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High temperature bending creep
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The four-point bending creep behavior of a Sm-α-β Sialon composite, in which Sm-melilite
solid solution (denoted as M′) was designed as intergranular phase, was investigated in the
temperature range 1260–1350◦C and stresses between 85 and 290 MPa. At temperatures
less than 1300◦C, the stress exponents were measured to be 1.2–1.5, and the creep
activation energy was 708 kJ mol−1, the dominant creep mechanism was identified as
diffusion coupled with grain boundary sliding. At temperatures above 1300◦C, the stress
exponents were determined to be 2.3–2.4, and creep activation energy was 507 kJ mol −1,
the dominant creep mechanism was suggested to be diffusion cavity growth at sliding
grain boundaries. Creep test at 1350◦C for pre-oxidation sample showed a pure diffusion
mechanism, because of a stress exponent of 1. N3− diffusing along grain boundaries was
believed to be the rate controlling mechanism for diffusion creep. The oxidation and α → β

Sialon phase transformation were analyzed and their effect on creep was evaluated.
C© 2002 Kluwer Academic Publishers

1. Introduction
α Sialon and β Sialon, isostructural with α Si3N4 and
β Si3N4 respectively, are two principal Sialon ceram-
ics of practical value, because of their excellent me-
chanical properties and oxidation resistance. Usually,
α Sialon has equiaxed grain morphology and higher
hardness, β Sialon grains are acicular with aspect ratio
>4 and have higher strength and toughness. Sialon ce-
ramics with both higher hardness and higher strength
can be achieved through designing α/β Sialon com-
posites. Meanwhile, the combination between Sialon
grains has a great influence upon mechanical proper-
ties of Sialon ceramics. Designing high refractory and
high melting point intergranular phase is an effective
way to improve the creep behavior of Sialon ceramics.
At present, Sm-melilite solid solution (M′) is one of the
most commonly used Sialon intergranular phases [1–7].

Creep rupture is the major damage form for Sialon
ceramics being used at high temperature. Sialon ceram-
ics are classified into two catalogs, one contains amor-
phous intergranular phase, the other contains crystalline
intergranular phase. The steady state creep mechanisms
of Sialon ceramics containing amorphous intergranular
phase has been attributed to viscous flow, grain bound-
ary sliding, diffusion and cavities. In contrast, diffusion
is the primary mechanism for the creep of Sialon ceram-
ics containing crystalline intergranular phase. A large
number of creep data of Si3N4 ceramics prepared by
various methods such as HP or HIP have shown their
stress exponents within the range of 1 and 3 [8], and
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creep activation energy Q between 550–750 kJ mol−1

[8–10], by the mechanisms of diffusion, grain bound-
ary sliding and cavity. Stress exponent is supposed to be
greater than 3 for dislocation deformation. So far, very
few dislocation phenomena have been observed by mi-
crostructure observation during the creep of Si3N4 ce-
ramics, because only at temperature higher than 1400◦C
[11] can dislocation mechanisms be activated in Si3N4
ceramics.

Due to the different microstructure and composi-
tion, α and β Sialon have distinct contribution to
creep resistance. Klemm et al. [12] pointed out that
creep resistance was enhanced with the increase of α

Sialon content in the study of four point bending creep
of α/β Sialon composite using YAG as intergranu-
lar phase. They attributed the improved creep resis-
tance to the thinner grain boundaries between α Sialon
grains and a strong creep resistance skeleton. However,
Wereszczak et al. [13] drew opposite conclusion, in the
creep of Y2O3-doped Si3N4, that the creep behavior
degraded as α Sialon content was increased. Schneider
et al. [14] studied the influence of grain morphology
of MgO/Y2O3 doped Si3N4 on creep behavior and dis-
covered that n value is close to 2 for equiaxed α grain
and 1 for acicular β grain.

