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I. INTRODUCTION

A. Scope

Because of the attractive properties of ceramics at elevated temperatures, there is great interest
in developing a new generation of aerospace propulsion systems capitalizing on advanced ceramics
technology. These new propulsion systems would potentially offer higher operating temperatures
and lower weights, thus providing dramatic increases over current engine designs in both efficiency
and performance. While present engines utilize hot-stage components fabricated from nickel or
cobalt-base superalloys, it is anticipated that evolving ceramic turbines will be based on silicon
nitride and silicon carbide. In service, the ceramic components will experience tensile and/or cyclic
loadings. Very little is known, however, about the behavior of these ceramics under tensile creep
or cyclic creep conditions. An understanding of the basic failure mechanisms and an ability to
predict lifetimes will be necessary before ceramics can be successfully utilized in engine
applications.

B. Objectives and Approaches

The primary objectives of this basic research program were to characterize the creep damage
accumulation processes in high temperature structural ceramics and to develop a predictive creep

lifetime model based on the damage mechanism information. The approaches for achieving these
goals were as follows:

1. Characterize creep crack growth and experimentally measure, using
stereoimaging strain analysis, the crack-tip displacement field, strain distribution,
and creep strain rates as functions of stress intensity, temperature, and micro-
structure.

2. Identify the damage processes associated with creep crack growth and
characterize the damage development process.

3. Incorporate the crack-tip micromechanical information and damage evolution
information in a fundamental creep crack growth model for ceramics.

II. SUMMARY OF THE RESEARCH EFFORT

Research efforts for this program included studies of high temperature fai’ .te mechanisms,
crack growth behavior, and crack-tip micromechanics of creep cracks in cera-nics. The research
efforts were focused on establishing quantitative relationships between cavitation mechanisms,
crack-tip micromechanics, and creep crack growth kinetics.  For these studies, a
magnesium-aluminosilicate glass-ceramic (Corning 9606 pyroceram) was employed as a model
material representative of liquid-phase sintered ceramics. The micrestructure of the glass-ceramic
was typical of those commonly found in many liquid-phase sintered ceramics, and it consisted of
= (0.5 um diameter cordierite grains surrounded by an amorphous grain boundary phase which
softens at = 600°C. Once the amorphous phase starts to soften, deformation of the glass-ceramic
occurs by a combination of grain boundary sliding and cavitation.
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The creep crack growth characteristics of the glass ceramic were characterized as a function
of temperature by testing inside a scanning electron microscope (SEM) equipped with a
high-temperature loading stage. During the creep crack growth experiments, the near-tip region of
the creep crack was photographed as a function of time of creep. Still photographs of the near-tip
region from different times of creep were analyzed using the machine-vision-based stereoimaging
technique, which was developed at SWRI, to obtain the near-tip displacement and the creep strain
fields. Replication techniques were also used to characterize quantitatively the damage processes
that accompanied creep crack growth. Relationships between the damage mechanisms and the
crack growth processes were iden .fied, including the origin of the growth threshold and the criterion
for creep crack growth in the K > K, regime. In particular, the threshold for creep crack growth
in the glass-ceramic was shown to arise from sintering of creep cavities at stress intensity, K, levels
below the threshold, K,;,. At K> K, creep crack growth was found to extend according to a critical
creep strain criterion, which might in fact be an indication of a critical damage criterion for creep
crack growth.

In addition to creep crack growth experiments involving pre-cracked specimens, creep
experiments of smooth specimens were performed under both compression and tension. Efforts to
develop alife prediction model based on the information on damage mechanisms during creep crack
growth were initiated. Extension of the creep crack growth experiments to zirconia had been
attempted as an effort to examine the generality of the creep damage processes in the pyroceram
glass-ceramic. Creep testing of the zirconia was performed in the SEM loading stage at 800°C, but
significant creep was not observed due to the relatively low test temperature. Discussion of the
more important results obtained in this proram are briefly presented in the next five sections. A
more detailed discussion can be found in the papers included in the appendix.

A. Characterization of the Creep Crack Growth Process

In-situ observations of creep crack growth experiments performed inside the SEM stage
revealed that creep crack growth in the pyroceram glass-ceramic occurred either in a continuous or
discontinuous manner [1]. During continuous growth, the main crack tip extended without any
visible microcracking directly ahead of the crack tip. In contrast, discontinuous crack growth
occurred with the formation of one or more microcrack(s) ahead of the crack tip. Further crack
extension required the linkage of the microcrack(s) with the main crack; this process could take as
much as 30 minutes or more. In some instances, the linkage of the microcrack and main crack was
not complete, leaving ligaments which bridged the crack surfaces.

The creep crack growth rates were measured as a function of the stress intensity factor, K, at
700, 750, and 775°C. These results showed that the crack growth rates can be correlated in terms
of the K parameter. At both 750 and 775°C, the crack growth curve showed a threshold, K, below
which no detectable crack growth occurred. The threshold was determined by unloading the
propagating creep crack in small load increments until it was arrested. The Klevel wasthen increased
until the crack resumed propagation. A duplicate specimen was used to verify the growth threshold
by testing at K = K;, under increasing K levels without prior unloading. The same K, values were
obtained in both cases, indicating the observed growth threshold is a material property of a large
crack and not a load-history effect due to unloading.
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B. The Origin of the Creep Crack Growth Threshold

The observation of a threshold for creep crack growth in the glass-ceramic is consistent with
previous findings on alumina and silicon carbide, which indicated the existence of a growth threshold
for creep cracks that originated from pre-existing flaws (i.e., large cracks) in the ceramics. A growth
threshold, however, was not observed in creep cracks that were initiated by creep damage. For life
prediction, a growth threshold can significantly affect the predicted creep rupture life. Identifying
the origin of the growth threshold for creep cracks in ceramics is therefore important. This was
accomplished by performing the critical experiments which are discussed below.

The observed Ky, value for the pyroceram glass-ceramic was = 0.6 MPa\m at 775°C. In order

to investigate its origin, a fatigue-precracked specimen of the glass-ceramic was crept inside the
SEM loading stage at 775°C under a stress intensity factor of 0.59 MPavm. The near-tip region of
the creep crack was photographed at 30 minute intervals. Photographs of the same region taken
under identical K levels, but of different times of creep were analyzed for crack opening
displacements and crack-tip strain distributions using the machine-vision-based stereoimaging
technique. The surfaces of the creep crack were found to open, with the crack opening displacements
increasing with increasing times of creep. Furthermore, the creep crack was found to propagate at
~ 1x 10° m/hr. After 390 minutes of creep, the specimen was removed from the loading stage,
and one of its surfaces was ion-milled for four hours. The surface of the specimen was replicated;
the replicas were examined in a transmission electron microscope to evaluate the level of creep
damage in the cracked specimen. The specimen was found to be heavily cavitated, but contained
no well-defined microcracks. After damage characterization, the specimen was returned to the
SEM loading stage for additional creep testing at 775°C for 8 hours at K =0.59 MPa vVm. The creep
crack was observed to open, blunt, and extend during this period. The K level was then lowered
to 0.5 MPa Vm and crept for 10 hours during which period the crack was observed to open, blunt,
but not propagate. The result indicated the K level was below the growth threshold. The specimen
was removed from the SEM stage, ion-milled, and replicated. Subsequent observation indicated
that all the previously observed near-tip cavities had disappeared. This observation indicated that
the growth threshold of the glass-ceramic originated from sintering of creep cavities and removal
of creep damage from the cracked specimen including the crack-tip region. This result is in
agreement with a previous model [2] which predicted that sintering of cavities at the crack tip would
lead to an abrupt drop in the creep crack growth rate and the formation of a threshold below which
creep crack growth would not occur.

In addition, the creep crack was also found to exhibit different near-tip strain distribution and
crack surface opening behavior at K levels at and below the growth threshold, K,;,. Comparison
revealed that regions of higher creep strain generally correspond to regions of high creep cavity
density. Thus, the difference in the near-tip strain distribution observed at K = K, for a propagating
crack and at K levels below K, for a nonpropagating crack was due to the difference in the near-tip
damage accumulation process. At K = K, cavities were nucleated near the crack tip, leading to
creep crack growth. In contrast, cavities were not nucleated, but sintered at the crack tip at K levels
less than K.

The rates of crack surface opening for the creep crack at K = 0.5 MPa Vm were compared

with those for K = 0.59 MPa Vm. The comparison revealed that the creep crack exhibited crack
opening displacement rates at K = 0.5 MPa ¥m, but their magnitudes were lower than those observed
at K = 0.59 MPa Vm. The finite rate of crack opening displacement indicated that the crack tip
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continued to blunt at K levels below the growth threshold, even though no cavities or crack extension
were generated. These observations suggested that at least two different deformation mechanisms
were operative at K levels at and above the growth threshold. One of these mechanisms, which is
probably grain boundary sliding, led to cavitation, while the other, which s probably creep (diffusion
or solution-reprecipitation), resulted in crack-tip blunting, but no cavitation. Based on these results,
itis clear that the growth threshold originates from a healing process which removes creep damage
by the sintering of cavities. Physically, the growth threshold represents the stress intensity level at
which cavity nucleation occurs near the crack tip and below which sintering of these cavities
commences.

C. Criterion For Creep Crack Growth

At K > K,,, creep crack growth occurred by the accumulation of creep strain and cavitation
damage near the crack tip. In order to develop a better understanding of this process, both the
near-tip creep strain and cavitation damage were quantitatively characterized. The near-tip
cumulative creep strain measurement was obtained by the machine-vision-based stereoimaging
technique. The experimental procedures for these measurements involved taking high-resolution
micrographs of the crack tip region in a scanning electron microscope. The micrographs were taken
both before and after creep crack growth into the region of interest. This pair of photographs was
then analyzed to obtain the cumulative creep strain using the stereoimaging technique. These results
indicated that creep crack growth in the model ceramic obeyed a critical cumulative strain criterion.
The critical cumulative creep strain was measured for various K levels and times of creep. The
results indicate that the critical value of the cumulative creep strain for creep crack growth is
approximately 2%, and it is independent of K level and time of creep.

D. Characterization of Creep Damage

The damage processes which occurred during creep crack growth in the pyroceram
glass-ceramic were identified by direct observations of the crack extension sequence in-situ via the
SEM and by examining replicas of the surfaces of the specimens via scanning and transmission
electron microscopies. As indicated earlier, in-situ observation revealed that creep crack growth
occurred by either a continuous or discontinuous process. Consistent with this observation, the
replicating technique revealed the presence of two different cavitation defects in the glass-ceramic.
These two types of creep-induced damage include (1) pockets of heavily cavitated regions of creep
cavities, and (2) microcracks that are comprised of a row of cavities aligned in a linear fashion. In
both cases, the creep cavities located within the pockets or the microcracks were generally of
approximately equal size, spacing, and shape. Based on the similarity in cavity size, shape, and
spacing, it appears that the creep cavitation process could have occurred through two possible
mechanisms. The first possible mechanism was that all the creep cavities were nucleated at the
same time, and they exhibited equivalent growth rates until coalescence. The second possible
mechanism, which is considered more plausible, is a cavitation process which involves the
nucleation of cavities that could not grow beyond a critical size. Under this circumstance, cavitation
is dominated by continuous nucleation of cavities until the cavities are sufficiently close for
coalescence to take place. The nucleation of cavities is in turn controlled by stochastic grain
boundary sliding and the availability of potential nucleation sites [3], both are governed by the
microstructure of the grain boundaries. Such a process of nucleation dominated cavitation with
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cavities which would not grow beyond a critical size has been observed in Lucalox and AD99
alumina [4,5], the latter is a liquid-phase, sintered ceramic which contains an amorphous phase
along grain boundaries, as in the pyroceram glass-ceramic.

Both the microcracks and heavily cavitated regions were inhomogeneously distributed
throughout the microstructure. It was quite common for one region to be heavily cavitated, while
the contiguous regions were cavity-free, In order to better understand the damage process,
qualitative measurement techniques were used to characterize the distribution of microcracks and
the heavily cavitated regions. The microcrack density was measured as a function of distance ahead
of the crack tip. Additionally, the area fraction of heavily cavitated regions was measured. The
results indicated that both the microcrack density and the area fraction of heavily cavitated regions
increased with decreasing distance from the crack tip. Based on these results, it can be suggested
that the critical cumulative strain criterion might in fact be an indication that creep crack growth in
the ceramic is dictated by attaining a critical level of creep damage.

E. Life Prediction Modeling

The development of a life prediction model based on the cavitation damage mechanisms is
in the initial stage. Experimental observation revealed that creep cavitation damage was related to
the creep rate. The proposed model, therefore, is formulated by considering the creep rates as
functions of time, K levels, distance ahead of the crack tip, and the damage process. Observations
indicated that creep damage accumulates within a "process zone" located ahead of the tip of the
creep crack. The "process zone" is embedded within the Ridel-Rice (RR) field [7], which is, in
turn, surrounded by the K-field and the field due to the remote stress, ©... Creep damage within the
"process zone" increases with increasing time of creep, and the creep crack extends when the creep
strain or the amount of creep damage within the process zone reaches a critical value. Healing of
creep damage by sintering of creep cavities will be incorporated into the model describing the
damage evolution in the process zone. The sintering term is expected to result in a growth threshold
for creep cracks originated from large pre-existing flaws.
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IIL.

IV,

V.

ACCOMPLISHMENTS

The significant accomplishments achieved in this program during the last year are as follows:

1.  The mechanisms of creep crack growth were identified for a model ceramic.
Correlations between creep crack growth rates and the stress intensity factor were
established.

2.  Sintering of cavities was identified as the mechanism leading to the growth
threshold below which a creep crack does not propagate.

3. A critical creep strain criterion for creep crack growth in a glass-ceramic was
identified.

4.  The creep damage processes associated with creep crack growth in the model
ceramic were identified. Relationships between cavitation mechanisms and crack
growth kinetics were partially established.
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Micromechanics of Creep-Crack Growth in a Glass-Ceramic

Richard A. Page.* Kwai S. Chan,* David L. Davidson, and James Lankford*
Southwest Research Institute, San Antonio, Texas 78228-0510

The near-tip strain and opening behavior of creep cracks in
a glass-ceramic were studied at temperatures for which
grain-boundary sliding is the dominant deformation mecha-
nism. Using the stereoimaging displacement measurement
technique, near-tip creep strain and crack-opening displace.
ment (COD) increments were obtained as functions of dis-
tance from the crack tip and time of creep. Both the time
and radial dependence of the strain and COD were observed
to be consistent with the Riedel and Rice (RR) field when
the time of creep and crack extension were small. Increasing
creep time and crack extension led to the formation of a
localized shear zone located directly ahead of the crack tip.
Further crack extension tended to follow this shear zone
within which creep damage accumulated. Neither the rate of
COD nor the strain-rate distribution within this shear zone
could be described by the RR field or the Hui and Riedel
(HR) field for growing cracks. Steady-state, stable crack
growth exhibiting both Mode I and I1 components was ob-
served in the glass-ceramic despite a creep exponent of =2.
Varying the test temperature and applied stress intensity in-
fluenced both the development of the crack-tip shear zone
and the crack growth process. These observations are dis-
cussed on the basis of the interrelationships between the
near-tip field, creep damage accumulation, and grain-
boundary sliding. [ Key words: crack growth, glass-ceramics,
creep, models, strain.]

