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Abstract

Flexural creep behavior of a Y-o-3 sialon composite was studied in air at temperatures of 1250-1350°C and stresses of 110-290
MPa. The composite in which YAG was designed as intergranular phase has an original o/f ratio of 65/35. The stress exponents in
Norton equation were determined to be 1.31£0.12, 1.49+£0.15 and 1.6240.10 at 1250, 1300 and 1350°C, respectively, and creep
activation energy was 677425 kJ mol~!. Combining the microstructure observations, grain boundary diffusion accommodated by
grain boundary sliding was identified as the rate-controlling creep mechanism for the composite. The creep rate exponent p in
Monkman—Grant relation was found to be 1.6, and the nucleation and growth of cavities in triple grain pockets was responsible for

the creep rupture. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Sialon ceramics are members of SisNy-based ceramic
family with excellent properties, such as high strength,
high hardness, low thermal expansion, good creep
resistance and oxidization resistance. Because of their
potential use in hot ceramic engines, sialon ceramics
have been intensively investigated for several decades.
High temperature properties, especially high tempera-
ture creep resistance, will finally determine their being
used as components of ceramic engines. Several measures
have been taken by scientists to improve the high tem-
perature mechanical properties of sialon ceramics,
including: (1) Preparing highly pure starting powders;
(2) developing advanced sintering processes, e.g. hot
press (HP), hot isostatical press (HIP) and reaction
bonded sintering (RB); (3) introducing second phase
materials into sialon matrix, which mainly are nano-
particles, whiskers, fibers and platelets; (4) tailoring the
microstructure of sialon ceramics; (5) seeking high melt
point and highly refractory intergranular phases.

Y-a-B sialon composite is a product through the
above properties designing. Y-o sialon, with a formula
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of Y,,,/38112—m—nAly4n O, Nis_m—n, has higher hardness; B
sialon, with a formula of Sis,Al,O,Ng_,, has higher
strength and toughness. Sialon ceramics have both
advantages of Y- sialon and [ sialon can be achieved via
designing «/p sialon composite with a certain o/ ratio.
Meanwhile, nowadays liquid sintering method is widely
employed in the sintering of sialon ceramics through the
introduction of additives; glassy or crystalline inter-
granular phases are inevitably introduced between sialon
grains, which dominate the high temperature properties
of sialon ceramics.! For Y-a-PB sialon composite, addi-
tives Y,03, ALOz; and AIN were introduced. Part of
these additives enter the lattice of Si3sN, to form the
solutions a sialon and B sialon, the others present at
grain boundaries as Y-Si—Al-O-N glass and crystalline
YAG. At present, YAG is recognized as the best inter-
granular phase for sialon ceramics.?

Good creep resistance for sialon ceramics is essential for
their final application. Since 1970s, the creep data of Si;Ny
or Si3Ny-based ceramics prepared by various processes
has been seen in a large body of literature. Creep behavior
of sialon ceramics has also been extensively studied.’~!°
Previous work has shown that the creep behavior of
sialon or Si3Ny ceramics involves mechanisms of grain
boundary sliding, solution/precipitation, diffusion, viscous
flow and cavities,'! and the nucleation/growth, coalescence
and linkage of cavities are responsible for the creep
rupture of sialon ceramics.!!=14
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In this paper, high-temperature creep behavior for a
Y-a-fB sialon composite with an original o/ ratio of 65/
35 were investigated. Stress exponents at several tem-
peratures and the creep activation energy were deter-
mined, combining the microstructure observations and
XRD analysis, the rate-controlling mechanism for creep
was elucidated. The effect of oxidation and phase
transformation on creep behavior of the composite was
also interpreted.

2. Experiment procedure

The starting materials were SisNy 76.03 wt.%, AlL,O3
5.02 wt.%, AIN 12.39 wt.% and Y,0O;3 6.56 wt.%. Si3Ny
was from UBE with grade SN-E10, the others were local
products of high purity (>99.9 wt.%). The powders were
mixed in alcohol and milled in a plastic jar with sialon
balls as milling media. After drying, the batch was
sieved and packed into a graphite die and sintered at a
temperature of 1800°C and a load of 24 MPa for an
hour in N, atmosphere, discs of 70 mm diameter were
prepared. Then the discs were machined into testing
bars with dimensions of 2x4 x40 mm?. Before creep, the
samples were annealed at 1350°C for 24 h in N, atmos-
phere. XRD of the as-heat-treated samples revealed that
the sialon composite had an original o/ sialon ratio of
65/35 (z=0.75 for B sialon, m=1.0 and n=1.5 for a
sialon) and YAG/(a+ p) ratio of 3.1%. The density,
determined by Archimedes’ principle in distilled water,
was 3.268 g cm 3.

