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Abstract

The chemical resistance of SiAIONs is controlled by various factors such as z value, microstructure, type and amount of sintering
additives, and intergranular phase nature (amorphous or crystalline). In this study, the relationship between z value and intergranular
phase crystallization of o':p'-SiIAION composites reinforced with TiN (17 wt%) was investigated by using various dopant systems
(Y:Sm:Ca, Yb:Sm:Ca, and Er:Sm:Ca) and various amounts of intergranular phase. The effect of TiN on densification, phase assemblage
and microstructural evolution of composites was systematically investigated. Further, the effects of variations in the sintering aid
amount and cation mole ratios on density, hardness and fracture toughness were determined in relation to z values. It was found that
high z value (> 0.5), crystalline intergranular phase and appropriate mechanical properties can be achieved by selecting the type of
sintering additive, its amount and ratio.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

SiAION ceramics are candidate materials for structural
applications both at ambient and elevated temperatures
due to their excellent combination of mechanical, thermal
and chemical properties [1,2]. These materials possess high
wear and chemical resistance at high temperatures for a
number of engineering applications. For example, SIAION
cutting tools are most extensively used in cast iron
machining. However, their fracture toughness and chemi-
cal wear resistance are slightly inferior when compared to
commercial Al,O3-SiCw cutting tools, which are used in
super alloy machining. The addition of hard particles like
TiN to silicon nitride based ceramic matrix is a possible
way to improve the toughness and chemical wear resis-
tance [1,2]. Apart from toughness and chemical wear
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resistance improvement, TiN addition can enhance Si;Ny
strength up to 1000 MPa [3]. Hence it is expected that TiN
reinforced SiAIONs are the promising candidates for
cutting tool applications.

The sinterability of SiAIONs is better than that of SizNy as
the presence of oxygen facilitates densification of SiAIONSs. It
is well known that the chemical resistance of SiAIONSs is
controlled by its composition, microstructure, type and
amount of sintering additives, intergranular phase chemistry
(amorphous or crystalline) and z value (Al-O substitution
in B-Si3Ny crystal lattice, B'=Si¢s_.AlLO.Ng_.). The low z
SiAION ceramics exhibit better mechanical properties like
B-SisN, ceramics, whilst high z SiAIONs have properties
resembling that of Al,O5; ceramics (good chemical resistance).
Previous studies showed that z value is a very effective
parameter on wear resistance, thermal sock resistance,
mechanical strength, hardness, fracture toughness, creep resis-
tance, corrosion resistance, Young’s modulus, densification
and machining performance of SiAION ceramics [4—15].

Briefly, based on the existing literature it can be stated
that increase in z value improves corrosion resistance [4],
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wear resistance [5,8,9,13], increases grain size [11], provides
easier densification [10,12] and reduces Young’s modulus
[4,7], deteriorate creep resistance [4], thermal shock resis-
tance [5,0], strength [7,10,14], fracture toughness [7,9,12,14]
and hardness [11,12,14]. Therefore z value plays a domi-
nant role in the determination of the chemical and
mechanical properties of SIAIONS.

There has been considerable amount of research work
was reported on tailoring microstructure of silicon nitride
ceramics by using different types of cations such as Lu, La,
Yb and others [16-22]. However, to the best of authors’
knowledge the effects of the cations on the z value and
relationship between the z value and the intergranular
phase (IGP) crystallization have not been investigated so
far. Factors such as type and nature (whether crystalline or
not), melting temperature, and viscosity of the intergra-
nular phase are all important and they can be controlled
by the type of sintering additives, cation molar ratios and
sintering schedule [16,17]. These factors especially govern
the high temperature properties of the SiAIONs. It is
known that crystallization of the intergranular phase
enhances the high temperature properties of liquid phase
sintered ceramics. Therefore, one of the main aspects in
designing SiAIONs with improved high temperature prop-
erties would be to select a sintering additive that would
provide a good liquid phase sintering behavior and at the
same time it would aid the refractory phase crystallization
after sintering.

There has been great progress on the studies related to
the effects of the z value on density, fracture toughness,
hardness, thermal shock resistance, strength, wear resis-
tance of SiAIONs and the effects of cation types on
tailoring microstructure [4-22]. However, the relationship
between the z value and the intergranular phase chemistry
(amorphous or crystalline) has not yet been emphasized.
Our preliminary studies have shown that it was not
possible to produce high z value (z > 0.5) SiAIONs with
crystalline intergranular phase, and to the best of our
knowledge, there is no related data available in the
literature. Therefore z value and IGP crystallization
relationship is an important subject that needs to be
investigated in SiAION ceramics production, which is
necessary to improve further chemical wear resistance of
SiAlONs. Both the high z value and crystalline intergra-
nular phase may affect chemical resistance especially at
high temperatures.

