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Abstract

Tensile creep behavior of hot pressed silicon nitride on the Si3N4–Yb4Si2O7N2 tie line was investigated at temperatures of 1300
and 1400 �C under an applied stress of 125 to 200 MPa. During the tests, the creep strain increased with time and the creep rate

monotonically decreased both with time and strain. On the basis of minimum strain rates, the stress exponents for 1300 and 1400 �C
were determined to be 3.1 and 1.7, respectively. All the specimens tested at 1400 �C lead to failure while exhibiting a large scatter in
the time-to-failure data. The activation energy was determined to be 879 kJ/mol from a comparison between creep rates at different
temperatures. The creep mechanism is discussed on the basis of the creep parameters and creep damage observation. # 2002

Published by Elsevier Science Ltd.
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1. Introduction

Silicon nitride ceramics have attracted considerable
attention due to their excellent high temperature prop-
erties, and extensive work has been carried out regard-
ing applications requiring high temperature mechanical
components, such as turbochargers and gas turbines.
Silicon nitrides are often sintered with oxide additives,
which react with both the silicon nitride matrix and
silicon oxide present on the surfaces of grains, so that a
liquid phase is formed at elevated temperatures. This
liquid promotes densification via a liquid phase sinter-
ing mechanism and forms a secondary phase on cooling
at the grain boundaries. The mechanical properties of
sintered ceramics at high temperature are influenced by
the nature of the secondary phase. Control of the grain
boundaries is therefore important for developing silicon
nitride ceramics having excellent mechanical properties
at high temperatures.
Reducing the amount of grain boundary phases and

using refractory grain boundary phases are general

approaches for developing silicon nitrides for high tem-
perature applications. Pressure sintering, such as hot
pressing and hot isostatic pressing, is an effective means
for densifying silicon nitrides while reducing the amount
of sintering additives. Chemical control of the liquid
phase can eliminate or reduce the amount of glassy
phase via crystallization after sintering and dissolution
into silicon nitride grains by forming a solid solution.
Gas-pressure sintering can suppress the decomposition
of silicon nitride by using a nitrogen overpressure and it
is thereby possible to use refractory sintering additives
due to the high temperatures involved.
Rare earth oxides have been intensively used as

refractory sintering aids to achieve densification of sili-
con nitride while maintaining excellent high temperature
mechanical properties1,2. The densification behavior and
high temperature mechanical properties depend on the
type of rare earth oxides used to form the secondary
phases. A material with a composition close to the
Si3N4–Yb2Si2O7 tie line was reported to have 99.5%
theoretical density when sintered at 1850 �C for 4 h
under 1.8 MPa of nitrogen gas3, and exhibited excellent
creep resistance at 1400 �C in flexural creep tests.4 The
secondary phase in Yb2O3-doped silicon nitride depends
on the chemical composition, but a Yb2Si2O7 phase is
commonly chosen.5,6 The fabrication of hot pressed
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silicon nitride on the Si3N4–Yb4Si2O7N2 tie line has also
been reported.7 This material also exhibits excellent
creep resistance in compression.8 It should be noted that
the tensile creep rate in silicon nitride is, however, much
greater than in compression due to intensive cavitation
occurring in tension, and that the stress exponent value
is usually higher in tension than compression.9�13 The
difference in the amount of cavitation between tension
and compression is thought to be responsible for the
strong asymmetry in creep behavior.10 The objective of
the present investigation is thus to investigate the tensile
creep and creep rupture behavior of silicon nitride con-
taining an oxynitride phase of Yb4Si2O7N4.

2. Experimental procedure

2.1. Material

The starting materials were Si3N4 (alpha-type, SN-
E10, UBE Industries, Tokyo, Japan), SiO2 (99.9%,
Koujundo Chemical Lab Co., Ltd., Saitama, Japan)
and Yb2O3 (99.9%, Shin-Etsu Chemical Co. Ltd.,
Tokyo, Japan). The powders, having an overall chemi-
cal composition of 97.6 mol% Si3N4 and 2.4 mol%
Yb4Si2O7N4, were ground together in ethyl alcohol
using a planetary ball mill for 2 h.7 After drying with a
rotation evaporator and sieving, the powder mixtures
were hot pressed at 1750 �C for 1 h under a pressure of
200 MPa in nitrogen gas at a pressure of 0.925 MPa.
The dimensions of hot pressed specimens were approxi-
mately 80�45�5 mm3 and the resulting relative density
was 98 to 99% for four samples. The crystalline phases
in the material determined by X-ray diffraction were b-
Si3N4 and Yb4Si2O7N2. Fig. 1 shows the micro-
structures of the material, indicating that the material
consists of elongated grains in a matrix of fine grains.
The average length of the elongated grains was 5 to 10

