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The influence of stress distribution on the 
deformation and fracture behaviour 
of ceramic materials under compression 
creep conditions 
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The stress distribution developed in test pieces during compression creep has been deter- 
mined using the finite element method. The analyses are shown to account precisely for 
the inhomogeneous distribution of grain-boundary cracks developed during creep of poly- 
crystalline magnesia and indicate that the accommodation of grain-boundary sliding by 
cavity formation is the rate-controlling process during high temperature creep of reaction- 
bonded silicon nitride. 

1. Introduction 
The experimental difficulties associated with the 
study of the creep behaviour of ceramic materials 
in tension [1] has led to the extensive use of bend 
or compression testing procedures. The bend test, 
although comparatively simple to perform, involves 
assumptions about the material behaviour in the 
simple solutions for stress and strain which appear 
to be invalid under creep conditions [2 ,3] .  
Furthermore, since the stress and strain-rate varies 
throughout the specimen during a bend test, 
interpretation of results is difficult. Even with 
compression testing, which appears to give a simple 
uni-axial stress system, several experimental 
difficulties can be encountered. 

With cylindrical compression specimens, if the 
ratio of the height (h) to diameter (d) is large, 
buckling can occur, whereas a low ratio can result 
in barrelling of the specimen because of specimen 
end constraint [4]. A compromise between these 
two effects has been reported [5] to exist with 
hid ratios in the range 1.5 to 2.5. 

Although compression creep tests are normally 
carried out using cylindrical specimens, this type 
of specimen can introduce difficulties of alignment 
when small diameter specimens are used to mini- 
mize the applied load needed with high strength 
materials. Since the specimen extension is norm- 
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ally measured with extensometer rods attached to 
platens in contact with the specimens, incorrect 
strain measurements may also result with high 
strength samples because of identation of the 
platens. These problems can be overcome by 
using a dumb-bell shaped specimen (Fig. 1). In 
this case, the enlarged sample ends prevent in- 
dentation of the platens and facilitates specimen 
handling and alignment. At room temperature, 
little difference has been found between strength 
measurements determined using dumb-bell and 
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Figure 1 Dimensions (ram) of  (A) dumb-bell  and (B) 
cylindrical specimens. Dimension d = 4.25 for MgO and 
d =  3.18 for react ion-bonded silicon nitride specimens. 
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cylindrical specimens [1] but no comparison 
appears to have been made under creep con- 
ditions. 

A further difficulty with compression creep 
testing has been illustrated in a recent study [6] 
of the development of grain-boundary cavities and 
cracks during creep of polycrystalline magnesia. 
The cavities and cracks formed predominantly 
on boundaries parallel to the compression axis, 
indicating that tensile stresses are developed across 
these boundaries. However, cracks did not develop 
uniformly throughout the cylindrical specimens 
used, with "dead-zones" extending from the 
specimen ends in which no crack formation could 
be detected (Fig. 2). This suggests that the stress 
distribution established during compression creep 
testing is not uniform under practical conditions 
of specimen end restraint. 

In the present work, the stress distribution in 
compression has been analysed using the finite 
element method, a powerful technique which is 
being increasingly applied to problems of ceramic 
component design [7, 8]. As well as investigating 
the behaviour of dumb-bell and cylindrically 
shaped specimens, the results of the stress analysis 
have been compared with the compression creep 
and fracture characteristics of reaction-bonded 
silicon nitride, a material in which gross plasticity 
is not observed [9], and polycrystalline magnesia; 
a material which exhibits comparatively large 
strains in compression [6]. 

2. Experimental procedure 
The magnesia was supplied in the form of sin- 
tered bars (6.4ram x 6.4ram • 32.0mm) by the 
Steetley Co Ltd. Specially prepared Mg(OH)2 
was calcined at 1573 K, pressed into bars and sin- 
tered at 1923 K to produce material of 93 to 95% 
theoretical density, 99.5% purity and 10 to 
14~m average grain diameter. Cylindrical test- 
pieces (4.25 mm diameter and 6.4 mm long) were 
prepared from the bars, a polishing jig being 
used to ensure that the specimen ends were fiat 
and parallel. 