I. Introduction

CREEP fatlure of structural ceramics can occur either by
the accumulation of damage, generally in the form of
grain-boundary cavities throughout the buik of the material,
or by the subcritical growth of a dominant flaw. The proc-
esses associated with bulk damage accumulation in creeping
ceramics have been investigated in numerous studies and will,
therefore, not be addressed in this paper. Rather, attention
will be focused on the subject of creep-crack growth.

Subcritical crack growth has been observed in a number of
ceramics during elevated temperature loading.'"® Generally,
such subcritical, or creep, crack growth is intergranular and is
thought to occur by the nucleation, growth, and coalescence
of cavities ahead of the crack tip. Since cavitation is either
limited to or most pronounced within the region near the tip
of the crack, the rate of cavitation and, subsequently, the rate
of crack propagation are both expected to be related to the
stress and strain fields associaied with the crack tip. Predic-
tion of the fields associated with a growing creep crack can be
a formidable problem, however, because of the complex inter-
relationships between the field conditions, the cavitation rates,
and the crack propagation rates.

R. Raj—contributing editor

qroanuscrip( No. 197952. Received November 21, 1989; approved June 12,
1
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In spite of the inherent complexities, attempts at modeling
creep-crack growth by grain-boundary cavitation due to either
diffusional or plastic processes have been made by a number
of investigators.””* In these models, continuum crack-tip stress
fields were used as the driving force for grain-boundary cavi-
tation and crack growth. More than three different fracture
mechanic parameters were utilized to describe the continuum
crack-tip stress fields and for relating creep-crack growth
rates. They include (1) the stress intensity factor, K, for char-
acterizing the stress field of an elastic crack for treating
small-scale creep;’™'® (2) the time-dependent contour-integral
parameter, C(¢), for treating transient creep-crack growth;'”®
and (3) the time-independent contour-integral parameter, C*,
for treating steady-state creep-crack growth.””-?* A small creep
process zone was generally assumed and grain-boundary cavi-
tation was considered not to alter significantly the continuum
crack-tip stress fields. The early creep-crack growth models
were generally formulated on the basis of K-controlled” " and
subsequently C*controlled'*-> processes by neglecting time-
dependent variations of the crack-tip stresses due to compet-
ing effects of creep relaxation, cavitation, and crack growth.
More recent models have considered time-dependent stress
variations in creep-crack growth by using the C(¢) integral as
the crack-growth driving-force parameter.'”"® For small-scale
creep conditions, the near-tip transient stress, o, and strain
rate, &;, fields ahead of a stationary crack after a short time
following the application of the applied load are described by
the Riedel and Rice (RR) field** as

C(t) l/(non_ )
al[ - (Blnr) 0;](07") (1)
nin+1}
£ = B(%—‘—)r) £,(8:n) (2)

where ,(6) and &,(8) are normalization functions, and B and
n are material constants in the constitutive equation for creep
strain rate, ¢, represented by

¢ = 6/E + Bo" 3)

for uniaxial loading. The rate of crack-tip opening, 3, is then
given by

. LZLLI Y]

5,- = ZB(%(;Q) rl/(u#llﬁ'(e:n) (4)
with

Clty = (1 ~ vHK¥/[(n + DEI] (5)

for short-time creep, and C(r) = C* for steady-state creep. In
Eqgs. (4) and (5), E is Young’s modulus, v is Poisson’s ratio, and
@,(6; n) is a normalization function.

The near-tip stress and strain fields calculated for a grow-
ing creep crack differ substantially from those calculated for a
statiomary crack. Previously, Hui and Riedel®* showed that
the near-tip behavior of a creep crack in materials withn < 3
is dominated by the elastic singularity; as a consequence,
creep-crack growth in these materials cannot attain the
steady-state condition. On the other hand. the Hui and Riedel
near-tip stress and strain fields for a steady-state growing
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creep crack in materials with n > 3 are®?*

Hn=1)
o; = a"(EEr) a,(8) 6)
a, d l/(n-l)-
&= ( E Br) £,(6) )

where a, is a numerical constant depending on n and a is the
crack velocity.

A peculiar feature of the Hui and Riedel (HR) field is that
the amplitudes of the stress, strain, and crack-tip opening dis-
placement are uniquely determined by the crack velocity.
Therefore, the crack-tip stress intensity is related to the crack
length, specimen geometry, and loading conditions only
through a fracture criterion. A critical fracture strain cri-
terion was suggested;”’ it leads to the critical crack-tip frac-
ture strain being proportional to """, In this case, crack
growth is inherently unstable since an increase in velocity
leads to an increase in crack-tip strain.

Although considerable progress has been made through the
above modeling efforts, the relevancy of the C(f), C* and the
recently proposed C,*** parameters for correlating creep-
crack growth are still in question, even in the metallic systems
for which they were originally developed. Since crack propa-
gation should preferably be tied to the near-tip fields, deter-
mination of the proper near-tip fields is considered essential
to improved understanding and predictive capabilities in
creep-crack growth. This paper describes an experimental
study aimed at measuring the displacement and strain fields
associated with a creep crack growing in a glass-ceramic. The
results of the study are described and then used to determine
the validity of present models.

II. Experimental Procedure

(1) Material

A magnesium aluminosilicate glass-ceramic' was used
throughout this study. The microstructure of this material
consisted of fine (~0.5-um diameter) cordierite crystallites
surrounded by a thin continuous amorphous grain-boundary
phase.® This material is thus believed to be representative of
the many liquid-phase-sintered ceramics. Previous characteri-
zation of this glass-ceramic has indicated that the grain-
boundary phase begins to soften at around 600°C.*"*? These
experiments also demonstrated that, once the amorphous
phase starts to soften, deformation occurs by a combination
of grain-boundary sliding and cavitation. The creep expo-
nent, n, of the cordierite glass-ceramic was =2, which was
somewhat higher than the n value of unity observed in a
lithium aluminosilicate (LAS) glass-ceramic,**** but was
consistent with an n value of 1.5 to 2.2 reported for other
LAS glass-ceramics.”

(2) Crack-Growth Procedures

Single-edge-notched (SEN) specimens were machined from
the glass-ceramic. The dimensions of the test specimens are
indicated in Fig. 1. Following machining, both faces of the
specimens were polished to a 0.05-um finish and then chemi-
cally etched to reveal surface features. Sharp cracks were in-
troduced into the specimens by compression—compression
fatigue precracking.’® which was performed at room tem-
perature using a stress intensity range of 12 MPa-m'? and an
R ratio of 0.1.

Following fatigue precracking, the SEN specimens were
coated with gold to provide a conductive surface and tested
in a scanning electron microscope equipped with a high-
temperature hydraulic loading stage. The specimens were

'Corning No. 9606, Corning Glass Works. Corning, NY
*Corning No. 9608, Corning Glass Works.
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Fig. 1. Schematic of the specimen geometry used for the creep-
crack growth experiments. All dimensions are listed in millime-
ters.

heated to the desired operating temperature while being held
under a nominal tensile preload of approximately
0.1 MPa- m'?. Once the specimen temperature had stabilized,
the tensile load on the specimen was increased to provide the
desired applied Mode I stress-intensity factor. The Mode 1
stress-intensity factor, K, for the SEN specimens was calcu-
lated from*’

K = o(maF)" 8
F = 125/[1 — 0.7(a/w)" ]

where o is the applied stress, a is the crack length, and w is
the specimen width. Subsequent creep-crack propagation was
performed under various X levels.

(3) Displacement and Strain Measurement

Photographs of the crack-tip region were taken at 15-min
intervals during the creep-crack growth experiments. These
photographs, at magnifications ranging from 400x to 2000,
were used to determine crack velocities, crack openings, and
the displacements and strains around the crack-tip region.
The in-plane displacements associated with a given increment
of crack growth were determined by analyzing photographs of
the crack-tip region taken immediately before and after the
growth increment using a machine vision-based stereoimaging
technique.”® This procedure allowed determination of the
strain tensor,£,., &,,, and &,,.* The principal strains and maxi-
mum shear strains were then computed using the Mohr circle
construction. Crack-opening displacements (CODs) were cal-
culated from the relative displacements of points located on
either side of the crack. It should be noted that all of the
displacements, crack openings, and strain fields presented in
this paper are associated with a relatively small time incre-
ment (=15 min). Total accumulated openings and strains
have yet to be determined. All the crack-tip strain and COD
measurements were obtained from a single specimen.

1. Results

(1) Crack Growth at 700°C

A nominal Mode I creep crack was grown from the fatigue
precrack by heating the glass-ceramic to 700°C and then load-
ing the crack to an applied stress intensity of 0.8 MPa-m'?
Under these temperature and stress-intensity conditions, a
creep crack initiated from the fatigue precrack and grew in a
more or less stable manner. Propagation of the crack was
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Fig. 2. Crack extension versus time plot illustrating the creep-
crack growth behavnor observed at 700°C and 0.8 MPa-m'* and at
775°C and 0.7 MPa-m"

characterized over a 5-h period. A plot of the crack extension
that occurred during this time period is provided in Fig. 2.
Although alternating periods of rapid extension and slow ex-
tension are apparent, the average growth rate observed dur-
ing the period was 0.3 um/min.

Propagation of the creep crack occurred in a nonplanar
manner, as shown in Fig. 3, resulting in a mixed Mode I and
II character. The angle of crack deflection, ¢, ranged from 0°
to 50°. For this mixed-mode type of crack it was convenient to
determine the effective rate of crack-opening displacement,
8.i4, defined as

By = [(B1)? + (321
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where 8, and 8, are the Mode II and I crack-opening displace-
ment rates, respectively. Note that the subscripts 1 and 2 refer
to the l-axis (x-axis) and 2-axis (y-axis), respectively. The
crack-opening displacement rates, J.y, for four different
periods during the initial growth of the crack are plotted versus
distance behind the crack tip in Fig. 4. Three major observa-
tions can be made from these 3, results. First, at relatively
short times &8, increased with increasing distance from the
tip. Second, once the crack had been propagating for approxi-
mately 110 min, a relatively stable condition developed in
which &, was independent of distance over the 4- to 40-um
distance behind the crack tip for which &,; measurements
were obtained. Third, 8., decreased with time during the
transient period between initiation of stable creep-crack
growth and the development of the r-independent regime.
This behavior is better illustrated by the 8.y versus time plot
in Fig. 5, which indicates that the rate of crack opening meas-
ured at a constant distance behind the crack tip slowly de-
creased during the first 100 min of creep-crack growth, after
which time a relatively stable opening rate was maintained.

In addition to the COD measurements, displacement fields
near the tip of the creep cracks were also determined. A typi-
cal displacement field indicating the initial position and both
the magnitude and the direction of displacement of each of a
rectangular array of reference points is shown in Fig. 6. A
plot of the strains associated with creep-crack growth is
shown in Fig. 7 in terms of the Mobhr circles of strains. In all
instances, relatively narrow regions of high strain were ob-
served emanating from the tip of the propagating creep
crack. The development of creep damage in these high-strain
regions has been inferred from the observation that sub-
sequent crack propagation invariably occurred through the re-
gions of high strain.

Creep cracks that had been propagating for less than
110 min exhibited the r ~""*" dependence that is predicted by
the (RR) field® for stationary creep cracks, where r is the
radial distance from the crack tip and n is the power-law
creep exponent. A plot of incremental effective strain, Ae.y,

Loading Axis

Crack Path

Fig. 3. SEM micrograph illustrating the morphology of the creep crack. Loading direction is vertical, while the macroscopic crack-growth

direction is from left to right. Angle of crack deflection is denoted by &.
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Fig. 4. Plot of effective crack-opening displacement rate, 4,4, ver-
sus distance behind the crack tip, r, for various times after the
initiation of creep-crack growth.

defined as
2 i
Ae,,f = (? AEU AEU)

for a crack that had been propagating for 25 min is provided
in Fig. 8 which shows a power-law fit to all data points for
three different values of the angle, 8, measured from the tip
of the creep crack, where 8 is defined in Fig. 3. At times
longer than 100 min, the radial dependence disappeared along
the crack plane, 8 = 0, for distances of up to 40 um ahead of
the crack tip, as shown in Fig. 9. The narrow band of almost
constant strain magnitude can be seen clearly in the plot of
equal maximum shear-strain contours of Fig. 10. The loss
of r dependence in the near-tip strain field occurred at the
same time as the loss of r dependence in the rate of crack-
opening displacement. It should also be noted that, even
though the creep crack was propagating in a nominal Mode I
condition, large shear components were present in the high-
strain region directly ahead of the crack tip. A plot showing
the shear-strain components associated with crack growth is
shown in Fig. 11.

T T T T T T T
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O r=20um

slope = -0.50
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L
/
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107 = -
- bt ool L gt
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Fig. 8. Plot of effective crack-opening displacement rate, b, ver-
sus time illustrating the evolution of the opening rate as measured
from the start of creep-crack growth.
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Fig. 6. Displacements observed around the tip of a cre&g’ crack
ropagating1jn the glass-ceramic after 98 min of creep at 700°C and
.8 MPa-m'“ Both the magnitudes and the directions of the dis-

placements are indicated.

(2) Crack Growth at 775°C

After propagating the crack for 5 h at 700°C and 0.8 MPa-
m'?, the stress intensity was reduced to 0.7 MPa-m'? and the
temperature was increased to 775°C. These conditions were
maintained for 1 h. The crack extension that occurred during
this period is shown in Fig. 2. Fairly stable propagation was
observed with an average crack growth rate of 0.75 um/min.
A typical plot of the maximum shear-strain contours ob-
tained during growth at 775°C and 0.7 MPa- m'”? is shown in
Fig. 12. The presence of narrow high-strain regions exhibiting
relatively constant strain amplitude for large distances ahead
of the crack were observed, just as at 700°C and 0.8 MPa - m'?
for times greater than 110 min. Effective crack-opening dis-
placement rates independent of distance behind the crack at
all but the very near-tip region were also observed, as they had
been at 700°C.

Following the 60-min growth period at 0.7 MPa- m'?, the
stress intensity was lowered to 0.6 MPa-m'? and held for
80 min. The crack, which had been propagating at 0.75 um/
min at 0.7 MPa-m"?, arrested® almost immediately at
0.6 MPa-m'?, indicating that the stress intensity had been
reduced below the threshold for crack growth. Although no

'Resolution considerations indicate that the absence of discernible crack
propagation over an 80-min period is equivalent to a growth rate of less than
0.0l um/min.
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Fig. 9. Radial dependence of the incremental effective strain.
Aejﬁ. at 8 = 0° for a creep crack that had been propagating for
113 min.

forward movement of the crack tip was observed. considerable
opening of the crack flanks did occur. A plot of the measured
effective crack-opening rate for the arrested crack is presented
in Fig. 13, along with similar measurements for a propagating
crack. It is obvious from these data that . for the arrested
crack was still 50% of that for the crack propagating at
0.75 um/min.