Bending creep is still one of the most popular ap-
proaches to investigate the creep behaviour of ceramics
at high temperature [15], because of its simplicity and
economy. Much work has been done on the creep be-
havior of Sialon ceramics [16–22], however, hardly any
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reports could be found in the literature on the creep of
Sm-α-β Sialon composite. In this paper, the creep be-
havior of a Sm-α-β Sialon composite with an original
α/β ratio of 55/45 is presented.

2. Experimental procedure
2.1. Materials
Sialon composite was prepared, using the powders
of Si3N4 (UBE, SN-E10), Al2O3 (Shanghai Chemical
Works), AlN (by our laboratory) and Sm2O3 (>99.9%,
Shanghai Chemical Reagent Corporation) as the start-
ing materials. The composition lies at theα andβ Sialon
coexisting area of Si3N4-4/3AlN:Al2O3-SmN:3AlN
compatibility triangle within Janecke prism [1], as cir-
cled in Fig. 1 (z = 0.8 for β Sialon, m = 1.0 and n = 1.5
for α Sialon). The batch was well mixed in alcohol and
milled in a plastic bottle for 48 hours using Sialon balls
as milling media. After being dried, the powder was
sieved and packed into a graphite die and sintered for 1
hour with a load of 24 MPa and temperature 1800◦C in
N2 atmosphere, and disks of 70 mm in diameter were
fabricated. Then the disks were cut into testing bars
in dimension of 2 × 4 × 40 mm3, and the tensile sur-
faces were carefully polished with 0.5 µm diamond
paste. Before creep test, the samples were heat treated
at 1550◦C for 6 hours in N2 atmosphere, so that more
α Sialon could be transformed to β Sialon.

The mechanical properties of the samples after heat
treatment were listed in Table I. Vicker’s hardness test-
ing was conducted on AKASHI (AVK-A) hardness
tester with an applied load of 10 kg for 10 seconds. The
fracture toughness KIC was determined by single-edge
notched beam (SENB) method using 2.5 × 5 × 26 mm3

rectangle samples with a notch width of 0.2 mm and
depth of 2.5 mm. The bending strength was measured
in air in three-point geometry with a span of 30 mm for
room temperature, using testing bars with dimensions
of 3 × 4 × 36 mm3. Both fracture toughness and bend-
ing strength tests were performed on INSTRON 1195.
The density measurements were carried out according
to Archimedes’ principle in distilled water.

T ABL E I Physical properties of as heat-treated samples

Hv10 GPa KIC MPa m1/2 σb MPa ρ/ρth %

17.2 5.3 747 99.2

Figure 1 The sample composition in α Sialon plane.

2.2. Creep testing
Creep tests were conducted on four-point bending ap-
paratus with a cantilever of 8:1, and the fixture was
made of pure SiC with inner and outer span of 10 mm
and 30 mm, respectively. The samples were heated in
a furnace with a Pt-Rh element which offered ±2◦C
of temperature control. The center deflection of outer
tensile fiber was accumulated by a linear variable differ-
ential transformer (LVDT) and recorded by a personal
computer with an accuracy of ±1 µm. The temperature
increased at a rate of about 5◦C per minute, and the sys-
tem was held at given temperature for 0.5 hour before
loading. All the tests were carried out in air.

2.3. Oxidation analysis
Oxidation of the samples during test was surveyed with
SEM, including surface morphology and thickness of
oxidation scale, and by weighing the samples before
and after creep. The oxidation of Sialon was assumed
to obey the parabolic law [1], by which the oxidation
rate constants k were assessed, and apparent oxidation
activation energy was attained by Arrhenius plots be-
tween k and 1/RT .

2.4. Microstructure examination
The grain morphologies and intergranular phases of the
samples before and after creep test were examined by
transmission electron microscopy (TEM) and high res-
olution electron microscopy (HREM). The crept sam-
ples for TEM and HREM analysis were taken from
the tensile sides of the specimens, and prepared by ion-
beam thinning till suitable for TEM observation. A thin
layer of carbon was deposited on the surface to mini-
mize charging under the electron beam. Grain sizes of
materials were calculated by an intercept method.

