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Abstract

SiAlON ceramics with high hardness and high toughness can be made through designing a/b-SiAlON composites. An important advantage of

a-SiAlON phase is that the amount of intergranular phase is reduced by the transient liquid phase being absorbed into the matrix of a-SiAlON

phase during sintering. But, the thermal stability of the a-SiAlON phase is an important concern for a/b-SiAlON composites especially at high

temperatures. The use of different types of single or multiple cations during fabrication directly affects resultant microstructures and mechanical

behavior of a/b-SiAlON composites. In this study, the creep behavior of a multi-cation (Y, Sm and Ca) doped a/b-SiAlON composite, in which

aluminum-containing nitrogen melilite solid solution phase was designed as intergranular phase, was investigated by four-point bending creep tests

under stresses from 50 to 150 MPa and at temperatures from 1300 8C to 1400 8C in air. The stress exponent was determined to be 1.6 � 0.13 at

1400 8C and the creep activation energy was calculated to be 692 � 37 kJ/mol�1. Grain boundary sliding coupled with diffusion was identified as

the rate-controlling creep mechanism for the a/b-SiAlON composite.
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1. Introduction

Silicon nitride (Si3N4) is one of the major structural

ceramics that has been developed following many years of

intensive research. It possesses high flexural strength, high

fracture resistance, good creep resistance, high hardness and

excellent wear resistance [1]. These excellent properties offer

great potential in structural applications [2]. On the other hand,

other important structural material SiAlONs generally consist

of two crystalline phases: a-SiAlON and b-SiAlON which are

isostructural with a-Si3N4 and b-Si3N4, respectively [3].

An important advantage of a-SiAlONs is that the amount of

intergranular phase is reduced by the transient liquid phase

being absorbed into the matrix of a-SiAlON phase during

sintering. As a-SiAlON and b-SiAlON phases are completely

compatible, SiAlON ceramics with both higher hardness and

higher toughness can be achieved through designing of a/b-
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SiAlON composites [4]. Meanwhile, the combination of

SiAlON phases has a great influence on mechanical properties

of SiAlON ceramics. Due to the different microstructure and

composition, a and b-SiAlON have distinct contribution to

creep resistance [5,6]. Klemm et al. pointed out that creep

resistance was enhanced with the increase of a-SiAlON content

in the study of four point bending creep of a/b-SiAlON

composite using YAG as intergranular phase. They attributed

the improved creep resistance to the thinner grain boundaries

between a-SiAlON grains and a strong creep resistance of

skeleton [5].

The two common methods for improving high-temperature

properties of Si3N4 based ceramics are (i) increasing the

softening point of the amorphous phases above the temperature

range to which the ceramic will be exposed and (ii)

crystallization of the amorphous phases, so as to eliminate

the softening point entirely [2,7]. Therefore, one of the main

aspects in designing SiAlONs with improved high temperature

properties would be to use additives that would provide a good

liquid phase sintering behavior and at the same time would

crystallize well to refractory phases after sintering. In this study,

Y–Sm–Ca multi cation system was chosen to produce hard and
d.
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Fig. 1. X-ray diffraction pattern of as-sintered a/b-SiAlON ceramic (b: beta

SiAlON phase, a: alpha SiAlON phase, M: melilite phase (Ln2Si3�x

AlxO3+xN4�x)).
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tough a/b-SiAlON composite for high temperature applica-

tions [8]. To prevent the side effect of intergranular phase,

refractory aluminum-containing nitrogen melilite (Ln2Si3�x

AlxO3+xN4�x) phase crystallization was aimed. There is little

information in the literature concerning creep of SiAlON

ceramics with multi cation sintering additives. Therefore, the

objective of the present work is to investigate the creep

behavior of new multi-cation doped a/b-SiAlON ceramics.