As one would expect, the continued opening observed for
the arrested crack was associated with the accumulation of
strain in the near-tip region. However, unlike the well-
organized regions of high-strain accumulation that were
present in front of growing cracks, the creep-strain accumula-
tion around the arrested crack was distributed throughout a
number of isolated areas. A comparison of the strain field
associated with a propagating creep crack with that of an ar-
rested creep crack is shown in Fig. 14.

Following the 80-min arrest period at 06 MPa m'?, the
stress intensity was tncreased to 0.7 MPa-m'~. The mcrease
in stress intensity resulted in renewal of crack growth. Meas-
urement of the crack velocity over a 60-min period resulted in
a measured growth rate of 0.75 um/mm thus, duplicating the
original growth period at 0.7 MPa-m'*

IV. Discussion

(1) Comparison of Theory and Experiment

The effective crack-opening displacement rate, o,,,, and the
effective creep rate, &, associated with the RR field** can be
expressed as

S @ K3t 9 9)
£y x K*t7r™'
where
= nf(n + 1) (10)
and
=1/(n+1) (1

The exponents m and s have been determined from the slopes
of crack-opening displacement rate versus distance, r, and
time of creep. ¢, shown in Figs. 4 and 5, respectively; their
values are summarized in Table I. The experimental values of
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Fig. 10. Contours of equal maximum shear strain associated with
creep-crack growth at 700°C and 0.8 MPa-m'* after 98 min of
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Fig. 11. Radial dependence of the incremental shear strain. Ay,..
observed directly in front of. 8 = 0°. a propagating creep crack
after 15 min of creep.
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Fig. 12. Contours of equal maximum shear strain associated with
creep-crack growth at 775°C and 0.7 MPa- m' " after 1 h of creep.

m and s measured at short creep time (=15 min) are 0.47 and
0.50, respectively. In comparison, a value of s = 0.65 is ob-
tained from the plot of Ae.s vs r in Fig. 8. Considering the
large scatter in the experimentali data, these values of m and s
are consistent with the theoretical values of m = 0.33 and
s = 0.67 computed based on Egs. (10) and (11) using n = 2
(Ref. 30) for the creep exponent of the glass-ceramic. In addi-
tion to the RR theory, the observed value of s of 0.50 to 0.65
can possibly be explained in terms of the elastic field. How-
ever, the elastic field cannot explain the experimental obser-
vation of decreasing values of J,; with increasing time of creep
shown in Figs. 4 and 5. Since this type of time-dependent
crack-opening behavior is a unique characteristic of the
RR field, it can be concluded, based on the crack-opening
displacement rate and the strain-rate data. that the creep
crack in the glass-ceramic maintained many of the aspects of
the RR field for a stationary crack during its initial stages of
propagation.

As the creep time was increased, a process zone developed
ahead of the crack tip and the RR-type field expanded to lie
at a greater distance from the crack tip. This is illustrated by
the plots of effective strain rate versus distance from the
crack tip in Fig. 15 for ¢ = 268 min and 8 = 0°. At relatively
large distances from the crack tip (r > 20 um). the effective
strain rate which was obtained by dividing de,» by Ar exhib-
ited the RR-tvpe behavior. The measured slopes within this
region ranged from 0.45 to 0.77 as creep time varied from 25
to 268 min as tabulated in Table II. Within the process zone
and at small values of r (r < 20 um). the dependence of &, on
r deviated from that predicted by the RR field, however. In
particular, the value of s decreased from 0.65 to 0 for 8 = (°.
as shown in Fig. 15. Similar decreases in the value of 5 from
0.5 to 0 with increasing time of creep are shown (n the plots of
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Fig. 13. Comparison of the effective crack-opening’displacement rates for a growing crack (0.7 MPa- m'°, above K.,) and an arrested crack

(0.6 MPa - m'", below K,,) after 60 and 80 min of creep, respectively.

o vs r in Fig. 4 and also from Table I. In addition to being
relatively independent of r, the values of &, and ¢, within
the process zone decreased with increasing creep time and
eventually both became constant values when ¢ > 100 min
(see Fig. 5). These results indicate that steady-state creep-
crack growth prevailed at times exceeding =100 min.

The observation of steady-state crack growth in a creeping
solid with a power-law creep exponent of =2 contradicts the
Hui and Riedel theory,” which predicts that steady-state
creep-crack growth in materials with n < 3 is not possible be-
cause the creep crack is dominated by the elastic singularity.
Neither domination by the elastic singularity nor the absence
of steady-state crack growth is supported by the current re-
sults. The discrepancies between theory and experiment are
not surprising. The Hui and Riedel model does not ade-
quately treat the effects of either stochastic grain-boundary
sliding or creep cavitation, both of which are prominent in
the process zone associated with a growing creep crack in the
glass-ceramic.” It is also possible that the intermittent
growth behavior affected the near-tip region, with the crack
behaving as a stationary crack in some time increments and
as a growing crack in others. The possible effects of the inter-
mittent growth behavior have not vet been determined.

(2) Role of Microstructure in the Creep-Crack Growth
Process

The creep crack in the glass-ceramic exhibited moderate
deflections even though the crack was nominally straight and
of the Mode I type. Figure 3 illustrates that the angle, ¢. of
crack deflection could be as large as 20° to 50°. Thus. it is not
surprising that both Mode 1| and Il crack-opening displace-
ments were observed, as shown in Fig. 16. Additionally, rela-
tively large shear-strain-rate components were observed within
the process zone ahead of the crack tip. indicating the pres-
ence of Mode II loading locally near the crack tip. One pos-
sible explanation for the Mode Il component is the local
deflection and mixed-mode of the cracking mode associated
with the saw-tooth crack. Using the procedures described in
Refs. 40-42. the amount of Mode 11 opening that would be
associated with the observed degree of crack deflection is
found to be significantly lower than the observed Mode 11
components. as shown in Fig. 16. Thus. crack deflection does

not appear to be solely responsible for the large Mode II
openings nor the large shear strains. Another possible expla-
nation is that crack-tip deformation in the glass-ceramic is
dominated by sliding of grain boundaries that contain a vis-
cous glassy phase, which is an inherently stochastic shear proc-
ess, and the experimental crack-tip shear strain and opening
displacement rates are reflections of this process. Grain-
boundary sliding, in turn, can lead to buildup of local tensile
stresses which can cause the nucleation, growth, and coales-
cence of cavities within the grain-boundary glassy phase.”**
Since there is no shear stress immediately ahead of the tip of
a Mode I crack, sliding and cavitation would have to occur at
inclined grain boundaries, leading to the saw-tooth-like crack
path shown in Fig. 3. Further work is needed to determine the
validity of this hypothesis. Note, however, that unaccountably
high levels of shear strain and Mode II opening were not ob-
served in similar measurements of a creep crack in a material
that deformed predominantly by dislocation creep.*
(3) Implications

The nucleation and growth of creep cavities in ceramics
can be facilitated by either normal or shear stresses. The ob-
servations of a saw-tooth crack path and relatively large shear
components in the crack-tip-opening displacement and strain
rates in the glass-ceramic indicate that shear stresses, and by
implication grain-boundary sliding, are important in creep
cavitation of this material. Almost all of the creep-crack
growth models in the literature consider creep-cavity growth
to be driven by normal stresses: with few exceptions,*** the
contributions of shear stress and grain-boundary sliding are
generally ignored. The applicability of iliese crack-growth
models to the glass-ceramic of this study (and possibly other
ceramics) is therefore suspect: modification of these models is
required to include the contributions of shear stress and
grain-boundary sliding to cavitation and crack propagation.

The RR field was originally derived for straight cracks sub-
ject to individually applied Mode . II. or Il loading. Despite
the saw-tooth-like crack path, the RR field appears to be ap-
plicable for the glass-ceramic in the short-time creep regime.
Crack deflection changed the near-tip strain-rate distribution
and the modes of crack-tip opening of the creep crack. but
the amplitude of the near-tip ficld was still characterized by
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' B) Table [I: Summary of the Measured
Values of Radial Dependence of Effective
Fig. 14. Strain distributions in the near-tip region of (A) a crack Strain Rate*
growing above threshold at 775°C and 0.7 MPa-m"? and (B) a sta- Time of creep (min) 0(deg)  Measured s’
tionary crack below threshold at 775°C and 0.6 MPa- m'*.
25 0 0.73
45 0.70
Table I: Comparison of the Measured and the Predicted 90 0.65
Values of the Radial and Time Exponents of the 13 0 053
Crack-Opening Displacement Rate* 45 0.65
Measured values Predicted values 90 0.69
. . 7 T
Time (min) 5 m s m 173 0 0.62
15 0.50 0.47 0.67 0.33 45 0.45
25 0.50 0.23 0.67 033 90 0.50
113 0 0.22 0 0.33
128 0 0 0! 033 268 0 0.72
. 268 0 0 0* 0.33 45 0.77
By = K% P™ s = nfin + 1).'m = 1/(n + 1). 'Steady state. ol 0.36
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Fig. 16. Comparison of measured and caiculated ratios of Mode I1
to Mode I crack-opening displacement rates as a function of creep
time for the pyroceram glass-ceramic.

threshold tended to accumulate strain in small localized re-
gions spaced throughout the near-tip region, while cracks
loaded slightly above threshold accumulated strain in highly
organized channels directly ahead of the tip. Although these
observations, in and of themselves, do not identify the critical
process or processes that lead to a crack-growth threshold,
they do suggest that the manner in which a creep crack accu-
mulates strain and damage may be an important factor in the
definition of a threshold.

V. Conclusions

The following conclusions regarding creep-crack growth in
the pyroceram glass-ceramic can be drawn from the resuits of
this work.

(1} Crack deflection and stable crack growth exhibiting
both Mode I and I components were observed in the glass-
ceramic despite a creep exponent of =2.

(2) Both the time and radial dependence of the near-tip
strain and crack-opening displacement were observed to fit
the predictions of the Riedel and Rice field when the time of
creep and the amount of crack extension were small.

(3) At longer times and larger crack extensions. a local-
ized shear zone formed directly ahead of the crack tip. Subse-
quent crack extension tended to follow this shear zone and
neither the rate of crack-opening displacement nor the strain-
rate distribution within the shear zone could be described by
the Riedel and Rice field for stationary cracks or the Hui and
Riedel field for growing cracks.

{4)  Although Cft) controlled the near-tip fields at short
times, it does not appear that C(t) controlled the crack growth
rate. The parameter controlling the growth rate has not yet
been identified.

(5) Unusually high Mode 11 openings and shear strains
were associated with the growing creep cracks. Since none of
the available theoretical treatments can account for such high
shear components, it has been hypothesized that they are the
result of the unique creep deformation mechanisms exhibited
by this and other ceramic materials.

(6) Crack blunting was observed at stress intensities below
the threshold for crack growth. Development of an extended.
localized shear zone ahead of the crack tip. such as observed
during crack growth, was not observed during the blunting
process.
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Near-tip behavior of deflected creep cracks
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Abstract. Near-tip displacement fields of a creep crack which exhibited moderate deflection from its initially mode 1
condition have been measured using the stereoimaging technique. From the measured displacement fields, near-tip
strains and crack opening displacements (CODs) are obtained and compared with existing asymptotic solutions for
stationary, deflected cracks. The comparison reveals that the near-tip strain field and CODs of a stationary deflected
creep crack in stainless steel (creep exponent of 8) are of the Riedel-Rice type. The degree of mode mixity is also
adequately predicted for the deflected crack. The results for stainless steel are compared with previous results for a
glass-ceramic (creep exponent of 1.5), to assess the range of applicability of the RR field. Discrepancies between theory
and experiment are discussed in terms of the dominant creep mechanism, which is dislocation creep for the stainless
steel and grain boundary sliding for the glass-ceramic.

1. Introduction

It is well established that for power-law creeping materials, the stresses and strain rates
asymptotically near the tip of a stationary crack are dominated by the creep term [1]. For small
scale creep conditions, the near-tip strain rate, ¢;;, ahead of a mode I stationary crack, shortly
following the application of the external load, is described by the Riedel and Rice (RR) field [1],
which is analogous to the Hutchinson [2], Rice, and Rosengren [3] (HRR) field for elastic-
plastic materials. The RR fields for creep cracks can be obtained from the HRR fields for
elastic-plastic cracks by replacing

1. the plastic strain term with the creep rate,

2. the crack-tip opening displacement with its rate, and

3. the J-integral with another contour-integral, C(t), which is the analog of the J-integral for
short time creep [1, 4].

For smali scale creep, the creep zone is constrained by the surrounding elastic field and C() is
proportional to (K?/Et)”* ! [1], where K is the stress intensity factor, E is Young's modulus,
t is the time of creep, and n is the creep exponent.

The dominance of the RR field for creep cracks has been recently observed experimentally in
pyroceram, which is a glass-ceramic with a creep exponent of 1.5 and deforms at elevated
temperature primarily by sliding along grain boundaries containing a viscous, glassy phase. In
this study by Page et al. [5] the near tip creep rates were found to exhibit the RR-type
field when the time of creep and the amount of crack extension were small. The time and radial
dependence of the crack opening displacement rate were observed to be those of the RR field,
as well. A surprise finding by Page et al. [5] was the observation of the development of a
localized shear zone directly ahead of the creep crack. The strain distribution within this shear
zone could not be described or explained on the basis of the RR field. Crack extension in the
glass-ceramic tended to follow the shear zone within which creep damage appeared to
accumulate. Since the predominant deformation mode in pyroceram at elevated temperature is
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the sliding of grain boundaries containing a viscous glassy phase, it is possible that the shear
zone could be the consequence of the grain boundary sliding. One means of resolving this issue
is to compare the crack-tip behavior of the glass-ceramic with that of a creep crack in a material
which does not contain glassy grain boundaries and deforms predominantly by dislocation
creep.

The objective of this paper is to present experimental results of the near-tip creep rates and
crack surface opening behavior of creep cracks in a 304 stainless steel tested at 600 C. At this
temperature, the creep mechanism in smooth (uncracked) 304 stainless steel specimens is
predominantly dislocation creep and grain boundary sliding is a significant contributor to the
creep rate only at stresses less than 13 MPa [6]. Experimental results for the stainless steel will
be compared first with asymptotic solutions for stationary cracks. They will then be compared
with similar results from a glass-ceramic to determine whether or not the near-tip strain fields
of creep cracks are influenced by the operative deformation mechanism. Since creep cracks in
the 304 stainless steel are deflected cracks. the experimental crack-tip measurements wiil also be
used to show that the RR fields are pertinent for mixed-mode stationary creep cracks.