In the SiAION ceramics, with an increasing fraction of
amorphous intergranular phase the desired high tempera-
ture and chemical resistance properties deteriorate. For
instance, crystalline intergranular phase and high z value
are needed to improve further chemical and wear resis-
tance. In order to meet such a target, TiN reinforced o
B'-SiAIONs (25a":750") has been produced by using differ-
ent types of cation systems (Y:Sm:Ca, Yb:Sm:Ca, and
Er:Sm:Ca), and the relationship between z value and
intergranular phase chemistry was determined using var-
ious sintering aids. Additionally, the effects of varying

sintering additive amount and cation mole ratios on
density, hardness and fracture toughness has been ana-
lyzed and correlated to z values.

2. Materials and methods

Commercially available powders in appropriate
amounts were used as starting materials to produce o':'-
SiAION composites with TiN (17 wt%). The chemical
composition of raw material for the processing of SiAION
ceramics is as follows: high purity a-SisN4 powder (E-10
grade, UBE Co. Ltd., Japan) with 1.4 wt% O content, high
purity AIN powder (H Type, Tokuyama Corp., Japan)
containing 1.6 wt% O, ALO; (Alcoa A16-SG, Pittsburgh,
USA), Y,05 (>99.9%, H.C. Starck Berlin, Germany),
Er,O5; (>99.99%, Treibacher, Austria), Yb,O5; (> 99.99%,
Treibacher, Austria), Sm,O3 (> 99.9%, Stanford Materials
Corp., USA), CaCO; (> 99.75%, Reidel-de Haen, Germany)
and TiN powder with average particle size of 1-2 pm (> 99%
pure, H.C. Starck, Grade C, Berlin, Germany).

It has to be noted here that Y,03 and/or Re,O3 (where
Zgre = 62) were used in order to increase the stability and
hardness of a'-SiAION, Sm,O3 (where Zg. < 62) was used
to develop elongated B'-SiAION grains and hence increase
the fracture toughness, and CaO was used in order to
avoid o — B SiAION transformation [23]. 25a":753"' SiAION
compositions were formulated which have different z values
(z: 0.25, 0.7 and 1), cation systems (9Y/Er/Yb:0.5Sm:0.5Ca
and 4.5Y:4.5Sm:1Ca), and additive contents (IGP mol%:
1.5, 2, 2.5 and 3.3; see Table 1). The composition of the
SiAIONSs in the sample with nominal n=1.3 and m=1.25
has the x value of 0.416 (x=m/3).

The slurries with the above compositions were prepared
by wet milling in isopropyl alcohol using SizNy balls. The
slurries were then dried using a rotary evaporator and
sieved with a mesh size of 250 um. The powders were
uniaxially pressed to a maximum pressure of 25 MPa, and
subsequently cold isostatically pressed at 300 MPa to
increase the green density. The pellets were sintered using
a two-step gas pressure sintering cycle with a maximum

Table 1
Designed SiAION compositions with 25¢":75B'-SiAION phase content.

Sample code  Cation mole content  Aimed Intergranular phase
z values  content (mol%)
YZ72G2 9Y:0.5Sm:0.5Ca 0.25 2.00
YZ7 9Y:0.5Sm:0.5Ca 0.70 2.50
YZ7G2 9Y:0.5Sm:0.5Ca 0.70 2.00
YZ7G1 9Y:0.5Sm:0.5Ca 0.70 1.50
EZ7 9Er:0.5Sm:0.5Ca 0.70 2.50
EZ7G2 9Er:0.5Sm:0.5Ca 0.70 2.00
EZ7Gl 9Er:0.5Sm:0.5Ca 0.70 1.50
YbZ7 9Yb:0.5Sm:0.5Ca 0.70 2.50
YbZ7G2 9Yb:0.5Sm:0.5Ca 0.70 2.00
YbZ7Gl 9Yb:0.5Sm:0.5Ca 0.70 1.50
YZ10G3 4.5Y:4.5Sm:1Ca 1.00 3.30
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of 2.2 MPa nitrogen gas pressure at 1890 °C for 90 min and
then the furnace was allowed to cool at a rate of 5 °C/min.
The archimedes principle was used to measure the density
of samples after sintering. The types of crystalline phases and
the o':f'-SiAION phase ratios were determined by means of
X-ray diffraction analyses (XRD-Panalytical, Empyrean with
Cu-Ka radiation).

The o':f'-SiAION phase ratios were found by quantita-
tive estimation from the XRD patterns using the integrated
intensities of the (102) and (210) reflections of o'-SiAION
and the (101) and (210) reflections of B'-SiAION by the
following equation:

Iy 1
Ig+1L,  1+K[(1/wg)—1]

(1)

where I, and I are observed intensities of o'- and
B'-SIAION peaks, respectively, wg is the relative weight
fraction of B-SiAION, and K is the combined proportion-
ality constant resulting from the constants in the two
equations, namely:

Iy = KgxWpg 2)

I, = K, %W, 3)

which is 0.518 for B (101)—a (102) reflections and 0.544 for
B (210)—a (210) reflections [24].