2. Experimental procedure

The overall composition of the prepared starting powder

mixtures were corresponding to duplex a/b SiAlON ceramic

with 25a/75b ratio. Starting powder mixtures were prepared

using a-Si3N4 (UBE-E10) with AlN (HC Starck-Berlin, Grade

C), Al2O3 (Alcoa, Grade A16SG) together with mixtures of Y2O3

(H.C. Starck Berlin), Sm2O3 (Stanford Materials Corp.) and CaO

(Reidel-de Haen) as densifying additives. The powder mixtures

with binding materials were uniaxially pressed under 50 MPa as

bar shape and subsequently cold isostatically pressed at 300 MPa

to improve green density. After de-binding process, the bar

specimens were gas pressure sintered under N2 atmosphere at

different times and temperatures. The densities of the sintered

bodies were measured by using the water-displacement method.

The creep test specimens were first machined by surface

grinding in a direction parallel to the length of the fully

densified specimens with 80–350 grit diamond resinoid bonded

wheels until having dimensions of 3 mm in height, 4 mm in

width, and 50 mm in length. They were then mechanically

polished and the edges of all specimens were chamfered. Creep

tests were conducted on four-point bending fixture made of SiC

with inner and outer span of 20 mm and 40 mm, respectively by

using of an Instron 5581 testing machine. The flexure creep

strain of the creep specimen was measured by using transducer

rod connected to a linear-variable differential transducer

(LVDT) and recorded by a computer.

The phase compositions and substitution levels as-sintered

and crept samples were determined by using an X-ray powder

diffractometer (XRD, Rigaku Rint 2000). The a-SiAlON:

b-SiAlON ratio was calculated using the relative intensities

from X-ray analyses of the peaks of a (1 0 2, 2 1 0) and b

(1 0 2, 2 1 0) [9].
Fig. 2. Back-scattered SEM images of as sintered a/b
In order to find out the effect of the creep on the

microstructure of a/b-SiAlON ceramics, the microstructures

of as-sintered and crept samples were investigated by using

scanning electron microscope (SEM-ZEISS SUPRA 50 VP)

attached with an energy dispersive X-ray spectrometer (EDX-

Oxford Inca) and transmission electron microscope (TEM-

JEOL 2100F) attached with a scanning transmission electron

microscope (STEM) high angle annular dark field detector.

3. Results and discussion

3.1. Phase composition and microstructural

characterization of noncrept materials

XRD pattern from the gas pressure sintered a/b-SiAlON

ceramic in Fig. 1 showed large peaks from a-SiAlON and b-

SiAlON, as well as small peaks from other crystalline phase(s).

The a/b phase ratio was found to be around 25a/75b-SiAlON

as designed for this study. An analysis of the small peaks in the

pattern indicated the formation of crystalline aluminum-contain-

ing nitrogen melilite phase (Ln2Si3�xAlxO3+xN4�x) (Fig. 1).

The back-scattered SEM image of as-sintered a/b-SiAlON

composite is given in Fig. 2 showing that the microstructure

consists of a and b-SiAlON grains, and triple-junction pockets
-SiAlON composite (a) 10,000� and (b) 20,000�.



Fig. 3. Creep behavior of as-sintered a/b-SiAlON composite as a function of temperature (a) and stress (b).
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filled with remains of the liquid formed during sintering. The

triple-junction regions were homogeneously distributed

throughout the samples. Detailed X-ray diffraction investiga-

tions showed that some of the triple junction phases in the Y–

Sm–Ca multi cation doped ceramic were crystalline [8].

3.2. Creep behavior and mechanisms

Flexure creep tests were conducted with as-sintered fully

densified specimens in order to find out the creep behavior of

SiAlON ceramics, in air at temperatures ranging between 1300

and 1400 8C and under stress levels ranging from 50 to

150 MPa. All tests were finished after 72 h, without evidence of

macroscopic failure. The flexure creep strain–time curves

obtained in this study is given in Fig. 3. All the measured

flexure creep strain-time curves show primary and secondary

creep, but no tertiary creep. Si3N4 based ceramics typically

show only primary and secondary creep [10–16]. Stress rupture

occurs in the secondary creep region because of the relatively

brittle nature of Si3N4 based ceramics.

