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Abstract

In this contribution, we report the analysis and interpretation of the mechanical property measurements for a new class of SiAION ceramic. The
hardness and indentation fracture toughness were measured on the hot pressed Ba-doped S-SiAlION ceramic using Vickers indentation at varying
loads (up to 300 N). An important observation was that all the investigated S-SiAION exhibited the characteristic rising R-curve behavior with a
maximum toughness of up to 10-12 MPam!”? for ceramics, hot pressed both at 1700 and 1750 °C. Crack deflection by large elongated S-phase
grains and crack bridging by 3-Si3N4 needles has been found to be the major toughening mechanisms for the observed high toughness. Theoretical
estimates, using a toughening model based on crack bridging and deflection by platelet shaped ‘S’-phase grains and (3-Si;N, needles, reveal the
interfacial friction of around 200 MPa. Careful analysis of the indentation data reveals the average (apparent) hardness modestly increases with
indent load in all S-SiAION samples, with more significant effect for S-SiAION, hot pressed at 1600 °C. This effect has been analyzed in the light
of the established model of ‘indentation-induced cracking’ phenomenon. Our experimental results suggest that a modest combination of average

hardness of 15 GPa and indentation toughness of around 12 MPa m'?
microstructural tailoring.
© 2008 Elsevier Ltd. All rights reserved.
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could be achieved in Ba-S-SiAION ceramic and further improvement requires

1. Introduction

In last few decades, silicon nitride (Si3Ny4)-based ceramics
have been developed as the potential candidate for various engi-
neering applications, such as cutting tool inserts, valve seals, seal
rings, cylinder liners as well as in a variety of structural compo-
nents for high efficiency engines and other mechanical systems. !
Among silicon nitride-based ceramics, SIAION ceramics, in par-
ticular, have been widely researched for structural applications
because of the relative ease of fabrication and high oxidation
resistance.!~® The solid solutions of a-Si3Ny4 and B-SizNy with
Aland O are widely known as a-SiAION and 3-SiAlON, respec-
tively. Depending on the extent of replacement of m(Si—N)
bonds by m(Al—N) bonds and n(Si—N) bonds by n(Al-O) bonds;
theses two variants (a- and B-SiAION) have quite distinct prop-
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erties. Of these two variants, a-SiAION ceramic is nearly single
phase ceramic with a better thermal shock resistance, chemical
stability, and high hardness over a wide temperature range. This
coupled with the lower density (3.2 gm/cm?) have made these
materials to be considered as a potential candidate for bearing
applications. However, the lower strength and fracture toughness
have proved as a bottleneck for their successful applications.
Among the various approaches attempted, “single phase in situ
toughened o-SiAION” has been reported to exhibit an optimized
combination of mechanical properties, in particular hardness
and fracture toughness.”~!* Interestingly, a recent research paper
reports good cell adhesion property of rare-earth oxide-doped
SiAION ceramics, indicating the possible biomedical applica-
tions of SiAION materials.” It may be pointed out here that an
optimal combination of hardness, toughness, elastic modulus
and strength are desired for load-bearing implants.

In recent times, Ba/Sr-doped S-phase SiAION ceramics have
received limited attention.!>"!7 In an earlier work, we have
reported the microstructural development and phase assemblage
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study of the Ba-doped S-SiAION ceramic!” and in this follow-up
work, the same hot pressed samples are investigated for detailed
mechanical property evaluation. The transmission electron
microscopy (TEM) analysis of the hot pressed microstruc-
ture, revealed the complex microstructure, consisting of major
amount of coarser, tabular-shaped ‘S-phase’ grains as well
as noticeable amount of (3-Si3N4 needles and residual glassy
phase.!” In order to obtain an understanding of the basic
mechanical behavior of such a new SiAION composition, we
have performed systematic indentation measurements at various
loads. While the mechanical properties of various composi-
tionally tailored/modified SiAION ceramics (- and 3-SiAION)
are widely reported, it is of our interest to investigate whether
the characteristic coarser elongated ‘S’ phase morphology in
Ba-doped S-SiAION ceramic can provide better toughness.
A major focus in the present work is therefore to establish
microstructure-mechanical property relationship of a rather
new SiAION system. In addition, it is of importance to see
how S-SiAION ceramic competes with other candidate SIAION
ceramics, in terms of overall mechanical properties. The present
study is therefore of relevance for future research as how pro-
cessing and microstructure can be refined to further improve
properties of S-SiAION material. It needs to be critically pointed
out here that the mechanical property Ba-containing S-SiAION
ceramic has not been investigated to a greater extent and all the
above aspects therefore establish the novelty of the present work.

