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ABSTRACT: The ESIS Technical Committee for Ceramics (TC6) is running a joint
program to characterise a commercial silicon nitride ceramic with respect to all properties
necessary to a proper design process. In this paper some preliminary results of
measurements on the ESIS Reference Silicon Nitride are presented: the room temperature
4-pt. bending strength is around 870 MPa and the 3-pt. bending strength is around
990 MPa. These two data clearly demonstrate the volume dependence of strength, which
can consistently be described with the Weibull theory and a Weibull modulus of about 15.
The room temperature fracture toughness of the material is 4,9 MPam'” (determined with
the SEVNB method). IF-toughness values are between 4,8 to 7,9 MPam'”. Although some
sub-critical crack growth exists at room temperature (the crack growth exponent is around
50), severe time dependent damage starts around 1000°C.

INTRODUCTION

In a joint European research program organised by the European Structural
Integrity Society (ESIS) a complete set of material properties indispensable
for design (including crack extension parameters, cyclic fatigue data and
data correlated to contact mechanical problems) will be measured for a
commercial silicon nitride grade. A more detailed description of this
program can be found in [1].



Investigated Material

The investigated material is the SL200-B gas pressure sintered silicon
nitride doped with Al,O; and Y;0; made by CeramTec, Plochingen,
Germany. Details on the microstructure can be found in [2].

Strength Testing

Specimens with dimensions according to EN843-1 [3] for all strength test
were diamond machined from larger plates [2] and finished with a D15-
diamond grit disc on the tensile surface. Bend tests were performed on fully
articulated jigs. Strength tests at elevated temperatures were performed after
heating the specimens at 25 — 30 °C/min and a subsequent dwell time of 5
min. The statistical evaluation was made according to ENV843-5 [4].
Fracture Toughness Testing

Fracture toughness was tested using the SEVNB-method [5, 6], the SEPB-
method [7] and the IF-method [8, 9]. The pre-cracks for the SEPB method
were introduced by the method proposed in [10]. To measure the influence
of the crack length on the toughness (i.e. the R-curve), stable crack growth
experiments using the method described in [10] were used.

Sub-critical crack growth testing

Static 4-point bend tests on standard bend bars in ambient air were used to
investigate the influence of time on strength at temperatures up to 1200°C.
At room temperature tests were conducted in deionized water. At least three
different stress levels per temperature were investigated, the tests were
suspended after 168 h if a specimen did not fail. From the experimental raw
data crack growth data for v-K-curves were evaluated using the 'modified'
evaluation proposed in [11].

STRENGTH AND TOUGHNESS AT ROOM TEMPERATURE

Strength

The results of 4-point and 3-point bending strength tests results are shown in
a Weibull-plot in Fig. 1. The relative probability of failure is plotted against
the strength in such a way that the Weibull distribution is represented as a
straight line [11-14].

In the case of the 4-point bending tests 55 experiments performed by two
laboratories (27 (lab A) and 28 (lab B) tests in each set) are shown. The
characteristic strength of set A is opa =853 MPa and that of set B is
oo = 882 MPa. With respect to the inherent scatter of the data both strength
values have to be considered equal within a 95 % confidence limit and the



common characteristic strength value is 869 + 15 MPa'. The individual data
points of both tested sets are nicely arranged on a straight lines indicating
that the strength values are two-parameter Weibull distributed. The slope of
this line indicates the Weibull modulus: m4pg = 14 £ 2!
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Fig. 1: Weibulldiagram of 3 point bend tests Fig. 2: Dependence of the characteristic
and 4-point bend tests. strength on the effective volume.

The single set (30 tests — lab C) of 3-point bending strength results also
obeys the Weibull distribution. Obviously the characteristic strength is
much higher (oyc =985+ 25 MPal) but the Weibull modulus is almost
equal (mspg=16 =+ 51). The increase in the characteristic strength is a
consequence of the "size effect", which is the most important consequence
of the Weibull theory [11-16]. The strength decreases, if the volume under
load (effective volume) increases. This is shown in Fig. 2, where the
characteristic strength is plotted versus the effective volume. Again the
Weibull behaviour is indicated by a straight line. From its reciprocal slope
the Weibull modulus for all two types of tests can be determined, yielding
m = 18. In Fig. 2 the 95 % confidence limits for the data evaluation due to
the inherent scatter are indicated by dashed lines. It can clearly be
recognised, that all data fit well together.

This kind of data evaluation is only meaningful, if the fracture origins are
all volume or all surface defects. Therefore a fractographic analysis of the
data is necessary [16]. This analysis is just at the beginning but some first
results (Fig. 3) demonstrate, that the fracture origins are material inherent
defects that correspond to the defects found on polished sections [1].

' The numbers after the +' character indicate the limits of the 95% confidence interval
according to [4] and not a standard deviation as in all other cases of this paper.
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Fig. 3: Fracture origins in bend specimens: a) volume defect: [ron-inclusion, b) defect close
to surface: insufficiently compacted region.
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Fig. 4: K, values measured with
The SEVNB and SEPB results the SEVNB and the SEPB technique
correspond nicely. The higher value and R-Curve.
obtained with the SEVNB method may
be attributed to the shielding effect of the notch [17] which may cause an
overestimation of the fracture toughness.

