ECF 10 - STRUCTURAL INTEGRITY : EXPERIMENTS, MODELS AND APPLICATIONS

STOCHASTIC GRAIN BOUNDARY FAILURE AND
GEOMETRICAL MODELS OF CREEP DAMAGLE

H. Riesch-Oppermann! , A. Briickner-Foit?

A geometrical model for the grain structure of a polycrystalline
material forms the basis of a statistical modcl of creep damage.
Damage is introduced into the grain boundary structure by fai-
lure of the grain boundary facets. Microscopic damage is re-
lated to the macroscopic behaviour of the material by use of
suitable relations such as creep potentials which relate damage
parameters on a microscopic level to macroscopic quantities
such as the creep strain rate and the creep life. Two examples
with different materials are presented together with exper-
imental and simulation results.

INTRODUCTION

The paper intends to show how the scatter of the macroscopic creep damage
can be related to the scatter of the microstructure of the material, which is an
important task in the field of lifetime predictions based on micromechanical mo-
dels of creep damage. The basic idea is to perform statistical simulations of
creep damage on a microscopic level and to have then a parameter, which al-
lows to relate the microscopic damage to macroscopic quantities like the creep
strain rate or the creep life. This parameter should also be related to exper-
imental investigations of creep damage.

In the following, a specific class of creep damage is considered. Damage is as-
sumed to be caused by the nucleation and growth of voids on grain boundaries.
In this case, the scatter in the microstructural area comes mainly from two
sources. The first is the geometrical one, characterized by the scatter in grain
size and orientation of the grain boundaries. The second source is damage-re-
lated and is characterized by the scatter of the input-variables for local damage
evolution.

This leads to a simulation procedure consisting of two steps: In a first step, the
grain boundary structure of the material, as it appears in metallographic sec-
tions, is simulated. In a second step, damage is introduced into the grain boun-
dary structure. The results of the simulation have then to be compared with
experimental results in order to draw conclusions about the applicability of the
selected models. Modifications and improvements of the models have to be
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made according to experiments. It is shown how the simulation of the micro-
structure can be performed using methods of stochastic geometry, how the sim-
ulated microscopic damage can be incorporated in a macroscopic formulation
and how simulated and experimental results fit together.

CREEP DAMAGE BY CAVITATING GRAIN BOUNDARY
FACETS

On a micromechanical scale, different mechanisms of creep damage can be iden-
tified [1]. An important creep damage mechanism is the formation and growth
of voids on grain boundaries. In metals, voids nucleate mainly on grain bound-
aries which are oriented perpendicularly to the loading direction. Existing voids
grow by stress directed diffusion of matter from the surface of the void into the
grain boundary. The growth rate of the voids is proportional to the normal
stress g, acting on the grain boundary.

Two limiting cases of void growth can be distinguished. If the stress oy acting
on the grain boundary coincides with the remote applied stress o,, void growth
is stress-controlled. This corresponds to a situation where we have ‘isotropic
damage’ of the material with the amount of cavitation on cach grain boundary
being representative for the whole section of the material. For isolated cavitat-
ing facets, however, the surrounding grains, which have non-cavitated grain
boundaries, may have a supporting influence on the cavitated grain boundary,
which leads to a relaxation of the normal stress oy that controls void growth. If
the stress on the grain boundary relaxes completely ( o, ~ 0) the cavitated facet
acts as a microcrack [2]. The growth of voids is then mainly determined by the
deformation of the adjacent grains and becomes thus strain-controlled. gy~ 0
corresponds to a situation where the nucleation of voids on the grain boundary
is identical with the formation of a microcrack. In an advanced stage of dam-
age, the.isolated microcracks begin to interact and coalesce. Final failure occurs
by formation of a dominating crack.

This damage mode, which has been observed in creep experiments, will be con-
sidered in this paper.

RELATION BETWEEN MICROSCOPIC DAMAGE AND
MACROSCOPIC RESPONSE

The presence of microcracks in a material affects its macroscopic deformation
behaviour. Hutchinson [3] gives an expression for the creep strain rate of a
material containing sparsely distributed (i.e. non-interacting) penny-shaped mi-
crocracks oriented perpendicularly to the loading direction. The additional de-
formation rate induced by the presence of microcracks is obtained in terms of a
creep potential @ which consists of a term @, related to the undamaged material
and a term @, indicating the presence of the microcracks: @ = @, + N ®,, whe-
re N is the number of cracks per unit volume. The following expression for the
creep strain rate is obtained for uniaxial loading and a material obeying
NORTON's creep law with parameters B and n: &= (1+ p)Ba", where p de-
notes the damage-induced part of the creep strain rate and is related to the vol-
ume density of microcracks, N, by

518



ECF 10 - STRUCTURAL INTEGRITY : EXPERIMENTS, MODELS AND APPLICATIONS

p=0.5 &N+ J1+3]n for cracks with diameter d .