2. Asymptotic near-tip fields for mixed mode stationary creep cracks

The crack-tip fields for mixed mode or deflected creep cracks have not been presented in the
literature. It appears. however. that the analogy between creep and plasticity that has been used
to obtain the fields for mode I creep cracks should also apply for mixed mode cracks. Consider
a crack lying along the x-axis with the crack normal parallel to the y-axis. the crack-tip fields
for this mixed mode I and II creep crack under small scale creep conditions could be obtained
from those for similarly mixed mode elastic-plastic cracks under small-scale vielding [7-9]
as follows:

Clu 1in+1)
;= 0o [_L)_] G:;(0: M n). (1)

A0 éalar

C { nitn+ 1)
£ = 2ég [__H__] £;(0: MP n), (2)
AGoEl, 1
C t nn+1) )
i = 1k30r[———!—)~:| (0. M".n). (3)
10’0(:01""

where the distance. r. and the angle. 0. are polar coordinates centered at the crack tip: E is
Young's modulus: M” is the plastic mixity factor: I, is a dimensionless normalization parameter
whose value depends on the stress state. creep exponent (n). and the plastic mixity factor. M":
Gs. £n and n are material constants in the constitutive equation for creep strain rate. .
represented by

. - ﬂ "
§ = 11:(,(~) ()
0o
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for uniaxial loading. The rate of crack surface opening, J;, is then given by

Cit)

o” :
L10'0801"r

niin+ 1)
3, = xé jl [a,(—m M, n) —a; (m: M®, n)], (5)

with the amplitude of the crack-tip singularity. C(t), given by [1]

= v)K?

I L 6
= e (©

after a short time. t. of creep, with v being the Poisson ratio. The normalization functions
represented by 6;;. &;. and @ are functions of 0. MP?. and n; the values of these normalization
functions have been given by Shih and co-workers [9] for the plane strain condition. Similar
tables for the plane stress condition do not appear to be available. The value of M” is related
to the elastic mixity factor, M. which depends on the nominal mode 1 and II stress intensity
factors.

For mixed mode 1 and 11 creep cracks. it is often more convenient to treat the creep rates in
terms of an effective (or equivalent) creep rate, é.. which is related to the creep rate components
by

Eerr = (366017 o
C t n{n+1)
Eerr = Ao —(—)“— Eece(0: ME, n), (8)
10’0801,,"
with
Eepr = (g’gugij)l’z. 9)

which indicates that the HRR singularity remains pertinent for mixed mode creep cracks.
Similarly. an effective crack surface opening displacement rate. desr. May be defined as

Oerr = [(0y)° +(5:)2]] . {10)
to give
. . (‘“) nin+ 1) R
()cﬂ' = If;nr[ag ; r] Uegs. (] ])
otol
with
Her = (AT 1A (12)
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and
Ad; = 4, —n)—um),

where 0, and 0, are the mode 11 and mode I crack surface opening rates. respectively.

3. Experimental procedures

Single edge notched, pin-loaded specimens of 304 stainless steel were used. The 3 mm thick.
fatigue precracked specimens were fatigued at AK = 15 MPa\/% and at 600°C in a vacuum of
1.33 x 1072 Pa. The minimum to maximum load ratio was 0.1. After substantial fatigue crack
propagation, the cracked specimens were held at the maximum load at a K level of
16.5 MPa¢; for 10 minutes. At this K level, the region ahead of the tip of the fatigue crack
underwent creep deformation with crack extension. The creep zone was a greater portion of the
specimen thickness than that recommended by ASTM for plane strain testing; thus, crack tip
deformation of the stationary creep crack was thought to occur under the plane stress condition.
Still photographs of the crack tip region under load were taken as a function of time using a
long focal length optical microscope which allowed viewing of the specimen within the vacuum
furnace. Using photographs of the crack tip region taken at two different times of creep. the
displacements of individual points near the crack tip were measured by the sterevimaging
technmque. Details of the stereoimaging technique have been described previously [10, 11]. From
the measured displacements, the displacement gradients and the creep strains were computed.
The openinz displacements of the crack surfaces were also measured as a function of distance
behind the crack tip. Preliminary results of this work were presented earlier in [11].

Creep constants for 304 stainless steel were obtained from the literature [12]. Figure 1 shows
the steady-state creep rate data from Simmons and Cross [12. 13]. which were fitted to (4). From
these data. the creep exponent, n. was determined to have a value of 8. while the value of g,
was determined to be 1190 MPa based on 2 = 1 and é, = 1 sec™ ..

304 Stainless Steel

o b 600°C

CREEP RATE, 1/SEC
3,
v

©

10 C
Eq. (&)
. / (Fitted to Data)
0 E ~ Experimental Data“zl
0!
W 10
STRESS. MPo
Fig. 1. Steady-state creep rate of 304 stainless steel as a function of stress
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4. Results

Figure 2 shows the measured displacements near the tip of a creep crack in 304 stainless
steel at 600 C. The displacement field for the crack after 2 minutes of creep is shown in
Fig. 2(a). while that after 10 minutes of creep is shown in Fig. 2(b). Note that the creep
crack was not an ideal mode 1 crack, but was a deflected crack aligned at an angle of x30

from the loading axis. The nonlinear nature of the crack. however, made it dificult to obtain
an accurate value of the crack angle. The length of the kinks along the crack was approximately
100 um and the creep zone was about 300 pum. The strains ahead of the crack tip after 2 minutes
of creep are shown in Fig. 3 as a function of distance. r. ahead of the crack tip for ¢ =0 .45 .
and 90 . Similarly. the crack tip strains for the crack after 10 minutes of creep are shown in Fig.
4. Both Figs. 3 and 4 show that the creep strains ahead of the crack tip exhibit the r~ """ !
distribution for stationary creep cracks. The strains at the tip (r = 0) of the creep crack were
found to be finite. but they were excluded from Figs. 3 and 4 because of the difficulty of
representing r = 0 in a log-log plot. The slopes of the creep strain versus distance curves tn Figs.
3 and 4 range from —0.79 to —0.92 with an average value of —0.84. The creep exponent for
304 stainless steel at 600 C 1s & (n = 8): this leads to a calculated slope of —0.89
(slope = —n'[n+ 1]

Creep rates were computed from the incremental creep strains by dividing by the time
increments. Figures 5 and 6 show the effective strain rates as functions of distance. r. ahead of
the crack tip for creep times of 2 and 10 minutes. respectively. The RR strain fields shown in
Figs. 5 and 6 as solid lines were obtained from (6) and (8) by assuming the plane strain
condition. The values of the pertinent normalization functions in (8) and (11) were obtained from

(a) Displacement diagram, 0-2 min.

ey Theow
3 macsmer -

(b) Dysplacement diaqram, B-10 min

Fie 7 ONcear-np displacements for a deflected crack i 304 stainless steel tested at 600 C for two different tumes of creep
) 1 2 nunute. and (b 8 10 nunute: The nomnal stress mtensity tactor devel was 16 SMPa o
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Fiy. 3. Incremental creep strain as a function of dis-

tance. r. ahead of the tip of the deflected creep crack

in 304 stainless steel at 600 C. The time of creep was 2

minutes and the stress intensity factor was
16.5 MPa, m.

(c)

Fig. 4. Incremental creep strain as a function of dis-

tance. r. ahead of the tip of the deflected creep crack in

304 stainless steel at 600°C. The time of creep was 10

minutes and the stress intensity factor was
16.5MPa, m.

the tables compiled by Symington. Shih. and Ortiz [9]. Plane stress calculations were not made
because the relevant normalization functions were not available [14]. For the creep crack
studied. the defiection angle was equal to or less than, 30 . Using a crack deflection angle of
30°. the elastic mixity and subsequently the plastic mixity factors were computed as 0.83 and
0.88. respectively. Since the normalization functions for n = 8 and M" = 0.88 were not presented
by Symington et al., values of £;; and i for n = 7 and M” = 0.88 were used for the calculations
shown here for . and later for d.;. The slight differences in n and M” are not expected to
affect the calculated values. however. In most cases the strain obtained from the RR field
calculations were approximately a factor of three to ten lower than the measured values. The
agreement between theory and experiment was generally better for 0 = 45~ than for 6 = 0 or
90 . Plots of normal and shear strain components for # = 0 in Fig. 7 reveal relatively large
shear strain components in front of the deflected crack. as predicted by the previous analysis of
Suresh and Shih [8]. Again. the measured creep rates for individual components were higher
than those calculated for a mixed mode crack under plane strain conditions.

The change in crack surface opening displacement was also measured as a function of time
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Fig. 5. Comparison of measured and RR (Riedel and Fig. 6. Comparison of measured and RR (Riedel and
Rice) near-tip effective strain rates as a function of Rice) near-tip effective strain rates as a function of
distance. r. ahead of the tip of the deflected creep crack distance. r. ahead of the tip of the deflected creep crack
in 304 stainless stecl after 2 minutes of creep. in 304 stainless steel after 10 minutes of creep.

of creep. Both mode 1. d,. and mode II, 9,, crack surface opening displacements were observed.
The corresponding rates of crack surface opening displacement and their effective (root-
mean-square) values, 0. were computed by dividing the measured opening value by the
two-minute time increment. Figure 8 presents o as a function of time. It is evident that
Oere % """ with a measured slope of —0.88. while the corresponding value of the slope
calculated based on (11) is —0.89. Calculated values of . based on (11) are also compared
with the measured values in Fig. 8. The calculated values are about a factor of four lower than
the experimental values.

The mixity of cracking mode associated with the deflected crack is presented in Fig. 9 in terms
of the ratio of mode II'mode I (9,/0,) at various creep times. As indicated in Fig. 9. the values
of 9,0, range from 0.03 to 0.27. reflecting the meandering nature of the crack path (see Fig. 2).
The theoretical value of o, 0, is

oy =M = M n)

Jom o (13)
O Uat- MU —asm M
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Fiy. 7. Comparison of measured and RR (Riedel and Rice) near-tip strain rate components as a function of distance.
r. ahead of the tip of the defiected creep crack in 304 stainless steel after 2 minutes of creep.

Using a crack deflection angle of 30° and M” = 0.837, the maximum value of 8,19, predicted
by (13) is approximately 0.60. which is larger than the measured values. On the other hand. the
measured values of the 8,/ ratio lie between those predicted for ¢ = 0° (M = 1)and ¢ = 20

(M® = 0.92). as shown in Fig. 9. The discrepancy between measurement and calculation may be
explained on the basis of the nonlinearity of the crack path. which made the effective value of
the crack angle somewhat less than the measured one.

5. Discussion

A. Riedel-Rice field for mixed mode creep cracks

The Riedel-Rice field was originally developed for a mode | crack in a power-law creeping
material. One possible means of extending it to mixed mode cracks would be to utilize the

results for elastic-plastic mixed mode cracks developed by Shih and co-workers [7-9]. In this
approach. the RR fields for mode | cracks are related to those for mixed mode and deflected
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Fig. 9. Comparison of measured and calculated ratios of mode II. J,. to mode 1 J,. crack opening displacement rates
as a function of creep time for 304 stainless steel.

cracks through the introduction of a plastic mixity factor. The type of singularity and its
amplitude remain the same as those for the mode I crack: only the normalization functions of
1,(MP), £;;(0: MP, nyand i;(6: M”. n) need 10 be evaluated for the mixed mode cracks. The values
of these normalization functions for various values of M” have been computed by Symington
et al. [9] for the plane strain condition. The present results indicate that the near-tip strains and
crack surface opening displacements for deflected creep cracks in 304 stainless steel are indeed
those of the RR-type [1]. indicating the Shih [7-9] approach might be used to extend the RR
field [1] to mixed mode creep cracks.

The agreement observed between experiment and theory is within a factor of two in crecp
rates for the best case and within a factor of ten in the worst case (for r = 10um). The
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observation that the calculated strains and CODs are consistently lower than the measured
values might be explained on the basis that the plane strain condition was not attained on the
specimen surface because the creep zone was large compared with the specimen thickness. Since
the calculated strains for the plane stress condition are expected to be higher than those for
plane strain. a change of strain state from plane strain towards plane stress would reduce thc
discrepancies between theory and experiment. Unfortunately, the relevant normalization func-
tions for mixed mode cracks under plane stress are not available [14]. A more direct and
rigorous comparison of the measured creep rates and COD values with theoretical values for a
plane stress mixed mode crack is. therefore, not possible. Nonetheless. the results demonstrate
th-t a stationary deflected creep crack exhibits a RR-type near-tip field.

The observation of mode Il crack opening is an indication that the deflected crack was a
mixed mode crack. Even though the crack path was macroscopically normal to the loading axis
the fact that the deflected crack tip. whose length was only 100 um. was able to dominate the
near-tip behavior was probably due to the fact that the creep zone was only 300 pm in length.
The implication here is that local deviation of the crack path from pure mode I could change
the creep rate distributions and crack opening modes when the deflected crack length is on the
order of the plastic zone size. Suresh and Shih [8] previously suggested that the minimum
effective deflected length might be at least half of the plastic zone. compared to the value of
one-third that was observed for 304 stainless steel in this work.

B. Comparison of the near-tip behavior of creep cracks in 304 stainless steel and pyroceram

Near-tip strains and CODs have been determined for creep cracks in pyroceram (a glass ceramic)
whose creep exponent. n. has a value of 1.5 [15]. The small value of n is the consequence of the
deformation mechanism. as elevated temperature creep in this ceramic with glassy grain
boundaries occurs predominantly by grain boundary sliding. It is therefore of interest to
compare the results for 304 stainless steel. which has a n-value of 8. [13] with those of
pyvroceram. Experimental results for pvroceram are described in [5].

Creep cracks in 304 stainless steel and pyroceram both exhibited crack path deflection. The
near-tip strain fields for creep cracks in 304 stainless steel and pyroceram were both of the RR
tvpe [1] when the amount of crack extension was small and the rate of crack opening
displacement decreased with increasing time of crecp in both materials in a manner described
by (11). One of the significant differences between 304 stainless steel and pyroceram was the
development of a localized shear zone ahead of the crack tip in the pyvroceram. Such a clear
process zone was absent in the stainless steel. as illustrated in Fig. 10 which compares the
contour plots of shear strains of the two materials. Another difference is that there was relatively
more mode Il crack opening displacement for cracks in the pyroceram than for those in the
stainless steel. even though the angles of crack path deflection were similar. The ratio of mode
I1'mode | crack opening rate for the creep crack in pyroceram is shown in Fig. 11 as a function
of time of creep. Note that the mode Il opening is as large as the mode I opening. and that the
ratio of 9, 0, is substantially larger than the maximum predicted by theory. These differences
in behavior might be attributed to differences in deformation mechanism. In particular. the
shear zone in pyroceram and the concurrent high degree of mode Il opening might be the
consequence of the ceramic’s propensity for grain boundary shding. Further work 1s required
to contirm this hvpothesis. Nonetheless. the present results suggest that the mode of deforma-
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tion affects the creep crack tip responses. Accurate crack tip analyses of creep cracks in ceramics.
thus. need to consider the effects of viscous sliding of grain boundaries. Such an analysis is
currently not available.

6. Conclusions:

I. The near-tip creep rates and crack surface opening displacements of 4 mixed mode or
deflected creep crack in 304 stainless steel are those of the Riedel-Rice type.

2 The Riedel Rice field for mode 1 creep cracks can be extended to mixed mode or deflected
cracks using Shih's solutions for mixed mode elastic-plastic cracks.
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3.

