close
to equiaxed. This significantly different morphology of
the Si;N, grains, as well as the absence of larger glass
volumes in these materials, imply that the volume
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fraction of liquid phase was reduced considerably dur-
ing processing. EDX in the STEM showed that a con-
siderable portion of the Al was incorporated into the
B grains during densification, and this was combined
with a formation of a secondary crystalline ZrO,
phase in materials formed with additions of ZrO,
powder. These processes would consume the constitu-
ents of the liquid, and hence reduce the volume of the
liquid phase sintering medium as well as alter its
composition. The composition of the remainder of the
liquid would thus approach the SisN,4—SiO, border of
the SizN,—Si0,—Al,03—AIN behaviour diagram. This
is also indicated by the presence of Si,N,0, which
suggests that the remaining liquid had a composition
close to Si,N,O. This behaviour is similar to what has
been observed in the two-phase YAG-sialons which
are reported to be virtually glass free after a suitable
post-sintering heat treatment [27].

Some of the materials formed at 1550 °C did not
contain Si;N,O although that phase formed when
compacts with the same composition were HIPed at
1750°C. This indicates that the liquid phase which
formed at the lower temperature had a composition
which did not favour the formation of Si,N,O. Larger
additions of Y,0; (6 wt %), even in combination with
an Al,O; addition, resulted both at 1550 and 1750 °C
in a Y- and Al-rich liquid phase which was stable
against formation of Si,N,O.

4.1.4. The ZrO, phase

It has been proposed previously that the ZrO, under-
goes a solution—reprecipitation process in these sys-
tems during densification [28-30]. This is suggested
also by the morphology of the ZrO, grains and the
intergranular microstructure in the Siz;N,—ZrO, cer-
amics in the present investigation. As discussed above,
the formation of a crystalline ZrO, phase from the
liquid during densification would reduce the volume
fraction of the liquid phase sintering medium, hence
result in a microstructure with a lower volume frac-
tion of residual glass. It has, however, been indicated
in previous work that the presence of stabilizing ox-
ides such as Y,Q3, added either in the form of doped
ZrO, powder or separately, will have an influence on
the amount of residual glass [28, 31]. This is con-
firmed by the present investigation; ceramics formed
with ZrO, contained an increased volume fraction of
residual glass, rich in Y and Zr, when Y,O; was
separately added.

The presence of Y,Oj5 resulted in all cases in a sta-
bilization of the high temperature tetragonal ZrO,
structure to room temperature. The T values for
SizN,—ZrO, ceramics formed without Y,0; showed
that a portion of the ZrO, phase was tetragonal also
in these materials. The tetragonal structure of a ZrO,
grain may be retained to room temperature by mech-
anical constraints imposed by the surrounding matrix.
It cannot, however, be precluded that N had entered
the ZrO, structure during densification, which might
contribute to a stabilization of the tetragonal form
[29, 31].
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4.2. Relation between microstructure and
mechanical properties

A characterization of room temperature hardness and
fracture toughness of the Si;N,4 ceramics in this invest-
igation has been presented by Ekstrém et al. [12]. The
hardness was determined by Vickers indentation using
a 10 kg load, and fracture toughness was calculated
from the indentation marks according to the method
of Anstis [32]

Kic = L6x1072 (E/H)'? P/(c,)*?

where E is the modulus of elasticity (GPa),
H = HV10 x 0.0981 (GPa), P the indentation load (N)
and c, the impression radius + indentation crack
length/4.

The so obtained values of mechanical properties
divided the ceramics into three different classes, I, IT
and III, as shown in Fig. 1. Class I contains materials
with a high hardness combined with a relatively low
fracture toughness. Materials with a high fracture
toughness but a reduced hardness form class II, and
materials with intermediate hardness and toughness
are denoted class II1. The microstructural characteriza-
tion showed that the materials also could be divided
into three different groups with respect to their micro-
structures, and these groups were denoted A, B and C.

The temperature of HIP had a critical influence on
room temperature mechanical properties, Fig. 12.
When increasing the densification temperature from
1550°C (group A) to 1750°C (groups B and C) the
hardness decreased and the fracture toughness in-
creased significantly.

It has been proposed previously that the hardness of
the a-Si3N, is higher than that of the B phase [33]. It
has also been suggested that a higher volume fraction
of residual glass would reduce the hardness of the
ceramic [34]. The results from the present investiga-
tion lend support to this; decreased Q values as well as
larger volumes of glass were observed in the materials
with low hardness.

The fracture toughness of materials densified at
1750 °C was clearly dependent upon the morphology
of the Si;N, grains which was determined by type
and amount of oxide additives. Materials formed with
a separate addition of Y,0j3, group B, showed com-
paratively high values of fracture toughness, Fig. 1.
This could be explained by the presence of high aspect
ratio B-SizN, grains which may act as crack deflectors
[35]. When Al,O; was added, separately or together
with ZrQ,, the equiaxed morphology of the Si; N, was
reflected in the reduced fracture toughness. A clear
increase in fracture toughness was, however, observed
for materials formed with larger additions of ZrO,
[12].

The observed significant differences in microstruc-
tures between specimens in the three groups A, B and
C are thus reflected in the mechanical properties. The
groups A, B and C do correspond to the classes I, 11
and III, respectively, of mechanical properties with
only one major exception; a larger addition of ZrO,
raised the fracture toughness to a value higher than
one would expect for a ceramic with that particular
morphology of the Si;N, matrix. Possible toughening



2200 ' '

HV10 (MPa)
0
o
T

1400

T I
1550 1750
Temperature of HIP (° ()

(a)

N
]

KIC ( MPa m1/2)
(O8]
i

N
|
T

1

1 I
(b 1550 1750

Temperature of HIP {° ()

Figure 12 (a) Hardness and (b) fracture toughness as functions of processing conditions.

mechanisms are particle strengthening and, because of
the tetragonal structure of the ZrO, grains, trans-
formation toughening and ferroelasticity [36, 37].

5. Conclusions
The conclusions are as follows:

1. Time and temperature of HIP as well as type and
amount of oxide sintering aid had a conclusive influ-
ence on microstructure and mechanical properties of
the Siz;N, ceramics.

2. Small quantities of Al,O; promoted densifica-
tion significantly at 1550 °C.

3. HIP at 1550°C resulted in Si;N, grains with
equiaxed shape which were separated by a compara-
tively low volume fraction of residual glass located to
smaller pockets in the microstructure. A large amount
of retained a-SizN, gave these materials a high hard-
ness, while the grain morphology resulted in a rela-
tively low fracture toughness.

4. HIP at 1750 °C reduced the volume fraction re-
tained o-Si; Ny substantially. This lead to a simultan-
eous reduction in hardness.

5. HIP at 1750 °C with separate additions of Y,0;
resulted in a large volume fraction of residual glass
present as thin intergranular films merging into
pockets at multi grain junctions. High aspect ratio
B-SizN, grains developed in these materials which
resulted in a high fracture toughness.

6. HIP at 1750°C without a separate addition of
Y,Oj resulted in an extremely low volume fraction of
residual glass present as very thin films separating
adjacent grains. The shape of the B-Si;N, grains were
in general close to equiaxed, but when Y,Oj5 stabilized
ZrO, powder was added, an increased fraction of the
B grains exhibited a faceted cross section and a higher
aspect ratio.

7. Larger additions of ZrO, increased the fracture
toughness to a value higher than expected from the
particular morphology of the SizN, matrix.
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