If the interaction of microcracks cannot be neglected, a self-consistent model
e.g. as introduced by Riedel [4] leads to the following relationship for the creep
strain rate:

¢=Bd" | (1—p) .

The parameter p, which plays the role of a damage parameter is related to ex-
perimental damage parameters, which can be determined by ultrasonic measure-
ments or from metallographic sections of crept specimens 5.

The important featurc of the damage parameter p is the fact that it links the
microscopic damage and macroscopic creep behaviour of the material and that
it is related to experimental damage parameters.

SIMULATION PROCEDURE FOR GRAIN BOUNDARY
STRUCTURE AND CREEP DAMAGE

For a given physical model, simulation can replace some part of the exper-
imental investigations by calculations and may lead to the verification of the
model under consideration. Using different physical models, simulation can give
hints about how these models affect the results. Thus, it is possible to study the
influence of specific variables which in turn may lead to deeper insight about
the dominant mechanisms.

In our case, the simulation procedure consists of two steps: In a first step, the
grain boundary structure as it appears in metallographic sections is simulated.
In a second step, damage is introduced into the grain boundary structure.

If we assume that grains form by isotropic crystallization starting from germs in
a metallic melt, grain boundaries of neighbouring grains are the midplanes of
the respective germs. Mathematically, the germs are created as outcomes of a
Poisson-point-process in a certain part of the plane which is called window for
convenience. Each point is associated with a cell consisting of all points whose
distance to the respective point is less than to all other points of the window.
This leads to a partition of the window into cells, the so-called Dirichlet tessela-
tion (also known as POISSON-VORONOI-mosaic). The cells of the Dirichlet
tesselation correspond to the grains of a metallographic section and the bounda-
ries of the cells to the grain boundaries.

Here we idealize in the sense that we assume the locations of the germs to be in
the plane of the metallographic section, which is not true but scems to be a
reasonable assumption for the time being.

The Dirichlet tesselation is determined by use of an algorithm given by Green &
Sibson [6]. The great advantage of this algorithm is that it allows to include
additional points into a given configuration, with the amount of work necessary
for this being almost independent of the number of existing grains. Upon com-
pletion of the algorithm, we have for each grain a so-called contiguity list of
adjacent grains and the coordinates of the grain boundaries which in a later
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stage can be used to model interaction effects of ncighbouring grain boundaries
which is normally a very complicated and time-consuming task.

The first step of the simulation is now completed. A random grain boundary
structure is obtained which is based on randomly distributed germs in a window
which can be thought of as part of a metallographic section. The characteristics
of this grain boundary pattern depend on the characteristics of the underlying
point process. Now, in a second step, damage has to be introduced into the
grain boundary structure. A criterion for the failure of a grain boundary facet is
necessary to model creep damage by formation of microcracks on a grain boun-
dary. At the moment, this is not yet available. Damage is therefore modeled in
a qualitative way. Experimental investigations of an austenitic stcel show that
the formation of microcracks occurs preferentially on grain boundaries which
are oriented perpendicularly to the loading direction [5]. This fact is used for
the damage simulation of the grain boundary facets.

A failure probability which depends on the orientation of the facet relative to
the loading direction is assigned to cach facet. The dependencies of grain boun-
dary failure on other parameters is included in the failure probability in terms of
a reference value for the failure probability. This corresponds to the assignment
of a certain ‘damage level. At the end of the simulation procedure, a list of
cavitated and non-cavitated boundaries for each grain of the random cell struc-
ture is obtained.

-

YO
L it | ‘)A‘
Y

! >! \X\)‘g)vi

Figure 2. Metallographic section of the

Fi 1. Simulated metallographic section
RN S e R © austenitic steel AMCR 0033

by use of Dirichlet tesselation

COMPARISON BETWEEN SIMULATION AND EXPERIMENT

For the time being, damage is introduced into the simulated grain boundary co-
nfiguration in a purely phenomenological way. Naturally, one can only expect
a qualitative result from this approach. Figure 1 and Figure 2 show damage
patterns obtained by simulation and from experiments, respectively. The metal-
lographic section was obtained within investigations of creep damage of an aus-
tenitic steel AMCR 0033, which were performed at the JRC Ispra [5]. This
kind of material shows damage by failure of grain boundary facets, which are
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Figure 3. Assessment of interaction effects

oriented perpendicularly to the loading direction. For the simulation of dam-
age, no specific damage mechanism of the grain boundary facets is included. It
is merely assumed that damage of the grain boundaries depends on the orien-
tation with respect to the loading direction. Nevertheless, at a [irst glance, sim-
ulated and experimentally obtained damage patterns show a surprisingly good
agreement.