K.S. Chan, R.A. Page and D.L. Davidson

The near-tip creep behavior of 304 stainless steel differs from that of the pyroceram
glass-ceramic by showing relatively less mode Il opening displacements and the absence of
a shear process zone. The mode I component in the 304 stainless steel can be explained by
the deflection of the crack from mode 1. while that observed in the pyroceram glass-ceramic
cannot be explained by crack deflection. These differences may be due to differences in the
creep deformation mechanisms.
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Creep-Crack Growth by Damage Accumulation in a

The growth rate, near-tip creep response, and damage proc-
esses of creep cracks in a pyroceram glass-ceramic were
studied under tensile loading at elevated temperatures. The
rates of crack extension were characterized as a function of
the applied stress intensity factor. The damage processes
which occurred near the crack tip and led to creep crack
extension were identified using a replica technique and by
direct observations in a scanning electron microscope
equipped with a high-temperature loading stage. The accu-
mulated creep strains near the crack tip were measured via
the stereoimaging technique. The results indicate that
creep-crack growth in the pyroceram glass-ceramic occurs
in both continuous and discontinuous manners, with the
damage processes manifested as the nucleation, growth, and
coalescence of inhomogeneously distributed cavities and
microcracks. Measurements of the total accumulated creep
strain near the crack tip suggest that crack extension fol-
lows a critical strain criterion. Both the microcrack density
and the total accumulated creep strain show similar depend-
ence with distance from the crack tip. These observations
suggest that damage accumuiation and crack extension in
the glass-ceramic are controlled by the near-tip creep rates.
(Key words: crack growth, damage, glass-ceramics, creep,
stress. ]

1. Introduction

SUBCR[TICAL crack growth has been observed in a number
of ceramics under elevated temperature loading."™™ Such
subcritical or creep-crack growth is generally characterized by
intergranular fracture paths and occurs by the nucleation,
growth, and coalescence of grain-boundary cavities and/or
microcracks ahead of the crack tip.*" Typically, creep-crack
growth in ceramics occurs at stress intensities, K, between a
threshold. K., and a critical value, K¢, which represents the
onset of unstable fracture.'>"® Below the threshold, creep
cracks blunt, exhibit crack opening displacement, but no
longer propagate. Furthermore, a near-tip strain distribution
different from that of propagating creep cracks was abserved
for cracks below the threshold.'* Above the threshold, creep-
crack growth is characterized by a power-law relation be-
tween the crack velocity and the stress intensity factor.'2?
For ceramics with preexisting flaws. creep cavities might
be localized and occur predominantly near the tip of the
creep crack, forming a creep damage or fracture process
zone.*" This damage zone consists of individual and/or co-
alesced cavities. The linkage of the creep cavities with the tip
of the main crack constitutes a crack extension event and oc-
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curs in an incremental and discontinuous manner. The incre-
mental nature of the crack extension process suggests that a
critical amount of creep strain and/or damage must be accu-
mulated within the damage zone prior to crack extension.
The rate of creep-crack extension thus depends on the rate,
and the nature, of the damage accumulation process within
the process zone, both of which are expected to be influenced
by the local stresses and strain rates near the tip of the creep
crack, as well as by the microstructure of the ceramics,” e.g.,
the presence of a vitreous grain-boundary phase. In particu-
lar, creep cracks in vitreous-bonded materials tend to propa-
gate along the grain-boundary vitreous phase, occasionally
leaving intact ligaments of the vitreous phase behind the
crack tip." Under unconstrained conditions, these amorphous
ligaments can exert tractions on the crack surface, leading to
a decrease in the crack growth rate by reducing the local driv-
ing force for crack extension.'>**

Creep-crack growth in ceramics can occur by either direct
or indirect growth mechanisms.'>*® [n the latter case, crack
growth proceeds by accumulation of creep damage within the
crack-tip process zone. However, little work has been done to
characterize the creep damage process ahead of a creep crack
and its impact on, or relationship to, creep-crack growth. The
incorporation of creep damage into a creep-crack growth
model has been attempted by Thouless and Evans.”® A key
feature of their model is that the creep-crack growth rate de-
pends sensitively on the ratio of cavity spacing to grain facet
length, which represents the degree of local creep damage
within the process zone. Characterizing the development of
creep damage during creep-crack growth is therefore impor-
tant for improving the current understanding of the creep-
crack growth process in ceramics.

The objective of this paper is to characterize the damage
process associated with creep-crack growth in a pyroceram
glass-ceramic. This work is a follow-on of a previous paper '
which examines the micromechanics of creep-crack growth in
the pyroceram glass-ceramic. While the previous paper is
concerned with the near-tip creep deformation, the present
paper is focused on the relationship between the near-tip
damage process and the resuiting crack growth behavior. In
particular, the creep-crack growth rate will be measured as a
function of the stress intensity factor, K. A machine-vision-
based stereoimaging technique will be used to measure the
creep strains accumulated within the damage process zone
prior to crack extension. The type and extent of creep dam-
age in the glass-ceramic will be identified and measured as a
function of distance from the crack tip. These results will
be utilized with near-tip strain measurements to examine
whether a critical amount of creep damage or accumulated
strain within the process zone is required for creep-crack
growth and to identify the relationship between creep dam-
age and the crack growth curve.

II. Experimental Procedure

(1) Material

A magnesium aluminosilicate glass-ceramic (Corning
9606), which consisted of 0.5-um-diameter cordierite grains
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surrounded by a thin continuous amorphous phase. was uti-
lized for this study. Previous studies have indicated that the
grain-boundary vitreous phase of this glass-ceramic begins to
soften at around 600°C."” Once the amorphous phase is soft-
ened. deformation occurs by a combination of grain-
boundary sliding and cavitation. This material is thus
believed to be representative of the many liquid-phase-sin-
tered ceramics. The creep exponent, n, of the cordierite glass-
ceramic was =2 (Ref. 18). which was somewhat higher than
the n value of unity observed in the Corning 9608 lithium
aluminosilicate (LAS) glass-ceramics.”” ™ but was consistent
with n = 1.5 to 2.2 reported for other LAS glass-ceramics.™

(2) Crack Growth Rate Measurements

Creep-crack growth in the pyroceram glass-ceramic was
studied in the 700° to 775°C range using single-edge-notched
specimens. The dimensions of the test specimens and the ex-
perimental procedures were identical to those reported ear-
lier."" In particular, the specimens were precracked by cyclic
fatigue under compressive loads at room temperature. After
cyclic fatigue precracking, the specimens were coated with
gold to provide a conductive surface and tested under a con-
stant tensile load in a scanning electron microscope equipped
with a high-temperature loading stage.™ The region in the
vicinity of the crack tip was monitored and photographed
in approximately 15- to 30-min intervals using 1000X to
2000X magnifications. The amount of crack extension within
a given time interval was obtained by measuring the length of
the crack from the SEM photographs taken before and after
that time period. The crack velocity was computed by divid-
ing the amount of crack extension by the time interval. and
the stress intensity factor was computed using the formula
due to Gray.™

(3) Near-Tip Cumulative Strain Measurements

The total creep strain accumulated in the region located
near the tip of a crack prior to crack growth into that region
was measured using a machine-vision-based stereoimaging
technique.” The procedure for performing such strain meas-
urements is shown schematically in Fig. 1. Prior to creep test-
ing. the region located 100 um directly ahead of the crack tip
was photographed extensively as a reference area. using the
SEM. The creep-crack growth experiment was then per-
formed, and the referenced area was again photographed after
the creep crack had extended into that region. The accumu-

Ref. Photograph

Creep Crack

——

t

Photograph of Cracked Region

Creep Crack

L. L3>

Fig. 1. Schematic showing the procedure for determining the ac-
cumulated creep strain using photographs of an area ahead ot a
creep crack in the uncracked and crack=d conditions
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lated creep strain was then determined by analyzing photo-
graphs of the region before and after crack advance, using the
machine-vision-based sterecimaging technique described in
Ref. 24. This automated high-resolution displacement meas-
urement system, known as the DISMAP system, is basically a
machine-vision implementation of the human-vision-based
stereoimaging technique developed earlier.” The machine-
vision version of the stereoimaging technique is considerably
more accurate (by an order of magnitude) than its counter-
part based on human vision. In both cases, the stereoimaging
technique measured the relative in-plane displacements of an
array of material points in the region of interest. These dis-
placements were used to obtain the displacement gradients.
which were in turn used to compute the different in-plane
creep strain components. &,. The effective creep strains were
computed from the strain components according to ¢ =
(2/3(e5es)) 7. All of the cumulative creep strains reported in
this paper were effective creep strains. Since it was not
known where the creep crack would advance, an extensive
region ahead of the crack tip was mapped in order to obtain
the accumulated strain measurements. When the region of in-
terest contained a microcrack, the location of the microcrack
was specified and taken into account in computing the dis-
placement gradients and strain comporents. A more detailed
description of the strain measurement technique can be found
in Ref. 25. The accuracy of the DISMAP system was estab-
lished by comparing the stress—strain curves of a ceramic
composite obtained from clip gauge and stereoimaging strain
measurements. For strain levels greater than 0.005, the maxi-
mum errors in the stereoimaging strains were less than 10%.
The percentage of errors decreased to less than 1.7¢¢ with
increasing strain levels above 0.006. For a total strain of 0.02,
the maximum possible error in the stereoimaging strains was
no more than =0.002 in the worst case, i.e., when the maxi-
mum error of 10z was used.

(4) Characterization of Creep Damage

After the creep-crack growth experiments. the test speci-
men was ion-milled for 4 h to remove the conductive coating
and any other surface contaminants. The specimen surface
was then replicated using acetobutyrate and cellulose acetate
replicating tapes. The former was coated with aluminum and
examined in the SEM. while the latter was coated with car-
bon. shadowed. dissolved. and examined via the TEM. The
SEM and TEM micrographs were then used to characterize
the distribution. size, and density of microcracks and cavities,
using quantitative ceramographic techniques.

To describe the extent of microcracking, the crack density
parameter proposed by Budiansky and O'Connell*® was
adopted. This particular crack density parameter, &, is de-
fined as™

IN A
£ = T<F> (1)

where V 1s the number of microcracks per unit voiume. A is
the area, and P is the perimeter of a microcrack. For n, circu-
lar microcracks of length 2a, in a local volume, V,, the crack
density parameter. ¢, is
3
nda)

T (2)

which indicates that ¢ differs from the local volume fraction
of microcracks in the sampling volume by a factor of 4=/3.
For the measurement techniques utilized in this study, it is
mare convenient to use a crack density parameter which is
defined in terms of the area fraction of microcracks in a local
sampling area Motivated by Eq. (2), a crack density param-
eter. V. defined as
nmar’)
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which is the fraction of “cracked area™ in a local sampling
area, A,, is used to represent the local microcrack density.
The repeated indices in Eq. (3) mean summation. A geomet-
ric representation of the crack density parameter, ¥, is shown
in Fig. 2. According to quantitative metallography,” the area
fraction and volume fraction of a “second phase” are equal,
the crack density parameters of £ and ¥ would be similar, but
differ by a constant of 4#/3. For the crack density measure-
ments shown in this paper, a sampling square of 0.254 mm
was used.

III. Results

(1) Crack Growth Behavior

The amount of crack extension in the pyroceram glass-
ceramic tested at 750°C and a stress intensity factor of
0.85 MPa-m'" is presented in Fig. 3 as a function of time of
creep. Similar results for creep crack growth at 700° and
775°C have been shown earlier in Ref. 14. Previous resuits
indicated that creep-crack growth in the pyroceram occurred
via a saw-tooth-shaped crack path in a continuous manner at
775°C, but a discontinuous manner at 700°C."* These two
types of growth behavior were observed in situ in the SEM
and are illustrated schematically in Fig. 4. As depicted in
Fig. 3(A). continuous creep-crack growth in the glass-ceramic
occurred by direct extension of the main crack, without any
visible microcracking directly ahead of the crack tip when
viewed at 1000X to 2000X magnification. In contrast, discon-
tinuous crack growth occurred with the formation of a micro-
crack ahead of the crack tip (Fig. 4(B)). Further crack
extension required the linkage of the microcrack with the
main crack. which was a process that could take as much as
30 min or more. In some instances, the linkage of the micro-
crack and main crack was not complete, leaving ligaments
which bridged the crack surfaces. The crack extension curve
in Fig. 3 shows periods of zero crack extension even though
the crack length generally increased with time. The present
results at 750°C confirmed the previous observation that
creep-crack growth could occur in either a continuous or dis-
continuous manner.

Figure 5 summarizes the crack growth data as a function of
the stress intensity factor, K. for 700°. 750°, and 775°C. The
experimental curves were drawn through the data of 750° and
775°C. At both temperatures, the crack growth curve showed
a threshold, K. below which no detectable crack growth oc-
curred. The threshold was determined by unloading the propa-
gating crack in small load increments until it was arrested.
The K level was then increased until the crack resumed propa-

A
y
s ©°
s O
=)
r
;]
e
Legend:
y = Crack density parameter -
® n, =No. of microcracks of length a, v=— n(a)’
4

a, = Half-length of a microcrack
A, = Area within the sampling square
Fig. 2. Schematic showing the procedure for determining the

microcrack density parameter. W. 1n a sampling area. 4. located at
a distance. r. and angle. A, from the crack tip.
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Fig. 3. Crack extension as a function of time of creep.
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Fig. 4. Schematics showing the creep-crack growth processes ob-
served in the pyroceram glass-ceramic: (A) continuous crack
growth, and (B) discontinuous crack growth.

gation. A duplicate specimen was used to verify the growth
threshold for 775°C by testing at K = K., under increasing
K levels without prior unloading. The same K, values were
obtained in both cases, indicating the observed growth
threshold is a material property of a large crack and not a
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Fig. 5. Creep-crack growth curves for the pyroceram glass-
ceramic. showing the existence of a growth threshold.
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Fig. 6. Total cumulative creep strain as a function of distance, r.
ahead of the crack tip, showing that the creep strain accumulated
near the crack tip prior to crack growth is =2%. The maximum
error in the sterecimaging strain measurement is less than =0.2%.

load-history effect due to unloading. All of the test data at
700°C appeared to lie on the threshold portion of the crack
growth curve. In this case, load shedding was not used. The
present results are thus consistent with previous work on alu-
mina" and silicon carbide,® which indicated the existence of a
growth threshold for creep cracks that originated from pre-
existing flaws in the ceramics. A growth threshold, however,
was not observed in creep cracks that were initiated by creep
damage."

(2) Accumulated Creep Strain

The total cumulative creep strains in the near-tip region of
the creep crack were analyzed for various times of creep and
crack propagation conditions. Figure 6 shows a typical distri-
bution of the total cumulative creep strain as a function of
distance from the crack tip for a creep crack growing in a
continuous manner 135 min after the onset of creep-crack
growth at K = 0.85 MPa-m'". The cumulative strain distri-
bution is similar to the incremental creep strain distributions
exhibited by creep cracks after long creep times that were
reported earlier in Ref. 14. In particular, the total cumulative
creep strains are approximately constant near the crack
tip, and they do not appear to fit the Riedel-Rice strain
distribution.

The total cumulative strain distribution for a creep crack
which grew in a discontinuous manner is shown in Fig. 7. At
230 min after the onset of creep-crack growth. the crack was
in a stationary position, and the totai cumulative creep strain
ahead of the crack tip was approximately 0.8z at 4 to 20 um

® 10—~ K=092MPavm O Growing Crack
-g F T=750C a Non-growing Crack
s F
o I fC .
b - o )
9]
> 5T 5 375
3 - U5 o 230
3 - a a
E
© Q
E L
&
0.1 i ] ; N
1 10 100

Distance from Crack Tip. um

Fig. 7 Comparison of total cumulative creep strains for a creep
crack in the nonpropagating and propagating conditions. The maxi-
mum error in the sterevimaging strain measurement is less than
=0.2%.