The samples were crept on four-point bending creep
apparatus with a cantilever of 8:1, and the fixture was
made of highly pure SiC with outer and inner span of 30
and 10 mm, respectively. Molybdenum disilicate ele-
ment was used to heat the furnace and a Pt/Pt;o-Rh
thermocouple was used to monitor the temperature
through a programmable controller which offered +2°C
temperature control. The nominal applied stress and
creep strain were the stress and strain of the outer fiber
surface of the creep specimen, which were calculated by
a method similar to that used by Cannon et al.!> The
central deflection of the outer fiber surface of the
creep sample was measured by an extensometer con-
sisted of a ruby probe which was connected to a lin-
ear-variable differential transducer (LVDT) with an
accuracy of +1pm. The LVDT was connected to a
personnel computer which continuously recorded the
deflection data through a digital displacement meter.
The room temperature was controlled to about 22°C,
using an air conditioner (CS-5BHII, National, Japan).
Before loading, the system was held at given tempera-
ture for half an hour to minimize the instability of
temperature. The stress exponents and creep activa-
tion energy were obtained according to the following
equation:

és = Ao"exp(—Q/RT) )

where &g is the steady-state creep rate, 4 a pre-expo-
nential factor depending on the material structure, o the
applied stress, n the stress exponent, Q the creep acti-
vation energy, and RT has usual meaning. More than 10
samples were used for tests. In order to minimize the
influence of the change of microstructure and composi-
tion on the determination of stress exponents and creep
activation energy, stress exponents and creep activation
energy were determined by stress jump method and
temperature jump method, respectively.

The microstructure of the as-heat-treated and crept
samples were studied by transmission electron microscopy
(TEM) and high resolution electron microscopy (HREM,
JEM-2010, JEOL corporation, Japan, theoretical reso-
lution 0.14 nm) with energy dispersive spectrascopy
(EDS, LINKISIS) at both micrometer and nanometer
scale. The morphologies of oxidation scales were analyzed
by scanning electron microscopy (SEM, EPMA-
8705QHII). Samples for TEM and HREM analysis were
taken from the tensile side of the crept sample. Grain sizes
of mat-erials were estimated by an intercept method used
by Shi et al.!® The contents of « sialon, B sialon and YAG
were calculated from XRD results using the reflection
peak strength of o519, B21o, %102 and YAGyo.!”

3. Results
3.1. Creep behavior

Creep data are presented in Fig. 1(a)—(e). Creep
curves at single temperature and stress in Fig. 1(a) show
that the strain—time curves consist of transient state
region of about 3-20 h during which creep rates
decrease continuously as time increases, followed by a
quasi-steady state region with creep rate in the range of
10°-10~7 s~!. No accelerated creep was observed
before the failure of the samples. The highest creep
strain at rupture is about 0.7%, strongly depending on
testing conditions, especially temperature. Data in
Fig. 1(b)—(e) were used to calculate the stress exponents
and creep activation energy in Eq. (1).

At temperatures of 1250, 1300 and 1350°C, appar-
ently linear fitting of the log(creep rate)-log(applied
stress) plots according to the data in Fig. 1(b)—(d), give
stress exponents 1.31£0.12, 1.45+0.15 and 1.62+0.10,
respectively, which are in good agreement with the
results that were reported by other authors!®3=2! for Y,05
and/or Al,O3 doped SizNy4. One major discrepancy is
that the intergranular phases in our material are partly
crystalline YAG, while those in other authors materials
are all Y-Si—Al-O-N glass.

The Arrhenius plot between creep rate and temperature
based on the data in Fig. 1(e) gives the creep activation
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Fig. 1. Bending—creep curves: (a) by single temperature and stress; (b—e) by stepwise method.

energy of 677425 kJ mol~!, which agrees reasonably well
with those reported by Xu et al.?? in the creep of YL2 and
Todd and Xu!® for SisN4~6Y,035-2Al,05, but, much
higher than the value of SNYY given by Sajgalik et al.!8

3.2. Microstructure

Fig. 2 shows the microstructure of as-heat-treated
samples. Y-a sialon grains are equiaxed with grain sizes
0.2-1.5 pum, B sialon grains are acicular with an aspect
ratio greater than 5.

TEM micrographs of the sample crept at 1250°C and
235 MPa in Fig. 3 reveal that almost all cavities are
wedged-shaped ones with round corners. This observa-
tion implies that grain boundary sliding is an important
factor for initiation of cavities during creep deformation.
XRD results of the crept sample [as shown in Fig. 4(b)]

indicate that the content of intergranular phase YAG
increases from 3.1 to 7.4%, and B/o+ P ratio decreases
from 35 to 25%, comparing to the as-heat-treated sam-
ple [as shown in Fig. 4(a)]. According to the HREM
micrographs of the crept sample in Fig. 5, no obvious
discrepancy between the thickness of B/a grain bound-
aries and that of B/ grain boundaries was found, the
grain boundary thickness is about 0.6-0.8 nm, which falls
in the range of 0.5-1.0 nm as observed for most SisNy
ceramics. The intergranular phases at two grain boundary
mainly are Y-Si—AI-O-N glass, and those at triple grain
junctions are Y-Si—Al-O-N glass and YAG crystalline.
A few dislocations were also found in elongated B sialon
grains.