The cell parameters of SiAIONs were measured with
silicon powders as the internal standard. The z-value of the
B-SiAION phase was obtained from the mean of the z, and
z. values given by the following equations:

 a—7.6044

= 0.031 @
c—2.9075
= 0026 ©

where a and ¢ are the calculated unit cell dimensions of
B-SiAION: JCPDS card 33-1160 was used as a reference
for B-SisN, where a=7.6044(2) A and ¢=2.9075(1) A.

The microstructural investigation of the polished sur-
faces of samples was performed by means of a scanning
electron microscope (SEM-ZEISS Supra 40VP) by using
back-scattered electron imaging mode. The mechanical
properties, in particular hardness and indentation fracture
toughness of the samples were determined by indenting the
mirror polished surfaces by applying a load of 10 kg for
10 s using Vickers hardness tester. The Vickers hardness
(HV) was calculated by the following equation (Evans and
Charles) [25]:

HV10=0.47P/d* (6)

where HV'10 is the Vickers hardness, P is load applied and a
is half the length of the diagonal of the indentation produced
by the indenter. The fracture toughness (K;c) has been
evaluated using the indentation fracture (/F) toughness
technique. In this study, the indentation fracture toughness
K;c (MPa m'?) was calculated using the appropriate formula

proposed by Niihara et al. [26] for median cracks:

Kic = 0.018HV xa* (E/HV)™

><(c/a!—1)70'5 (for c/a<3.5and 1/a<2.5) 7

where 2a is the average indent diagonal length (um), 2c is the
crack length (from one crack tip to another), E is the elastic
modulus (GPa) which is taken as a constant equivalent to
320 GPa for all the samples and H is the measured hardness
(GPa). Both the indent diagonal and crack length were
carefully measured from optical images of the indented
surfaces and the reported hardness and fracture toughness
values are the average of at least five indentation measure-
ments. The indentation damage behavior of materials was
studied in detail using SEM.

3. Results and discussion

3.1. The effect of TiN on densification, phase assemblage
and microstructural evolution

Effect of TiN addition on the densification of SiAION
compositions was investigated for YZ7, EZ7 and YbZ7
samples which have a z value of 0.7. The results of the
measured densities of SiAION and the SiAION-TiN
ceramics are presented in Table 2. The results indicate
that the open porosity levels of SIAION and SiAION-TiN
composites are comparable and it reflects that TiN addi-
tion does not adversely affect the sinterability of SIAION.
The densification behavior was observed to be similar for
the samples which were doped with different types of
cations. The slight weight loss increment with TiN addition
was a clue that the densification of SiAIONs was facili-
tated. It is mainly due to the presence of a TiO, layer on
TiN particles. From Table 2, it is evident that the samples
could be sintered at about 1890 °C with a weight loss
of >1wt%.

Previously, Duan et al. [27] found that TiN additives (as
a thin layer of TiO, present on the surface of powders)
decrease the sintering temperature of SisN4 and lead to the
phase transformation from o- to B-Si3Ny. They hypothe-
sized that the presence of Ti*" ions in the intergranular
liquid phase decreased the viscosity, which could explain
why the ratio of a- to B-SizN4 was lower. Ekstrom and
Olsson reported that B'-SiAION-TiN composites could be
sintered at a low temperature of 1650 °C, which was
several hundred degrees below the required temperature
for obtaining single phase B-Si;N,4 ceramics [28].

Fig. 1 shows the effect of TiN addition on B":a' phase
ratio and crystallization of SiAION compositions which
have similar intergranular phase content but different
cation types. The phase evolution of samples after sintering
with and without TiN addition showed almost similar "o
phase ratios (see Table 2). Evidently, the calculated
z values are in good agreement with the targeted z values
in the designed YZ7, EZ7 and YbZ7 compositions, and
TiN addition had no significant effect on z values. On the
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Table 2

Comparison densification behavior, phase evolution and change in z values of SIAION and SiAION-TiN composites.

YZ7 EZ7 YbZ7
None TiN added None TiN added None TiN added
B.D. 3.2445 3.4813 3.3586 3.5812 3.3765 3.5927
%O0.P. 0.03 0.09 0.03 0.03 0.01 0.08
%W.L. 1.43 1.56 1.17 1.32 1.65 1.70
Bl (%) 83p:17a 81p" 19 79B"21a 81p":19a' 75250 81p":19q!'
Type of IGP Amorphous Melilite(vvw) Melilite Melilite Silicate Silicate
z value 0.64 0.68 0.65 0.66 0.66 0.69
vvw: very very weak.
2, o _ ‘ The mechanical properties of SIAIONs will be discussed in
Yh(without TiN) Ybz7 Bz B: -
18 1 F(without TiN) ===~ FZ7 N the subsequent section.
Y(without TiN) ~ ----- Yz7