2. Experimental procedure

The starting powders were the high purity commercial pow-
ders of BaCO3 (Aldrich, UK), SizN4 (UBE Grade SNEI10,
Japan), AIN (Starck grade C, Germany) and Al,O3 (Alcoa,
USA). Appropriate amount of the precursor powders with a tar-
geted S-phase composition of BaAlISisO, N7 were ball-milled in
Si3N4 media for 24 h using isopropyl alcohol. The dried pow-
der mixture was subsequently hot pressed at 30 MPa pressure
in BN-coated graphite dies using RF heating in the temperature
range of 1600—1750 °C for 2 h in nitrogen atmosphere. Three of
the materials thus fabricated are (a) S-SiAION, hot pressed at
1600 °C (S1600), (b) S-SiAION, hot pressed at 1700 °C (S1700)
and (c) S-SiAION, hot pressed at 1750 °C (S1750). The density
of hot-pressed specimens is measured by Archimedes’s prin-
ciple in water. For the mechanical property measurements, the
optically reflective surfaces were obtained through standard cer-
amographic sample preparation technique. The elastic modulus
was measured using the ultrasonic pulse-echo technique, which
involves the sound wave velocity measurement in the solid. To
assess the reproducibility of velocity measurement, the ultra-
sonic probe was placed at various locations on the surface of the
hot pressed disc to acquire the flight time of the ultrasonic wave
and an average of at least five readings were considered while
computing ultrasound wave velocity.

Microstructural characterization was performed using scan-
ning electron microscope (SEM) (Quanta FEI 200, The
Netherlands) with attached energy dispersive spectroscopy
(EDS) and transmission electron microscope (TEM) (JEOL

2000 FX). The electron transparent thin foil of S1700 sample
for TEM investigation was prepared by the standard prepara-
tion route, which involves grinding, polishing followed by ion
milling using Ar* ions. The mechanical properties, in partic-
ular hardness and indentation fracture toughness of S-SiAION
materials have been determined by indenting the mirror pol-
ished surfaces at varying loads of 100, 200, and 300N for a
dwell time of 15 s using Vickers Hardness Tester (Model-MVM
50). It can be noted that the hardness and toughness values
for 50N indent load have been taken from Ref. 17. Such a
selection of indent loads (50-300 N) has been made in order
to study indentation size effect. In addition, as far as the choice
of macro-load in contrast to micro-load is concerned, it needs to
be mentioned that the sintered microstructure of Ba-S-SiAION
is rather complex, containing the characteristic coarse-grained
platelet-shaped S-phase, residual glass and acicular (3-SizNy.
Therefore, the mechanical response of such a combination of
microstructural phases requires large indentation size. It should
be emphasized that the use of microhardness would cause a
large variation in hardness property of such a material (depend-
ing on the location of indents). In fact, Krell clearly pointed out
that the use of micro-loads needs to be avoided for evaluating
hardness properties of various structural ceramics with complex
microstructures.'®

The fracture toughness (Kjc) has been evaluated using the
indentation fracture (IF) toughness technique. In the present
work, the indentation fracture toughness Ki. (MPa m'”2) has
been calculated using the appropriate formula proposed by
Niihara et al.!® for median cracks (//a > 1.5):

2/5
Kie = 0.0667(1 + a) > x P x (H) (1a)
However, for the Palmgqvist type of crack (0.25 <//a <2.5),
a different formulation is used,2°

0.0181 P(E/H)*/?
Kic = Jla

where P is indentation load (N), 2a is the average indent diagonal
length (pum), 2¢ is the crack length (from one crack tip to another)
and / is the difference of ¢ and a (um), E is the elastic modulus
(GPa) and H is the hardness (GPa).

Both the indent diagonal and crack length are carefully mea-
sured from SEM images of the indented surfaces and the reported
hardness and fracture toughness values are the average of at least
five indentation measurements.

(1b)

3. Results
3.1. Microstructural characterization

The microstructural characterization of hot pressed S-
SiAION ceramics has been carried out using both scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM). XRD results indicated the predominant presence of
S-phase with the detectable amount of (3-SizN4 and in some
samples unreacted a-SizN4 (not shown here and reported in
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Fig. 1. Scanning electron micrograph (SEM) images (BSE mode) of S-SiAION,
hot pressed at (a)1600 °C and (b)1750 °C, respectively. Various microstructural
phases can be distinguished as, S-SiAION (grey), darker/black: unreacted SizNy
in (a) and B-SizNy in (b). The bright contrast phase is residual glass phase.

Ref. 17). The representative SEM images (BSE mode) of S1600
and S1750 are provided in Fig. 1(a) and (b), respectively. The
three characteristic microstructural phases of the investigated
ceramic include: (a) S-phase with coarse elongated morphol-
ogy (gray contrast), (b) -Si3N4 with characteristic acicular
(rod-like) morphology (darker contrast) and (c) traces of inter-
crystalline glassy residue (bright contrast). The quantification of
the amount of various phases has been performed using commer-
cial image analysis software. It was found that S1700 ceramic is
characterized by nearly 85% coarse elongated S-phase, 7-9% [3-
Si3Ny4 needles and 6—8% glassy phase. In case of S1600 sample,
higher amount of residue glass (12-15%) and more than 10%
unreacted a-Si3Ny phase was measured. Much less amount of
glass (2-4%) is however recorded in S1750 sample. Compared
to S1600 samples, S1750 ceramic exhibited more fully devel-
oped elongated S-phase grains and acicular 3-Si3Ny4 along with
the reduced amount of the glassy phase at triple points (Fig. 1a).
This difference in the relative development of the two constitu-
tive phases might be ascribed to higher processing temperature,
as has already been reported by Mitomo and Uenosono.>!