Obviously, more quantitative measures are needed to characterize the differ-
cnces and the common features of simulated and experimental patterns. Exper-
imentally, damage is determined by line section methods which lead to an esti-
mation of a damage parameter A,, the fraction of cavitated grain boundaries
along a test line on the surface of the metallographic section. The simulated
patterns can be evaluated in the same way with the advantage that bias result-
ing from different treatments of simulated and experimental results can be
avoided.

To assess damage interaction effects, that is, effects of the presence of an cxist-
ing microcrack on the failure of adjacent grain boundary facets, a weighted form
of the parameter A, can be used. The weighted form A.w) of the damage pa-
rameter A, is obtained by counting a cavitated grain boundary n-fold, if the fac-
ct contributes to a microcrack which is made up of n faccts [7]. The fraction
A (w)]A,, which gives the mean number of facets per crack, can then be plotted
against A4,, which is done in Figure 3. Here, damage interaction is modelled by
attributing an increased value for the failure probability to grain boundary fac-
ets adjacent to existing microcracks, dependent on the number of facets of the
alrecady existing microcrack. Figure 3 shows an increase of A.(w)/A., which may
be due to two reasons: first, there is a purely random effect for the cavitation
of facets adjacent to existing microcracks, and second, the increase of A(w)/A.
may be due to interaction elfects. As can be seen, the scatter coming from the
experimental results is quite large, so that it is not possible to draw any conclu-
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Figure 4. Empirical distribution of crack orientation with loading direction

sions about interaction effects, but the qualitative agreement of experiment and
simulation in the tendency of damage evolution is quite surprising.

Quantitative comparisons of simulated and experimentally obtained damage
patterns may also be obtained with the help of empirical distributions of some
selected quantities. First, the orientation of the cracks which initiate on the
grain boundaries is considered. Figure 4 shows the empirical distribution func-
tion of the angle between a crack and the loading direction for both simulation
and experiment. A statistical Kolmogorov-Smirnov-test shows the distributions
of experimental and simulated crack orientations are compatible with each other
and, hence, the model chosen for the orientation dependence is in agreement
with the findings of the experiment.

Geometrical quantities of the simulated and experimental patterns are also the
area of the grains and the length of the formed cracks. These quantities reflect
the geometrical differences of the real grain structure and the POISSON-VO-
RONOI-mosaic which is used as geometrical model for the simulation. As
there is no natural length scale in the simulation, the median of the grain area
distribution is used to adapt the scale of the metallographic section obtained in
the experiments and the POISSON-VORONOI-mosaic obtained in the simu-
lation procedure. If we do this, Figure 5 shows that the simulation (DZ1P1000)
tends to contain fewer grains with very small grain sizes and also fewer grains
with relatively large grain sizes, which means that the distribution of simulated
grain areas has smaller variance than that of the experimental grain areas
(AMCRO0033). This may be due to the fact that we simulate a 2-D mosaic,
whereas the metallographic section is a section of a 3-D grain arrangement.
Figure 6 shows the empirical distribution function of the observed together with
the simulated crack length. Here, we observe that the simulated crack length
tends to be shorter than the experimentally observed one. Two reasons may
explain this behaviour. The first reason may be the fact that very short cracks
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Figure 5. Empirical distribution of grain area. The length scale of the simulation is ob-
tained by imposing identical values of the median for both, experimental and
simulated grain structures.

are diflicult to find on metallographic sections so that there is a bias in the em-
pirical distribution of the observed crack length. The second reason comes from
a specific property of the used 2-D mosaic for the simulation, which has a rela-
tively large fraction of very short edges leading to very short cracks. The first
reason leads to a shift of the experimental distribution towards larger crack
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Figure 6. Empirical distribution of crack length
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lengths, whereas the second reason leads to a shift of the simulated distribution
function towards smaller crack length values.

Hence, while there are inherent differences in the geometrical propertics of sim-
ulated and experimentally obtained grain structures, the orientation dependence
of the underlying damage mechanism is well represented by the simulation mod-
el.

CREEP DAMAGE OF CERAMICS: A TENTATIVE EXAMPLE

In the preceding part of the paper, damage introduced into the stochastic grain
boundary structure was based on phenomenological arguments rather than on a
micromechanical model. In the following, an example will be given where a
micromechanical description of damage is used. The purpose of this example is
to show that identical grain boundary configurations may lead to completely
different damage patterns depending on the active mechanisms of damage.