1.6 4 TiN

1.4 4
1.2 4

0.8

Normalized Intensity

0.6 4

0.4
02 frrmmmem e MDD

28 29 30 31 32 33 34 35 36 37
2 theta

Fig. 1. Comparison of the crystallinity in 9Y/Yb/Er—0.5Sm-0.5Ca con-
taining compositions with and without TiN (" beta SiAION phase,
o': alpha SiAION phase, M": melilite phase (Ln,Si;_ ,Al,O3 N4_ ), and
S': silicate phase (Yb,Si,07)).

other hand, TiN addition did not result in increase of
B-SiAION phase content. However, weak melilite peaks
were observed for Y doped SiAION after TiN addition. It
indicates that TiN might have lowered liquid phase
viscosity and been instrumental in the crystallization of
melilite phase.

In order to compare the microstructural differences with
the TiN addition, typical backscattered SEM images of
9Y:0.5Sm:0.5Ca doped SiAION (z:0.7) and SiAION-TiN
composite are shown in Fig. 2. The microstructure of the
samples reveals the presence of three different contrasting
phases. The prismatic grains with darker contrast were
B'-SiAION, the equiaxed grains with lighter gray contrast
were o'-SiAION and the grains with sharp contrast were TiN
due to the strong electron-scattering of the Ti atoms. The
microstructures indicate no sign of agglomeration, which
may be because of good dispersion of TiN particles in
isopropyl alcohol. Fig. 2(a) and (b) reveals that the micro-
structure of the two samples appears to be very much similar,
whereas TiN addition leads to the grain growth by causing
the formation of more liquid phase formation which lowered
the viscosity (Fig. 2d). If TiN particles were not well
dispersed, the coalescence of TiN particles would have
certainly shown detrimental effect on the strength and
fracture toughness of the composite since microstructure
would influence the mechanical properties of the material.

3.2. The effect of cation type on the z value and the IGP
crystallization

Table 3 presents the densification behavior of SIAION-
TiN composites which have different types of sintering
additives and different amounts of IGP. It is observed that
open porosity levels were similar in all samples which have
different cation systems. In an earlier study, Menon and
Chen [29] reported that heavier rare earths like Er and Yb
can effectively wet AIN. Similar phenomenon was also
reported by Hwang and Chen for Y containing system [30].
In the Y-SiAION system, Y,05;-Al,03-SiO, liquid phase
preferentially wets AIN, resulting in the formation of Bgg-
SiAION as the transient phase. Therefore wetting proper-
ties of Er, Yb and Y dopants are similar and hence they
have similar densification behavior.

In order to investigate the effects of the cation types on
the z value and the IGP crystallization of SiAIONs, Y, Yb
and Er rich (9Y/Yb/Er:0.5Sm:0.5Ca) cation systems were
used for SIAION compositional design and z value was kept
constant at 0.7. The XRD patterns for sintered samples are
shown in Fig. 3. All the sintered samples showed the
presence of crystalline secondary phases except for the
YZ7 sample which yielded a trace of melilite phase. The
slow cooling might have facilitated the crystallization of
grain boundary phase during cooling. It is obvious that
crystallization tendency of Er and Yb cations is higher than
that of Y cation. B-type disilicate phase (Yb,Si,O;) was
observed for the YbZ7 sample, whilst melilite phase was
noticed in EZ7. Mandal et al. [31,32] reported that the effect
of cation radius on the oxynitride phases formed during
the post sintering heat treatment of lanthanides modified
Si—Al-O-N glasses. The smaller radius cations (Y, Er, etc.)
disilicate or B phase was reportedly more stable. In the
present case, melilite phase crystallization was observed
instead of disilicate phase for YZ7 and EZ7 samples and
B-type disilicate phase for the YbZ7 sample. It can be seen
from the results that the disilicate phase was no longer
stable when the cation size of the sintering additives was
larger than 0.8697 A (for 9Yb:0.5 Sm:0.5Ca). As the ionic
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Fig. 2. (a and c) representative back-scattered SEM images of 9Y:0.5Sm:0.5Ca doped SiAION (z:0.7) and (b and d) SIAION-TiN composite.

Table 3
Densification behavior of SiAIONs and SiAION-TiN composites with
different intergranular phase contents.