Time of Creep, min

Fig. 8. Critical values of the total cumulative creep strain for vari-
ous times of creep. The maximum error in the stereoimaging strain
measurement is less than =0.2%.

from the crack tip, while it was =0.3% at 2 um from the
crack tip. This unusual strain distribution migt" "< related
to the fact that part ot the creep strain origin~ . -.om cavi-
tation of grain boundaries. As will be demonstra.ed later,
grain-boundary cavitation in the glass-ceramic is very hetero-
geneous, with creep cavities nonuniformly distributed. The
crack remained stationary while creep strain accumulated
within the near-tip region. After an additional 145 min of
creep, the crack resumed propagation when the total cumula-
tive creep strain in the crack-tip region reached =2%. This
result suggests that a critical value of 2% creep strain was
required for fracture of the near-tip process zone. This criti-
cal value of total creep strain accumulated within the crack
tip process zone prior to incremental crack extension was
measured for various times of creep. These results, shown in
Fig. 8, indicate that the critical value of the cumulative creep
strain required for fracture of the crack-tip process zone is
approximately 2%; this value does not appear to vary with
the time of creep and. by implication, the amount of crack
extension.

(3) Microcrack Density

The development of creep damage ahead of a creep crack
in the pyroceram ceramic was studied after creep crack
growth at 750°C under a K level of 0.95 MPa-m'". Surface
replicas revealed the presence of microcracks on the test

Fig. 9. Microcracks observed near the tip of the main crack in
pyroceram.
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Fig. 10. Traces of microcracks showing extensive microcracking
in the pyroceram.

specimen. The microcracks were concentrated near the tip of
the main crack, as illustrated in Fig. 9. The microcracks, how-
ever, were not limited to the crack-tip region, but were dis-
tributed throughout the uncracked ligament. The distribution
of the microcracks was studied by replicating and photograph-
ing across the width of the specimens at 200X magnification.
A montage of the specimen was constructed from the SEM
photographs showing the microcracks. Figure 10 shows traces
of microcracks located in a region which is within 2 mm of
the tip of the creep crack. As shown in Fig. 10, the micro-
cracks are on the order of 10 to 40 um. The smaller micro-
cracks (<20 um in length) show no preferred orientation with
respect to the loading axis. The larger microcracks (>20 um
in length) have a tendency to align normal to the loading axis
and they are generally formed by the linkage of smalier
microcracks. Both of these observatiors are supported by
TEM replica studies.

The maximum microcrack size is shown as a function of
distance from the crack tip in Fig. 11, while the number of
microcracks per unit area is shown in Fig. 12. In general, both
the number and the size of the microcracks decrease with
increasing distance from the crack tip. At distances greater
than ! mm from the crack tip, the number and the size of the
microcracks appear not to vary with distance. Figure 13
shows the value of the microcrack density parameter, W, as a
function of distance, r. ahead of the crack tip. For distances
in the range of (.1 to 2 mm from the crack tip. the microcrack
density. as measured by ¥. decrcases with increasing distance

100

Maximum Length of Microcracks, 2a (um)
=)
T
L ]

ot 1 1 10
Distance From Crack Tip, mm

Fig. 11. Maximum length of microcracks as function of distan.
r. ahead of the tip of the main crack

Fig. 12. Number of microcracks as function of distance. r. ahead
of the tip of the main crack.

from the crack tip but remains relatively constant at r >
2 mm. There is also more local variation in the microcrack
density parameter at r > 2 mm.

(4) Grain-Boundary Cavities

TEM replicas revealed that many grain boundaries in the
pyroceram test specimen were cavitated. During creep-crack
growth, grain-boundary cavities were nucleated, suh-2quently
grew, and coalesced to form microcracks, as shown in Fig. 14.
Detailed examination of these microcr.cks at high magnifica-
tion revealed that they were formed by the coalescence of
rows of equally spaced and sized grain-boundary cavities;
such an example is shown in Fig. 15. Microcracks, which were
initiated at triple points of grain boundaries and grew into
grain facet cracks, were seldom observed. The creep cavities
were inhomogeneously distributed throughout the specimen.
Some regions of the specimen showed a relatively large con-
centration of cavities, while the neighboring areas were de-
nuded of cavities. In most instances, the heavily cavitated
areas appeared as pockets of cavities surrounded by uncavi-
tated grain boundaries, as illustrated in Fig. 16. These regions
of high cavity density had an average diameter of approxi-
mately 40 um. In addition to these volumetric pockets of high
cavity density, more or less linear arrays of contiguous, highly
cavitated grain boundaries were also observed. The linear ar-
rays of cavitated boundaries appeared to be an early stage of

Microcrack Density, %

1 i " : J
1 1 10

Distance from Crack Tip, mm

Fig. 13. Microcrack density parameter. ¥, as function of distance
from the up of the main crac
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Fig. 14 TF M rephos show e inhomogencoush distributed microcrachs and grain-boundary cavities associated with creep-crack growthin

Y roeceram

the microvrack tormation. The three-dimensional pockets of
atgh cavity density, on the other hand. did not generally ap-
pear to be imvobved in the tormation of microcracks. In tact. it
wds not uncommon to have one or both of the tips of the
microcracks end at these pockets ot heavily cavitated areas,
suggestine “hat the cavity pockets might have stopped propa-
gation o che microcracks Frgure 17 gives an example ot 4
microcrack terminating at two pockets of casities

IV,  Discussion

[he present results indicate that two damage processes are
associated wath creep-crack growth n the pyroceram ghass
ceramic, they inctude (1 the nucleation. growth, and coales
cence ot gram-houndany cavities which lead to the tormation
of mictocracks and 21 the propagation and Tinkage of micro-
cricks with the main crack. These two damage processes are
interconnected. with the tormer preceding and leading nacu-
ratlv to the Latter The observation of pockets of heavily cavi-
tated regrons surrounded by upcavitated regrons suggests that

Fig. 13 Rows ot cqualhy spaced and wized Cavites obeerved dur
et Vradk growth o s rogcetam

there are preferred wrain boundaries tor cavity nucleation
Microstructural reasons for the presence ot soft or castly cavi-
tated regions encompassing hundre iy or thousands ot grains
were not readily apparent Howeve o e could postulate that
minor changes in the composttion of the grain-boundary
glassy phase could atfect the viscosity of the gram-boundary
phase and thus its resistance to shidieg and cavitation. 1t this
is indeed the reason for the inhomogencous damage process.
similar behavior could be expected in other ceramies contain-
ing amorphous grain-boundary phases. The approximately
equal size of the rnaultple cavities on g two-grain junction in-
dicates that the cavities might be nucleated at the same time.
possibly by the sliding of grain boundaries containing ledges.
The coalescence ot these cavities to torm a taces sized micro-
crack may occur erther by the growth of the iacleated cav-
ities or through the conunued nucleation of cavities at
hgaments locatc d hetween the cavitios,

The occurrence of both continuous and discontinuous
crack growth in the pyvroceram glass-ceramic appeared to be
the direct consequence of the nonuniterm distribution ot cav-
ities and microcracks ahead ot the crack tp Crack propaga-
tion through such & nonunitorm Jdamage ticld would be
expected o occur inoa more or less continuous manner
through regrons of heavy damaoge with periodic arrest periods

Fig. 16, TEM rephoa showme o pocket of creep cavities sur
rounded by refatively anoavitated segons
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Fig. 17 Heuavily cavitated regions at both ends ot o microcrack.

when the crack tip encountered regions of Jow damage A
change of the crack growth behavior from a continuous to a
discontinuous mode or vice versa i1s theretore expected as
the creep crack propagates through a nonuniform distribu-
tion of cavitated and uncavitated regions, as was observed
expernimentally

The creep-damaged area observed in the glass-ceramic was
large. extending trom the tip of the main crack to the oppo-
site edge of the specimen. The large damage zone was charac-
teristic of 4 crack subjected to a refatively high stress intensity
tactor over a relatively long period of time of creep A previ-
ous study * has shown that the near-tip strain and crack open-
ing behavior in the pyroceram glass-ceramic were those of
the Riedel-Rice type~” when the time of ¢reep was short and
the amount of crack extension was small Furthermore, the
crack opening displacement attained the steady-state condi-
ton after onlv 110 min of creep at a K level of 0.80 MPa-m*~
and at 00 C Since the creep damage characterization pre-
sented 1o this paper was performed for a creep crack that had
been growing at K = 0.95 MPa-m * and 750 C for more than
300 min. the large creep damage zone was probably the con-
sequence of gross creep in the specimen. The development of
creep damage over the range ot small to large creep condi-
tons can be elucidated by considening the evolution of the
creep zone with time of creep. For small-scale creep. the size.
r. . of the creep zone ahead of a creep crack is described by ™

rox KT Ey

and the accumulated effective creep stram. £ 1s
ex Kot (5
with

=02 Np s H‘: th)

where nas the creep exponent. « s the strain tensor.and 7 s
the time of creep. Since the creep exponent tor the pyro-
ceram ranges from .3 to 2007 both the creep zone and s
rate ot growth ncrease with time at a constant A level
Fieure 13 shows that the sone for the crack density param-
cter. Woversus distance. 7oplotis =0 75 which s approximatels
the same as that for the radial dependence of creep strain in
the Riedel-Rice ficld and those ohserved in the pyroceram
tor farge » F The simidaries (n the radial dependence suggests

that the crack density might be proportional to the effective
creep strain accumulated within the creep zone, ie..

WVox (7
which may be combined with Egs. (4) and (5) to give

Wox Rmhpbeh 18)

rox Kaomh {9

as the extent of the damage zone. r,. The lack of a contained
near-tip damage zone in the pyroceram glass-ceramic may
then be directly attributed to two factors: (1) the relatively
fow n value (1 € n < 2) of the pyvroceram. which causes both
the damage zone size and its rate of growth to increase with
time. and (2} a relatively large time of creep.

The observation of a critical accumulated effective creep
strain for incremental crack extension lends support to the
use of such an assumption in many creep-crack growth mod-
els ™% However, the relation between the crack density
parameter. W, and the accumulated effective creep strain
{Eq. 7y implies that the observed critical creep strain criterion
may 1n reality be a manifestation of a cnitical crack density or
creep damage criterion: i.e.. crack extension vccurs when the
microcrack density or creep damage in the process zone at-
tains a critical value. In fact. a critical crack density or creep
damage criterion might be more consistent with experimental
observations over the whole range of the crack growth curve.
including the threshold region. than does a critical accumu-
lated effective creep strain. In particular. previous observa-
tions both tor the pyroceram glass-ceramies ™ and for other
ceramics ' indicate that crack-tip blunting accompanied the
creep criack growth threshold. Since crack-tip blunting neces-
sarily accumulates creep strain near the crack tip. a critical
accumulated creep stramn criterion would lead to crack growth
and s, therefore. inconsistent with the observation of a
growth threshold On the other hand. crack-tip blunting at
the growth threshold is acceptable ina critical crack densigy
or creep damage eriterion it crack-tip blunting occurs wathout
causing damage accumulation near the crack tip: Indirect evi-
dence ot g change in the damage accumulation processes at
A levels below and above the growth threshold is shown n
Fig N0 At A = Koo creep-cruck growth in the pyroceram
propagated afong a focahized shear channel of creep strain
within which creep damage appeared to accumulate As indi-
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Fig. 18. Comparison of the distributions of creep strain at K levels below and above the growth threshold, K. At K > Ku, creep-crack
growth occurred by propagating along a localized shear zone formed ahead of the main crack. At K < Ki, a localized crack-tip shear zone

was absent and no detectable crack growth was observed.

cated in a previous paper,'* crack-tip shear channels were fre-
quently observed during creep-crack growth in the pyroceram
glass-ceramic. Possible mechanisms attributed to the forma-
tion of these localized shear channels ahead of the crack tip
are (1) a saw-tooth crack path with deflection angles ranging
from 20° to 50°, and (2) anisotropic flow behavior due to
stochastic sliding of grain boundaries. Such a shear channel
of creep strain is absent in creep cracks below the growth
threshold, as shown in Fig. 18. The implication is that the
formation of a localized channel of shear strain is important
in the damage accumulation process, and the lack of a shear
channel leads to the growth threshold. Since the first step in
the process is the nucleation of grain-boundary cavities, the
growth threshold and the shear channel in the pyroceram
might be related to cavity nucleation,” which in turn might be
induced by stochastic grain-boundary sliding. Further studies
of the damage accumulated around creep cracks loaded below
their threshold are required to determine the origin of the
shear channel and whether crack growth is indeed a critical
damage-controlled process.

Another question concerning the creep-crack growth
curves shown in Fig. 5 is whether the stress intensity factor,
K, is the relevant correlating parameter. Based on the analy-
sis of Riedel and Rice, one would think the stress intensity
factor would be applicable only for small-creep conditions,
while the C* parameter would be pertinent for large-creep
conditions.”® Figure 5 indicates that K appears to correlate
the creep-crack growth rates rather well for the pyroceram.
even though gross creep and damage occurred at the hizher
K levels. Previously, Blumenthal and Evans® showed that K
is the relevant parameter for correlating the creep crack
growth data of alumina for which the creep exponent, n, has
a value close to unity. The present results are consistent with
those of Blumenthal and Evans.”” One possible explanation
of the applicability of K to the large-creep conditions might
be the relatively low n values (n = 1.5 to 2) for the pyroce-
ram, which is somewhat close to the n = 1 condition for elas-
tic loading for which K is the relevant correlating parameter.
It is possible that for materials with low n values. the differ-

ences between the stress fields under small- and large-creep
conditions are not too significant such that K is adequate as
the correlating parameter for crack growth rates over the
whole range of small- to large-creep regimes, resulting in the
good correlation as shown in Fig. 5.

IV. Conclusions

(1) Creep-crack growth in the pyroceram glass-ceramic
occurs both in a continuous and discontinuous manner.

(2) The damage processes associated with creep-crack
growth in the pyroceram include the nucleation, growth, and
coalescence of grain-boundary cavities into microcracks, as
well as the propagation and linkage of microcracks with the
main crack.

(3) The microcrack density in the pyroceram glass-
ceramic decreased with increasing distance from the crack tip
in the same manner as the Riedel and Rice creep strain field.

(4) Creep-crack growth in the pyroceram obeys a critical
accumulated effective creep strain criterion. Crack extension
occurred when the accumulated effective creep strain near
the crack tip reached approximately 2% at 750°C. The critical
strain criterion might, however, be a manifestation of a criti-
cal microcrack density or creep damage criterion.