The material under consideration is alumina subjected to compressive creep
loading. Following Chan & Page [8], nucleation of cavities on grain boundarics
oceurs as the result of stress concentrations at grain boundary ledges duc to
discontinuous grain boundary sliding events. The nucleation of cavitics is de-
scribed by classical nucleation theory (sce e.g. [4]). The stress concentrations
which are necessary to form critical clusters of vacancies on the grain boundary
result from two competitive processes: thc evolution of stress concentrations
when grain boundary sliding occurs by transformation of shear stresses along
the grain boundaries into normal stresses on the grain boundary ledges and the
relaxation of stress concentrations by grain boundary diffusion. Grain bounda-
ry sliding relaxes within a characteristic time, fzr, Whereas diffusion processcs
relax within a characteristic time, f. 5 and ¢, depend on grain boundary charac-
teristics and diffusion parameters [8]. A time-dependent stress concentration
factor ¢ is given by Chan & Page [8] which depends on the characteristic times
for grain boundary sliding, sz, and diffusion, ¢, with

o0 =4 L 01— oxpt — gl exp( — 1) +

where ¢ depends on the kind of loading and on the oricntation of the grain
boundary, ¢ is time and &, A are height and spacing of the grain boundary ledg-
es, which are assumed to be periodically distributed along the grain boundary.
Nucleation of voids on a grain boundary is assumed to occur if the nucleation
rate for the maximum of g, which occurs at time ¢ = £z X In(l — e/tsz), exceeds a
certain critical value, which is arbitrarily set to 1. Since nucleation increases
very rapidly with the stress level the absolute value of the critical nucleation rate
does not afTect the results of the simulation qualitatively. The quantities for
diffusion and grain boundary structure are treated as deterministic variables and
the only source of scatter is the random orientation of the grain boundaries. It
is assumed that cavitation occurs in a constrained way, which means that the
nucleation of voids on a grain boundary leads to failure of the grain boundary.

Figure 7 shows typical examples of the damage patters obtained for different
stress levels. For low stress levels, failed grain boundary facets are oriented pre-
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ferentially around an angle of 45° with respect to the loading direction, corre-
sponding to the maximum shear stress, which is responsible for grain boundary
sliding. With increasing stress, facets with oricntations deviating significantly
from 45°, begin to cavitate. Thesc simulations were performed without any ex-
perimental background. The aim was to show the flexibility of the stochastic
model. From Figure 7 it can be seen that, with the same underlying type of
grain boundary structure as in Figure 1, very different damage patterns result as
a consequence of the different damage mechanisms.

Experimental observations on creep and grain boundary sliding measurements,
however [9], have recently shown that there is no correlation between the
amount of grain boundary sliding and the orientation of a grain boundary facet
with respect to the loading direction. This could be proved by a statistical test
of grain boundary sliding measurement data [10]. We found no significant cor-
relation between grain boundary orientation and the amount of sliding of the
grain boundary. Obviously, stress redistribution due to grain boundary sliding
leads to unpredictable stresses on the grain boundaries. The statistical model
thus has to be updated to account for this, which was not yet done.
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Figure 7. Simulated damage patterns for alumina under compressive creep.  Left to right:
increasing stress level and complete grain boundary structure

CONCLUSIONS

In this paper, some ideas concerning the statistical modelling of damage on a
microstructural level and its relation to macroscopic quantities are given.

Two cxamples using different kinds of approaches for the damage modelling are
presented. In the first example, creep damage of an austenitic stecl is modelled
in a phenomenological way according to experimental observations. This leads
to patterns of simulated grain boundary failure, which are in qualitative agree-
ment with experimental findings. A method is indicated how to incorporate mi-
cromechanical models in macroscopic relations for creep behaviour. Some qual-
itative aspects of the experimentally obtained and the simulated damage pat-
terns are shown.

In the second example, a micromechanical model for creep damage of alumina
is incorporated into the simulated grain boundary structure.

Characteristic patterns of the different simulation procedures are shown and il-
lustrate the flexibility of the geometrical model which allows to incorporate any
kind of grain boundary failure.

As a first step, the results scem to be encouraging. The advantages of the use
of stochastic geometry methods in the light of the possible inclusion of more
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sophisticated models for grain boundary failure and the interaction effects of
cavitated grain boundary facets are twofold: (1) Any kind of grain boundary
failure can be handled by the stochastic model which is therefore applicable to
various kinds of material. (2) Interaction effects of cavitated grain boundary
facets can be handled in a very efficient way, which allows the simulation of
realistic configurations without a prohibitively large amount of computing time.
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