Sample Aimed 7z Intergranular phase B.D. %0.P
values content (mol%)
YZ2G2 (without TiN)  0.25 2.00 3.2450 0.05
YZ7 0.70 2.50 3.4813 0.09
YZ7G2 0.70 2.00 3.4702 0.11
YZ7G1 0.70 1.50 3.4533 0.24
EZ7 0.70 2.50 3.5812 0.03
EZ7G2 0.70 2.00 3.5520 0.15
EZ7Gl1 0.70 1.50 3.5086 0.19
YbZ7 0.70 2.50 3.5927 0.08
YbZ7G2 0.70 2.00 3.5699 0.09
YbZ7Gl 0.70 1.50 3.5053 0.17
YZ10G3 (without TiN) 1.00 3.30 3.2737 0.23

z values

0.6

147 —vz7 068 3 B
12 Ez7 0.66 B

> : —YbZ7 0.69

]

£ 1

£

-

g 08 B

©

E

5

Z

0.4 a
N | NP, WY | W l‘ A/ L
a5 U A1 AN
._.....‘JL,._...MJ | S \»_W.JW V WV I\.d..f\sa-..j (W
0
18 23 28 33 38 43

2 theta

Fig. 3. Comparison of the crystallinity in 9Y/Yb/Er:0.5Sm:0.5Ca contain-
ing systems (z:0.7) with 2.5 mol% intergranular phase content (B beta
SiAION phase, o': alpha SiAION phase, M": melilite phase (Ln,Si;_
Al,03, Ny_,), and S" silicate phase (Yb,Si,0)).

radius increased to 0.8904 A (for 9Er:0.5Sm:0.5Ca) and
0.9012 A (for 9Y:0.5Sm:0.5Ca) melilite phase crystallization
was obtained. The melilite phase is well known as a good
secondary refractory phase which displays good high
temperature stability since it has a very high nitrogen
content (LHQSi@_x)Ale(3+x)N(4_x)) [17] On the other
hand, the melting point of Yb,Si,O; phase is high
(1850 °C) and is oxidation resistant [33] and it has advan-
tages for high temperature applications. In addition, similar
o':B' phase ratios were achieved for all cation systems (see
Table 4) due to the approximate values of cation sizes.
Table 4 also presents the relationship between the
z value and the cation types of the investigated samples.
The results showed that YZ7, EZ7 and YbZ7 samples
which have similar z values (0.68, 0.66 and 0.69, respec-
tively) and cation types had no effect on z value for the
multi-cation doped samples. Previously, Mandal reported
that [34] reduction in z value from 0.78 (Yb with 0.867 A
cation size) to ~0.57 (Sm with 0.964 A cation size) as ionic
radius increases the trends in %a'-SiAION content and z
value could be strongly correlated. However in this used
multi-cation doped system, this trend was not observed.

3.3. Effect of IGP content on the z value and the IGP
crystallization

The addition of sintering aids results in residual glassy
and/or crystalline intergranular phases in the final micro-
structure. The presence of these phases may downgrade the
high temperature properties of final products, and there-
fore an important target in the development of SiAION
ceramics is to minimize the amount of these phases and to
obtain crystalline IGP chemistry instead of glassy phase
with fully dense materials.
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Table 4

Phase evolution, z values and unitcell dimensions of sintered SiAION and SiAION-TiN samples.

Sample Intergranular ~ Unit cell Unit cell Aimed Measured Bho' ratio Type of IGP  Cation
phase content dimension dimension z value z value (%) size(A)
(mol%) a-axis (A) c-axis (A)

YZ2G2 2.00 - - 0.25 0.23 82p"18a! M' (s) 0.9012

(without TiN)

YZ7 2.50 7.629 2.922 0.70 0.68 818194 M' (vvw) 0.9012

YZ7G2 2.00 7.630 2.925 0.70 0.75 88" 124! A 0.9012

YZ7G1 1.50 7.638 2.927 0.70 0.93 933" 70! A 0.9012

EZ7 2.50 7.627 2.923 0.70 0.66 81B"194 M’ (s) 0.8904

EZ7G2 2.00 7.629 2.924 0.70 0.72 87p"13a! M' (vw) 0.8904

EZ7G1 1.50 7.630 2.924 0.70 0.72 89p" 110! A 0.8904

YbZ7 2.50 7.629 2.923 0.70 0.69 818194 S (vs) 0.8697

YbZ7G2 2.00 7.627 2.925 0.70 0.69 83p"17a S (s) 0.8697

YbZ7G1 1.50 7.632 2.925 0.70 0.79 923"8a!' A 0.8697

YZ10G3 3.30 7.632 2.926 1.0 0.81 72p"280!! M' (vs) 0.9329

(without TiN)

A: amorphous; M": mellilite; S": silicate; s: strong; vs: very strong; vw: very weak; vvw: very very weak.

In this study, SIAION compositions were designed with 14 5 z values
different intergranular phase contents (2.5, 2 and . B 822 _________ zgm b
1.5 mol%). As intergranular phase content decreased at E 093 ----- Y77G1 B

the constant z value (0.7), the bulk densities reduced since
the heavy metal (Yb, Er and Y) content was lowered (see
Table 3). Open porosities showed an increasing trend with
the decrease in the sintering additive content, because
reduced amount of transient liquid phase during sintering
led to impaired densification (Table 3). The open porosity
level of YbZ7 was less than that of YZ7 and EZ7 samples.
YbZ7G1 had the lowest IGP content (1.5 mol%), had less
open porosity level than YZ7 (which had the highest IGP
content of 2.5 mol%). It is evident that Yb doped SiAIONs
had better densification behavior after the application of a
two step sintering regime.