SEM micrographs of the oxidation scales for the
sample crept at 1250°C and 235 MPa are shown in
Fig. 6. Fig. 6(a) shows the surface of the oxidation scale.
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Fig. 4. XRD patterns for (A) the virgin sample and (B) the crept

Fig. 2. TEM micrographs of the as-heat-treated sample. sample the same as that for Fig. 3.

Fig. 3. TEM micrographs of the sample crept for 94 h at 1250°C and 235 MPa with a creep strain of 0.5%, showing at triple grain junctions the
cavities found.
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Fig. 5. HREM of the crept sample the same as that for Fig. 3, show-
ing: (a) o/ and (b) B/P grain boundaries.

4. Discussions
4.1. Creep mechanisms

Creep tests of sialon ceramics are aimed to unveil the
creep deformation mechanisms, which provide direct
evidence for their reliability evaluation. At present, the
creep mechanisms are identified by three parameters:
stress exponent, activation energy and microstructure
change, in which the stress exponent is the most impor-
tant parameter.

In Chokshi and Langdon’s review?”> on creep
mechanisms of ceramics, the creep deformation with
stress exponents 1-3 is attributed to grain boundary
sliding, diffusion, interface reaction and cavities, creep

deformation with stress exponent greater than 3 is
attributed to the motion of intragranular dislocations.
For sialon ceramics, which are usually deformed at
temperature below 1700°C, the dislocations are difficult
to be activated because of high Peierls force, therefore,
in this paper, dislocation is too low in density to be a
major creep mechanism. In the present experiment, the
stress exponents of 1.3~4.6 fall in the range of 1~3
for most previous work on the creep of Si;Ny-based
ceramics,'” we believe that grain boundary diffusion
is a dominant creep mechanism for the sialon com-
posite. This inference is similar to those made by Xu
et al.?° and Todd and Xu'® for Y,05; and Al,O5 doped
Si3Ny4. Xu et al. suggested a diffusion-grain boundary
sliding mechanism, and Todd and Xu assumed that
grain boundary diffusion accompanied by the formation
of wedge-shaped cavities was the dominant creep
mechanism.

Creep activation energy provides interesting details of
creep mechanisms, although it can not act as criteria for
the identification of creep mechanisms. Most creep
activation energies of SizNy ceramics fall in the range
650-750 kJ mol~1,19232% which involve the creep
mechanisms of grain boundary sliding and solution—
diffusion—precipitation. In our experiment, the creep
activation energy is 677 kJ mol~!, higher than the acti-
vation energy of 546-630 kJ mol~! for the solution—
precipitation mechanism of nitrogen ceramics,>® which
indicates that the solution—precipitation is not the rate
controlling mechanism for the sialon composite.

Microstructure observations show microstructure
changes during creep, such as the formation of cavities,
strain whorls, the change of grain morphologies and
devitrification of intergranular phases. These informa-
tion are useful evidences for the identification of rate-
controlling creep mechanisms. TEM observations in
Fig. 3 show, only on triple grain junctions, the cavities
were found. These observations provide powerful evi-
dence for grain boundary sliding.

So far, we can draw the conclusion that diffusion
coupled with grain boundary sliding is the dominant
creep mechanism for the creep of the sialon composite.
For this creep deformation mechanism, Stevens gave the
quantitative analysis?® that, under small creep strain
condition, grain boundary sliding has the same con-
tribution to the total creep strain as diffusion.

For the sialon composite crept at 1250, 1300 and
1350°C, the stress exponents are 1.31, 1.49 and 1.62,
respectively. This observation, i.e. the values of stress
exponents decrease as the temperature decreases, can be
attributed to cavities at mutli grain junctions, cavities
can increase the value of creep exponent.?’->® At lower
temperatures, the higher viscosity of intergranular glass
increases the energy barrier for grain boundary sliding
and diffusion, and inhibits the formation of wedge-
shaped cavities.
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Fig. 6. SEM micrographs of the crept sample identical to that for Figs. 3—5, showing: (a) the surface of the oxidation scale, (b) thickness of the
oxidation scale on the tensile side and (c) thickness of the oxidation scale on the compressive side.

4.2. Time to fracture

Si3Ny-based ceramics being used at high temperature
are mainly damaged by creep rupture. Creep rupture is
the result of the continuous nucleation and growth of
cavities at grain boundaries and triple grain junctions.

