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ABSTRACT

For the evaluation of ceramic components subjected to thermal-mecha-

nical stresses it is important to know the creep behaviour of the

material at high temperatures. At ECN, research is directed to the

development of strong fine grained ceramics. However, usually the

strength is improved at the cost of the creep properties. At high

temperatures creep effects can restrict their application due to de-

formation beyond the design limits. In the present investigation, in

the framework of an IOP-TK project, creep experiments in a 4-point

bending device were performed on a rather fine grained alumina fabri-

cated by cold isostatic pressing. The results show that reproducible

results can be obtained. Tests were performed at different testing

temperatures and stresses so that the parameters of creep laws can be

determined. Additional tests must be performed with longer duration

because it was observed that stationary creep (constant creep strain

rate) was hardly obtained even within 500 hours of testing. The in-

fluence of roller friction mid shift of the contact points must be

investigated as it is possible that these effects can extend the

non-linear creep behaviour. The evaluation of the creep experiments

will be discussed in a subseqent report.
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i. INTRODUCTION

The objective of the IOP-TK project "Advanced Ceramics Testing and

Design" is to develop and validate experimental and numerical methods

for the failure probability and lifetime prediction of ceramic

components. For the evaluation of ceramic components subjected ~o

thermal-mechanical stresses, it is impor~an~ to know the degradation

behaviour of the material at high temperatures. The most important

failure modes at high temperatures are:

- fast fracture

- subcritical crack growth

- creep

- cyclic fatigue

corrosion.

Often a combination of these failure modes are involved in the de-

gradation of ceramic components. Even without catastrophic failure

pronounced creep effects can occur a~ high temperatures, which can

restrict the application of 8 component due ~o deformations beyond

the design limits.

The best way to investigate creep is ~o perform creep tests under a

uniform and constant tensile stress. From the experimental point of

view this is a complex ~es~ involving large complex shaped specimens.

Creep tests can also be carried out in 4-point bending with small

bending bars. However, the determination of the creep parameters is

then complex due to the non-uniform stress and the s~ress redistribu-

tion during creep. With a method recently developed by Fett e~ al.

[i] the creep parameters of a Norton and Nadai/McVetty type creep law

can be determined from a set of creep tests at different stress

levels.

In the present investigation, the deformation of a lab-scale alumina

under a constan~ load a~ high temperature is studied in a 4-point

bending $ig. This alumina (NKA Al6SG.cip) is also used in the IOP-TK

project for the evaluation of failure probability prediction models

[2].
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2. EXPERIMENTAL PROCEDURE

2.1. Material

The NKA Al6SG.cip alumina was fabricated in the NKA laboratory by

cold isostatic pressing at 200 MPa. A bar of 70x70x200 mm was pre-

sintered at I100°C for 50 minutes and subsequently sectioned in 5 mm

thick plates. After sintering in air at 1550°C for 4 hours rectangn~-

lar bars of 3.5x4.5x50 mm were machined for mechanical testing. The

relative density of the alumina is higher than 99% and the micro-

structure is bimodal (see figure 2.1). The microstructural characte-

ristics of the material are given in table I. The grains can be de-

vided into two fractions of 50% and 42%. The Weibull characteristic

strength and Weibull modulus of the material measured in 4-point

bending at room temperature amount 520 MPa and 7, respectively [2].

The fracture toughness of the material measured with a 4-point loaded

chevron notched beam amounts 4.5 MPa~m [4].

2.2. Creep measurements

The bending bars were loaded with a dead-weight in four point bending

at elevated temperatures in air. The temperatures of the furnace mid

the specimen were controlled with a master slave arrangement. The

creep test set-up is shown in figure 2.2. The high temperature bend-

ing fixture has been made of SiC and was specially designed to mini-

mize the misalignment in the load train. The support rollers of the

bending fixture are at a distance of 40 mm and the loading rollers at

20 mm. For measuring the deflection of the specimens between the in-

ner rollers, a special device was used, similar to an arrangement

developed by Fettet al. [i].