Figs. 4-8 show the phase relationship of SiAION-TiN
composites which contain different amounts of intergra-
nular phase. The results showed that with the decrease of
sintering additive content, the desired o' content was not
formed in all the compositions due to the insufficient
amount of cation to stabilize the o' phase. For example,
the YZ7 sample with 2.5mol% sintering aid exhibited
81B"19a' phase ratios; however, when the sintering addi-
tive content is further reduced to 2 and 1.5 mol%, the
B'-phase increased to 88 and 93, respectively. The reason
for increased amount of B' can be attributed to the
reduction of sintering additive content. This is consistent
with Hermann’s work, where the o' content was lower than
it should be with decreasing sintering additive content [35].

Also crystallization of intergranular phase was inhibited
with the reduction of sintering additive content. An
amorphous intergranular phase is observed for the samples
YZ7G1 and YZ7G2 which contain 1.5 and 2 mol% of
intergranular phase, respectively. However, a trace amount
of melilite phase was detected for YZ7 sample which also
contains a higher intergranular phase content (2.5 mol%).

Normalized Intensity

26 28 30 n 34 36 38
2 theta

Fig. 4. XRD pattern of 9Y:0.5Sm:0.5Ca containing SIAION-TiN com-

positions (z:0.7) which have different amounts of intergranular phase

(B:beta SiAION phase, o':alpha SiAION phase, M': melilite phase

(LnySiz— ALO3 4 Ny ).
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Fig. 5. XRD pattern of 9Er:0.5Sm:0.5Ca containing SiAION-TiN com-
positions (z:0.7) which have different amounts of intergranular phase
(B":beta SiAION phase, o':alpha SiAION phase, and M": Melilite phase
(Ln,Siz ALO3 Ny ).

Increase in the sintering additive amount led to phase
transformation from amorphous to crystalline melilite for
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compositions (z:0.7) which have different amounts of intergranular phase
contents (B'": beta SIAION phase, o': alpha SiAION phase, and M": melilite
phase (Ln,Siz_ (Al O34 (Ns_,)).

the Y doped sample (Fig. 5). As previously mentioned,
crystallization tendency of Er and Yb cation was higher
than that of Y cation. Therefore, even with a decrease in
sintering aid content to 2 mol%, melilite and silicate peaks
were present for EZ7G2 and YbZ7G2 samples. Amor-
phous intergranular phase chemistry was noticed for both
the EZ7G1 and YbZ7G1 samples when sintering aid
content is reduced to 1.5 mol%.

Another important aspect of present investigation is the
effect of intergranular phase amount on z value. With a
decrease in sintering additive amount from 2.5 to 2 and 1.5%
mole, z value increased from 0.68 to 0.75 and 0.93,
respectively, subsequently for Y doped samples (Fig. 6). It
is evident that unit cell parameters (¢ and ¢ axis) increased by
the decrease in sintering additive amount (see Table 4). It
indicates that more Al and O substituted into B' crystal
structure as the sintering additive amount is decreased. The
crystal structure expands more as the silicon was replaced by
aluminum and nitrogen by oxygen. On the other hand,
o' phase was not stable due to higher ionic size of Y than
those of Yb and Er. Based on TEM analysis, Yurdakul et al.
[36] reported that Yb could be absorbed into a new inter-
stitial site of the B' lattice. Possibly the Y cation preferably
substituted in to B' crystal structure instead of o' crystal
structure due to bigger cation size. Therefore, B' content
reached 93% for YZ7G1 from 81% for YZ7 with decreasing
sintering aid amount to 40% (Fig. 7). Also with a decrease in
sintering aid amount to ~20%, intergranular phase structure
changes from melilite to amorphous. A similar phenomenon
was observed for Er-doped samples. From Fig. 7, it can be
observed that with the decrease in the IGP content the
z value increase is more for Y containing samples than the
Er containing samples. On the other hand melilite peaks were
still observed for EZ7G2, with the amorphous intergranular
phase for YZ7G2. The intensity of melilite peaks decreased
with decreasing sintering aid content and increasing z value
from 0.66 to 0.72. Although EZ7Gland EZ7G2 had similar
z values and o':f' phase ratios, the former contained an
intergranular phase which is amorphous and less in quantity
while the latter contained a crystalline intergranular phase
and higher in quantity.

However, Yb doped samples showed different trends for
both Er and Y doped samples in the sense that with a
decreasing IGP content z value, o' phase stability and
intergranular phase crystallization increased (Figs. 6-8).
This may be related to cation sizes as well. The small ionic
size of Yb provided more stability of o' phase and higher
crystallization tendency of the intergranular phase with
lower intergranular phase amount. In the ytterbium based
system, the extension of the a-SiAION region was sig-
nificantly larger. Yb doped samples showed a trend similar
to that of Er doped samples as could be explained by IGP
content and crystallization relationship. Crystalline inter-
granular phase chemistry was achieved even with 2 mol%
IGP content sample but its crystalline phase content was
higher than that of Er doped sample.