The reaction-bonded silicon nitride (RBSN) 
was supplied by the Admiralty Materials Lab- 
oratory. The structure and properties of RBSN has 
been widely reported [10, 11]. For the present 
work, silicon powder was compacted into bars, 
then machined to give dumb-bell shaped speci- 
mens (Fig. 1) which were subsequently nitrided. 
The present batch of samples had an average 
weight gain of 64% during nitriding, a density 
of ~2.6Mgm -3 and a room temperature bend 
strength of 248MNm -2. Cylindrical specimens 
of RBSN (Fig. 1) were produced from the dumb- 
bells by polishing away the enlarged ends. 

Compression tests were performed using a high 
precision, constant stress machine which has been 
described previously [12]. Using this equipment, 
it has been established that, when cylindrical 
test pieces of the polycrystalline magnesia were 
compressed between reaction-bonded silicon nit- 
ride platens, no detectable impression was made 
on the platens even after many successive creep 
tests. In the present work, silicon nitride p~!atens 
were also found:/to be perfectly adequate fd~r the 
tests with the RBSN dumb-bells but silicon carbide 
was used to avoid indentation with the RBSN 
cylinders. 

Figure 2 Longitudinal section of MgO specimen after 16% 
creep strain at 96 MN m -2 and 1596 K, • 10. 

3. Stress analysis 
The method of solution employed was the finite 
element technique which is a generalization of the 
stiffness method of structural analysis. Its basis 
lies in the subdivision of the structure into a dis- 
crete number of finite sized elements in each of 
which an assumed variation of the unknown 
quantities (usually displacements) is postulated. 
Continuity of the unknown across inter-element 
boundaries is invoked at only a finite number of 
points termed nodal points. 

The method has the great advantage of being 
able to accommodate discontinuities and irregular- 
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ities in material properties and geometry with ease 
and at present is probably the only feasible general 
method of solution of structures composed of 
materials with non-linear deformation character- 
istics. The finite element method is adequately 
explained in [13] and the details of its extension 
to the realm of non-linear material behaviour are 
to be found in [14]. 

Recent advances in both equation solution 
algorithms and individual element characteristics 
have resulted in the development of an economical 
computer program for the solution of elasto- 
plastic problems [14]. Either small or large dis- 
placement problems can be accommodated subject 
to the restriction of small strains. The program, 
employing the isoparametric element concept, can 
readily incorporate any yield criterion for iso- 
tropic materials obeying the normality rule of 
plasticity with isotropic and or kinematic hard- 
ening properties. A general purpose solution 
algorithm is included from which three options 
are available depending on the type of problem 
to be solved. Each method is based on the satis- 
faction of equilibrium by the re-distribution of 
residual forces. 

For the present study, the Von Mises yield 
criterion was adopted, the input information 
required being the elastic modulus, E, Poisson's 
ratio, v, and the uniaxial yield stress, ay, of the 
material. The material behaviour after initial 
yield is determined by the effective stress versus 
effective plastic strain characteristic which, for the 
purpose of the numerical analysis, is prescribed 
in a piecewise linear manner. 

The output quantities are displacements, stresses 
and strain at each nodal point as well as stresses 
and strains at several selected points (Gaussian 
integration points) within each element. 

The inhomogeneous stress distribution in 
compression specimens is a consequence of the 
frictional restraint on lateral spreading of the 
specimen ends [4]. The present analysis was 
carried out using completely restrained ends and 
is thus an upper bound solution. However, in view 
of the difficulties of lubricating the platen-speci- 
men interface when testing ceramics at high 
temperatures, it is likely to be a close approxima- 
tion to the actual conditions. Certainly the barell- 
ing observed at high strains is very marked [6]. 
In the case of RBSN which does not yield [9] 
at the mean applied compressive stress of 345 
MNm -2, the elastic solution is used to obtain the 

stress distribution (Fig. 3). The material constants 
necessary for the calculation were taken as Young's 
modulus 18x 104MNm -2 [15] and Poisson's 
ratio = 0.24 [8]. 

For the MgO, which yields at ~ 5 0 M N m  -2 
[ 16] the elastic-plastic solution holds with Young's 
modulus = 20 x 104MNm -2 [17] and Poisson's 
ratio = 0.33 [18]. The coefficient of strain hard- 
ening which holds between the yield stress and the 
applied load of 96MNm -2 was taken to be 
5 x 10 a MNm -2 [19]. The stress distribution is 
shown in Fig. 4. 