The time for primary creep is determined to be between 5

and 20 h depending on the testing conditions. The primary

creep was followed by a steady state, nearly constant, creep

rate. In secondary creep the strain rates were relatively low, but

the specimens especially at 1400 8C deformed most in this

stage; about 60–70% of the total deformation occurred. The

steady strain rates obtained from all creep tests conditions are

given in Table 1. When the steady strain rates (Table 1) is

examined, it can be seen that the steady strain rates normally

increase while test temperature or stress increases, but increase
Table 1

Steady state creep rates of materials for each creep test conditions.

Material Tests conditions Steady state creep rate (ess) (s�1)

Temperature

(8C)

Stress

(MPa)

a/b-SiAlON 1300 100 9.046 � 10�10 to 1.172 � 10�9

1350 100 2.778 � 10�9 to 4.628 � 10�9

1400 50–150 7.178 � 10�9 to 6.595 � 10�8

Si3N4 1400 100 1.279 � 10�6
of steady strain rates especially at 1400 8C temperature were

much higher than other conditions.

In order to find out the stress and temperature dependence of

steady-state creep rates, flexure creep strain–time curves were

analyzed in terms of Norton’s equation as shown in Eq. (1):

ess ¼ Asn exp
�Q

RT

� �
(1)

where ess is the true steady-state strain rate, A is a constant, s is the

applied stress, T is the absolute temperature, R is the gas constant,

n and Q are the stress exponent and the apparent activation energy

for creep in the steady-state region, respectively. The tests were

performed at constant temperature and different stress, in order to

evaluate the stress exponent n, whereas to evaluate the apparent

activation energy Q the tests were carried out at constant load and

different temperatures. The values of steady-state creep rates of

the as-sintered a/b-SiAlON composite ceramic are plotted

logarithmically as a function of applied stress for 1400 8C in

Fig. 4(a). By the linear fitting of data, the values of the stress

exponent n as-sintered a/b-SiAlON composite are determined to

be 1.6� 0.13 under a stress range of 50–150 MPa. The apparent

activation energies of as-sintered a/b-SiAlON composite for

creep determined from the steady-state creep rate for 100 MPa

are 692� 37 kJ/mol in the temperature range of 1300–1400 8C,

as shown in Fig. 4(b). The results are in agreement with those

reported in the literature for Si3N4 and SiAlON ceramics in four

point bending creep [7,15–23].

The mechanisms that cause creep and the creep rates of

Si3N4 and SiAlONs containing intergranular amorphous phase

are viscous flow, solution–precipitation, diffusion, grain

boundary sliding and cavitation. The active creep mechanism

is generally identified by the value of the stress exponent (n).

For Si3N4 or SiAlON ceramics, stress exponents greater than 3

are found for tensile creep because of the formation of cavities.

In compression, the stress exponents are found between 1 and 2

or less than 1 indicative of creep by solution–precipitation. In

bending creep, stress exponents are often found between 1 and

3 involving the mechanisms of solution–precipitation, diffusion

and grain boundary sliding [13–15]. These variations among

the values of stress exponent and activation energy for creep of

Si3N4 and SiAlON ceramics are due to the processing



Fig. 4. (a) Stress and (b) temperature dependence of the steady-state creep rate of as-received a/b-SiAlON composite at constant temperature of 1400 8C and under

constant stress of 100 MPa.

Fig. 6. X-ray diffraction pattern of as-sintered and crept a/b-SiAlON compos-
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conditions, chemical composition and amount of intergranular

phase, the type of creep test (tension or compressive), the

temperature and the stress applied during creep tests [23]. The

activation energy for creep of Si3N4 and SiAlON ceramics is in

the range of 550–800 kJ/mol. [7,16–21]. In this study, the stress

exponents and activation energies are calculated to be

1.6 � 0.13 and 692 � 37 kJ/mol, respectively. Therefore, the

creep deformation mechanism for the test conditions used is

determined to be grain boundary sliding coupled with diffusion.

In this study, additional flexure creep test of Si3N4 material

was also conducted to verify the results obtained for SiAlON

and compared to well documented Si3N4 ceramic in air at

temperature of 1400 8C and under 100 MPa stress. The flexure

creep strain–time curve obtained in this test under similar

conditions to SiAlON is presented in Fig. 5. The Si3N4 material

showed relatively high strain rate compared to SiAlON, and

was fractured after 5 h from start of testing by creep

deformation. In contrast, SiAlON deformed around 60% of

the total deformation of Si3N4 material at the end of 72 h

without failure. This result showed that creep resistance of

SiAlON ceramic was better than the tested Si3N4.