The YZ10G3 sample had the highest (3.3 mol%) inter-
granular phase amount. Fig. 9 reveals that the sample has
both a high z value (0.8) and more melilite phase crystal-
lization due to its higher sintering additive amount
(0.33 mol%). IGP crystallization could be controlled by
the cation system and cation mole ratios besides inter-
granular phase content. The YZ10G3 sample exhibits both
higher intergranular phase content (3.3 mol%), and high-
est Sm cation mole ratio.
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Fig. 9. Comparison of the crystallinity in Y:Sm:Ca containing system
with different cation molar ratios and intergranular phase contents
(B": beta SiAION phase, o': alpha SiAION phase, and M": melilite phase
(Ln25137xA1x03+xN47x))'

3.4. The effect of cation ratios on the z value and the IGP
crystallization

Our preliminary studies had shown that it was not
possible to produce high z value (z > 0.5) SiAIONs with
crystalline intergranular phase chemistry. In that case,
SiAION compositions were designed with z values of
0.25 and 0.7, same o':f' phase ratio and cation system
(9Y:0.5Sm:0.5 Ca). The XRD analysis (Fig. 9) revealed
that melilite phase was the product from crystallization of
grain boundary phase of the YZ2G2 (z=0.23) sample, and
it disappeared with the increasing of Al replacement for Si
in the YZ7G2 sample and amorphous intergranular phase
was obtained as the z value increased to 0.75.

The YZ10G3 sample had the highest (3.3 mol%) intergra-
nular phase content and was rich in Sm and Y cations
(4.5Y:4.5Sm:1Ca). Increase in Sm content provided more
melilite phase crystallization. Our previous research showed
that with an increase in Sm content in the Y-Sm—Ca system,
from 5 to 60 mol%, very intense melilite phase crystallization
was achieved even after fast cooling because of the lower
eutectic temperature of system and high nitrogen solubility in
the Sm—Si—Al-O-N system [37]. Zhang et al. [38] reported that
Samarium phase relationships with Si—Al-O-N were slightly
different from those in the Y-Si-AI-O-N. In the Sm,Os—
SizN4~AIN-ALO; system, SmAIO; and M' phase (melilite
solid solution, Sm,Siz_ yAlL Oz wNu—y, x=0—1.0) were
the only two important phases which had tie lines joined to
B-SiAION and AIN polytypoid phases. M phase coexisted
with o' SIAION. Therefore, Sm SiAIONs had been kinetically
favoured in the formation of melilite phase over o'-SiAION
formation.

Thus the YZ10G3 sample had both high z value (0.8)
and intense melilite phase crystallization due to the higher
(0.33 mol%) sintering additive content, and Sm rich cation
system.

3.5. Mechanical properties

Fracture toughness of the SiAIONs was measured by the
Vickers indentation technique. The Vickers indents were

analyzed by SEM in order to study the indentation
cracking behavior. Both indent diagonals and crack
lengths around the indentations were measured from the
optical microscopy and are given in Table 5. The hardness
and fracture toughness of the SiAION ceramics are
summarized in Table 5. From Table 5, it is clear that //a
ratio varies between 1.69 and 2.38 and such values indicate
good crack growth resistance property of the investigated
ceramics. The differences in microstructure and mechanical
properties can be explained on the basis of differences in
cation systems and intergranular phase content.

The hardness of SiAION ceramics depends on phase
content and microstructure (porosity, grain size, shape and
orientations, second phase (s), z value, etc.). The grain size of
SiAION in high z value (z:4) is 5-10 times larger than that of
low z value (z <0.5) SiAIONs. Therefore the hardness values
of SiAIONs narrowly varying between 15.14 GPa and
16.48 GPa. On the other hand, hardness increases with the
amount of o'-SiAION, because it was determined by the
Burgers vector associated with dislocation movement through
lattice and along the ¢ axis of -SiAION. The larger Burgers
vector corresponds to a higher resistance to dislocation motion
in the ¢ axis and hence to a higher hardness. Decrease in
o'-SiAION content leads to decrease in hardness values. The
amount of intergranular phase content affects the hardness in
a negative way. The reduction in hardness values with the
decrease in intergranular phase content can be correlated to
change in phase assemblage where o'-SIAION content
diminishes due to insufficient content of cation to stabilize
o' phase. Among the SiAIONs, YbZ7 has the highest hardness
value since it has the highest o' SiAION phase (19 o), not
much high z value (0.69) and silicate type crystalline inter-
granular phase chemistry. Well developed o'-SiAION grains
also present in the YbZ7 sample that is different from those in
other samples (Fig. 11c).