2.5. X-ray diffraction
One as-heat-treated sample and two crept samples were
examined by XRD (RAX-10, Riagaku, Cu kα). For
crept samples, the oxidized layers were removed and
the tests were conducted on the tensile sides. The con-
tents of α Sialon, β Sialon and intergranular phase of
the above samples were determined with a method sim-
ilar to that used by Gazzara and Messier [23] based on
the data of X-ray diffraction.

3. Results
3.1. Creep behavior
All the measured strain-time curves show primary and
secondary creep, but no tertiary creep. Fig. 2 shows
examples of strain-time curves. The time for primary
creep is between 5–30 hours depending on the test-
ing condition, samples crept at the higher temperature,
could sustain for the longer transient state. Creep mech-
anism for primary creep, we believe, is grain boundary
sliding. All the curves have a quasi steady state. The
typical length of time for bend creep studies of Si3N4
based ceramics in the literature varies anywhere from
20 to over 150 hours. Because of test fixture geometry
and experimental logistics, extended test periods are
impractical. Like that done by Cinibulk et al. [24], all
tests were terminated before 150 hours.
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Figure 2 Bending creep curves.

Figure 3 TEM micrographs of as-heat-treated and crept samples (a) as heat treated sample (b)–(e) crept for 148 hours at 1275◦C and 200 MPa with
a creep strain of 0.91%, showing intergranular and multi junction cavities.

3.2. Microstructure and X-ray diffraction
Microstructures consist of equiaxed α Sialon and elon-
gated β Sialon and intergranular phases. No radical
changes in microstructures of the samples have been
observed during creep tests. Grain size of α Sialon is
about 1 µm, the aspect ratio of β Sialon grains is around
5, and the thickness of intergranular phase is about 1 nm.
Fig. 3a shows grain morphologies of specimens before
creep tests. From the TEM results for crept samples in
Fig. 3b–e, cavities at grain boundaries and in triple grain
junctions could be found, and a few dislocations, which
might be formed during sintering, were also detected in
elongatedβ-Sialon grains. HREM observations (Fig. 4a
and b) show that the disordered intergranular phases is
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Figure 4 HREM micrographs of the sample crept for 67 hours at 1350◦C and 150 MPa with a creep strain of 2.6%, showing α/β and β/β Sialon
intergranular combination.
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Figure 5 SEM micrographs of crept sample the same as that for
Fig. 3b–e: (a) the morphology of oxidation surface (b) the thickness
of oxidation scale.

very thin, and no obvious differences in thickness be-
tween α/β and β/β grain boundary could be found.

SEM results in Fig. 5a and b show the oxidation
morphology and thickness of the oxidation scale. After
creep, both tensile and compressive surface were cov-
ered with a film of glass in which the oxidation products
SmAlO3 (square), α-crystobalite, mullite and N2 pores
were embedded. The thickness of the oxidation scale
varies with testing conditions, for the sample crept at
1275◦C and 200 MPa for 148 hours, the oxidation scale
is about 20 µm thick.

Fig. 6 shows the data of X-ray diffraction of samples
before and after creep, which indicates that the ratio

TABLE I I Phase ratio of α, β Sialon and Sm-melilite (M)

β/(α + β) M/(α + β)

A 45% 4.8%
B 61% 9.8%
C 39% 5.3%

Figure 6 X-ray diffraction data of as-heat-treated and crept samples (A)
as heat treated (B) the same sample as that for Fig. 4 (C) crept at 1300◦C
for 112 hours with a creep strain of 0.89%.

of α Sialon and β Sialon and content of intergranular
phase changed due to the oxidation and the transforma-
tion from α Sialon to β Sialon, as listed in Table II. β

Sialon grains and intergranular phases were consumed
during oxidation and were also produced through the
reconstruction of α Sialon to β Sialon during creep.
The increase of M′ phase content during creep indi-
cates that temperature is a determining factor for oxi-
dation and phase transformation. For sample B, crept
at 1350◦C, more α Sialon had transformed to β Sialon
than sample C crept at 1300◦C. This is because at tem-
peratures above eutectic point of Sm-Si-Al-O-N system
(about 1300◦C), a larger amount of liquid was formed
which would greatly enhance the transformation of α

Sialon to β Sialon.