3.3. Phase composition and microstructural

characterization of crept materials

XRD analysis of as-sintered bulk sample before and after

creep was shown in Fig. 6. The calculations using the relative
Fig. 5. Creep behavior of as-sintered a/b-SiAlON composite compared to

Si3N4 at a temperature of 1400 8C under 100 MPa stress.
intensities from XRD analysis revealed that a/b-SiAlON ratio

changed due to the oxidation and the transformation from

a-SiAlON to b-SiAlON. The a phase content decreased from

20 to 12% and an increase of intergranular amorphous phase

crystallization (as melilite) was observed.

Photograph of a typical crept specimen and an as-received

specimen is shown in Fig. 7. Visual observation of the crept

specimen surfaces revealed the oxidation related effects for the

specimen crept at 1400 8C temperature, under 150 MPa stress

for more than 100 h with a creep deformation of more than 2%

strain. The color of the specimen changed from dark brown to

grey after creep test due to oxidation.
Fig. 7. Visual observation of (a) as-sintered and (b) crept specimens.

ite (b: beta SiAlON phase, a: alpha SiAlON phase, M: melilite phase

(Ln2Si3�xAlxO3+xN4�x)).



Fig. 8. (a) Back-scattered SEM image of a cross section of the crept specimen and (b) comparative EDX analysis from the depleted zone towards the oxide scale and

undepleted zone.

Fig. 9. (a) Back-scattered SEM image of a surface oxide scale and (b) comparative EDX analysis from the white crystals and surrounding regions in the surface

oxidation layer.
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The characterization of the surface oxidation layer composi-

tion was difficult because of the very low intensities in the XRD

pattern. Therefore, EDX analysis on SEM were carried out at

cross sections and at the oxidized surfaces (Figs. 8 and 9).

Fig. 8(a) demonstrates the back-scattered SEM image of a cross

section view from the crept sample whereas Fig. 9(a) shows the

surface of oxide scale. From the cross sections, it was seen that an

oxidation layer and a secondary phase depleted region were

formed after creep experiments (Fig. 8(a)). The depletion zone
Fig. 10. (a) STEM and (b) TEM images of crept a/b-SiAlON com
did not contain any of the sintering additives compared to

undepleted zone (Fig. 8(b)) whereas the oxidation layer contains

oxide phases rich in Y, Al and Si elements along with other

sintering additives like Sm and Ca (Fig. 9(b)). These EDX

analyse showed that the sintering additives diffused towards the

surface of the tested piece and formed oxide phases at the surface.

TEM observations of the crept samples prepared from the

tensile stressed oxidation unaffected zone revealed the occur-

rence of cavities (Fig. 10). All cavities were multigrain-junction
posite showing formation of cavities at multigrain-junctions.
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cavities, no other type was found. This observation implies that

grain boundary sliding is an important factor for initiation of

cavities during creep deformation.

4. Conclusions

The creep behavior of multi cation doped a/b-SiAlON

ceramic with melilite as a secondary crystalline phase was

assessed by four-point bending creep tests at temperatures from

1300 8C to 1400 8C under stresses from 50 to 150 MPa in air. The

stress exponent and creep activation energy were determined to

be 1.6� 0.13 and 692� 37 kJ/mol�1, respectively and grain

boundary sliding coupled with diffusion was identified as the

rate-controlling creep mechanism for the a/b-SiAlON compo-

site. As the creep mechanism was determined to be grain

boundary sliding coupled with diffusion, the reduction of

intergranular amorphous phase by the formation of melilite

phase, reduce the creep deformation and this result in the

improved creep resistance of these ceramics. Therefore, the

SiAlON system presents numerous opportunities for further

development. The presence of a number of crystalline secondary

phases forming in the system can be utilized for the improvement

of high temperature properties. However, more understanding is

needed on the effect of dopant type and composition in order to

obtain better crystallization and improved grain boundary

chemistry for creep behavior of these ceramics.
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