Several fracture toughness mechanisms have been sug-
gested for silicon nitride based ceramics, namely, micro-
cracking, crack bridging and crack deflection [38]. As can
be seen in Fig. 10, the EZ7 (which has the lowest z value of
0.66, crystalline intergranular phase chemistry and high
aspect ratio grains over 7) exhibited the highest fracture
toughness (7.4 MPam'?) among of all the investigated
materials. Grain growth is also an important factor that
may influence the fracture toughness since the o'-SiAION
grains split up into smaller grains of B'-SiAION and grain
boundary phase. It provides more complex possibilities for
crack deflection and hence increases in fracture toughness.
On a similar account, high toughness is also measured in
case of EZ7G2 ceramic. In particular, well developed
elongated grains in EZ7 and EZ7G2 can lead to more
effective crack bridging and deflection (see Figs. 10 and
11b and e). As can be seen from the SEM images, the
number and size of the bright areas increase as the amount
of intergranular phase content is increased (see Fig. 11).
Decrease in amount of the intergranular phase may lead to
stronger interfacial properties and hence lower fracture
toughness. This trend was observed in some compositions
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Table 5

Mechanical properties and phase evolution of SIAION-TiN composites.

Sample HV10 (GPa) Ke (MPam'/?) cla la z value B:of ratio (%)
YZ7 15.88 +0.21 6.4+0.34 1.94 2.06 0.68 81p":19a
YZ7G2 15.94+0.18 6.8 +£0.08 2.00 2.27 0.75 883" 124
YZ7G1 15.58 +0.14 6.8+ 0.10 2.08 2.31 0.93 93p"7a!

EZ7 15.37 +£0.09 7.4 +0.05 1.85 1.69 0.66 81B19a"
EZ7G2 15.16 £ 0.11 7.24+0.15 1.89 1.78 0.72 87p" 130
EZ7G1 15.144+0.14 6.44+0.23 2.00 2.27 0.72 89B"11a
YbZ7 16.48 +0.06 7.0+0.14 2.07 2.30 0.69 81p":19a
YbZ7G2 16.124+0.18 6.5+0.03 2.11 2.38 0.69 83p":17q
YbZ7G1 15.86 +0.11 7.24+0.18 2.00 2.08 0.79 92p3"8a'

Fig. 10. SEM topography image of the Vickers indentation-induced radial crack pattern of the EZ7 sample.

especially with the decrease in intergranular phase content
~40%, but it was not the case for all (see Table 5).

On the other hand, due to thermal expansion coefficient
mismatch between the SIAION matrix (3 x 10 ¢/°C) and
TiN (9.4 x 10~ ¢/°C), extensive microcracking around the
TiN particles is inevitable. Absorbed energy by the micro-
cracking could also be another major mechanism for the
observed improvement in toughness of the composite
materials [39,40]. However extensive microcracking may
impair strength properties. Extensive microcracking can be
prevented by cooling slowly after sintering. Fangfang et al.
observed that a lower sintering temperature would be more
suitable technique in order to decrease the thermal mis-
match between SiAION and TiN during the cooling of the
composite material as it resulted in decrease in the
microcrack density [39].

4. Conclusions

In this article, the effects of cation types, intergranular
phase amount and cation mole ratio on the z value and the

IGP crystallization of SIAION-TiN composites were sys-
tematically investigated. Besides the effect of TiN on
densification, phase assemblage and microstructural evolu-
tion were determined. Based on the experimental results
and observations, the following conclusions were drawn:

1. TiN addition did not have any adverse effect on densifica-
tion, phase assemblage, z value and IGP crystallization.

2. All the SiAION-TiN composites which contained dif-
ferent types of cations but had the same amount of
intergranular phase exhibited similar z values. The
present results revealed that cation types had no con-
siderable effect on z value. An important result was the
relationship between cation size and intergranular phase
crystallization. Crystallization tendency of Er and Yb
cations was higher than that of Y cation.

3. Sintering additive amount influences the o'-SiAION phase
stability, nature of intergranular phase (amorphous or
crystalline) and z value. The decrease in sintering additive
amount resulted in higher B' phase content and z value;
crystallization tendency of intergranular phase worsened.
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Fig. 11. Representative BSE image of (a) YZ7, (b) EZ7, (c) YbZ7, (d) YZ7G2, () EZ7G2, (f) YbZ7G2, (g) YZ7G1, (h) EZTG1, and (1) YbZ7G1.

4. It was possible to obtain high z value SiAIONs with an
increased Sm cation ratio. This also caused the forma-
tion of higher melilite phase crystallization.

5. The z value of SiAIONs changed wuth the intergranular
phase amount. The intergranular phase crystallization
could be controlled by the cation system, cation mole
ratios and intergranular phase content.

6. A combination of hardness of around 15.37 GPa and
indentation toughness of 7.4 M Pam'’? could be obtained
in the EZ7 sample. This phenomenon is attributed to the
more elongated grain morphology and o' phase stability.
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