3.3. Stress exponents, creep
activation energies

The stress and temperature dependence of steady-state
creep rate is usually expressed in following equation

εS = Aσ n exp(−Q/RT ) (1)

Where εs is the steady-state creep rate, A is a preex-
ponential factor depending on the material structure, σ
is the applied stress, n is the stress exponent, Q is the
creep activation energy, and RT has the usual meaning.
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Figure 7 Steady state creep strain rate plotted against applied stress.

Figure 8 Arrhenius plots of steady creep rate.

By apparent linear fitting the data in Figs 7 and 8, we
got the stress exponents n and creep activation energies
Q at various conditions. In Fig. 7, the samples crept at
1300◦C and 1325◦C were tested by isothermal method,
the others were tested by stress jump method. The sam-
ples crept at 1350◦C was pre-oxidized at 1300◦C for
51 hours. At temperature less than 1300◦C, the stress
exponents are 1.5 at 1260◦C and 1.2 at 1280◦C, which
are close to those got by Xu et al. [11] for YL1, and by
Cinibulk et al. [24] for Sm2Si2O7-Si3N4 ceramics. At
temperature higher than 1300◦C, the stress exponents
are 2.3 and 2.4 at 1300◦C and 1325◦C respectively,
which are comparable to the values got by Todd and
Xu [8] for Si3N4-6Y2O3-2Al2O3 and Xu et al. [11] for
YL2. The creep activation energy, for the former, is
708 kJ mol−1; and that, for the later, is 507 kJ mol−1.
The stress exponent for the pre-oxidized sample crept
at 1350◦C is 1.0, which approaches that got by Lange
et al. [25] for pre-oxidized Si3N4/MgO alloys.

4. Discussions
4.1. Steady state creep mechanisms
Diffusion is assumed to be the major steady state creep
mechanism for ceramics [26]. For Sialon ceramics, the
diffusion species include Al3+/O2−, Si4+/N3− and ad-
ditive cation Mev+, two diffusion channels, bulk dif-
fusion and grain boundary diffusion, are available for
these species. Bulk diffusion occurs at higher tem-
perature than grain boundary diffusion. Kijima and
Shirasaki [27] gave the values of 238 kJ mol−1 and

778 kJ mol−1 through the measurement of the self dif-
fusion coefficients for N3− in single crystal grains of
polycrystalline α and β Si3N4, respectively. Ziegler
[28] found the value was 645 kJ mol−1 for N3− dif-
fusing via grain boundary phase in MgO-doped Si3N4.

The nucleation and growth of cavity are considered as
the major damage form for Si3N4 ceramics crept at high
temperature [29, 30]. Actually, the observed cavities,
which are almost always located at two-grain bound-
aries and triple grain junctions, are denoted as R-type
cavities and W-type cavities, respectively. TEM obser-
vations for crept samples show that most of the cav-
ities are W-type cavities. This phenomenon indicates
that grain boundary sliding plays an important role on
the creep of the Sialon composite. No strain whorls, as
reported by Crampon et al. [31] and Lange et al. [32],
were observed by TEM on the tensile sides of crept sam-
ples. The reason is that, on the one hand, the test we con-
ducted is bending creep, rather than compressive creep;
on the other hand, Sialon grains are hard and the grain
facets are smooth. Also, we can see that, from HREM
observations, the grain boundary is very thin, only a
very small amount of disordered phase exists on the
grain boundary, so we can deduce that the grain bound-
ary sliding is non-viscous. At T < 1300◦C, i.e. the eu-
tectic temperature of Sm-Si-Al-O-N system, the stress
exponent is about 1.2–1.5 and creep activation energy
is 706 kJ mol−1, which suggests that the steady state
creep mechanism is diffusion accommodated by grain
boundary sliding. The diffusion is controlled by N3−
diffusing along grain boundaries [8, 16]. For this kind
of coupled mechanism, Stevens [33] provided theoret-
ical estimation for the contribution of grain boundary
sliding to total creep strain. For model A


s = 3[exp(−εd) + exp(εd)]

4[4 exp(−εd) − exp(εd)
(2)

and for model B


s = 4 exp(εd) − [4 exp(2εd) − 3]1/2

2[4 exp(2εd) − 3]1/2 + 4 exp(εd)
(3)

where, 
s is the ratio of creep strain by sliding to the
total strain, εd the strain by diffusion. In our experiment,
all the total strains εt < 3%, so 
s ≈ 0.5 for both models.