The values calculated with the two different formulas for the indentation
fracture method impressively show the typical large variability in results
that may be obtained with this method. The formula after [8] was calibrated
using different brittle materials while the equation proposed by [9] was
adjusted to different Si3;Ny-alloys.

The data shown in Fig. 4 indicate only a moderate increase of fracture
toughness as the crack grows. This result is consistent with the
microstructure and other observations on the R-curve behaviour of silicon
nitrides [18]: the grains are only moderately elongated and may only act as
effective bridging elements over a very short distance during crack growth.



STRENGTH AT ELEVATED TEMPERATURES

Some first test results at elevated temperatures are shown in Fig. 5. The data
at 800°C and at 1000°C show a slight decrease of strength. At even higher
temperatures the decrease of strength is more pronounced.
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Fig. 5: Temperature dependence of 4-point ~ Fig. 6: Influence of loading rate on fracture
bend strength. The mean loading rate for the  strength at 1200°C, constant load rate tests
test series is indicated in the diagram. Tests are not shown in this diagram.

were performed by five different labs.

It is well known, that in this temperature region subcritical crack growth or
creep gain influence and can cause a drop of strength [14]. The strength can
strongly depend on the rate and mode of loading2 [19]. Strength data
determined at 1200°C are plotted versus the "mean" loading rate (calculated
as strength divided by test duration) in Fig. 6. A linear increase of strength
with loading rate can be observed. In general such a behaviour can be
explained by the fact, that at a high loading rate, subcritical crack growth or
creep can occur to a lesser extent than at a low strain rate. Consequently, the
strength is higher at high loading rates [19]. The linear dependence of
strength on loading rate in Fig. 6 is a hint, that diffusional creep [19] is the
relevant damage mechanism at 1200°C. A fractographic analysis, which
could help to confirm this assumption has not yet been completed.

It follows from the behaviour shown in Fig. 5, that at sufficient high
loading rates, the room temperature strength can be maintained up to
1000°C or even to higher temperatures (as indicated by the dashed line). At

* Of course, a stress rate sensitivity of the strength also exists at room temperature, as will
be shown in the next chapter, but it is much less pronounced than at high temperatures.



temperatures above 1000°C, the strength of the material is severely
dependent on the loading rate.

THE INFLUENCE OF TIME ON STRENGTH

The influence of time under load on the strength was investigated by static
bend tests. The measured lifetimes varied by up to six orders of magnitude
for a single load level at a given temperature. Results for tests at room
temperature/100% relative humidity and 1000°C/ambient air are show in
Fig. 7.
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Fig. 7: Lifetime of the ESIS silicon nitride Fig. 8: v-K-curves for four different
in deionized water at 22°C and in ambient temperatures. Arrows indicate suspended
air at 1000°C. x denotes spontaneous failure, tests. The crack geometry factor was
— denotes suspended tests. assumed to be Y= 1,3.

The observed behaviour can be explained by sub-critical crack growth (i.e.
at stress intensities below the fracture toughness) [14] of existing defects.
The large scatter in lifetimes is caused by the size distribution of the initial
defects. The same size distribution is also the reason for the scatter of the
strength.

The sub-critical crack growth behaviour is usually described by an
empirical power law relation between the crack growth rate v and the
applied stress intensity K:



v=A"-(K/K,)" . (1)

The material and temperature dependent parameters A" and n can be
determined from the plot shown in Fig. 7 [11] (open symbols in Fig. 9).

If information on the strength under inert conditions and the geometry of the
defects is available, the crack growth rate can be determined directly from
the experimental data [11] without having to assume a special relation
between crack velocity and applied stress intensity. The arrangement of the
data points on a straight line in Fig. 8 indicates, that the power law (1) is
indeed a suitable description of the observed crack growth behaviour. It is
notable that it was possible to investigate cracks that grow as slow as
10" m/s with this method.
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. R . crack growth exponent n: comparison
previous section it is also not clear, if of two different evaluation methods
the dominant failure mechanism at and temperature dependence.
high temperatures 1is sub-critical
growth of a single defect or if delocalised damage (i.e. creep) occurs.

A comparison of the values for the crack growth exponent n determined
with the two presented methods and its dependence on temperature can be
seen in Fig. 9.

Fig. 9: Comparison of values for the

SUMMARY AND OUTLOOK

The first results of investigation on the strength properties of the ESIS
silicon nitride were presented. The material may now be classified in the
range of commercial available silicon nitrides. The results in hand indicate
that the materials has only a limited high temperature potential due to



pronounced damage by creep or sub-critical crack growth.

The identification of failure initiating defects and the clarification of the
dominant failure mechanisms is still in progress. It can be expected that a
data collection usable for design purposes will be available within the next
two years.
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