The displacement of the specimens was transmitted by a system of

three alumina rods on a balance. The deflection in the middle of the

inner span was measured with a displacement transducer. With this

arrangement only the deflection caused by the cqnstant bending moment

is measured, independent of the expansion differences in the system,

settlement of the support and roller flattening.

The deflection, the load and the temperature were recorded on-line by

means of an A/D data-aquisition system.
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The outer fibre strain ~b was calculated from the deflection 6 by:

where h is the height of the bending bar and s2 the inner span of the

4-point bending fixture.

A detailed description of the testing set-up is given in [5], to-

gether with an evaluation of the reproducibility and accuracy of the

temperature and the outer fibre bending stress during creep experi-

ments.

Before starting the creep experiments the master thermocouples were

calibrated with s certified S-type (PtIPt10%Rh) R6ssel thermocouple.

This procedure is repeated after every 1000 hours of application.

One and five hundred hours tests were performed at three temperatures

(1000, 1077 and I150°C) and three outer fibre stress levels (25, 50

and 100 MPa). The testing scheme is given in table II.

-9-

RESULTS AND DISCUSSION

In figures 5.1 to 5.5 the i00 and 500 hours creep curves are given

for constant testing temperatures and different stress levels. In

order to simplify the comparison of the creep behaviour during the

different conditions, the creep curves are plotted in figures 5.4 to

5.6 for constant stress levels and different temperatures. The curves

are also plotted on log-log scales in figures 5.7 to 5-9 for constant

test temperatures and in figures 3.10 to 3.12 for constant stress

levels.

In general creep curves (linear scales) show a steep beginning with

very high initial creep strain rates which decrease rapidly~ After

some time the curves approach a straight line. in this linear part

where the creep strain rate has become constant, the creep process is

called stationary. In the first part with the strongly decreasing

creep strain rate, the creep process is called primary.

Figures 5.I to 5.6 show that the creep process is not yet stationary

at the end of the 100 hours tests. Even at the end of the 500 hours

tests not all of the creep curves are linear. This is illustrated in

figure 3.15 and 3.14 in which the creep strain rate is plotted as a

ftmction of time. Figure 3.13 shows that the strain rate decreases to

a constant value for the 500 hours test at 1077°C and 50 MPa. Accor-

ding to figure 3.14 the creep strain rate of the 500 hours test at

I150°C and 25 MPa is still decreasing at the end of the test. Appa-

rently there is still a contribution of primary creep after 500 hours

in this test.

This kind of behaviour is also mentioned in [5]: "True steady-state

creep rates are often not achieved in hundreds or even thousands of

hours". Further it is stated for creep tests in bending: "virtually

no consideration has been given to experimental errors in such

testing and, specifically, to frictional constraints of fixed load

points and contact point shifts in specimens that have crept more

than a few tenths of a percent strain". This can indeed be an im-

portant matter with respect to the extended non-linear creep be-

haviour. In [6] it was measured that frictional effects could result

in an error of 2~ on the Young’s modulus, which was calculated from

strain gauge measurements on a 4-point bending bar at room tempera-

ture. The author recommended to use a four point bending fixture with
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free movlng rollers. In the creep experiments reported here. however.

fixed rollers were applied because it was expected that the large

creep deflections would result in a large change of the bending

moments if free moving rollers are applied. More attention has to be

paid to this subject in order to determine the amount of the effects

and to get an answer to the question whether creep tests in bending

can have utility to the designer (which is doubted in [5]). or that

they are restricted to be used as a characterization, quality control

or research tool. In a subsequent report, where the creep results

will be analyzed, this matter will be discussed in more detail.

It is notable that the creep curves of the 108 and the 500 hours

tests at 1150°0 and 50 MPa differ from the other creep curves. The

beglnning of the curves ms very steep after which an abrupt deviation

occurs at about 60 hours. The remainlng of the creep curves are

obviously not going to linearity within 500 hours. %~nis is confirmed

by figure 5.15 which shows that the creep strsin rate of this test is

decreasing according to a straight line from 100 hours co the end of

the test at 580 hours.

Applying 100 MPa at I150°C resulted in failure after a few minutes

due to subcritical crack growth. This failure mode was also observed

for creep tests of Wesgo alumina at 1000°C for a large range of loads

[7].