(5) A threshold exists in the creep-crack growth curve of
the pyroceram. The threshold appears to originate from the
lack of damage accumulation in the near-tip region when the
K level is below . critical value.
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ORIGIN OF THE CREEP CRACK GROWTH THRESHOLD
IN A GLASS-CERAMIC

by

K. S. Chan and R. A. Page
Department of Materials and Mechanics
Southwest Research Institute
San Antonio, Texas 78228-0510

ABSTRACT

The growth threshold, K, of large creep cracks in a glass-ceramic has been investigated to
determine the causes of the arrest and nonpropagating behaviors below the characteristic stress
intensity, K, value. Using replication techniques, the dominant, or the lack of, creep damage
mechanisms, including grain boundary cavity and microcrack formation, during creep crack growth
were identified as a function of K levels and crack extension rates. Quantitative measurements of
cavity density, D (r), and microcrack density, ¥(r), revealed that the values of D (r) and ‘¥'(r) both
decrease with the K level and with increasing distance, 7, from the crack tip at a given K level. At
K values below K, the cavity density became zero as preexisting grain boundary cavities were
sintered, suggesting that the growth threshold originated from sintering of creep cavities. At K
levels above K,,, microcracks located in the wake of the main crack were observed to be sintered
also. Possible mechanisms responsible for the apparent self-healing of microcracks and creep

cavities in the glass-ceramic are provided, together with theoretical and experimental support.
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INTRODUCTION

Creep or subcritical crack growth in anumber of ceramics, either with or without an amorphous
phase along grain boundaries, has been studied at elevated temperatures, by many investigators
[1-15]. The results of these studies have demonstrated that the crack growth rate, V = da/dt, where
a is crack length and ¢ is time of creep, can generally be correlated in terms of the stress intensity
factor, K, in a manner as shown in Figure 1 [4). A special feature of the crack velocity curve, shown
in Figure 1, is the existence of a threshold stress intensity, K, below which creep crack growth
does not occur (8,10,15]. The existence of this growth threshold, which is typical for large flaws,
has been predicted by previous analyses [8,16,17] that related K, to the threshold stress, G,,, for
nucleating cavities near the tip of a creep crack [8,16,17]. AtK > K,,, the crack growth rate increases
with K, usually according to a power-law relation (i.e., V = CK™) until fast fracture intervenes when
K approaches K. For naturally initiated creep cracks, a growth threshold is generally not observed
[11], and the crack velocity is described by another power-law relationship that remains valid in

the regime where stress intensity levels are well below the large crack threshold, K.

Inarecentstudy [15], a growth threshold was also observed for creep cracks in a glass-ceramic.
At K < K,, the crack was found to exhibit crack-tip blunting without causing crack extension. The
crack arrest or nonpropagation behavior was accompanied by a change in the near-tip creep strain
field when compared to the behavior observed at higher K levels [14,15]. At K > K,,, the near-tip
creep strains were characterized by the presence of a localized shear zone located ahead of the tip
of the creep crack, which usually assumed a deflected path by propagating along the shear zone.
In contrast, the near-tip shear strains were lower, but without the formation of the localized shear
zone or detectable crack extension at K < K,,. Those observations suggest that the localized shear
zone, whose mechanism of formation has not been determined, is an important feature of the creep

crack growth process in the glass-ceramic. In particular, the shear zone might be a manifestation
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of the creep damage process that occurs near the crack tip. If proven to be true, then the growth
threshold can be interpreted as the stress intensity level above which creep damage accumulates

ahead of the crack tip and below which creep damage does not occur.

The objective of this paper is to present results of a study that examines the origin of the
growth threshold in the Corning 9606 MAS glass-ceramic. Specifically, the damage processes
associated with creep crack growth in the glass-ceramic have been measured quantitatively for
various K levels at different regions of the crack growth curve, including that below the growth
threshold, K,,. These quantitative results are then related to the crack growth responses in order to
assess the origin of the growth threshold for creep cracks in ceramics. Furthermore, previous results
have indicated creep crack growth in the MAS glass-ceramic obeys a critical effective creep strain
criterion [15]. As indicted earlier [15], the critical strain criterion is inconsistent with the observed
K., and itis expected not to hold at K levels below K, due to crack-tip blunting and continuing
creep strain accumulation. It has been suggested that the critical creep strain criterion is probably
a manifestation of a critical cavity or microcrack density criterion. As a continuation of the previous
work [14,15], the present paper will also assess the validity of using either the cavity density or
microcrack density parameter as a measure of damage during creep crack growth in the

glass-ceramic.
EXPERIMENTAL PRUCEDURES

A magnesium-aluminosilicate glass-ceramic (Corning 9606) was used as a model material
for liquid-phase-sintered ceramics. The microstructure consisted of approximately 0.5 pm
cordierite grains surrounded by a thin continuous grain-boundary amorphous phase whose softening
point is about 600°C [18]. Above the softening point, deformation of the glass-ceramic occurs by

a combination of grain boundary sliding and cavitation.
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Bothround-bar and single-edge-notched (SEN) specimens were used for the study; geometries
and dimensions of these two types of specimen are presented in Figure 2. The round-bar specimens
were utilized for characterizing creep rate and bulk damage, while the single-edge-notched
specimens were used for creep crack growth studies. For comparison with tensile creep data,
compression creep specimens in the form of 6.35 mm diameter cylinders 12.7 mm in height were
alsoused. The SEN specimens were precracked by cyclic fatigue under compressive loads at room
temperature. After precracking, the specimens were coated with gold to provide a conductive
surface and tested under a constant tensile load using a high-temperature loading stage located
inside a scanning electron microscope [19]. Both the tensile and compressive creep tests were
conducted in a MTS servo-hydraulic testing machine equipped with an Instron Pancake fumace
and Instron grips for ceramics. All the tests were performed at 775°C in air. Displacements were
measured using a high-temperature capacitance extensometer made by Instron. The resolution of

the extensometer was better than 8 microstrain.

During creep crack growth tests, the near-tip region of the creep crack was photographed at
various times of creep. Two micrographs of the same region at two different times of creep
constituted a stereo-pair that was analyzed by the machine-vision-based stereoimaging technique
{20}, DISMAP, to obtain both crack opening displacements and near-tip creep strain distributions.
The procedures for performing these local strain and displacement measurements were reported

earlier [14,15,21].

After the creep crack growth experiments, the SEN specimens were ion-milled for four hours
to remove the conductive coating and other surface contaminants. The specimen surface was then
replicated using acetobutyrate and cellulose acetate tapes. The former was coated with aluminum

and examined in the SEM, while the latter was coated with carbon, shadowed, dissolved, and
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examined via the TEM. Both the SEM and TEM micrographs were then used to characterize the
distribution, size, and density of microcracks and cavities, using quantitative ceramographic

techniques.

The local density of microcracks, 'V, in a local sampling area, A,, was measured as [15]

n,'ml'z

¥(r)= y 0))

where n; is the number of microcracks of half-length, @;. The values of both n; and g; depend on
the distance, 7, from the crack tip, with the repeated indices indicating summation. Defined in this
manner, ‘¥ represents the fraction of cracked area in the local sampling area, A,, located at the
distance r from the crack tip. The value of ‘P(r) is related to the volumetric microcrack density
parameter of Budiansky and O’Connell [22] by a constant of 41t/3 [15]. A sampling square of 0.254
mm was generally used in the present study. For microcrack density near the crack tip, the sampling

area was halved. The local cavity density was determined according to the expression

D(r)=Acz(r) Dc(r) )

where Aq,(r) is the area fraction of cavitation pockets (i.e., cavitated area) in a sampling area
situated at a distance, r, from the crack tip, and D, (r) is the average cavity density within individual
cavitation pockets. To determine A (r), cavitation pockets were traced from TEM micrographs
taken at 1300X magnification; their area fraction was then measured using the Tracor Image
Analyzer. The cavity density parameter, D (r), was measured as the area fraction of cavities
within the sampling area using high-magnification (>3600X) TEM micrographs. As in the case of

cavitation pockets, the cavities were traced and analyzed using the Tracor Image Analyzer.
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RESULTS

The steady-state creep rates of the glass-ceramic (Corning 9606 MASS) obtained under tension
and compression are compared in Figure 3. Power-law creep was observed in both cases, with an
identical creep exponent, n, of approximately 1.36. This particular value of n is slightly higher than
the value of unity (n = 1) observed in Corning 9608 LAS [23,24], but it is somewhat lower than the
values of 1.5 to 2.2 renorted for similar pyroceram glass-ceramics [25,26). The tension creep data
were obtained at stresses whose magnitudes were lower than those for compression. Extrapolation
of the compression creep data to the same stress range used in the tension creep experiment revealed
that the steady-state creep rates were about five times higher in tension than in compression at the
same stress level. Similar discrepancies between tension and compression creep data were
previously reported for glass-ceramics [27,28], vitreous bonded aluminum oxide [29], silicon nitride
and composites [29-32], and for siliconized silicon carbides [33-36]. The higher steady-state creep
rates under tensile loading in those ceramics were shown to arise from the contribution of grain
boundary cavitation to the overall macroscopic creep strain and strain rate (33,34,37]. The higher
tensile rate of creep in the pyroceram is believed to originate also from a higher rate of cavitation

along grain boundaries during tensile creep.

Mode I and II crack opening displacements were measured as a function of distance, r, behind
the crack tip for various K levels and times of creep. The rates of Mode I and II crack opening
displacement (COD) were obtained by dividing the incremental COD values by the time increments.
The rate of effective COD at the distance r was then computed as the root-mean-square of the
individual COD rate components. The rates of effective crack opening displacement,d,, for creep
cracks in the pyroceram tested at 775°C are shown in Figure 4 for X levels of 0.6, 0.59, and 0.5
MPa\m. The former two K levels were slightly above the growth threshold, K,,, while the latter
was below K,. Figure 4 shows that the creep crack continued to blunt, thereby resuiting in crack

opening displacements, at K levels below the growth threshold. At the near threshold regime, the
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crack opening displacement rate increased rapidly with increasing K levels. This behavior is
consistent with the crack growth rate, which also showed a strong dependence on the X level near
the threshold. The near-tip creep strain measurements, which are presented in Figure 5 in terms of
Mohr’s circles for strains, show accumulation of creep strains near the crack tip for K =~ K,
(Figure 5a), as well as for K = 0.5 MPa\/; , which was below the threshold (Figure 5b). This set
of results clearly indicates that accumulation of creep strain near the tip of a crack is not a sufficient
condition for creep crack growth. In other words, the critical effective creep strain criterion observed

earlier for the pyroceram is probably an indirect manifestation of the actual failure criterion.

The more appropriate failure criterion for creep crack growth in the glass-ceramic is believed
1o be one that is based on a critical value of cavity or microcrack density. To assess this possibility,
quantitative measurements of cavity density, D(r), and microcrack density, \¥(r), were obtained as
a function of distance, r, from the crack tip for several X levels at different crack growth regimes.
Figure 6 shows traces of microcracks ahead of the crack tip for K levels of 0.95 and 0.7 MPa \m,
respectively. For both cases, microcracks tended to concentrate near the tip of the creep crack.
Note that the orientations of the microcracks are not exclusively normal to the external stress axis.
At short crack lengths, the microcracks tended to orient in a random orientation. As the length of
microcracks was increased by linkage of several microcracks, the resulting microcracks generally

exhibited a tendency to align more or less normal to the applied stress.

In Figure 7, the microcrack density ahead of creep crack at K = 0.7 MPa\m is compared

before and after an increment of crack extension. In both cases, the microcrack density decreased
with increasing distance from the crack tip according to a power-law, with an exponent of = 1.0,
which is somewhat larger than the value of = .75 observed earlier for K = .95 MPaVm [15]. Prior
to crack extension, the near-tip microcrack density was as high as 30%; its value was reduced to
7% after crack extension by linkage of microcracks with the main crack tip. The amplitude or value

of the near-tip microcrack density thus depends on the time of creep and on the crack extension
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process. The spatial distributions of microcrack density as a function of distance from crack tip are
shown in Figure 8 for K levels of 0.95, 0.7, and 0.59 MPa \m. At the two higher K levels, there
were high concentrations of microcracks ahead of the crack tips, and the creep crack growth rates
were relatively high. AtK = 0.59 MPa \m, the creep crack was found to propagate at finite growth
rates, even though no well-defined microcracks were observed anywhere on the specimen surface.
The implication of these results is that creep crack growthin the pyroceram is probably not controlled
by attaining a critical microcrack density near the crack tip, as creep crack extension can occur

without the presence of microcracks near the dominant crack tip.

Quantitative measurements of cavity density characteristics of the glass-ceramic are presented
in Figure 9 for K =0.95 MPa~m at750°C and in Figure 10 forK = 0.59 MPa\m at 775°C. Results
presented in these two figures include the area fraction of cavitation pockets, A¢ g (7), cavity density
within individual cavitation pockets, Dqg(r), and the average cavity density, D(r). One of the
significant findings in Figures 9 and 10is that cavitation during creep crack growth in the pyroceram
was not limited to the near-tip region, but extended over the entire ligament of the cracked specimen.
Both the area fraction of cavitation pockets, Aq,(7) and the cavity density, D(r), decrease with
increasing distance from the crack tip. On the other hand, the dependence of the cavity density
within individual cavitation pockets, Dcp(r), on the distance, r, was less defined. For
K =0.95 MPam, D¢ g (r) was relatively independent of r, while it was mildly dependent on r for
K =0.59 MPaNm. The relatively lurge scatter for the latter case made it difficult to establish the

proper relationship in a definitive manner.

Figure 11 compares results of cavity density, D(r), for three different K levels in the 750-775°C
range. For both 0.95 MPa\m and 0.59 MPa\m, the cavity density decreased with increasing
distance from the crack tip. The results for K = 0.5 MPa~/m, which were obtained by testing a
pre-cavitated specimen (K = 0.59 MPa \m), indicated that all of the preexisting creep cavities were

sintered away, suggesting that the growth threshold in this material arises from the removal of creep
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damage by sintering of creep cavities. Comparison of the near-tip regions of the creep cracks at
K =0.59 MPa\m and K =0.5 MPa\m is shown in Figure 12, with Figure 12(a) showing the
presence of near-tip creep cavities at K = 0.59 MPa\lm and Figure 12(b) showing the removal of
those cavities by sintering at K =0.5 MPa\m. The near-tip region where creep cavities were
observed were traced and superimposed on the near-tip creep strain field in Figure 5(a). The
comparison revealed that there was almost a one-to-one correlation between regions of high creep
strains and creep cavities. This finding indicates that creep cavitation had contributed to the near-tip
creep strains. Figure 5(a) also demonstrates that the localized shear zone ahead of the creep crack
tip is a region that is heavily cavitated. Thus, the notion that the localized shear zone is a "process”
zone within which creep damage accumulates and crack extension occurs is valid. Detailed
examination of the TEM replicas obtained for K = 0.59 MPa \m revealed creep damage in the form
of creep cavities only; no well-defined microcracks were observed anywhere on the surface of the
specimen. However, incipient microcracks in the form of grain boundary cavities aligned in linear
arrays were observed, as shown in Figure 13. Since creep crack growth occurred at K = 0.59
MPa\m, these observations suggested that creep crack growth might be controlled by a critical

cavity density criterion.