mm. Table 1 lists the four-point flexural strength of the
material investigated at several temperatures. The flex-
ural strength was measured using specimens having
dimensions of 3�4�40 mm3. The crosshead speed was
0.5 mm/min, and the inner and outer spans were 10 and
30 mm, respectively.

2.2. Tensile creep test

Fig. 2 shows a flat dog-bone specimen used for tensile
creep testing. The total length of each specimen was 70
mm, with a rectangular cross section of 4.0�2.5 mm2 in
the gauge area. The gauge length was 20 mm.
Creep tests were performed in air using a dead-weight

loading apparatus, HTT-300 (Toshin Kogyo Co., Ltd.,
Tokyo, Japan). The specimens were fixed in hot grips
using four silicon carbide pins connected to silicon car-
bide loading fixtures. The test furnace had six heating
elements of MoSi2 and the temperature was controlled
to within 5�. Displacement of the inner positions of the
hot grips was measured with an optical image analyzer
VAD-1R (Toshin Kogyo Co., Ltd., Tokyo, Japan).
Prior to the tests, four strain gauges were glued on to
the four planes in the gauge area of the specimen and
adjusted to reduce the bending strain of the specimen.
The four plane strains, �1, �2, �3, and �4, were measured
with a strain amplifier, where the subscripts 1 and 2
correspond to the opposite planes of 3 and 4, respec-
tively. The bending strain expressed as percent bending
was adjusted to be lower than 5% at a stress of 60 MPa
at room temperature. It should be noted that it is
important to choose a suitable combination of pin dia-
meters in order to reduce the bending strain in the tra-
verse direction when the tensile load is applied through

Fig. 1. Microstructure of the investigated material consisting of

Si3N4–2.4 mol% Yb4Si2O7N4.

Table 1

Four-point flexural strength of silicon nitride used in the present study

RT 1200 �C 1400 �C 1500 �C

1307 MPa 990 MPa 700 MPa 418 MPa

Fig. 2. Flat dog-bone specimen used for tensile creep test.
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the shoulders of the dog-bone specimens. The percent
bending, PB, is defined as14

PB ¼
"b
"0
100 ð1Þ

where

"b ¼
"1 � "3
2

� �2
þ

"2 � "4
2

� �2� �1=2

"0 ¼
"1 þ "2 þ "3 þ "4

4

Specimens were heated under a pre-load of 98 N with
a heating rate of 15 �C/min. After reaching the test
temperature, the temperature was maintained for about
15 min to ensure a uniform temperature gradient. The
test load was then applied and the creep test started.
Details of the experimental technique are described
elsewhere.15�20

2.3. Transmission electron microscopy

The microstructure after creep was examined with a
transmission electron microscope (EM-002B, Topcon
Co., Ltd., Tokyo, Japan) at an accelerated voltage of
200 kV. Samples were cut from the crept specimens so
as to be observed on the plane parallel to the tensile
axis.

3. Results and discussion

Fig. 3 shows creep curves at 1300 and 1400 �C. All the
specimens tested at 1400 �C failed and the failure times
were several tens of hours. The tests at 1300 �C were
continued for several hundreds of hours and interrupted
prior to failure. As listed in Table 2, the failure strains in
the creep tests at 1400 �C were 0.029 at 160 MPa, 0.020
at 150 MPa, 0.038 at 145 MPa, 0.031 at 137 MPa and

0.027 at 125 MPa. At both temperatures, the creep rate
increases with an increase in the applied stress. Note
that transient creep followed by steady-state like creep
was always seen in the present study and the tertiary
stage was not observed. This is consistent with typical
creep curves previously reported for silicon nitrides21�23

Figs. 4 and 5 show the time and strain dependences of
strain rates, respectively. It is clear that the creep rate

Fig. 3. Tensile creep curves obtained at the indicated stresses at (A)

1300 �C and (B) 1400 �C.