TEM investigation of the selected S1700 sample was carried
out to reveal the finer scale microstructure (see Fig. 2). In Fig. 2a,
the characteristic tabular-shaped S-phase grains, oriented in dif-
ferent directions can be clearly observed. Also, can be noted is
the presence of [3-Si3Ny particulates in the S-phase, suggest-
ing these to be acting as the heterogeneous nucleating sites for
S-phase. As reported in Ref. 17, the average S-phase composi-
tion, based on multiple TEM-EDS analysis, can be confirmed
as BapSijp_ Al O Nig_x (x=2.0£0.2). TEM-EDS analysis
reveals the presence of Ba-rich aluminosilicate as residue glass
phase at the grain boundary triple pockets (Fig. 2a). From multi-
ple bright field TEM images of a thin section of S1700 ceramic,
at least 20 grains of S-phase were considered for quantification
of microstructural parameters. Such an analysis reveals that the
aspect ratio of S-phase grains vary in the range of 3.1-4.3, with
the average value of 3.4. The width of S-phase grains (minor
axis) lies in the range of 0.6—1.4 wm, while the length (major
axis) varies between 1-5 pm. For the analysis of 3-Si3Ny sizes,
anumber of SEM images were used and more than 25 B-needles
were measured. The average width and aspect ratio of B-Si3Ny
needles were recorded as 0.57 wm and 7, respectively. In Fig. 2b,
the observation of a typical acicular (3-Si3N4 phase, with an
aspect ratio of 7-8, can be made. More detailed microstructural
characterization has been reported in our previous work.!”

3.2. Mechanical characterization

The mechanical properties, in particular hardness and frac-
ture toughness of the material were evaluated through the
Vickers indentation technique at varying loads of 100-300 N. In
order to study the indentation cracking behavior of S-SiAION
ceramics, SEM analysis of the Vickers indents was carried out.
Both indent diagonals and crack lengths around the indentations
were measured from the SEM images. Some representative SEM
images of the indented SiAlON surfaces (S1750 sample) are
provided in Fig. 3. At all the selected indent loads, the Vick-
ers indentations were recorded to be sharp and even at 300 N
indent load, no spalling and/or bulging around the indent edges
were observed. Such observations indicate better damage tol-
erance property, as severe spalling around indentation at such
high load is commonly reported for classical brittle material,
like Al, O3 or glass—ceramics. A high magnification SEM image,
showing the entire indent image (Fig. 3a), reveals the absence of
any significant cracking at indent edges. Fig. 3b clearly demon-
strates the well-developed radial-median crack morphology and
in most cases, multiple cracking from single indent corner is not
observed. Careful measurements of the indent diagonal length
(a), crack length (/) are measured from multiple SEM images of
at least five indents (at a given indent load) and the measured
data as well as l/a ratio are summarized in Table 1. The com-
puted hardness and toughness values are presented in Table 2.
The toughness values are computed according to Eq. (1a) and
the hardness or toughness values for 50 N indent load are taken
from Ref. 17 In Table 2, the pulse-echo measured elastic mod-
ulus (E) values of the investigated S-SiAION materials are also
provided. The longitudinal sound wave velocity across the thick-
ness of the hot pressed discs was recorded to vary in the range



804 B. Basu et al. / Journal of the European Ceramic Society 29 (2009) 801-811

@ ]
o s o
1 2 3 4 5 ;

Energy (keV)

200 nm

Fig. 2. Bright Field TEM image of S1700 ceramic (S-SiAlON, hot pressed at 1700 °C) detailing an overview of the microstructural phase evolution (a), the
characteristic acicular 3-Si3N4 grain (b) and the characteristic elongated S-phase SiAION grain (c). Various characteristic phases, like ‘S’: S-phase, ‘G’: residual
glass phase are indicated and the EDS spectra for the respective phases (top EDS spectrum in (a), acquired from the residual glass) are also shown in insets. Typical
defect structure, consisting of a network of partial dislocations can be seen in (a). The spherical particles, contained within the S-phase crystal in (c) are Si3N4 phase.

of (8.5-8.9) x 107 cm/s, depending on the hot pressing temper- plotted in Fig. 4a reveals that the apparent hardness modestly
ature. increases with indent load, irrespective of the hot pressing

As can be noticed from Table 2, the apparent hardness varies ~ temperature. However, the error bars associated with each mea-
over a range of 8.6-16GPa at varying loads of 50-300N for surement at higher load regime of 100N or more, overlaps.
all the three investigated materials. A hardness vs. load curve, ~ Nevertheless, the apparent hardness data do show an increasing
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Fig. 3. SEM topography images of the Vickers indents and indentation-induced
radial crack pattern in the Ba-S-SiAION ceramic, hot pressed at 1750 °C and
indented at varying loads: 100 N (a) and 300 N (b).