IMPLICATIONS
Sintering of Crack-Wake Microcracks

The observation of sintering of cavities at positive K levels below the growth threshold, K,
raised several interesting questions, including one about the possibility that microcracks located in
the wake of the creep crack could be sintered. This possibility arises because the local stress intensity
of the microcracks decreases with increasing distance from the dominant crack tip [38]. As the
creep crack propagates, microcracks located behind the tip of the main crack should experience a

reduction in the local stress intensity. When the local K values for the crack-wake microcracks
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drop below K, creep cavities and microcracks that were formed by coalescence of creep cavities
should sinter at least partially, if not completely. To investigate the possibil‘:;y of microcrack
sintering in the crack wake, individual microcracks located behind the tip of the main crack in the
pyroceram specimen that was previously crept at 0.7 MPa~m and at 775°C were characterized by
the replication technique. The cracked specimen was then crept at 0.85 MPa\m and at 775°C in
the SEM. The higher K value was used so that any residual stresses introduced during unloading
of the test specimen for replication purposes would be relieved. During the experiment, the creep
crack, shown in Figure 14, was found to exhibit both active and inactive branches. The active
branches of the main crack continued to blunt, exhibit crack opening displacements, and propagate,
while the inactive one manifested tightly closed crack surfaces, giving the appearance of being
sintered. Micrographs of the inactive branch of the creep crack were taken at two different times
of creep. When this stereo-pair of micrographs ws analyzed by the stereoimaging technique, both
the crack opening displacements and the near-tip creep strains were found to be negative during
the period of interest, as shown in Figure 15. The results indicated that the inactive microcrack was
indeed being sintered. Replicating the wake region of the creep crack after the crack growth
experiment revealed that several microcracks located behind the tip of the dominant creep crack
had been sintered, either partially or completely, as shown in Figure 16. Remnants of the inactive
branch of the creep crack, whose sintering process is shown in Figure 14 and 15, are indicated by
an arrow. Quantitative measurements of microcrack density in the crack wake region also revealed
lower values for P, indicating the removai of microcracks in the crack wake by sintering. This
point can best be illustrated by the contour plots of microcrack density in Figures 17(a)and (b) for
K 0f 0.95 and 0.7 MPa\m, respectively. The contours in these plots represent lines of equal values
of the microcrack density parameter, ¥, in percent wrea fraction. In both cases, the value of ¥

decreases rapidly with increasing distance behind the crack tip, rather than remaining at a constant
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value representative of the near-tip value. This particular profile of microcrack density in the crack
wake is consistent with the notion that sintering occurr as the result of a decrease in the local X

levels of the microcrack to values below X as the main crack propagated away from the microcracks.

Sintering Characteristics of Creep Cavities

The strong tendency of the glass-ceramic to exhibit sintering of microcracks and cavities at
K < K, implies thatcavity sintering in this material can take place under small tensile loads, probably
due to high sintering stresses. To verify this hypothesis, a smooth round-bar specimen of the
glass-ceramic was crept under a uniform tensile stress of 42 MPa at 775°C, yielding the creep curve
shown in Figure 18(a). After 16 hours of creep, the applied tensile stress was lowered 10 1.4 MPa,
resulting in contraction of the specimen, as shown in Figure 18(b). Subsequent increases in tensile
loads led to temporary extension, followed by contraction of the creep specimen, as the time of
creep was increased. As shown in Figure 18(b), contraction of the creep specimen was observed
at tensile stresses of 1.4, 4.1, and 6.1 MPa. At 6.9 MPa, the specimen was found to neither exterd
nor contract, but maintained a constant length. A possible explanation for the observed behavior
is that creep cavities were nucleated during tensile creep at 42 MPa. Experimental support of this
thinking is shown in Figure 19, which shows the local density values along the gauge length and
atthe g.ip sections of the crept specimen. Determined by precision density measurement techniques,
these local density values are accurate up to three digits behind the decimal point. The lower density
values along the gauge section of the crept specimen compared to those at the grip sections strongly
suggest the generation of creep cavities and/or microcracks in the gauge section as the result of
tensile creep. As the applied stress was lowered, it was likely that sintering of some of the previously
nucleated cavities would take place, leading to the observed contraction of the test specimen. Raising
the applied tensile stress caused an increase in the cavity density, which accounted for the increase
in creep strain and extension of the specimen. Subsequent sintering of the creep cavities, both newly

and previously formed, led to further contraction of the test specimen with increasing time of creep.
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Extension of the test specimen occurred without subsequent contraction, which happened at 14MPa
(not shown in Figure 18), only when generation of creep cavities overwhelmed their removal by
sintering. Comparison of the creep rate at 42 MPa and the contraction rate at 1.4MPa in Figure 20
indicates that the sintering rate, taken to be the contraction rate, is on the order of the creep rate,
despite the much lower stress value used for sintering. The creep rate for 1.4 MPa could be obtained
by extrapolation of the data in Figure 3. In doing so, a creep rate of 2 x 10™'%ec™ was obtained for
1.4 MPa, compared to a sintering rate of 2 x 10®sec™ or higher at the same stress level. The
self-healing process exhibited in the crack wake of the glass-ceramics is therefore the consequence
of two factors: (1) unloading of the local stress intensity of microcracks below the K, value due
to diminishing influence of the dominant crack, and (2) the dominance of sintering kinetics over

cavitation kinetics at K levels below K.

DISCUSSIONS

The combination of creep damage characterization and crack-tip opening measurements
suggests that at least two different mechanisms contribute to the creep strains measured for the
glass-ceramic. One of these two mechanisms is creep cavitation [33,34,37] in the form of either
cavities or microcracks, while the other is probably grain boundary sliding [8,14]. Otherdeformation
mechanisms such as solution and re-precipitation [23,24], percolation [11], and diffusional flow
[11] are possible, but their contributions, if indeed present, might be quite limited. At K levels
above K, the measured creep strain includes contributions from cavitation grain boundary sliding
and other deformation mechanisms (diffusional flow, and solution and re-precipitation) that do not
lead to cavity or microcrack formation. At K levels below K, the contribution by cavitation is nil,
leading to much lower near-tip strains and crack opening displacements, as shown in Figures 4
and 5. Judging from the relatively large variations in crack opening displacement with K in the
near threshold regime, the cavitational strains appear to be large compared to those by other

deformation mechanisms. This assessment is confirmed by the results shown in Figure 21, which
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compares the measured near-tip effective creep strain rate computed for the Riedel-Rice (RR) field
[39] based on steady-state creep tensile data shown in Figure 3. The measured creep rates are about
28X higher than the calculated results. This discrepancy can be attributed to the presence of
microcracks and/or cavities in the cracked specimen during creep crack growth. Previous analysis
by Hutchinson [40] has shown that the presence of microcracks ahead of the tip of a creep crack
under the plane strain condition would lead to enhancement in the near-tip creep rates, in qualitative
agreement with the present observation. A direct comparison of Hutchinson’s plane strain results
with our experimental measurements has not been made because the surface strain measurements

might pertain to the plane stress condition.

The damage mechanisms observed at the various regimes of the crack growth curve are
consistent with those predicted based on micromechanical models (e.g., see Figure 20 in [8] and
Figure 7 in [16]). In particular, the growth threshold, K, is the K level above which cavities grow
and below which cavities sinter. The model by Tsai and Raj [8] predicts a threshold stress, O,

given by

s _ 4.2y, 3
m—d'\j‘—/; ()

where v, and V/, are the surface energy and volume fraction of the grain boundary amorphous phase,
respectively, and d is the grain size. Tsai and Raj estimated that 6, ranges from 5-15 MPa for
liquid-phase-sintered ceramics. In comparison, the threshold stress for the glass-ceramic, estimated
based on the stress level at which the contraction rate was nil, was approximately 7 MPa, in
agreement with the theory of Tsai and Raj. Furthermore, the model of Thouless and Evans [16]
predicts a growth threshold given by

K, =2y\xl I, @
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where h, is the thickness of the glassy phase, and / is the facet length. Eq(4) yields
K,=0.38-0.75 MPa~m for the glass-ceramic when substitutingd =/ = 0.5 pm,y, = 0.3 J/m? and

h,=1-2 nm. The estimated range of K,, values is in agreement with the observed value.

The good agreement between experimental observations and micromechanical models,
however, needs to be put into proper perspective by noting that there are two important features of
the micromechanical models that differ from the experimental observations. The first difference
is that creep cavitation in the pyroceram occurs throughout the entire ligament of the cracked
specimen, rather than being limited to the near-tip region as assumed in the models [8,16]. The
second difference is that the creep damage process in the pyroceramdoes not occur by the nucleation
of cavities at triple-points nor by the growth of triple-point cavities across two-grain facets [8]. At
K levels above the near-threshold regime, the creep crack growth mechanisms in the pyroceram
include both the growth and coalescence of cavities along two-grain facets [15], and the nucleation,
growth, and coalescence of microcracks due to the formation of well-aligned, equally-spaced, and

equally-sized creep cavides [15].

The cavitation and sintering behaviors associated with creep crack growth in the glass-ceramic
can be understood on the basis of the recent transient cavity growth model of Chan and Page [41].
Originally proposed for ceramics under compressive creep, the model is equally applicable to
cavitation under tensile creep. The salient feature of the transient cavity growth model is that
nucleation of cavities requires relatively high local tensile stresses that can be attained only at local
stress concentrations generated by transient grain boundary sliding. Cavities that are generated
during transient grain boundary sliding may grow or be sintered, depending upon whether or not a
critical steady-state creep or grain boundary sliding rate is exceeded. The critical steady-state creep
rate, whose value depends on the viscosity of the grain boundary amorphous phase, is required so
that the local tensile stress, induced by grain boundary sliding, exceeds the sintering stress at all

times. Above the critical steady-state creep rate, cavities nucleated by the transient local tensile

C)\DATACHANPAPERSWAPER-18.D0C 14




stress can continue to grow until coalescing with contiguous cavities. At the critical steady-state
Creep rate, cavities that are nucleated will not grow beyond a certain size. In contrast, cavities will
be sintered when the steady-state creep rate drops below the critical value. Since the measured
near-tip creep rates for the glass-ceramic were indeed transient, the above-mentioned cavity growth
and sintering process is entirely consistent with the experimental observations. Thus, the present
results suggest that transient grain boundary sliding and creep play an important role in the creep
crack growth process in the MAS glass-ceramics, and possibly in liquid-phase-sintered ceramics

in general.
CONCLUSIONS

1. Cavitational strains resulting from cavity and microcrack formation contribute to the overall

near-tip creep strains for creep cracks in a MAS glass ceramic.

2. The growth threshold, K, represents the K level above which creep cavities grow and below

which creep cavities sinter.
3. Creep crack growti in the glass ceramic appears to obey a critical cavity density criterion.

4. Microcracks located in the crack wake are sintered as the dominant crack propagates away

from the microcracks.
5. Cavities generated during tensile creep can be removed by sintering under small tensile loads.

6.  Transient grain boundary sliding may be responsible for the cavitation and sintering

characteristics exhibited by the glass-ceramic.
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Figure 1.  Creep-crack growth curves for the pyroceram glass-ceramic showing the existence of
a growth threshold. Data are from Chan and Page [15].
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Figure 2.  Schematic of the tensile creep (a) and single-edge-notched (b) specimens used for the
creep deformation and crack growth experiments. All dimensions are listed in
millimeters.
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Figure 3. Comparison of steady-state creep rates of pyroceram in tension and in compression.
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Figure 4. Rates of the effective crack opening displacement for creep cracks loaded at K levels
above the threshold (K, =0.59 and 0.6 MPaVm) and below the threshold (K = 0.5Vm).
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Figure 5. Comparison of the near-tip creep strain distributions at two K levels: (a) K 2 K,; and
(b) K <K,. The line contour in (a) represents the region within which creep cavities
are located.
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Figure 6. Traces of microcracks located near the tip of dominant creep crack: (a) K= 0.95Vm
at 750°C, and (b) K = 0.7m at 775°C.
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Figure 7. Microcrack density as a function of distance ahead of the main crack tip before and
after an incremental extension of the main crack.
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Figure 8. Microcrack density as a function of distance, r, ahead of the crack tip for various K
levels.

CADATANCHAN\PAPHERS\PAPER-18.D0OC 28




Pyroceram Glass-Ceramic

¢ - 750°C, K = 0.95 MPa Ym
\o % Aca()
pe [ o Uo Cavitation Pockets
z- -
o)
3]
< 10 ~
(24 - + +
L - + DC.R(r)
5 - .- Cavity Density
& - o, * +  Within Pockets
< ¥ .
- &
a
" a a D(r)
: a a Cavity Density
1d 1 alad.2.1 11211 e 1l a1t e boa b ot at iyl
10’ 10" 10 10

DISTANCE FROM CRACK TIP, mm

Figure 9. Distributions of cavitation pockets, A (), cavity density within pockets, D¢ x(r), and
cavity density, D(r), for creep cracks in pyroceram for K = 0. 95\] at 750°C
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Figure 10. Distributions of cavitation pockets, A (1), cavity density within pockets, D¢ g (1), and
cavity density, D(r), for creep cracks in pyroceram for K = 0.59Vm at 775°C.
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Figure 11.  Comparison of cavity density distribution for K levels (K = 0.59 and 0.6Vm) above

the growth threshold, K,, and for K = 0.5Vm which is below the threshold.
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Figure 12.  Comparison of the near-tip cavitation processes in the pyroceram glass-ceramic at K
levels at and below the growth threshold: (a) formation of creep cavities at K 2 K;
(b) removal of creep cavities by sintering at K < Ky,

(98]
2

ANPAPER 18 DOC



An incipient microcrack formed by a linear array of equally sized and
33

spaced creep cavities.

Figure 13.
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(a) near-tip region, and (b) high-magnification

Active (A) and inactive (I) cracks located near the tip of the dominant crack

view of the inactive microcrack.

Figure 14.
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Figure 15. Negative values of incremental strain components (Ag,,) and the mean strain

(AE, = 172 [Ag,, + At,,]) across the surfaces of the inactive microcrack indicating
sintering of the microcrack.
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Figure 17. Contour plots of equal microcrack density in percent for creep cracks in pyroceram:
(a) K =0.95Vm at 750°C, and (b) K=0.7vm at 775°C. The lower values of
microcrack density in the crack wake suggest healing of creep damage at locations
behind the crack tip.
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Creep and sintering responses of pyroceram at 775°C: (a) creep curve for 41 MPa,

and (b) contractions of pre-crept specimen (41 MPa for 16 hours) observed at various
applied sintering stresses. The applied tensile stress was lowered from 41 MPa to
1.4 MPa and subsequently increased to 4.1, 6.1, and 6.9 MPa.
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Figure 19. Local density of pyroceram at various locations of the tensile creep specimen. The
lower density values in the gauge section indicate the presence of creep cavities and/or
microcracks.
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Figure 20.  Creep and sintering rates as a function of time: (a) creep rates for MAS glass-ceramic
tested at 41 MPa at 775°C, and (b) negative creep rate (contraction rate) as a function
of time of sintering at a tensile stress of 1.4 MPa. The pyroceram glass-ceramic
specimens were pre-crept at 41 MPa for = 16 hours at 775°C.
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Figure 21. Comparison of the observed and calculated (Riedel-Rice Field) near-tip effective
strain rates indicate a factor of 28X difference between theory and experiment. The
discrepancy is attributed to the presence of microcracks ahead of the creep crack.
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