The creep curves of 50 MPa at I150°C show probably a mixed mode be-

haviour due to creep and subcritical crack growth. Microscopic

evaluation of the microstructure which will be performed in a later

stage of the project should give more information about the degrada-

tion modes of the material due to thermo-mechanical loading.

The creep curves on log-log scale (figures 3.7 to 5.12) have a simi-

lar shape at constant temperatures and different stress levels, but

the shape differs for different temperatures and constant stress

levels.

In order to investigate the reproducibility of the creep tests, two

100 hours tests were added at i077°C and i00 MPa. All the tests

under these conditions are combined in figure 5.16 (linear scales)

and 3.17 (log-log scales), which shows that the reproducibility is

- Ii -

good. The average creep strain after i00 hours testing is 0.005q with

a standard deviation of 0.0005 (8.8~).

Also the creep behaviour in the first 100 hours is quite similar in

the other 100 and 500 hours tests. The apparent difference in the

creep curves of the 100 and 500 hours tests at 1000°C on figure 5.1

can be attributed to usual scatter because there is a very limited

amount of creep strain.

In the appendix the creep curves of all the tests are given

individually. Some other diagrams which can be very usefull for ana-

lysing the creep results and determining creep parameters, are dis-

tracted from the original creep curves (creep strain versus time

(A)):

- creep strain versus time on log-log scale (B),

- creep strain rate versus time on linear scales (C),

- creep strain rate versus time on log-log scale (D),

- creep strain rate versus creep strain on log-log scale (E).

It is notable that straight lines can be constructed in diagrams D

and E of the creep test results, which represent log-log plots of the

creep strain rate versus time and creep strain respectively.
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CONCLUSIONS AND RECOMMENDATIONS

- Reproducible creep tests were performed on NKA Al6SG.cip alumina

under four point bending.

- Different testing temperatures and stresses were applied so that

the parsmeters of creep laws can be determined.

- The influence of friction and load point tangency shift on creep

under four point bending with fixed rollers has to be investigated.

The effect must be compared to the change of the bending moment due

to movements of the rollers if free moving rollers are applied.

- Some creep tests must be extended to fracture in order to investi-

gate the the shape of the total creep curve and to answer the

question whether stationary or secondary creep with a constant

creep strain rate occurs or not.
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TABLES

Table I. Microstructural characteristics of the aluminas. Results of

a least-squares fit to log-normal area distributions.

Grains counted 218

Fraction (%) 45

DS0 (%) 101

std. 2.02

Fraction (%) 45

D5O (%) 520

std. 4.BB

D50 (%) represents the median value for the area distribution and

std. the geometrical standard deviation of the log-normal distri-

bution.

Table II. Testing scheme of the creep tests.

Temperature Outer fibre specimen code
(degr.C) stress (MPa)

100 h 500 h

25 h5 i5
i000 50

100 h7

25 hB i6
1077 50 J7

i00 jl,j4,j5

25 k5 i4
1150 50 kl i3

100 k4 *

* Fractured within a few minutes as a result of subcritical crack

growth.
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Figure 3.4. Creep curves of the tests at 25 MPa.
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Figure 3.7. Creep curves on log-log scale of the tests at i000 °C.
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Figure 3.8, Creep curves on log-log scale of the tests at 1077 °C.
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Figure 3.9. Creep curves on log-log scale of the tests at 1150
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Figure 3.10 Creep curves on log-log scale of the tests at 25 MPa.
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APPENDICES

I Individual creep curves of 100 hours tests.

A: creep strain versus time on linear scales,

B: creep strain versus time on log-log scale,

C: creep strain rate versus time on linear scales,

D: creep strain rate versus time on log-log scale,

E: creep strain rate versus creep strain on log-log scale.
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lI Individual creep curves of 500 hours tests.

A: creep strain versus time on linear scales,

B: creep strain versus time on leg-log scale,

C: creep strain rate versus time on linear scales,

D: creep strain rate versus time on log-log scale,

E: creep strain rate versus creep strain on log-log scale,
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