According to Evans and Rana’s statistical model?® for
high temperature rupture in ceramics, cavities initiate
primarily near triple junctions for ceramics containing
glassy intergranular phase. Under the applied stress,
wedge-shape cavities are formed because a small amount
of glass with high viscosity are not enough to fill the
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triple junctions by diffusional or viscous flow during
grain boundary sliding. This is why only wedge-shaped
cavities were observed in our experiment.

A small amount of glassy intergranular phase can
dominate the creep rupture,’® via the formation of
microcracks at triple grain junctions. In this paper, the
liquid film in two grain junctions promote the grain
boundary sliding, while the wedge-shaped cavities are
formed at triple grain junctions due to the tensile stress.

The Monkman-Grant relation®' is the most popular
creep rupture model, which describes a power law relation
between creep rupture time and steady creep rate, i.e.

el = C ©)

where #¢is the time to failure, &, is the steady creep rate, p
is creep rate exponent, and C is a constant. According to
the failure data in Fig. 1(a), the value p was calculated to
be 1.6.

4.3. The effect of oxidation on creep

For several decades, much work has been focused on
the oxidation of sialon or Siz;N,4 ceramics by both ways
of thermodynamics and kinetics,3>=37 but the real oxi-
dation mechanisms have not been well interpreted, for
instance, there is still an argument on the existence of
N-O scale between the bulk and the oxidation layer.3¢
However, the parabolic law,7 i.e.

(%)2: ki (3)

has been commonly accepted, where w is weight gain, 4
the surface area of the sample, k rate constant and ¢ time.
oxidization activation energy estimated from the above
equation is 741 kJ mol~!, approaching to the creep acti-
vation energy, 677 kJ mol~!, which indicates that oxi-
dation has almost the same rate controlling mechanism
as creep.

Due to the different microstructure and composition,
Y-a sialon is more oxidation resistant than B sialon. This
phenomenon can be further confirmed by the fact that the
magnitude of the self diffusion coefficient of N3 for single
o Si3Ny grain is around one order lower than that for
single B Si3Ny4 grain at the same temperature.’® Non-
catastrophic oxidation enhances the creep resistance.?*
As Lewis and Barnard pointed out,3? during oxidation, a
passive oxidation scale is formed on the sample surface,
which fills the cracks and cavities and releases the stress
concentration, the intergranular phase becomes purified
and thinner and the bonding energy between sialon
grains increases. According to the following reaction®

+3.625N, 4)

Y0'33Si9.5A12'501,5N13,5 + 109002 — 8328102
+ 0.17Y2S1,07 + 0.42A16S1,0,3 + 6.75N; 5)

Oxidation of the two sialons proceeds via N3~ trans-
ferring its charge to O,. The diffusion of N3~ or N3—
and Y3*' complex species is assumed to be the rate
controlling mechanism for sialon oxidation.!'%!°

4.4. Phase transformation during creep

XRD of crept samples reveals that considerable phase
transformation happens during creep with the increase
of the content of intergranular phase YAG, e.g. for the
sample crept at 1250°C and 235 MPa, the content of
YAG is 7.4 wt.% comparing to 3.1 wt.% for the as-heat-
treated sample. Phase transformation occurs more quickly
at higher temperature. However, the mechanism of trans-
formation has not been very clear.>® Both homogeneous
and heterogeneous nucleation were observed during the
transformation, and liquid phase, even in a small amount,
can greatly accelerate the transformation. In the Y-a-f
sialon composite, the following transformation is sug-
gested:°

o +L — o+ YAG (6)

where o, has a lower x (here x=m/3) value than a,. It is
probable that the unbalanced oxidation of o and B sia-
lon and stress induction drive the phase transformation.
Because of the strong dependence of the creep on inter-
granular phase, phase transformation decreases the
creep resistance of Y-a-f sialon composite, quantifying
this behavior is not documented.

5. Conclusion

The four-point bending creep behavior of a Y-o-f sia-
lon composite was investigated at temperatures of 1250—
1350°C and stresses of 110-290 MPa. The results are:

1. At 1250, 1300 and 1350°C, the stress exponents are
1.31£0.12, 1.4940.15 and 1.62+0.10, respectively,
and creep activation energy is 677425 kJ mol—!.

2. Microstructure observation indicates that most of
cavities are formed at triple grain junctions.

3. Diffusion accommodated by grain boundary slid-
ing is the dominant creep mechanism. The diffu-
sion may be controlled by N3~ diffusing along the
the grain boundary.

4. Because of the purification of intergranular phase,
oxidation enhances the creep resistance of the
composite.

5. Phase transformation results in the increase of the
content of intergranular phase YAG and deterio-
rates the creep behavior of the composite.
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