trend with indent load, which can be considered as the reflec-
tion of the reverse indentation size effect (RISE) behavior. 822
Among three of the materials, relatively higher apparent hard-
ness (except at 200 N indent load) has been measured for S1750
and this can be ascribed to the reduced glassy phase along with

Table 1

the fully developed microstructural phases. In contrast to normal
Indentation size effect (ISE), under the effect of RISE, material
undergoes relaxation, which involves a release of the indentation
stress along the surface away from the indentation site, which
may be because of crack formation, dislocation activity, and/or
elastic deformation of the tip of the indenter.!®?> Keeping this
in view, it is reasonable to argue that at low load, the disloca-
tion plasticity can lead to more deformation and therefore, leads
to reduced hardness in S-SiAION material. At this point, it can
be noted that the indentation response at higher load involved
cracking.

It is to be emphasized here that the RISE has been repro-
duced after several careful measurements on various samples,
taken from the same hot pressed disc. Since such behavior
is reproducible on multiple indentation measurements, we are
inclined to believe that such behavior is representative of true
material behavior and cannot be attributed to any measurement
artifact. It is therefore interesting to analyze the RISE behavior
in the presence of complex microstructure in these three sam-
ples, while indenting at macro-load. It can be mentioned here
that the RISE is observed at very low load (during micro- and
nano-indentation) and reported for some semiconductors, like
Si(111), GaAs (100), GaP (11 1), InP (1000), etc.22-26 Also,
the characteristic RISE phenomenon is reported for other cova-
lently bonded ceramic, e.g. TICN-based cermets with varying
TiCN grain sizes at low load regime (1.47-40.67 N).2” However,
any comparison with RISE behavior of S-SiAION with compet-
ing SiAION ceramics is not possible, since only single hardness
data is commonly reported for various developed SiAION mate-
rials in the available literature. However, our study indicates that
the complete description of the hardness properties requires the
evaluation of hardness at varying indent loads.

Fig. 5, aplotof fracture toughness against crack length reveals
some interesting observations about the crack growth resistance
of Ba-doped S-SiAION of material with increasing indent load
(50-300 N). It can be noted from Fig. 5 that for S1600, tough-
ness is low at small indent load and relatively higher toughness
values are measured at 200 N or higher. It reaches an almost
steady state toughness value of 5.5-5.9 MPam'/? (flat R-curve).
The relatively lower steady state toughness of S1600 can be
attributed to the presence of a considerable amount of unreacted
silicon nitride phase, as can be clearly noticed in Fig. 1a. In con-
trast, a sharp increase in toughness from 8.5 to 11.1 MPam!/?
with negligible increase in crack length (on increasing indent
load from 200 to 300 N) has been experienced by S1700. More

The detailed indentation data including, the crack length (/), indent diagonal length (2a) as well as the indentation toughness data for the hot pressed S-SiAION

ceramics

Material Load

100N 200N 300N

[ (pum) a (pum) lla [ (pm) a (pum) lla [ (pm) a (pum) lla
S1600 - 61.0 - 275.0 81.0 34 376.0 93.6 4.0
S1700 135.0 55.5 24 201.0 83.5 24 206.0 94.5 2.2
S1750 84.0 57.0 1.5 137.0 81.0 1.7 191.0 95.5 2.0

A maximum of 15% variation in the reported data has been measured.
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Table 2

Summary of the mechanical properties of S-SiAION, hot pressed at 1600 °C (S1600), 1700 °C (S1700) and 1750 °C (S1750), when subjected to indentation at

varying indent load of 100 N, 200 N and 300 N

Material ~Density E (GPa) Indentation load at 50 N Indentation load at 100N Indentation load at 200 N Indentation load at 300 N
(gm/em?) 12 12 12 12

H, (GPa) Kic MPam'*) H, (GPa) Kic MPam'*) H, (GPa) Kic MPam'~) H, (GPa) Kijc MPam

S1600 3.62 215 86+0.1 24+02 12.6 £ 0.8 - 13.7 £ 0.9 5.9 + 0.03 16.0 &£ 2.0 55+03

S1700 3.63 228 127 £ 04 39 +0.3 151 £ 1.3 74 +0.2 13.2 £ 0.8 85+03 155+ 02 11.1 £ 0.6

S1750 3.65 212 125+ 04 37 +0.1 14+07 11.6 0.6 141 +10 12.0+0.8 153+ 1.8 11.6 0.2

The indentation data for 50 N load has been taken from Ref. 17.

importantly, a systematic increase in K. from 3.7 to
11.6MPam!? with increasing crack length (rising R-curve
behavior) has been measured in S1750. From Fig. 5, it should
therefore be clear that the pronounced ‘R-curve’ behavior (sys-
tematic increase in toughness with crack extension) is exhibited
both by S1700 and S1750 ceramic, over the crack length of up
to 200 pwm. In particular, very stable R-curve behavior and better
toughness property can be confirmed for S1750 ceramic.