For further consideration, Raj and Ashby [34] gave an
expression of creep rate coupled with grain boundary
sliding by assuming that all the grains are hexagonal
and have periodical boundary condition, viz:

εs = C
πσ�

kT

Dδ

d2λ
(4)

where, εs is steady creep rate, λ is wavelength of the
periodical grain boundaries, C = 42, and the rest pa-
rameters have the same meaning in Coble diffusion
equation [35], when the lattice diffusion is neglected.
For the sample crept at 1350◦C/150 MPa, we get
εs = 3.67 × 10−8 s−1 through creep test, taking� = 7 ×
10−29 m3, δ = 10−9 m, d ≈ λ = 1 µm, the self diffusion
coefficient D in Equation 4 is 5.9 × 10−19 m2/s, which
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is about three orders higher than the self-diffusion data
of 3.9 × 10−24 m2/s and 6.0 × 10−23 m2/s given by
Kijima and Shirasaki [26] at the same temperature for
the single crystal grains of polycrystalline α and β

Si3N4, respectively. This result supports the idea that
N3− diffusing along the grain boundaries is the rate
controlling mechanism for diffusion creep.

AT T � 1300◦C, the stress exponent is about 2.3 and
creep activation energy is 507 kJ mol−1. The liquid
intergranular phase enhanced the solution-diffusion-
precipitation of α and β Sialon grains. The creep mech-
anism is attributed to diffusion cavity growth at sliding
grain boundary. Raj and Ghosh [36] related the ratio
of creep rate by Coble diffusion to total creep rate by
cavity, i.e.

εcoble

εcavity
= 1.19

(
a

d

)2( a

2r

)
(5)

where, a is the space of the cavities, r radius of cavities,
and d grain size, as defined in Hull-Rimmer model [37].

For the pre-oxidized sample, which was crept at
1350◦C, the stress exponent of 1 in Equation 1 indi-
cates that the steady state deformation mechanism is
pure diffusion, because of the compositional change
induced by oxidation.

4.2. Oxidation and α → β Sialon phase
transformation during creep

A large amount of work has been done on the oxidation
of Sialon ceramics. Generally, Sialon oxidation com-
plies with parabolic law [1, 38].

(w/A)2 = kt (6)

Where w is weight gain, A surface area of the specimen,
k oxidation rate constant, and t time. The effect of stress
on oxidation activation energy can be expressed as
follow:

Ea′ = Ea + σ V ∗ (7)

Where Ea′ is apparent oxidation energy under stress
σ , Ea is that when σ = 0, V ∗ is volume constant. In
our experiment, Ea′ was estimated to be 800–1000 kJ
mol−1, higher than creep activation energies.

Because of the different surface condition of the sam-
ples, the existence of active centers causes local stress
concentration and inhomogeneous oxidation scale, as
shown in Fig. 5b. From this point, the oxidation is detri-
mental to creep resistance. Meanwhile, glassy phase
formed during oxidation fills the cracks and cavities,
and the sample surface is covered with a thin passive
film, which alleviates the stress concentration and in-
creases the creep resistance. Owing to no disastrous ox-
idation happens under testing temperatures, as reported
by Bouarroudj et al. [39] under 1400◦C in Y2O3 doped
Sialon, oxidation is assumed to be favorable for creep
resistance. Grain boundary phase becomes thinner [40]
and the cohesion between grains becomes stronger, and
creep rate decrease during oxidation, since intergranu-
lar phase was consumed by diffusing to surface to form
glassy phase. The observation of HREM indicates that
almost all intergranular phase is Sm-melilite after heat
treatment. During oxidation, Si4+ , Al3+ , Sm3+ and