4. Experimental results 
4.1. Transient and steady-state creep curves 
For creep tests carried out at 1600K with the 
polycrystalline magnesia, it has been demonstrated 
[18] that the high initial creep rates, observed 

immediately following the instantaneous specimen 
strain on loading decreased continuously until a 
constant or steady-state creep rate was attained. 
At creep strains above ~7%, the creep rate then 
accelerated gradually as detectable barelling of 
the specimen occurred. The steady creep rate 
recorded under the same test conditions for 
different specimens varied by only -+15% [12]. 
Furthermore, no significant change in creep 
rate was noted by varying the height-to-dia- 
meter ratio of the cylindrical testpieces over the 
range 1.1 to 2.0. 

The form of the creep curves obtained for the 
RBSN (Fig. 5) at temperatures within the range 
1550 to 1650K was found to be similar to that 
for the magnesia, although the creep strains 
observed were comparatively low. Results obtained 
for a number of different specimens showed that 
the steady creep rate was reproducible to -+20%, 
a value comparable with that reported for com- 
mercial creep resistant alloys [20]. Comparison 
of the creep curves recorded with cylindrical and 
dumb-bell shaped testpieces (Fig. 5) showed that, 
although the initial creep rates and the transient 
creep strains were slightly greater with the dumb- 
bell specimens, the creep rates eventually attained 
were similar. Over the temperature range studied, 
the  creep behaviour of RBSN was found to be not 
markedly affected by oxidation of the specimens. 
Creep tests carried out in argon atmosphere in- 
dicated that the creep rates attained were only 
~20% slower than those obtained in air. Further- 
more, samples which were preheat-treated for 
360ksec in air at 1623K prior to creep testing, 
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Figure 3 Distr ibut ion of axial, radial and hoop stress (MN m -2) in dumb-bell  and cylindrical  specimens of reaction- 
bonded silicon ni tr ide under a nominal  axial  compressive stress of 345 MN m -~ . Shading denotes  tension. 
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Figure 4 Distribution of shear, radial and hoop stress (MN m -2 ) in specimens of MgO under a nomial axial compressive 
stress of 96 MN m-2. 

at 1623 K, exhibited identical behaviour to that 
of  unheat-treated specimens. 

4.2. Stress and temperature dependence 
of creep 

An indication of  the processes controlling the 
rate of  creep deformation may be obtained [21] 
by determining the dependence of  the steady- 
state creep rate es ,  on stress, o,  grain diameter, 
d, and temperature, T, as 

i s  = A o n e x P - R T  

where A, m and n are constant, R is the gas con- 
stant and Qc is the activation energy for creep. 
Each creep mechanism then predicts a definite 
value for m, n and Qe. 

For the polycrystalline magnesia, n = 3 [12] 
in agreement with other workers [ 2 2 , 2 3 ] ,  the 
creep rate is independent (m = 0) of  grain Size 
[22] and Qe = 4 5 0 k J m o 1 - 1  [24] comparable 
with the activation energy for oxygen ion diffu- 
sion in MgO [25] .  

With the RBSN, to eliminate any possible error 
as a result of specimen-to-specimen variations, the 
stress exponent,  n, was determined both by 
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Figure 5 Creep curves recorded at 1623K and 345 MN 
m -2 for dumb-bell and cylindrical specimens of reaction- 
bonded silicon nitride. 
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Figure 6 Stress dependence of the steady creep rate of 
reaction-bonded silicon nitride. 
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Figure 7 Temperature dependence of the steady creep 
rate of reaction-bonded silicon nitride tested in air and 
argon at 165 MNm -2 . 

measuring the creep rates obtained on different 
specimens over a range of stresses and also by 
monitoring the changes in steady creep rate 
following stress increases with the same sample. 
With both methods, n = 2.3 (Fig. 6). Similarly, 
the activation energy for creep was obtained from 
the variation in steady creep rate for different 
samples tested at the same stress over a range of 
temperatures and also from the change in steady 
creep rate following a small temperature change 
during individual tests. Again, with both methods, 
Qe = 650kJ tool -1 (Fig. 7), illustrating the ex- 
cellent reproducibility of the results obtained with 
this material. With the multiphase RBSN, the crys- 
tal size is both non-uniform and extremely fine so 
that no attempt to establish a grian-size depen- 
dence was made. 