Table 2

Summarized creep data in the present study

Specimen Creep condition Creep test results

Temperature

(�C)

Test load

(N)

Stress

(MPa)

Time interrupted

(h)

Time-to-rupture (h) Failure

strain

Minimum stress

rate (s�1)

1 1300 1502.8 150.0 477 2.47�10�9

2 1300 1832.6 179.8 236 5.33�10�9

3 1300 2033.5 200.0 636 5.79�10�9

4 1400 1259.3 124.9 59 0.027 8.41�10�8

5 1400 1381.8 136.9 53 0.031 1.07�10�7

6 1400 1504.3 150.2 21 0.020 1.76�10�7

7 1400 1489.6 145.0 80 0.038 7.48�10�8

8 1400 1641.5 160.0 43 0.029 1.17�10�7
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monotonically decreases with time and creep strain in
all the tests at both 1300 and 1400 �C. Therefore, the
minimum of the strain rate appears at the end of the
creep tests. This indicates that the rupture time influ-
ences the minimum strain rate. According to Norton’s
law, the creep rate in the steady state stage,"

:
, may be

expressed as a power function of stress �.

"
:
¼ D0exp �

Q

RT

� �
�n ð2Þ

where n is the stress exponent, R is the gas constant, T is
the absolute temperature and Q is the activation energy.
Fig. 6 shows stress exponents obtained from the mini-
mum strain rate data, namely n=3.1 at 1300 �C and
n=1.7 at 1400 �C. Since the strain rate data were
obtained from the final part of the creep curves, the
shorter failure and interrupted times lead to greater
values in the minimum strain rates. For example, the
plot of the creep test under a stress of 180 MPa at
1300 �C appears slightly above the solid line in Fig. 6
because it corresponds to the shortest interrupted time.

For the plots at 1400 �C, the shortest time-to-failure was
obtained for the test at 150 MPa and the corresponding
minimum strain rate was just above the solid line.
Furthermore, the minimum strain rate to the longest

Fig. 6. Tensile creep strain rate versus applied stress at 1300 �C and

1400 �C.

Fig. 5. Tensile creep strain rate versus creep strain at (A) 1300 �C and

(B) 1400 �C.

Fig. 4. Tensile creep strain rate dependence on creep time at (A)

1300 �C and (B) 1400 �C.
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time-to-failure for the test at 145 MPa was situated just
below the line.
The apparent stress exponent can be determined from

constant time and strain plots; for constant time plots, it
was reported that the stress exponent calculated from
the strain rate at constant time is lower than that deter-
mined from the minimum strain rate, while in constant
strain plots, higher n values are obtained at small creep
strains24 Such a trend was, however, unclear in the pre-
sent study due to the limited stress range in the creep
tests.
The activation energy can be obtained from a com-

parison of strain rates at different temperatures. From
direct comparison between the minimum strain rates at
150 MPa, the activation energy was calculated to be
Q=934 kJ/mol. Since the strain rates were obtained
from the final stages of the creep tests and the strain
rates were decreasing gradually with creep time, the
calculated value of the activation energy may involve
considerable error. In fact, the value seems to be over-
estimated, assuming that the minimum strain rate at
1400 �C is overestimated because the data point was
obtained from the shortest time-to-failure in the series
of creep tests (see the data point at 150 MPa in Fig. 6).
When the values of the minimum strain rates at 150
MPa were estimated from the interpolation of the
solid lines in Fig. 6, the activation energy was calculated
to be 879 kJ/mol. Since the stress exponents vary
between the two test temperatures, the activation energy
depends on the applied stress. Accordingly, the activa-
tion energy, calculated from two data points at two
temperatures, slightly decreases with an increase in the
applied stress.
It was reported that a compression creep test of this