N3− diffuse outward, and O2− diffuse inward through
the oxidation scale. According to EDS (Energy Disper-
sive Spectroscopy) analysis of the oxidation scales in
Fig. 5, the oxidation products are SmAlO3, N2, crys-
tabolite, mullite and Sm-Si-Al-O glass. The following
reactions have been suggested [6]:

Si5.2Al0.8O0.8N7.2 + 10.8O2

→ 5.2SiO2 + 0.4Al2O3 + 3.6N2 (8)

Sm0.33Si9.5Al2.5O1.5N13.5 + 10.87O2

→ 0.33SmAlO3 + 8.78SiO2

+ 0.36Al6Si2O13 + 6.75N2 (9)

Wilkinson [38] outlined the diffusion model for
Me-α-β Sialon composite. Oxidation occurs at the sur-
face scale by nitrogen and oxygen exchanging their
charges. N3− transporting from the bulk to the surface
through the intergranular phase is more difficult than
O2 through oxidation scale, because the oxidation scale
is glassy and the intergranular phase is almost crys-
talline. So, N3− diffusion is the rate controlling oxida-
tion mechanism. Nevertheless, at the experimental tem-
peratures, the glassy oxidation scale can not be formed
without the solvent Sm3+, which has the same diffusion
path as N3−. The diffusion of Sm3+ plays an important
role on oxidation, Mieskowski et al. [41] assumed it as
the controlling mechanism for oxidation.

Two reasons contribute to α → β Sialon phase trans-
formation. One is the unparalleled oxidation of α and β

Sialon grains, the other is stress induced phase transfor-
mation. α → β Sialon transformation can take place
with or without liquid, i.e. [7]

α + L → β + Sm-melilite (10)

or

α → β + Sm-melilite (11)

α → β transformation leads to the increase of intergran-
ular phase Sm-melilite which is deleterious to creep
resistance and the increase of β Sialon content which
is assumed to be beneficial to creep resistance, as we
can see from Table II, when temperature was higher
than eutectic temperature of Sm-Si-Al-O-N system, re-
markable α → β transformation took place. Because
intergranular phase content is a determining factor for
creep resistance of Sialon ceramics, α → β transforma-
tion degrades the creep performance of the α/β Sialon
composite. From Fig. 5 and Table II, we can see the con-
tents of the intergranular phase in both crept samples
increase.

5. Summary
The four-point bending creep behavior for a Sm-α-β
Sialon composite was investigated at temperatures be-
tween 1260–1350◦C and stresses within 85–290 MPa,
and the results are:

1. At temperature below 1300◦C, the stress expo-
nent n and creep activation energy Q are about 1.2–1.5
and 708 kJ mol−1, respectively; at temperature above
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1300◦C, n = 2.3–2.4 and Q = 507 kJ mol−1. The dis-
crepancy of stress exponent and creep activation energy
between the two temperature ranges is related to the
eutectic point of Sialon intergranular phase at around
1300◦C.

2. The steady state creep mechanisms are the dif-
fusion accommodated by grain boundary sliding and
grain boundary sliding accompanied by diffusion cavity
formation at temperature lower and higher than 1300◦C,
respectively. N3− diffusing along the grain boundaries
is the rate controlling mechanism for diffusion creep.

3. Remarkable oxidation occurred during creep.
Sialon oxidation has the same rate controlling mech-
anism as that for diffusion creep. Sialon oxidation im-
proves the creep resistance of the Sialon composite.

4. At temperature 1350◦C, pre-oxidation of the sam-
ple shifts the creep mechanism from cavity creep to pure
diffusion creep.

5. α → β Sialon transformation increases the con-
tent of the intergranular phase Sm-melilite and degrades
the creep resistance, especially at temperature above the
eutectic point of the intergranular phase.
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