4. Discussion
4.1. Load-dependent hardness property

Here, we make an attempt to explain the RISE effect from
the fundamental indentation theory. In addition to a plastically
deformed zone beneath the indenter, the indentation, taken at any
given indent load of larger than a critical load, causes cracking
in case of brittle ceramics. The indentation energy is generally
partitioned to the plastic deformation and fracturing process of
the indented material. At higher load, the effect of friction, sur-
face roughness, strain gradient plasticity and the elastic recovery
effects can be neglected in comparison to plastic deformation
and fracture. In case of indentation cracking, the apparent hard-
ness (Hypp) measured by a Vickers diamond indenter can be
analytically assessed>>2%;

P P5/3
Happ = Atk <az> + k2 7 2

where ‘a’ is the indentation diameter, P is the indent load and
M1, k1 and kp are constants.
For a perfectly brittle solid

P5/ 3

b =0 and Hyp = K | —5- 3

After analyzing a larger number of experimentally measured
hardness data (0.4-22 GPa), Sangwal®® proposed a modified
relationship:

m

PS/ 3
- @

a

Hy =K

In the above expression, both K and m are constants and the
value of ‘m’ is reported to be around 0.5-0.55.2* Although the
deformation dominated the hardness response at lower load, the
observation of indent-induced radial cracking has been made at

intermediate and higher loads. In order to critically analyze our
experimental data, the measured apparent hardness values are
plotted against (P>3/a’) on log-scale, in Fig. 4b. It is clear from
Fig. 4b that the measured data can be fitted closely with the linear
correlation and the value of ‘m’ in the present case, is recorded
to be 0.494, which is similar to earlier report.24 However, the
deviation in case of S1700 ceramic is more from the linear cor-
relation (obvious from the corresponding hardness data), as it
does not show the monotonically increase in hardness. Here, it
needs to be emphasized that earlier RISE effect was observed
at extremely low loads (<1 N)22-24 and in case of TiCN cermets
at indent load of less than 40 N.?” But in the present case, such
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Fig. 4. Plot of hardness vs. load (a) and In Hy against In (P*B/a?) (b), illustrating
the reverse indentation size effect (RISE), exhibited by the S-SiAION ceramics,
when indented with a varying load of 50-300 N.
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Fig. 5. Plot of indentation toughness vs. crack length for investigated S-SiAION
ceramics. A characteristic and a systematic increase in fracture toughness can
be noted for all the investigated S-SiAION ceramics.

effect is importantly observed at macro-loads (>50N). This is
an interesting and a new observation, which has ever been made
on a structural ceramic.

From the above analysis, it is clear that the variation of appar-
ent hardness with load can be attributed to the change of cracking
behavior of the materials, which is ultimately controlled by the
resultant microstructures evolved during hot pressing. It is obvi-
ous that the microstructural features are such that the cracking
behavior is different at lower and higher load. At lower load, the
plastic deformation is predominant and as a result much of the
indentation energy is consumed for material flow and displace-
ment, which lowers the apparent hardness. Whereas at higher
load, the cracking is more predominant compared to the plastic
deformation and consequently relatively more energy is con-
sumed for crack initiation and propagation. This is supported by
the abrupt change of //a ratio from lower to higher load. In fact,
the variation of (//a) with the load is indicative of the dominance
of the cracking over deformation and also an indirect measure
of the partitioning of the relative energy for cracking and defor-
mation. The evolution of complex distribution of microstructure
eventually controls the crack initiation and propagation. In case
of S1700 and S1750 ceramics, the RISE effect is less domi-
nant and this can be attributed to the less availability of the
glassy phases. However, the effect of RISE is still present. The
effect of RISE is much more in S1600 ceramic sample than
the other two samples. This also needs to be understood in the
presence of a large amount of unreacted silicon nitride phase,
as observed in dark contrast in Fig. 1a. It is also clear from the
present investigation that effective area of contact (A) does not
change significantly, but the length of the cracks (/) changed
significantly and as a result, the apparent hardness increases
(H=P/A) as applied load, P is increasing (see Tables 1 and 2).
The nature of crack nucleation and propagation appears to be
dependent on load. This essentially points out to the fact that
cracking and deformation at lower load is somewhat different
from that at higher load. It also implies that the relative energy

distribution for deformation and fracturing is different at lower
and higher load.

4.2. R-curve behavior

In assessing the toughness data, the results presented in
Tables 1 and 2 as well as Fig. 5 need to be considered. The
data presented in Table 2 and Fig. 5 reveal some of the interest-
ing observations implicating strong dependence of the fracture
toughness on the microstructural phase assemblage.