4.3. The development of grain-boundary 
cracks during compressive creep 

Microstructural examination of longitudinal sec- 
tions of testpieces of polycrystalline magnesia 
after various creep strains has demonstrated that 
cavities and cracks develop predominantly on 
grain boundaries parallel to the compression axis, 
illustrating that tensile stresses are developed 
across boundaries of this orientation [6]. In the 
present investigation, a detailed study has been 
made of the incidence of cracking by examina- 

tion of transverse sections of polycrystalfine 
magnesia crept to 7% strain. 

Transverse sections were taken at the mid- 
height position of the specimens and the crack 
incidence determined for two regions, one near 
the centre of the specimen (i.e. within a radius 
of 500/1m from the centre) and the other near 
the specimen edge (i.e. in the region from ~200 
to 500/am of the edge). For each region, about 20 
areas (each containing about 20 boundaries) 
were inspected. In all cases, boundaries were 
examined to determine their angle with respect 
to the radius of the specimen on the polished 
section and whether or not cavities or cracks had 
developed on them. For each region, the boun- 
daries were then grouped into three angle intervals, 
0 to 30 ~ 30 to 60 ~ and 60 to 90 ~ to the specimen 
radius. The number of boundaries on which 
cracks had formed was calculated, for each angle 
interval, as a percentage of the total number of 
cracked boundaries in the areas examined (Table 
I). Clearly, the incidence of cracking for boun- 
daries nearly perpendicular to the radius is greater 
near the centre than the edge of the specimen, 
whereas the incidence for boundaries approxi- 
mately parallel to the radius is greater near the 
specimen edge. For both regions, the incidence of 
cracking on boundaries at ~45 ~ to the radius is 
comparatively low. 

It was not possible to conduct a similar sur- 
vey for the RBSN since the material has a high 
porosity ("-15%) and such a fine structure 
that cavity or crack development between grains 
was difficult to observe. Furthermore, density 
measurements, which are sufficiently sensitive 
to detect the very small changes associated with 
crack formation [6] are rendered difficult by the 
open porosity and the surface oxidation occurring 
during creep. 

5. Discussion 
5.1. The influence of specimen geometry on 

creep behaviour 
RBSN does not exhibit gross plasticity in com- 
pression under the present conditions of stress and 
temperature [9]. Thus, the stress distribution 
following loading to the creep stress for the cyfin- 
drical and dumb-bell shaped specimens of RBSN 
should be given by the elastic solution (Fig. 3a 
and b). With both specimen types, the stress dis- 
tribution along the gauge length is similar. Regions 
exist ~vhere the radial and hoop stresses are tensile 
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in nature, although the values are low compared 
with the applied compressive stress. 

The initial creep rates and the transient creep 
strains are slightly larger for  the dumb-bells than 
for the cylindrical testpieces (Fig. 5). This may 
be a consequence of some deformation occurring 
in the ends of the dumb-bells resulting, in effect, 
in a longer deforming length with the dumb-bell 
specimens. However, the steady creep rate even- 
tually attained (Fig. 5) and the stress distribution 
developed within the gauge lengths (Fig. 3a and 
b) are similar for both types of specimen. Thus, 
with high strength materials which do not ex- 
hibit large creep strains, dumb-bell shaped speci- 
mens can be used when this type of specimen 
offers practical advantages. 

5.2. The distr ibut ion of grain-boundary 
cavities and cracks during compress- 
ion creep 

During high temperature creep, grain-boundary 
cavities and cracks form preferentially on boun- 
daries across which exists the maximum tensile 
stress. With the polycrystalline magnesia, "dead- 
zones" were observed extending from the speci- 
men ends in which no crack formation could be 
detected during compression creep (Fig. 2). In the 
"dead-zones", the stresses across the grain boun- 
daries are invariably compressive in nature (Fig. 4) 
so that crack formation would not be expected. 

Examination of polished longitudinal sections 
of magnesia [6] has shown that, away from the 
"dead-zones", cracks occur predominantly on 
boundaries parallel to the compression axis. The 
stress analysis illustrates that tensile radial and 
hoop stresses develop across these boundaries 
(Fig. 4). Furthermore, the examination of the 
crack distribution on the transverse sections 
(Table I) demonstrates that the incidence of 
cracking for boundaries nearly perpendicular to 
the radius is greater near the centre than the 
edge of the specimen, whereas the incidence for 
boundaries approximately parallel to the radius 
is greater near the specimen edge. This distribu- 

TABLE I Crack distribution for transverse sections of 
polycrystalline MgO crept to a strain of 7% at 1596K 
and 96 MN m -2 

Boundary angle relative to radii 

0_30 ~ 30_60 ~ 60_90 ~ 

No. of cracks edge 60-+ 3 19-+2 21-+1 
as % of total centre 49 _+ 2 19 + 1 32 _+ 1 

tion is directly in agreement with the calculated 
stress distribution'in'that t h e  tensile iadial stresses 
are highest at the specimen centre whilst the 
tensile hoop stresses are greatest towards the 
specimen edge. 