material was conducted at 1370 �C under a stress of 200
MPa, and that the steady-state creep rate was about
1�10�8 s�1.8 Although there are no available tensile
creep data corresponding to the same test conditions,
the creep rate in tension corresponding to these com-
pression creep conditions can be estimated from the
present data. This estimate indicates that tensile creep
rate is about ten times higher than compression. This
difference is consistent with a direct comparison
between tension and compression.10 Furthermore, the
stress exponent in compression at 1370 �C was around
1.5,8 and this is close to the value under tensile creep at
1400 �C in the present study. This suggests that the
dominant creep mechanism is identical both in tension
and compression while tensile stress enhances the creep
rate.
Fig. 7 shows the relationship between time-to-rupture

and the applied stress at 1400 �C. The time-to-rupture
decreases with an increase in stress. Time-to-failure tf
may be described by the power function of stress �:

tf ¼ B��N ð3Þ

where N is a parameter describing stress–rupture beha-
vior. In the present study, the N value was difficult to
determine due to the large scatter in data.
Fig. 8 shows the minimum strain rates "

:
min against

time-to-failure. The strain rate decreases with an increase
in the time-to-failure. The slope gives a Monkman–
Grant parameter of m=1.54, which is defined by:25

tf ¼ C"
:�m
min ð4Þ

The m value obtained is consistent with the previous
work since it is somewhat greater and close to one.22

A variety of creep mechanisms occur in silicon nitride
at high temperatures. Viscous flow is often responsible
for the initial deformation through the rearrangement
of the grain boundary glassy phase26,27 and the solu-
tion–precipitation mechanism can be responsible for
further deformation.28 However, the stress exponents in
tensile creep tests of silicon nitride are sometimes very
large, and extensive cavitation contributes to the major
deformation.10,29,30 Therefore, tensile creep in the steady
state in general seems to be mainly a combination of

Fig. 7. Time-to-failure and applied stress of silicon nitride at 1400 �C.

Fig. 8. Time-to-failure and strain rate of silicon nitride at 1400 �C.
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two mechanisms: the solution–precipitation mechanism
and cavitation creep. Since the intensive cavitation that
occurs during tensile creep accelerates the creep rate,
new expressions for cavitation creep have been pro-
posed.12,13 Assuming that the greater contribution of
cavitation creep leads to the higher stress exponent, the
stress exponent may be a way of evaluating the con-
tribution of cavitation.29,30 The activation energy
should also be different between the two mechanisms.
Fig. 9 shows plots of activation energy Q against the n
value, taken from various data already publish-
ed.21,31�42 It is clear that a large n value corresponds to
high activation energy with two exceptional data points,
marked as 6 and 14. However, data point number 14
was explained as being the crack growth exponent.41

Moreover, data point 6 results from the SiO2 rich grain
boundary phase since this data point corresponds to the
compression creep data of the material on the Si3N4–
Si2N2O tie line

35,36 Therefore, these data points may be
exceptional and the activation energy and the stress
exponent of creep deformation seem to strongly corre-
late with each other. Note that the present data point is
placed along the trend of the previous data points when
the activation energy is determined from interpolated
values and the stress exponent is chosen to be 2.4 for the
average over the values for two temperatures.
Fig. 10 shows a transmission electron micrograph of

the crept specimen, which was tested at 1400 �C under a
stress of 137 MPa with a time-to-failure of 53 h. This
indicates that the material consists of silicon nitride
crystals of irregular shape. The secondary phase present
at triple junctions looks dark and cavities can hardly be
seen. This suggests that cavitation is most likely not the
dominant deformation mechanism of this material at
1400 �C, unlike the usual class of silicon nitrides. This
observation is also consistent with the relatively low
stress exponent value of 1.7 in tension.

4. Summary

Tensile creep behavior of silicon nitride, sintered with
additions of Yb2O3 and SiO2 to give a theoretical sec-
ondary phase composition of 2.4 mol% Yb4Si2O7N4,
was investigated. The material contained crystalline
phases of b-Si3N4 and Yb4Si2O7N4. Considerable creep
deformation was observed during tests at temperatures
of 1300 and 1400 �C, and the strain rate monotonically
decreased with time and strain. The stress exponent
determined from the minimum strain rate was 3.1 at
1300 �C and 1.7 at 1400 �C. TEM observation revealed
that cavitation is not the dominant creep mechanism in
this case, and this observation was consistent with the
relatively low stress exponent value in tension.
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