It needs to be mentioned here that R-curves are reported
to be evaluated from Vickers indentation cracks for many of
the structural ceramics, including alumina,’® Y-TZP,* Si3Ny,3°
SiC-based materials.! Although the use of indentation tech-
nique to assess the R-curve behavior of structural ceramics has
been cautioned in a recent review article>2; nevertheless, it has
been reported that R curves, determined from indentation cracks
follow closely with those evaluated from double cantilever beam
(DCB) technique, in case of silicon nitride.3 Similar result has
been obtained for alumina ceramics.*

From Fig. 5, R-curve behavior of S-SiAION ceramic can
be assessed in terms of three aspects (a) initiation toughness
(Kp), (b) steady-state toughness and (c) characteristic bridging
length (l.), i.e. the crack length increment over which K| attains
steady-state toughness values. Now, as far as the hot pressing
temperature is concerned, S-SiAlON, sintered at 1600 °C has
the lowest Ko and the K of higher temperature sintered ceram-
ics are comparable. In terms of steady-state toughness, similar
trend is observed. As far as the third aspect is concerned, the
characteristic bridging length for S1600 is 97 pm, while that for
S1750 and S1750 ceramic is around 200 pm.

In order to further understand the operating toughening
mechanisms, the interaction of the propagating crack with
the microstructure has been studied in the SEM-BSE imag-
ing mode (see Fig. 6). A typical, not representative though,
case of multiple indentation cracking has been chosen to pro-
vide evidences of important aspects of crack—microstructure
interaction. Various observations can be summarized as (a)
sinusoidal trajectory/tortuous crack path (see upper crack) indi-
cating enhanced crack growth resistance, (b) evidences of grain
bridging and pull out and (c) frequent occurrence of debond-
ing of elongated S-phase grains in the crack wake. Similar
crack—microstructure interaction is commonly reported for var-
ious SiAION ceramics.>® The increased resistance offered by
the matrix of S1700/S1750 to the propagating crack, i.e. ris-
ing R-curve behavior, is therefore ascribed to the contribution
made by elongated S-phase grains and whisker like B-SizNy
grains through crack deflection and crack bridging respectively.
In order to show detailed morphology of S-phase, a bright field
TEM image of a single grain of platelet shaped S-phase has
been demonstrated in Fig. 2c. The large aspect ratio of inter-
locking S-phase grains (Fig. 2a and c), in combination with the
acicular B-Si3Ny needles, creates the possibilities for develop-
ment of further toughening mechanisms, such as frictional and
mechanical interlocking between the separated fracture surfaces
by deflecting the crack. This can occur simultaneously with 3-
SizN4 needles dissipating considerable strain energy through
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Fig. 6. SEM image illustrating crack-microstructure interaction in S1750
ceramic. While the single pointed arrow indicates typical crack-S phase inter-
action, the dotted arrow indicates the pull out of B-Si3N4 needles.

friction, generated by their motion against the matrix during
elastic stretching along the debonded interface and pull out.
Therefore, more energy is needed for separation of the fractured
surfaces, which in macroscopic terms appears as the increased
toughness.

From the above observations, it is clear that crack bridging
and grain pullout, both contribute to moderately high tough-
ness of Ba-S-SiAION ceramic. We now analyze this observation
in the light of a reported model, which correlates the fracture
resistance with microstructure, containing elongated ceramic
grains.?® Such a model is useful to predict the frictional work,
which is the main source of fracture energy. Also, the near tip
toughening phenomenon, e.g. elastic bridging due to grain bond-
ing is ignored. Another assumption is that the decohesion of
an elongated/platelet shaped grain, prior to pull out, preferably
occurs along the grain boundary by intergranular fracture. On
the basis of the above assumptions, Becher et al.? arrived at the
following expression correlating fracture toughness (K) with the
microstructural features:

K=C | ViWi(AR)’ )

In the above expression, V is volume fraction of elongated
grains, W is grain width, ‘AR’ is the aspect ratio of elongated
grains and the suffix ‘i’ denotes a group of ith type of elongated
grains. Also, the value of ‘C’ for different elongated phases are
taken as same.

Since the presently investigated Ba-doped S-SiAION ceram-
ics characteristically contain two types of elongated phases:
S-phase and B-Si3Ns needles; Eq. (5) can be appropriately
adapted as:

K = c\/ V,Wy(AR)? + Vg We(ARg)? (6)

where the suffix ‘s’ and ‘b’ denotes the S-phase and 3-SizNy,
respectively. Following the original model,? the fitting param-
eter/constant ‘C’ in Eq. (5) or (6), can be expressed as

co | E 7
V61 =12 @

In the above expression, E is elastic modulus, v is Poisson’s
ratio and t is interfacial friction. It is also clear from Eqgs. ((5)
and (7)) that the aspect ratio of elongated phase, in comparison
with width or volume fraction, should have more influence on
the toughness.