5.3. Stress distr ibut ion in relation to 
deformation processes during creep 

With magnesia, determination of the dependence 
of the steady creep rate on stress and temperature 
(Equation 1), combined with studies of the 
dislocation structures developed during creep, 
have demonstrated that creep is a result of the 
generation and movement of dislocations. In 
particular, studies of the strain/time behaviour 
following small stress changes during creep suggest 
that the rate-controlling process during creep of 
magnesia is the growth of the three-dimensional 
dislocation network present within subgrains, 
to form dislocation sources allowing slip to occur. 
The activation energy for creep (Qe = 460kJ 
mol - I )  then reflects the diffusion controlled 
growth of the network dependent on oxygen ion 
transport through the MgO lattice [25], whilst 
the stress exponent, n (-~ 3) is compatible with 
the stress dependence of the rate of network 
growth [26]. 

With RBSN, the observed dependence (Figs. 
6 and 7) of the steady creep rate on stress (n = 
2.3) and temperature (Qe = 650 kJ tool-l)  are 
similar to those reported for RBSN in bend [27] 
and for HPSN in bend and tension [28,29].  
This suggests that the mechanism of cree p is 
essentially the same for both hot pressed and 
reaction-bonded silicon nitride. Although dis- 
locations have been detected in HPSN [30], it 
is generally considered that plastic strain within 
the grains can play only a minor role in the 
deformation of silicon nitride. Instead, grain- 
boundary sliding is considered to be the main 
deformation mode during creep. This interpreta- 
tion is supported by the observation that the 
addition of ceria to HPSN, which increases the 
refractoriness of the grain-boundary phase, 
reduces the creep rate and increases the activa- 
tion energy for creep [31]. An alternative sugges- 
tion is that the rate-controlling process during 
creep of silicon nitride is not sliding but the 
accommodation of sliding by grain-boundary 
cavity development [32]. A creep model [33] 
based on the deformation rate being controlled 
by cavity and crack formation ca" account for the 
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stress exponent (n ~-2) observed for both hot- 

pressed and reaction-bonded silicon nitride. 

The present work appears to offer a method 
of distinguishing between sliding and cavity 

development as the rate-controlling process 
during creep of silicon nitride. A major feature 

of the results reported for HPSN is the observa- 
tion that, in order to obtain the same creep rate, 
the applied stress needed in a compression test 
is about an order of magnitude greater than is 
required in tension [28]. If grain-boundary 
sliding is the rate-controlling process, then the 

rate of sliding would be expected to be deter- 
mined by the shear stresses acting along the 
boundaries. On this basis, under the same applied 
stress in tension and compression, the shear 
stresses developed would be similar so that the rate 
of sliding, and hence the creep rate, should be 
essentially the same contrary to the experimental 

observations [28]. However, the present work 
shows that, in a compression test, the maximum 

tensile stresses developed are only about a tenth 

of the applied compressive stress. Since the results 
obtained with magnesia demonstrate that the 

formation of cavities and cracks depends on the 

tensile stresses developed across boundaries, the 

tenfold difference required to obtain the same 

creep rate in tension and compression can be 

accounted for if the cavity formation necessary 

to accommodate sliding, rather than the sliding 
itself, is the rate-controlling process during creep 
of silicon nitride. 

6. Conclusions 
The results of a finite element analysis of the 

stress distribution developed in test pieces 
during compression creep, considered in relation 

to an experimental study of the creep and frac- 
ture behaviour of polycrystalline magnesia and 

reaction-bonded silicon nitride, suggest that: 

(1) the creep and fracture behaviour exhibited 
by cylindrical and dumb-bell shaped testpieces 
are essentially the same under compression creep 
conditions; 

(2) grain-boundary cavities and cracks form 

only in regions of the testpiece where tensile 
stresses are developed across the grain boundaries; 

(3) the rate-controlling process during creep of 
silicon nitride is the accommodation of grain- 
boundary sliding by cavity formation. 
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