In the present case, we have considered the microstruc-
tural data and mechanical property values of S1700 sample,
to illustrate how the above-mentioned toughening model can
be appropriate for S-SiAION ceramic. Average aspect ratios
(AR) of 3.44 and 7.0 and widths (W) of 1.14 and 0.57 pm
for S-phase grains and -Si3Ny, respectively were considered
in our calculation (also mentioned in Section 3.1). Consider-
ing the fact that 85% (Vs=0.85) S-phase grains and 9% of
B-SizNy needles (Vg =0.09) are present in the investigated
microstructure, the value of interfacial friction (t) from Egs.
(6) and (7) has been computed to be 203.8 MPa. In our calcu-
lation, v is taken as 0.3 and the toughness measured at 300 N
load (K =11.1 MPam'?) was considered. It can be mentioned
here that Chen and co-workers, using the identical model, esti-
mated T of 108 MPa in case of a-SiAION materials (elongated
grain morphology).? It has also been commented that the first
term in the right hand side of Eq. (5) is rather a constant and
does not depend on compositional aspect, to any significant
extent.? Therefore, our calculation provides estimates of interfa-
cial friction () for S-SiAlON ceramics, which is in reasonable
agreement with other SiAION ceramic having similar grain mor-
phology. It needs to be mentioned here that the possibility of
grain pull out at an inclined angle was not considered in the
above model.

Itis also important to assess how the mechanical properties of
S-SiAION ceramic are comparable with the existing SIAIONs.
Like many other ceramics, the properties of various SiAION
ceramics is strongly sensitive to microstructural characteris-
tic, in particular grain shape/aspect ratio, intergranular phase,
amount of seed crystals, ratio of a to 3 phases, etc. (e.g. see
Refs. 35,37-39). Table 3 presents the summary of the mechan-
ical property data of some selected SiAION ceramics and such
data illustrate a large variation in apparent hardness and tough-
ness properties. Such a broad spectrum of properties can be
uniquely described by two end members, i.e. the equiaxed a-
SiAION material with combination of high apparent hardness
(Hv10 =22 GPa) and low toughness (K. =3 MPa m!2) 1 and B-
SiAION ceramic with high toughness (>6 MPam*?), imparted
by needle like 3-Si3N4 grains and low hardness (~15 GPa).
The advantages associated with the two phases have been
utilized in the development of “in situ self-reinforced multi-
phase a—f3 structure”. However, the optimization of the fracture
toughness has been found to be at the expense of high hard-
ness of a-grain matrix.!3 This fact led to the development
of “single phase in situ toughened a-SiAION”, wherein the
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A comparative study of the S-SiAION ceramic, hot pressed at 1750 °C with previously investigated competing Si3N4-based materials, in terms of hardness and
indentation toughness properties

SI. No. Material under study Starting material and/or method of fabrication Hardness Fracture toughness Reference
H, 10 (GPa) K. (MPam'?)
1 Y-a SiAION (Y5Si93Al93012N143) a-Si3Ny, AIN, Al,03, Y203. HP at 1900°C 21.0 12.0 23
for 1h, in Ny
2 Nb-stabilized a-SiAION B-SizNy, AIN, Al,03, Si3N4: HP at 1950°C 21.7 6.3 11
and heat treated for 12 h at 1650 °C
3 Lu+ 5% Lu,SiOs a-Si3Ny, AL O3z, AIN, SiO;, LuyO3: HP at 18.9 44 42
1950°C for 2h in N,
4 Dy-a SiAION a-Si3Ny, AIN, Al,03, Dy,03: PLS at 1800°C 18.8 6.3 6
and then GPS at 1900 °C for 1h
5 Y-a SiAION By post-sintering the nitrided compact at 18.5 5.1 4
1900 °C for 3 h.
6 Si3N4 +20vol% (9:1 AIN/Y,03) a-Si3Ny, with 20% AIN, Al,03, AIN:Y;03 in 18.5 5.1 5
9:1 molar ratio: GPS at 1900 °C, 2h in N,
7 Y-Yb-a-SiAION a-Si3Ny, AN, (Y,Yb)O3: HP at 1600-1750°C 18.9 4.6 42
in vacuum
8 SizNg HIPed Si3N4 + MgO 17.0 6.0 40
9 S-SiAION a-Si3Ny, AIN, Al,03, BaCOs3: HP at 1750 °C, 14.0 11.6 Present work
2h in N atmosphere
10 B-SiAION Sig—;ALLO;Ng_;,z=0.3 15.5 4.7 43
11 (Ce-Y) a-SiAION a-Si3Ny, AIN, Al,O3 with CeO, (SHS-ed) 15.2 4.9 6
Ce0,:Y,03 in 1:0:0.375 molar ratio: HP at
1750 °C, for 1 h in Ny
12 a-SiAION-10%B-SiAION a-SiAION 76.92 wt% Si3Ny, 13.46 wt% AIN, 14.8 59 41
5.77 wt% Y»03, 3.85 Al,O3, reinforced with
10% B-SiAION fiber
13 a-SiAION (Equiaxed) Starting powders a-Si3N4, Al,O3, AIN and 22.0 3.0 11
Y,03
14 Y,03-Si3Ny Hot pressed (1650 °C, 1h) 15.2 7.1-8.1 37
15 Yb,y03-Si3Ny Hot pressed (1650°C, 1 h) 13.9 7.4-8.5 37

Different processing routes mentioned are HP: hot pressed, PLS: pressure less sintering, HIP: hot isostatic pressing, GPS: gas pressure sintering, SHS: self-propagating

high temperature synthesis.

coarse elongated a-SiAION grains exhibit self-reinforcement
and thus result in improved toughness without impairing the
high hardness of a-SiAION matrix.® Although, the toughness
of $1750 (11.6 MPam'/?) is much higher than several Si3Ny-
derived ceramics;>®1? the apparent hardness of S-SiAION (hot
pressed at 1750 °C), 15.3 GPa is much lower than many of the
Si3Ny-based ceramics, possessing elongated a-SiAION grain
morphology.”®13 Nevertheless, the hardness properties of Ba-
doped S-SiAION are comparable or modestly better than some
competing silicon nitrides.’’

In summary, the investigated S-SiAION ceramic represents
a new class of SiAION material, which offers important com-
bination of E-modulus (more than 200 GPa), apparent hardness
(up to 16 GPa) and toughness (up to 12 MPam!/?) property. In
addition, this new material is different from many of the ear-
lier developed SiAlON:Ss, as they exhibit both increased apparent
hardness and toughness property with indentation load or contact
pressure. It can be pointed out here that R-curves are exhibited
by a wide range of SiAION materials, e.g. Y-a-SiAION,? in situ
toughened Y-a—SiAION, Ca-a-SiAlION,* etc. Depending on
the amount of seed crystals, a peak toughness of 10 MPam'? or
little higher was recorded in these ceramics.

In view of the above observations, we believe that S-S1IAION
ceramics can be considered for structural application, provided
the combination of hardness and toughness property can be

further boosted up by microstructural tailoring, for example,
by incorporating SizN4 seeds. To this end, an optimal balance
of the amount of elongated S-phase grains and [3-SizN4 phase
is required. Also, the presence of low amount of glass phase
in S-SiAION ceramic can be beneficial from the perspective
of high temperature structural application. Future attempts can
be made to crystallize the residue glass of S-SiAION ceramic
and thereafter, assessing the changes in mechanical proper-
ties. As an additional note, it can be mentioned here that our
recent tribological study on one of the investigated Ba-doped
S-SiAION ceramic (S1750) reveal friction and wear proper-
ties, which are comparable with competing SiAION ceramics.
More details can be found elsewhere.’® In view of the above
observations, it can be stated that the newly developed Ba-
doped S-SiAION ceramic can be considered as a potential
competitive SIAION composition for various engineering appli-
cations.

As an additional point of consideration, it needs to be men-
tioned here that although hot pressing has been largely used
in the fabrication of SiAION samples in research laboratories,
the gas pressure sintering with nitrogen gas or sinter-HIPing
are the better processing approaches to investigate the industrial
scale feasibility for the production of nitride ceramics, like a-
SiAION ceramics. Such experiments with S-SiAION ceramics
are planned in our future investigation.
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Conclusions

Based on the present investigation it can very well be con-

clu

ded that hot pressed S-SiAION, has shown rather promising

results in terms of mechanical properties, when compared with
other SiAION ceramics. This optimization of the properties can
be attributed to the fully developed and stabilized microstructure,
consisting of elongated S-phase grains along with the presence
of acicular B’ grains and less amount of glass residue at triple
junctions/grain boundaries. The salient points, that emerge from
this study include:

(a)

(b)

()

(d)

The mechanical property evaluation using Vickers inden-
tation at varying indent loads (up to 300 N) reveals load
dependent apparent hardness and fracture toughness of S-
SiAION ceramic, hot pressed in the range of 1600-1750 °C.
The apparent hardness broadly increases with indent
load, irrespective of processing temperature. The appar-
ent hardness values recorded at 300N indent load vary
in the range of 15-16GPa, depending on hot pressing
temperature.

Careful analysis of the indentation data reveals the reverse
indentation size effect (RISE) in all S-SiAION samples.
The RISE effect has been attributed to the predominance
of cracking over deformation at higher load, resulting in an
increase in apparent hardness compared to that at lower load.
The interplay between cracking and deformation has been
explained based on the complex microstructures evolved
during hot pressing.

An important result has been that the hot pressed S-
SiAION ceramics exhibit pronounced R-curve behavior,
i.e. a systematic increase in toughness with increase in
crack length. A maximum toughness of 11—-12 MPam!?
was obtained in case of S-SiAION hot pressed at 1750 °C.
The increased toughness can be ascribed to noticeable con-
tribution from crack deflection, crack bridging, and crack
branching, imparted by elongated S-phase grains as well as
B-Si3N4 needles. Based on the assessment of hardness and
toughness properties, it is clear that higher hot pressing tem-
perature of 1750 °C is the optimal sintering condition and
such processing temperature is much less than many of the
a-SiAION ceramics.

As far as the crack—microstructure interaction is concerned,
the use of a theoretical toughening model based on predom-
inant toughening by platelet shaped S-phase grains as well
as contribution from the 3-Si3Ny needles provided an esti-
mate of the interfacial friction of around 200 MPa, which
is in reasonable agreement with other competing SiAION
ceramics.
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